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ABSTRACT 

The nature of the electrolyte plays an essential role in ionic transport of any lithium 

or sodium-ion battery. However, there are safety issues associated with these 

batteries, limiting their use in high power applications because of flammable liquid 

electrolytes, which can lead to fire and explosion. Solid-state electrolytes are 

inherently safer than liquid electrolytes, which are composed of ions dissolved in 

high-dielectric liquid organic solvents such as propylene carbonate or ethylene 

carbonate, and which are used in current lithium-ion batteries (LIBs). The safety 

and performance issues of lithium-ion batteries are respectively related to the 

flammability of the liquid organic solvent electrolytes that have a low flash point, 

and to the continuous growth of lithium metal dendrites on the anode, at which the 

lithium cations are reduced and deposited on the anode of LIBs during charging. 

The dendrite formation and growth on the anode of Lithium metal batteries (LMBs) 

is also observed on the anode of sodium metal batteries (NMBs). These issues, 

which impair the overall quality of both battery systems, can be addressed by 

developing novel electrode and electrolyte materials. 

This thesis has focused on the design, synthesis, characterization, and investigation 

of new lithium (or sodium) solid state electrolytes, co-crystalline electrolytes, as 

well as their application in lithium or sodium metal batteries. 

The first such material we have prepared, DMF: LiCl, has high conductivity for a 

pure soft solid lithium electrolyte. Additionally, in chapter 4, new sodium co-

crystalline electrolytes of dimethylformamide (DMF) organic solvent and NaClO4 
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salt with different solvent salt ratios 2:1 (DMF)2NaClO4 and 3:1 (DMF)3NaClO4 

have been prepared. The synthesis, and physical and electrochemical properties of 

(DMF)3NaClO4 and (DMF)2NaClO4 are presented. The 3:1 co-crystal can be 

transformed into 2:1. The crystal structures of the materials reveal parallel channels 

of Na+ and ClO4- ions. The pressed pellet of (DMF)3NaClO4 has better ionic 

conductivity (10-4 S cm-1) than the pressed pellet of (DMF)2NaClO4 at RT, and over 

a broad temperature range (-77 ⁰C and 50 ⁰C), with a low activation barrier of 25 kJ 

mol-1. The SEM of (DMF)3NaClO4 reveals thin liquid interfacial contacts between 

crystalline grains, which promote ion mobility. The two materials have different 

melts that do not decompose, and upon cooling, they re-solidify as their solid 

structures, permitting melt casting of the electrolytes into thin films and the 

fabrication of cells in the liquid state, ensuring penetration of the electrolyte 

between the active electrode particles.  

Besides the high ionic conduction of the co-crystal of DMF and NaClO4, in chapter 

6, we investigated the synthesis, and the physical and electrochemical properties of 

the co-crystal of adiponitrile (ADN) and NaClO4 salt. The crystal structure 

calculation of the material reveals 3:1 solvent salt ratio as (DMF)3NaClO4, a high 

ionic conductivity sodium solid electrolyte. The material possesses high thermal 

stability (up to 150 °C) and the ability to be melt-cast (Tm = 81 °C). The pressed 

pellet of (DMF)3NaClO4 has a high ionic conductivity of 2.2 × 10-4 S cm-1 at RT 

with a low activation barrier for ion conduction of 22 kJ mol-1. The high 

conductivity is the result of low-affinity ion-conduction channels in bulk, based on 

the X-ray crystal structure, and thanks to low grain boundary resistance, as well as 

possibly a grain-boundary percolating network due to a fluid-like nano liquid layer 
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between the grains, observable by scanning electron microscopy and differential 

scanning calorimetry. When the liquid nanolayer is rinsed away or removed by 

excessive drying, the bulk room temperature ionic conductivity is 4 × 10-5 S cm-1 

with an activation energy of 37 kJ mol-1, and the sodium ion transference number 

is 0.71. Scanning electron microscopy and classical molecular dynamics 

simulations suggest that these cocrystals form a fluid layer of ADN at the surface, 

which facilitates the Na+ ion migration between the grains. Density functional 

theory calculations are consistent with the possibility of ion conduction via a 

solvent−anion coordinated transition state through vacancy defects in the three 

symmetry equivalent ion channels along separate directions, suggesting the 

possibility of ionic conductivity in three dimensions.  

     The last sodium electrolyte in this thesis (ADN)3NaPF6, in chapter 9, is 

investigated by co-crystallizing the organic solvent ADN with NaPF6 salt. The 

calculated crystal structure shows a ratio of 3:1 ADN/NaPF6. The stability of the 

material to sodium metal and its thermal and electrochemical properties show its 

application to sodium metal battery. The sodium ion is solvated by six -C≡N of the 

ADN. (ADN)3NaPF6 presents 3D linear parallel ionic channels of Na+ and PF6_ 

ions, with distances between two successive Na+ (and PF6_) of 8.393, 8.393, and 

11.527 Å, where the shortest distance between two successive Na+ in the b-

crystallographic direction is 8.39 Å. The presence of 3D channels and the large gap 

between two Na+ ions in the complex may facilitate the migration of Na+ in the 

matrix. The (ADN)3NaPF6 cocrystal melts around 98 °C. The conductivity of the 

pressed pellets is 2 x 10-4 S/cm at RT, with an activation energy of 38.2 kJ mol-1. 

The CV scans and plating tests indicate that (ADN)3NaPF6 is electrochemically 
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stable to sodium metal up to ~ 4V, meaning the crystal can be used in a sodium 

metal battery. 

     This thesis also focuses on lithium co-crystalline electrolytes by co-crystallizing 

Lewis base organic solvents with common lithium salts used in electrolyte 

materials. In chapter 5, a soft solid crystal composed of isoquinoline (IQ) and LiCl 

was prepared based on the concept of Pearson’s hard-soft acid-base (HSAB) theory, 

and in addition to the crystal structure, the thermal and ionic conduction are 

investigated. Single-crystal X-ray diffraction best described the (IQ)3•(LiCl)2 as 

consisting of molecular Li4Cl4(IQ)6 units, where the LiCl cluster is an array of edge-

fused Li2Cl2 rhombs. The pressed pellet conductivity showed that ionic mobility 

occurs mainly through the bulk via a hopping mechanism, with a calculated 

activation energy of Ea = 67 kJ mol-1. The high value of the activation energy was 

due to Li4Cl4 clusters that were well separated by intervening IQ ligands in the 

crystal structure, requiring long hops for ions to migrate through the lattice.  

 Another lithium co-crystalline material is investigated, in chapter 7, by co-

crystallizing ADN, a highly thermally and electrochemically stable organic solvent 

with LiPF6, a thermally unstable salt. The physical and electrochemical properties 

of the material are experimentally and theoretically investigated. The calculated 

crystal structure shows a 2:1 solvent salt ratio as co-crystalline (ADN)2LiPF6. The 

complex forms linear parallel lithium channels, through which the Li+ ions can 

migrate. The Li+ ion is solvated by four -C≡N of the ADN, with no contact ion pairs 

with PF6_. High conductivity (σ ~ 10-4) results from weaker interactions between 

“hard” Li+ ions with “soft” -C≡N. Plane-wave DFT calculations show that the 

mechanism of ion migration is through the formation of an intermediate between 
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two adjacent Li+ sites in the lattice and not through a hopping mechanism as is 

observed in inorganic ceramic electrolytes. A liquid-like layer is found at the grain 

boundaries that merge the grains, so that pellets are easily formed and do not require 

high pressure/temperature treatments to achieve high conductivities, as in the case 

of ceramics. The solid (ADN)2LiPF6 has a wide electrochemical stability window 

of 0 to 5 V. Li0/(ADN)2LiPF6/LiFePO4 half cells exhibit cycling for > 50 cycles at 

C/20, C/10, C/5 rates with capacities of 140 mAh/g to 100 mAh/g and efficiencies 

> 95%. 

 In line with co-crystalline (ADN)2LiPF6, in chapter 8, we co-crystallized 

ADN organic solvent with two LiPF6 homologous salts, LiAsF6 and LiSbF6, and 

explore the physical and electrochemical properties of the three material. The new 

co-crystalline structures have the same solvent salt ratio 2:1 as (ADN)2LiPF6. The 

three materials have linear parallel lithium channels in their b crystallographic 

direction. In each complex, the Li+ ion is solvated by four -C≡N of the ADN, with 

no contact ion pairs to anions. Temperature-dependent ionic conductivities (σ) and 

lithium-ion transference numbers (tLi+) reveal that increasing the molar mass of the 

salt promotes lithium mobility in the matrix, meaning that there is a more 

significant contribution from the Li+ ion to the conductivity as the anion becomes 

larger (greater mass). TGA data indicates that co-crystalline (ADN)2LiPF6 

thermally stabilizes the LiPF6 salt, which decomposes at low temperatures. In the 

case of (ADN)2LiAsF6 and (ADN)2LiSbF6, the thermal stability of the complexes 

is like that of ADN. The three compounds melt approximately at the same 

temperature, around 180 ºC. The electrochemical stability window of the 
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complexes decreases as the electronegativity of the center atom (P, As, and Sb) 

decrease.
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CHAPTER 1 

 

INTRODUCTION 

1.1 Motivation  

The scientific community agrees that climate change is caused by the use of fossil 

fuel as the primary source of energy1,2. The use of green and sustainable sources of energy, 

such as wind, solar, and geothermal are unavoidable to slow and reverse drastic climate 

change2. The storage of these sources of energy by conversion to chemical energy for later 

use requires an efficient energy storage system. Lithium and sodium ions battery (LIB and 

SIB) are showing signs of success. However, the growing concern about the safety of LIB, 

a promising, but potentially flammable and explosive energy storage mode, has led to the 

exploration of safer solid-state lithium or sodium-ion battery (SSLIB or SSSIB). The solid-

state battery requires an environmentally friendly electrolyte with high ionic conductivity, 

high melt, and disintegration temperature, high adhesivity, and low reactivity toward 

lithium metal and LiFePO4, (the most used cathode in research). 

 LIBs are one of the highest success for electrochemical energy storage and 

application of the past century. They are light, compact, and offer outstanding energy, 

power density performance, and cycling numbers. The replacement of LiCoO2 (274 

mAh/g) cathode active material to Sulfur (S8) (1675 mAh/g) and graphite (C6) (274 mAh/g) 
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anode material to lithium metal (3860 mAh/g) shows promising for the increase of the 

energy density and the power density of lithium metal battery.3,4 Because of the growing 

need of energy storage and demand for lithium, there have been rising concerns about the 

safety of LIB and the future availability of lithium supply. For this reason, millions of 

dollars are invested in developing safer and cheaper battery systems. Using highly 

conductive solid-state electrolytes with a high-flash-point organic solvent matrix will 

improve the safety of battery systems. Also, the development of SIBs by replacement of 

lithium with sodium, which is more abundant and cheaper, could offer comparably 

performing batteries at a price lower than that of LIBs. 

The nature of the electrolyte plays an essential role in ionic transport of any lithium 

or sodium-ion battery. Ions are generally more mobile in liquid solution than in the solid 

state due to the formation of charge separated species. In organic liquid electrolytes, the 

mobility of ions is affected by the solvation of the ions and the viscosity of the medium5. 

The more significant the solvation of the ions, the lower the ionic mobility. and the higher 

the viscosity, the lower the mobility of the ions. In some solid-state electrolytes, like 

polymers and ceramics, stronger electrostatic forces hold the ions and the matrix. But, The 

safety and performance issues of lithium-ion batteries are respectively related to the 

flammability of the liquid organic solvent electrolytes6 and to the continuous growth of 

lithium metal dendrites on the anode7,8 (Figure 1.1), at which the lithium cations are 

reduced and deposited on the anode of LIBs during recharge. The flammability is 

correlated to the low boiling and flash points of these organic solvents, which can cause 

the liquid electrolyte to evaporate and ignite at relatively low temperatures9,10. The use of 
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noncombustible, high-flash-point materials (either solid or liquid), will improve the safety 

of LIBs. 

Solid-state electrolytes are inherently safer than organic liquid electrolytes, which 

are based on the concept of the Pearson hard-soft acid-base (HSAB) theory11,12. the low 

conductivity of these soft solid electrolytes may be due to the affinity of hard (charge dense, 

nonpolarizable) Li+ ions to the functional group the Lewis base, resulting in low Li+ 

mobility, particularly as the number of the solvent....Li+ contacts increases12. This 

interaction may suggest that the ionic conductivity of soft solid electrolytes can be 

increased using a soft donor solvent matrix with which the Li+ ions interact poorly, thus 

increasing the ionic conductivity. The first such material we investigated, N, N-

dimethylformamide (DMF)•LiCl, have the highest ionic conductivity reported to date for 

a soft solid crystal12,13. The high ionic conductivity results from the soft C = O functionality 

in the DMF donors, which interacts poorly with the hard Li+ ions in LiCl and result in low 

affinity of Li+ with the channel walls, permitting fast ion migration. Although (DMF)•LiCl 

has good ionic conductivity (1.6×10-4 S·cm-1) at 25 °C, it is not thermally s SEM  at room 

temperature. The thermal stability of NaClO4 (DMF)3 was slightly improved and compared 

with (DMF)•LiCl, could also be melted and recrystallized.  
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Figure 1.1: Morphological changes during cycling of 1 M LiPF6 polyethylene 

carbonate cell at 1 mA.cm2 showing dendrites growth over cycling.14 

 There exists a possible avenue to eradicate the flammability of LIBs by using solid 

electrolytes such as polymer, ceramic, or co-crystalline electrolytes. The dendrite 
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formation and growth are influenced by ionic polarization in the electrolyte that occurs 

during charging; the lithium ions move toward the anode and the anions to the cathodes, 

causing the formation of an ionic concentration gradient in the system. The super 

concentration of cations and depletion of anions on the lithium anode and the reverse 

phenomenon on the cathode create instability due to the loss of electroneutrality on the 

electrodes, especially on the anode where the lithium ions are superconcentrated15. Due to 

the fact that the formation and growth of lithium dendrites is less favorable in the solid-

state than liquid state due to the toughness of the solid medium, researchers are focused on 

developing new battery materials based entirely on the solid-state. The physical 

characteristics of a solid-state can reduce the formation and slow or suppress the growth of 

dendrite to the cathode during cycling. These safety and performance issues can therefore 

be addressed by the development of solid-state electrolytes, particularly co-crystalline 

electrolytes that have high thermal stability, high conductivity, and are stable to a wide 

range of electrodes. 

1.2 Sodium and lithium Ion Metal Batteries 

1.2.1 Principles of Rechargeable Batteries 

 A battery is a device that converts chemical energy into electrical energy; the energy 

is released when a chemical potential difference between the two electrodes causes current 

to flow. It is made up of a negative electrode or anode, the place of the oxidation during 

the discharge, a positive electrode or cathode, the place of the reduction during the 

discharge, and an electrolyte that facilitates the movement of ions from one electrode to 
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another. During battery operation, the oxidation and reduction reactions permit the 

migration of electrons through an electronic conductor (wire), which is accompanied by 

the ion migration through an electrolyte in the same direction, ensuring the preservation of 

electroneutrality. As a result, the cations migrate to the cathode during discharge and then 

reverse, moving to the anode during recharge. 

1.2.2 Battery Materials 

The performance and safety of rechargeable batteries depend strongly on the choices 

of materials that compose the electrodes, the anodes, and the electrolytes. They have a 

crucial function in the development of batteries with high capacity, large cycle numbers, 

and good efficiency. The safety and cost are both important parameters for various 

applications, and highly depend on the choice of the materials. 

1.2.2.1 Cathodes 

 The cathode materials are essential to the battery system. They are of considerable 

importance to determine the charge capacity and the energy density of the battery. 

Currently, the LIB is one of the most promising energy storage systems because of its 

outstanding electrochemical performance and high capacity16. Faced with the high demand 

for energy conservation and the rapid development of LIBs, there is a need to improve the 

storage capacity, power, and the energy density of LIB, which hinges on the discovery of 

novel cathode and anode materials17. Since being reported by Padhi and Goodenough, 

lithium iron phosphate (LiFePO4) has been the most used active material in research for 

LIBs and LIMB cathode mainly due to its significant advantages such that ease of 
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synthesis, low cost, high safety, and high theoretical capacity (170 mAhg-1), flat voltage 

plateau (3.4 V vs. Li+/Li0); the voltage required to strip lithium ions from the cathode, and 

the theoretical potential of the charged battery.18 This active material, LiFePO4, was 

selected for use in all the cycling studies in this thesis.  

1.2.2.2 Anodes  

 The ideal anode material should exhibit a low reduction potential to promote a large 

cell voltage, which translates to high energy density. Various anode materials have reported 

that range from insertion to deposition based on the reaction mechanism of lithium or 

sodium ions at the anode. The most common are carbon-based insertion type materials in 

both research and commercial LIB. Lithium intercalated graphite is common because of its 

ability to improve the capacity of the anode (compare to traditional anode material such as 

: amorphous carbon, thin composite oxides…)4 and to accelerate the charge-discharge 

process due to the size of lithium and the distance of the graphene layer. Also, it is 

advantageous because it can mitigate dendrite growth. Metallic lithium is considered the 

ultimate anode material for the next generation of rechargeable LIB. However, its 

application is limited due to high risk of dendrite formation and resulting safety issues that 

stem from the possibility of cell shorts, which can boil and ignite the combustible organic 

liquid electrolytes.  

 Because of the natural abundance of sodium and its similar chemical properties to 

lithium, research on NIBs have recently become a topic of exploration. It is currently 

mainly focused on finding suitable electrode materials that enable cell reactions of high 

energy densities combined with low cost. Naturally, an assessment of potential electrode 
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materials requires a systematic comparison with the analogous reaction in lithium-ion 

batteries. Therefore, metallic sodium is a promising anode material for sodium metal 

battery. Like lithium, metallic sodium forms dendrites (even more easily than metallic 

lithium), and it generally becomes unstable towards thermal runaway during cycling. 

Metallic sodium is a poor choice for anode material for NIB. It can melt and cause a violent 

reaction due to heat loss during cycling, which increases the temperature of the cell to the 

low melting point of sodium metal (97.79 ºC). For the variety of synthesized sodium and 

lithium co-crystalline electrolytes, we utilize metallic sodium anode for all electrochemical 

studies for sodium-based co-crystalline electrolyte and metallic lithium as anode for 

lithium-based co-crystalline electrolytes.  

1.2.2.3 Electrolyte Materials  

The electrolyte plays a key function in any battery system. It should be an ionic 

conductor and an electrical insulator that permits the fast transport of the cation from one 

electrode to another. During charging, the cation migrates from the cathode to the anode, 

and the phenomenon reverses during discharging. The cation ionic mobility from one 

electrode to another through the electrolyte impacts the performance of the battery during 

cell operation. Ideally, the electrolyte should not suffer from any electrochemical or 

chemical reactions at the electrodes. Some LIB problems are associated with the organic 

solvents and the salts used for the electrolyte. These organic solvents/salt electrolytes 

present many challenges: Their electrochemical degradation during battery operation, their 

instability to both electrodes, and the formation of dendrites at the anode. They also present 

a safety issue because of low flashpoint of these organic solvents due to their volatility and 
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flammability9. In the face of all these problems, current research is focused on developing 

safer and more stable solid-state electrolytes that retain the excellent characteristics of 

liquid electrolytes such as good ionic conductivity, excellent electrochemical and thermal 

stability, and good adhesion to the electrode.  

There are two main classes of solid electrolytes that have been investigated: polymer 

electrolytes and ion-conducting ceramics (ICCs). Polymer electrolytes are safer than liquid 

electrolytes and can be processed into flexible films that have good wetting of the 

electrodes. However, they have significant limitations, such as their low ionic conductivity, 

particularly at low temperatures, where they either crystallize or form glasses19. 

 Below the glass transition (Tg), the ions move in a glassy network, which is 

considered immobile on the time scale of the motion of the ions. The transport mechanism 

is thermally activated, and the ionic conduction follows the Arrhenius law19,20. Even in the 

amorphous phase, above their melt (Tm) or glass transition (Tg) temperatures, the 

conductivity of the Li+ ions is low since it is coupled to the slow backbone segmental 

motions of the chain, as for example, in PEO/LiPF6. Further, although they are safer due 

to being solid-state, polymer electrolytes have small lithium ionic mobility, transference 

number (tLi+), compared to the anion that range from 0.2 to 0.321, and are too soft to prevent 

dendrite growth. Polymer electrolytes in which the anion is irreversibly bound to the 

polymer backbone are single ion conductors (SICs)22, and thus can better prevent the 

growth of dendrites. However, their overall conductivity is very low (< 10-6 S·cm-1)21. 

Therefore, the development of solid electrolytes with high conductivities at room 

temperature is necessary for the future of solid LIBs.  
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 Lithium-ion conducting ceramics (LICCs) can have high ionic conductivities and a 

transference number close to 1. However, they are brittle, poorly compatible with and 

poorly adhesive to the electrodes, and hence do not retain good contact with the electrodes 

as the volume of the latter change during successive charge/discharge cycles. All 

electrolytes, whether liquid or solid, must be not only ionically conductive, but also 

electrochemically compatible with both the anode and cathode at their operating voltages. 

Therefore, the development of new electrolytes that meet these requirements, but can also 

prevent flammability and dendrite growth, is necessary. For implementing these features 

in LIBs, this thesis will focus on the synthesis and electrochemical characterization of a 

new class of soft solid-state electrolyte: salt-organic co-crystalline electrolytes in which the 

organic solvent and the salt are co-crystallized. This class of co-crystalline electrolytes may 

be considered alongside the full range of electrolytes because of the desirable 

electrochemical, physical, and thermal properties some of the m possess, including high 

potential stability widows, high thermal stabilities, excellent adhesion to the electrodes, 

good conductivity over wide range temperature, and high lithium or sodium transference 

number. 

1.2.3 Electrochemical and Physical Requirement of An Electrolyte 

1.2.3.1 Ionic Conductivity  

 The main objective is to develop the soft solid electrolyte that has the similar ionic 

conductivity to liquid electrolytes, which is optimally ~ 10-2 S·cm-1. The ionic conductivity 

of a material corresponds to its ability to admit ions through the material. It is equal to the 

sum of the contributions of the cation and the anion. In the liquid state, the ionic 
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conductivity depends on electrolyte solvent and salt, the ability of the salt to dissociate, 

and the concentration of the salt, but also on the strength and nature of interaction 

(solvation) between the ions and the solvent molecules in the medium. However, for an ion 

to move through a solid material, it must hop from an occupied site to a vacant site or 

escape to the interstitial region of the matrix; these are the two standard operative 

mechanisms of ionic transport in solid state (mobile vacancy or interstitial route 

respectively)23. In co-crystalline electrolytes, the structural parameters that may control the 

mobility of the ions include the intermolecular/ionic lattice forces: the cation and anion 

interactions, the ions-matrix interaction, the distance between two successive cations and 

anions in the matrix, the size of the ions, and the geometry of the motion path of the ions. 

In this thesis, we investigated a variety of sodium or lithium co-crystalline electrolytes that 

have good ionic conductivity over a wide range of temperatures. The ionic conductivities 

are calculated from the impedances which are extrapolated from Electrochemical 

Impedance Spectroscopy (EIS) data (see section 3.1.5.4).  

1.2.3.2  Ion Transport Number  

 The transport number of an ion (Equation 1.1 and 1.2), the fraction of the total 

electrical current carried in an electrolyte by a type of ion, is also an important characteristic 

in an electrolyte. We investigated the transport rate of lithium or sodium ion in the various 

synthesized crystal electrolyte by potentiostatic polarization (Equation 1.1) and diffusion 

methods (Equation 1.2). The potentiostatic polarization method, proposed by Bruce et al., 

is based on the combination of the polarization current and Electrochemical Impedance 

Spectroscopy (EIS)24. A small DC potential (20 mV) is applied to a symmetric cell 
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(metallic lithium/lithium-ion electrolyte/metallic lithium or metallic sodium/sodium-ion 

electrolyte/metallic sodium) and gives rise to a constant diffusion of the lithium from one 

electrode to the other one; in other words provide ion’s current passage through the 

electrolyte, and the anions move to opposite electrode. However, Lithium electrodes are 

not reversible versus anions and once they arrive near the electrode, they remain there 

unchanged (i.e. charged, unlike lithium ions that are depolarized and become an uncharged 

metal phase). In order to keep the environment neutral (uncharged in the macroscopic 

scale), some of lithium cations have to follow the anions to balance the charge accumulated 

there, which is characterized by a stationary current or steady-state current (ISS). The 

system reaches an equilibrium resulting from the formation of an anion concentration 

gradient between the anode and cathode. The initial current (), the stationary current (, the 

apply voltage, and the resistance before (R0) and at steady state (RSS) permit the calculation 

of the transport number of the cation (t+) and the anion (t-) using equation 1.1.  

 

 

 

 The second method is to measure the diffusion coefficients of the cation (Li+) and 

its counter-ion by NMR pulse field gradient approaches25,26. This method commonly 

measures the diffusion coefficients of half-spin atomic nuclei such as 9F, 3Li, or 1H since 

they are easy to observe due to their sensitivity (natural abundance, and gyromagnetic ratio) 

and their slow nuclear magnetic relaxation. Therefore, this method was only applied to 
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lithium fluorine-based electrolytes, not to sodium-based electrolytes, as sodium nuclei are 

unsuitable. The study of the contribution to the total current carried by each ion will permit 

understanding and improvement of ionic conductivity properties of these co-crystalline 

electrolytes and help to elucidate the parameters that control the mobility of the anions and 

cations.  

 

Z, D, C, and tL+ are respectively the charge, the diffusion coefficient, the 

concentration of lithium ion, and lithium transference number. In NMR pulse field 

gradient, the compounds have a random trajectory which is different from the mobility of 

charged species in potentiostatic polarization, which is more analagous to the mobility of 

charged species in a battery system. Nevertheless, both methods provide a measurement of 

the comparative mobility of the cations vs. the anions. 

1.2.3.3 Specific Capacity 

 The specific capacity, the amount of charge or energy that can be stored in a material 

per unit of mass, depends on the mobility of ions in the cathode and the amount of cation 

that deposits to the metallic lithium or sodium anode. Even though the electrolyte plays a 

support and protective role by facilitating the mobility of ions from the cathode to anode 

(and back) while preventing the contact of the electrodes, it also limits the number of ions 

that reach both electrodes during charging and discharge. In liquid electrodes, the 

concentration of salt used to obtain the full capacity of the electrodes is typically about 1 
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M of the salt. Synthetic sodium lithium co-crystalline electrolytes are necessarily highly 

concentrated solid solutions of ions: 2:1 solvent:salt ratio for most of the lithium-based co-

crystalline and 3:1 for sodium-based co-crystalline electrolytes. 

1.2.3.4  Electrochemical Window  

The electrochemical window (EW) of an electrolyte is the voltage range over which 

the electrolyte is neither oxidized nor reduced. The EW is one of the essential 

characteristics to be identified for solvents and salts used in battery applications. It 

indicates the potential range that the electrolyte is stable. A large EW is essential for a non-

electrochemical reaction between electrodes and electrolyte; outside this range, the 

electrolyte is destroyed: reduced or oxidized, consuming the chemical potential energy that 

is intended to power the battery. We explore many organic solvents, and sodium and 

lithium salts in this work for the synthesis of various co-crystalline electrolytes. The 

electrochemical window of these materials is characterized by cyclic voltammetry and 

linear sweep voltammetry.  

1.2.3.5  Electrolyte Electrode Adhesion  

 Whatever the electrolyte phase (liquid or solid), sodium or lithium ions should move 

easily between electrodes through the electrolyte medium. Further, the cations should move 

quickly through the electrolyte-electrode interfaces, preventing high interfacial resistance, 

which can impact the performance of the battery. In solid-state electrolytes, the electrolyte-

electrode interface has a high impedance compared to liquid-state electrolytes due to 

adhesion issues between the two solids. The ionic mobility at the electrode-liquid 
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electrolyte interface is much higher than in the solid electrolyte-electrode interface due to 

lack of adhesion between the solids, and the differing nature of interactions in the 

electrolyte media vs the electrode. Therefore, the choice of material for solid-state 

electrolytes is critical to improve electrolyte-electrode adhesion while maintaining 

electronic insulation and preventing any cathodic or anodic reaction at the interfaces. 

Therefore, the electrolyte should have not only a significant potential window and high 

ionic mobility, but also have excellent adhesion to the electrodes, and be electrochemically 

stable.  

1.2.3.6 Electrolyte Stability to the Electrode  

 The high interfacial impedance between electrodes and electrolyte is one of the 

fundamental limitations in enabling all-solid-state lithium or sodium-ion batteries. The 

high interfacial impedance is attributed to poor interfacial contact27, the mechanical failure 

of the contacts28, interfacial degradation due to mutual diffusion29, or the formation of a 

lithium-depleted space-charge layer. These multiple phenomena cause the interfacial 

decomposition and the formation of interphase layers at the solid electrolyte-electrode 

interfaces. The interphase layers have significant effects on the interfacial resistance and 

the overall performance of the solid-state lithium or sodium-ion batteries. For example, 

continued decomposition may lead to interfacial degradation and poor coulombic 

efficiency of the solid-state lithium or sodium-ion batteries. Also, the interphase layers may 

be poor ionic conductors, which would result in high interfacial resistance. Understanding 
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the origin and composition of the interfacial interphase layers is critical for resolving the 

issue of high interfacial resistance in solid-state lithium- or sodium-ion batteries.  

1.2.3.7 Thermal Stability of Crystalline Electrolytes 

 In order to ensure optimal battery operation and safety and to maintain the integrity 

of the electrolyte during operative heat loss, the electrolyte should have high thermal 

stability above 100 °C and a high melt temperature ranging from 100 °C to few hundred of 

degree Celsius. Therefore, we assess the thermal stability among many synthesized co-

crystalline electrolytes that have a high melt temperature by using Thermogravimetric 

analysis (TGA) (see section 3.2.2) and Differential Scanning Calorimetry (DSC) (see 

section 3.2.3). The thermal degradation analysis of all co-crystalline electrolyte was carried 

out by Thermogravimetric Analysis (TGA) 

1.2.3.8 Cell Testing 

The full cell testing permits us to observe the evolution of the capacity (Equation 

1.3); it represents the specific energy in Ah (A= current and h = hour), the quantity of 

electrical energy that a cell can restore overtime after receiving a complete charge. It 

determines the ease of oxidation of neutral lithium (Li0) or sodium (Na0) involved in the 

de-lithiation (in LIBs) or de-sodiation (in SIBs) processes and the degree of reversibility 

of the reduction and oxidation of lithium or sodium. It is based on a galvanostatic method 

involving the electrolyte between two cathodes and the anode. It permits us to measure the 

capacity of the cell by monitoring its efficiency and life. In this work, LiFePO4 cathode 
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material, a low voltage cathode, is used to analyze the lithium base co-crystalline 

electrolytes. 

C = Ah Equation 1.3 
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CHAPTER 2 

CO-CRYSTALLINE ELECTROLYTE OVERVIEW 

2.1 Introduction 

 Each member of the new class of co-crystalline electrolytes presented in this thesis 

comprises an inorganic lithium (or sodium) salt and low molecular weight organic 

compound that has a Lewis basic atom that complexes with lithium (in the lithium-based 

electrolyte) or sodium (in the sodium-based electrolyte) to form a crystalline structure. The 

number of organic solvent functional groups that complex to the cation depends on the size 

of the cation. Generally, lithium prefers four-coordination while sodium prefers six-

coordination. Most of the synthetic co-crystalline electrolytes contain higher-

dimensionality channels for lithium or sodium cation conduction and bulky anions (PF6
- or 

ClO4
-, Figure 2.1), which also have possible conduction pathways. In some cases, the 

functional group presents a SEM i covalent or a bond weak dipole-ion interaction with a 

small cation (Li+ or Na+), whereas the bulky anion (PF6
- or ClO4

-) shows only a weaker 

Vander Waals interaction in the lattice because it is surrounded by the organic solvent 

molecules. Lithium has a closer interaction with ligating atom than the unbounded bulky 

anion because of the small size, partial covalency and the dipole-ion interaction between 

the ligand donor atom and the cation. The partial covalency between the organic compound 

and the cation and the Van der Waals interaction between the cation and anion may enhance 

the ionic mobility in the lattice. The cation (lithium or sodium ion) may be more mobile 

than the more cumbersome and bulkier anion in the two standard operative mechanisms of 
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ionic transport (mobile vacancy or interstitial route) in solid-state electrolytes. This is 

because of the small size of the cation that can facilitate easier shuttling from site to site, 

or movement to the interstitial region. The highest conductivity measured in co-crystalline 

electrolytes (10-3.5 Scm-1) at room temperature is correlated to the structural characteristics 

of this co-crystal. The measured conductivity of most of the presented co-crystalline 

electrolytes at room temperature falls about 10-4 Scm-1,30 which is nevertheless high 

compared to most known solid electrolytes, including polymer electrolytes.  

 

 

 

 

 

Figure 2.1: The crystal packing of (DMF)3 NaClO4 (left) and Isoquiniline/LiCl 

(IQ3(LiCl)2) (right) to be presented in Chapters 4 and 5, respectively. The crystal packing 

of (DMF)3 NaClO4 shows an unobstructed linear path of Na+ (yellow). The crystal packing 

of IQ3(LiCl)2 shows obstacles along the linear path of sodium red. 

The conductivity of the cation through the electrolyte/electrode medium affects the 

performance of the battery in both the charge and discharge cycles. Some structural 

parameters in co-crystalline electrolytes, such as the geometry of the channel (the possible 
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route of the ions), the distance between two identical conductive ions, the overall 

interactions with the matrix, and the size of the conducting ion control the ionic transport 

rate. For example, in the dimethylformamide sodium perchlorate cocrystal, the sodium ions 

from a linear channel with 1.25 Å interionic distance. These characteristics may explain its 

low activation barrier of 25 kJ/mole and its high ionic conductivity of 3 x 10-4 S·cm-1 at 

room temperature31. These parameters may define the kinetics of ion transport in the bulk 

and control the activation energy of the ionic conduction or mobility. The large size of a 

bulky anion could impair its mobility or conduction through the matrix, while at the same 

time, the motion of lithium or sodium ion may have an advantage because of its small size 

compared to the anion. The binding energy of the cation to the functional group of organic 

ligands compared to the free anions in some of the complexes raises the question: which 

ions have the highest mobility through the matrix? In either case, the conductivity of most 

synthesized co-crystalline electrolytes is high at room temperature, and a wide range of the 

thermal stabilities are observed (Table 2.1).  
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Table 2.1: Overview of Conductivity, thermal, and electrochemical stability 

properties of some synthesized co-crystalline electrolyte presented in this thesis. 

Co-crystalline 

Electrolytes 

Conductivity at RT 

(Scm-1) 

Melting Point 

(°C) 

 

Electrochemical 

Stability to Lithium or 

Sodium metal 

Adiponitrile2LiPF6 10-4 182 Yes  

Adiponitrile2LiAsF6 10-4 180 Yes 

Adiponitrile2LiSbF6 10-6 160 No 

Isoquinoline3LiCl2 10-6 Decompose No 

DMFLiCl 1.6×10-4 Decompose No 

(DMF)3NaClO4 3×10-4 55 No 

Adiponitrile3NaClO4 2.02 x 10-4 85 No 

Adiponitrile3NaPF6 10-4 96.5 Yes 

(DMF)2NaClO4   70 No 

 

 Some of our synthesized co-crystalline electrolytes are heterogeneous because they 

contain two phases: a solid bulk phase and a nanolayer liquid phase at the surface31 (Figure 

2.2). This liquid layer at the surface of the crystalline material may play a mechanical 

function by facilitating the adhesion of the electrolyte grains to each other and the 

electrodes. Lack of electrode adhesion is a major problem of solid electrolytes since it 

creates high interfacial resistance between the electrolyte and electrodes, i.e., a high barrier 
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for Li+ ions to move across the interface. The liquid nanolayer in some of these co-

crystalline electrolytes improves contact between the electrodes and electrolyte and 

enhance the mobility of lithium at the interface.  

 

Figure 2.2: The scanning electron microscope image of (DMF)3NaClO4 shows a 

uniform size distribution of crystalline grains. The crystals are longitudinally oriented, and 

surface nano liquid is trapped between them. This feature facilitates the conduction of Na 

ions through the grain boundary region. 

 Synthetic co-crystalline electrolytes presented in this work exhibit a variety of the 

rmal stabilities that range from 30 °C to up hundreds of degrees Celsius. These are 

controlled by the strength of the interactions in the salt-organic solvent matrix. Higher 

boiling point of the pure organic solvent correlate with high thermal stability of the co-

crystalline electrolytes. The melt and recrystallization properties of some of the synthesized 

co-crystalline electrolytes may enhance the adhesion of electrolyte grains and electrolytes 

to electrodes materials to improve the ionic mobility between grains and between 

electrolyte/electrode interfaces. In one example, the grain boundary resistance has a 



 

 
 

23 

significant contribution to the impedance of ion flow within the co-crystalline and co-

crystalline electrode interface31. Also, the organic solvent used in these co-crystalline 

electrolytes has a high flashpoint, which is even higher in the cocrystal, and which improve 

safety by reducing the flame ignition hazard of the co-crystalline electrolyte.  

 Some of the co-crystalline electrolytes are high voltage electrolytes which means 

that they should exhibit a wide electrochemical stability window, so that there will not be 

any substantial electrolyte degradation within the range of the working potentials of both 

cathode and anode. The potential window of the synthesized co-crystalline materials 

depends on both the organic solvent and salt, and their electrochemical reactivity to the 

electrodes. We explore many organic solvents, and sodium and lithium salts that have high 

potential window that range from 5 to 6V (Table 2.1).  

Table 2.2: The potential window of the synthesized co-crystalline electrolytes 

presented in chapters 7, 8, and 9. 

Co-crystalline Electrolyte Electrochemical window 

(V) 

Adiponitrile2LiPF6 6 

Adiponitrile2LiAsF6 5.5 

Adiponitrile2LiSbF6 5 

Adiponitrile3NaPF6 4 
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2.2  Synthesis of Co-Crystaline Electrolyte 

 The central goal of the work is the synthesis of soft solid electrolytes, co-crystalline 

of organic compound and lithium or sodium salt, for ionic conduction with low affinity of 

the ions for the surrounding matrix. Different low molecular weight organic solvents are 

utilized depending on their Lewis basic functional groups, their physical properties, their 

non-toxicity, and their low cost. For the salt, we used lithium or sodium salts that are low-

cost and common in commercial and research. We synthesized lithium or sodium co-

crystalline electrolytes that have linear channels sometimes with obstacles and sometimes 

without obstacles. In these materials, the interactions between the ions and the surrounding 

organic matrix are weak. Two methods, vapor diffusion and heating, are used to synthesize 

the various co-crystalline electrolytes, which are described in the next section.  

2.2.1 Vapor Diffusion Method 

 A simple approach is proposed to generate soft, flexible solid materials with low 

conduction barriers, using commonly available organics solvent (N, N-dimethylformamide 

(DMF), Isoquinoline (Q), Pyridine (Py), Adiponitrile (ADN)) as the electrolyte matrix and 

lithium or sodium salts. When co-crystallized the organic solvent with the salt (ionic 

compounds), the additional lattice energy component arising from the ion-matrix and ion-

ion attractive forces will encourage the formation of soft solids with the high crystallinity 

of an inorganic electrolyte matrix, but the flexibility of a soft solid. The construction of 

these matrices proceeds by simple crystal growth of salts interspersed with organic matrix 

molecules. The principle is described in Scheme 2.1. In the presence of a polar (or 
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polarizable) solvent, ionic compounds dissolve due to the replacement of ionic bonds with 

ion-dipole interactions, resulting in a solution in which ions are interspersed with the matrix 

molecules. Upon slow introduction of the precipitating solvent, the polar ion-molecule 

assemblies arrange into an organized lattice to avoid molecular interactions between the 

polar and non-polar phases. The result is an ion-molecule matrix with organized ions in a 

1, 2, or 3D geometric channels in which the cation (lithium or sodium ion) and the anions 

reside in organic channels and where the matrix walls have partially covalent or dipole ion 

interaction with the cation and weak interaction with the bulky anions.  

 

Scheme 2.1: Illustration of ion-matrix assembly principle in diffusion method. 

2.2.2 Heating Method 

 The same approach previously described is applied in the heating method. The 

lithium or sodium salts used are not or have low solubility at room temperature in the used 

hydrophobic organic solvent like adiponitrile. Therefore, there is a need to increase the 
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solubility of the salts in the organic solvent by increasing the temperature, which we 

believed will expose the functional group for lithium or sodium to complex with the 

hydrophobic organic solvent at high temperature. Upon cooling, crystalline materials form 

and grew about a few degrees Celsius from the melt temperature, and solidification is 

complete at room temperature (RT) as shown on Figure 2.3. 

Figure 2.3: The Differential Scanning Calorimetry (DSC) of (ADN)2LiPF6 showing the 

complexation of the material occurs at 156 ˚C and then melt at 182 ˚C. It starts 

recrystallizing at 150 ˚C. This material will be fully presented in Chapter 8. 
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CHAPTER 3 

CHARACTERIZATION of CO-CRYSTALLINE ELECTROLYTES 

3.1 Characterizations 

3.1.1 X-Ray Diffraction 

 For all synthesized co-crystals, a few single crystals were removed from the sample 

for structure determination using X-ray diffraction. The remaining powder was rinsed with 

an excess volatile solvent and dried under vacuum to remove the residual amount of matrix 

solvent and rinse solvent, after which the co-crystal appeared dry to the eye. All single-

crystal structures were determined using Mo-Ka radiation and the powder X-ray 

diffraction data were obtained using a Kappa APEX II DUO X-ray diffractometer with Cu-

Ka radiation at -170 K. The calculated powder pattern generated from the single crystal 

structures of all the co-crystalline data conformed with the experimental powder data and 

was used to validate all powders used in thermal and electrochemical studies. 

3.1.2 Thermogravimetric Analysis  

 TGA is a method of the rmal analysis in which the weight change of decomposition 

reaction of materials is measured over time as the temperature increases. It provides 

information about certain chemical phenomena such as chemisorption and thermal 

decomposition. The thermal degradation analysis of all co-crystalline electrolytes was 
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carried out on a Thermogravimetric Analysis (TGA) TA Instruments Hi-Res TGA 2950 at 

a ramp rate of 10 °C min-1 with a flow of ultra-pure N2 gas.  

3.1.3 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a thermal analysis technique in which 

the heat flow into or out of a sample is measured as a function of temperature or time, while 

the sample is exposed to a controlled temperature program. It permits measurement of 

melting temperature, the heat of fusion, latent heat of melting, reaction energy and 

temperature, glass transition temperature, crystalline phase transition temperature and 

energy, precipitation energy and temperature, denaturation temperatures, oxidation 

induction times, and specific heat. A Differential Scanning Calorimeter (DSC) TA 

Instruments 2920 was used to analyze the melt and crystallization temperatures of the 

powder (ADN)2LiPF6 with the sample in hermetically sealed Tzero aluminum pans, from 

-120 °C to 120 °C at a scan rate of 10 °C.min-1, under ultra-pure N2 purge. 

3.1.4 Scanning Electron Microscopy 

 We utilized a FEI Quanta 450FEG SEM  with energy-dispersive X-ray spectroscopy 

(EDS) capability (Oxford Aztec Energy Advanced EDS System) for all the Scanning 

electron microscope (SEM) data. The SEM  data of pressed and loose samples reveal 

different features of the multiple synthesized co-crystalline such as grain-grain contact, the 

difference from pressed and free samples, and the presence of a nano-liquid layer on the 
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surface of some of the co-crystalline material. The SEM  technique permits also to 

determine the spatially dependent elemental analysis. 

3.1.5 Electrochemical Characterization of Co-Crystalline Electrolyte. 

3.1.5.1 Cell Configuration  

 For the conductivity measurements, the powder or crystalline materials are 

incorporated in a glass fiber separator or prepared pellet by pressing at 800 psi in a 

hydraulic crimper in an argon purged glove box. For all the other electrochemical 

measurements (plating and stripping, cyclic voltammetry, linear sweep voltammetry, and 

full cell cycling) the powder or crystalline material is incorporated into Whatman glass 

microfiber filters (GF), grade GF/A (Sigma-Aldrich) 0.26 mm thickness either by 

synthesizing the sample inside the glass fibers or by adding the sample and glass fiber filter 

into boiling DCM, and then removing the DCM in vacuum. The glass fiber filter is the 

separator between the electrodes, and it controls the size and the amount of the electrolyte 

in the electrochemical experiments. Coin cells were used for all electrochemical 

experiments. 

3.1.5.2 Cyclic Voltammetry 

 The redox reaction of the co-crystalline electrolytes is investigated to determine the 

potential window of analyzed co-crystalline electrolyte by cyclic voltammetry (CV) which 

is a controlled potential dynamic technique that measures the current that develops in an 

electrochemical as a function of potential of a working electrode. The resulting cyclic 
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voltammogram reflects the redox processes occurring at the working electrode. Linear 

sweep voltammetry is also utilized to determine the electrochemical stability or potential 

degradation of some of the synthesized co-crystalline electrolytes. The CV and LSV are 

obtained using a Gamry Interface 1000 potentiostat/galvanostat/ZRA. 

3.1.5.2 Chronoamperometry  

 Chronoamperometry is an electrochemical technique in which the potential of the 

working electrode is stepped, and the resulting current from faradaic processes occurring 

at the electrode (caused by the potential step) is monitored as a function of time. It tests the 

performance and cycling stability of electrodes in half cell (a cell with two different 

electrode materials) and full-cell (a cell with two identical electrode materials) 

configuration. A controlled current is applied to the cell while the potential response 

dependence of the time is recorded. Once a specific fixed potential (cut-off voltage) is 

reached, the applied current is inverted inducing the occurrence of the reversed 

electrochemical process. Generally, batteries are charged and discharged at a constant rate 

referred to as C-rate (the rate at which a battery is being fully charge or discharge), which 

measures the rate at which a battery is discharged relative to its maximum capacity, and it 

is calculated based on the theoretical capacity of the cathodes. 

3.1.5.2 Electrochemical Impedance Spectroscopy  

 Electrochemical Impedance Spectroscopy (EIS) is a method of impedimetric 

transduction involving the application of a sinusoidal electrochemical perturbation (current 
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or potential) over wide range of frequencies while measuring the current response in a 

sample. It permits to measure the resistivity and capacitive (dielectric) properties of a 

medium as a function of frequency. It is usually determined by applying a small alternating 

current to an electrochemical cell and then measuring the output voltage, or vice versa. The 

impedance measurements are acquired in a homemade electrochemical cell placed in an 

N2 purged, temperature-controlled gas chromatography (GC) oven. Temperature-

dependent bulk impedance data is measured by AC electrochemical impedance 

spectroscopy (EIS) using a Gamry Interface 1000 potentiostat/ galvanostat/ ZRA in the 

frequency range 0.1−1MHz in a broad temperature window with increments of 10 ºC. 

 

 

 

 

 

 

 

 

 

 

 

  



 

 
 

32 

CHAPTER 4 

 CRYSTALLINE ELECTROLYTE of DMF and SODIUM PERCHLORATE SALT 

Part A 

SELF-BINDING, MELT-CASTABLE, CRYSTALLINE ORGANIC ELECTROLYTE 

FOR SODIUM ION CONDUCTION 

4.1 Introduction 

 Currently, LIBs dominate the market, but owing to the relative scarcity of lithium, 

batteries made with more abundant sodium are being explored as an alternative32. 

Ultimately, construction of NIBs will require the development of improved sodium ion 

electrolytes. Most recent research in this field has focused on analogues of the salts with 

the same anions (I-, ClO-, BF-, PF-, CF SO- (Tf), and [N(SO CF ) ]- (TFSI)) and solvents 

(carbonates and ionic liquids (ILs)) used for LIBs33, but these suffer from the same safety 

problem, namely flammability34. This as well as, the pyrophoric nature of the alkali metals, 

makes solid electrolytes desirable for Li and Na metal or ion batteries. For this reason, solid 

electrolytes made from inorganic/organic polymer materials35 and organic crystals36,37, 

which are of interest for LIBs, are also under investigation for NIBs. One of the grand 

challenges of solid electrolytes is to develop materials with excellent conductivity and 

favorable mechano-physical properties for device fabrication. In this work, we report the 

simple preparation and characterization of a co-crystalline solid–organic sodium ion 
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conductor electrolyte NaClO4 (DMF)3 (DMF = dimethylformamide) that can be melt cast 

into a thin film is described.  

4.2 Experimental Methods 

4.2.1 Material Synthesis 

 The material was prepared by slow vapor diffusion (section 2.2.1) of diethyl ether 

into a solution of NaClO4 in anhydrous DMF at -20 °C under an argon atmosphere. A 

solution of 0.6 M NaClO4 in N, N-dimethylformamide was placed in a 25 ml vial and put 

in a 120 ml jar filled to one-quarter capacity with diethyl ether (Et2O) and capped. Because 

of the volatility of the Et2O, it diffuses through the DMF/NaClO4 solution. By reducing 

intermolecular interactions between the polar and nonpolar phase, the polar Na+ and ClO-

4 ions and DMF molecules assemble into an organized lattice with linear channels of 

sodium and perchlorate ions, which precipitate as crystals from the Et2O. The crystals are 

rinsed four times with the same amount (approximately equal to the amount of crystalline 

material) of cold (-20 °C) Et2O. The Et2O is introduced slowly from the bottom of the vial 

via Pasteur pipette to prevent crystal breakage, and a Pasteur pipette is also used to remove 

the Et2O. The insolubility of the salt mixture in ether resulted in the appearance of a white 

crystalline precipitate. The rinsed crystalline material is dried in an argon atmosphere for 

about 30 mins. 
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4.2.2 Material Characterizations 

4.2.2.1 X-ray diffraction  

 Single crystal (Figure 4.1) and powder diffraction (Figure 4.10) data were obtained 

on a Bruker APEX II DUO diffractometer. Mo Ka radiation was used for single-crystal 

structural determination, while Cu Ka radiation was used for powder diffraction studies 

(section 3.1.1).  

4.2.2.3 Thermal Characterization  

 TGA, Figure 4.3, was obtained on a TA Instruments Hi-Res TGA 2950 at a ramp 

rate of 10 °C/min and under N2 purge gas (section 3.1.2). DSCdata was obtained on a TA 

Instruments Hi-Res DSC2920 at 10 ˚C /min under N2 (section 3.1.3). Samples were 

scanned from 25 °C to 100 °C, 100 °C to -100 °C, and -100 °C to 100 °C, with the second 

heating scans reported.  

4.2.2.3 Conductivity Measurements  

(DMF)3NaClO4 pressed pellets were prepared by placing the (DMF)3NaClO4 powder 

between two stainless steel discs (~1cm2 area) and pressed at 1500 psi in a hydraulic 

crimping machine. (DMF)3NaClO4 melt casted pellets were prepared by placing the 

(DMF)3NaClO4 powder on the stainless-steel disc (~1cm2 area) of one of the electrodes, 

which was on hot plate at ~ 75 °C. As soon as the (DMF)3NaClO4 started melting, another 
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stainless-steel disc was placed on the melted (DMF)3NaClO4 and removed from the hot 

plate, while simultaneously applying hand pressure for almost one minute. After removing 

pressure and the upper disc, a uniform self-standing (DMF)3NaClO4 pellet was formed and 

used for conductivity measurements.  

4.2.2.4 Electrochemical Measurements  

 Ionic conductivities were measured by AC impedance spectroscopy using a Gamry 

Interface 1000 potentiostat/galvanostat/ZRA in the frequency range 10−100 kHz (section 

3.1.5.4). Temperature dependent conductivities from 50 to -75 oC were obtained using 

stainless steel blocking electrodes, which were temperature controlled in a gas 

chromatography oven. At each temperature, the cell was equilibrated for 30 min, and 

conductivity (σ) measurements on the cooling and heating cycles were obtained. The 

reported conductivities were obtained from Nyquist plots (Figures 4.S1and 4.S2), from fits 

of the slanted line impedance data to an equivalent circuit (Figures 4.S3) to extract the bulk 

resistance (R). The specific ionic conductivity (σ) was obtained from σ = t/AR, where R is 

the bulk resistance (Ω), A = area (1cm2) of the stainless-steel electrodes, and t = thickness 

of the electrolyte material.  

4.3 Result and Discussions 

 Single crystals and crystals used for pressed pellets were identified by X-ray 

diffraction as (DMF)3NaClO4 in the hexagonal space group P2c (Figure 4.1). The structure 

contains a linear channel of sodium ions at the intersection of the crystallographic three-



 

 
 

36 

fold and two-fold axes (Wyckoff position a), bridged to one another through three weak 

DMF–oxide contacts, with a Na···Na distance of 3.23 Å. Each bridging trio of DMF 

molecules forms a triangular arrangement of co-planar DMF molecules with a 

crystallographic 6 center at the centroid of the DMF “triangle” (Wyckoff position b). These 

DMF triangles are stacked, bridged by the intervening sodium atoms such that each DMF 

triangle is offset from its neighbor by a 27° torsion angle imposed by the c glide element. 

For each sodium channel, there are two symmetry-equivalent perchlorate channels residing 

on other crystallographic centers (Wyckoff position d) with the perchlorate ions spaced at 

twice the distance of the sodium ions (6.46 Å).  

 

Figure 4.1: X-ray crystal structure of (DMF)3NaClO4. Hydrogen atoms omitted for 

clarity. Top: Thermal-ellipsoid plot of five consecutive asymmetric units. Ellipsoids set at 

50 % probability. Bottom: Crystal packing diagram illustrating the ion channels in the 

Crystal packing diagram illustrating the ion channels in the crystallographic c direction. 
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An intriguing property of crystalline (DMF)3NaClO4 is that it is ductile and malleable 

and may be pressed into pellets that exhibit excellent conductivity for an organic solid at 

room temperature of approximately 3×10-4 Scm-1 as measured by EIS. This value is 

remarkably high for an organic sodium salt based ion conductor in comparison to literature 

values, which are typically below 10-6 S·cm-1 at room temperature but can be as high as 

10-4 S·cm-1 for SICs at 90 °C 38. We have not been able to determine the sodium ion 

transference numbers with EIS owing to the reaction of our electrolyte with sodium metal, 

which results in a rapid increase in electrode–electrolyte interfacial resistance in these cells, 

and pulse-field gradient NMR spectroscopy cannot be used to determine the transference 

numbers of sodium ions in solids owing to the broadness of the NMR signatures. This 

system showed an approximate two-fold improvement over our previously reported Li–

DMF system, for which the lithium ion transference number was 0.2512. 

 An analysis of the bulk and powder conductivities in previous work, and our own 

studies of LiCl·DMF crystalline electrolytes, showed that grain boundary resistance is 

frequently a large contributor to the impedance of ion flow within solid electrolyte pellets. 

However, SEM  indicated that a thin, liquid-like layer bind crystals together in 

(DMF)3NaClO4 (Figure 4.2). We hypothesized that this thin liquid layer, as previously 

suggested to occur in plastic crystalline lithium salt electrolytes39, is a surface 

(DMF)3NaClO4 solution in equilibrium with the solid (DMF)3NaClO4, owing to the low 

melting point of these crystals and the decreased electrostatic potential experienced by ions 

near the surface resulting from the absence of interactions with distal neighbors, which 

decreases the effective Madelung constant and the lattice energy near the surface. Surface 



 

 
 

38 

melting is known to occur well below (most often 70–90%) the bulk melting temperature, 

and it is reasonable to expect that the surface diffusion coefficient is high when surface 

melting occurs. Therefore, sintering of the particles can occur at or below room temperature 

and is even more effective under compressive stress. The macro-crystals “crush” into a 

mosaic structure of micro-crystallites bound through these liquid-like interfaces, further 

fusing the macrocrystalline fragments together (Figure 4.2), which results in a self-bound 

pellet. This property permits the room-temperature formation of a contiguous array of 

particles that retain optimal conductivity despite having been fragmented, which is in 

contrast to the behavior of ceramic electrolytes, which must be sintered at elevated 

temperature. 

 

Figure 4.2: SEM  images of (DMF)3NaClO4. Left: Crystals bound by smooth liquid 

interfaces. Middle: Mosaic structure of crushed crystals showing fused microcrystalline 

fragment domains. Right: A pellet of (DMF)3NaClO4 re-solidified from melt. 

 Thermal analysis of (DMF)3NaClO4 and NaClO4 salt from TGA/DSC reveals 

several useful observations. According to TGA (Figure 4.3A, 4.3B), the complex begins 

evaporating under ambient conditions around 73 °C and is entirely disappeared by 229 °C. 
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The evaporation of DMF can explain the decomposition temperature of (DMF)3NaClO4 

under an N2 atmosphere suggesting a decomposition mechanism involving the escape of 

DMF into the gas phase, which removes most of the DMF. The remainder of the DMF 

escapes in a second and third step between 140 and 229 °C, leaving behind NaClO4, which 

then start decomposing at 540 °C, at the same temperature as pure NaClO4 to produce NaCl 

at 600 °C. The TGA experiment (Figure 4.3A) confirms the expected weight percent loss 

of the complex, which is 64.43 wt % of DMF and 35.57 wt % of NaClO4 compared to the 

theoretical weight percent loss 64.17 wt % of DMF and 35.82 wt% of NaClO4. The 

complex vaporizes in three steps; the first step starts at a lower temperature(75°C), 

representing a weight loss corresponding to 2/5 of the DMF, and the second and final step 

at a higher temperature, which corresponds to the complete removal of DMF at 230 °C. An 

explanation for these three processes can be explained by the different interactions in the 

lattice and the thin liquid layer at the surface that we observe on most synthesized co-

crystalline electrolytes. The first weight loss corresponds to the noninteracting DMF that 

is removed at a similar temperature as solvent DMF. On the second and third step, the left 

DMF interact stronger with Na+ and ClO4
- which cause it decomposition at a higher 

temperature. The residual NaClO4 decomposes at the same temperature as pure NaClO4, 

and the weight loss is due to perchlorate deoxygenation to produce NaCl.  
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Figure 4.2: (A) TGA; (B) DTGA  plots of (DMF)3NaClO4 crystal adducts. Note a 

64% weight loss is expected for DMF in (DMF)3NaClO4.  

 The DSC(Figure 4.4) results indicate that (DMF)3NaClO4 has a melting point of 

approximately 59 °C. However, visual inspection indicated that the melting event happens 

slowly between 59 and 68 °C, before its decomposition onset temperature of 73 °C based 

on TGA (Figure 4.3A). (DMF)3NaClO4 can be melt-cast since its melt temperature occurs 

before its decomposition temperature (Figure 4.3A, 4.3B). During the first heating cycle of 

rinsed (DMF)3NaClO4, which begins at room temperature, there is a crystalline melt that 

starts at 48 °C and complete at 65 °C. Upon cooling, the melt co-crystalline 

recrystallization occurs at -5 °C.  
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Figure 4.3: DSCof (DMF)3NaClO4 at a scan rate of 10 °C min-1. The crystal melts 

around 59 °C and recrystallize -20 °C. 

 The conductivities (Figure 4.5) is calculated from EIS in which the real part of the 

impedance is extrapolated from Nyquist plots (Figure 4.S1), which are fitted by two 

elements circuits element (Figure 4.S3): one at low temperatures and the other at high 

temperatures. In both circuits, they can be fitted by at most one SEM icircle, with a 

capacitance of 10-12 Fcm-2 indicative of the bulk resistance by neglecting grain interfacial 

resistance. The high conductivity of (DMF)3NaClO4 and the observation of liquid phase 

grain boundaries suggests that the conduction in this material occurs through the bulk 

crystal, with little contribution from grain boundary resistance, as observed in other solid 

electrolytes. Therefore, the fitting of the Nyquist plots from EIS do not require a grain 

boundary resistance component and are thus consistent with conduction through the bulk 

with little resistance from the thin, conductive grain boundaries. In order to further confirm 

this assignment and mechanism of conduction in (DMF)3NaClO4 (in both press pellet and 

melt casted), Nyquist plots have been processed and represented in complex electric 
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modulus, M*, formalism, where M* = jωCZ* where j is the square root of negative 1, ω 

the vector quantity of angular velocity, C the capacitance, and Z* the imaginary impedance. 

The impedance plots (Z'') pick out the most resistive element as an impedance peak height, 

Z'' max = R/2, whereas M'' plots pick out the elements with the smallest capacitance (since 

M” ~ 1/C). Data obtained from Nyquist plots (Figures 4.S1 and 4.S2) have been processed 

and used to calculate M'', which are compared with the Z'' data (Figure 4.S4). 

 

Figure 4.4: Conductivity of (DMF)3NaClO4as pressed solid pellets, melt-cast and 

pressed (during cooling and heating below the melt temperature), and as a melted sample 

cooled without pressure from the melt temperature. 

 The low frequency data in Z” in is due to polarization resistance, and the very low 

resistance values at higher frequencies indicate the high ionic conductivity of these 

materials. At these high frequencies, the onset of peaks in M”, which are cut off due to the 

limitations in frequency response of the instrument, are observed. There is only a single 

peak, indicating only a single mechanism for conduction. High values of M” indicate low 
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capacitance values (M” ~ 1/C) and therefore also indicate that the resistance originates 

from the bulk (and not grain boundaries). To further confirm whether this is bulk or grain 

boundary resistance, the corresponding capacitance was calculated from the Nyquist plots. 

The calculated capacitances were on the order of 10-12 F.cm-2. This shows that the single 

peak in M'' is the bulk component and there is no grain boundary resistance that can be 

detected by this method. 

 Temperature-dependent conductivity measurements (Figure 4.5) indicated a low 

activation barrier for ion migration of 25 kJ mol-1, based upon Arrhenius analysis, which 

is comparable to the better conducting Na ceramic electrolytes40. The conductivity versus 

temperature profile is similar during cooling and heating of the pellet. Powder XRD 

experiments on fresh powder before and after conductivity measurements confirmed that 

the crystal morphology had been retained (Figure 4.6). 

 Upon heating of (DMF)3NaClO4 above 65°C, the material melted entirely, giving a 

highly conductive, concentrated salt solution with a precise 3:1 (DMF)3NaClO4 ratio. Upon 

cooling to room temperature, the material recrystallized to the same hexagonal phase of 

(DMF)3NaClO4 according to powder XRD (Figure 4.6), but the conductivity dropped 

substantially upon recrystallization. This loss in conductivity is presumably due to the 

formation of gaps between the grains as new crystals grow and push one another apart. In 

contrast, when the melt is cooled under applied pressure, the conductivity is retained owing 

to the formation of intimately contacted grains via the liquid–grain interface (Figure 4.2 

right). In principle, this permits the melting and casting of the electrolyte into any desired 

shape. Melting and recasting the electrolyte as a thin film between pressed stainless-steel 
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electrodes gave a film with even higher conductivity than for the pressed pellet samples 

(Figure 4.5). 

 

 

Figure 4.5: X-ray diffraction powder pattern of (DMF)3NaClO4: calculated versus 

experimental (Left) and after electrochemistry, recrystallized from melt compared to 

isolated powder after synthesis (Right). 

 Crystal (DMF)3NaClO4 differs from other biphasic conductive materials in that the 

liquid binder is not an additive, but rather a liquid phase of (DMF)3NaClO4 solution in 

equilibrium with the solid. This dynamic behavior provides the electrolyte with desirable 

mechanical properties for film fabrication, such as the possibility to be melt-cast or pressed 

into powder pellets that self-bind at the grain boundaries, making it a moldable, but solid-

state crystalline material exhibiting excellent conductivity without the need for liquid  

additives. Furthermore, the ability to melt cast the electrolyte opens possibilities for 

the fabrication of cells in the liquid state and ensures penetration of the electrolyte between 
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the electrode active particles. Whereas the melting point of this particular material is too 

low (50–60°C) for application in batteries, which can easily reach this temperature during 

charge/discharge, the malleability/ductility and liquid boundary layer in these crystalline 

electrolytes are desirable general properties to achieve better contact with the active 

ingredients in composite electrode materials. 

Part B 

STOICHIOMETRIC CONVERSION of CO-CRYSTALLINE ELECTROLYTE of 

DMF ORGANIC SOLVENT and NaClO4 SALT IN SODIUM ION BATTERY 

 Here we report a new co-crystalline electrolyte of DMF organic solvent and NaClO4 salt 

with different solvent salt ratios (2:1) to (ADN)2NaClO4 (3:1), which is obtained from the 

rinse solution of (ADN)3NaClO4 with Et2O. As seen from single-crystal XRD, the 

cocrystals of DMF-NaClO4 have a one-dimensional channel of Na+ ions where the 

distance of successive Na+ atoms is 3.23 Å in 3:1 stoichiometry and 3.40 Å in 2:1 

stoichiometry. Such sufficiently small interionic distances are critical for the sodium ion 

mobility in both ion transport mechanism. The new co-crystalline material is already 

reported in the literature as (DMF)2NaClO4.41 The two complexes have different space 

groups, coordination, bond distances, and Na ion channel geometry (Table 4.1). In 3:1 

cocrystals, every Na+ ion is coordinated with six oxygen atoms of DMF, and ClO4
- ions 

occupy the interstitial space in the crystal. In 2:1 stoichiometry, every Na+ ion coordinates 

with only four oxygen atoms of DMF atoms and two oxygen atoms of ClO4
- ion. 

Experimental data and theoretical calculation confirm that the stoichiometric ratio 3:1 
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complex can be transformed into a stoichiometric ratio 2:1 by applying pressure or heat 

(Figure 4.S5 and 4.S7). For example, the shoulder in the TGA a 150 ˚C of stoichiometric 

ratio 3:1 is proved to be the stoichiometric ratio 2:1 by molecular dynamics simulations 

(MD) in Figure 4.S7. 

 

 

  

Figure 4.6: The structure of the two complexes showing the perchlorate free in the 

matrices of 3:1 (Left). In 2:1 stoichiometry, the Na atom is bounded to the perchlorate 

molecule (Right). 
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 The physical and chemical properties differences of the two complexes of the same 

organic solvent and salt, but different ratios, reveal the importance of ion interactions and 

the number of solvent molecules in the two crystalline materials. These differences can be 

extended to all co-crystalline electrolyte of organic solvent and inorganic salt.  

Table 4.1: Comparison of structural features and melting/decomposition in 

stoichiometric cocrystals of DMF and NaClO4. 

 

 

Stoichiometry 3:1 2:1 

Cryst 

al System 

Hexagonal Monoclinic 

Space Group P-62c P2/c 

Na---Na distance in primary channel (in Å) 3.23 3.40 

Na---Na distance in secondary channel (in Å) 12.00 8.54 

Na---O (DMF) distances (in Å) 2.40 2.34, 2.44 

Na---ClO4 distances (in Å) 7.11 (Na---Cl) 2.36, 2.51 (Na---O) 

Tm (from DSC) (in 0C) 55 70 

Td (from TGA) (in 0C) 50 40 
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The DSC shows that the melt temperature increases as the proportion of solvent 

molecules in the complex decreases, which can be explained by the increase of the 

intermolecular interaction in the co-crystalline electrolytes that thermally stabilize the 

structure. For example, the distance differences between similar atoms in the two 

complexes are much more significant in the 3:1 than 2:1 ratio. The thermal study of the 

two crystals shows that the 2:1 complex is more thermally stable than the 3:1. The melt 

temperature (55ºC) of (DMF)3NaClO4 electrolyte is lower by 16 ºC than the melt 

temperature (71ºC) of (DMF)2NaClO4. The TGA profile of both co-crystalline electrolytes 

showed a gradual decay of mass with a shoulder around 150 ºC (Figure 4.8 Right). The 

maximum temperature for both co-crystalline electrolytes without degradation or 

decomposition is similar. Their weight losses confirm their respective stoichiometry: 2:1 

for (DMF)2NaClO4 and 3:1 for (DMF)3NaClO4. Further, the phase of the crystals can be 

change from one to the other by heating and cooling (Figure 4.S5) as well as by press 

(4.S7), and a visual inspection suggested the removal of solvent (DMF) from the 

electrolyte, without significant change in crystallinity (Figure 4.S8). Wetting is observed 

when crystalline (DMF)3NaClO4 is pressed, which did not occur with (DMF)2NaClO4 

(Figure 4.S8). 

 The SEM  images of (DMF)2NaClO4 and (DMF)3NaClO4 (Figure 4.9) reveals 

approximately the same crystal orientations with different morphologies. The crystals of 

both complexes are the same sizes, and they are horizontally distributed. The pressed pellet 

crystalline (DMF)2NaClO4 has a broader boundary region than pressed pellet 
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(DMF)3NaClO4 with the absence of liquid boundary, which is an essential property for 

ionic conductivity across grains.  

 
 

Figure 4.7: (Right) TGA and DTGA  of (DMF)2NaClO4showing the 2:1 and 3:1 co-

crystal structure. (Left) DSCof (DMF)2NaClO4 and (DMF)3NaClO4 at scan rate of 10 

˚C/min. The (DMF)2NaClO4 crystalline has a high melt temperature (71˚C) than 

(DMF)3NaClO4crystalline (55 ˚C). 
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Figure 4.8: SEM  images of pressed pellet crystalline (DMF)3NaClO4 (top) and 

(DMF)3NaClO4(bottom). There is absence of the liquid layer between grain boundaries in 

(DMF)2NaClO4 complex. 

 The 2:1 co-crystalline electrolyte is ductile and malleable and may be pressed into 

pellets just as the 3:1. Still, its sodium-ion conduction at room temperature is lower than 

the 3:1. It exhibits poor conductivity of 1.9×10-5 Scm-1 at RT compared to the crystalline 

(DMF)3NaClO4 (3×10-5 Scm-1). The poor sodium ionic conduction of crystalline 
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(DMF)2NaClO4 may be related to the Large boundary region of its crystal pressed pellet. 

This phenomenon can be explained by the absence of the liquid boundary between crystals, 

the geometry of the channel (zigzag see figure 4.7), and the distance between two 

successive sodium ions in the channel, which are 3.48 and 3.24 Aͦ in (DMF)2NaClO4 and 

(DMF)3NaClO4 respectively. 

 

 

Figure 4.9: Conductivity of a pressed pellet of (DMF)3NaClO4and 

(DMF)2NaClO4from wide range of temperature (-30 to 60 0C) on SS/(DMF)2NaClO4/SS 

cell. 
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4.4 Conclusion  

The co-crystalline (DMF)3NaClO4 electrolyte has been synthesized by the diffusion 

method, and the (DMF)2NaClO4 crystals are obtained from the rinsed solution of 

(DMF)3NaClO4 with Et2O. Both materials are investigated as solid-state sodium 

electrolytes in sodium-ion batteries. The experimental results reveal that the crystal 

structure of (DMF)3NaClO4 the Na atoms coordinated with six oxygen of the DMF solvent. 

At the same time, the ClO4- ions are free in the lattices (Figure 4.7 (Left)). The 

(DMF)2NaClO4 exhibits a different structure; each sodium atom is coordinated with four 

oxygen atoms of DMF and two oxygens of ClO4- (Figure 4.7 (Right)). The two pressed 

pellets of microcrystalline complexes exhibit different conductivity (Figure 4.5 and 4.10) 

at room temperature with a low activation barrier of 25 kJ.mol-1 for the 3:1 complex and 

46.91 kJ.mol-1 for the 2:1 complex. SEM  of 3:1 revealed thin liquid interfacial (Figure 4.9 

(Up)) contacts between crystalline grains, which promote better ionic conductivity of the 

co-crystal (DMF)3NaClO4. The two materials melt at different temperatures (Figure 4.8). 

They re-solidify upon cooling, which permits the melt casting of the electrolytes into thin 

films. and the fabrication of cells in the liquid state is possible, which ensures penetration 

of the electrolyte between the active electrode particles. 

 

Part A is published in Angewandte Chemie as: 

A Self-Binding, Melt-Castable, Crystalline Organic Electrolyte for Sodium Ion 

Conduction  
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Parameswara Rao Chinnam, Birane Fall, Dmitriy A. Dikin, Abdel Aziz Jalil, Clifton 

R. Hamilton, Stephanie L. Wunder, * and Michael J. Zdilla* Angew. Chem. 2016, 128, 

15480 –15483  
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CHAPTER 5 

CRYSTAL STRUCTURE and IONIC CONDUCTIVITY of the SOFT SOLID 

CRYSTAL: ISOQUINOLINE3(LiCl)2 

5.1  Introduction  

 Solid polymer electrolytes have advantages over ceramic/ inorganic solid 

electrolytes since they can be more easily processed and can form self-standing, light, 

flexible films. Polyethylene oxide (PEO)42, PEO/composite blends43,44and PEO 

copolymers blends45 have been extensively investigated for use as solid polymer 

electrolytes. In PEO-based solid electrolytes, two factors inhibit mobility. Ions migrate 

predominantly in the amorphous phase, so that crystallinity decreases the conductivity. 

Also, cation mobility is coupled to the backbone motions of the helical chain structure, and 

the polymer chain segments repeatedly create new coordination sites into which the Li+ 

ions migrate46,47. Free volume or WLF behavior describe these motions and is strongly 

dependent on the glass transition temperature (where movements become infinitely slow). 

Further, these motions are severely restricted as the temperature approaches the glass 

transition temperature. However, organization or alignment of the polymer chains can 

provide pathways for ion transport along and between the chains and increase ion 

migration48. Unlike motion in the amorphous phase, the hopping sites for Li+ would 

preexist and not have to await random thermal fluctuations to create new sites. Ethylene 

oxide units in the main chain of polymer and alkyl side chains organize into layered smectic 
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liquid crystals with the salts of Li, Na, and Mg complexed to the two-dimensional helical 

backbone of the polyether backbone separated by the hydrocarbon layers. The conductivity 

was highest for the most organized structures49. Stretched PEO/LiI exhibited higher ionic 

conductivity compared with unstretched films, supporting the theory that the main ion 

transport occurs along the PEO helical axis50.  

 The most organized structure is the crystalline state, which can be formed for 

PEO/LiX (X = anion) at discrete compositions, in contrast with amorphous PEO/LiX, 

which can be synthesized over a wide composition range. Although crystalline PEO 

electrolytes are less conductive than their amorphous counterparts5152, crystalline phases 

have demonstrated the utility of low affinity, 1D ion channels. Soft solid (malleable and 

flexible) electrolytes can be achieved with low molecular weight PEO, glymes (dimethyl 

ethers), and organic ligands with LiX in the ordered, crystalline state51. In these soft solid 

crystals, Li+ ions form continuous 1D channels residing in a low molecular weight organic 

matrix, whose crystal structure depends on the salt5354 and whose conductivities are low, 

on the order of 10-6 S·cm-1.  

 To further increase the thermal stability of the co-crystalline electrolyte, we selected 

a soft organic base, isoquinoline (IQ), which has high intermolecular interactions due to pi 

stacking of its aromatic rings. Although quinoline derivatives electronic properties are 

sensitive to the polarizabilities of the environment, this should not affect the conductivity 

of this co-crystal system 55. Here we report on the soft solid crystal composed of LiCl and 

IQ (BP = 242 °C, pKa = 5.3) with excellent thermal stability up to ~100 °C, but poor ionic 

conductivity. 
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5.2 Experimental 

5.2.1 Synthesis 

All operations were carried out in an argon purged glove box. Anhydrous IQ, lithium 

chloride, and Et2O were purchased from Sigma-Aldrich. IQ and LiCl were used as 

received, and Et2O was further distilled using sodium benzophenone ketyl as a scavenger. 

The solvents were stored in the glovebox over activated 3 Å molecular sieves for 12 h 

before use.  

IQ•LiCl bulk powder was obtained by the addition of 6ml diethyl ether to 5 mL of a 

0.2 M LiCl solution in IQ, which resulted in a white precipitate. The powder was washed 

five times with excess diethyl ether to remove excess IQ, and the resultant powder was 

dried in vacuum for about 30 min to remove any residual ether. Single crystals were 

obtained from a double-vial apparatus by placing the 0.2 M LiCl/IQ solution in the open 

inner vial surrounded by an outer, capped vial containing Et2O, which slowly diffused into 

the LiCl/IQ solution and formed single crystals when kept in the freezer at −20 °C.  

X-ray diffraction data were obtained on IQ•LiCl before and after conductivity 

measurements using a Kappa APEX II DUO X-ray diffractometer with a copper Kα 

radiation. Single-crystal data was collected using Mo Kα radiation (see section 3.1.1). 
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5.2.2 Thermal Characterization 

 TGA was obtained on TA Instruments Hi-Res TGA 2950 at a ramp rate of 10 °Cmin-

1 and under ultrapure N2 purge gas. DSCwas obtained on TA Instruments DSC2920. The 

samples were hermetically sealed with a Tzero aluminum pan and lid, and measured at a 

scan rate of 10 °C/min under ultra-pure N2 purge gas from −100 to 100 °C. Two cycles 

were obtained, and the second cycle reported (see section 3.1.2 and 3.1.3).  

5.2.3 Electrochemical Characterization 

IQ•LiCl pressed pellets were prepared by placing the IQ•LiCl powder between two 

stainless steel discs (~1 cm2 area) and pressing the samples at 1500 psi in a hydraulic 

crimper. The ionic conductivity was measured on self-standing IQ•LiCl pellets, 

sandwiched between two stainless steel blocking electrodes.  

Ionic conductivities were measured by AC impedance spectroscopy using a Gamry 

Interface 1000 potentiostat/galvanostat/ZRA in the frequency range 0.1 Hz – 1 MHz. 

Temperature-dependent conductivities from 55 to −30 °C were obtained in a custom-made 

conductivity cell using stainless steel blocking electrodes, which were temperature 

controlled in an N2 purged gas chromatography oven. For measurement at each 

temperature, the cell was first equilibrated for 30 min, and conductivity (σ) measurements 

were performed on both the cooling and heating cycles. The specific ionic conductivity (σ) 

was obtained from σ = t/AR, where R is the bulk resistance (Ω), A = area (1 cm2) of the 

stainless-steel electrodes, and t = thickness of the electrolyte material.  
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5.3 Results and Discussion 

The crystal structure is best described as molecular Li4Cl4(IQ)6 units where the LiCl 

cluster is an array of edge fused Li2Cl2 rhombs (Figure 5.1). The Li atoms within the 

rhombs possess pseudo-tetrahedral geometry with terminal IQ ligands completing the 

coordination sphere. The two external rhombs have interior angles of ~104° at Li and ~76° 

at Cl, while the inner rhomb is slightly more square with interior Li and Cl angles of ~101° 

and 79° respectively. The Li2Cl2 rhombs are tilted with respect to one another with a 

dihedral angle of ~60°.  

 

Figure 5.1: Thermal ellipsoid plot of crystalline structure of IQ•LiCl = IQ3•(LiCl)2. 

Ellipsoids set at 50% probability level. Hydrogen atoms shown as spheres. 

The molecular units pack into the monoclinic space group P22/n with the molecular 

units occupying special positions along the c edge and in the center of the c face of the unit 

cell (Wyckoff position b). With consideration of the possibility of ion conduction, visually 

no clear conduction pathways are obvious based on the static crystal structure, as lithium 
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ions are well surrounded by ligands and isolated from one another by intervening IQ 

ligands. The most likely conduction pathway for ions is along the c direction, where the 

Li4Cl4 clusters have no IQ ligands directly between them (Figure 3.2), though in this 

direction the lithium ions in neighboring clusters are separated by 6.9 Å. The molecules 

interact with their neighbors through pi-stacking interactions between IQ ligands with 

interplanar distances of ~3.68 Å.  

 The bulk powder XRD has been compared with the theoretically generated pattern 

from the single crystal structure before and after conductivity measurements, as shown in 

Figure 5.5. The compound identity and crystallinity were maintained throughout the 

analyses.  

 

 

Figure 5.2: Packing view and molecular arrangement of IQ3•(LiCl)2. Carbon atoms 

shown as wireframe and hydrogen atoms omitted for clarity. 
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 Thermogravimetric analysis was used to determine thermal stability and weight 

percent of IQ and LiCl in IQ3(LiCl)2 bulk powder, as shown in Figure 5.3. The composition 

of IQ/LiCl ratio is 3:2, i.e., IQ3(LiCl)2, which corresponds to 82% IQ. The weight losses 

of IQ and LiCl matches the theoretical values. The decomposition temperature, Td, occurs 

at 143 °C, less than the boiling point of IQ (Tb = 242 °C), which is due to the exotherm 

resulting from the formation of LiCl from solid-solution phase Li+ and Cl- ions upon 

sublimation of the matrix molecules12. The weight loss is in two steps, a small weight loss 

(~7%) at 80 °C and a significant weight loss (~75%) at 143 °C. Note that in the TGA, there 

is a continuous purge of N2 over the compound, while hermetic pans are used to seal the 

material for the DSCdata.  

 

Figure 5.3: TGA, DTGA  of IQ3(LiCl)2. 

Differential scanning calorimetry of IQ3(LiCl)2 is shown in Figure 5.4. In the DSC, 

the melting and crystallization of IQ3(LiCl)2 was not observed and to further confirm this, 

a few milligrams of sample was taken in a sealed capillary and heated in the GC oven from 

RT to 120 °C, and observed every 10 °C, and it was found that the sample decomposes 
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before it melts. Since the DSCdata are obtained in hermetically sealed pans, the IQ that 

comes off (since Tb = 243 °C, it is not apparent whether it comes off as a gas or a liquid) 

is observed as an endothermic peak (95°C), which recondenses upon cooling from the melt 

as an exotherm (70 °C). The fact that we do not see a crystallization peak (M.P. of IQ at 

28 °C) may be due to the small amount of material, which may form a glass, not a crystal.  

 

 Figure 5.4: DSCof IQ3(LiCl)2. Melt temperature is not observed up to 100 °C. 

The ionic conductivity of the IQ3(LiCl)2 pressed pellet was measured by AC 

impedance spectroscopy from 55 to −30 °C, as shown in Figure 5.6. The Nyquist plots 

show only one SEM icircle followed by a spike at low frequency, indicating that there is 

relatively small grain boundary resistance compared with the bulk resistance56,57. The small 

grain boundary resistance may be due to the liquid-like grain boundaries, which have 

higher conductivity than the grains. Log (σ) vs 1/T plots did not follow Arrhenius or VTF 

behavior perfectly, suggesting that the conduction mechanism may be temperature 

dependent. The activation energy of 67 kJ/mol was obtained from the Arrhenius plot, 
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indicating that ions diffuse in the matrix. The conductivity trend below and above around 

25 °C is different and changes slope, which may be due to a thin liquid layer (IQ with 

dissolved LiCl) binding the crystals, which is frozen around this temperature (pure IQ). 

M.P. = 26 to 28 °C). It is possible that when this layer is frozen as glass, it has low ionic 

conductivity although the conductivity of this grain boundary layer is still greater than the 

conductivity of the crystal grains. After melting, this layer has higher conductivity, 

resulting in a decreased activation energy (lower slope),  

 

Figure 5.5: XRD of IQ3(LiCl)2 theory compared with bulk powder after conductivity 

measurements. 

but the liquid is more easily evaporated (as indicated by the TGA data). We have 

observed similar results in the previous studies of DMF.LiCl and NaClO4 (DMF)3. This 

surface layer is responsible for the negligible grain boundary resistance, as seen in the 

modulus plot shown in figure 3.5. The low values of the conductivity and leveling off of 

the conductivity at high temperature were reproducible and indicated that impurities were 

not responsible for the conductivity trends. Since IQ corrodes Li metal, and PFG-NMR 
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cannot follow the Cl ion, it was not possible to determine the transference numbers of the 

anion and cation.  

 To further understand the conduction mechanism in IQ3(LiCl)2, Nyquist plots have 

been processed and represented in complex electric modulus, M*, formalism, as described 

in section 4.3. Comparison of Z′′ versus M” gives complementary information, where Z′′ 

highlights the most resistive element (related by Z′′ = R/2), and M” identifies the lowest 

capacitive element. The Nyquist plots shown in Figure 4.S1 have been processed, and the 

calculated M” compared with Z′′. Only a single peak was found in Z′′ and M”, as shown in 

Figure 4.S2. To further confirm that this peak corresponded to bulk resistance, the 

corresponding capacitance was calculated from the Nyquist plots. The calculated 

capacitances were on the order of 10-12 F, indicating that the measured quantity is the bulk 

resistance58. It is also observed from the M” vs frequency data that the relaxation 

frequencies shift towards lower frequency with decreasing temperature, which is indicative 

of a thermally activated conduction mechanism. The low value of M” in the low-frequency 

region suggests negligible electrode polarization.59 
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Figure 5.6: Conductivity of pressed solid pellets IQ3(LiCl)2 from 55 °C to −30 °C. 

The conductivity at room temperature is 10-6 Scm-1. 

5.4 Conclusion  

We report the preparation, as well as the thermal and electrochemical 

characterization, of the soft solid electrolyte IQ3•(LiCl)2. Based on HSAB theory, soft 

donor nitrogen atoms from IQ interact poorly with hard acid Li+ ions, resulting in low-

affinity Li+ channels. The IQ3•(LiCl)2 has a high degradation temperature and thermal 

stability up to 80 °C. The ionic conductivity is not as high as needed for use in practical 

applications, which is most likely due to the Li4Cl4 clusters in the crystal structure, which 

are well separated in space and by intervening IQ ligands, requiring long hops for ions to 

migrate through the lattice. Also, the absence of a lithium path may cause the observed low 

conductivity at room temperature. The significant activation barrier and the hopping 

mechanism is supported by electrochemical impedance spectroscopy. The pressed-pellet 
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ionic conductivity is mainly due to bulk conductivity, with lithium diffusing via a hopping 

mechanism with an activation energy (Ea) of 67 kJ/mol. There is no noticeable grain 

boundary resistance observed from the Nyquist plots (Figure 5.S1) and electric modulus 

formalism data (Figure 5.S2).  

This paper is published in Ionics as: 

Crystal structure and ionic conductivity of the soft solid crystal: isoquinoline3(LiCl)2 

Birane Fall1 & AbdelAziz Jalil2 & Michael Gau1 
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CHAPTER 6 

EXPERIMENTAL and THEORETICAL INVESTIGATION of the ION 

CONDUCTION MECHANISM of TRIS (ADIPONITRILE) 

PERCHLORATOSODIUM, A SELF-BINDING, MELT-CASTABLE CRYSTALLINE 

SODIUM ELECTROLYTE 

6.1 Introduction  

 Sodium ion batteries (SIBs) are promising as potential low-cost alternatives to 

lithium-ion batteries (LIBs), particularly when the device volume is of secondary 

importance, such as in large-scale energy storage applications. These devices have 

potential economic promise due to the higher abundance and lower cost of sodium. 

Cathode60, anode61,62 and electrolyte33 materials are under investigation for use in SIBs. 

Na0 metal, which has the lowest reduction potential (−2.71 V) and highest theoretical 

capacity (1165 mAh g-1) of potential anodes for Na batteries, still has practical 

electrochemical limitations, and due to its chemical similarity to Li, presents essentially 

the same set of challenges as existing in Li batteries. For example, Na0 forms unstable solid 

electrolyte interphases (SEIs), and has problems associated with growth of sodium metal 

dendrites, which can break off, decreasing capacity, or worse: span the separator and short 

the cell. Na0 metal batteries further experience large volume changes upon cycling, 

complicating maintenance of optimal interfacial contact of components in devices. 

Solutions of sodium salts in volatile and flammable ethylene and dimethyl carbonate33 
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solvents present the same flammability and explosivity concerns as in LIBs and form 

unstable SEIs with the Na metal anode.  

In this work, we report the synthesis, structural characterization, and thermal and 

electrochemical analysis of (ADN)3 NaClO4 are presented. This material exhibits a room 

temperature (RT) conductivity of σ = 2.2 × 10-4 S cm-1, an activation energy barrier of 22 

kJ mol-1, and a tNa
+ of 0.71. The use of a more Na0 compatible electrolyte matrix, 

adiponitrile, facilitates cycling experiments and transference number measurement, 

representing an innovation for this class of materials. The experimental work is augmented 

by an atomistic investigation of the structure and mechanism of decomposition (from 

classical MD simulations) and the pathway of ion conduction (from DFT calculations). The 

remarkable energetic agreement between theory and experiment suggests a plausible 

atomistic description of the motion of sodium ions in this electrolyte.  

6.2 Experimental Details 

ADN)3NaClO4 material are synthesized by the heating method (see section 2.2.2). 

Sodium metal, ADN, NaClO4 (both used as received), and Et2O were purchased from 

Sigma-Aldrich. Et2O was distilled using sodium benzophenone ketyl as a water/oxygen 

scavenger. For the crystals prepared from Excess ADN (Rinsed), 1.3 g of NaClO4 (10.6 

mmol)) was dissolved in 8.0 mL (71.8 mmol) of ADN to crystallize cocrystals in excess 

solvent. The mixture was heated to 150 °C under an argon atmosphere. Crystalline material 

started to form upon cooling to RT. A single crystal was removed from the precipitate for 
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X-ray (structural determination) analysis as described (section 3.1.1), and the remaining 

powder was rinsed inside the pressure flask five times with excess Et2O and then dried 

under vacuum for ~20 min to remove residual amounts of ADN and Et2O. The calculated 

(ADN)3NaClO4 X-ray diffraction data was compared with the experimental data to confirm 

the crystal structure of (ADN)3NaClO4.  

 The crystals prepared from a stoichiometric mixture of NaClO4 salt and ADN 

solvent (Unrinsed). The sample was prepared in the same manner as that given above 

except that 2.0 g (16.4 mmol) of NaClO4 was dissolved in 6.0 mL (52.7 mmol) of ADN, 

and the solid sample that forms upon cooling was used as is and was not rinsed.  

 Caution: Perchlorate-containing materials are hazardous and can cause explosions, 

especially at high temperature and when mixed with organic fuels. While no explosions 

occurred during our work, the use of explosion-proof masks, Kevlar gloves, and an 

explosion-proof blast shield within a fume hood are recommended when heating 

perchlorate−organic mixtures. 

 Thermal degradation data of the rinsed (ADN)3NaClO4 crystals were obtained on a 

thermogravimetric analysis (TGA) (see section 3.1.2). The melt and crystallization 

temperatures were obtained using a TA Instruments 2920 differential scanning calorimeter 

(DSC) as described on section 3.1.3, and the second of two identical cycles was reported.  

 Scanning electron microscope (SEM) images were acquired using a field emission 

SEM  (FEI Quanta 450) (see section 3.1.4). Temperature-dependent bulk impedance data 
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was measured by AC impedance spectroscopy using a Gamry Interface 1000 

potentiostat/galvanostat/ZRA in the frequency range 0.1 Hz−1 MHz between 70 and −40 

°C (or -77 °C). The cell was thermally equilibrated for 30 min at each temperature before 

the bulk impedance was measured during both the cooling and heating cycles.  

EIS was used to obtain the conductivity data using either self-standing pellets, 

prepared by pressing the (ADN)3NaClO4 powder at 800 psi in a hydraulic crimper within 

an argon-purged glovebox or by cooling stoichiometric (ADN)3NaClO4 melts onto 

Whatman (GF/A) glass microfiber filters, (Sigma-Aldrich). In the first case, the powder 

was placed between one of the ~1 cm2 stainless-steel (SS) blocking electrode disks and the 

top plunger of the crimper. After compression, the top plunger was replaced with the other 

SS blocking electrode. The conductivity measurements were acquired in a homemade 

electrochemical cell placed in a N2 purged, temperature-controlled gas chromatography 

oven. Resistivities were determined either by fitting to an equivalent circuit (Figure 6.S2) 

or extrapolating from the tail of the Nyquist plot when the equivalent circuit 

overparameterized the data (higher temperatures).  

 For all other electrochemical measurements, (ADN)3NaClO4 was melt-cast at 

85−115 °C (above Tm) onto a glass microfiber filter matrix GF/A, where it crystallized 

upon cooling. While discoloration of Na metal (it looked tarnished) was observed upon 

addition to liquid ADN for several months at RT, the liquid solvent remained clear and 

became slightly yellowish, indicating that there was a minimal dissolution of the reaction 

products. However, since NaClO4 is not soluble in ADN at RT (although NaClO4 is reactive 
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toward Na metal), it was not possible to observe the reactivity of a solution of NaClO4 in 

ADN with Na metal. In some experiments where Na0 metal was used, the Na0 was 

pretreated with 0.25 M NaPF6 in ADN/EC 1:1, since the Na0 metal retained a lustrous 

appearance. Interfacial resistance at open circuit voltage was obtained as a function of time 

in a Na0/(ADN)3NaClO4/Na0 cell. CV and LSV were obtained using a 

SS/(ADN)3NaClO4/Na0 cell with SS as the working electrode and Na0 as both the counter 

and reference electrodes. The LSV data was between open circle voltage and 6.0 V and the 

CV data between −0.75 and 4.5V. Sodium cycling experiments were performed in a 

symmetric Na+/(ADN)3NaClO4/Na+ cell that was stabilized for > 4 days. After cycling 

experiments were completed, sodium-ion transference numbers (tNa
+) were obtained using 

the same cell via DC polarization measurements with correction for internal resistivity 

(Figure 6.10).  

6.3 Results and Discussion  

 The solubility properties of NaClO4 in ADN were quite surprising; there is virtually 

no solubility of the NaClO4 in liquid ADN at room temperature, but after dissolution at 

higher temperatures and cooling to room temperature, co-crystallization of 

(ADN)3NaClO4, rather than phase separation of the two, occurs. Alteration of the 

stoichiometry of adiponitrile and NaClO4 did not, in any instance, lead to isolation of a 

cocrystal with different stoichiometry but always gave the 3:1 cocrystal (with the excess 

of ADN reagent left unreacted). When Na metal is placed in ADN, the ADN solution does 

not discolor and the metal remains lustrous for several days, although after a period of 
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months, the metal surface loses its luster due to the normal level of oxygen contamination 

in the glovebox. In the analysis of the grain-binding behavior of this solid electrolyte, we 

discuss three different preparations of this sample, described below.  

 When crystals were prepared from excess adiponitrile, the resulting cocrystals 

isolated at room temperature were wetted with unreacted adiponitrile, which was rinsed 

five times with diethyl ether to remove the unreacted adiponitrile and dried under vacuum. 

This material is referred to the “rinsed” sample, which is important because the rinsing of 

the crystal surface decreases the grain binding ability of the solid electrolyte (Figure 6.3b).  

The loss of grain-boundary contact may be mitigated by melt-casting: the melting of 

the above crystalline material and re-cooling to room temperature. References to 

melted/cooled samples refer to this sample (Figure 6.3c).  

Finally, a sample was prepared from a precise 3:1 stoichiometric ratio of ADN: 

NaClO4. This sample was not rinsed to maximally maintain the grain binding capability 

and is referred to as the “unrinsed” sample (Figure 6.3a).  

The single-crystal X-ray crystallographic structure identified the composition as 

(ADN)3NaClO4. The compound crystallizes in the rhombahedral R3 space group, with the 

sodium atom residing on the 3-fold axis. One adiponitrile molecule exists in the 

asymmetric unit, with two others being generated by 3-fold rotation operation, and the 

remaining three nitriles bridging from three other symmetry equivalent sodium ions in 

neighboring asymmetric units, giving an overall octahedrally ligated Na atom. The 

perchlorate anion is located on the same 3-fold symmetry axis and is encased in a barrel of 
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symmetry equivalent adiponitrile struts, located proximal to the central C−C bond of ADN 

(Figure 6.1A).  

 

Figure 6.1: (A) Thermal Ellipsoid plot of (ADN)3NaClO4 with ellipsoids set at a 50% 

probability level. Six symmetry equivalent adiponitrile molecules surround an octahedrally 

coordinated sodium atom, and the perchlorate ion lies in a pocket surrounded by the 

aliphatic central carbons of six symmetry equivalent adiponitrile molecules (3 shown here). 

H atoms are omitted for clarity; (B) Crystal packing of the (ADN)3NaClO4 complex shows 

linear parallel ionic channels of Na+ (light blue). The presence of Na+ channels in the 

complex allows migration of Na+ in a low-affinity matrix. The two closest interionic 

sodium vectors are shown in purple (8.33 Å) and orange (11.26 Å); (C) The X-ray powder 

diffraction of unrinsed and rinsed (DMF)3NaClO4 before and after differential scanning 

calorimetry (DSC) matches with the theoretical pattern generated from the single-crystal 
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X-ray diffraction (XRD). Differences in intensity of some Bragg reflections are attributed 

to preferred orientations of crystallites in the analyzed crystal pellets.  

 The crystal packing shows linear, parallel ionic channels of Na+, with distances of 

8.33 Å between the two closest Na+ ions along the [211] direction (the crystallographic a′ 

vector of the alternative rhombohedral cell). Figure 6.1B illustrates the crystal packing 

viewed along this axis. The oblique angle of this vector with the three-fold symmetric axis 

of the crystal implies three equivalents but differently oriented channels and the possibility 

of 3D conductivity via low affinity Na+ channels. Along the same direction, perchlorate 

ions are blocked by adiponitrile struts, which cross between neighboring perchlorate ions 

(Figure 6.1B). This steric blockage between adjacent ClO4
- ions may limit anionic 

movement, raising the value of tNa
+. The second closest Na−Na vector is 11.26 Å along the 

equivalent crystallographic a and b axes. The bulk crystalline material was analyzed by 

powder diffraction and has the same phase as the single crystal based on comparison of the 

powder X-ray diffraction pattern to the theoretical pattern calculated from the single crystal 

structure (Figure 6.1C). Neither solid NaClO4 nor frozen adiponitrile is present in the 

powder XRD patterns (Figure 6.S1).  

 In (ADN)3NaClO4, the weight percent of ADN is 74.98 wt % and that of NaClO4 is 

25.02 wt%. Thermogravimetric analysis (TGA) data (Figure 6.2A) confirm the expected 

weight loss from the two components, which is only 2% different when exposed to air, 

showing the relative insensitivity of the cocrystal to moisture. This is attributed to the 

hydrophobic alkyl chains of ADN, which may repel water in the condensed phase. The 

ADN vaporizes in two steps, the first (lower temperature), representing a weight loss 
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corresponding to 2/3 of the ADN, and at the same temperature as neat ADN (Tm = 1 °C, 

Tb = 295 °C, vapor pressure of 300 mPa at 20 °C) and the second, at a slightly higher 

temperature, with removal of adiponitrile complete at ~350 °C. The residual NaClO4 

decomposes at the same temperature as pure NaClO4, and the weight loss is due to 

perchlorate deoxygenation to produce NaCl. The maximum use temperature for this solid 

electrolyte is therefore ~150 °C.  

 

Figure 6.2: (A) Thermogravimetric analysis (TGA) and (B) differential scanning 

calorimetry (DSC) of ADN and rinsed (DMF)3NaClO4. (ADN)3 NaClO4 reversibly melts 

at Tm = 85 °C and recrystallizes at Tc = - 5 to - 8 °C, which shows its potential to be melt 

cast. 

 Thermal analysis of (ADN)3NaClO4 and its parent components from TGA/DSC 

reveals several useful observations: first, while the boiling point of adiponitrile is 295 °C, 

it begins evaporating under ambient conditions around 120 °C and is completely 

evaporated by 220 °C according to TGA (Figure 6.2A). The cocrystal melts around 85 °C 

based on DSC(Figure 6.2B), before its decomposition onset temperature of 120 °C based 

on TGA (Figure 6.2A). The coincidences of the decomposition temperature of 
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(ADN)3NaClO4 with the onset of evaporation of adiponitrile under a N2 atmosphere 

suggests a decomposition mechanism involving the escape of adiponitrile into the gas 

phase, which removes most of the ADN. The remainder of the ADN escapes in a second 

step between 220 and 350 °C, leaving behind NaClO4, which then decomposes at 520 °C, 

at the same temperature as pure NaClO4.While the onset of decomposition of a nitrogen 

purged sample in a TGA experiment is 120 °C, sealed samples of the material can be melt-

casted and studied at temperatures up to 150 °C (Table 6.1). A molecular level 

understanding of this decomposition mechanism is described from Classical MD 

Simulations Section, which is studied by our collaborator. To examine the thermal stability 

of the structure in bulk, classical MD simulations was modeled using a periodic supercell 

(model P) discretely at higher temperatures. The atomic pair interactions Na−N/Cl/Na were 

observed to be intact up to high temperatures (413 K) (Figure 6.S2 b−d), which shows the 

structural integrity of the (ADN)3NaClO4 cocrystal even at high temperatures (T = 423 K). 

The theoretical thermal decomposition agrees with the experiment which an error of 7% 

which can be attributed to the N2 used blow away the decompose materiel in TGA (see 

section 3.2.2).  

 To understand the bulk melting behavior of the (ADN)3NaClO4 cocrystal, model P 

was heated from 100 to 620 K at a heating rate of 20 K per nanosecond under NpT 

conditions. The bulk mass density and nonbonded interaction energies for different pairs 

of residues were calculated to observe markers of melting of the cocrystals and the interplay 

of atomic interactions. The calculated mass density of the supercell (Figure 6.3 ) shows a 

sharp drop around 540 K (267 °C), which can be attributed to the complete melting and 
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concurrent phase separation of the cocrystals, and which occurs in the same temperature 

range as that predicted by experiments (220−350 °C from TGA).  

 

Figure 6.3: Simulated mass density of an 8 × 8 × 8 supercell model P during 

annealing. 

 (ADN)3NaClO4 can be melt-cast since its melt temperature occurs before its 

decomposition temperature (Figure 6.2B). During the first heating cycle of rinsed 

(ADN)3NaClO4, which begins at 20 °C, there is a crystalline melt at Tm = 85 °C. Upon 

cooling, the melt typically becomes supercooled and recrystallization occurs at ∼5 °C (for 

this cooling rate, but is somewhat variable), with another small crystallization peak at −30 

°C. Upon reheating, a small peak appears at ∼5 °C and a larger peak appears for the melting 

of (ADN)3NaClO4 at the same temperature (Tm = 82 °C) as that during the first cycle. 

Comparison with neat ADN shows that the two small peaks can be assigned to liquid ADN; 

these ADN peaks may belong to the liquidlike regions around the crystal grains. This 

hypothesis is supported by a decrease in the intensity of these signals when the crystals 

have been rinsed to remove the liquid boundary layer (Figure 6.2B). For a sample of 

(ADN)3NaClO4 unrinsed by Et2O, the relative enthalpies of melting and crystallization are 

smaller than those for the rinsed sample.  
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Table 6.1: Experimental Temperatures (°C) of Phase Changes and Decomposition 

Events: aHysteresis due to supercooling results in a lower observed Tf than T. b 

Supercooling results in a range of observed T. cDecomposes before melting. dEvaporates 

before decomposing. 

 Tm (°C) Tf a (°C) Td (°C) 

ADN 6 -30 to 22b 120d 

NaClO4 c c 520 

(ADN)3NaClO4 81-85 -4 to 17b 120 

 

Scanning electron microscopy (SEM) images (Figure 6.4) suggest a grain boundary 

with different morphology exists at the crystal surface and binds the (ADN)3NaClO4 grains 

in the unrinsed sample (Figure 6.4a). The boundary appears as a clustering of small 

crystallites identified as concentrated NaClO4 based upon energy dispersive spectroscopy 

(EDS) (Figure 6.6) and is consistent with a nanoliquid (ADN)3NaClO4 boundary layer, 

which evaporated under vacuum in the SEM . The presence of adiponitrile-based 

nanoliquid at the crystalline surface is supported by DSCanalysis, which shows melting 

and freezing signals for liquid adiponitrile even after rinsing of the crystals. This nanoliquid 

surface solution of NaClO4 is analogous to previous crystalline electrolytes that we have 

reported11,31. The grain size is of the order of 100 μm.  
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Figure 6.4: (DMF)3NaClO4: (a) Unrinsed cocrystals prepared stoichiometrically 

showing NaClO4 clusters in the grain-boundary region that remain after partial removal of 

ADN in the SEM  vacuum. Crystals rinsed with Et2O that washes away the salt present 

between the grains. (c) Rinsed → melted → recrystallized cocrystals showing presence of 

grain-boundary gaps. Small amounts of sublimed adiponitrile are apparent as 

microneedles. 

 When (ADN)3NaClO4 was prepared with excess ADN and then extensively rinsed 

with excess diethyl ether (Figure 6.4b), most of the ADN and NaClO4 solution in the grain-

boundary region was washed away so there are vacuum gaps between the grains in the 

SEM . After this sample is melted and recrystallized (Figure 6.4c), the grain-boundary gaps 

persist, although narrow grain-boundary connections are reestablished. The molecular 

level understanding of the two phases behavior, the bulk (solid phase) and the nanoliquid 

at the surface, are explored by our collaborators using classical MD simulation to 

understand the structure at the surface and its role in melting, grain-boundary ion transport, 

and to interpret the two-step weight loss of ADN observed in the TGA data. When the 

crystal is exposed to vacuum (model V), the conditions are very similar to the experimental 

conditions in the TGA experiments in which ADN is continually removed as dry N2 is 

passed over the sample. 
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Figure 6.5: Snapshot of model V at temperatures (a) 298 K, (b) 363 K, (c) 400 K, (d) 

600 K, (e) 700 K. 

 To understand these different structural properties, heating simulations were 

performed on model V at a heating rate of 20 K ns−1 from 300 to 700 K. After this heating, 

different temperature points (298, 323, 343, 363, 400, 500, 600, and 700 K) were also 

simulated for a time scale of 20 ns under NpT conditions to see the equilibrium 

configurations at these temperatures. The simulations predict that the cocrystals exhibit a 

liquidlike layer at the surface at room temperature (Figure 6.5a), as observed in the 

experiment (Figure 6.4). Further, at 363 K (Figure 6.5b), model V shows melted cocrystals, 

which have Na+ and ClO4 − ions solvated irregularly in ADN. This is like the experimental 

melting temperature of 358 K. Around 413 K (Figure 6.5c), ADN molecules start 

evaporating irreversibly from the system concomitant with the formation of NaClO4 

clusters. This is like the experimental decomposition onset of about 423 K (Figure 6.2A). 

Both processes continue until the temperature reaches about 600 K (Figure 6.2d), at which 

point, mainly NaClO4 clusters are observed surrounded by a thin layer of ADN, similar to 
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the experimental decomposition end temperature of about 570 K (Figure 6.2A), at which 

point formation of NaClO4 (s) is observed between grains based on SEM /EDS (Figures 

6.4a and 6.6). This thin solvent layer remains even after a simulation of 20 ns at 600 K. At 

700 K (Figure 6.4e), very few ADN molecules remain in contact with NaClO4 clusters. On 

the basis of these observations, the thermal behavior of the cocrystals can be divided into 

four temperature domains: (A) where a liquidlike layer exists surrounding a crystalline 

lattice, in particular, the ADN molecules that are in proximity to the Na (298 K); (B) where 

the cocrystals melt and ions remain solvated by ADN (363 K), which is correlated to the 

melting signature observed in DSC(358 K, Figure 6.2B); (C) where NaClO4 starts forming 

as clusters leading to evaporation of ADN (413 K), consistent with the onset of 

decomposition by TGA (423 K, Figure 6.2A); (D) where disintegration of ADN from 

remaining solvated clusters gradually increases (until 600 K); and (E) where there is 

complete removal of ADN (700 K), corresponding to the completion of decomposition in 

TGA (623 K, Figure 6.2A). From steps D−E, the ADN molecules that are in proximity to 

the NaClO4 clusters experience Na+/ ClO4
−-ADN interactions and therefore are removed 

at higher 4 temperatures compared with ADN that is not interacting with the cluster. Thus, 

the noninteracting ADN molecules are removed at a similar temperature as neat ADN.   
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Figure 6.6: A) SEM  image of unrinsed (DMF)3NaClO4 cocrystals and elemental 

analysis from energy dispersive X-ray spectroscopy showing mol% of elements in B1) and 

B3) grain boundary regions and B2) bulk surface. The region shown in C) was used for 

elemental maps of D) Cl, Na, O and C atoms, which indicate high concentration of NaClO4 

in grain boundary (after removal of ADN due to presence of SEM  vacuum).  
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 The conductivity data for co-crystalline (ADN)3NaClO4 prepared stoichiometrically 

were obtained from a temperature just below the melt temperature of the cocrystal to ~40 

°C (Figure 6.7). The conductivities were greater for the samples prepared 

stoichiometrically (without rinsing), dried at RT, compared with those rinsed with diethyl 

ether and then dried at RT (Figure 6.7). This is presumably due to the gaps between the 

grains formed by over rinsing the samples (Figure 6.4b). The SEM  data show that there is 

a layer of ADN and NaClO4 between the grains in the case of the sample prepared 

stoichiometrically and not rinsed (higher conductivity), while for the sample prepared with 

excess ADN and then rinsed, this layer has been removed (lower conductivity). This 

strongly suggests that there is a liquidlike layer of and solvated Na+ and ClO4
− ions 

between the grains that has low interfacial resistance, facilitating the migration of Na+ ions 

between the grains, or that there is a percolating network along the grain boundaries.  
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Figure 6.7: Unrinsed stoichiometrically prepared (●), rinsed (△, ▽), and rinsed → 

melted → recrystallized (▲, ▼) samples of (DMF)3NaClO4, showing the conductivity 

results as follows: The stoichiometrically prepared sample (●) is fitted as a single straight 

line, for all data points. The Rinsed Prep 1 sample (△, ▽) was measured at variable 

temperature, being cooled first and then heated below the Tm of cocrystals, while the 

Rinsed Prep 2 sample (▲, ▼) was first cooled, then heated above Tm, and then cooled 

again below the recrystallization temperature. The data points for both rinsed samples were 

fitted for an overall slope and for a breakdown above 40 °C (circled points, after Tm were 

not considered during fitting). Highlighted regions show the temperatures of the crystal 

melting during heating and recrystallization during the cooling cycle. 

The liquid-like nature of the (ADN)3NaClO4 interfacial region is supported by the 

observed higher conductivity for the stoichiometrically prepared sample and existence of 

two regions in the conductivity plots for rinsed, then melted samples. As indicated in the 

DSCdata (Figure 6.2B), after melting of (ADN)3NaClO4, the sample can be supercooled. 
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Figure 6.7 shows the conductivity data for three samples under different preparation and 

treatment conditions. In the case of the stoichiometrically prepared solid, which was used 

unrinsed before conductivity measurement, the conductivity was an order of magnitude 

higher compared with rinsed samples at room temperature. Also, the ion conduction in this 

sample occurs with a comparatively smaller Ea barrier of 22.4 kJ mol_1. This suggests the 

low resistance in the liquid grain boundary regions, which facilitates the Na+ ion 

conduction with a lower barrier.  

 The second sample examined was rinsed with Et2O to remove the grain-boundary 

liquid region. Conductivity data for this sample was obtained only in the solid state (i.e., it 

was cooled and heated below Tm only). For the third sample (also rinsed with Et2O), 

conductivity data was first obtained in the solid state while cooling from 70 to −20 °C. 

Next, the sample was heated, and during the heating scan, the sample was heated above 

Tm, and to 130 °C, followed by a subsequent cooling cycle back below the recrystallization 

temperature (~40 °C). The data indicate that the slope of the conductivity profile in the 

liquid region continues in the supercooled region up to the recrystallization temperature 

and is like the slope above ~ 40 °C. The fit of the data using the Arrhenius equation in this 

temperature interval gave an activation energy of Ea = 36.6 kJmol-1.  

 For the solid samples (rinsed 1 and 2) below ~40 °C, the average activation energy 

using an Arrhenius fit for the heating and cooling cycles is Ea = 39.4 kJ mol-1. However, 

below ~ 40 °C, the supercooled liquid sample has higher conductivity than the solid 

samples. The supercooled liquid eventually crystallizes and resumes conductivity close to 
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that of the crystalline (ADN)3NaClO4 (the original sample was prepared by melt-casting, 

so the behavior should eventually be identical after complete recrystallization).  

In the bulk phase, the relatively low activation energies may be due to a hopping 

mechanism between two successive sodium atoms through linear channels and weak 

dipole-ion interactions between the six nitrogen atoms and single sodium atom. Above Tm 

of ADN/NaClO4, the fluid nature of the substance region facilitates Na+ ion migration. 

Below Tm of ADN/NaClO4, in rinsed samples, the limited grain-boundary connections (see 

Figure 6.4c, for example) facilitate the mobility of the ions between the grains but the bulk 

resistivity of the solid dominates. A molecular level understanding of the mechanism and 

activation barrier of bulk phase Na+ conduction from DFT calculation were explored by 

our collaborator using 1 × 1 × 2 supercell. We fund all possible ion-jump combinations 

through a linear path (path length = 8.33 Å) were attempted for minimum energy path 

(MEP). The supercell showed a Na+ ion transport path via an anion solvent-assisted 

transition state analogous to that observed in the MD simulations, where two solvent CN 

groups and one O(ClO4
− ) facilitate the jump of Na+ ion from regular octahedral sites to 

the octahedral vacancy site (Figure 6.8). The calculated barrier for this jump was 71 kJ 

mol−1, which is higher than the observed experimental barrier from impedance 

measurements but within the same order of magnitude. Although the images were also 

corrected manually to check for possible alternate paths, manual inputs did not reduce the 

barrier further. The presence of arrays of Na+ ions at 8.33 Å in three directions suggests 

the material to be a 3D conductor.  
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Figure 6.8: Minimum-Energy Path (MEP) for Na+-ion conduction in a 1 × 1 × 2 

supercell showing the transition state geometry; colors, blue: N, red: O, yellow: Na, 

opaque: transition state, transparent: initial, final and all the steps in between; distances are 

show shown in Å; (B) calculated barrier for Na+-ion conduction. 

 The electrochemical stability window (ESW) of (ADN)3NaClO4, i.e., the potential 

range over which it is neither oxidized nor reduced, is an important property because the 

selection of anode, cathode, and their cell cycling potential range, and ultimately energy 

density in the devices depends on the ESW. ADN has excellent oxidative stability of at 

least 5 V, as shown by CV and LSV (Figure 6.9), but perchlorate is reactive toward Na0 

metal. Although it is possible for ClO4
-
 to the formation of an SEI63, in this case, reactivity 
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of ClO4
- with Na0 was confirmed by 4 interfacial resistance (RINT) data obtained in a 

Na0/(ADN)3NaClO4/Na0 cell under open circuit voltage (OCV) and was found to increase 

over time and not stabilize. However, CV data from SS/(ADN)3NaClO4/Na0 (Figures 9 

(Left), SS = stainless steel) using neat Na0 metal (no pretreatment) showed that Na0 could 

be repeatedly plated and stripped onto the SS electrode when there were no competitive 

redox reactions. However, if the Na0metal was pretreated with 0.25 M NaPF6 in ADN/EC 

1:1, although RINT was high (~45 kΩ), it stabilized (Figure 6.10), suggesting that this 

pretreatment had some efficacy to passivate the Na0 metal surface.  

 

 

 

 

Figure 6.9: Right) 10 cycles of Cyclic voltammetry (CV) and (left) linear sweep 

voltammetry (LSV) of an SS/(DMF)3NaClO4/Na0 cell at room temperature with a scan 

rate of 0.9 mVs-1. (DMF)3NaClO4 was incorporated into a glass fiber matrix by melt-

casting at 100 °C, and the Na0 electrode was passivated in CV and not in LSV. 

 Na plating/stripping data (Figure 6.11) indicates that while stable stripping occurs, 

the plating voltages are irregular. We tentatively attribute this to the competitive reactions 

between Na+ ion reduction and perchlorate-ion reduction. Measurements of Na-ion 
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transference numbers (tNa
+) were made difficult by the high variability of RINT, presumably 

caused by this same surface degradation. To circumvent this problem, electrochemical DC 

polarization measurements of tNa
+ were made after 50 days of Na0 cycling of the cell 

(Figure 6.11) at higher voltages (0.3−0.8 V, depending on cycle number). Although the 

overpotential was high due to this surface degradation, the internal bulk resistance was 

stable (and nearly constant) at the low potentials used for the transference number 

measurements (≤20 mV), permitting an accurate determination of the bulk sodium-ion 

transference number in (ADN)3NaClO4. From this approach, a value of tNa
+ = 0.71 was 

obtained at 5, 10, and 20 mV, based on the resulting polarization curves (Figure 6.12).  

 

 

Figure 6.10: Na0/(DMF)3NaClO4/Na0 stability test over time at room temperature. 

The sodium metal is pre-treated with 1M NaPF6 in ADN/EC (1:1). Resistance gradually 

increases up to 90 minutes (intervening data not shown) and then begins decreasing. 
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Figure 6.11: Na0/(DMF)3NaClO4/Na0 cycling data using a current density of 0.01 

mA cm-2 and 2h charge/2h discharge. The sodium metal is soaked in 1M NaClO4 EC:PC 

(1:1) with 5% FEC. 

 

Figure 6.12: Chronoamperometry data showing Na+ ion transference number in co-

crystalline (DMF)3NaClO4 at room temperature in a Na0/(DMF)3NaClO4/Na0 cell. 
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6.4 Conclusion  

We present here a solid electrolyte composition comprising a solid solvate of 

adiponitrile with sodium perchlorate. A number of desirable properties for solid 

electrolytes are manifest: (1) melt castability originating from a melting point well below 

the decomposition temperature; (2) an intrinsic grain-binding nano-liquid layer that permits 

press-casting (or melt-casting) into conductive pellets; (3) reasonable conductivity for an 

organic solid electrolyte; (4) high tNa
+ = 0.71; (5) sufficient electrode stability for half-cell 

cycling experiments (though the perchlorate anion appears to degrade the electrode). The 

solid possesses high thermal stability (up to 150 °C) and the ability to be melt-cast (Tm = 

81 °C). The best composition was that of the unrinsed cocrystal containing surface nano-

liquid ionic solutions that bind the cocrystals together creating a contiguous network and 

give a conductivity value of 2.2 × 10-4 S cm-1 at room temperature. The electrolyte’s 

conductivity behavior is superior to that of typical solid organic electrolytes (such as 

polymers) and is well behaved over the range of operation expected of batteries in habitable 

climates (~−30−40 °C), although their conductivity does not meet the standards of current 

liquid electrolyte technologies. The high conductivity is the result of low-affinity ion-

conduction channels in the bulk based on the X-ray crystal structure, and by low grain-

boundary resistance and possibly a grain-boundary percolating network due to a fluidlike 

nano-liquid layer between the grains, observable by scanning electron microscopy and 

differential scanning calorimetry. When the liquid nanolayer is rinsed away or removed by 

excessive drying, the bulk room temperature ionic conductivity is 4×10-5 S cm-1, activation 

energy for ionic conduction for an organic solid is 37 kJ mol-1. Scanning electron 
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microscopy and classical molecular dynamics simulations suggest that these cocrystals 

form a fluid layer of ADN at the surface, which facilitates the Na+ ion migration between 

the grains. 

------------------------------------------------------------------------------------------------------------ 

This paper is published in Chemistry of materials as: Experimental and Theoretical 

Investigation of the Ion Conduction Mechanism of Tris(adiponitrile)perchloratosodium, a 

Self-Binding, Melt-Castable Crystalline Sodium Electrolyte 

The computational work is done by Prabhat Prakash, University of IISER Pune 

(India) 

Birane Fall, a‡ Prabhat Prakash, b‡ Arun Venkatnathan, b* Michael J. Zdilla, a* 

Stephanie L. Wunder.a* 

 

 

 

 

 

 



 

 
 

92 

CHAPTER 7 

SOFT-SOLID CO-CRYSTALS AS ALTERNATIVES TO INORGANIC SOLID 

CERAMIC ELECTROLYTES FOR LITHIUM BATTERIES: THERMALLY, 

ELECTROCHEMICALLY STABLE, HIGHLY CONDUCTIVE 

(ADIPONITRILE)2LiPF6 

7.1 Introduction 

 The need for replacement of volatile liquid electrolytes to improve safety in lithium-

ion batteries (LIB), and to enable the use of metallic lithium in their next-generation, has 

generated interest in the development of solid electrolytes. These have included polymers, 

polymer gels (with nonvolatile liquids) and inorganic materials64,65,66. The investigation of 

lithium or sodium ion-conducting ceramics has yielded a wide range of oxide and sulfide-

based materials67 that are under active investigation as solid electrolytes for LIB or sodium-

ion batteries (SIB). While these can have good ionic conductivities (σ) and lithium-ion 

transference numbers (tLi
+), there are still problems associated with dendrite growth and 

poor interfacial contact with the electrodes. We have been investigating another class of 

solid electrolytes: salt-organic cocrystals, also referred to as solvates, of lithium (or 

sodium) salts with molecular organic compounds. Similar to lithium ion conducting 

ceramics (LICC), these new “soft” cocrystals also have channels for ion migration but are 

not necessarily single-ion conductors. Unlike the rigid anionic lattices of ceramic 

electrolytes, the channels in the “soft” co-crytsals consist of the organic molecules, and 

there are no Li···anion contacts68. Solvates of lithium salts with polyethylene oxide (PEO) 
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69,70 or glymes, CH3O-(CH2CH2O)n=1-5-CH3,71,72 can have ionic conductivities higher than 

the molten materials70. Nevertheless, ionic conductivities are very low (σ ~ 10-7 S/cm for 

PEO solvates70–73 and σ ~ 10-6 S/cm for glyme solvates72) due to the tight chelation of the 

“hard” (non-polarizable) ether oxygens of with the “hard” Li ions. Previous work in our 

group has focused on co-crystals of lithium (or sodium) salts with a coordinating ligand 

that has “soft” (polarizable) donor atoms, e.g. dimethyl formamide (DMF) with LiCl74 or 

NaClO4
31, isoquinoline with LiCl75, or adiponitrile (ADN) with NaClO4

76, where the 

weaker binding promotes higher conductivity. Some of these cocrystals melt at moderate 

temperatures,13,76 and can therefore be melt-cast, in contrast with inorganic electrolytes, 

where the grains need to be sintered at high pressures and temperatures. 

 In the current work, soft cocrystals formed between LiPF6 and ADN are investigated 

experimentally and theoretically. The components of the current co-crystals, LiPF6 and 

ADN, have been extensively used in liquid or polymeric electrolyte systems. LiPF6 is the 

lithium salt used in most commercial LIBs despite its poor thermal stability and its 

tendency towards the formation of HF from decomposition reactions. The most studied, 

more thermally stable replacement salt, LiTFSI, has limited use since it is known to be 

corrosive to the aluminum current-collectors for the cathodes77. Polar nitrile or cyano-(-

C≡N) groups, with high dipole moments and dielectric constants of ~ 30, have been 

investigated to solvate lithium ions instead of the ether oxygens of polyethylene oxide 

(PEO) or glymes. Recent reviews have focused on their incorporation as functional groups 

in liquids, plasticizers, plastic crystals (particularly succinonitrile (SN)78,79, gels (e.g., 

polyacrylonitrile (PAN)80–89), PAN polymer-in-salt90–93 and solid electrolytes used for LIB 
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applications94. These materials often have high anodic oxidation potentials (> 4.5 V vs. 

Li+/Li) and are thus resistant to electrochemical oxidation95,96 and therefore have the 

potential to be used with high voltage cathodes97–99, e.g., Li[Mn, Ni, Co]O2. ADN has also 

been shown to enable the use of high voltage cathodes when added in small amounts (1%) 

to other electrolyte solutions, by film formation100 or strong coordination between the Ni4+ 

on N-rich cathode surfaces and the nitrile groups101. However, they suffer from poor 

reductive stability (so that they spontaneously react with Li metal, the Li+ ion cannot be 

reversibly intercalated into graphite, and stable solid electrolyte interfaces (SEIs) do not 

form)96, but can be used with Li4Ti5O12 (1.55 V vs Li+/Li) anodes78,102, or with graphitic 

anodes by addition of SEI forming co-solvents95,103. More recently, it was shown that low 

concentrations of ADN (1%) in mixed electrolytes formed stable SEIs on Li0 metal101. 

Interestingly, and of importance for the current work, the reductive stability of acetonitrile 

(AN) was improved in concentrated (> 4 M) salt solutions, since all of the acetonitrile 

molecules were coordinated to Li+ ions104. In dilute solution, LUMO in the conduction 

band was present at the free AN molecules (coordinating with the Li+ ions), while in 

superconcentrated solutions, the LUMO was present at TFSI anion suggesting plausibility 

of its reduction during charging104. 

Here we investigate the structure, thermal and electrochemical properties of the soft 

solid crystal of adiponitrile and LiPF6, (ADN)2LiPF6, which has an effective molarity of ~ 

4.5M. We demonstrate this material has desirable physical properties, including melt- and 

press-castability, high conductivity for an organic solid electrolyte (~10-4 S·cm-1), a wide 

electrochemical stability window of 0 to 5 V and stable cycling for > 50 cycles at C/20, 
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C/10, C/5 rates with capacities of 140 mAh-g-1 to 100 mAh-g-1 and efficiencies > 95%. 

Further, it improves the stability of the LiPF6 electrolyte over commercial liquid solutions 

by isolating the Li+ and PF6 ions in separate channels. 

7.2 Experimental Details  

7.2.1 Synthesis:  

The co-crystalline is synthesized by the diffusion method (see section 3.1.1). Lithium 

metal, LiPF6 salt, ADN, and diethyl ether (Et2O) were purchased from Sigma-Aldrich. 

Et2O was distilled using sodium benzophenone ketyl as a water/oxygen scavenger. LiPF6 

(151 mg, 1.0 mmols) was dissolved in excess amounts of adiponitrile (ADN) (4.5 ml, 4.0 

mmol) by heating the mixture to 165 0C under an argon atmosphere until it dissolved. The 

LiPF6 was not soluble in ADP at RT. Upon cooling, crystalline material started to form at 

about 115 0C and was complete at room temperature (RT). A single crystal was removed 

from the precipitate for X-ray structure determination, and the remaining solid was rinsed 

five times with excess Et2O and dried under vacuum for ~ 20 minutes to remove the 

residual amount of ADN and Et2O, after which the co-crystal appeared dry. The sample 

was incorporated concomitantly during the synthesis into Whatman glass microfiber filters 

(GF), grade GF/A (Sigma-Aldrich) 0.26 mm thickness. The co-crystal in the glass fiber 

filter was used as the separator between the electrodes to control the size and the amount 

of the electrolyte in the electrochemical experiments. 
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7.2.2 Structure  

 Single-crystal and powder X-ray diffraction data were obtained on a Bruker KAPPA 

Apex II DUO with sealed-tube Mo Kα and Cu Kα sources, a TRIUMPH monochromator 

for the molybdenum tube, and an Oxford Cryostream low temperature device (see section 

3.2.1). Thermal degradation analysis of (ADN)2LiPF6 crystals was carried out on a TGA 

TA Instruments Hi-Res TGA 2950 at a ramp rate of 10 °C min-1 with a flow of ultra-pure 

N2 gas (see section 3.2.2). A DSCTA Instruments 2920 (see section 3.2.3) was used to 

analyze the melt and crystallization temperatures of the (ADN)2LiPF6, with the sample in 

hermetically sealed Tzero aluminum pans. Samples were scanned from -120 °C to 200 °C 

at a scan rate of 10 °C.min-1, under ultra-pure N2 purge. The second cycle of the 

adiponitrile matrix and (ADN)2LiPF6 powder was reported out of the two measured cycles. 

SEM  data were acquired on a FEI Quanta 450FEG SEM  with energy-dispersive X-ray 

spectroscopy (EDS) capability (Oxford Aztec Energy Advanced EDS System). Raman 

spectra were recorded in the 100-3000 cm-1 region at room temperature using a Horiba 

LabRAM HR Evolution Raman spectrometer, with a resolution of 1.8 cm-1, an excitation 

wavelength of 532 nm, 60 mW power, and a grating groove density of 600 gr/mm. Samples 

were measured with 8 acquisitions, and 2 to 8 seconds each, depending on peak intensity. 

7.2.3 Electrochemical Characterizations 

For the conductivity measurements, polycrystalline (ADN)2LiPF6 powder 

incorporated in the glass fiber separator or prepared by pressing at 800 psi in a hydraulic 

crimper in an argon purged glove box, was used. The conductivity measurements were 
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performed in a homemade electrochemical cell placed in a N2 purged, temperature-

controlled gas chromatography (GC) oven. Temperature-dependent bulk impedance data 

was measured by AC EIS using a Gamry Interface 1000 potentiostat/galvanostat/ZRA in 

the frequency range 0.1−1MHz in a temperature range between 80 0C and -10 0C with 

increments of 10 0C (see section 3.2.5.4). The cell was thermally equilibrated for 30 

minutes at each temperature before the bulk impedance was measured during both the 

cooling and heating cycles.  

 For all the other electrochemical measurements (Li+ ion transference numbers, 

plating and stripping, cyclic voltammetry, linear sweep voltammetry, and full cell cycling) 

the (ADN)2LiPF6 was incorporated in the glass filters (during the synthesis). Before use, 

the lithium metal surface was clean by polishing it on a Teflon block. For the plating and 

striping experiments at room temperature with the Li0/(ADN)2LiPF6 /Li0 cell, current 

densities of 0.01mA/cm2 for 1 to 120 cycles, 0.05mA/cm2 for 121 to 180 cycles, and 0.1 

mA/cm2 for 181 to 240 cycles were used. Li+ ion transference numbers were obtained by 

the method of combined ac and dc measurements105,106. The cathode was prepared from 

LiFePO4/carbon black/PVDF binder (8/1/1 by weight) using N-methyl-2-pyrrolidone 

(NMP) to form a slurry that was doctor-bladed onto battery-grade aluminum foil to form 

1.9-2.2 mg/cm2 electrodes. The electrodes were dried in a vacuum oven overnight at 120°C. 

The dried electrodes were calendared with a Durston flat agile F130 mm rolling mill 

mechanical presser.  
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7.3 Results and Discussions 

 The single-crystal structure shows that the stoichiometry is 2 moles of ADN to 1 

mole of LiPF6, (ADN)2LiPF6 (Figure 7.1a) with linear parallel ionic channels of Li+ (Figure 

7.1b), where the shortest distance between two successive Li+ ions is 6.23Å in the b-

crystallographic direction. Each Li+ ion is coordinated to 4 cyano groups, and not to any 

PF6
-
 anions. The presence of Li+ channels in the complex may allow migration of Li+ in a 

low-affinity matrix. It is interesting to note that LiPF6, as previously reported, is sparingly 

soluble in ADN at RT95. However, other dinitrile solvents, including ADN, form stable 

solvates at 2/1 molar ratios of dinitrile/LiTFSI107. 

 

Figure 7.1: structure of soft-solid co-crystalline (ADN)2LiPF6 electrolyte: (a) 

Stoichiometric representation of (ADN)2LiPF6 showing tetracoordinated Li+ ions with 

ADN molecules where PF6
_ anions occupy the available interstitial space in the crystal 

structure; (b) Packing of (ADN)2LiPF6 showing the channels of Li+ ions in the low affinity 

matrix in the crystal structure. ● Gray- C; ● Yellow- Li; ● Blue- N; ● Red- P; and ● 

Orange- F. 
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The experimentally obtained powder X-ray diffraction (PXRD) pattern of 

(ADN)2LiPF6 agrees with the PXRD calculated from the single crystal data (Figure 7.2a). 

PXRD data before and after conductivity measurements (Figure 7.2b), and whether 

pressed or prepared in a glass fiber mesh (Figure 7.2c) are the same. The XRD data do 

not show the presence of frozen ADN at low temperature (Figure 7.2d). 

 

Figure 7.2: (a) Experimental powder XRD spectra for ADN, LiPF6 and (ADN)2LiPF6 

cocrystals. Theoretical spectra for (ADN)2LiPF6 is calculated using the single crystal 

structure in Mercury software. (b) Powder XRD spectra for (ADN)2LiPF6, before and after 

conductivity measurements, an overdried sample and theoretical pattern generated from 

single crystal data. (c) Powder XRD spectra for (ADN)2LiPF6 that was synthesized in the 

(a) (b) 

(d)(c)
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glass fiber separator (▬), rinsed with dichloromethane (DCM) (▬), incorporated in the 

glass fiber separator using DCM at 40-45 0C (▬), pressed pellet (▬) and theoretical pattern 

generated from single crystal data (▬). (d) A zoomed in view to the powder XRD patterns 

of ADN and (ADN)2LiPF6 (after conductivity measurements) showing that there are no 

peaks of free ADN at 11, 14 or 170 in cocrystals after conductivity measurement  

 The TGA data (Figure 7.3) show that the stability of LiPF6 is increased from 

decomposition temperatures of 100 oC for pure LiPF6 to > 160 oC for (ADN)2LiPF6 upon 

incorporation into the co-crystal, such that the stability of the co-crystal is limited by the 

boiling point ADN. Its important to mention here that this Td of cocrystals of (ADN)2LiPF6 

is lower than the Tm (Figure 7.4) due to the continuous removal of ADN solvent molecules 

via N2 gas during the TGA experiment. In a closed pan, during DSCmearements, the 

cocrystals show extreame stability (upto 200 oC). 
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Figure 7.3: TGA data of (ADN)2LiPF6, LiPF6 and ADN; LiF remains at 800 0C. 

LiPF6 salt decomposition occurs at 100 0C, which is below the composition of the ADN 

solvent and (ADN)2LiPF6 co-crystal. 

MD simulations of the structure is used to visualize and understand the molecular 

processes underlying thermal stability. Simulations were performed using a bulk phase 

periodic supercell, Model P, which consisted of a supercell (125-unit cells, i.e. 20000 

atoms) representing the bulk phase of the (ADN)2LiPF6 co-crystals. Model P was simulated 

under isothermal isobaric (NpT) ensemble conditions for a 20 ns equilibration at different 

constant temperatures ranging from 100 K to 550 K (Figure 7.S1). The equilibrated 

configurations at 100 K, 200 K and 298 K predict a structured network of tetrahedrally 

coordinated Li+ ions with ADN. A visual inspection of snapshots shows that these networks 

become irregular at 400 K (= 127 0C) and the crystalline structure completely deforms at 

500 K (= 227 0C, Figure 7.S1), which is in agreement with the decomposition temperature 

window observed in the TGA data (Figure 7.3).  

 DSCdata (Figure 7.4) show that the co-crystals of (ADN)2LiPF6 melt at 182 0C, and 

reveal the presence of a small amount of ADN in the cocrystal (Figure 7.S2). Melting of 

this ADN contaminant occurs at approximately the same temperature as neat ADN, while 

crystallization occurs at slightly lower temperatures than neat ADN, suggesting 

confinement effects might play a role. The small amount of free and (i.e., not coordinated 

to Li+) in the (ADN)2LiPF6 co-crystal is also observed in the Raman spectra (Figure 7.5a). 

For pure adiponitrile there is only a single peak at 2241.7 cm-1, while for the co-crystal, 

there is a large peak at 2273.6 cm-1 and a very small peak at 2242.7 cm-1 slightly red-shifted 
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higher in wavenumber compared with neat ADN (2241.7 cm-1). Both peaks have been 

observed in other liquid dinitrile/LiX salts (e.g. succininitrile/LiTFSI) as a function of LiX 

concentration.107, and have been attributed, respectively to the coordinated and free 

“terminal” C≡N adiponitrile groups108,109. In the case of the co-crystal, the dominance of 

the peak at 2273.6 cm-1 compared to the very small peak at around 2242.7 cm-1 indicates 

that the majority of the adiponitrile present is involved in coordinating the Li+ ions with a 

small amount that are uncoordinated. The vibrational frequencies and Raman intensities 

calculated from DFT calculations (Figure 7.5b, Table 7.S1) in the gas phase supports the 

observation that free ADN possesses vibrational frequencies approximately 15 cm-1 lower 

than those in the cocrystal. In the computed Raman spectra, there is a 15 cm-1 increase in 

wavenumber when both ends are bonded to Li+ (2291 cm-1) than when one C≡N group is 

free and one C≡N group is bonded to Li+ (2276 cm-1, also with 4 almost identical in-

phase/out-of-phase frequencies) in the (ADN)2LiPF6 cocrystal. The slight upward red shift 

in the peak maxima of the weak experimental Raman band of (ADN)2LiPF6 compared with 

free ADN in the (ADN)2LiPF6 cocrystals suggests that the ADN are not free but instead 

are at the edges of the (ADN)2LiPF6 cocrystals, with one of the C≡N bonded to Li+ and the 

other not bonded and “dangling” at the interface.  
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Figure 7.4: DSCdata of ADN solvent and (ADN)2LiPF6 crystal showing their melt 

and crystallization peaks. The solvent melt at 26 0C and recrystallize at -30 0C where the 

crystal has a high melt at 182 0C. 
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Figure 7.5: (a) Raman spectra in the -C≡N region from experiment (b) from DFT 

calculations, where interpolated curves are obtained by using 1.8 cm-1 of peak half-width 

at half height. 

SEM images were obtained for four samples: 1) a pressed pellet of the polycrystalline 

(ADN)2LiPF6 at RT (Figure 7.S2, ), 2) a sample where the heated solution of ADN and 

LiPF6 was quenched in liquid N2 and then pressed (Figure 7.6a and 7.S3), 3) the 

polycrystalline (ADN)2LiPF6 powder incorporated into the glass fiber (GF) filter by 

synthesis (illustrated in Figure 7.S4), 4) post-mortem of Li0/(ADN)2LiPF6/Li0 cell after Li 

plating/stripping failure (Figure 7.S5). The (ADN)2LiPF6 crystals rinsed with diethyl ether 

were large, reaching over 100 μm in length and ~ 5 μm in width, with rounded edges 

(Figure 7.S3, a-c). These large 100 μm crystals comprise a mosaic structure of smaller, < 

1 μm crystalline domains (Figure 7.S3). After pressure was applied, the individual grains 

fractured into smaller pieces and fused to one another.  

 

Figure 7.6:(a) SEM  image of pure polycrystalline (ADN)2LiPF6 powder (pressed 

neat sample), and (b), (c) are EDX of bulk grain and grain boundary regions. 
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 EDX images (Figure 7.6b, 7.6c) of the grains and grain boundary regions show that 

the relative C and N peaks of the ADN are weaker compared with the F and P peaks of the 

LiPF6 in the grain boundary region than in the grains. This suggests that the grain boundary 

region is fluid, and that under the vacuum of the SEM , the ADN is evaporated, leaving 

behind concentrated LiPF6 salt. A nanocrystal of electrolytes was simulated in the present 

of vacuum (model V where “V” designates vacuum) to model TGA behavior (Figure 7.S6). 

This simulation predicts that ADN molecules evaporate as the cocrystals degrade at high 

temperature (T > 400 K) (Figure 7.S6d). In addition, model V also shows that the cocrystals 

at room temperature possess a liquid-like surface layer (Figure 7.S6b) similar to other soft 

solid cocrystals76, and which is also seen from SEM  in this electrolyte (Figure 7.S3a and 

7.S3b). This nanoliquid surface behavior and is a characteristic of this class of 

electrolytes.12,13,76,110 

To determine the structure of the intergranular interface, model V8g (surface model) 

with eight nano-sized grains (1 grain = 5x5x5 unit cells) was simulated in a vacuum box 

of 30x30x30 nm3 (Figure S5-7a). The simulation conditions of model V8g were very similar 

to model V (e.g., NVT ensemble, presence of large vacuum). At t = 0, it was ensured that 

every grain was completely isolated from the others (initial contact distance between the 

grains > cut-off distances for potential energy). The simulations show that within a span of 

few nanoseconds, the grains interact at the surface and form an interfacial layer (Figure 

7.S7b). This interfacial layer does not depend on the orientation of the grains or the size of 

the box, which implies that the formation of intergranular interface does not require lattice 

matching. Figure 7.S7c and 7.S7d show a zoomed in view of the grain boundary of a few 
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grains, where the ions present in the bulk remain unaffected in their relative orientation 

(crystalline) while ions at the interface can be seen to be perturbed. The presence of 

disordered ions at the interface is responsible for grain boundary conductivity since ion 

jumps across the grain interface are not required in these regions due to high mobility. 

The conductivity data (Figure 7.7) for a pressed pellet of (ADN)2LiPF6 in the 

temperature range between -10⁰C and 80 ⁰C (below its degradation temperature), show a 

RT conductivity of σ → 10-4 S cm-1, with an Arrhenius activation energy of Ea = 37.2 kJ 

mol-1. The complex impedance plots are SEM icircles with an associated capacitance of 

1.8 pF cm-1 and a low frequency spike, indicating that the impedance is dominated by the 

bulk.  

 

 

Figure 7.7: Conductivity data of a pressed neat pellet of SS/(ADN)2LiPF6/SS. 
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The atomistic mechanism of ion conduction was theoretically calculated from DFT 

by our collaborators. It interprets the longevity of interstitial jumps and the feasibility of 

hops to the vacancy sites. In the unit cell of (ADN)2LiPF6, the shortest possible distance 

between successive Li+ ions is 6.6 Å (6.3 Å from XRD) which is parallel to the b 

crystallographic direction (Table 7.S1, Figure 7.S8). To examine all the possible 

Li+ migration channels, different supercells were created. For these supercells, one Li+ ion 

vacancy site was created to calculate the MEP of Li+ ion migration between adjacent 

occupancy sites. The defected supercell images (images: where the defect is located at a 

different site in the same supercell) were optimized in a fixed volume cell. Various pairs 

of reactant and product were used to examine the MEP for Li+ ion migration using NEB 

calculations. The extrapolation of Li+ ion migration paths and calculated activation energy 

barriers suggested the channel in the b-crystallographic direction (Li+-Li+ = 6.5 Å) to be 

the one with the lowest energy (Figure 7.8). The Li+ ions form a sterically unblocked array 

parallel to the b-crystallographic direction with a short distance between the Li+ ions, and 

with no interstitial PF6 anions, in contrast to the paths in the a- and c- directions. This 

results in the possibility of a low barrier migration path for the Li+ ions in this direction. 

The calculated path of the Li+ ion in the b-direction shows migration of Li+ ions from one 

occupancy site to a vacancy site via an intermediate (Figure 7.8). When a Li+ ion defect is 

introduced in the supercell, the nitrogen atoms of ADN molecules stretch outward to 

stabilize the vacancy site. While the regular N···N distance in Li+---N networks is 3.2 to 

3.4 Å, the presence of a vacancy site increases this distance from 3.6 Å to 5.4 Å. A set of 

11 intermediate images was used to extrapolate the path of the Li+ ion. The climbing image-

NEB calculations suggest that a Li+ ion migrates via the formation of an intermediate 
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structure just between the two Li+ occupancy sites along the b-crystallographic direction. 

The MEP was calculated for initial and intermediate images separately (11 images). The 

geometry of the intermediate structure (Figure 7.8) is a Li+---N tetrahedron, which forms 

with a reorientation of two of the four ADN molecules from each end. When the 

intermediate forms, the remaining two ADN molecules appear to be a part of an elongated 

tetrahedron. The intermediate structure (relative energy = 0.70 eV = 67 kJ/mol) has two 

transition state structures at either side of the reaction coordinate with a barrier of 0.75 eV 

(= 72 kJ/mol). This activation energy on the same order as the experimentally determined 

value (See Figure 7.7), though approximately two times larger. The presence of the 

intermediate structure suggests that the solvent (ADN) coordinated structure is stable and, 

hence interstitial dislocations along with Schottky defects play a major role in ion transport. 

The occurrence of an intermediate structure also predicts that there is no involvement of 

anions during the cation transport, contrary to what has been observed in a similar class of 

sodium ion electrolyte (ADN)3NaClO4, where both anion and solvent coordinate with the 
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cation leading to the formation of a transition state.76

 

Figure 7.8: Minimum energy path (MEP) for Li+ ion migration in the b- 

crystallographic direction, as observed from a 1x2x1 supercell of (ADN)2LiPF6: The 

geometries of initial, final and intermediate structures are shown above. The location for 

migrating Li+ ion can be seen in the highlighted spot. 

 The initial and steady state current extrapolated from the potentiostatic polarization 

data (Figure 7.9), including the correction factor R0 (impedance before polarization) and 

Rs (impedance after reaching steady state) for the calculation of lithium transport number 

using the formula: ), gave a lithium ion transference number of t+
Li = 0.54. Thus, unlike 

inorganic ceramics with a stationary anion lattice and mobile Li+ sublattice so that tLi
+ → 

1, here both the anions and cations are mobile. Li+ and PF6- mobility is also theoretically 

quantified by our collaborator from the diffusion calculation coefficients from MD 
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simulations using Einstein’s relationship. However, in solid electrolytes and other polymer 

electrolytes which form glasses at low temperature, the linearity of mean square 

displacement (MSD) with time is extremely difficult to obtain due to low mobility. MD 

simulations on defected supercells (model D) were employed where four vacancy sites of 

cations and anions were created, each at random places in the supercell (two defects were 

at least 1.5 nm away from each other in order to prevent any initial interactions among 

vacancy sites). Further, we simulated model D for a timescale of 50 ns at T = 400 K and 

for 20 ns at T = 450 K under NVT ensemble conditions. For the simulations on model D, 

the trajectory was recorded at every 5 ps to obtain trajectory maps. At T = 400 K (7.S10a-

7.S10c), the map shows that Li+ ions jump to the interstitial sites and occupy the vacancy 

sites. Between 30 to 40 ns (7.S10d), a few interstitial jumps for Li+ ions were observed in 

the cocrystals. At T = 450 K (Figure 7S10e-7.S10g), the interstitial jumps are observed 

more frequently compared to those at 400 K. However, at t > 10 ns, the structure collapses 

at T = 450 K suggesting decomposition of the bulk at a lower temperature (Td, sim = 475 K 

from model P) due to the presence of vacancy sites. Using the trajectory maps, the MSD 

and vHACF were calculated from these simulations. The MSD vs. time plot for model D 

at T = 400 K (Figure 7.S11a), shows that the Li+ ions remain trapped and only a few jump 

events are probable at these timescales. Since PF6
- anions are not present in a confined 

environment as are the Li+ ions, the initial oscillations that cause ballistic diffusion are 

larger in PF6
- compared to Li+. At T = 450 K, as the trajectory maps show a significant 

number of jump events (Figure 7.S10e-7.S10g), a linear diffusion for Li+ and PF6
- ions is 

observed even at very short timescales (Figure 7.S11b). The MSD is calculated for both 

Li+ and PF6
- ions for a trajectory of 20 ns, where the Li+---N cages break and various 
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sublattices become completely mobile after 10 ns. Thus, the diffusion coefficients for Li+ 

and PF6
- ions were calculated for two-time intervals: 0 – 10 ns and 10 – 20 ns. From 0 – 10 

ns,= 1.32(4) x 10-6 cm2/sec and = 1.00(5) x 10-6 cm2/sec, while from 10 – 20 ns,= 1.21(3) 

x 10-6 cm2/sec and = 1.02(4) x 10-6 cm2/sec. For the interval 0 – 10 ns, the calculated 

transference number for Li+ ions is, tLi+ = 0.57, and for the interval 10 – 20, tLi+ = 0.54.  

 

 

Figure 7.9: Li+ ion transference number (tLi+) measured after stabilization of the 

impedance; t+Li = 0.54. 

 ADN has excellent oxidative stability95,111, and the oxidation current begins to 

increase only at 5V (Figure 7.10 Up and Down). The high anodic stability is due to a 

sufficiently low HOMO of solvent molecules, which does not easily transfer electrons. 

Unfortunately, Li metal is thermodynamically unstable with any organic solvents, leading 

to side reactions that consume both Li metal and the electrolyte112. However, a piece of Li0 

metal placed in ADN (with or without LiPF6, which does not dissolve at RT) is much more 
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resistant towards reaction than when placed in acetonitrile (AN). It remains shiny for 

several days, and the solution does not turn a light yellow for weeks to months (Figure 

7.S12). By contrast, when Li metal was placed in dilute LiTFSI/AN, the Li metal quickly 

dissolved, and the solution turned yellowish104. This difference is possibly due to the long, 

nonpolar hydrocarbon chains in ADN.  

 

 

Figure 7.10: Up) CV of Li0/(ADN)2LiPF6/SS ((ADN)2LiPF6 synthesized in glass 

fiber); (Down) LSV of Li0/(ADN)2LiPF6/SS ((ADN)2LiPF6 synthesized in glass fiber). 
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 ADN is known to be thermodynamically unstable at low potentials (~ 0.6V vs 

Li/Li+) 113, as is acetonitrile (AN). However, nitrile solvents are stabilized with respect to 

reaction with lithium metal in the presence of concentrated salts.95 Reversible Li0 

stripping/plating is observed for (ADN)2LiPF6 (Figure 7.11(Left)), which has an effective 

molarity of 4.5M. In contrast, while in dilute AN/LiTFSI (<3M) Li stripping is not 

observed104.  

 

 

(a) (b) (c)

(d) (e) (f )(a) (b) (c)

(d) (e) (f )
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Figure 7.11: (Right) Interfacial resistance as a function of time in 

Li0/(ADN)2LiPF6/Li0 cells using (ADN)2LiPF6 in glass fiber separator at room 

temperature; (Left) Li plating, 2 h charge/discharge cycles at J = 0.01 mA/cm2 for 120 

cycles, J = 0.05 mA/cm2 for 60 cycles and J=0.1 mA/cm2 for 60 cycles; same cell as (d). 

During repeated lithium stripping, the oxidation peak at ~ 0.5 V (vs Li+/Li) 

superimposes onto itself, while during lithium plating, the reduction peak at ~ - 0.5 V 

decreases from the 1st through the 3rd cycles and then remains stable. This suggests that a 

stable SEI layer is formed during the first three cycles. The reactions at the Li surface 

during Li cycling are determined by the thermodynamic electrochemical stability window 

of the electrolyte, which is dominated by the frontier orbitals (HOMO and LUMO) of the 

salt and solvent114. During the cathodic scan (lithium plating), electrolyte components are 

reduced and deposited on the Li metal to form the solid electrolyte interface (SEI) layer. In 

the electron rich environment of the anode, the SEI will be formed by the component that 

is most easily reduced (i.e. which constitutes the LUMO of the band structure). 

Qualitatively, interaction/association of a solvent/anion with Li+ lowers the LUMO and 

thus be more easily reduced. In concentrated LiX solutions, formation of contact ion pairs 

result in preferential reduction of anion115. In (ADN)2LiPF6 the Li+ ion is solvated by the 

ADN (as shown from its crystal structure), which suggests ADN to more likely to get 

reduced and thus form SEI. This is shown quantitatively for (ADN)2LiPF6 in Figures 7.S15, 

where projected density of states (DOS), obtained from plane-wave DFT calculations, 

show that after addition of an electron, the bandgap decreases and the LUMO is located on 

the ADN, particularly the carbon atom. Further, the absence of free solvent has also been 

suggested to mitigate the reductive decomposition by affecting an upward shift in the 
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equilibrium potential of the Li electrode (from Nernst equation) and to increase the stability 

of the SEI, by the lack of solvent to dissolve the SEI115. As discussed later in the mechanism 

of Li+ ion conduction, in the (ADN)2LiPF6 cocrystals the cyano groups do not undergo long 

range migration during the conduction process, and thus there is not continual 

replenishment of cyano groups to the Li0 metal surface, and as a result, there is a cessation 

of SEI formation after a few cycles.  

 The ideal properties of an SEI are that it is thin, flat, electrically insulating (to 

suppress further reductive decomposition), ionically conductive, and not very resistive. 

Interfacial resistance (7.11 (Right)) in the Li0/(ADN)2LiPF6/Li0 cell stabilized at about 

900Ω after 3 days. Lithium plating in the same cell (Figure 7.11 (Left)) was stable for 20-

25 days at low current densities (J = 0.01 mA/cm2) but failed at higher current densities 

(0.05 mA/cm2). Post-mortem analysis showed that the Li surface was black. SEM  images 

(Figure 7.S13) indicates that the SEI was rough (not flat) with a thickness < 5 μm after ~ 

30 days, suggesting a compact but mossy SEI layer, with no obvious dendritic growth. 

SEM  images (Figure 7.S5) and EDX analysis (Figure 7.S14) of the surface showed 

residual (ADN)2LiPF6 crystals that adhered to the SEI layer, based upon their morphology 

and dominant C, N, F and P signals, with little or no O. At the SEI layer itself, the major 

peaks were O and C (from ADN), with very little P and F (from PF6
-). The drop-in cell 

voltage at the higher current densities may be the result of Li dendrites so thin as not to be 

easily observable by post-mortem analysis, and which leak only a small amount of current. 

One possibility is that the dendrites grow in the grain boundaries of the (ADN)2LiPF6 

cocrystal. Evidence for this hypothesis comes from C-rates studies at 25 0C (Figure 7.12b) 
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and at10 0C (Figure 7.12c). At 25 0C the cell fails at C/2 but never recovers. However, at 

10 0C the cell did not fail but exhibiting zero discharge capacity at 1C rate (Figure 7.12c). 

At 10 0C, near the freezing point of the “free” or interstitial (half Li coordinated and half 

free) ADN, Li ions cannot migrate. The freezing of the free ADN prevents both 

charging/discharging, as well as dendrite growth. At 25 0C, the grain boundary region is 

more mobile, allowing Li+ ion mobility and dendrite growth. 

 

Figure 7.12: (a) Impedance spectra before and after the full cell cycling at RT, two 

SEM icircles represent interfacial resistance at the Li anode and LiFePO4 cathode. 

Impedance increases after the cycling; (b) Discharge capacity as a function of C rate for a 

Li0/ (ADN)2LiPF6/LiFePO4 half-cell at RT, 2 h charge/2h discharge cycles. The cell did 

not recover after C/2; (c) Discharge capacity as a function of C rate for a 

Li0/(ADN)2LiPF6/LiFePO4 half-cell at 10 oC, 2 h charge/2h discharge cycles. The cell 

recovered after 1C. At high charge/discharge rates (1C), the capacity drops to zero since at 

10 0C the grain boundary region is close to the freezing point of the “free” ADN in the 

(ADN)2LiPF6 cocrystals, possibly preventing growth of Li dendrites through the grain 

boundaries. 

(a) (b)  (c)
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Excellent cycling data were obtained in Li0/(ADN)2LiPF6/LiFePO4 half-cells at 

C/20, C/10, and C/5 rates (~ 140 mAh-1) at RT between 2.7 and 4 V with little capacity 

fade (Figure 7.12b). The C/10 data ran for > 70 cycles before capacity fade (Figure 7.13 

(Up)). The impedance data obtained before and after cycling at 10 0C shows a growth of 

the interfacial resistance at the Li anode, with little change at the LiFePO4 cathode (Figure 

7.12a). Further studies are needed to better understand the failure mechanisms more 

completely. However, these results are improved compared with the results obtained in 

related previous studies. The addition of additives (vinyl carbonate, fluoroethylene 

carbonate) was required to increase cycling performance (to 100 cycles at C/5) with liquid 

ADN/1M LiTFSI/0.25M LiBF4 electrolytes using MCMB anodes116. Using lithium titanate 

(Li4Ti5O12, LTO) anodes (charge plateau at 1.55V vs. Li/Li+) and high voltage cathodes Li 

Ni Co Mn O2 (NMC), specific cell capacities of 170 mAh/g were obtained only at low rates 

(C/20) for 200 cycles109. 
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Figure 7.13: (Up) Discharge capacity and Coulombic efficiency as a function of cycle 

number in Li0/ (ADN)2LiPF6/ LiFePO4 cell at C/10 rate at 25 0C; (down) shows the voltage 

vs. charge capacity for cycle # 1, 10, 50, 56, and 57. 
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7.4 Conclusion 

 While much research has been expended to optimize crystal structures and doping 

strategies in inorganic solid electrolytes, there has been much less work on soft-solid 

crystals. There are significant differences in the structures and mechanisms of ion 

conduction between the two electrolytes. The inorganic conductors have a framework of 

fixed anions and a sublattice of mobile lithium ions that migrate via hopping mechanisms. 

In the soft-solid crystals, the lithium ions move through channels of organic molecules 

(here adiponitrile) and are separated from the anions by the organic molecules. The 

distance between Li lattice sites is much greater than in the inorganic crystals, so that the 

frequency of jumps between sites is decreased. For the (ADN)2LiPF6, the Li+ ion moves 

between sites through an intermediate that involves the adiponitrile molecules. The weak 

interactions between the “hard” Li+ ions and “soft” –C≡N groups, and the fewer contacts 

(four for –C≡N vs five for –O-)69 are responsible for the three order of magnitude increase 

in conductivity compared with the crystalline solvate (PEO)6LiPF6 (σ ~ 10-7 S/cm) 

prepared using low molar mass polyethylene oxide68,73. In the PEO6:LiPF6 (as well as 

PEO6:LiAsF6, and PEO6:LiSbF6) complex, the Li+ ions reside in 1D tunnels formed by the 

PEO chains, also not coordinated with the anions. Further, in the case of inorganic lithium 

electrolytes, the grain boundary resistance is believed to be greater than the bulk resistance, 

while in the case of soft-solid crystals the grain boundaries are fluid and can have better 

conductivity than the bulk grains.  

 As in the case of ceramic electrolytes, improvements in conductivity for soft co-

crystals are expected if 2D or 3D channel systems can be synthesized, and if vacancy or 
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interstitial sites can be increased (e.g. by isovalent or alivalent doping, or introduction of 

defects by chain ends (here by introducing a different dinitrile or a mononitrile) as in the 

case of glyme/LiX complexes72). In the case of soft-solid crystals, increased conductivity 

is also expected if the distance between the Li sites is decreased.  

 

This work is under review in Nature Materials as: Soft-Solid Co-Crystals as 

Alternatives to Inorganic Solid Ceramic Electrolytes for Lithium Batteries: Thermally, 

Electrochemically Stable, Highly Conductive (Adiponitrile)2LiPF6  

The computational work is done by Prabhat Prakash, University of IISER Pune 

(India) 
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CHAPTER 8 

EFFECT of ANION MASS ON CONDUCTIVITY and LITHIUM ION 

TRANSFERENCE NUMBER IN THE HOMOLOGOUS CO-CRYSTALS LiMF6 (M = 

P, As, Sb) 

8.1 Introduction 

 In inorganic lithium-ion ceramic conductors (LICCs), the Li+ ions form a mobile 

sublattice in an immobile anion lattice117–119. Therefore, in LICCs the Li+ ion transference 

number (tLi
+), the fraction of the charge carried by the Li+ ion, is 1.119 In most of the co-

crystals studied to date, the Li+ ion is associated with the organic moiety, not the anion, 13 

and therefore both the Li and anion are mobile; in this case, tLi
+ is less than 1. The 

transference numbers of the anion and cation will depend on their relative mobility, which 

is dependent on their relative sizes. In the case of liquid electrolytes, the Li+ ion is solvated 

by the solvent molecules, so the tLi
+ is less than 0.5.120 In the case of polymer electrolytes 

such as polyethylene oxide (PEO), the Li+ ion is chelated by 4-5 ether oxygens, and its 

motion is coupled to the backbone segmental motions of the polymer chain118. The anion 

is not complexed, so that the free volume of the polymer determines its motion. Thus, in 

PEO/LiX electrolytes, tLi
+ is approximately 0.2118. If the anion is covalently attached to the 

polymer backbone, tLi
+ is 1 as for inorganic LICCs, but the conductivities of what are called 

polymer SICs are very low. 

 In the case of soft-solid co-crystals, the conductivities and transference numbers 

depend on the crystal structure, which affects the interactions between the anions, cations, 

and low molecular weight organic matrix.76 However, if the crystal structure is the same, 
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then the transference numbers should only depend on the mass of the anion. Here we 

investigate the effects on conductivity (σ) and Li+ ion transference numbers of anion 

substitution in soft-solid isomorphic co-crystals of (ADN)2LiPF6, (ADN)2LiAsF6 and 

(ADN)2LiSbF6. These systems are of interest since the mechanism of conduction involves 

the decoupling of the motion of the anion from the Li/ADN solvate. Therefore, the problem 

of ion pairs and aggregates is not essential. 

8.2  Experimental Details  

8.2.1 Synthesis 

The three complexes were synthesized by the heating method (section 2.2.2). The 

LiSbF6 was dried by heating under vacuum at 60 °C for 3 days, and LiPF6 and LiAsF6 salts 

were used as received. Under an argon atmosphere (see section 7.2.1), each of the three 

salts, LiPF6, LiAsF6, and LiSbF6 (Sigma-Aldrich) were dissolved in excess amounts of 

adiponitrile (ADN) (Sigma-Aldrich) by heating (180°C) the mixture until the salt 

dissolved. The temperatures needed to dissolve the salts depend on the amount of salt in 

the organic solvent. The temperature required to dissolve the LiPF6 salt in the organic 

solvent ADN as a function of the mole ratio of ADN/LiPF6 is given in Table 8S1. This 

temperature increases as the ratio AND/LiPF6 decreases. All the salts were only sparingly 

soluble in ADN at RT. Upon cooling, a crystalline material formed and was complete at 

low temperature A single crystal was removed from the precipitate for structural 

determination by single-crystal XRD, and the remaining powder was rinsed five times with 

excess Et2O (distilled over sodium metal using a Schlenk line) and dried under vacuum for 
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~ 30 minutes to remove the residual amount of ADN and Et2O, after which the co-crystals 

appeared dry. 

8.2.2 Characterizations 

The structure, thermal stability, and electrochemical characterization of 

(ADN)2LiAsF6 and (ADN)2LiSbF6 are identical to that of the (ADN)2LiPF6 co-crystal in 

chapter 7 (see section 7.2.2 and 7.2.3). For the diffusion coefficient of the lithium and the 

anion in each complex, Li7 and F19 Pulse Field Gradient (PFG) NMR measurements of the 

three co-crystalline electrolytes were performed on a 300 MHz NMR spectrometer 

equipped with a double resonance probe head with maximum gradient capacity of 1200 

G/cm. Diffusion coefficients were measured at 80 ºC, where small delta and big delta were 

fixed to 0.002 and 0.008-0.010s, respectively, for both 7Li and 19F nuclei. Short spin-spin 

relaxation times prevented diffusion measurements at ambient temperature. The signal was 

accumulated over 32-64 scans with a recycling delay of 5-15s for each of 16 increments 

with a maximum gradient field strength of 700 G/cm. The diffusion constants of AsF6 and 

SbF6 could not be measured since both 75As and 121Sb and 123Sb are strongly quadrupolar 

nuclei, which causes the directly bonded fluorines to relax rapidly. In this case, the spin-

spin relaxation time (T2), even at 110 ºC, is too short, and diffusion constants cannot be 

measured when T2 is less than 1 ms.  

8.3 Results and Discussions 

The physical properties of the LiPF6, LiAsF6, and LiSbF6 are presented in Table 8.S2. 

Known trends in the periodic table indicate that the atomic and ionic radii increase, while 
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the electronegativity, electron affinity and ionization energies decrease in the order 

P→As→Sb. The single crystal X-ray data for all the samples was the same. The three 

single-crystal structures show that the stoichiometry is 2 moles of ADN to 1 mole of the 

salt (Figure 8.1), with linear parallel ionic channels of Li+ present on each complex (Figure 

7.1b), where the shortest distance between two successive Li+ ions in (ADN)2LiPF6 is 

6.32Å, (ADN)2LiAsF6 is 6.48Å, and (ADN)2LiSbF6 is 6.49 Å. The linear channel in all 

three complexes is in the b-crystallographic direction. In the three complexes, each Li+ ion 

is coordinated to 4 cyano groups, and not to any anions. The presence of Li+ channels in 

the three complexes may allow the migration of Li+ in a low-affinity matrix. The three salts 

have poor solubility in ADN at RT. The experimentally obtained powder X-ray diffraction 

(PXRD) pattern of the three crystals (ADN)2LiPF6, (ADN)2LiAsF6, and (ADN)2LiSbF6 

agrees with those calculated from the single crystal data (Figure 8.2). 

 

Figure 8.1: The structure of the three complexes showing the same 2:1 ratio, in which 

lithium is bonded to cyanide functional group, and the anion is free in the three matrices. 
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Figure 8.2: Calculated and Experimental powder XRD spectra for (ADN)2LiPF6 

(left), (ADN)2LiAsF6 (center), and (ADN)2LiSbF6 (right) cocrystals. 

 TGA and differential scanning calorimetry DSCfor LiMF6 and (ADN)2LiMF6 (M = 

P, As, Sb) are presented respectively in Figure 8.3 and Figure 8.4. TGA for (ADN)2LiPF6 

showed previously that the stability of LiPF6 increases in the cocrystal, i.e., LiPF6 

decomposed at a higher temperature, with the decomposition determined by the 

disintegration of the ADN (Tm = 1 ºC; Tb = 295 ºC). Since the LiPF6 decomposed at the 

same temperature as the ADN, the expected 58.66 % weight loss of the ADN could not be 

observed. However, the residual weight loss ≈ 8.4% is calculated based on the removal of 

everything except the phosphorus; TGA of the neat salt also had the correct remaining 

weight for Phosphorus. Conversely, in the case of LiAsF6, the stability of its co-crystal 

increases compared with neat ADN and is determined by the decomposition of the LiAsF6 

salt. The 18.2% weight loss at 300 ºC (for the cocrystal) is consistent with the removal of 

everything (ADN and F) except arsenic in LiAsF6; the neat salt also had the correct residual 

weight for As, which does not melt until above the temperature reached in the TGA 

experiment. For antimony, the cocrystal is also more stable than the ADN. The residual 

weight loss of ≈ 35 % is also consistent with the removal of ADN and fluorine from 

(ADN)2LiSbF6. The calculated mass percent of Sb in the LiSbF6 complex (26.5 %) is 
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expected to occur at higher temperatures (Tm = 630 ºC; Tb = 1635 ºC), and in fact, in the 

LiSbF6 crystal not all of the Sb is removed at 800 ºC. For (ADN)2LiSbF6, the abrupt change 

in the slope of the TGA plot at ~ 300 ºC shows a weight loss of ~ 50%, consistent with the 

calculated amount (47%) of ADN in the LiSbF6 complex.  

 

Figure 8.3: TGA of the organic solvent and the three complexes: ADN (▬), 

(ADN)2LiPF6 (▬), (ADN)2LiAsF6 (▬), (ADN)2LiSbF6 (▬) co-crystals; and the neat salts 

LiPF6(‑•‑•‑), LiAsF6 (‑•‑•‑), and LiSbF6 (‑•‑•‑). Scan rate 10 0C/min, second scans for DSC. 

 We studied the in-situ formation of the co-crystal (ADN)2LiMF6, by preparing 

hermetically sealed pans with prescribed amounts of ADN and LiMF6 reagents (2:1 ratio). 

Melt temperatures for the (ADN)2LiMF6 cocrystals are presented in Table 8.1, taken from 

the DSCplots (Figure 8.4) during the second heating scans. When the scans are stopped 

before the melt temperatures, residual ADN can be observed in the DSCplots (Figure S2), 

which we have identified as residing in the grain boundaries. During the first cooling and 
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heating cycles of (ADN)2LiMF6 starting at RT, the ADN crystallizes upon cooling and 

melts on heating. The (ADN)2LiPF6 and (ADN)2LiAsF6 then crystallizes and immediately 

melts during the heating scan (Figure 8.S3), which is not observed in (ADN)2LiSbF6 

complex. During the second scan (starting from the cooling cycle), the ADN crystallization 

and melting are no longer observed for all three complexes, only the phase transitions for 

the (ADN)2LiMF6 appear. The stability of the (ADN)2LiMF6 cocrystals is in the order P > 

As > Sb based on a comparison of the enthalpies of melting (∆Hfus). 

 

Figure 8.4: the DSC of and the three complexes: ADN (▬),  (ADN)2LiPF6 (▬), 

(ADN)2LiAsF6 (▬), (ADN)2LiSbF6 (▬) co-crystals.  
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Table 8.1: Conductivity, melt temperature (30 0CAnd 70 0C), activation energy, 

transference number, and diffusion constant of the three complexes. 

Co-

crystal 

Tm 

0C 

σ 

30 0C 

S/cm 

X 10-5 

σ 

70 0C 

S/cm 

X 10-4 

Ea 

kJ/molK 

Intercep

t 

tLi
+ 

EIS 

DLi 

80 0C 

m2/s 

x10-10 

Danion 

80 0C 

m2/s 

x10-10 

tLi
+ 

PFG-

NMR 

(ADN)2Li

PF6 

180 6.3 3.0 34.8 1.79 0.53 2.3 

2.77 

1.96 

2.45 

0.54 

(ADN)2Li

AsF6 

185 4.0 1.1 28.8 0.73 0.63 3.29 

2.77 

*1.93 

*1.62 

 

(ADN)2Li

SbF6 

160 0.16 .27 29.4 -0.62 0.83 2.67 *0.55 

*0.56 

 

*calculated  

 

 Temperature-dependent conductivity data (Figure 8.5) indicate that the conductivity 

of (ADN)2LiPF6 and (ADN)2LiAsF6 are similar. At the same time, the conductivity of 

ADN2SbPF6 is lower than that of (ADN)2LiPF6 and (ADN)2LiAsF6 (Table 8.1). All the 

conductivity data show a linear behavior in Arrhenius plots, with similar values of 

activation energy (Ea), ~30 kJ/mol*K, but with decreasing values for the intercept (Table 

8.1). Since the intercept is related to the number of charge carriers, this is consistent with 

the decreasing conductivity values.  
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Figure 8.5: Conductivity of the three complexes; (ADN)2LiPF6 (▬), (ADN)2LiAsF6 

(▬), (ADN)2LiSbF6 (▬) co-crystals. 

 Lithium-ion transference numbers (tLi
+) obtained by potentiometric polarization 

(PP) (section 1.2.3.2) (Figure 8.6, Table 1) show that tLi
+ increases as the mass of the anion 

increases. Anion and cation transference numbers for (ADN)2LiPF6 were also calculated 

using Equation 8.1 by measuring their diffusion constants (DLi
+ and DPF6

_) at 80 ºC using 

PFG-NMR. The intensities versus diffusion gradient strengths of 19F and 7Li for 

(ADN)2LiPF6 are shown in Figure 8.S1. The diffusion coefficients were calculated by using 

the Stejkal-Tanner equation. For (ADN)2LiPF6, DLi
+ > DPF6

-, so that tLi
+ > 0.5; results are 

presented in Table 8.1. In the case of (ADN)2LiAsF6 and (ADN)2LiSbF6, only the DLi
+ ion 

diffusion coefficient could be measured this way (Figure 8.S2). Because of short T2 
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relaxation of F19 in the arsenic and antimony (which is due to nuclear quadrupole 

relaxation effects), even at 80 -110 ºC the 19F diffusion coefficients of LiAsF6 and LiSbF6 

could not be measured. Although the transference number from PFG-NMR could only be 

measured for (ADN)2LiPF6, there was an agreement between tLi
+ measured by PFG-NMR 

and potentiometric polarization for (ADN)2LiPF6. This indicates that tLi
+ from PP is the 

same as the one calculated from PFG-NMR. Therefore, the diffusion constants of the AsF6
- 

and SbF6
- anions can be calculated for the other co-crystals and are also presented in Table 

1. 

tLi
+= Equation 8.1 
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Figure 8.6: Lithium ion transference numbers (tLi
+) by potentiostatic polarization 

(PP), ∆V = 20 mV of the three complexes; (ADN)2LiPF6 (up), (ADN)2LiAsF6 (center), and 

(ADN)2LiSbF6(down). The lithium transport increases by increase of the anion mass. 
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The electrochemical stability window (Figure 8.7) for the three electrolytes is in the 

order (ADN)2LiPF6 > (ADN)2LiAsF6 > (ADN)2LiSbF6, and the currents are smallest for 

(ADN)2LiSbF6. The cathodic stability limit is 5.5 V for (ADN)2LiPF6, 5.25 V 

(ADN)2LiAsF6, and 4.5 V vs. Li/Li+ for (ADN)2LiSbF6. The peak at 4.75 V in 

(ADN)2LiSbF6 is unknown. Cyclic voltammetry (CV) curves for (ADN)2LiPF6, 

(ADN)2LiAsF6 and (ADN)2LiSbF6 (Figure 8.S3) become progressively worse as the anion 

mass increases. All the co-crystals exhibit lithium plating and stripping in the first cycle. 

For the (ADN)2LiPF6, the CV curves stabilize after the 4th cycle, while for (ADN)2LiAsF6 

and (ADN)2LiSbF6 both plating and stripping continue to decrease, more quickly for 

(ADN)2LiSbF6. These results are consistent with the greater ability for an electron to be 

removed from the Sb. 

 

Figure 8.7: linear sweep voltammetry (LSV) of the three complexes; (ADN)2LiPF6 

(▬), (ADN)2LiAsF6 (▬), (ADN)2LiSbF6 (▬) co-crystals. 

Li0/(ADN)2LiMF6/Li0 (Figure 8.7) and Li0/(ADN)2LiMF6/LiFePO4 cycling studies 

(Figure 8.9) reflect these trends. In the Li0 plating/stripping experiments, the stable 
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overvoltage for M = As is only slightly higher than M = P, and only starts to increase slowly 

with cycle number over a time of 25 days. However, there is a 10-fold increase in 

overvoltage for M = Sb, and the rise in voltage with cycle number is more pronounced. 

The high voltage can be due by the impurity in the LiSbF6 samples.  

 

 

 

 

 

Figure 8.8: Li0/LiPMF6/Li0 cycling at current density of J = 0.01mA/cm2 for 120 

cycles (2h charge/2h discharge) at RT of the complex: (ADN)2LiPF6 (▬), (ADN)2LiAsF6 

(▬), (ADN)2LiSbF6 (▬) co-crystals. 
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Figure 8.9: Coulombic efficiency and discharge capacity for Li0/(ADN)2LiPMF6/ 

LiFePO4 cells at C/10 rate: Up ((ADN)2LiPF6 electrolyte) and Down ((ADN)2LiAsF6 

electrolyte). 

The cycling studies (Figure 8.9) of (ADN)2LiSbF6 using Li/LiFePO4 also reflect the 

same trends: the inability to cycle the (ADN)2LiSbF6 arises from poor stability, particularly 

at the anode but also at the cathode, as foretold by LSV data (Figure 8.7), which showed a 

decreased stability window. Both (ADN)2LiPF6 and (ADN)2LiAsF6 could be cycled at 

C/20 and C/10 and had similar initial discharge capacities (e.g., 150 mAh/g at C/10). The 

data for (ADN)2LiPF6 was reported previously, and the C/10 data for (ADN)2LiAsF6 is 

shown in Figure 8.9. The drop in discharge capacity is most probably related to the increase 



 

 
 

135 

in resistance due to the formation of the SEI layer at the Li0 anode at the low current 

densities used. Higher current densities were not investigated since failure under these 

conditions was previously observed for the (ADN)2LiPF6 system. 

8.4 Conclusion: 

 The coordination of the Li+ ions by nitrogen and the free anions in the lattice are of 

paramount importance to the energetics of the crystal structures in these three co-crystalline 

electrolytes. In general, Li+ ions prefer a four-coordinate environment in this low molecular 

organic solvent. The cocrystals present few, small structural differences. The distance 

between Li lattice sites increases as the mass of the salt increase, so that the frequency of 

jumps between sites is decreased, which explains the conductivity trend of the three 

complexes. Temperature-dependent ionic conductivities (σ), and lithium-ion transference 

numbers (tLi+), show that tLi+ (Sb) > tLi+ (As) > tLi+ (P), meaning that is there is a greater 

contribution from the Li+ ion to the conductivity as the anion becomes larger (greater 

mass). TGA data indicates that co-crystalline (ADN)2LiPF6 thermally stabilizes the LiPF6 

salt, which decomposes at low temperature. In the (ADN)2LiAsF6 and (ADN)2SbPF6, the 

thermal stability of the complexes is like the organic solvent ADN. The electrochemical 

stability window of the complexes decreases as the electronegativity of the center atom (P, 

As, and Sb) decrease. 
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CHAPTER 9 

EXPERIMENTAL INVESTIGATION of SODIUM CRYSTALLINE 

ELECTROLYTE of (ADIPONITRILE)3NaPF6 

9.1 Introduction  

 Because of the high cost, the low abundance of lithium, and the increasing demand 

for higher power and energy density batteries, researchers worldwide are looking for an 

alternative material to meet future energy demands.116 Unlike lithium, sodium is a more 

common element available all over the world. To make cost-effective batteries, at present 

researchers are focusing on Na-ion batteries (NIB).121 Since the redox potential of sodium 

(-2.71 V vs. SHE) is close to that of lithium (-3.04 V vs. SHE), researchers are focused on 

sodium-ion battery chemistry, which could be an alternative for LIBs.122  

The use of the neat metals, i.e. Li0 or Na0, enables the highest energy densities, since 

they eliminate the weight of a host material (i.e. graphite for Li). Li metal batteries (LMBs) 

have garnered substantial attention as an appealing next-generation energy storage system 

(i.e., beyond Li-ion batteries [LIBs]) owing to the use of Li metal anodes possessing a low 

redox potential (3.04 V vs. SHE), high specific capacity (3, 860 mAh g-1), and low Li 

density (0.534 g cm-1).123 Sodium metal has a low redox potential (2.71 V vs. SHE), a 

specific capacity of 1, 166 mAh g-1, and a Na density of 0.971 g cm-1.43 However, due to 

the high reactivity of both Li0 and Na0 metals, the choice of electrolyte is critical to avoid 

unwanted side reactions, and to allow the formation of a solid electrolyte interface (SEI) 
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layer that is ionically conductive but an electronic insulator, to avoid continual reaction of 

the metal with the electrolyte. 

 NASICON type materials such as Na3V2PO4 have been extensively used as 

electrolytes for NIBs, 124 but the challenge is their low working potential (3.8 V) and poor 

conductivity.125 Energy density can be increased by increasing the operating voltage 

window by using high voltage cathodes. However, increasing the voltage of the cathode 

material requires electrolytes that are stable at such high voltages. Unlike most carbonate 

solvents, dinitriles (such as ADN) have high voltage stability windows. 

 In this chapter, we report on the synthesis and characterization of (ADN)3NaPF6, 

another cocrystal in the family of cocrystals of lithium or sodium salts and organic solvents. 

The solvent adiponitrile has been shown to have many desirable properties. In addition to 

high voltage stability, adiponitrile has other superior properties such as a wide liquid range, 

high flash, and boiling point that are very important to improve the safety of lithium 

batteries.122116 Dinitriles also have dielectric constant values intermediate between cyclic 

carbonates and linear carbonates that are enough to sustain high ionic conductivities.122 

 Unlike the lithium salt with ADN that has only four ADN coordinated with the Li+ 

ion, in (ADN)2LiPF6, the sodium ion is coordinated with six ADN molecules (Figure 9.1A). 

The crystal structure of (ADN)3NaPF6, has three linear parallel channels of Na+ and PF6
- 

ion. As in the case of (ADN)2LiPF6, (ADN)3NaPF6 can be melted and recrystallized (Figure 

9.2C) but has a lower melt temperature of Tm = 97 0C (Tm = 182 0C for (ADN)2LiPF6 ). 

The co-crystal (ADN)3NaPF6 has been shown to have electrochemical stability to the 

highly reactive sodium metal. The complex has a high ionic conductivity for an organic 
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solid electrolyte (~10-4 S·cm-1) over a broad temperature range, and a large electrochemical 

stability window of 4 V.  

9.2  Synthesis 

(ADN)3NaPF6 co-crystalline electrolyte was obtained by dissolving NaPF6 (1.5 g, 

8.0 mmol) salt (Sigma-Aldrich) in excess amounts of ADN (7 ml, 62.5 mmol ) solvent 

(Sigma-Aldrich) and heating the mixture to 120 ºC under an argon atmosphere since NaPF6 

salt was almost insoluble in ADN at RT. Upon cooling, the salt and the solvent started to 

co-crystallize at a higher temperature (but below 120 ºC) and crystallization was completed 

at low temperature. A single crystal was used to determine the structure, and the remaining 

(ADN)3NaPF6 crystalline material was rinsed five times with excess Et2O (distilled over 

sodium metal using a Schlenk line) and dried under vacuum for ~ 20 minutes to remove 

any residual amount of ADN and Et2O. This material was used for thermal and impedance 

measurements. For the rest of the electrochemical studies (plating, CV, LSV, and cycling 

measurements) the co-crystal was incorporated into glass fiber filters (Whatman glass 

microfiber filters, grade GF/A from Sigma-Aldrich) by synthesizing the material in the 

glass fiber, then rinsing and drying as describe it above. The co-crystal in the glass fiber 

filter was also used as the separator between the electrodes to control the size and the 

amount of the electrolyte in all the electrochemical experiments. 

9.3  Results and Discussion 

Single crystal and crystals used for pressed pellets were identified by X-ray 

diffraction as (ADN)3NaPF6 in the Trigonal space group R-3 (Figure 9.1A). The single-
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crystal structure shows that the stoichiometry is 3 moles of ADN to 1 mole of NaPF6. 

(ADN)3NaPF6 presents 3D linear parallel ionic channels of Na+ and PF6
- ion with the 

distances between two successive Na+ (and PF6
-) are 8.393, 8.393, and 11.527 Å, where 

the shortest distance between two successive Na+ in the b-crystallographic direction 8.39 

Å. Each Na+ ion is coordinated to 6 cyano- groups, and the PF6
- anions are not coordinated 

to the Na+ ions (Figure 9.1A). The presence of 3D channels and the large distance between 

two Na+ ions in the complex may facilitate the migration of Na+ in the matrix.  

 

Figure 9.1: (A) Crystal structure of (ADN)3NaPF6, 6 ADN molecules surround a 

trigonal coordinated sodium atom, and the PF6
_ ions are free in the matrix surrounded by 

the aliphatic central carbons of six symmetry equivalent adiponitrile molecules (3 shown 

here). H atoms are omitted for clarity; (B) The X-ray powder diffraction of rinsed and 

calculated (ADN)3NaPF6. 

Figure 9.2 shows the TGA (Figure 9.1A) and DTA (Figure 9.1B) of the co-crystalline 

(ADN)3NaPF6 in a N2 atmosphere from ambient temperature to 800 ºC. There is a two steps 

degradation process for the (ADN)3NaPF6. ADN is removed at a temperature slightly 
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higher than neat ADN, over a broader temperature range (Figure 9.2A). The TGA curve 

shows one significant weight loss (75%) observed around 215 ºC, which can be attributed 

to the evaporation of the ADN solvent, which is slightly higher than neat ADN. However, 

the NaPF6 degrades at a lower temperature in (ADN)3NaPF6 than the neat NaPF6. If we 

assume that the first weight loss step is due to ADN, the amount removed (~ 75%) is more 

than the theoretical amount expected for the (ADN)3NaPF6 (65.85% ADN and 34.11 % 

NaPF6). The remaining weight loss regions between 215 and 800 ºC (25%) (almost 20%) 

are due to the decomposition of the NaPF6 salt, which is shown by the DTA (Figure 9.2B) 

curve with a broad exothermic peak observed at 450 ºC. DSC(Figure 9.2C) data shows that 

the cocrystal melts around 98 °C. The ability to melt is an excellent property to have a 

conformal coating and good adhesion with the electrodes. Residual ADN can be observed 

by its melt temperature just below 0 0C. 
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Figure 9.2: (A) TGA of ADN3NaPF6 showing that the complex starts to degrade 

around 170 ⁰C in a N2 atmosphere; (B) DTGA  of the crystal ADN3NaPF6 showing a high 

exothermic peak at 200 0C; (C) DSCof the crystal showing a high melt temperature at 98 

⁰C; (D) Conductivity data of a pressed pellet of ADN3NaPF6 using a SS/ADN3NaPF6 /SS 

cell 

 Certain characteristics of co-crystal (ADN)3NaPF6 such as its melt castability, the 

coordination number of the sodium ion in the matrix, and the value of the dielectric constant 

(30) of dinitrile organic solvents at RT (intermediate between cyclic carbonates and linear 
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carbonates), are enough to sustain high ionic conductivities. Conductivity data were 

obtained on pressed pellets below the melt temperature of the (ADN)3NaPF6 (Figure 9.2D) 

and showed a RT conductivity of σ = 2 x 10-4 S/cm, with an activation energy of 38.2 

kJ/mol. The value of the conductivity at RT is remarkably high for an organic solid sodium 

salt-based ion conductor in comparison to literature values, which are typically below 10-6 

Scm-1 at room temperature. 38.  

 

Figure 9.3: A) CV of ADN3NaPF6 synthesized in GF scanned from -1.6 to 5.0 V with 

a scan rate of 0.99 mV/s at RT; B) LSV of (ADN)2LiPF6 synthesized in GF scanned from 

OCV (2.6V) to 4.5 V with a scan rate of 0.99 mV/s at RT; C) Cyclic Na plating in a 

Na0/ADN3NaPF6/Na0 cell at a scan rate of 0.01 mA/cm2 at RT, with sodium metal soaked 
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in ADN/EC(1:1)/1M NaPF6 at RT; D) Cyclic Na plating in a Na0/ADN3NaPF6/Na0 cell at 

a scan rate of 0.01 mA/cm2 at RT, with fresh sodium metal used. 

Interfacial resistance against Na0 metal stabilized after ~ 36 hr at ~ 11 kW (Figure 

9.S1). The cyclic voltammetry (CV) (Figure 9.3A) and linear sweep voltammetry (LSV) 

data (Figure 9.3B)) were obtained using scan rates of 0.99 mV/s, and with the 

(ADN)3NaPF6 synthesized in glass fiber filters. The CV was scanned from -1.5 to 5 V. The 

CV data demonstrated reversible Na0 plating and stripping. During the first reduction cycle, 

there is a broad degradation peak between 1 and 2 V, followed by a large Na0 plating peak. 

The Na0 metal is plated onto the stainless steel (SS) electrode that also contains the SEI 

layer formed by the degradation. During the oxidation scan, there is a much smaller 

stripping peak near 0 V, since the Na0 metal is mixed in or underneath the SEI layer. During 

subsequent CV scans, the Na0 always plates out, but is smaller than for the first cycle, and 

is followed by a smaller Na0 stripping during the oxidation scan. The CV scans indicate 

that the (ADN)3NaPF6 was stable until ~ 4V, and this was confirmed by the linear sweep 

voltammetry. The LSV was scanned from open circuit voltage (2.6 V) to 4.5 V. The current 

was very low and increased gradually from 1 to 5 µA until ~ 4 V and then increased more 

steeply. This data suggests that the stability window was form ~ 2 to 4 V. A 

Na0/(ADN)3NaPF6/Na0 cell could be cycled at room temperature for 30 days using a 

current of I = 0.01mA/cm2 (Figure 9.3D), which shows the stability of the compound to the 

highly reactive sodium metal. The constant overpotential, indicating a stable interface, can 

be attributed to the high concentration of NaPF6 (3.03 M) in the co-crystalline material, in 

which all the organic solvent molecules are complexed with sodium ions. Therefore, they 
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do not participate in possible redox reactions between the Na0 and the complex. 

Interestingly, when the Na0 metal was soaked in 1M NaPF6 in ADN/EC (1:1), the cycling 

behavior was worse (Figure 9.3C). This suggests that a liquid interface, with increased 

ability to react with the Na0 metal, is worse than the solid interface of the 

Na0/(ADN)3NaPF6. 

9.4 Conclusions 

 The insolubility of the most used salt (NaPF6) in organic ADN solvents is limited 

due to its moderate dielectric constant. However, studies show ADN can increase the ESW 

of most liquid electrolytes when used as an additive. We report the crystal complex of ADN 

and NaPF6 salt, which shows high ionic conductivity over a broad temperature range and 

is better than most studied solid-state sodium electrolytes to date because of the low 

dielectric constant of the organic molecule matrix (ADN). The ESW of the co-crystal 

(ADN)3NaPF6 is about 4 V, which can be classified among the highest voltage sodium 

electrolytes. The thermal stability of co-crystalline of (ADN)3NaPF6 obtained from the 

DSC and TGA show that the co-crystalline (ADN)3NaPF6 is thermally stable along with a 

wide temperature stability window that ranges from 10 ºC (freezing point of the crystal) to 

98 ºC (melting point of the crystal). The thermal stability, high conductivity, and stability 

of the complex toward sodium metal can permit the use of (ADN)3NaPF6 in SIB and SIMB. 



 

 

CHAPTER 10 

SUMMARY 

 The focus of this thesis is the synthesis of lithium and sodium co-crystalline material 

and their investigation and exploration of electrolyte materials for application in lithium 

(or sodium) metal battery, studying their thermal and electrochemical stability for the 

realization of a safe battery at cheap cost. 

 In this thesis, all the synthesized co-crystalline electrolyte shows promising 

characteristics materials for their application in the battery due to their high thermal 

stability, their high potential window, and their stability to the electrodes. Also, the 

compounds used to synthesis these materials are cheap, which may play an essential role 

in the cost of the battery devises. Also, attention was focused on better understanding the 

properties of the structure-function correlation to the mobility of lithium and sodium ion in 

their respective medium by computation, which provides a better sense of the sodium or 

lithium ionic conductivity, aiming at the role of the anion effect on the mobility of the 

cation mainly in the transport number. Also, the study shows that both the organic solvent 

and salts contributed to the physical and chemical properties of the materials. In the 

adiponitrile systems, the materials have high electrochemical stability window up to 5.5 V, 

which make them be utilized as high voltage electrolyte. Also, the presence of the liquid 

layer on the co-crystalline electrolyte, which enhances the excellent adhesion of 

electrolytes to the electrodes, is a valuable property that facilitates the mobility of the cation 

at the electrodes electrolytes interfaces. For example, some of the lithium co-crystalline 
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electrolyte have good charge and discharge capacity, and a high coulombic efficient in 

large cycle number.  

 To understand the effect of the anions on the mobility of the cations, explorative 

research of three homologous materials has been synthesized. The three new co-crystalline 

electrolytes have significant resemblances. The effect of the salt mass in the ionic 

conductivity and the lithium mobility in the matrix have been revealed. This work shows a 

promising step forward to design new electrolytes material characterized by high ionic 

conductivity, enabled the use of bulky anion to promote high mobility of the cation in the 

matrix of the co-crystalline electrolyte.  

 For low battery, efforts were devoted to synthesized sodium electrolytes for SMB. 

Among the three sodium electrolytes materials in this thesis, one (AND)3NaPF6 shows 

promising properties for its application to SMB because of its high melt temperature and 

its stability to the high reactivity sodium metal. The plating and stripping data show that 

the material is stable to sodium metal in a large cycle number. However, there is a need to 

test its cyclability and performance because we were not able to find an active electrode 

material for sodium battery testing.  

The different electrolyte materials in this thesis demonstrate that the co-crystalline 

electrolyte has the potential to fulfill the requirements needed to utilize in LMB or SMB 

applications. They can represent the next generation of solid-state electrolytes for SMB 

and LMB. Metallic lithium or sodium represents the future anode material, with a 

combination of a high cathode capacity, the energy density of the battery can be increased 
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a lot. But, both metallic lithium and sodium are very reactive; therefore, there is a need to 

develop new electrolytes such as most of the co-crystalline electrolyte presented in this 

work because of the high potential window and their stability to metallic sodium or lithium. 
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Appendix 1: contains the supporting information for chapter 4 

 

 

Figure 4.S1: Nyquist plots of NaClO4  (DMF)3 pressed pellet at 6 temperatures, 50, 30, 0, 

-30, -50 and -75oC. Data were fit by the equivalent circuit shown; CPE= constant phase 

element, R = bulk resistance and CPE= constant phase element or W = Warburg diffusion 

resistance.  
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Figure 4.S2: Nyquist plots of NaClO4  (DMF)3 melt casted at 6 temperatures, 50, 30, 0, -

30, -50 and - 75oC. Data were fit by the equivalent circuit shown in Figure 2.8.  
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Figure 4.S3: (top) CPE R CPE circuit, which is used for fitting the Nyquist plots of 20 ˚C 

in both melt cast and pressed pellet, (bottom) CPE R Warburg circuit, which is used for 

fitting the Nyquist plots of - 60 ˚C in both melt cast and pressed pellets. CPE= constant 

phase element, R = bulk resistance, W = Warburg diffusion resistance. 
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Figure 4.S4: M’’ vs log f and Z’ vs log f plots of DMF3•NaClO4 at 6 temperatures, 50, 30, 

0, -30, -50, and -75 0C for (Left) melt cast DMF3•NaClO4; and (Right) pressed pellets of 

DMF3•NaClO4. High values of Z” at low frequency are due to electrode polarization. 
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Figure 4.S5: The powder XRD of DMF/NaClO4 at different temperature (-40, 0, and RT) 

and times. The 3:1 stoichiometry crystal is melted and the XRD data are collected at 
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different and temperature, which reveal that the 2:1 stoichiometry is favourable at room 

temperature while the 3:1 stoichiometry is favourable at low temperature.  

Figure 4.S6: The ionic conductivity of (ADN)2NaClO4 from -20 to 50 ºC. The activation 

energy is 46.91 KJ.mol-1, which is higher than the activation energy (25KJ.mol-1) of 

crystalline (ADN)3NaClO4.  
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Figure 4.S7:  (a) Mass density and (b) non-bonded interaction energy Enb of 

(DMF)3NaClO4 in model P during simulated heating from 100 K to 500 K with a heating 

rate of 20 K/ns. The highlighted region shows a rapid drop of density in a and extreme 

change in ion-solvent vs. interionic interactions in b during the process of melting of 

cocrystals. 
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Figure 4.S8: Wetting of when crystalline (DMF)3NaClO4 when pressure is applied, and 

then embedded after the pressure is released. The material is sandwiched between two glass 

slides. 

Appendix 2. 

contains the supporting information for chapter 5 

 

 

Figure 5.S1: Nyquist plots of IQ3  (LiCl)2 at 55, 40, 20, 0, and −30 °C  
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Figure 5.S2: Electrical modulus formalism representation of IQ3  (LiCl)2  
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Appendix 3. 

contains the supporting information for chapter 6 

 

Figure 6.S1: Theoretical and experimental powder patterns of (ADN)3NaClO4, and 

experimental powder patterns of frozen ADN, and NaClO4.  
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Figure 6.S2: Nyquist plot and the fitted data using the circuit model (inset) to extrapolate 

the impedance at -20 0C. The given circuit is used to calculate conductivity (resistance) at 

all the other temperatures.  
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Figure 6.S3: (a) Na−N, Na−Cl, and Na−Na RDFs at room temperature; (b), (c), and (d) are 

RDFs of Na−N, Na−Cl, and Na−Na at different temperatures ranging from 273 to 423 K.  

 

Figure 6.S4: Na+ trajectory map in model D at 323 K, illustrating individual Na+ hopping 

events via an interstitial, perchlorate-bound site. (A) Definitions of occupancy site, vacancy 

site and interstitial site in reference to Na+ and ClO4 − ion defected supercell; trajectory 

map for Na+ ions during production simulations at 423 K, (B) in yz-plane and (C) in xy-

plane; (D) local geometry of one of the interstitial sites, which shows Na+ coordination 

with two perchlorate anions and three ADN molecules.  
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Figure 6.S5: MSD vs time plot for dislocated ions in model D.  

 

Figure 6.S6: MSD vs time plot for Na+ ions present at the surface in model V.  

 

 

Figure 6.S7: Snapshots of the equilibrated model P at 100K (top) and 600 K (bottom). 

Blue/cyan stick = ADN, yellow = Na+, green = Cl, red = O.  
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Figure 6.S8: Nonbonded interaction energies of Na+ ions with ClO4
− and ADN residues 

during simulated heating of model V. Inset shows Na+−ADN interactions in zoom 
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Appendix 4. 

contains the supporting information for chapter 7 

 

Figure 7.S1: Snapshots of output configurations of (ADN)2LiPF6 cocrystals (xy-plane) 

simulated as model P, equilibrated for 20 ns at different temperatures. Li---N  (ADN) 

coordinated networks are shown as yellow tetrahedrons and PF6
- anions are shown as red 

octahedrons. ADN solvent is shown as a line representation. 

 

Table 7.S1: Experimental and theoretical (calculated from DFT) peaks for Raman spectra 

of ADN in (ADN)2LiPF6 salt and pure ADN. The theoretical peaks were obtained from 

frequency calculation on optimized geometry of [(ADN)4Li+] 
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Peaks Experimental Theoretical Assignment 

ADN in 

LiPF6  

(ADN)2 

2273.6 (highest 

intensity) 

2291.8 (highest intensity) 

All CN in phase 

Lithium bonded CN, all 

four simultaneous 

symmetric stretch 

  2290  

  (one CN out of phase),  

2290.3 (two peaks) 

  (two CN out of phase) 

2290.8  

  (three CN out of phase) 

Lithium bonded CN, 

three/two symmetric 

stretch 

 2242.7 2276.7 One Free terminal CN 

  2276.6 (two peaks), 

2276.8 

One Free terminal CN 

ADN 2241.7 2271.8 CN stretch in pure 

ADN: both ends free 
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Figure 7.S2: SEM  SE images of pressed pellets (a, b, c, d, and e) of (ADN)6LiPF6 at 

different magnifications taken at RT; and (f) pressed pellet of (ADN)6LiPF6 that has been 

quenched in liquid N2 so that some grain boundaries broken. 
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Figure 7.S3: SEM  SE images of powders (a, b, c, d) and pressed pellets (e, f, g, h, i) of 

(ADN)6LiPF6 at different magnifications for samples quenched in liquid N2. Fusion 

between the grains can be observed by comparison between powders and powders pressed 

to make pellets. Even in powder, there can be connection between the grains (d). In the 

pressed pellet the large grains contain smaller crystallites and there are needle-like 

structures between the grains.  
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Figure 7.S4: SEM  SE images of (ADN)2LiPF6 prepared in glass fibers (GF): (a) - (c) by 

synthesis. 
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Figure 7.S5: Post-mortem (30 days to failure) SEM  images after Li plating/stripping of 

Li0/  (ADN)2LiPF6/Li0 showing places where the (ADN)2LiPF6 cocrystal still adhered to 

the Li0, and the SEI layer at three magnifications. 

 



 

 
 

169 

 

Figure 7.S6: (a) Non-bonded interaction energy vs. temperature during the simulated 

heating of (ADN)2LiPF6 cocrystals in model V; Snapshots of (ADN)2LiPF6 cocrystals after 

an equilibration of 10 ns (every temperature) using model V at (b) 300 K, (c) 400 K and 

(d) 500 K. Li---N  (ADN) coordinated networks are shown as yellow tetrahedrons and 

PF6
- anions are shown as red octahedrons. ADN solvent is shown as line representations. 
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Figure 7.S7: Simulation of model V8g containing eight grains of (ADN)2LiPF6 (total 

160000 atoms): (a) Initial condition of model V8g, only the four grains in the front are 

visible, the other four grains are behind, (b) model V8g, after a simulation time of 10 ns, 

under NVT ensemble, (c) a zoomed in view to the multiple grain boundaries, (d) a further 

zoom in to a grain boundary, where ion channels in bulk are unperturbed, while surface 

and interfacial region shows disordered ions.  
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Figure 7.S8: Supercells of (ADN)2LiPF6 co-crystalline electrolyte showing possible Li+ 

ion channels : (a) Li+ ions at successive distances of 6.6 Å, parallel to b crystallographic 

direction in a 1x2x1 supercell; (b) Li+ ions at successive distances of 8.5 Å, at the 

intersection of (040) and (101) planes in a 2x1x2 supercell; and (c) Li+ ions at successive 

distances of 11.2 Å, parallel to a crystallographic direction in a 3x1x1 supercell. 
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Figure 7.S9: Transformed van Hove autocorrelation functions (self-part, Equation Error! 

Reference source not found.) for Li+ ions in (ADN)2LiPF6 cocrystals using model P for 

different time windows at (a) 298 K, (b) 350 K, (c) 450 K and (d) 475 K. For the time 

intervals of 10 ps and 100 ps, 1 ns long trajectory (0.1 ps step-size) was used, while for 500 

ps, 1 ns and 10 ns time intervals, 20 ns long trajectory (5 ps step-size) was used. 
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Figure 7.S10: Trajectory map and van-Hove ACF of Li+ ions in model D: At 400 K, (a) 0-

5 ns, (b) 5-10 ns, (c) 25-30 ns, (d) 30-40 ns; and at 450 K (e) 0-5 ns, (f) 5-10 ns, (g) 10-15 

ns; Self-vH ACF plot for Li+ ions at different time intervals in model D at (h) 400 K, from 

a simulation of 50 ns, (i) 450 K for simulation time of 0 – 10 ns and (j) 450 K for simulation 

time of 0 – 20 ns and divided into two windows: 0 – 10 ns and 10 – 20 ns. 
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Figure 7.S11: MSD vs. time plot for Li+ and PF6
- ions in model D at (a) 400 K, where a 

logarithmic scale is used due to non-linear diffusion and (b) at 450 K, where linear scale is 

used due to linear diffusion. 

 

Figure 7.S12: Lithium metal in ADN at t = 0 and t = 7 days. The Lithium tarnishes but the 

solution remains clear and colorless.  
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Figure 7.S13: Post-mortem SEM  image of edge of Li0 metal after Li plating/stripping of 

Li0/  (ADN)2LiPF6/Li0 cell after failure (30 days) showing thin SEI layer. 
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Figure 7.S14: (a) and (b) are EDX spectra taken at positions 2 and 4, respectively, in Figure 

S23Error! Reference source not found., which show places where the (ADN)2LiPF6 

cocrystal still adhered to the Li0, as indicated by strong C, F, N and P signals; (c) – (g) are 

EDX spectra taken at positions 5, 6, 7, 8 and 9 in Figure S23, which show SEI layer 

dominated by strong O and C signals. At % for EDX spectra are shown inset table.  

 

 

Spectrum # O C N F P
2 3.0 53.5 13.7 26.2 3.7
4 17.3 45.8 13.7 21.2 1.6
5 52.9 31.0 8.0 7.2 0.2
6 50.1 38.6 - 10.4 -
7 45.2 37.9 7.6 8.2 0.3
8 48.5 39.1 5.3 6.5 0.1
9 56.3 31.2 4.7 7.0 0.1
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Figure 7.S15: (a) RDF and (b) coordination number of Li+---N  (ADN), (c) RDF and (d) 

coordination number of Li+---P  (PF6
-), calculated from simulations on model P. Solid lines 
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represent RDF while dotted lines represent the corresponding coordination number as a 

function of distance.  
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Table 7.S3: Crystal data and structure refinement for (ADN)2LiPF6 

Identification code   (ADN)2LiPF6  
Empirical formula  C12H16F6LiN4P  
Formula weight  368.20  
Temperature/K  99.65  
Crystal system  orthorhombic  
Space group  Pnna  
a/Å  10.8063  (13)  
b/Å  12.6411  (13)  
c/Å  12.3484  (15)  
α/°  90  
β/°  90  
γ/°  90  
Volume/Å3  1686.8  (3)  
Z  4  
ρcalc g/cm3  1.450  
μ/mm-1  0.225  
F  (000)  752.0  
Crystal size/mm3  254.0 × 170.0 × 109.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  4.612 to 56.134  
Index ranges  -14 ≤ h ≤ 14, -16 ≤ k ≤ 13, -16 ≤ l ≤ 

16  
Reflections collected  20801  
Independent reflections  2049 [Rint = 0.0522, Rsigma = 0.0266]  
Data/restraints/parameters  2049/0/121  
Goodness-of-fit on F2  1.040  
Final R indexes [I>=2σ (I)]  R1 = 0.0354, wR2 = 0.0819  
Final R indexes [all data]  R1 = 0.0536, wR2 = 0.0911  
Largest diff. peak/hole / e Å-3  0.39/-0.37  
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Table 7.S4: Bond Lengths for (ADN)2LiPF6 

Atom Atom Length/Å Atom Atom Length/Å 
N1 C3 1.1446  (19) C5 C6A 1.609  (6) 

N1 Li1 2.006  (2) C6 C62 1.523  (4) 
N2 C4 1.140  (2) C6A C6A2 1.489  (13) 
N2 Li1 2.011  (2) P1 F13 1.5977  (10) 
C1 C11 1.524  (3) P1 F1 1.5977  (10) 
C1 C2 1.537  (2) P1 F23 1.5914  (11) 
C2 C3 1.462  (2) P1 F2 1.5915  (11) 
C4 C5 1.466  (2) P1 F3 1.5821  (15) 
C5 C6 1.561  (3) P1 F4 1.5803  (15) 
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Table 7.S5: Bond Angles for (ADN)2LiPF6 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

C3 N1 Li1 167.77  (15) F1 P1 F12 179.68  (8) 

C4 N2 Li1 168.18  (16) F2 P1 F12 90.17  (6) 

C11 C1 C2 112.77  (15) F22 P1 F1 90.17  (6) 

C3 C2 C1 111.10  (13) F2 P1 F1 89.83  (6) 

N1 C3 C2 177.60  (17) F22 P1 F12 89.83  (6) 

N2 C4 C5 178.17  (17) F22 P1 F2 178.79  

(11) C4 C5 C6 111.01  (14) F3 P1 F12 90.16  (4) 

C4 C5 C6A 108.5  (2) F3 P1 F1 90.16  (4) 

N12 Li1 N1 108.99  (18) F3 P1 F2 89.39  (5) 

N1 Li1 N22 107.83  (6) F3 P1 F22 89.39  (5) 

N1 Li1 N2 109.69  (6) F4 P1 F1 89.84  (4) 

N12 Li1 N2 107.83  (6) F4 P1 F12 89.84  (4) 

N12 Li1 N22 109.70  (5) F4 P1 F2 90.61  (5) 

N2 Li1 N22 112.75  (18) F4 P1 F22 90.61  (5) 

C63 C6 C5 110.5  (2) F4 P1 F3 180.0 

C6A3 C6A C5 107.1  (6) 

 

    

. 
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Appendix 5. 

contains the supporting information for chapter 8 

Table S8-1: For the observation of dissolution temperatures, all samples were prepared by 

adding prescribed quantities of adiponitrile and LiPF6 to a 4 mL black-capped vial in an 

Air-filled glovebox (MBraun), along with a rice-grain stir bar. For heating, a 25 mL beaker 

was filled with silicone oil (Fisher Chemical), so that half of the vial was immersed in the 

bath; the entire apparatus was placed on a stir plate. A stir bar was included in the oil bath 

for uniform heating. A k-type thermocouple was placed at the base of the vial (on the 

outside, not the inside of the vial) for temperature monitoring. 

NB: †Sample turns yellow at this temperature, does not completely dissolve, but remains 

gel-like even up to 225 °C. 

Sample molar ratio 

  (ADN : LiPF6) 

Observed dissolution temperature 

Attempt 1 Attempt 2 

1 : 1 203 °C† 203 °C† 

2 : 1 190 – 193 °C 191.3 °C 

3 : 1 174 – 175 °C 175.8 °C 

4 : 1 166 – 167 °C 168.3 °C 

5 : 1 155 – 156 °C 157.8 °C 

6 : 1 151 – 153 °C 152.3 °C 
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Table S8-2: Physical parameters and TGA data for LiMF6 and (ADN)2 LiMF6, M= P, As, 

and Sb 

 

1 

 

 Metal 

MW 

amu 

Electron 

Configuration 

shell 

M Tm,  

TB orTS 

0C 

Anion 

MW 

amu 

Salt 

MW 

amu 

Co-

crystal 

MW 

 

% 

ADN 

Calc. 

%M 

Xtal 

TGA 

800 

0C 

LiPF6 30.97 [Ne] 

3s23p3 

44.2 

280 

144.96 151.90 368.18  8.4  

LiAsF6 74.92 [Ar]3d104s24p3 816 

Tsub= 613 

188.91 195.85   18.2  

LiSbF6 121.76 [Kr]4d10 

5s25p3 

630 

1635 

235.75 242.69   26.5  

  (ADN)2      216.28    

ADN)2 

LiPF6 

   

 

  368.18 58.66 8.4  

ADN)2 

LiAsF6 

     412.13 51.51 18.2  

ADN)2 

LiSbF6 

     458.97 47.12 26.5  
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Figure 8.S1. (a) Li7 and (b) F19 PFG NMR plots of LiPF6 
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Figure 8.S2. Li7 PFG NMR plots of: (left) LiAsF6; (right) LiSbF6 
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Figure 8.S3: Cyclic voltammetry (CV) plots for (ADN)2LiPF6, (ADN)2LiAsF6, 

(ADN)2LiSbF6 co-crystals as a function of cycle number 

 

 

 

 

Figure 8.S3: The DSCof (ADN)2LiPF6 and (ADN)2LiAsF6  
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Appendix 6. 

contains the supporting information for chapter 9 

 

Figure 9.S1: (Left) Nyquist plot of (ADN)3NaPF6. (Right) Interfacial resistance as a 

function of time in Li0/  (ADN)2LiPF6/Li0 cells using (ADN)3NaPF6 in glass fiber 

separator at room temperature. 
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