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ABSTRACT

Lithium batteries play a critical and indispensable role in our modern way of life, 

enabling  portability  and  further  miniaturization  of  several  technologies  that  would 

otherwise  be  either  stationary  or  simply  not  possible.  As  one  of  the  most  important 

technologies of the twenty-first century, our civilization enjoys the immense benefits it 

currently offers, and that it stands to offer in the decades to come.

The existence of current systems can be traced back to a compromise made during 

the initial stages of lithium battery commercialization, when energy content had to be 

sacrificed for  safety,  reliability  and performance,  due to  the instability  of the lithium 

metal anode when used with flammable, liquid electrolytes. Since then, academia and 

industry  have  embarked  on  a  decades-long  quest  to  overturn  this  compromise,  and 

recover  that  which has  been lost.  Liquid  electrolytes  and graphite  anodes  are  largely 

responsible  for  the  great  benefits  of  high  power  that  lithium batteries  afford  us,  but 

achieving greater energy densities, safety and performance will require different battery 

materials; the question is which ones, the answer to which is a task complicated by the 

delicate balance of many factors. Current battery research has sought to develop solid 

electrolytes  to  do  away  with  the  flammability  and  explosion  issues  tied  with  liquid 

electrolytes, either in the form of polymer or inorganic electrolytes. Polymer electrolytes 

are  flexible  and  easy  to  manufacture,  but  suffer  from  low  ambient  temperature 

conductivities and performance, while inorganic electrolytes have high conductivities and 

mechanical moduli, but are brittle and suffer from poor interfacial properties, including 

limited  thermodynamic  stability  against  electrode  materials,  in  many  cases.  The 
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possibility of combining together polymer and inorganic electrolyte materials, to give 

hybrid  electrolytes,  is  attractive,  but  issues  such  as  component  compatibility,  ionic 

transport across interfaces within the material, and the issues inherited from the parent 

materials, have frustrated efforts to find a successful hybrid electrolyte. The lack of a 

clear,  superior  hybrid  system prevents  focused  efforts  from being  centered  around  a 

narrow set  of  systems,  making it  more  difficult  to  identify  additional  clues  that  can 

inform current known requirements for hybrid systems. 

Graphical Abstract.

In this  present  work,  summarized in  the above Graphical  Abstract,  systematic 

efforts  to  characterize  first  the  individual  components  of  novel  hybrid  systems,  and 

subsequently to characterize model systems and complete hybrid systems, are described.
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Chapter 1 provides a framework of principles governing lithium batteries, as well 

as the current issues plaguing lithium battery research, while Chapter 2 lists the materials, 

methods and equipment used in this work.

Chapter 3 focuses on identifying a suitable organic polymer matrix, capable of 

covalent attachment, as well as characterizing plates of the inorganic electrolyte lithium 

aluminum  silicon  phosporus  titanium  oxide  (LASPT).  This  includes  thermal  and 

electrochemical  characterization,  including  plate-strip  measurements  and  impedance 

spectroscopy.  To  the  end  of  better  understanding  these  materials'  electrochemical 

properties,  the  approach  of  systematically  investigating  various  equivalent  circuits  is 

developed,  for  the  purpose  of  modeling  impedance  data.  A suitable  silane  polymer 

matrix, capable of covalent attachment, is found and dubbed "Entry 02". The chief lesson 

of this chapter is that function and performance need to be balanced, which in this case 

translates to covalent moieties and electrochemical performance, respectively.

Chapter  4  centers  around  electrochemical  characterization  of  model  systems, 

consisting of a plate of the inorganic electrolyte LASPT sandwiched between two layers 

of an organic electrolyte. The organic electrolytes used are liquid and gel electrolytes, as 

well as the aforementioned Entry 02; the liquid electrolytes are combinations of different 

amounts of tetraglyme and lithium bis(trifluoromethanesulfonimide) (G4 and LiTFSI), 

while the gel electrolytes are combinations of 1:1 G4:LiTFSI (termed a solvated ionic 

liquid, or SIL) and methylcellulose (MC), dubbed "SIL/MC films". The plate of inorganic 

electrolyte is either bare, or has had a controlled amount of silica (SiO2) deposited onto 

its faces by way of atomic layer deposition (ALD). Subsequently, as will be seen in the 
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following chapter,  this  layer  is  intended to be  deposited  on the  surface  of  powdered 

inorganic electrolyte,  for  the purpose of  facilitating  covalent  attachment  of  Entry 02. 

Achievement of this goal requires sufficient understanding of resistance at the organic-

inorganic interface, a question that is addressed in this chapter; indeed, a planar geometry 

configuration allows for a simpler approach to tackling this problem. A systematic study 

of impedance data by way of an equivalent circuit investigation is undertaken; the main 

finding of this  chapter is  that the SiO2 layer  is  not detected as a separate  impedance 

feature,  instead  affecting  existing  impedance  features  of  the  starting  components. 

Additionally, the presence of SiO2 on the surface of LASPT plates has a positive effect 

for  cyclic  voltammetry  (CV)  and  plate-strip  experiments,  improving  the  profile  of 

voltammograms in the former case, and lowering the voltage profile while also increasing 

experiment duration in the latter case.

Chapter  5  is  the  completion  of  efforts  to  prepare  and  characterize  polymer-

ceramic hybrid electrolytes, by combining the powedered inorganic electrolyte lithium 

aluminum germanium phosphate (LAGP) with Entry 02. A systematic study impedance 

data by way of equivalent circuits reveals a distribution of equivalent circuits, which is 

believed to correspond to a distribution of conduction paths. Plate-strip experiments also 

indicate that the presence of SiO2 deposited onto the surface of LAGP particles has a 

positive effect on both duration and voltage profile.

Chapter 6 studies the thermal and electrochemical properties of the cocrystalline 

electrolyte  (the  term  "cocrystal"  will  be  used  interchangeably  with  "cocrystalline 

electrolyte") composed of adiponitrile and lithium hexafluorophosphate, (ADN)2LiPF6. 
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Thermal  properties  of  other  cocrystals  are  also  studied  for  comparison,  namely  with 

adiponitrile  lithium  hexafluoroarsenate  (ADN)2LiAsF6,  and  adiponitrile  lithium 

hexafluoroantimonate (ADN)2LiSbF6. In all cases, the cocrystals are found to be formed 

by high temperature (180 °C) dissolution and crystallization, a reversible phenomenon 

observed for both cocrystals prepared beforehand, and for raw, stoichiometric mixtures of 

the cocrystals’ components. Electrochemical characterization of hybrids of LAGP powder 

and (ADN)2LiPF6, as well as of (ADN)2LiPF6, is also performed. For hybrids, it is found 

from plate-strip  experiments  that  performance  is  worse  than  for  samples  using  only 

(ADN)2LiPF6,  while  impedance  data  shows  that  overall  conductivity  drops  as  the 

thickness of SiO2 deposited onto LAGP particles increases. Thermal characterization data 

reveals that it is possible to quantify the amount of excess ADN present in (ADN)2LiPF6 

samples;  impedance  data  indicates  that  excess  ADN  improves  conductivity  of  these 

samples.  Conductivity  is  hypothesized to  depend heavily on the presence  of  a  liquid 

layer, which is present in greater quantities when excess ADN is used – a feature that is 

believed to be present to a lesser extent when stoichiometric amounts of ADN and LiPF6 

are  used.  Full  cell  testing  of  (ADN)2LiPF6 and  saturated  solutions  of  LiPF6 in  ADN 

reveals  that  conditioning  the  cells  beforehand  is  beneficial  to  long-term cycling,  but 

harmful to short-term discharge rate (C-rate) tests. It is hypothesized that conditioning 

allows for the formation of an interphase that is conducive to lower current, long-term 

testing;  this  interphase  however  is  believed  to  be  resistive  in  nature,  explaining  the 

inferior  performance  in  C-rate  tests,  when  compared  to  C-rate  tests  where  the 

conditioning step is omitted.
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Chapter 7 concludes this work, by providing an overview and an outlook on the 

results  and  lessons  learned  in  this  work,  with  the  chief  lesson  being  that  covalent 

attachment  of  an  organic  component  to  an  inorganic  one  is  a  feasible  strategy  for 

preparing hybrid electrolytes.
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CHAPTER 1

GENERAL OVERVIEW OF LITHIUM BATTERIES, GOVERNING 

PRINCIPLES, MAJOR COMPONENTS, QUALITIES AND SHORTCOMINGS, 

STRATEGIES, AND METHODS FOR CHARACTERIZING THESE SYSTEMS

1.1 Need for electrical storage

Industrialization and technological progress have brought about many benefits to 

society, and have significantly altered our way of life. The ever-increasing demand for 

energy production, both electrical and mechanical (notably transportation), has caused a 

tremendous increase in consumption of fossil fuels, thanks to their high energy content 

and historically abundant availability. In concomitance with this increase, the revolution 

in miniaturization of transistors and mass-produced electronic devices has birthed cheap, 

portable devices, notably camcorders, cellular phones, laptop computers and many other 

devices.  This  revolution  was  made  possible  by  many  factors,  most  notably  the 

development of energy storage media in the form of small and lightweight batteries with 

sufficient  energy  density  and  discharge  time.  [1–3] Over  the  past  50-60  years,  the 

collateral effects of intensive consumption of fossil fuels have begun to be noticed and 

appreciated. In addition to the environmental impact of CO2 emissions, [4,5] there is the 

issue  of  limited  availability  of  non-renewable  fossil  fuels,  for  which  extraction  is 

expected to taper off in the near future. [6] It is within this context that renewable energy 

sources, electrified transportation, and energy storage are being investigated as answers to 

this complex issue. Furthermore, energy storage and conversion is regarded as a major 
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protagonist in these both these endeavors, as well as in meeting increasing demands in 

the aforementioned realm of consumer products.

Following World War II, the US and other industrialized countries experienced 

major  economic  growth,  which  bore  several  scientific  and technological  innovations, 

including novel materials, notably energy storage materials in this context, and methods 

for  characterizing  these  materials.  Between  the  late  1940s  and  early  1970s,  energy 

resources  were  regarded  as  cheap  and  abundant,  though  as  already  mentioned,  this 

perception experienced a major shift in 1973 with the oil crisis, and planted the seeds for 

research efforts into energy storage and conversion. The 1980s then saw the commercial 

demand for portable electronics, which subsequently came to fruition in the 1990s with 

commercial lithium ion batteries. [7]

The  three  emerging  areas  imposing  the  greatest  demand  on  energy  storage 

technology are: [8]

1) wearable devices, requiring flexible batteries of various shapes and form factors

2) electric vehicles with the ability to drive distances in excess of 300 miles per charge, 

requiring batteries with high power and energy density (the hope being that this would 

significantly reduce CO2 emissions associated with conventional ICE vehicles [1,9]) 

3) storage of renewable energy on the MWh and GWh scale, which requires batteries 

that are cheap and endowed with long life

Although the last area does not regard portable devices, it is still critical, since it 

relates back to the endeavors to implement storage of energy from renewable sources, in 

hopes of phasing out some or all non-renewable energy sources. Given that renewable 
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energy sources such as wind and solar are intermittent by nature, a means for storing the 

accumulated energy is important. Indeed, there is evidence suggesting that if renewables 

were  to  exceed  20%  of  energy  generation  capacity  and  weren't  paired  with  energy 

storage, their contribution could destabilize an electric grid. [10] This is a major reason 

not  only  for  employing  energy  storage  devices,  but  particularly  in  the  case  of 

electrochemical  energy  storage,  it  becomes  very  important  to  improve  upon  existing 

technology, so as to be able to integrate renewable energy sources into the grid. [5] In this 

respect,  the  use  of  batteries  is  both  attractive  and essential,  since  they  make  use  of 

electrochemical  processes  to  reversibly  interconvert  chemical  and  electrochemical 

energy, allowing long-term storage of energy in chemical form, paired with on-demand 

generation of electrical energy. [6,11]

As will be seen later, there has been an evolution in the development of battery 

technology,  culminating  in  the  current  state-of-the-art,  Lithium Ion  Batteries  (LIBs). 

Although they offer a number of major advantages over other chemistries, their ability to 

meet  society’s  needs  has  begun  to  fall  short  of  ever  increasing  demands.  Before 

discussing  lithium  versus  other  chemistries,  it  is  worth  describing  the  principles 

governing batteries.

1.2 General principles governing batteries

An electrochemical cell is composed of two electrodes, an electrolyte, a separator 

that separates the electrodes while interposing the electrolyte between them, and wires or 

leads that allow the delivery of electric current. In turn, a battery is a device composed of 
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one  or  multiple  electrochemical  cells  (each  performing  a  complete  redox  reaction), 

connected to each other by way of wires and terminals. [12] Since batteries are a type of 

electrochemical storage device, the following general principles apply:

1)  the  processes  responsible  for  generating  energy  take  place  at  the  electrode-

electrolyte interface,

2) electrical energy is generated thanks to redox reactions (i.e. chemical energy) at the 

cathode and anode,

3) the transport of ions and electrons occurs separately.

Any  meaningful  battery  electrochemistry  requires  electrodes  with  different 

potentials; the electrode with a more negative potential is referred to as the anode (where 

oxidation takes place),  and conversely the electrode with a more positive potential  is 

referred to as the cathode (where reduction takes place). It should also be noted that most 

commercial batteries make use of slurries when preparing cathodes and anodes; these are 

typically composed of the actual cathode/anode material (referred to as active material 

and quantified as active mass),  a  binder (for adhesion to the current collector)  and a 

conducting  agent  such  as  carbon  black  (which  aids  in  providing  electrons  to  the 

individual  particles  of  active  material).  These  slurries  are  deposited  onto  current 

collectors, [13] which are sheets of a metal that are compatible with the electrochemical 

potential of the active materials, and that convey electrons to the cathode and anode. [12]

Harkening back to the basics of electrochemistry, the phenomena of oxidation and 

reduction  are  assigned to  these  electrodes  based  on the  spontaneous  direction  of  the 

electrochemical reaction, which is globally referred to as the "discharge" process. A cell 
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or battery operating under spontaneous, discharge conditions is referred to as a "galvanic" 

cell. Consequently, when the cell is subjected to conditions such that the electrochemical 

reaction  happens  in  the  opposite  direction,  the  overall  process  is  referred  to  that  of 

"charging", and the cell or battery is referred to as an "electrolytic" cell. While galvanic 

and  electrolytic  are  correct  terms,  in  battery  research  and  development,  the  terms 

"charge" and "discharge" are preferred. [12,14]

As alluded to by the terms "charge" and "discharge", there are batteries that can 

only be operated under discharge conditions, and are referred to as primary batteries; the 

commercial incarnations of primary batteries are usually single use. Batteries that instead 

can be consecutively charged and discharged are referred to as secondary batteries, and 

are  often  colloquially  referred  to  as  rechargeable  batteries.  Primary  batteries  are 

assembled in the charged state (i.e. the reactants in the electrode are ready for on-demand 

electrochemical  reactions),  while  secondary  batteries  are  typically  assembled  in  the 

discharged state (implying that the user will have to charge the battery before use). One 

of the benefits of manufacturing secondary batteries in the discharged state is that this 

confers an additional degree of safety to energy-dense systems, such as Li-ion batteries. 

[12]

Important parameters for evaluating a battery and its performance relate to the 

energy or power that can be obtained from a unit of mass or volume. The most commonly 

used  parameters  are  specific  energy  (energy  per  unit  mass,  Wh/kg),  energy  density 

(Wh/L), [15] specific power (W/kg) and power density (W/L). Battery systems with high 

specific  energy can  be regarded as  delivering  significant  amounts  of  energy,  without 
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being excessively heavy, and similarly ones with high energy density can be regarded as 

doing the same, but without being excessively bulky. On the other hand, batteries with 

high specific power and high power density are similar in their attributes, though they 

quantify a battery's rate capability. A common way to compare different power sources is 

to plot specific energy versus specific power (although the axes are sometimes inverted); 

such  plots  are  often  referred  to  as  Ragone  plots  (FIGURE  1.2.1),  a  method  of 

representation attributed to David V. Ragone.

FIGURE 1.2.1: Example of Ragone Plot. Reproduced with permission from [16]. Copyright 2015 American Chemical 
Society.

One  way  of  interpreting  the  data  represented  in  a  Ragone  plot  is  by  visual 

representation. [17] If a battery (or energy storage device in general) can be represented 

as a cylindrical barrel of water (where the drainage of the water represents the delivery of 

energy or power), the y axis (specific energy) can be regarded as the height of this barrel, 

while the x axis (specific power) can be regarded as the diameter of the barrel. In this 

visual analogy, the entire base of the barrel is available for delivery of water (akin to a 

pipe). Therefore, for a fixed diameter, a taller barrel will be able to deliver water for a 
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longer period of time, while for a fixed height, a wider barrel will be able to deliver a 

greater amount of water per unit time (FIGURE 1.2.2).

FIGURE 1.2.2: a) representation of storage devices as a barrel, b) comparison of storage devices. Reproduced with 
permission from [17]. Copyright 2016, Elsevier Ltd.

In the above figure, slopes that are closer to the y axis can be taken to mean 

longer-lasting delivery of energy, while slopes closer to the x axis can be taken to mean 

larger bursts of energy. Looking specifically at batteries, it is apparent that batteries have 

intermediate energy and power characteristics. [12]

From the above figures, it is clear that demanding greater power or greater energy 

are at  odds with each other for the same battery system. This is  one of the intrinsic 

limitations of batteries that need to be reckoned with, especially when designing new 

battery chemistries. Indeed, trying to "push the envelope", according to one national lab 

researcher,  [18] requires  that  commercially  successful  batteries  operate  beyond  the 

electrochemical stability window of individual components.

Besides being evaluated for their specific energy and power, energy and power 

density,  commercial  and prospective commercial  batteries  need to be evaluated based 

additional  parameters.  Notable  ones  include  the  four  so-called  “global”  parameters, 
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namely performance (already described above), cost, lifetime and safety. [18] The largest 

issue that any battery must contend with is the need for compromise: indeed, batteries 

inevitably tend to satisfy only two of the four global parameters, such that there is a 

relationship of mutual exclusivity.

Commercial battery systems are judged according to all of the above parameters, 

though for systems confined to the laboratory only some of these are typically used. The 

most common parameters for lab-scale systems are theoretical capacity, specific energy, 

specific power, energy density and power density. For the purposes of this work, only 

theoretical capacity and specific energy will be discussed in detail; although the other 

quantities are  equally important,  they are dependent  on additional  factors  besides the 

chemistry of a  system, and are more engineering-related.  Although a battery has two 

electrodes which require capacity matching (i.e. electrodes with similar capacities and 

performances under operating conditions), it is helpful to describe the above parameters 

with one electrode. For the active material of an electrode, the theoretical capacity Qtheo 

(in mAh/g) can be defined as: [19]

Qtheo =
nF

3.6 × MW
Q = Qtheo ×m (1.2.1)

Where  n is  the  number  of  electrons  transferred  per  redox  reaction,  F is  the 

Faraday constant (96485 C/mol), 3.6 is a conversion factor (3600 s / 1000 mA), and MW 

is the molecular weight (g/mol) of the active material. If the mass of the active material m 

(g)  is  specified,  and assuming that  both electrodes  have  the  same capacity  (i.e.  their 

capacities are balanced), then the capacity  Q of a battery is simply the product of the 

mass m of active material present on one electrode, and its theoretical capacity. Since 
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Qtheo is usually expressed in mAh/g or Ah/kg,  Q can be expressed in mAh or Ah. This 

makes sense, especially when considering that the unit for capacity and charge, coulomb 

(C), has as SI units current and time, i.e. 1C = 1A 1s. Similarly, the specific energy ⋅ SE of 

an active material is: [20]

SE(J /g ) =
nE

MW
F SE(Wh /kg) =

nE
3.6 × MW

F (1.2.2)

Where E is the potential (V), 3.6 is a conversion factor (3600 s / 1000 J, 1 Wh = 

3.6 kJ) and all other quantities have already been defined. Similar to specific energy is 

specific power, calculated as energy released over time, though this depends on the load 

that a battery is subject to, as well as the duration of that load. As can be seen, the specific 

energy of an active material is no longer a strictly intrinsic quantity, but depends on the 

potential of the cell it is part of, which in turn depends on the other electrode’s active 

material. It becomes clear that greater voltages are preferred, since SE scales linearly with 

E,  and  that  similarly  lighter,  lower  molecular  weight  compounds  are  preferred.  In 

practice, the energy of a battery depends on the current I and voltage V, which inevitably 

varies over time, i.e. V(t). The available energy can therefore be calculated as: [21]

Energy = ∫
0

Δ t

I V (t ) dt = ∫
0

Q

V (q ) dq (1.2.3)

Where  Q is the total charge per unit mass or per unit volume (Ah/kg and Ah/L 

respectively). The amount of charge obtained from a discharge half-cycle and a charge 

half-cycle  is  invariably slightly different,  due to inherent  inefficiencies  of the battery 

system. The efficiency of a single cycle, referred to as Coulombic efficiency (CE), can be 

expressed as:
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CE = 100 × (
Qdis

Qch
) (1.2.4)

Where  Qdis and  Qch are the capacities dispensed during discharging or provided 

during charging, respectively. A battery is defined as having reached its end of life when 

its capacity drops to 80% of the intial value.  [21] Much like  CE quantifies the charge 

storage efficiency, EE quantifies energy storage efficiency, at a specified current I:

EE = 100×
∫
0

Qdis

V dis(q ) dq

∫
0

Qch

V ch (q) dq

(1.2.5)

Since  for  a  finite  amount  of  charge  Q,  different  Idis values  will  dictate  the 

discharge duration, it is helpful to quantify this in terms of C-rate, or rate of discharge. 

This can be defined as the time, in hours, required to fully discharge a battery, with the 

number of hours being inversely related to the C-rate. The current required to discharge 

the  battery  in  a  certain  amount  of  time  is  in  turn  related  to  a  battery's  (theoretical) 

capacity, expressed in mAh or Ah. Since C-rate is a quantity over time, its units are mA 

or A, for a defined mass of active material in the battery in question. The relation between 

discharge current  for a  particular  C-rate  Qdis
C-rate and a battery’s capacity  Qtheo can be 

defined as:

Qdis
C−rate

=
C - rate

h
Qtheo m =

1
y h

Qtheo m (1.2.6)

Where  Qtheo is the theoretical capacity as described above,  m is the mass of the 

active material,  y is a number, h is 1 hour, and the C-rate is simply 1/y. As an example, 

this means that, since LiFePO4 has a Qtheo of 170 mAh/g, for a LiFePO4 cell with 1kg of 
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active  material,  there  is  a  capacity  Q =  170 mAh/g  ×  1000 g  =  170 Ah.  Using the 

aforementioned C-rate relationship, discharging this cell in 1 hour (y = 1), the C-rate will 

be 1/1 or 1C, and the current required to achieve this will be 170 A. If instead one wanted 

to discharge this battery over the course of 20 hours (y = 20), the C-rate would be 1/20 or 

C/20, and the current required would be 1/20 × 170 A = 8.5 A. Lastly, if one wished to 

discharge the battery in less than 1 hour, for example half an hour (y = 0.5), the C-rate 

would be 1/0.5 or 2C, and the current required would be 2 × 170 = 240 A. One of the 

main benefits of using C-rates when reporting results is that it is a quick and convenient 

metric for evaluating a cell's performance and comparing it with other cells, regardless of 

their capacity,  although reporting results in terms of current density (mA/cm2) is also 

common and recommended. [22]

Besides C-rate,  another important  metric to  consider is  the depth of discharge 

(DOD) to  which  a  battery  is  subjected,  since  a  battery's  life  expectancy is  inversely 

proportional to its DOD (TABLE 1.2.1). [23]

TABLE 1.2.1: Relationship between DOD and number of discharge cycles till cell death (i.e. 80% initial capacity). 
Taken from [23]. Open Access 2019, CC BY 4.0.

One  important  implication  of  this  relationship  is  that  when  designing  a  new 

battery system or adopting an existing one for an application, one must evaluate whether 

or not to use more cells to deliver the same capacity, since fewer cells will be beneficial 

from a gravimetric perspective, but at the expense of a shorter cell lifetime. It is common 
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to observe different types of discharge curves in batteries, with the three most common 

ones shown in FIGURE 1.2.3. [24]

FIGURE 1.2.3: typical examples of discharge curves in batteries. Reproduced with permission from [24]. Copyright 
2012, Wiley-VCH Verlag & Co. 

Type  I  corresponds  to  systems  where  voltage  remains  unaffected  by 

electrochemical  processes  taking  place  within  the  cell;  type  II  curves  have  two  flat 

regions,  separated by a step,  and are associated with a change of the environment or 

reaction mechanism; type III  curves typically indicate  that  environment of the cell  is 

continuously changing. While the reasons for these behaviors can be countless, for an 

ideal system it is helpful to explain them in relation to the Gibbs phase rule, which states 

that: [20]

F = C − P + 2 (1.2.7)

Where  F is  the  degrees  of  freedom (i.e.  intensive  thermodynamic  parameters 

needed to define the system and its properties, including electric potential, temperature, 

pressure, chemical composition and chemical potential), C is the number of components 

present  in  the  system,  and  P is  the  number  of  phases.  The  phase  rule  is  useful  for 

describing  voltage  behaviors  like  those depicted  above,  for  both  insertion  anode and 
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insertion cathode materials. As hinted when describing the different types of discharge 

curves, flat profiles are an indication of the coexistence of 2 phases. [19,25] For example, 

in the Li+ – graphite system, there are 2 components (Li+ ions and graphite host) i.e. C = 

2, as well as 2 phases (lithiated graphite and unlithiated graphite) i.e. P = 2. Using the 

Gibbs phase rule, this gives F = 2 - 2 + 2 = 2, meaning that there are two degrees of 

freedom. Since these degrees of freedom are intensive thermodynamic parameters, if the 

lithiation  reaction  is  taking  place  at  constant  temperature  and  pressure,  then  the  two 

variables associated with F are in fact fixed, meaning that under these conditions the 

system has no degrees  of freedom, hence the observed voltage plateaus;  the same is 

observable for insertion cathode materials as well. [19,26]

Additional  relationships  apply  to  electrochemical  processes,  which  much  like 

chemical ones, can be described in terms of free energy, enthalpy and entropy: [12]

ΔG=Δ H−T Δ S ΔG °=ΔH °−T Δ S ° (1.2.8)

Where ΔH is the enthalpy of the reaction (i.e. energy released), ΔS is the entropy, 

T is the absolute temperature, ΔG is the Gibbs free energy (i.e. energy available for useful 

work),  and  “°”  denotes  STP conditions.  The  relationship  between  free  energy  and 

potential generated by an electrochemical process is:

ΔG=−nFE , ΔG°=−nFE ° (1.2.9)

Where  n is the number of electrons transferred per mole of reactants,  F is the 

Faraday constant (96485 C/mol), and E is the potential of the electrochemical reaction, 

sometimes referred to as the "electromotive force" (emf). The above relationship can be 

further expressed in relation to the products and reactants of a redox process:
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ΔG=ΔG°+RT ln(
AP

AR
) (1.2.10)

Where R is the ideal gas constant (8.314 J/mol K), ⋅ AP is the activity product of the 

reaction's products, and  AR is the activity product of the reactants. When related to the 

general electrochemical reaction:

a Ox + n e - ⇄ b Red (1.2.11)

The above relation is expressed as the Nernst equation: [27]

E = E ° −
RT
nF

ln( A red
b

Aox
a ) (1.2.12)

Here, E can be regarded as the voltage difference between the two electrodes of 

the electrochemical cell, and when no load is applied to the cell, it can be regarded as 

open-circuit voltage, EOCV (also known simply as OCV). OCV is the aforementioned emf, 

and can be defined as the voltage of a battery that is not connected to an external load. 

For a battery that instead is under load (i.e. under closed circuit conditions as opposed to 

open circuit conditions), the battery's voltage is known as working voltage. While the 

Nernst equation relates activity products of reaction species and EOCV, it is also helpful to 

consider the relation between EOCV and chemical potentials of the rection species: [28]

EOCV =
μA−μC

e
(1.2.13)

Where e is the charge of an electron (~1.6×10-19 C), μA is the chemical potential of 

the  anode and  μC is  the  chemical  potential  of  the  cathode.  The relationship  between 

chemical potentials and open-circuit voltage is readily identifiable in FIGURE 1.2.4.
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FIGURE 1.2.4: Representation of μA and μC of a cell’s electrodes, along with the relative energies of the electrolyte’s 
HOMO and LUMO. Reproduced with permission from [26]. Copyright 2013, American Chemical Society.

More  will  be  elaborated  on  the  relation  between  chemical  potentials  and  the 

stability of the electrolyte subsequently. While in principle the manner in which a cell's 

nominal  voltage  arises  is  straightforward  thanks  to  the  thermodynamics  that  govern 

electrochemical reactions, the portrait of batteries is complicated by the kinetics intrinsic 

to  electrochemical  processes.  [12] Though  the  open-circuit  voltage  can  be  readily 

determined by consulting tabulated values, it only holds true for cells that are not under 

an  electrical  load.  Indeed,  when  current  is  being  drawn  from  a  cell,  its  voltage 

experiences  a drop, partly  due to  reaction kinetics,  and partly  due to  other  processes 

involved  in  the  generation  of  current.  Kinetics  are  not  unique  to  electrochemical 

reactions,  although they have  at  least  two unique  qualities:  first,  the  presence  of  2D 

interfaces  (in  the  form  of  electrodes),  which  causes  reactions  to  proceed  in  two 

dimensions rather than three; second, the presence of an electrical double layer at the 

electrode-electrolyte interface, where there is a drop in potential that has a direct effect on 
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activated complexes undergoing reactions. The specific kinetic effects at play in a cell 

under load, leading to polarization, are chiefly three:

1) activation polarization, directly relating to the kinetics (and activation energy) of 

redox reactions;

2) ohmic polarization, tied to the resistance of cell components as well as imperfect 

electrical contact between these components;

3) concentration polarization, caused by limitations in mass transport in the cell. [12]

These effects are summarized in FIGURE 1.2.5.

FIGURE 1.2.5: Representation of the chief types of polarizations (losses) in a discharge curve. Reproduced with 
permission from [26]. Copyright 2013, American Chemical Society.

Polarization can be expressed as: [12]

η = EOCV − ET (1.2.14)

Where  η is polarization and  ET is the voltage measured at the terminals of the 

battery. The above listed contributions to polarization can be quantified with individual 

equations. Activation polarization can be described by the Tafel equation:
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η = a − b log( I
I 0
) (1.2.15)

Where  a and  b are constants,  I is the current density (in mA/cm2), and  I0 is the 

exchange current density, quantifying the equilibrium of electrochemical reactions in the 

absence  of  electrical  loads;  good electrode  materials  have  values  on  the  order  of  10 

mA/cm2. The time scale for activation polarization is in the order of 10-2 - 10-4 s.

Ohmic polarization can be expressed with Ohm's law:

η = I R (1.2.16)

Where I is the current (A or mA) and R is the resistance (ohms or Ω), and takes 

the electrical resistance of electrolyte, current collectors, points between active material 

particles  and  these  components,  as  well  as  wire  leads;  given  that  this  is  related  to 

electronic  movements,  the  timescale  of  ohmic  polarization  is  usually  <10 -6 s,  being 

regarded as essentially instantaneous.

Concentration polarization, which relates to diffusion, can be described as:

η =
RT
n

ln( C
C0

) (1.2.17)

Where C is the concentration (mol/L) of electroactive species at the surface of the 

electrode,  and  C0 is  the concentration of electroactive species  in the bulk electrolyte. 

Diffusion-related polarization is the slowest of the three types of polarizations, occuring 

on time scales  of  ≥10-2 s.  Since  diffusion  limitations  are  mass  transport  related,  one 

approach to cell design is to ensure that the electrodes are porous, so as to increase the 

area of the 2D surface where the electrochemical reaction takes place. Since the potential 
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available from a battery is limited by polarization, it is only natural that this will manifest  

itself during both discharging and charging: [21]

V dis = V OCV − η (q, I dis) V ch = V OCV + η (q , Ich) (1.2.18)

Where “dis" refers to discharge, "ch" refers to charge, q is the state of charge of 

the battery, I is the current and V is the voltage. As can be seen, polarization makes only a 

part of the battery's nominal voltage available during discharge, and during charging it is 

necessary to subject the battery to a potential greater than its open circuit voltage. These 

polarizations respectively cause issues with performance and additional  complications 

relating to electrolyte stability, since subjecting the cell to a greater potential than  VOCV 

increases the risk of electrolyte decomposition.

Since  batteries  are  electrochemical  systems that  achieve  voltages  by  virtue  of 

differences in chemical potential,  direct consequences of this exploit are the issues of 

chemical  and  electrochemical  compatibility.  [3] As  it  pertains  to  the  electrolyte, 

electrochemical  stability  in  the  presence  of  an  external  potential  is  schematically 

represented in FIGURE 1.2.6, as a function of increasing voltage.

FIGURE 1.2.6: Examples of different types of electrolyte materials under different external potential conditions. Based 
on information from [21,29].
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As can be seen in FIGURE 1.2.6A, when the electrolyte is molecular in nature (as 

is usually the case with organic electrolytes, both liquid and polymeric), two molecular 

orbitals  are  of  interest,  namely  the  HOMO (highest  occupied  molecular  orbital)  and 

LUMO (lowest unoccupied molecular orbital); the difference in energy between these 

orbitals can be referred to as the gap energy,  Eg.  [28] When an external potential (for 

example in the form of an electrode) is applied such that it is intermediate to the HOMO 

and LUMO, electrons are unable to transfer to an already occupied orbital (HOMO) and 

have insufficient energy to access to first vacant orbital (LUMO). If instead the external 

potential is lowered below the HOMO of the electrolyte, an electron transfer can occur 

from the HOMO to the electrode, resulting in oxidation of the electrolyte. Conversely, if 

the external potential is raised above the LUMO of the electrolyte, an electron transfer 

occurs from the electrode to the electrolyte, resulting in its reduction. The situation is 

analogous  for  inorganic  electrolytes  (FIGURE  1.2.6B),  though  instead  of  having  a 

HOMO  and  LUMO,  they  have  valence  and  conduction  band  (VB,  CB)  edges,  the 

former's uppermost limit being the Fermi level, EF. 

Taking advantage of these insights into an electrolyte's stability as a function of 

external  potentials,  it  is  helpful  to  represent  complete  cells  as  either  a  function  of 

increasing voltage V, [30] or as a function of increasing μ, though for the latter potentials 

need  to  be  multiplied  by  the  charge  of  an  electron,  as  seen  in  EQUATION 1.2.13. 

[28] Regardless of the representation, not all electrolyte materials have a sufficiently wide 

Eg to accomodate the large difference in chemical potentials of the electrodes, such that 

electrochemical  decomposition  of  the  electrolyte  is  almost  inevitable  (in  addition  to 
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chemical decomposition, though this will be described later). Representative examples 

are shown in FIGURE 1.2.7.

FIGURE 1.2.7: examples of cases where stability windows of ether and ester electrolytes only partially overlap with 
one or more electrodes (Li = lithium metal, GR = graphite, LFP = LiFePO4, LCO = LiCoO2, NMC = LiNixMnyCo(1-x-

y)O2, LMNO = LiMn2O4, LCP = LiCoPO4). Reproduced with permission from [3]. Copyright 2018, American Chemical 
Society.

The resulting decomposition products  form an intermediate  phase between the 

electrode and electrolyte, usually referred to as solid electrolyte interphase (SEI) in the 

case of the lithium or graphite anode, [31] and cathode electrolyte interphase (CEI) in the 

case of the transition metal oxide cathode.  [32] These will be described in more detail 

later.

The  two  chief  types  of  lithium  batteries  (LBs)  that  have  attracted  the  most 

attention, both commercially and academically, are the lithium ion battery (LIB) and the 

lithium metal battery (LMB). While historically the first commercial secondary LBs were 

LMBs produced and distributed by Moli Energy, the instability and safety issues related 

to these batteries ultimately thwarted commercialization efforts of lithium metal anode 

based systems. [33,34] Therefore, LIBs were developed and adopted instead, though they 

are  regarded  as  a  compromise  between  safety  and  performance.  [35] The  principle 
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governing the  operation  of  LIBs and LMBs is  essentially  identical,  such that  during 

discharge Li+ ions spontaneously move from the higher chemical potential anode to the 

lower chemical potential anode, by way of the electrolyte, and during charge the process 

is reversed. Furthermore, LIBs and LMBs share another similarity regarding the positive 

electrode,  since  for  both  the  cathode  material  is  an  intercalation  host  (or  insertion 

material), storing the lithium ions in defined crystallographic sites. The chief difference 

between graphite (LIB) and Li metal (LMB) arises when examining the manner in which 

the anode stores lithium: in the case of LMBs, lithium is simply stored as bulk metal, Li0, 

with incoming lithium ions being reduced and plated onto the existing lithium metal (or 

current collector in the case of anode-free cells during initial charging  [36]). For LIBs 

instead, under normal operating conditions, lithium ions are not electrodeposited onto the 

anode, and instead lose their solvation sphere, intercalating between the graphite host's 

individual graphene sheets. In the case of LIBs, these systems are sometimes referred to 

as "rocking-chair" or "swing" cells, owing to the swinging-like motion that Li+ ions make 

when travelling between one insertion host and another. [37] The overall electrochemical 

process  taking  place  in  a  lithium  battery  is  shown  in  FIGURE  1.2.8A,  while  the 

comparison of LMBs and LIBs is shown in FIGURE 1.2.8B and 1.2.8C, respectively.
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FIGURE 1.2.8: a) overall operation of a lithium cell, using Li0 and LiFePO4; b) illustration of a Li0 and insertion 
cathode cell; c) illustration of a graphite and insertion cathode cell. Fig 8b and 8c reproduced with permission from [3]. 

Copyright 2018, American Chemical Society.

It should be noted that a critical component present in all lithium batteries, namely 

the SEI, has been omitted from these representations; in both LIBs and LMBs, Li+ ions 

have  to  migrate  through this  interphase  before  being successfully  stored.  [38] Issues 

relating to the interphase will be described later.

1.3 Why lithium

Lithium ion batteries have become the battery chemistry of choice in a myriad of 

applications, inlcuding portable electronics, military, electric vehicles (EVs), as well as 

aerospace applications. This is thanks in large part to the available energy and power per 

unit of mass and volume (specific energy of 150–250 Wh/kg, volumetric energy density 

of  250–530  Wh/l,  and  specific  power  density  300–1500  W/kg),  as  well  as  the  high 

working voltage, whih can be as high as ~4 V.  [5] Moreover, unlike some traditional 

battery  chemistries,  they  do  not  suffer  from memory  effects  (which  cause  a  loss  of 

available capacity if the battery has not been fully charged before discharging CHECK 

THIS DEFINITION) and suffer minimal loss of capacity when not being used (which 
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allows for good shelf life).  [6] These qualities have cemented the superiority of lithium 

batteries over other, previous energy sources; indeed, it has the potential effect a major 

shift,  from  mostly  powering  small  devices,  to  powering  larger  systems  like  electric 

vehicles on a consumer scale. [39–43] As can be seen in FIGURE 1.3.1, lithium batteries 

typically  offer  superior  performance  over  previous  chemistries,  thus  securing  almost 

exclusive roles in unique appplications.

FIGURE 1.3.1: Left: comparison of various battery technologies and their respective applications. Reproduced with 
permission from [44]. Copyright 2015, Elsevier Ltd.

The  above  attributes  of  lithium-ion  batteries  enabled  the  so-called  "wireless 

revolution",  [38] affording  portable  electronic  devices  such  as  cell  phones,  laptop 

computers,  as  well  as  implementation  in  electric  vehicles  and  grid  energy  storage. 

Lithium batteries are one of the few rechargeable systems that are produced on a scale 

comparable to that of lead-acid batteries, i.e. more than 5 GWh/y, and there is reason to 

believe, with ongoing manufacturing expansion, that the production will reach into the 

hundreds of GWh/y within the next few years. [45] Major benefits of the lithium battery 
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include: long cycle life (~103), high charge-discharge rates (greater than 1 C). Lithium 

batteries also enjoy elevated specific energies of ~150 Wh/kg, energy densities of ~250 

Wh/L, while also retaining low capital costs (< 300 USD/kWh).

While these benefits are part of what makes lithium batteries indispensable to our 

modern way of life, current commercial technologies are starting to lag behind increasing 

demands of existing market segments (e.g.  portable consumer electronics), as well  as 

future technologies which are still in the infant stage (e.g. fully electric vehicles that can 

replace existing internal combustion engine vehicles, and the way of life that depends on 

them). Quantified examples of how current lithium batteries fall short of these needs are 

readily  expressed  by  the  goals  of  the  US Department  of  Energy  (DOE)  for  electric 

vehicle packs, for which a specific energy of 235 Wh/kg, energy density of 500 Wh/L and 

maximum capital  cost of 125 USD/kWh are needed.  [36,46,47] These limitations are 

hoped to be overcome thanks in part to progressive optimizations; for example, the yearly 

growth  rate  of  specific  energy  was  ~3  Wh/kg  per  year  up  till  1990,  and  has  been 

improved to ~5.5 Wh/kg per year since then.  [48] It is also projected that the cost of 

lithium batteries will drop from the current cost of approximately 400 $/kWh, to 100 

$/kWh in the near future, thus meeting part of the DOE goals.  [46] For the time being 

though, the desire to electrify vehicles is frustrated by the very thechnology that would 

enable electric vehicles, namely lithium batteries. Indeed, lithium batteries have yet to 

achieve energy contents that can rival those of fossil fuel-powered internal combustion 

engines; [12,38,46] quantitative examples of the shortcomings and goals associated with 

lithium batteries are shown in FIGURE 1.3.2. and FIGURE 1.3.3.
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FIGURE 1.3.2: a) Representation of various battery chemistries as a function of their theoretical and practical energy 
densities, in relation to future goals. Reproduced with permission from [49]. Copyright 2012, Royal Society of 

Chemistry. b) Radar graph of criteria for electric vehicle cells. Taken from [50]. Open Access 2016, CC BY-NC-ND 
4.0.

FIGURE1.3.3: Ragone plot of various battery chemistries, along with super capacitors (SC1-SC3). Reproduced with 
permission from [51]. Copyright 2016, Springer Nature.

As shown in FIGURE 1.3.2, the limitations of today’s technology stem from the 

specific chemistries adopted in current systems. In addition to the performance challenges 

faced by lithium batteries, an additional question that needs to be answered both in the 

short term and in the long term is that of sustainability and recycling, as part of efforts to 

minimize CO2 emissions and other anthropogenic activities.  [52] It is clear that lithium 
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batteries are ubiquitous, in spite of their limitations in the face of increasing demands. 

These have spurred efforts to develop advanced energy storage technologies; one of these 

is all-solid state Li batteries, thanks to a possible increase in energy density, stability and 

safety.  [53–55] Fruits of these efforts have included investigating the re-introduction of 

lithium metal as an anode, novel cathode materials, alternative electrode materials, and 

chemistries beyond lithium; the following sections describe some of these efforts.

1.4 Beyond lithium

The chief "beyond lithium" chemistries that are being investigated are Na, [56,57] 

K, Mg,  [58] Ca, S  [59,60] and O.  [60] Sodium chemistry has been studied since the 

1970s,  [61,62] and as such stands to be the most likely alternative to commercial LIB 

systems.  Of  concern  however,  particularly  when  the  possibility  of  Na  metal  is 

contemplated for the anode, is sodium's low melting point of ~98 °C. This would bar the 

use  of  metal  anodes  in  sodium  metal  batteries  (NaMBs),  forcing  research  to  focus 

preferentially on insertion chemistries. [22,63] The prospect of divalent ions such as Mg2+ 

[64] or Ca2+ [65] is also attractive, in addition to using environmentally friendly, cheaper 

materials, making them an attractive alternative to alkali ion batteries (particularly Li and 

Na based chemistries), however successful exploitation of the divalent nature of alkali 

earth elements has yet to be realized. [22] Other chemistries that have been investigated 

include  K-ion  batteries  (KIBs);  these  have  comparable  voltages  to  those  in  Li-ion 

batteries, and while they don't have the same theoretical specific capacities, they make 

use of more abundant elements for their components, often employ less toxic elements, 
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and thanks to K+'s larger ionic radius, have weaker interactions with anions and solvents 

(contributing to greater ionic mobility). In spite of this, there are concerns regarding the 

feasibility of KIBs. [22] Efforts surrounding S and O will be discussed subsequently.

1.5 Lithium ion versus lithium metal

As seen above, lithium-ion batteries (LIBs) have superior performance, compared 

with  other  current  battery  technologies;  [66] it  is  believed  that  LIBs  will  play  an 

important  role  in  transportation,  as  well  as  in  grid  storage.  While  LIBs  have 

revolutionized our modern way of life, their role in future applications is barred by a 

series of important limitations: energy density, charging rate, durability, safety and cost 

are all areas where current LIB technology falls short of the needs of the future. [67] The 

reasons for these limitations can be enumerated as follows:

1) capacity of LIBs is limited by the electrodes’ ability to host Li+ (constrained by their 

structure) [41,68,69]

2) transfer rate of Li+ dictates the power a cell can produce, and is limited by slow 

diffusion processes in and out of electrode structures

3) lithium ion batteries have a relatively high cost, which is not necessarily a critical 

issue in the case of small portable electronics, but it becomes critical for large scale 

applications [5]

Furthermore, the issue encountered with Li metal anodes, namely formation of 

dendrites, can still manifest itself in LIBs, when charging at excessive rates or at low 

temperatures. [35] As mentioned earlier, commercial LIBs make use of an organic liquid 
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electrolyte, which is flammable and prone to ignition in the event of a thermal runaway 

caused by dendrites, extreme cycling conditions or excessive environmental heat. [70–72]

The  unstable  nature  of  commercial  LIBs,  combined  with  the  fact  that  graphite’s 

theoretical capacity of 372 mAh/g is only about a tenth of that achievable with lithium 

metal (3800 mAh/g), [73] makes for a frustrating situation. The case is being made that 

the lithium metal anode can still  be used, if combined with an appropriate electrolyte 

material; it would indeed open the door to battery systems with higher energy densities, 

[73] essential for surpassing the relevant limitations of current state-of-the-art lithium ion 

batteries.  This  in  turn  is  dependent  on developing new electrolyte  materials  that  can 

replace  current  systems;  to  this  end,  much effort  has  been made in  developing solid 

electrolytes. [74]

The following sections briefly describe the chief differences between the main 

classes of electrolytes (liquid, solid, hybrid), before describing the issues associated with 

dendrites.

1.6 Liquid versus solid electrolytes

Liquid electrolytes are used in virtually all lithium batteries, including polymer-

based batteries, which make use of a liquid component that swells the polymer matrix. 

Liquid electrolytes enable good conductivities and adequate discharge rates. [75] In spite 

of this, flammability as mentioned earlier has hampered limits of application, and the 

inability to suppress dendrites in the presence of high-capacity lithium metal is a major 

bottleneck  in  the  improvement  of  current  battery  technology.  [76] A  strategy  for 
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overcoming  the  phenomenon  of  dendrites  is  to  use  a  solid  electrolyte,  with  either 

sufficient  modulus  to  suppress  dendrite  formation,  [77] sufficient  surface  energy  to 

prevent dendrite nucleation, [35] or high enough lithium transport properties to minimize 

unwanted  concentration  gradients.  [78] The  benefits  associated  with  such  a  solid 

electrolyte  would  be  the  suppression  of  dendrite  growth,  decreased  or  nonexistent 

flammability,  and  wider  electrochemical  stability  windows  (ESWs).  [38] Ideally,  for 

reasons relating chiefly to flammability and risks of leakage, the solid electrolyte would 

not make use of any liquid component; in this case the battery would be termed an all-

solid-state lithium battery (ASS-LiB). It is believed for this reason that in due time ASS-

LiBs will replace conventional liquid electrolyte batteries. [72,79]

While  liquid  electrolytes  require  a  separator  to  keep  the  electrodes  from 

physically  touching  (with  ensuing  short-circuiting),  solid  electrolytes  function  as 

spearator  and  electrolyte,  simultaneously.  Fulfilling  this  dual  role  entails  satisfying 

several requirements: [80]

1)  electrochemical  stability  window that  is  at  least  as  wide as  the voltage window 

associated with the electrode reactions (wider is better, so as to accommodate over-

charge and over-discharge reactions),

2) sufficient conductivity to allow sufficient current density (RT conductivity > 10 -5 

S/cm),

3) chemical and electrochemical compatiblity with electrode materials (and any other 

components they might come into contact with),

4) good thermal stability (particularly when in contact with lithium metal).
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Additional requirements include sufficient mechanical properties, especially when 

the technology is transitioned from a lab setting to process development, pilot production 

and full  scale  production.  On top of this,  raw materials  should be cheap and readily 

available (exotic components make sense only as model compounds, at the laboratory 

scale). 

The chief classes of solid electrolytes are organic (usually polymers), inorganic 

(crystalline or amorphous, oxides or sulfides), and hybrids (consisting of composites of 

poymer,  inorganic  and/or  liquid  electrolytes);  the  chief  characteristics,  strengths  and 

weaknesses are shown in FIGURE 1.6.1.

      

FIGURE 1.6.1: Left: Representation of chief types of lithium batteries as belonging on a spectrum of different 
electrolytes, from entirely liquid to entirely solid. Reproduced with permission from [81]. Copyright 2020, American 
Chemical Society. Right: Depiction of several types of electrolyte materials. Reproduced with permission from [82]. 

Copyright 2018, John Wiley & Sons, Inc. 

Inorganic electrolytes can be fabricated in either bulk form (e.g. melting [83]) or 

in thin film form (e.g. sputtering [84]), can have high ionic conductivities, and in some 

cases  can  suppress  side  reactions  and dendrite  growth.  [85–87] Crystalline  inorganic 

electrolytes are relatively easy to prepare and tend to have high mechanical moduli, but 
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suffer from grain boundary resistance (which can constitute a resistive loss [88–91]) and 

poor interfacial  contact with electrodes. Amorphous inorganic electrolytes have worse 

mechanical  properties,  but  offer  greater  conformability  to  electrode  surfaces,  and are 

easier to process.  [85] Polymer electrolytes instead can be processed with already well-

established  industrial  manufacturing  techniques  (e.g.  extrusion,  calendaring,  solution 

casting,  etc),  offer very good adhesion properties  and flexibility,  though they tend to 

suffer from poor mechanical properties, compared to inorganic electrolytes, as well as 

lower conductivities. [76]

While the above paragraph offers promising results with solid electrolytes, which 

have the potential to increase the specific energy of lithium batteries, a major challenge is 

electrolyte  thickness.  With  current  commercial  lithium-ion  batteries  using  polyolefin 

separators with a thickness in the order of 10 μm, successfully replacing them with an 

equivalent solid-state system poses some practical challenges. Given that not all solid 

electrolytes have the same ionic conductivities as liquid electrolytes (10-2 S/cm), their 

thickness would have to be even smaller than conventional electrolyte separators. For an 

all-solid-state lithium battery (using lithium metal and a conventional cathode), to break 

even with commercial LIBs in terms of specific energy, the electrolyte would have to be 

no thicker than ~80 nm, and a 50% increase in specific energy would require that this 

thickness be no more than ~15 nm (depending on the specific solid electrolyte in both 

cases). [46,92] The ability to deposit thin films of material is dependent on processes that 

are  much  more  expensive  than  those  for  the  fabrication  of  commercial  separators. 

Another issue is that solid electrolytes tend to have low upper limits of current density in 
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practical batteries, usually no more than a few mA/cm2, [93] though efforts to overcome 

these  limitations  are  being  made,  such  as  surface  treatments.  [94,95] These  will  be 

discussed in more detail later.

So far, the families of electrolytes listed above are single-component, and it can 

be observed that each category has its respective strengths and weaknesses. In principle, 

it should be possible to combine multiple components together, so as to also combine the 

strengths  of  each  component.  The  following  section  will  briefly  describe  some 

characteristics of such composites, also known as hybrids.

1.7 Single component versus hybrid

Polymer  electrolytes  have  desirable  mechanical  properties,  most  notably 

flexibility and processability, which allow their manufacturing into thin and large films; 

on the other hand, they suffer from poor RT conductivity and limited thermodynamic 

stability against lithium metal.  [96] Inorganic electrolytes have high RT conductivities 

and near-unity lithium transference number values,  as well  as good apparent  stability 

against lithium metal (in some materials);  [97,98] unfortunately, they suffer from being 

brittle  and  thus  are  unable  to  make  intimate  contact  with  the  electrode's  surface. 

Therefore, it is only natural to pursue the realization of different hybrid electrolytes, in 

hopes of obtaining a material with good flexibility, adhesion and manufacturability, while 

also  retaining  good  conductivity,  transport  properties,  and  chemical/electrochemical 

stability. Where inorganics and polymers fail, there is always the option of composites, 

[76] where an inorganic solid is combined with the polymer, with the resulting material 
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sometimes referred to as a composite polymer electrolyte (CPE), or hybrid electrolyte. 

[99–103] Since hybrid electrolytes are a type of composite material, they embody the 

philosophy that is typical of most composites, i.e. combining desirable properties of the 

parent  materials,  while  minimizing  undesirable  ones  in  the  resulting  combination. 

Consequently,  an  ideal  CPE  can  maintain  high  conductivities  typical  of  inorganic 

electrolytes, while enjoying the good adhesion properties of polymer electrolytes (since 

the ability of an electrolyte material to adhere to lithium metal anode vanishes once its 

modulus exceeds a few MPa. [104] These dual benefits can enable good charge transfer 

properties  at  the  electrolyte-electrode  interface,  [105–107] as  well  as  ease  of  cell 

manufacturing and mitigation of issues related to volume changes during cell cycling. 

[15] While CPEs are a popular example of hybrid electrolytes, these polymer-inorganic 

hybrids  are  not  the  only  system that  has  been  explored;  indeed,  other  ones  include 

polymer-polymer,  inorganic-inorganic,  polymer-liquid,  inorganic-liquid,  and 

ternary/greater combinations of these systems. [80]

A classic example of a hybrid is the class of gel polymer electrolytes, or GPEs. 

Polymer  electrolytes,  in  order  to  have  room-temperature  performance  properties 

comparable to those of liquid electrolytes (~10-3 S/cm), require the addition of either a 

plasticizer  or  liquid  electrolyte,  affording  GPEs.  [108–112] This  improvement  in 

conductivity comes at the expense of mechanical properties, such that a thicker layer of 

GPE is  required;  this  in  turn  penalizes  the  volumetric  energy  density  of  the  battery 

employing this material. Another concern is the safety associated with GPEs, which can 

be  compromised  due  to  liquid  component  usually  being  a  conventional,  flammable 
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electrolyte.  [113–115] Mechanical  properties  can  be  partially  restored  –  while  also 

preserving the acquired conductivity  – by employing nanoparticles,  [116–119] porous 

substrates, or crosslinking; [120,121] the effect of these strategies is to enable the use of 

thinner (and "stronger") layers of the modified gel-polymer electrolyte, thus returning to 

higher volumetric energy density values. [122]

Hybrid electrolytes composed of an inorganic and polymer component often have 

a better electrochemical stability window (ESW) than pure polymers. There are several 

explanations being offered for this improvement:

1) inorganic electrolytes have good oxidative stability, [123,124] an attribute inherited 

by the hybrid material

2)  Lewis  acid/base  interactions  of  the  salt’s  anion  with  the  inorganic  surface 

immobilizes  the  anion,  and  increases  the  potential  needed  for  its  decomposition 

[125,126]

3) dipole-dipole interactions of inorganic and polymer increase the potential needed for 

decomposition, possibly thanks to an increase in the Eg of the polymer (similar to point 

2, but for the polymer) [127]

4) a combination of points 2 and 3 i.e. inorganic interacts with both the polymer and 

the anions, raising potential needed for oxidative decomposition (though it should be 

noted that for complete cells with an anode and cathode, there would be both oxidative 

as well as reductive stresses) [128]

A  challenge  of  introducing  hybrid  electrolytes  into  batteries  is  how  the 

mechanical interfacial properties can vary, depending on the composition chosen for a 
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particular hybrid. In the case of polymer-inorganic systems, a combination that is rich in 

ceramic will show interfacial properties that are reminiscent of the ceramic, while one 

that is rich in polymer will show properties more reminiscent of the polymer. The former 

can  suffer  from  poor  interfacial  contact,  while  the  latter  can  suffer  from  poor 

conductivity: thus, evaluating hybrid electrolytes in complete cell configurations requires 

balancing  mechanical  interfacial  (i.e.  adhesion)  properties  with  electrochemical 

properties, a path that is not always obvious. [80]

1.8 Dendrites

While liquid electrolytes offer very good conductivities (~10-2 S/cm RT [97]), as 

discovered  in  the  1970s  and 1980s,  they  unfortunately  are  not  able  to  stop  dendrite 

growth. This is an issue when using metallic anodes,  [129,130] but it can also manifest 

itself  in  graphite-containing  lithium-ion  batteries,  where  charging  too  quickly  – 

particularly at low temperatures – can also see the irregular deposition of lithium metal. 

[35] Typical irregular electrodeposits of lithium dendrites are shown in FIGURE 1.8.1.
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FIGURE 1.8.1: Example of dendrites in a symmetrical Li/Li cell with a liquid electrolyte. Reproduced with permission 
from [131]. Copyright 2003, Elsevier Ltd.

The  issue  of  short-circuiting,  induced  by  conductive  dendrites  bridging  the 

electrolye  and creating  internal  electrical  contact,  is  a  significant  safety  issue:  short-

circuiting causes Joule heating, which can lead to thermal runaway, fires and explosions. 

[71] Indeed, when in the 1980s the first generation of rechargeable lithium metal batteries 

made its appearance, it was dendrite growth-induced short-circuits and fires that forced a 

recall of products using these cells. [33,34] While a major issue in its own right, internal 

shorting  is  not  the  only issue caused by dendrites:  these  electrodeposits  are  thin  and 

composed of lithium metal, causing them to simultaneously have a propensity to break 

off and to react with the electrolyte. This results in an irreversible loss of active material 

upon fracture (in the form of "dead lithium" [132]), as well as a greater surface area of 

fresh lithium that can react with the electrolyte, in effect drying up the cell. [133]

Furthermore, it has been argued that dead lithium is actually a greater threat to 

modern lithium batteries than internal shorting, since irregular electrodeposition results in 
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internal shorting for only a fraction of the time, with the remainder of cases resulting in 

less spectacular failures, but all concerning irreversible losses of capacity.  [134] While 

there has been research suggesting that a material with sufficiently high modulus would 

be able to halt dendrite growth,  [77] both polymer electrolytes  [135–138] and ceramic 

electrolytes [139,140] are not immune to dendrite growth.

Much effort has been spent on both determining the causes of lithium dendrites, 

[129,130,135–137,141–147] as  well  as  on  devising  strategies  for  suppressing  them. 

[15,38,46,86,97,129,141,143,148–155] While  not  the central  focus  of  this  thesis,  it  is 

worth listing some of  the proposed causes  and strategies.  One of  the earlier  theories 

identifies concentration gradients as the cause for dendrites, [129,130,135–137,143] due 

to the resulting strong electric fields at the anode's surface, which can cause a rapid and 

irregular reduction of Li+ ions. This model quantifies both the time required for anions to 

retreat from the anode's surface (sometimes called Sand's time, [151,156–159]) as well as 

the rate of advancement  ν of  dendrites,  with the rate of anion depletion,  through the 

relation:

ν = μa E (1.8.1)

Where  μa is ionic mobility and  E is  the electric field in the electrolyte.  Other 

proposed causes for dendrite growth are anodes with insufficiently low surface energy are 

unable to resist nucleation and growth, [160] surface roughness and surface perturbations, 

[145,146] interplay  between  solid-electrolyte  interphase  (SEI)  and  anode  surface, 

[147] as well as stress-induced growth during electrodeposition. [141,142]
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Proposed strategies for preventing dendrite growth include ensuring a uniform 

flux  of  Li+ ions  during  charging,  [148,154,155] minimizing  anion  depletion  and 

concentration gradients,  [129,143] single ion conductors (polymer, ceramic or hybrid), 

[15,86,97,149,150] and  more  recently,  addressing  the  electrode-electrolyte  interface 

[38,46] and relief of deposition-induced stress.  [141] Strategies that do not regard the 

modification  of  the  battery  components  themselves,  but  rather  focus  on  operating 

conditions, include pulsed charging [151,152] and shock electrodeposition, [153] with the 

logic being that sufficiently short charging pulses can help avoid anion depletion and a 

deionizing shock can impart stability to electrodeposits, respectively.

The following sections will describe the chief components present in a lithium 

battery, followed by the major types of electrolytes, with emphasis on solid ones and their 

salient properties. Subsequently, the chief interfacial issues in solid electrolytes and the 

proposed  solutions  will  be  described,  before  finally  describing  the  experimental 

techniques used in this work for sample characterization, before proceeding to the work 

described in this thesis.

1.9 Components of Lithium batteries

Rechargeable lithium batteries are often referred to as secondary batteries, and 

typically contain four components: anode, cathode, electrolyte, and separator. The anode 

and cathode of a battery serve as the reservoirs for electrons and lithium ions, which 

move  back  and  forth  either  spontaneously  in  the  case  of  discharging,  or  non-

spontaneously in the case of charging (i.e. applying an external electromotive force). The 
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potential  generated  between  cathode  and  anode  is  due  to  the  difference  in  chemical 

potential of the electrodes, [21,28,30] as can be seen in FIGURE 1.9.1:

FIGURE 1.9.1: Representative examples of electrode materials for lithium batteries (both commercial and under 
development). Taken from [23]. Open Access 2019, CC BY 4.0.

Besides determining voltage, the electrodes in a lithium battery also dictate the 

capacity and cost of active materials (which is dependent on the relative abundance of 

their constituent elements).  [161] As can be seen from FIGURE 1.9.1, while there are 

many negative electrode materials with good capacities, the current positive electrode 

materials all have significantly lower capacities; this is a major bottleneck that research is 

seeking to overcome, as will be described later.

The  earliest  example  of  a  rechargeable  LIB  was  proposed  by  Prof.  Stanley 

Wittingham,  and  involved  use  of  a  Ti(II)  sulfide  cathode  and  lithium  metal  anode. 

However, safety issues associated with irregular electrodeposition of lithium on the anode 

(i.e. dendrites) barred further development of this platform. [3] Currently, graphite is used 

as  the  anode,  and the  cathode is  either  an  olivine/polyanion material  (e.g.  LiFePO4), 

layered oxide (LiCoO2), or spinel (Li2Mn2O4), which all offer greater voltages compared 
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to  sulfide  insertion  cathodes.  [21,162] Due  to  the  reactive  nature  of  the  anode, 

nonaqueous liquid electrolytes are employed for commercial batteries. These include a 

solvent (e.g. ethylene carbonate, EC or diethyl carbonate, DEC), and a salt (e.g. LiPF6, 

LiAsF6,  LiClO4,  LiBF4 or  LiCF3SO3),  which  together  constitute  the  electrolyte. 

[5,6] While  graphite  has  been  the  material  of  choice  for  nearly  all  commercial 

rechargeable lithium batteries, its theoretical specific capacity (~370 mAh/g) falls short 

of the demands imposed by the advanced electric and hybrid electric vehicle markets. 

[163] The following sections will describe in more detail the chief materials for each 

component  of  the  most  common  lithium  batteries,  both  currently  in  use  and  under 

development.

1.9.1 Anode

The anode is the site of oxidation reactions during discharge, and is responsible 

for storing lithium when a cell is charged. The most common negative electrode materials 

used are lithium metal, graphite and LTO; the main anode materials under development 

are  Si,  as  well  other  alloying  and  conversion  anodes.  The  different  types  of  anode 

materials are summarized in FIGURE 1.9.1.1:
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FIGURE 1.9.1.1: Chief types of anode materials. Reproduced with permission from [69]. Copyright 2009, Royal 
Society of Chemistry.

The following subsections will briefly describe select examples of each type of 

material.

1.9.1.1 Lithium metal

Lithium metal (Li0) is as a desirable anode material, for its low atomic weight, 

high capacity (~3800 mAh/g) and low reduction potential (~ -3.0 V vs SHE [38,66]). As 

seen earlier however, dendrites formed during cycling are a significant hazard to both 

performance and safety. Despite this, some primary lithium batteries do make use of Li0, 

[3] and the feasibility of Li0 thin-film batteries using LIPON electrolyte and LiCoO2 has 

been demonstrated.  [84] Furthermore, there is some limited commercial use of Li0, as 

reported  by  researchers  of  Hydro-Québec,  who  developed  a  Li/proprietary  polyether 

polymer/LiFePO4 cell that cycled for > 1000 cycles at 100% depth of discharge. [164]
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For what  concerns the research community’s efforts,  a few quick remarks are 

worth  mentioning.  First,  most  research  conducted  on  Li0 anodes  uses  commercially 

available lithium foil,  which while suitable, is hundreds of μm thick, implying that in 

these works lithium is the excess reagent in the cell’s redox reaction. Second, it has been 

argued that this contributes to the adverse outcomes of many works (i.e.  difficulty of 

determining causes of cell behavior, short circuits, consumption of electrolyte, etc), since 

more lithium is supplied for the electrochemical reaction than necessary. Third, it has also 

been suggested that using lithium in limited amounts would foster better outcomes, and 

be  more reminiscent  of  commercial  batteries,  where  the graphite  anode is  assembled 

without lithium, relying instead on the cathode to supply Li+. In this sense, either thinner 

Li0 films  should  be  employed  (and  are  also  commercially  available),  or  researchers 

should pursue “lithium free cells”. [36,84]

1.9.1.2 Graphite

Besides the safety issues that encouraged its development, graphite is an attractive 

electrode  material  for  its  good  cyclability,  high  capacity  compared  to  most  cathode 

materials (aiding in averting accidental plating of lithium metal),  and a low reduction 

potential of ~ 0-0.2 V vs Li/Li+. [85] Graphite is the most commonly used anode material, 

storing Li+ ions in between sheets of graphene. The maximum amount of lithium that can 

be stored is 1 lithium per 6 carbon atoms, giving a theoretical capacity of 372 mAh/g. 

[165] Given  that  the  graphene  sheets  need  to  increase  their  interlayer  distance  to 

accommodate the incoming Li+, graphite experiences a ~10% volume change. Insertion 
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of  lithium  ions  into  the  graphite  host  proceeds  via  a  staging  mechanism,  where 

intercalation takes place simultaneously in interlayers that are further apart, followed by 

interlayers  that  are  progressively  closer.  This  affects  the  voltage  of  the  cell  during 

cycling, as can be seen in FIGURE 1.9.1.2:

FIGURE 1.9.1.2: Staging process of graphite and effect of staging on cell potential. Taken from [166]. Open Access 
2020, CC BY 3.0.

While graphite is employed, it is also common to make use of carbon in other 

forms, by heat treatment of carbon-containing materials to give materials with structures 

reminiscent of graphite [24]. These carbons can be grouped into 2 varieties, soft and hard 

carbons, with the former being easily graphitized (affording a crystalline material), and 

the latter being difficult to graphitize (giving more amorphous materials). [167,168] Soft 

carbon electrodes  have a more organized structure than hard carbons,  but,  much like 

graphite,  experience  a  large  volume  change  of  ~10%  during  cycling.  Hard  carbon 

electrodes suffer from a lower capacity compared to soft carbon, but do not experience 

appreciable  volume changes,  and  have  faster  discharge  rates,  making  them ideal  for 
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applications  where  high  rate  capabilities  (though  this  usually  incurs  a  greater 

manufacturing cost). [24]

1.9.1.2 LTO

Lithium titanium oxide (LTO) is an insertion-type anode, which in the intercalated 

form has the formula Li7Ti5O12 (rock salt structure), while in the de-intercalated form it 

has the formula Li4Ti5O12 (spinel structure), [169] the latter being the formula with which 

LTO is usually identified. Much like graphite, LTO is an insertion anode, though it has 

two  significant  advantages.  First,  LTO  experiences  minimal  volume  changes  during 

cycling, such that it is regarded as a "zero-strain insertion material"; [25,170,171] this is a 

useful  and  nearly  indispensable  feature  for  the  realization  of  all-solid-state  lithium 

batteries  (particularly  if  conventional,  inflexible  inorganic  electrolytes  are  used). 

[161] Second, LTO can enable fast charging and discharging, with minimal cycling losses 

and good safety,  [172,173] making it ideal for electric vehicle applications, where high 

power density is important. The two chief disadvantages of LTO however are its low 

capacity  of  175 mAh/g,  [174] and  the  high  operating  voltage  of  ~1.55 V vs  Li/Li+, 

[25,161] which penalizes specific energy and energy density of any cells employing this 

chemistry. In spite of these limitations, high rate capabilities, cheap and environmentally 

benign starting materials, and promising research results [175,176] might be able to offset 

these limitations and see LTO’s use in future applications.
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1.9.1.3 Future anode materials

While the above materials  have helped overcome the issues,  they still  have a 

much lower capacity than lithium metal, and since they rely on insertion mechanisms, by 

nature  a  significant  part  of  the  material  does  not  participate  in  the  electrochemical 

reaction,  therefore  constituting  dead  mass.  Alternative  anode  materials  with  high 

capacities are also being investigated, and will be briefly mentioned here.

Silicon and, its lithiated counterpart lithium silicide (Li4.4Si), is by far the most 

studied alternative anode material, offering a theoretical capacity of ~4200 mAh/g, a low 

operating voltage comparable to that of Li0,  [177,178] as well as being cheap and non-

toxic.  Unfortunately,  it  also suffers from a large volume change,  up to  300%, which 

coupled to  its  brittle  nature,  cause pulverization of the material;  this  leads  to loss of 

contact with the active material, disruption of the SEI, and poor cyclability.  [85,179] In 

spite of this,  significant efforts are being devoted to overcoming this  issue,  including 

amorphous, hydrogenated silicon (a-Si:H) [180] nanostructuring the electrode in the form 

of nanoparticles or nanorods, where the process is  believed to be self-limiting.  [181–

183] In addition to silicon, other alloying elements such as Ge and Sn have also been 

investigated. [184]

Lastly,  anode  materials  that  are  still  under  development  are  predominantly 

conversion  materials,  which  are  usually  based  on metal  oxides,  sulfides  or  fluorides, 

[185,186] and  offer  greater  capacities  compared  to  intercalation  materials.  The  chief 

downsides  of  these  materials  is  that  they  suffer  from low cycling  rates  (due  to  low 
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conductivities),  as  well  as  large  volume  changes  (which  makes  solid  state  batteries 

employing these materials a difficult challenge).

1.9.2 Cathode

Commercial  batteries  use  almost  exclusively  transition  metal  (TM)  insertion 

cathodes, which exploit the both the reversible change in oxidation state of TM atoms, 

and the presence of crystallographic sites  available  for  reversibly accommodating Li+ 

ions. [14] Besides being a critical component of lithium batteries, cathode materials also 

represent almost 40% of the total battery cost.  [187,188] Indeed, the need for a TM in 

commercial  cathode materials  also entails  significant costs,  chiefly due to the limited 

abundance  of  theses  elements  (e.g.  Co,  Ni,  Mn).  [162] These  issues,  along  with  the 

limited capacities of TM cathodes, have stimulated research and development of new 

cathode materials, as will be later described.

The requirements for cathode materials are numerous, and can be enumerated as: 

[19,85]

1) React with Li0 reversibly,

2) Have high ΔG0
f,

3) React rapidly on insertion and removal,

4) Good electrical conductivity,

5) Electrochemically stable,

6) Low cost,

7) Environmentally friendly/safe.
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A comparison according to these requirements and additional ones is shown in 

FIGURE 1.9.2.1:

FIGURE 1.9.2.1: Comparison of the major types of cathode materials, as well as the TM insertion anode LTO. Taken 
from [23]. Open Access 2019, CC BY 4.0.

As the above figure shows, there are several different types of cathodes; the chief 

cathode materials will be briefly described. Concerning TM cathode materials, there are 3 

major types, depending on the type of spatial lithium ion transport: 1D, represented by 

materials with an olivine structure (e.g. LiFePO4); 2D, represented by materials with a 

layered structure (e.g. LiCoO2); and 3D, represented by materials with a spinel structure 

(e.g. LiMn2O4). The schematic modes of conduction are represented in FIGURE 1.9.2.2:
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FIGURE 1.9.2.2: The three chief types of transition metal cathode materials, according to the conduction pathways 
available to Li+ ions. Reprinted with permission from [25]. Copyright 2018, Springer Nature Switzerland AG.

Olivine materials have the general formula LiMPO4 (M = Fe, Mn, Co, Mn, Ni, 

Mg), with LiFePO4 being the most popular example. [189,190] Layered materials follow 

the general formula LiMO2 (M = Co, Mn, Ni), and are famously known for LiCoO 2, 

which played a critical role in making the modern lithium battery a reality. [3,191] Spinel 

materials have the formula Li2M2O4 (M = Mn). Since theoretical specific capacities are 

directly proportional to the number of electrons transferred and inversely proportional to 

the  molar  mass  of  the  active  material,  layered  materials  offer  the  highest  theoretical 

capacity, due to their relatively lighter molar masses, compared with the other types of 

cathode materials. [25,161]

In addition to molar mass playing a role in the theoretical capacity of a cathode 

material,  the diffusivity of Li+ within the lattice plays an equally important part.  For 

example,  LiCoO2,  which  has  a  higher  diffusivity  than  LiFePO4 and  LiMn2O4 (the 

representatives  of  the  other  typical  cathode materials),  also  has  an  effective  capacity 

closer to its theoretical value. [192] Typical strategies explored for improving diffusivity 

include doping, coating surface,  scaling down size of particles, changing crystallinity. 
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[14] The only ways to effectively improve conductivity of LiFePO4 and LiMn2O4 have 

been  shown to  be  particle  size  and  conductive  coatings.  Doping  usually  is  not  very 

effective,  affording at  best  a  1  order  of  magnitude  improvement.  On the  other  hand, 

surface coatings can either improve cycle life (if a non-conductive material is used), or 

improve electrical conductivity (a conductive material is used). Scaling down the size of 

particles is straightforward, but renders the particles more reactive and more likely to 

form a CEI layer that hinders Li+ diffusion. An additional note worth considering is that 

the amorphous phase of the cathode active material tends to have a higher diffusivity than 

the crystalline phase, hence the efforts to try changing the crystallinity of these materials.

1.9.2.1 LiCoO2 (LCO)

LiCoO2 (LCO) is probably the most utilized cathode material, being developed in 

1980 by Goodenough and coworkers. [193] It is a layered material with 2D conduction of 

Li+ ions, belonging to the rhombohedral space group  R3m. LCO is composed of CoO6 

octahedra,  which make up CoO2 sheets.  [194] In the fully intercalated form, Li+ ions 

reside  between  these  CoO2 sheets,  and  LCO  has  the  composition  LiCoO2;  during 

deintercalation,  Li+ ions  are  removed  from  their  layers,  giving  the  intermediate 

composition  LixCoO2.  [195] While  the  layered  nature  of  LCO  is  what  makes  Li 

intercalation possible, it  is also LCO's point of weakness: full deintercalation of LCO 

would result in irreversible degradation of the material, so that the maximum degree of 

reversible deintercalation is 50%, giving Li0.5CoO2; this also implies that while LCO's 

theoretical capacity is 272 mAh/g (for 100% deintercalation), in practice the reversibly 
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accessible capacity is only half of the theoretical value.  [195] LCO is typically cycled 

between 4.2 V and 3 V, with an average voltage of 3.9 V vs Li/Li+. [24] LCO meets most 

of the requirements in FIGURE 1.9.2.1 (in part thanks to its layered structure), but is 

more expensive than other materials; it is often doped to improve performance/capacity. 

[19,25,85] Finally, Co is quite expensive to produce, particularly when compared to other 

transition metals like Ni, Mn and V.  [85] Cobalt is also problematic, in that there are 

ethical concerns tied to its  mining and extraction,  including issues such as hazardous 

working conditions and child labor. [196]

1.9.2.2 LiFePO4 (LFP)

LiFePO4 (LFP)  is  another  cathode  material  developed  by  Goodenough  and 

coworkers in 1996. [197] It is an olivine material, with 1D conduction pathways for Li+ 

ions, belonging to the orthorhombic space group Pmnb, composed of FeO6 octahedra and 

PO4 tetrahedra; Li occupies M1 tetrahedral sites, while Fe occupies M2 octahedral sites. 

[24] While LFP has a lower theoretical capacity (170 mAh/g) than LCO and most other 

cathode materials,  it  is  chemically  and structurally  stable,  [24] offers  higher  thermal 

stability than other cathode materials, [197] and unlike most other transition-metal based 

cathodes, it uses cheap and readily available materials. Despite these advantages, it has a 

lower operating voltage compared to most other cathode materials (~3.4 V vs Li/Li+), and 

suffers  from  low  electrical  conductivity  (10-9 S/cm  [14]),  though  this  issue  can  be 

partially resolved by nanostructuring LFP and making use of conductive coatings. [198]
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1.9.2.3 LiMn2O4 (LMO)

LiMn2O4 (LMO) is a spinel material, with some of the earliest syntheses from the 

early 1990s, [199] though its earliest report is from 1983. [200] LMO has 3D conduction 

pathways for Li+ ions, and belongs to the cubic space group  3Fdm;  [85] although the 

formal oxidation state of Mn in LMO would be 3.5, it is in fact a mixture of Mn3+ and 

Mn4+. [199] The average potential of LMO is 4.0 V vs Li/Li+, and its theoretical capacity 

is  148  mAh/g.  [24] While  LMO  has  a  slightly  lower  capacity  than  other  cathode 

materials,  it  has  good thermal  stability,  [201] can  be  prepared  from relatively  cheap 

starting  materials,  is  environmentally  friendly,  and  is  easy  to  prepare.  [202–

205] Unfortunately, the coexistence of Mn3+ and Mn4+ is its chief weakness, since Li+ 

insertion/removal during cycling and temperature change can induce a transition from 

cubic to tetragonal phase, resulting in Jahn-Teller distortion of Mn3+ at the octahedral 

sites. The transition and distortion take place when LMO is subjected to potentials below 

4.0 V, [24] and are believed to be a major cause for loss of capacity [206–208] and poor 

cell performance. [209,210]

Changes in electrochemical characteristics of LiMn2O4 occur in 2 stages, 0 ≤ 1– x 

≤ 1 and 1 ≤ 1+x ≤ 2, for Li(1-x)Mn2O4 and Li(1+x)Mn2O4 respectively. [24] While in the 0 ≤ 

1–x ≤ 1 composition, Li ions at the 8a tetrahedral sites intercalate/deintercalate at 4V 

while maintaining a cubic structure; however, for the 1 ≤ 1+x ≤ 2 composition, lithium 

ions  at  the 16c octahedral  sites  intercalate/deintercalate  at  3V,  with the host  material 

experiencing a phase transition between LiMn2O4 (cubic) and Li2Mn2O4 (tetragonal). This 

results in a 1V difference, if the entire range of composition of LiyMn2O4 is used. Another 
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issue  that  LiyMn2O4 suffers  from  is  that  during  discharge,  Mn3+ undergoes 

disproportionation (2 Mn3+ → Mn2+ + Mn4+), with Mn2+ being soluble in typical battery 

electrolytes. [32,211] This has multiple negative effects, including electrodeposition onto 

the anode (thus hindering Li+ flow, [212,213]) and catalyzing electrolyte decomposition, 

with  the  overall  effect  of  decreasing  cell  capacity.  Despite  these  issues,  Jahn-Teller 

distortion  can  be  solved  in  part  by  doping  LMO  with  elements  including  Ni 

[199,214] and Cr, though the toxicity of the latter has limited its use. [85]

1.9.2.4 Other cathode materials

In addition to the above listed representative cathode materials, many others have 

been explored. Besides the layered oxide LiCoO2,  valued for its rate capability,  other 

materials  including LiNiO2 and LiMnO2 have also been the subject  of much interest, 

thanks to their good capacity and safety, respectively.  [23,162] However, each of these 

layered oxide materials suffer from unique drawbacks that hinder them from being used 

in one manner or another.  [25] For example, LiNiO2 has a similar structure to LCO, a 

higher redox voltage while also being cheaper, but Ni+ migrates to Li+ sites, causing a 

loss of capacity.  For this reason, a common strategy has been to dope with elements 

including Al, Co, Mn and Cr, [215,216] as shown in FIGURE 1.9.2.3: 
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FIGURE 1.9.2.3: schematic representation of the layered LiMO2 (M= Ni, Mn, Co) crystal structure, along with chief 
pros and cons of each transition metal. Reproduced with permission from [217]. Copyright 2017, John Wiley and Sons.

Notable  examples  of  cathode  materials  developed  thanks  to  doping  are  the 

LiNixMnyCo1-x-yO2 (NMC)  family,  including  NMC 111  (where  Ni:Mn:Co  =  1:1:1  or 

LiNi1/3Mn1/3Co1/3O2), first reported by Dahn and coworkers; [218] and LiNi0.8Co0.15Al0.05O2 

(NCA),  first  reported  by  Chen  and  coworkers.  [219,220] NMC  and  NCA cathode 

materials combine two or more benefits of the individual layered transition metal oxide 

cathode materials, resulting in higher cell voltages and greater capacities, and causing 

them to see application in electric vehicles. [221–225]

Lastly, other cathode materials have been explored that do not fall under one of 

the three types of materials described above. These include V2O5, which uses cheaper, 

more abundant and safer materials, and has the potential to be employed in thin-film 

batteries, but has low capacity and conductivity (as well as limited structural stability). 

[85] Another explored material is Li2SiO4, which uses the SiO4
2- anion (inspired by the 

stabilizing effect of the strong PO4
3- anion); in principle this would allow access to 2 
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lithiums  per  formula  unit  and  confer  a  theoretical  capacity  of  (~330  mAh/g),  but 

unfortunately orthosilicate cathode materials tend to have a low conductivity and require 

high overpotentials to accomplish intercalation/de-intercalation. [226]

1.9.2.5 Future cathode materials

It  should  be noted that,  while  lithium metal  has  a  much higher  capacity  than 

graphite, even if a successful lithium metal battery were materialized, simply replacing 

graphite  with  Li0 would  not  be  sufficient.  Indeed,  another  major  bottleneck  that  has 

largely been ignored by the lithium battery research community at large is the limited 

capacity  of  commercial  intercalation  cathode  hosts.  Indeed,  the  best  transition  metal 

cathodes have theoretical capacities that rarely exceed 280 mAh/g.  [227] While many 

anode materials have been investigated, the potential future cathode materials are chiefly 

two, sulfur for lithium-sulfur (Li-S) systems [228,229] and oxygen for lithium air (Li-O2) 

systems. [230]

For  elemental  sulfur,  the  Li-S  battery’s  reaction  proceeds  according  to  the 

reaction:

S8 + 16e -
+ 16 Li ⟶ 8 Li2 S (2.15 V vs Li /Li+

) (1.9.2.1)

While the reaction potential of this reaction is lower than the typical voltages of 

current cathode materials (usually >3 V), the Li-S system offers a theoretical capacity of 

~1670 mAh/g, a sixfold improvement in capacity. [227]

For the Li-O2 system, the reaction proceeds as follows: [231]

O2 + 2 e-
+ Li+ ⟶ Li2O2 (2.9 V vs Li /Li+

) (1.9.2.2)
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This cathode also has an appreciably lower potential than current TM cathode 

materials,  but  it  offers  a  theoretical  capacity  of  1160  mAh/g,  although  some  results 

suggest capacities as high as 10 000 mAh/g; as expected, there are some reservations 

surrounding these less conservative values. [231]

While the good capacities are potentially good news, the reason that these systems 

have been the focus of much attention in recent years is that Li-S and LiO2 offer specific 

energies  as  high  as  ~2500  Wh/kg  and  ~3500  Wh/kg  respectively.  [60] It  should  be 

pointed out though that different sources offer more conservative numbers, and that there 

is some concern of unnecessary hype. [22] In spite of the difficulty in finding a consistent 

value for the specific energies of these systems, they offer greater energy content than 

conventional lithium ion batteries (~380 Wh/kg),  [60] and more importantly, might be 

competitive with gasoline (~700 Wh/kg).  [60,232,233] Comparison of the chief current 

battery technologies, as well as Li-S and Li-O2, are shown in FIGURE 1.9.2.4:

 

FIGURE 1.9.2.4: Left: Chief battery systems, arranged in increasing order of specific energy; dark blue represents 
lower limit and light blue represents upper limit. Reproduced with permission from [234]. Copyright 2016, Springer 

Nature. Right: Effect of areal capacity on driving distance for a hypothetical electric vehicle (based on performance of 
Nissan Leaf, extrapolated accordingly)Taken from [235]. Open Access 2014, CC BY-NC-ND 3.0.
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Unfortunately,  these promising systems are both plagued by significant  issues, 

namely the polysulfide shuttle in the case of Li-S systems,  [60] and the instability of 

current electrolytes against superoxide species in the case of Li-O2 systems. [230] Despite 

these major challenges, efforts for both chemistries continue to be devoted to developing 

commercially viable systems.

1.10 Electrolyte

While the electrodes are responsible for both the capacity and voltage generated 

by a battery, it is the electrolyte that enables the motion of the electrochemically active 

species from one electrode to  the other,  while  not  allowing electron conduction.  The 

following sections will describe the requirements imposed on electrolytes, the common 

types of electrolytes and their properties.

1.10.1 Electrolyte requirements

While  the  specific  requirements  of  individual  classes  of  electrolytes  (liquid, 

polymer,  inorganic,  hybrid,  etc.)  might  differ,  all  electrolyte  materials,  current  and 

candidates, need to satisfy a series of requirements: [24,76,80,236–238]

1) High ionic conductivity (preferably 10-3 S/cm, though 10-4 S/cm is acceptable for 

solid electrolytes)

2) Minimal electronic conductivity (to avoid self-discharging)

3) Low activation energy

4) Low interfacial resistance and low grain boundary resistance
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5) Good chemical and electrochemical stability towards electrodes (as well as other cell 

components such as binder, etc.)

6) Wide electrochemical stability window (ESW > 5 V vs Li/Li+)

7) High lithium transference number, tLi+

8)  Wide  temperature  window  of  operation  (an  issue  for  liquid  electrolytes,  which 

usually cannot exceed 60 °C [24,70])

9) Good mechanical properties

10) High safety

11) Low cost

12) Easy to fabricate and manufacture [239–243]

13) Environmentally friendly and cheap starting materials

14) Low toxicity (particularly important at the end of a battery's life, i.e. safe disposal)

Some of the more important requirements are summarized in TABLE 1.10.1.1.

TABLE 1.10.1.1: Performance and issues of the major classes of electrolytes, according to some representative 
metrics. Reproduced with permission from [81]. Copyright 2020, American Chemical Society.

As can be seen, each class of electrolyte has some promising qualities, but falls 

short in other areas; the lack of a class of materials that has good ratings “across the 
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board” is an indication of the great need for better battery materials, with current liquid 

electrolytes being in fact a stop-gap for an improved electrolyte-battery system that has 

yet to come.

Additionally, other parameters can be considered or evaluated:

15) Degradation processes that might occur upon raising the temperature

16) Degree of crystallinity, χc

17) Glass transition temperature, Tg

18) Melting temperature, Tm

19)  Mechanical  strength  and stability  for  processing,  manufacturing,  wear  and tear 

(lower mechanical strength entails greater risk of internal short circuit [44])

20) Lithium salts with low lattice energy, where the anion should have a well dispersed 

or delocalized charge [75,149,244]

21) Air-sensitivity (lithium electrolytes usually employ hygroscopic salts, where trace 

amounts of water can skew conductivities and create additional interfacial issues due to 

reaction with electrodes [96] 

The above requirements constitute an extended (albeit incomplete) list; despite 

this,  the three most important  [245] properties are  ionic  conductivity,  electrochemical 

stability, and lithium transference number. In its simplest form, conductivity (σ) can be 

written as:

σ =
l

R⋅A
(1.10.1.1)
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Where  l is the thickness (cm) of a sample,  R (ohms) is the sample’s resistance, 

and  A (cm2)  is  the cross-section of the sample.  As will  be seen in later  sections,  the 

conduction  mechanism depends  on  the  material  in  which  it  is  taking  place.  ESW is 

dependent on the HOMO and LUMO (or VB and CB) of the electrolyte, and has already 

been described in SECTION 1.2. Lastly, the lithium ion transport number (or transference 

number, tLi+) can be expressed as:

t+ =
μ+

μ+ + μ-

(1.10.1.2)

Where μ+ is the mobility of the cation and μ- is the mobility of the anion. As will 

be described later, this relation for tLi+ is well-defined only in the absence of concentration 

gradients, and measuring it requires that any concentration gradients occur only in the 

region near the electrodes. FIGURE 1.10.1.1 compares the chief classes of electrolytes 

(liquid,  solid,  polymeric,  inorganic)  based  on  their  conductivity  and  electrochemical 

stability window (ESW).
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FIGURE 1.10.1.1: ESW and Li+ conductivity of the major classes of electrolytes. Reproduced with permission from 
[81]. Copyright 2020, American Chemical Society.

In observing the above figure, one can easily see that most electrolyte materials 

are  not  stable  in  contact  with  lithium  metal;  fortunately,  good  (i.e.  commercially 

successful)  electrolytes  form a  passivating  layer  at  the  electrode-electrolyte  interface, 

termed interphase.  [96] A good passivating layer, as has already been briefly mentioned 

(and will be discussed in more detail later), offers good Li+ conductivity, while also being 

a poor electronic conductor/good insulator.  [30] As will be seen later, the interphase is 

complex by nature, and tends to evolve more slowly in the case of solid electrolytes, 

where long-term, time-resolved electrochemical measurements are often required for a 

better understanding. [246]

Good  knowledge  of  an  electrolyte  requires  knowing  among  other  things  the 

transference  number  of  the  electrolyte.  This  is  particularly  important  for  solid 

electrolytes,  where  low  tLi+ is  associated  with  high  charge  transfer  resistance  at 

electrode/electrolyte  interface.  [247] Low  tLi+ can  lead  to  several  other  problems, 
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including  precipitation  of  salt  at  the  anode  and  depletion  of  the  salt  at  the  cathode 

(especially at high current values), thus hampering performance at high rates and limiting 

power output of the cell. Conversely, high tLi+ is believed to limit effects of concentration 

polarization. [248]

1.10.2 Liquid electrolytes

Liquid electrolytes have dominated the lithium ion battery market,  [3] with the 

most common formulation being based off of a solution of LiPF6 and ethylene carbonate 

(EC) mixed with other, opportune carbonates.  [70] The most commonly used organic 

solvents include: [236]

- Carbonates: ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate 

(DMC), dimethyl carbonate (DEC), ethyl methyl carbonate (EMC)

- Esters: γ-butyrolactone (γBL), ethyle acetate (EA), methyl butyrate (MB)

-  Ethers:  dimethoxyethane  (DME),  tetraethyleneglycol  dimethyl  ether  (TEGDME), 

tetrahydrofuran (THF), 2-methyl-tetrahydrofuran (2-Me-THF), 1,3-dioxolane (DOL)

Properties of some of these solvents are summarized in TABLE 1.10.2.1.
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TABLE 1.10.2.1: Summary of common solvents used for lithium battery liquid electrolytes, and their salient 
properties. Reproduced with permission from [236]. Copyright 2009, Elsevier Ltd.

Salts  that  are  commonly  employed  in  liquid  electrolytes  include  lithium 

tetrafluoroborate  (LiBF4),  lithium  perchlorate  (LiClO4),  lithium  hexafluorophosphate 

(LiPF6),  lithium  hexafluoroarsenate  (LiAsF6),  lithium trifluorosulfonate  (LiCF3SO3 or 

LiTf),  lithium  bis(trifluoromethanesulfonyl)imide  (LiN(SO2CF3)2 or  LiTFSI),  lithium 

bis(pentafluoroethanesulfonyl)imide (Li(C2F5SO2)2N or LiBETI), lithium perfluorobutane 

sulfonate  (LiC4F9SO3),  lithium  tris(trifluoromethanesulfonyl)methide  (Li(CF3SO2)3C), 

lithium  bis(oxalato)borate  (LiBOB)  and  lithium  tetraphenyl  borate  (LiBPh4);  a 

representative  list  of  some common lithium salts  is  summarized  in  TABLE 1.10.2.2, 

along with their properties in TABLE 1.10.2.3.
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TABLE 1.10.2.2: Summary of common lithium salts used in lithium battery electrolytes, and their salient properties. 
Reproduced with permission from [24]. Copyright 2012, John Wiley and Sons.

TABLE 1.10.2.3: Qualitative overview of salient properties in common lithium salts used in lithium battery 
electrolytes. Reproduced with permission from [24]. Copyright 2012, John Wiley and Sons.

In addition to the above conventional components, room-temperature ionic liquids 

(RTILs) are sometimes also used. [70] These are usually composed of an organic cation 

and inorganic  anion (though both  can  be organic).  While  they have negligible  vapor 

pressures and are regarded as much safer than conventional solvents, [249,250] they are 

also  much  more  costly,  sometimes  10  times  as  much  as  traditional  solvents. 

[24] Common ionic liquids make use of the 1-ethyl-3-methylimidazolium (EMI+) cation 

and its variants, as well  as the N-methyl-N-butylpyrrolidinium (PYR14
+) cation.  Some 

representative examples of ionic liquid systems are summarized in TABLE 1.10.2.4.
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TABLE 1.10.2.4: Summary of common ionic liquids used in lithium battery electrolytes. Reproduced with permission 
from [24]. Copyright 2012, John Wiley and Sons.

Similar  to  ionic  liquids  is  the  class  of  solvated  ionic  liquids  (SILs),  where 

typically an oligoether is mixed in a 1:1 molar ratio with a lithium salt, so that the solvent 

molecule coordinates the lithium ion. While SILs are not ionic liquids per se, they do 

have similar properties, including low vapor pressure and good electrochemical stability. 

[251,252] Other  more  exotic  liquid  electrolytes  under  research  include  perfluorinated 

alkyl ethers, which thanks to the presence of C-F bonds, are believed to have stronger 

interactions  with  fluorinated  anions  (compared  to  conventional  ethers),  while  having 

weaker  coordination  strength  with  the  cation  (thanks  to  possible  mitigation  of  the  O 

atom’s nucleophilicity). There is also reason to believe that these materials have high tLi+, 

[253] though  it  is  to  be  seen  whether  they  satisfy  the  other  requirements  listed  in 

SECTION 1.10.1, including cost and end-of-life disposal. [52]

For liquid electrolytes to carry out their function properly, a separator is needed, 

in  order  to  prevent  contact  between  electrodes.  This  is  usually  accomplished with  a 

porous  polyolefin  separator,  made  of  polypropylene,  polyethylene  or  a  layered 
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combination of the two, though other variations also exist.  [254–257] Regardless of the 

specific system, a separator’s basic function is to transport the working ion across the 

cell,  and  should  be  inexpensive  as  well  as  chemically  inert  on  contact  with  both 

electrodes. [11]

In a liquid electrolyte, better ion dissociation helps increase conductivitiy, which 

can  be  achieved by using  solvents  with a  higher  dielectric  constant  (see  TABLE 3); 

typically  however,  good  RT  conductivities  of  10-2 S/cm  are  routinely  achieved. 

[236] Conductivity in liquid electrolytes can also be increased by increasing the mobility 

of ions, which can be achieved by lowering the solvent's viscosity (see TABLE 3, TABLE 

6), as governed by the Stokes-Einstein relation: [14]

D =
kB T

6 πηR0

(1.10.2.1)

Where D (cm2/s) is the diffusion coefficient of the ion in question, kB (1.38×10-23 

J/K) is the Boltzmann constant,  T (K) is the temperature,  η (cP) is the viscosity of the 

solvent, and R0 (nm) is the radius of the ion in question (approximated as a sphere). In 

liquid  electrolytes,  conduction  occurs  thanks  to  rapid  exchange  of  the  ion  between 

solvating molecules  and free  solvent  molecules.  Because this  exchange is  considered 

"fast", the resulting potential energy vs. position profile can be regarded as essentially 

flat, [97] as shown in FIGURE 1.10.2.1:
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FIGURE 1.10.2.1: Illustration of conduction mechanism of lithium ion (cherry pink sphere) in liquid medium (blue 
spheres).Reproduced with permission from [97]. Copyright 2016, American Chemical Society.

For aprotic solvents, tLi+ is usually in the range of 0.2-0.5.  [75,248,258–264] As 

for  electrochemical  stability,  representative  liquid  electrolytes  and  their  respective 

oxidation and reduction potentials are shown in FIGURE 1.10.2.2.

FIGURE 1.10.2.2: Comparison of representative electrolytes and their oxidation potential (Eox) and reduction potential 
(Ered), with lithium as the reference electrode. Reproduced with permission from [236]. Copyright 2009, Elsevier Ltd.

While liquid electrolytes are fundamental to modern lithium ion batteries, they are 

not the focus of this thesis, and will not be further covered here; an excellent overview of 

current  liquid  electrolytes  used  in  commercial  batteries  can  be  found  at. 
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[75,236] Similarly, gel polymer electrolytes are mentioned later on, but are also not the 

focus of this thesis (though helpful reviews include  [250,265]), nor are ternary hybrid 

electrolytes, consisting of an organic liquid, solid polymer and solid inorganic electrolyte. 

[266–268] The following sections will  instead focus on solid electrolytes, specifically 

polymer,  inorganic  and  hybrid  electrolytes,  with  attention  being  dedicated  to  their 

conduction mechanisms, chief qualities and notable examples.

1.10.3 Polymer electrolytes

Polymers are a unique class of synthetic materials, with a nearly endless suite of 

different monomers available for use in electrolyte matrices; the following sections will 

cover some of their requirements, properties, as well as the better-known examples.

1.10.3.1 Polymer requirements

Polymer electrolytes are a large and well-known family of electrolytes with at 

least one solid component. As will be described later, there is a multitude of different 

systems,  both commercial  and under  investigation.  The requirements  for  this  type  of 

electrolyte are similar to the general ones listed earlier in SECTION 1.10.1, though it is 

worth enumerating them: [269–271]

1) High Li+ conductivity at and below RT

2) Good mechanical strength

3) Acceptable tLi+

4) Good thermal and electrochemical stability
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5) Good compatibility with electrodes

6) Enable good cycle life at low temperatures

7) Sufficiently tolerate internal pressure changes during battery operation

Additional  requirements,  with  some  that  are  unique  to  polymer  electrolytes, 

include: [14,272,273]

8) High dielectric constant

9) High electron-donor characteristics

10) Appropriate distance between coordinating centers

11) Flexible backbone and low steric hindrance for bond rotation

12) Low glass transition temperature (Tg)

13) Amorphous or low degree of crystallinity

14) Easy to synthesize and process

As will be seen later, high electron-donor characteristics and coordinating centers 

usually  go  hand-in-hand,  particularly  for  polymers  with  a  high  concentration  of 

sequential polar groups in the backbone (e.g. ether, sulfide, amine, phosphine, carbonyl, 

cyano,  etc.).  The  presence  of  these  groups  ensures  complex  formation  between  the 

polymer and alkali cation, much like in the case of crown ethers.

1.10.3.2 Polymer electrolyte properties

The chief advantages offered by polymer electrolytes, over inorganic electrolytes, 

are  typically  their  flexibility  and  processability,  unlike  their  brittle,  hard  inorganic 
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counterparts. Polymer electrolytes are also capable of maintaining dimensional stability, 

can afford good safety, and it has been suggested that in some cases they might be able to 

inhibit dendrite growth. [274–276]

In spite of these advantages over inorganic electrolytes, polymer electrolytes tend 

to have lower RT conductivities (typically 10-5 – 10-8 S/cm, compared to 10-3 – 10-4 S/cm 

of ceramics), with conductivity rapidly dropping below room temperature. [80] This has 

not  prevented  polymer  electrolytes  from  being  used  in  lithium  metal  batteries, 

[164,277,278] but  due  to  the  aforementioned  issue,  they  require  battery  operation  at 

elevated temperatures (usually above 60 °C). Poly(ethylene oxide) (PEO), the polymer 

electrolyte  of  choice,  has  a  limited  oxidative  stability,  and  tends  to  experience 

decomposition at higher potentials (ESW = 0.5 – 3.8 V vs Li/Li+ [165]). Nonetheless, 

they  can  still  be  used  in  applications  where  low current  densities  are  acceptable  or 

preferable, and there are still favorable reasons for pursuing polymer electrolytes: [96]

1) they are more stable than classic non-aqueous liquid electrolytes (such as LiPF6 with 

EC)

2)  beyond  the  realm  of  batteries,  polymer  electrolytes  are  compatible  with  open 

systems (e.g. fuel cells)

3) polymer electrolytes can be multifunctional (allowing properties such as microphase 

separation)

Furthermore,  polymers  have  also  been  investigated  as  electroactive  materials, 

specifically as positive electrode materials.
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In a solvent-free polymer electrolyte, a salt is dissolved into a polymer host. Ionic 

conduction in polymers is fast above their glass transition temperature (Tg), which can be 

regarded as the temperature above which polymer chains have sufficient thermal energy 

to  experience  segmental  motion.  The  polymer  host's  motions  make  ionic  diffusion 

possible,  assisting in the migration of the ionic species;  for this reason conduction in 

polymers is sometimes referred to as segmental assisted motion/ion migration, or also the 

Grotthus mechanism. Segmental motion is critical to meaningful, fast ion conduction in 

polymeric materials.  [279–281] For this reason, preferred polymeric materials are ones 

with a low Tg (well below the lower limit of the temperature window of operation), such 

as  PEO,  which  usually  has  a  Tg of  -50  °C  –  -57  °C,  [282] though  due  to  its 

semicrystalline nature, part of its volume is occupied by ion-free crystallized polymer 

chains, which are unable to aid in fast ion diffusion. For this reason, efforts have been 

devoted  to  rendering  PEO  amorphous,  so  as  to  increase  the  amount  of  coveted 

amorphous,  fast-conducting  and  highly-solvating  phase.  [279,283,284] Although  this 

conventional wisdom maintains that conduction is exclusively in the amorphous phase, 

there  are  exceptions  to  this  rule.  The most  notable  one  is  that  of  the  so-called  “6:1 

complexes”,  where  a  low  molecular  weight  oligoether  polymer  can  form  ionically 

conducting crystalline complexes with alkali salts, e.g. (PEO)6:LiAsF6. [285–288]

Besides  being desirable  for  a  polymer electrolyte  to  have a  low Tg,  it  is  also 

desirable for it to have good mechanical strength, [272] partly for structural integrity of 

the cell, and partly to aid in suppressing lithium dendrite growth. [77] Since a polymer's 

mechanical properties usually decrease when Tg is decreased, the simultaneous need for 
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good  conductivity  and  good  mechanical  properties  are  at  odds  with  each  other. 

Furthermore, the addition of a lithium salt produces an increase in Tg,  [289] which can 

harm  the  electrolyte's  conductivity.  The  most  common  ways  of  marrying  good 

conductivity  with  good  mechanical  properties  include  cross-linking  the  polymer, 

[80] designing microphase-separated block copolymers, [96] or adding an inorganic filler 

that  can act  as  a  reinforcing agent.  [15] As a sort  of sub-category of the latter  case, 

polymer gels can be crosslinked in such a manner that the mesh size is small enough to 

retain small inorganic particles. [11]

1.10.3.3 Families of polymer electrolytes

Although polymer electrolytes are distinct from conventional liquid electrolytes, 

they can be regarded as both belonging to a continuum of polymer and liquid-containing 

electrolytes, according to the classification proposed by: [96]

1) Classical or liquid electrolytes (LE), which consist of lithium salt dissolved in an 

organic electrolyte

2) Gel polymer electrolytes (GPEs), where a polymer matrix is swollen by a liquid 

electrolyte (polymer host may or may not participate in ion solvation)

3) Solid (i.e. dry) polymer electrolytes (SPEs), where a lithium salt is solvated by a 

polymer host

4) Single-ion conducting solid polymer electrolytes (SIC-SPEs), where the anion is 

immobilized  by  covalent  attachment  to  the  polymer  backbone,  and  the  polymer 

solvates Li+ ions
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5)  Solvated  single-ion  conductors,  in  which  the  single-ion  conducting  matrix  also 

incorporates a solvating liquid component (e.g. solvated ionic liquids, see SECTION 

1.10.2)

For GPEs, in the case where the polymer matrix participates in Li+ solvation, the 

addition  of  a  liquid  component  can  serve  as  a  plasticizer,  increasing  chain  mobility. 

[70] Furthermore,  there  exists  the  family  of  microphase-separated  polymers,  [290–

296] which  can  fall  into  the  above  listed  categories,  and  which  were  developed  to 

decouple mechanical properties from electrochemical ones. It is also helpful to consider 

the historical progression with which the different polymer-containing electrolytes were 

developed,  with  solid/dry  systems  being  the  earliest  studied  systems,  followed  by 

gel/plasticized  ones,  and  the  most  recently  developed  ones  being  polymer-inorganic 

composites.  [297] While the above classification is not the first attempt at categorizing 

polymer electrolytes, let alone electrolytes in general,  [96,270] for the purposes of this 

work, it  is easiest  to classify polymer-based electrolytes into gel polymer electrolytes 

(GPEs) and solid polymer electrolytes (SPEs). Composite polymer electrolytes (CPEs), 

also known a hybrid electrolytes and comprising a polymer and inorganic component, 

will be covered later.

The following sections will cover types 2 and 3 (GPE and SPE), while type 1 

(LE) has already been briefly covered in SECTION 1.10.2; types 4 and 5 will only be 

briefly  mentioned,  as  they  are  outside  the  scope  of  this  thesis,  though  excellent 

information is available from references. [149,298]
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1.10.3.4 PEO versus PPO

The above requirements and properties apply to most polymer electrolytes. For 

the purposes of this work, and in order to better understand how the above information 

translates into practice, it is useful to compare two polyether electrolytes, polyethylene 

oxide (PEO) and poly(propylene oxide) (PPO).

As hinted above, one of the most studies SPEs is PEO, because of its superior 

ability to form complexes with a variety of metal salts, thanks to the electron donating 

nature of the ether oxygen, the optimal spacing of ether oxygens at  the hands of the 

ethylene units,  and the low Tg that  ensures sufficient chain mobility.  [273] The most 

significant limitation of PEO though is its semicrystalline nature; this has spurred the 

above efforts in modifying PEO as well  as in devising other polymeric systems. The 

simplest alternative polymer host that has been explored is PPO,  [299–304] with both 

structures depicted below in FIGURE 1.10.3.1:

      

FIGURE 1.10.3.1: a) structure of PEO and b) structure of PPO.

As can be seen, PPO differs from PEO by only one methyl group, causing the 

material to be amorphous, which gives it an advantage over the partially crystalline PEO. 

The additional methyl group is however a double-edged sword, on the one hand lowering 

its polarity and dielectric constant, and on the other increasing the macromolecule’s steric 

hindrance  and  reducing  conformal  flexibility.  [244,305] These  ramifications  are 

illustrated in TABLE 1.10.3.1.
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TABLE 1.10.3.1: Comparison of PEO and PPO as polymer electrolyte matrices. Left: Comparison of complexes 
formed in PEO and PPO, with various alkali metal salts and ammonium. Reproduced with permission from [244]. 

Copyright 2001, Annual Reviews, Inc. Right: Ionic conductivities of various PEO-salt and PPO-salt systems, with the 
oxygen:metal molar ratio (O/M), and the temperatures required to achieve conductivities of 10-5 or 10-4 S/cm. 

Reproduced with permission from [305]. Copyright 1983, Elsevier Ltd.

As can be seen in this specific comparison, PEO is able to solvate salts with both 

lighter  and heavier  cations,  while PPO does not  share this  quality.  Even though both 

polymer systems have the same moiety participating in coordination (i.e. ether oxygen) 

and similar electron donor properties, the main difference stems from the steric hindrance 

imposed by the methyl groups present in PPO's repeating structure. Indeed, their presence 

limits  the interactions in the complexes that PPO can form, hampering their  stability, 

while  also affording a matrix  with a  lower dielectric constant and segmental motion; 

overall, this translates into a decreased ability to dissolve alkali metal salts. [297,306] On 

the other hand however, given PEO's partial crystallinity (Tm ~ 58 °C, Tg ~ -52 °C [307]), 

a  fraction of PEO's  volume is  unavailable  for  effective conduction below its  melting 

temperature, an issue that PPO does not suffer from, since it is completely amorphous 

and lacks a crystalline phase. [308]
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In general, successful (solid) polymer electrolytes are ones where the polymer is 

able to complex the cation; this in turn is contingent on the ability of the salt to dissociate, 

a property which is dependent on a low lattice energy on the part of the salt, and on a 

high dielectric constant on the part of the polymer. When a polymer electrolyte has a sub-

optimum  dielectric  constant  or  limited  flexibility  in  the  backbone,  this  affects  the 

complexing capability of the polymer, and the salts that it can be successfully combined 

with. One encouraging aspect to point out is that while solubility can be predicted in a 

relatively straightforward manner, conductivity is affected just as much by the polymer 

matrix, as by the lithium salt chosen, as can be seen in TABLE 1.10.3.1 right.

Besides PEO and PPO, other polymer systems have been evaluated as potential 

hosts for coordinating Li+ ions; however, even in the early 1980s the importance of an 

optimal spacing of polar groups was becoming evident. [309] Examples of unsuccessful 

attempts  have  included  polyoxymethylene  (CH2-O)n,  polyoxetane  (CH2-CH2-CH2-O)n, 

and polydimethylsiloxane (which despite having 75% the length of an ethylene oxide unit 

and offering some coordination ability, were much less able to coordinate alkali salts). 

[310]

1.10.3.5 Ion conduction in polymer electrolytes

In  the  following  paragraphs,  the  unique  properties  tied  to  ion  conduction  in 

polymers will be highlighted, and the framework developed for explaining their behavior 

will be briefly discussed. While liquid electrolytes, as seen in SECTION 1.10.2, conduct 
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ions by rapid exchange of solvent molecules, polymer electrolytes have two chief, unique 

conduction mechanisms: [96]

1) Fluctuation driven mechanism, where ion motion is mediated by segmental motion; 

when the Mw of the polymer is high enough, segmental motion is independent of chain 

length

2)  Vehicular  diffusion,  where  there  is  diffusion  of  entire  polymer  chain  with  the 

coordinated  ions;  this  is  observed  only  for  low  Mw  polymers,  since  higher  Mw 

polymer chains experience entanglement

The first examples of PEO alkali metal ion complexes were first reported in 1973 

by Wright and coworkers, who came across crystalline 4:1 PEO:NaI, PEO:NaSCN and 

PEO:KSCN systems.  [311] While  PEO-metal  complexes  such as  4:1 PEO:HgCl2 had 

already been reported, [312] this was the earliest example of a polymeric material hosting 

an alkali ion, suggesting that other alkali ions (including Li+) could be incorporated for 

use as a lithium battery electrolyte. It is worth noting that prior to this, the notion of 

oligoethers complexing alkali metal ions was already well-known, [313] as was the class 

of crown ethers; [306,314] while Wright's work on polymer-ion complexes was regarded 

as interesting, it was not until 1978 that it was proposed by Armand and coworkers as a 

potential solid electrolyte, at the 2nd International Meeting on Solid Electrolytes, [272] to 

be counted among the existing inorganic electrolytes. [315] Much work was subsequently 

dedicated to elucidating the origin of conduction in PEO-based polymer electrolytes, with 

two major conclusions being drawn:

1) conduction of Li+ ions occurs in the amorphous phase [305,316,317]
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2) Li+ ions can crystallize with PEO, which wraps around them in a helical fashion, but 

the resulting crystalline phase is non-conductive [281,318]

The  second  finding  was  partially  overturned  with  the  discovery  of  highly 

conductive 6:1 PEO:Li complexes, [273,287] though it is reliant on low molecular weight 

PEO (~1000-2000 Da), while most reports use high molecular weight PEO (~106 Da), 

where issues such as polymer entanglement might complicate the picture; furthermore, 

the  mechanical  strength  of  low  molecular  weight  PEO  might  pose  an  issue,  since 

mechanical  strength and molecular  weight  are  partially related (particularly for lower 

values of MW). [282]

The strength of PEO as a solvating medium for Li+ ions lies in its Lewis basic 

ether oxygens, optimally spaced thanks to the ethyl groups. Due to lithium's small ionic 

radius, it is able to accommodate fewer than the usual 6 coordinating oxygens expected 

for alkali  metals (though it  is able to form complexes under these conditions as well 

[251]). It is therefore believed that Li+ in PEO is coordinated on average by 5 oxygens, as 

some molecular dynamics results suggest. [319]

Conduction of lithium ions in liquid electrolytes and crystalline electrolytes are 

usually well-defined, with the former occurring by rapid exchange between solvating and 

free solvent molecules (giving essentially a flat potential energy profile) and the latter by 

motion  through  periodic  bottlenecks  (giving  a  periodic  potential  energy  profile). 

[97] Polymer electrolytes on the other hand, as exemplified by PEO, conduct Li+ ions in a 

manner that is not as straightforward, since polymers can be regarded as materials with 

properties  intermediate  to  liquids  (exchange  between  solvating  moieties)  and  solids 
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(particularly  at  lower  temperatures).  In  order  to  better  understand how polymers  can 

conduct Li+ ions, it is best to first describe polymer behaviors that are pertinent to the 

phenomenon.

Polymeric materials are composed of repeating units (monomers) that have been 

covalently linked together (polymerized) by some synthetic means, usually condensation, 

radical  polymerization  or  coordination  polymerization  by  way  of  a  transition  metal 

catalyst.  Important  parameters  for  a  polymer  include  its  number  average  molecular 

weight (Mn) and its weight average molecular weight (Mw), as well as its polydispersity 

index (PI), which can be defined as: [320]

Mn =
ΣN i M i

ΣN i

M w =
ΣN i M i

2

ΣN i M i

PI =
Mw

Mn

(1.10.3.1)

Where Mi is the molecular weight of a chain and Ni is the number macromolecule 

chains with that particular molecular weight. The main difference between Mn and Mw is 

that  Mw is  a  weighted  average  that  takes  into  account  the  contribution  of  each 

macromolecule  to  the  overall  average  molecular  weight.  PI  instead  allows  for  the 

quantification  of  the  distribution  of  molecular  weights:  smaller  PI  values  denote  a 

narrower  distribution,  and  large  PI  values  indicate  a  wider  distribution.  Typically, 

commerical  polymerization  processes  afford  PI  values  between  1  (monodisperse 

polymers as calibration standards) and 2, depending on the specific process; usually PI 

values  that  are  close  to  1  are  preferred,  since  a  polymer's  mechanical  properties  are 

affected by the molecular weight distribution. [321] As a rule of thumb, stiffer monomers 

(i.e. with less conformal flexibility) afford stiffer macromolecular chains, and vice versa, 

as shown in FIGURE 1.10.3.2.
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FIGURE 1.10.3.2: Schematic representation of a macromolecule, and the conformational freedom afforded by each 
bond. Reproduced with permission from [322]. Copyright 2001, Elsevier Ltd.

For what concerns the preparation of specific polymer matrices, PEO is usually 

prepared  by  ring-opening  polymerization  of  ethylene  oxide  (EO),  either  by  acidic 

initiation, basic initiation, or coordination polymerization. [308] Polymers tend to either 

be completely amorphous, or only partially crystalline, owing to their chain-like nature, 

which prevents them from completely crystallizing, as shown in FIGURE 1.10.3.3.

FIGURE 1.10.3.3: Example of the microstructure of a partially crystalline polymer. Reproduced with permission from 
[322]. Copyright 2001, Elsevier Ltd.

This implies that polymers differ from crystalline solids, in that while they are 

capable of having a melt (Tm) and crystallization (Tc) temperature, these are not always 

present  in  every  system;  instead,  the  most  commonly  observed  phase  transition  in 

polymers is the glass transition temperature, Tg. At temperatures below their Tg, polymers 

are  in  a  glassy state  and behave more like  conventional  solids  (exhibiting analogous 

elastic properties), while at temperatures above Tg they are in a rubbery state and tend to 
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exhibit  a  more  viscoelastic  behavior  (reminiscent  of  conventional  liquids). 

[322] However, unlike solids and liquids, polymers that do have an observable Tm do not 

liquefy, owing to chain entanglements that cause polymer melts to behave as viscous, 

amorphous materials. These can be physical in nature (in the case of thermoplastic, i.e. 

deformable at  higher temperatures), or chemical (sometimes referred to as “thermoset 

polymers”), as illustrated in FIGURE 1.10.3.4.

FIGURE 1.10.3.4: Cartoon of amorphous phase in polymer, along with examples of entanglement points. Reproduced 
with permission from [322]. Copyright 2001, Elsevier Ltd.

The difference in behavior of a polymer below and above its Tg can not only be 

described  from  a  macroscopic  standpoint  (glassy  vs  rubbery),  but  also  from  a 

microscopic standpoint. When in a glassy state, polymer chains can be regarded as in a 

state in which timescales of molecular rearrangements are so long, they can be considered 

infinite,  compared to  the timescale  of  experimental  observation.  [323] The relaxation 

time associated with these rearrangements can be described by the Vogel-Tamman-Fuller 

(VTF) equation: [324] 

τ (T ) = τ 0 exp( B
T − T 0

) (T 0 < T g) (1.10.3.2)

Where  τ is  the  relaxation  time,  τ0 is  a  pre-exponential  factor  or  reference 

relaxation time, [325] and B and T0 are adjustable parameters, with T0 being the reference 

80



temperature,  at  which  τ becomes  infinite.  This  relation  was  originally  developed  to 

describe supercooled liquids, and is mathematically equivalent to its polymer counterpart, 

the Williams-Landel-Ferry (WLF) equation:

- log aT =
C1 (T−T 0)

C 2 + (T−T 0)
(1.10.3.3)

Where  aT = τ/τ0, log  aT is the logarithmic shift factor (LSF), and  C1 and  C2 are 

"semiuniversal constants", with C1 = 8.86, C2 = 101.6c (where c is parametrizable) being 

suitable  for  several  materials.  [326] How  an  amorphous  material  behaves  as  it 

experiences a "viscous slowdown" and undergoes a glass transition, is an area of research 

that has yet to produce a satisfactory, quantitative model that adequately accounts for all 

factors and phenomena associated with the transition, since it is observable in not only 

polymers but also in all conventional liquids.  [323] Despite this, different theories have 

been proposed and adopted.

The VFT and WLF equations  seek  to  quantify  the relationship  between time-

dependent  behavior  of  polymers  (and liquids)  and thermodynamic quantities,  such as 

temperature and pressure. While being glasses and therefore difficult to model, polymers 

are often modeled using free-volume theories, which subdivide the glassy material into 

solid-like and liquid-like regions. [327,328] The liquid-like regions contain excess (free) 

volume, and are composed of liquid-like atoms that undergo a free exchange of volume, 

contributing  to  the  fluid-like  behavior  observed  in  polymers.  As  the  temperature  is 

lowered, the rotational and conformational energy of macromolecular chains decreases, 

as does the volume fraction of liquid-like regions, with concomitant growth of the solid-

like  regions.  Free  volume  theories  maintain  that  once  the  solid-like  regions  are 
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sufficiently  interconnected,  the  glass  transition  takes  place,  [323] with  the  material 

transitioning from rubbery to  glassy.  It  should be  pointed out  that  at  the  Tg in  these 

models, while solid-like regions are interconnected, liquid-like regions continue to exist; 

indeed, a lower temperature, T0, is required for their complete disappearance (and the 

corresponding free volume), i.e. for all segmental motions to cease. One free volume 

model  that  seeks  to  tie  together  free  volume  and  thermodynamic  quantities  is  the 

Doolittle equation: [329,330]

η = A exp B exp
V ϕ

V f

= A exp B
V − V f

V f

= A exp B (1
f
− V f ) , f =

V f

V
(1.10.3.4)

Where  η is  the viscosity,  A and  B are  empirical constants,  Vϕ is  the occupied 

volume,  V is the total volume and  Vf is the free volume. When seeking to establish a 

relationship  between the  chain  motions  in  polymers  and the  conductivity  in  polymer 

electrolytes, one's attention falls on the VTF equation, since for T0 = 0, the VTF equation 

simply becomes the Arrhenius relationship:

τ = τ 0 exp (
B
T ) (1.10.3.5)

Which when employed as a conductivity relationship, becomes:

σ = σ0 exp (− Ea

RT ) (1.10.3.6)

Where Ea is the activation energy, R is the ideal gas constant (8.314 J/mol*k), and 

T is  the temperature (K).  When seeking to  establish a relationship between observed 

conductivity  in  polymer  electrolytes  and  the  VTF  relation,  the  following  empirical 

relation is found to be suitable: [331]
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σ⋅T = A exp [− B
R (T − T 0) ] ,

T 0

T g

≈
3
4

= 0.75 (1.10.3.7)

In this empirical relation, A and B can be defined as: [331,332]

A =
ne2l2

6kB

ν , ν = (
8kB T

πml2 )
1 /2

(1.10.3.8)

B = Ea =
R
α⋅

V f *
V 0

(1.10.3.9)

Where  n is the ionic concentration (atoms/cm3),  e is the charge of an electron 

(1.6×10-19 C), l is the length traveled in the cell (cm), m is the mass of the ion, kB is the 

Boltzmann constant  (1.38×10-23 J/K),  ν is  the oscillation frequency of the ion if  in  a 

parabolic potential well (resulting from its interactions with neighboring atoms), R is the 

ideal gas constant,  Vf* is the free volume needed by the ion to move,  V0 is the critical 

volume occupied by the ion,  α is the thermal expansion coefficient of the free volume, 

and Ea is the activation energy. Visually one can represent the VTF equation, as it relates 

to free volume, as depicted in FIGURE 1.10.3.5.
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FIGURE 1.10.3.5: Depiction of the free volume mechanism at work: a) initial situation, with two cations separated by 
a vacant coordination site, b) displacement of cation by transfer of free volume, c) post-transfer situation, with 

redistribution of free volume. Reproduced with permission from [331]. Copyright 1996, Elsevier Ltd.

When the above expression is rewritten as function of  A,  R,  Ea and  T, the VTF 

relation for conductivity becomes the expression shown in EQUATION 31, though most 

often it is expressed as:

σ =
A
√T

exp [− Ea

R (T − T 0) ] (1.10.3.10)

As can be seen, there is some question about which empirical form of the VTF 

equation is most suitable; [272] indeed, alternative forms have been proposed for both the 

VTF  [333] and  Arrhenius  [334] relations.  The  VTF  relation  is  used  for  polymer 

electrolytes when they are above their glass transition temperature, but within ~100 °C of 

Tg, i.e. when there is sufficient segmental mobility and free volume; [96] however, below 

a polymer electrolyte's glass transition temperature, this segmental mobility ceases, and 

their conductivity is describable by the Arrhenius relation. It should also be noted that 

while  the  VTF  relation  is  convenient  for  taking  into  consideration  the  behavior  of 
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polymers, it does not take into consideration the ion-dipole interactions between polymer 

heteroatoms and Li+,  nor  does  it  account  for  the  issue of  salt  precipitation when the 

polymer  electrolyte  is  subject  to  excessive  temperatures.  [272,335] The  overall 

relationship between thermal behavior of a polymer, segmental motion and conductivity 

relationships is summarized in TABLE 1.10.3.2.

TABLE 1.10.3.2: Thermal, mechanical and conductivity properties of an ideal amorphous polymer electrolyte. 
Reproduced with permission from [336]. Copyright 2001, Annual Reviews, Inc.

As alluded to earlier, polymer electrolytes such as PEO coordinate lithium ions 

with on average 5 oxygens per Li, [306] as represented in FIGURE 1.10.3.6.

FIGURE 1.10.3.6: Cartoon of segmentally assistion motion of Li+ ions in a PEO matrix (ether oxygens highlighted for 
clarity). Reproduced with permission from [306]. Copyright 1999, John Wiley and Sons.

When  above  Tg,  macromolecule  chains  have  sufficient  segmental  mobility  to 

intermittently form and break coordinative interactions with lithium ions, which under the 
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influence of an electric field (such as that generated by the electrodes of a cell) are able to 

migrate through the polymer electrolyte. This however is contingent on the lithium ions 

dissociating from their anion counterparts; as such, dissolution of the salt by way of good 

dissociation is needed. As described above, the two easiest ways to achieve this are salts 

with a low lattice energy, and polymers with high dielectric constants. In this respect, it 

makes sense to choose lithium salts where the anion's charge is delocalized, such as LiPF6 

or LiTFSI,  [75,149] and to choose polyethers capable of coordinating Li+, such as PEO 

(polyethylene oxide) and PPO (polypropylene oxide), with the latter’s aforementioned 

limitations  being  offset  by  its  completely  amorphous  nature.  Invariably  however,  all 

polymer hosts have a salt concentration limit, above which additional salt is unable to 

dissociate.

Given the macromolecular nature of polymers and the inevitable distribution of 

molecular weights, it is easiest to quantify concentration in terms of the ratio between 

ether oxygens and lithium ions, or O/Li ratio, where the amount of oxygen atoms can be 

calculated using the Mw of the polymer. Typically, concentrations of 16/1 O/Li are used in 

most studies, though lower O/Li ratios (e.g. ~25/1) are also used. [306]

1.10.3.6 Polymer matrices

While  polyethylene  oxide  has  been  the  polymer  host  of  choice  for  polymer 

electrolyte  research  and  is  regarded  as  a  benchmark,  a  variety  of  other  polymer 

electrolytes have been developed and see commercial use. As was alluded to earlier, other 

Lewis basic heteroatoms can also be used, opening the window for many different types 
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and  permutations  of  polymer  hosts.  In  addition  to  PEO,  other  representative  hosts 

include:  [55,297,337] Chitosan,  poly(acrylonitrile)  (PAN), poly(ε-caprolactone)  (PCL), 

poly(methyl  methacrylate)  (PMMA),  poly(vinyl  alcohol)  (PVA),  poly(vinyl  chloride) 

(PVC),  poly(vinylidene  fluoride)  (PvdF),  poly(vinylidene  fluoride-co-

hexafluoropropylene) (PvdF-co-HFP or PvdF-HFP), and poly(vinyl pyrrolidone) PVP. A 

pictorial summary is shown in FIGURE 1.10.3.7, and the thermal properties of select 

matrices are summarized in TABLE 1.10.3.3.

FIGURE 1.10.3.7: Chief types of polymer matrices used as polymer electrolytes, in addition to PEO and PPO.

TABLE 1.10.3.3: Thermal properties of select polymer matrices used in polymer electrolytes. Reproduced with 
permission from [297]. Copyright 2006, Elsevier Ltd.

In the following sections,  representative  examples  of  GPEs and SPEs will  be 

briefly described.
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1.10.3.7 Gel polymer electrolytes (GPEs)

GPEs consist of a polymer matrix and an organic liquid electrolyte, [338] offering 

better stability and safety compared to liquids, though in this respect it is intermediate to 

liquids  and  SPEs,  with  SPEs  offering  superior  mechanical  and  safety  characteristics. 

GPEs can be regarded as  intermediate  to  solid  and liquid  electrolytes,  with cohesive 

properties reminiscent of solids and conductivities similar to those of liquids. Polymer 

electrolytes incorporating a liquid are also sometimes referred to as plasticized polymer 

electrolytes. [339] Typical solvents used in GPEs are listed in TABLE 1.10.3.4.

TABLE 1.10.3.4: Representative solvents used in GPEs, and chief physical properties. Reproduced with permission 
from [297]. Copyright 2006, Elsevier Ltd.

When the liquid content exceeds 50% wt, GPEs are found to have discernible 

cavities in which the liquid electrolyte resides.  [340] Furthermore, the amount of liquid 

present  affects  ion-polymer  interactions,  with  weaker  ones  occurring  at  higher  liquid 

contents,  and  stronger  ones  happening  at  lower  liquid  contents.  [341] Other  factors 

affecting  GPEs  include  the  preparation  procedure  and  the  resulting  microstructure. 

[297,342]

1.10.3.7.1 PEO GPEs

PEO in its unmodified form has a conductivity that ranges from 10 -8 to 10-4 S/cm, 

corresponding to the respective temperature range of 40-100 °C; these conductivites bar 
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PEO from being used in RT applications. [275,343] Since PEO is partially crystalline and 

good Li+ conductivity takes place in the amorphous region, it is helpful to either increase 

the mobility of this region by way of plasticizers, or by combining PEO with amorphous 

polymers directly or by copolymerization. The simples example of a plasticizer is to use 

lower molecular weights of the same material, referred to as poly(ethylene glycol) (PEG), 

[344,345] which  is  believed  to  simultaneously  reduce  crystallinity  and  increase  the 

system's free volume.  [345] However  PEG, unlike PEO, is  OH terminated,  a  moiety 

believed to  harm interfacial  properties;  this  can be surmounted in  part  by employing 

methyl-terminated PEG, [346] crown ethers, [347] phthalates [348] and carbonates such 

as ethylene carbonate (EC) and/or propylene carbonate (PC).  [349,350] Other examples 

of  plasticizers include polysquarate  (PPS),  [351] succinonitrile  (SN)  [352] and room-

temperature  ionic  liquids  (RTILs  [55])  such  as  1-ethyl-3-methylimidazolium  (EMI+) 

[353] and N-methyl-N-butylpyrrolidinium TFSI (PYR14TFSI). [354]

1.10.3.7.2 PvdF-HFP GPEs

While PEO has enjoyed much attention as the model polymer matrix for polymer 

electrolytes,  in  the  real  of  gel  polymer  electrolytes  (GPEs),  there  are  several  other 

systems that have been investigate. Of all the gel polymer systems, the most well-known 

one  employs  the  poly(vinylidene  fluoride-hexafluoropropylene)  (PVdF-HFP)  matrix, 

where HFP helps suppress crystallization in PVdF. It was first developed by Bellcore in 

the mid 1990s,  [338] and is by far the most popular GPE polymer host, making it the 

most used matrix in commercial lithium polymer batteries (LPBs).  [70] PVdF-HFP is 
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found to offer superior performance properties compared to PVdF, owing to the greater 

amount of amorphous phase in PVdF-HFP. [355] Typical plasticizers include EC, PC and 

DEC, allowing RT conductivities in  the order of 10-3 to  10-5 S/cm, depending on the 

mixture of solvents used. [340,355,356] 

PVdF-HFP  is  often  used  in  conjunction  with  lithium  hexafluorophosphate 

(LiPF6),  using as solvents instead of plasticizers EC, PC, dimethyl carbonate (DMC), 

ethyl methyl  carbonate (EMC), or a  combination of these solvents,  [116,357–365] or 

RTILs. [366–368] As with PEO, other salts such as LiClO4, [369,370] LiTFSI [371] and 

LiBOB [372] have also been used. Typical conductivities are shown in FIGURE 1.10.3.8.

FIGURE 1.10.3.8: Typical GPEs based on PvdF-HFP, gelled with various carbonate solvents. References: [a]: [357], 
[b]: [358], [c]: [116], [d]: [359], [e]: [360], [f]: [361], [g]: [362], [h]: [363], [i]: [364]. Adapted with permission from 

[55]. Copyright 2010, Elsevier Ltd.

As  a  GPE  it  is  often  used  with  cathode  materials  such  as  LiCoO2, 

[373,374] LiMn2O4 [375,376] and LiNi0.8Co0.2O2. [377]
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1.10.3.7.3 PvdF GPEs

Poly(vinylidene fluoride)  (PVdF) is  also regarded as a  good polymer host  for 

GPEs,  owing  to  its  high  oxidative  stability  (thanks  to  the  presence  of  electron-

withdrawing C-F moieties) and good dielectric constant (which enables good solubility of 

lithium salts),  [378] though as mentioned earlier  it  is partially crystalline.  GPEs with 

PVdF have been prepared with PC  [379] and mixtures of PC and EC,  [371] and offer 

conductivities in the order of 10-3 S/cm. [379] Curiously, PVdF has also been explored as 

the electrolyte component in an all-polymer battery, [380,381] although it was reported to 

suffer from interfacial contact issues between components.

1.10.3.7.4 PMMA GPEs

Poly(methyl methacrylate) (PMMA) has been studied as a polymer host since the 

mid 1980s, [382] though it has been found that PMMA-based GPEs suffer from poor cell 

cycling efficiency, [383] as well as poor mechanical properties. Despite this, PMMA has 

been studied by plasticizing it with PC [384,385] and EC. [386] Unfortunately, PMMA 

GPEs tend to suffer from low conductivities, [387,388] requiring that they be combined 

with  other  polymeric  systems  such  as  PEO  [389] or  PAN;  [390] PAN  offers  better 

conductivities than PMMA, and for this it has been studied to a greater extent.  [391–

397] Another popular combination for PMMA makes use of poly(vinyl chloride) (PVC), 

where the resulting blend is subsequently plasticized.  [398–401] Here, PVC has limited 

affinity for the plasticizer, while PMMA is sufficiently plasticized, allowing PVC to serve 

as a reinforcing component.
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1.10.3.7.5 PVC GPEs

PVC has also been explored as a distinct GPE host material, by plasticizing it 

with dibutyl phthalate (DBP) and dioctyl phthalate (DOA), though the improvement in 

conductivity comes at the expense of reactivity with Li metal at the hands of DBP and 

DOA. [402]

1.10.3.7.6 PAN GPEs

Poly(acrylonitrile)  (PAN) is  another  popular  polymer host,  though it  has  been 

determined to not participate in the Li+ ion transport process, requiring therefore the use 

of appreciable amounts of plasticizer.  [403,404] Incidentally though, this limitation can 

be beneficial,  since PAN-based GPEs have been found to have tLi+ as high as 0.5-0.7, 

thanks  to  the  absence  of  coordinating  ether  oxygens.  [405] When  an  appropriate 

combination of plasticizers is incorporated into the PAN matrix, RT conductivities in the 

order of 10-3 S/cm can be achieved, and can be employed in complete cells with sufficient 

rate capabilities. [406]

1.10.3.7.7 Other GPEs

Other polymer matrices that have been considered for use in GPEs include poly 

(methoxy, ethoxy methyl methacrylate) (PMEEMA), [407] copolymers of ethylene oxide 

(EO) and propylene oxide (PO), [408] and of methyl methacrylate (MMA), EO and PO. 

[409] Additional  systems include  comb polymers,  [410,411] hyperbranched polymers 
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[412] and crosslinked polymers;  [413] additional gel polymer electrolytes are described 

in.  [250,265] Biopolymers  such  as  chitosan  [337,414] and  methylcellulose 

[252,415] have  also  been  explored,  as  a  way  of  both  developing  renewable, 

environmentally  friendly  polymer  matrices,  as  well  as  decoupling  mechanical  and 

electrochemical properties.

It  is  also  worth  mentioning that  the  quest  for  better  polymer  electrolytes  has 

afforded many new results, including novel classes of polymer electrolytes. One such 

category is that of polymeric ionic liquids (PILs), with the first instance being reported in 

1998 by Ohno and coworkers. [416,417] Typically, a polymerizable moiety is included in 

an  ionic  liquid  for  subsequent  polymerization.  These  materials  can  afford  good  RT 

conductivities of 10-4 S/cm or greater at RT, [418] making them a competitive solution to 

the issues of flammability and limited mechanical properties faced by GPEs. Despite this 

promising solution, PILs still suffer from the chief issue inherited by ILs, namely cost. 

Additional information on these materials can be found at. [249,418,419]

1.10.3.8 Solid polymer electrolytes (SPEs)

While  GPEs  offer  a  good  compromise  between  mechanical  properties  and 

conductivity, this compromise is also its main weakness. The accommodation of large 

amounts  of  liquid  is  not  without  the  risk  of  syneresis,  where  the  GPE experiences 

concomitant contraction and expulsion of liquid; another threat to compositional integrity 

is that of solvent evaporation, which tends to happen at 50 - 60 °C (a similar issue faced 

by liquid electrolytes, and here an inherited trait), leading to drying out of the gel and a 
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drop in conductivity. Returning to the above mentioned compromise, GPEs suffer from 

poor mechanical properties, though this can be partially obviated by way of nanofillers 

[55] or nanostructuring of the matrix. [374] An inevitable drawback of GPEs however is 

the  very  liquid  component  that  enables  their  good  conductivities,  since  the  liquids 

employed tend to be volatile and flammable, constituting a safety hazard in the event of a 

short-circuit or thermal runaway (e.g. explosion or fire). Hence, it makes sense to employ 

SPEs, which are considered dry, solvent-free systems. [70] As mentioned earlier though, 

even  the  earliest  reports  acknowledged  the  low  conductivities  of  SPEs  (even  the 

aforementioned one by Wright reported a RT conductivity of 10-8 S/cm [311]). From a 

practical standpoint, the largest issue this poses is shorter battery life, [297] requiring that 

creative strategies be adopted to surmount this fundamental limitation.

1.10.3.8.1 PEO SPEs

For SPEs, as described earlier, a popular matrix is poly(ethylene oxide) (PEO) 

(USE FIG 11 of 2010 Fergus Review), [350–353,420–425] with a Tg of ~ -60 °C and a Tm 

of ~ 65 °C [70] (see SECTION 1.10.3.6). Common salts employed in combination with 

PEO  are  also  used  in  liquid  electroltytes  (see  SECTION  1.10.2),  and  include  LiTF, 

LiTFSI, LiBETI,  [55] LiClO4 and LiBOB.  [426–430] Representative conductivities for 

PEO SPEs are shown in FIGURE 1.10.3.9.
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FIGURE 1.10.3.9: Typical SPEs based with a PEO matrix, various salts and O/Li ratios. References: [a]: [350], [b]: 
[421], [c]: [422], [d]: [351], [e]: [420], [f]: [353], [g]: [423], [h]: [424], [i]: [425], [j]: [352]. Adapted with permission 

from [55]. Copyright 2010, Elsevier Ltd.

While some reports claim stability against Li metal, [241] it has been shown to be 

thermodynamically unstable against Li metal, and owes its apparent stability instead to 

kinetic  stabilization  by  virtue  of  the  passivation  layer  formed  at  the  interface; 

[165,431] PEO is typically reported to have an electrochemical stability window of ~0.5 

V – 4 V vs Li/Li+. [96] Despite these issues, promising results have been reported for its 

use in complete cells using either LiMn2O4 [432] or LiFePO4 [433–435] as the cathode, 

and  carbon  [436] or  MoOx  [437,438] as  the  anode.  Another  issue  to  take  into 

consideration is the aforementioned low tLi+ in PEO based systems, which tends to be less 

than 0.5. The issue can be mitigated with salts that use larger anions with good electron 

delocalization,  such as  TFSI-,  which doubles  as  a  plasticizing agent,  reducing Tg and 

increasing chain mobility and conductivity. [55,439]
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1.10.3.8.2 Other SPEs

Given the intrinsically low conductivity of PEO, it is natural that much research 

has  been  dedicated  to  developing  variants  in  the  form  of  copolymers,  including 

poly(ethelene  oxide  methyl  ether  methacrylate)  (PEOMA),  [440] poly(acetyl-

oligo(ethylene oxide) acrylate) (PAEOA); [441] lower molecular weight polymers related 

to PEO include poly(ethylene glycol) (PEG) and its variants, including copolymers PEG-

polyester  diacrylate  (PEG-PEDA),  [442] PEG-methacrylate  (PME)  and  PEG-

dimethylacrylate (PDE), [443] triethylene glycol diacrylate (TEGDMA), [444] and PEG-

methyl ether methacrylate (PEGMA).  [445] These PEO and PEG- containing polymer 

systems are able to offer both comparable as well  as superior conductivities to PEO. 

Polymer  combinations  with  PEO  include  epoxidized  natural  rupper  (ENR), 

[446,447] urethane/siloxane  systems,  [448] poly(styrene-block-ethylene  oxide)  (SEO), 

[449] and  copolymerization  with  poly(acrylic  acid)  (PAA)  or  poly(methacrylic  acid) 

(PMA). [427]

1.10.3.9 Single-ion conducting polymer electrolytes

As  seen,  polymer  electrolytes  have  tLi+ <  0.5,  implying  that  the  anions  have 

greater mobility. [245,272,450] As a result, polymer electrolytes tend to have tLi+ ~ 0.25-

0.5,  with  the  main  consequence  being  that  both  cation  and  anion  can  move  and  be 

conducted through the polymer matrix;  materials  that  conduct  both  types  of  ions  are 

sometimes dubbed “dual-ion conductors”. [149,244] Given how this means that a part of 

the  electrolyte’s  charge  is  not  carried  by  the  working  ion  (Li+),  this  constitutes  an 
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inefficiency, which when paired with some of the possible causes for dendrite formation 

(namely anion depletion induced concentration gradients, see SECTION 1.8), can be of 

significant concern.

The argument for type IV and type V electrolytes (single ion conducting polymer 

electrolytes) is  that they immobilize the anion, in  principle allowing only Li+ ions to 

freely move; [78,451] one of the advantages of anion immobilization is that energy is no 

longer  expended  in  the  transport  of  anions,  which  do  not  participate  in  the 

electrochemical  reaction.  Other  benefits  include the possible  elimination of the space 

charge layer believed to be responsible for lithium dendrite growth and cell polarization 

(see SECTION 1.8), as well as lowering the conductivity values required for adequate 

cell  operation.  [149,150] As  a  result,  as  early  as  the  mid-80s  the  role  of  "polymer 

electrolytes  with  unipolar  conduction",  [244] i.e.  single  ion-conducting  polymer 

electrolytes, was being recognized. Since then, a number of systems have been realized, 

[149] though their chief limitations (besides commercial feasibility) are the need for high 

operating temperatures, as well as the need for custom-made monomers. Despite this and 

other challenges, single-ion conducting polymers are still being evaluated as a potential 

route to solid-state batteries. [298]

While the above sections only briefly enumerate notable materials and some of 

their more salient characteristics, a more detailed description of specific SPEs and GPEs 

can be found at references. [7,55,70,96,249,297,419]
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1.10.3.10 Beyond polymer electrolytes

With the exeptions of porous GPEs and microphase-separated copolymers,  the 

above materials can be regarded as having a single phase, and essentially homogeneous. 

Moving  beyond  homogeneous  polymer  electrolytes,  it  is  possible  to  embrace  a  very 

traditional approach adopted in polymer materials research, namely that of composites 

prepared by incorporating an inorganic filler. In the realm of mechanical applications, the 

inorganic filler serves as a reinforceant; this function can be desired in the case of lower 

modulus GPEs as well, though in the case of composite polymer electrolytes (CPEs), the 

inorganic filler  can serve other purposes as well.  These are a combination a polymer 

electrolyte and historically an inorganic, inert filler such as SiO2, Al2O3, TiO2 or ZrO2, 

[452,453] though ionically conductive inorganic fillers have begun to be explored more 

recently.  [15] The  chief  benefits  of  inorganic  filler-containing  composite  polymer 

electrolytes are improved conductivities at  low temperatures,  and increased interfacial 

stability with electrodes; [247,454–460] CPEs will be described in later sections.

1.10.4 Inorganic electrolytes

The  realization  of  all-solid-state  lithium batteries  (ASS-LiBs)  would  in  effect 

solve  safety  issues  pertaining  flammable  electrolytes,  and  if  sufficiently  thin,  would 

ensure higher energy densities.  [46] Historically,  researchers  have turned to inorganic 

electrolytes, as potentially the chief enablers for this breakthrough. Inorganic electrolytes 

are sometimes referred to as “ceramic electrolytes’, and can be crystalline or amorphous, 

oxide-based,  sulfide-based or  otherwise.  Although a definitive,  commercialized  solid-
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state  lithium  battery  has  yet  to  be  make  its  appearance,  inorganic  electrolytes  have 

punctuated  several  major  milestones  in  the  development  of  ASS-LiBs,  as  shown  in 

FIGURE 1.10.4.1.

FIGURE 1.10.4.1: Milestones in the development of ASS-LiBs. Reproduced with permission from [81]. Copyright 
2020, American Chemical Society. From top to bottom: Reproduced with permission from [461]. Copyright 1969, IOP 
Publishing, Ltd. Reproduced with permission from [462]. Copyright 1983, Elsevier Ltd. Reproduced with permission 

from [463]. Copyright 1993, Elsevier Ltd. Reproduced with permission from [464]. Copyright 1999, Elsevier Ltd. 
Reproduced with permission from [268]. Copyright 2016, Elsevier Ltd. Reproduced with permission from [51]. 

Copyright 2016, Springer Nature. 

1.10.4.1 Inorganic electrolyte properties

Crystalline inorganic electrolytes can be defined as made up of mobile ions and a 

crystal structure, the latter being a skeleton make up of a combination of metal and non-

metal ions, which in turn form polyhedra with ligands  [97] Inorganic electrolytes are 
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considered single ion conductors, a property they are endowed with thanks to their ability 

to decouple ions' mode of conduction relaxation from the mode of structural relaxation. 

[85] The  chief  benefits  brought  by  inorganic  electrolytes  are  a)  the  greater  apparent 

stability against metallic lithium (compared to polymer electrolytes for example), and b) 

better transport properties, most notably lithium transference number values that are close 

to unity (compared to polymer electrolytes, which tend to have tLi+ < 0.5). An additional 

benefit  afforded  by  inorganic  electrolytes  is  their  generally  superior  conductivities, 

typically in the range of 10-3 to 10-4 S/cm at RT, though higher values can be achieved 

with  amorphous  (or  glassy)  inorganic  materials  [80] Unfortunately,  one  of  the  chief 

downsides of solid electrolytes is their tendency to form cracks, and the lack of good 

adhesion  to  electrodes.  [85] Although  inorganic  electrolytes  tend  to  have  a  greater 

apparent  stability  than  polymers,  this  is  usually  kinetic  in  nature,  rather  than 

thermodynamic.  FIGURE  1.10.4.2  depicts  the  main  types  of  inorganic  electrolytes, 

according to their ESW.
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FIGURE 1.10.4.2: Computed ESWs of inorganic electrolytes. Left: ESW of various inorganic electrolytes grouped 
according to their chemical constituents. Reproduced with permission from [465]. Copyright, 2016 American Chemical 

Society [Direct link: https://pubs.acs.org/doi/10.1021/acs.chemmater.5b04082; further permissions related to the 
material excerpted should be directed to the American Chemical society] Right: Stability of same inorganic electrolytes 

against lithium metal. Reproduced with permission from [466]. Copyright 2020, American Chemical Society.

As can be seen, most inorganic electrolytes are not stable against lithium metal, 

implying lack of cathodic (reductive) stability, while the ones that are stable have limited 

anodic (oxidative) stability. Another complicating factor is whether the stable compounds 

have suitable ionic conductivities. This stems partially from the intrinsic properties of the 

crystal  lattice,  and  partially  from  the  tendency  of  inorganic  electrolytes  to  be 

polycrystalline. As a result, for a given material, conductivity of individual crystals can 

be high, while the presence of grain boundaries becomes the site for lower conductivities, 

with  the  overall  conductivity  being  much  lower  than  that  of  the  bulk  material. 

[97] Focusing  however  on  bulk  conductivities  and  their  phenomenon  of  conduction, 
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unlike  in  liquid  electrolytes  and  polymer  electrolytes,  conductivity  (i.e.  diffusion)  in 

inorganic  electrolytes  requires  that  ions  pass  through  periodic  bottleneck  points.  In 

practice, consecutive points serve as energetic barriers on either side of a local minimum, 

as shown in FIGURE 1.10.4.3. 

      

FIGURE 1.10.4.3: Conduction in inorganic electrolytes. Left: Illustration of conduction mechanism of lithium ion 
(cherry pink sphere) in crystal lattice (green spheres). Right: Types of ion migration in a crystalline inorganic 

electrolyte: a) vacancy migration, c) interstitial migration, d) interstitialcy migration; b) potential energy barrier 
between two consecutive, equivalent lattice sites. Reproduced with permission from [97]. Copyright 2016, American 

Chemical Society.

Together,  these periodic  bottleneck points  punctuate  the  local  minima along a 

minimum energy pathway. These bottleneck points are energy barriers, and each energy 

barrier has a migration or motional energy Em associated with it. Ionic conductivity in 

inorganic  solids  (crystalline  solids  specifically)  does  not  just  depend  on  bottleneck 

energies,  it  also  depends  on  characteristics  intrinsic  to  the  crystal  lattice:  interstitals, 

vacancies,  partial  occupancy  on  lattice  sites  or  instertsices,  and  the  corresponding 

amounts  of  each.  These  can  be  intrinsic  to  the  crystal,  or  extrinsic,  by  introducing 

aliovalent  cations.  [97] For  inorganic  electrolytes  in  general,  the  mobility  and 

concentration  of  free  Li+ are  the  most  important  factors  that  dictate  the  material's 

conductivity: [14,467]
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σ =
q1

2 ci

kBT
Di (1.10.4.1)

Where  σ is  the  ionic  conductivity,  qi is  the  charge  of  the  mobile  species  in 

question,  ci is the concentration of the mobile species,  Di is its diffusivity or diffusion 

coefficient,  T is  the  temperature  and  kB is  the  Boltzmann  constant.  Mobility  and 

concentration  of  species  available  for  conduction  in  turn  are  affected  by  more 

fundamental factors: for a given crystal structure, factors that affect the ionic conductivity 

of mobile ions are chiefly ion valency and ion size. [97] The higher the ion's valency for a 

given crystal structure, the lower the diffusivity and the higher the activation energy. As 

valency of the mobile ion increases, the change in diffusivity and activation energy can 

be  ascribed  to  increasing  electrostatic  interactions,  between  mobile  species  and  ions 

forming the structural skeleton. In short, as the ion's size changes, so does the resulting 

conductivity. [180]

While the relationship between conductivity and mobile ion valency is relatively 

straightforward  (with  an  increase  in  valency  seeing  a  decrease  in  conductivity),  the 

relationship between conductivity and mobile ion size is not so straightforward, and in 

fact is usually not monotonic, [468,469] with optimum size being critical. Indeed, mobile 

ions that are too small end up residing in large electrostatic wells (which contain nearby 

counterions  at  a  closer  distance),  resulting  in  high  activation  energies  and  low 

diffusivities; on the other hand, mobile ions that are too big experience larger forces as 

they  diffuse between bottlenecks  of  the  skeleton  structure,  which  again  produces  the 

outcome of high activation energies  and low diffusivities.  Therefore,  good solid-state 

conductors should use mobile ions with low ion valency and optimal ion size, the latter to 
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be matched with an appropriate crystal structure. One method of modifying the crystal 

structure involves aliovalent substitution of the ions making up the skeleton,  so as to 

better  tune  bottleneck  sizes  and  introduce  interstices.  Substitution  can  also  aid  in 

increasing the lattice volume per lithium (Å3/Li), which again affords a larger bottleneck 

size  (although  larger  bottlenecks  do  not  guarantee  lower  activation  energies). 

[97] However, much like there is a need for an optimal ion size and/or optimal bottleneck 

size  (which  translates  to  a  non-monotonal  behavior  and  a  maximum),  so  too  does 

aliovalent substitution experience a local maximum. Indeed, too much subsitution can be 

counterproductive,  and in  fact  can  cause  local  structural  distortion,  raising  migration 

energy  and  lowering  the  amount  of  extrinsic  defects  that  initially  accompanied  the 

aliovalent substitution.

Furthermore,  the  use  of  certain  cations/dopants  can  adversely  affect  solid 

electrolyte stability against Li metal, even if they have a beneficial effect on conductivity. 

For example, LAGP makes use of the dopant Ge, but Ge4+ tends to form mixed ionic-

electrical conductive Li-Ge alloys with Li; similarly, LATP uses Ti as a dopant, but Ti4+ 

tends to get reduced by Li0 to Ti3+ and form titanates. [470,471] The same can also be said 

for other cations, such as Si, Sn, Al, Zn. Curiously, this is not the case for anion-based 

reduction products of Li, such as O, S, F, Cl, I (i.e. Li chalcogenides or halides) which are 

instead good electronic insulators, and are why inorganic electrolytes such as LIPON and 

argyrodites  (a  halogen-containing  inorganic  electrolyte)  have  good  Li  compatibility. 

[30] As  can  be  seen,  in  the  case  of  inorganic  electrolytes,  ionic  conductivity  and 
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electrochemical stability can actually find themselves at opposite ends of the scales of a 

balance, requiring careful consideration during the design stage.

Relating  the  above  considerations  to  FIGURE  1.10.4.2,  it  is  clear  that  most 

inorganic electrolytes do not have suitable stability against lithium metal, even if some of 

these materials  have been employed in Li0-containing ASS-LiBs,  as seen in FIGURE 

1.10.4.1. The reason for this apparently contradictory behavior of inorganic electrolytes 

can be chiefly attributed to sluggish reaction kinetics at the Li0/ceramic interface. While 

this delayed behavior typically manifests itself in CV experiments as small peak currents 

at higher (or lower) voltage valyes, [30,98] kinetic stabilization is not enough. Although 

interfacial  properties of inorganic electrolytes when in contact with electrodes will be 

discussed later,  it  is  worth mentioning that  for thermodynamically  unstable  materials, 

decomposition inevitably ensues, usually on a timescale that is commensurate to that of a 

cycling test or commercial application. The most critical question to answer is what type 

of  decomposition  products  are  formed.  If  the  products  are  for  example  electronic 

insulators but ionic conductors, this can be an overall positive effect, affording alleviation 

of  the  extreme chemical  potentials  at  the  surfaces  of  the  electrodes.  If  however  the 

decomposition  products  are  both  electronically  and  ionically  insulating  (or  worse, 

electronically and ionically conducting), the electrochemical system is unable to perform 

as intended. As will be seen in the following sections, certain inorganic electrolytes fare 

better with lithium than others, chiefly because of the types of decomposition products 

that they afford.
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1.10.4.2 Inorganic electrolyte types

The prolonged efforts  to  develop better  electrolyte  materials  have generated a 

large wealth of inorganic electrolyte families and individual materials, making it difficult 

to  enumerate  all  of  them.  For  the  sake  of  this  work,  the  chief  families  of  inorganic 

electrolytes  will  be  briefly  described,  with  more  attention  on  the  NASICON  type, 

followed by the other most well-known ones. The most researched inorganic electrolytes’ 

conductivities are summarized in FIGURE 1.10.4.4:

FIGURE 1.10.4.4: RT Conductivities of chief crystalline inorganic electrolytes, organized by family and ranked by 
highest conductivity. Grey dashed line: RT conductivity of the liquid electrolyte EC:DMC 1M LiPF6. Reproduced with 

permission from [97]. Copyright 2016, American Chemical Society.

As can be seen, within a specific family there is usually appreciable variability in 

conductivity values;  this  is  a  testament to  the effect that  tuning the material’s crystal 

structure can have on the material’s performance. For the sake of this work, Li-hydrides 

and  Li-halides  will  not  be  discussed,  though  a  thorough  review  of  these  different 
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materials can be found at.  [97] The remaining, most common inorganic electrolytes fall 

into  generally  two  categories,  depending  on  the  constituent  anion  employed,  namely 

oxides and sulfides. Both families have benefits and drawbacks that should be taken into 

consideration, when designing an electrochemical system. As can be seen in FIGURE 

1.10.4.2 and FIGURE 1.10.4.4, sulfides tend to have higher conductivities than oxides, 

but also tend to have more narrow ESWs, while for oxides their ESWs vary appreciably 

from material to material. [30,85]

Another  distinction  to  make  is  between  crysalline  and  amorphous  inorganic 

electrolytes. Several methods for preparing crystalline inorganic electrolytes have been 

developed. For example, garnets (e.g. Li7La3Zr2O12) are often prepared using very high 

temperatures (1500K [472]), though this is a significant hurdle to the mass-production of 

a  material;  alternatives  to  this  high  temperature  route  include  sol-gel,  [83,472] laser 

annealing [473] and spark plasma. [474] Other methods for fabricating inorganic oxide-

based  electrolytes  include  compaction  (cold,  static  or  dynamic),  [475,476] hot  press 

sintering,  [477] ball  milling  followed  by  high  temperature  sintering  (1990  AONO), 

[478] and low temperature (or “cold”) sintering. [479,480] Sulfides, which tend to have 

lower  elastic  moduli  and are  thus  "softer",  can  be  prepared  with  under  less  extreme 

conditions, including quenching and mechanochemical synthesis. [481–484]

Glassy oxides can be prepared by including a glass former such as B2O3, Al2O3 or 

SiO2; [85,485] as expected, the same can be done with sulfide analogues. Amorphous or 

glassy materials have properties that make them more desirable than crystalline ones, 

including higher Li+ conductivity, can be prepared over a wide range of compositions, 
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have isotropic properties, little to no grain boundaries, and can easily form thin films (an 

important factor in increasing the energy density of a particular battery). The increased 

conductivity arises from a more disordered structure, which tends to be more open than a 

crystalline structure. [85] For crystalline electrolytes instead, total conductivity is heavily 

dependent  on  sintering  temperature,  making  thermal  treatment  a  critical  step  in  the 

preparation process. [53]

1.10.4.2.1 NASICON

The NASICON family of inorganic electrolytes (NA = sodium, SI = SuperIonic, 

CON = conductor) was first identified in 1968, [486] with the form NaA2
IV(PO4)3, where 

AIV was Ge, Ti and Zr. One of the earliest examples of aliovalent substitution reported 

using trivalent cations to partially replace Ti4+ in the octahedral sites. [487] This produced 

the effect of increasing conductivity while also decreasing the material's porosity, where 

the  greatest  improvement  in  conductivity  was  achieved  using  Al3+ substitution. 

[488] Since  then,  it  has  been  found  that  the  formula  can  be  expressed  as 

(M')n(M")m[A2B3O12], where  n = 0-1;  m = 0-3;  A = Li Na;  B = P or another group 15 

element; M’ = Cr, Al, Ga, Sc, Y, In, La; and M” = Ti, Ge, Sn, Hf, Zr. [83,97] In the case 

where  A = Li,  B = P and  M” = Ti, the NASICON skeleton is made of TiO6 octahedra 

which  in  turn  are  interconnected  with  corner-sharing  PO4 tetrahedra,  in  the  form of 

alternating  sequences  [478,489–493] These  form  a  3D  interconnected  structure  with 

channels,  as  well  as  interstitial  positions  where  conducting  ions  can  be  distributed, 

moving from site to site through bottlenecks. The size of these bottlenecks is dependent 
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on the ions making up the skeleton, as well as the concentration of mobile ions occupying 

both  sites.  [83] A representation  of  the  NASICON  structure  is  shown  in  FIGURE 

1.10.4.5.

FIGURE 1.10.4.5: NASICON structure. Reproduced with permission from [97]. Copyright 2016, American Chemical 
Society.

Typically,  NASICON materials  have a rhombohedral  structure,  with the space 

group R3c; in this case, Li mainly occupies the M1 sites (which are 6-fold coordinated), 

located between two TiO6 octahedra, though Li also partially occupies the M2 sites (8-

fold coordinated), located between 2 columns of TiO6 octahedra, [54,494,495] as shown 

in  FIGURE  1.10.4.5.  While  the  rhombohedral  structure  is  the  most  common  one, 

monoclinic  and  orthorhombic  phases  have  also  been  reported,  [489,496] as  has  the 

triclinic phase, where Li+ ions occupy M12 sites (between M1 and M2 sites) which are 4-

fold coordinated. [497–499]

The most well  known examples of NASICON materials  are Li1+xAlxTi2-x(PO4)3 

(LATP) and Li1+xAlxGe2-x(PO4)3 (LAGP),  [97] with LATP offering RT conductivities as 

high as 10-3 S/cm. As mentioned above, the use of glass formers such as SiO2 has also 

been explored in the case of Li2O-Al2O3-SiO2-P2O5-TiO2,  of  which the main phase is 
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Li1+x+yAlxTi2-xSiyP3-yO12 (LASPT or LTASP  [485,500]). Representative conductivities of 

LAGP,  LATP and  LASPT,  along  with  other  NASICON  electrolytes,  are  depicted  in 

FIGURE 1.10.4.6.

FIGURE 1.10.4.6: Conductivities of NASICON materials. References: [a,b]: [501,502], [c]: [503], [d]: [504], [e]: 
[505], [f]: [506], [g]: [507], [h]: [508], [i]: [495], [j]: [420], [k]: [500], [l]: [509], [m]: [510]. Reproduced with 

permission from [55]. Copyright 2010, Elsevier Ltd.

As  mentioned  earlier,  there  are  two  major  strategies  for  enhancing  ionic 

conductivity, namely changing size of  M” by using different ions, or aliovalent doping 

(i.e. introducing M’). [53] The first method allows control over bottleneck size, in which 

conductivity follows the trend: Ti4+ > Ge4+ > Hf4+ > Zr4+.  [97] The second method is 

aliovalent doping with elements such as Al3+ or Ga3+, but the caveat with this approach is 

that the level of subsititution is usually capped at ~15% (x = 0.3); this is because of the 

resulting large ionic radius mismatch, where excessive levels of substitution lead to the 

formation of a secondary phase (in the case of Al3+, Sc3+ [478]). A third strategy has also 

been adopted when the above strategies fail, namely addition of a secondary phase that 
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can  modify  the  microstructure.  This  can  be  done  for  example  with  Bi2O3, 

[478,487] which acts as a transient liquid phase at higher temperatures during sintering of 

the material, and essentially acts as a densifying agent, mitigating grain boundary issues.

The exact cause for grain boundary resistance (see SECTION 1.14.4.15) is still 

under exam, though in the case of NASICON materials it is worth mentioning briefly. It 

has been suggested [83] that a dispersed phase, LiTiOPO4, might occur by intergranular 

precipitation; this phase would be undetectable by X-ray diffraction (XRD), making it 

difficult to identify a specific agent responsible for grain boundary phenomena. Another 

similar explanation [90,501] is that the intergranular phase is instead AlPO4, which was 

successfully  identified  as  an  impurity  phase  in  XRD  patterns.  The  framework 

[505] rationalizes this penalization in conductivity by suggesting that AlPO4 serves as a 

dielectric  phase,  where Li+ is  accumulated in  the form of a  complex,  by way of the 

equilibrium:

AlPO4 + Li+ ⮂ AlPO4 : Li+ (1.10.4.2)

In the absence of sufficient thermal energy, this complex is stable and essentially 

immobilizes Li+ ions. Above a certain temperature (in their case, approximately 40 °C), 

where  there  is  sufficient  thermal  energy,  the  complex  is  destroyed  or  dissociated, 

allowing Li+ ions to migrate unhindered. However, below this temperature, the complex 

creates a space charge and affects the path of Li+ conduction, by way of the internal field 

generated by the AlPO4:Li+ complex. In this work, this complex is believed to be the 

reason for the tortuous path that Li+ must take at the grain boundaries, while travelling 

from one LATP crystallite to another. Overall, this phenomenon is observable as a change 
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in activation energy, from a higher value below ~40 °C, to a lower value above this 

temperature, as shown in FIGURE 1.10.4.7.

FIGURE 1.10.4.7: Conductivity plots of LAGP samples crystallized at various temperatures; notice the change in 
activation energy at ~ 40 °C. Reproduced with permission from [505]. Copyright 2010, Elsevier Ltd.

The cause for the presence of this impurity phase is believed to be caused by 

decomposition of LAGP during the thermal treatment stage of the material’s preparation, 

during which AlPO4 can be formed; it is also possible that AlPO4 forms in quantities 

below detection, while still adversely affecting grain boundary resistance. Finally, XRD 

data  also  indicates  the  presence  of  Li2O alongside  AlPO4,  and  it  has  therefore  been 

suggested  that  the  complex  might  form  instead  between  Li+ and  Li2O.  [503] Grain 

boundary resistance and the manner in which it can be described with electrochemical 
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impedance  spectroscopy  (EIS)  will  be  discussed  further  in  SECTION  1.14.4.15. 

NASICON electrolytes  have  seen  adoption  in  a  variety  of  contexts,  including  Li-O2 

batteries,  [232] Li-S  batteries,  [511] as  well  as  ion-selective  electrodes  (ISEs  [83]) 

Curiously, the issue of LAGP’s reactivity with lithium metal (due to the presence of Ge, 

as seen earlier) has actually been exploited, by using it as an anode material in an ASS-

LiB. [475]

The chief strengths of NASICON materials LATP and LAGP are that they have 

some of the highest thermodynamic oxidation potentials (up to 4.3 V vs Li/Li+), while 

also  releasing  very  little  energy  during  decomposition.  [30] Additionally,  LATP and 

LAGP are air and water stable,  [500,512] are cheap to produce thanks to mild sintering 

conditions,  [513] and  have  good  RT ionic  conductivities  as  seen  above.  The  largest 

drawbacks of these materials are that they are not stable against lithium metal, an issue 

that is further complicated by decomposition products that form an interphase that is both 

ionically  and  electronically  conducting.  [98,514] This  issue  is  aggravated  at  higher 

temperatures (~200 °C), where gaseous products such as O2 can be released. [30,515]

1.10.4.2.2 Garnet

Garnets have the general formula A3B2(XO4)3, have a cubic crystal structure and 

space group Ia3d. A-sites are 8-fold coordinated (i.e. anti-prismatic), while B-sites are 6-

fold coordinated (i.e. octahedral), and X-sites are 4-fold coordinated (i.e. tetrahedral). The 

garnet structure is shown in FIGURE 1.10.4.8.
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FIGURE 1.10.4.8: Garnet structure. Reproduced with permission from [97]. Copyright 2016, American Chemical 
Society.

Li+ ions, if the nominal structure is followed, occupy tetrahedral sites, as is the 

case for Li3Nd3Te2O12. RT conductivity can be increased by adjusting the valences of A 

and B cations, thus allowing for a greater amount of Li; the most notable examples are 

Li7La3M2O12 (M = Zr,  Sn),  of  which the Zr-containing garnet,  LLZO, is  best-known. 

[86] Garnet solid electrolytes are often modified by adding controlled amounts of Ta or 

Nb, [516] as well as by doping with Al, [517,518] the former for improving conductivity, 

and the latter for stabilizing the highly conductive cubic structure. Furthermore, sintering 

additives such as Li3BO3 are known to be added to the powdered electrolyte, allowing a 

lower temperature (~700 °C) synthesis,  [519] as well  as to prevent unwanted mutual 

diffusion  at  the  cathode-electrolyte  interface.  [520] Typical  conductivities,  shown  in 

FIGURE 1.10.4.4, are usually in the range of 10-3 – 10-6 S/cm. Unique qualities of garnets 

include a wide apparent ESW, as well as stability against Li metal. The chief issues that  

garnets suffer from are moisture sensitivity (when there are more than 3 lithiums per 

formula unit, Li+ tends to migrate to the surface and react with adsorbed H2O and CO2, 

[11] and poor lithium wettability. [521]
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1.10.4.2.3 LIPON

LIPON (LIthium Phosphorus OxyNitride) electrolytes are amorphous, unlike the 

solid  electrolytes  described  so  far.  LIPON  was  first  reported  in  1993  by  Bates  and 

coworkers;  [463] this  first  report's  synthetic  method  is  typical  of  most  other  works, 

making use of  radio frequency (RF) magnetron sputtering in  a N2 atmosphere,  while 

using Li3PO4 as the target.  [85] When this method is employed, conductivity is in the 

order of 10-6 S/cm, though efforts to improve the conductivity have included changing the 

composition of the target (e.g. adding Li2O to Li3PO4).  [522] Unlike most other solid 

electrolytes, LIPON is invariably prepared using a deposition technique, whether this is 

with or without the use of a magnetron in RF sputtering,  [523] with the aid of an ion 

beam,  [524] by chemical vapor deposition (CVD),  [525] or, curiously, by atomic layer 

deposition (ALD). [526]

While an exact structure has not been determined, due to the amorphous nature of 

the material,  N atoms are believed to crosslink the P atoms, and to lower the overall 

electrostatic energy of the network, facilitating in turn faster Li conduction. [85] LIPON 

is very stable in contact with Li metal, and it is believed that a thin passivating layer of 

Li3N is formed at the interface;  [30,98] this is believed to prevent dendrite growth and 

allow at the same time Li+ conduction. [84,463,527] Thanks to this, the attribute LIPON 

is most well-known for is its long-term apparent stability against lithium metal, and its 

ability to operate dendrite-free in a cell for even thousands of cycles.  [36] Despite this 

noteworthy quality, conductivities of LIPON materials are relatively low, constraining the 
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use of LIPON to strictly thin film applications (i.e. <100 nm/component), making them 

unsuitable as a bulk electrolyte material.

1.10.4.2.4 Perovskite and Anti-Perovskite

Perovskites have the general formula ABO3, are cubic and belong to the space 

group  Pm3m.  A-sites are 12-fold coordinated,  and B-sites are 6-fold coordinated, and 

share corners with each other. Lithium is introduced by aliovalent doping, and has the 

dual effect of altering concentrations of lithium and vacancies, as well as the interactions 

between the vacancies. [528] The perovskite structure is shown in FIGURE 1.10.4.9.

FIGURE 1.10.4.9: Perovskite structure. Reproduced with permission from [529]. Copyright 2018, Elsevier Ltd.

Notable examples include Li3/8Sr7/16Ta3/4Zr1/4O3 (LSTZ), [530] Li3/8Sr7/16Ta3/4Hf1/4O3 

(LSTH), [531] and Li0.34La0.56TiO3 (LLTO), the latter having a RT conductivity of ~10-5 S/

cm. [97] While stable at high voltages, perovskites are not stable at voltages below 1 – 

1.5 V vs Li/Li+, making their use in lithium metal and lithium ion batteries problematic. 

[532,533]
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Similarly  to  perovskites,  antiperovskites  have  the  formula  ABO3,  though  for 

perovskites this is is A+B2+X-
3, while antiperovskite is simply A-B2-X+

3, where now A = F, 

Cl, Br or mixture of halogens, B = oxygen, X = Li. [534]

1.10.4.2.5 Sulfides

Sulfide  electrolytes  can  be  regarded,  in  their  simplest  approximation,  as  the 

replacement  of  oxygen  atoms  with  sulfur  atoms.  Given  that  S  has  a  lower 

electronegativity than O, this has a beneficial effect on conductivities of these materials, 

with weaker anion-Li interactions. The most notable examples are LPS, thio-LISICON, 

and  argyrodites  (though  the  latter  can  be  regarded  as  halide-containing  sulfides). 

Conductivities of representative materials are shown in FIGURE 1.10.4.10.

FIGURE 1.10.4.10: Left: conductivities of the Li2S-P2S5 system. References: [a],[b]: [535], [c],[d]: [536], [e],[f]: 
[537]. Right: conductivities of crystalline sulfide electrolytes. References: [g]: [538], [h]: [539], [i]: [540], [j]: [541], 

[k]: [542]. Reproduced with permission from [55]. Copyright 2010, Elsevier Ltd.

As  can  be  seen  from the  above  figure  as  well  as  FIGURE  1.10.4.4,  sulfide 

electrolytes have some of the highest conductivities, rivaling those of liquid electrolytes.
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1.10.4.2.5.1 LPS

The quasi-binary system (Li2S)1-x-(P2S5)x (LPS) can be prepared in various ways 

including  ball  milling  or  high  temperature  precipitation,  [543,544] though  degree  of 

crystallinity and side product formation can heavily impact conductivity. [543] A notable 

LPS variant is Li7P3S11, which is actually a metastable phase, composed of a mixture of 

70% mol Li2S and 30% mol P2S5 (70 Li2S – 30 P2S5). [545] Furthermore, grain-boundary 

resistance heavily depends on processing, [545] and electrode-electrolyte contact heavily 

depends on particle size of the material.  [546] There are conflicting reports about the 

stability  of  Li2S-P2S5 systems  in  contact  with  Li0,  with  some  claiming  stability, 

[547] while  others  claim  a  higher  overpotential  for  the  first  cycle  (compared  to 

subsequent ones); [548] the possible explanation in this case is that a passivation layer is 

formed. [74,548] The chief drawback of the LPS system (as well as other sulfides) is its 

sensitivity to air and moisture, with release of H2S upon exposure to water. Efforts have 

been  made  to  overcome  this,  by  including  the  metal  oxides  and  metal  sulfides. 

[549] Variations on the LPS system include the Li2S-SiS2 system,  [550] LiI-Li2S-SiS2, 

[551] LiI-Li2S-B2S3, [552] and Li2SiS2 doped with Li3PO4. [550]

1.10.4.2.5.2 LISICON and thio-LISICON

LISICON  (Lithium  SuperIonic  CONductor)  solid  electrolytes  have  a  crystal 

structure that is similar to that of γ-Li3PO4, having an orthorhombic unit cell and Pnma 

space group;  [553] all  cations  are  tetrahedrally  coordinated.  [554] The LiO4 and PO4 

tetrahedra form crystallographically distinct and parallel, one-dimensional chains along 
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the a-axis, [97] with Li+ ions that are located in the tetrahedra diffusing in between these 

tetrahedra, as well in interstitial sites located between PO4 tetrahedra.  [555] P5+ can be 

replaced by group 14 elements, i.e. by aliovalent substitution of Si4+ or Ge4+; examples of 

this  include  Li3x(P1-x Six)O4,  allowing  fast  lithium conduction.  [556–558] Indeed,  the 

excess Li generated thanks to aliovalent substitution cannot be accommodated by the 

tetrahedral structure,  and are forced to  occupy interstitial  sites;  this  results  in smaller 

distances  between adjacent  lithium ions,  affording conductivities  in  the range of  10-6 

S/cm.  [97] The  structures  of  LISICON  and  thio-LISICON  materials  are  shown  in 

FIGURE 1.10.4.11.

      

FIGURE 1.10.4.11: a) LISICON structure of γ-Li3PO4, b) thio-LISICON structure of Li10GeP2S12. Reproduced with 
permission from [97]. Copyright 2016, American Chemical Society.

If  oxygen atoms are  replaced with sulfur  atoms,  this  results  in  thio-LISICON 

materials, e.g. Li3x(P1-x Six)S4, where conductivity can reach values as high as 10-4 at RT. 

[559] Notable examples of thio-LISICON materials include the Li10MP2S12 (M = Si, Ge, 

Sn) family, which offers some of the highest RT conductivities for solid state conductors, 

~10-2 S/cm.  [560–562] While previous experimental works suggest that the most well-

known  thio-LISICON  material,  containing  Ge  (i.e.  LGPS)  has  an  electrochemical 

stability  window  of  0-4V  vs  Li/Li+,  [538,560] both  computational  [563,564] and 

experimental [565] works indicate that Li10GeP2S12 (LGPS) is in fact unstable in contact 
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with  lithium  metal  due  to  the  presence  of  germanium,  as  already  discussed  earlier. 

Despite this limitation, much like LAGP above, LGPS has been employed not only as an 

anode material, but as an electrolyte and cathode in the same battery system, in hopes of 

making a solid-state battery out of a single material. [566]

1.10.4.2.5.3 Argyrodite

Argryodites have the general formula Li6PS5X (X = Cl, Br, I), and are a more 

recent family of solid electrolytes; conductivities in the order of 10-3 S/cm have been 

reported. [567,568] Their crystal structure is cubic, belonging to the space group F43m; it 

is constituted of isolated PS4 tetrahedra, with Li+ ions randomly occupying the remaining 

tetrahedral  sites  (either  48h or  24g).  [568–574] The argyrodite  structure  is  shown in 

FIGURE 1.10.4.12.

FIGURE 1.10.4.12: Argyrodite structure. Reproduced with permission from [97]. Copyright 2016, American Chemical 
Society.

Li+ ions diffuse through these positions, which form partially occupied hexagonal 

cages that are connected to each other by way of either halide ions (Li6PS5Cl) or sulfide 

ions (Li6PS5I). [569] The partial occupancy allows for ease of Li+ diffusion, though it is 
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dependent  on  the  halide  anion  employed.  [575] Initial  results  suggest  that  the 

electrochemical stability window of argyrodites might be as wide as 0 – 7 V vs Li/Li+, 

[570] though this still needs further evaluation.

1.10.4.2.6 Li3N

Lithium nitride (Li3N) is a well-known crystalline solid electrolyte, with one of 

the earliest reports [576] being contemporary to the first lithium batteries, [2,3] and being 

one of the first inorganic components for early iterations of hybrid electrolytes. [577] It is 

typically prepared by reaction of lithium metal and N2 gas, and then either grinding the 

material,  followed  by  simple  vacuum  drying,  [577] or  making  use  of  sintering. 

[576] Optimized  conditions  afford  conductivities  in  the  order  of  10-4 S/cm. 

[578,579] While stable in contact with lithium metal (in fact, it  is believed to play a 

crucial role in the stability of LIPON [85]), Li3N unfortunately is not stable beyond 1.74 

V vs Li/Li+, [529] though incorporating halides and other alkali ions into the system does 

increase  its  anodic  stability  to  2.5  –  2.8  V  vs  Li/Li+.  [580–583] Despite  these 

improvements,  Li3N's  narrow  ESW  makes  it  incompatible  with  any  useful  cathode 

material;  [98] including  it  in  a  complete  cell  requires  either  the  use  of  additional 

components to be interposed between it and the cathode, or a different electrolyte system 

designed to decompose at the anode as Li3N, while retaining good stability at the cathode 

interface (analogous to LIPON).
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1.10.4.2.7 Other inorganic electrolytes

In addition to oxides, sulfides, nitrides (Li3N) and oxinitrides (e.g. LIPON), there 

are combinations of these materials, including oxysulfide glasses [550,584,585] and thio-

nitride  glasses  [586,587] which  have  also been the focus  of  some solid  state  battery 

research, though typically in thin-film configurations. [85]

1.10.4.3 Inorganic electrolytes – summary of strengths and weaknesses

As has been seen,  there are a large variety of different materials  available for 

consideration,  when  seeking  to  develop  a  solid-state  battery  or  a  composite/hybrid 

electrolyte. It can be useful to close this section by briefly reiterating the chief strengths 

and weaknesses of each material, shown in TABLE 1.10.4.1. [15,529,588]

TABLE 1.10.4.1: Summary of chief strengths and weaknesses of major families of inorganic electrolytes.

As  a  quick  survey  of  the  above  properties  will  show,  the  chief  benefits  of 

inorganic electrolytes are their high conductivity and good stability against lithium metal 
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(in some cases). Conversely, their  chief shortcomings are their brittleness and contact 

issues  with  electrode  materials  (with  a  few  exceptions).  Recalling  the  qualities  of 

polymer electrolytes,  these offer  flexibility  and conformal  adhesion to  the electrode’s 

surface, but suffer from low conductivities and poor stability against lithium metal. It has 

been noted by the research community how these two different classes of materials seem 

at  times to  have complementary strengths and weaknesses,  making it  only natural  to 

attempt and combine them in the form of a composite or hybrid electrolyte, in hopes of 

“getting the best of both worlds”. The following sections briefly describe some of these 

hybrid electrolyte systems.

1.10.5 Hybrid electrolytes

Hybrid electrolytes can be defined as materials compose of 2 well-defined ion-

conducting  phases.  These  phases  can  be  solid  or  liquid,  organic  or  inorganic, 

[97,431,589–591] and can employ combinations in the same phase, or different phases 

(e.g.  inorganic+inorganic,  inorganic+polymer,  polymer+liquid).  [15] The  organic 

component of a hybrid electrolyte should confer desirable properties, such as flexibility, 

toughness  or  conformal  adhesion,  without  impinging  other  properties,  such  as 

conductivity.  [592,593] Hybrid  electrolytes  should  also  be  electrochemically  stable, 

mechanically flexible, and easy to fabricate. [577]

For hybrid electrolytes with an organic polymeric phase and an inorganic one 

(commonly  referred  to  as  “filler”),  fillers  can  multiple  properties  of  a  given system, 

including conductivity and tLi+ (in the case of electrochemical properties), and physical 
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properties such as morphological, thermal, mechanical, etc. The types of fillers are 2: 

inactive or inert (e.g. SiO2, Al2O3), [76] and active (e.g. Li3N, LATP, LLZO). [594] Inert 

fillers are not a source of Li+ ions, so they are not involved directly in Li+ ion conduction; 

active fillers  are instead fast Li+ conductors and directly participate in the conduction 

process (usually having high conductivity and tLi+). [76]

Much like all other electrolytes,  the fundamental requirements apply to hybrid 

electrolytes as well, namely conductivity, transference number, electrochemical stability 

window,  and  electrode-electrolyte  compatibility.  [245,595,596] Historically,  hybrid 

electrolyte research has suffered from the same issue that has affected other classes of 

novel  electrolytes,  namely  excessive,  exclusive  focus  on  ionic  conductivity,  at  the 

expense of other important metrics, such as those listed above. [245]

Given the ability of the inorganic filler to offer fast Li+ conduction, a commonly 

sought strategy in hybrid electrolytes is to create percolating pathways by ways of the 

highly conductive active inorganic filler, which usually requires a 30% vol composition 

for spherical particles,  [597] though if the inorganic component has a different shape, a 

smaller  amount  can  achieve  the  same  effect.  [246,467,598] Typically,  percolation  is 

observed for volume fractions in the range of ~0.2 – 0.8 %vol, [54] though an issue that 

can  affect  hybrids  with  high  filler  loadings  is  that  of  aggregation  and  sedimentation 

during sample preparation. [599]

In spite of there being known requirements and pitfalls, there is a lack of a clear,  

superior hybrid system at the moment. This prevents focused efforts from being centered 

around a narrow set of systems, making it more difficult to identify additional clues that 
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can inform current known requirements for hybrid systems. This is turn stems from the 

lack of systematic studies (for a given hybrid system) studying the effect of each factor 

critical for a successful battery, as described earlier. This is partly due to a historic focus 

on one specific factor or effect (e.g. conductivity or crystallization suppression, as will be 

seen  below),  at  the  expense  of  all  other  factors  (e.g.  chemical  and  electrochemical 

compatibility). The lack of useful, systematic characterization of hybrid systems is also 

due  to  the  inherently  difficult  nature  of  battery  research  and  development,  since  it 

requires  a  robust  knowledge of  materials  science  and electrochemistry.  Provided this 

systemic issue is resolved, hybrid electrolyte candidates are faced with challenges that 

cannot be anticipated at the laboratory scale; indeed, scalability of laboratory-successful 

materials  will  likely hinge on the ability to manufacture them with existing methods, 

since implementing a new battery technology, intended to replace current commercial 

systems, would be easiest if current facilities could be repurposed with minimal effort (as 

opposed  to  re-tooling  or  outright  replacing  existing  equipment,  which  would  require 

incurring enormous financial expenditures). [15]

A brief overview of the major hybrid systems will be given, while the majority of 

this  section will  focus  on polymer-inorganic hybrids,  since these have been the most 

researched systems, and are pertinent to this work.

1.10.5.1 Inorganic-inorganic hybrids

The first type of hybrids are simply combinations of two different inorganic Li+ 

conductors. A notable example is that of combining sulfide and oxide electrolytes, such 
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as LPS and garnet, where the soft sulfide is able to adhere between the hard grains of the 

garnet, eliminating the need for sintering. [600,601] This type of system sees an enhanced 

conductivity,  referred  to  as  a  synergistic  effect,  seen  as  caused  by  an  enhanced 

conductivity at the oxide-sulfide interface, thanks to a space-charge effect.  [600] This 

interface however is regarded as a double-edged sword, since two opposing effects arise 

from it,  the  first  being  the  favorable  space  charge  effect,  and  the  second  being  the 

presence of the oxide particles, which having an inferior conductivity, causing a blocking 

effect and acting as a limiting factor. Additionally, there is the question of incompatibility 

of oxides and sulfide, given their different chemical potentials, [87,98] which could lead 

to undesirable side reactions. For what concerns the works that made use of LPS and 

garnet, this does not seem to be the case,  since XRD measurements detected no new 

phase as the result of an unwanted chemical reaction, [601] though it should be pointed 

out that this does not eliminate the presence of a microsized or amorphous interphase. In 

this case, the decomposition products would be undetectable to XRD, and XPS would be 

needed to ascertain the presence or absence of the new phase.

1.10.5.2 Polymer-inorganic hybrids

Polymer-inorganic hybrids are probably the most well-known hybrid electrolytes, 

and  have  previously  been  referred  to  as  composites  (hence  the  alternative  term 

“composite polymer electrolyte”, CPE). In these previous contexts, the term “composite” 

often implied an inert, inorganic filler; for simplicity though, the term “hybrid” will be 
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used to refer to both inert and active fillers, as well as other components, while specifying 

which type was used.

1.10.5.2.1 General overview of polymer-inorganic hybrids

Hybrid  polymer  electrolytes  seek  to  combine  the  benefits  of  both  parent 

electrolytes, namely the high conductivity of the inorganic electrolyte and the flexibility 

of the polymer electrolyte. [577] These can be prepared by mixing both ingredients in a 

compatible solvent that dissolves/disperses the polymer component, followed by casting 

and  solvent  evaporation;  [599] alternatively,  the  mixing  of  components  can  be  done 

without  the aid of a  solvent,  with the electrolyte's  final  shape being obtained by hot 

pressing.  [602] It is important though to be careful about moisture and solvent residue, 

since these can cause the measured conductivity to be overestimated, [603,604] and when 

in contact with lithium, these contaminants can cause the evolution of large interfacial 

resistances.  [15] Polymer-inorganic hybrids are only one of multiple types of polymer 

hybrids, which are worth mentioning before going on. Polymer hybrids can be subdivided 

into 4 types: [80]

1) polymer + inorganic phase

2) polymer + another polymer (conducting/non-conducting)

3) polymer + liquid phase

4) polymer + combination of 1), 2), and/or 3)

While for the above types it is implied that the polymer phase is a Li+ conductor, 

there have been exceptions to this rule, such as when the polymer phase is used as a 
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binder.  [552,605] Most works report the amount of filler as %wt, though it would be 

useful  to  know the  %vol  as  well,  given  the  filler’s  effect  on  conduction  by  way of 

percolation as a result of the formation of the conductive interphase [15] The majority of 

this section will concentrate on polymer-inorganic hybrids, though the other types will be 

briefly  mentioned,  including  for  example  polymer-liquid  hybrids,  since  these  are  in 

essence gel-polymer electrolytes (GPEs), and have already been covered in SECTION 

1.10.3.7.

1.10.5.2.2 Benefits of polymer-inorganic hybrids

Polymer-inorganic hybrids offer a variety of benefits. An obvious one is greater 

mechanical strength, as confirmed by some works where greater fracture toughness was 

observed.  [113,606] As  seen  previously,  polymer  electrolytes  have  low  dielectric 

constants, causing limited salt dissociation; the presence of certain inorganic fillers can 

help  raise  the  dielectric  constant,  [607] as  in  the  case  of  ferroelectric  materials. 

[76] Concerning the issue of lithium dendrites, a common approach has been to develop a 

material with sufficient surface tension or shear modulus;  [77,146,608] where a single-

phase  approach using  only  polymeric  electrolytes  would  most  likely  fail  (due  to  the 

embrittlement  of  these  materials  once  they  achieve  these  moduli,  [609] polymer-

inorganic hybrids might be able to materialize a viable strategy. Lastly, while inorganic 

electrolytes have desirable mechanical properties, they are brittle and fragile, requiring 

greater thicknesses to avoid fracture, while also suffering from poor interfacial contact 

and grain boundary resistance (a factor exacerbated at greater thicknesses). Hybrids using 
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a polymeric phase might be able to address all of these issues, ultimately allowing the 

realization of much thinner electrolyte layers, minimizing the distance traveled by Li+, 

and increasing energy density of the cell. [605]

1.10.5.2.3 Inert fillers

One of the earliest examples of an inert filler in a polymer electrolyte is that of 

Al2O3 in the PEO/LiClO4 system, reported by Weston and coworkers.  [610] Since then, 

most inert fillers have been usually oxide materials such as SiO2, Al2O3, TiO2, as well as 

oxide-based ferroelectrics such as BaTiO3 or LiNbO3.  [76] While most works make use 

of  neat  materials,  there  is  also research  on the use of  surface-treated  particles,  using 

opportune  surface  moieties,  which  are  usually  organic  in  nature, 

[459,596,611,612] though inorganic surface moieties are also used.  [613] In addition to 

the aforementioned increased dielectric constant and mechanical properties, intert fillers 

can also promote the amorphous phase in polymer electrolytes.  [594] This effect and 

other well-known ones will be described in following sections. While inert fillers offer 

numerous positive contributions, a possible pitfall of these materials is the risk of poor 

conductivity, given that these materials tend to be insulators by nature. [451]

1.10.5.2.4 Active fillers

Early examples of an active filler in a polymer electrolyte is the use of a Na-based 

NASICON in the PEO/NaI system in the case of sodium battery research, [599] and Li3N 

in the PEO/LiSO2CF3 system in the case of lithium battery research. [577] Active fillers 
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are essentially inorganic electrolytes, and while there is a certain amount of overlap of 

active  and inert  fillers’ properties,  the  former  offer  the distinct  advantage of  being  a 

source of Li+ ions, participating in the conduction process, and in some cases increasing 

conductivity  of  the  overall  material.  This  additional  improvement  for  active  filler  is 

attributed  to  the  rapid  interphase  conduction  between  active  filler  and  polymer. 

[594] While historically most research on polymer-inorganic hybrids focused on inert 

fillers, in more recent years research results have indicated that it is favorable to use an 

active filler, provided that polymer-inorganic interfaces are efficient and stable. [245]

Since  their  introduction,  inert  and  active  fillers  have  been  compared in  some 

studies, so as to determine if there are any quantifiable benefits of one type over the other. 

A comparison by Pan and coworkers [614] of active LATP filler against inert fillers SiO2, 

TiO2, Al2O3 and SiC with the same %wt composition, with the active filler offering a two 

order of magnitude improvement in conductivity of the hybrid electrolyte. Similarly, in 

the  case  of  3D  materials,  Goodenough  and  coworkers  [594] compared  an  active, 

perovskite LLTO filler with passive fillers TiO2 and La2TiO7; for the same amounts of 

inorganic component, they saw a one-order improvement of conductivity when using the 

active filler, attributing it to the possible presence of hopping sites present on the surface 

of LLTO, but absent in the case of the inert fillers.

Lastly, although active fillers are usually employed in the neat state, there is some 

recent work that has explored the possiblity of surface functionalization, at the hands of 

organic moieties (e.g. diols on sulfide electrolytes). [615]
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1.10.5.2.5 Polymer-filler interactions

While the nature of polymer-inorganic interactions is complex, there have been 

attempts  to  classify  the  types  of  interactions,  before  describing  the  effects  of  these 

interactions. An early example the categorization of organic-inorganic hybrids into two 

types, namely class I and class II, (2001 WALCARIUS REVIEW) [451] where class I 

hybrids have weak bonds between the organic and inorganic components, while class II 

hybrids  have  stronger,  covalent  or  ionic-covalent  chemical  bonds.  In  this  framework, 

when  polymer  electrolytes  constitute  the  organic  component,  different  classes  have 

optimal conductivities for different compositions, with higher O/Li ratios for class I and 

lower O/Li ratios for class II. [616]

The case for stronger organic-inorganic interactions has been made, since it stands 

to  offer  multiple  benefits.  Besides  better  tensile  strength  of  the  resulting  material, 

[596] there is the possibility of a greater ability to resist dendrite growth, even in the face 

of  organic  components  with  weaker  moduli.  [605] Both  advantages  would  be  best 

facilitated in cases where surface functionalization is adopted. 

The following paragraphs will cover the chief effects of inorganic fillers on the 

properties of polymer-inorganic components,  as well  as current  recommendations  and 

understanding of these systems.

1.10.5.2.6 Thermal effect of filler

One of the effects of adding inorganic oxide particles, in the case of PEO, is the 

inhibition of local reorganization of chains, promoting a high degree of disorder in the 
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polymer phase, which in turn can favor the process of ion transport. [614] This promotion 

of  disorder  has  caused  researchers  to  deem  nanosized  fillers  as  “solid  plasticizers”, 

[76,606] with the main benefit being a greater amount of amorphous polymeric phase 

(necessary for meaningful conduction), while decoupling it from the otherwise inevitable 

penalization of  mechanical  properties  (when traditional  organic plasticizers  are  used). 

Furthermore, the use of opportune fillers has seen not only the promotion of amorphous 

phase, but also the suppression of crystallinity in semicrystalline polymer electrolytes, a 

desirable  effect,  given  the  adverse  effect  of  the  crystalline  polymer  phase  on  ion 

conduction. [614]

These positive effects on observable thermal properties of hybrid materials must 

be  tempered  with  caution,  since  there  are  always  unintended,  adverse  effects  that 

accompany these improvements. While crystallinity can be suppressed, it is important to 

ensure that the material has a good shelf-life, since polymer chain motion cna cause the 

amorphous phase to slowly recrystallize, sabotaging improvements.  [617] Another issue 

to consider is that while the amount of amorphous phase can be increased, the addition of 

inorganic fillers raises the Tg of a polymer hybrid. [289] Additionally, not all fillers have 

the same effect on a given polymer matrix, since for some fillers amount of amorphous 

phase or free volume cannot be further increases.  [618] More will be discussed about 

some of these effects in later paragraphs.
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1.10.5.2.7 Ion conduction in polymer-inorganic hybrids

Conduction in polymer-inorganic hybrids is still the subject of much discussion 

and debate, as a testament to the complex nature of these materials. It is helpful to start 

with  comparing  conduction  of  the  parent  materials,  namely  polymer  matrices  and 

inorganic  conductors.  Polymer  offer  two  conduction  mechanisms,  while  inorganic 

materials  offer  only  one.  For  polymers  the  first  conduction  mechanism  is  simply 

vibrational frequency or ion hopping, a trait shared by inorganic materials, where the 

conduction  mechanism in  the  latter  is  essentially  dependent  on  the  jump probability 

across a potential barrier. The additional conduction mechanism unique to polymers is 

that  of  chain  assisted  motion,  particularly  when  the  material  is  above  its  Tg; 

[245] conduction mechanisms in both materials have already been discussed previously.

Whether  or  not  conduction  in  polymer-inorganic  hybrids  is  merely  a  direct 

combination  of  the  mechanisms  of  the  parent  materials  is  unclear  though  certainly 

possible; this is complicated by the observation that conductivity results for some hybrids 

are intermediate to their pure components, [88] suggesting that there might be additional 

effects  at  play.  An  early  understanding  of  the  contact  surface  between  polymer  and 

inorganic (i.e. interface) suggested and hoped that the resistance offered by the polymer 

would be negligible, offering only benefits and no drawbacks; unfortunately, the polymer 

component  was  soon  found  to  be  a  rate-limiting  factor.  [577] The  expectations 

surrounding  the  polymer  component  subsequently  went  from  mostly  positive  (i.e. 

minimal resistance) to mostly negative, with polymers not only being the rate-limiting 

factor,  but  in  fact  acting  as  an  insulator  that  actively  hinders  Li+ conduction  in  the 

133



inorganic component. [592] In this vein, it was understood that at sufficient amounts of 

polymer,  the  inorganic  particles  could  be  completely  covered,  not  allowing  adjacent 

particles to touch, interrupting ion conduction.  [577,605] Since then, understanding of 

how polymer and inorganic interact  has improved and evolved,  with several  possible 

explanations being offered. Before listing them, it is helpful to consider what possible 

pathways a Li+ ion can take in a polymer-inorganic hybrid: [15]

1) mixed polymer-inorganic pathways

2) along polymer-inorganic particle boundaries

3) only through polymer phase (where there is  an insufficient amount of inorganic 

component)

4) only through inorganic phase (where there is an insufficient amount of polymeric 

component)

These  different  pathways  depend  on  the  relative  amounts  of  polymer  and 

inorganic  phase.  While  these  possible  pathways  are  a  helpful  way  of  beginning  to 

understand why researchers’ understanding has changed over the years, a comprehensive 

explanation for the observed conductivities in  polymer-inorganic hybrids continues to 

elude  the  research  community.  In  spite  of  this,  several  theories  have  been advanced, 

particularly in relation to nanosized inorganic fillers: [618]

1)  nanofillers  facilitate  salt  dissociation  by  Lewis  acid-base  salt-filler  interactions 

[101,619,620]

2) nanofillers in the polymer matrix disrupt its crystallization and increase the fraction 

of amorphous region (where fast ion conduction can occur) [606,621]
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3) on the surface of the nanofiller  there is  a highly conductive liquid-like layer,  or 

effective medium (hence the term effective medium theory) [622–624]

4)  nanofillers  can  help  stabilize  the  highly  conductive  6:1  PEO:Li  complex  when 

present in a polymer system [286,625]

While these theories have been generally well received, there is some question as 

to their general validity. For example, Liu and coworkers [467] challenged the theory that 

inorganic fillers  suppress polymer crystallization,  when they found that their  LLTO + 

PAN  hybrid  did  not  experience  crystallization  suppression  (thanks  to  the  continued 

detection of semicrystalline PAN in XRD experiments). Another example of exceptions 

to the above theories is the effect a polymer matrix can have on the Tg of an inorganic 

component, as reported by Hayashi and coworkers,  [592] who found that LPS sulfide 

glasses tended to experience a drop in Tg when OH terminated oligomers were added as 

the polymer component.  These exceptions  highlight  the complicated nature of  hybrid 

electrolytes,  and  the  difficulty  in  determining  a  unified  theory  that  can  take  into 

consideration all effects.

Additional  theories  have  also  been  offered  for  the  observed  conductivity 

enhancements, such as explaining polymer-filler interactions in terms of an "assemblage" 

of  dipoles  from  polymer  and  filler.  [607] In  this  case,  aligned  dipoles  offer  good 

conductivity,  implying that  at  high  temperatures  there  is  a  randomization  of  dipoles, 

resulting in lower conductivities, particularly if the sample is quenched without a chance 

for the dipoles to reorganize. Conversely, if the sample is taken to high temperatures and 

held  isothermally,  this  allows  the  dipoles  to  reorient  and align  themselves,  affording 
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better  good  conductivity.  A  third  factor  in  this  theory  is  the  adverse  effect  of 

crystallization,  which  can  occur  during  isothermal  treatments,  and  sabotages  dipole 

reorientation. This makes the use of an amorphous material more desirable over that of a 

crystalline  one.  In  the  following  paragraphs,  the  first  two  theories  will  be  briefly 

described, since they are more well known and tend to be more frequently invoked in 

current research.

1.10.5.2.8 Effect of filler content on conductivity

Whether or not modest or high loadings of inorganic filler should be adopted as 

the  standard  for  hybrid electrolytes  is  still  not  completely clear,  given the variety  of 

combinations possible. Initial results  [245] suggested that for amounts greater that 50% 

wt  the  conductivity  increases,  while  if  the  amount  is  increased  past  50%  wt,  the 

conductivity  decreases.  This  has  since  been  confirmed  by  other  reports,  with  some 

possible explanations being that a greater loading entails a greater amount of (resistive) 

interface  to  cross,  [450] or  that  at  excessive  loadings  there  is  the  issue  of  particle 

agglomeration.  [594,598] Examples of inert  fillers  that afford optimal  performance at 

modest loadings include the 10% wt SiO2 + (PEO)16LiClO4 system, [596] while examples 

of  active  fillers  performing  best  at  low  loadings  include  the  15%  wt  LATP  + 

(PEO)8LiClO4 system. [614]

On the other hand, the case for high loadings has also been made, particularly 

when regarding the polymer as a binder, where 5-20% vol polymer is recommended; 

[577] similarly, when the polymer is in employed as a gel polymer electrolyte, hybrids 
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with as little as 4% wt have shown promising behavior. [268] Given the above mentioned 

issue of inorganic particle isolation and coating at the hands of a less conductive polymer 

electrolyte, it has been argued that lower polymer content is better, since otherwise one 

risks harming the hybrid electrolyte’s performance. [592,626]

1.10.5.2.9 Effect of thermal properties on conductivity

Inevitably, effects thermal properties of a polymer-containing material affect its 

electrochemical  performance,  specifically  in  terms  of  conductivity.  For  example,  the 

aforementioned disrupting effect of inorganic filler on crystallinity in a polymer matrix 

has  two  competing  outcomes.  [245] On  the  one  hand,  as  the  amount  of  inorganic 

component increases, the fraction of amorphous polymer increases; on the other, as the 

amount of filler increases, so does Tg. The former effect promotes conduction, while the 

latter hinders it, requiring a balance between the two effects. While a higher Tg can be 

undesired,  it  has  been suggested that  this  might  be exploitable  to one’s advantage:  a 

higher  glass  transition  temperature  implies  lower  chain  mobility,  which  can  hurt  Li+ 

conduction, but this can have the beneficial effect of lowering the anion’s mobility as 

well. Given that Li+ is usually much smaller than the anion, a higher Tg might have the 

effect of increasing the tLi+ of the hybrid system in question, allowing Li ions to hop while 

making it more difficult for this to occur for the anion. [552,595]

A discussion of thermal behavior, conductivity and other properties in hybrids is 

incomplete without discussing interfaces within hybrid electrolytes, since they are the 
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cause for an intimate interdependence between these properties; the following paragraphs 

will briefly describe some of the salient aspects of interfacial properties.

1.10.5.2.10 Interface, interphase and possible causes for enhanced conductivity

A starting point for understanding interfacial behaviors in hybrids is the possible 

formation of an interphase layer between the two components.  [15] While some of the 

above  paragraphs  briefly  highlighted  theories  that  attempt  to  explain  the  enhanced 

conductivities of hybrids, it is best to enumerate the proposed causes as they relate to 

interfacial phenomena within a polymer-inorganic hybrid, at the hands of the inorganic 

filler:

1) Local structural deformation of polymer around nanoparticles [594,606,627]

2) Creation of new conduction pathways [122,598]

3) Local alteration of polymer segmental mobility [628]

4) Ion adsorption on the inorganic filler surface [629–632]

5) Trapping impurities [450,595]

6) Aiding salt dissociation by splitting ion pairs [79]

7) Lewis acid-base interactions, facilitating salt dissociation [76,594]

Among the above proposed causes listed above, the most popular one is that of 

Lewis acid-base interactions; one of the early proponents of Lewis acid-base theory was 

Croce, [606] who sought to describe the surfaces of the inorganic and polymer phases as 

being populated with Lewis acidic or Lewis basic moieties. In this framework, polymer 

and filler interact with each other by way of these moieties, for example the Lewis basic 
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ether  oxygens  of  PEO  can  interact  with  Lewis  acidic  Al3+ in  Al2O3 filler  particles. 

[633] Furthermore, these same moieties can also interact with the lithium salt, with the 

basic oxygens of PEO or Al2O3 competing for interaction with Li+ ions, and Al2O3’s Al3+ 

ions interacting with the anions.  An analogous representation of these interactions for 

PAN is shown in FIGURE 1.10.5.1.

FIGURE 1.10.5.1: example of possible interactions with different surface groups on Al2O3. Reproduced with 
permission from [634]. Copyright 1998, IOP publishing.

The main evidence for this  theory has been spectroscopic in nature,  thanks to 

FTIR studies such as those done by Wang and coworkers. [634] Additional work with this 

theory has sought to complement it with other possible phenomena taking place at the 

polymer-inorganic interface, such as the role of site defects in the case of active fillers. 

[467] In this theory, not only do filler and polymer interact with each other, they are also 

able to interact differently with the lithium salt, affording different outcomes, as will be 

described later. It is worth pointing out that this theory was developed and applies best to 

the aforementioned “Class I” hybrids, with weak, non-covalent interactions. [451]
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1.10.5.2.11 Problems and issues of interfaces in hybrid electrolytes

Initial  hopes  surrounding  interfaces  within  a  hybrid  electrolyte  included  the 

assumption that ionic motion in the polymer would be non-limiting in these systems, 

enabling the hybrid to essentially have the same conductivity as the inorganic component; 

this hope was also extended to the interface of these two phases. As was seen above, this 

turned out not to be the case: ionic motion across the interface was found to be limiting, 

with  more  surface  area  affording  worse  performance;  [450] the  cause  for  this  was 

attributed  to  the  high  resistance  associated  with  interfacial  transfers. 

[614,635] Subsequent  studies  seemed  to  suggest  that  indeed  the  combination  of  a 

polymer  and  an  inorganic  component  inevitably  lead  to  high  interfacial  resistance. 

[636] Although  earlier  reports  suggested  that  greater  surface  areas  would  harm 

performance,  some  studies  have  suggested  the  opposite,  with  greater  surface  areas 

actually  being  beneficial  to  what  was  regarded  as  a  highly  conductive  interphase. 

[594,615] The apparent contradiction between older and newer reports can be reconciled 

by the type of conduction that was now being proposed, namely along as opposed to 

across the interface, or in other words conduction that was parallel, not perpendicular, to 

the interface. [450,467] If it were true that maximizing parallel conduction is the optimal 

strategy, this would require a greater amount of inorganic electrolyte, or at the very least a 

smaller-sized filler. In both cases though, the risk of particle agglomeration needs to be 

addressed;  [459,637–640] one possible solution is the use of 1D or 3D nanostructured 

materials. [467,594]
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Although it is not entirely clear why the interface between polymer and inorganic 

electrolytes can be so resistive, it has been suggested the cause is essentially a mismatch, 

of either chemical potentials (due to the different concentrations of lithium ions in the 

two  classes  of  materials,  with  inorganics  having  higher  concentrations),  [15] or  of 

transference  numbers  (since polymer electrolytes  are  usually  dual-ion conductors,  Li+ 

ions entering the inorganic phase are not charge-balanced by an accompanying anion). 

[641] In either case, crossing the interface remains problematic. It should be pointed out 

the question remains of whether or not Class II hybrids would be able to overcome this 

issue, since most works have make use of Class I hybrids.

In  addition  to  these  possible,  intrinsic  causes  for  high  interfacial  resistance 

between polymer and inorganic,  there are complicating factors such as the interface’s 

sensitivity towards moisture and impurities  [450] (if true, the above proposed ability of 

inorganic  fillers  to  trap  impurities  would  then  be ironic).  Another  important  issue  to 

consider is compatibility of polymer and inorganic, an issue that normally is overlooked 

(which is understandable when materials such as PEO and inorganic oxides are used), but 

that can be critical in the case of systems such as PEO and the LSPS sulfide electrolyte,  

as  was found by Riphaus and coworkers.  [87] In this  study, it  was  found that  LSPS 

experienced decomposition  when in  contact  with PEO,  regardless  of  the  presence  or 

absence of moisture (attributable to the terminal -OH groups), impurities such as LiOH 

could  promote  decomposition,  and  that  PEO’s  ability  do  dissolve  polysulfides  can 

facilitate  decomposition  of  LSPS  (of  which  polysulfides  are  one  of  the  possible 

decomposition products). All of these issues highlight the need for a better understanding 
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of  these  and additional  interfacial  phenomena,  and  how they  appear  in  experimental 

techniques. [642]

1.10.5.2.12 Examples of polymer-inorganic hybrids

The  above  considerations  regarding  behavior  at  the  interfaces  of  inorganic-

polymer hybrids are numerous and apparently disparate; below are a few examples of 

studies that have attempted to better understand the complex and seemingly contradictory 

nature of hybrid interfaces, as well as reported examples of systems employing inactive 

or inactive inorganic fillers.

1.10.5.2.12.1 Interplay between thermal behavior and conductivity

In the work reported by Choi and coworkers,  [643] the following claims were 

examined:  inert  fillers  enhance  amorphous  phase  formation;  and  conductivity  path 

extends along the polymer-ceramic grain boundaries (i.e. interface). To examine these 

claims, several inert fillers were employed, as were different particle sizes, ranging from 

10 nm to 10 μm, all dispersed in a PEO matrix. Curiously, they found that the fillers acted 

as  nucleation  centers  in  PEO,  thus  actually  enhancing  crystallinity  (observed  as  an 

increase in ΔHm and consequent increase in volume fraction of the crystalline phase). The 

addition of inorganic fillers, however, also caused a drop in Tg, which implies an increase 

in  flexibility  of  the  amorphous  phase,  which  did  afford  an  enhancement  in  RT 

conductivity, as well as a lowering of the Tm of the sample. Despite these encouraging 

results,  they did not  find any composite  with outstanding conductivity  (with the best 

142



system having was less than a 1 order of magnitude improvement compared to PEO), nor 

did  they  find  any  case  where  ceramic-polymer  grain  boundary  contributed  in  an 

appreciable manner to Li+ conduction. While these results were interesting, they were 

limited to one %wt composition (10%), and did not compare the effect of inert fillers to 

that of active fillers. A second study, by Fan and coworkers, [596] afforded similar results 

with a PEO matrix, with fillers acting as nucleation sites, though the observed behavior 

for Tg was different, with a gradual increase in value as the amount of filler increased. 

These findings suggest again the potential benefit of employing a completely amorphous 

polymer matrix.

A more recent study by Li and coworkers [618] sought to identify the positive and 

adverse effects that nanofiller addition could have on hybrid electrolytes, by making use 

of free volume theory. [323,330] These contributions can be enumerated as: 

a) Positive effect 1: ion concentration from salt

b) Positive effect 2: lattice energy of the salt

c)  Positive  effect  3:  properties  of  nanofillers  (i.e.  dielectric  constant  and  surface 

coating)

d) Positive effect 4: free volume fraction (with sufficient filler causing a percolating 

network)

e) Adverse effect 1: blocking or tortuosity (nanofillers can cause ions to deviate from 

straight-line paths)

f) Adverse effect 2: nanofiller aggregation (leading to lower surface areas, worse at 

high %wt)
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g) Adverse effect 3: ion trapping and pairing at the hands of "nanofiller cages"

h) Adverse effect 4: polymer chain confinement and constriction (especially with too 

many anchoring nanofillelrs)

The more prominent effects are summarized in FIGURE 1.10.5.2.

      

FIGURE 1.10.5.2: Cartoons of nanofillers’ effect on polymer matrix. Left: examples of positive effects promoted by 
nanofiller addition; right: examples of adverse effects caused by nanofiller addition. Reproduced with permission from 

[618]. Copyright 2013, AIP Publishing.

As can be seen, more recent works such as the above one show progress in our 

understanding  of  polymer-inorganic  hybrids  but  also  are  a  reminder  of  the  complex 

behavior of these systems. The following paragraphs briefly describe some of the more 

well-known hybrid systems, and how they have contributed to shedding additional light 

on the complexities of hybrids.

1.10.5.2.12.2 Polymer with inert inorganic filler: Al2O3

A common inert filler in many studies has been Al2O3; given the availability of 

acidic, basic and neutral alumina, Jayathilaka and coworkers  [631] sought to study the 

role of Lewis acidic and basic groups in hybrids making use of this filler, with PEO as the 

matrix.  In  the  case  of  acidic  Al2O3 (which  is  such due  to  surface  OH groups),  they 

144



reported OH-anion interactions that were transient in nature, much like the interactions 

between  PEO  and  Li+.  Due  to  these  transient  interactions,  anions  are  expected  to 

experience a greater mobility, while PEO is expected to remain mostly unaffected, as 

suggested by their  dielectric measurements and DSC results,  respectively.  In the case 

instead of basic Al2O3 (which is such due to surface oxygen groups), cations are expected 

to have a greater affinity for these basic groups, leading to transient bonding between 

Al2O3 and Li+, creating additional pathways and increased mobility for the cations, as 

confirmed by dielectric measurements. Lastly, in the case of neutral alumina (where there 

are  approximately equal  amounts of  acidic  and basic  groups),  the surface groups are 

expected to promote greater mobility of both anions and cations. Conductivity results are 

summarized in FIGURE 1.10.5.3.

FIGURE 1.10.5.3: Effect of pH of Al2O3 surface groups on conductivity. Reproduced with permission from [631]. 
Copyright 2002, Elsevier Ltd.

A  complementary  research  work,  done  by  Dissanayake  and  coworkers, 

[644] sought to systematically investigate the effect of Al2O3 filler size (10 nm – 10 μm) 

and composition (0 – 25 %wt) on conductivity in PEO-based systems. Their work found 
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that  conductivity  underwent  multiple  maxima  and  minima  over  the  course  of  filler 

content increase, as exemplified in FIGURE 1.10.5.4.

FIGURE 1.10.5.4: Effect of Al2O3 filler (37 nm) amount on conductivity. Reproduced with permission from [644]. 
Copyright 2003, Elsevier Ltd.

Their explanation of these rises and drops in conductivity can be listed as follows:

– As the % wt of the filler initially increases, it creates additional high conductivity 

pathways, and this is true as long as the grains are well separated

– However, at higher % wt, Al2O3 has a blocking effect, and polymer chains are more 

immobilized; as a result, the conductivity drops

– Subsequently though, as % wt Al2O3 continues to increase, grains start to touch, and 

high conductivity pathways become interconnected, and thus the conductivity goes up 

a second time

–  Finally,  when  %  wt  Al2O3 is  very  high,  the  blocking  effect  takes  over  and 

overwhelms the system, causing a second drop in conductivity

It should be noted that larger particle sizes (e.g. ~100 μm) these multiple peaks 

and  valleys  were  not  observed,  suggesting  that  these  observations  hold  true  under  a 

limited set of circumstances. Furthermore, if higher loadings are feasible, the issue of the 
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material’s  brittleness  at  these  values  could  pose  an  issue  during  manufacturing  and 

adhesion to the other cell components in a battery.

1.10.5.2.12.3 Polymer with inert inorganic filler: surface modified SiO2

The  use  of  SiO2 as  an  inert  filler  has  also  been  heavily  researched, 

[76,451] though this has usually been with unmodified fillers. Compared to neat SiO2, 

surface  modified  SiO2 stands  to  offer  several  benefits;  work  by  Fan  and  coworkers 

[596] made use of silica functionalized with amine-terminated silanes which were then 

dispersed  into  PEO.  The  resulting  hybrid  offered  superior  tensile  strength  and  an 

improvement  of  conductivity  of  1  order  of  magnitude,  compared  to  the  unmodified 

hybrid, which the researchers attributed to good dispersion of the surface modified SiO2. 

Aspects that remained unclear about this work though include the observed nucleating 

effect of both types of SiO2 filler, which the researchers claimed was overcome in the 

case of the modified filler, thanks to effective medium theory (see above). Lastly, another 

issue of these surface modified systems is that the 1 order of magnitude improvement in 

conductivity disappears when the sample is measured above its Tg (~ -30 °C), suggesting 

that the effect is only useful at temperatures usually outside normal values for typical 

applications.  In spite of this, this  work suggests that surface modification might be a 

promising route, and additional works making use of other surface functionalized inert 

fillers seem to point in the same direction. [611,627,645]
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1.10.5.2.12.4 Polymer with active inorganic filler

Much like with inert fillers, studies have been performed on active fillers. One 

such study was performed by Wang and coworkers,  [614] who examined the effect of 

various amounts (0 – 40 %wt) of LATP on a PEO system. Unlike inert fillers, the thermal 

behavior observed for these systems was not straightforward, with an initial increase in Tg 

followed by a subsequent drop, along with a concomitant disappearance of Tm followed 

by a reappearance and gradual increase in crystalline fraction. Although an explanation 

for this complex behavior was not offered (and might be complicated by the fact that the 

filler had a bimodal particle size distribution), the researchers attributed this to the fact 

that LATP is an active filler, unlike the majority of studies which employ inert fillers; 

they also suggested that this might be a fundamental reason for the major differences they 

observed in their work compared to others.

In  general,  the  use  of  NASICON  fillers  has  enjoyed  a  certain  amount  of 

popularity, with the most used examples being LATP and LAGP,  [127,595,646] though 

other active fillers have included garnets such as LLZO, [647–650] and sulfides such as 

LGPS, [124] LPS [651] and LBS [652] Given the risk of aggregation mentioned above, 

work  has  been  done  to  avert  this  with  materials  such  as  electrospun  perovskites, 

[598] and 3D hydrogels. [594]

Other  polymer-inorganic  hybrids  include  the  use  of  oxysulfides  with  different 

molecular  weights  of  PEO,  [653] polyolefin  separators  infused  with  a  LAGP-

methacrylate hybrid, [79] and one particle thick membranes (OPTMs) of NASICON and 

a non-conducting polymer [605]
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1.10.5.2.13 Limitations of current polymer-inorganic systems

While  there  are  encouraging  results  regarding  the  feasibility  of  true  polymer-

inorganic  hybrids,  i.e.  incorporating  a  lithium-conducting  inorganic  electrolyte,  these 

systems still  have a lot  of room for improvement.  A common issue that most reports 

suffer  from  is  poor  interfacial  contact,  in  the  case  when  electrochemical  testing  is 

performed, and almost inevitably a layer of liquid electrolyte is required between the 

hybrid  and  electrode  to  ensure  adequate  performance.  [79,268,603,605] This  is  a 

testament  to  the  long  road  that  still  awaits  current  hybrid  electrolyte  research.  The 

remaining paragraphs will  briefly  describe the other  times of hybrids  currently being 

researched.

1.10.5.3 Inorganic-liquid hybrids

Inorganic-liquid hybrid electrolytes are also sometimes referred to as quasi-solid 

electrolytes.  While  the  inorganic component  can  predictably be inert  [654] or  active, 

[105,655,656] more exotic approaches such as tethering anions, [145,657] ionic liquids, 

[658–660] oligomers,  [661] as  well  as  wax-based  emulsions,  [122] have  also  been 

explored.  Special  attention needs  to  be given to  ensure that  the two components  are 

chemically stable upon contact. [268,655,656,662]

For inorganic liquid hybrids, conductivity is usually intermediate to that of the 

parent materials, since there is a tortuous path available to ions through the liquid phase. 

This points out how there are usually very slow solid-liquid interfacial transfer kinetics, 

[663] making  it  is  easier  for  Li+ to  travel  through  the  tortuous  paths.  The  biggest 
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drawback of this family of hybrids is that the liquid component compromises the thermal 

stability and safety of the resulting electrochemical system. [655]

1.10.5.4 Polymer-polymer hybrids

Polymer-polymer hybrids are usually not explored as a hybrid electrolyte, though 

polymer  blends  are  sought  typically  in  the  case  of  gel  polymer  electrolytes  (see 

SECTION 1.10.3.7).

1.10.5.5 Polymer-liquid hybrids

Polymer-liquid  hybrids  are  more  commonly  referred  to  as  gel  polymer 

electrolytes (GPEs), and have already been covered in SECTION 1.10.3.7. It is worth 

noting however that, given the aforementioned contact issue that many polymer-inorganic 

hybrids suffer from in electrochemical testing, the use of a liquid component, not just as a 

layer, but as an integral component, has also been investigated. Although these systems 

will not be covered in this work, additional reading can be found at references [266–268]. 

These  ternary  hybrid  systems  offer  better  performance  over  traditional  separators, 

[267] though they tend to suffer from the same issues that  GPEs do, namely limited 

mechanical properties and the inability to prevent dendrite growth, as well as the risk of 

fire associated with the usually flammable liquid component.
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1.10.5.6 Outlook on hybrid electrolytes

Historically, researchers have focused on conductivity,  for what concerns solid 

electrolytes,  whether  they  are  polymeric,  [149,606,623] inorganic,  [54,55,97] or  a 

combination  of  both.  [76,232] Focusing  only  on  a  material's  conductivity  leaves 

unanswered  questions  pertaining  to  the  material's  performance  in  a  complete  cell. 

Furthermore, the conductivity measured in a symmetrical SS/SS cell,  as opposed to a 

symmetrical  Li/Li,  or  cathode/cathode  one,  will  all  afford  different  profiles, 

[46,588] chiefly  due  to  the  interfacial  component  of  the  conductivity.  Additionally, 

studying the behavior of the electrolyte under conditions reminiscent of a complete cell 

implies  encountering  interfacial  reactions,  the  most  well-known  type  being  those 

occurring in the presence of lithium metal.  [26,28] These interfacial  reactions are not 

unique to the anode-electrolyte interface, and take place when the electrolyte is placed in 

contact  with  cathode  materials;  [32] this  is  especially  the  case  when  the  cathode's 

working voltage is above the electrochemical stability window (ESW) of the electrolyte, 

[26] or when the cathode and electrolyte are chemically incompatibile, as can be the case 

when combining oxide cathodes and suflide electrolytes. [98,664]

As can be seen,  interfacial  properties are critical  to battery operation,  not just 

from a chemical compatibility standpoint, but also from an electrochemical standpoint as 

well.  The  issue  of  making  a  better  interface  belongs  to  a  larger  problem:  that  of 

integrating high-perfomance components together, which harkens back to the challenge 

that Li batteries faced in the first place, when attempting to employ and integrate diverse 

materials in the same device, but with different components in contact with each other. 
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[3] In the context of hybrid electrolyte-based battery systems, integrating components 

together  would  signify  moving  from  fundamental  research  to  mature  technology. 

Currently (excluding gel polymer electrolytes), there are no large-scale,  commercially 

successful,  all-solid-state  Lithium  batteries  employing  a  hybrid  electrolyte.  [665] In 

subsequent sections, important aspects of interfacial properties will be covered.

1.10.6 Cocrystals

The earliest example of a cocrystal is that of quinhydrone, reported in 1844 by 

Wöhler, [666] later confirmed by Ling and coworkers to be a "molecular compound" with 

the composition 1:1 hydroquinone ("quinol"):quinone.  [667] Today, cocrystals are most 

often cited in connection with formulations of active pharmaceutical ingredients (APIs), 

since their use can enhance physicochemical and biopharmaceutical properties of APIs. 

[668] This is especially useful in the case of drugs with good pharmacological activity 

and  poor  bioavailability,  an  issue  usually  stemming  from  poor  water  solubility 

[669,670] or  the  tendency of  the  API  to  crystallize  over  time (though in this  case  a 

coamorphous material with long shelf-life, rather than a cocrystalline material, is sought 

[671]).  Another  beneficial  use of cocrystals  is  the stabilization of  otherwise sensitive 

energetic materials, as well as the improvement of energy content and density of these 

materials. [672,673]
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1.10.6.1 Definitions of cocrystals

Both  the  pharmaceutical  research  community  and  the  scientific  research 

community at large recognize that cocrystals are a distinct class of materials, describable 

as multicomponent crystalline materials, [668] as depicted in FIGURE 1.10.6.1.

FIGURE 1.10.6.1: Representation of different solid-state forms. Reproduced with permission from [674]. Copyright 
2014, Royal Society of Chemistry.

In spite of this, there still  exists some debate about what exactly constitutes a 

cocrystal. For what concerns the field of pharmaceutical research, it has been pointed out 

that there is much confusion, ambiguity and redundancy in terminology, leading to efforts 

to redefine what a cocrystal is. To quote Zhang and co-workers, "a cocrystal is a single-

phase crystalline solid composed of two or multiple components in a stoichiometric ratio, 

and the components of a cocrystal can be atoms, molecules, anions and cations in pairs, 

and/or metallic cations with free electrons shared" (quoted with permission from [675], 

Copyright 2019, American Chemical Society). This framework seeks to draw parallels 

between the common features observed in crystals and cocrystals. In this sense, there are 

chiefly  four  types  of  crystalline  materials,  depending  on  types  of  components  and 
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interactions: atomic crystals (composed of atoms and having covalent bonds), molecular 

crystals (composed of molecules and having Van der Waals interactions), ionic crystals 

(composed  of  an  anion  and  cation,  and  having  ionic  bonds),  and  metallic  crystals 

(composed of metallic ions and free electrons, and having metallic bonds). In addition to 

these four types of crystalline materials, a fifth one can exist, namely mixed-type crystals, 

where  two  or  more  types  of  components  are  present,  and  two  or  multiple  tpes  of 

interactions also exist (e.g. ions and molecules, ionic bonds and ion-dipole interactions). 

Parallel  to  these conventional  types  of crystalline materials,  this  framework sees five 

directly related types of cocrystalline materials, i.e. atomic, molecular, ionic, metallic and 

mixed-type cocrystals. These similarities are tabulated in TABLE 1.10.6.1.

TABLE 1.10.6.1: Summary of analogous properties relating crystals and cocrystals, according to the framework 
proposed by Zhang and co-workers [675].

The  above  table  also  implies  that  cocrystals  can  be  seen  as  a  sub-family  of 

“mixed-type crystals”. Whether or not the above proposed framework will be accepted by 

the research community, is yet to be seen; in the meantime, it offers an intuitive approach 

to  classification  of  crystalline materials.  In  the  context  of  this  work,  the investigated 

materials can be regarded as ionic cocrystals, as represented in FIGURE 1.10.6.2.
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FIGURE 1.10.6.2: Representation of cocrystals where a) is a pharmaceutical cocrystal, with both components being 
organic molecules; b) is an ionic cocrystal, where one component is organic molecule, while the other components are 

ionic species. Taken from [676]. Open Access, CC BY 4.0.

In the above figure, "API" can be replaced with an organic solvent, "metal cation" 

corresponds to Li+, and "metal anion" corresponds to the lithium salt's anion.

1.10.6.2 Methods for preparing cocrystals

The methods for preparing cocrystals are numerous,  [668,676] including simple 

heating, [676] solvent  evaporation,  [677] liquid  assisted  grinding,  [678] slurring 

technique, [679] solid-state or co-grinding, [680,681] using an antisolvent, [682] adding a 

cocrystal former such as DMSO and other sulfoxides, [683–686] as well as intermediate 

form or phase modification (e.g. solution or melt, respectively [668])

1.10.6.3 Cocrystal properties and thermal behavior

The definitive identification of new cocrystalline materials requires at the very 

least an x-ray diffraction (XRD) investigation, by simple powder XRD (PXRD) or single 

crystal  XRD.  The  former  can  provide  qualitative  results,  by  comparing  the  powder 

patterns  of  the  starting components  and the resulting  material;  a  simple  mixture  will 
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afford a diffraction pattern showing both components, while a new material (i.e. cocrystal 

in  this  context)  will  generate  a  distinct  powder  pattern.  [687] It  is  also  possible  to 

investigate intermolecular interactions by way of Fourier transform infrared (FTIR) or 

Raman spectroscopy, though this does not replace the information that XRD data can 

provide. When possible, the isolation of single crystals for XRD measurement is ideal, 

since this provides direct information on the crystal structure of the material.

When  coupled  with  an  XRD technique,  studying  the  thermal  properties  of  a 

cocrystal  can  provide  useful  clues  on  its  formation  process,  as  well  as  on  the  more 

traditional properties examined with thermal analysis, such as melting temperature (Tm) 

and  decomposition  temperature,  which  can  be  determined  with  DSC  and  TGA, 

respectively. For a cocrystal C composed of two crystalline components A and B, both 

with Tm above RT, it is typical to observe intermediate thermal features, which can be as 

simple as a single melting transition (Tm
(A) < Tm

(C) < Tm
(B) [679,687]), or more complex, 

either inheriting features from both parent compounds or having a lower Tm than both 

components. [688] These two types of thermal behavior are shown in FIGURE 1.10.6.3.
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FIGURE 1.10.6.3: DSC curves of cocrystals and their pure components. a) MLX/SLY system (cocrystal with 
intermediate Tm), b) MLX/FUM system (cocrystal with Tm lower than both components). MLX = meloxicam, SLY = 

salicylic acid, FUM = fumaric acid. Reproduced with permission from [688]. Copyright 2019, Springer Nature.

The above description usually holds true for a cocrystal that has been prepared 

prior to measurement; for cocrystals that have been either prepared in situ or quenched, 

this  is  usually  not  applicable.  A typical  case  of  in  situ  formation  of  cocrystals  is 

exemplified by the work of Yamashita and coworkers, [689] who in the case of a physical 

(co-ground) mixture of caffeine and salycilic acid, observed the appearance of multiple 

thermal features during heating. The consecutive appearance of an endothermic feature, 

followed by an exothermic one, finally followed by a second endothermic feature, where 

respectively attributed to the melting of a metastable eutectic, formation of the cocrystal, 

and finally the melting of the cocrystal.  Quenching of a cocrystal  can exhibit  similar 

features,  as  was  found  by  Seefeldt  and  coworkers,  [680] when  performing  in-situ 

thermomicroscopy measurements on melt-quenched cocrystals of carbamazepine (CBZ, 

Tm = 178 °C) and nicotinamide (NCT, Tm = 128 °C) (1:1 CBZ:NCT or CBZ-NCT (I)), 

shown in FIGURE 1.10.6.4.
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FIGURE 1.10.6.4: DSC and hot stage polarized microscopy (HSPM) of the CBZ-NCT system. CBZ = carbamazepine, 
NCT = nicotinamide. Reproduced with permission from [680]. Copyright 2007, Elsevier Ltd.

As can  be  seen  during  heating  of  the  sample,  the  earliest  thermal  feature  is 

crystallization (exo) of single component phases of CBZ and NCT, followed by melting 

(endo) of NCT, dissolution of CBZ and crystallization of CBZ-NCT (I) cocrystal (exo), 

and finally melt (endo) of the CBZ-NCT (I) cocrystal. The above examples suggest that 

while  thermal  data  is  very  insightful  into  the  possible  mechanism  of  formation  of 

cocrystals, their behavior can be quite complex, requiring the aid of additional techniques 

such as XRD, spectroscopies and microscopy.

1.10.6.4 Cocrystals as anode and electrolyte materials

While cocrystals are heavily studied and used in the realm of pharmaceutics, they 

have  also  begun  to  gather  attention  for  energy  storage  and  conversion  applications. 

Examples include lithium battery anode materials, such as cocrystals of fullerenes and 

158



coronenes,  [690] and cocrystals of aromatic molecules;  [691] these have been found to 

offer specific capacities ranging from 115 mAh/g to 330 mAh/g.

The study of cocrystals as battery materials has not been relegated exclusively to 

that of electrode materials. Indeed, cocrystals as lithium and sodium battery electrolyte 

materials have also been explored by the lab of the undersigned, under the direction of 

collaborators. These have included cocrystals of lithium or sodium salts, and high-boiling 

solvents or organic solids.  [692–696] The possible benefits of cocrystals as electrolyte 

materials  are  several,  chiefly low cost  of starting materials,  simplicity of preparation, 

absence of grain boundaries (hypothesized as arising from the presence of a native liquid 

layer), and low-temperature ionic conductivities that are comparable or superior to PEO-

based systems.  [692,693] Issues to address in some cases are limited stability against 

metal anodes, [692,696] and the role of the hyphothesized liquid layer. The present work 

seeks to elucidate some of these aspects in novel cocrystalline systems, developed by Fall 

and coworkers. ([697] - submitted, under revision) alongside the above listed materials. 

1.10.6.5 Cocrystals and plastic crystal electrolytes

Cocrystals are only a small subset of crystalline, organic solid electrolytes. These 

materials are sometimes dubbed "soft" solid electrolytes, owing to their mild mechanical 

properties, compared to those of most crystalline, inorganic materials. An analogous class 

of materials is that of plastic crystals. These can be defined as having translational order 

within the crystal lattice, while also having rotational disorder. [698,699] Plastic crystals 

are  usually  composed  of  "globular",  symmetrical  molecules,  contributing  to  their 
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rotational disorder; such materials tend to have modest melting entropies (usually < 20 J/

K mol,  ⋅ [700,701]).  One of  the earliest  examples  of  ion-conducting plastic  crystals  is 

Li2SO4,  reported  in  1980  by  Aronsson  and  coworkers;  [702] LiS2O4 was  found  to 

experience a phase transition at 575 °C from crystalline to plastic crystal, [700] allowing 

Li+ conduction while maintaining a translationally ordered array of (SO4)2- anions. The 

proposed conduction mechanism has sometimes been referred to as the "revolving door 

mechanism", as shown in FIGURE 1.10.6.5.

FIGURE 1.10.6.5: Proposed “revolving door mechanism” believed to facilitate ion conduction in Li2SO4. Red atoms = 
O, yellow atoms = S, gray atoms = Li. Reproduced with permission from [700]. Copyright 2001, John Wiley and Sons.

The prospect of making a material with immobilized anions and mobile cations is 

appealing, since it this would entail that it is a single-ion conductor, much like in the case 

of conventional inorganic electrolytes. However, the requirement of high temperature for 

Li2SO4 to  be have  appreciable  Li+ conduction  forbids  its  use  in  conventional  battery 

configurations.

A few years after the reports on Li2SO4, in 1986 Cooper and coworkers reported 

successful  Li+ conduction  at  75  °C,  in  a  dual-salt  plastic  crystal  of  composed  of 

tetrafluoroborate anions (BF4
-), quaternary ammonia ions and Li+ ions. [703] Cooper, as 

well as others, have advocated for the use of room temperature ion-conducting plastic 

crystals.  Indeed,  their  single  ion  conduction  nature  could  enable  replacing  traditional 
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dual-ion  conducting  polymer  electrolytes,  while  being  soft  solid  electrolytes,  thus 

offering superior electrode-electrolyte interfacial properties when compared to inorganic 

electrolytes.  Moreover,  the  hypothetical  single  ion  conductivity  would  endow  such 

materials with good ion selectivity, both for Li+ and other cations, such as H+ (making 

them useful for fuel cell applications [704]). 

More  recently,  the  succinonitrile  (SN)  system  has  been  proposed,  being  first 

reported  in  2003 by Long  and  coworkers,  [705] and functioning  as  a  plastic  crystal 

electrolyte material when doped with LiTFSI. Since then, it has attracted the attention of 

several researchers, being investigated both as an electrolyte material [706,707] as well as 

a component of dye-sensitized solar cells (DSSCs). [708,709] Some have gone so far as 

to call it a "universal matrix" for solid electrolytes, [710] owing to SN's ability to dissolve 

a large variety of lithium salts. However, this claim has its limitations: for example LiPF6, 

normally offering good conductivities in conventional carbonate solvents, suffers from 

poor ionic conductivities when dissolved in SN. [710] This suggests that more complex 

behaviors might be at play in highly symmetrical molecules such as this alkane dinitrile. 

Furthermore, unlike cocrystals, plastic crystals rely on doping, as opposed to a defined 

stoichiometry, and are confined to systems composed of relatively globular molecules, 

restricting the term’s applicability to a relatively narrow set of compounds.

1.10.6.6 Other soft solid electrolytes

Efforts  to  develop  ion  conducting  soft  solids  with  good  ion  selectivity  and 

mobility has generated a host of other materials that defy traditional classification; the 
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following  are  some  notable  examples.  One  such  material  is  the  system  reported  by 

Moriya  and  coworkers;  [711] while  not  reported  as  a  cocrystal,  XRD  results 

demonstrated supramolecular assemblies of LiTFSI and a novel Li borate salt, forming 

2:1 LiTFSI:LiBorate unit cells and 1D Li+ channels. Another well-known example is that 

of the 6:1 PEO:LiAsF6 complex, reported by Bruce and coworkers, [712] where low MW 

PEO is found to coordinate Li+ in a helical configuration. Closely related are the glyme 

analogs, 1:1 G4:LiAsF6, 1:1 G3 LiAsF6 and 1:1 G3:LiX systems. [713,714] The ability of 

these  systems  to  efficiently  coordinate  Li+ suggests  increased  performance  and 

electrochemical stability compared to traditional materials, leaving open the possibility 

that cocrystals  and other multicomponent systems might play a role in future battery 

materials.

1.10.7 Future electrolyte materials

The above sections have given a quick overview of some of the better-known 

electrolyte  families.  Although  the  push  is  towards  all-solid-state,  there  are  other, 

unconventional systems currently being explored, in hopes of pushing the envelope of 

our understanding. The most well-known unconventional ones include superconcentrated 

electrolytes (aqueous, non aqueous and polymer), exotic solvents such as DMSO, hybrid 

aqueous and non aqueous systems, liquefied gases and ices, among others. An excellent 

review on these materials can be found at reference [715].
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1.11 Interfaces

The safety issues associated with liquid electrolyte lithium batteries have directed 

the research community's attention towards solid electrolytes, which are chiefly polymer 

(organic) based and ceramic (inorganic) based. The hope has been that these materials 

would  overcome  the  limitations  of  liquid-containing  batteries,  while  not  having  any 

additional disadvantages. Unfortunately, this has not been the case, as solid electrolytes 

bring their own set off issues to the table. In order to better grasp how materials affect a 

battery’s  performance  (and vice  versa,  how they are  affected  by  being a  part  of  the 

battery), it is helpful to think of “stability issues” as a family of battery-related issues that  

can be classified as chemical, electrochemical, mechanical and thermal;  [81] these are 

summarized in FIGURE 1.11.1.

FIGURE 1.11.1: Overview of stability issues in all solid state batteries (ASSBs). Reproduced with permission from 
[81]. Copyright 2020, American Chemical Society.

As shown in the figure above,  thermal issues are  a subset  of general  stability 

issues; on the other hand, interfacial issues do not fit nicely into one category, affecting 
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multiple ones (chemical and mechanical stability). While replacing a liquid electrolyte 

with a solid one is able in principle to address unwanted thermal events (i.e. thermal 

stability),  it  brings several  other  challenges to  the table,  which cannot  be ignored.  If 

historically the biggest challenge for solid electrolytes was conductivity, the development 

in recent years of solid electrolytes with high RT conductivities has caused a significant 

shift in research, with the most critical issue in ASS-LiBs no longer being electrolyte 

conductivity,  but  interfacial  issues,  show  up  in  different  and  complex  ways. 

[466] Ironically, these newer materials, intended to address the issues of conventional 

liquid  electrolytes,  have  been  plagued  by  ones  in  some  ways  reminiscent  of  those 

afflicting liquid electrolytes. Indeed, while the specific problems of each electrolyte class 

are unique, a struggle common to conventional and novel materials is that of interfacial 

phenomena, most  notably unwanted reactions.  [38,180] Thus,  there has been a  major 

push  to  study  interfacial  phenomena  in  both  traditional  and  new,  solid-state  battery 

systems.  It  has  been  argued  that  the  electrode-electrolyte  interface  is  decisive  in 

determining  successful  or  unsuccessful  battery  systems,  both  for  liquid  electrolytes, 

[38] and especially for solid electrolytes, [46] whether polymer, [716,717] ceramic, [718–

720] or hybrid. [15] FIGURE 1.11.2 depicts the interfaces usually present in a solid-state 

battery.
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FIGURE 1.11.2: Chief types of interfacial phenomena in solid-state batteries. Reproduced with permission from [466]. 
Copyright 2020, American Chemical Society.

Part  of  the challenge with interfaces  is  the shear  variety of  types  that  can be 

encountered in a solid system, and how each one behaves in a unique manner, such that a 

“one size fits all” strategy is very difficult to achieve; this is also part of the reason why 

interfacial  phenomena do not  fit  nicely  into  one category  of  stability  issues.  For  the 

purposes of this work, only a small selection of the types of interfaces and their problems 

will  be  covered,  both  due  to  their  pertinence,  as  well  as  to  their  familiarity  and 

significance within battery research. The chief types of interfaces in systems using solid 

electrolytes are essentially three:

1) Anode-electrolyte [721]

2) Electrolyte-electrolyte [722]

3) Cathode-electrolyte [723]

1.11.1 Interphase

An  example  of  how  interfaces  already  impact  existing  commercial  battery 

systems is the recognized importance of a good Solid Electrolyte Interphase (SEI). This 
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interphase (i.e. phase residing at the iterface between two distinct phases) usually forms 

through decomposition reactions of the electrolyte when it comes into contact with the 

electrode surface, resulting in an insoluble film. As previously explained, spontaneous 

electron transfers take place when there is a difference in chemical potentials, along with 

an orbital or band that can accommodate the transfer. The reason for the formation of SEI 

stems from the extremely negative redox potential of Li metal; in principle, a material 

placed in contact with it will react until it  is completely consumed. However, when a 

favorable SEI is initially formed, it can serve to shield the electrolyte from this extreme 

chemical potential,  in effect extending the ESW of the material,  enabling its use in a 

given electrochemical system. An example of this is shown in FIGURE 1.11.1.1.

FIGURE 1.11.1.1: Example of beneficial role of SEI extending ESW of an electrolyte. Reproduced with permission 
from [30]. Copyright 2015, American Chemical Society. [Direct link: https://pubs.acs.org/doi/10.1021/acsami.5b07517; 

further permissions related to the material excerpted should be directed to the American Chemical Society]
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The SEI plays a major role in the performance parameters of the battery system in 

question, including power capability and cycle life. New battery systems that wish to be 

commercially viable must allow for repeatable lithiation reactions at the electrodes. Part 

of  achieving  this  goal  requires  understanding  how  a  stable  SEI  is  formed,  what  its 

composition is, and what are its mechanisms of formation; indeed, the SEI layer controls 

passivation,  stability  and  impedance  of  an  electrode,  and  in  the  case  of  an 

unstable/unsuitable SEI, it can render a promising electrode material or cell technology 

utterly useless and non-viable. [180]

Physical contact of the electrolyte with the electrode (anode or cathode) usually 

causes the formation of an intermediate phase, referred to as the interphase.  [38] In the 

case  of  the  lithium  or  graphite  anode,  this  is  usually  termed  the  solid  electrolyte 

interphase (SEI), and is a term traditionally reserved for liquid electrolytes, [31] though it 

is often used for solid electrolytes as well. The SEI is double edged sword: while a stable 

SEI protects electrolyte and electrode from undesired reactions, it also has the unwanted 

effect of limiting the kinetics of ion transport process. Another issue is that the formation 

of SEI at the Li-electrolyte interface requires that a part of Li0 react with the electrolyte, 

causing an irreversible loss of capacity due to reacted Li that is taken up in the SEI.  

[165] An additional issue tied to SEI formation is the consumption of electrolyte, which 

in the case where it is unstable, can lead to drying up of the cell and large overpotentials. 

[526,724] Furthermore,  SEI  formation  is  responsible  for  the  uncharacteristically  high 

discharge capacities observed in most works.  [165] Typically, the interphase that arises 

from spontaneous decomposition upon contact of two incompatible materials can be as 
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thick as 50 nm or more; [725–727] despite being very thin, the interphase's formation and 

properties can greatly impact the resulting interface's properties. [74]

1.11.2 Types of interphase

Clearly, the formation of an interphase from electrolyte decomposition is far from 

ideal; however, since it is essentially inevitable in the case of Li metal, there are qualities 

that  denote  a  stable  interphase.  Ideally,  the  SEI  should  be  chemically  and 

electrochemically  stable  (i.e.  not  continuously  growing),  and  Li+ conducting  but 

electronically  insulating  (since  the  latter  would  permit  electron  transfers  with  the 

electrolyte, perpetuating decomposition).  [728–730] The chief types of interphases that 

form when an electrolyte is placed in contact with lithium metal are shown in FIGURE 

1.11.2.1.

FIGURE 1.11.2.1: Types of inorganic electrolyte-lithium interfaces (gray = lithium metal, yellow = electrolyte, black = 
SEI). a) Example of thermodynamically stable interface; b) example of thermodynamically unstable, kinetically stable 

interface (ionically conducting, electronically insulating); c) example of thermodynamically unstable, kinetically 
unstable interface (MIEC). Reproduced with permission from [466]. Copyright 2020, American Chemical Society.

As can be seen, the SEI is one of three different types of outcomes that arise from 

contact  of  electrode  and  electrolyte.  The  ideal  case  would  be  the  lack  of  any  side 

reactions, thanks to the thermodynamic stability of both phases, though most of these 
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materials tend to be poor conductors (e.g. LiF). The ideal SEI can be seen as a type of 

kinetically stabilized interphase, where further decomposition would ensue, except that 

the rate of reaction between the electrode and interphase occurs on a timescale that is 

much longer than that of the system’s application lifetime. Lastly, there is the case of 

thermodynamically and kinetically unstable interphases, where there is a mixed ionic-

electronic conducting  (MIEC) interphase.  These  will  be discussed later  in  relation  to 

specific types of interfaces.

Besides the interphase that forms on the lithium metal anode, there is that which 

forms on the cathode. An analogous term is used for describing the region of contact 

between  electrolytes  and  cathodes,  termed  cathode  electrolyte  interphase  (CEI), 

[32] though this interface has not received the widespread attention that the SEI has. For 

simplicity, this section will use the term SEI to refer to both types of interphases, unless 

otherwise specified. The ability of an electrolyte to form a passivating layer on a cathode 

material can be analogous to that for the anode. [731] Electrolytes experience reductive 

(cathodic) decomposition in contact with the lithium anode, and their stability can be 

discussed  in  terms  of  cathodic  stability;  conversely,  the  same electrolytes  experience 

oxidative (anodic) decomposition in contact with cathode materials, and in this case their 

stability  can  be  discussed  in  terms  of  anodic  stability.  Typically,  anodic  stability  of 

electrolyte materials can be ranked according to their chemical makeup. For example, 

ethers (both solvents and polymers) are typically the least stable (being oxidized even 

below  4V vs  Li/Li+ [732]);  these  are  followed  by  esters  and  alkyl  carbonates  (both 

solvents  and  gels  incorporating  these  solvents),  which  have  an  intermediate  stability 
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(usually  resisting  oxidation  till  4.5-5V  vs  Li/Li+ [32]);  lastly,  ionic  liquids  (e.g. 

imidazolium- and pyrrolidinium-based salts)  exhibit  the highest  anodic stability  (even 

greater than 5V vs Li/Li+ [733]). While the latter would make for a promising liquid 

electrolyte,  elevated  cost  and  intrinsic  properties,  including  high  viscosity,  have 

continued  to  call  into  question  the  applicability  of  ionic  liquid  electrolytes. 

[32,250] Another factor to take into consideration when placing electrolytes into contact 

with  cathode  materials  is  the  unwanted  dissolution  of  transition  metal  ions  from the 

cathode active material;  [211] this is particularly a problem for electrolytes containing 

acidic species (e.g. PF6
-). Studies of the CEI's chemical composition show that they can 

contain transition metal (TM) oxides, TM fluorides, TM carbonates and alkyl carbonates, 

as  well  as  species  also  found  with  the  SEI,  such  as  LiF,  Li2CO3,  and  lithium alkyl 

carbonates. [734,735]

1.11.3 Interphase characterization

Characterization of the interphase is essential,  particularly when one wishes to 

reconstruct  the  mechanism  of  its  formation.  Challenges  associated  with  its 

characterization are multiple:  [74,165] it is sensitive to moisture and air, is of a buried 

nature, and has a very limited thickness (which makes it very difficult to obtain reliable 

results,  especially  if  the  technique  can  damage  the  already  thin  layer).  Usually,  the 

stability  of  solid  electrolytes  is  examined  in  a  phenomelogical  manner,  using 

electrchemical  techniques  such  as  cyclic  voltammetry  (CV)  and  electrochemical 

impedence spectroscopy (EIS); while they allow one to gather in-situ information about 
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the  nascent  interphase,  they  cannot  afford  chemical  knowledge  of  the  interphase. 

[533,562,736] Given the difficulty in accessing the interphase and its limited thickness, 

the  method of  choice  is  X-ray photoelectron  spectroscopy (XPS),  thanks  to  its  great 

sensitivity to surface properties. [165]

While the requirements for a good SEI are clear, understanding of its formation 

mechanism, composition and structure are not clear, and continue to elude the research 

community.  [38] In  spite  of  this  tantalizing  reality,  empirical  qualitative  models  and 

principles exist, and newer powerful analytical techniques, such as cryogenic focused ion 

beam-scanning electron micrsocopy (cryo-FIB-SEM) hint at shedding some new insights. 

[134] Some of the relevant highlights of these findings will be briefly described in the 

following sections.

The following sections cover some of the more notable types of interfaces and 

their properties. Lastly, since the shift in attention from conductivity to interfaces has also 

seen the birth of several focused works, a number of reviews have also recently been 

written,  covering  nearly  all  aspects  of  interfaces  in  solid  electrolytes  and  solid  state 

batteries; additional reading can be found at references [72,237,238,466,737].

1.11.4 Similarities between solid and liquid interfaces

Given lithium's very negative standard redox potential (-3.06 V vs SHE [738]), 

essentially all current electrolyte materials, both solid and liquid, experience reductive 

decomposition when placed in contact with lithium metal. Similar to the ability of liquid 

electrolytes to form a solid electrolyte interphase (SEI),  [30,465,723] solid electrolytes 
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can  also  form  an  SEI,  [31,452,533] a  phenomenon  found  to  be  true  for  polymer 

electrolytes as well. [165] Furthermore, in some cases, growth kinetics of the interphase 

in  solid  electrolytes  can  be  similar  to  those  of  liquid  eletrolytes.  [246] While 

decomposition  of  the  eletrolyte  is  an  undesired  phenomenon,  it  can  be  a  blessing in 

disguise,  since  its  decomposition  products  can  be  thermodynamically  or  kinetically 

stable,  essentially  mitigating  the  potential  experienced  by  the  electrolyte,  in  effect 

shielding it, as mentioned earlier. [30]

Appropriate experimental setups for investigating interphases of solid electrolytes 

have  been  devised,  such  as  attenuated  total  reflection  Fourier  transform  infrared 

spectroscopy  (ATR-FTIR)  [739,740] and  X-ray  photoelectron  spectroscopy  (XPS), 

[741] which have both helped reveal that decomposition behavior in solid electrolytes 

shares some characteristics with liquid electrolytes. In the case of polymer electrolytes, 

much like with liquid electrolytes, SEI composition was found to be heavily dependent 

on  the  lithium  salt  dissolved  in  the  polymer  matrix,  with  the  additional  effect  of 

determining SEI morphology (e.g. LiTFSI generating a thinner and more compact layer, 

as opposed to LiBF4 producing a thicker and more porous layer  [741]). The causes for 

anion decomposition, and the role of anion decomposition on the SEI’s make-up, has 

been the subject of some debate, as exemplified by the TFSI- anion. It has been found that 

TFSI- can experience decomposition when in contact with lithium metal,  [742] both in 

liquid and polymeric systems, [165] according to the proposed reaction: [743]

LiN (SO2CF3)2 + n e-
+ nLi+ ⟶

⟶ a Li3 N + b LiF + c Li2S + d Li2SO3 + e S z + f C 2 Fx Li y

 (1.11.4.1)
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It  has  been argued though that  the presence of  trace amounts  of  water  might 

facilitate the decomposition reaction, though for polymers like PEO the type of anode 

also  seems  to  matter,  with  graphite  anodes  causing  a  greater  extent  of  TFSI - 

decomposition  compared to  Li0;  this  could  be due to  the  presence  of  site  defects  on 

graphite, which are not present on lithium metal. [165]

1.11.5 Issues unique to solid electrolytes

While there are commonalities between solid electrolytes and liquid electrolytes, 

there are also differences, stemming from intrinsic properties of solids in particular. The 

following paragraphs describe interfacial issues that are unique to solid electrolytes, or 

that are present exclusively in solids;  these are then followed by a description of the 

major differences that exist between solid and liquid electrolytes when placed in contact 

with lithium metal.

Factors that affect interfacial behavior in solid electrolytes are contact area, pore 

distribution, phase structure and interfacial potential behavior. In general, the interface 

suffers  from low ionic  conductivity  and low interfacial  flux,  with  the  chief  types  of 

interfaces being two, namely grain boundaries (internal interfaces within the material) 

and phases  (external  interfaces,  between battery  components).  Examples  of  the  latter 

include electrode-electrolyte, electrode-binder, etc. [72]

As mentioned previously,  interfacial  resistance  in  solids  is  one of  the  biggest 

challenges for solid state batteries.  [229] The presence and amount of charge transfer 

resistance can be measured, and is an indirect indicator of passivation phenomenon, as 
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well as of interfacial stability; [245] aside from qualitative considerations, it is possible to 

estimate interphase thicknesses in solid electrolytes, using this  interfacial  resistance – 

though it is dependent on informed assumptions, such as the majoritary component of the 

interphase. [246]

1.11.6 Differences between solid and liquid interfaces

 There are well-established models and theories for explaining and quantifying 

electrochemical reactions at solid/liquid interfaces (e.g. Butler-Volmer equation, Marcus 

theory, adatom-reaction model, etc). This is not the case for electrochemical reactions at 

solid-solid  interfaces,  where  there  is  ambiguity  due  to  complex  side  reactions, 

morphology  at  the  interface(s)  of  2  solid  phases,  chemical  potential  profile  of  the 

interfaces, as well the issues discussed above. [742] Furthermore, while a lot of effort has 

been devoted to developing solid polymer electrolytes [96,149] and electrodes, [25] all-

solid  state  Li  polymer  batteries  are  still  a  relatively  novel  field  of  research.  [744–

752] Another major issue, already hinted above, is contact loss of the solid electrolyte 

with the electrode surfaces, exacerbated by interfacial decomposition reactions. [165]

Another  notorious  issue  in  solid  electrolytes  is  grain  boundary  resistance, 

[72] since inorganic materials  with low bulk resistance often also show a high grain 

boundary resistance, which increases with sample thickness (while bulk resistance tends 

to remain low). [588] This is one of the issues that has plagued solid state research, and 

an issue that liquid electrolytes in effect do not suffer from, thanks to their ability to  

permeate  a  material  (such  as  the  particles  of  cathode  active  material  on  a  positive 
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electrode), and fill any voids that can form during cycling. An example of this is shown in 

FIGURE 1.11.6.1.

FIGURE 1.11.6.1: Depiction of cathode-electrolyte interface in the presence of a) liquid electrolyte, b) solid polymer 
electrolyte, c) sulfide inorganic electrolyte, d) oxide inorganic electrolyte. Taken from [737]. Open Access 2018, CC 

BY 4.0.

In  the  figure  above,  liquid  electrolytes  are  able  to  fill  voids  during  cathode 

pulverization, something that solids are not able to do.  [753,754] It can be inferred that 

this type of issue affects not only the cathode-electrolyte interface, but also other regions 

of  the  battery  as  well.  Another  issue,  mentioned  earlier,  is  the  general  difficulty  in 

characterizing the SEI;  this  is  especially  difficult  in the case of  solid  electrolytes,  as 

exemplified by PEO-based polymer electrolytes. On the one hand, good adhesion to the 

electrode  requires  a  high  temperature  (~60  °C)  conditioning  step  in  order  for  the 

semicrystalline  phase  to  melt  and  adhere,  in  order  to  achieve  better  contact. 

[87,165,742] On the other  hand though,  this  prevents  direct  access  to  the interphase, 

forcing researchers to choose between sufficient adhesion and the ability to perform post-

mortem analyses.  [165] This also caused initial reports on interfacial behavior to infer 

their  knowledge  from  electrochemical  impedance  spectroscopy  (EIS)  measurements. 

[755] The chief drawback of this approach is that these results are representative of the 
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overall state of the polymer-electrode interface. [38] Moving from a general picture of the 

whole interface to a more detailed one has required the development of ad-hoc solutions 

to allow access to the solid-solid interface (though limitations still exist as just shown). 

Lastly, an issue that polymer electrolytes have to contend with is the risk of trapping 

moisture even after vacuum drying of the sample. [165]

1.11.7 Liquid electrolyte-electrode interfaces

Initial  models  of  the  SEI  in  liquid  electrolytes  tended  to  subdivide  it  into  2 

regions,  one in direct contact with the anode and the other in direct contact with the 

electrolyte, with the former having a thin, compact structure and the latter having a thick, 

porous one. [756] Subsequently this model was updated after additional research efforts, 

which lead to the generally accepted mosaic model, where the two previously described 

sub-layers of the SEI can be further articulated into a sub-mosaic of inorganic regions in 

the compact layer in direct contact with the anode (composed usually of Li2O, Li2CO3 

and LiF), and a sub-mosaic of prevalently organic regions in the porous layer in direct 

contact with the electrode (such as alkyl carbonates and polyolefins).  [757,758] These 

two models are described in FIGURE 1.11.7.1:
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FIGURE 1.11.7.1: Models of SEI on anodes, with a) an early “double-layer” model developed for graphite electrodes, 
[756] b) later mosaic model (applicable to both graphite and lithium metal). [452] Reproduced with permission from 

[38], copyright 2018, RSC Publishing; reproduced with permission from [756], Copyright 1983, Elsevier Ltd.; 
reproduced with permission from [452], Copyright 1997, IOP Publishing.

Most research concurs that while the organic solvent decomposes to give different 

species depending on the moieties present,  [759–763] it is in fact the lithium salt that 

plays  a  determining  role  in  the  SEI's  impedance,  since  different  anions  decompose 

differently. [764,765] A special additional consideration needs to be made in the case of 

the graphite anode, since in order for lithium ions to successfully intercalate, they ideally 

need to desolvate, losing the coordinating solvent molecules that migrated along with the 

Li+ to the anode. In addition to the issues of anion decomposition, graphite anodes must 

have  an  SEI  that  permits  successful  Li+ desolvation,  since  the  risk  of  the  solvent 

molecules inserting into the graphite along with Li+ can cause exfoliation and disruption 

of anode function, with consequent irreversible loss of performance.  [766–770] While 

less studied, the interphase that forms on cathodes upon contact with liquid electrolytes 

(i.e.  CEI  [771]) has been found to have a  similar  composition to  that  of  the SEI on 

anodes. [772–775]

In  the  case  in  which  an  unfavorable  SEI  forms  upon  reaction  of  the  liquid 

electrolyte with the electrodes, the most popular strategy for addressing this issue has 
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been the use of additives, with an exemplary one being vinyl carbonate (VC), [24] which 

reacts with the graphite anode before the electrolyte does, polymerizing and passivating 

the  surface.  A similar  role  has  been  fulfilled  by  1,3-dioxolane  (DOL),  while  other 

inorganic stabilizing additives have included LiNO3 and P2S5. [526] As will be seen later 

with solid electrolytes, both the issues and strategies for addressing interfacial issues bear 

some similarities, most notably in the case of a protective layer, akin to that afforded by 

VC.

1.11.8 Polymer electrolyte-electrode interfaces

While inorganic electrolytes and polymer electrolytes are both solid materials, an 

additional challenge posed by polymer electrolytes is the difficulty in quantifying the 

thermodynamics of decomposition reactions, which are readily available for inorganic 

electrolytes,  such as  through the  materials  genome initiative  (MGI),  [98] but  not  for 

polymer  electrolytes.  [245] Similar  to  liquid  electrolytes,  polymers  can  experience 

decomposition in contact with cathode materials as well;  [53] in fact, given the limited 

ESW of materials such as PEO (usually no more than 4V vs Li/Li+ [737]), they cannot be 

used in the unmodified form in combination with high voltage cathodes, instead being 

relegated  to  use  with  LFP.  [776] These  and  other  findings  emphasized  the  need  for 

compatibility between the Li0 anode and polymer electrolyte, by way of an interphase 

with  low impedance.  Several  strategies  were  proposed  and  found to  offer  promising 

results, by treating either the surface of the anode or of the polymer electrolyte; highlights 

of these results will be described later.

178



1.11.9 Inorganic electrolyte-electrode interfaces

Since inorganic electrolytes in lithium batteries are a more recent research topic 

(though their existence has been known for some time [577]), not as much work has been 

done in determining the nature of the inorganic electrolyte-electrode interface, at least in 

the traditional sense of investigating chemical composition, with emphasis being placed 

instead on characterizing the interface under in operando conditions.  [777,778] This is 

partly due to the same issues encountered with polymer electrolyte, namely the difficulty 

of readily accessing the interface in solid state systems; in spite of this, fruitful efforts are 

being made. [74,736] Alongside these experimental efforts, recent computational studies 

stand to  offer  insights  into  expected decomposition  products  at  the interface,  helping 

determine  which  ones  contribute  to  good  interfacial  stability;  [98,779–781] at  the 

moment, there appears to be evidence corroborating these computational findings. [565]

As  mentioned  at  the  beginning  of  this  section,  interfacial  resistance  in  solid 

electrolytes is very problematic (for example, it is considered responsible for the very 

limited  access  –  2.5%  –  to  LCO’s  capacity  in  the  Li/LLZO/LCO  system  [72]). 

Concerning this section, they can be subdivided into two types, namely contact resistance 

(arising from poor interfacial contact), and nanoionic effect or space charge layer. [237] A 

space  charge  layer  arises  from the  difference  in  Li+ chemical  potential  (μLi+)  of  two 

materials, as exemplified by sulfides and oxides, with the former attracting Li+ less than 

the latter. Contact resistance has been addressed chiefly by making use of a soldering aid 

[782] or polymer interlayer, [783] while space charge layer resistance has been addressed 
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with  a  thin  oxide  buffer  layer  such  as  LiNbO3,  both  for  LCO  [95] and  LMO 

[784] cathode materials.

1.11.9.1 Inorganic electrolyte-Anode interfaces

Another  significant  issue  of  inorganic  electrolytes  is  overestimated 

electrochemical stability, [74] with most reports making use of cyclic voltammetry (CV) 

or linear sweep voltammetry (LSV) measurements to determine a material’s ESW; in 

fact,  it  has  been  found  that  most  inorganic  electrolytes  have  limited  thermodynamic 

stability windows, as shown in FIGURE 1.11.9.1.

      

FIGURE 1.11.9.1: Left: computed ESW of various binary compounds (orange) and solid electrolytes – dashed bars 
denote potential required for complete delithiation of material. Right: computed ESW of various coating materials – 
green denotes materials also used as solid electrolytes, yellow denotes materials used exclusively as coatings (dashed 
line at ~3.9 V corresponds to equilibrium potential of LiCoO2 cathode material). Reproduced with permission from 
[30]. Copyright 2015, American Chemical Society. [Direct link: https://pubs.acs.org/doi/10.1021/acsami.5b07517; 

further permissions related to the material excerpted should be directed to the American Chemical Society]

The  computed  values  for  the  various  decomposition  products  at  the  electrode 

surfaces are shown in TABLE 1.11.9.1.
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TABLE 1.11.9.1: Computed equilibrium phases of solid electrolyte materials at their reduction and oxidation 
potentials. Reproduced with permission from [30]. Copyright 2015, American Chemical Society. [Direct link: 

https://pubs.acs.org/doi/10.1021/acsami.5b07517; further permissions related to the material excerpted should be 
directed to the American Chemical Society]

The question of why conventional, experimental results and computed ones differ 

significantly can be attributed to a cause similar to that behind poor cell performance in 

solid systems (interfacial resistance), namely sluggish kinetics at the electrode-electrolyte 

interface. [30] The observed reactions in CV (i.e. current peaks) are small and the result 

of large overpotentials  required to overcome the sluggish kinetics.  Unfortunately,  this 

makes it both difficult to experimentally determine the ESW of inorganic electrolytes, 

and to add insult to injury, these sluggish kinetics are propelled by thermodynamic forces, 

and occur at fast enough rates to harm cell performance during its lifetime. The types of 

interphases have already been described, and as can be expected, computational efforts 

have  sought  to  predict  which  type  can  be expected for  which electrolyte,  backed by 

newer experimental efforts.

For example, Wenzel and coworkers [74,246] examined two well-known sulfide 

electrolytes,  LPS and LGPS,  using post-mortem XPS.  In both  cases,  the  electrolytes 

decomposed in contact with lithium metal, though their kinetic models suggested that the 

interphase  growth  in  Ge-containing  LGPS was  faster  than  for  LPS,  which  does  not 
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contain Ge. This experimental result confirmed previous computational work by Mo and 

coworkers,  [30] who  had  determined  that  electrolytes  such  as  LATP and  LAGP are 

expected to respectively form titanates and Li-Ge alloys. The latter is an example of a 

constituent of a mixed ionic-electronic conducting (MIEC) phase, since Li-Ge alloys are 

electronic conductors, allowing ongoing electron transfers to pristine electrolyte material 

and causing its decomposition.  The experimental work of Wenzel and coworkers also 

found that percolation pathways might be established by filaments of the alloy, since the 

observed short circuit time was much shorter than that calculated based on their estimates 

of interphase thickness, determined by electrochemical methods.

The presence of MIEC-based filaments in an inorganic electrolyte is not the only 

percolation-like  issue affecting  inorganic  electrolytes;  another  paradoxical  behavior  is 

that  of  dendrite  growth  observed  within  inorganic  electrolytes.  Wang  and  coworkers 

[785] found that dendrites tended to grow at a faster rate in inorganic electrolytes such as 

NASICON, compared to conventional electrolytes. This was attributed ironically to the 

slower  interfacial  reaction  kinetics,  which  minimized  lithium  consumption  during 

dendrite growth; the dendrites were also thinner, being relegated to the voids between 

grains, endowing them with a sharper tip and consequent stronger electric field (which is 

believed to favor dendrite growth). The above results show that thermodynamically, most 

inorganic  electrolytes  have  an  ESW that  falls  short  of  lithium’s  chemical  potential, 

making unwanted reactions inevitable. The two most obvious solutions are to either use 

an  anode  material  with  a  more  proximate  potential,  such  as  LTO,  or  to  provide  a 

protective coating (which will be the subject of following sections).
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1.11.9.2 Inorganic electrolyte-Cathode interfaces

Similar  to  challenges  faced  by  electrolytes  in  contact  with  the  lithium metal 

anode,  inorganic  electrolytes  also  experience  significant  challenges  at  the  cathode-

electrolyte interface: [238]

1) Poor interfacial contact

2) Chemical/electrochemical incompatibility

3) Volume changes during cycling

4) Space charge layer

While some of these are already described in previous paragraphs or are common 

to both electrodes, an issue unique to the cathode-electrolyte interface is that of the space 

charge layer, especially in the case of sulfide electrolytes in contact with oxide cathodes. 

[94,95,737] These  have  very  different  chemical  potentials,  with  Li+ spontaneously 

moving from sulfide to oxide; this is exacerbated by the fact that the oxide cathode is a 

MIEC material.  Indeed,  while  the  MIEC nature  of  the  cathode  material  allows  it  to 

resolve  the  charge  imbalance  on  the  cathode  side,  the  sulfide,  being  an  electronic 

insulator, does not have the ability to conduct electrons, and is left with a space charge 

layer on its side of the interface. Therefore, when a sulfide electrolyte and oxide cathode 

are placed into contact with each other, there is a resulting large interfacial resistance, 

which is harmful to the cell's performance. This has been addressed by introducing an 

ionically conducting, electronically insulating layer on the cathode, though this will be 

described  in  a  later  section.  While  cathode-electrolyte  interfacial  issues  have  been 

described in terms of sulfide electrolytes, cathode-electrolyte interfaces in the case of 
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oxide  electrolytes  are  also  present,  though  different:  these  are  almost  always  a  poor 

interfacial contact issue, due to the high moduli of both materials. [737]

As seen and discussed, inorganic electrolytes offer some of the highest elastic 

moduli of any class of electrolytes, and while this makes them potentially able to halt 

dendrite growth mechanically,  [77] it is also one of their chief weaknesses. Aside from 

brittleness, inorganic electrolytes are also inflexible and unable to conformally adhere to 

electrodes, requiring adequate strategies to surmount this. Specific requirements for the 

inorganic electrolyte-electrode interface include wettability of the electrolyte on the part 

of the electrode materials, interfacial stability, and good Li+ transport across the interface. 

The last requirement is particularly challenging, since deposition (in the case of lithium 

metal) and insertion (in the case of intercalation electrodes) produce volume changes in 

the  electrodes,  causing  their  surface  to  retreat  or  advance  during  cycling;  this  is 

problematic in the case of the inflexible inorganic electrolytes, and needs to be addressed. 

[38] As will  be seen in  later  sections,  the role  of  artificial  layers  is  to  address  these 

shortcomings.

1.11.10 Hybrid electrolyte-electrode interfaces

While  most  issues  concerning  hybrid  electrolyte  interfaces  have  already  been 

covered,  it  is  worth  making  a  couple  considerations  about  the  interfacial  stability  of 

hybrid electrolytes, when in contact with electrodes. The most important factor to take 

into consideration is that while hybrids are capable of inheriting the positive qualities of 

the  parent  materials,  they  are  equally  capable  of  inheriting  the  parent  materials’ 
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drawbacks  and  weaknesses.  This  cannot  be  ignored  when  choosing  parent  materials, 

since their strengths should complement each other, such that weaknesses in the resulting 

material  are  minimized.  [737] Another  consideration  worth  noting  is  that  as  the 

composition of a hybrid (e.g. polymer-inorganic) changes, so does the composition of the 

phases  in  contact  with  the  electrode;  for  example,  a  hybrid  with  a  high  content  of 

inorganic filler will offer a contact surface that is predominantly inorganic and scarcely 

organic.  [594] Lastly, relating to the composition of the contact surface, not all hybrids 

offer sufficient interfacial contact with the electrodes, sometimes requiring the use of a 

liquid layer, which might defeat the purpose of the material, if it is intended for an all-

solid-state application. [79]

1.12 Artificial layers

There is a dire need for good interfacial contact and good interfaces, i.e. regions 

where there are no unwanted side reactions,  and were sufficient charge transfer takes 

place without  excessive resistance.  While  interfacial  resistance is  one of many issues 

encountered at the interface, it can be addressed by way of a buffer layer, and in doing so, 

it can simultaneously address other issues as well.  [9,588] One such additional issue is 

SEI  formation.  Under  normal  conditions,  one  is  at  the  mercy  of  the  interphase 

spontaneously  formed  from  decomposition,  which  in  the  fortunate  case  will  be 

electronically insulating and ionically conducting,  and in the unfortunate case will  be 

unstable  (e.g.  MIEC).  It  makes  sense  therefore  to  attempt  introducing  an  artificial 

interphase that has the desired, taylor-made properties. [30] Another example of multiple 
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issues addressed by an artificial layer between cathode materials and electrolytes is the 

ability to improve physical contact, mitigate interfacial side reactions, and alleviate any 

space-charge layer that might occur. [737]

Often the terms coating, artificial interphase, interlayer and others are used almost 

interchangeably;  for  simplicity,  the  following  sections  will  use  the  term  "artificial 

protective  layer"  or  simply  “artificial  layer”,  where  the  term  "artificial"  denotes  the 

intentional presence of the material, "protective" is indicative of the material's role, and 

"layer"  is  not  constrained by the  thickness,  type  or  manner  of  manufacturing  of  the 

coating,  artificial  interphase,  interlayer,  etc.  in  question.  As  an  exception,  the  other, 

interchangeable terms will be used for clarity when appropriate, e.g. when referencing 

other works. Additionally, although there will be a dedicated section to anode artificial 

layers, given that the overwhelming majority of research on artificial layers has revolved 

around  lithium  metal  anodes  and  minimizing  their  interfacial  resistance,  [521,786–

788] the  lessons  learned  from  these  endeavors  will  be  presented  here,  and  specific 

examples will be acknowledged.

Given  lithium’s  strong reducing  power,  it  would  be  desirable  to  mitigate  this 

effect  without  harming  performance.  Ogawa  and  coworkers  [789] introduced  a  thin 

artificial  layer of Si0 between Li0 and an LPS sulfide electrolyte,  solving the issue of 

unwanted decomposition, while also allowing sufficient transport properties between the 

two cell components. In this case, an artificial layer was used to mitigate the chemical 

potential of the electrode. A similar successful result was achieved by Liu and coworkers, 

[470] who employed a  layer  of  Al2O3 onto  the  surface  of  a  LATP oxide  electrolyte, 
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stabilizing it against decomposition at the hands of lithium metal, while also facilitating 

Li+ transport.

This approach has also been found to work for cathode-electrolyte interfaces, such 

as when using a sulfide electrolyte, where space charge effects are problematic. Ohta and 

coworkers  [94,95] successfully mitigated the space charge layer between between LCO 

and LGPS, by using either LTO or LiNbO3, the latter being more adequate, thanks to its 

higher  ionic  conductivity.  Under  optimized  conditions,  an  improvement  in  current 

densities was achieved, which is especially encouraging, given how low current densities 

tend to plague solid-state batteries. [93]

1.12.1 Thickness of artificial layers

One question that arises is what might be the optimal thickness of an artificial 

layer; while there is consensus about it being thin, there is some discussion about how 

thin it should be. As seen earlier, the spontaneously formed SEI can be as thick as 50 nm, 

if not more.  [30] Some works suggest that the artificial layer be as thin as a few nm, 

arguing that it be less than 10 nm [94,726,727] For example, the above mentioned work 

of  Ohta  and  coworkers  [94,95] began  with  an  exploration  of  several  artificial  layer 

thicknesses, in the range of ~1 – 30 nm, with 5 nm being optimal. On the other hand, for 

the  LLZO/LCO  system,  Kato  and  coworkers  found  an  optimal  Nb  artificial  layer 

thickness of 10 nm, [727] a result echoed by Sakuda and coworkers, [726] who also used 

a 10 nm artificial layer of LiSiO3 in the LPS/LCO system. Other works have suggested 

that the artificial layer’s optimal thickness falls in the range of 10 – 20 nm. [787,790] The 
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results of these and other works suggest a thickness that is well below the 50 – 100 nm 

range of the spontaneously formed SEI, but also underline how ultimately an optimal 

artificial layer’s thickness will be dependent on the specific system. It is possible though 

that as more research is done in this area, discernible patterns and tabulated values might 

ensue.

1.12.2 Artificial layers types

While the above examples are only a handful of the works done in the area of 

artificial protective layers, there are a variety of materials that can be used, and a variety 

of  methods for applying them. It  is  helpful  to  subdivide protective layers  into types, 

which usually fall into 5 types: [9]

1) Polymer and polymer composites

2) Inorganic coatings

3) Thermal treatment

4) Pressure treatment

5) Other

As is pertinent to this work, only the first three will be briefly covered in the 

following paragraphs. Current strategies for addressing the inorganic electrolyte-electrode 

interface are similar to those for polymer electrolytes, classifiable as either treatments of 

the electrolyte or electrode. For the inorganic electrolyte, a surface layer can be applied 

by ball-milling, incorporation of active electrode material,  and by thin film deposition 

methods such as pulsed laser deposition (PLD). [791–795] For the electrode instead, what 
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the literature refers to as “interlayers” have been chiefly explored. For cathode electrodes 

this has chiefly been metallic in nature, [727] an approach also adopted with Li anodes, 

[796–800] though  insulating  materials  such  as  Al2O3 [786] and  electrolytes  such  as 

LIPON [500,801] have  also  been  used.  Another  type  of  artificial  layer  explored  for 

lithium metal anodes has been what the literature refers to as “polymer interlayers”, such 

as between Li0 and LATP, [107,603] as well as the more general concept of thin organic 

films. [802–804] As mentioned in the list of approaches to surface treatments of inorganic 

electrolytes,  deposition  techniques  have  been  employed  to  apply  thin  and  conformal 

coatings; one additional, notable example is that of atomic layer deposition (ALD), which 

has  been  used  to  deposit  Al2O3 onto  various  substrates.  These  have  included  garnet 

electrolytes,  with  the  purpose  of  improving  Li  wettability  and  reducing  interfacial 

resistance,  [521] paving  the  way  to  next-generation  Li-S  batteries  [786] and  use  in 

conventional  liquid  electrolyte  systems.  [805] ALD  will  be  discussed  in  a  separate 

section.

The possibility of introducing different artificial layers by different means opens 

up a wealth of possible strategies for implementation,  with different strategies having 

different  strengths  and  weaknesses.  The  aforementioned  metal  coatings  require  high 

temperature manufacturing conditions, while polymer interlayers can be prepared under 

significantly milder conditions.  [588] At the same time, one needs to be mindful of the 

properties of the artificial layer, such as in the case of polymer interlayers, which in their 

dry configuration might require higher operating temperatures, or the aid of a liquid layer 

(or  gel  polymer  interlayer),  as  seen  earlier.  Deposition  of  metals  and  oxides  by 
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conventional  methods  usually  requires  the  aforementioned  high  temperatures,  though 

recent developments in the field of thin-film deposition research offer promising results 

for techniques such as ALD, which can be operated under relatively mild conditions, as 

will be discussed later.

Lastly, for a chosen artificial layer, there are potential pitfalls one needs to be 

aware  of.  For  example,  the  use  of  a  layer  on  a  solid  electrolyte’s  surface  might  be 

required on both sides, i.e. for protection against both electrodes and not just the obvious 

one, namely lithium metal. In this case, it is important to ensure that the artificial layer is 

not just compatibile with one electrode, but both, an issue encountered for example with 

polymer  interlayers  with  sufficient  stability  against  Li0,  while  unstable  against  high 

voltage cathodes.  [53] Another issue is taking into consideration side-effects associated 

with a protective layer, such as in the case of Si0, which while effective at mitigating the 

chemical potential of Li0, experiences significant volume changes during cycing (due to 

its lithiation), requiring that the layer’s thickness account for this effect as well. [789]

1.12.3 Artificial layers on the anode

While artificial protective layers are a relatively well-known example of anode 

protection, several other strategies have been adopted for protecting the lithium metal 

anode, such as electrolyte chemistries,  [806,807] additives,  [724,808–810] and surface 

energy tuning. [160] The above paragraphs have already elaborated on some of the more 

common strategies for the lithium metal anode, so the following paragraphs will center 

190



more around other anode materials and the artificial layers that have been explored for 

these systems.

1.12.3.1 Artificial layers on Silicon

While silicon is a very attractive anode material as seen previously, it also suffers 

from large volume changes during lithiation, causing both its own pulverization, as well 

as the disruption of any spontaneous SEI layer that might form during cell cycling. 

Alongside the previously mentioned strategies for mitigating volume change, artificial 

layers have also been studied as a route for addressing SEI-related issues. In a 

computational study, Kim and coworkers [811] used first principles to study the evolution 

of properties of a Si0 electrode having either a native SiO2 layer, or an Al2O3 layer 

deposited by ALD. Their work suggested that lithiation slightly stiffens SiO2 and softens 

Al2O3, with diffusion activation energies changing over the course of lithiation, but 

ultimately improving upon complete lithiation. Similar experimental results [812] have 

shown that SiO2 reacts irreversibly with Li to for lithium silicates and Li2O during the 

first discharge process, while Si reacts reversibly with Li to form LixSi alloys. These 

works point towards the importance of understanding the behavior of applied artificial 

layers (in this case different artificial layers undergo lithiation differently), and how they 

might affect a cell’s performance.
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1.12.3.2 Artificial layers on other anode materials

Artificial layers have also been investigated in the case of LTO, where normal 

practice  involves  coating  active  materials  with  a  conductive  additive  such  as  carbon 

black.  [24] In the work reported by Stenina and coworkers,  [169] efforts were made to 

address the low conductivity of LTO by fabricating a LTO/TiO2 nanocomposite, where 

the oxide layer of TiO2 facilitated sorption of mobile ions at the grain boundary interface, 

forming  a  highly  conductive  Debye  interlayer  (believed  to  have  a  high  defect 

concentration, giving high conductivity).

While the above listed efforts to develop artificial layers have also shed insights 

into  better  understanding  of  these  anode  materials,  there  are  no  clear  victors  or 

commercially viable solutions for Li metal batteries that can out-perform the cycle life of 

graphite anodes. [813] This underlines the need for continued research in both expanding 

our understanding, and in attempting applications propelled by these new insights.

1.12.4 Artificial layers on the cathode

The cathode’s surface has not received the same level of attention that lithium 

metal alone has garnered, but the urgent need for good interfaces in solid-state batteries 

has prompted much work in recent years. Some of these efforts were mentioned above; 

the following paragraphs will illustrate some of the more notable efforts.
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1.12.4.1 Examples of artificial layers on cathode materials

As mentioned earlier, artificial oxide layers have been applied to oxide cathodes, 

in order to prevent unwanted space charge layers from forming when they are placed in 

contact with sulfide electrolytes.  The role of artificial  layers such as LTO or LiNbO3 

[94,95] has  been  to  provide  an  electronically  insulating  layer  between  the  ionically 

conducting,  electronically  insulating  sulfide  and the  MIEC cathode.  Given that  these 

artificial layers are oxides, they are chemically compatible with the oxide cathodes, and 

given the chemical potential of the cathodes, they do not experience unwanted lithiation 

(e.g. LTO is lithiated at ~ 1.5 V vs Li/Li+, an issue averted by LCO always operating at a 

voltage above 3 V). As has been mentioned above, knowing the properties of the artificial 

layer is important in this case as well, with LTO suffering from low ionic conductivity 

and not being the ideal artificial layer, a role better fulfilled by LiNbO3 thanks to its 

superior  ionic  conductivity.  [789,814] Other  examples  of  materials  applied  onto  the 

surface of cathode materials, with the same function of preventing unwanted reactions 

and processes, have included the use of LiO2-2TiO2 and Li2SiO3 in the LCO/LPS system, 

[815] LiInO2 or LiInO2-LiIn in the oxysulfide/NCA system, [664] as well as LiBH4 in the 

Li3PO4/LCO system. [816]

1.12.4.2 Additional benefits of artificial layers on cathodes

As has been seen, surface coatings on cathode materials can help improve contact 

or compatibility with an electrolyte; in addition to these beneficial effects, they can also 

stabilize the active material against unwanted phase transitions.  [162] While doping of 

193



cathode materials has been the traditionally adopted approach for both this as well as 

improvement of Li+ diffusion, the behavior of cathode particles during cycling suggests 

that surface treatments might be able to accomplish some of the same goals, without 

needing to synthesize new materials. An illustrative example is LiMn2O4 (LMO), which 

under normal cycling conditions suffers from Jahn-Teller distortion. Since in this case it 

is  the  insertion  or  removal  of  Li+ that  perturbs  the  Mn3+/Mn4+ equilibrium and  thus 

initiates the distortion, it is believed that this perturbation in fact occurs mostly at the 

cathode particle surface. [209] It would make sense therefore to employ surface coatings 

that,  while  allowing Li+ ions  to  migrate  from particle  to  electrolyte,  also prevent  the 

perturbation; indeed, there have been encouraging examples of LMO coated with either 

Jahn-Teller  resistant  doped  LMO,  [817] or  simply  with  Al2O3.  [818] Other  roles  of 

proposed  surface  treatments  include  introducing  additives  by  way  of  post-treatment 

annealing (including Ni-migration-suppressing Mg  [819] or Li-vacancy-inducing MnOx 

[820]),  acting  as  mechanical  buffers  that  can  prevent  cathode  particle  cracking, 

[821] serving as HF scavengers to prevent transition metal dissolution, [822–829] among 

many other possible roles.

Within the scope of this work, atomic layer deposition (ALD) has also seen use in 

coating cathode particles, including Al2O3 to prevent reaction of LiNi0.5Mn1.5O4 with the 

electrolyte,  [830] AlPO4 to  suppress  O2 evolution  in  NMC systems,  [831] LiAlF4 to 

increase  the  usable  electrochemical  window  of  NMC  811  cathodes,  [832] CeO2 to 

provide  mechanical  stability  and  prevent  transition  metal  dissolution  of  LiMn2O4 
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particles, [833] and even the solid electrolyte LiTaO3 on NMC 111 particles to improve 

capacity and mitigate Co dissolution, [834] among many other applications.

1.12.4.3 Beyond artificial layers: cathode surface treatments

Beyond the role of artificial layers, work has been done on the concept of surface 

treatments, which can be regarded as a natural progression in the effort to stabilize a 

material. One notable example is that proposed by Zhu and coworkers,  [835] where a 

molten  molybdenum salt  was  used  to  treat  the  surface  of  a  custom blended,  Li-rich 

Li1.20Ni0.48Mn0.16Co0.16O2, thus creating a gradient of Li concentration in NMC particles, 

with higher concentration at the center and lower concentration at the surface of particles. 

This allowed access to hybrid anion cation redox (HACR) mechanism, where oxygen is 

also involved in the redox reaction (in addition to transition metal elements). Normally 

such  a  mechanism  would  result  in  the  irreversible  release  of  oxygen,  but  with  this 

treatment they were able see increased capacities and specific energies.

1.12.5 Artificial layers on inorganic electrolytes

The  previous  sections  have  pointed  out  how  a  thin  artificial  layer  is 

recommended, particularly in the context of inorganic electrolytes, where recent work has 

sought to quantify parameters surrounding these materials and their stability.  [30] The 

following are some commonly sought types of artificial layers on inorganic materials.

Different  types  of  artificial  layers  have  been  introduced  onto  the  surface  of 

inorganic electrolytes, ranging from metals, insulators, to electrolytes and beyond. Kato 
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and coworkers [727] introduced a layer of Nb metal with an optimized thicknes of 10 nm 

onto the surface of a LLZO pellet by RF sputtering. This was followed by an LCO layer 

by  pulsed  layer  deposition,  affording  a  thin  layer  system  with  improved  interfacial 

contact  and  rate  capability  in  the  LLZO/LCO  system.  Han  and  coworkers 

[521] introduced an Al2O3 layer onto a garnet electrolyte, for improved wettability of the 

garnet surface on behalf of Li. Similarly, Liu and coworkers [470] compared the effect of 

an artificial layer of non-conducting Al2O3 and the electrolyte Li3PO4, both deposited by 

ALD onto separate LATP samples. Their findings suggest superior performance for the 

Al2O3 layer,  compared to  the ion-conducting Li3PO4 layer,  with the best  performance 

being exhibited when the layer is deposited onto LATP, as opposed to Li0 or both. To 

better  understand  what  possible  phenomena  might  be  responsible  for  the  observed 

behavior, DFT calculations were performed; these suggested that the exchange between 

Ti and Li between LATP and Al2O3 is thermodynamically unfavored, which might play a 

role  in  the  performances  observed.  These  findings  underline again  the  importance  of 

understanding the artificial layer’s properties, and how they affect the other components 

in a system.

1.12.6 Polymer interlayers

The above listed artificial  layers  made use of  thin-film deposition techniques, 

which on the one hand can pave the way to higher energy densities, while on the other are 

difficult  to  scale  up  and require  manufacturing  conditions  such  as  high  temperature, 

which can be either costly or undesirable. In addition to the use of inorganic artificial 
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layers,  the possibility  of  polymer artificial  layers,  commonly referred to  as  “polymer 

interlayers”, has also been explored. This can be an attractive alternative to inorganic 

layers,  since  polymer  interlayers  are  more  feasible  from a  manufacturing  standpoint, 

given the well-established technologies associated with preparing large sheets of polymer. 

[642] Furthermore, there is some evidence suggesting that a polymer interlayer might 

indeed be able to protect inorganic electrolytes against lithium metal. [53]

Common examples of polymer interlayers include of course PEO, [53] though 

other materials of undisclosed composition have also been investigated, as notably 

reported by Visco and coworkers, who developed a polymer interlayer for protecting 

LATP against lithium metal in Li-O2 batteries. [836] Similarly, cross-linked polymer 

electrolytes have been employed in complete Li/LATP/LFP cells, [107,837] and others 

have used electrospun, oxidized polymer mats to ensure uniform flux of Li+ ions onto the 

surface of Li0, in liquid electrolyte systems. [838] Other less conventional methods have 

included treating the polymer electrolyte itself, by way of low molecular weight 

compounds designed to reside on the surface of the polymer. [839–842] While most of 

these materials did not show appreciable improvements in interfacial properties, 

organosilicon surfactants [841] were actually found to have a positive effect on 

stabilizing the lithium-polymer interface.

Although the above examples are encouraging, understanding how an artificial 

layer  behaves  is  important  in  the case of polymer interlayers,  much like in  all  cases 

examined  so  far.  The  chief  issue,  besides  electrochemical  stability  of  polymer 

electrolytes, is its role in interfacial resistance. Some studies have found [107,603] that a 
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polymer interlayer can in fact be a double-edged sword, on the one hand mitigating side 

reactions between lithium metal and the inorganic electrolyte, while on the other creating 

two new interfaces, one with the electrolyte and one with Li0. The latter can both suffer 

from  unwanted  decomposition  reactions,  and  actually  increase  the  risk  of  dendrite 

formation within the polymer interlayer itself.

1.12.7 Artificial layers and hybrid electrolytes

Typically,  hybrid  electrolytes  are  employed as  an artificial  layer,  although the 

limited knowledge on their properties is still an issue that needs to be addressed. In spite 

of this, several efforts have been made to investigate their utility. The most popular type 

of hybrid electrolyte artificial layer is likely the family of gel polymer electrolytes, thanks 

to the presence of a liquid component that can provide intimate contact with the surfaces 

of  a  cell’s  components.  Notable  examples  include  the  work  by  Liu  and  coworkers, 

[588] who used a  PVDF-HFP gel  interlayer  to  improve  interfacial  contact  of  garnet 

electrolytes with the electrodes. In the context of Li-O2 batteries, there is a consensus that 

lowering of interfacial resistance can avert dendrite formation; [642] examples that have 

made use of hybrid electrolytes as artificial layers on the Li0 surface have seen the use 

polymer matrices incorporating either SiO2 or ionic liquids.  [843–846] These concepts 

were taken a step further by Lin and coworkers,  [847] who developed different ternary 

hybrid electrolytes for use in graphite/gel/LFP full cells. The artificial layers consisted of 

a  polyacrylonitrile-co-methyl  acrylate  (PAM)  gel  host,  with  the  graphite  side  having 

PAM+SiO2 (negative zeta potential) and the LFP side having PAM+TiO2 (positive zeta 
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potential). This “diode-like” configuration allowed anion adsorption on the LFP side, and 

Li+ adsorption on the graphite side, ensuring charge accumulation, as well good charge 

transport across interfaces and in the bulk.

Other notable examples of hybrid electrolytes as protective layers have included 

the  inorganic-liquid  hybrid  proposed  by  Xiong  and  coworkers,  [660] who  combined 

powdered LAGP and an ionic liquid to be applied between the solid electrolyte (LAGP) 

and lithium metal, allowing high current densities and preventing thermal runaway up to 

temperatures close to 300 °C. While the ability to “spread” the material is attractive, the 

high pressures required for conformal adhesion to cell components might pose an issue if 

scale-up is pursued.

1.13 Artificial layer manufacturing

The  above  sections  have  sought  to  highlight  some  of  the  more  notable 

achievements in the field of artificial  layers. As has been seen, inorganic layers offer 

promising performances, but require high deposition temperatures and setups that might 

not  be cost  effective,  while  polymer layers  are  of  facile  fabrication,  but  questionable 

stability  and  performance.  The  following  sections  will  describe  some  prominent 

approaches to addressing thin,  conformal deposition of coatings,  namely atomic layer 

deposition (ALD) and a brief overview of sol-gel techniques.
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1.13.1 Atomic Layer Deposition (ALD)

Atomic  layer  deposition  (ALD),  a  technique  developed  in  the  1970s, 

[161] belongs  to  the  larger  family  of  thin-film  deposition  techniques,  which  can  be 

subdivided into physical and chemical deposition techniques, of which ALD belongs to 

chemical deposition techniques, more specifically the Chemical Vapor Deposition (CVD) 

sub-family. ALD is also sometimes dubbed "Atomic Layer Epitaxy", [848] though this is 

a less common term. The chief deposition techniques are shown in TABLE 1.13.1.1.

TABLE 1.13.1.1: Chief thin-film deposition techniques, arranged as physical and chemical deposition. Adapted from 
[849]. Open Access 2017, CC BY 3.0.

ALD is a thin-film deposition method that lends itself well to application of thin, 

conformal  films  onto  substrates  that  can  have  non-planar  surfaces,  as  well  as  three-

dimensional  topographies.  [850] Furthermore,  ALD  offers  multiple  advantages  over 

CVD:  it  is  capable  of  better  conformal  coatings  (especially  at  higher  aspect  ratios 

[851,852]),  including the possibility of infiltrating pores of a nanomaterial.  ALD also 

does not require the same high operating temperatures as CVD, does not suffer from 

shadowing effects,  [853] and is self-limiting.  [470] TABLE 1.13.1.2 lists some of the 
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strengths and weaknesses of ALD and CVD, as well as other major thin-film deposition 

techniques.

TABLE 1.13.1.2: Comparison of various deposition techniques. Reproduced with permission from [854]. Copyright 
2015, RSC publishing.

The typical steps of the ALD process are shown in FIGURE 1.13.1.1. Initially, the 

substrate is pristine, without any material deposited on its surface, and is populated by 

native surface moieties, typically -OH groups. Subsequently, the first precursor ML2 is 

introduced  into  the  deposition  chamber  (which  is  under  reduced  vacuum or  reduced 

pressure),  and  reacts  with  the  surface  moieties,  eliminating  L-H  groups,  with  the 

substrate’s surface retaining -O-M-L groups. The eliminated L-H groups and unreacted 

ML2 precursor are then removed from the deposition chamber by means of a purge cycle 

(usually thanks to an inert gas such as Ar), and a second precursor (e.g. H2O or another 

reactive,  small  molecule)  is  introduced.  The  second  precursor  then  reacts  with  the 

substrate’s surface -L groups, eliminating L-H groups, while the substrate retains -O-M-

O-H  groups,  where  the  surface  layer  on  the  substrate  has  experienced  a  growth  in 

thickness  of  a  single  atom.  A second  purge  cycle  removes  L-H and  unreacted  H2O 

species, and the entire cycle is repeated, until deposition thickness is deemed sufficient. 

[161]

201



FIGURE 1.13.1.1: Schematic of a complete ALD cycle. Reproduced with permission from [161]. Copyright 2017, 
Royal Society of Chemistry.

Typical reactants used in ALD (sometimes referred to as precursors) include metal 

halides (e.g. AlCl3 [855,856], TiCl4 [857]), organometallic compounds (e.g. AlMe3 [858], 

MgCp2 [859], ScCp3 [860]), metal alkoxides (e.g. Si(OEt)4 [861], Ti(OiPr)4 [862]) and 

metal amides (SiH2(NEt2)2 [863], Al(NMe2)3 [864,865]), among many others. [850]

Temperature  plays  an  important  role  in  ALD,  since  chemical  reactions  at  the 

surface of the substrate require sufficient activation energy for the formation of a covalent 

bond. Hence, it is common to talk about the so-called "ALD process window",  [866] a 

temperature window within which optimal conditions are established for atomic layer 

deposition,  without  other unwanted processes taking place.  An example of the “ALD 

window” is shown in FIGURE 1.13.1.2.
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FIGURE 1.13.1.2: Effect of temperature and competing processes, within and without the “ALD window”. 
Reproduced with permission from [866]. Copyright 2017, John Wiley and Sons.

Given  that  physical  processes  (e.g.  adsorption)  and  chemical  processes  (e.g. 

condensation) are always co-present in different manners, it is to be expected that these 

processes  manifest  themselves  in  different  manners  in  different  temperature  regions, 

affecting the apparent growth per cycle (GPC, or amount of material deposited per cycle) 

rate in an either negative or positive manner. At insufficiently low temperatures, physical 

processes can manifest themselves for example as physisorption, skewing the apparent 

GPC to higher values, without the expected amount of covalent attachement taking place; 

on the other hand, chemical processes tend to be more sluggish at these low temperatures, 

as is to be expected, with very low or non-existent GPC rates. On the other side of the 

"ALD window", at excessively high temperatures, the effects of physical and chemical 

processes can be regarded as reversed, with premature evaporation in the case of physical 

phenomena  (not  allowing  sufficient  time  for  precursors  to  react  with  the  substrate, 

lowering the GPC rate), and thermal decomposition in the case of chemical phenomena 

(an uncontrolled process that is detected as an abnormally high GPC rate). Lastly, within 

the ALD window, there is essentially a balance between physical and chemical processes, 
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resulting in self-saturating chemisorption, responsible for the self-limiting nature of ALD. 

It  should  be  pointed  out  however  that  even  within  the  ALD  window,  GPC  rate  is 

temperature dependent. [851]

In  addition  to  having  to  deal  with  the  interplay  of  physical  and  chemical 

processes, it is important to be aware of how ALD is affected by the substrate, as depicted 

in FIGURE 1.13.1.3.

FIGURE 1.13.1.3: Examples of GPC affected by substrate in different manners. Reproduced with permission from 
[866]. Copyright 2017, John Wiley and Sons.

In the ideal case, there would be no dependence of GPC on the substrate, such 

that the above figure would afford a linear relationship between the amount of material 

deposited and the number of ALD cycles. In practice however, this is not always the case, 

and deviations are to be expected, usually of two types. The first type of deviation sees an 

initial  inhibiton  of  the  GPC rate,  though  at  later  cycles  a  linear  relationship  can  be 

recovered, while the second type of deviation sees an initial enhancement of the rate, with 

subsequent recovery of a linear behavior. In both cases, the cause can be attributed to the 

different reactivity of chemical sites on the substrate,  compared to the material  being 

deposited.  [866] Moreover,  depending  on  the  substrate  and  deposited  material 
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combination, islands of deposited material can initially form, subsequently coalescing to 

form a closed film. [867]

The ability to know the value of GPC for a given set of deposition conditions is 

important, since it enables better control of the process and better outcomes, as well as a 

greater understanding of the system under investigation. Several in-situ techniques have 

been  developed  for  characterizing  a  system during  ALD,  [866] most  notably  quartz 

crystal microbalance (QCM), quadrupole mass spectrometry (QMS), Fourier transform 

infrared  spectroscopy  (FTIR),  optical  emission  spectroscopy  and  spectoscopic 

ellipsometry (SE). The latter is an optical technique that relies on the measurement of 

changes in polarization of polarized light, before and after it is reflected off the surface of 

a material. Although it does not allow for a direct measurement of the sample’s thickness, 

its results can be used to aid in determining both the thickness of a deposited material, as 

well  as  real-time  GPC  measurements.  SE  measurements  essentially  rely  on  the 

relationship: [868]

tan (Ψ) e( iΔ)
=

Rp

R s

(1.13.1.1)

Where Rp and Rs are the complex Fresnel coefficients of a sample, with p denoting 

the plane of incidence and s the plane perpendicular to that of incidence, and Ψ and Δ are 

parameters measured for photons within a range of wavelengths; by constructing a model 

of the material and its optical properties, it is possible within the model to determine the 

thickness of the ALD-deposited layer, as it best fits the model. A typical ellipsometry 

setup is schematically depicted in FIGURE 1.13.1.4.
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FIGURE 1.13.1.4: Basic ellipsometry experiment. Reproduced with permission from [869]. Copyright 2007, John 
Wiley and Sons.

Given the need for thermal energy to accomplish chemical reactions at the surface 

of  the  substrate,  a  minimum temperature  is  needed.  While  some substrates  are  very 

tolerant of the high temperatures required (which can be up to 300 °C, or even higher 

[850]), for some applications these high temperatures can be harmful, barring them from 

ALD. This has prompted the development of lower temperature techniques within ALD, 

in hopes of still satisfying the conditions for the "ALD window", without causing thermal 

damage  to  the  substrate.  [870] The  most  well-known  example  of  one  such  low-

temperature  technique  is  the  family  of  plasma  enhanced  ALD  (or  PE-ALD),  where 

thermal energy is imparted to the precursor molecules by way of a plasma, usually at the 

hands of a strong electric field. [866] Typical reactants employed in plasmas are O2, N2, 

NH3 and H2, as well as mixtures of these gases; the ensuing plasmas can generate radicals 

and  ions  (as  well  as  O3 in  the  case  of  O2 [853]),  though  typical  PE-ALD  plasma 

generation conditions see a relatively modest degree of ionization, with radicals playing a 

more predominant role; it is possible to optimize ionization conditions to favor radical 
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generation with minimal ionization. [866] Typical PE-ALD setups are shown in FIGURE 

1.13.1.5.

FIGURE 1.13.1.5: Typical configurations for PE-ALD: a) radical-enhanced ALD, b) direct plasma-assisted ALD, c) 
remote plasma ALD, and d) direct plasma reactor with mesh. Reproduced with permission from [871]. Copyright 2011, 

American Vacuum Society.

The above configurations offer different advantages and drawbacks. For example, 

radical-enhanced PE-ALD (FIGURE  1.13.1.5a) allows the production of longer-lasting 

radicals, with minimal ionized species, avoiding unnecessary damage from these ions, but 

at  the  expense  of  a  slower  deposition  rate.  On  the  other  hand,  a  direct  plasma 

configuration  (FIGURE  1.13.1.5b)  ensures  direct  contact  of  the  substrate  with  the 

plasma, affording a faster deposition rate, but at a greater rate of ion bombardment, with 

potential  damage  or  defect  generation  in  the  substrate.  This  can  be  mitigated  by 

interposing a metal grid between the substrate and plasma (FIGURE 1.13.1.5d). Lastly, in 

cases  where  one  wishes  to  minimize  damage  to  substrate,  it  is  possible  to  remotely 
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generate plasma (FIGURE 1.13.1.5c), as a simpler way of avoiding ion bombardment, 

though there is the risk of electrical defect generation at the hands of UV photons. [872]

PE-ALD has found use for deposition in a variety of works, though most pertinent 

to this work are the findings of Han and coworkers,  [873] who used the silicon amide 

[(CH3)2N]3SiH (TDMAS) in combination with O3 for deposition of SiO2 onto silicon 

substrates at temperatures as low as 100 °C, and with results suggesting the feasibility of 

PE-ALD SiO2 for non-silicon substrates. While PE-ALD is a popular lower-temperature 

deposition technique,  there are reports  of RT ALD; one such example is  the work of 

Ferguson  and  coworkers,  [861] who  by  the  use  of  Si(OEt)4 (TEOS)  and  H2O  as 

precursors and NH3 as a catalyst, successfully deposited SiO2 onto BaTiO3.

1.13.1.1 ALD for particles

The above principles and considerations apply very nicely to planar substrates and 

large,  monolithic  samples,  while  the  question  of  ALD’s  applicability  to  powdered 

substrates, as well as its feasibility as a continuous process on an industrial scale, are yet 

to be answered confidently. Atomic layer deposition, as a technique employed in the lab, 

is  a  batch  process,  partially  due  to  the  need  to  make  use  of  alternating  cycles  of 

precursors and purging gas. This has not prevented the development of setups that lend 

themselves better to an industrial scale, where continuous processes are preferred; this 

would allow uninterrupted production, as opposed to intermittent production that is seen 

in batch processes. Continuous ALD is sometimes referred to as spatial ALD or SALD; 

[162] different  incarnations  have  been  proposed,  depending  on  the  type  of  substrate 
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experiencing deposition. In the case of flexible film-like substrates,  [874] a variety of 

approaches  have  been  suggested,  ranging  from partitioning  the  ALD chamber  into  3 

sections,  to  using  double-sided  gas  bearings,  to  making  use  of  a  roll-to-roll  process 

(where a central rotating drum houses individual chambers for the ALD half-reactions). 

When seeking to perform ALD on powders in a continuous process, a variety of different 

SALD approaches have been adopted, [875] including simple fluidized bed reactors and 

rotary fluidized bed reactors. The chief findings are summarized in TABLE 1.13.1.3.

Type of ALD Pros Cons References

Static particles, on a grid - accomodates variety of particles
- in-situ FTIR possible

- not practical for scale-up [876–880]

Static particles, in a crucible - allows heating of particles - limited to small amounts [881]

Fluidized bed reactor (FBR) - large amounts of particles possible - limited residence time of precursors in FBR
- large amounts of precursors needed
- complexity and optimization

[882–884]

Agitated particles - large amounts of particles possible
- increased residence time of precursors (vs. FBR)
- does not require particle fluidization
- wider range of particle sizes and masses (vs. FBR)

- not always implementable as continuous process [885,886]

Spatial ALD on particles - half-reactions are spatially separated
- no need for purge step
- suitable for 2 nm – 1 mm range

- sub-micron particles require purging step
- optimization of gas pressure and linear velocity 
for pneumatic transport

[887]

TABLE 1.13.1.3: Summary of various configurations for performing ALD on particles. Based on information from 
[888].

The progress in the area of process engineering is encouraging, suggesting that 

industrial-scale ALD might become a reality some day. Another challenge, unique to the 

substrates subjected to ALD, is that of thickness optimization, as described in SECTION 

1.12.1. The above paragraphs give a brief overview of some of the notable properties of 

ALD, while the following ones focus more on the role ALD has had in battery research. 

General information on other thin-film deposition techniques can be found at references, 
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[848,849,889] and additional reading on ALD as a deposition technique can be found at 

references. [850,854,866,871,874,890]

1.13.1.2 ALD and batteries

Previously, the role of artificial layers and their benefits were discussed, without 

much attention to how these layers were applied. Invariably, some method is required for 

their  introduction,  and  battery  materials  are  no  exception.  In  all  of  these  proposed 

solutions to various problems, a surface layer needs to be introduced in some manner. 

Conventionally, this is accomplished with methods such as in-situ growth, sol-gel, ball 

milling,  chemical  vapor  deposition  (CVD)  and  plasma  vapor  deposition  (PVD). 

[162,891] Ultimately, control of a coating's composition and thickness are essential; the 

aforementioned methods have advantages and disadvantages, though a major limitation 

many of them encounter is the ability to introduce either a conformal coating or a thin 

coating,  but  not  both.  As  seen  in  the  above  paragraphs,  one  possible  method  for 

introducing thin, conformal coatings with a controlled thickness and composition is ALD, 

[890] which has been regarded as not only a useful technique for coating planar and 

powdered  substrates,  but  might  also  grant  access  to  novel  battery  configurations, 

including 2D thin-film batteries,  3D structured batteries,  and nanostructured batteries. 

[892] These novel configurations are being sought as a means to improve capacity, power 

and lifetime. [43] FIGURE 1.13.1.6 gives an overview of battery components that have 

benefited from ALD.
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FIGURE 1.13.1.6: Overview of battery components and configurations that have benefited from ALD. Reproduced 
with permission from [854]. Copyright 2015, RSC Publishing.

The following paragraphs will  briefly  highlight  the more notable examples  of 

ALD battery components, chiefly electrodes and electrolyte.

1.13.1.2.1 ALD on the anode

ALD has  been  used  to  coat  anodes  made  of  natural  graphite,  [893] with  the 

process  being  most  effective  not  by  treating  the  individual  graphite  particles,  but  by 

treating the prepared electrode.  This constitutes an added benefit,  in that it  opens the 

possibility of a  scalable process,  provided that continuous ALD can be implemented. 

Lithium conducting LiSiO4 has  also been deposited by ALD onto Si substrates,  with 

preliminary results indicating the possibility of 3D microbatteries being feasible using 

this  route.  [894] As  mentioned  above,  the  high  temperatures  that  conventional  ALD 

requires  can  be  problematic  for  some substrates  such as  alkali  metals,  but  thanks  to 

variants such as PE-ALD, such substrates have become accessible even in the realm of 

anode materials. A notable example is that of Luo and coworkers, [870] who successfully 
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deposited a thin (~ 2.8 nm) layer of Al2O3 onto a Na metal anode, with initial results 

indicating successful, stable sodiation of the artificial protective layer.

Similarly,  Al2O3 has  also  been  deposited  onto  Li  metal  anodes;  Chen  and 

coworkers  [895] monitored  its  deposition  by  QCM,  observing  an  initial  substrate 

enhanced deposition rate, as well as improved wettability towards ether and carbonate 

electrolytes. This was believed to facilitate a more uniform SEI formation, as well as 

decreased electrolyte consumption and the absence of dendrites; it was also found that Li+ 

ions were able to continue migrating across the thin Al2O3 layer,  depositing onto the 

underlying  lithium metal.  An  optimal  thickness  of  4  nm (corresponding  to  20  ALD 

cycles) offered the best complete cell performance, though both 4 nm and 2.5 nm (10 

ALD cycles)  performed  well  in  plating  and stripping  tests.  Other  examples  of  ALD 

employed with Li metal include dendrite-resistant LiF  [896] and conformal coatings of 

ZnO on a carbon paper host for uniform, dendrite-free plating of lithium metal. [897]

1.13.1.2.2 ALD on inorganic electrolytes

As  mentioned  previously,  oxide  layers  have  been  introduced  onto  inorganic 

electrolytes by ALD. Wang and coworkers [898] deposited lithium phosphate (LPO) onto 

Si  substrates  and  Au  coated  glass,  affording  conformal,  pinhole-free  coatings  with 

thicknesses in the range of ~100 nm; their results indicate the feasibility of electrolyte 

addition to a 3D microbattery setup.  Along more traditional lines, Liu and coworkers 

[470] deposited a thin layer (15 nm) of Al2O3 onto LATP, affording good stability against 
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Li0,  and similar work with LLZO as a  substrate  showed increased Li wettability and 

chemical stability of the garnet electrolyte. [521]

1.13.1.2.3 ALD on the cathode

Lastly, ALD has been employed to protect cathode particles; Scott and coworkers 

[899] reported coating LCO particles with Al2O3, with the resulting system exhibiting 

improved stability, even without complete coverage of the particles. The absence of a 

strict requirement for 100% coverage opens up the possibility of using ALD setups other 

than a fluidized bed reactor (see TABLE 1.13.1.3), making the approach more accessible, 

if a continuous process is developed.

1.13.2 Sol-gel

The deposition of silica in the form of films can be accomplished in a variety of 

ways, divisible into roughly two categories, namely solution-based methods [900] and 

thin-film deposition ones, such as atomic layer deposition (ALD), described in SECTION 

1.13.1. This section will preoccupy itself with describing solution-based ones, and how 

they relate both to energy storage in the context of lithium batteries, as well as more 

specifically to the context of this work.

The term "sol-gel" denotes the fundamental characteristic of the process, i.e. the 

transition from a solution to a gel via covalent bonding, using a metal or semi-metal 

oxide precursor. One of the earlier reported instances of the process is from the late 1930s 

by Geffcken and Berger, [901] though the term "sol-gel" dates back to the 1860s, and the 
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observation of the phenomenon of dissolution (sol) and gelification (gel) has been known 

since the mid-1600s.  [902] Since then, the process has experienced much attention and 

many  variations,  resulting  in  a  wide  variety  of  applications  and alternative  methods. 

General  popular  applications  of  the  sol-gel  method  include  film-like  coatings, 

[900,903] gels,  [904] aerogels,  [905] silica  particles,  [906] and  particle  coatings. 

[907] For the purposes of this work, attention will be devoted exclusively to Si-based sol-

gel chemistry, though many other elements including Al, Ti and others make use of the 

process. [908]

Given the long history and great interest of the process, sol-gel routes are many 

and varied, making it difficult to both enumerate and classify them. Despite this, there are 

roughly two families of routes, hydrolytic and non-hydrolytic. The former are historically 

older (dating as far back as the 1800s as mentioned earlier), making use of hydrolysis 

(usually with water as a reactant); the latter are more recent and were developed over the 

second half of the 1900s, and make use of other chemical reactions that similarly result in 

covalent  Si-O-Si  bonds.  The  resulting  material  can  be  considered  "silica",  in  that  it 

contains Si and O atoms, though the composition is not necessarily SiO2 (particularly if 

the precursor contains non-hydrolyzable moieties). Typical examples of silica precursors 

are shown in TABLE 1.13.2.1.
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TABLE 1.13.2.1: Common precursors used in sol-gel applications. Reproduced with permission from [905]. Copyright 
2011, Springer Nature.

These are only a small list of many different available precursors, dubbed silanes; 

when a non-hydrolyzable moiety is included, it can confer additional functionalities to 

the resulting material. Examples of such moieties are longer alkyl chains, perfluoroalkyl 

chains, polymerizable vinyl groups, and in the case of this work, Li+ solvating groups 

such as  poly(ethylene oxide)  (PEO silanes) and poly(propylene oxide)  (PPO silanes). 

[909] Furthermore,  precursors  are  available  with  one  Si  atom (monopodal  silanes  or 

monosilanes), [910] two separate Si atoms (dipodal silanes or disilanes), [911] and so on. 

[451]

1.13.2.1 Hydrolitic sol-gel routes

A typical hydrolytic route makes use of an alcohol as a solvent (typically the same 

as the one generated by hydrolysis of the alkoxide) and water, as well as a catalyst. While 

the hydrolysis of the above mentioned silica precursors can take place simply by mixing 

215



them with water (i.e. pH = 7), this can either result in a sluggish reaction, or the inability 

to control morphology, where it would be desired.  [912] It has been found instead that 

hydrolysis  kinetics  (and  consequently,  condensation  or  gelation  kinetics)  are  heavily 

dependent on the pH of the reaction, with both acidic and basic conditions favoring faster 

kinetics. Furthermore, an added benefit of using acidic or basic conditions to catalyze the 

reaction  is  that  they  can  both  accelerate  the  reaction  and  influence  the  material's 

microstructure. The two most common catalytic routes are acidic and basic; neutral or 

fluoride  anion  catalyzed  sol-gel  is  also  used,  though  it  can  be  regarded  as  having 

intermediate characteristics, with a reaction mechanism analogous to basic catalysis, and 

morphologies reminiscent of acidic catalysis. [913] For simplicity, fluoride catalysis will 

be omitted.

At the heart of catalyzed hydrolytic sol-gel routes lies the same type of reaction, 

namely: [914]

1)  interaction  of  the  silane's  Si  atom  with  a  water  molecule,  and  concomitant 

interaction of one of the silane's oxygen atoms with an ionic species (H+ or HO- in the 

case of acidic and basic catalysis, respectively)

2) formation of a transition state (T.S.)

3) expulsion of an ROH or RO- species, (for acidic and basic catalysis, respectively), 

and recovery of the ionic species in the case of acidic catalysis

4) repetition of the process until complete (or equilibrium) hydrolysis is achieved

5) alongside hydrolysis, condensation of SiOH groups to afford Si-O-Si bonds, with 

generation of water
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Although  there  has  been  some  debate  concerning  the  exact  details  of  these 

catalyzed ractions, in both cases the overall reaction is widely regarded as being an SN2 

reaction. [914] A depiction of the acid catalyzed and base catalyzed reactions are shown 

in FIGURE 1.13.2.1.

FIGURE 1.13.2.1: Proposed mechanisms for a) acid catalysed sol-gel, b) basic catalysed sol-gel, c) basic catalysed 
sol-gel (alternative mechanism). Figures courtesy of [915], based on figures from [914]. Reproduced with permission, 

Copyright 1990, Elsevier Ltd.

As can be seen in the case of the base catalyzed reaction, there are two proposed 

mechanisms, with the first one mimicking the acid catalyzed process, while the second 

one involves a second transition state achieved through resonance and partial distribution 

of the HO- negative charge on two RO-Si bonds. Invariably though, an RO - is recovered 

at the end of the reaction. Typical acidic catalysts include HCl and occasionally HNO3, 

while typical basic catalysts include NaOH and NH4OH.

Due to the greater electron-withdrawing nature of the -OH group compared to 

most -OR groups, as more moieties of a silane molecule are hydrolized, the charge on the 

Si atom becomes progressively more positive, rendering it more electrophilic. It has been 

observed that while acid catalyzed reactions proceed more quickly than base catalyzed 

ones do, this is only true initially, with base catalyzed reactions becoming progressively 
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faster  as  the  silane  molecules  continue  to  be  hydrolyzed.  This  also  affects  the  final 

microstructure of the material, since condensation can occur either linearly (resulting in a 

consecutive chain of Si-O-Si-O bonds) or in a ramified manner (with the same Si atom 

having more than two Si-O bonds).  Acid catalyzed reactions,  due to  the difficulty  of 

protonating  the  increasingly  electrophylic  species,  generally  afford  sparsely  ramified 

chains, with a lower-density microstructure. Conversely, basic catalyzed reactions lend 

themselves  well  to  reaction  at  ramification  points,  given  their  greater  electrophylic 

character; this results in significantly more dense structures. [914,915] The possibility of 

exercising control on the silica gel's morphology can be used tailor the final material; for 

example, in the case of aerogels, where lower densities are preferred, acid catalysis is the 

more popular route. [905]

1.13.2.2 Non-hydrolytic sol-gel (NHSG) routes

The above approaches presume the use of water to hydrolize alkoxide bonds, for 

the purpose of making SiOH bonds available for condensation. It has been found that this 

does not necessarily have to be the case always; indeed, non-hydrolitic sol-gel (NHSG) 

routes  have  been  investigated,  demonstrating  that  water  is  not  required  as  a  starting 

material  (though it  can be generated in-situ  during condensation).  Although there are 

numerous NHSG routes,  [916] for the purposes of this work, two examples of different 

types of NHSG will be briefly introduced, the first one being aprotic in nature, and the 

second being  protic.  A representative  example  of  aprotic  NHSG is  embodied  by the 

family of alkoxy metal catalysts such as Sn(OtBu)4, [917] shown in FIGURE 1.13.2.2.

218



FIGURE 1.13.2.2: Example of aprotic NHSG route by ester elimination. Reproduced with permission from [917]. 
Copyright 1997, American Chemical Society.

As can be seen, the proposed mechanism for this route involves the formation of 

intermediates with a familiar coordination motif, reminiscent of transition metal catalysis. 

Although the example shown is with of the silane's moieties being an acetate, the use of 

this aprotic NHSG route has been reported with alkoxide silanes as well. [911]

The most well-known protic NHSG route is the one reported by Sharp in 1994, 

[918] as a result of studying reaction rates between different mole ratios of tetraethyl 

orthosilicate (TEOS or Si(OEt)4) and different carboxylic acids. In these studies, no water 

was  added  and  instead  simply  TEOS  and  the  acid  of  choice  were  mixed.  Of  the 

carboxylic  acids  investigated,  formic  acid  (HCOOH)  afforded  the  fastest  gelation 

kinetics; the gelation times were found to initially increase in a steady fashion as the 

HCOOH:TEOS ratio r was increased, eventually plateauing at a minimum gelation time 

for a value of r ~ 8 (i.e. 2 moles of HCOOH to 1 alkoxy hydrolyzable group). It should be 

pointed out that although no neat water was added to the reaction mixture, concentrated 

HCOOH is stabilized with 4% wt water, since anhydrous HCOOH tends to decompose 

into  CO  and  H2O.  [918] Despite  the  trace  amounts  of  water,  these  two-component 

reaction mixtures required significantly shorter gelation times than their  aqueous HCl 

catalyzed counterparts (with the best gelation times for HCl systems being in the order of 
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~100 hours, as opposed to ~1 hour for HCOOH systems with the same mole ratios). The 

proposed reaction mechanism is: [918]

Carboxylation:

HCOOH + Si (OEt)4 ⇄ (EtO)3 SiOOCH + EtOH (1.13.2.1)

HCOOH + SiOH ⇄ SiOOCH + H2O (1.13.2.2)

Esterification:

EtOH + HCOOH ⇄ EtOOCH + H2 O (1.13.2.3)

Hydrolysis:

H+

SiOEt + H2O ⇄ SiOH + EtOH
(1.13.2.4)

SiOOCH + H2O ⇄ HCOOH + SiOH (1.13.2.5)

Condensation:

2SiOH ⟶ Si−O−Si + H2O (1.13.2.6)

SiOH + SiOEt ⟶ Si−O−Si + EtOH (1.13.2.7)

SiOH + SiOOCH ⟶ Si−O−Si + HCOOH (1.13.2.8)

SiOOCH + SiOEt ⟶ Si−O−Si + EtOOH (1.13.2.9)

As can be seen, this route has essentially 3 stages, starting with carboxylation, 

followed by esterification (and given the equilibrium nature of the process, the inverse 

reaction of hydrolysis), followed by condensation. In this route, it is interesting to note 

that  water  is  still  generated  at  different  stages  (see  equations  1.13.2.2,  1.13.2.3  and 

1.13.2.6), though condensation under these conditions is not exclusively dependent on the 
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existence of Si-OH groups, nor do all condensation reactions result in the generation of 

water.

1.13.2.3 Sol-gel for battery materials

Sol-gel chemistry has been recognized as a useful tool in energy storage, thanks to 

its  ability to aid in realizing silica-based electrochemical devices and components for 

energy  storage  such  as  proton  conducting  membranes  and  hybrid  electrolytes. 

[451,919] Additionally, it is a valuable route for the preparation of cathode and anode 

materials,  as mentioned previously.  [169] Sol-gel  has also been used to coat  ceramic 

particles,  [907] usually with hydrolytic routes, both acid catalyzed  [920,921] and base 

catalyzed.  [922–926] Typically,  given the historical significance of the base catalyzed 

Stober  process,  [912] basic  catalysis  tends  to  be  used  preferentially,  although special 

consideration needs to be made if the material in question is not stable under certain pH 

conditions. For example, NASICON electrolytes such as LAGP are known to be tolerant 

of acidic conditions and basic conditions, [500,512] while other materials such as LMO 

are known to suffer from dissolution in the presence of acidic media. [32,211]

Within  the  context  of  lithium  batteries,  examples  of  some  variant  of  sol-gel 

chemistry include tethering anions to an inorganic backbone such as POSS [927] or SiO2 

particles,  [657,928–931] cross-linking  of  polyether  disilane  electrolytes  by  aprotic 

NHSG, [911] SiO2-based gel electrolytes by protic NHSG, [932–936] in-situ synthesis of 

SiO2 particles within a polymer electrolyte matrix,  [627] and Li2SiO3 coatings on the 

surface of LCO particles. [726]
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The above sections on interfacial issues, as well as the artificial layers and means 

of their introduction, provide just a glimpse of what the research community has learned, 

accomplished and faced in the quest for better interfaces and better batteries.

1.14 Characterization techniques

The previous sections have provided a short overview of some of the principles, 

materials,  problems and attempted solutions  to  these problems,  within the context  of 

lithium battery research for better solid electrolytes. The final sections of this introduction 

will cover some of the more common experimental techniques used for characterizing 

these electrolyte materials and the resulting batteries, within the scope of this work.

1.14.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) [937] is used to evaluate the thermal stability 

of a compound, and is generally performed in an inert atmosphere (usually N2), although 

air  or O2 can be used to study oxidative processes.  TGA thermograms usually afford 

information  regarding  thermal  stability  in  the  form  of  weight  losses  at  certain 

temperatures  or  temperature  intervals.  Polymeric  materials  are  often  subjected  to  a 

temperature range that goes from room temperature to ~800 °C, and a common scan rate 

is 10 °C/min. A typical TGA thermogram is shown in FIGURE 1.14.1.1.
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FIGURE 1.14.1.1: TGA of (PEO)16LiCLO4 (plain) and various composites. Reproduced with permission from [596]. 
Copyright 2003, Elsevier Ltd.

Further reading on TGA can be found at references [938,939].

1.14.2 Differential scanning calorimetry (DSC)

Differential  Scanning  Calorimetry  (DSC)  [940] measures  the  differential  heat 

flow between the sample and an inert reference material, and can be performed in the 

temperature range of -150 °C (a little above the boiling point of liquid nitrogen) and 200 

– 300 °C, although higher temperatures are also possible. Features of interest in a DSC 

thermogram  are  heats  of  transition,  as  well  as  heat  capacity  and  glass  transition 

temperature; a typical scan rate is 10 °C/min. A representative polymer thermogram is 

shown in FIGURE 1.14.2.1.
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FIGURE 1.14.2.1: Schematic of features commonly encountered in DSC measurements (phenomena take place 
sequentially from left to right). Reproduced courtesy of [941].

An additional  quantity  of  interest  when dealing  with  DSC characterization  of 

polymers is degree of crystallinity, or χc: [614,942]

χc =
Δ H m

Δ H 0
m

(1.14.2.1)

Where ΔHm is the measured enthalpy associated with the melt of a sample having 

partial crystallinity, and ΔH°m  is that of a reference, crystalline material. Further reading 

on DSC can be found at references [938,943–945].

1.14.3 Electrochemical characterization

Electrochemical characterization is especially important for candidate materials 

for lithium batteries, since these techniques can shed important insight on the system’s 

intrinsic properties, including electrochemical stability. Electrochemical characterization 

of the electrolyte can be subdivided into three categories: electrode-electrolyte interface, 

electrochemical stability window (ESW), and electrolyte behavior during battery cycling 

tests.  These  can  be  evaluated  in  a  multitude  of  ways,  including  EIS,  LSV,  CV, 
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transference number, plate/strip, and complete cell (battery) testing.  [70] The remaining 

sections will cover the corresponding techniques.

1.14.4 Electrochemical impedance spectroscopy (EIS)

Electrochemical  impedance  spectroscopy  (EIS)  belongs  to  the  family  of 

impedence spectroscopy (IS) techniques,  [29] and is a technique with a corresponding 

theoretical  framework  that  preoccupies  itself  with  studying  interfacial  phenomena  in 

terms of various forms of impedance (measured using electrical stimuli), as is appropriate 

for  the  specific  phenomena.  Here,  impedance,  denoted  by  the  symbol  Z (sometimes 

followed  by  a  subscribt  specifying  the  type  of  impedance)  can  be  defined  as  the 

opposition to current when an alternating current (AC) signal is  used;  [946] with the 

exception of resistance (R), all other impedance quantities depend on the frequency of the 

AC signal. It is helpful to remember at this point the well known relationship between 

voltage (V) and current (I), expressed by Ohm's law:

V = I⋅R , in general: V = I⋅Z (1.14.4.1)

As  can  be  seen,  impedance  and  resistance  both  follow  the  same  Ohm’s  law 

relationship. A related, reciprocal quantity is admittance, Y = 1/Z, which is useful when 

computing  impedances  in  parallel  circuit  configurations.  Impedance  and  admittance 

belong to the larger family of immittances, with a total of four types, as listed in TABLE 

1.14.4.1.
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TABLE 1.14.4.1: Relationships between the four basic immittances. μ = jωCC, where CC is the capacitance of the 
empty cell. Reproduced with permission from [946]. Copyright 2018, John Wiley and Sons.

The  other  immittances  are  modulus  function  M and  the  complex  dielectric 

constant (or permittivity constant) ε:

M = jωCC , Z = M ' + jM ' ' (1.14.4.2)

ε = M − 1 =
Y

( jωCC )
= ε ' + jε ' ' (1.14.4.3)

CC =
ε0⋅AC

l
(1.14.4.4)

For both, CC is the capacitance of the empty measuring cell (sometimes referred to 

as geometric capacitance, CG), having an electrode area AC, and both electrodes separated 

by a  distance  l;  ε0 is  the  dielectric  permittivity  of  vacuum (8.85 × 10-12 F/m).  Other 

quantities that are worth introducing at this point are resistivity, and its more commonly 

used reciprocal quantity, conductivity. Resistivity (ρ) and conductivity (σ) are defined as:

ρ =
R A

l
, σ =

l
R A

(1.14.4.5)

Where R is the resistance of a material,  A is its cross-sectional area, and l is the 

thickness of that sample. Conductivity is expressed as either ohms-1 cm⋅ -1 or S cm⋅ -1.  It 

should  be  pointed  out  that  A is  not  always  a  straightforward  quantity  to  measure, 

especially for porous materials. This can be the case for some inorganic electrolytes. [88]
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1.14.4.1 Temperature-dependent EIS

While impedance plots and their origin (modeled as circuit elements) still need to 

be described, it is convenient to briefly describe the chief types of conductivity behaviors 

that are usually employed in describing electrochemical systems. While the following 

sub-sections will describe the features of individual impedance plots, the measurement of 

impedance over a range of frequencies (for a single EIS measurement) as well as over a 

range of temperatures, can be quite useful. Typically, when plotting conductivity versus 

temperature, conductivity is calculated using equation 1.14.4.5); while A and l are readily 

available  during sample preparation and cell  assembly,  R can be less  straightforward 

(details regarding R as a circuit element will be discussed subsequently). As will be later 

explained, in the context of lithium batteries a common equivalent sub-circuit is made of 

a  resistor  with  resistance  R and  a  capacitor  with  capacitance  C,  in  a  parallel 

configuration; this affords the familiar semicircle in the negative imaginary region. When 

plotting conductivities, R is taken in this context as the width of the semicircle (or in the 

case of an incomplete semicircle, simply as the distance from the x axis.  [502,947] A 

typical conductivity plot requires acquiring several EIS measurements over a range of 

temperatures  (usually  at  10  °C  intervals),  with  an  equilibration  time  prior  to  each 

measurement, so as to allow the sample to reach the desired temperature and properly 

equilibrate, so that the measurement better reflects the temperature dependency.
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1.14.4.2 Arrhenius versus VTF

The most common way of representing temperature dependent conductivites is 

based on Arrhenius-type relationships,  and as such most conductivity plots are set up 

accordingly. The Arrhenius equation for conductivity is given by: [948]

σ = A exp(-
Ea

kB T ) = ⟶ lnσ = - 1
T (

Ea

kB
) + ln A (1.14.4.7)

Where  σ is  the  conductivity,  A is  the  pre-exponential  factor  (sometimes  also 

identified  as  σ0),  Ea is  the  activation  energy  (expressed  in  eV),  kB is  the  Boltzmann 

constant  (1.38  ×  10-23 J/K),  and  T is  the  temperature  (K).  Where  an  Arrhenius  plot 

represents its quantities as ln(rate constant) versus 1/T, conductivity plots represent their 

quantities as log(σ) vs 1000/T, mainly for its practical convenience. In this approach, the 

y-axis value gives a rough estimate of the order of magnitude of the conductivity (e.g.  

log(σ) = -5 corresponds to σ = 10-5 S/cm), and 1000/T usually gives a number greater 

than  1  (with  30°C  being  ~3.3).  Additionally,  given  that  it  is  common  to  represent 

Arrhenius plots using as the exponential term (Ea/RT) and reporting activation energies in 

kJ/mol, the following relationship exists:

1e = 1.6×10−19C , 1V = 1J /C ⟶

⟶ 1e⋅1V = 1.6⋅10−19J×
N A

1000
= 96485 kJ /mol

(1.14.4.8)

R = N A×kB (1.14.4.9)

Where e is the charge of an electron and NA is Avogadro’s number. The Arrhenius-

type  conductivity  relationship,  in  the  context  of  lithium  batteries,  can  be  taken  to 

physically represent conduction of Li+ as occurring by way of a series of potential energy 
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barriers, which are being surmounted as a result of many attempts to jump these barriers, 

a phenomenon enabled to a greater or lesser extent depending on the temperature of a 

particular system; this is especially observed in the case of inorganic electrolytes. [15]

When plotting experimental data in an Arrhenius plot, it can be observed that not 

all materials will necessarily follow an Arrhenius-type behavior. This is usually observed 

as a deviation, in the form of non-linear plots; [96] the most common materials that tend 

to  not  follow  an  Arrhenius  behavior  are  polymer  electrolytes.  The  conductivity 

relationship  of  choice  for  describing  this  type  of  materials  is  the  relationship  first 

proposed by Vogel, Tamman and Fulcher (VTF), [324,650] which originally proposed the 

relationship  to  describe  glass-forming  liquids  that  are  relatively  close  to  their  glass 

transition temperature (Tg). The VTF equation can be written as:

σ =
A

T 1 /2 exp(-
Ea

R (T − T 0) ) (1.14.4.10)

Where σ, Ea, A and T are the same as for the Arrhenius equation, R is the ideal gas 

constant,  and  T0 is  a  reference  temperature  (typically  calculated  as  50°C  below  the 

experimentally measured Tg, [331,333]). VTF behavior is usually explained in the context 

of lithium batteries as arising from Li+ ion transport occurring by way of segmentally 

assisted motion of coordinating polymer chains (a mechanism also known as the Grotthus 

mechanism).  A more  detailed  explanation  of  some  of  the  concepts  underlying  VTF 

behavior can be found in SECTION 1.10.3.5. While the VTF relation suggests that one 

could  plot  data  as  log(σ)  vs  1000(T-T0)  or  in  a  similar  manner,  [333] typically 

conductivities for these materials are reported using Arrhenius plots.
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1.14.4.3 SS/SS versus Li/Li

Besides temperature-dependent EIS, there two other major types of experiments, 

using either inert  electrodes or electrochemically active ones.  The former usually use 

stainless steel (SS) electrodes, while the latter usually use lithium metal, though other 

electrodes such as cathodes have also been explored.  [588] These cells  usually use a 

symmetrical  configuration,  allowing  the  study  of  one  type  of  interface,  [15] with 

experiments being either a single measurement (e.g. RT conductivity measurements), or 

time-resolved.  [246] Depending on the type of processes being studied, their timescale 

might not be compatible with certain measurement conditions, such as reactions taking 

place  at  a  sufficiently  rapid  rate  to  cause  blurring  of  data  points  acquired  at  lower 

frequencies. [74]

In the case of hybrid or composite electrolytes, conductivity behavior can be seen 

as exhibiting traits inherited from both parent materials,  with a profile in the case of 

polymer-inorganic hybrids that will be reminiscent of both or preferably one over the 

other, depending on the fractional composition of the composite (i.e. a more inorganic-

rich hybrid electrolyte can be expected to be more reminiscent of Arrhenius behavior, and 

conversely a polymer-rich hybrid electrolyte is likely to be more VTF-like). Furthermore, 

since polymer electrolytes tend to have lower conductivities than inorganic electrolytes, it 

can  be  expected  that  in  the  ideal  case  (i.e.  no  interface-enhanced  or  suppressed 

conduction phenomena) the hybrid will have a conductivity profile that is intermediate to 

that of the parent materials. [15]
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1.14.4.4 Principles behind EIS

While  the  largely  aqueous  heritage  of  electrochemistry  means  that  EIS  has 

historically been used to study interfaces where at least one phase is liquid, EIS very 

often preoccupies itself with solid-solid interfaces (especially in light of the postwar trend 

towards solid state energy storage and conversion). [946] In the context of lithium battery 

research, a typical EIS cell has 2 electrodes and is hermetically sealed or protected with a 

blanket of an inert gas, so as to prevent unwanted degradation of the cell's moisture and 

air-sensitive components.  This  is  also important,  since EIS assumes that  the system's 

properties do not change over the time of a measurement (though time-resolved EIS is 

often adopted, where a composite of several measurements is used to study the evolution 

of a cell's properties over time [613]). A basic description of the fundamentals of EIS can 

be  provided  using  the  aforementioned  assumption,  as  well  as  by  approximating  the 

contact surfaces between the various cell components as perfectly smooth. Deviations 

from ideality can be accounted for with more advanced concepts, which in their simplest 

form  are  embodied  in  specialized  circuit  elements;  these  will  be  described  in  later 

sections.

Performing an EIS measurement requires introducing a time-dependent electrical 

stimulus, which can be a step voltage,  white noise or a consecutive set  of individual 

frequencies. [946] The last type of electrical stimulus makes use of several consecutive ac 

signals,  each  with  a  defined  frequency.  Processing  the  response  of  the  cell  to  each 

frequency is  accomplished  through the  use  of  a  frequency  response  analyzer  (FRA), 

[949] as depicted in FIGURE 1.14.4.1.
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FIGURE 1.14.4.1: Simplified representation of a frequency response analyzer (FRA); here, η is voltage. Reproduced 
with permission from [949]. Copyright 2003, American Chemical Society.

The collection of these consecutive ac signals (and the analysis of each one) can 

be  collectively  referred  to  as  an  "EIS  measurement".  Most  EIS  experiments  make 

measurements in the frequency range 1 mHz – 1 MHz (though narrower ranges are also 

used, e.g. 1Hz – 1MHz). It is helpful to specify the number of frequencies (or data points) 

per decade; typically an EIS measurement will use 10 points per decade. Focusing on an 

individual data point, the simplest ac signal is a single frequency of the form: [946]

V (t) = V sin (ω t) , I (t) = I sin (ω t + θ) (1.14.4.11)

Where V(t) and I(t) are the voltage and current measured at a particular time t, V 

is the amplitude of the voltage (volts, V) applied, I is the amplitude of resulting current 

(amperes  A),  ν = 2πω,  ν is  the frequency (s-1 or  Hz) and  ω is  the angular  or  radial 

frequency  (rad/s).  The  application  of  this  ac  signal  produces  an  ac  current,  with  a 

resulting phase difference θ; this phase difference is the basis for interpreting nearly all 

EIS data,  with  different  interfacial  phenomena and cell  components  causing  different 

values  for  this  phase  difference.  Since  ac  voltages  afford  ac  currents,  the  system's 

behavior  needs  to  be  described  in  a  manner  that  takes  into  consideration  the  time-
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dependent nature of the experiment. In the simplest case in which θ = 0, the system is 

exhibiting  a  resistive  behavior  (quantified  by  the  resistance  circuit  element),  and  no 

further elaborations are required. In the case of other circuit elements as the capacitor C 

describing capacitive behavior  and the inductor  L describing inductive behaviors,  the 

following differential equations apply:

i (t ) =
d ν(t)

d t
C , ν(t ) =

d i (t )
d t

L (1.14.4.12)

The solution to these equations gives the relations:

I ( jω) = C⋅j⋅ω⋅V ( j ω) , I ( jω) =
1

L⋅j⋅ω
⋅V ( jω) (1.14.4.13)

j = √−1 , 1
j
= −1 (1.14.4.14)

Which  can  be  written  in  the  more  familiar  form of  Ohm's  law (included  for 

comparison):

V ( jω) = I ( jω)⋅
1

C⋅j⋅ω
, V ( j ω) = I ( jω)⋅ L⋅j⋅ω (1.14.4.15)

As can be seen, the impedance for each type of behavior is readily identified:

Z R = R , ZC =
1

C⋅j⋅ω
, ZC = L⋅j⋅ω (1.14.4.16)

Where R is resistance (ohms), C is capacitance (F) and L is inductance (H). Since 

impedance is a complex quantity, i.e. C = a + jb, it can be expressed as the same way a 

complex number can be expressed with polar coordinates:

Z (ω) = Z ' + jZ ' ' (1.14.4.17)

Re(Z ) = Z ' = |Z| cosθ , Im(Z ) = Z ' ' = |Z| sinθ (1.14.4.18)
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|Z| = √(Z ')2 + (Z ' ')2 , θ = tan−1(
Z ' '
Z ' ) (1.14.4.19)

Where  |Z| is  the  modulus  of  the  impedance.  A schematic  representation  of 

impedance in the complex plane is depicted in FIGURE 1.14.4.2.

FIGURE 1.14.4.2: Representation of impedance in Cartesian and polar coordinates. Reproduced with permission from 
[946]. Copyright 2018, John Wiley and Sons.

Based  on  the  above  descriptions  of  different  types  of  impedance,  the  real 

component  of  impedance  is  almost  unequivocally  resistance,  while  the  imaginary 

component  can  be  capacitance  or  inductance,  among  other  possible  types.  Since 

impedance,  phase  shift  and  impedance  modulus  are  interrelated,  it  can  be  helpful  to 

represent them in appropriate plots. The representation depicted above is referred to as a 

complex plane plot or Argand diagram. Other popular representations include the Bode 

plot, which is made of a pair of plots, both having frequency on the x axis, and the first 

plot having the phase shift on its y axis, the second plot having the modulus (or gain) on 

its y axis. Taking the phase from the first plot and the modulus from the second plot can 

be used to represent impedance data in a polar coordinate fashion; this type of plot, which 

omits frequency from its representation, is referred to as a Nyquist plot.  [946] For the 

latter, while specific frequency information is lost, one can identify data points acquired 

at higher frequencies as being closer to the origin, while lower frequency data points tend 
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to fall further away from the origin. Representative examples of Bode and Nyquist plots 

are shown in FIGURE 1.14.4.3.

         

FIGURE 1.14.4.3: Bode (left) and Nyquist (right) plots of a parallel RC circuit with R = 100 ohms, C = 1 μF. 
Reproduced with permission from [29]. Copyright 2001, John Wiley and Sons.

While most researchers report their data in Nyquist plot form, purists argue that 

the  term "Nyquist  plot"  should  only  be  used  for  4  electrode  setups,  which  for  most 

lithium electrochemical cells is not the case; [946] despite this objection, common usage 

of the term has prevailed in the literature, and in this work the term Nyquist plot will be 

intended to mean complex plane plot.

Since  EIS  is  used  to  describe  and  quantify  interfacial  phenomena  in 

electrochemical cells, essentially by using relations based on Ohm's law, this also entails 

descrbing a sample's of impedance behaviors in terms of circuit elements, which make up 

idealized circuits that are equivalent in their behavior to that of the sample. Hence, this 

idealized circuit is referred to as an "equivalent circuit", composed of circuit elements 

that  are  treated  as  lumped-constant  quantities;  [946] while  this  is  convenient  and  a 

strength of EIS, it is also a limitation, in that these circuit elements depict an overall  

average effect, and don't provide the detailed information that other techniques such as 

SEM, XPS,  etc  can  afford.  Despite  this  limitation,  EIS  is  an  invaluable  asset  in  the 
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repertoire of experimental techniques available to the materials scientist or electrochemist 

wishing to investigate an electrochemical system and its components.

1.14.4.5 Series and parallel circuits

Borrowing from the  basics  of  electronics,  equivalent  circuits  follow the  same 

principles  of  traditional  ones,  particularly  when  determining  the  total  resistance, 

inductance or capacitance of a circuit. Circuit elements connected in series constitute a 

series  configuration,  while  circuit  elements  connected  in  parallel  constitute  a  parallel 

configuration.  For  resistances,  inductances  and capacitors,  the  following relationships 

hold true in a series configuration:

R tot = R1 + R2 + ... + Rn (1.14.4.20)

Ltot = L1 + L2 + ... + Ln (1.14.4.21)

1
C tot

=
1
C1

+
1

C 2

+ ... + 1
Cn

(1.14.4.22)

For the same circuit elements in a parallel configuration, similar relations exist:

1
Rtot

=
1
R1

+
1
R2

+ ... + 1
Rn

(1.14.4.23)

1
Ltot

=
1
L1

+
1
L2

+ ... + 1
Ln

(1.14.4.24)

Ctot = C1 + C2 + ... + Cn (1.14.4.25)
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1.14.4.6 R, L, C circuit elements

The following sub-sections describe the most common circuit elements used in 

EIS analysis, as well some of the more well known equivalent circuits and models. The 

resistance (R), inductance (L) and capacitor (C) are the most common circuit elements 

used  to  describe  the  behavior  of  most  electrochemical  samples;  their  respective 

impedances are ZR (resistance), ZL (inductance) and ZC (capacitance). Recalling how they 

appear in Ohm's law form of V(jω) and I(jω) (see equation 1.14.4.15) and also recalling 

that Euler's relation states that:

exp( j θ) = cos θ + j sinθ (1.14.4.26)

θ = Π
2

⟶ cos (
Π
2 ) + j sin (

Π
2 ) = j (1.14.4.27)

θ = −Π
2

⟶ cos (−
Π
2 ) + j sin (−

Π
2 ) = − j =

1
j

(1.14.4.28)

It  becomes apparent  that  in  regard  to  the  applied  voltage  V(jω),  resistance  is 

always in the same phase as V(jω), inductance is phase shifted by +90° and capacitance is 

phase  shifted  by  -90°.  This  is  helpful  to  know,  as  it  gives  hints  about  what  circuit 

elements and corresponding phenomena might be taking place in a circuit: for example, if 

a Nyquist (i.e. complex plane) plot shows impedance values only on the positive real 

axis, there are only resistive-type elements present. This of course never happens, since 

even  wire  leads  have  at  least  some  inductive  behavior;  however,  common  types  of 

resistive impedances are bulk electrolyte resistance (RB), charge transfer resistance (RCT) 

and grain boundary resistance (RGB). Similarly, a Nyquist plot with values in the positive 

imaginary  region will  probably  have  some inductive  phenomenon  associated  with  it; 
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while this certainly is possible in lithium batteries, it  is usually associated with either 

excessively  long  wire  leads,  [90] or  an  internal  electromotive  force,  resulting  from 

different  degrees  of lithiation in  different  regions  of  the cathode (in  effect  creating a 

concentration cell [950]). The most common complex contribution observed in a Nyquist 

plot  is  in  the  negative  imaginary  region,  and  can  be  attributed  to  capacitance-type 

impedances, deviations from ideal capacitors, and other phenomena that will be described 

in  the  following  pragraphs.  Given  the  prevalence  of  most  phenomena  falling  in  the 

negative imaginary region of Nyquist plots, it is common to plot data with a flipped y 

axis, denoted as -Z". Capacitance-type contributions are typically associated with parallel 

planar geometries (CG), such as cell electrodes used for performing the EIS measurement, 

as well as double-layer capacitances (CDL); however the capacitor circuit element is also 

used to describe more complicated phenomena such as grain boundaries (CGB), which will 

be described later. Additional examples using R and C circuit elements, in the context of 

lithium batteries, include attributing R to either kinetics of a Li+ adsorption process or to 

the resistance to transport of Li+ through an SEI layer; C can be attributed respectively to 

the energy storage associated with Li+ adsorption,  or to polarization of the SEI layer. 

[771]

1.14.4.7 Warburg (W) element

The Warburg circuit element (denoted by the symbol W) is used to model semi-

infinte diffusion, i.e. unrestricted diffusion to a large planar electrode.  [29] As will be 

seen,  there  are  several  situations  where  diffusion  can  take  place,  with  the  Warburg 
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element modeling the simplest case, since it is only dependent on the distance from the 

electrode. It can be expressed as: [951]

ZW = σ

ω1 /2
−

jσ
ω1/2

(1.14.4.29)

σ =
RT

n2 F2 A√2 (
1

DO
1/2 CO

b
+

1
DR

1/2 CR
b ) =

1
Y 0 √2

(1.14.4.30)

Where  D is the diffusion coefficient,  C is the concentration,  b denotes bulk,  O 

denotes  oxidized species,  R denotes  reduced species,  and  Y0 is  the  magnitude  of  the 

admittance at ω = 1 rad/s. As can be inferred from its simpler form, Warburg diffusion 

affords a straight line that forms a -45° angle with the x axis. It should be noted that 

Warburg diffusion is usually associated with a charge-transfer resistance (RCT), as well as 

double-layer  capacitance  (CDL).  While  ZW is  a  convenient  description  of  diffusion,  it 

assumes a semi-infinite geometry, which is not realistic in actual cells and samples; it is 

therefore useful to make use of other circuit elements that account for finite diffusion.

1.14.4.8 Open finite-length diffusion (O) element

This  circuit  element,  sometimes  simply  referred  to  as  the "O circuit  element" 

(owing to the presence of a hyperbolic cOtangent in its admittance form), is alternatively 

known as the open finite-length diffusion (OFLD), porous bounded Warburg or Nernst 

circuit element (the latter originating from its description of the Nernst diffusion layer or 

NDL). This circuit element is mainly used to model diffusion on the surface of a rotating 

disk electrode (RDE), but for also describing corrosion phenomena such as O2 diffusing 
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through  a  coating  or  passive  layer,  where  bulk  solution  properties  are  regarded  as 

constant. [952] It can be expressed in the form: [953]

ZOFLD =
1

Y 0√ jω
tanh(B√ jω) (1.14.4.31)

B = δ

√D
, for RDE, B ∝

1
√rate of RDE rotation

(1.14.4.32)

Where  B is the characteristic time needed for a reactant to diffuse through the 

NDL, δ is the NDL thickness, D is the diffusion coefficient, and Y0 is the same as for ZW. 

A typical example of ZOFLD is shown in FIGURE 1.14.4.4.

FIGURE 1.14.4.4: O circuit element. Reproduced courtesy of [951].

As can be seen, ZOFLD's unique profile is accessible at lower frequencies, while at 

higher  frequencies  Warburg-type  behavior  is  recovered.  The  profile  of  the  O  circuit 

element tends to change with the rate of rotation of the RDE.

1.14.4.9 Bounded Warburg (T) element

The bounded Warburg circuit element is sometimes referred to as the "T" circuit 

element (since its admittance form includes a hyperbolic Tangent). If the ZOFLD circuit 

element models a passive layer, the T circuit element models a film containing a fixed 

amount of electroactive material.  [954] This circuit element can be used in the case of 
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thin  layer  electrochemical  cells,  batteries,  supercapacitors  and  conducting  polymer 

membranes. ZT is expressed in the relation:

ZT =
1

Y 0√ jω
coth(B√ jω) (1.14.4.33)

B = δ

√D
(1.14.4.34)

Where B is the time needed for a reactant to diffuse through the film or layer of 

electroactive material, and all other quantities are defined similarly as described earlier. A 

representative example of the ZT is shown in FIGURE 1.14.4.5.

FIGURE 1.14.4.5: T circuit element. Reproduced courtesy of [951].

While diffusion through an electroactive material can produce the impedance plot 

described in the above, it is also possible in full cells for this phenomenon to be caused 

by accumulation of Li.  [807] A comparison of Warburg,  O and T circuit  elements is 

shown in FIGURE 1.14.4.6.
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FIGURE 1.14.4.6: Different types of diffusion, including the common transition region. Taken from [955]. Open 
Access 2018, CC BY-NC-ND 4.0.

1.14.4.10 Gerischer (G) element

The Gerischer circuit element is used to describe an electron transfer reaction (E) 

that was preceded by a chemical reaction (C), which as a whole is also referred to as a CE 

mechanism. The G circuit element can be expressed as: [956]

ZG =
1

Y 0 √k + jω
(1.14.4.35)

Where k is the rate constant, and Y0 has already been defined above. An example 

of ZG is shown in FIGURE 1.14.4.7.

FIGURE 1.14.4.7: G circuit element. Reproduced courtesy of [951].
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ZG is  used  to  define  CE  mechanism-related  phenomena,  as  well  as  porous 

electrodes, [957] though other circuit elements exist to describe porous surfaces, as will 

be seen subsequently.

1.14.4.11 Constant phase element (CPE)

The constant phase element (CPE) is identified in the complex plane impedance 

plot as a depressed semicircle, whose center is below the x axis. It is described by the 

relationship:

ZCPE =
1

Q ( jω)
n

, n≤1 (1.14.4.36)

For n=1 , ZCPE
1

Qjω
=

1
jωC

⟶ Q=C (1.14.4.37)

Where n is the depression angle (taking values between 0° and 90°, parametrized 

as values between 0 and 1), such that the phase change is constant, regardless of the 

frequency  (hence  the  name constant  phase  element  [946]).  An  example  is  shown in 

FIGURE 1.14.4.8.

FIGURE 1.14.4.8: Example of a CPE element affecting data in Nyquist plot. Taken from [958]. Open Access 2016, 
BY-NC-ND 3.0.

243



1.14.4.12 Causes behind CPE

ZCPE has  been  the  center  of  much  controversy,  [959] as  it  is  essentially  a 

parametrizable quantity that can be adjusted to fit essentially any feature that is vaguely 

semicircular in nature. This in turn has prompted efforts to calculate C from Q, and more 

importantly  to  attribute  a  physical  meaning  to  the  constant  phase  element.  While  a 

definitive and satisfactory explanation has yet to appear, the most popular causes for CPE 

are thought to be surface roughness, distribution of reaction rates, non-uniform current 

distribution and varying thickness of a coating; [960] a brief description of all except the 

last cause will be given.

Surface roughness is thought to be a possible cause, [961] since metal surfaces are 

usually found to have a value of n = 0.89 – 1.0 (i.e. ~80-90°, or little to no phase shift). 

Surfaces that are more fractal in nature are found to have smaller n values, with a perfect 

fractal  having  a  value  of  n =  0.5  (or  45°,  reminiscent  of  the  Warburg  element). 

Interestingly, it is found that in the case of traditional electrochemistry, the use of a Hg 

electrode affords a value of n = 1, owing to the perfectly smooth surface of a droplet of 

mercury. In the context of lithium battery research, Wang and coworkers [642] examined 

EIS of a symmetrical Li/Li cell before and after plate/strip testing, and observed a drop in 

the  fitted  n for  their  equivalent  circuit,  a  phenomenon  they  attributed  to  surface 

roughening at the hands of irregularly deposited lithium metal.

A  distribution  of  reaction  rates,  each  with  a  different  activation  energy, 

[946,962] is a possible explanation in the case of polycrystalline metal electrode, where 

different crystal faces have different rate constants (in addition to the presence of steps 
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and corners on a face). ZCPE can be further articulated in the case of reaction rates by 

modeling them as a distribution of time constants (τ = R C, where C doesn't vary much,⋅  

while  R  is  RF,  i.e.  faradaic,  and  is  responsible  for  the  various  τ  values).  In  this 

incarnation, ZCPE is sometimes referred to as the ZARC element, [946] expressed as:

Z ARC =
R0

1 + ( jωT )
n

(1.14.4.38)

Where T is the mean time constant,  n is the same as for ZCPE, and R0 is the low 

frequency intercept. Other ways of expressing this distribution of time constants make us 

of the other types of immittance, i.e. permittivity (εARC) and admittance (YARC).

A non-uniform distribution of current over the surface of an electrode is thought 

to  be  another  possible  cause  of  the  observed  CPE behavior.  This  was  examined  by 

Tribollet  and coworkers,  [963] who used a  submillimeter  probe to  study a  Mg alloy 

electrode's  behavior  in Na2SO4,  finding that  when the probe was at  the center  of the 

electrode, n = 1.0, while at the edge of the electrode, n = 0.83.

Finally, while there still is some controversy regarding how one should calculate 

C from Q when modelling with a CPE, one proposed relation is: [964]

C = Q° (ωmax)
1 /2 (1.14.4.39)

Where Q° is the magnitude of the admittance (|Y| = 1/|Z|) at ω = 1 rad/s, and ωmax 

is  the  frequency  corresponding  to  the  topmost  data  point  on  the  semicircle  of  the 

corresponding Nyquist plot.
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1.14.4.13 De Levie element

The  De  Levie  circuit  element  was  introduced  in  1963  by  De  Levie  [965] to 

describe porous electrodes, where their equivalent circuit can be schematized as seen in 

FIGURE  1.14.4.9. (fig  5  of  2017  LANGER  PALAGONIA  BARDENHAGEN 

10.1149/2.0381712jes). [88]

FIGURE 1.14.4.9: Equivalent circuits modeling the LLZO/PEO interface. Left: example of a perfectly smooth surface; 
right: example of a porous surface, modeled with the de Levie circuit element. Reproduced with permission from [88]. 

Copyright 2017, IOP publishing.

The impedance of a pore Zpore can be expressed as: [951]

Z pore = (R0 Z0)
1/2 coth( l√

R0

Z0
) (1.14.4.40)

Where R0 is the direct current (DC) electrolyte resistance through the pore, Z0 is 

the wall-electrolyte  interfacial  impedance.  If  all  the pores in  the porous electrode are 

assumed identical and cilindrical, with n pores having radius r and depth l, and provided 

that the interfacial impedance ZIF is known, the De Levie circuit element's experimental 

impedance becomes:

Z exp =
√ρ ZIF

√2 π n r3 /2 (l√ 2 ρ

r Z IF
) (1.14.4.41)

Where  ρ is  the  electrolyte  resistivity  (in  ohm cm).  The  resulting  impedance⋅  

spectra are also dependent on the geometry of the pores, as shown in FIGURE 1.14.4.10.
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FIGURE 1.14.4.10: Simulated impedance spectra for different closed pore geometries. Left: simulated 2D pores; right: 
simulated 3D pores. Insets refer to different normalizations used for simulated spectra. Taken from [966]. Open Access 

2017, CC BY 4.0.

Other forms exist to describe the De Levie circuit,  [88] though they will not be 

discussed here.

For additional reading and resources, a quick reference guide on the fundamentals 

of EIS and the meaning of each circuit element can be found at [951,967].

1.14.4.14 Equivalent circuits

As anticipated earlier, equivalent circuits are employed as a combination of one or 

more  types  of  the  various  circuit  elements  described  above.  The  2  most  common 

equivalent  circuits,  namely  the  Voigt  element  and  the  Randles  circuit,  are  briefly 

described. The Voigt element, as alluded to earlier, is a parallel RC circuit,  [605] and 

while  not  used  as  an  indipendent  circuit,  is  used  in  describing  nearly  all  EIS 

measurements pertaining to lithium battery research. It is easily recognized in complex 

impedance plots as a semicircle (see FIGURE 1.14.4.3). Multiple Voigt sub-circuits can 

be chained together,  when modeling multiple  semicircles,  each one associated with a 

different  process and occurring in  a  different  frequency region.  [950] The alternative 
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variant, which uses CPE instead of a capacitor, is often used when analyzing depressed 

semicircles.

The  Randles  circuit  was  first  introduced  in  1948,  [968] and  is  depicted  in 

FIGURE 1.14.4.11.

FIGURE 1.14.4.11: Example of a) eletrode surface in contact with an electrolyte and b) Randles circuit used to 
describe the system’s behavior. Reproduced with permission from [949]. Copyright 2003, American Chemical Society.

It  is  composed  of  capacitor  in  a  parallel  circuit  with  a  resistor  and  Warburg 

element; this parallel sub-circuit is then in series with another resistance. Here, Cd is the 

double layer capacitor (also known as CDL), Rp is the polarization resistor (sometimes also 

called RDL), W is the Warburg diffusion element, associated with semi-infinite diffusion, 

and Rs is the electrolyte solution resistance (sometimes referred to as bulk resistance or 

RB).  The situation depicted in the above figure is a negatively charged electrode in a 

liquid  electrolyte,  where  the  oxidant  molecules  (colored  red  and solvated  by  solvent 

molecules) diffuse towards the electrode surface, accept an electron by means of a charge 

transfer (CT), and become reductant molecules (colored blue and also solvated), diffusing 

back into solution (for simplicity, adsorption is assumed not to take place at the electrode-

248



electrolyte  interface);  IHP  and  OHP  are  the  inner  and  outer  Helmholtz  planes, 

respectively.

The above examples of equivalent circuits are only two examples of a myriad of 

different types of equivalent circuits. One of the challenges of equivalent circuits is that 

different  circuits  can  accurately  model  the  same  data.  [946] Guiding  principles  for 

discerning which equivalent circuit is most plausible, are:

1) Circuit has elements that correspond to the physical components

2)  Circuit  elements  account  for  the  physico-chemical  or  electrochemical  processes 

present

3)  Simplicity  and  completeness  (infinite  or  arbitrary  number  of  circuit  elements 

unacceptable)

Lastly, a helpful rule of thumb comes from the Randles cell, or rather from the 

manner in which its different circuit elements appear on a Nyquist plot, moving from the 

highest  frequencies  to  the  lowest  ones.  [950] At  frequencies  even  higher  than  those 

accessible  to  most  potentiostats,  lie  impedance  values  associated  with  the  wire leads 

connecting  a  sample  to  the  instrument  (though  a  properly  calibrated  instrument  will 

exclude this from measured data); despite this, it is possible to see a contribution from the 

wire  leads  in  the  form  of  an  inductive  contribution.  Moving  to  high  frequencies, 

resistances and capacitances associated with bulk materials are typically found in this 

region (e.g. RB and CB); these are followed by medium frequencies, where double layer 

(DL), charge transfer (CT) and grain boundary (GB) resistances and capacitances can be 

found. Lastly, at the lowest frequencies, processes and phenomena associated with mass 
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transport  (e.g.  Warburg  diffusion)  and  interfacial  reactions  (e.g.  interfacial 

decomposition)  are found. In some cases,  reaction times are faster  than measurement 

times, forcing one to either limit measurements to a moderately low final frequency, or 

truncating lower frequency data points when attempting to fit data. [246]

1.14.4.15 Grain boundaries

Grain boundaries, sometimes referred to as "domain boundaries", [969,970] exist 

in polycrystalline materials, such as inorganic electrolytes in the case of lithium battery 

research, and are considered problematic, since they responsible for poor conductivities 

and poor cell performance. As result, grain boundary resistances are the subject of several 

works.  [89,90,946,971] While numerical models and derivations are numerous, only a 

brief description will be given of the three most common models, namely the brick layer 

model (BLM), generalized brick layer model, and nano-grain composite model. The 2 

chief types of grain boundaries are internal (different crystal orientations), and external 

(intergrain). [72] This section will focus chiefly on the latter. In general, grain boundary 

phenomena appear in the medium frequency range, as exemplified in FIGURE 1.14.4.12 

and tabulated in TABLE 1.14.4.2.
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FIGURE 1.14.4.12: Nyquist plot of Ca12Al14O33 at 312 °C, with its equivalent circuit. Reproduced with permission 
from [89]. Copyright 2004, John Wiley and Sons.

TABLE 1.14.4.2: Capacitance values and commonly attributed phenomena. Reproduced with permission from [89]. 
Copyright 2004, John Wiley and Sons.

It  should be noted that for some materials, bulk conductivity has such a short 

relaxation time that it is not measurable at ambient temperatures, requiring sub-ambient 

temperatures for them to be measurable; in these cases, a single semicircle is visible at 

room temperature instead the usual two. [53,90]

The classic BLM model [89,972] is exactly what its name suggests, i.e. an array 

of  identical  cube-shaped  grains  of  a  particular  material,  all  separated  by  the  same 

distance. In this model, which describes grain boundary capacitances in a manner akin to 

geometric capacitances, well-sintered materials are regarded as having their cube-shaped 

grains  closer  to  each  other,  resulting  in  higher  capacitances;  conversely,  for  poorly 
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sintered materials capacitances are found to be lower, due to the greater distance and only 

partial contact.

An evolution  of  the  BLM model,  the  generalized  brick  layer  model  seeks  to 

generalize and identify limitations of the BLM's findings.  [973] The highlights of this 

generalized  model  are  that  it  seeks  to  account  for  parallel  conduction  in  grains  (as 

opposed to serial conduction), and finds that classical BLM holds true if the grain sizes 

are large, and/or the grain boundary conductivity is much lower than bulk conductivity. 

Conversely, the generalized model also finds that classical BLM breaks down for smaller 

grain sizes, as well as higher grain boundary conductivities; moreover, these factors can 

complicate EIS interpretation.

Finally, the nano-grain composite model (n-GCM) [974] takes the findings of the 

generalized BLM model and seeks to find a model that applies in the case of smaller 

(nanosized) grains, and in the presence of parallel conduction (i.e. good grain boundary 

conduction). This model is found to be suitable not only for nanosized grains, but can 

also be applied to different grain shapes. On the other hand, it is a model that works best 

for nanosized grains (10 – 100 nm), being unsuitable outside of this range; furthermore, 

n-GCM requires high quality EIS data and samples prepared with a narrow grain size 

distribution. While these are limitations are problematic, they should not cause one to 

disregard the model, and instead to view it as a complementary model to the BLM.

A  chief  concern  surrounding  grain  boundaries  is  their  adverse  effect  on  a 

polycrystalline material's Li+ conductivity, stemming from the often inferior Li+ mobility 

at  these boundaries,  compared to that  within the interior  of a domain;  as such,  grain 
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boundaries are often the rate-limiting step to conduction in a material. [969] This issue is 

exemplified  in  perovskites  such  as  lithium titanates  (LTO),  [975] as  can  be  seen  in 

FIGURE 1.14.4.13.

FIGURE 1.14.4.13: Nyquist plot of perovskite Li0.34La0.51TiO2.94 (LTO) pellet with Au applied by either sputtering or as 
a paste. Inset: detail of high-frequency region. Reproduced with permission from [975]. Copyright 1993, Elsevier Ltd.

Similarly, for lithium lanthanum titanate (LLTO) perovskites, it has been found 

that an elimination of all grain boundaries would result in an increase of conductivity by 

3  orders  of  magnitude.  [970] Thus,  there  is  much  incentive  to  eliminate  intergrain 

contributions to inorganic electrolytes' resistance, in order to access the high values of 

bulk ionic conductivity. The most typical approach is to make use of sintering, preferably 

with the help of a sintering aid such as adventitious Al [976] or Bi2O3; [53] sintering has 

been found to be effective both in oxide electrolytes, as well as in sulfide electrolytes. 

[545] Some inorganic oxide electrolytes, as exemplified by garnets, are capable of much 

lower grain boundary resistances, [977] being even lower than bulk resistance, allowing 

analysis  of  impedance  data  to  be  performed  with  minimal  influence  from intergrain 

contribution; [977,978] in some cases however, high conductivity of a sample can make it 
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difficult  to  resolve  bulk  and grain  boundary contributions,  especially  when these  are 

under exam. [74]

1.14.4.16 Complex modulus formalism

Complex modulus notation exists as a distinct method of representing data, and is 

regarded as equally commonplace as reporting results in terms of impedance. [979] The 

chief advantage of using M* instead of Z is that is relates the results of a macroscopic 

measurement to microscopic information on ion movement. [980] The physical meaning 

of  the  complex modulus  can  be described as  the relaxation of  the  electric  field  in  a 

material, for a constant electric displacement; in effect M* represents the real dielectric 

relaxation process. [979] The ability of M* to shed light on microscopic processes can be 

accessed by plotting impedance data using the relation: [89]

M * = jω ε0
A
l

Z * (1.14.4.41)

By plotting M" vs lof f  (where f  is  the frequency in Hz),  information can be 

gathered  regarding  the  presence  of  grain  boundary  contributions,  as  well  as  bulk 

responses, as seen in FIGURE 1.14.4.14.
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FIGURE 1.14.4.14: BaTiO3 at 327 °C. Left: Data represented in an impedance plot; right: data represented with 
complex modulus formalism. Reproduced with permission from [89]. Copyright 2004, John Wiley and Sons.

Other examples of information available through M* representation includes the 

presence or absence of electrode polarization (usually observed at low frequencies when 

present). [981]

1.14.5 Cyclic voltammetry (CV) and Linear sweep voltammetry (LSV)

Cyclic  voltammetry  (CV) and linear  sweep voltammetry  (LSV) belong to the 

family of potential sweep methods, [29] where the potential is varied linearly over time, 

to give a sweep or scan rate ν (V/s or mV/s). While it is possible to plot the potential and 

current as a function of time, typical plots report current (A or subunits) versus potential 

(V or subunits). Examples of LSV and CV experiments are shown in FIGURE 1.14.5.1 

and FIGURE 1.14.5.2.
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FIGURE 1.14.5.1: Typical LSV experiment with a) voltage profile over time, b) current-voltage curve generated by 
voltage profile. Reproduced with permission from [29]. Copyright 2001, John Wiley and Sons.

FIGURE 1.14.5.2: Typical CV experiment with a) voltage profile over time, b) current-voltage curve generated by 
voltage profile. Reproduced with permission from [29]. Copyright 2001, John Wiley and Sons.

Here, potential is represented with the symbol E, and has the units of volts. As can 

be  seen in  the above figures,  LSV and CV experiments  are  relatively similar.  While 

distinct experimental techniques, they are related and make use of the same principles; 

since LSV can be regarded as essentially a half-cycle of CV, this section will focus on 

describing some of the principles underlying CV, and which are still applicable to LSV. It 

might be helpful at this point, as a comparison, to make an analogy between the roles of 

LSV and CV, and of TGA and DSC. Much like TGA and DSC are distinct but related 

thermal  characterization  techniques,  LSV  and  CV  are  also  distinct  but  related 

electrochemical characterization techniques; it is interesting to note how all four of these 

techniques make use of scan rates (°C/min and mV/s, respectively). Moreover, just like 

256



TGA  can  be  regarded  as  the  half-cycle  of  a  DSC  experiment,  with  irreversible 

destruction,  LSV  can  also  be  viewed  as  a  half-cycle  of  a  CV  experiment,  where 

irreversible  degradation  of  the  sample  takes  place.  [982] TGA can  be  viewed  as  a 

technique providing information on the “thermal stability window” of a material,  and 

LSV as providing information on a material’s electrochemical stability window (ESW). 

Lastly, much like DSC is typically cyclic, where one is interested in the manifestation of 

chiefly reversible thermal phenomena, CV is also cyclic in nature and preoccupies itself 

with studying chiefly reversible electrochemical phenomena.

1.14.5.1 Electrode setups

While lithium battery research often involves either a two-electrode setup, a solid/

semisolid electrolyte or both, it is helpful to describe the CV cell setup in terms of three-

electrode liquid/aqueous electrochemical setups, since they are the earliest iteration of 

CV, and embody the qualities and requirements of a correctly conducted experiment. The 

three electrodes used in an electrochemical cell are the reference, working and counter or 

auxiliary  electrodes.  The  two  possible  cell  setups  for  these  are  shown  in  FIGURE 

1.14.5.3.
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FIGURE 1.14.5.3: Examples of electrode setups. Left: two-electrode setup; right: three-electrode setup. Reproduced 
with permission from [29]. Copyright 2001, John Wiley and Sons.

In  the  figures,  i  and  V  indicate  where  the  current  and  potential  are  being 

measured, respectively.

1.14.5.1.1 Reference electrode (RE)

The reference electrode (RE) is used, as the name suggests, as a reference point 

for the working electrode. It is composed of a redox couple of a known potential, which 

can be readily found as part of a series of tabulated values. In aqueous electrochemistry, 

common  redox  couples  used  in  reference  electrodes  are  Ag/AgCl,  Ag/Ag+ and  SCE 

(saturated  calomel  electrode,  i.e.  Hg/Hg2Cl2/sat  soln.  KCl);  for  non-aqueous 

electrochemistry,  a popular redox couple is  the ferrocene/ferrocenium (Fc/Fc+) system 

(where Fc is  dicyclopentadienyl  iron,  or  Fe(Cp)2).  Regardless of  the choice of  redox 

couple,  the  reference  electrode  maintains  a  constant  potential  over  the  course  of  the 

experiment.  In  this  vein,  an  alternative  to  traditional  reference  electrodes  is  that  of 

pseudo-reference  electrodes,  usually  consisting  of  a  metal  wire  such  as  Ag  or  Pt. 

[29] These are typically  employed when it  is  not practical to use a  regular reference 

electrode,  which  would  require  a  separate  solution  comparment,  or  to  avoid 
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contaminating the sample,  since most common reference electrodes  are  aqueous.  The 

same requirement for reference electrodes applies to quasi-reference electrodes, namely 

that  their  potential  must  not  change during  the experiment.  Since  a  pseudo-reference 

electrode (also known as a quasi-reference electrode) does not typically have a known 

redox  potential,  for  analytical  purposes  it  is  good  to  measure  a  pseudo-reference 

electrode's  potential  against  a  known  standard  electrode.  As  CV pertains  to  lithium 

battery research, the most popular choice is lithium metal as a quasi-reference electrode, 

[562,565,983,984] though the use of non-aqueous reference electrodes such as Fc/Fc+ is 

also employed in conjunction with the pseudo reference electrode. [985] Here, a polished 

sheet of Li metal is used, and although the inevitable reaction of most electrolytes with Li 

takes place, it is assumed that the amount of Li0 present does not change significantly 

during the experiment. It is common to report CV data with the potential as V vs Li/Li+.

1.14.5.1.2 Working electrode (WE) and counter electrode (CE)

The working electrode (WE) is where the electrochemical reaction(s) in question 

take place, producing the measured current values. In a setup where the same electrode is 

used repeatedly for different samples, it is good to ensure that it  is well polished and 

clean,  [986] and that it has a known surface area, since the measured current is usually 

reported as a current density, i.e. A/cm2. In the case of lithium batteries, the most common 

WE  is  stainless  steel,  though  other  materials  can  also  be  used,  such  as  Au  or  Ti. 

[562,565,983,984] The third electrode, known as the counter or auxiliary electrode (CE), 

is responsible in a three-electrode setup for providing electrons to the WE (hence why in 
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FIGURE  1.14.5.3-right  the  measurement  of  current  is  done  by  way  of  the  counter 

electrode). A requirement of the CE is that it  can readily supply electrons to the cell, 

requiring that it have good conductivity; as such, Pt CEs are a popular choice when they 

are used.

1.14.5.2 Voltammograms and common features of CV

It is helpful to briefly recall how electron transfers take place, since this is at the 

heart  of  CV  experiments  affording  any  meaningful  information.  Although  already 

explained in SECTION 1.2, it is helpful to give a quick example of what an electron 

transfer for a molecular compound can be represented, shown in FIGURE 1.14.5.4.

FIGURE 1.14.5.4: Heterogeneous electron transfer, resulting in the reduction of ferrocenium (Fc+). Reproduced with 
permission from [986]. Copyright 2018, American Chemical Society. [Direct link: 

https://pubs.acs.org/doi/10.1021/acs.jchemed.7b00361; further permissions related to the material excerpted should be 
directed to the American Chemical Society]

When an electrode's potential exceeds the LUMO (lowest unoccupied molecular 

orbital) of a molecule, an electron transfer can take place, with ensuing reduction (though 

the rate at which this transfer occurs can depend heavily on a variety of factors  [987]). 

Conversely,  if  the  potential  of  the  electrode  is  lowered  below  the  HOMO  (highest 

occupied molecular orbital) of the molecule in question, the reverse electron transfer can 

take place,  leading to  oxidation.  Subjecting the molecule to a  potential  such that  the 
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electrode's  potential  is  greater  than  the  molecule's  will  result  in  reduction,  which 

corresponds  to  a  negative  potential;  similarly,  subjecting  the  molecule  to  a  potential 

where the electrode's potential is smaller than the molecule's will cause its reduction, 

taking place at positive (or less negative) potentials.

As a  result  of the principles governing electron transfers  under  heterogeneous 

conditions,  there  are  two  different  manners  of  representing  CV data,  also  known as 

voltammograms; these are shown in FIGURE 1.14.5.5.

FIGURE 1.14.5.5:Conventions typically used for reporting CV data. Reproduced with permission from [986]. 
Copyright 2018, American Chemical Society. [Direct link: https://pubs.acs.org/doi/10.1021/acs.jchemed.7b00361; 

further permissions related to the material excerpted should be directed to the American Chemical Society]

The first approach plots potentials as they relate to the electron's potential energy, 

with higher, more reducing potentials on the right side of the voltammogram, and lower, 

more oxidixing potentials on the left side of the voltammogram. In this notation, known 

often as the Texas notation (thanks to Dr. Bard and Dr. Faulkner's fundamental work out 

of the University of Texas at Austin [29]), more negative potential (voltage) values are on 

the right, and more positive potential values are on the left; reductive (cathodic) processes 

take place during scans moving towards the right of the voltammogram, while oxidative 

(anodic) processes occur while scanning towards the left.  While the Texas notation is 
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intuitive,  the  second approach,  termed the IUPAC notation  or  convention,  [986] sees 

potentials arranged in the same manner that a number line is arranged, from negative 

values on the left to positive values on the right. Voltammograms in the IUPAC notation 

are rotated 180° with respect to ones using the Texas notation; while retaining the same 

information  and  being  indistinguishable  (save  for  the  rotation),  IUPAC-plotted 

voltammograms represent cathodic processes as taking place during scans towards the 

left, and anodic processes as taking place during scans to the right. In this work, as well  

as many reports, the IUPAC notation is adopted when reporting results.

As can be observed in the previous figures, ideal cyclic voltammograms have a 

characteristic, nearly centro-symmetric appearance, a shape that some liken to a duck. 

[986] The origin of this profile arises from concentration of reduced analyte and oxidized 

analyte  species  at  the surface of the electrode,  which in turn is  dictated by diffusion 

limited phenomena (in the simplest of cases, e.g. in the absence of adsorbed species). It is 

easiest to understand the underlying causes in relation to the Nernst equation, given as:

Ox + e - ⇄ Red, E = E0
−

RT
nF

ln (
[Red]
[Ox] ) (1.14.5.1)

Where E is the cell's electrochemical potential, E0 is the standard potential of the 

redox couple,  [Ox] and [Red] are the concentrations of oxidized and reduced species 

respectively (though activities are also used  [986]),  R is the ideal gas constant (8.314 

J/K mol),  ⋅ F is  the  Faraday  constant  (96485  C/mol),  n is  the  number  of  electrons 

transferred per mole, and T is the temperature in Kelvin. This relation shows that at the 

extremes of relative amounts of Ox and Red, the logarithmic quantity will be either very 

negative or very positive. For the logarithmic quantity, negative values are achieved when 
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the concentration of Red is smaller than that of Ox (i.e. the argument of the logarithm is 

between 0 and 1), and similarly positive values are achieved when Ox is smaller than Red 

(where the argument is greater than 1). Since there is  a negative sign in front of the 

logarithm, the cell's potential is inversely related to the aforementioned situations: when 

[Red]  >  [Ox],  E  becomes  progressively  smaller  (or  negative),  eventually  becoming 

negative (if E0 wasn't already negative); when [Red] < [Ox], E becomes progressively 

larger (or positive) (regardless of the sign of E0).

If the Nernst equation is understood only as described above, then cell potential is 

determined by the concentration of the reduced and oxidized versions of the analyte; 

however,  since  there  exists  an  equilibrium between  the  two  species,  and  since  it  is 

possible to control the Nernst equation by externally altering the potential, in the case of a 

cyclic  voltammetry  experiment,  it  is  the  potential  that  controls  the  two  species' 

concentrations at the surface of the electrode. Indeed, for very negative potentials applied 

to the cell,  the vast majority of the analyte exists  in the reduced form, while at  very 

positive potentials, it exists mostly in the oxidized form; it should be noted that:

1) These considerations are true only at the surface of the electrode, as mass-transport 

(diffusion) phenomena limit the motion of species in solution

2) It  is  assumed that  the experiment is  being conducted within the electrochemical 

stability  window (ESW) of  the  analyte  and  solvent  (so  that  unwanted  degradation 

reactions are avoided)

The extremes of a voltammogram tend to see the near complete conversion of 

analyte molecules at the electrode surface, but at potential values that are intermediate to 
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the extremes, it is helpful to consider the concentration profile of Red and Ox forms of 

the  analyte,  as  a  function  of  distance  from  the  electrode.  In  the  context  of  lithium 

batteries, it should be pointed out that while the analyte (i.e. solvent, Li salt and resulting 

electrolyte)  is  not  always  a  liquid  (and  instead  a  polymer  electrolyte  for  example), 

transport of Li+ ions to the surface of the electrode is still required for a meaningful CV 

experimental result; this implies that transport properties of non-liquid electrolytes will 

play a role in the voltammogram's profile.  An example of such a profile is shown in 

FIGURE 1.14.5.6.

FIGURE 1.14.5.6: CV measurement of 1 mM ferrocenium (Fc+) at a scan rate of 100 mV/s. A-G: concentration 
profiles of oxidized (blue) and reduced (green) species at the surface of the working electrode; H: resulting 

voltammogram; I: voltage profile over time. Reproduced with permission from [986]. Copyright 2018, American 
Chemical Society. [Direct link: https://pubs.acs.org/doi/10.1021/acs.jchemed.7b00361; further permissions related to 

the material excerpted should be directed to the American Chemical Society]

Various  notable  points  of  a  voltammogram  and  their  relation  to  the  species' 

concentration profiles are shown, with this particular example using the Texas notation. 

Starting at point A (and assuming that the experiment starts here, i.e. the solution was 
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allowed to rest prior to the measurement) the potential is very positive, and the above 

considerations apply, with nearly all of the analyte existing in the Ox form.

As  the  experiment  runs,  the  voltage  is  varied  linearly  over  time,  and  an 

intermediate potential, point B, is reached; in the context of FIGURE 1.14.5.6, this is not 

an arbitrary point, but is where the concentrations of Red and Ox are the same, i.e. [Red] 

= [Ox], meaning that their ratio in the logarithm's argument is 1, giving a value of 0, such 

that E = E0, which is also referred to as E1/2, the half wave potential. In practice, being 

able  to  claim  the  identity  E  ≡  E1/2 depends  on  the  assumption  that  the  diffusion 

coefficients of Red and Ox are approximately the same (i.e. that they diffuse at roughly 

the same speed to and from the electrode).

Looking  at  point  C,  there  is  another  known  point  on  the  voltammogram 

corresponding  to  the  potential  Ep,c in  the  case  of  a  cathodic  scan  (i.e.  scan  towards 

negative  potentials),  or  Ep,a in  the  case  of  an  anodic  scan  (towards  positive  scans); 

associated with these potentials are the respective currents, ip,c and ip,a. So far, at points B 

and C, the current has continued to rise, thanks to the ability of Ox molecules in solution 

being able to diffuse to the electrode's surface, become Red, thus partaking in an electron 

transfer,  which  registers  as  current:  as  more  molecules  are  able  to  diffuse  to  the 

electrode's surface, the current increases in magnitude.

In the case of point C, corresponding to Ep,c in this specific example, the current 

has reached its maximum value: this is where the maximum rate of diffusion of Ox to the 

electrode is achieved. The general reason for this is that while conversion of Ox to Red 

by way of electron transfer registers as current, it also produces new Red molecules at the 
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surface of the electrode; these in turn begin to diffuse away from the electrode, occupying 

a part of the volume in the surrounding bulk solution. The new Red molecules that have 

been building up and diffusing away from the electrode are responsible for hindering new 

Ox molecules from diffusing to the electrode's surface, in effect decreasing the amount of 

electron transfers per unit of time.

At this point, past Ep,c and corresponding to point D, the concentration of Red at 

the surface of the electrode is at its greatest value, constituting effectively the near totality 

of species at the electrode. It should be pointed out that while there is little to no Ox at the 

surface, there is a small, non-zero current being measured; this is sometimes referred to 

as  ilim,  diffusion  limited  current,  or  alternatively  mass  transport  limited  current.  This 

current begins converging towards this value prior to point D, usually ~100 mV after a 

CV  feature  (such  as  Ep,c),  and  corresponds  to  the  regime  where  any  eventual  Ox 

molecules that arrive at the electrode surface are instantly reduced, given the significant 

difference  between  the  elecrode's  potential  and  the  Ox  molecule's  LUMO.  Once  the 

experiment has reached point D, the scan direction inverts, and the entire process repeats 

itself through points E-G.

1.14.5.3 Reversible versus irreversible voltammograms

As described above, the notable features of a voltammogram are usually:

– E1/2 (half wave or standard potential)

– Ep,c (cathodic peak potential) and Ep,a (anodic peak potential)

– ip,c (cathodic peak current) and ip,a (anodic peak current)

266



A common metric that uses these features is:

ΔEp = E p 1 – E p2 (1.14.5.2)

Where 1 and 2 simply refers to the order in which the peaks were observed. It is  

useful to know whether a sample under CV exam behaves in a reversible or irreversible 

manner, corresponding to reversible or irreversible voltammograms. Reversibility relates 

to  the rate  at  which an electron transfer  occurs,  with reversible  ones  associated with 

easier, reversible electron transfers. Ideally, for reversible voltammograms ΔEp should be 

~60 mV (this is true for solutions, though as will be seen in SECTION 1.14.5.6, it has 

also been argued for solids),  [29] regardless of the scan rate adopted (with greater scan 

rates affording greater currents); the ease of electron transfer is reflected in an essentially 

instantaneous reaction at the electrode surface (with peak separation being determined 

only by mass-transport effects, which are separate from electron transfer phenomena). 

Conversely, irreversible voltammograms show increasingly greater peak separation as the 

scan rate increases, a reflection of the irreversible or sluggish electron transfer kinetics, 

where  the  transfer  can  be  regarded  as  "lagging"  behind  the  potential.  Despite  this, 

information  can  still  be  gathered  from  the  peak  separation  in  a  system  showing 

irreversible behavior.

1.14.5.4 Irreversible voltammograms and possible causes

One possible cause for irreversible behavior is adsorption of the analyte on the 

electrode surface. This can be ascertained by plotting a selected ip (ip,c or ip,a) against the 

scan rate (ν), and determining which type of plot affords a linear relationship. If a ip vs √ν 
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plot gives a linear relationship, this indicates an irreversible albeit homogeneous electron 

transfer between the electrode and analyte in solution, and no adsorption is taking place. 

On the other hand, if a ip vs ν plot gives a linear relationship, this can be an indication of 

a heterogeneous electron transfer, caused by analyte adsorption on the electrode's surface. 

[29,987]

While this approach is useful, the reasons for irreversible behavior are not always 

straightforward. In spite of this uncertainty, two additional causes for are common for 

irreversible behavior; these include a dirty electrode (solved by properly cleaning and 

polishing it), and a followup reaction. The latter can take place after the electron transfer, 

rendering  the  analyte  unretrievable  for  the  reverse  reaction;  in  the  case  of  lithium 

batteries, an example is consumption of Li+ that is incorporated into the SEI and thus 

inaccessible during subsequent CV cycles. Reversibility in the general context of lithium 

batteries (and specifically in the case of the Li/Li+ redox couple) can be regarded as the 

ease with which lithium can be deposited and dissolved (i.e. plated and stripped) from an 

electrode surface, in the presence of a particular electrolyte.

As mentioned earlier, non-liquid systems will inevitably have lower or at least 

different Li+ mobilities than liquid systems, such that their voltammograms will present 

different  peak  separations  than  their  liquid  counterparts.  Of  more  concern  in  lithium 

electrolytes and electrode materials is the ability to recover deposited lithium during a 

CV cycle, since this mimics the charging and discharging of a cell: Li+ or Li irreversibly 

lost in the form of EIS, dead lithium or other forms constitutes not only an irreversible 

process from a CV standpoint, but also from a capacity and performance standpoint.
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1.14.5.5 Diffusion coefficients from CV

In addition to helping determine the reversibility of a system, CV can be used in 

some cases to determine the diffusion coefficient of an analyte. While other techniques 

are  generally  used  for  determining  Li+ diffusion  coefficients,  such  as  magic  angle 

spinning  nuclear  magnetic  resonance  (MAS-NMR)  or  conductivity  measurements, 

[96,97] it is worth further underlining the utility of CV even in this aspect. Briefly, by 

conducting CV measurements of a sample that behaves reversibly at different scan rates 

ν,  the  Randles-Sevcick  relation  allows  for  determination  of  the  analyte's  diffusion 

coefficient: [986]

i p = 0.446 n FAC 0 ( nF ν D0

R T ) (1.14.5.3)

Where n, F, R and T are the same as defined earlier, A is the electrode area (cm2), 

C0 is  the  analytical  concentration  of  the  analyte  (mol/cm3),  and  D0 is  the  diffusion 

coefficient  (cm2/s).  The  chief  advantage  of  the  Randles-Sevcik  method is  that  unlike 

conventional methods like electrochemical impedance spectroscopy (EIS), no complex 

modeling is  required.  [198] In this  context,  the chief downside of the method is  that 

reversibility  cannot  be  guaranteed  for  a  given  lithium  battery  system,  so  that  more 

complex routes might be the only viable ones. 

1.14.5.6 CV and lithium batteries

While reversibility is complicated by the nature of the components in a lithium 

battery, CV is still a useful tool for investigating these systems. As an exemplary work 

269



employing the concept  of  CV reversibility,  Yu and coworkers  [198] performed a CV 

study  of  a  liquid  electrolyte  LB,  where  Li0 was  used  for  the  counter  and 

(pseudo)reference  electrodes,  and  LiFePO4 was  used  as  the  working  electrode.  They 

noted that reversibility in their system could be expected if it met the criteria of:

1) ΔEp ~ 58 mV at 25°C

2) |ipc/ipa| = 1 (denoting the absence of side reactions)

3) ip should be proportional to √ν (denoting an electron transfer with a redox species in 

solution)

They  found  that  requirements  1  and  3  were  satisfied,  with  specifically 

requirement 1 depending on the loading (mg/cm2) of LiFePO4, and requirement 3 holding 

true for 0.01 mV/s ≤ ν ≤ 0.2 mV/s (with 0.5 mV/s being the highest rate investigated). It  

was also found that requirement 2 was not satisfied, i.e. |ipc| ≠ |ipa|; this was attributed to 

the differing chemical environment of the cathode during the cathodic and anodic scans, 

with  the  former  represented  by  FePO4 (intercalating  Li+)  and  the  latter  by  LiFePO4 

(deintercalating Li+). The researchers argued that requirement 2 was not necessary for 

reversibility of their system, given the changing nature of the working electrode. In spite 

of these issues, they were able to successfully employ the Randles-Sevcik relation, which 

requires reversibility, to determine the apparent diffusion constant of Li+ in LiFePO4, with 

values  within  experimental  error  that  were  in  agreement  with  other  works'  values. 

[988,989]

An example of deviations from traditional CV measurements are those performed 

on solid state systems, such as solid electrolytes. As mentioned previously concerning 
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interfacial  reactions  in  inorganic  electrolytes,  the  apparent  superior  ESW  of  these 

materials  is  only  kinetic  in  nature,  despite  not  being  detected  by  conventional 

experimental setups. Modified CV setups that have allowed experimental detection of 

decomposition peaks in voltammograms include the use of high surface area carbon and 

composite  working  electrodes,  [565,990] where  the  increased  surface  area  allows  a 

greater  amount  of  interfacial  reactions  to  take  place,  allowing  their  detection.  These 

examples  are  representative  of  some  of  the  complexities  unique  to  lithium  battery 

research, but also the versatility of CV even in this context. Helpful sources for CV and 

LSV can be found at references [29,986,987].

1.14.6 Transference number

 Ion transport (or ion transference) number is defined as the fraction of current 

carried by a particular ion, with respect to the total current. In its simplest definition, the 

ion transference number, defined as: [70]

t+ =
μ+

μ+ +μ-

(1.14.6.1)

Where μ is the mobility of an ionic species, and where the sign indicates whether 

it is a cation or anion. While the lithium transference number (tLi+) can be defined in 

terms of ionic mobility, for lithium conducting solid electrolytes it is more practical to 

determine tLi+ by the method developed by Bruce, Vincent and Evans: [991]

tLi+ =
I SS

I0

ΔV− I 0 R0

ΔV− I SS RSS

(1.14.6.2)
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Where  I is  the current,  R is  the resistance,  ΔV is  the  potential  applied  to  the 

sample,  0 denotes initial  conditions  and  SS denotes steady-state  conditions.  A typical 

transference number experiment uses a symmetrical Li/Li cell with a sample sandwiched 

between  the  electrodes,  and  is  allowed  to  rest  until  the  interfacial  resistance  has 

stabilized. Subsequently, a small potential (20 – 50 mV) is applied to the sample, causing 

the cell to undergo polarization. Since the electrodes are not blocking towards Li+, the 

incoming ions that reduce and plate onto one electrode surface are compensated by new 

ones  from the  other  electrode,  which  are  stripped and dissolved  into  the  electrolyte, 

maintaining a balanced charge.  The anions however are not able to do the same, and 

accumulate  onto  the  surface  of  one  electrode;  these  two  phenomena  are  largely 

responsible for a concomitant drop in current and rise in resistance. Once the measured 

current has reached a sufficiently stable value, the potential is removed, and the cell’s 

resistance is promptly measured. For polymer electrolytes, common tLi+ values fall in the 

range of  0.3-0.5,  [96,244] and can be attributed to the greater  affinity  of Li+ for the 

coordinating  nature  of  polymer  matrices,  which  both  facilitate  solvation  and  hinder 

mobility.  An  example  of  a  typical  transference  number  measurement  is  shown  in 

FIGURE 1.14.6.1.
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FIGURE 1.14.6.1: Example of a typical transference number measurement.

Other methods of determining tLi+ also exist, [248] particularly ones making use of 

magnetic  resonance,  [992–994] though  some  electrochemical  methods  have  been 

superseded in the context of polymer and hybrid electrolyte research.  For example,  a 

popular alternative method was proposed by Sorensen and coworkers,  [245,995] which 

used a simple ratio of bulk and diffusion resistances to determine the transference number 

of  lithim.  While  an  attractive  approach,  it  was  pointed  out  by  Bruce  and  coworkers 

[991] that it works in ideal materials, where concentration gradients are non-existent; this 

is not the case for polymer electrolytes, particularly at low frequencies. The limitations of 

Sorensen's  technique  are  exacerbated  by  its  applicability  only  at  higher  temperatures 

(since at room temperature the frequencies required for measuring the diffusional part of 

the impedance are impractical). Another problem that this approach suffers from is the 

ambiguity of impedance plots of certain lithium-based polymer electrolytes.

1.14.7 Galvanostatic plate-strip tests

Given the issues associated with using lithium metal as an anode, it is important 

to evaluate not only the calendar stability of an electrolyte (e.g. Li/Li EIS monitoring 
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over time), but also its performance under operating conditions. Much like in the case of 

time-resolved  EIS  monitoring,  where  it  is  beneficial  to  use  a  symmetrical  cell 

configuration to study the Li-electrolyte interface, this approach can be valuable also in 

the case of the operating conditions. Symmetrical Li/Li cells are cycled much in the same 

fashion that a complete cell is, with a prescribed current density (mA/cm2 or μA/cm2), i.e. 

under cyclic galvanostatic conditions, with a full cycle subdivided into two half-cycles. 

For a give lithium electrode, if during the first half-cycle it is subjected to a negative 

potential, it undergoes lithium deposition (i.e. reduction) or plating; conversely during the 

second half-cycle, when subjected to a positive potential,  it  instead undergoes lithium 

dissolution (i.e. oxidation) or stripping. It should be pointed out that since both electrode 

are lithium metal and the cell is ideally perfectly symmetrical, for a give half-cycle one 

electrode is experiencing plating while the other experiences stripping. Furthermore, the 

voltage of the cell arises from both electrodes' contribution; determination of the potential 

of a particular electrode requires a third electrode that serves as a reference electrode.

For a typical plating-stripping experiment, results are plotted as voltage (mV or 

V) versus time, cycles or current passed. Ideally, the resulting plate-strip profile should 

have the following qualities:

1) low overpotential during cycling

2) stable voltage profile over time

3) lack of diverging overpotential

4) absence of short circuits.
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A symmetrical  Li/Li  cell  requiring a high overpotential  to  accomplish cycling 

indicates that the electrolyte is not a good candidate material, since this would afford an 

inefficient cell,  where its electromotive force would be involved in working against a 

large internal resistance. A plate-strip profile that is not stable (e.g. varying erraticly) is an 

indication of an unstable system, which can be due to various reasons, the most notorious 

one being that of the so-called "fuse effect", [132,140] shown in FIGURE 1.14.7.1.

FIGURE 1.14.7.1: DC current (0.5 mA/cm2) experiment with a symmetrical Li/LLZO-Nb/Li cell, showing an example 
of the “fuse effect”. Reproduced with permission from [140]. Copyright 2013, IOP Publishing.

Here, as dendrites start to form and traverse the electrolyte, in some cases the 

contact  with  the  opposing electrode  is  so  small  that  under  the  cell's  current  density, 

sufficient heat is generated to melt the dendrite, akin to the behavior of an electrical fuse. 

The  causes  of  a  diverging  overpotential  [132,235] can  be  complex,  though  common 

reasons are:

1) Growing SEI

2) SEI that is becoming progressively less conductive

3) Unstable electrolyte

4) Consumption/degradation of the electrolyte
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5) Combination of the above phenomena

Such a profile would indicate an electrolyte that is unable to efficiently facilitate 

the  motion  of  Li+ from one electrode  to  the  other.  A comparison  of  a  stable  versus 

diverging overpotential is shown in FIGURE 1.14.7.2.

FIGURE 1.14.7.2: Symmetrical Li/Li cycling data of PEO LiTFSI composite electrolytes (~6% wt SiO2), with 
different LiTFSI 1M electrolytes wetting the composite’s surface. Taken from [235]. Open Access, CC BY-NC-ND 3.0.

The stable cell  shown has a profile that converges to a stable value; while its 

initial cycles do show higher overpotentials, this is typically attributed to the formation of 

the  SEI  layer.  The  presence  of  short  circuits  [104,139] is  obviously  an  undesired 

phenomenon to avoid during plating and stripping, although its presence is sometimes 

difficult to determine (e.g. fuse effect). In spite of this, telltale signs of a short circuit are 

an abrupt change in potential (usually to a final, significantly lower value), observed both 

in cyclic setups and dc current experiments, as shown in FIGURE 1.14.7.3.
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FIGURE 1.14.7.3: Examples of short circuiting in symmetrical Li/Li cells with solid electrolytes. Left: cycling data for 
a SEO copolymer. Reproduced with permission from [104] (fig 1 of 2012 STONE BALSARA). Copyright 2012, IOP 
publishing. Right: DC current (0.5 mA/cm2) experiment of Al2O3-doped LLZO, where the different curves correspond 

to different amounts of Al2O3. Reproduced with permission from [139] (FIG 3 of 2014 SUDO is dc current 
experiment). Copyright 2014, Elsevier Ltd.

A second,  more  definitive  clue  to  short-circuiting  behavior  can  be  found  by 

running an EIS measurement on the cell: short circuits are in effect inductive loops (L 

circuit  elements),  which  in  the  case  of  shorted  cells  can  be  modeled  with  an  RL 

equivalent, giving data points that fall into the positive imaginary region of the complex 

plane plot. EIS data is usually conclusive unlike plating/stripping data, since even after 

shorting, a cell can continue to cycle, as seen above. The aformentioned issues that a 

Li/Li plate-strip cell can encounter are largely attributable to SEI formation, as well as to 

lithium dendrite formation and growth. Given the complexities associated with plating-

stripping experiments, particularly when in-situ setups are not available, it can be difficult 

to make even qualitative evaluations of what phenomena might be taking place in the cell 

during  cycling.  To  this  end,  it  is  helpful  to  make  use  of  findings  and  frameworks 

developed by other works that used in-situ setups.
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1.14.7.1 Plate-strip interpretation

The works of Dasgupta and coworkers [132,133] have sought to make use of in-

situ  observations,  performed  in  numerous  other  works  as  well,  [135,136,996,997] to 

attempt  to  describe,  quantify  and model  the  formation  of  lithium dendrites  and their 

impact  on  galvanostatic  plate-strip  experiments.  In  their  works,  they  made  use  of  a 

custom visualization cell  employing symmetrical  lithium metal  electrodes  and a 1 M 

solution of LiPF6 in 1:1 EC:DMC. The focus was on irregular electrodeposition in the 

form  of  dendrites,  treating  the  overall  phenomenon  as  an  interplay  between 

heterogeneous  electron  transfers,  thermodynamics,  kinetics  and  surface  areas.  At  this 

point, it is useful to recall the Butler-Volmer equation, used to quantify electron transfers:

i = i0⋅{exp [αanF η

RT ] − exp[−αc nFη

RT ] } (1.14.7.1)

Where  i is  the current  density  (A/cm2 or  mA/cm2),  i0 is  the exchange current 

density  (quantifying  the  equilibrium  of  electrochemical  reactions  in  the  absence  of 

electrical loads), αa and αc are the anodic and cathodic charge transfer coefficients (where 

αa + αc = 1, though both are usually regarded as ~0.5, [738] ), n is the number of electrons 

transferred,  F is the Farady constant (96485 C/mol),  R is the ideal gas constant (8.314 

J/K mol),  ⋅ T is the temperature (K), and η is the overpotential (V). For their framework, 

they modified the Butler-Volmer equation as follows:

i = γ F k eff
0 {cLi exp[(1 −β) F

RT
η] − cLi+ exp [−β F

RT
η] } (1.14.7.2)

k eff
0
= θfast k fast

0
+ θslow k slow

0
= θfast k fast

0
+ (1 − θ fast) k slow

0 (1.14.7.3)
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Where  γ is the surface roughness parameter,  keff
0 is the effective heterogeneous 

rate constant (which is dependent on surface roughness), c is the concentration, β is the 

symmetry factor (and simply α from the Butler-Volmer equation), kfast
0 and kslow

0 are rate 

constants associated with fast and slow kinetic processes respectively, θfast and θslow (θfast + 

θslow = 1) are the electrode surface area fractions with fast and slow kinetics respectively, 

and all other quantities are the same as defined for the Butler-Volmer equation. 

In their framework, for a symmetrical Li/Li plate-strip cell, they identify 5 chief 

processes involving electron transfers, each with its respective rate constant and surface 

area  fraction.  These  processes  can  be  subdivided  into  2  occurring  on  the  electrode 

experiencing  deposition  (reduction  or  "cathode"),  and  3  occurring  on  the  electrode 

experiencing dissolution (oxidation or "anode"):

– Cathode: dendrite nucleation ("nuc") and dendrite growth ("grow")

–  Anode:  dendrite  dissolution  ("den"),  bulk  electrode  dissolution  ("bulk"),  bulk 

electrode pitting ("pit")

These are schematized in an equivalent circuit and cartoon in FIGURE 1.14.7.4.

FIGURE 1.14.7.4: a) idealized circuit representing the different processes involved in a symmetrical Li/Li cell; 
breakdown of surface area fractions (θ) of the processes occurring on b) the cathode and c) anode. Reproduced with 

permission from [133]. Copyright 2016, American Chemical Society. [Direct link: 
https://pubs.acs.org/doi/10.1021/acscentsci.6b00260; further permissions related to the material excerpted should be 

directed to the American Chemical Society]

279



The kinetics of process p (denoted by kp) be can be quantified as:

k p
0
= Ap exp (−ΔG p

RT ) (1.14.7.4)

Where  Ap is the pre-exponential factor (or Arrhenius constant),  ΔGp is the total 

energy barrier of the process in question (and dictates the impedance associated with the 

process), and all other quantities are as defined earlier. Their model describes processes 

with larger associated surface areas as kinetically faster, and ones with smaller surface 

areas as kinetically slower. Hence, regions such as dendrites and pits are expected to be 

the  sites  of  kinetically  faster  processes,  with deposition  or  dissolution occurring  at  a 

greater rate in the case of dendrites, and dissolution in the case of pits. Complementary to 

these regions are ones with a more limited surface area,  namely the flat,  unperturbed 

surface of the electrode.

Here, slower kinetics are partly due to the smaller area fractions, as well as to the 

different  nature of  the processes  occurring:  specifically  in the case of nucleation and 

pitting,  these  are  thermodynamically  more  costly  processes  (giving  greater  energy 

barriers  and greater  ΔGp),  and  tend to  have  comparatively  sluggish  kinetics.  In  their 

model, the researchers attribute a direct correlation between the energy barrier, kinetics 

and areal fraction of a process, and the corresponding hypothetical overpotential for that 

particular process. Obviously in this context it is not possible to conduct an experiment 

where only one process is guaranteed to occur, making its specific contribution difficult 

to isolate. Another complication is due to both the evolution over time of the electrode 

surface (and thus the contribution of each process), as well as the cyclic nature of plate-

strip experiments, where the electrode experiencing one set of processes during a half-
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cycle, experiences the other set of processes during the subsequent half-cycle. In spite of 

this  limitation,  it  is  still  possible  to  glean information  using this  framework,  by first 

describing an electrode's behavior over the course of different half-cycles.

To  account  for  the  observed  evolution  of  plate-strip  profiles  over  time,  as  a 

starting point focus was placed on the first 3 half-cycles (corresponding to 1.5 full cycles 

of plating and stripping), which are representative of the typical phenomena encountered, 

as shown in FIGURE 1.14.7.5.

FIGURE 1.14.7.5: Formation of dead lithium over the course of a symmetrical Li/Li cycling experiment. Reproduced 
with permission from [132]. Copyright 2017, Royal Society of Chemistry.

Notably,  during  the  first  half-cycle,  uniform  deposition  (bulk,  slow)  is 

accompanied by nucleation (nuc, slow) and dendrite growth (grow, fast). This is followed 

by  stripping  of  lithium  during  the  second  half-cycle,  with  dissolution  occurring 

preferentially  from the  dendrites  (den,  fast)  until  complete  depletion,  at  which  point 

dissolution from the untouched electrode surface (bulk, slow) and from nascent pits (pit, 

slow) begins  to  take over.  This  second half-cycle  leaves in  its  wake both pits  in  the 

lithium electrode, as well as severed pieces of lithium ("dead lithium") that have broken 

off  during  dissolution,  the  result  of  their  incomplete  dissolution  during  the  parent 

dendrite's dissolution. The third half-cycle is analogous to the first half-cycle, though the 

processes take place in the presence of pits  and dead lithium. As cycling progresses, 
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regardless of whether or not dendrites survive dissolution over multiple cycles, there is an 

accumulation of dead lithium on the surface of the electrode. This has two immediate 

effects. First, dead lithium resulting from previous dissolution half-cycles constitutes a 

loss of active material, as it can no longer participate in the electrochemical process; this 

is due to the presence of a (usually electronically insulating) passivation layer that forms 

around  the  individual  pieces  of  dead  lithium.  Second,  the  accumulated  dead  lithium 

creates a region of tortuous paths that Li+ ions must traverse, hindering their arrival and 

departure from the electrode surface.  The accumulation of dead lithium, as shown in 

FIGURE 1.14.7.5, takes place over the course of the experiment, and its effects begin to 

manifest themselves in later cycles. These considerations and formalizations of the model 

can  be  used  to  explain  experimentally  observed  features  in  a  non-aqueous  liquid 

electrolyte cell, as shown in FIGURE 1.14.7.6.

FIGURE 1.14.7.6: Voltage trace of first 10 cycles of a symmetrical Li/Li cycling experiment (visualization cell). a-f) 
image stills from footage of the visualization cell, and voltage traces at the corresponding points in time. Reproduced 

with permission from [133]. Copyright 2016, American Chemical Society. [Direct link: 
https://pubs.acs.org/doi/10.1021/acscentsci.6b00260; further permissions related to the material excerpted should be 

directed to the American Chemical Society]
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A general rule of thumb is that thermodynamically more costly processes will 

entail  greater  overpotentials,  as  a  direct  consequence  of  the  greater  energy  barriers 

associated with these processes, while less costly processes will  require more modest 

overpotentials.  This  in  practice  produces  the  easily  identified  features  in  plate-strip 

profiles, namely peaks (for more costly processes) and dips (for less costly processes) in 

overpotential.  As can be seen in  FIGURE 1.14.7.6, the observed overpotential can be 

directly  correlated  to  the  visually  observed  processes,  as  articulated  earlier  in  the 

description of the first three half-cycles, and in the above figure. As alluded to previously, 

the accumulation of dead lithium during subsequent cycles creates tortuous paths for Li+ 

to migrate through; this results in a plate-strip profile that exhibits arcs instead of peaks, 

and can be attributed to Li+ diffusion. An example of early cycles' profile and later cycles' 

profile is shown in FIGURE 1.14.7.7.

FIGURE 1.14.7.7: a) symmetrical Li/Li cycling data, with detail of cycling data b) at the beginning of experiment, c) 
at the end of the experiment; d) and e) are the respective still images and schematic representations of the above data. 

Reproduced with permission from [132]. Copyright 2017, Royal Society of Chemistry.
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A third,  reference electrode is  required for determining the actual  potential  of 

either lithium electrode; Dasgupta and coworkers, as part of the experimental results used 

in creating their framework, measured the potential of both electrodes with respect to a 

reference  electrode  (also  Li  metal),  allowing  for  the  deconvolution  of  the  plate-strip 

profile's overpotential, into the distinct contributions of each electrode. This is shown in 

FIGURE 1.14.7.8.

FIGURE 1.14.7.8: Three-electrode measurement showing the contributions of the two lithium electrodes (EL-a, El-b), 
and the resulting voltage profile. Reproduced with permission from [133]. Copyright 2016, American Chemical 

Society. [Direct link: https://pubs.acs.org/doi/10.1021/acscentsci.6b00260; further permissions related to the material 
excerpted should be directed to the American Chemical Society]

It should be noted that the cathode and anode of a particular half-cycle reverse 

roles in the subsequent half-cycle. The findings of Dasgupta's group were shown to hold 

true in multiple cell configurations, although the visibility of the features was affected by 

the particular configuration (e.g. visualization cell or coin cell). Other notable findings 

include the outcome for cells that were cycled more than 1000 cycles, where cell failure 

was  not  caused  by  dendrite-induced  shorting,  but  rather  by  divergence  of  the 

overpotential, which the researchers attributed to concomitant dead Lithium accumulation 
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and electrolyte depletion. Interestingly, in that vein, the researchers found that this mode 

of failure was inevitable  for the liquid electrolyte  system they adopted for the study, 

though the onset of failure could be delayed by increasing the amount of electrolyte in the 

cell, a clear indication of the cell effectively drying up by electrolyte depletion. [132]

1.14.8 Galvanostatic charge-discharge tests

The individual properties of an electrolyte material,  quantified with techniques 

such as those listed above, provide partial glimpses into what might be the anticipated 

performance of the electrolyte as a battery material. These techniques are essential, but 

cannot replace the information gathered by testing a complete cell with an anode and 

cathode,  by  cyclic  charging  and  discharging  (also  known  simply  as  cycling)  tests. 

Candidate  materials  are  ultimately evaluated based on this  type of performance,  with 

cycling tests being the gatekeeper to potential applications: a material unable to prove 

itself  in  these  tests  is  unsuitable  as  a  battery  component,  regardless  of  the  positive 

outcomes from previous characterization results. Typically a negative outcome requires 

one to "go back to the drawing board", which can be limited to simply fine-tuning the 

electrolyte material in question (e.g. by adding controlled amounts of liquid electrolyte in 

the case of solid electrolytes, [998]), though this is not always guaranteed.

Typically, cycling tests are performed under constant current conditions, where a 

prescribed current density, and upper and lower voltage cutoff limits are used to study the 

cell's  response.  Results  are  usually  plotted  as  voltage  versus  capacity,  normalized 

according to the mass of active material present or capacity versus cycle number, [999] as 
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well as coulombic efficiency versus cycle number.  [1000] Additional tests to perform 

include cycling at different discharge rates (i.e. C-rates, [999]). Representative examples 

are shown in FIGURE 1.14.8.1.

FIGURE 1.14.8.1: Cycling data of a hybrid ionogel electrolyte (HIGE) in Li/HIGE/LiFePO4 complete cells. a) 
discharge curves at 0.2 C rate, b) rate capability experiment. Reproduced with permission from [999]. Copyright 2013, 

Royal Society of Chemistry.

Depending on the outcomes of these tests, different considerations can be made. 

For example, the voltage measured across the electrodes can experience changes over 

time, as opposed to remaining unchanged, an indication of processes occurring within the 

cell. Additionally, a cell's capacity at the beginning and end of an experiment are almost 

inevitably  different,  for  a  variety  of  reasons  that  depend  on  the  specific  findings 

encountered in the preceding experimental techniques along the path to characterization 

of a specific material. It is not unusual for the first 1-2 cycles to look very different from 

the following ones: in the best of cases this is usually attributed to SEI formation, with 

ideal systems reaching a steady state within the first  couple of cycles, as opposed to 

several cycles. [24] Always part of this observation, it can be noted that the final capacity 

is  always inferior  to  the  initial  capacity.  A caveat  to  this  statement  though is  that  it  

assumes these capacity values are close to the theoretical value of the electrode materials; 
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if the starting point is significantly lower (particularly in the case of solid electrolytes), 

the rise of capacity over several cycles can be an indication of gradual improvement in 

interfacial contact. Normally though, a gradual decline in capacity is observed for any 

ordinary cell. This is inevitable in all battery systems; the question is what is the rate of  

capacity loss: indeed, the goal is not to create an immortal battery, but merely to design a 

system with a decay rate that exceeds the expected lifetime for a particular application, 

i.e. delaying the 80% initial capacity mark to the longest time possible. In the case of 

batteries for electric vehicles, for example, the ability to retain more than 80% initial 

capacity should be maintained over the span of thousands of cycles, as opposed to the 50-

100 cycle lifetime usually reported in the literature for solid electrolytes. [1001]

The capacity of a cell is also impacted by the C-rate it is subjected to. [1002] The 

most  common reason for this  is  related to  the slow Li+ interacalation/de-intercalation 

kinetics of the cathode active material, [1003] though this is only one of multiple causes. 

The other chief cause is polarization, already mentioned previously, consisting of ohmic 

(responsible  for  the  so-called  "IR  drop"),  activation  and  concentration  polarizations. 

Ohmic polarization can be attributed to the electrolyte's resistance, activation polarization 

to electrode properties, and concentration polarization can be regarded as arising from 

concentration  gradients  of  redox  species  at  the  electrode  surface.  It  should  be  noted 

though that while these are distinct contributions,  they are usually not distinguishable 

during cell operation. However, given the voltage cutoff limits of a cycling experiment, 

and with greater  C-rates  corresponding to  greater  current  densities,  these polarization 

phenomena cause the cell to reach its cutoff limits in a shorter period of time, ending 
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prematurely a half-cycle. While it would be possible to force the half-cycle to last longer, 

this would both frustrate consistency between measurements at different C-rates, and in 

the case where voltages beyond the normal cutoff values are adopted, overcharging and 

overdischarging can begin to take place, leading to undesirable processes.

Lastly, cells do not always recover their original capacity after a "C-rate ramp" 

test, indicating that some irreversible process has taken place, either thanks to electrolyte 

degradation,  overcharging  or  overdischarging  if  voltage  limits  were  not  correctly 

specified,  excessive  consumption  of  lithium  during  the  higher  C-rates, 

unfavorable/excessively thick SEI, as well as other factors that can be unique to a specific 

material.  Besides  C-rate and unwanted reactions affecting capacity of a battery,  other 

factors that can impact capacity are temperature [24] and improperly matched capacities 

of anode and cathode. For the latter, this is not an issue when using half-cells with Li 

metal, which can be regarded as an infinite reserve of Li+; however, for full-cells such as 

graphite-LCO,  this  can  be  problematic.  Aside  from  the  inevitable,  initial  electrolyte 

consumption during SEI formation on the anode, another problem stems from the anode 

having an  inferior  capacity  compared to  the  cathode.  As  an  example,  in  the  case  of 

graphite,  intercalation  takes  place  only  a  few  hundred  mV above  lithium reduction, 

[35] during charging in the presence of an undersized anode, after it has accomodated as 

much lithium as  possible,  the remaining excess  lithium can be plated on its  surface, 

posing a significant safety hazard in a real-life setting.

Relating  to  what  has  been  so  far  discussed,  some useful  metrics  pertinent  to 

cycling tests are coulombic efficiency (see SECTION 1.2), capacity retention, relative 
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capacity  decrease  and  other  optional  quantities.  Capacity  retention  (CR)  and  relative 

capacity decrease (RCD) for the nth cycle N can be expressed as:

C . R . (%) =
CN

C 1

× 100 (1.14.8.1)

R .C . D. (%) =
C1 − CN

C1

× 100 (1.14.8.2)

Where C1 is the capacity of the first cycle. Other optional relations can be used for 

example to determine the remaining amount of charge available, such as the empirical 

Peukert equation, [1004] though they will not be discussed here.

1.15 Conclusions

The above sections illustrate the importance of energy storage, the indispensable 

role that the lithium battery in all its iterations has fulfilled, and its shortcomings in its 

current form as a compromise technology. The principles governing batteries, their chief 

components and characteristics,  as well  as the major classes of electrolytes have also 

been described briefly, as have novel electrolyte materials, specifically hybrid electrolytes 

and  cocrystal  electrolytes.  The importance  of  understanding  how battery  components 

behave with each other, their compatibility, incompatibility and strategies for addressing 

interfacial issues, are also covered, as are some of the more promising manufacturing 

techniques  for  enabling  these  strategies.  Lastly,  the  more  common  characterization 

techniques available to the materials scientist are also briefly described.

Each electrolyte system shown has some benefits  and some drawbacks;  liquid 

electrolytes  offer  excellent  performance,  but  suffer  from  inherently  limited  safety, 
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impinging on performance. Solid electrolytes such as polymers are easy to manufacture 

and provide good interfacial  contact,  but  suffer from limited performance and safety. 

Inorganic  solid  electrolytes  offer  excellent  safety  and  in  some  cases  excellent 

performance,  but are penalized by poor interfacial  contact  and in many cases limited 

thermodynamic  stability  against  electrode  materials.  The  possibility  of  combining 

together electrolyte materials from different families, affording hybrid electrolytes, is an 

attractive  option,  but  issues  such  as  component  compatibility,  ionic  transport  across 

phases, and the issues inherited from the parent materials, have frustrated efforts to find a 

successful hybrid electrolyte. The lack of a clear, superior hybrid system prevents focused 

efforts from being centered around a narrow set of systems, making it more difficult to 

identify additional clues that can inform current known requirements for hybrid systems. 

In this  present work, systematic efforts to characterize first the components of 

novel  hybrid  systems,  and  subsequently  model  and  complete  hybrid  systems,  are 

described. As a novel strategy, the route of covalent attachment of polymer electrolytes to 

the surface of inorganic electrolytes is explored, by way of an artificial layer of SiO2 

introduced  by  ALD.  Additionally,  the  thermal  behavior  and  some  electrochemical 

characteristics of cocrystal  electrolytes are also explored, and their role as a potential 

hybrid electrolyte component is also evaluated.

Chapter  2  provides  a  description  of  the  experimental  methods  employed  for 

characterizing  the  systems  investigated.  The  subsequent  three  chapters  characterize 

progressively complex hybrid systems, starting with the components (Chapter 3), moving 

to planar geometry configurations (Chapter 4), and arriving at actual hybrid electrolytes 
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in different variations (Chapter 5). Chapter 6 describes the cocrystal systems investigated, 

including their thermal and electrochemical behavior.
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CHAPTER 2

DESCRIPTION OF MATERIALS, METHODS, SAMPLE PREPARATION AND 

EXPERIMENTAL TECHNIQUES USED

2.1 Materials

Air  and  moisture  sensitive  samples  were  stored  in  an  Argon-filled  glovebox 

(MBRAUN LabMaster 130), unless specified otherwise. All chemicals were used without 

further purification, unless specified otherwise.

2.1.1 Battery components

Lithium foil (0.75 mm thick, 19 mm wide, 99% purity) was purchased from Alfa 

Aesar.  Lithium bis(trifluoromethanesulfonimide)  (LiTFSI)  was purchased from Sigma 

Alrich. Lithium iron phosphate (LiFePO4, carbon coated) was purchased from Ximen Tob 

New Energy  Technology  Co.  Ltd.,  Li4Ti5O12 (LTO anode)  was  purchased  from MTI 

corporation,  LiNi0.6Mn0.2Co0.2O2 (NMC-622)  was  purchased  from  MSE  supplies, 

polyvinylidene fluoride binder (PVDF) was purchased from Arkema, while carbon black 

conducting additive (CB) and N-Methyl-2-pyrrolidone (NMP) were purchased from MTI 

Corporation. Zirconium oxide beads (5 mm diameter)  were purchased from Y Jingrui 

Company.
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2.1.2 Catalysts

Di-n-butyltin  bis(2,4-pentanedionate)  (Sn  catalyst)  was  purchased  from  Alfa 

Aesar.  HCl (37% wt) was purchased from Fluka and used as a catalyst.  Formic acid 

(HCOOH, reagent grade, ≥ 95%) was purchased from Sigma-Aldrich.

2.1.3 Model system components

Tetraethyleneglycol dimethyl ether (TEGDME or G4), N,N-Dimethylformamide 

(DMF, 99% purity),  methylcellulose (MC, Aldrich,  primary supplier  DOW, METHO-

CEL A, Mn = 86,000 g/mol, 27.5–31.5 wt% methoxy groups, degree of substitution of 

1.6–1.9 mol methoxy per mol anhydroglucose units) were purchased from Sigma Aldrich.

Celgard 2400 (monolayer polypropylene, 25 μm thick, 0.043 μm average pore 

size), electrospun polyacrylonitrile (PAN, average thickness 50 um, a gift from Dr. Vibha 

Kalra,  Department of Engineering, Drexel University) and glass fiber (GE Healthcare 

Life Sciences, primary supplier Whatman(R), 47 mm diameter, 0.3 mm thick) were used 

as separators and soaked with solutions of G4 and LiTFSI.

2.1.4 Electrolyte components – Silanes

Monopodal  silane  (3-Glycidoxypropyl)trimethoxysilane  (GLYMO,  hereafter 

referred to by its Gelest product code SIG5840.0) and tetraethyl orthosilicate (TEOS) 

were  purchased  from  Sigma-Aldrich,  while  monopodal  silane  2-

[methoxy(polyethyleneoxy)9-12propyl]trimethoxysilane  (tech-90,  product  code 

SIM6492.72)  and  dipodal  silanes  bis  [(3-methyldimethoxysilyl)propyl]poly-propylene 
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oxide  (6-7  PO  units,  product  code  SIB1660.0)  and  bis(3-

triethoxysilylpropyl)polyethylene oxide (25-30 EO units, product code SIB1824.84) were 

purchased from Gelest, Inc. SIG5840.0 and TEOS were stored in a refrigerator, while all 

other silanes were stored in a dessicator.

2.1.5 Electrolyte components – Inorganic electrolytes

  NASICON-type  ceramics,  with  the  formula  Li2O-Al2O3-SiO2-P2O5-TiO2 

(LASPT) were either purchased from MTI corporation (5 mm x 5 mm squares, 150 μm 

thick), or received as a gift from OHARA, Inc (5 cm diameter discs, 250 μm thick). MTI 

ceramic samples were used without further modification, while OHARA ceramics were 

scored with a diamond scribe and divided into pieces of suitable size. All ceramic plates 

were rinsed with ethanol and baked at 140 °C for at least 30-60 minutes prior to use, and 

stored in an Argon-filled glovebox (MBRAUN LabMaster 130). Powdered NASICON-

type  ceramic  Li1.5Al0.5Ge1.5(PO4)3 (LAGP  powder,  primary  grain  size  500  nm)  was 

purchased  from  MSE  supplies,  and  stored  in  the  aforementioned  glovebox.  As  a 

comparison, inert filler SiO2 powder (1 μm) was purchased from Alfa Aesar, and stored 

outside of the glovebox.

2.1.6 Cocrystal components, other materials

Adiponitrile  (ADN)  and  lithium  hexafluorophosphate  (LiPF6)  were  purchased 

from Sigma Aldrich. Ethanol (EtOH, 200 proof) was purchased from Pharmco-Aaper, 
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while diethyl ether (Et2O, Fluka) was purified by distillation, followed by drying on an 

Al2O3 solvent column.

2.2 Preparation methods

Using the above starting materials, the following samples were prepared.

2.2.1 Model systems – G4-LiTFSI solution preparation

Solutions of G4 and LiTFSI in molar ratios of 1:1, 1:2 and 1:4 (G4:LiTFSI) were 

prepared by weighing out the appropriate amounts of materials, and stirring overnight in 

the glovebox.

2.2.2 Model systems – Methylcellulose film preparation

The preparation of the MC iongel films was performed by Sumanth Chereddy, 

and is described as follows [1]. A solvated ionic liquid (SIL) consisting of an equimolar 

mixture of G4 and LiTFSI ([G4Li]+[TFSI]-), corresponding to a O/Li ratio of 5/1, was 

dried overnight under vacuum at 60 °C. Solutions of MC (40 mg in 2 mL of DMF) and  

varying amounts of SIL in 2 mL of DMF (for the 90% wt SIL film, referred to as 90/10,  

360 mg of SIL in 2 mL of DMF) were prepared separately.  MC required ~1 hour to 

completely dissolve, before combining the two solutions and stirring them overnight at 

room  temperature.  Samples  were  then  heated  to  120  °C  and  cooled  back  to  room 

temperature, in order to achieve gelation. Films were prepared by first re-heating the gels 

to 90 °C and then casting them onto a teflon sheet. DMF was evaporated from the gels by 
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storing the samples at room temperature for ~36 hours in a dedicated glovebox under 

constant nitrogen flow. Films were dried in a vacuum oven at 85 – 90 °C for 72 hours, 

and then transferred to an Ar-filled glovebox. 

2.2.3 Sputtering of LASPT plates

Deposition  of  SiO2 by  RF  magnetron  sputtering  was  performed  by  Dr.  Leila 

Kasaei (Temple University, Physics Department, Dr. Xiaoxing Xi’s Lab). Sputtering was 

done only for the MTI LASPT plates; two thicknesses, 4 nm and 10 nm, were used. The 

thickness  of  the  SiO2 layer  was  determined  using  a  calibration  curve  obtained  from 

spectroscopic ellipsometry measurements.

2.2.4 ALD of LASPT plates and LAGP powders

Deposition  of  SiO2 by  plasma  enhanced  atomic  layer  deposition  (PE-ALD, 

hereafter  simply  referred  to  as  ALD)  was  performed  by  Dr.  Gang  Feng  (Villanova 

University,  Deparment  of  Mechanical  Engineering,  Dr.  Gang  Feng’s  lab).  ALD  was 

performed  using  a  Ultratech  Fiji  G2  (Cambridge  NanoTech).  As  precursors, 

bis(diethylamido)silane (BDEAS) and oxygen plasma (from O2, electronics grade) were 

used. BDEAS was preheated to 50 °C, while O2 was not preheated; chamber temperature 

was ~150 °C.

Thickness of SiO2 and the growth per cycle (GPC) rate were monitored by in-situ 

spectroscopic  ellipsometry  (SE),  using  an  integrated  M-2000D  ellipsometer  (J.  A. 

Woollam & Co., Inc.); beam size was 3 mm and incidence was 70°. A silicon wafer was 
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used for measuring GPC, and was placed inside the ALD chamber during deposition; this 

wafer was either pristine, or had a 100 nm of SiO2 deposited onto it. Initial, substrate-

enhanced GPC of SiO2 on a pristine Si wafer was 1.0 Å/cycle, while steady state GPC 

was 0.70 Å/cycle.

Initial  GPC of  SiO2 was  determined using a  standard  silicon substrate  model, 

provided with the software native to the ALD+SE system. GPC of SiO2 onto a silicon 

substrate with SiO2 already present was instead modeled using a “thermal silicon dioxide 

layer”  model,  also  provided  with  the  software.  Silicon  wafers  were  used  as  model 

substrates, since it was not practical to develop an ad-hoc model for the LASPT plates, 

given the time constraints associated with access to the ALD deposition chamber.

Pre-cut pieces of LASPT were placed onto a watch glass, so that only their edges 

were  resting  on  the  glass,  leaving  the  faces  of  the  plates  exposed and  accessible  to 

precursor  species.  LAGP powder  was  placed  into  a  glass  petri  dish,  and spread  out 

uniformly; usually, aliquots of 2 g were subjected to deposition.

The thicknesses of SiO2 deposited were nominally 0.3 nm, 1 nm, 2 nm and 10 nm, 

based on the aforementioned average GPC of 0.70 Å/cycle; the corresponding number of 

cycles were 5, 10, 20 and 143 cycles, respectively.

2.2.5 LASPT plate preparation

For characterization of neat ceramic samples, with and without SiO2, gold was 

deposited onto the faces of the samples by Phil Reinhardt (Temple University, Chemistry 

Department, Dr. Kallie Willets’ lab). For deposition, Cr (3 nm) followed by Au (30 nm) 
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were thermally deposited using a Kurt J. Lesker Nano 36 Deposition System. Samples 

were secured in place with Kapton tape, with one face being subjected to deposition, 

before  flipping  the  pieces  and  repeating  the  procedure.  Deposition  thickness  was 

monitored in-situ with an integrated quartz crystal microbalance (QCM), while making 

use of a calibration curve. Regions of the ceramic samples without Au were removed 

using  a  diamond  scribe,  fashioning  them  into  quadrilateral  samples.  Using  the 

relationship:

A x

M x

=
A std

M std

(2.2.5.1)

Where A, M, x and std are Area, Mass, unknown and known, respectively, the area 

of a cut sample x can be determined using its mass, along with the known area and mass 

of a pristine piece of the ceramic. The additional masses of Au, Cr and SiO2 are ignored 

and considered negligible.

2.2.6 Silane film preparation, coating ceramics with silanes

The preparation of the PPO disilane matrix (dubbed “Entry 02”), and the coating 

of  ceramic samples,  is  described as  follows.  LiTFSI (84.0 mg) was added inside the 

glovebox; all other ingredients were added outside of the glovebox. Silanes SIB1660.0 

(0.3 g) and SIG5840.0 (200 μL) were added, followed by either 240 μL (corresponding to 

~20 drops of EtOH, designated “1x” dilution), 2.40 mL (designated “10x” dilution) or 

4.80 mL (designated “20x” dilution) of EtOH, for the preparation of films or coating 

solutions, respectively. The prescribed overall O/Li ratio was 16/1. The reaction mixture 
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was stirred for 5 minutes, sonicated [2–4] for 35 minutes, and then stirred again for 10 

minutes, to ensure complete dissolution of LiTFSI and sample homogeneization. 

As a comparison with the work by Lin and coworkers [5] and Wu and coworkers 

[6], three different catalytic routes were explored. Depending on the catalysis pursued, 

HCl (5 μL – hydrolytic acid catalyzed), Sn catalyst (5 uL – NHSG aprotic) or HCOOH 

(335 μL –  NHSG protic) were then added,  with HCOOH’s amount corresponding to a 

HCOOH:(MeO-Si) ratio of 2:1.  The solutions were then cast onto either a teflon sheet, 

glass fiber separators or electrospun PAN, and vacuum-cured at 60 – 80 °C overnight, 

before transferring to the glovebox for subsequent use.

Based on the outcomes of the above comparison, HCOOH was chosen as the 

preferred catalyst.  In this  subsequent  case of HCOOH, the solution was stirred for 5 

minutes and sonicated for 20 – 30 minutes. Films were prepared by casting the solution 

into a teflon mold, glass fiber separators or electrospun PAN. Ceramic squares (with and 

without SiO2) destined for coating with Entry 02 were placed inside a custom holder 

shown in FIGURE 2.2.6.1 (made from a clean, truncated 100 – 1000 μL micropipette 

tip), immersed into the solution, and sonicated for 5 minutes.
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FIGURE 2.2.6.1: Custom sample holder for ceramic squares.

The coated ceramics were removed from the solution and placed inside an empty, 

open  vial.  The  films  and  coated  ceramics  were  transferred  into  a  N2 purge  oven  (a 

repurposed vacuum oven) at 75 – 80 °C, and left overnight to encourage evaporation of 

volatiles. The following day, samples were transferred to a vacuum oven at 105 °C and 

left to dry for 2 nights, and finally transferred to an Ar-filled glovebox with the aid of a  

dessicator.

2.2.7 Silane-LAGP powder hybrid preparation

Samples  containing  Entry 02 and LAGP powder had identical  preparation for 

what  concerns  the  silane  mixture  (see  SECTION 2.2.6),  while  the  amount  of  LAGP 

powder was added depending on the desired weight  composition; this  was calculated 

based on the mass of unhydrolyzed silanes (i.e. excluding solvents and catalyst).  The 

resulting slurry was cast onto different surfaces, depending on the LAGP content. For 
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systems with up to 50% wt LAGP, films were cast onto teflon moulds, and the films (~ 

0.02 – 0.20 mm thick) were used for subsequent analysis; for systems with more than 

50% wt LAGP, the slurry was cast directly onto SS coin cell electrodes (diameter of SS 

electrode = 15.8 mm, or 1.96 cm2). The % wt compositions investigated were 10%, 25%, 

50%, 75% and 90%, as well as with different amounts of SiO2 deposited onto the LAGP 

powder (see SECTION 2.2.4). The same % wt compositions were also used for the inert 

SiO2 filler systems.

2.2.8 Cocrystal sample preparation

Two principal  methods were  used,  one with  excess  ADN,  and the  other  with 

stoichiometric amounts of ADN and LiPF6. Both methods saw combination of ingredients 

in the glovebox, within sealed containers, followed by preparation of the material outside 

of the glovebox; after this, the containers were brought back into the glovebox for work-

up and recovery of the material.

For the first method, [7] approximately 1 g of LiPF6 and 15 – 30 g of ADN were 

combined into a flask, where glass fiber discs (16 mm diameter) were suspended above 

the mixture by way of a metal wire. The flask was sealed with a rubber septum, and the 

metal  wire  pierced  through the  septum;  the  height  of  the  glass  fiber  discs  could  be 

adjusted during preparation. This setup is shown in FIGURE 2.2.8.1.
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FIGURE 2.2.8.1: Schematic of setup for exposing glass fiber separators to ADN-LiPF6 system.

The flask was immersed into an oil bath and heated to 160 – 175 °C, while being 

stirred. Once the LiPF6 had completely dissolved, the flask was removed from the oil 

bath and allowed to cool for 0 – 2 minutes, before lowering the glass fiber discs into the  

solution. The flask and its contents were allowed to cool for 15 – 20 minutes. Work-up 

was preceded by removal of the glass fiber discs (now impregnated with the material), 

and storing them in a separate vial. Work-up of the cocrystals was performed by adding 

RT Et2O in  roughly the  same amount  as  the  ADN present,  followed by shaking and 

removal of the lower phase of immiscible ADN, while taking care not to remove crystals 

of  the  material.  This  was repeated  for  a  total  of  3  times,  affording a  white,  slightly 

clumpy powder; this was placed in a separate vial and vacuum dried at RT for 20 – 30 

minutes, before storing the sample for subsequent use. Work-up of the glass fiber discs 

was performed using the aforementioned separate vial, and rinsing with ~5 mL aliquots 
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of RT Et2O, for a total of 4 – 5 times, before vacuum drying at RT for 20 – 30 minutes, 

and storing the material in the glovebox until ready for use.

For the second preparation method, predetermined amounts of ADN and LiPF6 

were added to a 10 mL vial. This was immersed into an oil bath preheated to ~120 °C, 

which  was then  brought  to  a  maximum temperature  of  ~190 °C,  at  which  point  the 

mixture had completely dissolved; the vial was promptly removed and allowed to cool to 

RT, before transferring back to the glovebox. Prior to sample removal, trace amounts of 

condensation at the mouth of the vial were removed with a clean tissue (Kimwipe). The 

material was a single block, and was broken up with a spatula into a fluffy, white powder, 

which was stored in fresh vial until further use.

2.2.9 Cocrystal-LAGP powder hybrid preparation

Using  the  second  preparation  method  described  in  SECTION  2.2.8, 

predetermined amounts of ADN and LiPF6 were added to a 10 mL vial; in the case of 

hybrids, predetermined amounts of LAGP powder were also added, while keeping all 

other steps the same. Hybrids tended to afford a paste with varying degrees of wetness, 

unlike samples containing only the ingredients for cocrystal preparation.

2.3 Electrochemical cell preparation

Since the majority of the work in this thesis is centered around electrochemical 

characterization, preparation of cells with the different types of samples will be described 

in this dedicated section.
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2.3.1 Preparation of G4-LiTFSI – LASPT plate model systems

Cut pieces of  LASPT ceramic plates were sandwiched between two pieces  of 

glass fiber separator soaked with solutions of G4 and LiTFSI. The pieces of glass fiber 

were  cut  to  either  the  same size  as  the  ceramic  or  slightly  smaller.  For  temperature 

dependent  conductivity  measurements,  the  samples  were  placed  between  two 1  cm2 

stainless steel electrodes  and  assembled in custom-made conductivity cells  (similar to 

Swagelok cells).

2.3.2 Preparation of SIL-MC – LASPT plate model systems

Cut pieces of  LASPT ceramic plates were sandwiched between two pieces of a 

given  SIL-MC  ionogel  film,  which  were  cut  to  the  same  size  as  the  ceramic.  For 

temperature dependent conductivity measurements, the samples were placed between two 

1 cm2 stainless steel electrodes and assembled in custom-made conductivity cells (similar 

to Swagelok cells). To prevent electrodes from touching and composite components from 

slipping, a 12 mm circle of glass fiber separator  (0.3 mm thick) was punched, and a 

silhouette matching the profile of the composite was cut in the middle; the composite was 

placed inside the stencil, and the EIS cell was assembled.

2.3.3 Preparation of Entry 02-LASPT planar geometry systems

As described in SECTION 2.2.6, the LASPT plates were immersed in a solution 

of Entry 02, before being cured. The coated plates were initially placed in custom EIS 
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cells with 1 cm2 SS electrodes, while subsequently CR 2032 coin cells (diameter of SS 

electrode = 15.8 mm, or 1.96 cm2) were used.

2.3.4 Preparation of Entry 02-LAGP powder hybrid systems

As described in SECTION 2.2.7, the LAGP powders were combined with Entry 

02,  and cast  into teflon molds or onto SS coin cell  electrodes. Sample thickness was 

determined by knowing the average thickness of two SS CR 2032 coin cell electrodes, 

and  then  measuring  the  thickness  of  the  coated  electrode  and  an  uncoated  one;  the 

sample’s thickness was simply the difference between these two values.

2.3.5 Preparation of cells with cocrystal samples

As  described  in  SECTION  2.2.8,  two  preparation  methods  for  the  cocrystal 

samples were adopted. For samples prepared with the first method (i.e. with glass fiber 

separators), the standard approach of simple coin cell assembly and crimping at 750 psi 

was used; sample thickness was measured as the difference between two stainless steel 

spacers and those same spacers with the sample sandwiched between them.

For samples prepared with the second method (i.e. with a powdered sample), the 

thickness of two stainless steel spacers was first measured. This was followed by placing 

one of the spacers onto a sheet of weighing paper, and a small amount of the powdered 

cocrystal  sample  was  placed  onto  the  spacer,  followed  by  the  second  stainless  steel 

spacer. With the aid of the weighing paper, the stacked components were placed into the 

coin cell crimper, which had been modified as shown in FIGURE 2.3.5.1.
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FIGURE 2.3.5.1: Setup for pressing cocrystals between two stainless steel (SS) spacers.

The sandwich was pressed with 1000 psi of crimping pressure, and then removed; 

the  thickness  of  the  sandwich  was  measured,  and  the  thickness  of  the  sample  was 

determined as the difference between this value and that of the two stainless steel spacers. 

A coin cell with this pressed sandwich was then assembled in the usual fashion, being 

crimped with 750 psi of pressure. This method was used for both SS/SS cells, and for Li/

Li cells.

2.3.6 Preparation of electrodes for full cells

The following subsections describe the preparation of LiNi0.6Mn0.2Co0.2O2 (NMC-

622) and Li4Ti5O12 (LTO) electrodes, used in full cells with the (ADN)2LiPF6 cocrystal.

472



2.3.6.1 Preparation of NMC electrodes

No roll pressing was done to tape cast electrodes; nominal thickness is 105 μm. In 

this section, 5% wt PVDF in NMP = 5 g PVDF, 95 g NMP (or 52.63 mg PVDF, 1000 mg 

NMP). Initially weighed out 52.7 mg PVDF, 1031.6 mg NMP, stirred at 1100 rpm for 2 

minutes,  then  sonicated  for  60  minutes.  The  mixture  was  milky  white,  particles 

discernible.  Subsequently  added  an  additional  52.7  mg PVDF,  976.5  mg  NMP,  then 

stirred at 800 rpm for ~3.5 minutes. Added an additional 105.5 mg PVDF (~ 2 x 52.63 

mg), 2002.3 mg NMP (~ 2 x 1000 mg). This gave as total amounts: 210.9 mg PVDF, 

4010.4 mg NMP, for 4221.3 mg total. The mixture was stirred at 1150 rpm overnight. 

Since the ratio of components is NMC:PVDF:CB 80:10:10 (wt:wt:wt), this translates to 

480 mg Cat, 60 mg PVDF, 60 mg CB; for the above 5% wt PVDF in NMP mixture, 60  

mg PVDF = 1200.9 mg of mixture.

Prepared dry components,  using a weighing boat (amounts calculated as mass 

differences);  added dry components to a 50 mL Falcon centrifuge tube,  along with 5 

Zirconia beads (5 mm). Added first 60.6 mg CB, followed by 482.3 mg NMC-622, to 

which  5 Zirconia beads  (5 mm diameter)  were added.  The dry contents  were  vortex 

mixed at ~2700-3000 rpm for 3 minutes.

To prepare slurry,  added 1213.2 mg of 5% wt PVDF in NMP mixture,  to the 

vortex mixed / "ball milled" dry contents. Vortex mixed twice at ~ 2700-3000 rpm for 3 

minutes, with a 20 minute rest period between mixes. Due to issues with doctor blade 

scratching Al foil current collector, decided to apply Scotch tape "rails" or "tracks" to the 

Al foil, and Scotch tape "skids" to the bottom of the doctor blade. Thickness of 1 layer of 
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Scotch tap is 0.04 mm or 40 μm (measured with digital caliper, accurate to 0.01 mm). 

Aimed for a gap of 100 μm; to achieve this, used doctor blade gap of 25 μm (since the 

skid and tracks make up a nominal thickness of 2 × 40 μm), for a nominal gap of 105 μm. 

The aforementioned 20 minute rest period was used to prepare the Al foil's "rails", and 

the doctor blade's "skids". A sheet of plexiglass was wiped with ethanol, and while still 

wet, the Al foil was applied such that all air bubbles were eliminated. Al foil was fixed in 

place and kept taut, using Scotch tape. Slurry was applied to Al foil, which was then left 

to air dry under fume hood for 4 days. On 5th day, moved sheet to vacuum oven, heated 

to 115-120 °C overnight.

In the morning, turned off heat to vacuum oven (maintained vacuum) and allowed 

to cool for ~ 3 hours, then removed electrode sheet when T ~ 50 °C. After removal from 

vacuum oven (in open air), punched out 40 discs (12 mm diameter, 8 rows, 5 discs per 

row).  Each  electrode  was  put  into  a  small  envelope  made  of  weighing  paper  (pre-

labeled); electrodes were placed in antechamber of Ar-filled glovebox, left under vacuum 

for  90  minutes.  Electrodes  were  taken  into  glovebox,  weighed  on  balance  (0.1  mg 

accuracy). 4 Al foil discs (12 mm diameter) were also weighed, to determine mass of 

current collector.

2.3.6.2 Preparation of LTO electrodes

No roll pressing was done to tape cast electrodes; nominal thickness is 105 μm. 

Prepared a batch of 5% wt PVDF in NMP, by adding 263.5 mg PVDF to 5003.5 mg 

NMP,  and  stirring  at  1150  rpm  for  4  days.  Since  the  desired  composition  was 
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LTO:PVDF:CB 80:10:10 (wt:wt:wt), this translates to 480 mg An, 60 mg PVDF, 60 mg 

CB. For the above 5% wt PVDF in NMP mixture, 60 mg PVDF = 1199.3 mg of mixture. 

After stirring of the PVDF in NMP mixture, prepared dry components, using a weighing 

boat (amounts calculated as mass differences); added dry components to a 50 mL Falcon 

centrifuge tube, along with 5 Zirconia beads (5 mm). Added first 60.6 mg CB, followed 

by 480.0 mg LTO, followed by the Zirconia beads; dry contents were vortex mixed at 

~2700-3000 rpm for 3 minutes.

To prepare slurry,  added 1209.3 mg of 5% wt PVDF in NMP mixture,  to the 

vortex  mixed  /  "ball  milled"  dry  contents.  Vortex  mixed  at  ~  2700-3000  rpm for  3 

minutes, let rest for ~ 25 minutes.  This slurry was very viscous (more than its NMC 

counterpart), so added the following amounts of NMP: 107.1 mg, 195.4 mg, 109.0 mg, 

99.7  mg,  208.5 mg (= 719.7  mg NMP added).  After  each  addition,  vortex  mixed at 

~2700-3000 rpm for 3 minutes. Due to issues with doctor blade scratching metal foil 

current collector,  decided to apply Scotch tape "rails"  or "tracks" to the Cu foil,  and 

Scotch tape "skids" to the bottom of the doctor blade  (see SECTION 2.3.6.1 for more 

details). The aforementioned 25 minute rest  period was used to prepare the Cu foil's 

"rails", and the doctor blade's "skids". A sheet of plexiglass was wiped with ethanol, and 

while still wet, the Cu foil was applied such that all air bubbles were eliminated. Cu foil  

was fixed in place and kept taut, using Scotch tape.  The slurry was applied to Cu foil, 

which was left to air dry under fume hood overnight.

In the late morning of the following day, moved sheet to vacuum oven, heated to 

115-120  °C  overnight.  The  following  morning,  turned  off  heat  to  vacuum  oven 
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(maintained vacuum) and allowed to cool for ~ 5 hours, then removed electrode sheet 

when T ~ 40 °C. After removal from vacuum oven (in open air), punched out 40 discs (12 

mm diameter, 8 rows, 5 discs per row). Each electrode was put into a small envelope 

made of weighing paper (pre-labeled); electrodes were placed in antechamber of Ar-filled 

glovebox, left under vacuum for 3 hours. Electrodes were taken into glovebox, weighed 

on balance (0.1 mg accuracy). 4 Cu foil discs (12 mm diameter) were also weighed, to 

determine mass of current collector.

2.3.6.3 Preparation of coin cells

While this section focuses on the preparation of full cells that used ADN-LiPF6 

systems,  the  overall  preparation  procedure  is  the  same  for  symmetrical  Li/Li  and 

blocking SS/SS coin cells as well.

All coin cell assembly operations were performed in an Ar-filled glovebox. Coin 

cells were assembled upside down, starting with the cap, followed by 1 spring, 1 spacer, 

NMC-622 electrode, glass fiber separator (previously exposed to hot solution of LiPF6 

dissolved in ADN). Assembly was paused, and 5 uL of neat ADN was added to center of 

the glass fiber separator. Assembly was resumed by adding LTO electrode, 1 spacer, 1 

spring, base. Using plastic tweezers, the assembled cell  was flipped right-side-up and 

placed into a hybraulic crimping press, and crimped at 750 psi. As pressure dropped after 

pressing, 750 psi was maintained by jockeying the lever, restoring pressure to 750 psi; 

this operation was repeated 3-5 times.
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2.4 Characterization techniques

The  above  samples  were  characterized  with  thermal  and  electrochemical 

techniques. 

2.4.1 Thermal characterization – TGA and DSC

Thermal  characterization  of  samples  was  performed  by  thermogravimetric 

analysis  (TGA)  on  a  TA Instruments  Hi-Res  2950  (RT  –  800  °C)  and  Differential 

Scanning Calorimetry (DSC) (-100 – +150 °C) on a TA Instruments Hi-Res 2920. Both 

used N2 gas and a scan rate of 10 °C/min, as well as 5 – 10 mg of sample. In the case of  

TGA measurements,  a  Pt  pan  was  used,  while  in  the  case  of  DSC  measurements, 

hermetically sealed Al pans were used. When possible, the Pt TGA pan was loaded with a 

sample in the glovebox, and the same was adopted for DSC hermetic pans (though these 

were  simply  assembled in  the  glovebox,  while  crimping was done immediately  after 

removal of the sample from the glovebox).

2.4.2 Electrochemical characterization – EIS

Electrochemical impedance spectroscopy (EIS) measurements were acquired on a 

Gamry Instruments Potentiostat/galvanostat/ZRA (model Interface 1000) with a 10 mV 

perturbation voltage, and in the frequency range of 1 MHz – 1 Hz (SS/SS measurements) 

and 1 MHz – 10 mHz (Li/Li interfacial monitoring).

For equivalent circuit fitting, the native software Gamry Echem Analyst (Version 

7.06) was used both to create equivalent circuits, as well as to fit impedance data with 
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these circuits, using “Fit A Model (Simplex Method)”. For fitting, 300 iterations were 

used, starting with the “autofit” option, before performing fitting 3 consecutive times, 

using the fitted values from each fit for the subsequent one.

2.4.2.1 Temperature dependent EIS

Prior to measurement, cells were kept in a GenTech GC oven (Hewlett-Packard 

5890A) for temperature control, equilibrated at 90 °C overnight (60 °C in the case of MC 

films), and measured in the consecutive range 90 °C (60 °C) – 10 °C – 90 °C, at 10-

degree  intervals;  measurements  above room temperature  were  acquired  in  30  minute 

intervals, while sub-ambient ones were acquired every 40 minutes, with the aid of dry ice 

and a thermocouple to monitor cell temperature.

2.4.2.2 EIS (Li/Li) monitoring over time

For interfacial monitoring over time, 12 mm circles of lithium foil were punched 

from a reel of lithium foil, polished with the aid of a nylon or polyethylene block. The 

polished electrodes were assembled into a CR2032 coin cell, with the sample sandwiched 

between them, and crimped with a pressure of 500 or 750 PSI in a hydraulic crimping 

press (MTI Corporation). Samples of Entry 02 alone were 16 mm diameter circles, while 

ceramic samples were placed inside a 16 mm glass fiber stencil, to prevent the lithium 

electrodes from touching.
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Normally, Li/Li monitoring was done at RT, though for some samples a dedicated 

GenTech  GC  oven  (Hewlett-Packard  5890A)  was  used  for  temperature  control,  and 

maintained at a fixed temperature of 60 °C.

2.4.2.3 EIS (cat/cat) – monitoring over time

LiFePO4 cathodes were prepared by Sumanth Chereddy. Cathodes were made by 

first  stirring overnight at  room temperature a 5% wt solution of PVDF in NMP. Dry 

components LiFePO4 and CB were then ball milled with zirconium oxide beads, using a 

centrifuge tube and vortex mixer (3 minutes, ~2500 rpm). The PVDF solution was then 

added to the dry solids, such that the weight ratios were LiFePO4/PVDF/CB 8/1/1, and 

the slurry was vortex mixed again for the same duration and frequency. Viscosity of the 

slurry was adjusted by adding NMP as needed, and the material was vortex mixed one 

final  time,  with  the  above  parameters.  The  slurry  was  then  cast  onto  battery  grade 

aluminum foil (200 mm wide, 16 um thick, Xiamen TOB New Energy Technology Co., 

LTD) and spread with a doctor blade (Sheen Instruments), such that the loaded mass was 

0.7 – 0.9 mg/cm2. The resulting electrode sheets were dried in a vacuum oven at 120 °C 

overnight, and then calendared using a Durston Agile F130 flat rolling mill. Individual 

electrode circles (12 mm and 8 mm diameter) were punched out with a punch cutter, and 

stored  in  the  Ar-filled  glovebox.  Similar  to  Li/Li  symmetrical  cell  preparation  (see 

SECTION 2.4.2.2), samples were sandwiched between two cathodes along with a glass 

fiber stencil, and crimped in CR 2032 cells with 750 PSI of pressure.
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2.4.3 LSV and CV

Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) were performed 

using a Gamry Instruments Potentiostat/galvanostat/ZRA (model Interface 1000), with a 

scan rate of 1 mV/s; LSV was done from the open circuit voltage (OCV) of the sample to 

+7.5 V vs Li/Li+, while CV was done between -0.6 V and +4.0 V vs Li/Li+. In both cases, 

CR2032 coin cells crimped with 500 or 750 PSI were used, and a polished Li electrode 

(12 mm diameter, see SECTION 2.4.2.2) was used as the working and pseudoreference 

electrode,  while  the  counter  electrode  was  a  15.8  (~16)  mm  stainless  steel  spacer. 

Ceramic samples were placed within a 16 mm glass fiber stencil,  while film samples 

were 16 mm in diameter.

Normally, LSV and CV were done at RT, though for some samples a dedicated 

GenTech  GC  oven  (Hewlett-Packard  5890A)  was  used  for  temperature  control,  and 

maintained at a fixed temperature of 60 °C.

2.4.4 Galvanostatic plate/strip tests

Plating and stripping measurements were performed on Neware CT-4008 Battery 

Testing System (5 V, 10 mA). Cell assembly was identical to the type used for Li/Li 

interfacial monitoring  (see SECTION 2.4.2.2).  Normally, plate/strip tests were done at 

RT, though for some samples a dedicated GenTech GC oven (Hewlett-Packard 5890A) 

was used for temperature control, and maintained at a fixed temperature of 60 °C.
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2.4.5 Galvanostatic charge/discharge tests

Using the cathodes prepared in SECTION 2.4.2.3, complete cells with LiFePO4 

cathodes and polished Li metal electrodes (see SECTION 2.4.2.2) were assembled with 

the sample sandwiched between them, or with the silane mixture Entry 02 10x (5 drops) 

cast  onto  the  cathode before curing according to  the  method described in  SECTION 

2.2.6.

For full cell testing, an Arbin Instruments LBT21084 battery tester was used, with 

test schedules prepared with the native MITS Pro (Version 7.00). Currents corresponding 

to the appropriate C-rates were calculated using the flow chart in FIGURE 2.4.5.1.

FIGURE 2.4.5.1: Flow chart for calculating capacities and currents.

For the materials used in cells with ADN-LiPF6 systems, the capacity value used 

for NMC-622 was 160 mAh/g (from manufacturer), while for LTO the value used was 

175 mAh/g (theoretical capacity). The voltage window for NMC-622 was 2.7-4.2 V vs. 

Li/Li+ (from  manufacturer),  while  for  LTO  the  voltage  window  provided  by  the 
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manufacturer was ~1.3-2.0 V vs. Li/Li+ (from manufacturer, which cited [8] as a source). 

For  NMC-622,  2.7  V  and  4.2  V  correspond  to  the  lithiated  and  delithiated  states 

respectively, while for LTO 1.3 V and 2.0 V correspond respectively to its lithiated and 

delithiated states. The voltage limits for full cells can then be calculated as 0.7 V (= 2.7 – 

2.0, i.e. lithiated NMC-622 and delithiated LTO) and 2.9 V (= 4.2 – 1.3, i.e. delithiated 

NMC-622  and  lithiated  LTO);  these  correspond  to  discharged  and  charged  states, 

respectively, and were the limits used for cycling all ADN-LiPF6 cells.
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CHAPTER 3

COMPONENTS OF HYBRID ELECTROLYTES: SILANE POLYMER 

ELECTROLYTES, INORGANIC ELECTROLYTES AND COMPONENTS OF 

MODEL SYSTEMS

3.1 Introduction

This chapter focuses mainly on characterization of the components employed in 

preparing the hybrid systems which will be described later. The initial portion of this 

chapter is largely exploratory in nature, describing the highlights of identifying the most 

suitable  polymer  matrix  for  these  hybrids;  subsequently,  the  candidate  materials, 

inorganic electrolytes and components used in model systems are also described. While a 

part of the latter includes characterization of gel films composed of solvated ionic liquid 

1:1 G4:LiTFSI and methyl cellulose (SIL-MC), only a limited amount of characterization 

will be reported, since this system has already been heavily characterized. [1]

Throughout this chapter, a “literature precedent” will be referenced, namely the 

work by Lin and coworkers, [2] which used a PPO disilane similar to this work’s disilane, 

and a solution of G4 and LiTFSI, affording a gel polymer electrolyte. This chapter will 

therefore  also  make  comparisons  when appropriate,  with  the  purpose  of  determining 

whether  or  not  it  is  possible  to  improve  upon  the  findings  of  this  previous  work, 

particularly in the realm of mechanical properties (since the previous material required 

the use of a glass fiber separator for mechanical stability).
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3.2 Identification of a suitable polymer matrix

Given the approach of covalently attaching the polymer matrix to the surface of 

the inorganic electrolyte by way of a silica layer, polymeric silane coupling agents were 

chosen. There is a staggeringly large variety of silanes to chose from, though this work 

limited itself to 5: three were polymeric (SIB1660.0, SIB1824.84 and SIM6492.7), one 

had an epoxy moiety (SIG5840.0), and one was an alkoxy silane (TEOS).

The guiding criteria for a silane matrix deemed suitable for this work’s goals are 

stated as follows:

1) Good mechanical properties (self-standing, flexible, not fragile)

2) Good thermal properties (decomposition temperature > 200 °C)

3) Good conductivity (RT σ > 10-6 S/cm)

The choice to prepare matrices with PPO and PEO disilanes stemmed from both 

the aforementioned literature precedent (which used a PPO system), and from the desire 

to  determine whether  PEO in a  disilane system can have an adequate role,  given its 

positive reputation as a polymer electrolyte matrix.

The use of a monopodal PEG silane, SIM6492.7, arose from previous work done 

in this lab, [3] with planar geometry configurations. Additionally, the use of a PEG silane 

was  hypothesized  to  enable  retention  of  the  conductivities  observed  by  Lin  and 

coworkers,  [2] while  covalently  immobilizing  the  solvating  species  (unlike  G4)  and 

avoiding the use of liquid components.

Selection of an epoxy silane, SIG5840.0, also stemmed from a previous report by 

Wu  and  coworkers,  [4] who  attributed  anion-complexing  abilities  to  this  particular 
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compound. Although anion retention is not the focus of this work, the idea of having an 

additional  monopodal  silane  as  an  alternative  to  the  aforementioned PEG silane  was 

attractive, hence the reason it was chosen for this work.

Using a classic silica gel precursor, TEOS, was due in part to its large popularity 

as a starting material for silica-based electrolyte components (see SECTION 1.13.2.1), 

and in part to the possibility of imparting superior mechanical properties, with TEOS 

essentially serving as a cross-linking agent.

Lastly, as described in SECTION 1.13.2, the choice of catalysis by three major 

routes (acidic, protic NHSG and aprotic NHSG) was adopted, in hopes of identifying 

optimal reaction conditions.

3.2.1 Silane combinations

As a result of these selected silanes, numerous combinations and permutations 

were explored; while not all entries have been included in TABLE 3.2.1.1 depicts some 

of  the  more  salient  ones  which  lead  to  the  identification  of  the  candidate  matrices 

investigated in this work.
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TABLE 3.2.1.1: Table of silane combinations explored, long with a short description of their qualitative mechanical 
properties (a 16/1 O/Li ratio was used for all systems). Below the table are the color-coded structures of the compounds 

used, as well as the symbols for the amounts of material used.

As  the  above  table  shows,  two  recurring  patterns  were  noticed,  namely  the 

embrittlement  of  matrices  upon  introduction  of  TEOS,  and  the  lack  of  sufficient 

mechanical properties for matrices containing SIM6492.7.

These behaviors can possibly be explained by TEOS being added in excessive 

amounts, though earlier qualitative tests revealed that TEOS in almost any quantity tends 

to embrittle the matrix (not shown). It is likely that the observed brittleness is attributable 
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to the lack of moieties within TEOS that allow sufficient degrees of freedom, since its 

hydrolyzed and condensed form is SiO4.

For what concerns SIM6492.7, although the PEG moiety should confer sufficient 

flexibility, the monopodal nature of this silane is likely its chief weakness. Indeed, once 

one Si-O-CH3 moiety has experienced hydrolysis and condensation, it is likely that steric 

hindrance prevents further reaction with available moieties in the reaction mixture, in 

effect rendering SIM6492.7 a terminating group. This is an issue not encountered in the 

case of surface treatments, which essentially have planar geometries.

Similarly, matrices using the dipodal PEO silane SIB1824.84 were found to be 

very brittle (although subsequent qualitative tests showed that cross-linking occurred over 

shorter periods of time). Although PEO disilanes are different and distinct from simple 

PEO, it is reasonable to assume that similarly to the comparison of PEO with PPO, one 

can expect that the PEO disilane will have less segmental mobility than its PPO disilane 

counterpart.  This  limited  segmental  mobility  might  explain  why  matrices  containing 

SIB1824.84 tend to be more brittle and fragile. Hence, while the prospect of using a 

highly solvating moiety like the ethylene oxide (EO) group is an attractive one, the lack 

of  sufficient  mechanical  properties  precludes  it  from  being  selected  as  a  candidate 

material.

As  mentioned  earlier,  G4 was  also  included  in  ingredients  for  the  explored 

matrices, for the sake of comparison with the aforementioned literature precedent.  As 

seen in TABLE 3.2.1.1, all entries incorporating G4 lacked any appreciable mechanical 
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properties,  appearing  instead  as  viscous  liquids.  FIGURE  3.2.1.1  depicts  the 

conductivities of some representative silane matrices.

FIGURE 3.2.1.1: conductivity plots of selected silane matrices (all with a 16/1 O/Li ratio). Literature precedent: [2].

As  the  above  figure  shows,  the  investigated  matrices  did  not  exceed  the 

conductivity of the literature precedent, and in the cases in which similar conductivities 

were achieved (e.g. SIB1660.0 + SIM6497.7), the matrices still failed to have sufficient 

mechanical  properties.  The  abrupt  drop  in  conductivity  observed  for  SIB1660.0  in 

FIGURE 3.2.1.1 is most likely due to contact issues between the sample and the stainless 

steel  electrodes  in  the  custom  cell,  which  were  observed  to  experience  some 

displacement,  upon  inspection  after  disassembly  of  the  cell  (possibly  caused  by 

insufficient mechanical properties).

Based on the results depicted in TABLE 3.2.1.1, it was decided to exclude the 

PEO disilane SIB1824.84, PEG silane SIM6492.7, TEOS and G4 from use in candidate 

matrices,  while  PPO disilane  SIB1660.0  and  epoxy  silane  SIG5840.0  were  retained, 
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given the promising mechanical properties of some combinations (see entries 123 and 

124 of TABLE 3.2.1.1).

3.2.2 Entry 02, 04 and 06

While the use of 0.3 g of SIB1660.0 and 200 μL of SIG5840.0 corresponds to 

entry 124 from TABLE 3.2.1.1, this combination was renamed “Entry 02”, “Entry 04” 

and  “Entry  06”,  with  the  respective  catalysis  of  HCOOH,  HCl  and  dibutyl  tin  (see 

SECTION 2.1.2, 2.2.6 and 2.2.7). While not shown in this work, entries 01, 03 and 05 

corresponded to entry 121 of TABLE 3.2.1.1, catalyzed respectively with HCOOH, HCl 

and  dibutyl  tin.  Given  the  insufficient  mechanical  properties  mentioned  above,  these 

systems were inadequate and have not been included.

3.3 TGA and DSC

Thermal characterization of both silane polymer electrolytes (sometimes simply 

referred  to  as  “silanes”)  and  components  for  the  model  systems  is  described  in  the 

following sections.

3.3.1 Silanes

TGA and DSC of the silane components used in the above search for a candidate 

silane matrix are depicted in FIGURE 3.3.1.1.
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FIGURE 3.3.1.1: TGA (left) and DSC (right) of silane components and G4, used in the identification process of a 
suitable silane matrix.

PEO and PPO disilanes both exhibited good thermal stability,  decomposing at 

temperatures in excess of 250 °C, followed by the PEG silane, G4, the epoxy silane and 

TEOS. As expected according to the properties of the parent materials, the PPO disilane 

is amorphous and has a Tg around ~ –60 °C, while the PEO disilane exhibits a melting 

temperature around ~30 °C (partially shared by the PEG silane as well, though over a 

broad temperature range). On the other hand, the epoxy silane and TEOS do not show 

any appreciable  thermal  features  within the investigated  temperature range (though a 

minor Tg for SIG5840.0 is observed around –85 °C).

Preparation of Entries 02, 04 and 06 afforded polymer matrices with increased 

thermal stability, as shown in FIGURE 3.3.1.2. 

 

FIGURE 3.3.1.2: TGA (left) and DSC (right) of Entries 02, 04, 06, along with their components.
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Reaction  of  the  PPO  disilane  with  the  epoxy  silane  shows  an  increase  in 

decomposition temperature, occurring as high as ~300 °C, in the case of Entry 02 and 

Entry 06. As expected, the silane matrices show higher Tgs (~ –50 °C) than the parent 

material  SIB1660.0  (~  –60  °C),  attributable  to  a  decrease  in  chain  mobility  due  to 

covalent condensation of the components. As shown in the above figure, high thermal 

stability and low Tg are positive qualities for a polymer electrolyte matrix, since these 

touch on the issues of safety and performance, respectively.

3.3.2 Model systems components

Model systems using liquid electrolytes in the form of combinations of G4 and 

LiTFSI were also characterized with TGA and DSC, as shown in FIGURE 3.3.2.1.

 

FIGURE 3.3.2.1: TGA (left) and DSC (right) of systems combining G4 and LiTFSI.

The addition of LiTFSI to G4 sees a progressive increase in thermal stability, 

from ~200 °C to almost ~400 °C in the case of 1:4 G4:  LiTFSI. Concomitant to this 

increase in thermal stability is the increase in Tg of the liquid electrolytes, ascribable to an 

increase  in  viscosity  of  the  system.  A notable,  additional  feature  to  point  out  is  the 

presence of additional thermal transitions in the case of the 1:4 G4:LiTFSI system, at ~60 
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°C and ~100 °C. As will be seen later, this can be problematic and interfere with the 

liquid electrolyte’s purpose of serving as a component in a model system.

3.4 EIS

Impedance spectroscopy of  the inorganic electrolyte  (sometimes referred to  as 

“ceramic”), along with the silane polymer matrix Entry 02 and model system components 

are  here described.  The last  part  of this  section will  spend some time discussing the 

nature of the interfaces encountered with the inorganic and polymer electrolytes.

3.4.1 Inorganic electrolyte

Two types  of  NASICON LASPT inorganic electrolyte  were examined,  having 

been provided by different manufacturers; hence, they will be referred to by the company 

that produced them, i.e. “MTI” (from MTI Corporation) and “OHARA” (from OHARA 

corporation).  FIGURE  3.4.1.1  shows  the  Nyquist  and  conductivity  plots  of  these 

materials.
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FIGURE 3.4.1.1: Conductivity data for MTI and OHARA ceramics with thermally deposited Au, measured in SS/SS 
cells. ((a) Nyquist plots (30 °C) of MTI ceramics, bare and with 4nm sputtered SiO2; ((c) conductivity plots of the MTI 

ceramics; ((b) Nyquist plots (30 °C) of OHARA ceramics with various amounts of SiO2 applied by ALD; ((d) 
conductivity plots of the OHARA ceramics.

The above figures show that while being advertised as the same type of LASPT 

inorganic electrolyte, there is some difference between the MTI sample with no SiO2 and 

the OHARA sample with no SiO2; this can be attributed to differences in the proprietary 

production processes that these manufacturers use. It can also be observed how the use of 

ALD affords a different conductivity behavior for the OHARA ceramics, though a true 

comparison would require that the same thicknesses of SiO2 be deposited by sputtering, 

which  is  challenging  due  to  the  limited  control  on  thickness,  compared  to  ALD. 

Deviations in conductivity below 30 °C (~ 3.30) are due to imperfect temperature control 

of the GC used for the conductivity measurements, stemming from nominal versus actual 

oven temperature (the latter being determined with a thermocouple and reported in the 

above figures).
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The variation of conductivity as a function of both number of ALD cycles and 

nominal SiO2 thickness is shown in FIGURE 3.4.1.2.

 

FIGURE 3.4.1.2: Conductivity at 30 °C as a function of the amount of SiO2 deposited onto OHARA ceramics. ((a) 
conductivity vs. number of ALD cycles; ((b) conductivity vs. SiO2 thickness.

It appears that for intermediate thicknesses of SiO2 there is a drop in conductivity, 

with a subsequent recovery for greater thicknesses. While this could be due to the initial 

formation of islands of SiO2 during ALD (see SECTION 1.13.1), it is also possible that 

since the first samples prepared were 1 nm and 2 nm, deposition parameters might not 

have been yet optimized, or that an unkown contaminant interfered with deposition in this 

specific case.

3.4.2 Entry 02

A variety of conditions were used for preparing Entry 02, all based on the method 

described in SECTION (experimental section). These included using different diluitions 

with EtOH (10x = 2.40 mL, 1x = 240 μL), as well as casting onto different surfaces (glass 

fiber, teflon mold, stainless steel or spacer)  the resulting conductivities are shown in 

FIGURE 3.4.2.1.
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FIGURE 3.4.2.1: Conductivities of silane polymer matrix Entry 02 (PPO disilane and epoxy silane, 16/1 O/Li) 
prepared in various fashions, in SS/SS cells. ((a) Nyquist plots (30 °C); ((b) conductivity plots. SS = stainless steel.

The quality of impedance spectra is found to heavily depend on the preparation 

conditions, with higher diluitions affording better conductivities, teflon being preferable 

to glass fiber, and a SS coin cell spacer being the preferred surface. These results can be 

explained in terms of surface roughness in the case of diluition, where a greater amount 

of bubbles are formed for more concentrated, viscous solutions of the starting material; 

similarly,  the use  of  glass  fiber  as  a  matrix  introduces  surface  roughness,  as  well  as 

tortuosity and additional thickness. Furthermore, casting directly onto a SS spacer affords 

the highest conductivities, only rivaled by the use of dilute solutions cast onto a teflon 

mold. In both cases, RT (~3.30 in FIGURE 3.4.2.1-(b) conductivities of ~10-5 S/cm are 

achievable. Lastly, the typical deviation from Arrhenius-type conductivity is observed, 

indicating VTF-type behavior (see SECTION 1.10.3.5 and 1.14.4.2), attributable to the 

polymeric nature of the silanes employed.

3.4.3 Model systems

For model systems, solutions of LiTFSI in G4 were prepared, and used to soak a 

variety of separators, as shown in FIGURE 3.4.3.1.
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FIGURE 3.4.3.1: Conductivity plots for solutions of G4 and LiTFSI in SS/SS cells. ((a) 1M LiTFSI in various 
separators; ((b) solutions of G4 and LiTFSI in glass fiber separators.

Unlike  glass  fiber  and  electrospun  PAN,  Celgard  shows  significantly  lower 

conductivities,  most  likely  due  to  the  dissimilar  nature  of  Celgard  (non  polar 

polypropylene separator) and the 1M LiTFSI solution (polar). For this, Celgard was ruled 

out as a possible component for model systems. Although PAN is significantly thinner 

than glass fiber (tens of microns as opposed to hundreds of microns), its fragile nature 

and difficulty of handling caused it also to be ruled out. By changing the concentration of 

LiTFSI in G4, it is possible to change the conductivity of the resulting system, as shown 

in  FIGURE-b.  Both  1M LiTFSI  and  1:1  G4:LiTFSI  have  comparable  conductivities, 

while increasing the concentration to 1:2 and 1:4  G4:LiTFSI sees a progressive decrease 

in conductivity; this can be attributed to the observed increase in viscosity. Furthermore, 

as mentioned in SECTION (DSC and TGA of model systems), it was difficult with the 

1:4 system to obtain reproducible results, with a phase separation of the liquid being 

observed  after  conclusion  of  a  measurement;  this  can  be  attributed  to  the  high 

concentration of LiTFSI, as well as to the thermal features that occur within the window 

of temperatures used for conductivity measurements (10 – 90 °C).
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Additional components for model systems, in the form of gel electrolytes instead 

of liquid electrolytes, were prepared using the solvated ionic liquid 1:1 G4:LiTFSI and 

methylcellulose  (SIL-MC),  with  varying  %  wt  of  SIL (e.g.  90/10  =  90%  wt  SIL). 

Conductivities of the gel films are shown in FIGURE 3.4.3.2.

 

 

FIGURE 3.4.3.2: Conductivities of SIL-MC films in SS/SS cells. (a) Nyquist plots (30 °C) of SIL-MC films; (b) detail 
of Nyquist plots (30 °C), showing 90/10 and 80/20 films; (c) conductivity plot of SIL-MC films.

As expected,  since  MC is  a  non-conducting  matrix,  as  the  amount  of  SIL is 

decreased,  the  material’s  conductivity  similarly  decreases,  along  with  a  decrease  in 

quality of interfacial contact with the electrodes.

3.5 Interfaces

Modeling behavior of components of both the hybrids and model systems can be 

done using equivalent circuits, which in turn requires identifying and modeling both bulk 

and interfacial behaviors. While for the above conductivity plots the intercept with the x 
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axis was sufficient (as is done for example with inorganic electrolytes [5]), it is opportune 

to  make  use  of  equivalent  circuits  for  understanding  behaviors  in  more  complicated 

setups (e.g. when non-blocking electrodes are used, such as Li0). In the case of inorganic 

electrolytes (here dubbed “ceramics”), depending on the material it is placed into contact 

with, different interfaces are present, which can give rise to different behaviors, as shown 

in FIGURE 3.5.1.

FIGURE 3.5.1: Examples of interfaces that can be encountered during an EIS measurement, and the corresponding, 
plausible equivalent circuits; although only the resistances have been depicted, the corresponding capacitances or CPEs 

would be labelled accordingly. (a) Au-coated ceramic; (b) ceramic in direct contact with Li metal; (c) SiO2 coated 
ceramic in contact with Li metal. In the case of (b) and (c), different interfaces might be discernible, while others might 

not; this leads to multiple, possible equivalent circuits. Note: the interface between SEI and Li0 has been omitted and 
deemed negligible.

As  shown  in  the  figure  above,  as  more  layers  or  interfaces  are  present,  the 

resulting equivalent circuit can become more complex. In the case of FIGURE 3.5.1-c, 

there are potentially 2 interfaces and 3 phases, with the interfaces being ceramic-SiO2 and 

SiO2-SEI, and the phases being ceramic, SiO2 and SEI; the ceramic phase furthermore has 

a  bulk  and  grain  boundary  contribution.  In  the  simplest  form,  an  interface  can  be 

described by a Voigt element (see SECTION 1.14.4.14), [6] consisting of a resistance and 

a capacitance, though deviations from ideal, planar surfaces due to roughness make it 

wise to use CPEs instead of capacitors (if a CPE were actually a capacitance, it would 
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have n ~ 1). While the bulk contribution of an inorganic electrolyte would include both a 

capacitor as well as a resistor (unlike what is depicted in FIGURE 3.5.1), [7] it has been 

shown for NASICON electrolytes that one has to go well below RT (~ -40 °C) to observe 

this behavior, with a simple resistive element being observed at temperatures close to RT 

and above RT.  [8–11] Another consideration worth making is that NASICON inorganic 

electrolytes are not stable against Li metal (see SECTION 1.10.4, 1.10.4.2.1, 1.11.2 and 

1.11.9.1), which in principle leads to the formation of a MIEC (mixed ionic electronic 

conducting) interphase; this can be modeled as leakage in the form of a resistor element 

parallel to the Voigt element. [12]

3.5.1 Systematic equivalent circuit study

Given that  one  or  more components  of  the hypothetical  equivalent  circuits  in 

FIGURE 3.5.1, there are several possible equivalent circuits, and another complicating 

factor is whether the lowest frequency features measured are simply another R CPE Voigt 

element, a Randles-type element or an element accounting for MIEC behavior. In order to 

assess which equivalent circuits are most suitable for the materials studied in this work, a 

systematic  study  of  the  possible  equivalent  circuits  was  performed.  The  possible 

equivalent  circuits  have  been  organized  according  to  the  nomenclature  described  in 

FIGURE 3.5.1.1.
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FIGURE 3.5.1.1: Naming scheme for equivalent circuits used in systematic study. The first letter (C, N or S) denotes 
the use of the equivalent circuit for blocking electrodes and Ceramics, lithium/lithium and Neat ceramics, or 

lithium/lithium and Silica coated ceramics, respectively. The second character (1-5) denotes the number of Voigt-like 
elements. The third character (A, B or C) identifies the type of low-frequency behavior (A = simple Voigt, B = Randles, 
C = MIEC for Li/Li; or A = CPE, B = Warburg, C = Randles for Au/Au or SS/SS). The last character (1 or 2) denotes 

the absence or presence of a high-frequency resistive element.

While the physical meaning of each equivalent circuit is unique to the individual 

systems, the same equivalent circuits can be tried on other systems as well, such as SS/SS 

cells with Entry 02, or Li/Li and cathode/cathode with Entry 02 (it should also be noted 

that circuits intended for different purposes can have identical composition, e.g. N2B-1 

and S2B-1, and N3B-1 and S3B-1). Using the above nomenclature, a series of equivalent 

circuits were modeled, and used to fit the Nyquist curves for the samples described in this 

work.  In  the  case  of  blocking  electrodes  (i.e.  temperature  dependent  conductivity 

measurements), Nyquist curves acquired at 30 °C during the cooling segment were used, 

while in the case of symmetrical Li/Li cells, the first Nyquist curve was used (provided 

that the features did not change radically over the course of time); in the case of noisy 

data, the first usable Nyquist curve was selected. Lastly, for cathode/cathode (or simply 
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“cat/cat”) cells, the first stable Nyquist curve was selected (after having waited for the 

cell to stabilize). The results of this study are depicted in TABLE 3.5.1.1.

TABLE 3.5.1.1a: Results of systematic study of equivalent circuits with the materials used in this work.
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TABLE 3.5.1.1b: Results of systematic study of equivalent circuits with the materials used in this work.
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As shown in the above table, equivalent circuits that were applicable “across the 

board” were adopted, provided that they were meaningful, and their components could be 

correlated to actual phenomena taking place in the system. An additional consideration to 

make is that not all models were used for all samples. For example, S5A-1 through S5C-2 

were  not  used,  since  initial  fitting  was  computationally  costly  for  the  native  fitting 

software, and the resulting fitted values tended to have disproportionately large errors, 

indicating that the hypothetical interfaces/phases are not well-resolved or identifiable in 

the corresponding systems. The adopted equivalent circuits are shown in TABLE 3.5.1.2.

TABLE 3.5.1.2: Summary of adopted circuits and the physical phenomena attributed to each component. Note: 
although in principle grain boundary contribution should be modeled with a capacitance, the use of a CPE element 

affords n ~ 1.

The Nyquist plots of the above samples and the corresponding equivalent circuits 

are shown in FIGURES 3.5.1.2 – 3.5.1.6.
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FIGURE 3.5.1.2: Au-coated MTI Nyquist curves, and fittted values for the corresponding equivalent circuit (C1A-2). 
((a) MTI no SiO2; ((b) MTI 4 nm SiO2 sputtered.

 

 

 

FIGURE 3.5.1.3: Au-coated OHARA Nyquist curves, and fittted values for the corresponding equivalent circuit (C1A-
2). (a) OHARA no SiO2; (b) OHARA 0.3 nm SiO2 ALD; (c) OHARA 1 nm SiO2 ALD; (d) OHARA 2 nm SiO2 ALD; 

(e) OHARA 10 nm SiO2 ALD.

As mentioned earlier, for N° 02 (see TABLE 3.5.1.2), only a resistive element was 

identified for the NASICON ceramic’s bulk contribution, though this resistive component 
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is not discernible in the Nyquist plots of ceramic samples in Li/Li cells (N° 03), both for 

coated and uncoated ceramics, possibly due to the noisy data in some cases, as well as to 

the small value of Rb compared to other quantities (including Rb tended to cause large 

errors during fitting, meaning that it was not discernible from the available data).

Concerning N° 02 and 03, used for fitting the ceramic samples in respectively 

blocking electrode and Li/Li configurations, it is interesting to note that the presence or 

absence of SiO2 is not detectable from EIS measurements as a distinct feature, suggesting 

that  it  is  either  too  thin  to  be  detected  with  this  electrochemical  technique,  or  is  an 

intimate part of the ceramic’s surface. As will be seen later, despite not being directly 

observable, the presence of SiO2 can have a beneficial effect on initial contact with Li 

metal during Li/Li interfacial monitoring experiments.

 

 

FIGURE 3.5.1.4: Entry 02 Nyquist curves, and fittted values for the corresponding equivalent circuit (C1A-1). (a) 
Entry 02 10x cast on SS spacer; (b) Entry 02 10x cast on teflon; (c) Entry 02 1x cast on glass fiber separator; (d) Entry 

02 1x cast on teflon.
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Examining the silane’s Nyquist curves shown in FIGURE 3.5.1.4, it is interesting 

to note for example that for N° 01 (see TABLE 3.5.1.2), the silane polymer matrix has 

both a resistive and pseudo-capacitive component; the choice of using a double layer 

pseudo-capacitance has been previously employed. [13] As for FIGURE 3.5.1.4-a, there 

appears to be a medium frequency feature, between the semicircle and low-frequency 

spur; this might suggest the presence of an additional interface, though the exact cause is 

not certain. While it is possible that the HCOOH used for preparing Entry 02 might have 

caused  some  corrosion  of  the  SS  spacer,  this  phenomenon  is  usually  observed  for 

concentrated,  aqueous  solutions,  rather  than  relatively  dilute,  non-aqueous  solutions. 

[14] As  for  the  other  Entry  02  samples,  the  quality  of  the  Nyquist  curves  and their 

magnitude are largely attributable to the aforementioned surface roughness and additional 

tortuous paths in the case of the sample incorporating a glass fiber separator (FIGURE 

3.5.1.4-(c).
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FIGURE 3.5.1.5: Li/Li ceramic Nyquist curves, and fittted values for the corresponding equivalent circuit (N2B-1); 
unless specified otherwise, all curves correspond to first measurement during Li/Li monitoring. (a) MTI 4nm SiO2 

sputtered; (b) OHARA no SiO2 (taken after 13 hours); (c) OHARA 1 nm SiO2 ALD; (d) OHARA 2 nm SiO2 ALD.

Placing  the  inorganic  electrolyte  samples  into  contact  with  lithium  metal,  as 

shown  in  FIGURE  3.5.1.5,  produces  two  semicircles,  regardless  of  the  presence  or 

absence of SiO2. In the case when SiO2 is sputtered (FIGURE 3.5.1.5-(a), the interfacial 

resistance  associated  with  the  SEI  formed  from contact  of  Li  metal  and  the  coated 

ceramic is very high, making the high-frequency semicircle hardly discernible. This can 

be attributed to the inferior between the sputtered SiO2 layer and the underlying LASPT 

NASICON.  On  the  other  hand,  heavily  distorted  features  are  observed  for  the  bare 

OHARA sample (FIGURE 3.5.1.5-(b); indeed, it was necessary to hand-pick a decent 

Nyquist  curve,  since initial  contact  between the sample and Li  metal  was very poor, 

affording very noisy data, with only subsequently discernible data. This can be attributed 

to the reactive nature of the LASPT sample, due to the presence of Ti4+ (see SECTION 

1.10.4.1,  1.11.9.1).  It  was  often  observed  that  upon  cell  disassembly  after  a  Li/Li 
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monitoring  experiment,  both  bare  and  SiO2 coated  ceramic  samples  appeared  to  be 

pulverized,  suggesting  that  volume  changes  had  accompanied  the  reductive 

decomposition  of  the  material.  This  pulverization  might  have  also  been  partially 

responsible for some of the poor quality data collected during Li/Li monitoring of the 

bare OHARA ceramic.

Concerning the OHARA samples which had received a layer of SiO2 by ALD 

(FIGURE 3.5.1.5-c and FIGURE 3.5.1.5-(d), the same poorly resolved two semicircles 

were observed, though they were both of good quality and much smaller in magnitude, 

especially compared with the MTI sample with sputtered SiO2 (FIGURE 3.5.1.5-(a). The 

lower frequency “twin” semicircle is slightly larger for the 2 nm SiO2 sample (FIGURE 

3.5.1.5-(d), compared to the relative magnitude of the one observed for the 1 nm SiO2 

sample (FIGURE 3.5.1.5-(c); this could be due to the thicker layer of SiO2 in the 2 nm 

sample, although the sudden drop in conductivity observed for the 1 nm SiO2 sample (see 

FIGURE 3.4.1.2) might interfere with the ability to make this claim. In spite of these 

uncertainties, it  appears that the presence of SiO2 has a beneficial effect during initial 

exposure of the inorganic electrolyte to Li metal, a phenomenon possibly attributable to 

the ability of SiO2 to experience lithiation. [15]
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FIGURE 3.5.1.6: Non-blocking electrode setup, Entry 02 Nyquist curves, and fittted values for the corresponding 
equivalent circuit (N3B-1); unless specified otherwise, all curves correspond to first measurement during monitoring. 
(a) Li/Li Entry 02 1x glass fiber; (b) Li/Li Entry 02 10x cast on teflon (60 °C); (c) Cat/Cat Entry 02 1x cast on teflon 

(taken after 5 hours).

Lastly,  concerning the Entry 02 samples  (FIGURE 3.5.1.6),  two well-resolved 

semicircles are observed in the case of the sample prepared with 1x dilution and cast onto 

glass fiber (FIGURE 3.5.1.6-(a), though the associated resistances are very high. In the 

case of the sample prepared with 10x dilution and cast onto teflon (FIGURE 3.5.1.6-(b), 

the high frequency features are much smaller (attributable to this particular experiment 

being done at  60 °C). As described in TABLE 3.5.1.2, bulk resistance and interfacial 

charge transfer resistance are observed, in addition to diffusion across the polymer-SEI 

interface,  [16] as opposed to simply bulk resistance and SEI interfacial resistance; the 

need to  treat  the  polymer-SEI  interface  separately  from the  SEI  has  previously  been 

recognized and reported. [17,18]
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3.6 Li/Li monitoring

While the results from the above section are helpful in identifying the observable 

interfaces in the components used in this work, the noisy nature of some data makes it 

difficult to use the fitted values for experiments such as Li/Li monitoring. For this reason, 

values of interfacial resistance in Li/Li monitoring experiments were taken manually, as 

either the width of the corresponding semicircle (when discernible), or in the case of very 

noisy data, as the intercept with the real axis;  this was also done for poorly resolved 

semicircles (such as FIGURE 3.5.1.5). In spite of these limitations, it  was found that 

wherever the data permitted fitting, manual determination of interfacial resistance was 

indistinguishable from fitted values. FIGURE 3.6.1.1 shows the interfacial monitoring of 

LASPT ceramics as a function of time.

 

 

FIGURE 3.6.1.1: Symmetrical Li/Li monitoring of LASPT ceramic plates. (a) MTI ceramics; (b) OHARA ceramics; 
(c) enlarged detail of OHARA ceramics.
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It can be seen that the application of SiO2 by sputtering provides a much higher 

resistance, compared to when SiO2 is applied by ALD. This can be attributable to both the 

more controlled nature of deposition by ALD, and might also be attributable to a more 

intimate  contact  with  the  underlying  ceramic,  given  the  chemical  nature  of  ALD 

(compared to the physical nature of sputtering). When the thickness of sputtered SiO2 is 

increased from 4 nm to 10 nm (FIGURE 3.6.1.1-(a), the profile of interfacial resistance 

over  time  is  inverted,  with  interfacial  resistance  increasing  over  time  instead  of 

decreasing. This could be due to 10 nm of SiO2 being too thick of a protective layer (see 

SECTION 1.12.1). In the case of ALD samples (FIGURE 3.6.1.1-b,(c), there is a stark 

contrast between the bare LASPT and SiO2 coated LASPT samples, even with just 1 nm 

of SiO2. A common feature of all ALD samples (and the 4 nm sputtered sample) is the 

gradual increase of resistance over time, though ALD seems able to introduce a more 

favorable layer, which significantly lowers the overall interfacial resistance of the system. 

When compared to sputttering, this suggests that there might be more intimate contact 

between the  SiO2 layer  and underlying  LASPT,  as  mentioned earlier  (see  SECTION 

3.5.1). These results suggest that ALD is the preferred deposition method, not only from a 

practical standpoint (allowing for a simpler setup when coating particles), but also from 

an interfacial stanpoint.

3.7 LSV

Evaluation  of  the  electrochemical  stability  window  (ESW)  of  the  electrolyte 

components  was  performed  using  LSV.  For  the  sake  of  comparison,  the  LSV 
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voltammogram  of  a  silane  electrolyte  literature  precedent,  reported  by  Lin  and 

coworkers,  [2] has been included; this also translated into the investigation of a matrix 

(glass  fiber  or  electrospun  PAN)  as  a  supporting  material,  much  like  the  literature 

precedent. The voltammograms of the components are shown in FIGURE 3.7.1.

 

 

FIGURE 3.7.1: LSV of electrolyte components at various scan rates and with different separators. “Lit prec.” refers to 
the literature precedent by Lin and coworkers. [2] (a) MTI ceramics; (b) Silane electrolytes cast on PAN; (c) Silane 

electrolytes cast on glass fiber; (d) Silane electrolytes cast on SS spacers. Entry 02, 04 and 06 have the same 
composition, differing only in the catalyst used.

As expected,  LSV of  the  inorganic  electrolytes  shows no discernible  features 

(FIGURE  3.7.1-(a),  due  to  the  sluggish  kinetics  associated  with  solid  electrolyte 

interfaces (see SECTION 1.10.4.1 and 1.11.9.1). As a result, the presence or absence of 

SiO2 on the  surface of  the  LASPT ceramics  is  not  apparent;  furthermore,  the use of 

different scan rates does not aid in identifying any appreciable features.

LSV of both Entry 02 (HCOOH catalyst) and Entry 04 (HCl catalyst) and Entry 

06 (dibutyl Sn catalyst, see SECTION 2.1.2, 2.2.6 and 2.2.7) was performed on a variety 

of  matrices  and  surfaces,  including  PAN,  glass  fiber  and  SS  spacers.  The  use  of 
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electrospun  PAN  (FIGURE  3.7.1-(b)  would  in  principle  enable  very  thin  layers  of 

material, but in the case of HCl catalysis, data was bad to the point of either showing 

numerous unwanted oxidation peaks, or was simply unusable; this could be due to the 

possible reaction of HCl with PAN. Given the aforementioned difficulty of handling PAN 

and  preparing  samples  with  it  (see  SECTION  3.4.3),  this  further  underlined  the 

inadequacy  of  this  matrix  for  the  applications  within  this  work.  Using  a  more  inert 

separator,  namely  glass  fiber  (FIGURE 3.7.1-(c)  showed similar  issues  with  the  HCl 

catalyzed material (Entry 04, 1 mV/s), an issue that also occurred when casting samples 

onto stainless steel spacers (FIGURE 3.7.1-(d). This unwanted behavior for HCl catalysis 

might be attributable to the observed inferior mechanical properties of Entry 04 compared 

with  the  other  two  samples,  since  Entry  04  tended  to  be  a  viscous,  sticky  material 

(indicating insufficient condensation). Given that HCl was used in catalytic amounts, it is 

possible  that  the  preparation  conditions  suitable  for  HCOOH and  Sn  catalysis,  were 

unfavorable for HCl catalysis (i.e. not sufficient catalyst or sufficient reaction time). Use 

of additional HCl might have improved the final properties of the material, though this 

route  was  not  pursued,  given the  well-known strength  of  HCl  as  an  acid.  For  these 

reasons, HCl was not pursued further as a catalyst.

Concerning HCOOH and Sn, it was found that using HCOOH (Entry 02) offered 

superior electrochemical stability in the absence of a matrix, i.e. on SS spacers (FIGURE 

3.7.1-(d),  decomposing  at  potentials  as  high  as  5.5  V  vs  Li/Li+;  this  makes  the 

combination of the PPO disilane and epoxy silane a potential material for use with typical 

lithium cathode materials.
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Given that this silane combination affords self-standing films, use of a matrix is 

unnecessary (unlike the work from reference [2]). Furthermore, the use of HCOOH as a 

catalyst makes the most sense, since it is volatile (with a Tb of ~100 °C) and easy to 

remove by vacuum curing, under the conditions described in SECTION 2.2.6. This is not 

guaranteed for the Sn catalyst, which has a boiling point of ~150 °C; furthermore, the 

possibility  of  the  catalyst  decomposing  into  non-volatile  Sn  compounds  might  cause 

interference  with  experiments  and  characterization.  In  light  of  these  results  and 

considerations, HCOOH was chosen as the preferred catalyst, with Entry 02 being the 

preferred silane polymer electrolyte.

3.8 CV

Cyclic voltammetry (CV) of Entry 02 1x was performed at room temperature and 

then at 60 °C; the resulting voltammograms are shown in FIGURE 3.8.1.

 

FIGURE 3.8.1: CV of Entry 02 1x cast on teflon, 1 mV/s, first (a) at room temperature (5 cycles), then (b) at 60 °C (10 
cycles). In (b), arrows indicate shift of peakes as cycle number progresses.

Although Entry 02 is capable of RT conductivities in the order of 10-5 S/cm, it is 

still a solid electrolyte, and as such faces the same challenge that most solid polymer 

electrolytes  encounter,  namely  limited  diffusion  kinetics  (see  SECTION 1.10.4.1  and 
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1.11.9.1). This is clearly seen in FIGURE 3.8.1-a, where the typically anticipated plating 

and stripping peaks at ~ 0 V vs Li/Li+ are absent. Peaks at ~1 V and ~ 2 V are attributable 

to Entry 02 itself, and at RT (FIGURE 3.8.1-(a) they are constantly changing. However, 

after taking the same cell and subjecting it to a CV measurement at 60 °C (FIGURE 

3.8.1-(b), the observed features experience a much more limited evolution, although Li 

plating at ~0.3 V is gradually decrease over time. This suggests that there is consumption 

of electrolyte over time, indicating that initial exposure of Entry 02 to Li metal is not 

sufficient for formation of a stable SEI.

3.9 Plate-strip

Galvanostatic plating and stripping tests were performed on the silane polymer 

electrolyte Entry 02 (10x diluition, cast onto a teflon mold), and allowed to cycle for 

~2600 hours  (1 cycle  = 4  hours,  for  a  total  of  ~  650 cycles).  Results  are  shown in 

FIGURE 3.9.1.
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FIGURE 3.9.1: Plate-strip experiment for Entry 02 10x cast on teflon, run at 60 °C (1 half-cycle = 2 hours). (a) 
Response of potential vs time; (b) Prescribed current vs time; (c) First 100 hours of potential vs time; (d) Last 100 

hours of potential vs time.

As seen with CV and EIS results, room temperature performance of Entry 02 is 

less than optimal, making it preferable to run experiments above room temperature, i.e. 

60 °C. This work also attempted to cycle complete cells of Entry 02 10x with both Li0 
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and  LiFePO4,  but  the  upper  and  lower  voltage  limits  were  quickly  exceeded  during 

charging and discharging, respectively, indicating a large internal resistance due to the 

modest conductivity of Entry 02.

Since complete cell cycling was not accessible with this system, it was decided to 

simulate the current density conditions that the material would be subjected to, if it were 

in a functioning complete cell. This consisted of gradually increasing the current density 

over  the course of the experiment,  until  the predetermined voltage cutoff  limits  were 

reached (in the case of Entry 02, –4.1 V and +4.1 V, as open circuit voltage). Once these 

limits were reached, the current density was then gradually lowered to see if there was 

recovery of cycling behavior, since this could provide information on the ability of the 

material to tolerate different current densities.

As seen in FIGURE 3.9.1, as the current current density is increased, there is an 

initial  increase  in  the  potential’s  response,  followed  by  a  gradual  decrease  and 

stabilization. This suggests that a favorable interface is gradually formed, though at a 

kinetically sluggish rate, requiring higher currents and potentials to drive the process to a 

sufficient degree. The spikes in potential, particularly at ~800, 900 and 1050 hours are 

due to attempts at finding the highest feasible current density, while gaps in cycling at 

~700 and 1050 hours are due to the instrument reaching the predetermined voltage limits, 

which  in  these  cases  occurred  overnight,  when  the  instrument  was  unattended.  It  is 

interesting to note that initially unattainable current densities, such as 0.012 mA cm-2 (or 

12  μA cm-2)  at  ~700  hours  (see  FIGURE  3.9.1-(b),  were  later  accessible,  once  the 

system’s  voltage  response  had  sufficiently  stabilized  (e.g.  ~800  hours).  This  again 
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suggests that the formation of a stable interface is kinetically sluggish for this system. On 

the other hand though, the maximum current density attempted was 15 μA cm-2 at ~1050 

hours, which caused the system to exceed the upper voltage limit of +4.1 V; subsequently, 

the  highest  current  density  that  could  be  sustained was ~13 μA cm-2,  indicating  that 

excessive current densities can cause irreversible processes to take place in this system, 

though not in a manner that prevents further cycling.

Comparing  the  first  100  hours  (FIGURE  3.9.1-(c)  with  the  last  100  hours 

(FIGURE 3.9.1-(d), it can be observed that the initial potential response of the system is 

typical of systems where either a tortuous path is taken by the lithium ions, or there is 

slow diffusion within the system (see SECTION 1.14.7.1). By the end of the experiment 

though, the potential response has changed towards a profile that is more reminiscent of 

typical plating and stripping profiles, where there is a plateau; obviously, in this case, 

there  is  no  true  plateau,  due  to  the  cell’s  internal  resistance  attributable  to  the  bulk 

material,  though  it  is  still  closer  to  the  expected  potential  response,  than  the  initial 

behavior.

Comparison of the impedance profile of the cell before and after the experiment is 

shown in FIGURE 3.9.2.
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FIGURE 3.9.2: Nyquist plots of Entry 02 10x cast on teflon, used for plate/strip experiment at 60 °C. (a) comparison 
of before and after plating (“stop” refers to a power failure that ended the measurement); (b) fitted Nyquist curve for 

sample before plating; (c) fitted Nyquist curve for sample after plating.

The Nyquist plots confirm what had been observed during plating and stripping, 

namely that the material’s interfacial resistance had dropped appreciably over the course 

of  the  experiment.  While  the  values  for  interfacial  resistance  are  quite  high  and not 

suitable for battery applications, it is encouraging to see that no discernible short-circuit 

behavior is observed (usually present in the form of an inductive behavior, i.e. with data 

points in the positive imaginary plane). Lastly, it should be noted that the experiment was 

terminated prematurely, due to a power failure that affected the building in which the 

instrument was located; since this took place during the 2020 pandemic, access to the lab 

was intermittent at best, causing the instrument to remain unattended for approximately 1 

month (Apr 16 to May 14). As a result, both RT and 60 °C impedance spectra of the 

sample  were  taken,  with  the  latter  being  performed  after  having  left  the  sample  to 

equilibrate for 8 hours at 60 °C.
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3.10 Conclusion

Identification of a novel silane polymer matrix  was performed by screening a 

variety  of  compositions,  with  the  most  suitable  candidates  showing good mechanical 

properties. Further selection was performed using different catalysts, and comparing the 

resulting materials based on their thermal and electrochemical performance. The selected 

matrix,  Entry 02,  was further characterized,  and while having limited electrochemical 

properties, was found to offer sufficient stability and the ability to cycle dendrite-free 

throughout the duration of plate-strip tests. Characterization of components for model 

systems was also performed, which allowed the selection of appropriate materials.

Concerning future work on the specific polymer matrix investigated (Entry 02), 

additional work can be done in the form of transference number measurements, so as to 

have a complete picture of this material's characteristics. Future work that goes beyond 

this  specific  material  can  include  developing  new  polymer  matrices  with  coupling 

moieties,  good  mechanical  properties,  and  higher  conductivities.  Lastly,  there  is  the 

attractive option of single ion conducting polymers as potential matrices, which might 

help address issues encountered in later chapters.

The  following  chapter  will  center  more  on  electrochemical  characterization, 

focusing  on  model,  planar  geometry  systems,  composed  of  a  central,  internal  layer 

(inorganic  electrolyte)  and  two  external  layers  (organic  electrolytes).  Study  of  these 

model systems will provide a better understanding of the organic-inorganic interface, as a 

function of silica thickness, as well as organic electrolyte flexibility and conductivity.
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CHAPTER 4

PLANAR GEOMETRY MODEL SYSTEMS: INVESTIGATING THE 

PROPERTIES OF COMBINATIONS OF INORGANIC AND ORGANIC 

ELECTROLYTES

4.1 Introduction

The focus of this chapter is chiefly on the impedance properties of model systems 

with a planar geometry. As seen in SECTION 1.10.5.2.5, the two chief classes of hybrids 

are  Class  I  (non-covalent,  weakly  interacting)  and  Class  II  (covalent,  strongly 

interacting). Model systems belonging to both types were examined, and can be listed as 

follows:

1) "liquid + ceramic", which combines a liquid electrolyte (solutions of G4 and LiTFSI) 

with  an  inorganic  electrolyte  (LASPT  glass-ceramics  dubbed  "Ceramic  1"  and 

"Ceramic 2", corresponding to the plate they were cut from)

2)  "film  +  ceramic",  a  combination  of  a  solvated  ionic  liquid  /  methylcellulose 

(SIL/MC, where SIL is 1:1 G4:LiTFSI) gel film and an inorganic electrolyte (LASPT 

glass-ceramics  identified  as  "Ceramic  2"  and  "OHARA",  the  latter  denoting  its 

eponymous manufacturer)

3) "Entry 02 + ceramic", consisting of the novel silane Entry 02 (see SECTION 3.2) 

and  an  inorganic  electrolyte  (LASPT  glass-ceramics  referred  to  as  "Ceramic  2", 

"OHARA" and "MTI", the latter two being identified by their manufacturers)
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Of these systems, liquid + ceramic and film + ceramic belong to Class I, while 

Entry 02 + ceramic belong to Class II. The purpose of using different organic electrolytes 

is to change individual properties: for example, using a liquid electrolyte ensures optimal 

contact with the inorganic electrolyte, while its Li+ ionic conductivity can be changed by 

varying salt  concentration;  on the other  hand,  the  use  of  gel  film electrolytes  allows 

simultaneous  variation  of  contact  and  conductivity  (as  a  function  of  SIL  content). 

Understanding these systems can in turn help better understand model systems with the 

solid,  organic  silane  electrolyte,  where  the  quality  of  interfacial  contact  and  ionic 

conductivity are at least partially unknown.

While electrochemical characterization of these systems has been articulated into 

electrochemical  impedance (EIS),  electrochemical  stability (LSV) and electrochemical 

testing  (CV,  plate-strip),  the  majority  of  this  chapter  centers  around  impedance 

characterization, with subsequent characterization results and discussion relying on the 

findings  from impedance  measurements  and  analysis.  This  has  as  fruits  conductivity 

results,  and  more  importantly,  it  has  afforded  investigations  to  determine  which 

equivalent circuits best model observed behaviors; this was done, in hopes of identifying 

a discernible effect on interfacial impedance, at the hands of the SiO2 coating.

4.2 EIS

Impedance  measurements  were  performed  on  model  systems,  with  both  the 

immediate purpose of determining their temperature-dependent conductivities, as well as 
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the broader purpose of understanding what effect SiO2 coatings might have on both Class 

I and Class II hybrids.

4.2.1 Conductivity

For  model  systems  with  a  liquid  organic  electrolyte  (FIGURE  4.2.1.1  and 

FIGURE 4.2.1.2), plain ceramic plates and ones with 4 nm of sputtered SiO2 were used. 

The liquid electrolyte was either a 1M solution of LiTFSI in G4, or 1:n (n = 1, 2, 4) 

G4:LiTFSI;  the  matrix  soaked  with  the  liquid  was  either  a  commercial  polyolefin 

separator (Celgard), electrospun poly(acrylonitrile) (PAN) or a glass fiber separator. The 

use of separators with different thicknesses, as well with different polarities (Celgard is 

hydrophobic, while PAN and glass fiber are hydrophylic) provides a wider window into 

understanding what effect these variables can have on conductivity,  and are meant to 

model observable behaviors in both the Entry 02 + ceramic model systems, as well as the 

actual hybrid electrolyte systems that will be examined in the next chapter.

Systems with SIL/MC films (FIGURE 4.2.1.3 and FIGURE 4.2.1.4) made use of 

both  plain  ceramic  plates  and  ones  with  sputtered  SiO2,  much  like  for  the  liquid  + 

ceramic  systems;  additionally  however,  ceramic plates  with  varying amounts  of  SiO2 

deposited by ALD were also employed. Qualitatively, the flexibility and compliance of 

the films increases with SIL content; this feature can be used to determine whether or not 

Entry 02 + ceramic model systems' behavior can be reduced to the quality of silane-

ceramic contact, or if covalent attachment plays an additional role.
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Lastly, Entry 02 + ceramic systems (FIGURE 4.2.1.5 and FIGURE 4.2.1.6) make 

use of plain, sputtered and ALD-coated ceramics, while additionally examining the effect 

of  cutting  off  the  edges  of  select  samples.  The  latter  was  explored,  in  an  effort  to 

determine whether or not impedance behavior is affected by silane deposited along the 

edges of the ceramic (which occurs when coating the ceramic).

4.2.1.1 Liquid + Ceramic systems

Sandwiching a ceramic electrolyte between two layers of a separator soaked with 

liquid electrolyte 1M LiTFSI in G4 (FIGURE 4.2.1.1) showed an interesting behavior: 

with the exception of the Celgard-based system (FIGURE 4.2.1.1-a), whenever plain (no 

SiO2, purple curve) ceramic was used, the conductivity of the model system was higher 

than  all  the  components,  while  using  a  SiO2 coated  ceramic  (yellow  curve)  always 

afforded a conductivity behavior that was intermediate to that of the components. For the 

Celgard  system  this  behavior  was  inverted,  with  the  SiO2 coated  ceramic  system 

affording a  conductivity  that  was higher  than all  components  at  higher  temperatures, 

while  at  lower  temperatures  the  behavior  was  intermediate  to  the  components' 

conductivities. Moreover, the model system using plain ceramic (purple curve) showed a 

conductivity that was almost identical to that of the ceramics (red and green curves).

530



 

 

FIGURE 4.2.1.1: Conductivities of Liquid + Ceramic 1 systems, 1M LiTFSI in G4. a) Celgard, b) PAN, c) Glass Fiber.

Focusing  on  the  behavior  of  the  PAN  (FIGURE  4.2.1.1-b)  and  Glass  Fiber 

(FIGURE 4.2.1.1-c) systems, it appears that using no silica affords better conductivity, 

which would be a sensible conclusion, given the insulating nature of SiO2. However, the 

higher conductivity is not only greater than that of the SiO2-coated ceramic system, it 

exceeds that of all  components:  this  suggests that the liquid electrolyte  might not be 

confined to the separator, and might have in fact leaked out, providing a lower resistance 

path of conduction (where conductivity of a neat liquid σ0 is expected to exceed that of 

the liquid in a separator σeff,  as described by the MacMullin number, σ0/σeff [1]). The 

presence of a layer of sputtered SiO2, on the other hand, causes the system to have a 

conductivity intermediate to that of the components, as expected for hybrid electrolyte 

systems. [2] While not verified, this suggests that the silica layer might aid in improving 

surface  wetting  of  the  ceramic  electrolyte,  mitigating  the  risk  of  liquid  electrolyte 

leakage. In this sense, the presence of a silica coating has a positive effect, by helping 
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retain the  organic  component,  thus  indicating a  favorable,  improved interaction,  over 

plain  ceramic  samples.  As  for  the  Celgard  sample  (FIGURE 4.2.1.1-a),  the  inverted 

behavior might be explained by the hydrophobic nature of the polyolefin separator being 

at odds with the hydrophilic nature of the SiO2 layer, making leakage more likely. These 

results and observations suggest that the separator can play a role in the model system's 

conductivity, a role that goes beyond simply thickness and porosity, and requiring taking 

into consideration properties such as polarity and surface properties.

The use of a liquid electrolyte allows for good, physical contact with the inorganic 

electrolyte.  While  liquid  electrolytes  usually  have  greater  conductivities  than  solid 

electrolytes, it would be interesting, in the context of this work, to examine the role of a 

silica layer,  when the inorganic ceramic electrolyte  is  placed in contact  with a liquid 

electrolyte with comparable or lower conductivity. To this end, the use of combinations of 

G4 and LiTFSI in molar ratios 1:n (G4:LiTFSI) is  useful,  and are shown in FIGURE 

4.2.1.2.
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FIGURE 4.2.1.2: Conductivities of Liquid + Ceramic 2 systems, Glass Fiber. a) 1:1 G4:LiTFSI, b) 1:2 G4:LiTFSI, c) 
1:4 G4:LiTFSI, d) effect of thermal behavior in 1:4 G4:LiTFSI system.

As can be seen, use of these more concentrated, lower conductivity electrolytes 

affords mixed results. While the 1:1 G4 LiTFSI system (FIGURE 4.2.1.2-a) afforded the 

desired  behavior,  the  1:2  (FIGURE  4.2.1.2-b)  and  1:4  (FIGURE  4.2.1.2-c)  systems 

deviated  from these  expectations.  For  the  1:2  systems,  use  of  silica  coated  ceramic 

(yellow curve) caused the system to closely match the neat 1:2 liquid electrolyte, while 

using the plain ceramic (purple curve) caused the same issue encountered with the PAN 

and Glass fiber systems from FIGURE 4.2.1.2-b,c. This suggests that the 1:2 systems 

might  be  suffering  from the  same  issue  of  leakage  encountered  for  the  1M LiTFSI 

systems, where SiO2 mitigates the issue, though it is interesting to note how for FIGURE 

4.2.1.2b the silica-coated ceramic system's  conductivity  is  much closer  to  that  of the 

organic electrolyte, compared with that of the 1M LiTFSI systems in FIGURE 4.2.1.2-

b,c. In the latter's case, SiO2-containing systems have conductivities that are not as close 
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to the organic's conductivity (although the 1:2 silica coated system still has overall lower 

conductivities).

Lastly, while the 1:4 liquid electrolyte in FIGURE 4.2.1.2-c shows a promising 

behavior, in that it has a lower conductivity than the ceramic electrolyte, it suffers from 

undesired  properties,  owing  to  its  thermal  behavior,  as  described  in  Chapter  3  (see 

SECTION 3.3.2). As can be seen in FIGURE 4.2.1.2-d, different conductivities can be 

observed for the same sample, depending on the equilibration conditions. In "Attempt 1", 

the sample was left overnight at 90 °C, affording initial, low conductivities during the 

cooling  segment,  though  below  ambient  temperature  there  is  an  abrupt  increase  in 

conductivity, retained during the heating segment. Limiting equilibration to only a couple 

hours, as seen for "Attempt 2", avoids this issue, and causes the system to preserve a 

lower conductivity throughout the entirety of the measurement. For "Attempt 1", where 

overnight equilibration was used, a liquid fraction was observed to have formed during 

the measurement. It should be noted that 1:4 G4:LiTFSI is normally a very viscous paste 

at room temperature, with no observable liquid fraction; the formation of this fraction 

during  experiments  suggests  instability  of  the  material  over  the  temperature  range 

investigated, making it unsuitable for further use (hence why it was used only for one 

model system shown in FIGURE 4.2.1.2-c).

The above results are helpful in demonstrating the utility of a silica layer as a 

means  to  improve  contact  with  the  organic  component  in  Class  I  hybrid  systems; 

however, the risk of leakage of the liquid electrolyte cannot be eliminated, limiting the 

conclusions  that  can  be  made.  While  silica  seems  to  help  better  retain  the  liquid 
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electrolyte, it would be useful to explore the liquid electrolyte's role in systems where it  

can be better retained, such as in gel electrolytes. Additionally, of the model systems 

investigated so far, the most promising ones appear to be ones using the solvated ionic 

liquid  (SIL)  1:1  G4:LiTFSI,  where  both  model  hybrid  systems  showed  intermediate 

behavior (FIGURE 4.2.1.2-a). Hence, it makes sense to explore model systems where the 

organic electrolyte is a gel incorporating the SIL; gel films comprised of methylcellulose 

and solvated ionic liquid (SIL/MC) are thus suitable candidates, and will be described in 

the next section.

4.2.1.2 Film + Ceramic systems

As seen in the previous section, the use of SIL and MC in the form of gel films is  

the next natural step in examining model systems with a liquid electrolyte incorporated 

into a solid matrix. Additionally, it is possible to vary both conductivity and quality of 

interfacial contact. Conductivities of the components are shown in FIGURE 4.2.1.3; as 

expected,  conductivity  of  SIL/MC films  increases  with  increasing  content  of  SIL,  as 

already briefly seen in Chapter 3 (see SECTION 3.4.3).
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FIGURE 4.2.1.3: Conductivities of components for Film + Ceramic systems. a) all components, b) Ceramic 2, c) 
OHARA, d) SIL/MC films.

Model systems that combine films and ceramics can be divided into ones where 

SiO2 has been introduced by sputtering, and ones where SiO2 has instead been introduced 

by ALD. For systems using sputtered SiO2 (FIGURE 4.2.1.4-a), samples use either plain 

ceramic (solid squares) or ceramic coated with 4 nm of SiO2 (empty squares). For model 

systems  using  90/10  and  80/20,  the  presence  of  SiO2 causes  an  improvement  of 

conductivity, while remaining intermediate to the components. This behavior is inverted 

for model systems using 75/25 and 70/30, where ceramic samples coated with SiO2 have 

a lower conductivity. While the addition of liquid (SIL) to the 70/30 + ceramic systems 

(FIGURE 4.2.1.4-a red lines, purple symbols) does cause an improvement in conductivity 

compared to only using 70/30 and ceramic, the trend is not inverted, and plain ceramic 

systems  continue  to  have  a  higher  conductivity  than  ones  coated  with  silica.  The 

inversion between 90/10, 80/20 and 75/25, 70,30 suggests that SIL content is important 
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for  aiding  the  SiO2 layer  in  improving  conductivity,  where  sufficient  SIL  enables 

enhanced contact between ceramic and film; however, for insufficient amounts of SIL, 

the  silica  layer  has  the  opposite  effect,  acting  as  an  insulating  layer  instead  of  a 

compatibilizer. Even when the film's surface has sufficient contact, as is the case for the 

70/30 + ceramic + SIL system, the film's bulk properties seem to have a greater effect, 

suggesting that compliance alone (i.e. the ability to conform to the ceramic's surface) is 

not sufficient.

 

 

FIGURE 4.2.1.4: Conductivities of Film + Ceramics systems. a) Films and Ceramic 2 systems, b) 90/10 and OHARA, 
c) 80/20 and OHARA, d) 70/30 and OHARA.

The above results show that comparing systems with and without silica is useful 

for determining whether or not a coating is worth pursuing; it is opportune however to 

explore the effect of varying the SiO2 layer's thickness. To this end, model systems of 

90/10 + OHARA (FIGURE 4.2.1.4-b), 80/20 + OHARA (FIGURE 4.2.1.4-c) and 70/30 + 

OHARA (FIGURE 4.2.1.4-d) have been studied; 75/25 was not further explored, given 
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its  similar  behavior  to  70/30.  If  one  wished to  study behaviors  as  with  the  previous 

samples, where plain ceramic and coated ceramic are examined, one could compare the 

OHARA no SiO2 systems (red symbols) and the OHARA 10 nm SiO2 ALD ones (yellow 

symbols); in this case, the only case where there is an improvement in conductivity is for 

the  80/20  +  OHARA systems,  with  90/10  +  OHARA and  70/30  seeing  a  drop  in 

conductivity. However, upon closer examination of the intermediate thicknesses of SiO2, 

it can be seen that for all systems there is an improvement of conductivity (or at least a 

retention of the same values observed for the plain ceramic). Indeed, 90/10 + OHARA 1 

nm SiO2 (FIGURE 4.2.1.4-b,  blue  symbols)  and  70/30  +  OHARA 2  nm SiO2 ALD 

(FIGURE  4.2.1.4-d,  purple  symbols)  are  almost  identical  to  their  plain  ceramic 

counterparts (red symbols), suggesting that there might be an optimal SiO2 thickness (as 

alluded to in SECTION 1.12.1). Having pointed out some notable behaviors of the film + 

ceramic  model  systems,  it  is  interesting  to  note  how  there  is  not  a  recurring  trend 

observable for the three OHARA-based systems; instead, what stands out is the degree to 

which conductivity varies, depending on the SIL/MC film used. For example, 90/10 and 

80/20 systems (FIGURE 4.2.1.4-b,c respectively) experience variations in conductivity 

that are circumscribed to ~ 1 order of magnitude, while 70/30 ones (FIGURE 4.2.1.4-d) 

vary by almost 3 orders of magnitude. This suggests that for systems using components 

with lower bulk conductivities, the model systems are much more sensitive to the surface 

coating,  a  behavior  also observed for  the  75/25 and 70/30 systems that  were sputter 

coated (FIGURE 4.2.1.4-a).
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These  results  suggest  that  an  optimal,  bulk  conductivity  for  the  organic 

component  is  just  as  important  as  the  silica  coating's  thickness.  In  all  of  the  above 

systems,  both  liquid  and  film-based,  the  organic  component  has  actually  been  a 

combination of a conducting medium (G4 + LiTFSI in varying amounts) and an inert, 

non-conducting matrix (separators or methylcellulose). Furthermore, the above systems 

are Class I hybrids, where the components are associated through weak, non-covalent 

interactions. Thus, it makes sense to explore model systems where the matrix is ionically 

conducting, while also solid (as part of the objective of developing all-solid state lithium 

batteries),  and  where  organic  and  inorganic  components  interact  covalently,  i.e.  by 

studying Class II hybrids. To this end, the following section will examine model systems 

that combine inorganic ceramic electrolytes with the novel electrolyte Entry 02, which 

uses lithium-conducting silane coupling agents.

4.2.1.3 Entry 02 + Ceramic systems

The previous sections serve as a backdrop and comparison with the following 

model  systems,  which  are  the  focus  of  this  chapter.  Components  of  the  Entry  02  + 

ceramic systems are shown in FIGURE 4.2.1.5, while the different model systems are 

shown in FIGURE 4.2.1.6.
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FIGURE 4.2.1.5: Conductivities of Entry 02 + Ceramics components. a) all components, b) MTI ceramic, c) Ceramic 
2, d) OHARA. Entry 02 has been included in each figure for reference.

As can  be  seen,  for  systems using  Ceramic  2  and  MTI (FIGURE 4.2.1.6-a,b 

respectively), conductivities of the model systems are lower than both components, while 

for OHARA-based systems (FIGURE 4.2.1.6-c), 2 nm (purple curve) and 10 nm (yellow 

curve)  SiO2 have  roughly  the  same  conductivity  as  Entry  02.  For  the  MTI  systems 

(FIGURE 4.2.1.6-a), only the plain ceramic was investigated, due to limited availability 

of sputtered SiO2 samples. For the MTI and Ceramic 2 systems, an additional effect was 

explored, namely that of cutting off the edges of the coated ceramic (FIGURE 4.2.1.6-a,b, 

empty symbols). Since applying Entry 02 as a coating means that not only the faces, but 

also the edges of the ceramic samples have been coated, it is possible that the Entry 02 on 

the edges might affect the conductivity, by acting as a parallel path for conduction. As can 

be seen in FIGURE 4.2.1.6-a,b however, only a slight improvement is observed for the 

MTI system, while for Ceramic 2 the resulting covers are more erratic, suggesting that 
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cutting the edges disrupts contact between Entry 02 and Ceramic 2, while also possibly 

introducing  unwanted  irregularities  on  the  samples'  faces,  harming  contact  with  the 

blocking electrodes. As such, these results suggest that any Entry 02 present on the edges 

of  samples  does  not  affect  conductivity  in  any significant  way.  The more significant 

factor for these two systems instead seems to be the presence or absence of silica. For the 

Ceramic  2  systems  (FIGURE  4.2.1.6-b),  introduction  of  SiO2 (green  curve,  solid 

symbols) causes a drop in conductivity,  similar to the behavior observed for 70/30 + 

Ceramic 2 and 75/25 + Ceramic 2 systems (FIGURE 4.2.1.4-a). If a direct comparison 

were  possible,  it  would  make  sense  to  attribute  this  behavior  to  the  insufficient 

conductivity of Entry 02; however, given the covalent nature of the interactions between 

ceramic  and  silane  components,  this  comparison  can  only  be  partial  at  best.  Before 

attempting to offer an explanation for the behavior observed in Entry 02 + Ceramic 2 

systems, it is worth examining the Entry 02 + OHARA systems.

 

 

FIGURE 4.2.1.6: Conductivities of Entry 02 + Ceramics systems. a) MTI and Entry 02, b) Ceramic 2 and Entry 02, c) 
Entry 02 and OHARA.
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As  mentioned  earlier,  OHARA-based  systems  are  capable  of  achieving 

comparable performance to that of Entry 02 10x; this can be attributed to at least two 

factors. First, OHARA ceramics, as shown in FIGURE 4.2.1.5-d (pure components), have 

higher conductivities than both MTI and Ceramic 2 ones, which can positively affect 

conductivity.  Second,  introducing SiO2 by ALD instead of sputtering can in principle 

offer a more uniform coating (see SECTION 1.13.1). Although different thicknesses of 

SiO2 do affect the behavior  of neat OHARA samples (FIGURE 4.2.1.5-d),  and see a 

variation in conductivity over approximately 1 order of magnitude,  the corresponding 

Entry 02 + OHARA systems in FIGURE 4.2.1.6-c experience a narrower variation, over 

approximately  half  an  order  of  magnitude.  This  suggests  that  the  quality  of  contact 

between Entry 02 and OHARA ceramics, mediated by the silica layer, is superior to that 

for  the Ceramic 2 systems in FIGURE 4.2.1.6-b;  indeed,  the Ceramic 2 components 

(FIGURE  4.2.1.5-c,  components)  have  almost  identical  conductivities,  while  the 

corresponding model systems are significantly different, a behavior opposite to that of the 

OHARA systems. This in turn suggests that ALD might offer a more intimate contact 

between the ceramic electrolyte and SiO2 layer, since individual, atom-thick layers are 

added sequentially, as opposed to vaporized material being deposited with a more coarse 

control, and relying on physical interactions, as opposed to covalent attachment.

An overview of the results for film + OHARA and Entry 02 + OHARA systems is 

shown in FIGURE 4.2.1.7, where conductivity (at 30 °C) is plotted against the thickness 

of the SiO2 layer, as well as the number of ALD cycles. The two chief observations that 

can be made are first, that using organic components with lower conductivity (e.g. 70/30, 
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red curve) causes model systems to experience a much greater variation in measured 

conductivities; and second, that while Entry 02 systems have lower conductivities than 

90/10 and 80/20 systems, it shows the least variation in conductivity across the explored 

thicknesses.  The latter  observation  confirms  the  utility  of  covalent  attachment  of  the 

organic  electrolyte  to  the  inorganic  one,  mediated  by  a  coating  layer,  as  a  way  of 

overcoming interfacial resistance usually encountered for non-covalent hybrids.

 

FIGURE 4.2.1.7: Conductivities (30 °C) of OHARA-containing systems, as a function of a) SiO2 thickness and b) 
number of ALD cycles.

While the above observations are encouraging, they are reliant on the assumption 

that  measured  conductivities  can  be  approximated  using  the  real  resistance  value 

corresponding  to  the  lower  frequency  value  of  the  semicircle  observed  in  the 

corresponding  impedance  measurements.  Whether  this  semicircle  is  indeed  the  bulk 

resistance  of  the  system,  and  whether  or  not  there  are  any  identifiable  features  in 

impedance spectra that might correspond to an interfacial component (and possibly the 

SiO2 layer),  is not answerable with the above information. To this end, the following 

section will focus on determining equivalent circuits that best suit the different model 

systems, in hopes of quantifying interfacial and bulk resistances.
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4.2.2 Equivalent circuits

Determining which equivalent circuit best models the observed behavior of each 

model  system  is  bound  by  the  requirements  of  plausibility  (i.e.  components  have  a 

physical meaning) and simplicity (where the simples equivalent circuit should be chosen 

over other candidates). The utility of understanding which circuits best represent each 

model system, arises from being able to ascertain whether or not the organic-inorganic 

interface  exists  as  a  distinct  impedance  component,  or  as  a  contribution  to  another, 

distinct  component  that  cannot  be  further  deconvoluted.  The  hope  is  that  interfacial 

contributions will be mitigated in Class II systems (Entry 02 + ceramic), where covalent 

attachment hopefully affords more that just superior adhesion.

 

 

FIGURE 4.2.2.1: Nyquist overlays OHARA-based model systems (all curves correspond to data acquired at 30 °C). a) 
80/20 + OHARA systems (high frequency detail), b) 80/20 + OHARA systems (medium frequency detail), c) Entry 02 

10x + OHARA systems (high frequency detail), d) Entry 02 10x + OHARA systems (medium frequency detail).

Representative examples of model systems' Nyquist plots are shown in FIGURE 

4.2.2.1-a,b for 80/20 + OHARA and FIGURE 4.2.2.1-c,d for Entry 02 + OHARA. As can 
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be seen, in the high frequency region (FIGURE 4.2.2.1-a,c) an incomplete semicircle is 

readily identified,  and is  most  likely  attributable  to  the bulk properties  of  the model 

system (here,  the  rightmost  intercept  is  taken as  the  bulk  resistance -  see SECTION 

1.14.4.1 and 1.14.4.15). In the medium frequency region (FIGURE 4.2.2.1-b,d) another, 

less  visible  semicircle  is  visible,  followed  by  the  expected  low  frequency  spur 

(attributable in these cases to blocking SS/SS electrodes); this second semicircle might be 

due to the organic-inorganic interface, though it is difficult to further describe it without 

additional analysis of the spectra. To this end, the following efforts have been made to 

quantify and describe the above spectra, by way of equivalent circuits. It should be noted 

that while only overlays of Nyquist plots for 80/20 + OHARA and Entry 02 + OHARA 

have been shown (and will  be the focus of this  section),  overlays of all  samples are 

depicted in APPENDIX A, as are the fitted equivalent circuits, as well as a complete list 

of the equivalent circuits explored.

4.2.3 Effect of SiO2 layer on impedance

While  Chapter  3  covered  the  impedance  properties  of  most  components 

investigated, Ceramic 1 and Ceramic 2 were not covered, and neither were the SIL/MC 

films; as such, attention has been first dedicated to ascertaining what equivalent circuits 

best  describe  these  electrolyte  components.  TABLE  shows  the  equivalent  circuits 

investigated for each system; here, much like in Chapter 3 (see SECTION 3.5.1), the 

criterion for a model  being a suitable  candidate  was having error values  that did not 

exceed the modeled values. For a candidate, equivalent circuit to be deemed a suitable 
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representation  of  the  experimental  impedance  behavior,  the circuit  needs  to  (see also 

SECTION 1.14.4.14):

1) be successful for all samples investigated (or most of them, in the absence of a clear 

model working "across the board")

2) be a reasonable representation of samples (i.e. each circuit element can be attributed 

to a physical or chemical phenomenon)

3) if multiple candidate circuits exist, the chosen circuit should have the best "goodness 

of fit" (a score that quantifies residual errors from the fitted equivalent circuit model)

As  can  be  seen  in  TABLE  4.2.3.1,  the  ceramic  electrolyte  samples  are  best 

described by the same equivalent circuit used for the other ceramic electrolytes, C1A-2 

(see  TABLE 3.5.1.1).  This  is  encouraging,  as  it  further  confirms  the  validity  of  this 

equivalent circuit. While for the SIL/MC films an equivalent circuit had already been 

determined by Chereddy, [3] these systems were investigated anyway, along with the G4 

+ LiTFSI liquid electrolyte systems. As can be seen in TABLE 4.2.3.1, it was found that 

indeed  the  equivalent  circuit  proposed  by  Chereddy  (C1D-1)  is  the  most  valid 

description, and that it extends to the liquid electrolytes as well. This makes sense, since 

the SIL/MC films are essentially a solid matrix immobilizing a G4 + LiTFSI solution, 

analogous to the other liquid electrolyte systems explored.
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TABLE 4.2.3.1a: Equivalent circuits proposed for modeling conductivity behavior of select components for model 
systems (SS/SS blocking electrodes).

TABLE 4.2.3.1b: Equivalent circuits proposed for modeling conductivity behavior of select components for model 
systems (SS/SS blocking electrodes).

547



Having a complete set of equivalent circuits that can describe the components for 

the  model  systems under  exam,  it  is  possible  to  attempt  to  determine  the  equivalent 

circuits  that  best  represent  these  model  hybrid  systems.  The  proposed  strategy  for 

devising equivalent circuits, and their naming scheme, is shown in FIGURE 4.2.3.1.

FIGURE 4.2.3.1: Naming scheme of equivalent circuits investigated for model systems.

Here,  the  approach  adopted  is  one  of  essentially  a  direct  combination  of  the 

components' equivalent circuits, with an additional sub-circuit interposed between them. 

While  it  is  possible  that  other  equivalent  circuits  (e.g.  ones  that  omit  one  or  more 

elements from each starting material's circuits) might better describe the model hybrid 

systems, the proposed ones in FIGURE 4.2.3.1 are the simplest to devise, and take into 

consideration  the  starting  components.  As  can  be  seen,  for  the  inorganic  ceramic 

electrolyte equivalent circuits, the CPE circuit element has been omitted, since this is 

associated with double-layer capacitance caused by blocking electrodes, rather than the 
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bulk  material  itself.  Similarly,  for  the  organic  electrolyte  component,  the  possible 

equivalent circuits available have the option of including or omitting the CPE circuit 

element normally associated with the blocking electrodes (though in this case its presence 

is more likely). With the equivalent circuits proposed in FIGURE 4.2.3.1, the hope is to 

identify a distinct, interfacial behavior in the form of a sub-circuit; however, as can be 

seen  for  circuit  1,  the  possibility  of  no  distinct,  identifiable  behavior  has  also  been 

contemplated.  If  this  were  the  case,  it  is  likely  that  the  inorganic-organic  interface's 

properties are simply not resolvable as a distinct entity, rather than being non-existent.

Results  of  the  investigated  equivalent  circuits  are  shown in TABLE 4.2.3.2 – 

TABLE 4.2.3.4. As can be seen for almost all model systems, the equivalent circuit that 

best describes each model system is a simple combination of the components' equivalent 

circuits, with slight modifications. Indeed, the chosen equivalent circuits omit the circuit 

element  normally  associated  with  the  bulk  resistance  of  the  ceramic  electrolyte  (see 

TABLE 3.5.1.2, N° 02); this is similar to the behavior encountered for Li/Li cells with 

ceramic  samples  previously  examined  (see  TABLE 3.5.1.2,  N°  03),  where  the  other 

impedances in the system were much larger and made it impossible to accurately fit the 

bulk  resistance  of  the  ceramic  electrolyte.  As  mentioned  previously,  a  simple,  direct 

combination of the components' circuits does not necessarily indicate the absence of an 

interfacial  resistance,  and is  more likely attributable to being difficult  to resolve as a 

distinct feature.
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TABLE 4.2.3.2a: Equivalent circuits proposed for modeling conductivity behavior of Liquid + Ceramic model systems 
(SS/SS blocking electrodes).

TABLE 4.2.3.2b: Equivalent circuits proposed for modeling conductivity behavior of Liquid + Ceramic model systems 
(SS/SS blocking electrodes).
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TABLE 4.2.3.3a: Equivalent circuits proposed for modeling conductivity behavior of Film + Ceramic model systems 
(SS/SS blocking electrodes).

TABLE 4.2.3.3b: Equivalent circuits proposed for modeling conductivity behavior of Film + Ceramic model systems 
(SS/SS blocking electrodes).
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TABLE 4.2.3.4a: Equivalent circuits proposed for modeling conductivity behavior of Entry 02 + Ceramic model 
systems (SS/SS blocking electrodes).

TABLE 4.2.3.4b: Equivalent circuits proposed for modeling conductivity behavior of Entry 02 + Ceramic model 
systems (SS/SS blocking electrodes).
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While the interface as a distinct, additional entity might not exist, TABLE 4.2.3.5 

shows the equivalent circuits that were chosen, along with the physical meaning of each 

component. Here, the former ceramic sub-circuit is interpreted as the "bulk" behavior of 

the  material,  while  the  former  organic  sub-circuit  is  interpreted  as  the  "interface" 

behavior  of  the  material.  This  can  be  a  reasonable  interpretation,  since  the  organic 

component is in contact with both the inorganic electrolyte and the blocking electrodes, 

and in a sense serves as an "interfacial layer" between the ceramic and the electrodes. 

Lastly,  the  CPEdl is  attributed  to  double  layer  capacitance  caused  by  the  blocking 

electrodes.

TABLE 4.2.3.5: Summary of adopted circuits and the physical phenomena attributed to each component in the model 
systems.

Fitting  of  experimental  data  with  the  chosen  equivalent  circuits  is  shown  in 

FIGURE  4.2.3.2.  As  can  be  seen,  these  offer  reasonable  fitting,  and  allow  for  the 

determination of bulk and interfacial resistances. The results shown in FIGURE 4.2.3.2 

constitute only a small fraction of what was done for this work; all fitted curves, of both 

components and model systems, can be found in APPENDIX A.
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FIGURE 4.2.3.2: Examples of Nyquist plots (30 °C) of components and combinations, where inorganic = yellow, 
organic = blue, combination = green; fits of equivalent circuits have also been included. a) 80/20 + OHARA no SiO2, b) 

80/20 + OHARA 0.3 nm SiO2 ALD, c) Entry 02 10x + OHARA no SiO2, d) Entry 02 10x + OHARA 0.3 nm SiO2.

Given that interfacial resistance for most of these systems is difficult to visually 

identify,  fitted  bulk  and  interfacial  resistances  for  80/20  +  OHARA and Entry  02  + 

OHARA have  been  plotted  as  bar  graphs  on  a  logarithmic  scale,  and  are  shown in 

FIGURE 4.2.3.3.
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FIGURE 4.2.3.3: Bar graphs of calculated bulk (solid blue) and interfacial (blue diagonal hatch) resistances of select 
model systems. a) specific resistance of 80/20 film + OHARA, b) specific resistance of Entry 02 10x + OHARA, c) 

resistivity of 80/20 film + OHARA, d) resistivity of Entry 02 10x + OHARA.

Here, the vertical axis for FIGURE 4.2.3.3-a,b is expressed in Ω·cm2 (or areal 

resistance), while for FIGURE 4.2.3.3-c,d it is expressed in Ω·cm (or resistivity). While 

areal  resistance  simply  multiplies  the  measured  resistance  by  the  area  of  the  sample 

(allowing  for  comparison  of  samples  with  different  areas),  resistivity  also  takes  into 

consideration  the  sample's  thickness  (allowing  for  an  arguably  better  comparison).  It 

should be noted though for resistivity that this quantity is usually used for homogenous 

materials, as opposed to layered ones (such as the model systems here examined), since 

the different  layers will  have different,  individual  resistivities.  In spite of this,  it  is  a 

useful quantity with which to represent experimental data; furthermore, conductivity is 

the reciprocal of resistivity (see SECTION 1.14.4 and EQUATION 1.14.4.5), and is the 

standard quantity used for reporting EIS data, as shown earlier in SECTION 4.2.1. It 
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should also be noted that while the following considerations will be made concerning 

areal resistance and resistivity values, they will be discussed in terms of resistance, since 

ultimately  it  is  this  intrinsic  property  that  is  of  interest  in  this  work,  and  which  is 

responsible for the observed behavior.

Looking  at  FIGURE 4.2.3.3,  it  can  be  seen  for  the  80/20 +  OHARA system 

(FIGURE 4.2.3.3-a,c)  that  the  bulk  resistance  of  the  system varies  appreciably  with 

increasing SiO2 thickness (with intermediate thicknesses causing the highest resistances), 

while  interfacial  resistance  progressively  decreases.  This  suggests  that  the  previous 

considerations  about  SiO2 favoring  contact  between ceramic  and G4 +  LiTFSI  liquid 

electrolyte systems does indeed improve interfacial contact, though at the expense of bulk 

resistance. Whether this is indirectly caused by the inert methylcellulose matrix, or is a 

result  of  some yet-to-be-determined  interaction  between  the  SIL and  the  ceramic,  is 

unclear. Examining the Entry 02 + OHARA systems (FIGURE 4.2.3.3-b,d), the situation 

is almost reversed: here the bulk resistance is almost constant (where a resistivity of ~105 

Ω·cm corresponds to a conductivity of ~10-5 S/cm),  while the interfacial  resistance is 

reduced only for select SiO2 thicknesses (0.3 and 10 nm). As mentioned in SECTION 

4.2.1, Entry 02 + ceramic systems seem to be much less sensitive to the presence or 

absence of an interfacial layer (see FIGURE 4.2.1.7); the above results indicate that this 

is true for the bulk resistance. Furthermore, the use of covalent attachment to afford Class 

II hybrids like Entry 02 + OHARA seems to affect these systems differently, compared to 

80/20 + OHARA ones, which are Class I hybrids with weak, non-covalent interactions. 

Covalent attachment appears to directly affect bulk properties, which is not feasible by 
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simply  placing  two materials  in  contact  with  each  other.  This  suggests  that  covalent 

attachment,  mediated by an opportune layer, might be a viable strategy if appropriate 

modifications are made or explored.

The above results suggest that opportune thicknesses of SiO2 can indeed mitigate 

interfacial resistance, although bulk resistance seems to be directly affected by it as well, 

indicating that care needs to be taken in making sure that the interfacial layer is beneficial 

to both quantities. It should also be pointed out that the results based on resistivity and 

conductivity assume that total sample thickness is adequate for quantifying individual 

thicknesses.  This  is  probably  an  approximation  at  best,  and  would  require  further 

refinement by determining the thickness of interface and bulk components,  similar to 

recommendations about taking into account an interface's volume, as suggested by Keller 

and coauthors. [2]

While  the  focus  of  this  chapter  is  mainly  analysis  of  impedance  behavior  of 

samples  with  blocking  (SS/SS)  electrodes,  work  was  also  done  with  active  (Li/Li) 

electrodes.  However,  given  the  sheer  number  of  samples,  a  complete  analysis  of  all 

systems would be both impractical,  as well  as detract from the focus of this  chapter, 

namely exploring the role of a surface coating in facilitating contact between organic and 

inorganic components in model hybrid systems. For this reason, attention was directed to 

select  Entry  02  +  ceramic  systems,  which  in  turn  was  limited  by  availability  of 

components. The following sections will center mainly around two samples, Entry 02 10x 

+ MTI no SiO2 and Entry 02 10x + MTI 4 nm SiO2 sputtered, highlighting the effect that 

the presence of a surface coating can have.
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4.3 Li/Li monitoring

The previous sections focused on determining which equivalent circuits are best 

suited  for  describing  the  observed impedance  behaviors;  while  this  approach will  be 

adopted here as well, an initial, simplified approach will be adopted (similar to the one 

used  for  conductivity  plots  in  SECTION  4.2.1).  As  can  be  seen  in  FIGURE 4.3.1, 

samples placed in contact with lithium metal in Li/Li symmetrical cells typically exhibit 

two semicircles, one attributable to the bulk material (R1 – R0), and one to the interface or 

interphase (R2 – R1) formed between the sample and Li0.

FIGURE 4.3.1: Simplified representation of semicircles observed for Li/Li symmetrical cells, as well as R1, R2, “bulk” 
(Rb) and “interfacial” (Rint) resistances.

Given  the  incomplete  nature  of  the  high-frequency  semicircle  associated  with 

bulk properties of model systems (see FIGURE 4.2.2.1), Rb has been approximated as the 

intercept of R1 with the Z' axis, as seen in FIGURE, since R0 is not accessible within the 

frequency range measurable by the instruments used in this work (see SECTION 1.14.4.1 

and 1.14.4.15 for additional  information on using the rightmost  intercept  as  the bulk 

resistance). On the other hand, given that R1 and R2 were readily identified, the difference 

R2 – R1 was taken to correspond to the interfacial  resistance associated with the SEI 

formed from contact of the ceramic with Li0.
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FIGURE 4.3.2 shows the change of interfacial resistance over time, for model 

systems Entry 02 10x + MTI no SiO2 and Entry 02 10x + MTI 4 nm SiO2 sputtered.

 

FIGURE 4.3.2: Monitoring of interfacial resistance over time for Li/Li symmetrical cells. a) intermediate levels of 
detail, b) greater level of detail (horizontal axis is same for all figures).

While blocking electrode measurements suggested that conductivity of the two 

samples  is  not  significantly  different  (see  FIGURE  4.2.1.6-a),  there  is  a  significant 

difference between the two systems when placed in contact with lithium metal. For Entry 

02 10x + MTI no SiO2 (FIGURE 4.3.2, blue curve), interfacial resistance is significantly 

lower than for its silica coated counterpart (orange curve). However, the plain ceramic 

system's resistance diverges over time, while the silica coated one gradually decreases 

instead. Furthermore, the plain ceramic system experiences an abrupt drop in resistance, 

possibly due to short circuiting from reaction with lithium metal to form an MIEC (see 

SECTION 1.11.2 and 1.11.9.1) after only ~200 hours; the silica coated system instead 

continues to retain its integrity for more than 1000 hours (the sample did not experience 

short circuiting throughout the entirety of the monitoring period). This suggests that use 

of a silica coating entails sacrificing conductivity, but in exchange for increased stability 

– though it should be pointed out that ambient temperature equilibration occurred over 

the  equivalent  of  several  weeks'  time,  requiring  that  for  practical  applications,  any 
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equilibration  step  should  be  done  at  a  higher  temperature  to  shorten  this  time. 

Additionally, not all data points are being shown, due to some spectra being very noisy; 

while this could be due to volume changes of the sample reacting with Li0, another issue 

that arose was less-than-ideal contact between the cell holder and the crimped coin cell, 

an  issue  that  manifested  itself  when the  space  around the  experiment  was disturbed. 

While efforts were made to minimize this problem, it still persisted even after ensuring 

good contact was made, suggesting that volume changes might indeed be taking place. 

This underlines both the need for further improvements in model systems, as well as the 

utility of using a powdered inorganic electrolyte instead of ceramic plates, as will  be 

described in the following chapter.

As  with  the  systems  examined  with  blocking  electrodes,  several  candidate 

equivalent circuits were investigated (shown in TABLE 4.3.1).
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TABLE 4.3.1: Equivalent circuits proposed for modeling conductivity behavior of Entry 02 + Ceramic systems (Li/Li 
electrodes).

As can be seen, for each system, multiple candidates were available; however, 

using the guiding principles from SECTION 4.2.3, it is possible to narrow these down, 

thanks in part to the better, lower goodness of fit value of certain circuits (see TABLE 

A32).  TABLE  4.3.2  shows  the  equivalent  circuits  that  were  chosen,  as  well  as  an 

alternative set that ultimately was not adopted. The equivalent circuits were chosen based 

on their plausibility, as well their goodness of fit.
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TABLE 4.3.2: Equivalent circuits adopted for modeling behavior of Entry 02 + Ceramic systems in Li/Li symmetrical 
cells.

TABLE 4.3.2 shows two different manners of choosing equivalent circuits: on the 

left, chosen circuits are such based on their ability to describe the sample at the beginning 

and end of the Li/Li monitoring experiments; on the right, chosen circuits are based on 

the ones able to represent both samples in their initial state, and both samples in their 

final  state.  Given the significantly different  behavior  of the model  systems shown in 

FIGURE 4.3.2, the decision was made to adopt equivalent circuits that were unique to 

each system. It is worth pointing out that for Entry 02 glass fiber, the equivalent circuit  

here  chosen  was  C2A-1,  whereas  in  SECTION  3.5.1  (see  also  TABLE  3.5.1.1)  the 

adopted circuit  was N3B-1. This equivalent  circuit  was chosen, as a way to describe 

Entry 02's behavior in both Li/Li and cat/cat cells. However, re-examining this model has 

shown that C2A-1 is better suited to describe Entry 02's behavior in Li/Li cells, not just at 

the beginning of the experiment (which is what TABLE 3.5.1.1 limited itself to), but also 

at  the  end  of  the  experiment  (in  which  case  N3B-1  was  inadeguate).  Returning  to 

discussing TABLE 4.3.2, it is interesting to note that Entry 02 10x + MTI no SiO2 has an 

equivalent circuit nearly identical to that of Entry 02 glass fiber, differing only by one 

562



resistance circuit element, attributable to the bulk properties of the ceramic. For the Entry 

02  10x  +  MTI  4  nm SiO2 sputtered  system,  this  resistance  is  not  identifiable  from 

experimental  impedance data;  however,  an additional  Voigt  element  is  discernible  (in 

addition to the "bulk" and "interfacial" sub-circuits from SECTION 4.2.3), and might be 

attributable  to  the  SiO2 layer.  Whether  the  drop in  interfacial  resistance  observed  in 

FIGURE 4.3.2-b is attributable to improved contact between components as the SEI layer 

is formed, or might be due to lithiation of the silica layer, [4] is unclear, though it might 

be clarified by results in subsequent sections.

The  impedance  spectra  corresponding  to  the  samples  in  FIGURE  4.3.2  and 

TABLE 4.3.2, along with the chosen equivalent circuits, are shown in FIGURE 4.3.3.

 

 

FIGURE 4.3.3: Nyquist plots of Li/Li symmetrical cells, at the beginning of monitoring and at the end of monitoring. 
a) MTI no SiO2 + Entry 02 10x, b)  MTI 4 nm SiO2 + Entry 02 10x, c) Entry 02 1x in a glass fiber separator.

As can be seen, the equivalent circuits offer good fitting, though in the case of 

Entry 02 glass fiber (FIGURE 4.3.3-c) the deviation at low frequencies might simply be 
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due to the impedance measurement being limited to a lower limit of 0.01 Hz. Indeed, 

lower frequencies might afford additional data points that can contribute to additional 

details  of  these  low-frequency  features,  but  would  require  significantly  longer 

measurement times, rendering the Li/Li experiment impractical.

The  Li/Li  monitoring  results  suggest  that  use  of  a  silica  coating  might  be 

beneficial,  despite  the  lower  conductivities  for  some systems,  an  issue  offset  by  the 

superior  stability  when  in  contact  with  lithium metal.  This  however  requires  further 

investigation, with other experimental results helping shed further light on these systems' 

behaviors. The remaining sections will center around comparing the performance of the 

plain ceramic and silica sputtered systems investigated in this section.

4.4 LSV

Linear sweep voltammograms of model systems Entry 02 10x + MTI no SiO_2 

and Entry 02 10x + MTI 4 nm SiO_2 sputtered are shown in FIGURE 4.4.1.
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FIGURE 4.4.1: LSV of MTI ceramics coated with Entry 02; all scan rates are at 1 mV/s.

It can be seen that the ceramic samples without Entry 02 (light brown curve for 4 

nm SiO2 and light blue curve for no SiO2) have much lower currents, compared to their 

counterparts with Entry 02 (dark brown and dark blue curves, respectively). This can be 

due to the slower reaction kinetics associated with inorganic electrolytes (see SECTION 

1.10.4.1  and  1.11.9.1),  a  behavior  that  is  observed  also  for  Entry  02  (green  curve). 

Although the model systems have noisier voltammograms, their overall behavior shows 

greater current values, suggesting that current conduction has been improved, allowing 

previously sluggish processes to occur at a faster rate. It should also be pointed out that, 

due to limited availability, the Entry 02 + MTI 4 nm SiO2 sample was first used for a CV 

measurement (shown in SECTION 4.5), before being subjected to LSV measurements. 

This might be the reason for the noisier data, though it does not detract from the fact that 

the  silica  coated  model  system (dark  brown curve)  has  a  wider  ESW than  its  plain 

counterpart (dark blue), ~6 V versus ~5 V, respectively. While the no SiO2 model system 
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has a behavior more reminiscent of plain Entry 02, with a gradual increase in current that 

has an onset at ~ 5 V, the 4 nm SiO2 model system has a more abrupt transition, showing 

a net increase in current at ~6 V. These results suggest that addition of SiO2 can cause 

data to be more noisy, while also seeing an improvement in stability. At this point, it is 

opportune to examine the model systems under more dynamic conditions, such as CV 

and plating-stripping tests, as will be described in the following sections.

4.5 CV

Cyclic voltammograms of Entry 02 10x + MTI no SiO2 and Entry 02 10x + MTI 4 

nm SiO2 sputtered are shown in FIGURE 4.5.1.

 

FIGURE 4.5.1: CV (5 cycles, 1 mV/s) of a) MTI no SiO2 + Entry 02 10x and b) MTI 4 nm SiO2 + Entry 02 10x. 
Arrows denote starting and finishing points of measurements.

If  the  previous  results  were  unclear  about  possible  benefits  of  using  a  silica 

coating, CV data suggests that there is a net benefit to using SiO2. As can be seen, for the 

plain  ceramic  system  (FIGURE  4.5.1-a),  data  is  noisy,  though  otherwise  devoid  of 

notable features (other than a steady rise in current at the extremes of the voltage window 

explored, suggesting the possible onset of some unwanted electrochemical process). On 

the other hand, the silica coated ceramic system (FIGURE 4.5.1-b) shows a much less 
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noisy response, with discernible peaks at ~ 3.5 V, and signs of plating at ~ –0.5 V (though 

there are no discernible stripping peaks at ~ + 0.3 V, suggesting either irreversible loss of 

the deposited lithium, or sluggish kinetics). The presence of the SiO2 is almost certainly 

responsible for this  improvement in behavior,  and possibly has the role of improving 

contact between organic and inorganic phases, while also allowing easier passage of Li+ 

across the ceramic-Entry 02 interface.

These  results  are  encouraging,  though  they  require  further  examination  with 

longer term tests, such as plating and stripping, which will be described in the following 

section.

4.6 Plate-strip

Plating and stripping results are shown in FIGURE 4.6.1 and FIGURE 4.6.2 for 

Entry 02 10x + MTI no SiO2 and Entry 02 10x + MTI 4 nm SiO2 sputtered, respectively 

(it should be noted that for the first ~60 hours, each half-cycle had a duration of 1 hour, 

after which the duration was extended to 2 hours). It should be pointed out that, given the 

high voltages required to pass even modest currents, the option of full-cell testing was not 

possible; in lieu of this, the samples were subjected to different currents over the course 

of the measurement, and the systems' responses were monitored. Ultimately, the aim of 

these plating and stripping tests was to ascertain whether or not the samples would be 

able to tolerate being cycled in contact with metallic lithium electrodes.
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FIGURE 4.6.1: Li/Li plate-strip of MTI no SiO2 + Entry 02 10x (area = 0.25 cm2). Red = voltage vs. time; blue = 
current vs. time.

For  the  plain  ceramic  model  system (FIGURE 4.6.1),  it  can  be  seen that  the 

maximum  current  achievable  progressively  decreases,  due  to  divergent  values  of 

potential, which routinely reached the safety cutoff value (4.1 V). Ultimately, this leads to 

the current value being so small that effectively no current can be passed through. For the 

SiO2 coated sample on the other hand (FIGURE 4.6.2), the overall  measurement saw 

appreciably lower voltages (most of the experiment was conducted at values below 2 V). 

While the currents explored were much lower (since both samples had an area of 0.25 

cm2, the currents can be compared), possibly due to the presence of the silica layer, the 

applied potential did not diverge, and in fact converged. These results are consistent with 

those  observed  during  Li/Li  monitoring  (see  SECTION 4.3),  with  the  plain  ceramic 

system's interfacial resistance diverging (and the sample ultimately short-circuiting), and 

the silica-coated system's resistance gradually dropping and stabilizing.
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FIGURE 4.6.2: Li/Li plate-strip of MTI 4 nm SiO2 + Entry 02 10x (area = 0.25 cm2). Red = voltage vs. time; blue = 
current vs. time.

The SiO2 system in FIGURE 4.6.2 showed relatively stable behavior for a current 

of 0.003 mA, though attempting to return the system to a previous current density of 

0.005 mA resulted in a premature failure of the cell, in the form of a short-circuit, seen as 

the abrupt spike in voltage, followed by a value close to ~0 mV. Short-circuit was further 

confirmed  by  EIS  afterwards,  in  the  form of  an  exclusively  inductive  behavior  (not 

shown).  This  suggests  that  the  interfacial  SiO2 layer  facilitates  stable  plating  and 

stripping, albeit at lower currents, and is much more sensitive to overvoltages than plain-

ceramic counterparts.

4.7 Conclusion

The chief highlight of this chapter is the absence of a unique contribution of the 

SiO2 layer, which instead is detected as a change in resistance of features already present 
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in plain samples. The results of this chapter indicate that the presence of a SiO2 layer does 

not automatically lead to improved properties, since it affects both interfacial and bulk 

resistances of the model systems investigated. For systems using organic electrolytes with 

lower conductivities (such as Entry 02),  the use of covalent  attachment mitigates the 

system's sensitivity to the SiO2 layer, while possibly improving interfacial conductivity 

(though this needs to be balanced with the need to preserve good bulk conductivity, since 

the two seem to be interrelated).

If static results (SS/SS and Li/Li EIS, i.e. results where Li+ ions are not actively 

passed  through the  material)  afford  mixed  outcomes,  dynamic  results  (LSV,  CV and 

plate-strip,  where  Li+ ions  are  passed  through  the  material)  offer  a  more  clear 

understanding. Indeed, the presence of an SiO2 layer seems to improve cycling behavior 

in  both  asymmetrical  cells  (CV)  and  symmetrical  ones  (plate-strip),  while  possibly 

enhancing electrochemical stability (as suggested by LSV results).

Hence, one of the lessons learned from this section  is that the silica layer is an 

integral part of interfacial resistance, not a distinct and separate one. Another important 

lesson is in part that the organic component's conductivity plays an important role in the 

system's sensitivity to interfacial resistance, with lower conductivity electrolytes being 

much more susceptible; the other part of this same lesson is that this sensitivity can be 

mitigated by use of covalent attachment. Another encouraging finding is that equivalent 

circuit investigation, as a method, affords reasonable results that are consistent with the 

findings of the previous chapter – it should be stressed however that further experimental 

data is required to confirm or confute these proposed findings.
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The last  lesson learned  is that  a  SiO2 layer  in  combination  with  a  covalently 

attachable silane polymer is conducive to improving cycling characteristics in CV and 

plate-strip experiments (for planar geometry model systems). This lends legitimacy to the 

use of silica-coated ceramic particles in combination with covalently attachable polymer 

matrices, and paves the way for the results in the subsequent chapter.

Future work on the model systems studied here can include transference number 

measurements, which would allow a better understanding of how pairing dual-ion and 

single-ion conducting electrolytes (in a planar geometry configuration) affects transport 

properties. Additionally, use of techniques such as SEM would help ascertain the quality 

of  interactions  between covalently  interacting  and non-covalently  interacting  systems. 

Shifting attention to new, future work, it would be useful to study other model systems, 

such as ones using the same polymer matrix with and without coupling moieties, as well 

as other polymer and ceramic model system combinations.

The above results are encouraging, in that SiO2 might be enable polymer-ceramic 

plate hybrid electrolytes, though the current iteration imposes low current values, and 

seems to have a limited lifetime. It is opportune therefore to investigate whether or not a 

polymer-ceramic powder hybrid electrolyte would be able to circumvent this, by virtue of 

the greater amount of interface available thanks to the microsized material.
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CHAPTER 5

ORGANIC-INORGANIC HYBRID ELECTROLYTE SYSTEMS

5.1 Introduction

In  this  chapter,  composite  organic-inorganic  hybrid  electrolyte  systems  of  the 

polymer silane Entry 02 and Li1.5Al0.5Ge1.5(PO4)3 (LAGP) are studied, as a function of the 

thickness  of  ALD-deposited  SiO2,  and  as  a  function  of  the  amount  of  inorganic 

component. Understanding of these systems makes use of the previous chapters' findings, 

while also highlighting qualities unique to these systems. While previous results arose 

from well-defined planar geometry configurations, the systems in this chapter are more 

complex,  with  the  inorganic  phase  not  being  relegated  to  a  specific  region  of  the 

electrolyte  (e.g.  ceramic plates),  and instead being combined with the polymer silane 

electrolyte  in  the  form  of  a  powder,  affording  an  entirely  new  set  of  systems  and 

behaviors.

Questions of immediate importance are of course the electrochemical properties 

of these systems (particularly conductivity and behavior under cycling conditions),  as 

well what paths Li+ ions take in traversing the material. Concerning the first question, it is 

important to ascertain whether or not the LAGP inorganic electrolyte actually affords any 

benefits as an active electrolyte, as opposed to a simple, inert filler (with silica powder 

serving as a sensible control, given the presence of SiO2 added onto the surface of LAGP 

in some samples). It is also important to determine whether or not stability of the material 

is preserved, compared to the starting components; given the large number of samples 
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explored in this chapter, the choice of plating and stripping tests was adopted as the most 

effective  manner  for  simultaneously  evaluating  performance  over  time  and 

electrochemical stability. Furthermore, plating and stripping in symmetrical Li/Li cells 

was chosen over the half-cell configuration (Li/LiFePO4), given the very low currents 

observed for  model  systems in  previous  chapters  (a  phenomenon which  these hybrid 

systems also experienced, as will be seen). Concerning the second question, ascertaining 

which  path  Li+ prefers  is  not  an  easy  task,  and  would  require  more  advanced 

experimental techniques, currently unavailable for this work. Hence, an equivalent circuit 

investigation was undertaken, in hopes of identifying recurring equivalent circuits, which 

might provide qualitative clues to the paths preferred by the ions.

Ultimately,  the goals  of  this  chapter  are  investigating the feasibility  of hybrid 

electrolytes that employ covalent attachment (to mitigate interfacial resistance between 

components),  examining  any  improvements  in  electrochemical  performance,  and 

understanding the behavior of these materials.

5.2 EIS

Impedance spectroscopy was used both for conductivity measurements, as well as 

for attempting to understand how these hybrid systems might conduct ions. Five different 

loadings of LAGP were explored (10%, 25%, 50%, 75%, 90% wt);  while equivalent 

circuit  investigations  covered  all  five  of  these  systems,  conductivity  measurements 

focused on 50%, 75% and 90% wt, since ultimately the goal of this work is to maximize 

inorganic  content,  with  the  organic  component  serving  as  a  binder  and  adhesive  for 
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improved contact  with cell  components;  hence,  10% and 25% wt systems were only 

studied for the sake of completeness.

5.2.1 Conductivity measurements

FIGURE 5.2.1.1 shows the temperature-dependent conductivity measurements for 

Entry 02 + LAGP systems. In addition to these, Entry 02 + SiO2 control systems have 

been included, and identified as "isogravimetric" (isograv) and "isovolumetric" (isovol).

 

 

FIGURE 5.2.1.1: Conductivity plots of hybrid electrolyte Entry 02 + LAGP powder systems. a) Entry 02 10x + 50% 
wt LAGP, b) Entry 02 20x + 75% wt LAGP, c) Entry 02 20x + 90% wt LAGP. Entry 02 has been included for 

reference.

In this  context,  a silica-containing isogravimetric system is  one with the same 

weight percentage as its LAGP counterpart (e.g. 25% wt LAGP implies that "25% SiO2 

isograv" will also be 25% wt), while a silica-containing isovolumetric one will contain 

the same volume fraction as the LAGP system (e.g. 25% wt LAGP corresponds to 8.5% 

vol LAGP, which in turn imposes that "25% SiO2 isovol" also be 8.5% vol). EQUATION 
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5.2.1.1 allows for the conversion of weight percentages to volume percentages, while 

EQUATION 5.2.1.2 allows the conversion of volume percentages to weight percentages.

% voli =

% wt i⋅
1
d i

% wti⋅
1
di

+ % wt j⋅
1
d j

⋅100 (5.2.1.1)

% wti =
% voli⋅d i

% voli⋅d i + % vol j⋅d j

⋅100 (5.2.1.2)

Here,  % voli,j denotes the volume percentage,  % wti,j the weight percentage, and 

di,j the density of component i or j. TABLE 5.2.1.1 lists the samples under exam in this 

chapter, as a function of weight and volume fractions.

TABLE 5.2.1.1: List of systems and their corresponding weight and volume percentages. Values for densities of LAGP 
and SiO2 are those provided by the suppliers, while the density of Entry 02 was determined experimentally.

The choice to take into consideration volume fractions, besides the usual weight 

fractions, arises from considerations already mentioned in SECTION 1.10.5, and which 

will be briefly elaborated here.  While most hybrids are prepared based on percent weight 
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composition, it has been pointed out previously that volume fraction, rather than weight 

fraction, is important for study and comparison of hybrid electrolyte systems; [1–4] this 

also applies to the ensuing interphase that forms,  [4,5] though it is recognized that an 

exact quantification method has not been developed yet. Despite these limitations, some 

works suggest that the interphase surrounding individual inorganic particles is roughly 

twice the size of the particles, implying that the interphase volume can be estimated to be 

~8 times that of the inorganic component.  [4,6–9] Given however the uncertainty and 

variability of values estimated by the literature, this work will limit itself to calculating 

only  the  volume  fraction  of  the  organic  and  inorganic  components,  with  the  simple 

equations listed above. 

Ambient  temperature  conductivities  of  hybrid  systems,  as  a  function  of  SiO2 

thickness and ALD cycles, are shown in FIGURE 5.2.1.2; Entry 02, Au-coated OHARA 

LASPT plates  and Entry  02  +  OHARA model  systems  have  also  been  included  for 

comparison  (while  conductivity  for  LAGP powder  is  not  shown,  the  manufacturer's 

measured RT conductivity is in the order of ~10-4 S/cm, in good agreement with literature 

values – see SECTION 1.10.4.2.1).
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FIGURE 5.2.1.2: conductivity (RT for 10% and 25% wt LAGP, 30 °C for 50%, 75% and 90% wt LAGP) of hybrid 
systems as a function of SiO2 thickness (a) and as a function of number of ALD cycles (b).

The most notable feature of all systems, including the model ones, is that they all 

have conductivities that are inferior to both starting components. Possible reasons for this 

are reduced polymer chain mobility and constriction in the presence of inorganic particles 

(see  SECTION  1.10.5.2.10,  1.10.5.2.12.1),  ineffective  contact  bewteen  organic  and 

inorganic components (see SECTION 1.7, 1.10.5.2.11, 1.10.5.2.13), chemical potential or 

transference number mismatch (see SECTION 1.10.5.2.11), among other possibilities.

As was seen in the previous chapter, model systems using the polymeric silane 

Entry  02  afford  materials  less  sensitive  to  surface  properties  than  their  non-covalent 

counterparts (see SECTION 4.2.1.3, 4.7); this would suggest that it is reasonable to rule 

out ineffective contact as a cause for the observed behaviors, though the results require 

additional attention before coming to this conclusion.
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It  can  be  noted  that  for  hybrid  systems  with  10%,  25% and  50% wt  LAGP, 

conductivities  are  relatively  similar  over  the  range  of  SiO2 thicknesses  explored 

(FIGURE 5.2.1.2);  although  considerably  lower,  75% and  90% wt  LAGP also  have 

similar conductivities. It should also be pointed out that 10%, 25% and 50% wt LAGP all  

used the same dilution of Entry 02 (10x, or 240 μL of EtOH), and that 75% and 90% wt 

LAGP used a different dilution of Entry 02 (20x, or 480 μL). While it is possible that the 

different  amounts  of  EtOH  might  have  affected  initial  kinetics  of  hydrolysis  and 

condensation (see SECTION 1.13.2), this is unlikely to have had an appreciable impact 

on the hybrids' conductivities, since all systems were subjected to vacuum drying, which 

would have shifted all equilibria towards completion.

Where segmental mobility and constriction might be considered as causes, the 

fact that loadings in the range 10 – 50% show little variability, suggests that polymer 

mobility might not be the chief explanation. Examining FIGURE 5.2.1.1, it is apparent 

that the slope of all systems are relatively similar, with no abrupt changes in conductivity 

over the range of temperatures investigated; moreover, the slopes of these systems are 

quite  similar  to  that  of  Entry  02,  with  the  expected  (albeit  small)  deviation  from 

Arrhenius  behavior,  typical  of  polymer-containing  systems  (see  SECTION  1.14.4.2). 

Such behavior might be attributable to the inorganic LAGP component behaving as an 

inert filler; indeed, the conductivities of SiO2-containing systems have similar profiles 

(FIGURE 5.2.1.1), and with the exception of 50% wt LAGP systems, SiO2 counterparts 

show comparable or greater conductivities (FIGURE 5.2.1.2). It is reasonable to assume 

therefore that there is an imperfect contact between organic and inorganic components (in 
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contrast with what as suggested above), with the presence of the ALD-added SiO2 layer 

possibly  playing  a  role.  However,  for  a  given  % wt  system,  conductivities  fluctuate 

around an average  value,  rather  than changing monotonally,  suggesting  that  the SiO2 

layer might not be the chief culprit (in fact, these fluctuations might be attributable to the 

transition of SiO2 from one surface morphology to another, as the number of ALD cycles 

progresses – see SECTION 1.13.1). This is also at odds with the earlier considerations 

afforded by model systems, as well as with the favorable behavior observed for the 50% 

wt  LAGP  systems  (which  outperform  their  SiO2 counterparts).  And  yet,  the  SiO2 

isogravimetric and isovolumetric systems show comparable or better behavior in most 

systems;  a  possible  way  of  reconciling  the  results  from  model  systems  with  those 

presented so far, is a mismatch in either chemical potential or in transference number, 

since  the  latter  is  certainly  plausible,  thanks  to  the  single-ion  conducting  nature  of 

inorganic electrolytes like LAGP. This would account for the comparable behavior of the 

SiO2 inert fillers, while also leaving room for specific combinations that permit better 

conductivities of the active filler systems (e.g. 50% wt LAGP).

The  above  considerations  suggest  that  some of  the  hybrid  systems do indeed 

afford truly hybrid electrolytes, though not without some level of ambiguity. To this end, 

it  is  opportune  to  examine the  impedance  data  more  closely,  by  way of  fitting  with 

equivalent circuits.

580



5.2.2 Equivalent circuits

Room temperature Nyquist plots of all samples are shown in FIGURE 5.2.2.1. 

Here, as with all other samples in previous chapters, experimental bulk resistance was 

identified as the rightmost intercept of the high frequency semicircle with the real axis; in 

the case where the semicircle did not intercept the x axis, the semicircle's rightmost value 

was chosen (see SECTIONS 1.14.4.1 and 1.14.4.15).

Observing the Nyquist plots, it is not immediately obvious whether or not there is 

more than one semicircle (though there are a few exceptions, such as 10% wt LAGP no 

SiO2, FIGURE 5.2.2.1 b). This might suggest that the hybrid systems are indeed uniform 

in their properties, although fundamentally different from their starting components. In 

order to better understand the behaviors and properties of these systems, the equivalent 

circuits  devised for  studying single  components  (TABLE 5.2.2.1)  and model  systems 

(TABLE 5.2.2.2), were examined to determine which ones offered the most suitable fits; 

these circuits were originally proposed in CHAPTER 3 and CHAPTER 4, respectively.
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FIGURE 5.2.2.1: Nyquist plots of hybrid electrolyte systems: a, b) Entry 02 10x + 10% wt LAGP; c, d) Entry 02 10x 

+ 25% wt LAGP; e, f) Entry 02 10x + 50% wt LAGP; g, h) Entry 02 20x + 75% wt LAGP; i, j) Entry 02 20x + 90% wt 
LAGP. Spectra acquired at RT (10%, 25% wt LAGP) or 30 °C (50%, 75%, 90% wt LAGP); a, c, e, g, i = detail of high 

frequency region; b, d, f, h, j = detail of low frequency region.
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TABLE 5.2.2.1: Outcome of equivalent circuit investagation, using circuits intended for single components; a dot 
denotes a successful fit (error values < fitted values).
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TABLE 5.2.2.2: Outcome of equivalent circuit investagation, using circuits intended for model systems; a dot denotes 
a successful fit (error values < fitted values).

Two  immediate  observations  can  be  made  about  the  outcomes  of  the  fitting 

attempts. First, there is no single equivalent circuit that successfully fits every system 

(although some come close,  as will  be discussed later);  second,  systems with greater 

LAGP loadings (75% and 90% wt) are fitted by a greater number of circuits, compared to 

the lower loading systems. Unlike the systems from previous chapters, where individual 

components and model systems of known geometries were studied, these hybrids differ 

both in the amount of inorganic component present for each set of systems, as well as in 

that some of the systems are controls (SiO2 isograv and isovol). This leads to the interim 
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conclusion that  a  "one size fits  all"  equivalent  circuit  is  unlikely  and might  even be 

impossible; the aforementioned, second observation seems to reinforce this. Subdividing 

the samples into sets based on their loading and based on whether or not they are control 

samples, is a reasonable starting point. Even with this distinction, the outcomes for fitting 

attempts seem to partially defy this classification, while also in part following it. This 

subdivision is for example defied, in that nearly all samples are fitted with the C1A-1 

equivalent  circuit  (TABLE  5.2.2.1);  similarly,  though  in  a  different  manner,  fitting 

equivalent circuits seems insensitive to whether or not the sample in question contains 

LAGP or SiO2 particles, with the same circuits fitting some of each. The subdivision is 

instead noticeable when comparing the equivalent circuits that fit lower loading samples, 

with higher loading samples.  For example,  C1C-1, C1C-2 and N3A-1 successfully fit 

samples with 75% and 90% wt LAGP, with essentially no fits for the lower loadings 

(though  in  the  case  of  N3A-1  there  is  an  outlier,  for  the  25% SiO2 isovol  sample); 

similarly, N2A-1 seems to fit only samples with moderate to high loadings (50%, 75%, 

90% wt). Beyond attempting to find equivalent circuits that fit only some sets of samples, 

it is worth examining ones that fit some samples from each loading, namely C2A-1, C2B-

1 and C2C-1. While one of these equivalent circuits fits at least one LAGP and one SiO2 

based sample in each set, the fact that the number of samples successfully fit increases 

with the % wt of LAGP, is also interesting.

Examining  TABLE  5.2.2.2,  a  less  clear  picture  emerges,  though  equivalent 

circuits  N1A1-0-N1A1,  N1A1-4-N1A1,  N1A1-2-C1A1  and  N1A1-3-C1A1  follow  a 

similar behavior to that observed for the circuits in TABLE 5.2.2.1. It is worth pointing 
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out that some equivalent circuits from TABLE 5.2.2.2 are simply rearranged versions of 

TABLE 5.2.2.1, such as N1A1-2-N1A1 and C2A-1 (see FIGURE A1, A2 for a complete 

list of equivalent circuits); while the number and percentage of successfully fit circuits is 

nearly the same (51% and 54% respectively, see below), the slight differences in fitting 

outcomes might be attributable to less than perfect  implementation of the proprietary 

software used for fitting these equivalent circuits. It can be helpful to "tally" the number 

of  systems  successfully  fit  for  each  circuit,  and  to  make  a  comparison  between  the 

different tallies; TABLE 5.2.2.3 and TABLE 5.2.2.4 summarize these results.
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TABLE 5.2.2.3a: Tally of number and percentage of systems successfully fit with proposed equivalent circuits, using 
circuits intended for single components. Number and percentage of successfully fit systems are broken down into 

LAGP (black) and SiO2 (red) systems, as well as the overall amounts for these fits.
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TABLE 5.2.2.3b: Tally of number and percentage of systems successfully fit with proposed equivalent circuits, using 
circuits intended for single components. Number and percentage of successfully fit systems are broken down into 

LAGP (black) and SiO2 (red) systems, as well as the overall amounts for these fits.
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TABLE 5.2.2.4a: Tally of number and percentage of systems successfully fit with proposed equivalent circuits, using 
circuits intended for model systems. Number and percentage of successfully fit systems are broken down into LAGP 

(black) and SiO2 (red) systems, as well as the overall amounts for these fits.
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TABLE 5.2.2.4b: Tally of number and percentage of systems successfully fit with proposed equivalent circuits, using 
circuits intended for model systems. Number and percentage of successfully fit systems are broken down into LAGP 

(black) and SiO2 (red) systems, as well as the overall amounts for these fits.

The earlier considerations become more clear when represented as a function of 

totals: examining TABLE 5.2.2.3, circuits with a greater amount of fitted systems tend to 

do so over  the entire  range of  LAGP and SiO2 loadings,  while  circuits  with smaller 

amounts of fitted systems do so only for higher loadings of LAGP (in these cases the 

amount of fitted SiO2 systems is even less). These observations also hold true for TABLE 

5.2.2.4.

While the above observations are noteworthy – no single circuit fits every system, 

and systems with higher loadings are fitted by more circuits – they are incomplete unless 

some sense is made of them. The equivalent circuit that fits the most systems is C1A-1,  

while the other most common ones have two Voigt-type elements (C2A-1 & N1A1-2-
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N1A1 & N1A1-0-C1A1, C2B-1 & N1A1-3-N1A1, N1A1-2-C1A1, N1A1-3-C1A1, C2C-

1, and N2A-1); there is also an appreciable number of systems that are fit with circuits 

containing three Voigt-type elements (N3A-1), though they are less common, and occur 

for some of the 75% and 90% wt LAGP systems (see SECTION 1.14.4.14 for more 

information  about  Voigt-type  circuit  elements).  Where  lithium  ions  might  prefer  to 

migrate  during conduction,  is  a  question that equivalent  circuit  fitting cannot answer, 

since it is agnostic regarding this type of information; however, it is helpful to reference 

previous works, where appropriate techniques have been adopted.

A  popular  technique  has  been  high-resolution  solid-state  6Li  NMR,  where 

isotopically pure  6Li foils are used for symmetrical Li/Li plate-strip experiments with 

hybrid electrolytes. A quick survey of the literature reveals that for ref  [10], powdered 

LLZO  and  PEO  systems  (50% wt,  20% vol  LLZO)  afforded  preferential  migration 

through the LLZO particles, while ref [11] explored the use of LLZO nanowires (5% wt) 

in a PAN matrix, with the preferred Li+ migration path being at the organic/inorganic 

interface. On the other hand, when more complex hybrid systems such as LLZO + PEO + 

G4 were used,  [12] migration was found to be preferred in G4-rich regions, over solid 

phases. As a logical step in understanding the complexity of hybrid electrolyte systems, 

ref  [13] attempts  to  formalize  these  results  using  LLZO,  PEO  and  optional  G4,  by 

attributing observed behavior to three factors,  namely Li+ concentration,  mobility and 

transport pathways. Hence, the latter is no longer the sole protagonist of these studies, 

and is also expected to experience changes in the preferred pathways, as the amount of 

inorganic filler is varied. Indeed, the findings from ref [13] suggest that lower loadings of 
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inorganic  can  alter  segmental  polymer  mobility,  while  higher  ones  can  obstruct  Li+ 

conduction in the same polymer matrix; however, percolating conduction in the inorganic 

phase is  inaccessible  at  low loadings,  becoming accessible  only once the percolation 

threshold  is  reached.  These  considerations  are  similar  to  the  ones  described  in 

SECTIONS  1.10.5.2.10,  1.10.5.2.12.1  and  1.10.5.2.12.2,  and  will  not  be  further 

discussed. The findings referenced above show different behaviors for the same organic-

inorganic  hybrid  system,  suggesting  that  different  pathways  are  available  to  the 

components over the range of compositions investigated. The following paragraphs will 

focus on making sense of this work's findings, tempered by those of the cited works.

As mentioned earlier, in examining TABLE 5.2.2.3, nearly all samples were fitted 

by the equivalent circuit C1A-1, while the less frequently fitted ones were those with two 

or sometimes three Voigt-like elements, for samples with higher loadings. It should be 

noted that C1A-1 is in fact the same equivalent circuit that best fits Entry 02 (see TABLE 

3.5.1.2). Given the considerations from the above cited works, it can be proposed that 

there are two preferred paths of conduction. The first one, corresponding to C1A-1 in 

TABLE 5.2.2.3, is conduction in the polymer phase, as can be expected. Where Entry 02 

+ LAGP systems have higher loadings, the equivalent circuits with more circuit elements 

are  likely attributable to  conduction  in  other  phases.  In  principle,  all  of  these  hybrid 

systems have at least three phases, namely Entry 02 (polymer), LAGP (inorganic), and 

the  interphase residing  between them;  this  would lead  one to  expect  three Voigt-like 

circuit elements, one for each phase. However, as TABLE 5.2.2.3 shows, there are two 

Voigt elements that are usually associated with the equivalent circuits that successfully fit 
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the systems (with three being quite rare). These considerations suggest that the second 

path of conduction is likely at the organic-inorganic interface; this can be inferred by 

referring to the results from FIGURE 5.2.1.2, where ambient conductivities of hybrids are 

at  least  1  order  of  magnitude  below that  of  inorganic  counterparts.  Hence,  for  high-

loading systems where 2 Voigt elements are observed, the conduction regime is probably 

not through the bulk, percolating LAGP particles. One cannot however completely rule 

out that bulk LAGP is absent from the Li+ conduction process; for example, 75% and 

90% wt LAGP systems both have volume fractions above 30% (TABLE 5.2.1.1), above 

the expected percolation threshold (see SECTION 1.10.5). While this does not rule out 

particle aggregation (see SECTIONS 1.10.5 and 1.10.5.2.12.1), some level of percolation 

might explain the occasional presence of equivalent circuits with three Voigt elements 

(N3A-1), for some of these higher loading systems.

Additional  considerations  to  make  regarding  this  work's  results  include  the 

possible  role  of  mismatches  in  chemical  potential  and  in  transference  number  (see 

SECTION 1.10.5.2.11), which would be in keeping with ref  [13], where concentration 

and  mobility  are  regarded  as  just  as  important  as  conduction  pathways;  indeed,  Li+ 

concentration accounts for chemical potential, while Li+ and anion mobility account for 

the material's transference number.

Chemical  potential  differences  between the  polymeric  Entry  02  and inorganic 

LAGP, arising from differences in Li concentrations, [4] might account for the difficulty 

in  attaining  the  anticipated  high  conductivities  at  high  loadings;  indeed,  inorganic 

electrolytes  tend  to  have  higher  Li+ concentrations  than  their  organic  counterparts. 
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[4] Transference  number  mismatches  [14] would  pose  an  additional  barrier,  since 

polymer  electrolytes  like  Entry  02  are  dual-ion  conductors  (i.e.  the  anion  is  not 

immobilized),  while LAGP and other inorganic electrolytes are single-ion conductors, 

essentially  having  a  transference  number  of  unity.  If  this  consideration  is  true,  then 

conduction in the hybrid electrolyte requires separating and reuniting anion and cation, as 

Li+ enters and exits the inorganic phase, respectively.

The above results do not afford a definitive answer to whether or not mismatches 

in chemical potential, transference number, or other phenomena like aggregation, are the 

culprits  to  ultimately  blame  for  conductivities  lower  than  those  of  the  starting 

components. In spite of this, it can be inferred that Li+ conduction certainly occurs in the 

polymeric Entry 02 phase, with occasional, albeit consistent, conduction occurring in a 

second phase, for higher loadings; this second phase is most likely the organic-inorganic 

interphase,  given  the  issues  encountered  when  pairing  materials  with  different  Li+ 

concentrations and mobilities. Finally, some systems hint at possible percolation through 

the LAGP phase (equivalent circuit N3A-1, for 75% and 90% wt LAGP), though it is 

probably only partial  at  best,  with conduction in the polymeric and interfacial  phases 

being more likely.

Given the low conductivities of these systems, charge-discharge testing has to be 

ruled out (especially in light of unsuccessful attempts when using only Entry 02 – not 

shown). Despite these issues, stability and performance should still be explored; to this 

end,  the  remaining  sections  of  this  chapter  are  dedicated  to  results  and  discussion 
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centering around symmetrical Li/Li plate-strip tests, for systems with and without a SiO2 

coating.

5.3 Plate-Strip

Given the limitations described in the previous section, charge-discharge testing at 

any practical current is simply not possible; furthermore, room temperature testing would 

also be a challenge, requiring that any testing be done above room temperature, as was 

seen  previously  for  CV  (see  SECTION  3.8)  and  plate-strip  (see  SECTION  3.9) 

experiments of Entry 02. In light of these considerations, plate-strip tests were performed 

at 60 °C, with the current being varied over time, in an attempt to mimic conditions for 

different rates of charge and discharge. Of course, it should be pointed out that this alone 

cannot substitute the chemical environment afforded by a cathode (where the potential is 

above that of Li0). However, given the limited options, plate-strip testing was deemed a 

suitable alternative, allowing evaluation of a sample's stability against lithium metal, a 

question  of  primary  importance  given  the  instability  of  LAGP  against  Li0 (see 

SECTIONS 1.10.4.1,  1.10.4.2.1,  1.11.9.1).  Regarding the choice  of  which loading of 

LAGP to use, ideally 75% or 90% wt would be preferable, since the role of Entry 02 is 

essentially that of a binding adhesive, and these higher loadings would guarantee some 

degree of percolation (see SECTION 5.2.2 and TABLE 5.2.1.1). Unfortunately though, 

for these higher loadings it was observed that samples were very brittle, not allowing for 

casting or self-standing films, and instead requiring that they be cast directly onto the 

electrode of choice, prior to silane condensation. Since 50% wt LAGP systems had the 

595



highest loading possible for self-standing filmgs (while also performing better than their 

control counterparts, see FIGURE 5.2.1.2), this composition was chosen for plating and 

stripping measurements. Lastly, while the 50% wt LAGP system offers up to five samples 

to choose from (as well as two control samples), testing all samples simultaneously was 

simply not possible, due to practical and logistical constraints; hence, only some systems 

were  selected  for  testing,  with  the  simplest  comparison  being  between  a  LAGP-

containing sample with no SiO2, and one with LAGP with SiO2 deposited on its surface. 

Examining FIGURE 5.2.1.2, the 50% system shows an initial drop in conductivity, as 

SiO2 is deposited; subsequently conductivity returns to values close to that for the sample 

without SiO2 deposited. The first sample to experience this is the 2 nm SiO2 one, though 

the sample with 10 nm SiO2 also has a similar conductivity; since however it would be 

preferable to have as little insulating SiO2 between the two electrolyte components, 50% 

wt LAGP 2 nm SiO2 was chosen as the silica-coated system for comparison against 50% 

wt LAGP no SiO2.

Plate-strip data as a function of voltage, current and time are shown in FIGURE 

5.3.1 and FIGURE 5.3.2 for Entry 02 10x + 50% wt LAGP no SiO2, and in FIGURE 

5.3.3  and  FIGURE 5.3.4  for  Entry  02  10x  +  50% wt  LAGP 2  nm SiO2 ALD.  For 

simplicity, Entry 02 10x + 50% wt LAGP no SiO2 will be referred to as "no SiO2", and 

Entry 02 10x + 50% wt LAGP 2 nm SiO2 ALD will be referred to as "2 nm SiO2".
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FIGURE 5.3.1: Li/Li plate-strip of Entry 02 10x + 50% wt LAGP no SiO2 (area = 1cm2, 1 half-cycle = 2 hours), 60°C. 
Red = voltage vs. time; blue = current vs. time.

FIGURE 5.3.2: Select segments (200 hours each) of Li/Li plate-strip of Entry 02 10x + 50% wt LAGP no SiO2 (area = 
1cm2, 1 half-cycle = 2 hours), 60°C. a, b) 0–200 hours; c, d) = 400–600 hours; e, f) 1500–1700 hours; g, h) 1820–2020 

hours. Red = voltage vs. time; blue = current vs. time.

597



FIGURE 5.3.3: Li/Li plate-strip of Entry 02 10x + 50% wt LAGP 2 nm SiO2 ALD (area = 1cm2, 1 half-cycle = 2 
hours), 60°C. Red = voltage vs. time; blue = current vs. time.

FIGURE 5.3.4: Select segments (200 hours each) of Li/Li plate-strip of Entry 02 10x + 50% wt LAGP 2 nm SiO2 ALD 
(area = 1cm2, 1 half-cycle = 2 hours), 60°C. a, b) 0–200 hours; c, d) 1100–1300 hours; e, f) 2300–2500 hours; g, h) 

3100–3300 hours. Red = voltage vs. time; blue = current vs. time.

The first feature common to both samples is a steady decrease in potential over 

time, during the first half of each experiment; this is more pronounced for the no SiO2 

system, to the point that the current can be increased without exceeding the voltage cutoff 

limits (±4 V). Another notable feature where the samples differ is the current versus time 

profile in the second half of the experiment, with no SiO2 showing a noisy profile and 2 

nm SiO2 not suffering from this issue; furthermore, the voltage profile in the second half 

of the experiment becomes progressively asymmetrical for the no SiO2 sample, while it 
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remains symmetrical for the 2 nm SiO2 one. Lastly, the no SiO2 sample suffers an abrupt 

drop in voltage (at ~2000 hrs), after the current is increased; this is an issue that 2 nm 

SiO2 does not suffer from over the course of the experiment. For the 2 nm SiO 2 sample, 

the apparent gaps in data occurred after the current had been incremented, leading to an 

increase in the voltage required to achieve this current value; when the voltage value 

exceeded the cutoff limits of +4 V or -4 V, the experiment was temporarily interrupted by 

the instrument,  requiring the operator to manually resume the experiment (at  a lower 

current value). The gaps in data are simply the time elapsed between interruption and 

resumption of the experiment (usually 10-20 hours, depending on when the interruption 

occurred).

As described at the beginning of this section, current was changed over time, in an 

attempt  to  mimic  the  different  currents  that  a  complete  cell  would  be  subjected  to. 

Examining how each sample responded to the different currents and change over time, 

both have in common a decrease in potential over time, both for fixed current values (e.g.  

50-400 hrs for no SiO2 and 50-1100 hrs for 2 nm SiO2), and even when the current is 

increased stepwise (e.g. 400-1200 hrs for no SiO2 and 1200-2400 hrs for 2 nm SiO2). This 

suggests that the samples are probably experiencing changes in composition as the bulk 

material is subjected to the passage of Li+, and more importantly as the surface of the 

samples experiences prolonged contact with lithium metal. For a given current value, the 

drop in voltage might be due to improved contact with the electrodes (given that the 

electrode surfaces  are  retreating and advancing during cycling,  while  under moderate 

pressure thanks to coin cell  components),  though it  is  more likely that some reaction 
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between Li0 and the hybrid electrolyte is responsible. It should be noted that this gradual 

drop in voltage over time was also observed for the plate-strip experiment with only 

Entry 02 (see FIGURE 3.9.1), suggesting that the polymer component of these 50% wt 

LAGP systems is again exhibiting a similar behavior. However, where Entry 02 alone 

stabilized over a shorter period (~ 1000 hours, for a total experiment time of 2000 hours), 

both no SiO2 and 2 nm SiO2 continued to see a gradual drop in voltage for the better part 

of their experiments. The transition to a more constant voltage profile occurred once the 

samples were subjected to sufficiently high current value – 10 μA for no SiO2, 15 μA for 

2nm SiO2, and 12 μA for Entry 02 – a phenomenon that occurred for both the hybrid 

systems, as well as only Entry 02. This might be attributable to a more kinetically stable 

interface, which might have formed once sufficiently high currents were passed through 

the materials.

While the above features are common to both hybrid systems, they differ towards 

the end of their experiments. The no SiO2 sample (FIGURE 5.3.1, 5.3.2) begins showing 

an asymmetric voltage profile, with lower voltages associated with positive currents; the 

deviation from symmetrical behavior suggests that the electrodes' surface properties were 

also beginning to differ, though it is not possible to comment on how or why this might 

be the case. It should be noted that although the cells were symmetrical (rendering the 

electrodes  practically  indistinguishable),  by  virtue  of  connecting  the  cells  to  the 

instrument's leads, one electrode was connected to a lead designated as "positive", and 

the other to one designated as "negative"; imposing positive or negative currents was 

dictated by the flow of current from one lead to the other, or vice versa. The asymmetrical 
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behavior  for  no  SiO2 eventually  gives  way  to  an  abrupt  drop  in  current,  once  a 

sufficiently high current is imposed (15 μA). This would suggest that a short circuit has 

taken place (see SECTION 1.14.7), though additional testing is required to ascertain this, 

as will be described in the subsequent section.

For the 2 nm SiO2 sample (FIGURE 5.3.3, 5.3.4), there are none of the issues of 

asymmetrical voltage profiles and abrupt drops in voltage that affected no SiO2 (though 

during gradual  voltage decreases there is  some degree of asymmetricity,  even if  it  is 

much less pronounce than for the no SiO2 sample). In fact, the sample appears to show 

much  lower  potentials  for  comparable  currents,  provided  that  they  are  kept  below a 

maximum of 15 μA, indicating that the system still  has a  relatively high impedance. 

Despite  this  limitation,  2  nm  SiO2 does  not  suffer  from  a  noisy  current  profile  or 

asymmetric voltage profile like no SiO2, and continues to successfully undergo plating 

and stripping for the whole duration of the experiment (well over 3000 hours).

It should be pointed out, as mentioned earlier, that LAGP is not stable against Li 

metal (see SECTIONS 1.10.4.1, 1.10.4.2.1, 1.11.9.1), which seems to be reflected in the 

outcomes of the experiments for no SiO2 and 2 nm SiO2; it is interesting to note however 

that the no SiO2 sample, using bare LAGP, still managed to undergo plating and stripping 

for over 2000 hours, suggesting the favorable role of a polymer component in hybrid 

electrolytes. Concerning the 2 nm SiO2 sample, the role of SiO2 might not only be that of 

rendering model systems less sensitive to interfacial properties (see SECTION 4.7), but 

also providing some protection against lithium metal.  The question of whether or not 

such hybrids (with or without a SiO2 layer) allow lithium ions to traverse the inorganic 
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phase  remains  unclear,  with  currents  achieved  for  LAGP-containing  systems  being 

comparable at best to those for only Entry 02 (see FIGURES 5.3.1, 5.3.3 and FIGURE 

3.9.1). This is in agreement with the findings from SECTION 5.2, where conduction is 

found to likely take place in the polymeric and interfacial regions. However, given the 

abrupt current drop of no SiO2, which does not occur for 2 nm SiO2 or Entry 02, there is 

reason to believe that some form of conduction does occur through the LAGP phase, and 

that the SiO2 layer does play some role. Whether the SiO2 layer remains a passive phase, 

simply keeping LAGP and Li0 separate while allowing passage of Li+, or undergoes some 

for of lithiation, [15] remains unclear.

Where the experiment for no SiO2 terminated upon observing the abrupt drop in 

voltage, 2 nm SiO2 was allowed to run for as long as possible, only ending when the 

experiment was cut short, due to a power outage in the building housing the laboratory 

where  the  experiment  was  taking  place.  Due  to  this  occurring  during  the  Covid-19 

pandemic,  restrictions and limited access to the laboratory during this  time prevented 

ready access to the instrument,  which would have allowed prompt resumption of the 

experiment.  Instead,  since approximately 1 month of time passed between the power 

outage  and  the  first  possible  re-entry  into  the  lab,  it  was  decided  to  consider  the 

experiment finished.

The above results suggest that the use of a SiO2 layer on LAGP particles can have 

a favorable effect on long-term performance in plate-strip tests, preserving the hybrid 

electrolyte from unwanted, abrupt alterations of the material's properties. 
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5.3.1 Plate-Strip equivalent circuits

Nyquist plots for Entry 02 10x + 50% wt LAGP no SiO2 ("no SiO2") and Entry 02 

10x +  50% wt  LAGP 2 nm SiO2 ALD ("2  nm SiO2"),  before  and after  plating  and 

stripping, are shown in FIGURE 5.3.1.1.

 

 

FIGURE 5.3.1.1: Nyquist plots of Li/Li cells used for plating and stripping (60 °C). a, b) Entry 02 10x + 50% wt 
LAGP no SiO2; c, d) Entry 02 10x + 50% wt LAGP 2 nm SiO2. The “after” of no SiO2 was acquired promptly, while 

the “after” of 2 nm SiO2 was acquired 1 month later (see SECTION 5.3). a, c = detail of high frequency region; b, d = 
detail of low frequency region.

The most apparent difference between no SiO2 and 2 nm SiO2 is that the overall 

impedance of no SiO2 is lower after the experiment, while for 2 nm SiO2 it has grown 

significantly. Furthermore, the absence of inductive elements in the impedance plots for 

no SiO2, suggest that the abrupt drop in voltage seen in FIGURE 5.3.1 is not due to a  

simple short  circuit,  and that another phenomenon (such as an incomplete or tenuous 

short) might be responsible;  this will  be discussed later. Much like for their  blocking 

electrode SS/SS counterparts, an equivalent circuit investigation has been undertaken for 

these Li/Li samples, as summarized in TABLE 5.3.1.1.
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TABLE 5.3.1.1a: Equivalent circuit investigation of Li/Li cells from plate-strip tests; left = circuits intended for single 
components, right = circuits intended for model systems. Dots denote successful fits (error values < fitted values).
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TABLE 5.3.1.1b: Equivalent circuit investigation of Li/Li cells from plate-strip tests; left = circuits intended for single 
components, right = circuits intended for model systems. Dots denote successful fits (error values < fitted values).
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While there is not a large number of samples from which to draw conclusions, a 

comparison  of  the  equivalent  circuits  fitting  the  two  samples  before  and  after  the 

experiment  can  be  helpful  in  better  understanding  these  samples.  The  following 

paragraphs describe the more salient findings from the circuits investigated for fitting.

In comparing the circuits that fit  SS/SS systems and Li/Li systems, equivalent 

circuits that fit both Li/Li 50% wt LAGP no SiO2 and 2 nm SiO2 before plate-strip, are 

unique  to  Li/Li  and don't  fit  SS/SS;  this  is  true  both  for  circuits  intended for  single 

components and for model systems (see TABLE B5, B6). The equivalent circuits that fit 

both Li/Li 50% wt LAGP no SiO2 and 2 nm SiO2 before plate-strip are N3A-1, S4A-1 

(intended  for  single  components);  and  N1A1-4-N1A1,  N1A1-3-C1A1  (intended  for 

model systems). Given that multiple candidates might be suitable, it is helpful to consider 

which is more likely.

The most likely (and simplest) equivalent circuit for both samples before plating 

is N3A-1, with N1A1-4-N1A1 being identical; while N1A1-3-C1A1 can be ruled out, it 

likely identifies diffusion at the Li/electrolyte interphase. S4A-1 can also be ruled out, by 

virtue of most SS/SS systems' equivalent circuits having only 2 Voigt-like elements (see 

SECTION 5.2.2); contact with lithium is expected to produce a new, third phase (SEI), 

corresponding to a third Voigt element.  On the other hand, S4A-1 might indicate the 

presence of two types of interphases (for a total of 4 Voigt elements), one arising from 

LAGP/Li-rich regions and the other from polymer/Li-rich ones, which would reflect the 

mixed composition of the hybrid electrolyte's interface (see SECTION 1.11.10). While 
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this is a possibility, N3A-1, with its three Voigt elements, is probably a more realistic 

depiction of the samples' situation.

Examining  the  circuits  that  fit  both  samples  after  plating  and  stripping,  no 

equivalent  circuits  fit  both  no  SiO2 and  2  nm SiO2,  indicating  that  they  are  distinct 

systems, with the SiO2 layer playing a determining role. In fact, no equivalent circuits fit 

the  same sample  before  and after  the  experiment,  signifying  that  both  systems have 

undergone changes over the course of plating and stripping. It is therefore necessary to 

evaluate no SiO2 and 2 nm SiO2 separately, as opposed to being evaluated with the same 

circuits (see TABLE 4.3.2).

Focusing first on the no SiO2 sample (FIGURE 5.3.1.1 a, b), equivalent circuits 

that  fit  it  after  plate-strip  are  C2A-1,  N2A-2  (intended  for  single  components);  and 

N1A1-2-N1A1,  N1A2-0-N1A1,  N1A1-0-C1A1,  N1A1-2-C1A1  (intended  for  model 

systems). While they are apparently different, all the equivalent circuits that fit no SiO2 

have the common trait of 2 Voigt elements, and differ by having either discrete resistive 

or pseudo-capacitive elements. The fact that these equivalent circuits all have 2 Voigt 

elements, instead of the initial 3 at the beginning of the experiment, agrees well with the 

abrupt drop in voltage at the end of the plate-strip experiment, suggesting that the third 

Voigt element, possibly attributed to the electrolyte/Li interphase (or the now-degraded 

inorganic component), experienced a noticeable drop in resistance, which might be due to 

the formation of a MIEC interphase, at the hands of reduced Ge contained in the LAGP 

component (see SECTIONS 1.10.4.1,  1.10.4.2.1,  1.11.9.1).  Given that the experiment 

was promptly stopped and the impedance spectrum was promptly acquired, it is likely 
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that the no SiO2 sample suffered from only the onset of a "soft" short circuit or "fuse 

effect" (see SECTION 1.14.7), which would explain why in FIGURE 5.3.1.1 a, b the 

features expected for an intact electrolyte are still observed.

Shifting focus to the 2 nm SiO2 sample (FIGURE 5.3.1.1 c, d), equivalent circuits 

that  fit  it  after  plate-strip  are  N3B-1 (intended for  single  components);  and N1A1-5-

N1A1, N1A2-5-N1A1, N1A1-4-C1A1, N1A2-4-C1A1 (intended for model systems). All 

the equivalent circuits that fit 2 nm SiO2 have 3 Voigt-like elements, with N3B-1 and 

N1A1-5-N1A1 being identical and containing a Randles-like circuit element (resistance, 

Warburg  and  CPE,  see  SECTION  1.14.4.14),  N1A2-5-N1A1  differing  only  by  an 

additional  resistance,  and  N1A1-4-C1A1  and  N1A2-4-C1A1  containing  three  simple 

Voigt elements (and with the two circuits differing by only one additional resistance). 

These all point to all three initial phases remaining intact, unlike the no SiO2 sample, with 

an SEI retaining some form of diffusive behavior. Overall, the equivalent circuits that fit 

2 nm SiO2 are much more consistent than the ones fitting the no SiO2 sample, further 

suggesting  the  favorable  role  that  a  SiO2 layer  can  have  in  protecting  a  hybrid 

electrolyte's more vulnerable components.

5.4 Conclusion

The above results point towards a positive role that a protective coating like SiO2 

can  have  in  hybrid  electrolytes,  in  improving  performance  and  increasing  the 

electrochemical  stability  of  hybrid  systems.  These  promising  findings  however  are 

tempered by the need for further optimization of these systems, for example by selecting 
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an appropriate SiO2 thickness, improving bulk conductivity of the polymer matrix (and 

exploring  single-ion  conducting  matrices),  overcoming  the  tradeoff  between  high 

inorganic  loadings  and  poor  mechanical  properties,  as  well  as  contemplating  the 

sagacious use of an appropriate plasticizer. These optimizations would hopefully aid in 

introducing complete cell testing, where the material would be tested in a setting closer to 

real-world applications.

Shifting from optimization options to future characterization of the above, already 

existing  systems,  the  current  work  has  focused  heavily  on  electrochemical 

characterization and testing, since they can be regarded as more proximate to the end use 

of  hybrid  electrolytes,  i.e.  electrochemical  energy  storage  applications.  Future 

characterization would include examining the thermal properties of these materials, both 

by way of TGA and more importantly with DSC; indeed, understanding how the Tg of the 

polymer phase is affected by the inorganic component and ensuing interphase, might be 

instructive in examining any interplay between thermal and conductivity properties (see 

SECTIONS  1.10.5.2.12.1,  1.10.5.2.12.2).  Any  future  electrochemical  testing  would 

benefit from a post-mortem examination of the samples, both from a morphology and 

composition standpoint, and could make use of SEM microscopy as well as EDX and 

XPS  analysis.  Additional  electrochemical  testing  could  include  the  aforementioned 

complete cell testing, as well as EIS monitoring over time of hybrid electrolyte samples 

in symmetrical cathode-cathode cells. Furthermore, plate-strip testing with the Entry 02 + 

SiO2 control samples would provide a more complete understanding of the role of the 

SiO2 layer,  helping better  ascertain whether  or  not  the active inorganic filler  actually 
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participates in lithium ion conduction. Lastly, the equivalent circuit investigation strategy 

can be optimized by automating it,  improving its implementation,  and making use of 

different  circuits,  as  well  as  different  circuit  elements  (e.g.  this  work  used  a  simple 

Warburg element  for  diffusion,  though a Bounded Warburg  circuit  element  might  be 

better suited – see SECTION 1.14.4.9 and SECTION 1.14.4).

Overall, it can be expected that any prospective hybrid electrolytes, arising from 

these specific efforts to covalently attach organic and inorganic components by way of a 

protective layer, will likely afford materials best suited for low-current, high temperature 

applications, such as remote sensors or other low-power devices.

This  chapter  affords  several  useful  lessons,  the  most  important  one  being the 

feasibility  of  covalent  attachment  as  a  route  to  realizing  organic-inorganic  polymer-

ceramic hybrids. A second, complementary lesson, is that covalent attachment is only one 

of  several  requirements  for  a  prospective  polymer-ceramic  hybrid  (with  other 

requirements  including  good  conductivity  of  polymer  component,  wide  ESW,  etc). 

Another  important  lesson  is  that  the  systematic  investigation  of  equivalent  circuits, 

developed in the previous chapters, hold validity here as well. Indeed, by systematically 

modeling impedance spectra, a picture of a distribution of equivalent circuits, rather than 

a  clear,  single candidate,  emerges;  this  can reflect  a distribution of conduction paths, 

rather  than  a  single,  clear  one.  Hence,  design  of  polymer-ceramic  hybrid electrolytes 

should account for the distribution of conduction paths; in fact, this might be exploitable 

so that  different  conduction  regimes can be  favored and tailor-made for  specific  cell 

designs and requirements.
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The  work  on  these  hybrid  systems  can  be  improved,  by  developing  better 

equivalent circuits and better modeling (e.g. other diffusion elements, De Levie element), 

as well as a possible ad-hoc theoretical framework. Regarding plate-strip experiments, 

the issue of long times required for voltage stabilization needs to be addressed, using 

methods such as high-current conditioning. Findings reported in this work can also be 

expanded  by  performing  TGA and  DSC  measurements  of  the  hybrid  systems,  with 

different mass loadings and coating thicknesses (for better understanding the effect of 

inorganic component on thermal properties). Other techniques that can shed more light on 

the  systems'  properties  include  SEM  and  transference  number  measurements;  more 

sophisticated  investigation  approaches  (such  as  solid  state  NMR paired  with  isotope 

labeling) might shed light on role of covalent attachment, if the oppportunity for such 

studies were to ever arise.

Further development of the work in this chapter can be carried out by optimizing 

the loading of the inorganic component, as well as contemplating the use of plasticizers to 

improve conductivity. It would be opportune to reach a point where it is possible to cycle 

complete cells, either with an optimized version of these current systems, or with a new 

set of systems altogether. Beyond these specific systems, it would be interesting to see 

how hybrids using single-ion conducting polymer electrolytes fare, and whether or not 

there is any improvement in performance. The idea of covalent attachment can be further 

expanded upon, for example by exploring other coatings besides SiO2, such as Al2O3, or 

by examining other methods of covalent attachment (e.g. vinyl-bearing silanes), as well 
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as exploring the use of molecular layer deposition (MLD) instead of the currently used 

atomic layer deposition (ALD).

Finally, general questions remain yet to be answered. Chief among these is going 

beyond ascertaining that some form of covalent interaction is at play in these hybrids; 

how and if these interactions can be quantified, and whether or not they can be improved, 

has yet to be addressed. Another more fundamental question is whether or not covalent 

attachment is indispensable or required at all. It should also be asked whether or not other 

requirements (such as matching organic and inorganic components' transference number, 

chemical  potential)  are  equally  or  more  important;  identifying  any possible  interplay 

between  covalent  attachment  and  other  requirements  for  successful  polymer-ceramic 

hybrid electrolytes, will likely be necessary for a more complete understanding of these 

materials.

This  chapter  concludes  the  study  of  hybrid  organic-inorganic  electrolytes;  the 

following,  final  chapter  will  center  around thermal  properties  of  the  novel  soft  solid 

cocrystalline electrolyte (ADN)2LiPF6.
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CHAPTER 6

THERMAL BEHAVIOR AND ELECTROCHEMICAL PROPERTIES OF 

(ADN)2LIPF6 COCRYSTAL, ROLE OF FREE ADN

6.1 Introduction

This chapter's contents can be traced back to original efforts on the (ADN)2LiXF6 

(X =  P,  As,  Sb)  systems  by Birane  Fall,  as  recounted  in  the  corresponding doctoral  

dissertation.  [1] Fall's work has also resulted in a submitted manuscript, of which the 

undersigned is a co-author, and that is currently under revision. [2] The contents of this 

chapter  originally  arose as  a  series  of  experiments,  intended as  specific  responses  to 

reviewer's  comments  on  the  manuscript  (intended  to  strengthen  and amplify  it),  and 

which were carried out by the undersigned. Subsequently, the results of these efforts were 

regarded as  sufficiently  autonomous to  exist  as  a  written  account,  as  reported in  the 

following sections.

Given the origin of this chapter, it exists largely in relation to the aforementioned 

manuscript, and can be regarded as having a symbiotic relationship with it. Hence, the 

efforts that afforded Fall's manuscript will be invoked or referenced for comparison, with 

credit being given to the respective authors and collaborators.

This chapter centers around the thermal properties of the soft solid cocrystalline 

material (ADN)2LiPF6; this will sometimes be identified as 2:1 ADN:LiPF6 (in reference 

to  the  mol:mol  ratio  of  ingredients  used  to  prepare  the  material),  and more  broadly, 

systems composed of ADN and LiPF6 will be referred to as ADN-LiPF6 systems. The 
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route by which it is prepared can be regarded as a thermal cycle (heat, dissolution, cool, 

precipitation/crystallization).  High-temperature (>150 °C) dissolution exploits the high 

solubility of LiPF6 in hot ADN (FIGURE C2), compared to its low solubility (~ 0.04 M, 

TABLE C1) at room temperature. The resulting material is crystalline, having a well-

defined  crystal  structure,  which  appears  to  be  insensitive  to  the  amount  of  ADN 

employed during preparation; indeed, excess and stoichiometric amounts of ADN afford 

the same powder patterns, in agreement with the theoretical powder pattern (generated 

from single crystal data – credit: Birane Fall, Prabhat Prakash).

As an additional part of efforts to address reviewers' comments, electrochemical 

properties such as impedance (EIS) and stability (LSV, CV) have also been undertaken. 

The  focus  for  EIS  measurements  was  to  determine  how free  ADN residing  between 

crystals might impact conductivity, while for LSV and CV focus was on the material's 

stability  limit  and  ability  to  undergo  cycling  in  the  presence  of  lithium  metal, 

respectively.

Lastly, the feasibility of hybrid electrolytes of 2:1 ADN:LiPF6 and LAGP powder, 

with  varying  amounts  of  ALD-deposited  SiO2,  is  investigated.  The  corresponding 

experiments are separate from those undertaken as replies to reviewers' comments, and 

instead  serve  as  a  comparison  with  the  polymeric  Entry  02  +  LAGP hybrids  from 

CHAPTERS 03-05. These soft solid cocrystalline hybrids were investigate with EIS and 

plate-strip tests; unlike in CHAPTERS 03-05, an equivalent circuit investigation was not 

undertaken in this chapter, since it is not the focus, and as will be seen later, since these 

hybrid do not afford the stable behavior of the Entry 02 systems.
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6.2 TGA

TGA thermograms of (ADN)2 LiXF6 (X = P, As, Sb) systems are shown in FIGURE 

6.2.1.

 

 

FIGURE 6.2.1: TGA thermograms of 2:1 ADN:LiXF6 systems. (a) 2:1 ADN:LiPF6, (b) 2:1 ADN:LiAsF6, (c) 2:1 
ADN:LiSbF6, (d) ADN and LiPF6 combinations (2:1 and 4:1). Credit for (a-c), red curve of (d): Birane Fall.

For the As and Sb systems (FIGURE 6.2.1 b,c), the corresponding cocrystals have 

thermal  stability  that  is  intermediate  to  the  starting  components,  with  both  showing 

stability up to ~ 200 °C. The (ADN)2LiPF6 system (FIGURE 6.2.1 a) shows a different 

behavior,  with  the  cocrystal  having  a  thermal  stability  greater  than  that  of  both 

components, and beginning to decompose at ~ 150 °C. The limited stability of LiPF6 is 

well known, and attributable to the equilibrium existing between LiPF6, LiF and PF5, with 

the latter being volatile even at room temperature. [3] The increased thermal stability of 

the ADN-LiPF6 system suggests favorable interactions between the cocrystal's constituent 

components.  FIGURE 6.2.1-d  compares  ADN-LiPF6 systems prepared  with  either  an 
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excess  of  ADN,  2:1  or  4:1  ADN:LiPF6 feed  ratios.  Using  excess  or  stoichiometric 

amounts  of  ADN for  the  2:1  ADN:LiPF6 samples  affords  similar  thermal  stabilities, 

though the weight loss profile for the no excess ADN sample is more sharp. The excess 

ADN sample and 4:1 ADN:LiPF6 sample have similar profiles, though the former has a 

slightly greater thermal stability; as seen in FIGURE 6.2.1 d, this might be simply due to 

the differences in sample size (4:1 being 6 mg and excess ADN being 25 mg).

The above results show that ADN-LiAsF6 and ADN-LiSbF6 systems retain good 

thermal  stability,  a  trait  inherited  from  the  corresponding  lithium  salts.  ADN-LiPF6 

systems  instead  seem to  owe their  thermal  stability  to  interactions  between  salt  and 

organic  components;  different  amounts  of  ADN  do  not  dramatically  change  thermal 

stability. The following section will focus on better understanding the thermal behavior of 

these systems, with the aid of DSC.

6.3 DSC

In this section, attention is devoted both to studying traditional thermal behavior 

(i.e. melting and recrystallization), as well as in-situ formation of the material. The latter 

is  achieved  by  combining  raw  ingredients  together,  and  observing  how  the  system 

responds,  and  how  it  differs  from pre-made  samples.  Attention  is  also  dedicated  to 

attempting  to  quantify  excess  ("free")  ADN  that  might  reside  between  crystals  of 

(ADN)2LiPF6, since the aforementioned manuscript investigates its role in the material's 

conductivity and electrochemical properties.
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It should be pointed out that the most appropriate terminology for describing the 

observed thermal  transitions  is  "dissolution"  and "precipitation"  (or  recrystallization). 

While much time could be devoted to ascertaining the mechanisms of formation and 

disruption  of  (ADN)2LiPF6's  structure  (e.g.  by  computational  strategies),  it  is  not  the 

focus  of  this  chapter.  Hence,  the  terms  "melt"  and  "recrystallization"  will  be  used 

interchangeably with "dissolution" and "precipitation", respectively. Indeed, the observed 

thermal  transitions  are  first-order,  and  show  a  behavior  quite  similar  to  that  of  a 

traditional,  single-component  crystalline  material,  making the use of  the above terms 

appropriate.

6.3.1 High temperature behavior of (ADN)2LiXF6 (X = P, As, Sb) systems

Previous  investigations  of  the  (ADN)2LiPF6 system's  thermal  behavior  were 

dictated by TGA data, which indicated an upper stability limit of ~150 °C; as a result, 

DSC studies used this as an upper limit. Subsequently, it was found that if samples were 

confined in hermetically sealed DSC pans,  unwanted escape of components could be 

prevented (unlike in the case of an open TGA pan). This resulted in determining the 

melting  temperature  of  not  only  (ADN)2LiPF6,  but  also  (ADN)2LiAsF6 and 

(ADN)2LiSbF6. Thermograms of these samples are shown in FIGURE 6.3.1.1, FIGURE 

6.3.1.2, FIGURE 6.3.1.3, repsectively.
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FIGURE 6.3.1.1: DSC thermograms of (a-c) 2:1 ADN:LiPF6 (excess ADN, rinsed) and (d-f) 2:1 ADN:LiPF6 (raw 
ingredients, in-situ). 1st cycle: a,d; 2nd cycle: b,e; 3rd cycle: c,f. Table summarizes thermal data and sequence of cycles 

and segments. MW of (ADN)2LiPF6: 368.19 g/mol. Credit for (a-c): Birane Fall.
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FIGURE 6.3.1.2: DSC thermograms of (a-c) 2:1 ADN:LiAsF6 (excess ADN, rinsed) and (d-f) 2:1 ADN:LiAsF6 (raw 
ingredients, in-situ). 1st cycle: a,d; 2nd cycle: b,e; 3rd cycle: c,f. Table summarizes thermal data and sequence of cycles 

and segments. MW of (ADN)2LiAsF6: 412.13 g/mol. Credit for (a-c): Birane Fall; (d-f): Laura Sonnenberg.
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FIGURE 6.3.1.3: DSC thermograms of a-c) 2:1 ADN:LiSbF6 (excess ADN, rinsed) and d-f) 2:1 ADN:LiSbF6 (raw 
ingredients, in-situ). 1st cycle: a,d; 2nd cycle: b,e; 3rd cycle: c,f. Table summarizes thermal data and sequence of cycles 
and segments. MW of (ADN)2LiSbF6: 458.96 g/mol. Credit for (a-c): Birane Fall; (d-f): Birane Fall, Laura Sonnenberg.

Each of these figures includes a table of melt and recrystallization temperatures 

(Tm and  Tc respectively),  the  corresponding enthalpies  (ΔH) and entropies  (ΔS).  The 

former is determined by the instrument, while the latter can be derived from the well-

known relation:

ΔG = Δ H − T ΔS (6.3.1.1)

Where ΔG is the Gibbs free energy of the thermodynamic process in question, ΔH 

is the enthalpy,  ΔS is the entropy, and T is the absolute temperature. Under equilibrium 

conditions, ΔG = 0, giving:
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ΔS =
Δ H

T
(6.3.1.2)

It  should  be  pointed  out  that  EQUATION  6.3.1.2  is  only  an  approximation, 

though it offers a rough estimate of the entropy associated with the processes examined, 

allowing qualitative considerations on the nature of the materials under exam, as will be 

discussed later.

In these figures, a-c refers to samples prepared with an excess amount of ADN 

(followed by subsequent removal of excess ADN by rinsing), while d-f refers to "in-situ" 

samples (DSC pans that were loaded with raw ingredients in 2:1 ADN:LiXF6 mol:mol 

ratios).  All  samples  in  the  above  figures  show  discernible  melt  and  recrystallization 

peaks, with in-situ samples having an additional feature during their first cycle, namely 

crystallization preceding melt (in the ~150-180 °C region). This is believed to arise from 

solvation of Li+ and XF6
– at the hands of ADN, affording the crystalline (ADN)2 LiXF6 

systems,  which  then  undergo  melting  or  dissolution  (see  manuscript  referenced  in 

SECTION 6.1). This is analogous to recrystallization preceding melting, in the case of 

quenched samples (see SECTION 1.10.6.3),  though the cause is likely different.  This 

succession  of  solvation  (exothermic)  and  dissolution  (endothermic)  are  observed  for 

(ADN)2LiPF6 (FIGURE 6.3.1.1 d-e) and (ADN)2LiAsF6 (FIGURE 6.3.1.2 d-e), but not 

for (ADN)2LiSbF6 (FIGURE 6.3.1.3 d-e). Furthermore, the dissolution/melting point for 

the P and As systems are consistently ~170-180 °C, while for the Sb system they are 

either consistently ~160 °C (excess ADN, FIGURE 6.3.1.3 a-c), or vary widely (in-situ, 

FIGURE 6.3.1.3 d-f). It was found later that two factors were responsible for the different 

behavior observed in the Sb system, namely purity of LiSbF6 and time elapsed between 
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sample preparation and sample measurement. Once these issues were addressed, much 

more consistent behavior was observed (FIGURE C1). The presence of low temperature 

features in the P and As systems (FIGURE 6.3.1.1 and FIGURE 6.3.1.2 respectively) can 

be attributed to ADN that is not incorporated into the ADN-LiXF6 structure; indeed, for 

the in-situ samples (FIGURE 6.3.1.1 d-f and FIGURE 6.3.1.2 d-f), these low temperature 

features essentially vanish once the sample is heated past the solvation temperature (~ 

150 °C).  Systems containing LiSbF6 (FIGURE 6.3.1.3,  FIGURE C1) also show these 

features, provided that the sample is prepared and measured promptly (compare FIGURE 

C1 a-d and FIGURE C1 e-h). This suggests that LiSbF6 is much more soluble in ADN, 

with the formation of the ADN-LiSbF6 system occurring even at room temperature.

As mentioned earlier, it is worth briefly discussing the entropies associated with 

these materials (see tables of FIGURE 6.3.1.1, FIGURE 6.3.1.2, FIGURE 6.3.1.3), as a 

means for clarifying their relation to plastic crystals. Plastic crystal electrolytes are a class 

of  materials  previously  investigated  by  the  scientific  community.  They  tend  to  be 

composed of small, symmetrical molecules, are characterized by simultaneous positional 

order and conformational disorder, and usually have low entropies (< 20 J K -1 mol-1). 

[4,5] These materials have already been covered in SECTION 1.10.6.5, and will not be 

further discussed.

In light of the above qualities, the (ADN)2LiXF6 (X = P, As, Sb) systems have 

some features in common with plastic crystals, such as highly symmetrical components 

(Li+ and  PF6
– ions),  small  molecules  (ADN),  and the  use  of  dinitriles  as  one  of  the 

building  blocks  –  notable  plastic  crystal  systems  make  use  of  succinonitrile  (SN). 
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[6] However, (ADN)2LiXF6 systems and plastic crystals diverge when other qualities are 

examined. For example, ADN can be regarded more as a linear than globular molecule 

(unlike succinonitrile), and the (ADN)2LiXF6 systems exist at a defined 2:1 ADN:LiXF6 

composition, regardless of the amount of ADN used for sample preparation (compared to 

SN systems where the lithium salt is used as a dopant and in small amounts). [6,7] More 

critically, the melt entropies of the (ADN)2 LiXF6 systems are in the order of 70-100 J K-1 

mol-1 (in the case of already prepared samples, see FIGURE 6.3.1.1 a-c, FIGURE 6.3.1.2 

a-c, FIGURE 6.3.1.3 a-c), much higher than the ceiling value of 20 J K -1 mol-1 expected 

for plastic crystals.

The  above  considerations  suggest  that  (ADN)2LiXF6 systems  are  in  fact  not 

plastic  crystal  electrolytes,  and  instead  cocrystals,  i.e.  single-phase  crystalline  solids 

composed of two components in a stoichiometric ratio.  [8] In this case, (ADN)2LiXF6 

systems  are  cocrystals  composed  of  an  organic  molecule  and  inorganic  salt,  and 

sometimes  referred  to  as  ionic  cocrystals.  [9] In  the  following  section,  DSC 

measurements will be used to estimate the amount of free ADN (i.e. ADN not combined 

with LiPF6 in the cocrystal), information that will be useful for better understanding the 

observed conductivities.

6.3.2 DSC measurements and free ADN

As seen in the previous section, during the first cycle of in-situ samples (FIGURE 

6.3.1.1  d,  FIGURE  6.3.1.2  d,  FIGURE  6.3.1.3  d),  thermal  features  associated  with 

unincorporated ADN can be observed at ~ -40 °C (cooling segment) and ~ +5 °C (heating 
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segment), corresponding to crystallization and melting of ADN, respectively. However, 

these features disappear after sufficient heating, signifying complete incorporation of the 

stoichiometric  amounts  of  ADN used  in  these  experiments.  The  question  remains  of 

whether this is true for samples using known amounts of excess ADN, and whether or not 

it is possible to quantify it in the case of samples with unknown amounts of excess ADN.

DSC thermograms of 2:1 ADN:LiPF6 prepared with exact amounts of ADN and 

with excess ADN are shown in FIGURE 6.3.2.1, while DSC thermograms of 2.2:1 and 

4:1 ADN:LiPF6 (no excess ADN) are shown in FIGURE 6.3.2.2.

FIGURE 6.3.2.1: DSC thermograms of (a-d) 2:1 ADN:LiPF6 (no excess ADN) and (e-h) 2:1 ADN:LiPF6 (gravimetric 
measurement). 1st cycle: a,e; 2nd cycle: b,f; 3rd cycle: c,g; 4th cycle: d,h. Table summarizes thermal data and sequence 

of cycles and segments. Credit for (e-h): Birane Fall, Prabhat Prakash.
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FIGURE 6.3.2.2: DSC thermograms of (a-d) 2.2:1 ADN:LiPF6 (no excess ADN) and (e-h) 4:1 ADN:LiPF6 (no excess 
ADN). 1st cycle: a,e; 2nd cycle: b,f; 3rd cycle: c,g; 4th cycle: d,h. Table summarizes thermal data and sequence of 

cycles and segments.

Here, "gravimetric measurement" (prepared by Birane Fall and Prabhat Prakash) 

refers  to  efforts  to  determine  the  amount  of  ADN  in  the  sample,  using  masses  of 

ingredients  and  products  before  and  after  sample  preparation  and workup.  The chief 

challenge with this approach is that the glassware used for preparing the sample was too 

heavy to place on the balance. Hence, weighing masses required transferring the sample 

from the original glassware to a lighter container, a necessary operation, that however 

introduced some error in the experiment. As such, this sample is a good candidate for 

testing the validity of free ADN quantification methods.
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Examining the thermograms in FIGURE 6.3.2.1, where a 2:1 ADN:LiPF6 sample 

with no excess ADN is compared to one with an unknown amount of excess ADN, it is 

evident that the former (FIGURE 6.3.2.1 a-d) shows no low temperature peaks associated 

with free ADN, while the latter (FIGURE 6.3.2.1 e-h) has low temperature peaks that 

persist beyond the first cycle, an indication that this is indeed free ADN (unlike the ADN 

that was incorporated in the in-situ samples of SECTION 6.3.1). Furthermore, the sample 

with no excess ADN (FIGURE 6.3.2.1 a-d) has well-defined high temperature peaks, 

associated with melt  and recrystallization of (ADN)2LiPF6;  its gravimetric counterpart 

with an unknown amount of excess ADN (FIGURE 6.3.2.1 e-h), on the other hand, has 

broader melt peaks, and smaller peak areas for both melt and recrystallization.

Samples  with  a  composition  of  2.2:1  and  4:1  ADN:LiPF6,  no  excess  ADN 

(FIGURE 6.3.2.2),  show a  behavior  intermediate  to  that  of  2:1  ADN:LiPF6 and  2:1 

gravimetric, with low temperature peaks being smaller but persistent for 2.2:1 (FIGURE 

6.3.2.2 a-d), and larger for 4:1 (FIGURE 6.3.2.2 e-h). Conversely, high temperature peaks 

of 2.2:1 are sharper and larger, while those of 4:1 are smaller (and broader, in the case of 

melting  peaks).  In  fact,  the  4:1  sample's  profile  is  very  similar  to  that  of  the  2:1 

gravimetric counterpart (see FIGURE 6.3.2.1 a-d and FIGURE 6.3.2.2 e-h). Using two 

known points (2.2:1 and 4:1), it is possible to attempt quantification of free ADN, both in 

these samples as well as in the gravimetric one.

Two  approaches  were  adopted  for  quantifying  both  free  ADN  and  total 

ADN:LiPF6 ratio,  and are  both  summarized  in  FIGURE C5.  The first  one makes no 

corrections, and starts from simple ratios using areas of (endothermic) peak areas of ADN 
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(~ 5 °C) and (ADN)2LiPF6 ("2:1", ~ 180 °C). The resulting mass percentages are treated 

as amounts per 100 g of sample, and used to calculate the mass percentages of free ADN, 

2:1 (and ADN incorporated in 2:1 ADN:LiPF6), as well as total percentages of ADN and 

LiPF6,  which  allows  for  calculating  the  overall  ADN:LiPF6 molar  ratio.  The  second 

approach, always in FIGURE C5, introduces a correction that seeks to "normalize" peak 

areas  with  respect  to  pure  samples.  This  was  achieved  by  running  DSC  of  a  2:1 

ADN:LiPF6 sample (149.0 J/g, see FIGURE 6.3.1.1 e) and of a ADN sample (164.5 J/g, 

see FIGURE C3). Correction of peak areas in a sample with excess ADN is done by 

dividing the sample's peak areas by the value of the respective pure sample (see FIGURE 

C5); all other operations remain the same. The results of the approach without correction 

and with correction are shown in TABLE 6.3.2.1 and TABLE 6.3.2.2, respectively, along 

with the expected values from feed amounts (TABLE 6.3.2.3).

TABLE 6.3.2.1: Calculated free ADN and ADN:LiPF6 ratios (areas not corrected). Credit for 2:1 grav. sample: Birane 
Fall.

TABLE 6.3.2.2: Calculated free ADN and ADN:LiPF6 ratios (areas corrected). Credit for 2:1 grav. sample: Birane Fall.
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TABLE 6.3.2.3: Expected values for free ADN and ADN:LiPF6 ratios, based on masses of ingredients. Credit for 2:1 
grav. sample: Birane Fall.

The above results indicate that this method has some merit,  particularly in the 

case  of  the  corrected  areas  approach.  It  should  be  noted  though  that  the  method  of 

comparing areas seems to be more accurate for small amounts of excess ADN, and seems 

to diverge at for greater amounts of free ADN. Despite this, the error is still relatively 

small (7% in the case of 4:1 no excess ADN), and provides a ADN:LiPF6 ratio of 4.1:1 

for the gravimetric sample, in good qualitative agreement with the observations made 

about  FIGURE 6.3.2.1  e-h  and  FIGURE 6.3.2.2  e-h.  Lastly,  the  above  results  were 

obtained using a sample of ADN for correction of free ADN peaks; attempts to use the 

supernatant of a 20:1 ADN:LiPF6 mixture (see FIGURE C4 for DSC thermograms) as a 

model for saturated solutions were less accurate (not shown).

Having quantified the amount of free ADN present in the above samples by way 

of DSC data, it is clear that sufficient amounts (e.g. 4:1 ADN:LiPF6) broaden the melt 

endotherm of these samples, while smaller amounts (e.g. 2.2:1 ADN:LiPF6) are not as 

disruptive. Having investigated how the presence or absence of free ADN affects thermal 

properties,  the  following  section  will  seek  to  answer  this  question  regarding 

electrochemical properties.
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6.4 EIS

In the previous section, free ADN was found to affect thermal features in DSC 

scans. In this section, the role of free ADN (i.e. more than what is needed for the nominal 

(ADN)2LiPF6 crystal  composition) in the conductivity  of bulk ADN-LiPF6 samples is 

explored.  Samples  studied  include  ones  prepared  by  conventional,  high-temperature 

dissolution of LiPF6 in excess ADN (which includes rinsing away excess ADN), as well 

as  ones  prepared  with  prescribed  amounts  of  ADN  (and  for  which  no  rinsing  is 

necessary). In addition to examining samples of the ADN-LiPF6 system, attention will be 

dedicated  to  hybrids  of  2:1  ADN:LiPF6 (prepared  without  excess  ADN)  and  LAGP 

powder (coated with different amounts of ALD-deposited SiO2).  As with the previous 

chapter, control samples using SiO2 powder will be included for comparison.

6.4.1 EIS of ADN-LiPF6 systems

Nyquist plots of ADN-LiPF6 samples with different amounts of ADN are shown 

in FIGURE 6.4.1.1, and the corresponding conductivities are shown in FIGURE 6.4.2.2 a 

(see next section).

 

FIGURE 6.4.1.1: Nyquist plots of ADN and LiPF6 systems (30 °C). (a) high frequency region, (b) medium frequency 
region (inset: low frequency region). Unless specified, samples are pressed pellets. Credit for blue curve in (a,b): 

Birane Fall.
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The above plots reveal that the bulk resistance (i.e. high frequency semicircle's 

diameter or real axis intercept) is very sensitive to the amount of free ADN present in the 

sample. For example, a 2:1 ADN:LiPF6 sample without any excess ADN (green curve) 

has a bulk resistance that is about two orders of magnitude greater than a 2:1 sample 

prepared in the presence of excess ADN (blue curve, gravimetric sample – see SECTION 

6.3.2), as reflected in the corresponding conductivity, shown in both FIGURE 6.4.1.1 and 

FIGURE 6.4.2.2 a. In fact,  focusing on samples prepared with prescribed amounts of 

ADN, even a 10% mol increase (2.2:1 sample, purple curve) sees a drop in resistance of 1 

order of magnitude. Greater amounts of ADN (such as 4:1, yellow curve) see a further 

decrease in resistance, though not in a proportionally dramatic manner: there is a 1 order 

of magnitude decrease when comparing 2:1 and 2.2:1, and another 1 order of magnitude 

when comparing 2.2:1 and 4:1.

It is also worth noting that neat ADN and the supernatant of a 20:1 ADN:LiPF6 

mixture are separated by 2-3 orders of magnitude (see FIGURE 6.4.2.2 a). It was found 

that the choice of separator, and use of neat or distilled ADN, played an appreciable role 

in the measured conductivity; these results can be seen in TABLE C2. The conductivities 

afforded using glass fiber separators were highest, possibly due to adsorbed water at the 

hands of Si-OH and Si-O-Si groups present on the surface of these separators. Other 

separators and setups afforded more consistent values (with some variability attributable 

to the separator's tortuosity), and saw conductivity of ADN and saturated LiPF6 solutions 

being separated by ~3 orders of magnitude.
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Lastly,  it  is  worth  pointing  out  the  difference  in  profiles  of  Nyquist  curves, 

particularly in  the low frequency region (FIGURE 6.4.1.1 b,  inset).  Samples  that  are 

pressed  pellets  (2:1  with  and  without  excess  ADN,  2.2:1  and  4:1)  have  a  large, 

incomplete semicircle, while liquid samples that use a glass fiber separator (neat ADN, 

supernatant of 20:1) have a simple, straight line. The curvature observed in the pressed 

pellet samples might be due to surface roughness (whereas the liquid ones have a spur 

attributable to diffusion), coupled with some resistive component (parallel resistance and 

capacitance or pseudo capacitance are needed in order for a semicircle to be observed – 

see  FIGURE  1.14.4.3  and  SECTION  1.14.4.14).  Whether  this  is  due  to  intergrain 

resistance, intrinsic to a pressed pellet (akin to grain boundary resistance – see SECTION 

1.14.4.15), or some other phenomenon, is unclear. It is worth remembering that the routes 

used for preparing ADN-LiPF6 samples require temperatures in excess of 150 °C, well 

above the thermal stability limit of LiPF6 (see FIGURE 6.2.1 a, red dashed line). While 

the ADN present is ultimately able to solvate LiPF6 and afford a material with greater 

thermal stability (see FIGURE 6.2.1 a),  it  is  inevitable that some LiPF6 will  undergo 

partial decomposition, which might lead to corrosive products.  [3] In this case, the low 

frequency, large semicircle observed for the pressed pellet samples in FIGURE 6.4.1.1 

might be due to some side reactions with the blocking electrodes, at the hands of these 

decomposition products. While the cells for the samples in FIGURE 6.4.1.1 were single-

use (i.e. crimped coin cells), it had previously been observed that Swagelok-type cells 

with 2:1 rinsed samples showed signs of tarnishing of the stainless steel electrodes, when 

left  undisturbed  for  ~  1  week.  This  lends  some  legitimacy  to  the  possibility  that 
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decomposition products might indeed participate in the formation of an interface (as seen 

in the low frequency region of FIGURE 6.4.1.1 b), though these samples were measured 

within less than 24 hours cell assembly.

The results of this section underscore the importance of some free ADN being 

present, so as to achieve low resistances and adequate conductivities. In the subsequent 

section, samples of 2:1 ADN:LiPF6 and LAGP powder will be investigated, along with 

control samples of SiO2 powder, with attention being dedicated to the effect of a SiO2 

layer on the inorganic electrolyte particles.

6.4.2 EIS of 2:1 ADN:LiPF6 + LAGP systems

For the set of samples explored for the 2:1 ADN:LiPF6 + LAGP system, a single 

composition of 50% wt was chosen, and intended as preliminary findings. The list of 

weight and volume percentages are shown in TABLE 6.4.2.1 (values were calculated 

using EQUATIONS 5.2.1.1 and 5.2.1.2).

TABLE 6.4.2.1: Weight and volume percentages for 2:1 ADN:LiPF6 (organic) and LAGP or SiO2 (inorganic) hybrid 
systems. Values for densities of LAGP and SiO2 are those provided by the suppliers, while density of 2:1 ADN:LiPF6 

was determined from crystallographic data of (ADN)2LiPF6 (single crystal XRD acquired by Birane Fall).
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Nyquist plots of pressed pellets of these samples are shown in FIGURE 6.4.2.1.

 

FIGURE 6.4.2.1: Nyquist plots 2:1 ADN:LiPF6 + 50% wt LAGP or SiO2 hybrid systems (30 °C). (a) high frequency 
region, (b) low frequency region. All samples are pressed pellets.

The impedance spectrum of 2:1 ADN:LiPF6 has been included for reference, and 

as can be seen, it has a resistance intermediate to that of the hybrid electrolytes. With the 

exception of LAGP no SiO2 (red curve) and LAGP 0.3 nm SiO2 (green curve), all other 

samples have a low frequency spur. If the large semicircle in the low frequency region 

can be attributed to tarnishing of SS electrodes at the hands of decomposition products 

from LiPF6, samples with a greater amount of SiO2 on the LAGP surface seem to prevent 

this feature (it should be pointed out that these hybrid were prepared by combining ADN, 

LiPF6 and LAGP into the same vial, before subjecting the samples to high temperature 

dissolution). The resulting temperature dependent conductivities are shown for FIGURE 

6.4.2.2 b, along with those of the ADN-LiPF6 systems (FIGURE 6.4.2.2 a).

 

FIGURE 6.4.2.2: Conductivity plots of (a) ADN and LiPF6 systems, (b) 2:1 ADN:LiPF6 + LAGP or SiO2 hybrid 
systems. Unless specified, samples are pressed pellets. Credit for blue curve in (a): Birane Fall.
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It is interesting to note that the 2:1 + 50% wt LAGP hybrids have a conductivity 

that  decreases  as  the  thickness  of  SiO2 deposited  on  LAGP  particles  is  increased. 

Conductivity as a function of SiO2 thickness and number of ALD cycles is shown in 

FIGURE 6.4.2.3 a and FIGURE 6.4.2.3 b, respectively.

 

FIGURE 6.4.2.3: Conductivity (30 °C) of 2:1 ADN:LiPF6 + LAGP or SiO2 hybrid systems as a function of (a) SiO2 

thickness or (b) number of ALD cycles. All samples are pressed pellets.

The above figures, which include Au coated OHARA LASPT ceramic plates for 

reference,  show much  more  clearly  the  drop  in  conductivity  associated  with  greater 

thicknesses of SiO2 on LAGP particles (whereas the OHARA plates oscillate around an 

average value). This is clearly different from the behavior observed for Entry 02 + LAGP 

systems (see FIGURE 5.2.1.2), which instead mirrors that of the OHARA plates. This 

further reinforces considerations from the previous chapters, regarding the favorable role 

of covalent attachment between organic and inorganic electrolyte components, such that 

the  resulting  systems  are  less  sensitive  to  interfacial  properties  (see  SECTION 4.7). 

Indeed,  thicker  coatings  of  SiO2 in  these  2:1  +  50%  wt  LAGP systems  see  lower 

conductivities, indicating that in this case there is indeed an insulating effect on the part 

of the silica coating, something that is circumvented by use of materials employing silane 

coupling agents. This observation must be tempered though by the fact that systems with 
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sufficiently  conductive  and  conformally  adhesive  organic  components  (e.g.  90/10 

SIL/MC, FIGURE 4.2.1.7) are able to mimic the behavior of covalently attached organic 

components  (e.g.  Entry  02,  FIGURE 4.2.1.7).  Given  the  limited  conductivity  of  2:1 

ADN:LiPF6 prepared without excess ADN (FIGURE 6.4.2.2 a, green curve), it makes 

sense to regard it as being a system that is much more sensitive to interfacial properties, 

akin to the 70/30 SIL/MC + OHARA model systems (see FIGURE 4.2.1.7).

At this point, the control systems using 2:1 ADN:LiPF6 and SiO2 in isogravimetric 

and isovolumetric amounts need to be discussed, since they have conductivities higher 

than all of their hybrid counterparts. The fact that passive fillers, rather than active fillers 

(composed of the very material  that appears to be adversely affecting conductivity of 

active fillers, i.e. SiO2, FIGURE 6.4.2.3), offer the highest conductivities, suggests that 

the layer of SiO2 might be playing a dual role in these systems. In the active, LAGP-

containing hybrids, SiO2 seems to be acting as an insulating layer, while its presence as 

bulk material in the control samples seems to have a positive effect. It is worth noting that 

2:1 + LAGP samples, after being prepared by high temperature dissolution and cooling, 

were observed to have the consistency of a slightly moist paste (compared to the dry and 

fluffy, white powder that 2:1 ADN:LiPF6 alone affords once broken up with a spatula). 

Control samples of 2:1 and SiO2 were even more moist in appearance, suggesting that 

SiO2 might play a role in the final appearance of both groups of samples. Indeed, as 

mentioned earlier, the high temperature dissolution step might see a small  amount of 

LiPF6 undergo some form of thermal decomposition (normally mitigated by the operation 

being conducted in a sealed vessel),  of which one of the products can be PF5.  PF5 is 
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known to react with trace amounts of H2O to form the corrosive HF and other products, 

[10,11] though other protic impurities are known to react with LiPF6, resulting in HF and 

other  products.  [12] Although these protic  impurities  are  usually  referred to  water  or 

alcohols  formed  from  hydrolyzed  organic  electrolyte,  in  the  case  of  this  work  it  is 

reasonable  to  consider  the  possible  reaction  between  hydroxyl  Si-OH groups  on  the 

surface of silica coated LAGP particles, and LiPF6 in the heated mixture during sample 

preparation. If true, this reaction would be even more prevalent for the control samples 

that directly use silica powder (which probably have a greater quantity of Si-OH groups, 

as well as possible adsorbed water). These considerations would imply that unwanted 

side  reactions  might  be  occurring  between  LiPF6 and  vulnerable  surface  groups  on 

inorganic powders, leading to small amounts of liquid products, the latter possibly being 

responsible  for  the  paste-like  consistency  observed  for  these  samples,  as  well  as  the 

greater conductivities of SiO2 control samples.

The  results  of  this  section  seem  to  underscore  the  utility  of  covalent 

compatibilization between organic and inorganic electrolyte components, as described in 

CHAPTER 05. Furthermore, they highlight the importance of adequate knowledge of all 

components  employed  in  hybrid  systems,  since  unwanted  reactions  can  take  place 

between incompatible components. While the sections immediately following this one 

center around the electrochemical behavior of ADN-LiPF6 systems, later sections will 

examine  the  feasibility  of  plate-strip  experiments  for  2:1  ADN:LiPF6 +  50% LAGP 

systems. The following sections are dedicated instead to examining the electrochemical 
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stability of (ADN)2LiPF6, particularly when compared to neat ADN or a saturated LiPF6 

solution.

6.5 LSV

Linear  sweep  voltammograms  of  neat  ADN,  2:1  ADN:LiPF6 in  glass  fiber 

separator and supernatant of 20:1 ADN:LiPF6 are shown in FIGURE 6.5.1.

 

FIGURE 6.5.1: LSV scans (1 mV/s) of ADN and LiPF6 systems, using glass fiber separators. (a) detail of 
voltammograms, (b) complete voltammogram (horizontal axis same for both figures).

The upper electrochemical stability window of neat ADN is ~5.5 V vs. Li/Li+ (if 

an arbitrary cutoff value of 10 μA/cm2 is chosen), about 1 V lower than the ~6.6 V vs. Li/

Li+ upper limit seen in literature.  [13] This is likely due to the use of neat ADN in this 

work's experiments, where trace impurities might be responsible for a lower stability – 

neat ADN was chosen, since the manuscript that this chapter relates to (see SECTION 

6.1) used neat ADN for all of its samples. It should also be noted that this work uses a 

scan rate of 1 mV/s, compared to the 10 mV/s scan rate of the cited work; indeed, scan 

rates can affect the size of observed peaks, making a direct comparison only qualitative, 

since greater scan rates afford smaller peak currents (see SECTION 1.14.5.3).
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The  above  results  indicate  that  the  2:1  ADN:LiPF6 system  inherits  the 

electrochemical stability of ADN, with only a slightly lower stability window (~5 V vs. 

Li/Li+, FIGURE 6.5.1, blue curve). The role of cocrystallized LiPF6 in the (ADN)2LiPF6 

structure seems to play a role in the material's overall stability, since the model saturated 

solution, 20:1 supernatant (green curve), has a much lower electrochemical stability limit 

(~4.5 V vs. Li/Li+).

These results suggest that (ADN)2LiPF6 might be a suitable electrolyte material 

for high voltage (> +4.5 V vs. Li/Li+) cathodes, such as the NMC family (see SECTION 

1.9.2.4).  It  is  opportune  however  to  evaluate  the  electrochemical  performance of  the 

cocrystalline electrolyte with cyclic voltammetry, as a way to monitor individual voltage 

profiles during plating and stripping of lithium metal.

6.6 CV

CV scans of 2:1 ADN:LiPF6 at 1 mV/s and 10 mV/s are shown in FIGURE 6.6.1 a 

and b respectively, and scans of neat ADN and supernatant of 20:1 ADN:LiPF6 are shown 

in FIGURE 6.6.1 c and d, respectively.
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FIGURE 6.6.1: CV voltammograms of ADN and LiPF6 systems, glass fiber separators. Arrows denote starting and 
finishing points of measurements. (a) 2:1 ADN:LiPF6 (excess ADN, rinsed), 1mV/s; (b) 2:1 ADN:LiPF6 (excess ADN, 
rinsed), 0.1mV/s; (c) neat ADN, 1mV/s; (d) supernatant of 20:1 ADN:LiPF6, 1mV/s. Note: a, b are the same sample, 

subjected to consecutive measurements (a was done first, followed immediately by b).

These CV results (where the first scan is towards a lower potential, as opposed to 

the LSV scans that move towards positive potentials) show the flattest profile for the 2:1 

ADN:LiPF6 sample, followed by 20:1 supernatant and neat ADN. The desirable behavior 

of the cocrystalline 2:1 sample (FIGURE 6.6.1 a,b) is attributable both to its solid nature,  

and possibly to the role that incorporation of LiPF6 by cocrystallization can have. While a 

flat  potential  in  the  ~  1-4  V region  is  observed  for  both  the  2:1  sample  and  20:1 

supernatant sample (FIGURE 6.6.1 d), the chief difference is in the lower voltage region, 

with 2:1 having well-defined, sharp lithium metal plate and strip peaks at ~-0.3 V and 

~+0.3  V  respectively,  and  20:1  having  progressively  smaller  plating  peaks  (and 

nonexistent strip peaks, with the exception of the first cycle). This suggests that solutions 

of LiPF6 in ADN lose Li to interphase formation, which might be either inevitable for all 

LiPF6-containing samples (with 2:1 being better than 20:1 simply thanks to the greater 
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amount of Li available in the material), or partially prevented when Li is incorporated 

into a cocrystalline structure, explaining the superior behavior of 2:1. Furthermore, as 

seen  in  FIGURE 6.6.1  a  and  b,  consecutive  CV experiments  of  the  same sample  at 

different  scan  rates  show  a  certain  degree  of  reproducibility,  with  lower  scan  rates 

(FIGURE 6.6.1 b) affording larger, sharper peak currents, and not shifting significantly 

during the course of the experiment.

These results are promising, and suggest the feasibility of cycling (ADN)2 LiPF6 

in  the  presence  of  lithium  metal.  Prior  to  proceeding  with  plate-strip  experiments, 

attention  will  be  briefly  devoted  to  determining  the  transference  number  of  2:1 

ADN:LiPF6 prepared with no excess ADN.

6.7 Transference Number

Chronoamperometry and Nyquist  plots  of a pressed 2:1 ADN:LiPF6 pellet  are 

shown in FIGURE 6.7.1 a and b respectively.

 

FIGURE 6.7.1: Transference number measurement of a pressed pellet of 2:1 ADN:LiPF6 (no excess ADN). (a) 
chronoamperometry, (b) EIS of sample before (initial) and after (steady-state) chronoamperometry (inset: re-scaled 

vertical axis for better visibility).

Using the above Bruce, Vincent Evans method and corresponding equation (see 

SECTION  1.14.6  and  EQUATION  1.14.6.2),  the  above  results  afford  a  transference 
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number of 0.535 (see TABLE C3), in good agreement with the value of 0.54 reported in 

the manuscript from which this chapter originated (see SECTION 6.1). Given that the 

(ADN)2LiPF6 samples in the manuscript were prepared with excess ADN, and given that 

it  was  found  in  this  chapter  that  some  free  ADN  remains  even  after  rinsing  (see 

SECTIONS  6.3.2  and  6.4.1),  nearly  identical  transference  numbers  are  encouraging, 

indicating that overall transport properties of the (ADN)2LiPF6 system are insensitive to 

the amount of excess ADN present (unlike thermal and conductivity properties, as seen in 

SECTIONS 6.3.2 and 6.4.1).

In light of these transference number results and the electrochemical findings of 

the  previous  sections,  it  was  deemed  that  plate-strip  tests  of  pressed  pellets  of  2:1 

ADN:LiPF6 could  be  confidently  pursued,  along  with  tests  of  2:1  +  LAGP hybrids 

prepared in the same fashion.

6.8 Plate-strip

This section focuses on plate-strip results for both plain 2:1 ADN:LiPF6, as well 

as results for 2:1 + 50% wt LAGP, with and without a SiO2 coating. Given that the former 

relates to work arising from the aforementioned manuscript (see SECTION 6.1), while 

the latter is more related to the hybrid electrolytes of CHAPTER 5, these systems will be 

treated in separate sub-sections.
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6.8.1 Plate-strip of 2:1 ADN:LiPF6 (pressed pellet)

Plate-strip data of a pressed 2:1 ADN:LiPF6 pellet is shown in FIGURE 6.8.1.1 

and FIGURE 6.8.1.2.

FIGURE 6.8.1.1: Li/Li plate-strip of a pressed pellet of 2:1 ADN:LiPF6 (no excess ADN – area = 1 cm2, 1 half-cycle = 
2 hours). Red = voltage vs. time; blue = current vs. time.

FIGURE 6.8.1.2: Select segments (200 hours each) of Li/Li plate-strip of a pressed pellet of 2:1 ADN:LiPF6 (no 
excess ADN – area = 1 cm2, 1 half-cycle = 2 hours). (a,b) 0-200 hours, (c,d) 600-800 hours, (e,f) 800-1000 hours. Red 

= voltage vs. time; blue = current vs. time.

The above sample offers a reasonable voltage profile for the first ~600 hours (~25 

days);  however,  while  at  the  same  current  density  (~2  μA/cm2),  the  voltage  profile 

becomes erratic, noisy and sporadic, indicating that a possible soft short circuit might be 
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taking place (see SECTION 1.14.7), or that the Li-cocrystal interphase's properties have 

deteriorated.  While  the overall  duration of the experiment  is  ~1000 hours (~40 days, 

comparable to the one reported in the manuscript), stable plating is relatively short-lived, 

and requires very low currents. A common feature of this chapter's results and those of 

the manuscript is that both use small currents (10 μA/cm2 in the latter's case), that both 

have a limited lifetime of stable plating, i.e. ~25 days (~600 hours), in the case of the 

manuscript,  much  like  the  data  here  reported.  This  suggests  that  while  short-term 

experiments  like  CV  allow  for  reasonable  performance,  long-term  stability  is 

questionable at best. The question remains of whether is any advantage is combining 2:1 

ADN:LiPF6 with LAGP, which will be discussed in the next section.

6.8.2 Plate-strip of pressed pellets of 2:1 ADN:LiPF6 + 50% wt LAGP

Plate-strip data of a pressed pellet of 2:1 ADN:LiPF6 + 50% wt LAGP no SiO2, 

and 2:1 ADN:LiPF6 + 50% wt LAGP 2 nm SiO2 ALD are shown in FIGURE 6.8.2.1 and 

FIGURE  6.8.2.2,  respectively.  For  convenience,  these  samples  will  be  referred  to 

respectively as "no SiO2" and "2 nm SiO2".
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FIGURE 6.8.2.1: Li/Li plate-strip of a pressed pellet of 2:1 ADN:LiPF6 + 50% wt LAGP no SiO2 (area = 1 cm2, 1 half-
cycle = 2 hours). Red = voltage vs. time; blue = current vs. time.

FIGURE 6.8.2.2: Li/Li plate-strip of a pressed pellet of 2:1 ADN:LiPF6 + 50% wt LAGP 2 nm SiO2 ALD (area = 1 
cm2, 1 half-cycle = 2 hours). Red = voltage vs. time; blue = current vs. time.
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While these hybrid systems are able to undergo plating and stripping at higher 

currents than the plain 2:1 sample (5-10 μA/cm2 for no SiO2 and 2 nm SiO2, compared to 

2 μA/cm2 for 2:1), their durations are much more short-lived. Indeed, no SiO2 was run for 

~500  hours,  with  the  experiment  being  interrupted  once  the  voltage  profile  began 

showing possible signs of dendrite formation or dissolution, in the form of sharp and 

pronounced  peaks  in  the  last  100 hours  of  the  experiment  (see  SECTION 1.14.7.1). 

While  it  might  have  been  premature  to  interrupt  this  experiment,  this  was  justified, 

especially when comparing no SiO2's performance (FIGURE 6.8.2.1) with that of 2 nm 

SiO2 (FIGURE 6.8.2.2), the latter experiencing an abrupt drop in current at ~220 hours (a 

possible sign of short-circuiting, see SECTION 1.14.7). These results indicate that the 

(ADN)2LiPF6 component is not suitable for these hybrids, as already foreshadowed in 

SECTION  6.8.1.  Such  behavior  might  be  due  to  the  aforementioned  possibility  of 

unwanted side reactions between LiPF6 and impurities or SiO2 surface species, as well as 

possible high-temperature decomposition of LiPF6 itself during sample preparation (see 

SECTION 6.4.2).  If  this  were indeed the case,  trace products and liquid components 

might be responsible for further unwanted reactions between the hybrid electrolytes and 

lithium metal, leading to poor plate-strip outcomes. To this end, higher loadings of LAGP 

were  tried,  in  hopes  of  limiting  the  amount  of  unwanted  decomposition  products, 

resulting in  2:1 + 90% wt LAGP samples (see FIGURE C10 and C11).  While  these 

samples were cycled for ~3000 hours, voltage profiles were still erratic, and both samples 

ultimately experienced the abrupt drop in voltage attributable to short-circuit behavior.
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Overall,  these  results  suggest  that  the  (ADN)2LiPF6 system  is  intrinsically 

vulnerable to metallic lithium, a vulnerability that the inorganic LAGP electrolyte already 

suffers  from  (see  SECTIONS  1.10.4.1,  1.10.4.2.1,  1.11.9.1).  Given  the  limited 

performance of these systems, both from a conductivity standpoint as seen in SECTION 

6.4.2, and particularly when compared to that of the Entry 02 systems from CHAPTER 5 

(where  low  currents  were  compensated  by  long-term  stable  voltage  profiles),  the 

(ADN)2LiPF6 system can be deemed unsuitable for organic-inorganic hybrid electrolyte 

systems  (with  the  current  iteration  of  samples  prepared).  These  findings  stress  the 

importance  of  adequate  understanding  of  the  components  employed  in  hybrid 

electrolytes, both as individual materials, and in terms of their mutual compatibility. The 

following final section focuses on efforts to cycle (ADN)2LiPF6 electrolytes with high 

voltage cathodes, while employing a different anode material that avoids the unwanted 

outcomes observed for lithium metal-containing cells.

6.9 Charge-discharge

Discharge capacities and coulombic efficiencies are shown for 2:1 ADN:LiPF6 in 

glass fiber and for the model saturated solution (supernatant of 20:1 ADN:LiPF6)  are 

shown in FIGURE 6.9.1 and FIGURE 6.9.2, respectively. Charge discharge curves for 

the 100-cycle experiments are shown in FIGURE C12.
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FIGURE 6.9.1: Discharge capacities (blue) and coulombic efficiencies (orange) of LTO/2:1 rinsed/NMC-622 full 
cells; electrolyte: 2:1 ADN:LiPF6 in glass fiber separator, prepared with excess ADN and rinsed (5 μL of ADN added). 
(a) C/10, 100 cycles, no conditioning; (b) C-rate ramp, no conditioning; (c) C/10, 100 cycles, with conditioning; (d) C-

rate, no conditioning. Conditioning = C/40, 2 cycles.

 

 

FIGURE 6.9.2: Discharge capacities (blue) and coulombic efficiencies (orange) of LTO/20:1 sup/NMC-622 full cells; 
electrolyte: 20 μL supernatant of 20:1 ADN:LiPF6 in glass fiber separator. (a) C/10, 100 cycles, no conditioning; (b) C-
rate ramp, no conditioning; (c) C/10, 100 cycles, with conditioning; (d) C-rate, no conditioning. Conditioning = C/40, 2 

cycles.

The chief difference between these sets of samples can be ascribed to the solid 

(cocrystal)  or  liquid  (saturated  solution)  state  of  the  electrolyte;  overall  capacities  of 
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saturated  solution  samples  are  higher  for  long-term cycling,  which  might  be  due  to 

limited  transport  properties  of  solids  when  compared  to  liquids.  While  there  are 

noticeable differences between the cocrystal and saturated solution samples, they share 

common features that are equally if not more interesting.

For example, for the 100-cycle C/10 tests, discharge capacity rapidly declines for 

samples that have not been subjected to conditioning, both for 2:1 ADN:LiPF6 (FIGURE 

6.9.1 a) and for the saturated solution (FIGURE 6.9.2 a). Samples that instead have been 

subjected to conditioning do not have such a dramatic drop in capacity (FIGURE 6.9.1 c 

and FIGURE 6.9.2 c), though there is still a noticeable decline over the course of the 100 

cycles.  Oddly  enough,  the  situation  is  inverted  for  the  C-rate  samples:  when  no 

conditioning is applied, both 2:1 ADN:LiPF6 (FIGURE 6.9.1 b) and saturated solution 

(FIGURE 6.9.2 b) show reasonable capacity retention, with relatively modest drops in 

capacity  at  higher  C-rates  (though  the  saturated  solution  experiences  a  greater  drop, 

possibly  due  to  a  lower  amount  of  charge  carriers  when  compared  to  the  cocrystal 

sample). On the other hand, when conditioning is applied (FIGURE 6.9.1 d and FIGURE 

6.9.2 d), this treatment seems to cause a sharp drop at higher C-rates, suggesting that 

these cells are more sensitive to higher discharge rates (and the underlying currents).

One  possible  explanation  for  this  seemingly  contradictory  behavior  can  be 

formulated as a combination of overall experiment time, and the interphase that forms 

between electrolyte and electrodes. The former would be invoked to explain the lower 

capacities of C-rate cells subjected to conditioning, which causes the electrolyte to spend 

more time in contact with the electrodes, leading to unfavorable or inferior outcomes, as 
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seen in FIGURE 6.9.1 d and FIGURE 6.9.2 d. The second factor, namely the interphase 

forming between electrolyte and electrodes, suggests that when conditioning is adopted, 

the lower currents allow for gradual formation of a favorable interphase, conducive to 

long-term cycling  and preventing the  drops  in  capacity  observed for  non-conditioned 

samples.  This  gradually  formed  interphase  however  is  a  double-edged  sword,  if  this 

second  factor  is  true,  and  would  be  suited  to  lower  currents,  such  that  C-rate  cells' 

performance would suffer at the higher C-rates where higher currents are demanded.

With this possible explanation, starting C-rate tests promptly and without a long, 

low-current conditioning step would allow experiment completion in a window of time 

that  is  shorter  than the  onset  of  cell  degradation.  Conversely,  inserting a  low-current 

conditioning step causes the moderately incompatible cell components to reside together 

for  an  overall  longer  (experiment)  time,  offset  by  the  formation  of  a  more  stable 

interphase, which ultimately extends the window of time within which the cell can be 

meaningfully  cycled.  The  favorable  interphase,  while  preserving  the  cell  long-term, 

sacrifices shorter-term, high-current performance. Monitoring of symmetrical LTO/LTO 

and  NMC/NMC  cells  was  also  performed  (FIGURE  C13),  and  while  no  dramatic 

changes were observed, the LTO/LTO cell seemed to undergo slightly more noticeable 

changes, particularly when comparing the high frequency region of its spectra with those 

of the NMC/NMC cell (FIGURE C13 a and d, respectively).

The results of this section point to the feasibility of (ADN)2LiPF6 as candidate 

electrolyte  material  for  high  voltage  electrodes,  with  the  caveat  that  opportune 

conditioning of the electrochemical system needs to be factored in.
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6.10 Conclusion

This chapter concludes the work of this dissertation, and illustrates some of the 

more interesting properties of the (ADN)2LiPF6 system. The presence of free ADN is 

quantifiable with calorimetric methods, and directly affects the thermal properties of the 

material, with more ADN producing a lower dissolution temperature. ADN's presence is 

also noticeable in impedance spectroscopy characterization, with even small amounts of 

excess ADN causing significant increases in conductivity, hinting at the favorable role 

that  this  liquid  component  might  play  in  favoring  transport  properties.  While 

(ADN)2LiPF6 suffers from limited compatibility with lithium metal,  it  does not suffer 

from  this  limitation  when  combined  with  high  voltage  cathodes  like  NMC.  Use  of 

appropriate conditioning seems to improve the outcomes of extended cycling, indicating 

that optimization might be a route for achieving superior performance. This optimization 

can  include  experimenting  with  different  amounts  of  free  ADN  (either  during  cell 

assembly or as a prescribed amount during electrolyte preparation). Better understanding 

of why conditioned cells fare better under long term cycling, while cells subjected to a 

variety  of  discharge  currents  fare  worse,  requires  further  investigation,  both 

electrochemically  (EIS  and  tailored  cycling  experiments)  and  by  making  use  of 

techniques such as SEM, EDX and XPS.

This chapter also serves as an extension of the previous ones, by underscoring the 

importance  of  proper  understanding  of  the  interplay  between  organic  and  inorganic 

components in hybrid electrolytes, and thanks to the unsuccesses of hybrid systems of 

this specific chapter, further reinforce the validity of preparation routes that make use of 
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covalent attachment. In the specific case of the (ADN)2LiPF6 system, covalent attachment 

might not be directly possible (unlike with the polyether silane coupling agents of the 

other  chapters),  though  use  of  nitrile-bearing  silane  coupling  agents  might  afford 

improved interfacial and stability properties of inorganic electrolytes placed in contact 

with it.

The chief lessons learned from this chapter are that formation of the cocrystal 

results  from high temperature  dissolution,  thanks  to  low room-temperature  solubility. 

Similarly, the (ADN)2LiPF6 (2:1) cocrystal is found to be insensitive to the preparation 

method  used  (exact  amount  of  ADN  versus  excess  ADN),  with  even  the  same 

transference number values for both preparation methods. Regarding the thermal studies, 

it iss found that treating ADN and 2:1 as separate entities is a reasonable approximation 

(for the samples examined in this work).

Work on the cocrystal system can be continued by optimizing full cell cycling 

conditions and parameters, as well as employing SEM and EDX for better understanding 

the  material's  microstructure.  Should  one  wish  to  pursue  the  realization  of  ceramic-

cocrystal  hybrids,  the  use  of  nitrile-bearing  silanes  in  conjunction  with  SiO2 coated 

ceramic particles might be a viable route.

Questions  that  remain  unanswered  (or  only  partially  answered)  include  better 

understanding the nature and role of the ADN present in excess,  whether or not it  is 

experiencing confinement effects, and how it affects cycling behavior in full cells and 

symmetrical plate-strip cells. Regarding the method used for quantifying the amount of 

excess ADN present, it would be helpful to determing whether or not it holds true for 
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different,  more  extreme  compositions  (e.g.  10:1,  20:1),  or  if  there  are  significant 

deviations (and if yes, why). Furthermore, the role that ADN seems to have in improving 

conductivity needs to be better quantified: it should be ascertained what role (if any) it 

might have in intergrain ion transport and stability against Li metal. More fundamentally, 

if  indeed  excess  ADN has  a  role  in  conduction,  the  transport  mechanism should  be 

elucidated,  in  hopes  of  putting  it  to  use  in  any  future  cocrystalline  materials  that 

incorporate ADN as an additional component.

Lastly,  manufacturing-related  questions  remain  to  be  answered,  since  they 

represent some of the road blocks to successful use in commercial cells (in addition to the 

above hurdles already listed). These include successfully preparing thinner layers of the 

material,  which  in  turn  requires  incorporating  the  cocrystal  into  thinner  separators. 

Another  specific  question  to  address,  if  possible,  is  the  development  of  alternative 

cocrystal preparation methods, which don't require such high temperatures. For example, 

these could include the combination of ADN with a solvent that dissolves both ADN and 

LiPF6, followed by evaporation, or other more innovative approaches.

Overall, the results of this chapter point to attractive, future possibilities for novel 

electrolyte materials, making use of cocrystallization as a route for converting mundane 

materials into novel, soft and solid electrolytes.
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CHAPTER 7

CONCLUSION AND OUTLOOK

This chapter summarizes and synthesizes the work described in this dissertation, 

by highlighting chief findings and tying them to how they helped advance the work, as 

well as shed light on understanding the systems investigated.

In Chapter 3, components for later model systems were characterized. A suitable 

polymer  electrolyte  matrix,  capable  of  covalent  attachment,  was  also  identified  and 

characterized.  Notable  findings  of  this  chapter  were  the  utility  of  a  systematic 

investigation of equivalent circuits (an approach also used in subsequent chapters), as 

well as successful Li/Li plating and stripping of the polymer matrix. The most important 

lesson from this chapter was that the inclusion of coupling moieties, like alkoxy silanes, 

requires balancing with good mechanical  and electrochemical  properties.  This  was in 

keeping with the balancing act  often associated  with  research  on hybrid electrolytes; 

awareness of this constraint cannot be ignored, not even during initial development, if 

headway is to be made.

Chapter 4 centered on understanding the nature of the organic-inorganic interface, 

within  the  context  of  a  covalently  attached  polymer  electrolyte  and  a  silica-coated 

inorganic electrolyte. Model systems made use of planar geometry configurations, as a 

way to render the problem tractable. Systems pairing plates of inorganic electrolyte and 

either  non-covalently  interacting  organic  electrolytes  (solvated  ionic  liquid  and 

methylcellulose gel films) or covalently interacting ones (silane polymer electrolyte Entry 
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02)  were  used.  The  chief  highlight  of  this  chapter  was  the  absence  of  a  unique 

contribution of the SiO2 layer, which instead was detected as a change in resistance of 

features already present in plain samples. This result was afforded with the help of the 

systematic investigaton of equivalent circuits, developed in the previous chapter and here 

employed as simple combinations of equivalent circuits of model system components 

(e.g. ceramic and gel, ceramic and polymer). Another important lesson was in part that 

the organic component's conductivity plays an important role in the system's sensitivity to 

interfacial resistance, with lower conductivity electrolytes being much more susceptible; 

the other part of this same lesson was that this sensitivity can be mitigated by use of 

covalent attachment.

Chapter 5 focused on studying impedance behavior of these systems, for a range 

of mass loadings and SiO2 coating thicknesses; attention was also dedicated to long-term 

plate-strip  experiments  of  some hybrid  systems.  The  most  interesting  finding  of  this 

chapter  arose from the equivalent  circuit  investigation,  which revealed that  for  lower 

loadings,  impedance  data  suggests  two  possible  regions  of  conduction,  polymer  and 

polymer-ceramic  interface.  On  the  other  hand,  for  higher  loadings,  impedance  data 

suggests three possible regions of conduction, i.e. polymer, interface and bulk ceramic. 

Plate-strip  data  indicated  furthermore  that  the  presence  of  SiO2 coating  on  ceramic 

particles is conducive to a lower voltage profile, and longer cycling experiments. Overall, 

the results of this chapter open up possible routes to lithium-tolerant electrolyte materials.

Overall,  the  picture  that  emerges  from  Chapters  3,  4  and  5 is  a  cautiously 

optimistic one, where it might indeed be possible to produce lithium-tolerant electrolytes 
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– even lithium-resistant ones – by starting with relatively common and cheap starting 

materials, by way of covalent attachment of the organic component to the inorganic one. 

A possible path to all-solid-state lithium metal batteries, within the context of current 

manufacturing techniques and materials, might indeed develop along the findings of this 

work.

Chapter  6,  which  broke  away  from  the  focus  on  hybrid  electrolytes  of  the 

previous  chapters (though there was some overlap),  saw thermal  and electrochemical 

behavior as its chief focal points. From a thermal standpoint, the chief finding of this 

chapter was that reversible dissolution-precipitation (or melt-recrystallization) is possible 

for the cocrystal if confined in sealed container. Always relating of this finding was that 

the presence of ADN, beyond the amount needed for nominal composition, lowers the 

system's melt temperature and broadens the melt endotherm (extra ADN was also found 

to improve conductivity). Area where the cocrystal suffered most were Li/Li plate-strip 

experiments, both for the plain cocrystal and for hybrids of the cocrystal and ceramic. A 

more encouraging finding was that full cells avoiding the use of Li metal are able to cycle 

for  at  least  100  cycles;  furthermore,  conditioning  was  found  to  help  with  long-term 

cycling, harms rate capabilities.

As  can  be  seen,  the  work  described  in  this  dissertation  is  centered  around 

developing  solid,  hybrid  electrolytes  for  all  solid  state  lithium  batteries,  and 

understanding  their  properties  and  limitations.  A  route  for  both  preparing  and 

characterizing these materials has been traced, with a foundation being laid for future 

hybrid  electrolytes,  using  covalent  attachment  as  a  means  for  mitigating  interfacial 
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limitations. The understanding and use of novel cocrystalline electrolytes has similarly 

been amplified, contributing towards future realization of battery technologies that might 

make  use  of  these  materials.  The  feasibility  of  polymer-ceramic  hybrid  electrolytes, 

empowered by a greater understanding of these systems, points to the development of 

solid-state  batteries  that  can  be  realized  with  relatively  cheap  starting  materials,  and 

without the need for excessively complex manufacturing techniques. It is hoped that this 

work contributes to furthering the goal of lithium metal batteries, and more generally to 

ushering in an era of greater sustainability.
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APPENDIX A

SUPPLEMENTARY TABLES AND FIGURES FOR CHAPTER 4: OVERLAYS, 

EQUIVALENT CIRCUITS, EQUIVALENT CIRCUIT INVESTIGATION, FITTED 

MODELS, BAR GRAPHS

TABLE A1:  Overlays  of  liquid  +  ceramic  model  systems (areal  resistance);  “small”, 

“medium”, “large” refer to levels of detail.
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TABLE  A2:  Overlays  of  liquid  +  ceramic  model  systems  (resistivity);  “small”, 

“medium”, “large” refer to levels of detail.

664



TABLE  A3:  Overlays  of  film  +  ceramic  model  systems  (areal  resistance);  “small”, 

“medium”, “large” refer to levels of detail.
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TABLE A4: Overlays of film + ceramic model systems (resistivity); “small”, “medium”, 

“large” refer to levels of detail.
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TABLE A5: Overlays of Entry 02 + ceramic model systems (areal resistance); “small”, 

“medium”, “large” refer to levels of detail.
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TABLE  A6:  Overlays  of  Entry  02  +  ceramic  model  systems  (resistivity);  “small”, 

“medium”, “large” refer to levels of detail.
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FIGURE A1: Equivalent circuits investigated for individual components’ behaviors.
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FIGURE A2: Equivalent circuits investigated for model systems’ behaviors.
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TABLE A7: Equivalent circuits investigated for Entry 02 + ceramic model systems.

TABLE A8: Components and individual liquid + ceramic model systems, as well as fitted 

curves (areal resistance, small level of detail).
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TABLE A9: Components and individual liquid + ceramic model systems, as well as fitted 

curves (resistivity, small level of detail).

TABLE A10: Components and individual liquid + ceramic model systems, as well  as 

fitted curves (areal resistance, medium level of detail).
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TABLE A11: Components and individual liquid + ceramic model systems, as well as 

fitted curves (resistivity, medium level of detail).

TABLE A12: Components and individual liquid + ceramic model systems, as well  as 

fitted curves (areal resistance, large level of detail).
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TABLE A13: Components and individual liquid + ceramic model systems, as well  as 

fitted curves (resistivity, large level of detail).
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TABLE A14: Components and individual film + ceramic model systems, as well as fitted 

curves (areal resistance, small level of detail). Red border = model system at 90 °C.
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TABLE A15: Components and individual film + ceramic model systems, as well as fitted 

curves (resistivity, small level of detail). Red border = model system at 90 °C.
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TABLE A16: Components and individual film + ceramic model systems, as well as fitted 

curves (areal resistance, medium level of detail). Red border = model system at 90 °C.
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TABLE A17: Components and individual film + ceramic model systems, as well as fitted 

curves (resistivity, medium level of detail). Red border = model system at 90 °C.
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TABLE A18: Components and individual film + ceramic model systems, as well as fitted 

curves (areal resistance, large level of detail). Red border = model system at 90 °C.
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TABLE A19: Components and individual film + ceramic model systems, as well as fitted 

curves (resistivity, large level of detail). Red border = model system at 90 °C.

TABLE A20: Components and individual Entry 02 + ceramic model systems, as well as 

fitted curves (areal resistance, small level of detail). Red border = model system at 90 °C.
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TABLE A21: Components and individual Entry 02 + ceramic model systems, as well as 

fitted curves (resistivity, small level of detail). Red border = model system at 90 °C.

TABLE A22: Components and individual Entry 02 + ceramic model systems, as well as 

fitted curves (areal resistance, medium level of detail). Red border = model system at 90 

°C.
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TABLE A23: Components and individual Entry 02 + ceramic model systems, as well as 

fitted curves (resistivity, medium level of detail). Red border = model system at 90 °C.

TABLE A24: Components and individual Entry 02 + ceramic model systems, as well as 

fitted curves (areal resistance, large level of detail). Red border = model system at 90 °C.
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TABLE A25: Components and individual Entry 02 + ceramic model systems, as well as 

fitted curves (resistivity, large level of detail). Red border = model system at 90 °C.

TABLE A26: Bar graphs of liquid + ceramic model systems (areal resistance). Solid = 

bulk resistance (Rb), diagonal hatched = interfacial resistance (Rint).

683



TABLE A27: Bar graphs of liquid + ceramic model systems (resistivity). Solid = bulk 

resistance (Rb), diagonal hatched = interfacial resistance (Rint).

TABLE A28: Bar graphs of film + ceramic model systems (areal resistance). Solid = bulk 

resistance  (Rb),  diagonal  hatched  =  interfacial  resistance  (Rint).  Red  asterisk  =  error 

exceeds fitted value.
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TABLE A29: Bar graphs of film + ceramic model systems (resistivity).  Solid = bulk 

resistance  (Rb),  diagonal  hatched  =  interfacial  resistance  (Rint).  Red  asterisk  =  error 

exceeds fitted value.

TABLE A30: Bar graphs of Entry 02 + ceramic model systems (areal resistance). Solid = 

bulk resistance (Rb), diagonal hatched = interfacial resistance (Rint). Red asterisk = error 

exceeds fitted value.
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TABLE A31: Bar graphs of Entry 02 + ceramic model systems (resistivity). Solid = bulk 

resistance  (Rb),  diagonal  hatched  =  interfacial  resistance  (Rint).  Red  asterisk  =  error 

exceeds fitted value.
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TABLE A32: Equivalent circuits investigated for Entry 02 + MTI model systems, Li/Li 

symmetrical cells. Numbers refer to “goodness of fit”.
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APPENDIX B

SUPPLEMENTARY TABLES FOR CHAPTER 5
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TABLE B2: Tally of number and percentage of systems successfully fit with proposed 

equivalent circuits, using circuits intended for single components. Tally has been broken 

down into systems containing LAGP and SiO2.
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TABLE B3: Tally of number and percentage of systems successfully fit with proposed 

equivalent  circuits,  using circuits  intended for  model  systems.  Tally has  been broken 

down into systems containing LAGP and SiO2.
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TABLE B4:  Outcome of equivalent circuit investigation for hybrid electrolyte systems 

(Li/Li plate-strip).  Left: circuits intended for single components; right: circuits intended 

for  model  systems. Question marks  denote  models  where error  value is  smaller  than 

modeled value; numbers denote “goodness of fit”.
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TABLE B5: Comparison of equivalent circuit investigations for hybrid electrolytes, using 

circuits intended for single components. Left: samples in a blocking SS/SS configuration; 

right: samples in symmetrical Li/Li plate-strip cells.
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TABLE B6: Comparison of equivalent circuit investigations for hybrid electrolytes, using 

circuits intended for model systems. Left: samples in a blocking SS/SS configuration; 

right: samples in symmetrical Li/Li plate-strip cells.
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APPENDIX C

SUPPLEMENTARY FIGURES AND TABLES FOR CHAPTER 6

FIGURE C1 (a-d 1 day old, e-h fresh): DSC thermograms of (a-d) 2:1 ADN:LiSbF6 (raw 

ingredients in-situ, 1 day old) and (e-h) 2:1 ADN:LiSbF6 (raw ingredients in-situ, same 

day).  1st  cycle:  a,e;  2nd cycle:  b,f;  3rd cycle:  c,g;  4th cycle:  d,h.  Table  summarizes 

thermal data and sequence of cycles and segments.
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FIGURE C2: Observed dissolution temperatures as a function of ADN:LiPF6 molar ratio.

TABLE C1: Solubility limits of LiPF6 in neat ADN, and of 2:1 ADN:LiPF6 cocrystal in 

neat ADN (visual observations included under “status”). Note: calculated molarities do 

not reflect incomplete dissolution (e.g. “not dissolved”, “cloudy”).

FIGURE C3 (ADN neat): DSC thermograms of neat ADN. (a) 1st cycle, (b) 2nd cycle, 

(c)  3rd cycle.  Experiment starts by heating at  RT and finishes by heating to 120 °C. 

Credit: Birane Fall.
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FIGURE C4 (20-1 supernatant): DSC thermograms of supernatant of 20:1 ADN:LiPF6. 

(a) 1st cycle, (b) 2nd cycle, (c) 3rd cycle. Experiment starts by cooling at RT and finishes 

by cooling to RT.

FIGURE C5: Flow chart of calculations for determining amount of free ADN from DSC 

data.  Left:  no  correction  for  areas;  right:  correction  included  (corrective  areas  are 

highlighted in red). Abbreviations: A = area (J/g); 2:1 = 2:1 ADN:LiPF6; A 2: 1
pure = area of 

a sample of only 2:1 ADN:LiPF6 (no excess ADN); AADN
pure = area of a sample of only 

neat ADN.
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FIGURE C6: (a) Nyquist and (b) conductivity plots of ADN (in glass fiber separators, 

unless noted otherwise). Note: no conductivity for Celgard ring sample, due to cell failure 

prior to experiment.

 

FIGURE C7: (a) Nyquist and (b) conductivity plots of supernatant of 20:1 ADN:LiPF6 (in 

glass fiber separators, unless noted otherwise).
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FIGURE C8: (a) Nyquist and (b) conductivity plots of 2:1 ADN:LiPF6 (excess ADN, 

rinsed).  Red curve:  sample made and measured by Birane Fall.  Green curve:  sample 

made by Birane Fall, Prabhat Prakash.

 

FIGURE C9: (a) Nyquist and (b) conductivity plots of pressed pellets of ADN and LiPF6 

systems (no excess ADN).
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TABLE C2 (conductivities of sat soln LiPF6 in ADN): Room-temperature conductivities 

of ADN and saturated solutions of LiPF6 in ADN.

TABLE C3 (2-1 neat, transference number): Transference number measurement data for 

pressed pellet of 2:1 ADN:LiPF6 (no excess ADN).
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FIGURE C10 (2-1 + 50% LAGP no SiO2): Li/Li plate-strip of a pressed pellet of 2:1 

ADN:LiPF6 + 90% wt LAGP no SiO2 (area = 1 cm2,  1 half-cycle = 2 hours). Red = 

voltage vs. time; blue = current vs. time.
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FIGURE C11 (2-1 and 90% LAGP 2nm SiO2): Li/Li plate-strip of a pressed pellet of 2:1 

ADN:LiPF6 + 90% wt LAGP 2 nm SiO2 ALD (area = 1 cm2, 1 half-cycle = 2 hours). Red 

= voltage vs. time; blue = current vs. time.
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FIGURE C12: Charge-discharge curves of ADN-LiPF6 systems in LTO/electrolyte/NMC-

622 full cells. (a) and (b): 2:1 ADN:LiPF6 in glass fiber separator, prepared with excess 

ADN and rinsed (5 μL of ADN added). (c) and (d): 20 μL supernatant of 20:1 ADN:LiPF6 

in glass fiber separator. (a) 100 cycles, C/10 no conditioning; (b) 100 cycles, C/10 with 

conditioning;  (c)  100  cycles,  C/10  no  conditioning;  (d)  100  cycles,  C/10  with 

conditioning. Conditioning = C/40, 2 cycles.
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FIGURE C13:  Nyquist  plots  of  electrode/electrode symmetrical  cells,  monitored over 

time (1 week), with 2:1 ADN:LiPF6 excess ADN rinsed (5 μL of ADN added), glass fiber 

separator. (a-c) LTO/LTO symmetrical cell; (d-f) NMC/NMC (NMC-622) symmetrical 

cell.  (a,d) high frequency region; (b,e) medium frequency region; (c,f)  low frequency 

region. All spectra acquired in the range 1 MHz – 10 mHz.
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