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ABSTRACT 

NOVEL SOLID-STATE ELECTROLYTES WITH IMPROVED ELECTRONIC 

PROPERTIES AS HYBRID IONICALLY-CONDUCTING BATTERY MATERIALS 

 

As global energy consumption moves away from fossil fuel sources to alternative 

energy, the concern for energy storage is paramount. Through lithium ion batteries (LIBs), 

secondary battery storage has been secured for both large applications of electric vehicles, 

solar storage, and smaller items like personal cell phones and laptops. However, LIBs use 

flammable liquid electrolytes and due to engineering defects or dendritic short-circuits 

have the potential to swell, catch on fire, or even explode because of the volatile organic 

solvents within the battery. In the pursuit of new commercial lithium ion battery 

technologies that are safe, nonflammable, and highly conductive, solid-state electrolytes 

(SSE) are promising candidates for these critical innovations.  

To achieve SSEs with electrochemically and functionally desirable properties such 

as ease of manufacturing, good adherence to electrodes, and high ionic conductivities, 

continued efforts are devoted to improving electrolyte materials. The two main electrolyte 

types of interest are polymer electrolytes and ceramic electrolytes. Although polymer 

electrolytes have desirable physical flexibility to form good contact with electrode 

surfaces, they continually suffer from low ionic conductivities comparatively. Meanwhile 

ceramic electrolytes have high ionic conductivities (especially high cationic conductivities) 

but suffer from both poor electrode contact and brittleness. Single-ion conductive materials 

(like most ceramic conductors) are necessary to increase lifetime performance of batteries. 

An avenue to access these necessary attributes in LIB-SSEs is explored through novel 
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boron-containing polymers and polymer-ceramic hybrids with the focus to synthesize a 

material with a high lithium transference number.  

By exploiting the Lewis basic nature of borane centers to form negatively charged 

polymer backbones, novel solid-state electrolytes were synthesized with the goal of 

creating only cation-conductive polymer networks by incorporating the anionic component 

within the polymer matrix. The synthesis, chemical and electrochemical characterization 

of these types of polymers and polymer-ceramic hybrids are analyzed by various 

techniques including x-ray diffraction, thermal gravimetric analysis, nuclear magnetic 

spectroscopy, gel permeation chromatography, electrochemical impedance spectroscopy 

and lithium transference number characterization.  
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CHAPTER 1:  

INTRODUCTION 

As the negative impact of fossil fuel utilization becomes increasingly apparent— 

pollution, environmental damage, and more severely, global warming climate change—the 

transition to alternative energy is imperative. The far-reaching consequences of fossil fuels 

are experienced in cities with dangerous smog levels, in bleaching of coral reefs due to 

higher ocean temperatures and acidity (from both the green house effect and dissolved 

carbon dioxide), and, alarmingly, in earth’s average land and ocean temperature rising 

0.18°C on average per decade (reported as nearly triple the average prior to the 1980s).1–3 

Each of these issues impact both daily quality of living and the sustainability of 

interdependent ecosystems. Currently the estimated percent of global energy consumption 

is 81 pecent from fossil fuel sources (including coal, natural gas, oil), 14 percent from 

nuclear and bioenergy sources renewable sources and 5 percent from renewable sources as 

 

Figure 1.1: International Energy Agency energy report from 2018 comparing the global 

primary energy sources, the respective electricity generation, and CO2 emission4 
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reported from the International Energy Agency (IEA) in 2018.4 To decelerate fossil fuel 

impacts and reduce environmental damage, the use of clean energy, which would reduce 

carbon dioxide production or the “carbon footprint”, is of utmost importance. As of 2018, 

about 23 percent of electricity generation was derived from alternative sources of power, 

but only a meager 5 percent from wind power and 2 percent from solar photovoltaic cells.5 

Figure 1.1 summarizes data from the 2018 IEA report: percentage of primary energy 

sources, percentage of an energy source use for electricity production, and carbon dioxide 

main emission sources.4 To reduce carbon emissions, it is critical to increase sources of 

alternative energy while reducing fossil fuel consumption to improve air quality, remove 

toxic by-products and limit the average annual global temperature increase.  

 Among alternative energy sources, solar power remains one of the top “clean 

energy” contenders due to low environmental impact. For perspective, the U.S. Energy 

Information Administration estimates the annual primary global energy consumption from 

2018 as 20TW, while the sun delivers over 120,000TW of energy.6,7 In other words, the 

sun provides more energy in 1 hour than the global energy demand for a full year.8 A major 

problem is there must be a means to store solar energy that remains unused during daylight 

hours while photons are available for harvest. Storage is critical not only to supply energy 

at any time of day but to reduce the dependence on traditional fossil fuels as the primary 

energy source.  

The means to store solar energy, especially for electricity generation, is through 

rechargeable or secondary batteries such as high-efficiency lithium ion batteries.9 

Renewable energy storage through secondary batteries is crucial in meeting both the energy 

demands of the global community as well as simultaneously reducing fossil fuel 
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consumption and green house gas emissions.10 Developing high-efficiency lithium ion 

batteries must meet criteria for both energy density and power density output to operate 

consumer electronics.11 Devices such as laptops, cellphones, and electric vehicles need 

battery innovations to keep up with consumer energy demands. Current reusable energy 

storage systems have reached practical limits due to chemical stabilities and design 

limitations, described further below.  

The conventional lithium ion battery (LIB) meets most power and energy density 

demands but has apparent safety issues due to the possibility of fires or explosions.12 

During the battery charging and discharging process, elemental lithium can deposit onto 

an electrode. This elemental lithium can form a dendrite, often a spindle-like growth, or 

can break off the electrode surface, which forms a “dead” patch of lithium that decreases 

the total battery capacity. Even worse, when dendrites grow from one electrode through 

the electrolyte and reach the opposite electrode, a short-circuit pathway is created. This 

short-circuit pathway leads to thermal runaway, heats the volatile organic solvent in the 

electrolyte, and causes hazardous flammability issues. To replace these widely used 

secondary batteries with safer batteries, solid-state electrolytes (SSEs) are a promising area 

of research for commercial battery innovation. SSEs are a desirable alternative due to the 

replacement of solvent with nonflammable inorganic materials and higher mechanical 

toughness against dendrite formation. Compared to traditional LIB electrolytes, solid-state 

electrolytes have many advantages. In general, SSEs are inherently safer because 

traditional flammable volatile organic solvent is replaced by safer non-flammable 

materials. Further, they can operate at high-temperatures.  Certain classes of SSEs have 

high lithium transference numbers, 𝑡𝐿𝑖+ , the fraction of lithium (cation) ions that carry the 



4 

current. Single-ion conductors (SICs) are defined as 𝑡𝐿𝑖+=1, meaning the only active 

component is the lithium ion species. SICs often have long life-times of operation due to 

fewer decomposition and degradation pathways of the electrolyte components at the anode 

and cathode redox potentials—important to both maintain high battery capacities, stable 

solid electrolyte interfaces, and low rate of lithium dendritic growth.13,14  

1.1 Traditional Lithium Ion Batteries 

The general design of lithium ion batteries (LIBs) is illustrated in Figure 1.2 

reproduced from Goodenough et. al., where the electrolyte is sandwiched between an anode 

and cathode material, where µA  is the chemical potential of the anode, µC is the chemical 

potential of the cathode, Eg is the electron energy gap between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy 

levels of the electrolyte and eVoc is the electron open-circuit voltage of the cell.11,15 

Typically commercial LIB cells have an organic liquid electrolyte with a polymer separator 

to prevent the anode and cathode materials from contacting one another and shorting the 

 

Figure 1.2: Battery component schematic and respective chemical potentials  
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cell during assembly and use. The electrochemical performance of a battery depends on 

careful selection of electrode materials and electrolyte to minimize side reactions and 

detrimental interface development.16 As shown in Figure 1.2 the electrolyte must have a 

chemical potential window that is greater than the anode and cathode gap. Specifically the 

LUMO of the electrolyte needs to be greater than the anode HOMO and the HOMO of the 

electrolyte needs to be lower than the LUMO of the cathode to avoid unwanted chemical 

reactions.  

Currently LIBs are hindered by the inability to use lithium metal as an anode to 

achieve the full theoretical capacities of battery systems. Lithium metal anodes have low 

cycling efficiencies due to the instability of most electrolyte pairings and the tendency to 

form dendrites during charge/discharge cycles.17 The high theoretical specific capacity of 

3860 mAhg-1 for lithium metal is inaccessible by other anodic materials due to its low 

density of (0.59 g·cm-3)  and lowest electrochemical potential (-3.040 V vs. standard 

hydrogen electrode).18 The theoretical specific capacity of other anodic materials such as 

graphite and Li4Ti5O12 (LTO) are 372 mAhg-1 and 175 mAhg-1 respectively—an order of 

magnitude less than lithium metal anodes; this translates to battery cells that have limited 

charge per gram and much lower capacities than possible.16,19 Further limitations of the 

battery capacity stems from the theoretical capacities of cathodic materials including 

common: LiCoO2 at 274 mAhg-1, LiNiO2 at 275 mAhg-1,  LiFePO4 at 170 mAhg-1.9,20,21  

 

1.2 Solid-State Lithium Ion Batteries 

Solid-state LIBs remove traditional volatile liquid organic solvents from the battery 

cell construction in favor of electrolyte components in the solid phase. This configuration 
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requires a solid-phase electrolyte that shuttles conductive ions to power electronics. To 

implement commercial solid-state electrolytes, there are several issues that still need to be 

addressed. Common challenges for SSEs include: poor physical interfacial contact, 

mechanical failure due to volume fluxuation causing contact failure, and solid-state 

electrolyte-electrode interface degradation.22–24 

1.3 Necessary Characteristics for Commercial Batteries 

1.3.1 Electrochemical Properties 

For batteries to be marketable they must meet the needs of high ionic conductivity 

(≥10-4 S·cm-1), high lithium (cation) transference number (ideally 𝑡𝐿𝑖+=1) and a large 

electrochemical potential (upwards of 4V).11 Additionally batteries need to have long life-

times and cyclability to be practical; the battery life-time is the number of charge-discharge 

cycles completed at or above 80% coulombic efficiency.25 The coulombic effienciency is 

defined by Equation 1.1: 

𝜂 =
𝐶𝑑

𝐶𝑐
 (1.1) 

Where 𝐶𝑑 is the discharge capacity, and 𝐶𝑐 is the charge capacity of the cell during 

a single cycle (typically given in Amp-hr) which describes how much of the maximum 

energy can be extracted from the battery under study at specific conditions.26 Table 1.1 

lists classic electrolytes to showcase general trends of different types of electrochemical 

materials, their conductivities and their respective flammability tolerance, reproduced by 

the review from Goodenough and Kim.11 
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Electrolytes Example of Classical Electrolytes Ionic 

Conductivity 

(10-3 S·cm-1 

at RT) 

Electrochemical 

Window (V) vs Li+ 

verus Li+/Li0 

 

Reduction | Oxidation 

Flammability 

Liquid Organic 1M LiPF6 in EC:DEC (1:1) 

1M LiPF6 in EC:DMC (1:1) 

7 

10 

1.3 

1.3 

4.5 

>5.0 

Flammable 

Ionic Liquid 1M LiTFSI in EMI-TFSI 

1M LiBF4 in EMI-BF4 

2.0 

8.0 

1.0 

0.9 

5.3 

5.3 

Non-flammable 

Polymer LiFSI-P(EO/MEEGE) 

LiClO4-PEO8 + 10 wt% TiO2 

0.1 

0.02 

<0.0 

<0.0 

4.7 

5.0 

Flammable 

Inorganic 

Solid 

Li4-xGe1-xPxS4 (x – 0.75) 

0.05Li4SiO4 + 0.57Li2S + 0.38SiS2 

2.2 

1.0 

<0.0 

<0.0 

>5.0 

>8.0 

Non-flammable 

Inorganic 

Liquid 

LiAlCl4 + SO2 70 - 4.4 Non-flammable 

Liquid Organic 

+ Polymer 

0.4LiPF6 + 0.2EC + 0.62DMC + 

0.14PAN 

LiClO4 + EC + PC + PVdF 

4.2 

 

3.0 

- 

 

- 

4.4 

 

5.0 

Flammable 

Ionic Liquid + 

Polymer 

1M LiTFSI + P13TFSI + PVdF-HFP 0.18 <0.0 5.8 Less-flammable 

Ionic Liquid + 

Polymer + 

Liquid Organic 

56 wt% LiTFSI-Py24TFSI + 30 wt% 

PVdF-HFP + 14 wt% EC/PC 

0.81 1.5 4.2 Less-flammable 

Polymer + 

Inorganic 

Solid 

2 vol% LiClO4-TEC-19 + 98 vol% 

95(0.3Li2S + 0.4Li2S) + 5Li4SiO4 

0.03 <0.0 >4.5 Non-flammable 

Table 1.1: Common Electrolytes Respective Electrochemical and Flammability 

Properties 

 

1.3.2 Ionic Conductivities 

Ionic conductivity, 𝜎, is a measure of electrical conductivity due to the motion of 

ions from one vacancy site to another within a material. Typically 𝜎  is given in units of 

S·cm-1 or Siemens per centimeter, and refers to how well a system conducts electrical 

charge (the inverse of ohm, Ω, which refers to the electrical resistance of a system).  

Lithium ion batteries, especially those composed of SSEs, must have high ionic 

conductivities to be commercially competitive (values at or above 10-4 S·cm-1), defined by 

Equation 1.2:  

𝜎 =
𝑙

𝑅𝐴
 (1.2) 
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Where 𝑙 is thickness of a sample in centimeters, 𝑅 is the resistance in ohms, and 𝐴 

is the surface area in centimeters squared.  

 The ionic conductivity is related to the Arrhenius equation. The Arrhenius equation 

relates temperature dependence of reaction rates, given by Equation 1.3: 

𝑘 = 𝐴𝑒
−

𝐸𝑎
𝑘𝐵𝑇 (1.3) 

Where k is the rate constant or frequency of collisons that produce a reaction, A is 

the pre-exponential factor (frequency factor) in reciprocal time (s-1), 𝐸𝑎 is the activation 

energy in joules per mole, 𝑘𝐵 is the Boltzmann constant in joules per Kelvin, and T is the 

temperature in Kelvin.27 Since k is a rate constant that describes successful reaction 

collisons, relating Arrhenius equation to ionic conductivity, σ, can also be interpreted as 

the rate of successful ion hop movements.  Ionic conductivity in terms of ion mobility is 

described by Equation 1.4: 

𝜎 = 𝑛𝑞𝜇 (1.4) 

Where 𝑛 is ion concentration, 𝑞 is charge of the mobile ion, 𝜇 is the mobility of the 

ion carrier in meters squared per second times voltage (m2·s-1·V).28 In solid materials, the 

ion transport model is described by classic diffusion where an ion hops from one lattice 

site to an adjacent vancant site.29 High conductivity is portionally related to having both 

low activation energy and high number of ion carriers. Typically as activation energy 

decreases, the ionic conductivity increases; this can be interpreted as the energy required 

for ions to “hop” across vacancies is decreased and thus increases the opportunity for ions 

to move, as described by the relationships of equations 1.3 and 1.4.30 

The ion “hop” between adjacent sites with direct, low energy pathways is an 

important aspect of successful solid-state electrolytes.31 Further, grain boundary resistance 
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between crystalline particles should be minimal to maximize conductivity of the system. 

One study of this phenomena was done with the solid-state electrolytes LiI and CaF2. A 

composite of LiI with Al2O3 and a composite of CaF2 with SiO2 were shown to minimize 

grain boundary resistances to improve conductivity.32 The improvement with the 

composite system is due to increasing ion carrier contributions and reducing the effect of 

an insulating surface of boundary layers.33 The introduction of the second phase (here 

Al2O3 or SiO2) produce more vacancy defect sites that ions can move through when 

compared to the parent materials LiI or CaF2 which increases ionic conductivity overall.  

1.3.3 Lithium Transference Number 

Lithium ion transference number, 𝑡𝐿𝑖+, is proportional to the current of cations over 

the total current of ions present in an electrolyte system.34 The 𝑡𝐿𝑖+can be calculated using 

the equation provided by Evans et al. (Equation 1.5):  

𝑡𝐿𝑖+ =
𝐼𝑆𝑆(∆𝑉 − 𝐼0𝑅0)

𝐼0(∆𝑉 − 𝐼𝑆𝑆𝑅𝑆𝑆)
(1.5) 

Where I = current (A), ΔV = applied potential (V) (direct current (DC)), R= 

resistance (ohms) (SS refers to the steady-state at which point the current is constant). The 

importance of lithium transference number (or cation transference number) is that it 

describes the carrier of the ion in the energetic redox reaction during charging and 

discharging of the battery. Single-ion conductors are desirable to increase the lifetime of 

the battery by preventing accumulation of anions and polarization effects to maintain high 

coulombic efficiency.35 Typically polymers suffer from low 𝑡𝐿𝑖+ ≈ 0.3 but increases to 

𝑡𝐿𝑖+ ≈ 0.6 within hybrid systems such as PEO with 10% w/w Al2O3 or TiO2.
16 
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1.3.4 Electrochemical Performance 

There are several other important electrochemical tests to understand the 

performance of a battery system. These tests include linear sweep voltammetry (LSV), 

cyclic voltammetry (CV) and cycling tests. Linear sweep voltammetry determines the 

working voltage range of the battery by monitoring current versus potential (V vs. Li(s)), 

where the onset potential determines the upper limit of the electrolyte working voltage. 

This upper limit is used to establish the operating voltage window of the electrolyte system 

in cyclic voltammetry, where the current versus potential is monitored for redox 

decomposition events of the electrolyte at the anode and reversibility of the system to plate 

and strip lithium from the electrode surfaces.  SSEs are often associated with wide 

electrochemical windows from 0-5V, with a Li|SSE|inert blocking electrode.29 Lastly, the 

battery system is studied by cycling (charge and discharge plots monitoring current versus 

voltage) with symmetrical coin cells (SS|Li Foil|Electrolyte|Li Foil|SS) to determine both 

the efficiency and capacity. As a battery is charged and discharged for the first cycle there 

is a capacity drop due to the formation of solid-electrolyte interphase (SEI) layer between 

the electrolyte and electrodes (described further in the next section). Each time the battery 

is then cycled for charge and discharge there is a possibility of some lithium becoming 

“dead lithium” forming solid-electrolyte interphase layer components of the lithium with 

electrolyte decomposition products.   

1.3.5 Safety and Properties 

There are general characteristics that an electrolyte or battery system need in order 

to be functional: high ionic conductivity, wide temperature stability, chemical stablity, non-
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flammablity, and dendrite permeation resistance. The United States Advanced Battery 

Consortium (USABC) established that actual use simulation tests for electric vehicle 

batteries would be defined by extreme location temperature averages in the United States; 

to determine if a battery remains viable for electric vehicles in that temperature range. 

Therefore, the cycle testing must be performed under a wide temperature range of ≤ -8°C 

to ≥ 38°C.25 SSEs typically form interface layers through several pathways: the reduction 

of the electrolyte at the negative electrode (anode) and oxidation of the electrolyte at the 

positive electrode (cathode) due to the thermodynamic instability, chemical instability of 

the electrolyte with the electrode, or by in situ electrochemical reactions during 

charge/discharge cycling.29 Stable interphase layers are desirable to facilitate ion condution 

but remain electronically insulating.36 Traditional liquid organic electrolytes like those 

listed in Table 1.1 approach very high ionic conductivity values of 10-1 S·cm-1 but are 

flammable. Meanwhile, non-traditional inorganic solid electrolytes also are competitive at 

values of 10-1 S·cm-1 but are non-flammable. Some of the discrepancy of how chemically 

stable or non-flammable these materials are depend upon the mechanical toughness to 

resist dendrite permenation which prevents dendrite shorts, thermal runaway and ignition.  

1.4 Battery Electrolyte Types 

There are many types of solid-state electrolytes, such as: crystalline molecular 

materials, ceramics, polymers, plastics, glasses, etc. Each offers unique characteristics that 

provide some practical properties to the application of commercial electrolytes. Some SSEs 

have high conductivity but are flammable and so the developments for safer, higher energy 

density materials continue. Brief overviews of common electrolyte types will be discussed 

in this section.  Those that exhibit characteristics pertinent to the thesis work (non-
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flammable, high conductivity) include ceramics, polymers and polymer-ceramic hybrids 

or composites.  

1.4.1 Common types of solid-state electrolyte structures 

Common classes of solid-state electrolytes include those of perovskites, 

NASICON, garnet, or sulfide solids. Perovskites follow the molecular formula of ABO3, 

where A is an alkaline rare or earth metal ion and B is a transition metal. Although an 

unusually high room- temperature conductivity of 10-3S·cm-1 was found by Inaguma et al. 

with a series of perovskite-like Li3xLa2/3-xTiO3 molecules, the electrolyte was not stable 

with lithium metal.37 For this type of conductor, the A atom determines the size of the Li 

diffusion channel and therefore conductivity.38 However, perovskites tend to be unstable 

in carbon dioxide atmospheres and generally suffer from low ionic conductivities at room 

temperature.39  

NASICON (abbreviation for sodium super ionic conductors) follow the general 

formula of AM2(PO4)3 where A is Li+, Na+, or K+, M is Ge4+, Ti4+,  or Zr4+, and have been 

studied since the reported modification by Goodenough et al. with the Na1+xZr2SixP3-xO12 

(0 ≤ x ≤ 3) structure that was shown to exhibit high Na+ ionic conductivity.40 Superfast 

conductors rely on the A site being occupied by the cation, and the channel size matching 

the ion size as the ion hops from octahedral and tetrahedral vacancies within the 

structure.38,39 Li1+xAlxGe2-x(PO4)3 based NASICON molecules (lithium aluminum 

germanium phosphate (LAGP) conductive ceramics) have been studied widely for their 

high electrochemical stability, wide electrochemical window, scalability, and low 

activation energies but lack optimal processability due to poor grain boundaries and 
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electrode contact which lowers room temperature conductitivites and limits the practical 

application of LAGP electrolytes.38 

Garnet type structures follow the general formula of A3B2Si3O12 where A is an eight-

coordination cation and B is a six-coordinate cation.38 The first published garnet structures 

that showed promise as electrolytes were reported by Mazza et al. in 1988 with 

Li5La3M2O12 where M = Nb or Ta.41 These garnet structures were later electrochemically 

characterized by Weppner et al. in 2004 and reported relatively high conductivities (values 

of 10-6 S·cm-1 at room temperature),  and large electrochemical windows.39 Even higher 

conductivities (with lower activation energies) have been reported by Murugan et al. with 

a garnet of Li6.5La3Zr1.75Te0.25O12 upwards of 10-3 S·cm-1  at room temperature.42 Studies 

suggest the phase, or spacial arrangement, of a crystalline material and the resultant atom 

vacancy arrangement can promote or hinder ionic conductivity.43  

Sulfur based materials (S, Li2S, or MxSy) are also pursued within battery research 

as materials with good ionic conductivities and high theorectical capacities. The first 

promising sulfur electrolyte began with the reported synthesis by Kennedy et al. of a Li2S-

SiS2 system with 10-4 S·cm-1 room temperature conductivity.44 Another electrolyte with 

high ionic conductivity (10-3 S·cm-1)  is the amorphous phase Li2S-P2S5, but generally has 

low chemical stability and reacts with moisture to generate H2S gas.45,46 Additionally, 

sulfur and lithium sulfide have theoretical capacacities of 1672 mAhg-1 and 1168 mAhg-1 

respectively, roughly four times greater than that of graphite.47 Practicalities of using these 

electrolytic materials, especially as cathode materials, are hindered by the tendency of 

sulfur materials to dissolve within liquid electrolyte matrices and undergo large volume 

expansions during cycling.9 Despite these drawbacks, composites of sulfur materials show 



14 

large battery cycling stability of 100 cycles with 1200mAhg-1 capacity for an example of 

Li2S nanoparticles within a conductive carbon from Wu et al.48   

1.4.2 Ceramics 

For batteries, ceramics are classified as metal oxide compounds that act as either 

inert or active (do not or do enhance electrochemical performance) inorganic fillers. 

Common inert ceramics are SiO2, TiO2, and Al2O3, or active ceramics Li0.3La0.557TiO3 

(LLTO), Li1.3Al0.3Ti1.7(PO4)3 and Li7La3Zr2O12 (LLZO).49 As electrolytes, ceramics suffer 

from poor electrochemical performance due to poor interfacial contact of the surface to the 

electrode material.29 In addition, ceramics are difficult to commercially process from 

intrinsic hardness and brittleness.29 Despite these drawbacks, ceramics are continually at 

the forefront of highly conductive solid-state electrolytes because of their ability to 

function and surpass other materials at high temperatures as potential super ionic 

conductors, while generally supplying high lithium transference numbers up to 1.  

For example, LISICON (Lithium Super Ionic Conductor) structure of monoclinic 

Li4SiO4 is composed of hexagonal close packed oxygen ions (iso-structural to NASICON 

or perovskite structures). The structure results in both the SiO4 and LiO4 tetrahedral oxygen 

vertices forming a loose 3D framework that favors ion transport; and with partial 

substitution of the Li4SiO4 struture with larger cations the small Li+ cation is able to conduct 

even more favorably within the structure due to larger channels.50 The substituted Li4SiO4 

structure of Li4Zr0.06Si0.94O4 and Li3.94Cr0.02Zr0.06Si0.94O4 synthesized by Adnan et al. has 

conductivity one and two orders of magnitude greater than Li4SiO4 respectively, but they 

also exhibit lithium transference numbers of almost unity at 0.92 and 0.97 respectively.50 
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Although ceramics typically have undesirable physical characteristics for manufacturing 

and commercial application their desirable electrochemical characteristics continue to 

support the study and application of ceramics in secondary battery commercialization.  

1.4.3 Polymers 

Typically polymer electrolytes are a polymer matrix that incorporates either a 

conductive salt, ionic liquid, or electrolytic solution. Common polymers used in 

electrolytes include poly-ethylene oxide (PEO), poly(vinylidenefluoride) (PVDF), or 

polyhedral oligomeric silsesquioxane (POSS). Polymers typically suffer from low ionic 

conductivity (less than 10-4 S·cm-1 at room temperature) and low cation transference 

number (t+≈0.2-0.5) unless the anion is covalently tethered to the polymer.51 The physical 

flexibility, easy fabrication, and low activation energies, typically 50-100kJ/mol, creates 

continued interest for polymer electrolytes to become commercially viable.52 While PEO 

is commonly explored in electrolyte applications, the crystalline regions lead to lower 

conductivities because of the rigidity of the chemical structures which results in reduced 

ion mobility.53 On the other hand, polymers such as PVDF in electrolyte applications have 

high polarization stabilities, ability to dissociate lithium salts and lower viscosities, that 

should favor enhanced conductivity.49 Recently published work by Hsu et al. shows an 

almost ideal polymer solid-state electrolyte: a free-standing network solid polymer 

electrolyte (N-SPE) of a POSS- P(EO-co-PO) [poly(ethylene oxide-co-polypropylene 

oxide]  chain matrix made with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt. 

The material not only hinders the TFSI- anion movement, but has high ionic conductivity 

of 10-4 S·cm-1  with a very low activation energy of 3.5kJmol-1 at room temperature, high 
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lithium transference 𝑡𝐿𝑖+=0.67, and high capacity of 160mAg-1 and charge-discharge 

cycling stability in a Li|N-SPE|LiFePO4 battery assembly.54 Solid-state polymers have 

advancements in usable battery assemblies, but have yet to become commercially 

competitive with traditional lithium ion batteries electrochemical characteristics.  

1.4.4 Polymer- Ceramic Composites  

Polymer-ceramic composites are a subset of solid-state electrolytes that blend 

together a ratio of polymer and ceramic material for use as a hybrid electrolyte. 55 The 

purpose of these composites is to address the conductivity, cation transference number and 

electrode-electrolyte interfacial resistances to achieve a system that enhances both 

electrochemical and physical characteristics.16 Commonly used polyethylene oxide (PEO) 

polymers with an inorganic ceramic component have been extensively studied. Example 

systems include (PEO)-LiClO4 complex with 10% by volume α-alumnia, PEO mixed with 

Li3N and LiCF3SO3, and PEO-NaI complex mixed with Na3.2Zr2Si2.2P0.8O12 ceramic 

powder.56–58 In these studies temperature stability increased over 100°C, and increased 

room temperature conductivity values. Further, flexible, mechanically tough, and 

thermally stablie solid-state electrolyte hybrids were reported by Nan et al., including 

composites of LLZTO-PVDF (Li6.75La3Zr1.75 Ta0.25O12 ceramic- poly(vinylidene fluroride) 

hybrid), PEO-LiFePO4-Al-LLZTO, LLZTO-Li[Ni0.5Co0.2Mn0.3]O2-In2(1-x)Sn2xO3-Li3BO3-

PVDF, and PEO-garnet-LiTFSI.49,59–61 In 2017, the controlled structural placement of a 

Li1+xAlxTi2−x(PO4)3 (LATP) nanoparticles in a PEO matrix composite showed that thermal 

stability of the polymer matrix was enhanced by the LATP conducting particles with an 

increase of 35°C to 180°C.62 Like these mentioned studies, improvements on synthetic 
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routes and finding compatable polymer-ceramic hybrids should lead to favorable and 

necessary physical and electrochemical improvements to produce feasible commercial 

batteries.  

1.5 Future Direction of Non-traditional Lithium Ion Batteries 

Solid-state electrolyte batteries have a simple design, as the electrolyte also acts as 

a separator between two electrodes, which allows higher energy density assemblies.63 

However, there are intrinsically different attributes of solid-state versus liquid-state 

batteries that contribute to problems with feasible SSE batteries. With SSEs, the contact 

between electrolyte and electrodes must be maintained in order to have a usable battery. 

Additionally, there should be low resistance at the electrode-electrolyte interface layer. 

Furthermore, the electrolyte must allow lithium ion conduction while remaining 

electronically insulating. Lastly, the mechanical/physical stability needs to be maintained 

as brittle, fragile solid-electrolytes can not be used in small, portable electronics.  

Utilitarian solid-state batteries must have features that reduce the brittleness and 

maximize uniform electrolyte-electrode contact. Thus, hybrid materials can bridge the 

divide between safety issues, stability concerns and practical operating conditions (high 

conductivity, or power output). In the pursuit of high capacity, large-scale batteries it has 

been shown that SSEs that incorporate electrolyte and active materials  help form the 

necessary lithium-ion conducting pathways by increasing the contact area between both 

electrodes and electrolyte.64 The blending of highly conductive but brittle ceramics with 

flexibile but less conductive polymers is a hybridization strategy to form commercially 

viable electrolyte systems.  
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Limitations of conventional lithium ion batteries have stagnated advancements in 

energy storage devices. Addressing safety, electrochemical and thermal stability are the 

key to future commercial battery technologies. LIB liquid electrolytes produce high energy 

density batteries that power a huge market of consumer electronics— but the hazardous 

tradeoff remains that defective batteries sometimes do make it to the marketplace causing 

serious fires or explosions. Electrochemically, LIBs suffer from inaccessibility of lithium 

metal anodes which would increase the electrochemical operating window voltage and 

potentially access much higher battery capacaties. For larger consumer goods like electric 

vehicles, extending the thermal stability temperature range is critical for battery life-times 

and robustness. With the understanding that new avenues must be investigated, solid-state 

electrolytes—like those studied within this thesis work can move the alternative energy 

storage field forward.  
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CHAPTER 2: 

GENERAL INSTRUMENTAL TECHNIQUES & PARAMETERS 

 2.1 Thermal Gravimetric Analysis (TGA) 

Thermal gravimetric analysis is the study of chemical decomposition by weight loss 

versus temperature increase over time. All thermal gravimetric analysis was conducted on 

a Thermogravimetric Analysis TA Instrument Hi-Res TGA 2950 from room temperature 

to 800°C at a ramp rate of 10°C/min under a nitrogen blanket, with samples ranging from 

5-10mg, unless otherwise noted. In Chapter 2, samples that were only vacuum dried 

showed residual THF solvent loss prior to 60°C. Subsequently, most samples were heated 

and vacuum dried between 60-70°C to remove residual THF for a minimum of two hours. 

The heat and dry method increases the temperature stability window of the samples for 

temperature dependent testing such as Electrochemical Impedance Spectroscopy.  

 2.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is the study of heat flow measured within 

a sample as a function of temperature and time. DSC measures thermal characteristics of 

chemical species and within this thesis work a focus on possible melting and freezing 

points, glass transition temperatures,  and specific heat. All differential scanning 

calorimetry analysis was conducted on a Differential Scanning Calorimeter TA 

Instruments 2950 in heremetically sealed Tzero Aluminum Pans in temperature ranges of 

-100°C to below initial degradation temperatures established from TGA analysis, at a ramp 
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rate of 10°C/min under a nitrogen blanket, with samples in the range of 5-10mg, unless 

otherwise noted.   

 2.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy is the study of resultant dipole moment 

molecular vibrations across a wavenumber region. Infrared radiation spans near-IR regions 

of 14,290cm-1-4000cm-1, the typically studied region of 4000cm-1-400cm-1, and far-IR 

region of 700-200cm-1; for this body of work the normal region of 4000cm-1-400cm-1 was 

studied.1  This spectroscopy technique produces distinctive vibrational patterns for certain 

chemical functional groups because the IR radiation is absorbed and converted into 

molecular vibrational energy, based on Hooke’s law given in equation 2.1: 

�̅� = √
𝑓

(𝑀𝑥𝑀𝑦)(𝑀𝑥 + 𝑀𝑦)
  (2.1) 

Where �̅� is wavenumber or vibrational frequency in inverse centimeters, 𝑐 is 

velocity of light in centimeters per second, 𝑓 is force constant of the bond in dyne per 

centimeter, and 𝑀𝑥, 𝑀𝑦 are the mass of atom x and atom y in grams respectively. (A dyne 

is defined as a unit of force equal that gives a free mass of one gram an acceleration of one 

centimeter per second per second.)  

 The FTIR was conducted on a Thermo Scientific Nicolet iS5 iD5-ATR instrument. 

The experimental parameters use single-beam background, and 4 scans at 4cm-1 resolution 

from the range of 4000-600cm-1. In order to confirm the polymers were chemically stable 
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before and after conducting EIS at various temperatures, FTIR was used to check for 

signature chemical shifts. 

 2.4 Gel Permeation Chromatography (GPC) 

Gel permeation chromatography is a size-exlusion chromatography technique to 

study the molecular mass of the synthesized polymers.  For all GPC analysis, a Shimadzu 

instrument was used to analyze 1µL sample injections with acetone mobile phase at a flow 

rate of 1 mL·min-1 fitted with three Polymer Laboratories columns in series: PolarGel-M, 

PolarGel-M and PolarGel-L (300 x 7.5 mm) with 8 µm particle size and a refractive index 

detector. All sample solutions were on the mg/L scale.  

2.5 Nuclear Magnetic Resonance spectroscopy (NMR) 

Nuclear Magnetic Resonance Spectroscopy (NMR) is a technique that studies the 

nuclear magnetic resonance (chemical shifts) of a sample that is placed within a magnetic 

field through excitation via radio waves (MHz). For 1H or proton NMR and 11B or boron 

NMR these spectra usually fall within 10 to 0ppm and 100 to -125ppm respectively. NMR 

spectroscopy was performed on a Bruker AV-III 500 MHz NMR spectrometer. Default 

experimental parameters are used for 1H and 11B experiments, with scans typically being 

128 and 256 scans respectively. Typical samples were 1-5mg and dissolved in 1 mL of 

deuterated solvent.  

Shielding or deshielding of nuclei describes the chemical shift when radio 

frequency is applied due to the surrounding electron environment. For a shielded nucleus, 
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the electron environment does not withdraw electron density and protects the nucleus from 

the applied magnetic field and thus a smaller chemical shift (lower ppm numbers). The 

opposite effect occurs for a deshielded nucleus, this means there is an electron with-

drawing group or more electronegative atom in the environment that pulls electron density 

away from the nucleus resulting in a larger net change in the applied magnetic field and 

thus larger chemical shift (higher ppm numbers). These chemical shifts are characteristic 

of different chemical functional groups or atom chemical environments. They are helpful 

in identifying chemical reaction products and assigning chemical shifts to determine a 

chemical product. 

 2.6 Electrochemical Impedance Spectroscopy (EIS) 

Ionic conductivity studies use Electrochemical Impedance Spectroscopy (EIS) to 

measure the complex impedance to then extract conductivity in units of S·cm-1. 

Conductivity measurements by EIS are made using a symmetrical stainless-steel cell 

containing the electrolyte (SS|Electrolyte|SS) by varying the frequency of an applied small-

amplitude alternating current (AC) potential and measuring the AC current response. This 

produces a Nyquist plot, or a plot that shows the frequency response of the system as the 

negative imaginary component (-Z”) versus the real component (Z’). This technique is 

based on Ohm’s Law in equation 2.2, and the more applicable version of Ohm’s Law in 

equation 2.3: 

𝐸 = 𝐼𝑅 (2.2) 

𝐸 = 𝐼𝑍 (2.3) 
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Where E is voltage (V), I is current (A), R is resistance (Ω), and Z is impedance (Ω). 

Resistance is based on an ideal circuit or one that would use measure direct current passing 

through a resistor, whereas impedance, or Z, is based on alternating current passing through 

a resistor. The applied voltage is more realistically expressed as the amplitude of the 

voltage times the product of angular frequency (displacement per unit time) and time; the 

measured oscillating current response is more realistically expressed as the amplitude of 

the current times the product of angular frequency and time plus the displacement from the 

phase shift.   Thus equation 2.3 can be rearranged to give equation 2.4: 

𝑍 =
𝐸(𝑡)

𝐼(𝑡)
=

|𝐸|sin (𝜔𝑡)

|𝐼|sin (𝜔𝑡+ 𝜃)
 (2.4) 

Where |E| is the amplitude of voltage, |I| is the amplitude of current, ω is the angular 

frequency, t is time, and θ is the phase shift from the applied signal. As expressed, Z has 

magnitude and phase angle components, which can be represented in terms of complex 

numbers on a cartesian complex plane as Z’ and Z”, real and imaginary, resistive and 

reactive parts of the system under study respectively.2–4 

Circuit models for the cell are then fit empirically to the data to extract the values 

of bulk resistance from which the value of conductivity is calculated. Circuits used are 

shown in Figure 2.2. Calculation of the activation energy of the system is obtained using 

the Arrhenius equation. (See Chapter 1, Section 1.3.2 for conductivity and Arrhenius 

equations.) The conductivity measured over a range of temperatures and the log of 

conductivity is plotted versus inverse temperature. Activation energy can provide useful 

information about the mechanism of ionic conductivity, and how competitive the material 

is in comparison to other known electrolyte materials.  
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All electrochemical impedance spectroscopy was conducted using a Gamry 

Interface 1000 potentiostat/galvanostat/ZRA in the frequency range of 0.1-1MHz in 

temperature ranges specific to each sample thermal stability window determined by TGA. 

As shown in Figure 2.1, a custom electrochemical cell with a compression fitting is used 

to conduct the EIS measurements on the potentiostat; heating is done in a refitted GC oven 

to control temperature ramping.  

Figure 2.1: Custom EIS cell 

 

Figure 2.2: Randles Circuit (Top), Polymer and 

Polymer-Ceramic Powder Circuit (Middle), Polymer-

Silicia Powder Circuit (Bottom) 



 

35 

 

The bulk conductivity of samples can be calculated by fitting an electrical circuit 

to describe the observed Nyquist plot, and an example of an ideal Randles Circuit is shown 

in Figure 2.3, reproduced from simulation software provided by Dr. Matthew Lacey.5,6 

Commonly occurring circuit components include: resistance (Rx), constant phase elements 

(CPE or Ø),  capacitance ( || ) or Warburg diffusion (W). Resistance is given in ohms, Ω, 

which quantifies the impediment to current flow. Capacitance is the ability of the system 

to store electrical charge across an insulating interface.  Constant phase elements are 

electrically similar to capacitors, where there is an element within the system that acts as a 

double-layer capacitor, or a component that stores electrical charge. Warburg diffusion 

(aka Warburg diffusion element) is the electrical description of a diffusion process in 

frequency-based electrochemical studies such as EIS.  

Warburg Diffusion 

Bulk Resistance 

Figure 2.3: Simulated Nyquist Plot Displaying Randles Circuit   
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The Warburg diffusion component is typically identified by a 45 degree angled 

“tail” of measured EIS in the low frequency region.  As shown in Figure 2.2, the top circuit 

is the Randles circuit, a commonly employed electrochemical description of electrolyte 

conductivity studies; where R1 is the electrolyte resistance (in series with the following), 

R2 is the charge-transfer resistance, || is a capacity element (may be represented as a CPE 

or Ø element instead), and W is the Warburg diffusion element. Modified Randles circuits 

were built to fit and explain the impedance spectra of the samples within this thesis work. 

 2.7 Linear Sweep Voltammetry (LSV) 

The linear sweep voltammograms were conducted using a Gamry Interface 1000 

potentiostat/galvanostat/ZRA via 1mV/s scan rate, 1mV step size, using a coin cell with 

1cm2 surface area, where an initial 20 second delay determines the open circuit voltage of 

the coin cell, which is an assymetrical cell with one stainless steel electrode and one lithium 

electrode. To experimentally determine the working potential window for this cell, a 

potential window of 0V to 6V was typically conducted. 

2.8 Cyclic Voltammetry (CV) 

Cyclic voltammogram were conducted using a Gamry Interface 1000 

potentiostat/galvanostat/ZRA via 1mV/s scan rate, 1mV step size, using a coin cell with 

1cm2 surface area, where an initial 20 second delay determines the open circuit voltage of 

the coin cell, which is an assymetrical cell with one stainless steel electrode and one lithium 

electrode. From the information found in LSV, the test was conducted starting at the OCV, 
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or 2.9V, ramped to 6V and cycled back to -0.6V with the final voltage again ending on the 

OCV voltage for the catechol borohydride polymer. 
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CHAPTER 3:  

NOVEL CATECHOL BOROHYDRIDE & PHLOROGLUCINOL 

BOROHYDRIDE POLYMER ELECTROLYTES 

 This chapter discusses the synthesis and characterization of novel catechol 

borohydride and phloroglucinol borohydride polymer electrolytes. Through single crystal 

x-ray diffraction a diborate crystal was isolated and the reaction synthesis for polymeric 

analogs were adapted. The resulting isolated polymers were characterized through thermal 

gravimetric analysis, differential scanning calorimetry, fourier transform infrared 

spectroscopy, nuclear resonance magnetic spectroscopy, gel permeation chromatography, 

electrochemical impedance spectroscopy, linear sweep voltammetry and cyclic 

voltammetry. Further the general experimental methodology was developed to find that 

heating and vacuum drying at elevated temperature was best to complete the 

polymerization of the monomers.  

 The catechol borohydride polymer and phloroglucinol borohydride polymer was 

found was found to have thermal stability up to 60°C and 70°C for temperature dependent 

tests respectively. The calculated molecular masses were lowest at room temperature 

reaction conditions (2400 and 1700 g·mol-1), slightly higher at elevated temperature 

reaction conditions (2550 and 2600 g·mol-1) and highest when layered reaction conditions 

(3400 and 3100 g·mol-1) were implemented respectively. For catechol  borohydride 

vacuum dried only polymers the highest ionic conductivity was 3.7 x 10-7 S·cm-1 at 50°C 

and activation energy was 120 kJ·mol-1 for the heating cycle. For catechol borohydride heat 

and vacuum dried polymers the highest ionic conductivity was 2.2 x 10-5 kJ·mol-1 at 60°C 
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and activation energy was 115 kJ·mol-1 for the heating cycle. For phloroglucinol 

borohydride heat and vacuum dried polymers the highest ionic conductivity was 1.1 x 10-

7 S·cm-1 and the activation energy was 63 kJ·mol-1 for the heating cycle. Based upon the 

results of linear sweep voltammetry and cyclic voltammetry the catechol borohydride 

polymer was stable up to 6.0 V (V vs Li(s)).  

3.1 Boron-containing Polymers for Electrolytes 

The pursuit of solid-state electrolytes that are easy to manufacture, flexible, and 

conductive make polymer electrolytes at the forefront of future battery technologies. While 

there are promising candidates, polymers continue to have generally lower ionic 

conductivities than desired for realistic applications. In addition, the ionic conductivity is 

from the combined movement of both cations and anions, which contributes to undesired 

side reactions, poor cycling, and low cation transference numbers. To improve the overall 

performance, life-cycle and increase cation transference number, both the binding of the 

anion into a polymer matrix and limited cation-matrix interactions are strongly desired. 

One such tactic to improve only cation conductivity is to incorporate polymer 

monomers that would hinder anion movement. To achieve this, one method is to exploit 

the Lewis acidity of boron. As shown in Figure 3.1, the three-coordinate borane has an 

 

Figure 3.1: Formal Charge of Boron in Trivalent versus Tetravalent State 
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empty p-orbital to accept an electron pair from another chemical species to become the 

negatively charged tetra-coordinate borate.  

Using Hard-Soft Acid-Base Theory (HSAB), where a hard species is a small, non-

polarizable charge and a soft species is a large, polarizable charge, the relationship of cation 

transference numbers can be better understood. Anion-bound polymers have been 

previously explored through borate ester containing polymers that address these 

approaches to increase cation transference number. In works by Xu et al., Matsumi et al., 

and Saito et al. shown in Figure 3.2, the borate esters were explored to address issues of 

low ionic conductivity and cation transference numbers due to cations binding strongly to 

the anionic component, or chelation to ether oxygen atoms in the polymer backbones.1–3   

The highest room temperature conductivity by Xu only reached 10-5 S·cm-1 with 

LiTFSI salt (lithium bis(trifluoromethanesulfonyl)amide). Like LiTFSI, other weakly basic 

salts of LiCF3SO3 (lithium trifluoromethanesulfonate), LiBOB (lithium 

bis(oxalato)borate), or LiSCN (lithium thiocyanate) did not have strong boron center 

interactions compared to the stronger basic salts of LiOCH3 (lithium methoxide), 

LiOCH2CF3 (lithium 2,2,2-trifluoroethoxide), LiS2 (lithium sulfide) and LiCN (lithium 

 

Figure 3.2: Polymers synthesized by Xu, Matsumi and Saito  
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cyanide).  This was evidenced by the glass transition temperatures, Tg, or the temperature 

that amorphous materials go from a brittle glassy state to a rubbery state. The weak base 

salts largely increased the Tg compared to the same polymer backbone (where m=8, n=2 

in Figure 2.2) with a strong base salt; for example: addition of a weak base, LiTFSI, Tg 

went from -80°C to -45°C and strong base, LiCN, salts saw small increases from -80°C to 

-70°C. The strong base salts bind to the boron center and do not act as cross-link points for 

the polymer chain keeping Tg close to the pure polymer. Whereas, the weak base salts that 

form more rigid structures increase the Tg. By using strong base salts, the bound anions 

prevent the cation species from chelating to the polymer backbone.  

The work by Matsumi compared borate ester polymers to alkylborane polymers 

which showed similar ionic conductivities at room temperature of 10-5 S·cm-1 but 

tLi+=0.35-0.50 in the borate ester polymers improved to tLi+=0.78-0.82 in the alkylborane 

polymers.2 The comparison of polymers with LiClO4, LiTFSI, LiCF3SO3 salts are 

discussed within the paper, but the general trend was shown that the stronger Lewis acidity 

of the alkylborane unit compared to the boric ester unit better binds the anionic species. 

This shows that Lewis acid boron centers can increase lithium ion transference number, 

although it does not always increase overall ionic conductivity value as that is dependent 

on the salt species and polymeric backbone synthesized.  

In the works by Saito, the comparison of anion “hardness” using the magnesium 

salts: Mg[(N(CF3SO3)2]2, Mg(CF3SO3) 2, and Mg(ClO4) 2, in polyethylene glycol polymers 

linked with borate esters reported the softest salt of Mg[(N(CF3SO3)2]2, had the highest 

room temperature conductivity but lowest magnesium transfer number. The polymer salts 
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of Mg[(N(CF3SO3)2]2, Mg(CF3SO3)2, and Mg(ClO4)2 had magnesium transference 

numbers of tMg2+=0.20, 0.37, and 0.51 respectively, suggesting that as the hardness of the 

anion increased, the more the polymer backbone was able to bind the anion, and therefore 

increase the transference of Mg2+ cation.3 These studies suggest that both hard anions bind 

more readily to the polymer backbones compared to the soft anions due to their “hard” 

localized charge resulting in stonger interactions, and further that the replacement of ester 

oxygens with less chelating atoms in the same backbone structure would help improve 

cationic conductivity.  

Beyond the HSAB theory strategy would be to synthesize polymers that incorporate 

a negative boron center through a more direct approach. Instead of utilizing the salt anion 

coordination method, the inherently negative boron centers would be synthesized through 

the initial polymerization reaction. Through careful selection of the potential linker 

component, the synthethic route could create an inherently anionic polymer backbone; thus 

 

Figure 3.3: Borate-containing polymer chain and general approach to synthesis 
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leaving only the cation to be present for ionic conductivity (increasing the cation 

transference number). As shown in Figure 3.3, the formation of a generic borate-containing 

polymer chain with negative formal charges at the boron center is shown. The synthetic 

idea is that any borane (BHx) reagent should have a good leaving group (LG) for an anionic 

donor (R) to form a linked polymer chain; here the dianionic anionic donor R is able to 

react with multiple boron centers to facilitate polymer growth. The desirable attribute of 

these borate centers are that it creates a network of negative formal charge boron atoms 

that then could act as a conductive pathway for positive cationic species as an electrolyte 

material. 

3.2 Proof of Concept Crystal & Resulting Polymer Electrolytes 

The synthetic pathway for the polymer electrolytes discussed were based on the 

isolation of a crystalline solid shown in Figure 3.4 that models the isolated diborate crystal, 

formed by joining two boranes through a catecholate molecule. In pursuit of single-ion 

 

Figure 3.4: Isolated diborate crystal model and Lewis structure 
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conducting polymers that exploit the negative charge of a tetravalent boron center, the 

synthesis of negatively charged polymer backbone was desired. In this way, using oxygen 

containing molecules would act as binding points for the boron-containing reagent. Due to 

the results of an isolated crystal, the experimental reaction scheme to form catechol 

(specifically using hydroquinone or 1,4-benzenediol) polymer is shown in Scheme 3.1.  

The synthesized polymers sometimes showed different physical properties with 

some iterations more liquidy solids, than the usual tacky or sticky uniform solid layer, often 

refered to as “jolly rancher consistency”. Due to the nature of a “step-growth” polymer, 

where the two monomers have to “take turns” attaching in an alternating fashion can result 

in difficulties reproducing the average molecular weight (MW) if the stoichiometries are 

not reproducibily equal during the reaction synthesis. Under hydraulic press, between 500-

 

Scheme 3.1: Synthesis of catechol borohydride polymer  
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750 psi, the polymers do form uniform surfaces. The polymer consistency was crucial in 

the ability to collect electrochemical data on the samples—the tacky solid often performed 

better due to its rigidity which prevented short circuits from occuring.  

The synthesis using phloroglucinol monomer, shown in Figure 3.5, followed a 

similar reaction scheme as shown with the catechol monomer. The additional alcohol 

functional group on phloroglucinol was of interest to experimentally determine if this 

affects thermal, physical or electrochemical qualities when incorporated into a conductive 

polymer. The samples had a softer texture than compared to the catechol samples, but is 

expected to be more rigid due to the possibility of more cross-link locations for the 

polymeric backbone.  

 

 

 

 

Figure 3.5: Phloroglucinol molecule used as a three-coordinate monomer and 

the phloroglucinol borohydride polymer 

 



 

47 

3.3 Thermal Gravimetric Analysis (TGA) 

3.3.1 Catechol Monomer 

The catechol monomer was studied  at three different reaction conditions: room 

temperature synthesis, elevated temperature (60°C) synthesis and bi-layered reagent 

synthesis (the two reagent solutions are gently layered to have the reaction occur at the 

surface interfaces).   

In Figure 3.6A, the vacuum dried only catechol borohydride polymer shows initial 

weight loss at ~50°C. With heating and drying the samples this initial weight loss is 

 

Figure 3.6: A:TGA of Catechol monomer at Various Reaction Conditions, B: First 

Derivative of the Catechol monomer at Various Reaction Conditions 

 

 

A 
B 
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extended to ~70°C, which suggests that the initial weight loss is due to excess THF solvent 

present in the samples. Figure 3.6B showing the first derivative with respect to the 

derivative of the weight loss percent per degree Celsius versus temperature emphasizes the 

only vacuum dried (yellow) versus the heated and vacuum dried samples increases the 

temperature stability window for the polymer samples from ~50°C to ~70°C.  

3.3.2 Phloroglucinol Monomer 

The study of the phloroglucinol monomer followed the same reaction conditions as 

the catechol monomer. As shown in Figure 3.7A, all samples were dried at 60-70°C for at 

least two hours to eliminate potential excess solvent weight loss, which these samples 

characteristically do not show. Figure 3.7B is the first derivative plotted with respect to the 

derivative of the weight loss percent per degree Celcius versus temperature, and 

emphasizes that minor initial weight loss occurs at ~50°C.  Overall, the TGAs suggest 

major initial weight loss occurs at ~70°C like the catechol monomer, and temperature 

dependent testing will be limited to this maximum temperature stability. 
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A 

 

A 

            

3.4 Differential Scanning Calorimetry 

The hydroquinone or catechol borohydride polymer at room temperature does not 

show any remarkable features for the polymer when cycled in the range of 30°C to -100°C, 

shown in Figure 3.8. The glass transition temperature, or Tg value, describes the 

temperature range in which a polymer goes from a rubbery solid to a glassy solid. The lack 

of this feature within the DSC cycling suggests that down to -100°C the material does not 

exhibit glassy properties, or a change in hardness properties.  

 

Figure 3.7: A:TGA of Phloroglucinol monomer at Various Reaction Conditions, B: First 

Derivative of the Phloroglucinol monomer at Various Reaction Conditions 

B 
A 
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3.5 Fourier Transform Infrared Spectroscopy 

In Table 3.1, literature wavenumbers for characteristic functional groups are listed 

and compared to major wavenumbers identified in the different starting reagents as well as 

the two different monomer polymers. There are several general wavenumber regions when 

looking at FTIR spectra that are indicative of aromatic molecules as well as more unique 

signature peaks for 1,4-disubstituted molecules or 1,3,5-trisubstituted molecules which can 

be assigned within the para-hydroquinone molecule and the phloroglucinol molecule. 

Typically, both these aromatic materials have signature peaks at 3100-3000 cm-1 (one peak, 

weak intensity), 1650-1500 cm-1 (two peaks, medium intensity) and 850-625 cm-1 (one 

peak, strong intensity).4 Additionally, para-substituted aromatics have expected 

 

Figure 3.8: DSC of Room Temperature Catechol Borohydride Polymer  
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wavenumbers at 1150-1100 cm-1 (two peaks, medium intensity), 775-700 cm-1 (two peaks, 

strong intensity), and 900-800 cm-1 (one peak, strong intensity).4 Trisubstituted aromatics 

have wavenumber peaks at 950-800 cm-1 (one peak, strong intensity) and 700 cm-1 (one 

peak, medium intensity).4 

Additionally, there are several unique wavenumber signatures of interest for the 

polymers synthesized: carbon-oxygen (1150-1050 cm-1), aryl-carbon (1220 or 1100 cm-1),  

aryl-boron (1470-1430 cm-1),  boron-hydrogen (2630-2350 cm-1 or 1620-1440 cm-1 or 

1205-1140 cm-1 or 1075-1010 cm-1) and boron-oxygen bonds (1450-1425 cm-1 or 1360-

1310 cm-1 or 890-860 cm-1) respectively.4–9 

As listed in Table 3.1 and shown in Figure 3.9 the distinctive peaks for B-H are 

visible at the 2400-2300 cm-1 and 1600 cm-1 region and B-O peaks are also visible in the 

1300-1200 cm-1 region both of these unique signatures compared to the starting materials 

suggests that overall the boron atom is in fact the linker center between catechol molecules 

at the oxygen atoms.  
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Chemical 

Group 

Literature 

Wavenumber 

Range 

Catechol 

Reagent 

Catechol Polymer 

Vacuum|Heat & 

Vacuum 

Phloroglucinol 

Reagent 

Phloroglucinol 

Polymer 

Heat & 

Vacuum Dry 

Intermolecular 

Alcohols 

 

In-plane O-H 

Stretch 

3600-3200 (s,b) 

3200-2700 (b) 

 

1350 

3490-3050 

2840-2460 

 

1350 

3200(b)|3250(b) 

2800(b)|2820(b) 

3470-3080 

3220-2720 

 

1330 

3640-3017 

2955 

 

1330 

Aromatic C-H 

Stretch 

 

1,4-

Disubstituted 

 

 

 

 

 

1,3,5-

Trisubstituted 

3100-3000 (m,s) 

 

 

3100-3000(w) 

2000-1700(w) 

1650-1550(m,m) 

1150-1100(m,m) 

775-700(s,s) 

900-800(s) 

 

950-850 

700 

3030 

 

 

 

 

1630,1520 

1100 

700 

3080|3130 

 

 

3010|3000 

2080-1725|2000-1900 

1600|1635 

1190,1110|1160,1070 

770,710|770,710 

 

 

 

 

3070 

 

 

3070 

1770 

1620,1504 

1210,1200 

 

800 

 

840 

675 

 

 

 

 

 

1620 

1200,1170 

755,700 

 

 

840 

Aromatic C-H 

Stretch 

C-H Bending 

 

 

C=C Bending 

 

Out of plane 

C=C Bending 

 

3050 

 

860-680(s) 

1430-1290 

 

1700-1500(m,m) 

1470 

700 

3030 

 

830,760 

1400 

 

1630,1520 

1470 

700 

 

 

 

770|770 

1400|1390 

 

1725,1600|1760,1630 

 

710|710 

3070 

 

840,810,800 

 

 

1770,1680 

1430 

675 

 

 

 

 

 

 

O-Aryl 

 

 

C-O 

1220(s) or 

1100(m) 

 

1150-1050 

1275 

 

 

1100 

 

1110|1100 

 

1040|1050 

1300 

1010 

 

1150 

1300 

1010 

 

1050 

B-Aryl 1470-1430    1415 

B-O 

 

 

1450-1425 

1360-1310 

1280-1260 

890-860 

640-600 

  

1350|1310 

1260 

895,865|850 

635 

 

 

 

 

1250 

895 

650 

B-H 

 

B-H 

scissoring 

modes 

 

2630-2350 

 

1620-1440 

1205-1140 

1075-1010 

 
2430,2330|2420,2330 

 

 

 

1000|1010 

 

 

 

 

 

2500,2350 

 

 

 

960 

Table 3.1: Common FTIR Signatures from Literature and Observed Experimental 

Wavenumbers Pertinent to Aromatics and Boron-containing Molecules4–10  
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2.1.1.1 Signature Catechol and Phloroglucinol Peaks 

Figure 3.9: A)FTIR Spectra of Catechol versus Catechol Polymer; B) FTIR Spectra of 

Phloroglucinol versus Phloroglucinol Borohydride Polymer 

A 

 

 

 

 

 

 

 

 

 

 

 

B 
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The comparison of the FTIR spectra before and after EIS was completed to check 

for chemical stability during the heating and cooling aspect of the experiments is shown in 

Figure 3.10. Each sample (catechol vacuum dried only, catechol heat and vacuum dried, 

and phloroglucinol heat and vacuum dried polymers) showed minimal differences before 

and after which supports the electrolytes are stable within the temperature range 

determined by TGA. 

 

 

 

Figure 3.10: FTIR Spectra of Catechol and Phloroglucinol Samples before and after 

Electrochemical Impedance Spectroscopy  
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3.6 Nuclear Magnetic Spectroscopy  

In Figure 3.11 the proton and boron NMR are shown for the catechol borohydride 

polymer and there is strong indication that the lithiated catechol reacts with the boron 

reagent due to the upfield shift of the aromatic protons (δ 8.66 to δ 7.21) due to the shielding 

of nuclei. Further, the upfield shift is expected because of the starting material versus 

polymer functional group polarity. In comparison of alcohol to ether groups (-OH versus -

O-), alcohols are high on the polarity scale whereas ethers are low; for reference a polarity 

index of non-polar pentane scales at 0.0 and polar water scales at 9.0— methanol has a 

polarity index of 5.1 and ethyl ether is 2.8.11 Upon polymerization, the atoms become more 

“shielded” due to the negative formal charge on B, and should shift upfield as the catechol 

lithiated alcohol groups are then converted into ether linker points for the boron reagent.  

Also shown in Figure 3.11 is the 11B-NMR spectra of the catechol borohydride 

polymer which have a large range of chemical shifts. Alkyl boranes 90 to 40ppm, borates 

30 to 10ppm, BX3 50 to -20ppm, boron complexes 20 to -80ppm, and BX4 20 to -120ppm 

are some typical chemical shifts.12–19 The peaks of the catechol borohydride polymer 

confirm tetravalently coordinated boron centers.  
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Figure 3.11: 1H-NMR (top) and 11B NMR (bottom) of Catechol Borohydride Polymer  
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3.7 Gel Permeation Chromatography  

Gel Permeation Chromatography (GPC) is a size-exclusion chromatrography 

technique to study the molecular mass of polymers. The catechol and phloroglucinol 

polymers are fully soluble in dimethylsulfoxide (DMSO) solvent, but due to instrumental 

limitations, they were either fully or partially dissolved into acetone. For this reason, the 

average molecular weight values for these polymers calculated by the instrument should 

be taken as the lowest possible molecular weight (MW), as higher MW polymers would 

not have dissolved into the injection sample and therefore not measured. Further, for the 

phloroglucinol borohydride polymers, the instrument is not calibrated to account for 

branching volume as opposed to the catechol borohydride polymers which are assumed to 

be linear volumes, and again may be translated into lower than reality calculated MW. In 

Figure 3.12 the comparisons show that the layered synthesis method has the highest 

Figure 3.12: Comparison of Average Molecular Weights of Catechol and Phloroglucinol 

Borohydride Polymers Under Various Reaction Conditions  
Acknowledgments: Laura Sonnenberg and Thomas Boller for Sample Analysis 
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average MW at ~3000 g·mol-1 for both catechol and phloroglucinol most likely due to the 

reaction occurring at the interface layer in a smaller volume which permits a smaller 

number of polymer nuclei to grow longer. The room temperature synthesis has the lowest 

average MW at approximately 2500 g·mol-1 and 1700 g·mol-1 for catechol and 

phloroglucinol borohydride polymers respectively. Heating the reaction increases the 

molecular masses to approximately 2600 g·mol-1 for both polymers. 

 

Table 3.2: Comparison of Catechol and Phloroglucinol GPC Calculated Molecular 

Weights and Approximate Number of Repeating Units 

The comparison of catechol to phloroglucinol under various reaction conditions 

shows that although these are small molecular polymers, there are monomer linkages 

occurring. In Table 3.2 the comparisons of the GPC calculated average molecular weight 

(MW) for the different samples shows the expected repeated unit formula, molecular 

weight and approximate unit monomers. In each monomer room temperature was the 

smallest repeating unit followed by heated samples, and the largest being the layered 

sample set ups. Since GPC measures hydrodynamic radius, and the phloroglucinol is 

expected to be branched and the catechol to be linear, it is not possible to make a direct 

 Reaction 

Conditions 

Molecular 

Formula for 

Polymer Unit 

Molecular 

Weight for 

Unit 

(g·mol-1) 

GPC 

Calculated 

MW 

Approximate 

Number of 

Repeating 

Units 

Catechol 

RT 

Heated 

Layered 

 

-BH2OC6H4O- 

 

127.85 

2428 

2550 

3439 

19 

20 

27 

Phloroglucinol 

RT 

Heated 

Layered 

 

-BH2OC6H3O2- 

 

142.83 

1708 

2633 

3119 

12 

18 

22 
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comparison by MW. This is because at the same MW, the phloroglucinol branched polymer 

will be more compact and thus smaller in size.  

3.8 Electrochemical Impedance Spectroscopy 

For this chapter where pure polymers of the catechol and phloroglucinol monomers 

were studied, the circuit in Figure 3.13 was used to interpret the Nyquist plots (see 

Appendix B for example circuit fittings). The bulk ionic conductivity was calculated based 

on the ohmic resistance found at R2. This value is then used calculate the log of ionic 

conductivity to plot it in the form of the Arrhenius equation shown in Figure 3.14.  

 

Figure 3.13: Nyquist Plots of Vacuum Dried Only Catechol Borohydride Polymers at 

Various Temperatures and the Circuit Fitting Used to Calculate Bulk Ionic Conductivity 
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In Figure 3.14 comparisons of the general ionic conductivity over a temperature 

range for the catechol vacuum dried, catechol heat and vacuum dried and phloroglucinol  

heat and vacuum dried polymers are shown.  

Heat and vacuum drying the polymer samples not only helps improve the thermal 

stability window of the catechol borohydride polymers by removing excess solvents, it 

seems to help improve the ionic conductivity. Without vacuum drying, the THF may act 

as a hard donor and bind the Li ions, limiting their contribution to the overall ionic 

conductivity of the polymer. The highest ionic conductivity values were at 50°C with 3.7 

x 10-7 S·cm-1 for the catechol vacuum dried polymer; at 60°C with 2.2 x 10-5 S·cm-1 for the 

heated and vacuum dried catechol borohydride polymer; at 70°C with 1.1 x 10-7 S·cm-1 for 

the heated and vacuum dried phloroglucinol borohydride polymer respectively. 

 

Figure 3.14: EIS Comparisons of Catechol and Phloroglucinol Borohydride Polymers 
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As shown in Figure 3.14 the electrochemical impedance spectroscopy is fit as an 

Arrhenius plot the slope of the linear fit of each sample is used to calculate the activation 

energy for both heating and cooling the electrolyte under study. The curvature exhibited in 

the Arrhenius plots are due to the polymer amorphous region and the mechanism of ion 

conductivity within the polymers themselves.2,20 This assignment is made because this is 

not a crystalline polymer. At higher temperature, the viscosity decreases and increases 

segmental motion meaning ions can then hop between neighboring chains more favorably 

(as opposed to the lower temperature regions which are more crystalline and reduce the 

number of segmental motions and in turn the ion mobility).20–23 Table 3.3 lists the samples, 

synthetic method, thickness, and activation energies of the systems.  

Polymer Method 

Ionic Conductivity 

(S·cm-1) 

60°C | 10°C (*20°C) 

Sample 

Thickness 

(cm) 

Activation 

Energy 

(kJ·mol-1) 

Cool | Heat 

Catechol 
Vacuum Only 

Heat & Vac. 

3.7 x 10-7 | 1.5 x 10-8* 

2.2 x 10-5 | 1.5 x 10-8 

0.010 

0.006 

110 | 120 

110 | 115 

Phloroglucinol Heat & Vac. 1.1 x 10-7 | 7.9 x 10-10* 0.005 79 | 63 

Table 3.3: Polymer Sample Thickness and Calculated Activation Energies 

The catechol preparation methods of only vacuum drying and vacuum drying with 

heat greatly affects the ionic conductivity of the system by two orders of magnitude. 

Despite this significant difference, the activation energy of both systems is on the same 

order of magnitude at ~100 kJ·mol-1. Additionally, phloroglucinol with the vacuum drying 

and heating method did not improve the magnitude of ionic conductivity at only 10-7 S·cm-

1 but decreased the activation energy seen within the system by an order of magnitude at 

~70 kJ·mol-1.  
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3.9 Linear Sweep Voltammetry 

In Figure 3.15 the linear sweep voltammogram shows there is not a true plateau 

region (usually a horizontal linear region that indicates stability window), but after 6 V 

there appears to be an inflection point of current increase. Due to the scale of the current 

recorded, this signal may be a reflection of capacitive current or the current flow onto a 

capacitor as a product of the rate of change of the voltage. Future studies should fall 

below this region to maximize stability of the electrolyte material, in this case, the 

catechol borohydride polymer. This voltage determines the upper limit for the potential 

applied during cyclic voltammetry.  

 

 

 

 

 

Figure 3.15: LSV Curve of Catechol Polymer 
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3.10 Cyclic Voltammetry 

In Figure 3.16 the CV of the catechol borohydride polymer again did not show 

expected redox characteristics of a reversible “duck-shaped” cyclic voltammogram, but 

showed within this potential window of -0.6V to 6V for 5 complete cycles reaches stability 

as cycles 4-6 begin to completely overlap. 

3.11 Conclusions 

The novel polymer electrolytes presented in this chapter establish initial proof of 

concept to utilize boron-containing polymers to form novel polymer electrolyte matrixes. 

Despite the “typical” polymer electrochemical properties of conductivities in the range of 

10-5 to 10-7 S·cm-1, these polymers exhibit adequately small activation energies of about 

 

Figure 3.16: CV Curve of Catechol Polymer 
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100 kJ·mol-1 for a solid-state polymer electrolyte. Comparing the linear catechol 

borohydride polymer to phloroglucinol borohydride polymer, the decrease in ionic 

conductivity and activation energy shows that branched monomers may make the polymer 

more rigid and decrease the occurrence of ion hopping, but seemingly require less 

activation energy to do so. Further, this provides promise that this synthetic pathway can 

be adjusted to further improve electrochemical properties. In the subsequent chapters two 

avenues will be explored: the use of the polymer electrolyte as a composite material to 

ideally blend better electrochemical properties (higher conductivity and lower activation 

energy) or tweaking the polymer backbone with less electronegative atoms (decreased 

cation/polymer interactions to increase cation conductivity).  

3.12 Experimental 

3.12.1 General Methods 

All reactions are done under Argon atmosphere in MBraun glove boxes unless 

explicitly stated. Catechol, phloroglucinol, lithium bis(trimethylsilyl)amide, chloroborane 

methylsulfide complex, triphenylborane were obtained from Sigma-Alrich and used 

directly. Anhydrous solvents of THF, DMF, ether are distilled or taken from a PureSolv 

distillation system.   

3.12.2 Crystal Diffusion Reaction 

Catechol [1,4-benzenediol] (0.0050 g, 0.045 mmol) was dissolved in 10 mL THF 

and lithium bis(trimethylsilyl)amide (0.0150 g, 0.090 mmol) was added with stirring in a 

25 mL vial. To the stirred cloudy solution, triphenylborane (0.0220 g, 0.090 mmol) was 
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added and the solution became clear. Single crystals were grown through the use of a 

double-vial vapor diffusion apparatus with the THF solution and pentane as the precipitant.  

3.12.3 Catechol Borohydride Polymer Synthesis 

Catechol [1,4-benzenediol] (0.5055 g, 4.99 mmol) was dissolved in 10 mL THF 

and lithium bis(trimethylsilyl)amide (1.6733 g, 9.99 mmol) was added with stirring in a 25 

mL vial. This was stirred for a minimum of 30 minutes and then gravity filtered to isolate 

a clear to clear yellow solution of lithiated catechol. To a stirred solution, chloroborane 

methylsulfide complex (1.20 mL, 10.3 mmol) was added by dropwise addition to give an 

immediate exothermic reaction and the resulting opaque white precipitate agglomerate was 

left to stir for a minimum of 30 minutes. The solution was vacuum dried to remove THF, 

the residual solid was rinsed with 10 mL THF, and vacuum dried for a minimum of 2 hours 

at 60°C to 70°C, unless otherwise noted.  1HNMR (500 MHz, DMSO-d6): δ (ppm) 7.21, 

5.21, 3.37, 2.90, 2.50, 1.76, 1.30. 11B NMR (500 MHz, DMSO-d6): δ (ppm) 20.91, 1.39, -

6.48, and -13.36.  

Note: When catechol borohydride polymer is left open to air, the polymer absorbs 

water as confirmed both visually by a swelling volume change and spectrally by FTIR with 

a broadening peak in the 3000 cm-1 region which indicates an alcohol functional group. 

 Layered Synthesis: Chloroborane methylsulfide complex (1.20 mL, 10.3 mmol) 

was placed in a 25 mL vial and layered with a 0.499M solution of lithiated catechol (10.00 

mL, 4.99 mmol) and left unperturbed overnight, where the opaque white precipitate formed 

in the interphase layer. The solution was vacuum dried to remove THF, the residual solid 

was rinsed with 10 mL THF, and vacuum dried for a minimum of 2 hours at 60°C to 70°C. 
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Heated Synthesis: The 0.499M solution of lithiated catechol (10.00 mL, 4.99 

mmol)  was placed in a 25 mL vial and sealed with a septa. The solution was heated to 

60°C  with stirring, and chloroborane methylsulfide complex (1.20 mL, 10.3 mmol) was 

added by dropwise addition to give an immediate exothermic reaction and the resulting 

opaque white precipitate agglomerate was left to stir for a minimum of 30 minutes. The 

solution was vacuum dried to remove THF, the residual solid was rinsed with 10 mL THF, 

and vacuum dried for a minimum of 2 hours at 60°C to 70°C. 

3.12.4 Phloroglucinol Borohydride Polymer Synthesis 

Phloroglucinol [1,3,5-trihydroxybenzene] (0.5000 g, 3.96 mmol) was dissolved in 

10 mL THF and lithium bis(trimethylsilyl)amide (1.9912 g, 11.9 mmol) was added with 

stirring in a 25 mL vial. This was stirred for a minimum of 30 minutes and then gravity 

filtered to isolate a clear to clear yellow solution of lithiated phloroglucinol. To a stirred 

solution, chloroborane methylsulfide complex (1.30 mL, 12.4 mmol) was added by 

dropwise addition to give an immediate exothermic reaction and the resulting opaque white 

precipitate agglomerate was left to stir for a minimum of 30 minutes. The solution was 

vacuum dried to remove THF, the residual solid was rinsed with 10 mL THF, and vacuum 

dried for a minimum of 2 hours at 60°C to 70°C.  
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CHAPTER 4: 

CATECHOL BOROHYDRIDE POLYMER AS A COMPOSITE ELECTROLYTE 

WITH INERT SILICA PARTICLES 

This chapter discusses the synthesis and characterization of catechol borohydride 

polymer-silica particle composite electrolytes. Through thermal gravimetric analysis, 

fourier transform infrared spectroscopy, and electrochemical impedance spectroscopy 

these composites were studied at various weight percent additions. Further the general 

experimental methodology of vacuum dried only samples versus heating and vacuum 

drying samples at elevated temperature were compared. The catechol borohydride 

polymer-silica powder composites were also studied by procedures developed to promote 

step-wise growth synthesis of the polymer electrolyte onto the silica particle surfaces. Both 

the catechol borohydride polymer-silica powder composites that are vacuum dried only 

and heat and vacuum dried were found to have thermal stability up to 60°C for temperature 

dependent tests respectively. For catechol  borohydride-silica powder vacuum dried only 

polymers the highest ionic conductivity was 1.7 x 10-6 S·cm-1 at 40°C for 10% weight 

addition of silica powder to polymer; the activation energy was 130 kJ·mol-1 for the heating 

cycle. For catechol borohydride-silica powder heat and vacuum dried polymers the highest 

ionic conductivity was 1.9 x 10-7 kJ·mol-1 at 60°C for 10% weight addition of silica powder 

to polymer; the activation energy was 110 kJ·mol-1 for the heating cycle. Based upon the 

results of the electrochemical impedance spectroscopy, the composite electrolytes show 

that the polymers can act as an active material and binder for solid inert particles.  
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4.1 Catechol Borohydride Polymer-SiO2 Hybrid Approach 

Solid-state electrolytes typically suffer from low ionic conductivity values and 

large interfacial resistances between the electrolyte and electrode materials.1 This reflects 

the need for ions to migrate through a system with similar chemical potentials to allow high 

ion transport (lower activation energy barriers for ion hopping leads to easier ion 

migration).2 The inclusion of silica or an amorphous component have been studied 

previously to promote ionic conduction within electrolyte systems. Previous works show 

that addition of oxide fillers such as SiO2 could increase the conductivity of the electrolyte, 

discussed further below.3–8  

Generally, there is higher ionic conductivity when there is a small percent of oxide 

filler added (focusing on studies with SiO2) typically no higher than 10:90 

filler:electrolyte.3–6,8,9 Reported particle sizes of various oxides (i.e. SiO2, Al2O3, Fe2O3, 

ZrO2, BaTiO3, etc.) are usually 1µm or smaller and increase conductivity up to two orders 

of magnitude between 10-40 volume percent.10 The oxide filler, depending upon weight 

percent addition, provides both beneficial space-charge or detrimental blocking effects to 

electrolytes. The space-charge effect is the bridging of bulk properties to the neighorboring 

phase that results in less resistive effects (higher conductivity) of the charged particle 

species within an electrolyte system.10 When too much filler is in the electrolyte system 

the blocking effect or impediment to the mobility (lower conductivity) of the charged 

particle species is shown within an electrolyte system.8  
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Work by the Liang group clearly demonstrates this concept that there is a balance 

to the amount of inert oxide filler in an β-Li3PS4 electrolyte to optimize conductivity.3 The 

nano-crystalline β-Li3PS4, with room temperature conductivity on the scale of 1.6 x 10-4 

S·cm-1, was studied with three oxide fillers Li6Nb4O14, Al2O3, and SiO2 (one conductive 

and two inert oxides respectively). Room temperature conductivities increased up to 2.44 

x 10-4 S·cm-1, 2.28 10-4 S·cm-1, and 2.20 10-4 S·cm-1 respectively. The inert fillers reach an 

optimal weight percent to help improve conductivity (maintain or lower activation energy) 

and beyond that region start to negatively affect the electrolyte system, as shown in Figure 

4.1, reproduced from Hood et al.3 The lower portion of Figure 4.1 is a cartoon showing 

how the oxide filler initially helps lithium conductivity, but eventually oversaturation of 

oxide filler causes inhibition of the lithium to conduct across the electrolyte surface.  

Figure  4.1: Filler Weight Percent and Ionic Conductivity Performance 
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Liang first studied the two-phase system of LiI-Al2O3 to show the relationship of 

total conductivity versus mole percentage of added oxide.6 Compared to pure LiI, Liang 

experimentally determined the activation energy and conduction mechanism of the two-

phase system were the same. X-ray diffraction patterns showed only distinct signatures for 

LiI or Al2O3 and therefore an explanation beyond classical doping mechanism (a material 

that has incorporated aspects of both properties) is necessary to explain the increase in ionic 

conductivity. With the dissolution of Al2O3 particles into the LiI matrix, it is possible that 

Li+ vacancies are created (to balance the charge of the system), and would help facilitate 

ion conduction throughout the material.    

Jow and Wagner expanded to two-phase systems of CuCl(Al2O3).
5 In this work the 

concept of artificial defect sites to promote ion conduction were explored in addition to the 

size comparison of the inert particles Al2O3 (0.3 and 0.06 µm). Again the classical doping 

mechanism could not explain the ionic conductivity enhancement and so these artificial 

defect sites were helping to promote ionic conduction. The smaller particle size exhibits 

higher conductivities due to having larger surface areas per volume fraction which provides 

a larger enhanced space-charge effect. Further, it was found that at lower temperatures 

ionic conductivity was increased more from the influence of the “artificial” defect sites 

whereas at higher temperatures thermally created defect sites have a larger role in ionic 

transport. Additional work by Maier reiterate the precedence for two-phase mixtures of 

AgCl:Al2O3 and AgCl:SiO2 to impart desirable electrochemical properties in comparison 

to pure AgCl.8 These studies of alumnia-filled electrolyte materials exemplify the 
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importance of low percentage inert material doping, since an overabundance of filler 

inhibits conductivity due to its insulating behavior. 

As precedented in literature, there is clear potential to improve thermal stability and 

increase bulk ionic conduction within polymer samples via hybrid polymer-ceramic 

electrolytes. Ideally, composites would allow for optimal blending of desired physical, 

chemical and electrochemical properties in a way that creates a solid electrolyte better than 

the parent material. As an investigation to the effects of additives on the inherent properties 

of the catechol borohydride polymer, a select range of weight percent inert silica powder-

polymer hybrid samples were synthesized and characterized.  

Due to the small molecular weights reported in Chapter 3, and to promote step-wise 

growth of the product, we sought to grow the catechol borohydride polymer chain off the 

surface of inert silica powder filler. The chemical synthetic route is shown in Scheme 4.1. 

The physical synthetic route apparatus is shown in Scheme 4.2, where a glass frit was filled 

with a layer of silica gel. To synthesize the inert SiO2 powder-polymer hybrids, the surface 

of the silica powder was first treated with base to deprotonate it and decorate it with 

nucleophilic oxide surface atoms. Samples were monitored by FTIR for signal intensity 

growth by step-wise addition and are shown in Figure 4.2. By the first repetition of boron 

reagent there was a noticeable decrease in the filtration speed, suggesting some monomers 

were indeed creating polymer linkages, and narrowing the inter-particle pores.  
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Scheme 4.2: Synthesis of SiO2-polymer via frit and step-wise addition 

 

Scheme 4.1: Synthesis of hybrid SiO2-polymer with chemical reaction steps 
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4.2 Fourier Transform Infrared Spectroscopy 

In Figure 4.2A, the alternating addition of chloroborane methylsulfide complex 

(boron reagent) and lithiated catechol solution was repeated three times. After Step 1 

Boron, the first boron reagent addition, the borohydride IR stretch key characteristic signal 

is at ~2400 cm-1. After Step 2 Lithiation, the first lithiated catechol addition, large changes 

within the aromatic region of ~3000 cm-1, ~1600 cm-1 and ~1400 cm-1 were noted 

indicating the catechol attachment. The silica signals at 950 cm-1 and 805 cm-1 were 

unchanged unlike the silica peak at 1050 cm-1 which shows a peak shoulder due to the 

borohydride functional group. By the final rinse and comparison of bulk sample, there are 

signature FTIR peaks indicating the presence of both C-O bonds and B-H bonds, listed in 

Table 3.1.  

In Figure 4.2B, the alternating addition of chloroborane methylsulfide complex and 

lithiated catechol solution was repeated sixteen times. Step 1 Boron was the first wash of 

boron reagent. Step 2 Lithiated Catechol was the first wash of  lithiated catechol solution. 

The tenth alternating addition of each reagent is shown here as Step 3 Boron and Step 4 

Lithiated Catechol. The sixteenth alternating addition of each reagent is shown here as Step 

5 Boron and Step 6 Lithiated Catechol. The sample was given a final rinse of pentane to 

remove any unreacted reagents and the final bulk sample FTIR spectra is shown, and shows 

peak signals correspondent to the presence of both C-O bonds and B-H bonds.  
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Figure 4.2: A)Step-wise Addition of Two Monomers with Three Iterations, B) Step-wise 

Addition with Sixteen Iterations 

A 

B 
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The step-wise addition was forgone to a simpler, faster synthesis due to the 

comparison of FTIR bulk sample spectra (illustrated in Figure 4.2A bulk sample) to that of 

Figure 4.3 10wt% Silica, which show similar spectra. Samples were first lithiated to 

activate surface hydroxy groups but then were only washed once with the aliquot of 

chloroborane methyl sulfide complex and the lithiated catechol solution.  

 

As shown in section 4.1, the different variations of the reaction schemes, the main 

peaks of interest are those indicating the polymer with aromatic C-O and B-H bond 

linkages. (These distinctive peaks are: carbon-oxygen (1150-1050 cm-1), aryl-carbon (1220 

Figure 4.3: FTIR Spectra of 1 micron Silica Powder in Comparison to 10 and 25wt% 

Silica to Polymer Samples 
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or 1100 cm-1),  aryl-boron (1470-1430 cm-1),  boron-hydrogen (2630-2350 cm-1 or 1620-

1440 cm-1 or 1205-1140 cm-1 or 1075-1010 cm-1) and boron-oxygen bonds (1450-1425 cm-

1 or 1360-1310 cm-1 or 890-860 cm-1) respectively.11–16) Additionally, the silica particles 

have distinctive peaks: silicon-oxygen (815 cm-1 or 1100-950 cm-1), silicon-hydroxy (3400 

cm-1 or 1600 cm-1) and silicon-oxygen-boron (1050-950 cm-1). In Table 4.1 peaks are 

identified. As shown in Figure 4.3, the characteristic peaks of polymer become less 

apparent as the weight percent of silica powder increases.  
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Chemical Group Literature 

Wavenumber 

Range 

Catechol 

Reagent 

Catechol Polymer 

Vacuum|Heat & 

Vacuum 

SiO2 Particles 5wt% SiO2 

Polymer 

Intermolecular 

Alcohols 

 

In-plane O-H 

Stretch 

3600-3200 (s,b) 

3200-2700 (b) 

 

1350 

3490-3050 

2840-2460 

 

1350 

3200(b)|3250(b) 

2800(b)|2820(b) 

  

Aromatic C-H 

Stretch 

 

1,4-Disubstituted 

 

 

 

 

 

3100-3000 (m,s) 

 

 

3100-3000(w) 

2000-1700(w) 

1650-1550(m,m) 

1150-1100(m,m) 

775-700(s,s) 

900-800(s) 

3030 

 

 

 

 

1630,1520 

1100 

700 

3080|3130 

 

 

3010|3000 

2080-1725|2000-1900 

1600|1635 

1190,1110|1160,1070 

770,710|770,710 

 3100-3000 

 

 

 

 

 

1170 

Aromatic C-H 

Stretch 

C-H Bending 

 

 

C=C Bending 

 

Out of plane 

C=C Bending 

 

3050 

 

860-680(s) 

1430-1290 

 

1700-1500(m,m) 

1470 

700 

3030 

 

830,760 

1400 

 

1630,1520 

1470 

700 

 

 

 

770|770 

1400|1390 

 

1725,1600|1760,1630 

 

710|710 

  

 

790 

1415,1275 

 

 

 

700 

 

 

O-Aryl 

 

 

C-O 

1220(s) or 

1100(m) 

 

1150-1050 

1275 

 

 

1100 

 

1110|1100 

 

1040|1050 

  

B-Aryl 

 

Ph2B 

1470-1430 

 

1280-1250 

  

 

  

B-O 

 

 

1450-1425 

1360-1310 

1280-1260 

890-860 

  

1350|1310 

1260 

895,865|850 

 

 

 

 

 

B-H 

 

B-H scissoring 

modes 

 

2630-2350 

 

1620-1440 

1205-1140 

1075-1010 

 2430,2330|2420,2330 

 

 

 

1000|1010 

 

 

 

 

 

2450,2300 

 

1615 

 

 

Si-O-Si Network 

B-O-Si linkage 

(stretch) 

SiO vibrations 

Silanol OH 

Surface Stretch 

815 

950-1050 

 

~1100 

3400|1600 

 

 

 

805 

1050,950 

 

 

3400(b) 

 

1050,950 

 

 

3400(b) 

Table 4.1: Common FTIR Signatures from Literature and Observed Experimental 

Wavenumbers Pertinent to Aromatics, Boron-containing Molecules, and Silica11–18 

 

 

 



 

82 

4.3 Thermal Gravimetric Analysis 

The general trend of the addition of increasing weight percent SiO2 in the polymer 

blend was apparent by visual inspection as well as by generally following a lesser weight 

loss trend as shown in Figure 4.4. As the amount of silica increases, it becomes more silica-

like and vice-cersa, as the amount of polymer increases, the sample is visually more clumpy 

or agglomerated (Figure 4.5). The vacuum dried only samples show overall less weight 

loss than those that are heated and vacuum dried; this was seen previously in the pure 

polymer samples and is due to residual THF solvent remaining within the samples 

 

Figure 4.4: A:TGA of Varied SiO2 Powder Weight Percents, B: First Derivatives of the 

Varied SiO2 Powder Weight Percents 
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themselves. Furthermore, this heated step may permit more linkages to form between the 

free polymers and particles as a type of curing step. The temperature dependent 

experiments were capped at 60°C due to mimimal weight loss found in the TGA studies 

before this temperature. 

 

4.4 Electrochemical Impedance Spectroscopy 

Electrochemial Impedance Spectroscopy was carried out for samples with various 

weight percents of silica powder and for samples with different methods of preparation. A 

selection of plotted conductivities are in Figure 4.7. The activation energies determined 

from fitting to the Arrhenius equation are shown for both cooling and heating temperature 

cycles in Table 4.2. Each conductivity is determined by fitting an equivalent circuit and 

using the bulk resistance of the system to calculate bulk ionic conductivity for the 

electrolyte. The Nyquist plots of SiO2-polymer samples were fit to a modified Randles 

circuit shown in Figure 4.6 (see Chapter 2 Instrumental Techniques); for these samples the 

components of Ø1, Ø2, ||, R1, R2, R3 correspond to constant phase element 1, constant 

Figure 4.5: Photographs of Pure Polymer, Weight Percent Polymer-Silica Samples and 

Pure Silica Powder 
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phase element 2, capacitor component, interfacial resistance, charge-transfer resistance and 

bulk resistance with Warburg diffusion of the sample respectively. 

The bulk ionic conductivity of the different samples varied, but a general higher 

ionic conductivity (on the order of 10-5 to 10-6 S·cm-1) was observed for samples with low- 

weight loadings of inert silica. As more “dead weight” or non-conductive silica is added 

the overall conductivity decreases. This contrasts to the previously discussed works by 

groups like Maier, Jow, Wagner, Liang, etc. where improved conductivity may be due to 

the difference of how the silica particles were included into the electrolyte material. Those 

Figure 4.7: EIS of SiO2 Weight Percent Samples 

 

Figure 4.6: Equivalent Circuit for SiO2-Polymer Samples 
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works were physical mixtures of electrolytic materials and oxide fillers, where as the SiO2-

catechol borohydride hybrids are covalently bound together. For the physical mixtures, 

there may be increased mobility at the hydrophobic/hydrophilic interfaces from space-

charge effects or “artificial” defect sites, where as in this work the polymer is covalently 

attached to the silica particles and do not have the same mobility enhancements through 

out the system.  

Furthermore, differences between sample thickness or preparation methods play a 

crucial role. Samples that were only vacuum dried tend to have higher conductivity than 

heat and vacuum dried samples in the composites. Compared to the “pure” polymers in 

Chapter 3 where the ionic conductivity improved with THF solvent removal, the 

composites show worse ionic conductivity.  In the pure polymer, the lithium ion could 

better conduct through the polymer due to the removal of the “binding” points of the hard 

donor oxygen on THF. In the composite polymers, removing the THF might take away 

some of possible conducting ion pathways or hopping points for the lithium ion. The 

composites are covalently bound together and may act as one uniform phase. In comparison 

to the examples of two-phase systems that benefit from space-charge effects, the 

conduction pathway for the composite electrolyte can only be done through the polymer 

network. Further, the weight percent additions of silica may not be optimized for the 

catechol borohydride polymer and may instead be acting as a “blocking effect” filler.  

The vacuum dried only composite samples are generally the same order of 

magnitude of ionic conductivity as the catechol borohydride polymer. However, the 

vacuum dried only composites in general have a much lower activation energy, and is most 
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likely due to the THF molecules faciliting lithium ion movement around the bulk inert 

filler. For the catechol borohydride polymer versus the 10 wt% addition of silica heat and 

vacuum dried, the activation energy is on par. Despite lower conductivity values when 

samples were heated and vacuum dried during synthesis, they have a higher thermal 

stability due to removal of the volatile solvent and can be used across a wider thermal 

window.  

Table 4.2: Polymer SiO2 Sample Thickness and Calculated Activation Energies 

 

Catechol & 

wt% SiO2 
Method 

Ionic Conductivity 

(S·cm-1) 

40°C | 0°C 
(*60|**20|***10°C) 

Sample 

Thickness 

(cm) 

Activation 

Energy 

(kJ/mol) 

Cool | Heat 

Catechol 

Polymer 

Vac.Only 

Heat & Vac. 

3.7 x 10-7 *| 1.5 x 10-8** 

2.2 x 10-5 | 1.5 x 10-8 

0.010 

0.006 

110 | 121 

110 | 115 

5wt% Vac.Only 5.1 x 10-7 | 3.6 x 10-11 0.032 160 | 130 

10wt% 
Vac. Only 

Heat & Vac. 

1.7 x 10-6 | 1.5 x 10-7 

1.9 x 10-7 *| 1.8 x 10-10*** 

0.021 

0.010 

36 | 40 

110 | 110 

25wt% 
Vac. Only 

Heat & Vac. 

6.5 x 10-7 | 1.7 x 10-8 

- | - 

0.024 

- 

64 | 55 

- | - 
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 There are no signs of chemical degradation before and after the EIS experiments 

during the sample heating and cooling cycles due to virtually no change in the FTIR 

spectra. This illustrates that working within the temperature window determined from TGA 

experiments retains the integrity of the samples.  

 

4.5 Conclusions 

Experimentally the catechol borohydride polymer was demonstrated to work as a 

composite electrolyte. Although the ionic conductivity remained low or was lower with 

higher silica weight loadings, the activation energy was on par or decreased when 

Figure 4.8: FTIR Spectra of Silica Powder-Polymer Samples Before and After EIS 
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compared to the pure electrolyte. This means that the energy needed for each conducting 

ion to hop was reduced. Further, the silica particles utilized would not contribute to any 

ionic conductivity during the experiments and so the ionic conductivity decrease at high 

silica loadings was understandable. The polymer shows that it can act as both active 

material (electrolyte) and binder for solid particles. Particularly insightful is the 

comparison of heated and vacuum dried polymer to that of heated and vacuum dried 10wt% 

SiO2 sample as these were measured to be almost the same thickness and gave almost 

equivalent activation energies for both heating and cooling cycles. This seems to suggest 

that a weight loading of 10wt% solid particles to polymer ratio may be the ideal ratio to 

maximize the composite electrolyte performance, especially if silica is substituted with 

ionically conductive solid particles like lithium aluminum germanium phosphate (LAGP) 

ceramic.   

4.6 Experimental 

4.6.1 General Methods 

All reactions are done under Argon atmosphere in MBraun glove boxes unless 

explicitly stated. Catechol, lithium bis(trimethylsilyl)amide, chloroborane methylsulfide 

complex, were obtained from Sigma-Alrich and used directly. Anhydrous solvents of THF, 

DMF, ether are distilled or taken from a PureSolv distillation system.  SiO2 1 micron 

powder 99.9% was purchased from Alfa Aesar, dried in a 150°C oven before use.  

4.6.2 SiO2-Catechol Borohydride Polymer Composite Synthesis 

The initial reagent preparation follows the same stoitchiometric ratios previously 

described. Catechol [1,4-benzenediol] (0.5055 g, 4.99 mmol) was dissolved in 10 mL THF 
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and lithium bis(trimethylsilyl)amide (1.6733 g, 9.99 mmol) was added with stirring in a 25 

mL vial. This was stirred for a minimum of 30 minutes and then gravity filtered to isolate 

a clear to clear yellow solution of lithiated catechol. Silica particles of 1µm were baked at 

150°C overnight to remove excess water before use. The amount of silica used is dependent 

upon step-wise growth or fast synthesis strategies listed below. All samples were either 

vacuum dried or heated and vacuum dried at 60-70°C and are labeled accordingly. 

Step-wise Growth: 1µm SiO2 particles (0.5000 g, 8.32 mmol) were weighed and 

placed into the frit, rinsed with 10 mL of pentane, and rinsed with 2.5 M n-BuLi in hexanes 

(3.50 mL, 8.75 mmol). An aliquot of the total volume of chloroborane methylsulfide 

complex (1.20 mL, 10.3 mmol) was added evenly to the frit, followed by a 5 mL pentane 

rinse. An aliquot of the total volume of  0.499M lithiated catechol solution (10.00 mL, 4.99 

mmol)  was added evenly to the frit, followed by a 5 mL pentane rinse. The chloroborane 

methylsulfide complex and lithiated catechol solution are added in alternating steps. After 

the last aliquot of catechol solution, a final 5 mL pentane rinse was done before vacuum 

drying (or heat and vacuum drying the sample) for a minimum of 2 hours.  

Fast Synthesis: For the 5, 10, 15, 25 weight percent samples, SiO2 particles were 

measured at 0.0911g, 0.1821g, 0.2731g, 0.4553g respectively considering 100% yield of 

the catechol borohydride polymer from the starting reagents. The SiO2 particles are 

suspended, stirred in pentane, and lithiated with 2.5 M n-BuLi in hexanes (3.50 mL, 8.75 

mmol). The pentane is removed by vacuum before the particles are suspended in 10 mL 

THF and stirred. Chloroborane methylsulfide complex (1.20 mL, 10.3 mmol) is added to 
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the suspension followed by 0.499M lithiated catechol solution (10.00 mL, 4.99 mmol). The 

suspension is vacuum dried (or heat and vacuum dried) for a minimum of 2 hours. 
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CHAPTER 5:  

CATECHOL BOROHYDRIDE POLYMER AS A COMPOSITE ELECTROLYTE 

WITH THE CONDUCTIVE CERAMIC LITHIUM ALUMINUM GERMANIUM 

PHOSPHATE 

The continued effort to improve solid-state electrolytes lead to the pursuit of hybrid 

ceramic-polymer electrolytes. As compared to Chapter 4, using a conductive ceramic 

instead of SiO2 will remove “dead weight” or inert filler with an active material that 

contributes to overall ionic conductivity. The advantages of composite systems is that 

desirable electrochemical properties of two materials can be expressed within one hybrid 

sample. For ceramics, the advantages include single-ion conduction, suppressed dendrite 

growth, and conductivities comparable to some liquid electrolytes (10-3 S·cm-1); for 

polymers, the advantages include flexibility and uniform electrode surfaces. Each 

individual component has inherent problems—ceramics are brittle, form poor electrode 

surface contact and high impedance interfaces, while polymers have low shear modulus 

(meaning dendrites can not be physically stopped) and much lower conductivities (10-5 

S·cm-1). However, by synthesis of a polymer covalently attached to a ceramic surface, 

electrode contacts may be improved (more flexibility imparted by the polymer), reduce the 

probability of dendrite penetration (increased strength and tLi+ from ceramic), and reduce 

interfacial impedance (from directly linking the ceramic to the polymer).  

This chapter discusses the synthesis and characterization of catechol borohydride 

polymer-conductive ceramic (Lithium Aluminum Germanium Phosphate) composite 

electrolytes. Like the silca particle composites, these were analyzed through thermal 
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gravimetric analysis, fourier transform infrared spectroscopy, and electrochemical 

impedance spectroscopy at various weight percent additions. The general experimental 

methodology explored in Chapter 4 resulted in only pursuing heat and vacuum dried 

samples of various weight percent conductive ceramic hybrids at elevated temperature for 

comparison. The catechol borohydride polymer-conductive ceramic powder composites 

were found to have thermal stability up to 60°C for temperature dependent tests. For 

catechol borohydride-conductive ceramic powder samples, the highest ionic conductivity 

was 2.4 x 10-5 S·cm-1 at 60°C for 5% weight addition of ceramic powder to polymer; the 

activation energy was 85 kJ·mol-1 for the heating cycle. Based upon the results of the 

electrochemical impedance spectroscopy, the composite electrolytes show that the 

polymers can contribute as an active material as well as a binder material for solid active 

material conductive ceramic particles.  

 

5.1 Catechol Borohydride Polymer-LAGP Hybrid Approach 

The conductive ceramic material used for the synthesis of polymer-ceramic hybrids 

in this chapter is LAGP or lithium aluminum germanium phosphate conductive ceramic 

(Li1.5Al0.5Ge1.5P3O12). This ceramic is commonly used in research battery components due 

to its high ionic conductivity and stability upon contact with lithium metal anodes 

compared to other NASICON-family ceramics1,2. The advantageous properties exhibited 
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include ionic conductivity in the range of 10-3 S·cm-1, electrochemical stability window of 

1.8-7V vs Li+/Li, and high thermal stability as an inorganic solid.3,4 Furthermore, these 

ceramics can typically be cycled with a Li/LAGP/LiFePO4 solid-state assembly with 

reasonable discharge capacities up to 120mAhg-1.1,4  

In conjunction with using the inert filler to improve the conductivity, or lower the 

resistance, the idea that creating a matched chemical potential pathway between contingous 

polymer and ceramic phases is also important. Figure 5.1 shows the “step-wise” chemical 

potential pathways from solid-state electrolyte materials and how selective synthesis and 

design can improve electrochemical performance reproduced from Zhu et al.5 The 

difficulties of forming a stable interface with solid-state electrolyes is due to chemical 

potential gaps of the electrolyte material, anode (lithium) and cathode. By reducing the 

 

Figure 5.1: Battery components and their relative chemical potential 
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chemical potential steps, the ion requires less energy to migrate between the different phase 

components of the system. In Figure 5.1, a solid electrolyte is bridged with an artificial 

coating to bridge the chemical potential of the anodes and cathodes. 

To synthesize the conductive ceramic-polymer hybrids, the LAGP ceramic was 

first treated similarly to the SiO2 powder, described in Scheme 5.1. The surface hydroxy or 

oxygen groups were functionalized with n-butyllithium to deprotonate the surface with 

activated linkage points for the borane reagent. Once the reaction is complete, the samples 

are then vacuum dried and heated at 60°C for a minimum of two hours to remove any 

remaining THF solvent. Furthermore, this heated step may permit more linkages to form 

between the free polymers and particles as a type of curing step.  

 

 

Scheme 5.1: Synthesis of hybrid LAGP-polymer reaction steps 
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5.2 Thermal Gravimetric Analysis 

 

The thermal gravimetric analysis of the ceramic-catechol borohydride polymers 

shown in Figure 5.2 show overall similar characteristics for each sample with the major 

difference being the final weight loss percentage due to increasing LAGP ceramic content. 

As with the silica powder-catechol hybrid polymers, temperature dependent experiments 

were capped at 60°C due to sample stability below this temperature. There is a small 

plateau region at approximately 140°C and the samples show about 5% weight loss total. 

 

Figure 5.2: A:TGA of Variable composition polymer/ceramic hybrid electrolytes, B: 

First Derivatives plots. 

 

A                                                                               B 
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5.3 Fourier Transform Infrared Spectroscopy 

As shown in section 5.1, the final product has several distinct functional groups: 

the main peaks of interest are those indicating the polymer with aromatic C-O and aliphatic 

B-H bonds present at linkages. (These distinctive peaks are: carbon-oxygen (1150-1050cm-

1), aryl-carbon (1220 or 1100cm-1),  aryl-boron (1470-1430cm-1),  boron-hydrogen (2630-

2350cm-1 or 1620-1440cm-1 or 1205-1140cm-1 or 1075-1010cm-1) and boron-oxygen 

bonds (1450-1425cm-1 or 1360-1310cm-1 or 890-860cm-1) respectively.6–11) In Table 5.1 

peaks are identified. As shown in Figure 5.5, the characteristic peaks of polymer become 

less apparent at higher percentages of ceramic powder content. The lithium aluminum 

germanium phosphate ceramic FTIR signature is shown in red; much like the silica 

powder-polymer hybrids these signature peaks occur in the 1100-500cm-1 region due to the 

metal-oxide components of the ceramic particles.12–14  

As seen in all prepared samples (pure polymer, silica powder-polymer and ceramic 

powder-polymer) the distinctive peaks for B-H are visible at the 2400-2300cm-1 and 

1600cm-1 region. Further, the catechol aromatic signatures are still prevalent in the 3400-

3000cm-1 region. The peaks for LAGP-polymer sample is compared in Table 5.1. 

 

 

 

 

 



 

100 

Chemical Group Literature 

Wavenumber 

Range 

Catechol 

Reagent 

Catechol Polymer 

Vacuum|Heat & 

Vacuum 

LAGP Particles 5wt% LAGP 

Polymer 

Intermolecular 

Alcohols 

 

In-plane O-H 

Stretch 

3600-3200 (s,b) 

3200-2700 (b) 

 

1350 

3490-3050 

2840-2460 

 

1350 

3200(b)|3250(b) 

2800(b)|2820(b) 

 3100(b) 

Aromatic C-H 

Stretch 

 

1,4-Disubstituted 

 

 

 

 

 

3100-3000 (m,s) 

 

 

3100-3000(w) 

2000-1700(w) 

1650-1550(m,m) 

1150-1100(m,m) 

775-700(s,s) 

900-800(s) 

3030 

 

 

 

 

1630,1520 

1100 

700 

3080|3130 

 

 

3010|3000 

2080-1725|2000-1900 

1600|1635 

1190,1110|1160,1070 

770,710|770,710 

  

 

 

 

 

1610 

1100 

770 

Aromatic C-H 

Stretch 

C-H Bending 

 

 

C=C Bending 

 

Out of plane 

C=C Bending 

 

3050 

 

860-680(s) 

1430-1290 

 

1700-1500(m,m) 

1470 

700 

3030 

 

830,760 

1400 

 

1630,1520 

1470 

700 

 

 

 

770|770 

1400|1390 

 

1725,1600|1760,1630 

 

710|710 

  

 

770 

1410 

 

1610 

O-Aryl 

 

 

C-O 

1220(s) or 

1100(m) 

 

1150-1050 

1275 

 

 

1100 

 

1110|1100 

 

1040|1050 

  

1100 

B-Aryl 

 

Ph2B 

1470-1430 

 

1280-1250 

  

 

  

B-O 

 

 

1450-1425 

1360-1310 

1280-1260 

890-860 

  

1350|1310 

1260 

895,865|850 

 

 

 

 

 

850 

B-H 

 

B-H scissoring 

modes 

 

2630-2350 

 

1620-1440 

1205-1140 

1075-1010 

 2430,2330|2420,2330 

 

 

 

1000|1010 

 

 

 

 

 

2430,2330 

 

P-O 

 

LAGP Metal-

Oxide Signatures 

1270 

1100 

1030 

660 

590 

 

 

1270 

1100 

1030 

660 

590 

1270 

1100 

1030 

650 

600 

Table 5.1: Common FTIR Signatures from Literature and Observed Experimental 

Wavenumbers Pertinent to Aromatics, Boron-containing Molecules, and LAGP Ceramic 

Particles6–11,15,16 
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As expected, the comparison of different LAGP-polymer weight percent samples 

in Figure 4.3 shows more intense polymer signals with lower percentages of LAGP 

ceramic. At 15 weight percent of LAGP ceramic, the intensity of the aromatic signatures 

are much less distinct.  

5.4 Electrochemical Impedance Spectroscopy  

Electrochemial Impedance Spectroscopy was carried out for the different ceramic 

weight percent samples. The fit activation energies for cooling and heating temperature 

cycles are given in Table 5.2. The bulk resistance of the system is found by fitting an 

equivalent circuit to the EIS spectra to calculate bulk ionic conductivity for the different 

Figure 5.3: FTIR Spectra of LAGP Ceramic in Comparison to 5, 10, 15wt% Ceramic-

Polymer Samples 
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weight percent ceramic-polymer samples. The circuit used is shown in Figure 5.4, where 

the Nyquist plot information is fit to a modified Randles circuit; for these samples the 

components of Ø1, Ø2, ||, R1, R2 correspond to constant phase element 1, constant phase 

element 2, capacitor component, interfacial resistance and bulk resistance of the sample 

respectively. 

As shown in Figure 5.5 the Arrhenius plots show slight improvements in the ionic 

conductivity of the polymer with low weight percent loadings of conductive LAGP 

ceramic. At 5wt% ceramic, there are improvements in both high and low temperature ionic 

 

Figure 5.5: EIS of Weight Percent Ceramic-Polymers 

 

Figure 5.4: Equivalent Circuit for LAGP-

Polymer Samples 
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conductivity and activation energy of the system with a decrease of about 10% and 20% 

respectively. Comparisons are listed in Table 5.2. Compared to pure catechol borohydride 

polymer electrolyte, the LAGP ceramics regardless of the weight percentage have lower 

activation energy for all samples. The small improvements within electrochemical 

conductivity and activation energy are promising. Once other novel properties within the 

polymers are optimized, these improved electrochemical features may contribute to better 

electrochemical performance. 

Sample/Ceramic % 

Ionic Conductivity 

(S·cm-1) 

60°C | 10°C 

Sample 

Thickness (cm) 

Activation Energy 

(kJ/mol) 

Cool | Heat 

Polymer 2.2 x 10-5 | 1.5 x 10-8 0.006 110 | 115 

5wt% 2.4 x 10-5 | 1.1 x 10-7 0.008 83 | 85.4 

10wt% 3.8 x 10-7 | 1.9 x 10-9 0.014 83 | 88 

15wt% 6.9 x 10-8 | 5.4 x 10-10 0.006 74 | 86 

Table 5.2: Ceramic Sample Thickness and Calculated Activation Energies  
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As with previous samples, the composite samples were checked before and after 

EIS tests for chemical degradation using FTIR. From cycling 60°C to 10°C there were no 

apparent chemical changes based on the FTIR signature peaks.  

5.5 Conclusions 

The ceramic-modified polymer at low weight percent compared to pure polymer 

improved overall ionic conductivity and decreased the activation energy of ion migration. 

When the pure catechol borohydride polymer is used as a composite electrolyte it can have 

improved features. Work should be done on altering the polymer composition to improve 

these electrochemical properties.  The larger thermal window of the composite samples 

Figure 5.6: FTIR Spectra of LAGP Ceramic Before and After EIS 
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compared to the pure catechol and phloroglucinol borohydride polymers makes them more 

robust for higher temperature applications. Tests in the future should be carried out to 

extend the thermal stability window and study the ionic conductivity at higher temperature 

parameters.  Further, these hybrid samples are more easily processed for sample 

preparations in both EIS swagelock cells and coin cell holders. 

5.6 Experimental Synthesis 

5.6.1 General Methods 

All reactions are done under Argon atmosphere in MBraun glove boxes unless 

explicitly stated. Catechol, lithium bis(trimethylsilyl)amide, chloroborane methylsulfide 

complex, were obtained from Sigma-Alrich and used directly. Anhydrous solvents of THF, 

DMF, ether are distilled or taken from a PureSolv distillation system.  Ampcera Solid 

Electrolyte LAGP particles, Li1.5Al0.5Ge1.5P3O12 were obtained and used directly.  

5.6.2 LAGP-Catechol Borohydride Polymer Composite Synthesis 

The initial reagent preparation follows the same stoitchiometric ratios previously 

described. Catechol [1,4-benzenediol] (0.5055 g, 4.99 mmol) was dissolved in 10 mL THF 

and lithium bis(trimethylsilyl)amide (1.6733 g, 9.99 mmol) was added with stirring in a 25 

mL vial. This was stirred for a minimum of 30 minutes and then gravity filtered to isolate 

a clear to clear yellow solution of lithiated catechol. LAGP particles of 1µm were baked at 

150°C overnight to remove excess water before use. The amount of LAGP used for 5, 10, 

15 weight percent samples are 0.0911g, 0.1821g, 0.2731g, respectively considering 100% 

yield of the catechol borohydride polymer from the starting reagents.  The LAGP particles 

are suspended, stirred in pentane, and lithiated with 2.5 M n-BuLi in hexanes (3.50 mL, 
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8.75 mmol). The pentane is removed by vacuum before the particles are suspended in 10 

mL THF and stirred. Chloroborane methylsulfide complex (1.20 mL, 10.3 mmol) is added 

to the suspension followed by 0.499M lithiated catechol solution (10.00 mL, 4.99 mmol). 

[The CBMS reagent is added in excess to functionalize the surface, and supply excess 

solution-phase CBMS. The lithiated catechol solution is added dropwise to polymerize the 

sample.] The suspension is vacuum dried (or heat and vacuum dried) for a minimum of 2 

hours at 60-70°C to help cure the polymer monomers onto the ceramic surface and remove 

excess solvent.   
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CHAPTER 6: 

SYNTHESIS & CHARACTERIZATION OF OXYGEN-FREE POLYMERS 

 

The catechol borohydride electrolyte relies on the formation of borate centers to 

make an electrolyte material. The undesirable trait of catechol is the lone pair electrons of 

the oxygen as they are strong ligating agents for cations. The desirable trait of a monomer 

with no lone pair electrons (no binding points for cations) is the ideal synthetic product. 

The investigation of the oxygen-containing catechol and phloroglucinol reagents presented 

in Chapters 3-5 has led the way for the exploration of polymers without electronegative 

atoms. In this way, both a similar sulfur-containing precursor (dithiobenzene) and a 

hydrocarbon (dimethylbenzene) were used to synthesize less electronegative lithiated 

reagents and characterize them as polymer electrolyte materials. 

This chapter discusses the synthesis and characterization of dithiobenzene and 

dimethylbenzene borohydride polymer electrolytes. The electrolytes were characterized 

through thermal gravimetric analysis, fourier transform infrared spectroscopy, nuclear 

magnetic resonance spectroscopy and electrochemical impedance spectroscopy. The 

general experimental synthetic strategy from Chapter 3 was adapted for the dithiobenzene 

and dimethylbenzene monomers. The dithiobenzene and dimethylbenzene borohydride 

polymers were found to have thermal stability up to 90°C and 70-90°C for temperature 

dependent tests respectively. For dithiobenzene borohydride polymer samples, the highest 

ionic conductivity was 1.4 x 10-4 S·cm-1 at 60°C and the activation energy was 106 kJ·mol-

1 for the heating cycle. For dimethylbenzene borohydride polymer samples, the highest 

ionic conductivity was 3.9 x 10-8 S·cm-1 at 60°C and the activation energy was 95 kJ·mol-
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1 for the heating cycle.  Based upon the results of the electrochemical impedance 

spectroscopy and utilizing less electronegative monomers in comparison to catechol 

monomer, the dithiobenzene monomer significantly increases ionic conductivity while the 

dimethylbenzene monomer lowers activation energy of the system.  

6.1 Ligating Atoms 

Ion conduction within polymer networks is due to their flexible amorphous nature. 

In thoroughly explored PEO-based electrolytes, the oxygen atoms within the polymer 

backbone make PEO highly chelating. These binding points become problematic for the 

conductive cations because the presence of negatively charged lone pair electrons increase 

the activation energy for ion conduction. The cation “sticks” to these electrons, and requires 

more energy to “hop” to the next binding point. Lowering the attraction of the positively 

charged cation to the negatively charged anionic backbone should reduce this activation 

energy. To reduce these attractions, the difference in electronegativity of an atom that 

would bind the cation should be minimal. These differences can be described with 

Pauling’s electronegativity values, χ, or the ability of an atom in a molecule to attract 

electrons to itself.1 For reference the most electronegative atom on the Pauling scale is 

fluorine with an  χ value of 3.98.2  For comparison, the Pauling’s electronegativity values 

of other atoms are: oxygen 3.44, sulfur 2.58, carbon 2.55, lithium 0.98, sodium 0.93 and 

potassium 0.82.2 With sulfur or carbon linkers instead of oxygen, this electronegativity 

difference is greatly reduced. To increase ionic conductivity (ideally cation conductivity), 

reduce activation energy and make stable electrolytes, removing oxygen atoms from the 

polymer backbone is targeted.  
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Moving away from catechol reagents that contain oxygen atoms with lone pair 

electrons, the use of a less electronegative atom like sulfur should help improve the overall 

ionic conductivity and ideally cationic conductivity. Lithium ions should be less attracted 

to the sulfur atoms (compared to oxygen atoms) due to decreases in electrostatic 

interactions. There are several advantages of using sulfur containing electrolytes such as 

generally higher ionic conductivities typically 10-4 S·cm-1 up to 10-2  S·cm-1 that can then 

be used in conjunction with higher therorectical capacity electrodes.3–6 As shown within 

previous works, sulfur-doped LATP (Li1.3Al0.3Ti1.7(PO4)3) solid electrolytes (a NASICON-

type material) enhanced conductivity and decreased activation energy from 1.02 x 10-4 to 

5.21 x 10-4 S·cm-1 at 40°C and 44.42 eV to 39.91 eV, about a 20 percent increase in ionic 

conductivity and about 10 percent decrease in the activation barrier.7  

To expand upon the works reported thus far, and to see if the electrochemical 

properties could be improved, we explored the replacement of catechol reagent with a 

sulfur-substituted analog: 1,4-dithiobenzene. The thiol molecule was used in the same 

manner as the catechol reagent, described in Scheme 6.1. Characterization of the resulting 

polymer was performed using TGA, FTIR, NMR, and EIS. The dithiol-based electrolyte 

was again a tacky solid consistency but had better thermal stability compared to the 

catechol-based electrolyte. Further, initial testing showed slight improvements in 

conductivity measurements especially at lower temperatures, as discussed in section 6.6. 

Similar characterization was also done with a lithiated hydrocarbon reagent using 1,4-

dimethylbenzene (p-xylene), using similar approaches to those presented in Chapters 2-4, 

and is described in Scheme 6.2.  
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6.2 Reaction Schematics 

Scheme 6.1: Synthesis of dithiobenzene borohydride polymer and reaction steps 

 

Scheme 6.2: Synthesis of dimethylbenzene borohydride polymer and reaction steps 
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As shown in Scheme 6.1 and Scheme 6.2, the catechol monomer is replaced by 

either dithiobenzene or dimethylbenzene. These monomers were chosen to study polymers 

that only differed by only the electronegativity of the linker atom. With these syntheses 

oxygen, sulfur and carbon (descending electronegativities) can be compared to 

electrochemical and thermal properties.   

6.3 Thermal Gravimetric Analysis  

The dithiobenzene borohydride polymer had a very high thermal stability upwards 

of 90°C (dithiobenzene itself has a melting point of 92-97°C as reported by Sigma-Aldrich) 

 

Figure 6.1: A:TGA of Dithiolbenzene Borohydride Polymer, Dimethylbenzene 

Borohydride Polymer compared to Catechol Borohydride Polymer, B: First Derivative of 

Dithiolbenzene, Dimethylbenzene compared to Catechol Borohydride Polymer 

 

A B 
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when compared to the catechol borohydride polymer which was limited to thermal tests at 

60°C. Remarkably at ~130°C there was less than 2.5 percent weight loss of the original 

sample (where as the heated and vacuumed dried catechol has 7 percent weight loss). The 

thermal stability window of the dithiobenzene borohydride polymer is superior to the 

catechol version, and future studies could be extended to higher thermal parameters. There 

was also less of an inital weight loss in the thiol compound typically due to the 

tetrahydrofuran solvent which may be due to the increased drying time.  

The dimethylbenzene borohydride polymer also had higher thermal stability than 

the catechol borohydride polymer, at 70°C only 1 percent weight loss, at 90°C only 2 

percent weight loss. As the boiling point for p-xylene is approached (~138°C) the weight 

loss approaches 6 percent. The TGA plot does not show distinguished regions for 

polymerized mono and di-lithiated dimethylbenzene starting reagent that was distinguished 

in the 1H-NMR for the lithiated dimethylbenzene monomer. The extended thermal 

windows for both sulfur and carbon-containing monomers is promising to persue for better 

battery electrolytes operating at realistic temperature ranges.  

6.4 Fourier Transform Infrared Spectroscopy 

The FTIR spectra of the dithiobenzene, dimethylbenzene and catechol borohydride 

polymers are compared in Figure 6.2 and there are many characteristic signatures that 

overlap. Common signatures pertinent to the original catechol borohydride polymer, 

dithiobenzene borohydride polymer, and dimethylbenzene borohydride polymer are listed 

in Table 6.1. 
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As shown in Figure 6.2, there are several new strong-intensity peaks that are 

pertinent for the dithiobenzene: sulfur-hydrogen, carbon-sulfur or carbon-sulfur double 

bonds at 2545cm-1, 650cm-1 and 3440cm-1  wavenumbers respectively. The small sharp 

peak at 3400cm-1 may be due to S-BH2 bond vibrations. The broadening of the peak at 

2400cm-1 is most likely due to the BH2 signature peak overlapping with the sulfur linker at 

2500cm-1. Furthermore, peak intensity increases in the fingerprint region are most likely 

due to increased C-S character for the 710-550cm-1 region. For the dimethylbenzene 

polymer there are fewer distinctive features due to the hydrocarbon nature of the polymer, 

Figure 6.2: Comparison of Dithiolbenzene Polymer to Catechol Polymer FTIR Spectra 
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but again the distinctive B-H peaks as well as B-C peaks are present in regions frequently 

found to overlap at typical B-O bond wavenumbers.  

Chemical Group Literature 

Wavenumber 

Range 

Catechol Polymer 

(Heat & Vacuum) 

Dithiobenzene 

Polymer 

Dimethylbenzene 

Polymer 

Intermolecular 

Alcohols 

 

In-plane O-H 

Stretch 

3600-3200 (s,b) 

3200-2700 (b) 

 

1350 

3250(b) 

2820(b) 

  

Aromatic C-H 

Stretch 

 

1,4-Disubstituted 

 

 

 

 

 

3100-3000 (m,s) 

 

 

3100-3000(w) 

2000-1700(w) 

1650-1550(m,m) 

1150-1100(m,m) 

790-700(s,s) 

900-800(s) 

3130 

 

 

3000 

2000-1900 

1635 

1160,1070 

770,710 

 

3090,2960 

 

 

3000 

2000 

1600 

 

 

840 

3200,2930 

 

 

 

 

1640 

 

 

820 

Aromatic C-H 

Stretch 

C-H Bending 

 

 

C=C Bending 

 

Out of plane 

C=C Bending 

3050 

 

860-680(s) 

1430-1290 

 

1700-1500(m,m) 

1470 

700 

 

 

770 

1390 

 

1760,1630 

 

710 

 

 

760 

1410,1330 

 

 

 

720 

 

 

760,650 

1420,1340 

 

 

 

730 

O-Aryl 

 

 

C-O 

1220(s) or 

1100(m) 

 

1150-1050 

 

1100 

 

1050 

 

 

 

 

 

 

B-O or 

*B-C vibrations 

 

 

1450-1425 

1360-1310 

1280-1260 

890-860 

 

1310 

1260 

850 

 

 

1420* 

1340* 

 

880* 

B-H 

 

B-H scissoring 

modes 

 

BH2 “wagging” 

2630-2350 

 

1620-1440 

1205-1140 

1075-1010 

975-945 

2420,2330 

 

 

 

1010 

2475,2325 

 

 

1180 

1005 

2330,2260 

 

 

1195 

1060 

950 

S-H, thiophenols 2700-2500 (w) 
 

2545  

C-S 

 

 

 

 

C=S 

710-570 (w) 

1300 

1275 

1025 

 

1225-1030 

 

650 

1330 

1250 

1040 

 

Sulfonamides 3400(s) 
 

3440  

Table 6.1: Common FTIR Signatures from Literature and Observed Experimental 

Wavenumbers Pertinent to Aromatics, Boron, and Sulfur-containing Molecules8–19 
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6.5 Nuclear Magnetic Resonance Spectroscopy 

The dithiobenzene borohydride polymer was dissolved into d-DMSO and the 1H-

NMR and 11B-NMR is shown in Figure 6.3.  There is strong indication that the lithiated 

dithiobenzene reacts with the boron reagent due to the upfield shift of the aromatic protons 

(δ 7.16 to δ 6.38). Also shown in Figure 6.3, the 11B-NMR spectra of the dithiobenzene 

borohydride polymer has expected expected ppm values for a tetravalently coordinated 

boron center.  

The dimethylbenzene polymer was dissolved into d-DMSO and the 1H-NMR and 

11B-NMR is shown in Figure 6.4.  Again, like the dithiobenzene polymer, there is strong 

indication that the lithiated dimethylbenzene reacts with the boron reagent due to the 

upfield shift of the aromatic protons (δ 7.05  to δ 6.54) and also shows expected ppm values 

in the 11B-NMR for a tetravalently coordinated boron center.  
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Figure 6.3: 1H-NMR (top) and 11B NMR (bottom) of Dithiolbenzene Borohydride 

Polymer  
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Figure 6.4: 1H-NMR (top) and 11B NMR (bottom) of Dimethylbenzene Borohydride 

Polymer  
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6.6 Electrochemical Impedance Spectroscopy 

EIS was carried out for both the dithiobenzene and dimethybenzene polymers 

within the temperature limit of 60°C.  The fit activation energies for cooling and heating 

temperature cycles are given in Table 6.2 calculated by fitting an equivalent circuit using 

the bulk resistance of the system to calculate bulk ionic conductivity. The circuit used is 

shown in Figure 6.5, where the Nyquist plot information is fit to a modified Randles circuit; 

for these samples the components of Ø1, Ø2, ||, R1, R2 correspond to constant phase 

element 1, constant phase element 2, capacitor component, interfacial resistance and bulk 

resistance of the sample respectively. 

As shown in Figure 6.6 the EIS spectra shows two interesting phenomena for the 

dithiobenzene borohydride polymer and dimethylbenzene borohydride polymer 

respectively. For the dithiol compound, the extreme ends of temperature sampling are 

much improved when compared to similarly prepared catechol borohydride polymer. Both 

at high temperature of 60°C with an ionic conductivity value of 1.4 x 10-4 S·cm-1, and at 

low temperature of 10°C with an ionic conductivity value of 5.1 x 10-8 S·cm-1 were higher 

than the best values for catechol borohydride polymer. Since the activation energies for 

both heating and cooling cycles are on par with each other this indicates that the ability for 

ion conduction is much higher and the most likely factor is due to the lower 

electronegativity of the sulfur-containing system. For the dimethylbenzene compound, the 

Figure 6.5: Equivalent Circuit for Polymer Samples 
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overall ionic conductivity of the system was by far inferior, but the activation energy of the 

system was improved at ~90kJ/mol. This decrease in activation energy is most likely due 

to having a less electronegative polymer matrix and in tandem the decrease of ionic 

conductivity due to a more rigid polymer backbone. Other avenues for improvement based 

upon these results will be addressed in Chapter 7. 

 

 

Figure 6.6: EIS Comparisons of Catechol and Dithiolbenzene Polymers 
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6.7 Conclusions 

The novel polymers discussed in this chapter add to the general knowledge of how 

to synthetically control ionic conductivity improvements. The pursuit of polymer 

backbones with no lone pair electrons (or less electronegative lone pairs) has real merit to 

significantly increase ionic conductivity as shown with the dithiobenzene borohydride 

polymer. Despite the dimethylbenzene borohydride polymer ionic conductivity performing 

poorly, this offers more insight into future directions for polymer backbones—the decrease 

in activation energy is one component that future electrolytes must continue to improve. 

Further, more selective polymer monomers (i.e. ones containing pendant groups, or 

perhaps even longer side chain linkers) could increase ion conduction. The use of the para-

aromatic monomers may be placing the borate centers too far apart to get optimal anionic 

atom spacing and facilitated cation conductivity. Substituting the bulky aromatic benzene 

with smaller and shorter linear hydrocarbon linkers, like ethyl or propyl groups, may get 

these anionic centers closer together to promote ion hopping. These polymers have 

Polymer 

Ionic Conductivity 

Initial 60°C | 10°C 

(S·cm-1) 

Sample 

Thickness (cm) 

Activation Energy 

(kJ/mol) 

Cool | Heat 

Catechol 2.2 x 10-5 | 1.5 x 10-8 0.006 110 | 115 

Dithiobenzene 1.4 x 10-4 | 5.1 x 10-8 0.012 120 | 106 

Dimethylbenzene 3.9 x 10-8 | 1.5 x 10-10 0.013 88 | 95 

Table 6.2: Catechol, Dithiobenzene, and Dimethylbenzene Polymer Sample 

Thickness and Calculated Activation Energies 
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expanded upon the original proof-of-concept catechol monomer and show that careful 

selection of reagents can artificially improve polymer electrolyte performance.  

6.8 Experimental  

6.8.1 General Methods 

All reactions are done under Argon atmosphere in MBraun glove boxes unless 

explicitly stated. Dithiobenzene, dimethylbenzene, lithium bis(trimethylsilyl)amide, 

chloroborane methylsulfide complex, were obtained from Sigma-Alrich and used directly. 

Anhydrous solvents of THF or pentane are distilled or taken from a PureSolv distillation 

system.   

6.8.2 Dithiobenzene Borohydride Polymer Synthesis 

Dithiobenzene (0.5000 g, 3.52 mmol) was dissolved in 10 mL THF and lithium 

bis(trimethylsilyl)amide (1.176 g, 7.04 mmol) was added with stirring in a 25 mL vial. This 

was stirred for a minimum of 30 minutes and then gravity filtered to isolate a clear yellow 

solution of lithiated dithiobenzene. To a stirred solution, chloroborane methylsulfide 

complex (0.8 mL, 7.67 mmol) was added by dropwise addition to give an immediate 

reaction and the resulting opaque white precipitate was left to stir for a minimum of 30 

minutes. The solution was vacuum dried for a minimum of 2 hours at 60°C. The 

synthesized polymer was an opaque white to grayish-white color and tacky solid. 1H NMR 

(500 MHz, DMSO-d6): δ (ppm) 6.38, 5.32, 4.61, 4.47, 3.41, 2.85, 1.84, 3.64, 1.74, 3.33, 

2.50, 1.52, 1.29, 0.01. 11B-NMR (500 MHz, DMSO-d6): δ (ppm) 24.59, 21.84, 1.43, -8.25. 
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6.8.3 Dimethylbenzene Borohydride Polymer Synthesis 

Dimethylbenzene lithiation reaction was reported by Bates et al.20 To a pressure 

flask stirring 20 mL pentane, potassium tert-butoxide (0.8000 g, 7.17mmol), para-

dimethylbenzene (0.40 mL, 3.33 mmol) and 2.5 M n-BuLi in hexanes (3.00 mL, 7.50 

mmol) are added in sequential order. Almost immediately upon addition of n-BuLi forms 

a red precipitate. The solution was allowed to stir for several hours before filtering and 

rinsing the precipitate with pentane and vacuum dried. An aliquot of the resulting 

precipitate (0.0120 g, 0.12 mmol) was stirred in 2 mL pentane and quenched with 

chlorotrimethylsilane (0.30 mL, 0.24 mmol) where the red suspension color disappears to 

white. The quenched product is washed with dionized water and the pentane layer is 

separated, dried, and the residue is dissolved into CDCl3 for NMR analysis, see Appendix 

A.6. Lithiated dimethylbenzene (0.1000 g, 0.85mmol) was stirred in 10 mL THF, and 

chloroborane methylsulfide complex (0.2 mL, 1.92 mmol) was added by dropwise addition 

to give an immediate reaction and the resulting opaque white precipitate was left to stir for 

a minimum of 30 minutes. The solution was vacuum dried for a minimum of 2 hours at 

60°C. The synthesized polymer was an opaque white tacky solid. 1H NMR (500 MHz, 

DMSO-d6): δ (ppm) 7.36, 7.07, 6.54, 5.33, 4.61, 4.47, 3.63, 3.41, 3.33 2.86, 2.50, 1.84, 

1.75, 1.51, 1.32, 1.23, 1.09, 0.85, 0.18, 1.32. 11B-NMR (500 MHz, DMSO-d6): δ (ppm) 

20.93, 1.45, -5.10. 
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CHAPTER 7:  

LITHIUM TRANSFERENCE NUMBER, ELECTROCHEMICAL PROPERTIES 

& CHEMICAL IMPLICATIONS OF CATECHOL BOROHYDRIDE POLYMERS 

There are several directions in which the presented polymers and composites can 

be developed to make potential commercializable solid-state electrolytes. Some tests that 

must be pursued to understand the electrochemical properties and potential applications for 

these electrolytes include lithium transference number (the ratio of cation/total ion 

conduction, and to see if the electrolyte is a single-ion conductor), determining cycling life-

time of the battery, and battery capacity. Additionally, adjustments to both chemical 

functionalities used or experimental parameters may help improve the overall conductivity 

of the systems by potentially lowering activation energy of the system. The 

troubleshooting, adjustments and impact of such tests with these polymers will be 

discussed.  

7.1 Lithium Transference Number 

 A desirable component is to produce single-ion conductors to prevent degradation 

reactions of electrolytic materials due to less ion movement and potential side-reactions 

throughout the system. Ideally, electrolytes would move only the cationic species, here 

lithium ions. Lithium transference number is the ratio of lithium ions that move over the 

total ratio of cation and anions within the system. A 𝑡𝐿𝑖+of 1 means all the ions that move 

are lithium. In order to better understand the polymer electrolytes and composite 

electrolytes synthesized in this work, this electrochemical test was attempted. 
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 Despite many attempts and efforts to form a battery coin cell to calculate this value, 

the method resulted in low calculated transference numbers. The calculated lithium 

transference number does not seem realistic for a conductive polymer network that is 

designed to be a single ion conductor (SIC). There were several iterations attempted to 

prepare a usable coin cell for the polarization experiments necessary to calculate 

transference number. The applied polarization may be inducing a formation of a solid 

electrolyte interface (SEI) layer which then severely hinders the measured current of the 

electrolyte.  

7.2 Lithium Transference Number Cell Engineering 

  The set-up for lithium transference experiments requires a symmetrical cell with 

lithium foil anode and cathode, Figure 7.1. As described in Chapter 1 with equation 1.5, 

the coin cell initial resistance is recorded before applying a small potential, or polarization 

experiment, the initial current, steady-state current and final resistance are recorded. The 

fraction of ionic conductivity that is due to the movement of lithium ions can be calculated 

once the steady-state is achieved because the current, can only be from the lithium ion flow 

 

Figure 7.1: Coin Cell Schematic for General Lithium Transference Number Set-up 
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at this point. At steady-state the anions in the electrolyte are polarized to one electrode 

surface and can no longer “move” whereas the lithium cations in this same polarization 

voltage can still “move” from the lithium metal electrode surface. For the catechol 

borohydride polymer electrolyte, there are several factors that may have resulted in “failed” 

coin cells— sample thickness and uniformity, short circuits, and high bulk resistances. 

The initial difficulty of fabricating a coin cell stems from the physical engineering. 

The coin cell is composed of layers of materials and relies upon smooth surface contact to 

reduce overall bulk resistance of the system.  Further, it is critical to keep these materials 

centrally aligned so that there are no shorts (lithium foil to lithium foil contact). EIS testing 

has the advantage of using hard stainless steel electrodes that can be pressed to high PSI 

values which creates uniform flat surfaces, Figure 7.2A. The disadvantage of the 

symmetrical coin cells is that the electrolyte has to be pressed between two lithium foils; 

lithium is too soft and malleable to be hydraulically pressed and cannot guarantee the 

polymer will be uniform and simultaneously form a solid barrier between both foils.  

The first attempts at Li|Electrolyte|Li cells layered the base, stainless steel spacer, 

polished lithium foil, Teflon ring and electrolyte carefully layered on top (Figure 7.3). 

Attempts to layer coin cells following Figure 7.3 were unsuccessful and despite having 

 

Figure 7.2: A: Polymer Electrolyte Pressed in Hydraulic Press, B: Coin Cell Polymer 

Electrolyte with Weigh Paper Spacer, C: Dry Ice Rolled Polymer with Teflon Spacer 

 

A B C 
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relatively flat electrolyte “flakes” there were distinct visual regions where “chunks” of 

polymer were disconnected and visually similar to the electrolyte in Figure 7.2B. A further 

adaptation is shown in Figure 7.2B of switching from Teflon rings to wax paper spacers 

that are large enough diameter to expand to the width of the cell (19mm), and have an 8mm 

diameter opening. This wax paper spacer would ideally only allow polymer contact with 

the lithium foils and should prevent the possibility of lithium-lithium foil contact that could 

short the cell.   

To engineer the surface uniformly many strategies were explored. For coin cells the 

tacky nature of these polymer electrolytes was a hinderance. Direct pressing of a flat pellet 

and then “peeling” the pellet to use was not easily implemented because of the sticky 

nature.  Pressing at 500 psi between two wax papers was somewhat efficient at getting a 

uniform pellet, but generally was very tacky and would occasionally still be difficult to 

remove between the weigh papers as a single piece. To reduce the tackiness, colder 

temperatures were utilized.  

 

Figure 7.3: Coin Cell Schematic for Short-Prevention due to Lithium  
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Due to the polymer being short-time air-stable (when left in atmosphere for a long 

time it absorbs water), an aliquot of polymer was placed between wax paper and rolled-out 

in a dough-like fashion into a flat pellet. Using a 50mL falcon tube as a transport vessel as 

shown in Figure 7.4, the dry ice underneath a glass slide helps cool the sample. When the 

sample and polished lithium foils are ready, the sample is quickly cycled into the glove 

box, scraped off as a uniform layer with a razor blade, and gently layered into the normal 

coin cell order, shown in Figure 7.2C. Figure 7.2C shows a uniform electrolyte sample 

made with the smaller Teflon spacer separator and smaller lithium foils to accommodate 

the amount of electrolyte surface area available. 

After numerous attempts and different engineering ideas, a combination of large 

wax paper spacers and the dry-ice rolled-out electrolyte method produced the best coin cell 

for electrochemical testing. Despite overcoming the engineering aspect of testing the 

catechol borohydride polymers, the problems with successful lithium transference number 

testing stems from a chemical property of the material.  

7.3 Lithium Transference Number Calculation 

7.3.1 Lithium Foil Coin Cell 

One of the more successful attempts is shown in Figure 7.5A, which shows the 

Nyquist plot initial resistance and final resistance after the steady-state polarization curve 

Figure 7.4: Dry Ice Cooling/Transport for Rolled Polymer Samples  
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is achieved and 7.5B shows the polarization curve itself. The bulk resistances determined 

from the Nyquist plot and initial and final steady-state currents measured are shown in 

Equation 7.1. 

 

Lithium ion transference number is given in Equation 7.1:  

𝑡𝐿𝑖+ =
𝐼𝑠𝑠

𝐼𝑜
(

∆𝑉−𝐼𝑜𝑅𝑜

∆𝑉−𝐼𝑠𝑠𝑅𝑠𝑠
)= 

47𝑛𝐴

480𝑛𝐴
(

0.02𝑉−(480𝑛𝐴∗13𝑘𝑜ℎ𝑚)

0.02𝑉−(47𝑛𝐴∗72𝑘𝑜ℎ𝑚)
)≈0.08 (7.1) 

Where 𝑡𝐿𝑖+ is lithium transference number, 𝐼𝑠𝑠, steady-state current, 𝐼𝑜, initial current, 𝑅𝑜, 

initial stabilized resistance, 𝑅𝑠𝑠, steady-state resistance and ∆𝑉, the applied potential. The 

 

Figure 7.5: A: EIS Initial Steady-state and After Steady-State Polarization Resistances, 

B: Polarization Curve of Catechol Polymer in Li-Li Coin Cell 

 

A 

B 
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calculated 𝑡𝐿𝑖+ being 0.08 or 8% of the bulk ion conductivity is calculated to be from 

lithium ions. Despite testing the electrochemical impedance spectroscopy over many hours 

initially to see that the coin cell system stabilized, the poor 𝑡𝐿𝑖+ may be a result of not 

achieving a true equilibriated state. Again, this low lithium transference number value is 

highly unrealistic for a SIC as the value should close to 1, which would show the cationic 

species contributes to the systems current flow.  The most likely hindrance is a SEI 

formation because of the very low current values measured.  

Figure 7.6 shows the cyclic voltammogram of the catechol borohydride polymer in 

a lithium/stainless steel cell. After six cycles from -0.6V to 6V there seems to be some sort 

of degradation of the cell with the erractic currents measured during the large potential 

window sweep. The CV showing decreasing current measurement with every cycle 

confirms that some SEI layer or passivation is occurring because of the applied potential. 

 

Figure 7.6: CV of Polymer Li-Electrolyte-SS 
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7.3.2 Lithium Titanate (LTO) Electrode Coin Cell 

To accommodate what may be a large chemical potential difference between 

lithium foil and the electrolyte material, less reactive electrodes such as LTO (Lithium 

Titanate, Li4Ti5O12) to prevent surface interfacial reactions between electrolyte and 

electrodes was attempted for the lithium transference test. LTO as an anode material has 

been studied due to its high intercalation voltage of 1.55V vs Li+/Li compared to graphite’s 

low intercalation voltage of 0.01V vs Li+/Li.1 The other advantages of LTO include low 

volume volume changes during cycling and because of the low intercalation voltage and 

therefore less chance of dendrite formations.2 

Figure 7.7A shows the LTO|electrolyte|LTO cell appears to have reached a 

“stabilized” state as only the most minute of resistance fluxuation was seen for the bulk 

resistance value. The initial Nyquist plot and six hour Nyquist plot are shown for clarity. 

Figure 7.7B shows that almost immediately upon applying a small polarization, the current 

of the system drops to zero. Consequent tests that increase the polarization voltage from a 

range of 0.02V to 0.10V did not result in a net current to calculate lithium transference 

number.  
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Figure 7.7: A) Nyquist plot of LTO- Polymer-LTO cell initial and after 6 hour 

stabilization B) Chronoamperometry scan of the stabilized LTO- Polymer-LTO cell 

A 

 

 

 

 

 

B 
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7.3.3 Lithium Foil Coin Cell at Elevated Temperature 

Another attempt to achieve transference was to make the Li|Electrolyte|Li cell, but 

at an elevated temperature of 60°C, as this was both the typical upper limit for polymer 

sample as well as safe temperature for the plastic/metal coin cell holder. Here again, the 

Nyquist plots stabilized with similar bulk resistance values, but even after adjusting the 

applied voltage, the current of the system went to zero.  

Figure 7.8: A) Nyquist plot of Li- Polymer-Li cell hourly checks B) Chronoamperometry 

scan of the stabilized Li- Polymer-Li cell 

B 

A 
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7.4 Open-Circuit Voltage 

Briefly, the potential of these electrolytes can be measured by open-circuit voltage 

(OCV), or the difference of the electrical potential between two terminals of a battery cell 

when disconnected from any circuit (or no external current is applied).3 This OCV is typical 

of the highest potential the battery can output, when under a real circuit the true potential 

is usually a bit lower due to the polarization IR drop, which is a lower voltage due to kinetic 

limitations of the system: activation polarization of charge-transfer or electrochemical 

redox reactions, ohmic polarization (cell components/contact) and concentration 

polarization (mass transport/diffusion) effects.3–7 Nominal voltages (optimal output 

voltage) for rechargeable batteries for comparison include lead acid batteries with lead 

anode, PbO2 cathode and aqueous H2SO4 electrolyte of 2.0V; nickel-cadmium batteries 

with cadmium anode, NiOOH cathode and aqueous KOH electrolyte of 1.2V; and lithium 

ion of Li(C) [activated carbon and lithium doped] anode, LiCoO2 cathode and LiPF6 in 

nonaqueous solvents of 4.0V.3 The range of OCV currents recorded across polymer and 

polymer-ceramic samples typically ranged from 1.9V to 2.9V, which even with slight 

reductions are still above a 1.2V window needed to match those required for practical 

battery applications.  

Figure 7.9 shows catechol borohydride polymer and catechol borohydride polymer 

with 15wt% conductive ceramic OCV curves. These coin cells were made using a lithium 

foil|electrolyte|stainless steel layering. The catechol borohydride polymer seems to 

stabilize between 2.6 and 2.9V, whereas the ceramic-containing sample is lower at 1.9V, 

and may or may not continue to decrease overtime. The slight inflections seen in the red 
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and blue curves suggest that the system has not achieved a true equilibrated state, whereas 

the linear plateau of the gray curve catechol sample seems to suggest an equilibrated state. 

 

The lithium transference and OCV tests show the material is not electrochemically 

favorable for battery applications, however there is some sort of impediment that results in 

poor lithium transference number applications, and therefore, has not resulted in any 

cycling studies. Most likely there is an SEI forming upon polarization of the electrolyte but 

not upon contact with the electrode surfaces. There needs to be more work done to better 

understand the electrochemical reactivity of these novel polymers. 

 

 

Figure 7.9: OCV of Polymer in Li-Electrolyte-Li Cells and Polymer-LAGP Ceramic 

Samples 
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7.5 Alternative Experiments  

There are several alternative directions that could be strategic for ionic conductivity 

and electrochemical improvements. The first approach to use the polymers as a matrix that 

then is spiked with lithium salts. Softer, more polarizable salts may improve the overall ion 

conductivity while harder, less polarizable salts may improve the cation conductivity. The 

second strategy by using similar reaction schemes but replacing the catechol, 

dithiolbenzene or dimethylbenzene monomers with linear and more flexible analogs. 

Changing the sterics of the polymer backbone may help increase flexibility and reduce the 

activation energy needed for ion movement. Lastly, by using monomers with higher 

melting points to increase the thermal window that these polymer electrolytes can be 

operated may also increase conductivity and lower activation energy.  

7.6 Experimental General Methods 

All reactions are done under Argon atmosphere in MBraun glove boxes unless 

explicitly stated. Lithium foil 0.75mm thick x 19mm wide, 99.9% metal basis was 

purchased from Sigma Aldrich and used directly; lithium metal anodes were punched using 

a circular metal tap to 8mm or 11mm widths and polished using a smooth piece of Teflon 

to remove any oxidation on the surface. Lithium titanate anodes were previously made 

using a doctor blade technique on copper foils via slurry mixture of 10% carbon black (S-

O conductive graphite powder for Li-ion battery anode and cathode from MTI), 10% poly-

vinylidene fluoride (PVDF from Polysci), and 80% LTO (lithium titanate, Li4Ti5O12 

powder for Li-ion battery anode from MTI) and were used as prepared. Coin cell 

assemblies are layered and pressed to a minimum of 500psi as described.  
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CHAPTER 8: CLOSING REMARKS 

With further exploration, polymer electrolytes, especially those with selectively 

synthesized backbones will bridge the gap of highly conductive ceramics and the poor 

electrochemical performance of typical polymers as durable composite materials. The 

works described have shown improvements in ionic conductivity and thermal stability by 

changing the monomer linkers with less electronegative atoms. This work shows that 

careful selection of different functional groups is imperative to selective physical and 

electrochemical properties and as such similar analogs should continue to be persued for 

even greater improvements. One potential problem is the distance between the anionic 

charges along the polymer matrix because if they are two far apart for cations to “hop”, 

ionic conductivity will suffer and high activation energies would be required. As composite 

materials, the activation energy of the polymer-hybrids were consistent and lower when 

compared to the pure catechol borohydride polymer. The use of catechol, phloroglucinol, 

dithiolbenzene, or dimethylbenzene starting material with a boron-hydride linker was 

shown to be novel electrolyte materials.  

These electrolytes offer new knowledge into the possibilities of synthesizing lone-

pair-free polymers. As expected for novel materials there are obstacles to overcome in the 

developmental and chemical understanding of how these materials behave in battery 

applications. Here, there were unforeseen problems into electrochemically characterizing 

the materials. Within the polymer itself there could several factors that inhibit its 

performance. Perhaps there remain reactive B-H centers on the polymer and further 

alkylation of boron would stabilize the polymer with electrode surfaces. Another problem 
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could be the sterics of the monomer linkers as aromatic groups are relatively bulky in 

comparison to hydrocarbon chain linear equivalents. 

These novel electrolytes show merit in terms of studying a series of monomers with 

different electronegative atoms (presented here oxygen, sulfur and carbon). Future studies 

of borohydride polymers would most likely benefit from series that include both these 

different electronegative atom linkers, but monomers of different lengths. Further, 

mixtures of di- and tri-substituted polymers could form desirable physical properties such 

as a range of different rigidities and thermal stabilities. Additionally, what is happening 

during polarization testing of the novel borate polymers needs to be better understood. The 

range of electrode materials used within the various coin cell tests could also be expanded 

to establish if there is an incompatibility of materials.  

The culmination of this work has only just begun to tell the potential 

electrochemical story of catechol borohydride polymer electrolytes and the respective 

family of materials synthesized. As this work has shown, there are myriad avenues for the 

next lithium ion battery electrolyte. The pursuit of safe, non-flammable and reusable 

battery materials for energy storage needs continues to be critical for the successful 

expansion of alternative energy usage as global demands continue to rise.  
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APPENDIX A: 

NMR SPECTRA APPENDIX 

 

A.1 1H-NMR of Catechol (Hydroquinone) 

 

1H NMR (500 MHz, DMSO-d6) δ (ppm) 8.64 (2H), 6.58 (4H), 3.56, 2.50. 
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A.2 1H-NMR of Chloroborane Dimethylsulfide Complex (Borane Reagent)& 

Literature Example of Borane Dimethylsulfide 

 

 

1H NMR (500 MHz, CDCl3) δ (ppm) 7.26, 4.61, 4.49, 4.17, 3.86, 3.54, 3.36, 3.10, 2.84, 

2.58, 2.33, 2.26, 1.84, 1.57, 1.40, 1.22, 0.85. 

  

Literature Borane Dimethylsulfide Complex [BH3·S(CH3)2]: 
1H NMR (500 MHz, C6D6) 

δ (ppm) 2.11 (6H), δ 1.46 (3H). 

 

Reference: Fuller, A. M.; Hughes, D. L.; Lancaster, S. J.; White, C. M. Synthesis and 

Structure of the Dimethyl Sulfide Adducts of Mono- and Bis(Pentafluorophenyl)Borane. 

Organometallics 2010, 29 (9), 2194–2197. https://doi.org/10.1021/om100152v. 
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A.3 11B-NMR of Chloroborane Dimethylsulfide Complex Reagent 

11B NMR (500 MHz, CDCl3) δ (ppm) 2.06, -7.21, -20.87. 
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A.4 1H-NMR of dithiolbenzene reagent 

1H NMR (500 MHz, CDCl3) δ (ppm) 7.26, 7.16 (2H), 3.41 (1H), 1.54, 1.25, 0.86, 0.07. 
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A.5 1H-NMR of p-xylene reagent (dimethylbenzene) 

1H NMR (500 MHz, DMSO-d6) δ (ppm) 7.05 (4 H), 3.37, 2.50, 2.25 (6H). 
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A.6 1H-NMR of quenched p-xylene dianion (dilithiated dimethylbenzene) 

 

1H NMR (500 MHz, CDCl3) δ (ppm) 7.26, 7.02 (4H*), 6.86 (4H**), 2.31 (3H*), 2.01 

(2H*, 4H**), 1.57, 1.26, 0.88, 0.15, 0.03 (27H*,**). 

*Experimental monolithiated reagent, **Literature dilithiated reagent 

 

The product is a mixture of di-lithiated and mono-lithiated dimethylbenzene.  

 

Literature dilithiated quenched reagent (CDCl3) 
1H NMR δ (ppm) 0.0 (18H), 2.0 (4H), 

6.86 (4H).  

 

Reference: Bates, Robert B., Hess Jr., Andes, Ogle, Craig A., Schaad, L. J. Delocalized 

Dicarbanions and Higher Delocalized Carbanions. J. Am. Chem. Soc. 1981, 103 (17), 

5052–5058. 
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APPENDIX B: 

NYQUIST CIRCUIT FIT EXAMPLES 

Representative Nyquist plots for the different polymer samples throughout the 

thesis work are shown with the circuit fit used; occasionally lower temperatures had to be 

hand extrapolated due to high levels of noise within the plots. Typically R2 was the bulk 

resistivity component for the polymer electrolytes tested unless otherwise stated within the 

Electrochemical Impedance Spectroscopy chapter sections. Further, Nyquist plots of 

samples at the different temperatures are shown below as “raw” data. For samples fit or 

within the same general grouping are shown within the matching Appendix subsection. A 

description of the data is shown below the plots.  
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B.1 Heat and Vacuum Dried Catechol Borohydride Polymer at 60°C 

The data curves labeled with MV-2-85 are catechol borohydride polymer heat and 

vacuum dried samples showing the cooling and heating cycle. 
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The data curves labeled with MV-2-59(2) are catechol borohydride polymer vacuum 

dried only samples showing the cooling and heating cycles. 
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The data curves labeled with MV-2-45A label are catechol borohydride polymer vacuum 

dried only samples showing the cooling and heating cycle.  
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The data curves labeled with MV-2-48 are samples that were prepared by vacuum drying 

the catechol borohydride polymer when still suspended in solution onto a glass fiber to 

compare polymer EIS with an inert matrix for cooling and heating cycles. 
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The data curves labeled with MV-2-45A are samples that were prepared by vacuum 

drying the catechol borohydride polymer when still suspended in solution onto a glass 

fiber to compare polymer EIS with an inert matrix for cooling and heating cycles. 
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The data curves labeled with MV-2-52B are catechol borohydride polymer incorporated 

with lithium tetraphenylborate x 4THF and vacuum dried onto a glass fiber for cooling 

and heating cycles. 
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B.2 Heat and Vacuum Dried Phloroglucinol Borohydride Polymer at 70°C 

The data curves labeled with MV-2-93 are phloroglucinol borohydride polymer heat and 

vacuum dried sample for cooling and heating cycles. 
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B.3 10wt% SiO2-Catechol Borohydride Polymer at 60°C 

 

The data curves labeled with MV-2-67(A) are catechol borohydride polymer- 25wt% 

SiO2 vacuum dried only sample for cooling and heating cycles. 
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The data curves labeled with MV-2-67(B) are catechol borohydride polymer-50 wt% 

SiO2 vacuum dried only sample for cooling and heating cycles. Below, MV-2-67(C) are 

catechol borohydride polymer- 75wt% SiO2. 
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The data curves labeled with MV-2-77(2) are catechol borohydride polymer-5 wt% SiO2 

vacuum dried only sample for cooling and heating cycles.  
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The data curves labeled with MV-2-75 are catechol borohydride polymer-10 wt% SiO2 

vacuum dried only sample for cooling and heating cycles.  
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The data curves labeled with MV-2-77(1) are catechol borohydride polymer-15 wt% 

SiO2 vacuum dried only sample for cooling and heating cycles.  
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The data curves labeled with MV-2-74(1) are catechol borohydride polymer-25 wt% 

SiO2 vacuum dried only sample for cooling and heating cycles.  
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The data curves labeled with MV-2-125D are catechol borohydride polymer-10 wt% 

SiO2 heat and vacuum dried sample for cooling and heating cycles.  
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B.4 10wt% LAGP-Catechol Borohydride Polymer at 60°C 

The data curves labeled with MV-2-84A are catechol borohydride polymer-5 wt% LAGP 

heat and vacuum dried sample for cooling and heating cycles. 
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The data curves labeled with MV-2-84B are catechol borohydride polymer-10 wt% 

LAGP heat and vacuum dried sample for cooling and heating cycles. 
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The data curves labeled with MV-2-84C are catechol borohydride polymer-15 wt% 

LAGP heat and vacuum dried sample for cooling and heating cycles. 
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B.5 Heat and Vacuum Dried Dithiolbenzene Borohydride Polymer at 60°C 

The data curves labeled with MV-2-131 are dithiobenzene borohydride polymer heat and 

vacuum dried sample for cooling and heating cycles. 
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B.6 Heat and Vacuum Dried Dimethylbenzene Borohydride Polymer at 60°C 

The data curves labeled with MV-2-136 are dimethylbenzene borohydride polymer heat 

and vacuum dried sample for cooling and heating cycles. 
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APPENDIX C: 

SINGLE CRYSTAL DATA 

 

The proof-of-concept single crystal was an isolated diborate crystal grown from a 

THF solution diffused with pentane. A single crystal was selected, mounted on a Mit-e-

Gen Loop with Paratone N oil on a Bruker Apex-II CCD diffractometer. The crystal was 

kept at 100K during data collection. Using Olex2, the structure was solved with the ShelXS 

structure solution program.   

Crystal data was solved as a monoclinic cell, space group P 21/n (no. 14), 

a=9.9359(16) Å, b=10.2175(19) Å, c=24.797(5) Å, V = 2517.4(8) Å3, Z = 38, T= 100 K, 

µ(MoKα)= 0.71073mm-1, 19643 reflections measured (22.72° ≤ 2Θ ≤ 2.21°) 2700 unique 

(Rint = 0.0495, Rsigma = 0.0772) which was used in all calculations. The final R1 was 

0.0489 (I > 2σ(I)).   
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Table C1. Crystal data and structure refinement. 

  

Empirical formula CHBLiO 

Formula weight 46.77 

Temperature/K 99.96 

Crystal system Monoclinic 

Space group P21/n 

a/Å 9.9359(16) 

b/Å 10.2175(19) 

c/Å 24.797(5) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2517.4(8) 

Z 38 

ρcalcg/cm3 1.172 

μ/mm-1 0.081 

F(000) 874.0 

Crystal size/mm3 0.188 × 0.065 × 0.085 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.284 to 46.632 

Index ranges -10 ≤ h ≤ 11, -11 ≤ k ≤ 11, -27 ≤ l ≤ 27 

Reflections collected 19643 

Independent reflections 2700 [Rint = 0.0495, Rsigma = 0.0772] 

Data/restraints/parameters 2700/0/307 

Goodness-of-fit on F2 1.012 

Final R indexes [I>=2σ (I)] R1 = 0.0489, wR2 = 0.1301 

Final R indexes [all data] R1 = 0.0766, wR2 = 0.1401 

Largest diff. peak/hole / e Å-3 0.24/-0.20 
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Table C2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å2×103) for solve_a. Ueq is defined as 1/3 of of the trace of 

the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

O001 6445.9(17) 4311.3(18) 4077.9(7) 20.4(5) 

O002 9740.3(19) 3893.4(19) 4235.4(8) 28.8(5) 

O003 8694(2) 6524.4(19) 3896.3(8) 30.6(6) 

C004 7224(3) 3426(3) 3190.1(10) 17.3(7) 

C005 5708(3) 4609(3) 4531.5(10) 17.3(6) 

C006 4222(3) 5478(3) 3468.2(11) 21.6(7) 

C007 6262(3) 5494(3) 4894.1(11) 21.8(7) 

C008 5567(3) 5874(3) 5352.8(11) 20.7(7) 

C009 4712(3) 4267(3) 3299.2(11) 19.5(7) 

C00A 5524(3) 2027(3) 3822.2(10) 20.0(7) 

C00B 7969(3) 2297(3) 3078.7(11) 22.2(7) 

C00C 8771(3) 4560(3) 2574.8(11) 26.1(7) 

C00D 4473(3) 1254(3) 3636.0(12) 25.7(7) 

C00E 2670(3) 5599(3) 2737.4(12) 29.4(8) 

C00F 6296(3) 1442(3) 4230.0(12) 27.8(8) 

C00G 9460(3) 3422(3) 2473.4(12) 28.3(8) 

C00H 7669(3) 4555(3) 2921.0(11) 23.8(7) 

C00I 4162(3) 3779(3) 2822.5(12) 23.8(7) 

C00J 3223(3) 6136(3) 3196.0(12) 27.1(7) 

C00K 3160(3) 4420(3) 2555.4(12) 29.6(8) 

C00L 9070(3) 2291(3) 2724.2(12) 27.5(7) 

C00M 4983(4) -518(3) 4231.1(13) 35.7(8) 

C00N 10024(3) 6951(3) 3736.8(13) 33.5(8) 

C00O 4199(3) 9(3) 3832.6(12) 33.3(8) 

C00P 10882(3) 3411(3) 3930.7(14) 37.2(9) 

C00Q 6038(3) 209(3) 4429.0(12) 33.9(8) 

C00R 9724(4) 3212(3) 4740.8(13) 39.9(9) 

B00S 5911(3) 3477(3) 3602.9(12) 18.1(7) 

C00T 9932(4) 8413(3) 3739.8(17) 56.1(12) 

C00U 8509(5) 8629(4) 3544.6(17) 64.9(13) 

C00V 7731(4) 7549(3) 3800.6(16) 50.4(10) 

C00W 10958(5) 1988(4) 4076.8(17) 60.2(11) 

C00X 10329(5) 1889(4) 4622.9(19) 74.2(14) 

Li0Y 8239(5) 4719(5) 3912.7(19) 26.6(11) 
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Table C3. Anisotropic Displacement Parameters (Å2×103) for solve_a. The 

Anisotropic displacement factor exponent takes the form: -

2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

O001 15.5(10) 29.4(12) 16.3(10) -8.4(8) 0.7(9) -0.9(8) 

O002 23.4(11) 33.4(13) 29.5(11) -0.5(9) -3.0(9) 2.9(10) 

O003 23.0(12) 26.2(12) 42.6(13) -1.4(9) 0.2(10) 3.3(9) 

C004 16.1(14) 22.1(16) 13.6(14) -5.0(12) -2.1(12) -0.3(12) 

C005 15.1(14) 22.6(16) 14.3(14) -4.5(12) 1.3(12) 3.1(12) 

C006 19.1(15) 20.6(17) 25.2(15) -0.1(13) 1.3(13) -2.4(12) 

C007 14.3(15) 25.7(17) 25.4(16) -5.0(13) -0.6(13) -3.1(12) 

C008 16.1(16) 25.3(16) 20.5(15) -8.7(13) -1.9(13) -3.5(13) 

C009 16.0(15) 23.4(17) 19.2(14) -2.6(12) 4.4(12) -2.9(12) 

C00A 18.3(15) 27.7(17) 14.1(14) -5.6(12) 6.4(12) 3.4(13) 

C00B 21.6(16) 19.2(16) 25.8(16) -2.5(13) 1.2(14) -2.7(12) 

C00C 24.5(16) 29.1(18) 24.7(16) 2.2(13) 5.5(14) -0.1(13) 

C00D 27.6(17) 28.2(18) 21.2(15) -2.6(13) 4.4(14) -1.9(14) 

C00E 20.3(16) 38(2) 29.4(17) 7.2(15) -0.9(14) 5.0(14) 

C00F 29.5(17) 29.4(19) 24.4(16) -0.9(13) 4.5(14) 4.9(13) 

C00G 17.8(15) 43(2) 24.6(16) -6.6(15) 5.7(13) -2.5(14) 

C00H 21.7(16) 27.3(18) 22.3(15) -2.2(13) -0.4(14) 2.4(13) 

C00I 20.7(15) 25.8(17) 24.9(16) -2.4(13) -1.6(13) -2.7(13) 

C00J 20.8(16) 26.2(17) 34.3(18) 7.0(14) 5.4(14) 2.2(13) 

C00K 24.9(17) 39(2) 25.1(16) 3.0(14) -6.9(14) -5.6(15) 

C00L 23.7(16) 23.1(18) 35.6(17) -5.0(14) 5.1(14) 2.5(13) 

C00M 44(2) 26.3(19) 36.9(19) 3.0(15) 18.7(17) 2.7(16) 

C00N 27.5(17) 38(2) 34.7(18) 1.8(15) 6.8(15) -8.3(15) 

C00O 39.2(18) 30(2) 31.1(17) -7.6(15) 12.2(15) -11.1(15) 

C00P 21.5(18) 42(2) 48(2) 3.9(16) 3.6(16) 5.0(15) 

C00Q 41(2) 33(2) 28.3(17) 4.9(15) 11.0(15) 10.9(16) 

C00R 44(2) 48(2) 27.5(18) 6.8(15) -3.5(16) -2.1(17) 

B00S 16.1(16) 21.5(18) 16.6(17) -6.6(13) 0.0(14) -1.5(14) 

C00T 74(3) 34(2) 61(3) 2.8(18) 30(2) -20(2) 

C00U 88(3) 56(3) 50(2) 28(2) 28(2) 37(2) 

C00V 45(2) 32(2) 74(3) -5.5(19) -9(2) 19.4(17) 

C00W 64(3) 38(2) 78(3) 0(2) 3(2) 21(2) 

C00X 95(4) 49(3) 79(3) 21(2) -2(3) 18(3) 

Li0Y 18(2) 31(3) 30(3) -3(2) 2(2) 0(2) 
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Table C4. Bond Lengths for solve_a. 

Atom Atom Length/Å   Atom Atom Length/Å 

O001 C005 1.377(3)   C00A C00F 1.403(4) 

O001 B00S 1.548(3)   C00A B00S 1.624(4) 

O001 Li0Y 1.875(5)   C00B C00L 1.404(4) 

O002 C00P 1.450(4)   C00C C00G 1.373(4) 

O002 C00R 1.434(4)   C00C C00H 1.392(4) 

O002 Li0Y 1.891(5)   C00D C00O 1.390(5) 

O003 C00N 1.446(4)   C00E C00J 1.377(4) 

O003 C00V 1.438(4)   C00E C00K 1.376(4) 

O003 Li0Y 1.899(5)   C00F C00Q 1.377(5) 

C004 C00B 1.397(4)   C00G C00L 1.368(4) 

C004 C00H 1.404(4)   C00H Li0Y 2.529(5) 

C004 B00S 1.659(4)   C00I C00K 1.363(4) 

C004 Li0Y 2.444(5)   C00M C00O 1.368(4) 

C005 C007 1.388(4)   C00M C00Q 1.376(5) 

C005 C0081 1.390(4)   C00N C00T 1.497(5) 

C006 C009 1.394(4)   C00P C00W 1.500(5) 

C006 C00J 1.376(4)   C00R C00X 1.508(5) 

C007 C008 1.386(4)   B00S Li0Y 2.748(6) 

C009 C00I 1.394(4)   C00T C00U 1.510(6) 

C009 B00S 1.624(4)   C00U C00V 1.490(6) 

C00A C00D 1.388(4)   C00W C00X 1.495(6) 

11-X,1-Y,1-Z 
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Table C5. Bond Angles for solve_a. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C005 O001 B00S 124.1(2)   C00I C00K C00E 121.3(3) 

C005 O001 Li0Y 129.5(2)   C00G C00L C00B 120.1(3) 

B00S O001 Li0Y 106.4(2)   C00O C00M C00Q 118.6(3) 

C00P O002 Li0Y 123.3(2)   O003 C00N C00T 104.1(3) 

C00R O002 C00P 107.4(2)   C00M C00O C00D 120.1(3) 

C00R O002 Li0Y 125.3(2)   O002 C00P C00W 104.1(3) 

C00N O003 Li0Y 121.0(2)   C00M C00Q C00F 120.5(3) 

C00V O003 C00N 110.1(2)   O002 C00R C00X 105.1(3) 

C00V O003 Li0Y 123.5(2)   O001 B00S C004 102.5(2) 

C00B C004 C00H 114.7(3)   O001 B00S C009 109.3(2) 

C00B C004 B00S 124.4(2)   O001 B00S C00A 109.2(2) 

C00B C004 Li0Y 111.9(2)   O001 B00S Li0Y 40.90(14) 

C00H C004 B00S 121.0(2)   C004 B00S Li0Y 61.66(16) 

C00H C004 Li0Y 76.9(2)   C009 B00S C004 107.8(2) 

B00S C004 Li0Y 81.66(18)   C009 B00S C00A 115.8(2) 

O001 C005 C007 117.5(2)   C009 B00S Li0Y 121.2(2) 

O001 C005 C0081 125.2(2)   C00A B00S C004 111.4(2) 

C007 C005 C0081 117.3(2)   C00A B00S Li0Y 121.8(2) 

C00J C006 C009 122.6(3)   C00N C00T C00U 101.6(3) 

C008 C007 C005 121.1(3)   C00V C00U C00T 104.0(3) 

C007 C008 C0051 121.6(2)   O003 C00V C00U 105.3(3) 

C006 C009 C00I 115.8(3)   C00X C00W C00P 105.3(3) 

C006 C009 B00S 123.9(2)   C00W C00X C00R 106.4(3) 

C00I C009 B00S 120.2(3)   O001 Li0Y O002 123.9(3) 

C00D C00A C00F 114.1(3)   O001 Li0Y O003 116.5(3) 

C00D C00A B00S 125.9(3)   O001 Li0Y C004 69.39(16) 

C00F C00A B00S 120.0(2)   O001 Li0Y C00H 89.13(18) 

C004 C00B C00L 122.7(3)   O001 Li0Y B00S 32.71(12) 

C00G C00C C00H 120.1(3)   O002 Li0Y O003 104.7(2) 

C00A C00D C00O 123.5(3)   O002 Li0Y C004 113.2(2) 

C00K C00E C00J 118.6(3)   O002 Li0Y C00H 124.0(2) 

C00Q C00F C00A 123.1(3)   O002 Li0Y B00S 125.2(2) 

C00L C00G C00C 119.4(3)   O003 Li0Y C004 127.4(2) 

C004 C00H Li0Y 70.31(19)   O003 Li0Y C00H 95.6(2) 

C00C C00H C004 123.0(3)   O003 Li0Y B00S 130.0(2) 

C00C C00H Li0Y 115.0(2)   C004 Li0Y C00H 32.74(11) 

C00K C00I C009 121.8(3)   C004 Li0Y B00S 36.68(11) 

C006 C00J C00E 119.9(3)   C00H Li0Y B00S 60.58(13) 

11-X,1-Y,1-Z 
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 Table C6. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 

Parameters (Å2×103) for solve_a. 

Atom x y z U(eq) 

H006 4591.69 5863.7 3783.71 26 

H007 7131.04 5843.85 4826.58 26 

H008 5973.09 6479.26 5593.85 25 

H00B 7718.81 1501.47 3249.82 27 

H00C 9047.47 5353.28 2408.24 31 

H00D 3910.48 1595.13 3359.7 31 

H00E 1964.98 6034.03 2550.63 35 

H00F 7031.15 1919.56 4375.76 33 

H00G 10201.46 3419.84 2231.32 34 

H00H 7195.73 5350.86 2977.79 29 

H00I 4495.19 2979.33 2680.07 29 

H00J 2914.67 6959.55 3324.23 33 

H00K 2793.19 4044.17 2237.28 36 

H00L 9546.05 1500.61 2658.3 33 

H00M 4801.73 -1367.86 4368.27 43 

H00A 10253.49 6621.78 3372.72 40 

H00N 10712.27 6641.71 3996 40 

H00O 3466.61 -478.18 3689.99 40 

H00P 11717.95 3873.27 4035.33 45 

H00Q 10735.98 3523.67 3538.55 45 

H00R 6593.93 -142.3 4705.14 41 

H00S 8791.11 3120.29 4876.35 48 

H00T 10264.5 3685.47 5013.55 48 

H00U 10596.83 8811.02 3491.7 67 

H00V 10064.96 8771.92 4106.86 67 

H00W 8166.82 9493.63 3661.72 78 

H00X 8459.73 8575.19 3146.52 78 

H00Y 7322.03 7844.1 4143.78 60 

H 7006.57 7240.91 3557.5 60 

H00Z 10457.6 1449.59 3812.13 72 

HA 11904.75 1688.31 4087.08 72 

H00 11015.12 1664.72 4897.01 89 

HB 9623.03 1205.21 4625.48 89 

 

 


