
 

Abstract 
YERIAN, JEFFREY ALAN.  Nanocomposite polymer electrolytes: Modulation of 

mechanical properties using surface-functionalized fumed silica.  (Under the direction of 

Professors Peter S. Fedkiw and Saad A. Khan) 

Rechargeable lithium metal batteries are potential next-generation power sources for 

portable electronic devices and electric vehicles due to their high-energy density, low self-

discharge rate, and environmentally benign construction materials.  However, the high 

reactivity of lithium metal with the electrolyte impedes their commercialization.  The 

addition of surface-functionalized colloidal fillers (fumed silica) to form composite polymer 

electrolytes (CPEs) produces a network structure that reduces reactivity with lithium metal 

and mitigates dendrite formation during cycling.  Further improvements in performance can 

be achieved with enhancement of mechanical properties without reducing electrochemical 

properties.  Novel surface-functionalized fumed silica, such as crosslinkable fumed silica and 

mixtures of fumed silica, are studied in various solvents (low-molecular weight polyethylene 

glycol dimethyl ether (PEGdm), high-molecular weight polyethylene oxide (PEO), and 

mineral oil) to understand how the fumed silica network affects rheological and 

electrochemical properties of these composites. 

Crosslinkable-based fumed silica can be subsequently reacted in CPEs to form 

covalent bonds between fumed silica particles rather than physical interactions.  A 

chemically similar monomer dissolved in the electrolyte, e.g., methacrylate monomer, is 

needed to tether the crosslinkable silica particles.  The CPEs consist of crosslinkable fumed 

silica + PEGdm (Mn = 250 and 500) + lithium bis(trifluromethylsulfonyl)imide 

[LiN(CF3SO2)2] (LiTFSI) (Li:O = 1:20) + methacrylate monomer of varying alkyl length (0 - 



 

40 wt%).  The conductivity of CPEs is independent of silica surface group before and after 

crosslinking and decreases by only a factor of two after crosslinking.  While the interfacial 

stability of crosslinked CPEs with lithium is comparable to uncrosslinked CPEs, charge-

discharge cycles of Li/CPE/Li cells indicate they are less stable towards lithium metal than 

uncrosslinked composites.  Increasing monomer concentration reduces conductivity, but 

increases elastic modulus.  Shorter alkyl methacrylate monomers, e.g., methyl and ethyl, 

have lower conductivity and elastic modulus than longer alkyl methacrylate monomers, e.g., 

butyl, hexyl, and dodecyl.  The CPEs exhibit room-temperature conductivity near 10-3 S 

cm-1, elastic modulus greater than 105 Pa, and yield stress approaching 104 Pa.  These 

properties are comparable, if not better, than typical crosslinked polymer electrolytes and 

plasticized or gel electrolyte systems at end-use temperature. 

Addition of fumed silica to high-molecular weight PEO increases the elastic modulus, 

decreases the frequency dependence of the elastic modulus, and increases the percent 

recoverable strain relative to unfilled PEO.  The extent of elasticity enhancement depends on 

the fumed silica surface chemistry and concentration.  The largest increase in elasticity is 

observed for hydrophilic fumed silica primarily due to interactions between hydroxyl groups 

on the silica and ether oxygen on the PEO backbone.  These interactions facilitate bridging of 

fumed silica particles through entanglements of adsorbed PEO, which increases the elastic 

modulus. 

Blends of different fumed silica types are studied in mineral oil and PEGdm (250) to 

determine how the presence of the second silica type affects the strength and mechanism of 

gel formation.  In mineral oil, hydrophilic and hydrophobic silica blends exhibit elastic 



 

moduli between the elastic moduli of single-component hydrophilic and hydrophobic silicas. 

In contrast, mixtures of hydrophilic and hydrophobic silica in PEGdm (250) exhibit elastic 

moduli that are lower than the elastic moduli for either single-component silica system.  The 

difference in behavior for the blends stems from the interactions that facilitate gel formation.  

In mineral oil, both hydrophilic and hydrophobic fumed silica interact via hydrogen bonding 

so that the elastic modulus of mixed silica systems is comparable to the weighted-average of 

the single-component systems. In PEGdm (250), interactions of hydrophobic and hydrophilic 

silica interfere, which reduces the network strength compared to the single-component 

systems.
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Chapter 1 : Introduction 
1.1 Motivation 

Many of the electrical devices that consumers demand are limited by their power 

source.  From electric vehicles to cellular phones, advances in battery technology have not 

kept pace with the power requirements of electrical devices.  Lithium metal batteries have 

been targeted as the next generation power sources for these devices since lithium has the 

most electropositive potential (–3.04 V versus standard hydrogen electrode), lowest 

equivalent weight (M = 6.94 g mol–1), lowest specific gravity (ρ = 0.53 

g cm-3), and highest electron/mass ratio.  These properties facilitate the design of storage 

systems with higher energy density compared with other battery systems1-3. Although 

significant progress has been made in the development of these batteries, several important 

factors, especially the electrolyte, have limited their commercial use.  A large portion of 

electrolyte research focuses on improving the mechanical strength of the electrolyte without 

sacrificing important electrochemical properties, such as conductivity, lithium transference 

number, and interfacial stability. 

Electrolytes for lithium batteries must have acceptable ionic conductivity (> 10-3 

S cm-1 at 25° C) and should possess a high Li+ transference number, i.e., a high ratio of the 

charge transported by Li+ compared to the total charge transported4-6.  Electrolytes must be 

chemically and electrochemically stable3-8. In addition, the electrolytes should be 

mechanically strong, yet easily processable3-8.  Finally, electrolytes must be safe and 

inexpensive4.  Table 1.1 summarizes the properties and values of the electrolytes that are 

required for operation in rechargeable lithium batteries. 
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Several types of electrolytes have been developed to meet these required material 

properties.  Liquid electrolytes facilitate high-ionic mobility; however, due to safety concerns 

involving leakage and flammability, the use of liquid electrolytes in lithium battery systems 

has often been deterred.  While solid electrolytes prevent the formation of vapor-pressure and 

leakage problems, ionic transport within these materials is often too slow for typical battery 

applications.  Ideally, an electrolyte would have the electrical properties of a liquid and the 

mechanical properties of a solid1.  Such an electrolyte would serve both as electrolyte and 

separator and provide the battery with mechanical flexibility, a property unattainable in cells 

with conventional liquid electrolytes1.  In this regard, composite electrolytes that possess the 

advantageous properties of liquid and solid electrolytes have been targeted as viable 

electrolytes for lithium batteries.  Typically, these composite electrolyte systems are prepared 

by adding organic/inorganic nanoparticles (fillers, colloidal particles) to the base electrolyte. 

We are investigating composite electrolytes that consist of low-molecular and/or 

high-molecular weight polyethers + lithium salts + fumed silica9.  In these composite 

electrolytes, the polyethers and lithium salts are the base electrolyte and the fumed silica is 

the added nanoparticle.  The role of the fumed silica is to impart mechanical strength through 

the formation of a three-dimensional network of interacting fumed silica aggregates (Figure 

1.1).  Because of the ability of fumed silica to form network structures, it is widely used to 

modify the flow properties of materials, such as paints, inks, coatings, elastomers, and 

liquids10.  A unique feature of fumed silica is that its surface chemistry can be modified from 

its native hydroxyl (silanol) to other functionalities, such as methyl, octyl, and methylacrylate 

groups.  The fumed silica network can be made permanent by the use of fumed silica with 

crosslinkable surface groups (e.g., functionalized with methacrylate groups), which can be 
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subsequently reacted using thermal- or UV-activated initiators to form covalent rather than 

physical bonds between adjacent fumed silica.  If sufficient cross-linking occurs by the 

addition of a monomer, e.g., butyl methacrylate (BMA), to tether the fumed silica particles 

together, a robust solid-like material may be produced.  The open-network structure of fumed 

silica is conducive to high-ionic mobility. Unlike cross-linking processes in polymers11, there 

should be a minimal conductivity penalty in cross-linking this reinforcing network.  By 

modifying the surface chemistry of the fumed silica particles, we can tailor the various 

interactions between the fumed silica particles and the electrolyte that dictate the formation 

of the network structure. 

The addition of fumed silica to polyether-based electrolytes has improved the 

mechanical stability, processability, and interfacial stability with lithium metal with only 

small reductions in ionic conductivity12-16.  Although the use of fumed silica as fillers in 

electrolytes is promising, several important factors such as low-yield stress, non-unity 

transference number, and poor full-cell cycling performance need to be improved to meet the 

requirements of commercial electrolytes for lithium batteries. 

1.2 Research Objectives 
The primary objective of this research is to investigate how the interactions between 

the fumed silica particles and the electrolyte affect the electrochemical and rheological 

properties of fumed silica-based composite electrolytes designed for rechargeable lithium 

batteries.  In particular, composite electrolytes containing multifunctional fumed silica or 

low- and high-molecular weight poly(ethylene oxide) (PEO) are studied to address the low-

yield stress, non-unity transference number, and poor full-cell cycling performance of the 

fumed silica-based composite electrolytes.  The multifunctional fumed silica consists of 
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either (i) dual-functionalized fumed silica that has two surface groups per silica particle, and 

(ii) mixed fumed silica blends which consist of binary mixtures of fumed silica with different 

surface groups, i.e., hydrophobic and hydrophilic.  The dual-functionalized silica containing 

both hydrophobic (octyl) and crosslinkable (methacrylate) surface groups are subsequently 

reacted in the presence of a methacrylate-based monomer and initiator to form a covalent 

network of chemically bonded fumed silica particles.  As a result of the chemical, rather than 

physical, crosslinking of fumed silica particles, the electrolyte has significantly improved 

yield strength and elastic modulus.  The effects of filler surface chemistry, filler content, 

PEO molecular weight, monomer type and monomer concentration on ionic conductivity, 

lithium transference number, interfacial stability with lithium metal, and dynamic rheology 

are examined.  For high-molecular weight PEO, dynamic rheology and differential scanning 

calorimetry (DSC) are used to study the effects of filler surface group and concentration on 

the mechanical properties, crystallization temperature Tc, melting temperature Tm, and glass 

transition temperature Tg.  For the mixed fumed silica blends, dynamic rheology and static 

light scattering are used to investigate the network structure of solvents containing varying 

ratios of hydrophobic and hydrophilic fumed silica. 

1.3 Outline of Thesis 
A literature review introducing background of rechargeable lithium batteries and 

fumed silica is presented in Chapter 2, followed by an experimental section detailing the 

material preparations and characterizations in Chapter 3.  Experimental results and 

discussions are presented in the following four chapters: Chapter 4 illustrates the study of the 

effect of crosslinkable fumed silica type on the transport properties, interfacial stability, and 

rheology; Chapter 5 shows the role of the monomer type and concentration on the 
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electrochemical and rheological properties of crosslinkable fumed silica-based electrolytes; 

Chapter 6 presents rheological properties of fumed silica dispersed in high-molecular weight 

PEO; and Chapter 7 demonstrates the use of hydrophobic and hydrophilic fumed silica 

blends to modulate mechanical properties of gels.  In Chapter 8, conclusions from the 

experimental results and recommendations for future work are presented. In addition, a brief 

appendix is included covering work of experimental methods to determine the lithium 

transference number, and the design of an automated system to measure conductivity as a 

function of temperature. 
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Table 1.1.  Required properties of electrolytes for rechargeable lithium batteries6 

Property Value 

Ionic Conductivity, σ > 10-3 S cm-1 

Electronic Conductivity < 10-7 S cm-1 

Electric Breakdown > 5 V µm-1 

Lithium Ion Transference Number, TLi+ 0.3-0.8 

Electrochemical Stability 5 V vs. Li 

Tensile Strength 2 MPa 

Melting Point Temperature, Tm > 250°C 

Glass Transition Temperature, Tg < -70°C 
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~100 nm

~12 nm

Primary Particle Chains 3-D Structure

~100 nm

~12 nm

Primary Particle Chains 3-D Structure  
Figure 1.1.  Schematic representation of fumed silica as single entities existing as branched 
chains (left) and agglomerating in a solvent to form a three-dimensional network structure 
(right).
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Chapter 2 : Literature Review and Background 
2.1 Fumed Silica 

Fumed silica is a fluffy, white, amorphous powder of silicon dioxide (SiO2) prepared 

by hydrolysis of silicon tetrachloride (SiCl4) vapor in a flame of hydrogen and oxygen as 

shown in Figure 2.11-4.  Initial hydrolysis produces spherical (~ 7 to 14 nm diameter) 

protoparticles of silica1,5.  These protoparticles collide and coalesce at high temperatures to 

form primary particles1,5.  As the primary particles leave the flame and cool, they collide and 

stick resulting in partial fusion and stable branched chain-like aggregates1,5.  These 

aggregates, which may typically have dimensions of about 100 nm, can be considered the 

basic structure of the silica since the fusing is irreversible4.  As the aggregates are further 

cooled and solidify, they become physically entangled to form agglomerates that are held 

together by physio-chemical surface interactions1.  This process of agglomeration can be 

reversed by dispersion.  A complete mechanistic model of the fumed silica synthesis process 

can be found elsewhere5.  The formation of aggregates may be understood as a diffusion-

limited aggregation (DLA) while the agglomeration of aggregates after collision can be 

described as reaction-limited cluster aggregation (RLCA)1.  The final fumed silica product is 

non-porous and has high BET surface areas ranging3,4 from 100 to 400 m2g-1 and has a very 

low bulk density4 (0.02 to 0.05 g cm-3).  The density of the aggregates is approximately1 0.7 

g cm-3. 

In addition to particle size, fumed silica is characterized by its surface chemistry, 

which is dominated by the Si-O-Si units.  The flame process forms particles with smooth 

surfaces that allow for interactions, such as hydrogen bonding and van der Waals 

interactions6.  In particular, dangling Si–O bonds can become hydrogenated during 
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processing in humid environments to form silanol (Si-OH) groups that yield a hydrophilic 

surface chemistry1.  By changing the synthesis conditions, such as reactant concentration, 

burner diameter, and flame temperature, fumed silicas with different morphology and 

hydrophilicity can be produced2.  Since the silanol group is capable of hydrogen bonding 

with polar molecules, weakening of hydrogen bonding between silica particles results in the 

formation of a sol.  In contrast, when silica is dispersed in a non-polar liquid, short-range 

hydrogen bonding occurs between silanols on adjacent aggregates to forms a strong and rigid 

network6,7.  The inter-connection of aggregates results in the thickening of the system.  The 

silanol density on hydrophilic fumed silica is approximately8 2.5 Si–OH per nm2. 

In some cases, it is desirable to modify the silica surface chemistry to make it 

hydrophobic.  This can be done by chemically treating the silanol groups on the fumed silica 

surface using halosilanes, alkoxy-silanes, silazanes, or siloxanes9,10.  As a result of the 

surface treatment, hydrophobic groups replace some of the silanol groups. One such variety 

of hydrophobic fumed silica, Degussa R805, is obtained by treating the hydrophilic silica 

with octa-methyl silazane.  Octyl chains replace about half of the –OH groups. Other groups 

that can be attached to the surface include methyl groups (Degussa R974) and ethylene oxide 

groups (FS-EG3)11.  Weaker van der Waals interactions between the adjacent groups can 

play an important role in the linking of hydrophobic silica aggregates.  Hydrophobic silica 

forms structures due to the chemical incompatibility of the fumed silica with the dispersed 

medium which causes the surface groups to entangle6.  In addition, vinyl groups can be 

attached and subsequently cross-linked resulting in a network structure that is held together 

by covalent rather than physical bonds.  The surface chemistry of various fumed silica types 

is shown in Figure 2.2. 
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The addition of fumed silica to a solvent produces a non-Newtonian fluid 

accompanied by a yield point, reversible shear-thinning, and thixotropy (viscosity decreases 

with time of application of a constant shear force)1.  In general, the particle-particle and 

particle-solvent interactions are strongly influenced by the polarity and nature of the 

dispersing medium.  As a result of these interactions, fumed silica is used in a wide variety of 

systems to modify the flow properties of various materials, including adhesives, resins, 

paints, and inks6.  Smaller markets for fumed silica include free-flow additives in powder 

samples and anti-blocking (anti-foam) agents.  The ability to support and maintain free-flow 

of solid particles is due to the small particle size of the aggregates that cover the surface of 

the powders and prevent lumping and act as a “ball-bearing”12.  A hydrophobic fumed silica 

is often used in toner cartridges to enhance the flowability4.  Fumed silica can also be used to 

change the temperature of phase separation for polymer blends13. The majority of the fumed 

silica market involves the use of fumed silica as reinforcement for elastomers or as a 

rheological additive to thicken liquids. A summary of the most prominent applications of 

fumed silica is presented in the next two sections. 

2.1.1 Reinforcement of Polymers 
The mechanism of reinforcement in polymers is due to interactions between the 

polymer molecules and fumed silica that hinders the relative motion between polymer chains.  

Consequently, the structure and mobility of the chain adjacent to the filler differs 

considerably from the bulk14,15.  These interactions form a network structure with polymer 

molecules acting as links between the silica aggregates.  There are three types of polymer-

fumed silica interactions that form the network structure:  (i) a single polymer chain is 

attached to two or more adjacent aggregates by means of hydrogen bonding or van der Waals 
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bonds, (ii) entanglement between two polymer chains absorbed in adjacent aggregates, and 

(iii) entanglements between two polymer chains, one attached to an aggregate and the other 

attached in the bulk polymer matrix16-20. 

Dispersing fumed silica in elastomers and polymer melts, such as 

polydimethylsiloxane16 (PDMS), polyethylene oxide (PEO)14, and polyurethane21 (PU), can 

increase the modulus and improve the ultimate fracture properties9.  The addition of fumed 

silica to PDMS yields non-Newtonian rheological properties that are dependent on the shear-

rate and the shear-rate history and thus exhibit hystersis for apparent viscosity and primary 

normal stress22.  The magnitude of the reinforcement in PDMS is dependent on the filler 

surface chemistry, filler content, and PDMS molecular weight16.  High-molecular weight 

PDMS (MW = 325,000) with fumed silica exhibits strong viscoelastic properties with the 

elastic modulus and critical strain strongly dependent on frequency16. The effect of different 

surface groups on the elastic modulus and critical strain is less pronounced; however, silicas 

with fewer available –OH groups form network structures at higher volume fractions.  

Unmodified silica particles can interact via hydrogen bonding with the oxygen atoms on the 

siloxane backbone15.  Fewer –OH sites on the fumed silica reduce the polymer adsorption 

and number of entanglement interactions that form the network structure16,23.  This strong 

adsorption of PDMS on the –OH groups can result in aging effects, e.g., the elastic modulus 

changes as a function of time23.  Initially, the modulus of the filled PDMS is due to filler-

filler interactions; however, polymer continuously adsorbs onto the surface increasing the 

number of bridging chains between filler and particles, which exerts an attractive force 

between particles causing reaagglomeration23. The aging of PDMS is less pronounced for 

surface-treated silicas (such as hexamethyldisiloxane or hexamethyldisilazane) and at lower 
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molecular weight PDMS since the equilibrium of polymer adsorption is reached quickly and 

no reagglomeration occurs23.  In PU melts, fumed silicas containing hydrophilic surface 

groups have higher viscosity than PU with hydrophobic fumed silica due to the creation of 

hydrogen bonds between the polyurethane and the silanol groups on the hydrophilic fumed 

silica21.  The addition of fumed silica to PEO has a stronger effect on the low-frequency 

modulus rather than the high-frequency modulus suggesting that the fumed silica influences 

the relaxation dynamics more than the plateau modulus14.  The effect of silica surface 

treatment also has an effect on the rheological properties.  Unmodified silica (–OH, silanol, 

hydrophilic) silica demonstrates the largest reinforcement properties followed by 

isobutylene-modified (hydrophobic)14.  The PEO-modified silica displays the lowest 

reinforcement primarily due to the weak polymer-particle interactions14. 

2.1.2 Liquid Thickeners 
Fumed silica is used as an additive in liquid systems to increase viscosity and impart 

flow-control properties.  Unlike other thickening agents, fumed silica increases the viscosity 

through the linking of its own particles to one another12.  Larger structures, called flocs, are 

formed and can be connected into a three-dimensional network at high concentrations.  The 

viscosity increases due to the formation of these structures. Fumed silica can also be used to 

improve the processability of liquid systems.  Many liquid systems dispersed with fumed 

silica exhibit thixotropy.  For spray applications, liquid coatings should have a low viscosity 

and be “thin”, but after application should stay on the substrate to let harden.  When the 

shearing force is eliminated, the viscosity returns over a period of time to its original “at-rest” 

value.  This property is vitally important in coatings12.  During stirring, extrusion, spraying, 

or spreading (all shearing actions), the viscosity of a thixotropic coating drops rapidly.  This 
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reduced viscosity causes the composition to spread easily, thus promoting good coverage of 

surfaces.  The re-establishment of the static viscosity once the shearing force is halted 

prevents the occurrence of sagging and slumping. 

2.2 Battery Fundamentals 

2.2.1 Definitions and General Operation 
Batteries are devices that are capable of converting the chemical energy of two half-

cell reactions into electrical energy.  As a battery is discharged, the oxidation half-cell 

reaction at the anode produces electrons that flow to the cathode where another material is 

reduced in a half-cell reaction.  The conversion from chemical to electrical energy occurs 

when the cathode and anode are physically separated yet connected electronically through an 

external load.  The electric charge flowing externally must be compensated by ionic flow 

between the electrodes in order to maintain charge neutrality.  During discharge, anions flow 

toward the anode while cations flow towards the cathode.  The material that facilitates charge 

transport between the electrodes is referred to as an electrolyte.  If this electrolyte is 

mechanically stable, it can be used to prevent the anode and cathode from touching and 

shorting the electrical cell.  For liquid electrolytes or soft solid electrolytes, an additional 

separator, usually a microporous polymer is used to prevent the electrodes from physically 

touching.  The final components used in the construction of a battery are electronically 

conductive metals, such as copper and/or aluminum, which contact the cathode and anode 

materials and collect the resulting current.  A schematic of a typical battery during discharge 

is shown in Figure 2.3. 

Batteries can be categorized as primary or secondary batteries depending on the 

reversibility of the reactions that occur at the electrode surface.  Primary batteries are single-
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use batteries since the energy of the electrodes cannot be restored after the active 

electrochemical components have been consumed.  The loss of active components is 

primarily due to irreversible electrode reactions. On the other hand, secondary batteries use 

half-cell reactions that are reversible so that the chemical energy within the electrodes can be 

recharged by passing current through the electrodes in the opposite direction to that of the 

discharge current24.  A schematic of a battery during charge is illustrated in Figure 2.4. 

Batteries are benchmarked using various parameters that define the amount of energy 

available and how quickly the energy can be discharged.  Although the voltage of a battery is 

the most basic parameter used to define the total potential driving force, there are several 

ways used to describe this driving force. The theoretical voltage E° is related to the change in 

the standard free energy ∆G° of the overall electrochemical reaction24: 

 G nFE∆ = −  2.1 

where n is the number of electrons involved in reaction [unitless], and F is Faraday’s 

constant [C mol-1].  The open-circuit voltage (OCV) is the measured potential with no load 

applied, while the actual (operating) voltage is the potential measured under an applied 

current.  As the discharge current increases, the operating voltage decreases from the OCV 

due to ohmic and polarization losses24.  Ohmic polarization is due to internal resistances of 

the battery and is proportional to the current.  The polarization losses are generally caused by 

activation polarization and concentration polarization.  Activation polarization is the energy 

required to drive the electrochemical reaction at the electrode surface (activation energy 

barrier), while concentration polarization is due to concentration gradients of reactant and 

products at the electrode surface and the bulk electrolyte that result from mass-transfer 

limitations.  The effect of increased current on operating cell voltage is illustrated in Figure 
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2.5.  Finally, the nominal voltage is the typical operating voltage for a battery system that is 

used to market commercial batteries.  The cell capacity is another important parameter used 

to describe the performance of a battery.  The theoretical capacity is the total amount of 

electricity involved in the electrochemical reactions in a battery.  For every 1 gram-

equivalent weight of material reacted, 26.8 Ah (96,487 C) of electricity is released.  Dividing 

this value by the molecular weight of the active materials (anode and cathodes) provides a 

measure of the theoretical specific capacity (Ah kg-1).  The actual specific capacity is based 

on all battery components, which is always lower than the theoretical specific capacity.  

Multiplication of the specific capacity with E° gives another measure of capacity that is 

referred to as the specific energy (Wh kg-1).  The specific power (W kg-1) is related to the 

energy density at a given discharge rate and is a measure of how rapidly the cell can be 

discharged and how much power is generated.  A cell with high energy density may exhibit a 

significant voltage and capacity drop at higher discharge rates and therefore has a low power 

density.  A Ragone plot is often used to describe the relationship between specific power and 

specific energy.  A Ragone plot for common power sources is shown in Figure 2.6.  Finally, 

secondary batteries are characterized by the number of complete charge/discharge cycles that 

can be accomplished before significant reduction in capacity is observed. 

The amount of energy delivered by a battery depends on the discharge rate.  Faster 

discharge rates generally lower cell capacity.  Discharge and charge currents are generally 

indicated with C rates.  The discharge current I is related to the rated capacity and C rate by 

the following expression24: 

 I M C= ×  2.2 
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where M is the multiple or fraction of C [h-1] and C is the numerical value of rated capacity 

[Ah].  For example, the 0.1C discharge rate for a battery with a rated capacity of 5 Ah is 0.5 

A.  In general, a discharge rate of C/10 will expend the capacity of the battery in ten hours, 

i.e., the discharge rate (A) is numerically equal to 1/10 the cell capacity (Ah). 

The advantages of primary batteries are convenience, long-shelf life, and high-energy 

density at low to moderate discharge rates.  These properties make primary batteries suitable 

for various commercial and military applications.  A major disadvantage of primary batteries 

is that they are typically discarded after all the energy is consumed which can pose 

environmental and safety risks.  Although secondary batteries have lower capacity than 

primary batteries, they can be re-used after complete discharge.  The use of rechargeable 

batteries can help eliminate some of the costs and risks associated with the disposal of 

batteries.  Furthermore, since the technology used in the design of primary batteries dates 

back to the early 1800s, there is little area for significant scientific advances in the primary 

battery systems25.  For these reasons, the major focus of this dissertation will be aimed at the 

development of secondary batteries. 

2.2.2 Secondary Battery Technologies 
According to Brood’s definition26, a practical rechargeable battery is a system that is 

capable of delivering 300 cycles to 80% of its original capacity.  The secondary battery 

technologies aimed at fulfilling these requirements are lead acid, alkaline, nickel-based, and 

lithium-based batteries27.  A summary of the components in these secondary batteries is 

provided in Table 2.1.  In 1997, the worldwide secondary battery market was $24 billion with 

rechargeable lead acid batteries accounting for over one-half of the market26.  Over 200 

million lithium-ion batteries were produced worldwide in 1997, and currently these batteries 
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power 63% of all electrical devices28.  The annual sales of secondary batteries are expected to 

increase due to electric vehicle (EV) mandates and the explosive growth of portable 

electronic devices29-31.  Californian mandates requiring that 10% of all vehicles produced 

must be “zero emission” will put 800,000 electric vehicles on the roads by 201032-34.  

Requirements for EV applications include a discharge capacity of 2 kWh, specific energy of 

150 Wh kg-1, energy density of 300 Wh L-1, power density of 450 W L-1, charge/discharge 

efficiency of 85%, and cycle life of 1000 cycles24,31.  The practicality of EV applications is 

highly dependent on the development of improved power sources.  A comparison of the 

different battery technologies in terms of volumetric and gravimetric energy density is shown 

in Figure 2.728. 

Since lead-acid batteries are currently used in internal combustion vehicles for 

starting, lighting, and ignition (SLI), they dominate total production and annual sales.  The 

charge-discharge process is virtually reversible with no chemical reactions consuming the 

active materials.  The battery performs well over a wide temperature range, has a relatively 

low cost and long cycle life24.  The low self-discharge rate and low cost make them ideally 

suited for stand-by applications24,27.  However, the low-specific energy (35 Wh kg-1) of lead-

acid batteries limits their use in portable electronic applications.  Although lead-acid is not 

suited for electric vehicle applications, many of the first produced electric vehicles will use 

its technology27. 

The best-established rechargeable system for portable devices is the nickel-cadmium 

(Ni-Cd) type.  These systems have high-specific power rating (200 W kg-1) which can deliver 

high currents for short time periods and moderate currents for longer times.  Ni-Cd cells can 

deliver as much power at the end of discharge as they can at the beginning since the 
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electrolyte does not enter into the discharge reaction (See Table 2.1)27.  The problems with 

nickel-cadmium batteries include:  (i) memory effect that reduces the available capacity, (ii) 

high rate of self-discharge, (iii) low-energy density, (iv) cannot be recharged at high 

temperature, and (v) cadmium is a toxic poison that can contaminate the environment27.  To 

eliminate the use of cadmium, an alternative anode has been developed that is based on a 

metal alloy that stores hydrogen and replaces the cadmium anode.  These hydrogen-storing 

alloys are typically mixtures of nickel and rare earth elements or nickel blended with 

titanium, vanadium, and zirconium27.  Although the nickel-metal hydride stores more energy 

than the Ni-Cd counterpart (60 versus 40 Wh kg-1), this system has a higher self-discharge 

rate, delivers less power, and is more expensive due to the cost of hydrogen-storing metal 

alloys. 

In general, lithium batteries have considerably higher voltage and specific energy 

than other batteries and equivalent or superior performance in other categories as shown in 

Table 2.2.  This high performance coupled with low weight and minimal volume makes 

lithium batteries ideally suited for portable applications and electric vehicles.  Rechargeable 

lithium batteries are one of the most attractive candidates to fulfill this requirement35. 

2.3 Characterization of Batteries 

2.3.1 Rheology and Microstructure 
The mechanical properties of a material are largely governed by its microstructure.  

Rheology is a powerful tool that is capable of characterizing the material properties and 

microstructure of many systems, including polymer dispersions, polymer blends, and 

electrolytes.  Rheological information is important in designing and optimizing material 

properties, such as viscosity, yield stress, and dynamic moduli.  Rheological measurements 
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that can be performed include steady shear, dynamic-oscillatory shear, compression, and 

creep.  We consider each of these techniques in brief and the main variables that they 

measure.  In particular, the dynamic moduli are sensitive probes of microstructure, both in 

disperse systems and in polymer solutions.  The reader is also referred to the excellent texts 

of Macosko [1994] and Ferry [1980] for additional information. 

Steady-shear 
In steady-shear, the apparent viscosity η [Pa s] is measured as a function of the 

steady-shear rate γ .  Disperse systems can be Newtonian (constant η), shear-thinning (η 

decreasing with γ ) or shear-thickening (η increasing with γ  over a small range).  An 

example of the three types of flow behavior is illustrated in Figure 2.8.  In some cases, the 

system does not flow until a certain stress level is applied.  The stress at which a system 

begins to flow is referred to as a yield stress, which is a measure of the at-rest structure of a 

sample.  The steady-shear behavior of a material with a yield stress is depicted in Figure 2.9.  

For determination of the yield stress, the apparent viscosity is plotted versus shear stress or as 

shear stress versus rate.  For a viscosity plot, the viscosity exhibits a rapid decrease with 

increasing shear above the yield stress.  The yield stress is estimated as the stress at which 

viscosity starts to exhibit a rapid drop in value.  For plots of shear stress versus rate, two 

approaches to data analysis are taken.  The first is to use a linear plot and fit the data to one 

of several models that contains a yield stress parameter, such as the classic Bingham model36.  

However, fitting the data to a yield stress model can lead to overestimation of the yield stress 

and not all materials comply with common yield stress model37.  The second approach is to 

use a log-log plot which typically show Newtonian behavior at very high shear rates and 

“stress plateaus”38 at low stresses.  The stress plateaus are then taken as the yield stress.  In 
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all cases of the steady stress analysis discussed, the main objective is to find the point of 

largest applied shear stress before material flow occurs.  However, the determination of the 

exact stress at which this happens is not necessarily easy.  One confounding problem is the 

very large uncertainties that are observed at shear stresses and shear rates below the yield 

stress. 

Dynamic Oscillatory-shear 
In this technique (also called dynamic mechanical spectroscopy), a sinusoidal varying 

strain [ 0 sin tγ γ ω= ] is applied to a sample.  The response of the sample (a sinusoidal stress) 

is decomposed into an in-phase and out-of-phase component as follows:  

 ( ) ( )' "
0 0sin cosG t G tτ γ ω γ ω= +  2.3 

where G≤ is the viscous modulus [Pa], G¢ is the elastic modulus [Pa], γ0 is the strain 

amplitude, ω is the frequency of applied strain [rad s-1], and t is the time of the experiment 

[s].  The elastic or storage modulus G¢, related to the stress in-phase with the strain, 

qualitatively provides information about the elastic nature of the material.  For example, an 

elastic rubber band would have all of its stress in-phase with the strain, i.e., G≤ = 0 for a 

purely elastic material. The viscous or loss modulus G≤ is related to the stress out-of-phase 

with the displacement, and therefore, in-phase with the rate of displacement or shear rate, γ .  

For a purely viscous material, all of the stress would be out-of-phase with the strain γ  and in-

phase with γ  and hence G¢ = 0. Viscoelastic materials exhibit non-zero values of both G¢ and 

G≤.  

The above analysis assumes that the measurements are made in the “linear 

viscoelastic” (LVE) regime of the sample under consideration.  The conditions for linear 
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viscoelasticity are that the stress is linearly proportional to the imposed strain and that the 

torque response involves only the first harmonic and not the higher harmonics in frequency 

(i.e., the torque should remain sinusoidal)39.  Thus, in the LVE regime, the moduli are 

functions only of the frequency ω.   

The frequency dependence of G¢ and G≤, sometimes called the dynamic mechanical 

spectrum, is the most important indicator of microstructure.  As shown in Figure 2.10, the 

frequency response of disperse systems depends strongly on the extent of particle 

flocculation.  For disperse systems with no particle flocculation, G≤ is typically greater than 

G¢ over the entire range of frequency.  Moreover, the moduli strongly depend on frequency--

on a log-log plot, G¢ has a characteristic slope of 2, while G≤ has a slope of 1.  This type of 

dynamic rheological response is indicative of a purely viscous material that can 

instantaneously relax stress.  For weakly flocculated systems, the presence of particle 

structures introduces viscoelastic effects into the rheology.  Thus, the moduli show a weaker 

dependence on frequency, and the elastic modulus G¢ often exceeds the viscous modulus G≤ 

at high frequencies.  The system takes a finite time to relax stress; this ‘relaxation time’ can 

be identified with the reciprocal of the crossover frequency ωc, i.e., the frequency at which G′ 

equals G″.  If the particles flocculate into a volume-filling network structure, the moduli G¢ 

and G≤ become independent of frequency, i.e., the system then has an infinite relaxation 

time.  Such a material is said to be a gel, and shows predominantly elastic properties, i.e., G¢ 

> G≤. 
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In addition to frequency-dependent measurements, stress (strain)-dependent 

measurements can also be performed at constant frequency to gain insight of the material 

properties of the sample.  In particular, dynamic stress sweep experiments are very useful in 

determining the apparent yield stress and the onset of non-linear viscoelasticity.  In 

determining the yield stress via dynamic stress (strain) measurements, the elastic stress 

(obtained by multiplying the elastic modulus times the strain) is plotted versus the strain.  A 

maximum in the elastic modulus corresponds to the yield stress.  Yang used this technique to 

estimate the yield stress of iron oxide suspensions in silicone oil and found good agreement 

with steady stress tests38.  Pai and Khan and Walls et al. used the elastic stress method to 

estimate the yield stress for xanthan-guar blend gels40 and octyl-modified fumed silica + 

PEGdm(250) gels41, respectively.  Shih and co-workers also used dynamic strain sweeps on 

boehmite gels but interpreted the crossover of G′ and G″ as the yield stress of the colloidal 

gel42.  In addition, Shih et al. measured the onset of non-linear viscoelasticity of boehmite 

gels using dynamic stress measurements in order to estimate the fractal dimension of the 

gels. 

Dynamic Mechanical Testing (Compressive Rheology) 
It is difficult to measure the steady or dynamic-shear responses of solid materials 

since large stresses are required to strain the sample.  Typically, the torque is above the 

maximum-allowable value for many rheometers.  In order to obtain information concerning 

the mechanical properties of solid-like materials, dynamic compressive rheology is used to 

measure the properties of solids during compression and/or tension.  In compressive 

rheology, a sample is loaded onto parallel plates and compressed.  The generated stresses are 

measured using a transducer.  Similar to dynamic-shear rheology, compressive rheology can 
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simultaneously measure the elasticity and viscosity.  Dynamic mechanical testing involves 

the application of a sinusoidal strain to a sample: 

 0 sin tγ γ ω=  2.4 

where γ0 is the strain amplitude, ω is the frequency of applied strain [rad s-1], and t is the time 

of the experiment [s].  The stress output can be de-coupled into an in-phase and out-of-phase 

component.  The elastic or storage modulus E¢, related to the stress in-phase with the strain, 

qualitatively provides information about the elastic nature of the material.  The viscous or 

loss modulus E≤ is related to stress out-of-phase with the displacement, and therefore, in 

phase with the rate of displacement.  For an ideally elastic material that is incompressible and 

isotropic, the tensile modulus E is three times that measured in shear according to Trouton’s 

Rule.  Mechanical testing has been used to measure the modulus of gel electrolytes as a 

function of temperature43. 

Creep 
In creep experiments, a sample is subjected to a constant stress over a long period of 

time and the resulting strain is monitored36.  Creep data is usually expressed in terms of the 

compliance J(t) 

 ( ) ( )
0

t
J t

γ
τ

=  2.5 

where γ(t) is the strain [unitless], and τ0 is the initial stress [Pa].  Typically, creep recovery 

experiments are done in conjunction with creep to determine the recoil of the strain after the 

stress is removed.  In these experiments, the recoverable compliance Jr(t) or recoverable 

strain γr(t) are important.  The creep and creep recovery behavior of an ideal rubber, ideal 

viscous fluid, and a viscoelastic material are shown in Figure 2.11. A purely elastic material 
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(dashed line) shows an instantaneous response to the stress.  After the stress is removed, the 

strain instantaneously and completely recovers to its original value.  A purely viscous 

material (broken line) shows a constant rate of increasing strain until the stress is removed, at 

which time the material remains at its current level of deformation.  A viscoelastic material 

(solid line) exhibit creep behavior between these two extremes. 

Creep experiments have received attention as another way of estimating yield stress44.  

Below the yield stress the sample responds to the applied stress by approaching a constant 

strain value.  Above the yield stress, the strain increases rapidly and achieves a constant slope 

on a plot of strain versus time.  From the slope of the strain versus time plot, i.e., the shear 

rate, the viscosity (stress/strain rate) can be measured. By running a series of creep 

experiments at different stress levels and plotting viscosity versus stress, the apparent yield 

stress is represented by the point of abrupt change in viscosity. 

Static Light Scattering 
Static light scattering involves measuring the amount of light scattered by a solution 

at some angle relative to the incident laser beam. Typically, static light scattering is used to 

determine the molecular weight of a polymer.  In addition, light scattering can be used to 

determine the length scale of colloidal aggregation.  Colloidal particles can form a semi-rigid 

three-dimensional network structure (gel).  Although the structure of aggregates and gels is 

highly disordered, the structure exhibits sufficient self-similarity at certain length scales to be 

described as fractal objects45. For fractal aggregates, the Rayleigh-Debye-Gans (RDG) theory 

has been applied to predict the scattering behavior of diluted fractal aggregate systems of 

small particles45,46. The RDG scattering theory of randomly oriented fractal aggregates 

indicates that the average structure factor S(q) has the following simple form45 
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 ( ) 0~  for 1fDS q q qr qξ− ≤ ≤  2.6 

where r0 is the radius of primary particles [nm], ξ is the maximum size of aggregates [nm], 

Df  is the fractal dimension [unitless], and q is the wave vector [nm-1] defined as 

 4 sin
2

nq π θ
λ

 =  
 

 2.7 

where λ is the wavelength of the incident electromagnetic radiation [nm], n is the refractive 

index of the medium surrounding the particles [unitless], and θ is the scattering angle 

[radians].  The shape of the scattered intensity I(q) versus the wave vector q curve is directly 

related to the microstructure of a sample47,48. A typical plot exhibits a power-law regime with 

a slope -Df that is characteristic of the “self-similar” structure of the aggregates46-50. In dilute 

suspensions, a diffusion-limited cluster-cluster aggregation process yields Df = 1.75 while 

reaction limited aggregation yields Df = 2.0 – 2.2.  A perfectly rigid bond between particles 

yields a Df ~ 1.8 for fast Brownian motion and Df ~ 2.1 for slow aggregation. Restructuring 

of non-perfectly rigid bonds results in greater Df 51.  Static light scattering has been used to 

probe the microstructure of colloidal silica52, fumed silica gels in mineral oil53, fluorinated 

polymer particles in water45, and PDMS + silica blends54.  In many instances, rheological 

scaling models are used in conjunction with light scattering to describe the microstructure of 

gels54,55. 

2.3.2 Electrochemical Properties 
Ionic conductivity, lithium transport, oxidative stability, and interfacial stability are 

important electrochemical properties that affect the performance of electrolytes.  These 

properties depend on several factors:  solvent, salt, temperature, electrode substrate, and 
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operating voltage.  The following section will introduce the basic characteristics of these 

electrochemical properties. 

The ionic conductivity σ is a measure of the total amount of charged species within 

the electrolyte.  High conductivity electrolytes are desirable since they have lower ohmic 

potential losses.  For dilute solutions, the conductivity is given by the following expression: 

 i i i
i

F z u Cσ = ∑  2.8 

where F is Faraday’s constant [C mol-1], zi is the charge number of the ion [unitless], ui is the 

mobility of the ion [cm2 V-1 s-1], and Ci is the concentration of the ion [mol cm-3].  In many 

instances, the ionic conductivity is measured as a function of temperature to elucidate the 

mechanism of conductivity.  Various models have been developed to describe the 

conductivity mechanism in different electrolyte types.  For liquid electrolyte systems, the 

conductivity is described using the Arrhenius equation56: 

 ( )exp EA Tσ = −  2.9 

where A is the pre-exponential factor related to ion mobility and ion association [S cm-1], E is 

the activation energy [K-1], and T is the absolute temperature [K].  For polymer electrolytes, 

the Arrhenius equation generally works well above the glass transition temperature (Tg), but 

fails as Tg is approached.  The Vogel-Tamman-Fulcher (VTF) equation have been used to 

describe the conductivity of amorphous materials near Tg
57: 

 ( )
0

0
expm EA T T Tσ  ′= − − 

 2.10 

where A¢ is the pre-exponential factor [S Km cm-1], m ∈  {-½, 0, ½, 1}, E0 is the apparent 

activation energy [K-1], and T0 is the apparent Tg [K].  The parameter m does not appear to be 
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related to any physical properties and typically has a value58-61 of –½.  T0 is generally 30° to 

50°C lower than the actual Tg
59,60. 

The transport number refers to the amount of ionic current carried by a single ion 

relative to the total current62,63.  Every ion has a transport number which must be positive and 

between zero and one.  Furthermore, the transport numbers for all ions must sum to unity.  

For a dilute solution, the transport of an ion can be determined from the following 

expression62: 

 i

j

i i
i

j j
j

z u C
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z u C
=
∑

 2.11 

where zi is the charge number of the ion [unitless], ui is the mobility of the ion [cm2 V-1 s-1], 

and Ci is the concentration of the ion [mol cm-3].  In many of the practical electrolytes for 

lithium batteries, ion association makes it very difficult to measure the amount of charge 

carried by free-lithium ions or even establish the nature of species carrying the ionic 

current63,64.  As a result, most experimental methods give information on gross cation or 

anion transport as determined by the motion of simple ions, charged ionic clusters, and 

uncharged species63.  This experimental quantity is referred to as the transference number.  

By definition, the transference number is the net number of moles of an ion constituent that 

crosses a fixed reference plane with respect to the solvent when one Faraday is passed 

through the fixed plane in the absence of concentration gradients65,66.  This definition can 

also lead to values that can exceed the zero to one range63.  A unity lithium transference 

number indicates that lithium ion constituents carry all the current and no concentration 

gradients are formed.  A non-unity lithium transference number implies that some of the 

current is carried by other species, which creates a concentration gradient at steady state.  



 

28 

Consequently, the transference number is essentially a measure of the concentration gradients 

within a cell.  This concentration gradient can be detrimental to battery performance since 

some of the energy is lost due to polarization losses67,68.  For electrolytes with transference, a 

high diffusion coefficient of the electroactive species is desirable to minimize the effect of 

concentration gradients. 

Electrochemical oxidative stability is a measure of the resistance of electrolytes to 

oxidation at the cathode.  Many lithium batteries employ cathode materials with voltage, 

such as 4.1 V, which is sufficient to oxidize electrolyte solvents reducing cycle life, capacity, 

and jeopardizing safety.  Interfacial stability is a measure of the reactivity of the electrolyte 

with the electrode and the dissolved lithium salts.  Chemical reaction products are often 

detrimental to battery performance since they can form a passivating layer on the electrode 

surface that increases the polarization of the cell and lowers the output voltage.  If the 

reaction products are gaseous, the internal pressure of a battery can increase resulting in 

venting of the gases or explosion.  High stability of the electrolyte/electrode interface is 

highly desirable. 

In the next section, experimental techniques used to measure these electrochemical 

properties will be described.  In particular, the use of equivalent circuits to analyze 

impedance data for conductivity and interfacial impedance measurements will be discussed. 

Electrochemical Impedance Spectroscopy (EIS) 
EIS is a powerful electrochemical characterization technique that can be used to 

measure diffusional and kinetic processes in electrochemical cells.  EIS is commonly used to 

measure the reaction kinetics that occur at electrode interfaces and to estimate the diffusion 

of ions in solutions and solid electrolyte interfaces69-71.  In EIS experiments, the cell is 
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perturbed with an alternating voltage of small amplitude and the current at stationary state is 

monitored.  This allows high-precision measurements since the steady response can be 

averaged over a long period of time62.  Although the data can be represented in several 

different plots, the real and imaginary components of the impedance are usually plotted.  This 

type of plot is referred to as a Nyquist or Cole-Cole plot. 

A unique feature of EIS measurements is that the response can be treated by linear 

current-voltage techniques.  Typically, these linear techniques involve theories of equivalent 

electronic circuits, i.e., the impedance response of electrochemical cells is modeled using 

various electrical components connected in series/parallel.  For most batteries, there are three 

basic impedance components connected in series:  (i) anode/electrolyte interface, (ii) 

cathode/electrolyte interface, and (iii) bulk electrolyte.  While an ideal resistor RE can easily 

represent the impedance response of the bulk electrolyte, the response at each 

electrode/electrolyte interface requires more complicated arrangement of components.  

Although the complete discussion of the processes that occur at the electrode/electrolyte 

interface are beyond the scope of this dissertation, a simple but accurate model consists of 

faradic and capacitive impedances in parallel.  The capacitive impedance Cd is an ideal 

capacitor that represents the interfacial double-layer capacity.  The faradic impedance models 

the interfacial reaction that occurs and is usually represented as an ideal resistor RCT in series 

with a Warburg impedance element ZW.  The Warburg impedance element represents a 

“resistance” to mass transfer62.  A diagram of the equivalent circuit is shown in Figure 2.12 

with the resulting Nyquist plot resembles a semi-circle as shown in Figure 2.13. 

Two important electrochemical properties that can be readily obtained using EIS 

techniques are the interfacial impedance and ionic conductivity.  Interfacial impedance is a 
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measure of the resistance to charge transfer at the electrode/electrolyte interface and is 

related to the stability of the electrolyte/electrode interface.  For interfacial impedance 

measurements, a symmetric cell is constructed in which two non-blocking electrodes 

sandwich the electrolyte.  The equivalent circuit for this system is identical to Figure 2.12 

with the implicit assumption that the impedance at the interface at each non-blocking 

electrode is equivalent.  The impedance data is plotted in a Nyquist plot and the data is fit to 

a semi-circle.  The interfacial impedance is then determined by subtracting the high 

frequency intercept RE from the low frequency intercept RE + RCT,A + RCT,C. 

For conductivity measurements, an electrochemical cell is constructed so that the 

electrolyte solution contacts blocking electrodes that usually are platinum.  The ideal 

impedance spectrum exhibits a standard semicircle at the high-frequency range and a vertical 

line at the lower frequency range.  For typical polymer electrolytes, the high-frequency 

region exhibits a compressed semicircle and an inclined straight line in the low-frequency 

range.  The deformed semicircle and the inclined line may result from irregular thickness and 

morphology of the polymeric film and roughness of the electrode surface.  A “constant phase 

element” (CPE) model has been developed to account for this non-ideal behavior.  The 

impedance of the CPE model can be described using Eqn. 2.12 and Eqn 2.13. 

 ( ) n
CPEZ A jw −=  2.12 

 ( )1
2

n πα = −  2.13 

where A is the inverse of the capacitance only when n = 1, and n is related to the deviation 

from the vertical line in Nyquist impedance plot.  A perfect capacitance is indicated by a 

value of n = 1. Values of n less than 1 reflect the roughness of the electrode used.  The 

equivalent circuit for a polymer electrolyte can then be modeled using a combination of 
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resistors, capacitors, and CPEs as shown in Figure 2.14.  The circuit parameters Rb and Cg 

denote the bulk resistance and the geometry capacitance, respectively.  CPE1 represents the 

characteristics of the double-layer between the electrode/electrolyte interface and CPE2 

describes dipolar relaxation, which is the migration and orientation of ion-pairs due to an 

electric field.  In general, the high-frequency semicircle represents the combination of Rb, Cg 

and CPE2 while the straight line can be explained with CPE1 corresponding to the double 

layer capacity of an inhomogeneous electrode surface70.  In general, the resistivity of the 

solution is then obtained by one of three methods: (i) Nyquist data is modeled using the 

equivalent circuit in Figure 2.14 and the value of Rb is used as the resistivity, (ii) Nyquist 

data is fit to a simplified equivalent circuit (Z = Rb + CPE1 since at high-frequency the 

capacitor is essentially at open-circuit) and the value of Rb is used as the resistivity, and (iii) 

the high-frequency data is linearly extrapolated to the real impedance axis. 

Lithium Transference Number 
The lithium transference number is an important parameter in the design of 

electrolytes for lithium batteries.  Ideally, the lithium transference number should be unity 

suggesting that all current is carried by the lithium ion.  This would lead to a constant 

lithium-ion concentration across the cell.  In lithium batteries, current carried by species 

other than lithium ions leads to concentration gradients within the battery.  Ultimately, the 

concentration gradients give rise to concentration overpotential, which can dramatically 

affect the performance of batteries, especially for high discharge applications67. 

Several attempts have been made to measure accurately the transference property of 

polymer electrolytes, including Hittorf/Tubandt72,73, electrophorectic nuclear magnetic 

resonance (ENMR)74-78, steady-state63,64,79,80, standard concentration cell65, 
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impedance57,72,81-83, microelectrode68,84, and concentrated solution theory65,85.  A complete 

description of each technique can be found in Appendix A.  Many of these techniques are 

controversial and can give different results.  The difficulty in ascertaining accurate 

measurements of the transference number is that salt is not completely dissociated63.  As a 

result, several associated species will exist (ion-ion pairs, triplets) that are mobile and can 

contribute to the charge transport.  In fact, uncharged mobile species can be transported by a 

concentration gradient and contribute to the charge transport86. 

Cyclic Voltammetry 
Cyclic voltammetry is a versatile method to assess electrochemical reactions by 

providing quantitative and qualitative information on electrode processes.  In cyclic 

voltammetry, the potential is scanned at a constant rate υ  and then reversed at the same rate, 

and the resulting current is measured24.  A reversible, diffusion-controlled reaction exhibits a 

symmetric pair of current peaks on a current versus potential plot as shown in Figure 2.15.  

The voltage separation between oxidation and reduction peaks ∆E is independent of the 

sweep rate and is given by the following expression62: 

 2.3RTE
nF

∆ =  2.15 

where R  is the ideal gas constant [J K-1 mol-1], T is the absolute temperature [K], n is the 

number of electrons involved in reaction [unitless], and F is Faraday’s constant 

[C mol-1].  The peak current of the system can be used to determine the diffusion of 

electroactive species as shown by the following equation62: 
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where A is the electrode area [cm2], F is Faraday’s constant [C mol-1], n is the number of 

electrons involved in reaction [unitless], D is the diffusion coefficient of the electroactive 

species [cm2 s-1], C0 is the concentration of electroactive species, ν is the voltammetry scan 

rate [V s-1], R  is the ideal gas constant [J mol-1], and T is the absolute temperature [K].  As 

shown in Figure 2.16, quasi-reversible systems have larger peak separation while irreversible 

reactions do not exhibit a peak on the reverse scan.  A more complete discussion of cyclic 

voltammetry is found elsewhere62. 

For battery systems, cyclic voltammetry is used to characterize the reversibility of 

electrode reactions and to determine the oxidative stability of electrolytes.  In typical 

experiments, a three-electrode chemical cell is used consisting of a metal-working electrode, 

a lithium-counter electrode, and a lithium-reference electrode87.  For lithium-based batteries, 

a voltage range of 2 to 4.5 V (vs. Li/Li+) is investigated using a slow scan rate (1-20 mV s-1) 

to eliminate any double-layer effects87,88.  The oxidative stability of the electrolytes depends 

on both the solvent and the salt.  Typical gel and polymer electrolytes are stable up to at least 

± 3.5 V with respect to lithium87,89,90. 

 Chronoamperometry 
Chronoamperometry is a term to describe the application of constant potential to an 

electrochemical cell and measuring the resulting current as a function of time.  In typical 

electrochemical experiments, the applied potential is sufficient to produce a mass-transfer 

limited reaction, and the current is measured as a function of time.  Although the exact 

profile of the current depends on the experimental conditions of the electrochemical cell, a 

typical time-current plot follows Cottrell’s equation62 as shown in Eqn 2.17.  The diffusion 
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coefficient of the electroactive species undergoing reversible reactions in a well-supported 

electrolyte can be obtained from the slope of a plot of i versus t-0.5: 

 
1 2

1 2 1 2
o onFAD Ci
tπ

=  2.17 

where A is the electrode area [cm2], F is Faraday’s constant [C mol-1], n is the number of 

electrons involved in reaction [unitless], D0 is the diffusion coefficient of the electroactive 

species [cm2 s-1], C0 is the concentration of electroactive species, and t is time [s]. 

In battery systems, chronoamperometry is used to gain insight on the mobility of 

ionic species by measuring the current when one of the ions, typically the anion, is not 

reactive with the electrodes.  An electrode configuration where the electrolyte dissociates 

into M+ cations and X− anions and is placed between two electrodes that are reversible to 

only the M+ cation is referred to as non-blocking to the lithium ion and blocking to the anion.  

Upon the application of a small constant potential, the initial current, I0, is given by the 

following expression: 

 0I Vσ= − ∆  2.18 

where ∆V  is the applied dc voltage [V] and σ is the conductivity of the solution [S cm-1].  As 

the polarization is maintained, the current falls due to the formation of salt concentration 

gradients near the electrode surfaces arising from the consumption of cations at the cathode 

and their production at the anode79,86,91.  Anions migrate towards the anode due to the applied 

field and become depleted at the cathode since they are not formed or discharged.  This 

concentration gradient promotes diffusion of the anions away from the anode and towards the 

cathode until the migrational and diffusional fluxes of anions are equal and opposite79,86,91.  

Under these conditions a linear salt concentration gradient is established across the 
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electrolyte yielding a steady-state current Iss that is due to the motion of cations only79,86,91.  If 

the applied potential is small, then the ratio of the steady state and initial current can be 

related to the ratio of diffusivities of the ions79: 
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where D- is the anion diffusivity and D+ is the cation diffusivity.  Analysis of this ratio, the 

limiting current fraction, can provide insight into which species are being transported.  As 

Iss/I0 tends to unity, only cations are responsible for charge transport.  Non-unity numbers 

indicate that the other species are transporting charge and large concentration gradients may 

develop85. 

2.4 Lithium Anode 
Various materials, including metallic lithium, lithium alloys, lithiated carbon, and 

lithiated carbon nanotubes92, have been studied as anodes for rechargeable lithium batteries.  

Although lithium metal anodes provide the highest theoretical voltage, they suffer from many 

problems including (i) highly resistive passivation films, (iii) poor morphology, and (iii) 

dendrite formation93.  Alternative materials with lower lithium reactivity can greatly reduce 

the risk of passivation and increase the cell safety, but have significantly reduced capacity 

and voltage. Alternative anodes must possess various key properties for successful operation 

in a lithium-based battery: (i) low-equivalent weight; (ii) small free-energy change for Li 

insertion reaction; (iii) high diffusivity for Li+ in the solid-state structure; (iv) high 

reversibility for the insertion reaction; (v) good electronic conductivity; (vi) thermal stability 

and chemical compatibility with the electrolyte; and (vii) ease of fabrication into suitable 

electrode structures94. 
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2.4.1 Lithium metal 
Metallic lithium is the most promising anode material for high-energy density 

batteries because of its high-specific capacity (3.86 Ah g-1) and its negative electrode 

potential (–3.0 V vs. SHE)95,96.  The half-cell reaction that occurs at the electrode surface 

involves the dissolution of lithium during discharge and the plating of lithium during 

recharge 

 + -Li e Li+  2.20 

The major problem with metallic lithium is its high reactivity.  Lithium violently 

reacts with oxygen and water and poses a considerable safety threat if the cell is punctured.  

In addition, elemental lithium reacts with every known electrolyte resulting in poor cycling 

efficiency and a relatively low available energy density.  To date, the only commercially 

available rechargeable lithium metal batteries can be found in Israel97,98.  The battery is a 3 V 

AA battery with a Li anode, LixMnO2 cathode and a liquid electrolyte (exact composition 

unknown).  This battery has been successfully commercialized due to the implementation of 

internal safety features that shut down the cell in abuse cases, such as short circuit, 

overcharge, and high temperature. 

The reaction with lithium and the electrolyte results in the formation of a passivating 

surface film that is commonly referred to as a solid electrolyte interface (SEI)24,94,99.  The 

formation of the SEI depends on the composition of the electrolyte.  The SEI consists of Li2O 

and other insoluble salts, such as Li2CO3 and LiOH, that allows ion transport during charge 

and discharge but is electronically insulating95.  While the SEI increases resistance to the 

overall flow of current, reduces the contact area between the electrolyte and lithium, and 

reduces lithium cycling efficiency, it protects lithium from further degradation95,100,101.  The 
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reasons for poor lithium cycling efficiency are: (i) lithium consumption by reaction with 

electrolyte during deposition and stripping process; (ii) isolation of lithium in the SEI; and 

(iii) exfoliation of deposited lithium from the base anode102.  The exfoliated lithium, referred 

to as “dead lithium” since it is electrochemically inert but chemically active, is the main 

reason of poor cycling efficiency since it consumes lithium102. 

Another problem associated with lithium anodes is the morphology of replated 

lithium metal69.  As lithium ions are reduced at the electrode, they tend to plate on a new 

surface resulting in the growth of highly dispersed, porous lithium metal, which has 

increased reactivity due to its high surface area24,103.  If the deposited lithium is not 

passivated by the electrolyte, it can continue to grow out from the anode, penetrate the 

separator, contact the cathode, and electrically short the battery24,94.  The resulting short can 

produce significant energy to effect an explosion.  Furthermore, the new morphology makes 

the anodes more susceptible to overcharging24. 

Some researchers have investigated the idea of modifying the lithium surface in order 

to control its passivation.  The surface of lithium metal can be modified using a solid 

polymer layer to enhance the cycle life and reduce the reactivity; for example, a plasma 

polymerized 1,1-difluoroethene polymer has shown to effectively suppress dendrite 

formation with marginal losses in conductivity104. 

2.4.2 Lithiated Carbon Anodes 
To circumvent dendrite formation and poor stability associated with lithium metal 

anodes, researchers have investigated intercalation materials, which can insert/desert lithium 

ions without the need for lithium metal.  Many of the commercially available intercalation 

anodes use carbon materials since they can accept and donate significant amounts of lithium 
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without affecting mechanical and electrochemical properties24.  Designing good intercalation 

anodes requires materials that react reversibly with the largest amount of lithium per unit 

mass of carbon and possess electrochemical activities near that of metallic lithium.  

Maximizing the number of intercalated lithium ions per unit mass of carbon leads to an 

increase in specific capacity, whereas an electrochemical activity near metallic lithium 

minimizes the loss in OCV. 

Carbon materials are classified into two types, soft or hard, depending on the 

dependence of the heat-treatment temperature (HTT) for graphitization.  While soft carbons 

can be graphitized by HTT at 2300°C, hard carbons cannot be graphitized96.  The 

intercalation mechanism in soft and hard carbons differs considerably and much of the 

development of lithiated carbon anodes has focused on soft carbons materials, including 

natural and synthetic graphite, carbon black, carbon fibers, and petroleum cokes.  By 

controlling HTT, carbon materials having specific properties, such as density and interlayer 

spacing, can be produced24.  In a typical carbonization process, as shown in Figure 2.17, coke 

material (ρ = 2.14 g cm-3, d002 = 3.46 Å) can be heated to prepare a graphite material with 

increased density (2.25 g cm-3) and reduced interlayer spacing (3.34 Å)24.  It is widely 

accepted that the capacity of the lithium intercalation is strongly affected by the degree of 

graphitization and crystallinity; however, increases in capacity are not observed as HTT 

increases.  The electrochemical potential becomes lower and approaches the value of lithium 

as the HTT increases96. 

The electrochemical intercalation of lithium in soft carbons is represented by the 

following electrochemical scheme. 
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 + -
6Li e 6C Li Cxx x+ +  2.21 

Lithium intercalates into graphite up to a composition of x = 1.0 in LixC6 while coke can 

intercalate99 up to x = 0.5.  During intercalation, Li atoms occupy nearest-neighbor sites, 

separated by 4.25 Å within the van der Waals space between every pair of carbon sheets105.  

The lithium ion transfers most of its 2s electron density to the carbon host and exists as a 

screened ion between the two carbons sheets105.  More detailed information concerning the 

structure of LiC6 is found elsewhere99.  The specific capacity of graphite-based anodes is 372 

mAh g-1, while coke has a capacity of 185 mAh g-1.  The capacity of coke anodes can be 

increased to 370 mAh g-1 by doping with nitrogen, phosphorous, or boron24.  Graphite anodes 

are typically 0.1 – 0.3 V higher than lithium, while coke anodes can be 0.1 – 1.3 V higher 

than lithium24.  Finally, graphite has a flatter discharge profile compared to coke anodes as 

shown in Figure 2.18. 

Hard, non-graphitic carbons can exhibit reversible capacities much greater than soft 

carbons due to their unique disordered structure106.  Various microstructural models have 

been proposed to explain the high capacity of hard carbons.  The Sato model assumes lithium 

intercalation occurs within graphene layers as well as between graphene107,108.  Mabuchi’s 

model assumes that lithium can be absorbed in microcavities within the carbon 108,109.  

Dahn’s model, also referred to as the ‘house of cards’, claims that lithium can absorb on 

internal surfaces of the nanopores formed by monolayer and multilayer graphene sheets105,108.  

Although hard carbons can intercalate more lithium than soft carbons, many of these carbons 

experience large first-cycle irreversibilities since the pore structure is difficult to control and 

passivation is enhanced by the large surface area108.  By using inorganic matrices as 
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templates, the pore structure of hard carbons can be controlled to enhance the Li+ 

diffusion106. 

In practice, a Li-ion cell is manufactured in a fully discharged state to prevent using 

lithiated carbon materials that are air-sensitive.  During battery assembly, a carbon anode is 

used and lithiation is carried by subsequently charging the cell (first cycle) from excess 

capacity in the cathode.  Generally, a loss in capacity is observed after the first cycle of a 

carbon anode due to the passivating film that results from electrolyte reduction 

(decomposition).  Capacity losses in subsequent cycles are minimal since the film thickness 

is sufficient to prevent electron tunneling and decrease the amount of electrolyte reduction.  

The thickness and composition of the film depends on the carbon material and the electrolyte 

composition (solvent, salt type, and concentration). The stability and degree of intercalation 

in ordered carbons, especially graphite, is more sensitive to the composition of the electrolyte 

than other carbon materials110.  Graphite anodes are unstable in electrolytes containing 

propylene carbonate (PC) due to extensive reduction of PC at the graphite surface and 

cointercalation of PC molecules with lithium ions into the graphite structure110,111.  This 

process causes exfoliation of the graphite structure and reduces capacity.  Cycling 

performance can be improved using additives, such as CO2, that react with the lithiated 

carbon surface to form highly compact insoluble films, such as Li2CO3
110. Improved 

performance can also be accomplished by performing the first charge cycle at low 

temperatures110. 

2.4.3 Lithium Alloys 
Lithium metal alloys are also being investigated as potential anode materials for 

lithium batteries.  Lithium metal is capable of alloying with many metals, including Sn, Pb, 



 

41 

Si, In108.  The lithium metal alloys have a higher theoretical specific capacity than 

intercalated carbons.  For example, a lithium-tin alloy (Li4.4Sn) exhibits a theoretical capacity 

of 710 Ah g-1 compared to ~ 370 Ah g-1 for a carbon-based anode.  The main problem with 

the lithium alloys is that during lithiation the volume of the alloys changes drastically (as 

high as 300%)112.  The significant change in volume results in cracking and eventually 

pulverization of the metal particles that induce interfacial contact between the anode 

components108.  One method to improve the performance of lithium alloys is to use an anode 

which can accommodate the volume changes, such as the amorphous tin oxide developed by 

Fuji Photo Film Co108.  Since tin oxide is less stable than LiO2, tin will be thermodynamically 

displaced by lithium according to the reaction. 

 2 2SnO  + 4Li  Sn + 2Li O⇒  2.22 

The displaced metal tin particles remain finely dispersed in the LiO2 matrix and create 

sufficient space to accommodate volume changes and mechanical stresses.  In addition, the 

presence of the tin particles facilitates the reversible alloying formation108. 

 4.4Sn + 4.4Li  Li Sn⇒  2.23 

Further development of this type of anode involves the use of the structure SnMxOy, 

where M is a group of glass-forming metallic elements whose total stoichiometric number is 

equal to or more than that of tin (x > 1) and is typically comprised of a mixture of B(III), 

P(V) and Al(III)113.  These materials are capable of storing more lithium than the carbon 

counterparts without lithium plating on the anode surface.  The capacity113 of these systems 

exceeds 600 mAh g-1.  In addition to this anode, intermetallic compounds such as SnySb and 

SnxAgw are also capable of buffering the volume change of lithium alloy electrodes108. 
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In contrast to lithium alloy anodes that experience drastic volume changes, anode 

materials based on Li4Ti5O12 experience no dimensional changes and therefore are referred to 

as ‘zero strain’ electrodes. Since there are no structural deformations, the electrode is 

characterized by very good cycleability and little capacity fade.  This intercalation compound 

is capable of working at low voltage (~ 3 V) according to the reaction108: 

 4 5 12 7 5 12Li Ti O  + 3Li  Li Ti O⇔  2.24 

2.5 Lithium Cathode 
The majority of cathode materials that are used in lithium batteries are intercalation 

compounds that reversibly accept/reject lithium ions without producing a growing film at the 

interface or undergoing a change in morphology103.  An ideal intercalation material would 

provide a high-reversible capacity, constant potential with discharge, electrochemical 

compatibility with the electrolyte solution over the required charge/discharge potential range, 

fast electrode kinetics (rate capability), good cycleability, and low cost34,103.  Current 

development aims at achieving (i) higher capacity for lithium uptake, (ii) higher lithium 

diffusivity for higher discharge current, (iii) greater chemical and electrochemical stability, 

and (iv) structural stability over a wider range of lithiation114. Typical cathode materials are 

comprised of some form of transition metal oxide, though new organosulfur-based cathodes 

have shown promising performance.  The transition metal oxides include those of cobalt 

(LixCoO2), nickel (LixNiO2), manganese (LixMnO2 and LiMn2O4), and vanadium (LixV2O5 

and LixV6O13).  The range of x, the total moles of lithium ions that may be intercalated/de-

intercalated per mole of metal oxide, is directly related to capacity.  The intercalation/de-

intercalation reaction is diffusion-controlled and depends on the concentration of lithium115. 
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2.5.1 Metal Oxides 
Lithium Cobalt Oxide (LiCoO2) 

Lithium cobalt oxide (LiCoO2) is prepared by calcinating a mixture of cobalt oxide 

(Co3O4) and lithium carbonate (Li2CO3) in air at ~ 950°C116.  This process forms very small 

particles (1-3 µm) of lithium cobalt oxide.  New synthesis processes can produce LiCoO2 

with larger particle sizes which increases the safety of the cathode116. Cobalt oxide has a 

layered structure, as shown in Figure 2.19, in which the lithium ions are intercalated between 

the oxide layers117.  The lithium and cobalt cations occupy alternative layers of octahedral 

sites in a distorted cubic close-packed oxygen-ion lattice34,102,118.  This layered framework 

provides a two-dimensional interstitial space, which allows easy extraction of lithium ions.  

The intercalation reaction for LiCoO2 is given below108. 

 discharge
2 1- 2charge

LiCoO   Li CoO Lix x → +←   2.25 

The average specific capacity of LiCoO2 is 190 mAh g-1 (0.1 < x < 0.9) and can be 

charged to 4.2 V34. Presently, Li-based cobalt oxide is widely used in commercial Li-ion 

batteries because of its stable structure and simple methods of preparation.  Although as high 

as 1070 Wh kg-1 of theoretical energy density can be achieved in Li/ Li1-xCoO2 cells with x = 

1, the practical cycleability of process is generally limited to 0 < x < 0.5 (~ 200 Wh kg-1 of 

practical energy density)119.  This drawback of the cobalt oxide system is due to the 

instability of extensively delithiated (charged) Li1-xCoO2 electrodes when x ≥ 0.5, which are 

prone to oxygen loss in the presence of an organic electrolyte solvent, particularly when cells 

reach an operating temperature of 50°C or more102.  Another disadvantage of cobalt oxide 

system is the high cost and environmental risk.  The LiCoO2 cathode is the primary cause of 

energy and power degradation in Li-ion cells120. 
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Lithium Nickel Oxide 
LiNiO2 has a layered structure that is identical to LiNiO2 (Figure 2.19) in which the 

Li+ and the Ni+3
 ions occupy octahedral sites in alternative layers between cubic close-packed 

oxygen layers117.  X-ray data shows that the structure of Li1-zNi1+zO2 consists of NiO2 slabs 

made of edge-sharing NiO6 octahedra with Li ions inserted between the slabs in octahedral 

sites.  The z nickel ions in excess are found in the lithium site and no lithium ions are found 

in the nickel site121.  The charge balance which requires that the 2zNi+2 leads to the 

crystallographic state (Li1-zNiIIz) (NiII
zNiIII

1-z)O2
121.. The range of lithium insertion in the 

cobalt oxide is 0 < x < 0.5 as shown by the intercalation reaction119. 

 discharge
2 1- 2charge

LiNiO   Li NiO Lix x → +←   2.26 

Although lithium nickel oxide derivatives have low cost and high specific capacity (~ 

220 mAh g-1)102,108, it has many drawbacks, such as capacity loss upon cycling, poor thermal 

stability, and poor safety121.  When LiNiO2 is deeply charged, a crystalline morphology 

transition occurs that adversely affects cycleablity116. Furthermore, LiNiO2 is unstable at high 

temperature.  The safety of the nickel oxide cathode can be enhanced through cationic 

doping.  Typically, Co, B, Mg, Al and Fe are used as cationic substitutes121.  Substitution of 

about 10% Co for Ni leads to improvement in irreversibility on the first cycle, disappearance 

of all phase transitions, and reduction in cell polarization while Mg substitution helps reduce 

the mechanical strain and mitigates the capacity fading121.  A rechargeable capacity of 

approximately 180 mAh g-1 can be achieved from electrodes of composition of LiNi1-xCoxO2 

(0.1 < x < 0.3)122. 
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Manganese-Based Cathode Materials 
Manganese oxides are made from various precursors such as, LiOH, LiNO3, or 

Li2CO3 and MnO2 or Mn(NO3)2
123.  Manganese oxides are attractive candidates for anodes 

due to their abundance and nontoxicity.  Manganese oxides are available in two basic 

structures: layered LiMnO2 and spinel LiMn2O4.  The layered manganese oxide LiMnO2 can 

take more than one phase, some of which are generally not reversible with regards to lithium 

intercalation, most notably the γ−β MnO2 phase.  The spinel LiMn2O4 structure, shown in 

Figure 2.20, is more open than the layered structure34,118.  The O ions are in face-centered 

cubic (fcc) close packing, with Li ions and Mn ions occupying the tetrahedral and octahedral 

sites, respectively34,118.  During lithiation, the framework is preserved allowing lithium ions 

to be mobile within the interstitial sites103.  Mn2O4 is capable of accepting lithium ions in two 

steps124, from 0 < x < 1 at 4 V and from 1 < x < 2 at 3 V, and has a theoretical capacity of 148 

mAh g-1.  For the range 1 < x < 2 in LixMn2O4, the electrode consists of two phases: lithiated 

LiMn2O4 spinel particles with tetragonal symmetry on the surface and unlithiated LiMn2O4 

spinel particles with cubic symmetry in the bulk.  The phase transition from cubic to 

tetragonal symmetry can cause a structural distortion (Jahn-Teller (tetragonal) distortion) that 

increases the capacity loss in the first few cycles during this step (1 < x < 2).  Consequently, 

the first step (0 < x < 1) is the only practical lithiation34 step yielding a capacity of 120 mAh 

g-1.  Other factors that increase the capacity fade include: (i) dissolution of spinel framework 

at the end of discharge by a disproportionation reaction:117,125; and (ii) an instability of highly 

delithiated spinel particles in the organic electrolyte126.  Furthermore, LiMn2O4 has poor 

storage performance at elevated temperatures since the spinel endures irreversible capacity 

loss in storage and capacity127.  Adding cation dopants such as Li, Co, Ni, Cr, and Al108,128-130 
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and fabricating thin-film LiMn2O4 131,132 are the main strategies to improve the cycling 

stability of spinel LiMn2O4 systems. 

Vanadium Oxides 
The vanadium oxides are being actively pursued as amorphous xerogel (formed by 

vacuum drying of aqueous V2O5 suspensions) or aerogel (formed by supercritical drying of 

organic solvent V2O5 suspension) films133,134.  The high surface area of these materials yields 

intercalation stoichiometries greater than 3 moles of lithium per mole of V2O5
133,134.  Mixed 

vanadium oxides with the general formula LiMVO4 where M ions are Ni2+ and Co2+ have an 

inverse spinel structure, where the Li+, Ni+2, and Co+2 ions reside in octahedral sites, while 

V+5 ions occupy tetrahedrally-coordinated sites135.  The vanadium oxides, while yielding 

lower potentials, offer much higher capacities and could find a niche in lithium battery 

technology. 

Alternative Cathode Materials 
Materials other than metal oxides are also viable candidates for cathodes.  These 

materials include LiFePO4, FeSO4, molybdenum, and organosulfur.  LiFePO4 excels in safety 

and flatness of discharge profile69,116. LiFePO4 cathodes have a specific capacity28,69 of 165 

mAh g-1.  Lithium batteries based on organosulfur cathodes yield specific capacities 

equivalent or greater than those oxides with cell potentials greater than 3 V.  An 

organodisulfides-based cathode (e.g., 2,5-dimercapto-1,3,4-thiadiazole, DMcT) exhibits a 

capacity of 225 Ah kg-1 with an average voltage of 3.4 V, shows excellent rate capability, 

and can be cycled over 500 times136. 

Nano-structured cathodes are also being investigated to mitigate the effect of slow 

solid-state diffusion of Li+ within the cathode.  Limitations in rate capability are primarily 



 

47 

caused by slow diffusion of Li+.  The addition of nanoparticle to electrodes enhances the 

transfer of Li+ since diffusion occurs on a scale of the radius of the nanoparticle137.  Currently 

investigated nano-structured electrodes include Sn-based, vanadium oxide nanotubes, and 

aerogels137.  

2.6 Lithium Battery Electrolytes 
An electrolyte is a solution that facilitates ionic transport in a battery to complete the 

electric circuit.  In order to perform this function, electrolytes need charge carrying species.  

Typically, this is accomplished by dissolving a lithium salt into a liquid or polymer solvent, 

although newer materials, such as polyelectrolytes, incorporate the lithium salt onto the 

polymer backbone.  Current research in electrolytes for rechargeable lithium batteries 

involves obtaining (i) lithium salts with anions of highly delocalized charge, (ii) neutral 

ligands as additives with ability to coordinate anion or cation, (iii) higher ionic conductivity 

for higher discharge current with lower joule heating, (iv) greater chemical and 

electrochemical stability in contact with the anode and cathode, and (v) single-ion 

conduction114,138.  Numerous lithium salts, liquid solvents, and polymer solvents have been 

investigated as electrolytes for rechargeable lithium batteries.  In addition, several 

researchers have developed composite electrolytes that combine the advantageous properties 

of liquid and polymer electrolytes.  The following section will discuss the development of 

lithium salt, liquid electrolytes, and polymer electrolytes.  In addition, a summary of the work 

in the development of composite electrolytes will be discussed. 

2.6.1 Lithium Salts 
Conventional lithium salts, such as LiClO4, LiBF4, LiPF6, LiAsF6, have a low lattice 

energy and large coordinating anion to aid in solvation.  Although these salts are not easily 
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reduced or oxidized at the electrode surface, they are thermodynamically unstable with 

lithium, which leads to reactions that consume salt and lithium metal91,94,139.  In particular, 

LiClO4 is thermally unstable, especially in ethers, and cannot be used in commercial 

applications91,94,139.  LiAsF6 can be toxic if not handled properly and degrades polymers via 

chain-scission reactions91.  LiPF6 is thermally unstable in the solid state and decomposes in 

solvents yielding products that are insoluble (LiF) and highly reactive with cyclic ethers 

(PF5)32,139.  Perfluoroaryl sulfonate salts, such as (LiCF3SO3), are stable in the presence of 

lithium, but yield a lower conductivity91,139.  The use of lithium salts with a bulky anion can 

assist ion solvation and prevent ion-pairing, therefore, increasing the conductivity140.  

Lithium salts with bulky anions, such as lithium bis(trifluoromethanesulfonyl)imide 

[LiN(CF3SO2)2, LiTFSI], lithium tris(trifuorosulfonyl)methide [LiC(CF3SO2)3, LiTSFM] and 

lithium (bis(perfluoroethylsulfonyl) imide [LiN(SO2CF2CF3)2, LiBETI], are stable in the 

presence of lithium and have high conductivity in polymer electrolytes32,66,91,139.  A 

schematic of the structure of the anions of lithium triflate, LiTFSI, LiTSFM, and LiBETI is 

shown in Figure 2.21. 

Lithium salts with borate-based anions are promising candidates for lithium batteries 

due to the large anion that is capable of delocalizing charge and promoting salt dissociation.  

Lithium chelatoborates have extensive charge delocalization in their anions due to strongly 

electron-withdrawing groups attached to the charged centers.  Typical lithium chelatoborates 

include lithium bis[2,3-naphthalenediolato(2-)O,O']borate (LBNB), lithium bis[2,2'-

biphenyldiolato(2-)-O,O']borate (LBBPB), lithium bis[salicylato(2-)]borate (LBSB), and 

lithium bis[1,2-benzenediolato(2-)-O,O']borate (LBBB)138,141.  These salts generally have 
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lower conductivity than typical lithium salts due to the presence of the large, bulky anion141.  

A schematic of the chelatoborates anions is shown in Figure 2.22. 

Another class of lithium borate-based salts has anions that are dicarboxylic acid 

derivatives of orthoborate, such as lithium bis(perfluoropinacolato)borate (LiBPFPB), 

lithium bis(oxalato)borate (LiB(OCO2)2, LIBOB), and lithium bis(malonato)borate 

(LiB(O4C3)2, LiBMB)142-144.  The structure of the anions of these salts is shown in Figure 

2.23.  LiBOB has the single negative charge of the anion shared by eight oxygen atoms 

(more accurately four oxygen atoms and four carbonyl groups).  Therefore, the charge is 

effectively delocalized making the coordinating ability of anions very weak144.  LiBOB 

dissociates more than LiClO4, LiCF3SO3, and LITFSI144.  The BOB anion can stabilize 

aluminum substrate to more positive potentials than hexafluorophosphate (PF6
-) anion and 

has good compatibility with graphitizable carbonaceous anode145. Lithium-ion cells 

consisting of a carbon anode, LiNO2 cathode, and 1.0 M LiBOB + a mixture of ethylene 

carbonate (EC):ethyl methyl carbonate (EMC) (1:1) exhibit excellent capacity retention and 

rate capability at room temperature145.  In general, the dicarboxylic acid derivatives of 

orthoborate exhibit conductivities that rival LiTFSI , but with less ion clustering142.  A 

lithium perfluoroalkylphosphate salt Li[(C2F5)3PF3] in EC:dimethyl carbonate (DMC) (50:50 

by wt %) has increased anodic stability and higher discharge efficiency, but slightly lower 

conductivity than LiPF6 in EC:DMC (50:50 wt %)146.  The improved electrochemical 

performance of the electrolyte is due to steric shielding of the phosphorus and delocalization 

of the negative charge via the hydrophobic and electron withdrawing properties of the 

perfluorinated alkyl groups of the anion146. In addition, this salt shows superior stability to 

hydrolysis even at 1% H2O 146.  
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Polymeric imide anions analogues, such as poly(5-oxo-3-oxy-4-trifluoromethyl-1,2,4-

pentafluoropentylene sulfonylimide lithium) (LiPPI) and poly(2-oxo-1-difluoroethylene 

sulfonylimide lithium) (LiPEI), are used to enhance transference number, but the polymeric 

salts exhibit lower conductivity than conventional salts147.  LiPPI and LiPEI have structures 

resembling LITFSI, although LiPPI is considered as the polymer analogue of LiTFSI147.  

LIPPI has a longer spacer between anionic sites in the polymer backbone compared to 

LiPEI147 as shown in Figure 2.24.  The ionic conductivity at 30°C for LiPPI and LiPEI 

approaches 10-5 and 10-7 S cm-1, respectively.  The difference in conductivity between LiPPI 

and LiPEI is due to the varying degree of salt dissociation. 

Another approach to improve the dissociation of lithium salts is to use anion 

complexing agents.  McBreen et al. have investigated complexing agents that bind the anion 

through positively charged sites on the molecule and electroneutral hosts based on Lewis 

acid metal centers or on hydrogen bonding.  One example is based on electron deficient 

nitrogen sites on substituted aza-ethers, wherein the hydrogen on the nitrogen is replaced by 

electron withdrawing groups such as CF3SO3
-. Another example is based on electron 

deficient boron sites on borane or borate compounds with various fluorinated aryl or alkyl 

groups148.  These complexing agents are able to coordinate the anion and improve lithium 

salt dissociation. 

2.6.2 Liquid Electrolytes 
Liquid solvents were the first materials used in lithium battery development95.  

Typical solvents include high-permittivity aprotic, polar solvents (organic carbonates) or 

low-permittivity, high-donor number ethers (DME, THF, dioxolane, diglyme)139,149.  The 

highest conductivity is usually obtained by using a solvent that possesses a low viscosity and 
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high-dielectric constant.  Viscosity and conductivity are related to transport processes that 

provide useful insights on ion solvation and association.  Various models have been proposed 

to describe the effect of salt on these transport properties150,151.  When the concentration in 

salt is raised the number of charge carriers increases, but at the same time, the viscosity 

increases thereby decreasing the ionic mobility151.  Typically, ions pairs contribute less to the 

increase in viscosity than free ions151.  In addition to viscosity and conductivity, liquid 

solvents should have a high-boiling point to reduce the vapor pressure and a low-melting 

point to operate at sub-ambient temperatures.  Since no single solvent has all these qualities, 

mixtures of solvents are generally studied.  A summary of the properties of various liquid 

solvents used in lithium batteries is shown in Table 2.3.  EC:DMC mixtures (3:1) perform 

best in retaining capacity during cycling when used with graphite anodes with  the best 

performing salts in these systems: LiAsF6 > LiClO4 > LiTFSI110. 

The main advantage of liquid electrolytes is their high conductivity, which stems 

from mobile solvation shells.  The size of solvent molecules, number of coordinating solvent 

molecules, and the energetics of the Li+-O− bond determine the size of solvation shell152.  In 

turn, the Li+-O− bond energetics are determined by the type of oxygen bond in the solvent 

and the electron donating character of the substituent group attached to the oxygen in the 

solvent152.  Most of the liquid solvents used in lithium batteries (Table 2.3) have a 

coordination number of 4 or 5.  Therefore, the size of the solvent molecule and the chemistry 

of the coordinating site are the most important properties that affect the conductivity in these 

solvents152. 

The formation of a stable solid electrolyte interface (SEI) and minimizing electrolyte 

oxidation are the main requirements for improving cycle life of liquid electrolytes88,153,154.  
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The resistance of an electrolyte to oxidation and its ability to form a SEI layer depends on the 

solvent, type of lithium salt, and operating temperature.  In certain electrolytes, a 

“passivating” film of electrolyte decomposition products spontaneously forms that protects 

anode from further reaction, but allows Li+ charge transfer153,154.  EC is often used in mixed 

organic carbonate systems since it promotes SEI formation and has high solution 

conductivity154.  The most resistant electrolyte composition88 found to date is a mixture of 

ethylene carbonate (EC) and dimethyl carbonate (DMC) with 1 to 2 M LiPF6.  Asymmetric 

methyl alkyl carbonates, especially 2 methoxyethyl (methyl) carbonate154, are the most stable 

of the carbonates indicating that the methoxy functional group is important in determining 

SEI formation154.  It has been proposed that the methoxy group can act as a “sticky” finger to 

attach the solvent molecules onto the anode during electrochemical reduction and promote 

efficient SEI formation as a compact film154.  Since higher alkoxyl groups generate reaction 

products that are soluble in the electrolyte, no SEI layer is formed.  In addition, liquid 

electrolytes are less stable at higher temperatures. While kinetic factors allow many of the 

electrolyte compositions to be used beyond the voltage range of their thermodynamic 

stability, higher temperatures reduce the energy barrier allowing oxidation to occur at lower 

potentials88. 

The advantages of liquid electrolytes are that they allow for small volume changes 

due to chemical or electrochemical reactions and thus maintain permanent interfacial contact 

with the electrode139.  In addition, liquid electrolytes can readily dissolve reaction products 

and minimize temperature and concentration variations that occur during charge and 

discharge24,139.  Liquid electrolytes also offer moderate-to-high rate capability24. Major 
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disadvantages are potential gassing and leakage, flammability, and reactivity with lithium 

metal. 

2.6.3 Solid Polymer Electrolytes (SPEs) 
Polymer electrolytes are solid phases that contain dissolved salts.  In polymer 

electrolytes, ions are transported by inter- and intrapolymer ion transitions between suitable 

coordinating sites facilitated by the flexibility of the polymer chains and their side groups140.  

Suitable polymer electrolytes possess atoms or groups of atoms with sufficient electron donor 

power to form coordinate bonds with cations with small barriers to bond rotation (i.e., high-

segmental mobility) and sufficient distance between coordination sites to eliminate ion 

interactions.  Figure 2.25 shows several polymer structures that can be used in electrolyte 

applications155.  The most widely studied polymer structure is poly(ethylene oxide) (PEO).  

PEO is readily available in molecular weights ranging from 250 to 8 × 106. This polymer is 

chemically and electrochemically stable and can solvate many types of salts, especially alkali 

metal salts.  A schematic of Li+ transport in PEO is shown in Figure 2.26.  The Li ions are 

bonded on average to five ether oxygens belonging to pairs of PEO coils that interlock to 

form cylinders arranged in a two-dimensional dense random packing with the anions 

occupying spaces between the cylinders156. 

Initial studies on polymer electrolytes focused on high-molecular weight PEO and 

LiClO4.  Although these electrolytes have good mechanical properties, the room-temperature 

conductivity is low (10-8 S cm-1) due to the presence of microcrystalline domains140.  

Acceptable conductivities can be reached only at temperatures exceeding 65°C, the 

temperature at which PEO undergoes a crystalline-amorphous transition.  In general, the 

strategies to improve the conductivity of polymer electrolytes are aimed at increasing the 
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polymer segmental mobility by designing structures that do not crystallize.  Increasing the 

conductivity to 5 × 10-5 S cm-1 can be achieved through the use of highly flexible 

macromolecules that provide a conduit for ion transport and possess coordination sites for 

ion solvation140,157.  The archetypal polymer structure possesses 4 to 15 ethylene oxide (EO) 

units that are long enough to effectively complex lithium ions but too short to crystallize.  

Examples are polymer networks, random and block EO/propylene oxide (PO) copolymers, 

and comb-like systems with short chain EO and EO/PO sequences158. EO/PO random 

copolymers have higher conductivity than pure PEO systems, but the mechanical properties 

are usually poor155.  Polymer electrolytes prepared from LiClO4 and high-molecular weight 

unsaturated ethylene oxide segment polymers with the generic formula -

[(CH2)xCH=CH(CH2)xO(CH2CH2O)y]n have a conductivity that varies from 10-5 S cm-1 at 

20°C to 10-4 S cm-1 at 100°C159.  Typical comb-branched block copolymers have PEO groups 

grafted on a rigid polymer backbone.  A schematic of the archetypal comb-branched 

copolymer poly[bis(methoxyethoxyethoxy)-phosphazene] (MEEP) is shown in Figure 2.27.  

Although the room-temperature conductivity for a 1:4 mixture of lithium triflate and MEEP 

is 2.6 × 10-5 S cm-1 at 25°C, the mechanical properties are poor140.  Polymer structures that 

contain more oxyethylene units can facilitate further improvements in conductivity.  Alloin 

and Sanchez showed that oxyethylene units had higher conductivities than oxypropylene or 

oxytetramethylene160. 

Helical polyethers can also yield higher conductivity. Blends of the amphiphilic 

helical polyethers poly[2,5,8,11,14-pentaoxapentadecamethylene(5-alkyloxy-1,3-phenylene)] 

+ polytetrahydrofuran copolymer + lithium salts yield a conductivity of 6 × 10-4 S cm-1 at 
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20°C. The high conductivity stems from reduced ion aggregation since Li+ are mobile in the 

polyether helices and the anion is mobile in the unimpeded spaces between the helices161.  

Another approach to increase conductivity is to attach PEO-based grafts onto 

polymethylsiloxane162.  By attaching different numbers of PEO chains of various molecular 

weight to the PDMS backbone, the polymer Tg and salt-solvation properties can be 

changed162.  Shorter PEO chains, such as PEO (MW = 350) and PEO (MW = 550), exhibit 

good conductivity whereas PEO (MW = 750) results in reduced conductivity due to high 

degree of order and close packing162.  The optimum conductivity of the PDMS-grafted PEO 

electrolyte is 7.9 × 10-5 S cm-1 at 20 °C for PEO (MW = 350) grafts + 20 wt% LiTFSI162. 

The salt type and concentration has a pronounced effect on the ionic conductivity of 

PEO-based electrolytes.  In general, lithium salts with large, bulky anions yield higher ionic 

conductivities due to reduced ion-pairing. LiTFSI is better than triflate in linear and comb-

branch ethylene oxide polymers157.  LiN(SO2CF2CF3)2 (BETI) was found to have the highest 

conductivity in PEO because of the size of the anion163.  In addition to ion-pair formation, the 

lithium salt can also reduce the crystallinity of the PEO polymer164-167.   

The conductivity of PEO can also be improved by mechanically altering the 

morphology and structure of the PEO polymer. Ball milling PEO + lithium salts (LiCF3SO3 

and LiBF4) yields an amorphous structure with smaller spherulite texture168.  Consequently, 

the ionic conductivity of the polymer electrolytes increases by about one order of magnitude 

than that of electrolytes prepared without ball milling. Maximum ionic conductivity at 90°C 

for the PEO polymer electrolytes prepared by ball milling168 for 12 hours is 2.52 × 10-4 S cm-

1 for LiCF3SO3 and 4.99 × 10-4 S cm-1 for LiBF4. 
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The formation of cross-linked polymer networks has been used to improve the 

mechanical properties but usually at the expense of conductivity.  Cross-linking 

poly(ethylene glycol) (PEG) (2000) + LiTFSI (Li:O = 1:18) + 4,4¢,4≤-

methylidynetrisphenylisocyanate produces a rubbery material with good mechanical 

properties and conductivity169 approaching 10-5 S cm-1 at 25°C.  Substitution of LiTFSI for 

lithium triflate results in a higher conductivity and better interfacial properties169. 

Alternative designs of polymer architecture involve non PEO-based groups, such as 

poly(vinylene carbonate) (PVIC), poly(1,3-dioxolan-2-one-4,5-diyloxalate) (PVICOX), and 

thermoplastic polyurethane (TPU).  These polymer structures, as shown in Figure 2.27, have 

a high number of coordinating sites to dissolve salts, high density of polar groups to reduce 

the activation energy for ion hopping, and an irregular structure that limits packing and 

increases the free-volume and conductivity170.  The room-temperature conductivity of PVIC-

triflate complexes is 10-8 S cm-1, while PVICOX-triflate complexes exhibit a room-

temperature conductivity of 10-4 S cm-1.  The optimum salt concentration for these polymers 

is 1:1 (repeat unit of polymer to lithium triflate), which is higher than other polymers (4:1)170.  

TPUs are block copolymers prepared by reacting a macrodiisocyanate with a macrodiol to 

form a polymer backbone with the structure (A-B)n where B is the soft segment (diol) and A 

is the hard segment (diisocyanate)171,172.  This type of polymer backbone leads to a unique 

two-phase microstructure where hard segments are distributed in a soft matrix.  The soft 

segments (typically polyethylene glycol (PEG), polypropylene glycol (PEG) or polytrimethyl 

glycol (PTMG)) dissolve alkali metal salts and have lower Tg (thus higher segmental 

mobility) while hard segments (typically 4,4'-methylene bis(cyclohexylisocyanate) provide 

mechanical reinforcement171.  Oxyethylene groups yield highest conductivity yet its 
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mechanical stability and interfacial stability is poor171.  To improve the mechanical properties 

of the TPU, the PEG unit can be crosslinked using a methacrylate monomer172.  Increased 

LiClO4 content has a negligible effect on the Tg of the hard segment while it significantly 

increases the Tg soft segment indicating chain stiffening of the polyether chain due to ion 

dipole interactions between Li+ and the polyether oxygens171.  The maximum conductivity is 

10-6 S cm-1 at room temperature and occurs at 10–12 wt% LiClO4.  The temperature 

dependence of conductivity follows VTF which indicates that the segmental motion of the 

polymer dominated ionic transport processes171. 

In addition to low conductivity, polymer electrolytes suffer from low-lithium 

transference numbers (~ 0.3) 169.  The poor lithium transport is due to strong polymer-lithium 

ion interactions that reduce the mobility of lithium relative to the mobility of anionic 

species86,173.  Anion trapping groups have also been attached to PEO-polymer backbones, 

such as boroxine rings, that are designed to promote lithium transference.  These boron-

modified polymer electrolytes exhibit high lithium transference numbers (> 0.7) in systems 

containing triflate, LiCl, or LiBF4 salts.  NMR data indicates strong interactions between the 

boron groups and the lithium salts which gives rise to the improved lithium transference. 

However, the conductivity of these systems is well below 10-3 S cm-1 and the mechanical 

properties are also very poor174. Blending PEO (MW = 5 × 106) with boron-modified PEO 

increases the conductivity and mechanical properties, but the measured transference 

number175 is only 0.4. 

In general, SPEs should enhance the safety of the batteries due to their low volatility 

and high viscosity which will mitigate the problem of venting gases and leaking electrolytes.  

SPEs offer considerable improvements in processing, which allows the design of thin 
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batteries in a variety of configurations.  The use of thin polymer films or operation at higher 

temperatures (60-100°C) can compensate in part for the lower conductivity of the polymer 

film. 

2.6.4 Composite Polymer Electrolyte 
Composite polymer electrolytes use the advantageous properties of solid and liquid 

electrolytes to produce a material with good mechanical and electrochemical properties.  The 

main strategy in composite systems is to possess an overall solid structure while maintaining 

the liquid-like configuration necessary for fast ionic mobility. Investigators have looked at 

composite electrolytes containing many types of additives including liquids, polymers, 

lithium salts, and fillers.  The remaining portion of this section presents an overview of the 

work related to these areas. 

Plasticized Polymers 
Solvents are commonly added to polymer matrices in order to reduce Tg and improve 

segmental mobility of the polymer.  The addition of low-molecular weight solvents to 

polymer electrolytes results in the formation of plasticized polymer electrolytes.  In these 

systems, the polymer host provides both mechanical support and ionic transport.  In addition 

to decreasing Tg, the plasticizer can increase ionic mobility and/or decrease ion 

dissociation176. 

The addition of solvents to PEO-based polymers significantly improves conductivity.  

Radiation-polymerized polyether electrolytes containing LiAsF6 and varying amounts of EC 

and PC exhibit room-temperature conductivities177 near 10-3 S cm-1.  The use of PEGdm 

(500) as a plasticizing solvent for the same polymer yields a room-temperature 

conductivity177 near 2 × 10-4 S cm-1.  Cross-linked ethylene oxide monomer with lithium 



 

59 

perfluoroalkane sulfonimide plasticized with PC yields a room-temperature conductivity in 

excess178 of 2 × 10-3 S cm-1.  The addition of PEG plasticizer to PEG (2000) + lithium triflate 

cross-linked with 4,4¢,4≤-methylidynetrisphenylisocyanate improves the conductivity and 

interfacial stability, but does not affect mechanical properties or lithium transference 

number169. Photocured poly(ethylene glycol) dimethacrylate (PEGDMA) and methoxy 

(polyethylene glycol) methacrylate (MPEGm) in the presence of 50 wt% PEGdm (250) as 

plasticizer improves the conductivity at 30°C from 10-5 S cm-1 without plasticizer to about 

10-3 S cm-1 with plasticizer179. Cross-linked polymer electrolytes containing PEO (MW = 2 × 

106) + oligo(ethylene glycol) dimethacrylate (OEGDMA, MW = 754) + LiClO4 + EC-PC as 

a mixed plasticizer have an ionic conductivity that exceeds 10-3 S cm-1 at 20°C180.  A novel 

polymer electrolyte poly(trimethylene carbonate) + lithium triflate (Li:O = 1:10) has a nearly 

a 1000-fold increase in conductivity upon plasticization with 10 wt% trimethylene carbonate.  

The conductivity increases from 3.2 × 10-9 S cm-1 without plasticizer to 3.2 × 10-6 S cm-1 

with plasticizer181. 

The type of solvent used in the plasticization has an effect on the transport processes.  

In electrolytes consisting of PEO (MW = 4 × 106) + LiTFSI (Li:O = 1:15) + PC, EC, or 

poly(ethylene glycol dimethyl ether) (PEGdm MW = 400) as plasticizer, the mobility of 

LiTFSI cations and anions is increased by plasticizing with EC and PEGdm(400), but cation 

mobility is decreased with addition of PC176. All the plasticized electrolytes have higher bulk 

conductivity than non-plasticized electrolytes176.  The plasticizer has negligible effect on the 

electrolyte stability window and electrolyte/lithium metal electrode interfacial impedance176.   
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Polymer-in-Salt Electrolytes 
Polymers can also be plasticized by the addition of ions.  These electrolytes, referred 

to as polymer-in-salt or rubbery electrolytes, incorporate significantly more salt than 

traditional polymer electrolytes.  The conductivity of salt-in-polymer solutions reaches a 

maximum at a salt concentration near M:O ~ 1:16; where M:O is the mole ratio of salt cation 

to polyether repeat unit.  In this concentration domain, the Tg of the polymer solution rises 

rapidly with increased salt content resulting in decreased ionic mobility that offsets the 

increasing number of charge carriers.  Depending on the physical properties of the salt and 

the polymer complex, the Tg of a polymer solution can reach a maximum at salt 

concentrations that are significantly higher than M:O = 1:1691,182.  Above this salt 

concentration, Tg decreases and thus the segmental motion of the polymer increases. The 

ionic conductivity increases since both the number of charge carriers and ionic mobility are 

increased183. These electrolytes are characterized by low Tg and melting temperature (Tm) and 

form supercooled liquids or molten salts with high conductivity at room temperature183. 

Polymer solutions containing high-molecular propylene oxide (PPO) and lithium 

salts, such as lithium iodide (LiI) and lithium triflate, can be cooled to low temperatures 

without crystallizing and have Tg well below room-temperature182,184.  Furthermore, at salt 

concentrations higher than those typically studied, a maximum Tg is observed.  About 10-

20% of PPO is required to produce elastic materials, but the room-temperature conductivity 

of the salt melt decreases by an order of magnitude182,184.  A three-salt melt (50 wt% LiI, 30 

wt% LiClO3, and 20 wt% LiClO4) with ~ 20% PPO (MW = 4,000) is an elastic solid that 

exhibits a room-temperature conductivity182,184 of 10-4 S cm-1.  Another way to prepare 

polymer-in-salt electrolytes is to dissolve a polymer in room-temperature molten salts 
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containing borate, such as 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) and 1- 

butylpyridinium tetrafluoroborate (BPBF4).  Chloroaluminate salts cannot be used since they 

are moisture sensitive and decompose to form HCl.  Free-radical polymerization of 2-

hydroxyethyl methacrylate in EMIBF4 or BPBF4 produces electrochemically stable and 

highly conductive electrolytes with a tensile modulus of ~ 7 Pa at room-temperature183.  

Poly(acrylamide) is another polymer capable of forming polymer-in-salt electrolytes. The 

addition of LiAlCl4 and LiN(CF3SO2)2 to poly(acrylamide) reduces Tg as salt concentration 

increases. Electrolytes containing equimolar mixture of LiN(CF3SO2)2 and polymer exhibit 

conductivity near 10-4 S cm-1 at room-temperature185. 

Gel Electrolytes 
Gel electrolytes are developed by trapping liquid electrolytes into a solid polymer 

matrix.  In gel electrolytes, the ionic transport is primarily governed by the liquid electrolyte 

with the polymer merely proving mechanical support.  Since the polymer is not necessarily 

involved in ionic transport, PEO-based polymer architectures are not required.  

Consequently, there are numerous polymers which have been studied including 

polyacrylonitrile (PAN), poly(vinyl chloride) (PVC), poly(vinyl sulfone) (PVS), 

poly(vinylpyrrolidinone) (PVP), poly(ethylene glycol diacrylate) (PEGDA), 

poly(methylmethacrylate) (PMMA), and poly(vinylidene fluoride) (PVdF)61.  Properties of 

the polymer matrix, especially the donor number, can influence the free-ion fraction of the 

gel polymer186.  The free-ion fraction increases as the donor number of the polymeric 

functional group used as the gel-forming matrix increases with PEO > PMMA > PAN > 

PVdF-HFP.  However, the cationic transference number exhibits the opposite trend since 

polymer-cation interactions retard transport186. 
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PAN-based electrolytes have been prepared by encapsulating various lithium salts in 

a mixture of EC and PC.  The conductivity of these composites depends on the relative 

amounts of PAN, EC, PC, and the lithium salt87.  EC-rich electrolytes with LiPF6 

encapsulated in PAN exhibits a conductivity of 4.5 × 10-3 S cm-1 at 30°C87.  The lithium 

transference number in these electrolytes varies from 0.13 to 0.34 indicating that anionic 

species are the most mobile87.  The stability of these electrolytes on platinum electrodes 

exceeds 5 V versus lithium87.   

The major disadvantage of PAN electrolytes is the large liquid content which causes 

similar problems that pure liquid electrolytes experience: volatility and reactivity with 

lithium metal187.  The reactivity of gelled PAN-PC-EC-LiClO4 with lithium is similar to that 

of the liquid PC-EC-LiClO4
188. To circumvent the volatility constraints, low-molecular 

weight polymers such as PEG, poly(ethylene glycol) dimethyl ether (PEGdm), or 

poly(ethylene glycol) monomethyl ether (PEGm) can be used.   

The ionic transport in PAN electrolytes is of much interest due to the large liquid 

content.  Compared to the unplasticized polymer salts, the gelled electrolytes have increased 

conductivity but lower lithium transference numbers184.  Although early studies indicated that 

the increase in conductivity is due to the appreciable amount of liquid, strong interactions 

between lithium ions and plasticizer solvent (PC/EC) and weak interactions between the 

lithium ion and C=N units along the PAN chain are observed from FTIR189,190.  For lithium 

triflate salts, the local structure about the lithium ion is characterized by coordination with 

the three oxygen atoms of the PC molecule and a triflate anion oxygen with a weak 

interaction with the C=N group of PAN.  Similar results are also observed with LiClO4 in EC 

plasticized PAN.  In this system, dissociated lithium ions couple with the C=O group in EC 
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and the C=N group in PAN.  There are also dipole interactions between EC and PAN through 

the C=O group and the C=N group.  The spectroscopic data indicates that the gel state is not 

a simple mixture of polymer, solvent, and salt, but a complex co-existence of the three 

components191.  The interactions between the lithium salt and PAN contribute to the 

dimensional stability of the gel electrolyte and affect ion transport60.  The effect of PAN on 

transport is not yet fully understood, although it is widely accepted that PAN does not affect 

the solvation of lithium ions.  The major effect of PAN may be on the dielectric constant of 

the composite medium.  Since the polar groups of PAN are more mobile in a highly 

plasticized state, their real contribution to the dielectric could be considerably higher than the 

value for pure PAN60.  

PMMA-based gel electrolytes have been studied since 1985192.  Early work by 

Bohnke et al. found that dissolving 20 wt% PMMA in 1 M LiClO4/PC produces a gel 

electrolyte with a conductivity of 2.3 × 10-3 S cm-1 at 25°C193.  Although the presence of the 

PMMA significantly increases the macroscopic viscosity of the gel electrolyte, the ionic 

conductivity of the gel remains comparable to the liquid electrolyte192.  This suggests that the 

PMMA acts only as a ‘stiffener’ and does not affect the transport properties.  In addition, 

increased LiClO4 salt concentration affects the diffusion coefficient of the solvent, but does 

not significantly affect segmental dynamics of the polymer194.  The conductivity mechanism 

in these systems is strongly related to the diffusion of the electrolyte solvent, not to the 

segmental mobility of the PMMA194.  Mixtures of isotactic and syndiotactic PMMA with 

various organic-carbonate and salts also exhibit high conductivity and mechanical properties.  

The composite electrolytes exhibit room-temperature conductivity exceeding 10-3 S cm-1 

(using 1 M lithium triflate in PC at 20 wt% PMMA) and tensile moduli greater than 105 
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Pa195.  Compared to PAN-based electrolytes, PMMA has improved interfacial stability with 

lithium90.  However, the kinetics and type of passivation depend on the electrolyte type 

suggesting that proper selection of components can enhance the interface187. 

PEO- and PVdF-based electrolytes can also be prepared as gel electrolytes.  Dipping 

PEO (MW = 4 × 106) + lithium triflate (Li:O = 1:20) into a 0.1 M lithium triflate in PC for 2 

hours produces a gel electrolyte with a room-temperature conductivity196 near 10-3 S cm-1. 

The charge-transfer resistance increases with time due to formation of passivation layer, but 

the electrochemical stability exceed 4.5 V versus Li+/Li196.  Polymer gel electrolytes made 

from poly(vinylidene fluoride) + lithium triflate + tetraglyme exhibit room-temperature 

conductivity near 10-3 S cm-1, while maintaining sufficient mechanical rigidity to form self-

supporting films (G¢ ~ 100 kPa) 43.  

Dual-Phase Gel Electrolytes 
A new approach to the designing gel electrolytes involves the use of phase-separated 

copolymers.  These electrolytes consist of high-polarity polymer plasticized with lithium salt 

solution while the supporting phase is made of low-polarity polymer to provide mechanical 

support.  As a result, the plasticizer only helps the conducting phase and does not degrade the 

supporting phase. 

PVdF can be copolymerized with hexafluoropropylene (PVdF-HFP) to form a 

polymer with amorphous domains that are capable of absorbing liquid electrolyte.  The 

preparation of these copolymers has been patented by Bellcore.  LiTFSI in low-molecular 

weight PEGdm (250, 400, 500) can be encapsulated in PVdF-HFP resulting in a room-

temperature conductivity61 near 10-4 S cm-1.  These materials have lithium transference 

numbers near 0.3 and have good mechanical properties with no volatility concerns61.  Ionic 
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liquids, 1-ethyl-3-methylimidazolium salts of triflate and BF4
-, can be encapsulated in PVdF-

HFP to produce thermally stable, nonvolatile materials with a room-temperature conductivity 

that exceeds197 10-3 S cm-1.  For PVdF-HFP plasticized with EC/DEC (2:3 by volume) + 

lithium triflate, transport property measurements indicate that the number of charge carriers 

depends on the polymer concentration with the salt cation and anion diffusion coefficients 

decreasing with increasing polymer concentration198.  ENMR studies of PVdF-HFP polymers 

with PC and various lithium salts indicate that larger anions yield higher transference 

numbers since there are fewer ion-ion interactions.  While lithium triflate exhibits a 

decreasing transference number with increasing salt concentration, LiTFSI is invariant over 

salt concentration199.  The temperature dependence of all the salts shows little dependence on 

temperature199.  Dual-phase gel electrolytes consisting of PVdF-HFP copolymers with 

PMMA200, PS201 and PEO202 are also being studied.  

PVC/PMMA can also form phase-separated gel electrolytes.  The PVC-rich phase 

imparts mechanical stability while the PMMA-rich phase provides a pathway for ionic 

conduction203.  Immobilizing 1 M LiPF6 in EC/DMC (3/1) in a copolymer of PVC (MW = 

1.5 × 105) / PMMA (MW = 9 × 105) (6 PVC/4 PMMA) yields a gel electrolyte with a 

conductivity exceeding 10-3 S cm-1 at room temperature203.  Increasing the polarity of the 

liquid electrolyte increases the phase separation and conductivity203. 

Another example of this type of electrolyte is a copolymer composed of poly(styrene-

co-butadiene) rubber (SBR) and poly(acrylonitrile-co-butadiene) rubber (NBR).  The 

copolymer is first prepared and then submerged into a lithium salt solution.  Subsequent 

heating at 50°C crosslinks the SBR phase and improves mechanical properties.  At ~ 70% 

lithium salt solution (1M LiAsF6 + EC/PC/2-methyl tetrahydrofuran (2-MTHF) (volume 
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ratio of EC:PC:2-MTHF = 1 : 1 : 2)), this electrolyte exhibits ionic conductivity greater than 

10-3 S cm-1 at room temperature and a tensile strength above 3 MPa204. 

Crosslinking of the polymer matrix in the presence of the liquid electrolyte has been 

used to increase the liquid electrolyte retention205.  In addition, the gel electrolyte preparation 

process can be improved through the use of UV-curable oligomers.  Since typical preparation 

of gel electrolytes requires long mixing and drying times, the solvent may swell or dissolve 

the polymer by heat generated during use. Furthermore, the solvent could be “squeezed” out 

from the polymer structure during storage. UV-crosslinking mitigates these problems since 

the gelation occurs within a few seconds after mixing and the presence of chemical crosslinks 

enhances the thermal stability of these systems.  A gel electrolyte comprising of 20 wt% of 

polyethylene glycol diacrylate (PEGDA) + PVdF-HFP + 80% 1M LiPF6 in EC:DMC (50/50 

by volume) shows high room-temperature conductivity (4 × 10-3 cm-1), is stable up to 4.7 V 

vs. Li/Li+, exhibits good interfacial stability, and has a lithium transference number 

exceeding 0.5.  Photo-crosslinked poly(ethylene glycol) diacrylate (PEGDA) with lithium 

triflate soaked in Celgard 3401 membrane with EC/PC exhibits conductivity of 5 × 10-4 S 

cm-1 at 25°C206.  Poly(alkylene oxide) macromonomers have also been used to synthesize 

crosslinked gel electrolytes.  A trifunctional alkylene oxide macromonomer (MW = 8000) 

crosslinked in the presence of EC/PC + 1 M LiBF4 retains over 80 wt% of its weight in 

plasticizer207,208.  Gels prepared by crosslinking 1,3-butanediol diacrylate (BDD) or 

tetraethylene glycol diacrylate (TEG) in the presence of butyrolactone + LiTFSI solutions209 

exhibit room-temperature conductivity exceeding 10-3 S cm-1 and good mechanical properties 

209. The polymer matrix interacts with the lithium salt, but reduces the ion mobility due to 

both long-range interactions and steric hindrance210. 
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Mixed-phase electrolytes 
Mixed-phase electrolytes are formed by the addition of solid particles (fillers, 

colloids) to liquid or polymer electrolytes.  In general, these fillers are used to improve the 

mechanical properties and temperature stability of the host; however, certain fillers have 

been shown to improve the electrochemical properties of the host.  In particular, the addition 

of fillers has reduced the reactivity of various electrolytes with lithium metal69.  The 

improved interfacial stability has been suggested to stem from ability of the filler to trap 

traces of liquid impurities thus protecting the lithium electrode69.  The protection of the 

lithium increases as the size of the particles decreases.  The presence of fillers can increase 

the ionic conductivity.  The enhanced ionic conductivity can be due to (i) an enhanced degree 

of amorphicity and inhibition of recrystallization rate by preventing agglomeration of the 

polymer chains165, (ii) defect-rich grain boundaries that serve as conducting channels for 

ions91, and (iii) interactions between the filler-salt or filler-solvent that reduce ion 

aggregation and promote salt dissociation211.  The following section gives a brief overview of 

the numerous filler types that have been investigated in PEO-salt complexes.  The following 

section reviews the work by our lab and others in the development of fumed silica, mixed-

phase composite electrolytes. 

Non Fumed-Silica Based 
The first published investigation of mixed-phase electrolytes used α-Al2O3 particles 

in PEO-salts complexes.  While the addition of up to 10% α-Al2O3 to a PEO8 + LiClO4 

electrolyte has a negligible effect on conductivity and lithium transference number, the creep 

resistance of the composite is significantly better than the unfilled PEO8/LiClO4 electrolyte83.  

The addition of 20 wt% α-Al2O3 (24 nm) to PEO (MW = 2 × 106) + LiClO4 (1:8) does not 
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affect Tg and no endothermic melting peak is observed in DSC measurements212.  In PEO 

(MW = 600K) + LiTFSI + α-Al2O3 166, the addition of the filler particles does not affect the 

"free" anion/ion-pair equilibria, but does reduce the crystallinity.  However, fully amorphous 

PEO (MW = 120 K) exhibits a higher Tg and lower ion conductivity as the filler 

concentration is increased.  Simulation by molecular dynamics (MD) methods indicates that 

addition of α-Al2O3 (2 nm diameter) to lithium salts in amorphous PEO (Li: O = 1:10) 

reduces the lithium-ion mobility, with the largest decrease found near the particle surface in 

the region of immobilized PEO213.  Further away from the particle surface, the PEO and salt 

ions are more mobile.  Corresponding "free'' ions are located further away from the particle 

surface in the more mobile PEO regions, along with charged and uncharged ion-clusters213. 

The α-Al2O3 filler can have different surface groups, such as acidic, basic, and 

neutral.  These surface groups can affect mechanical and electrochemical properties of 

amorphous and crystalline electrolytes.  In general, acidic and neutral Al2O3 fillers can 

interact with the anion while basic fillers can interact with Li+ through Lewis acid-base 

interactions.  For PEO (MW = 4 × 106) + LiCF3SO3 (1:20) + 10 wt% of Al2O3 (acidic, basic, 

or neutral surface groups) at temperatures above the Tm of PEO, composites containing 

neutral and acidic Al2O3 have higher conductivity than composites containing basic Al2O3 or 

no Al2O3
214.  Above Tm, neutral and acidic Al2O3 can exert hydrogen bonds with the salt 

anion as well as oxygens on the polyether chain whereas basic Al2O3 can only interact with 

the salt and solvent via ion-dipole interactions214. At temperatures below Tm, the conductivity 

of acidic and neutral Al2O3 is higher than composites without Al2O3.  Furthermore, the 

ceramic-free electrolytes have higher conductivity than the electrolyte containing basic 

Al2O3.  The acidic and neutral Al2O3 can promote salt dissociation and remove Li+ ions from 
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the PEO chains.  The enhanced lithium conduction is corroborated by lithium transference 

number measurements that increase in the following order: acidic surface (0.63) > neutral 

surface (0.54) > basic surface (0.48) ~ ceramic-free (0.46) 214.  Amorphous oligomeric PEGm 

(MW = 350) + LiClO4 + 10 wt% Al2O3 (5 µm acidic, basic, or neutral surface groups) 

exhibits higher conductivity in a limited LiClO4 concentration range (~ 0.5 mol kg-1) 

compared to filler-free electrolytes215. In this concentration range, electrolytes containing 

Al2O3 with basic groups have higher conductivity than electrolytes with neutral or acidic 

Al2O3.  The difference stems from the various interactions in the composite electrolyte.  The 

basic surface groups of Al2O3 interact with Li+ or positively charged triplets and thus reduces 

polymer-salt interactions.  Acidic or neutral Al2O3 groups compete with Li+ cations for the 

complexation of polyether oxygens, which reduces the viscosity of the electrolyte and 

formation of ion-pairs.  At salt concentrations lower than 0.5 mol kg-1, the concentration of 

the filler is much greater than the salt, so polymer-salt interactions are less pronounced and 

the presence of the filler increases the viscosity and reduces chain flexibility.  The 

conductivity of basic Al2O3 in this salt concentration range may also be depressed by the 

interactions of the filler and Li+. 

Other fillers that can act as Lewis acids include TiO2, ZrO2, and AlBr3.  TiO2 fillers 

can act as a “solid plasticizer” by kinetically inhibiting polymer crystallization and polymer 

chain reorganization at ambient temperature and as a solid solvent by interacting with the 

lithium salt ions.  Composites consisting of PEO (MW = 4 × 106) + LiClO4 (Li:O = 1:8) + 

10% TiO2 (Degussa 13 nm) have higher conductivity than filler-free systems for the 

measured temperature range; however, the thermal history of the samples affects the 

conductivity since the filler acts to inhibit recrystallization216.  After the first scan above Tm 
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and subsequent cooling, DCS traces show no crystalline-to-amorphous peaks after 6 days.  

TiO2 filled materials exhibit little decay in conductivity over several days after annealing at 

60°C since the PEO cannot reorganize resulting in a high degree of disorder and enhanced 

conductivity216. In addition to inhibiting recrystallization, Lewis acid-base reactions between 

the ceramic surface sites and the PEO segments can cause increases in conductivity.  The 

Lewis acid sites of TiO2 compete with the Lewis acid of the lithium cations for the formation 

of PEO-complexes that act as cross-linking centers for the PEO segments.  The cross-linking 

of PEO segments lowers the polymer chain reorganization tendency and promotes a 

structural modification that provides Li+ conducting pathways at the filler surface and 

therefore higher ionic conductivity.  Furthermore, Lewis acid-base interactions between the 

filler surface and salt anion facilitate salt dissociation and reduced anion mobility.  The 

increased lithium mobility (relative to anion mobility) is corroborated by high values of the 

lithium transference number.  A composite containing 10 wt% TiO2 has a lithium 

transference number of 0.5 compared to 0.25 for the ceramic-free electrolytes.  Composites 

containing TiO2 show excellent oxidative stability with respect to Li/Li+ of 5 V and excellent 

lithium/electrolyte interfacial stability. Similar trends are also observed in composite 

electrolytes containing lithium triflate (Li:O = 1:10) rather than LiClO4
217.  In composite 

electrolytes containing TiO2 (5-15 wt%) + PEO (4 × 106) + lithium triflate (1:10), the 

conductivity of the composites is higher than the unfilled system below Tm.  Above Tm, the 

composite containing 15 wt% TiO2 exhibits a lower conductivity than the composites.  The 

maximum lithium transference numbers of TiO2 composites occur at 10 wt% TiO2.  

Furthermore, the interfacial stability of the composites appears to be independent of TiO2 

content.  A composite electrolyte containing PMMA (MW = 1.7 × 105) + LiBF4-DBP 
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(plasticizer) and ZrO2 (21.5 µm) exhibits increased conductivity after the addition of the 

filler218.  The maximum conductivity for the composites is 4.6 × 10-5 S cm-1 at 31°C218.  

Oligomeric polyethers (PEGm (350) and PEGdm (500)) + LiClO4 (1 mol kg-1) exhibit 

increases in conductivity after the addition of 1 or 5 wt% AlBr3 while the addition of 10 wt% 

AlBr3 reduces conductivity below that of the unfilled system219.  The lower conductivity of 

the 10 wt% composite is primarily due to an increase in polyether chain stiffness that restricts 

the ion transport.  For the lower concentrations of AlBr3, the increased polyether chain 

stiffness is offset by the reduction of ion pairs.  At lower salt concentration (0.1 mol kg-1), 

increases in AlBr3 concentration decrease the ionic conductivity due to stiffening of the 

polymer chain 219.  Finally, the addition of AlBr3 can also slow the growth of the passivating 

layer in lithium-lithium cells compared to electrolytes without AlBr3
219. 

Ionically conductive fillers, such as Li3N, NASICON (Na3.2Zr2Si2.2P0.8O12), γ-LiAlO2, 

and β≤-Al2O3, have also been investigated as fillers in polymer electrolytes.  A composite 

containing Li3N + 8 vol% PEO (MW = 4 × 106) + lithium triflate (Li:O = 1:12) produces a 

relatively brittle material with room-temperature conductivity220 near 10-4 S cm-1.  The use of 

NASICON in PEO-NaI complexes results in significant increases in conductivity relative to 

pristine PEO221.  PEO8NaI composites filled with β≤-Al2O3 (15 µm) does not exhibit a higher 

conductivity than pure PEO8NaI, but the conductivity of the composites does increase as the 

filler concentration is raised from 5%-20%; however the conductivity of the composites 

remains lower than pure PEO8NaI222.  The addition of 10 wt% γ-LiAlO2 to PEO (MW = 5 × 

106) + lithium triflate + poly(octofluoropentoxy-trifluoro-ethoxy phosphazene) decreases the 

ionic conductivity relative to the polymer electrolyte without filler, but addition of 20 wt% γ-
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LiAlO2 exhibits a similar conductivity to that of the unfilled polymer electrolyte (3 × 10-5 S 

cm-1 at 85°C)223.  Hyperbranched poly[bis(triethylene glycol)benzoate] with terminal acetyl 

groups + LiTFSI (Li:O = 1:9) and 10 wt% γ-LiAl2O3 exhibits increased conductivity 

compared to the unfilled polymer despite the lack of crystallinity in the hyperbranched 

polymer224.  The filled hyperbranched electrolyte also has improved mechanical properties 

and compatibility with lithium electrode as well as a higher lithium transference compared to 

the unfilled electrolyte224.  The use of β≤-Al2O3 (5 µm) produces a composite electrolyte that 

exhibits a conductivity of the same order as PEO8/LiClO4 without filler225.  The results of the 

β≤-Al2O3 composites indicate that the transport characteristics of the continuous phase are 

influenced by the filler content and by its particle size222.  High-molecular weight 

PEO8/LiClO4 filled with small particles of LiAlO2 (~ 4.0 µm) shows increased conductivity 

relative to pristine PEO8/LiClO4 at 60°C and 100°C226,227.  The optimum concentration of 

LiAlO2 is 10% w/o, which is low enough to prevent sedimentation of the filler yet maintain a 

small volume of nonconductive filler.  The PEO8/LiClO4 + 10 wt% LiAlO2 composites have 

electrochemical oxidative stability that exceeds 4 V versus lithium and improved interfacial 

stability with lithium metal compared to PEO-salt complexes.  Although the mechanism of 

enhanced stability is not fully understood, it may be due to the water-absorbing capabilities 

of the ceramic particles (water-scavenger effect)165,228. 

Polymeric materials have also found application as fillers for PEO-based materials.  

Polymeric fillers are very flexible and can disrupt the crystallinity of PEO without reducing 

the chain flexibility of the PEO chains.  Ceramic fillers are rigid materials that can stiffen the 

polymer chains, thereby, reducing the mobility of charge carriers.  As a result, the gains in 
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conductivity for ceramic-filled polymers do not approach that of a truly amorphous 

PEO               (10-5 S cm-1)229.  Polymer fillers can disrupt crystallinity without reducing the 

polymer chain flexibility.  Polyacrylamide (PAAM) and its derivatives have been 

investigated as fillers in PEO-LiClO4 complexes.  The addition of 40% volume of PAAM to 

PEO (MW = 5 × 106) + LiClO4 (10 mol%) yields a room-temperature conductivity greater 

than229 10-5 S cm-1.  The presence of PAAM inhibits crystallization and modifies the 

amorphous regions to enhance segmental mobility.  

Polymer-clay particles have also been investigated as mixed-phase electrolytes.  

Smectite clay particles can provide mechanical support and have the advantage of an 

immobilized anion.  As a result, the transference number of the polymer-smectite composites 

is expected to be unity230.  Dimethyldioctadecylammonium chloride (DDAC)-modified 

montmorillonite clay enhances the ionic conductivity of plasticized PMMA-based 

electrolytes relative to the system without clay. X-ray diffraction studies indicate the polymer 

chains are intercalated within the spacing of the clay particles.  FTIR studies indicate that the 

relative fractions of the complexed C=O and the free anion increase with the addition of clay.  

The presence of clay facilitates interaction of the C=O group of PMMA with the lithium salt 

and thereby dissociates the lithium salt and increases the number of cations that can interact 

with the C=O group.  There is no interaction between the clay and PMMA231.  Lithium 

exchanged montmorillonite (LiMMT) has been used in PEO (MW = 400,000) and 

PEO/PMMA(MW = 120,000) blends 232.  Addition of 30 wt% PEO and PMMA to LiMMT 

increases the conductivity232 to 1.2 × 10-4 S cm-1 at 20°C.  The high conductivity can be 

explained by PEO intercalation in silicate interlayer that increases the pathway of Li+ ion 

transport thus increasing the conductivity232.  Unintercalated polymers remaining in the 
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grain-boundary of intercalated LiMMT provide the paths for Li+ ions to transport quickly 

between the intercalated LiMMT.  Furthermore, the intercalation of PEO in the presence of 

PMMA increases the random state of polymer chains which weakens the interaction between 

Li+ and polymer chains232.  PEO can intercalate in laponite clays and increase interlayer 

spacing of the clays233 from 10Å (no PEO) to 20-24 Å. The intercalation of PEO into the 

laponite increases the conductivity from ~ 10-19 S cm-1 for dry clay to 10-6 S cm-1 at 80°C.  

The enhanced conductivity of the intercalated clay is due to (i) increased interlayer spacing, 

(ii) shielding of the cations from the negatively charged silicate sheets by the intercalated 

polymer, and (iii) decreased grain boundary resistance233.  VTF behavior is observed in the 

laponite composite, which indicates that free volume and polymer segmental motion between 

silicate sheets are important.  This is due to the fact that intercalated polymers are also 

essentially restricted to two dimensions, i.e., reduced free volume.  Further enhancements in 

conductivity can be obtained by increasing the inter-layer spacing, incorporating oligomers 

or polar solvents, and adding lithium salts233.  The addition of LiTFSI to the intercalated 

polymer increases the conductivity to that of PEO systems without additives (5 × 10-5 

S cm-1).  In general, the addition of PEO to laponite reduces the brittleness of the laponite 

composites233. 

The addition of ferroelectric materials such as BaTiO3 (0.5 µm or greater particle 

size), PbTiO3, and LiNbO3 into PEO + salt electrolytes significantly enhances 

conductivity234. Paraelectric particles, such as SrTiO2 or small particles of BaTiO3 (0.1 µm or 

less particle size), exhibit reductions in conductivity or no change in conducitivity234.  The 

observed difference in conductivity enhancement for ferroelectric and paraelectric fillers is 

due to the spontaneous polarization of the ferroelectric materials which facilitates salt 
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dissociation.  The effect of conductivity enhancement also depends on the association 

tendency of the lithium salt and is maximum for LiClO4
234.  For salts with lower tendency for 

association than LiClO4, the ferroelectric particles do not effectively dissociate the salt since 

there is a low probability that the ions experience ion-ion pairs or ion clusters. For salts with 

a high tendency for association, the interaction between the permanent dipole and the salt is 

not strong enough to promote dissociation.  Ferroelectric fillers enhance the lithium 

transference number since these materials promote salt dissociation and preferred lithium 

cation transport routes at the boundaries of the ceramic particle. The lithium transference 

number approaches 0.5 for the ferroelectric fillers. These materials also exhibit good 

interfacial stability with the lithium electrode.  PEO (MW = 6 × 105) + LiClO4 + 10 wt% 

BaTiO3 electrolytes reduces the interfacial resistance from 500 to 150 ohm cm2 at 80°C213,235.  

Room-temperature mechanical strength is similar to a crosslinked polymer with a modulus of 

3.5 MPa at 100% elongation and a modulus of 3.9 MPa at the break point236. 

Fumed silica composites 
One of the unique features of fumed silica is that its surface can be modified from the 

native silanol (Si-OH).  The surface group of fumed silica can affect the mechanical and 

electrochemical properties of fumed silica composites.  Fumed silica (SiO2) with various 

surface groups has been studied in various lithium battery electrolytes including liquid 

solvents237-239, low-molecular weight polymers240 and high-molecular weight polymers167.  

Hydrophilic (Degussa A200) fumed silica dispersed in high-molecular weight PEO (MW = 5 

× 106) and NaI has a higher conductivity than pristine PEO-NaI due to a decrease in 

crystallinity167.  Similar increases in conductivity relative to pristine PEO-NaI are observed 

with hydrophobic (Degussa R805) fumed silica.  Composites with hydrophilic fumed silica 



 

76 

exhibit a larger decrease in crystallinity when compared to hydrophobic fumed silica, which 

is attributed to a hindered crystallization process of PEO in the presence of hydrophilic 

fumed silica and an increased surface area of hydrophilic fumed silica167.   

Organic carbonate electrolytes with A200 exhibit a higher conductivity than the same 

electrolytes without A200239.  Composites with 6 mL of 1M LiClO4/PC per 1 gram of A200 

(~ 10%) have a conductivity of 5.8 mS cm-1 compared to a conductivity of 4.8 mS cm-1 for 

the 1 M LiClO4/PC239.  In contrast, composites containing EC-DMC + 1 M lithium triflate + 

fumed silica at low concentrations (4-6 w/o) do not exhibit increases in conductivity relative 

to the pure liquid electrolyte238.  However, differences in microstructure are observed for 

A200 and R805 dispersed in EC-DMC electrolytes.  For A200 composites, hydrogen bonds 

are formed between adjacent hydroxyl groups on the fumed silica surface resulting in the 

formation of a thixotropic network structure238.  Electrolytes with R805 do not form a 

network structure due to the lack of available hydrogen bonding sites238.  The presence of the 

A200 in EC-DMC does not influence the lithium transference number as measured by the 

steady-state current method238.  Furthermore, these composites have oxidative stability up to 

4.1 V versus lithium and can be cycled reversibly with lithium metal and cathode 

materials238.  The stability of the composite electrolyte with lithium indicates that the 

hydroxyl (–OH) groups on the fumed silica surface do not readily react with lithium238.  

Oligomeric PEGdm(500) + LiClO4 + unmodified fumed silica (Degussa A200) 

exhibits conductivities that exceed the SiO2-free samples for certain salt concentrations241. At 

lowest salt concentration, the filler-free electrolyte has higher conductivity than the filled 

electrolyte because of the lower viscosity which governs the long-range mobility of charge 

carriers241.  In 10-3 - 10-2 mol kg-1 salt concentration range, the filled electrolyte exhibits 
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higher ionic conductivity than the filler-free electrolyte since the SiO2 interacts with ClO4
- 

anions and reduces the fraction of ionic associations241. The presence of SiO2 fillers moves 

the Li+-ClO4
- salt equilibrium toward the redissociation of ion pairs241. In the design of 

composite polymer electrolytes, the local segmental motions are more important for 

conduction than the viscosity241. 

Hexamethyldisilazane-treated fumed silica particles (Cab-o-Sil® TS-530) added to a 

gel electrolyte consisting of ethyl glycol dimethacrylate + 1M LiClO4 in EC/PC (1:1 by 

weight) effectively stabilizes the lithium interface compared to systems without fumed silica.  

The improved interface is due to (i) morphology change of the polymer due to the addition of 

silica (ii) impurity scavenging, and (iii) interactions between the silica and the carbonyl base 

of the polymer which prevents the polymer from reacting with lithium242.  PVdF-HFP 

polymer electrolyte filled with hexamethyldisilazane-treated fumed silica particles (Cab-o-

Sil® TS-530) exhibit better interfacial stability with lithium and higher ionic conductivity at 

30 wt% than similar electrolytes without fumed silica202,243.  For PEO-silica + LiClO4 (O:Li 

= 9:1) hybrids prepared via in situ acid-catalyzed sol-gel reactions of the precursors [i.e., 

PEO functionalized with triethoxysilane and tetraethyl orthosilicate (TEOSi)], the 

conductivity and Tg reach maximum values244 at 35 wt% SiO2.  The maximum conductivity 

is 3.7 × 10-6 S cm-1 and Tg is -5°C. The compressive elastic modulus increases with silica 

content above Tg.  High-molecular weight PEO (MW = 4 × 106) with native fumed silica can 

be swelled with EC and DEC and 1M LiBF4 to form homogeneous films with conductivity 

exceeding 10-3 S cm-1 at room temperature; however the lithium-ion diffusion coefficient is 

considerably lower in the membrane than in the liquid245. 
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Our work has focused primarily on investigating various fumed silica surface groups 

in low-molecular weight PEGdm (250).  The elastic modulus G¢ and room-temperature 

conductivity of PEGdm (250) + LiTFSI (Li:O = 1:20) electrolytes as a function of R805 

weight percent is shown in Figure 2.28.  The addition of hydrophobic fumed silica (R805) to 

PEGdm (250) increases the mechanical properties with marginal decreases in conductivity240.  

At 20 wt% R805, the composites possess commercially acceptable mechanical and 

electrochemical properties (σRT > 10-3 S cm-1 and G¢ > 105 Pa)240.  At 30°C the 

electrochemical transport properties, conductivity, lithium transference, and diffusivity, are 

not significantly affected by the presence of R805 silica78 as shown in Figure 2.29.  

Furthermore, these composites exhibit a high viscosity at low-shear rates and a low viscosity 

at high-shear rates246 as shown in Figure 2.30.  The shear-thinning behavior of the 

composites is highly desirable and allows easy processing of the composites.  The network 

formation of R805 fumed silica in PEG-type liquids is due to the van der Waals attraction 

between octyl surface groups247.  The density of the network structure, related to G¢, scales 

with the squared difference in solubility parameter between the solvent  δm and the fumed 

silica surface group δoct.  The correlation247 between G¢ and (δm- δoct)2 for several solvents 

with 10 wt% R805 is shown in Figure 2.31. For a wide range of solvents, G¢ is proportional 

to (δm-δoct)2 indicating that the network structure can be predicted from bulk properties of the 

solvent and fumed silica surface group247.   

Other fumed silica surface types can significantly affect the rheological properties 

with little or no effect on conductivity.  Figure 2.32 shows the dynamic frequency response 

of PEG (300) solvents with various fumed silica surface groups.  The dynamic frequency 
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response of hydrophilic (A200) fumed silica exhibits viscous behavior due to the weak 

interactions of fumed silica particles in PEG (300).  The resulting composite is liquid-like 

with poor mechanical properties.  Conversely, the dynamic frequency response of 

hydrophobic fumed silica (R805 and R974) shows elastic behavior.  The hydrophobic fumed 

silica particles interact to form a three-dimensional network with good mechanical 

properties240.  The effect of surface group on the composite conductivity is shown in Figure 

2.33.  The conductivity of PEGdm (250) + LiTFSI (Li:O = 1:20) composites with 10 wt% 

fumed silica (A200, R805, R74, and FS PEO) is lower than the base solution; however the 

effect of the fumed silica surface group is negligible240.  Together, Figure 2.32 and Figure 

2.33 demonstrate that mechanical and electrochemical properties are decoupled and can be 

optimized independently.  Finally, the presence of fumed silica stabilizes the 

lithium/electrolyte interface as measured by interfacial impedance248.  A plot of the 

interfacial impedance as a function of time and fumed silica type is shown in Figure 2.34.  

Although the mechanism of stabilization is not known, the effect appears to be similar to that 

of ceramic fillers.  The presence of R805 and A200 also enhances the performance of 

Li/CPE/Li cycling and full-cell cycling.  In Li/CPE/Li cycling studies, composites containing 

fumed silica exhibit lower average half-cycle voltage and improved interfacial stability 

before and after cycling.  A plot of the interfacial stability for four types of silica (R805, 

A200, R974, and FS-PEO)249 is shown in Figure 2.35.  The largest stabilization of the 

lithium-electrolyte interface is correlated with the gel strength of the composites.  

Furthermore, increases in silica content result in enhanced stabilization of the interface249.  

The addition of 10 wt% R805 and 10 wt% A200 improves the full-cell cycling performance 

in batteries with various cathodes249,250, including LiMn2O4, LiCoO2, and LiV6O13.  A plot of 
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discharge capacity versus cycle number for LiV6O13 cathodes is plotted in Figure 2.36.  The 

addition of 10 wt% R805 or 10 wt% A200 increases the discharge capacity relative to the 

unfilled system250.  The A200 composite also exhibits slightly better performance than the 

R805 which may suggest that the gel strength and presence of hydroxyl groups may be 

important in the design of composite lectrolytes250.  

2.6.5 Polyelectrolytes 
Polyelectrolytes are a class of polymers with charge species covalently attached to the 

polymer chain.  In polyelectrolyte materials where the anions are attached to the polymer 

chains, the anionic mobility is suppressed since they move as slow as the polymer chains 

themselves. The restricted movement of anions mitigates the build-up of concentration 

gradients in the electrolyte, and therefore, the cation transference number is expected to be 

close to unity. Work by Doyle, Fuller, and Newman showed that while the conductivity of 

polyelectrolytes is typically an order of magnitude lower than polymer electrolytes, its 

performance at higher discharge rates is better than polymer electrolytes due to the high 

transference number67. 

Low-molecular weight PEGm (MW between 350 – 750) can be prepared with 

sulfonamide salts derivatives on the chain end as shown in Figure 2.37251.  Due to the low-

molecular weight of the polymer backbone, these polyelectrolyte are a low viscosity liquid 

over a wide temperature range and amorphous without crystallizing251.  Polyelectrolytes 

consisting of PEO (MW = 550) + sulfonamide with -C2H4OCH3 endgroups251 exhibit a 

room-temperature conductivity of 2 × 10-5 S cm-1 and a Tg of -63°C.  The temperature 

dependence of conductivity follows VTF behavior; therefore the ion transport is controlled 

by the segmental mobility of the polymer.  Consequently, designing sulfonamide 
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polyelectrolytes with decreased Tg enhances conductivity.  Rubbery solids with sulfonamide 

endgroups on PEO polymer backbones can be prepared by the interfacial polycondensation 

of diamino-PEO and either 1,3-benzenesulfonyl chloride or naphthalene-1,3,6-trisulfonyl 

chloride252.  The bulk ionic conductivity of the resulting polymerized hybrid is large, and 

similar to the value for the corresponding hybrid oligomer252.  In particular, the network 

polymer hybrid of PEO (Mn = 1000) having lithium sulfonamide salt endgroups252 is a self-

standing amorphous film with ionic conductivity near 2.0 × 10-6 S cm-1 at 50°C.  The 

PEO/sulfonamide polyelectrolyte exhibits primarily cationic conducting characteristics since 

a constant current was observed in dc polarization studies with lithium metal as an active 

electrode.  The combination of high lithium transference and good ionic conductivity is a 

consequence of a low Tg and the high degree of dissociation of sulfonamide salts252.  The use 

of thiolate salts instead of sulfonamide can further reduce Tg
253.  Orthoborate salts, mono-

oxalato-capped (polyMOB) and mono-malonato-capped (polyMMB), can also be attached to 

polyether backbones at various separations to prepare polyelectrolytes254,255. The 

conductivities of these lithium-conducting polymers are comparable to typical polymer 

electrolytes.  A room-temperature conductivity of 10-5 S cm-1 is found for polyMOB with 14 

ethyleneoxy repeating units. The electrochemical window for these materials is in excess of 

4.5 V254,255. Similar to gel electrolyte, polyelectrolyte can be plasticized with high dielectric 

solvents to improve conductivity.  A neutral co-monomer, N,N’-dimethlyacryl amide 

(DMAAm) and a charged co-monomer lithium 2-acrylamido-2-methyl-1-propane 

suulphonate (LiAMPS) can be chemically crosslinked with tetraethyleneglycol diacrylate and 

then immersed in a solution using N,N’-dimethlyacetamide/ethylene carbonate to form a 

polyelectrolyte.  Conductivity shows Arrhenius behavior that indicates that the lithium-ion 
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motion is de-coupled from the dynamics of the polymer chain with a maximum conductivity 

of 7 × 10-4 S cm-1 at 25°C256. 
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Table 2.1.  Components of various secondary batteries24,27 

Secondary Battery Anode Electrolyte Separator Cathode 

Lithium ion 
1-x x →2 2Li + Li CoO C + LiCoO  

Carbon (graphite) 
Ethylene Carbonate (EC) + 
Dimethyl Carbonate (DMC) / 
LiPF6, polypropylene 

LiCoO3 

Lithium polymer 
xx →6 13 6 13Li + V O Li V O  

Lithium PEO/LiN(CF3SO2)2 LiV6O13 

Nickel-cadmium 
→2 2 2Cd + 2NiOOH + 2H O 2Ni(OH) + Cd(OH)  

Cadmium Aqueous KOH, polypropylene Nickel 
oxyhydroxide 

Nickel metal-hydride 
→ 2MH + NiOOH M + Ni(OH)  

Metal-hydride Aqueous KOH, polypropylene Nickel 
oxyhydroxide 

Lead acid 
→2 2 4 4 2Pb + PbO + 2H SO 2PbSO + 2H 0  

Lead alloy Aqueous H2SO4, polyethylene Lead dioxide 

 

Table 2.2.  Performance characteristics of available secondary batteries27 

Secondary Battery 
Nominal 
Voltage 

(V) 

Specific 
Energy 

(Wh kg-1) 

Energy 
Density 
(Wh L-1) 

Specific 
Power 

(W kg-1) 

Power 
Density 
(W L-1) 

Cycle 
Life 

Self 
Discharge 

(% month-1) 
Lithium ion 3.6 115 260 200-250 400-500 500-1000 5-10 

Lithium polymer 3.0 100-200 150-350 >200 >350 200-1000 ~1 

Nickel-cadmium 2.0 35 70 ~200 ~400 250-500 4-8 

Nickel metal-hydride 1.2 40-60 60-100 140-220 220-360 300-700 10-20 

Lead acid 1.2 60 220 130 475 300-600 30 
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Table 2.3.  Properties of Organic Liquid Solvents* Used in Lithium Battery Application24 

Characteristic γBL THF 1,2-
DME PC EC DMC DEC DEE DXA 

Boiling temperature 
(ºC) 203 65-67 85 240 248 91 126 121 78 

Melting temperature 
(ºC) -43 -109 -58 -49 40 4.6 -43 -74 -95 

Density 
(g cm-3) 1.13 0.887 0.866 1.198 1.322 1.071 0.98 0.842 1.060 

Viscosity at 25ºC 
(cP) 1.75 0.48 0.455 2.5 1.86 

(40ºC) 0.59 0.75 0.65 0.58 

Dielectric constant  
(20ºC) 39.4 7.75 7.20 64 89.6 

(40ºC) 3.12 2.82 5.1 6.79 

Molecular weight 86.09 72.10 90.12 102.0 88.1 90.08 118.13 118.18 74.1 

H2O content 
(ppm) <10 <10 <10 <10 <10 <10 <10 <10 <10 

Electrolytic conductivity 
(20ºC) 
(1M LiAsF6 mS cm-1) 

10.62 12.87 19.40 5.28 6.97 11.00 
(1.9 M) 

5.00 
(1.5 M) ~10.00 ~11.20 

∗ γBL = γ−butyrolactone; THF = tetrahydrofuran; 1,2-DME = 1,2-dimethoxyethane; PC = propylene carbonate; EC = ethylene carbonate; DMC = 
dimethyl carbonate; DEC = diethyl carbonate; DEE = diethoxyethane; DXA = dioxolane
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Figure 2.1.  Schematic of fumed silica synthesis4. 

Si OH

Si C8H17 Si
H17C8

O

O
CH2

Si CH3

CH3
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R974 FS PEO (FS-EG3)  
Figure 2.2.  Overview of the types of fumed silica surface groups.  A200, R805, R974, and 
R711 are commercially available from Degussa.  FS TOM and FS PEO are produced by 
Baker’s group at Michigan State University.  The diagram of R711 is an estimation of the 
surface composition of the fumed silica since the exact composition of R711 surface groups 
is not known. 
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Figure 2.3.  Schematic of electronic and ionic flow during discharge of a battery. 
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Figure 2.4.  Schematic of electronic and ionic flow during charging cycle. 
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Figure 2.5.  Effect of increasing current on the operating voltage of a typical battery24. 

 
Figure 2.6.  Ragone plot for various battery types. Diagonal lines represent constant 
discharge rates. http://www.voltaicpower.com/Batteries/ragone.htm. 
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Figure 2.7.  Comparison of different battery technologies in terms of volumetric and 
gravimetric energy density28. 
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Figure 2.8.  Steady-shear behavior of Newtonian, shear-thinning, and shear-thickening 
fluids. 
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Figure 2.9.  Steady-shear behavior of material with a yield stress with viscosity plotted as a 
function of stress (a.) and as a function of shear rate (b.). 
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Figure 2.10.  Dynamic frequency behavior of materials as an extent of flocculation. 
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Figure 2.11.  Creep and recovery behavior for ideally elastic, ideally viscous, and 
viscoelastic material. 
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Figure 2.12.  Equivalent circuit of a typical battery. 
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Figure 2.13.  Resulting Nyquist plot of the typical battery circuit shown in Figure 2.12. 
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Figure 2.14.  (a.) Equivalent circuit of electrochemical cell with two blocking electrodes that 
is used for conductivity measurements and (b.) measured response (Nyquist plot) of the 
equivalent circuit. 
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Figure 2.15.  Cyclic voltagram of a reversible, diffusion-limited electrochemical reaction. 
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Figure 2.16.  Cyclic voltagram of (a) reversible electrochemical reaction, (b) quasi-reverisble 
electrochemical reaction, and (c) irreversible electrochemical reaction.  For irreversible 
systems, there is no peak during the reverse scan. 
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Figure 2.17.  Typical process converting coke carbons into graphitic carbons.  Temperature 
of heat-treatment is important in controlling properties of the graphite24. 

 

 

 
Figure 2.18.  Comparison of discharge profiles for various carbon anodes.  Graphite anodes 
have significantly flatter discharge profiles24. 
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Figure 2.19.  Schematic representation of layered LiMO2 compounds (M = V, C, Ni).  M 
atoms are located within the layers of shaded octahedral; Li atoms are in alternate layers of 
unshaded octahedra117. 

 

 

 

 

 

 
Figure 2.20.  The Mn2O4 framework of a LiMn2O4 spinel117. 
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Figure 2.21.  Structure of the anion of common salts used in lithium batteries due to the 
ability of the large anion in delocalizing charge. 
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Figure 2.22.  Structure of lithium chelatoborate anions that are used for lithium batteries. 
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Figure 2.23.  Structure of dicarboxylic acid derivatives of orthoborate that are used for 
lithium batteries. 
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Figure 2.24.  Schematic of various polymeric salts based on the imide anion. 
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Figure 2.25.  Typical polymer structures that can be used as electrolytes.  –CH2CH2O- 
(PEO) is the most widely studied polymer electrolyte. 

 

 

 
Figure 2.26.  The transport of lithium ions by segmental motion of PEO33. 
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Figure 2.27.  Structure of alternative polymer architectures designed to optimize 
conductivity. 
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Figure 2.28.  Elastic modulus and conductivity of PEGdm composites with varying amounts 
of R805246. 
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Figure 2.29.  Ionic transport properties of fumed silica-based composite electrolytes as a 
function of the mass ratio of silica to PEGdm oligomer78. 
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Figure 2.30.  Steady-shear behavior of R805 composites.  The data shows that the 
composites do not flow at low shear rates, but are shear-thinning at high-shear rates246. 
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Figure 2.31.  Physical network formation of hydrophobic fumed silica is caused by van der 
Waals dispersion forces247. 
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Figure 2.32.  Dynamic frequency sweep of different fumed silica surface groups.  A200 
silica is more liquid-like than R974 and R805.  Both R974 and R805 exhibit a physically 
networked structure with R805 greater than R974246. 
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Figure 2.33.  The temperature dependence of ionic conductivity of PEGdm composites with 
different fumed silica surface groups.  The surface group has minimal effect on 
conductivity240. 
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Figure 2.34.  Interfacial impedance between lithium and composite electrolytes.  Compared 
to electrolytes without fumed silica, the fumed silica composites show improved interfacial 
stability246. 
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Figure 2.35.  Effect of fumed silica and its surface chemistry on interfacial resistance249 for 
Li/CPE/Li cells cycled at 1 mA cm-2 for 120 mC cm-2. 

 

Cycle number
0 5 10 15 20 25

Sp
ec

ifi
c 

ca
pa

ci
ty

 (m
Ah

 g
-1

)

100

150

200

250

300

350
Base Electrolyte
10% A200
10% R805

PEGdm(250)
LiTFSI (Li:O = 1:20)

 
Figure 2.36.  Cycling behavior for Li/V6O13 cells with different electrolytes. Charge -
discharge at C/15 rate (0.158 mA cm-2); voltage range of 1.8 - 3.0 V; cathode material 
loading of 5.8 mg cm-2; temperature 22°C250. 
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Figure 2.37.  Schematic of sulfonamide polyelectrolyte. 



 

112 

Chapter 3 : Experimental 
This section summarizes methods for material preparations and characterizations of 

composite electrolytes based on low- and high-molecular weight PEO using crosslinkable 

and non-crosslinkable fumed silica as fillers.  Material preparations include three different 

types of composite electrolyte preparation and coin-cell assembly.  Material characterizations 

include electrochemical (conductivity, electrochemical impedance spectroscopy (EIS), and 

Li/electrolyte/Li cell cycling), rheology, differential scanning calorimetry (DSC), Fourier 

transform infrared spectroscopy (FTIR) measurements, and static light scattering (SLS). 

3.1 Material Preparations 

3.1.1 Mixed Fumed Silica Gels 
Mixed fumed silica gels consist of one or more types of fumed silica (Degussa A200 

and/or Degussa R805) and either mineral oil (Aldrich) or poly(ethylene glycol)dimetheyl 

ether (PEGdm, Mn = 250 Aldrich)1.  The fumed silicas are dried at 120°C under vacuum (~ 1 

kPa) for one week to remove residual water.  The mixed fumed silica gels are prepared by 

adding appropriate amounts of solvent to a known amount of the fumed silica blend.  The gel 

is mixed by a high-shear mixer (SilversonTM Model SL2, Silverson Machines) until 

homogeneous.  The entrained air bubbles are removed using centrifugation (IEC HN-SII 

centrifuge, Damon/IEC Division) and/or vacuum2. 

3.1.2 Fumed Silica Based-Composite Electrolytes in High-Molecular 
Weight PEO 
Typical composite electrolytes consist of three materials: lithium 

bis(trifluoromethanesulfonyl)imide [LiN(CF3SO2)2] (Li Imide, LiTFSI, 3M), fumed silica 

(Degussa R805, R974, A200), and poly(ethylene oxide) (PEO, Mn = 200K, Union Carbide)1.  

LiTFSI is a gift from 3M and is dried at 110°C under vacuum (~ 1 kPa) for several days 
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before use. PEO is a gift from Union Carbide and contains small amounts of filler material, 

such as generic fumed silica and calcium carbonate, which are removed as follows according 

to the method given by Kerr3.  Approximately 20 g of PEO is dissolved in ~ 600 ml of 

deionized water for 3 hours and pH of the solution is adjusted to ~ 11.5 by ammonium 

hydroxide solution. The solution is then bubbled with carbon dioxide and stirred for 60 

minutes. Afterwards, this solution is centrifuged at 10,000 rpm for 2 hours and the white 

precipitate is separated from the clear supernatant.  The supernatant is then transferred to 

dialysis tubes (molecular weight cut-off ~ 10,000) and dialyzed against ~ 5000 ml of 

deionized water for 72 hours. The deionized water is changed every 24 hours. Finally, the 

clear solution is freeze-dried for 48 hours.   

High-molecular weight composites are prepared by dissolving the appropriate 

amounts of PEO, LiTFSI, and fumed silica in acetonitrile (Aldrich).  The fumed silica weight 

percent is based on the amount of PEO and LiTFSI (if added) so as to keep the amount of 

fumed silica relative to the electrolyte constant.  The composite is mixed by hand until 

homogeneous and then mixed using a high-shear mixer (SilversonTM Model SL2, Silverson 

Machines).  The polymer solution is then poured into a Teflon Petri dish (12 cm diameter) or 

Teflon well (4 cm diameter) where the acetonitrile is allowed to evaporate at room 

temperature for 24 hours.  The resulting films are 300-400 mm thick.   

3.1.3 Crosslinked CPEs Preparation 
Typical crosslinked CPEs consist of five materials: lithium 

bis(trifluoromethanesulfonyl)imide [LiN(CF3SO2)2] (Li Imide, LiTFSI, 3M), fumed silica 

(Degussa R711 or surface-modified fumed silica (TOM) containing propyl methacrylate 

groups and octyl groups synthesized at MSU), poly(ethylene glycol)dimethyl ether (PEGdm, 
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Mn = 250, 500, Aldrich), methacrylate monomer, and initiator1,4.  The lithium salt is dried at 

110°C under vacuum (~ 1 kPa) for 24 hours before use.  PEGdm is dried over 4 Å molecular 

sieves for at least one week after the inhibitor, butylated hydroxytoluene (BHT), is removed 

using a inhibitor-removing column (Aldrich).  Methacrylate monomers (Aldrich, Alfa Aesar) 

with varying alkyl chain length, methyl (MMA), ethyl (EMA), butyl (BMA), n-hexyl 

(HMA), and n-dodecyl (DMA) methacrylate, are processed through inhibitor-removing 

columns (Aldrich) to remove monomethyl ether hydroquinone (MEHQ), and then stored over 

4 Å molecular sieves in a refrigerator (1°C).  The free-radical initiator, 2,2'-azo-bis-

isobutylnitrile (AIBN, Aldrich), is stored in a refrigerator (1°C) and used as received.  Fumed 

silicas are dried at 120°C under vacuum (~ 1 kPa) for one week to achieve a water content of 

150-200 ppm, as measured by Karl-Fisher titration, before being transferred to a glove box. 

After the appropriate amount of PEGdm electrolyte solution has been added to the 

fumed silica, a solution of 1 wt% 2,2'-azo-bis-isobutylnitrile (AIBN) in monomer is then 

added to prepare composites with the desired weight percent of monomer.  The CPE is mixed 

by a high-shear mixer (Tissue TearorTM, Model 398, BioSpec Products, Inc.) until 

homogeneous.  Samples used in electrochemical measurements are prepared in the glove box 

while rheological samples are prepared outside the glove box.  Prior to crosslinking, CPEs 

used in cell cycling and interfacial stability measurements are immobilized in a propylene 

(PP) mesh material (~ 0.3 mm thick, 50% porosity, McMaster-Carr).  The CPE/PP mesh is 

then placed between two Teflon disks sealed within a stainless steel vial and cured in an oven 

at 80°C for 24 hours.   
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3.1.4 Preparation of Coin Cells 
Coin cells consisting of an electrolyte/separator positioned between a thin sheet of 

lithium metal (0.25 mm, Aldrich) and another electrode (lithium foil).  A ½” OD 304 

stainless steel spacer (0.024” thick, McMaster-Carr) and 301 stainless spring (0.490” OD and 

0.265” ID, McMaster-Carr) are used to maintain good contact of electrolyte, electrode, and 

current collector.  A schematic of the coin cell is shown in Figure 3.1.  The coin cells are 

used in cycling, interfacial stability, and lithium transference measurements.  In coin cells 

with liquid electrolyte, Celgard  2400 (Hoescht Celanese) (25-µm thick) is used as the 

separator while for gel electrolytes, a polypropylene mesh (~ 0.3 mm thick, 50% porosity, 

McMaster-Carr) is used as the separator.  The cells are then compressed and sealed using a 

homemade, coin-cell press. 

3.2 Electrochemical Methods 

3.2.1 Electrolyte Conductivity 
Electrolyte conductivities are measured using a homemade conductivity cell (Figure 

3.2) that consists of two blocking platinum wire electrodes (0.64-mm diameter, Fisher 

Scientific).  Conductivity is measured using EG&G Princeton Applied Research PowerSine 

software to control an EG&G Model 273 potentiostat and an EG&G Model 5210 lock-in 

amplifier in the frequency range 100 kHz to 100 mHz.  Cells are initially calibrated at 25°C 

using a standard KCl solution (1409 µS cm-1 at 25°C).  Conductivity cells are housed in an 

insulated aluminum block connected to a temperature-controlled circulating water bath 

(Isotemp 1016P Fisher Scientific)5.  The temperature of the water bath is varied from 0°C to 

100°C (± 1°C), and the temperature of each sample is measured using a T-type thermocouple 

placed in a sealed glass compartment fully submerged in the sample.  The temperature data 
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acquisition system consists of a National Instruments Fieldpoint Module (FP 1000) 

connected to two National Instruments 8-channel thermocouple modules (FP-TC-120).  The 

resistivity of the electrolyte is determined by the real-axis intercept on a Nyquist plot.  The 

electrolyte conductivity is obtained from the cell constant and measured resistance using 

 ,

,

KCl RE KCl
i

RE i

Z
Z

κ
σ

×
=  3.1 

where κKCl is the conductivity of KCl standard [S cm-1], ZRE,KCl  is the measured intercept of 

real impedance axis for standard [Ω], and ZRE,i is the measured intercept of real impedance 

axis for sample, i[Ω]. For each sample, five separate cells are measured with the reported 

value representing the average. 

3.2.2 Half-Cell Cycling 
An Arbin battery cycler (Model BT2042) controlled by Arbin ABTS software is 

employed to carry out constant-current cell cycling using symmetric lithium/CPE/lithium 

button cells (Figure 3.1)2.  In Li/electrolyte/Li cells, current densities of 0.2 mA cm-2 with 

fixed charge density of 1 C cm-2 are applied.  Cell cycling is terminated upon reaching a cell-

voltage of 500 mV. 

3.2.3 Time-dependent Inferfacial Stablity of Li/CPE Interface 
The compatibility between the electrolyte and lithium metal at room temperature is 

studied by time-dependent impedance spectroscopy using symmetric lithium/CPE/lithium 

button cells (Figure 3.1).  The cells are stored at open-circuit and at room-temperature 

between and during experiments.  The impedance of the cell is measured using EG&G 

Princeton Applied Research PowerSine software to control an EG&G Model 273 potentiostat 

and an EG&G Model 5210 lock-in amplifier in the frequency range 100 kHz to 10 mHz.  The 
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interfacial resistance between the electrolyte and lithium metal is determined according to the 

method of Fauteux6.  For each sample, three cells are prepared and measured. 

3.2.4 Lithium transference number 
The lithium transference number TLi of the electrolyte is measured using the steady-

state current method7,8.  Symmetric lithium/CPE/lithium button cells are constructed as 

discussed above (Figure 3.1).  To measure TLi using the steady-state method, both impedance 

spectroscopy and dc polarization measurements are required.  The impedance of the cell is 

measured before and after polarization using the technique described above for interfacial 

impedance measurements.  The dc polarization is performed using an EG&G Model 273 

potentiostat controlled by EG&G M270 software using a voltage of 10-50 mV.  The current 

of the cell is monitored until it reaches steady-state.  The transference number of each cell is 

measured about one day after fabrication to allow a stable interface to form.  Multiple cells 

for each sample are measured with the reported value representing the average.  The lithium 

transference number can be obtained from current and impedance measurements using the 

following expression7: 

 0 int,0

0 int,

ss
Li

ss ss

V i RiT
i V i R
 ∆ −

=   ∆ − 
 3.2 

where i0 is the measured current at t = 0 [A], iss is the measured current as steady-state [A], 

Rint,0 is the charge transfer resistance before polarization [Ω], Rint,ss is the charge transfer 

resistance after polarization [Ω], and ∆V is the applied dc voltage [V].  The initial current is 

difficult to measure accurately since it changes rapidly at the beginning of the applied 

voltage.  As a result, this current is estimated using the total resistance of the cell obtained 

from impedance and the applied voltage9.  From Ohm’s Law, the current is then obtained by: 
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where Rtot,0 is the total cell impedance before polarization [Ω].  Substituting this expression 

into Eqn 3.2 yields the expression for transference number obtained via steady-state 

measurement: 
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3.3 Rheological Methods 
Rheological measurements are conducted using two different rheometers: Thermal 

Analysis Instruments (TA Instruments) AR2000 stress-controlled rheometer and ARES 

(Rheometrics Scientific) strain-controlled rheometer.  The AR2000 rheometer is used to 

measure dynamic rheological properties of crosslinkable fumed silica-based electrolytes, 

high-molecular weight PEO with fumed silica, and mixed fumed silica gels.  The ARES 

rheometer is used to measure the rheological properties of the high-molecular weight PEO 

systems.  The procedures for measuring the rheological properties for the different electrolyte 

types are given below. 

3.3.1 Rheology of Crosslinked CPEs 
Rheological measurements are conducted using a TA Instruments AR2000 stress-

controlled rheometer. Unless otherwise noted, the temperature of the samples is maintained 

at 25°C using a Peltier plate.  A 20-mm diameter parallel-plate geometry (25-mm diameter 

for ARES) with sandpaper adhered to the plate surface is used on all samples.  The purpose 

of the sandpaper is to mitigate the formation of a slip layer that results in underestimation in 

the measured properties of the sample10.  Samples with the desired diameter are fabricated 



 

119 

using a stainless steel punch.  The thickness of the samples is 1000-1500 µm.  After the 

sample is loaded (or tested), it is allowed to equilibrate for 5 minutes to ensure 

reproducibility.  For each sample, a dynamic stress sweep is used to determine the range of 

stresses within the linear-viscoelastic (LVE) region.  A new sample is then loaded and a 

dynamic frequency sweep (0.01 rad s-1 to 100 rad s-1) using the pre-determined LVE stress 

and a dynamic stress sweep at a constant frequency of 1 rad s-1 is performed.  To measure the 

rheological properties as a function of temperature, dynamic frequency sweeps (0.1 – 100 rad 

s-1) are performed between 10-150°C at 10°C intervals.  The sample is allowed to equilibrate 

for 10 minutes at each temperature.  The reported data represent the average of three 

measurements with typical experimental variances of 20%. 

3.3.2 Rheology of Mixed Fumed Silica Gels 
Rheological measurements are conducted using a TA Instruments AR2000 stress-

controlled rheometer at 25°C using Peltier plate unless otherwise noted. Various sample 

holder geometries are used depending on the relative strength of the gel network, including a 

40-mm diameter stainless steel serrated plate for weaker gels (typically, G′ < 104 Pa), and 20-

mm diameter steel parallel plates (with or without sandpaper) for stronger gels (typically, G′ 

> 104 Pa).  Initially, samples are loaded by lowering the rheological fixture at an exponential 

rate or at a rate to maintain a normal force of less than 5 N on the sample.  At the desired 

thickness, the normal force is allowed to relax below 3 N or less prior to the measurement.  

After the sample is loaded, it is allowed to equilibrate for 20 minutes to ensure 

reproducibility.  For each sample, a dynamic stress sweep is used to determine the range of 

stresses within the linear-viscoelastic (LVE) region.  A new sample is then loaded and a 

dynamic frequency sweep using the pre-determined LVE stress is performed.  After the 
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dynamic frequency test, the sample is allow to rest for 20 minutes, and then a dynamic stress 

sweep at a constant frequency of 1 rad s-1 is performed.  Reported data represent single 

measurements although typical experimental variances are less than 20%. 

3.3.3 Rheology of High-Molecular Weight PEO 
Rheological measurements are conducted using a TA Instruments AR2000 stress-

controlled or ARES.  Unless otherwise noted, the temperature of the samples is maintained at 

80°C using Peltier plate or compressed air.  Parallel-plate geometry (20-mm diameter for 

A2000 and 25-mm diameter for ARES) is used on all samples. The thickness of the samples 

is 800-1500 µm.  After the sample is loaded (or tested), the sample is allowed to equilibrate 

for 5 minutes to ensure sample reproducibility.  For each sample, a dynamic stress sweep 

(strain) is used to determine the range of stresses (strains) within the linear-viscoelastic 

(LVE) region.  A new sample is then loaded and a dynamic frequency sweep (0.01 to 100 

rad s-1) using the pre-determined LVE stress (strain) and a dynamic stress (strain) sweep at a 

constant frequency of 1 rad s-1 are performed.  To measure the rheological properties as a 

function of temperature, dynamic frequency sweeps (0.1 – 100 rad s-1) are performed 

between 10-150°C at 10°C intervals.  The sample is allowed to equilibrate for 10 minutes at 

each temperature.  Reported data represent single measurements although typical 

experimental variances are less than 20%. 

3.4 Thermal properties by differential scanning 
calorimety (DSC) 

Thermal analysis is conducted to measure glass transition (Tg), melting (Tm), and 

crystallization (Tc) temperatures of samples using a Thermal Analysis Instruments (TA 

Instruments) DSC Q100 differential scanning calorimeter. Indium and zinc are employed as 
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calibration standards. Dynamic heating and cooling scans are carried out at 10°C min-1 from 

-85 to 120°C, under nitrogen atmosphere.  In all cases, second heating scans are employed 

for the analysis.  Tg, Tm, and Tc are determined using TA software.  The estimated uncertainty 

in the determination of these temperatures is ± 1.0°C.  

3.5 Fourier Transform Infrared (FTIR) 
A Magna-IR Spectra 750 (Nicolet) spectrometer purged with dry nitrogen is used to 

obtain the spectra.  All spectra reported are acquired by signal averaging 32 scans at a 

resolution of 4 cm-1.  Powder samples are measured by pressing the silica (~ 2 mg) in 80 mg 

of KBr and then pressing the powder mixture to 2000 psi using a 12-ton laboratory press 

(Carver Model C).  Composite samples are measured by compressing the sample between 

two BaF2 (25 mm OD x 4 mm thick, Crystal Laboratories) crystals.  An internal signal is 

used to correct for thickness differences. 

3.6 Static Light Scattering 
The static light-scattering studies are performed using a Dawn DSP Laser Photometer 

(Wyatt Technologies) instrument having a 632.8 nm laser light source with 5 mW incident 

power. Using the ASTRA data collection program, the light scattered by the sample is 

measured simultaneously at 18 different angles by photodetectors placed around the sample 

cell.  Samples are prepared by filtering the solvents (mineral oil or PEGdm) through 0.02 µm 

syringe filters (Anotop 25, Whatman) into scratch-free, clean 20 mL scintillation vials 

(Fisher Scientific).  The solvent is then placed into the cell, equilibrated for 30 minutes, and 

the intensity is measured as background.  Afterwards, the appropriate amount of fumed silica 

is added and dispersed using a Silverson SL2 high-shear mixer.  The sample is then placed 

under vacuum or centrifuged to remove entrapped air bubbles.  The sample is then placed in 
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light scattering cell and the intensity is recorded after a 30 minute delay so that the laser and 

sample can equilibrate. 
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Figure 3.1.  Coin cell for cycling studies (Not to scale). 
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Figure 3.2.  Conductivity cell consisting of two-blocking platinum wires. 
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Abstract 
The electrochemical and rheological properties of composite polymer electrolytes 

(CPEs) based on fumed silica modified with methacrylate and octyl groups dispersed in 

electrolytes consisting of poly(ethylene glycol) dimethyl ether (PEGdm) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI, lithium imide) are investigated.  A methacrylate 

monomer, such as butyl methacrylate (BMA), is also added to aid formation of a crosslinked 

network by tethering adjacent fumed silica particles.  In this study, we probe the effects of 

fumed silica surface group, fumed silica weight percent, salt concentration, and solvent 

molecular weight on electrochemical and rheological properties.  Conductivity and 

transference number results indicate that a crosslinked silica network does not significantly 

affect the mechanism of ionic transport although the conductivity of the CPEs decreases, e.g., 

by a factor of two after crosslinking with 20 wt% BMA.  This suggests that the chemical 

crosslinks occur on a microscopic scale, as opposed to a molecular scale, between adjacent 

silica particles and therefore does not impede the segmental mobility of the polymer 

electrolyte.  Although the crosslinked CPEs exhibit good interfacial stability with lithium 

metal at open-circuit conditions, they perform poorly in cycling of lithium-lithium cells.  The 

crosslinked CPEs reach the cut-off voltage (500 mV) after only 71 cycles compared to 182 

cycles for a comparable uncrosslinked system.  The higher voltage of crosslinked CPEs may 

be attributed to the presence of residual BMA and poor interfacial contact between the 

crosslinked CPE and lithium electrode. 
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4.1 Introduction 
From electric vehicles to cellular phones, advances in battery technology have not 

kept pace with the power requirements of these electrical devices.  The use of lithium metal 

anodes, lithium-insertion cathodes, and a solid polymer electrolyte could yield lighter weight 

rechargeable batteries with greater energy densities than existing battery systems and thus 

become the next generation power source for many electrical devices1,2.  Solid polymer 

electrolytes would overcome limitations of liquid electrolytes for lithium batteries such as: 

lithium dendrite formation, electrolyte leakage, flammable organic solvent, and electrolytic 

degradation of electrolyte3-5.  The ease of processing the electrolyte is equally important.  

The processing of polymer electrolytes is more advantageous than liquid electrolytes since 

conventional polymer processing can generate uniform thin films in high volume at low cost.  

Although the potential benefits of polymer electrolytes are well recognized, the polymer 

systems must satisfy demanding material requirements, such as high conductivity (>10-3 S 

cm-1 at 25°C), good mechanical strength, and easy processing.  Typically, these properties 

are mutually exclusive, making optimization of properties difficult. 

To date, the most common approaches to solid polymer electrolytes for lithium 

batteries have employed high-molecular weight (Mn > 105) polymers based on polyethylene 

oxide (PEO)1,6,7.  When combined with lithium salts, linear PEO forms poorly conductive 

crystalline complexes with room-temperature conductivities < 10-5 S cm-1, which is too low 

for practical applications6,7.  In order for PEO to exhibit appreciable conductivity (> 10-4 S 

cm-1), the system must be heated above its melting temperature Tm, about 65°C1,6,8.  Since the 

ionic transport mechanism is due to inter- and intrapolymer ion transitions between suitable 

coordinating sites, enhanced conductivity can be facilitated by the use of flexible polymer 
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chains that are amorphous (do not crystallize) at near-ambient temperatures9.  Other 

strategies include adding a plasticizer to the polymer matrix to help facilitate ionic transport 

or the immobilization of a liquid electrolyte in an “inert” polymer to form a gel-type 

electrolyte.  Although these systems generally have a room-temperature conductivity that 

exceeds 10-3 S cm-1, the mechanical properties are poor and the presence of a large fraction 

of liquid makes them unstable in the presence of lithium.  Another strategy used to improve 

the performance of electrolytes is the addition of inorganic fillers to PEO-based polymer7,10-

22.  Although initial attempts sought to improve the conductivity of electrolytes through the 

use of conductive particles, the dominant effect of inorganic fillers is to decrease the 

crystallinity in samples prepared from high-molecular weight PEO, thus stabilizing the 

conductive amorphous phase.  Reports show that smaller particles are the most effective, 

presumably because their high-surface area inhibits crystallinity10-12,23,24.  Scrosati et al. have 

shown that nanosized ceramic powders can act as “solid plasticizers” by kinetically inhibiting 

recrystallization 25.  In addition, the presence of fillers can improve both the mechanical 

strength and interfacial stability of polymer electrolytes12,19,26,27. 

Composite polymer electrolytes (CPEs) consisting of low-molecular weight 

polyethers, lithium salts, and fumed silica are being developed in our laboratories to produce 

materials with high conductivity and mechanical stability28-31.  Fumed silica is non-porous 

SiO2 prepared by the thermal combustion of silicon tetrachloride in an oxygen-hydrogen 

flame32. It is a particulate material consisting of aggregates of nanometer-size particles which 

agglomerate to submicron-size clusters in a liquid medium.  Fumed silica is different from 

conventional fillers12-22 used in PEO-based cells (e.g., LiAlO2 or Al2O3) in that each fumed-

silica particle is considerably smaller (100 nm in comparison to 1-10 µm) and has the shape 
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of a branched chain. The native surface group on fumed silica is silanol (Si-OH), but these 

may be (partially) replaced by other functional groups30. Through hydrogen bonding and/or 

van der Waals attraction of native or functional surface groups, fumed silica dispersed in a 

liquid forms a physical gel28,29,33 that can flow under shear, but quickly reforms in the 

absence of stress34.  While these physically-interacting fumed silica demonstrate improved 

interfacial stability, room-temperature conductivity29,30,35 exceeding 10-3 S cm-1, and reduced 

dendrite formation36, the elastic modulus and yield stress of the electrolytes are not sufficient 

to use without an additional separator.  One way to improve the mechanical strength of these 

composites is to use fumed silica that contains crosslinkable groups on its surface.  As a 

result, the fumed silica network can be made permanent by subsequent reaction, using 

thermal- or UV-activated initiators, to form covalent rather than physical bonds between 

adjacent fumed silica.  If sufficient cross-linking occurs, a solid-like material may be 

produced. A unique feature of our system is the open-network structure of fumed silica that is 

conducive to high-ionic mobility. Unlike cross-linking processes in polymers37, there should 

be a minimal conductivity penalty in cross-linking this reinforcing network.  

In this study, we characterize the rheological and electrochemical properties of 

composite electrolytes containing crosslinkable fumed silica, lithium salt, and oligomeric 

polyethylene glycol dimethyl ether (PEGdm).  In particular, we examine how the presence of 

the crosslinked network affects the conductivity, transference number, interfacial stability, 

and rheology of CPEs.  The effects of fumed silica surface group ratio (i.e., moles of cross-

linkable groups relative to non-reactive octyl-groups), fumed silica weight percent, PEGdm 

molecular weight, and lithium salt concentration on electrochemical and mechanical 

properties are reported.  Since very little work has been performed with crosslinkable fumed 
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silica38, our work represents a unique approach in the design of polymer electrolytes that will 

provide understanding into how the various components of the crosslinked CPE affect the 

electrochemical and mechanical properties. 

4.2 Experimental 

4.2.1 Chemicals and preparation of electrolytes 
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, lithium imide, LiN(CF3SO2)2, 

3M) salt is dried at 100°C under vacuum for several days before use.  PEGdm (250 or 500 

Mn, Aldrich) is dried over 4 Å molecular sieves for at least one week.  Commercially 

available crosslinkable fumed silica, denoted as R711, is obtained from Degussa and dried at 

120°C for 4 days prior to use.  Fumed silica with octyl and methacrylate groups is 

synthesized by reacting Degussa A200 (hydroxyl surface groups) with octyltrimethoxysilane 

and trimethoxysilylpropyl methacrylate38.  This dual-functionalized fumed silica is referred 

to as TOM X:Y, where X refers to the moles of methacrylate surface groups and Y is the 

moles of octyl surface groups.  Three different TOM fumed silicas (TOM 1:1, TOM 4:1, and 

TOM 1:4) are prepared and characterized38.  Table 4.1 shows the surface coverage and basic 

structure of the TOM silicas.  Butyl methacrylate (BMA, Aldrich) monomer is processed 

through packed columns (Aldrich) to remove the inhibitor, monomethyl ether hydroquinone 

(MEHQ), and then stored over molecular sieves in a refrigerator (1°C).  The inhibitor, 

butylated hydroxytoluene (BHT), in PEGdm (250) is also removed for interfacial impedance 

and lithium cycling studies using the same type of column, otherwise PEGdm (250) is used 

with BHT.  For rheology and conductivity measurements, PEGdm (250) is used with BHT 

since the concentration of inhibitor (100 ppm) would not significantly affect the measured 

results. 
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Composite electrolytes are prepared in an argon-filled glove box by adding 

appropriate amounts of a solution containing LiTFSI in PEGdm (250) to a known amount of 

fumed silica.  A solution of 1 wt% 2,2'-azo-bis-isobutylnitrile (AIBN) in monomer is then 

added to prepare composites with the desired weight percent of monomer.  The CPE is mixed 

by a high-shear mixer (Tissue Tearor, Model 398, BioSpec Products, Inc.) in a dry box until 

homogeneous.  Samples for rheology measurements are prepared in a dry box, but mixed 

outside the glove box using a Silverson Model SL2 mixer (Silverson Machines). The CPE is 

then cured in an oven at 80°C for 24 hours in a sealed stainless steel vial to prevent water 

infusion. 

4.2.2 Characterization of Electrolytes 
Electrolyte conductivities are measured in a glass cell containing two blocking 

platinum wire electrodes (0.64-mm diameter, Fisher Scientific)39.  Conductivity is measured 

using EG&G Princeton Applied Research PowerSine software to control an EG&G Model 

273 potentiostat and an EG&G Model 5210 lock-in amplifier in the frequency range 100 kHz 

to 100 mHz.  Cells are initially calibrated at 25°C using a standard KCl solution (1409 µS 

cm-1 at 25°C).  Conductivity cells are placed in wells in an insulated aluminum block with 

internal coolant circuit connected to a temperature-controlled circulating water bath (Isotope 

1016P Fisher Scientific)31.  The temperature of the water bath is varied from 0 to 100°C (± 

1°C) and the temperature of each sample is measured using a T-type thermocouple placed in 

a sealed glass compartment fully submerged in the sample.  The temperature data acquisition 

system consists of a National Instruments Fieldpoint Module (FP 1000) connected to two 

National Instruments 8-channel thermocouple modules (FP-TC-120).  The resistivity of the 

electrolyte is determined by the extrapolated real-axis intercept on a Nyquist plot.  For each 
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composition, three to five separate samples are measured with the reported value 

representing the average. 

The compatibility between electrolyte and lithium metal at room temperature is 

studied by time-dependent impedance spectroscopy using symmetric lithium/CPE/lithium 

button cells.  The crosslinked CPE is prepared by placing the pre-cured composite in a 1-inch 

diameter propylene mesh material (~ 0.3 mm thick, 50% porosity, McMaster-Carr).  The 

CPE/mesh sample is positioned between two Teflon discs to ensure uniform sample 

thickness, sealed in a stainless vial, and then cured at 80°C for 24 hours.  From this 

CPE/mesh sample, 0.5-inch diameter discs are punched and used in the fabrication of 

symmetric lithium/CPE/lithium button cells.  The design of the button cells is given 

elsewhere35.  The cell is stored at open circuit and room temperature between and during 

experiments. The impedance of the cell is measured using EG&G Princeton Applied 

Research PowerSine software to control an EG&G Model 273 potentiostat and an EG&G 

Model 5210 lock-in amplifier in the frequency range 100 kHz to 10 mHz.  The interfacial 

resistance between the electrolyte and lithium metal is determined according to the method of 

Fauteux40.  For each sample, three cells are prepared and measured.  An Arbin battery cycler 

(Model BT2042) controlled by Arbin ABTS software is employed to carry out constant-

current cell cycling using symmetric lithium/CPE/lithium button cells.  In Li/electrolyte/Li 

cells, current densities of 0.2 mA cm-2 with fixed charge density of 1 C cm-2 are applied.  

Cell cycling is terminated upon reaching a cell voltage of 500 mV. 

The lithium transference number TLi of the electrolyte is measured using the steady-

state current method41,42.  Symmetric lithium/CPE/lithium button cells are constructed as 

discussed above.  To measure TLi using the steady-state method, both impedance 
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spectroscopy and dc-polarization measurements are required.  The impedance of the cell is 

measured before and after dc-polarization, which is performed using an EG&G Model 273 

potentiostat controlled by EG&G M270 software using a voltage of 10 – 50 mV.  The current 

of the cell is monitored until it reaches steady state.  The transference number of each cell is 

measured about one day after fabrication to allow a stable interface to form.  Three cells for 

each sample are measured with the reported value representing the average.  

The dynamic rheology of the crosslinked samples is measured using a TA 

Instruments AR2000 stress-controlled rheometer.  Unless otherwise noted, the temperature of 

the samples is maintained at 25°C using a Peltier plate.  A 20-mm diameter steel parallel-

plate fixture with sandpaper adhered to its surface is used on all samples.  The purpose of the 

sandpaper is to mitigate the formation of a slip layer, which results in underestimation in the 

measured properties of the sample43.  The thickness of the samples ranges from 0.8–1.5 mm.  

Initially, samples are loaded in a manner to maintain a normal force of less than 5 N on them.  

At the desired thickness, the normal force is allowed to relax below 3 N prior to 

measurement.  For each sample, a dynamic stress sweep is used to determine the range of 

stresses within the linear-viscoelastic (LVE) region.  A new sample is then loaded and a 

dynamic frequency sweep (0.01 – 100 rad s-1) using a pre-determined LVE stress, followed 

by a dynamic stress sweep at a constant frequency of 1 rad s-1 are performed.  Reported data 

represent the average of three measurements; with typical experimental variances less than 

20%.  The dynamic rheology of the uncrosslinked samples is measured at 25°C using a DSR 

stress-controlled rheometer (Rheometrics Scientific) with water-bath temperature control.  

The measurements are performed using a couette geometry and the same procedures 
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discussed above.  Reported data represent single measurements; with typical experimental 

variances are less than 20%. 

A Magna-IR Spectra 750 (Nicolet) spectrometer purged with dry nitrogen is used to 

acquire the spectra by signal averaging 32 scans at a resolution of 4 cm-1.  Powder samples 

are measured by pressing the silica (~ 2 mg) in 80 mg of KBr and then pressing the powder 

mixture to 2000 psi using a 12-ton laboratory press (Carver Model C). 

4.3 Results and Discussion 

4.3.1 FTIR of Fumed Silica 
Infrared (IR) studies of the fumed silica are performed to verify the reported surface 

composition of the TOM silicas and to gain insight on the surface chemistry of the R711 

silica.  Figure 4.1 illustrates the FTIR spectra (1500 – 3200 cm-1) of the TOM, R711, R805 

(octyl-modified), and A200 (unmodified) in the region of the methacrylate (C=O stretching 

at ~ 1700 cm-1, νst C=O) and octyl (C–H stretching at 2930 cm-1, νst C–H) groups.  The FTIR 

spectrum of A200 lacks peaks in this region which supports that the observed peaks of R805, 

R711, and TOM are due to octyl and methacrylate groups.  The R805 provides signature 

peaks for octyl groups at 2930 cm-1 that are also present on the TOM silicas. The TOM and 

R711 exhibit peaks corresponding to octyl and methacrylate groups, which confirms the 

dual-functionality of these silicas and indicates that R711 has similar surface-functional 

groups to the TOM silicas even though the exact surface composition is not known.  For each 

silica type, the peak height of Si-O absorbance (~ 1100 cm-1 not shown in Figure 4.1) is used 

as the internal standard to calculate the relative peak height of the octyl and methacrylate 

absorbances.  Table 4.2 lists the ratio of the octyl and methacrylate peak heights for the 

crosslinkable silica.  The ratio of absorbances confirms that the relative amount of 
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hydrophobic groups increases in the following manner: TOM 1:4 > TOM 1:1 > TOM 4:1 > 

R711.  

4.3.2 Effect of Fumed Silica Surface Group on Conductivity and Rheology 
Figure 4.2 shows the conductivity of CPEs as a function of temperature for 

composites with four different fumed silica surface groups (R711, TOM 1:1, TOM 1:4, and 

TOM 4:1) at constant salt concentration and monomer weight percent (20 wt% BMA).  The 

results indicate that the surface group has a negligible effect on conductivity before 

crosslinking and only a slight effect after crosslinking.  These results are consistent with 

studies using oligomeric PEO + non-crosslinkable fumed silica that reveal surface groups 

have negligible effect on conductivity30.  The crosslinked systems exhibit less than a factor of 

two reduction in conductivity compared to the noncrosslinked composites.  The reduced 

conductivity of the crosslinked systems is primarily due to a smaller free volume available 

for ionic transport and not a decrease in polymer segmental mobility. Hou and Baker38 

measured the Tg of PEGdm (500) + LiClO4 electrolytes containing crosslinkable fumed silica 

and found little or no change in Tg and therefore no decrease in segmental mobility.  The 

independence of conductivity on the surface group of the silica indicates that the dominant 

phase for ionic conduction is the PEGdm (250) + LiTFSI electrolyte. 

The rheological properties of crosslinked CPEs are investigated at constant weight 

percent of different fumed silicas to determine their role in the microstructure of the 

composites.  Figure 4.3 shows the elastic (G′) and viscous (G″) moduli as a function of 

frequency for four different fumed silica surface groups (R711, TOM 1:1, TOM 1:4, and 

TOM 4:1) before crosslinking at constant salt concentration and fumed silica weight percent.  

These measurements provide a good indication of the extent of flocculation of the fumed 
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silica prior to crosslinking.  For uncrosslinked CPEs, G″ exceeds G′ at low frequency for all 

fumed silica types, indicating that the fumed silica is weakly flocculating.  Prior to 

crosslinking, composites containing crosslinkable fumed silica exhibit lower elastic moduli, 

higher viscous moduli, and greater frequency dependence than conventional fumed silicas 

that have silanol or octyl surface groups29,30,35,44. Degussa R711 and TOM 4:1 did not 

significantly flocculate, as evident by the higher G″ relative to G′ throughout the entire 

frequency range.  Degussa R711 has the lowest G′ of the fumed silicas under study primarily 

due to the fewer number of hydrophobic groups on the silica surface, as determined from 

FTIR.  While the elastic modulus of the TOM silicas depends on the ratio of the 

crosslinkable and hydrophobic groups, it did not correlate with the relative amount of 

hydrophobic groups on the TOM surface.  The elastic modulus increases as TOM 1:1 > TOM 

1:4 > TOM 4:1 while the relative hydrophobicity increases with TOM 1:4 > TOM 1:1 > 

TOM 4:1.  While the lower G′ of TOM 4:1 compared to TOM 1:4 and TOM 1:1 may be due 

to its fewer number of hydrophobic groups, this argument does not hold for the higher G′ of 

TOM 1:1 relative to TOM 1:4.  A plausible explanation for the higher G′ of TOM 1:1 is that 

the crosslinkable group interacts more favorably with the solvent and increases the 

probability of contact between hydrophobic chains resulting in an increased elastic 

modulus45.  Although TOM 1:4 has more hydrophobic groups than TOM 1:1, the elastic 

modulus of the former is lower since there are less crosslinkable groups to enhance the 

interactions of hydrophobic chains. 

Figure 4.4 shows the elastic modulus as a function of frequency for the four different 

fumed silica surface groups (R711, TOM 1:1, TOM 1:4, and TOM 4:1) after crosslinking at 
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constant salt concentration, fumed silica weight percent, and BMA weight percent.  The 

crosslinked CPEs exhibit gel-like behavior: G′ greater G″ and G′ relatively independent of 

frequency.  The CPEs containing R711 have the largest G′.  The ratio of methacrylate to 

octyl groups of the TOM silicas appears to have a small effect on G′.  Samples containing 

TOM 1:1 and TOM 4:1 have comparable elastic moduli while TOM 1:4 have the lowest G′ 

of the three TOM silicas.  The difference in behavior for TOM 1:4 may be due to fewer 

methacrylate groups on the fumed silica surface which reduces the number of possible 

covalent crosslinks between the silica particles.  TOM 1:4 has only 20% of its groups capable 

of forming crosslinks compared to 50% and 80% for TOM 1:1 and TOM 4:1, respectively. 

The extent of flocculation of the uncrosslinked samples does not correlate with elastic 

modulus of the crosslinked samples.  While electrolytes containing R711 exhibit the lowest 

G′ prior to crosslinking, they have the highest G′ after crosslinking.  Consequently, the 

uncrosslinked sample does not need to have a gel-like structure in order to form a gel after 

crosslinking. This feature is highly desirable for high-volume production of these types of 

electrolytes since it is more advantageous to extrude the uncrosslinked samples as liquids and 

then use photons or heat to cure the electrolytes. 

The small reduction in conductivity reported in Figure 4.2 after crosslinking is 

somewhat surprising considering the significant increase in mechanical properties that is 

observed afterwards.  The crosslinked systems exhibit several orders of magnitude higher 

elastic modulus than uncrosslinked systems, with only a factor of two reduction in 

conductivity.  Furthermore, the crosslinked CPEs have significantly higher yield stress than 

similar CPEs containing noncrosslinkable (octyl-modified) fumed silica as illustrated in 

Figure 4.5.  In this figure, the elastic and viscous moduli are plotted as a function of stress for 



 

137 

crosslinkable and noncrosslinkable fumed silica CPEs.  As the applied stress increases, the 

network structure breaks down leading to a sharp decrease in G′.  This stress τy, which can be 

obtained from the intersection of two asymptotic lines drawn through the initial plateau and 

post-breakdown modulus data (as shown in Figure 4.5), is considered to be an estimate of the 

yield stress of the material46.  The yield stress of the crosslinked CPE is ~ 7000 Pa with a G′ 

greater than 105 Pa compared to a yield stress of ~ 300 Pa and G′ of 2 × 104 Pa for the 

noncrosslinkable CPE.  The order of magnitude increase in yield stress and G′ for crosslinked 

CPEs relative to noncrosslinked CPEs represents a significant improvement.  The 

crosslinking of conventional polymer electrolytes can also enhance the elastic modulus and 

yield stress, but at the expense of reduced conductivity of the electrolytes47.  The small 

reduction in conductivity in the crosslinkable fumed silica composites is due to microscopic 

crosslinking between fumed silica particles rather than molecular crosslinking of the polymer 

structure, which restricts the segmental mobility.  The conductivity and elastic modulus of 

the crosslinkable fumed silica composites exceed those of typical crosslinked polymers 

(5 × 10-5 S cm-1) and are comparable to many of the plasticized or gel electrolyte systems. 

4.3.3 Effect of Fumed Silica Concentration on Conductivity and Rheology 
Figure 4.6 reports the conductivity of crosslinked CPEs as a function of temperature 

at constant salt content and monomer weight percent, but varying amounts of fumed silica.  

Increasing the amount of fumed silica results in a decrease in conductivity, a trend observed 

in other oligomeric PEO systems28,30,35,44 and is primarily due to dilution of the ionically-

conducting phase as the amount of added silica is increased.  However, as temperature 

increases above 75°C, the relative difference in conductivity between 5% R711 and 10% 

R711 (or 20% R711) decreases.  While this effect is not fully understood, it may be due to 
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reacted BMA that is not covalently bond to the surface of the silica becoming more soluble in 

the PEGdm (250) electrolyte as temperature increases.  The solvation of polymerized BMA 

in the electrolytes increases the viscosity and thus reduces the mobility of lithium cations.  

The reduction in conductivity at temperatures above 75°C is not observed at 10 or 20 wt% 

R711 since more silica particles are available to react with BMA, which results in less 

polymerized BMA that can be solvated by the electrolyte at higher temperatures.  Figure 4.7 

shows the elastic and viscous moduli as a function of frequency for varying amounts of 

R711.  The elastic modulus increases slightly at low frequency as fumed silica weight 

percent increases from 5 – 10 wt%; however, the elastic modulus does not change upon 

increase to 20 wt%.  Typically, the elastic modulus of colloidal gels increases in a power-law 

relationship with fumed silica volume fraction48,49.  At 20 wt% BMA, the lack of a scaling-

type relationship for these crosslinked CPEs suggests that the tethering of monomer to the 

silica surface is the more important factor in dictating the elastic properties, rather than the 

total volume of fumed silica. 

4.3.4 Effect of PEGdm Molecular Weight on Conductivity and Rheology 
Figure 4.8 reports the conductivity of crosslinked and uncrosslinked composites 

containing PEGdm (500) or PEGdm (250) and 10% R711 at constant salt content and BMA 

weight percent.  The conductivity of the composites increases as the molecular weight of 

PEGdm decreases, i.e., PEGdm (250) electrolytes have a higher conductivity than PEGdm 

(500) electrolytes.  Furthermore, both PEGdm (250) and PEGdm (500) crosslinked CPEs 

exhibit similar dependence on temperature when compared to uncrosslinked CPEs.  This is 

further evidence that the ionic transport properties of the electrolyte remain unchanged after 

the formation of the crosslinked silica network.  Figure 4.9 provides the elastic modulus as a 
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function of frequency for the same systems of PEGdm (250) and PEGdm (500).  The elastic 

modulus is higher for PEGdm (500) composites compared to PEGdm (250) composites and 

may be due to the higher “viscosity” of the PEGdm (500) + LiTFSI within the crosslinked 

silica network.  The elastic modulus measured from dynamic rheology is a combination of 

the elastic properties of the crosslinked silica network and the electrolyte within the structure; 

therefore PEGdm (500) composites will have higher modulus than PEGdm (250) composites 

since the elastic modulus of the PEGdm (500) electrolyte is higher than the PEGdm (250) 

electrolyte.  Alternatively, the higher viscosity of PEGdm (500) can reduce the mobility of 

growing polymer chains and therefore promote more effective polymerization near the fumed 

silica surface.  While the properties of the electrolyte solvent appear to dictate both the ionic 

transport and rheological properties, more work is needed to understand the role of the 

solvent in dictating the microstructure of the crosslinkable-based fumed silica composites.  

4.3.5 Effect of Crosslinkable Fumed Silica on Lithium Transport 
Although the conductivity of the crosslinked CPEs is lower than uncrosslinked CPEs, 

the presence of the crosslinked network does not impede lithium cation mobility.  Figure 4.10 

illustrates conductivity versus LiTFSI concentration at 25°C and 82°C for crosslinked CPEs 

consisting of 10% TOM 1:1 and 20% BMA and their corresponding salt solutions (no fumed 

silica or monomer).  The data indicate that conductivity of crosslinked composites and 

uncrosslinked salt solutions follow similar trends, which suggests that the ionic transport 

properties of the electrolyte are unaffected by the crosslinked silica network.  Furthermore, 

Figure 4.10 shows that the room-temperature conductivity of crosslinked samples is 

relatively insensitive to changes in salt concentration.  To further characterize ionic transport 

in the crosslinked CPEs, the lithium transference number is measured using the method of 
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Bruce and Vincent42.  Table 4.3 shows the transference numbers of samples containing 10% 

TOM 1:1 in a PEGdm (250) + LiTFSI (1:20) electrolyte compared with similar samples that 

have been crosslinked with 20% BMA.  The transference numbers for both systems are 

comparable (~ 0.25) supporting the conclusion that the ionic transport properties in the 

crosslinked CPEs is not affected by the presence of the chemically crosslinked silica 

network. 

4.3.6 Open-Circuit Interfacial Stability with Lithium 
The addition of fumed silica stabilizes the interface between lithium metal and salt 

solutions consisting of PEGdm (250) + LiTFSI (Li:O = 1:20)24,31,36,44,50.  However, CPEs 

with crosslinkable fumed silica have methacrylate surface groups that can react with lithium, 

resulting in the formation of a passive layer on its surface.  In addition, preparation of the 

CPEs involves the addition of monomer and initiator to the electrolyte which can also react 

with lithium metal.  Figure 4.11 shows the time-dependent interfacial impedance of 

uncrosslinked composites containing PEGdm (500) + LiTFSI (Li:O = 1:20) and various 

components involved in the initiation and propagation of the crosslinking reaction: 

crosslinkable fumed silica (TOM 1:1), monomer (BMA), or initiator (AIBN). The addition of 

10 wt% TOM 1:1 to the base electrolyte improves the interfacial stability, and the presence 

of an initiator (AIBN) neither increases nor decreases the interfacial impedance relative to 

the base electrolyte.  However, addition of BMA produces a CPE/lithium interface with 

higher impedance compared to the base electrolyte, which suggests that BMA reacts with 

lithium to form an unstable interface.  Although the monomer itself is unstable with respect 

to lithium, the effect of crosslinked network on compatibility with lithium metal is more 

important since the concentration of unreacted monomer should be very low after the 
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crosslinking reaction.  In addition, the composition of the surface group on the crosslinkable 

fumed silica may also affect the interfacial stability with lithium.  Figure 4.12 illustrates the 

time dependent open-circuit interfacial impedance of lithium in contact with PEGdm (250) + 

LiTFSI (Li:O = 1:20) electrolytes that contain crosslinkable-based fumed silica.  Results for 

before and after crosslinking indicate that the addition the TOM or R711 crosslinkable fumed 

silicas (prior to crosslinking) does not produce an unstable interface when compared with 

electrolyte systems without fumed silica.  There is no correlation between interfacial stability 

and surface group of the fumed silica.  Although the degree of stabilization is less than 

noncrosslinkable silicas, such as Degussa R805 or Degussa A200 (data not shown), the 

methacrylate groups on the silica do appear to be stable with lithium31.  The reduced 

stabilization of crosslinked fumed silica relative to noncrosslinkable fumed silica may be due 

to the lower G′ of the pre-crosslinked electrolytes.  Previous results have shown that 

composite electrolytes with higher moduli typically exhibit better interfacial stability44.  

More importantly, addition of 20 wt% monomer (BMA) and subsequent crosslinking did not 

result in significant increases in the interfacial impedance.  A crosslinked electrolyte 

comprising 20 wt% BMA + 10% R711 + PEGdm (250) + LiTFSI (1:20) exhibited better 

interfacial stability than similar uncrosslinked CPEs.  This is promising in that the 

crosslinked composite may be used with lithium metal despite the use of a highly reactive 

monomer. 

4.3.7 Effect of Crosslinkable Surface Group and Crosslinked Silica 
Network on Lithium/Lithium Cycling 
The crosslinkable fumed silica displays good interfacial stability with lithium metal at 

open-circuit conditions, but the presence of these reactive groups can still pose problems 
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during actual charge/discharge cycles.  Figure 4.13 illustrates the half-cycle cell voltage 

versus cycle number for Li/CPE/Li cells containing crosslinkable fumed silica (no monomer 

or crosslinking) and octyl-modified fumed silica (R805) as a control.  The results indicate 

that the crosslinkable fumed silicas perform equally well in charge/discharge cycles when 

compared to the octyl-modified systems.  The lithium cycling performance, as measured via 

the cell voltage at half-cycle, is relatively insensitive to the silica surface group.  For each 

silica type, the cell voltage increases with cycle number, with all CPEs being cycled over 140 

times before exceeding the cut-off voltage (> 500 mV).  The open-circuit interfacial 

impedance and the lithium-lithium cycling performance are not correlated with each other.  

In addition, the crosslinked CPE reaches the cut-off voltage at an earlier cycle number and 

has a higher voltage compared to the uncrosslinked CPEs.  The crosslinked CPE could only 

be cycled 71 times compared to 182 cycles for the uncrosslinked CPE.  Two possible reasons 

can be posited to explain the lower cycle life of the crosslinked CPE.  First, the presence of 

unstable species, such as unreacted monomer or growing polymer, in contact with lithium 

metal may result in higher voltage.  Second, there may also be poor interfacial contact 

between the electrolyte and lithium metal.  The electrolytes are robust solids that may not be 

able to maintain contact with lithium during cycling.  Future work is aimed at determining 

the relative effects of these factors. 

4.4 Summary 
Composite polymer electrolytes (CPEs) containing crosslinkable fumed silica have 

been successfully prepared and characterized.  The surface group of the crosslinkable fumed 

silica does not affect the conductivity before or after crosslinking.  Crosslinked CPEs have a 

room-temperature conductivity approaching 10-3 S cm-1.  Compared to uncrosslinked 
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composites, the conductivity decreases by a factor of two upon crosslinking with 20% BMA, 

but the elastic modulus of the composites increases several orders of magnitude.  The 

conductivity of the crosslinked CPEs exhibits a similar dependence on temperature when 

compared to uncrosslinked CPEs, with no change in lithium transference number.  Since the 

crosslinks occur between silica particles, as opposed to polymer, the ionic transport 

properties of the electrolyte are not affected.  The surface groups of the fumed silica 

significantly affect the rheology of pre-cured composites, but after crosslinking the surface 

group dependence is much weaker.  Furthermore, the elastic modulus of the composites after 

crosslinking does not depend on the rheological properties of the noncrosslinked system.  

The electrolyte solvent seems to play an important role in dictating both the electrochemical 

and rheological properties of the composites with PEGdm (500) composites yielding higher 

moduli, but lower conductivity than PEGdm (250) composites.  The crosslinked CPEs 

exhibit higher cell voltage than uncrosslinked CPEs during cycling of Li/CPE/Li cells 

possibly due to the presence of residual BMA and/or poor CPE/lithium interfacial contact, 
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Table 4.1.  Surface group coverage and type of the TOM (X:Y) fumed silicas 

Crosslinkable 
Fumed Silica 

Surface 
Coverage* 

(%) 

Propyl 
meth. 

groups 
X 

(%) 

Octyl 
groups 

Y 
(%) 

Structure 

TOM 1:4 50 20 80 

TOM 1:1 45 50 50 

TOM 4:1 48 80 20 

Si
H17C8

O

O
CH2

octyl group propyl methacrylate group

* Percentage of –OH groups that are modified with octyl or propyl methacrylate groups 

 
 
 

Table 4.2.  Peak absorbance and peak ratios for the octyl and methacrylate groups on TOM 
(X:Y) and R711 silica 

Peak Ratio 
Abspeak 
Abs1100 Fumed 

Silica 
Si-O 

Absorbance 
1100 cm-1 C=O 

1702 cm-1 
C-H 

2928 cm-1 

TOM 1:4 0.947 0.019 0.059 

TOM 1:1 1.078 0.021 0.026 

TOM 4:1 0.987 0.034 0.029 

R711 0.983 0.045 0.015 
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Table 4.3.  Lithium transference numbers of uncrosslinked and crosslinked composite 
polymer electrolytes containing 10 wt% TOM 1:1 

Composite CPE TLi 
Ave 

PEGdm (250) + LiTFSI (1:20) 0.24 ± 0.03

PEGdm (250) + LiTFSI (1:20) + 10 wt% TOM 1:1 0.23 ± 0.03

PEGdm (250) + LiTFSI (1:20) + 10 wt% TOM 1:1 
+ 20%BMA (1%AIBN) 0.21 ± 0.03
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Figure 4.1.  FTIR spectra of TOM (X:Y), R711, R805 (octyl-modified), A200 (unmodified) 
fumed silica pressed with KBr showing the C–H stretching of octyl group at 2928 cm-1 and 
C=O stretching of methacrylate group at 1702 cm-1.  For TOM (X:Y), X refers to the relative 
number of methacrylate groups and Y refers to the relative number of octyl groups. 
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Figure 4.2.  Conductivity as a function of temperature of crosslinked and uncrosslinked 
CPEs with three TOM (X:Y) silicas having different ratios of methacrylate (X) to octyl (Y) 
groups on the silica surface and a commercially available crosslinkable silica, R711. 
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Figure 4.3.  Effect of crosslinkable fumed silica surface group on elastic and viscous moduli 
before crosslinking. 
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Figure 4.4.  Effect of crosslinkable fumed silica surface group on dynamic rheology after 
crosslinking. 
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Figure 4.5.  Comparison of yield stress and elastic modulus for crosslinked (10% R711 + 
20% BMA) and noncrosslinked (10% R805) fumed silica composites. 
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Figure 4.6.  Effect of R711 weight percent on ionic conductivity after crosslinking as a 
function of temperature. 
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Figure 4.7.  Effect of R711 weight percent on elastic and viscous moduli after crosslinking. 
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Figure 4.8.  Effect of PEGdm molecular weight on the ionic conductivity of crosslinked and 
uncrosslinked composites containing R711 fumed silica. 
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Figure 4.9.  Effect of PEGdm molecular weight on elastic and viscous moduli of crosslinked 
composites containing 10 weight percent R711. 
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Figure 4.10.  Effect of LiTFSI concentration on conductivity of crosslinked and 
uncrosslinked CPEs at 25° and 82°C. 
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Figure 4.11.  Time-dependent stability of lithium/CPE interface for uncrosslinked CPEs 
containing crosslinkable fumed silica, monomer, or initiator. 
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Figure 4.12.  Open-circuit interfacial stability as a function of time for CPEs containing 
crosslinkable fumed silica before and after crosslinking. Open symbols represent systems that 
have not been crosslinked, but contain fumed silica with crosslinkable groups.  Closed 
symbol represent a crosslinked composite electrolyte.  The cross symbol represents data for 
samples without fumed silica31. 
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Figure 4.13.  Average voltage of Li/CPE/Li cells using crosslinkable fumed silica as a 
function of surface group for both uncrosslinked and crosslinked CPEs. 
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Abstract 
The electrochemical and rheological properties of composite polymer electrolytes 

(CPEs) based on fumed silica modified with crosslinkable groups dispersed in electrolytes 

consisting of poly(ethylene glycol) dimethyl ether (PEGdm) and lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) are investigated.  Various methacrylate 

monomers, such as methyl (MMA), ethyl (EMA), butyl (BMA), n-hexyl (HMA), and n-

dodecyl (DMA) methacrylate, are added to aid in the formation of the crosslinked network.  

In this study, we examine the effects of concentration and alkyl chain length of the 

monomers on conductivity, dynamic rheology, open-circuit interfacial stability, and cell 

voltage in lithium-lithium cell cycling.  Increasing the length of the monomer alkyl chain 

enhances both conductivity and elastic modulus of the crosslinked CPE.  In contrast, 

increasing monomer concentration results in higher elastic modulus, but reduced 

conductivity.  Lithium-lithium cell cycling and open-circuit interfacial stability results did 

not correlate with alkyl chain length.  That is, for the lithium-lithium cycling studies, all 

crosslinked samples exhibit higher half-cycle voltage compared to non-crosslinked samples; 

however, the open-circuit interfacial stability of CPEs containing BMA and HMA exhibit 

improved stability compared to the other monomers and the CPE without monomer. 
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5.1 Introduction 
Rechargeable lithium batteries are promising power sources for devices such as 

electric vehicles, portable electronics, and implantable medical devices, because of their 

high-energy density and low self-discharge rate.  Although significant progress has been 

made in these batteries, several important factors, especially the low conductivity and 

chemical stability of the electrolyte, have limited their commercial use.  A large portion of 

electrolyte research focuses on improving the mechanical strength of the electrolyte without 

sacrificing important electrochemical properties, such as conductivity, lithium transference 

number, and interfacial stability. 

Electrolytes for lithium batteries must have acceptable ionic conductivity (> 10-3 

S cm-1 at 25°C) and should possess a high Li+ transference number, i.e., a high ratio of the 

charge transported by Li+ compared to the total charge transported1-3.  Electrolytes must be 

chemically and electrochemically stable, mechanically strong, yet easily processable, safe, 

and inexpensive1-6.  Solid polymer electrolytes have been recognized as viable candidates for 

rechargeable lithium batteries.  The use of solid polymer electrolytes would overcome 

limitations of liquid electrolytes including: lithium dendrite formation, electrolyte leakage, 

flammable organic solvent, and electrolytic degradation of electrolyte5,7,8. 

Early approaches to solid polymer electrolytes employed high-molecular weight 

(Mn >105) polyethylene oxide (PEO)9-11.  Linear PEO forms a semi-crystalline electrolyte 

with reasonable mechanical properties after addition of lithium salts.  The crystallites act as 

cross-links that make high-molecular PEO dimensionally stable up to the melting point of the 

salt-polymer complexes (~ 65°C).  However, since conductivity is dominated by the 

segmental motion of the amorphous polymer, the presence of crystalline phase reduces the 
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room-temperature conductivities to less than 10-5 S cm-1, which is too low for most practical 

applications10,11.  Various methods have been devised to inhibit crystallinity and maximize 

the volume fraction of the amorphous phase in PEO, including: (a) synthesis of PEO-based 

polymers with modified architectures1,12-15; (b) addition of ‘plasticizers’10,16-25; (c) addition of 

solvents to polymers to form gel electrolytes6,24,26-34; and (d) addition of inorganic fillers such 

as alumina, silicas, and zeolites11,14,35-48. 

The synthesis of PEO-based polymers with modified architectures has emphasized 

comb-branched systems, where the “teeth” of the comb are designed to have maximum 

flexibility and hence high conductivity.  However, the mechanical properties of these 

polymers are poor and require cross-linking to minimize creep.  Even for these neat polymer 

systems, regardless of the polymer structure, the room-temperature conductivity15 of 

electrolytes is less than 5 × 10-5 S cm-1.  The addition of plasticizers to PEO, either as an 

absorbed liquid or as a plasticizing lithium salt10,16,23-25, is often used to reduce Tg and 

increase conductivity to 5 × 10-4 S cm-1; however, such additives often cause a reduction in 

mechanical properties and a decrease in the interfacial stability with lithium2,11,49. 

Gel electrolytes are two-component systems that are prepared by dispersing liquid 

solvents (typically, organic carbonates) and/or plasticizers in an electrochemically inert 

polymer, such as polyacrylonitrile (PAN) and poly(vinylidene fluoride) (PVdF).12,13,50-53  

Here, the ionic transport is primarily governed by the liquid electrolyte with the polymer 

providing mechanical support.  The ionic conductivity of a gel electrolyte is higher than that 

of a solid system, but often at the expense mechanical strength.  To improve the mechanical 

properties of the gel, cross-linkable components (e.g., diacrylate compounds) may be added 

to form networked gel-polymer systems51,52. 
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The addition of inorganic fillers to form composite polymer electrolytes (CPE) 

decreases the crystallinity in samples prepared from high-molecular weight PEO, thus 

stabilizing the conductive amorphous phase.  Furthermore, the fillers can form self-

assembled network structures that provide favorable mechanical properties in low-to-

moderate molecular-weight electrolyte systems54-63.  The principal advantage of the self-

assembly approach is that it provides significant processing advantages that can lead to 

reduced-cost electrolytes.  

CPEs consisting of low-molecular weight polyethers, lithium salts, and fumed silica 

are being developed in our laboratories to produce materials with high conductivity and 

mechanical stability54,55,60,63.  The mechanical stability stems from a three-dimensional 

network of interacting fumed silica aggregates.  A unique feature of our CPEs is that the 

surface chemistry of the fumed silica particles can be tailored to produce desirable 

mechanical properties without affecting the electrochemical properties.  We have 

investigated composite electrolytes that contain fumed silica with octyl and methacrylate 

groups on the surface.  Composites that contain these dual-functionalized fumed silica can be 

subsequently reacted to form a chemically crosslinked CPE rather than a physically 

crosslinked CPE64.  Crosslinked CPEs require the use of additional monomers to form 

sufficient links between particles to give mechanically robust networks.  Ideally, added 

monomer “coats” the surface of the silica network and provides permanent mechanical 

stability with minimal penalty in conductivity.  Using commercially available crosslinkable 

fumed silica (Degussa R711) + PEGdm (250) + lithium bis(trifluromethanesulfonyl)imide 

(LiTFSI, Li:O = 1:20) + 20 wt% butyl methacrylate (BMA) monomer, we successfully 

prepared thermally crosslinked composites with a room-temperature ionic conductivity 
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approaching 10-3 S cm-1 and an elastic modulus56 (G′) approximately 105 Pa.  However, these 

crosslinked systems behaved poorly in lithium-lithium cycling experiments due to the 

possible presence of unreacted monomer and/or poor interfacial contact. 

In this study, we focus on understanding how changes in the monomer bulk properties 

affect the rheological and electrochemical properties of CPEs using methacrylate monomers 

of various length and concentration. Results from ionic transport, dynamic rheology, open-

circuit interfacial stability, and lithium/lithium cell-cycling are discussed in terms of a 

mechanistic cross-linking model.  In addition, these results are correlated with the bulk 

properties of the material components to further evaluate the performance of the composites, 

especially the interfacial stability with lithium. 

5.2 Experimental 
Chemicals and preparation used in this study consist of five components: 

crosslinkable-based fumed silica (Degussa R711), lithium salt (lithium 

bis(trifluromethanesulfonyl)imide [LiN(CF3SO2)2] (LiTFSI, Li Imide, 3M), poly(ethylene 

glycol)dimethyl ether (PEGdm, Mn = 250, Aldrich), methacrylate monomer, and initiator55,65.  

LiTFSI is dried at 110°C under vacuum (~ 1 kPa) for 24 hours before use.  Fumed silicas are 

dried at 90°C under vacuum (~ 1 kPa) for one week to achieve a water content of 150-200 

ppm before transferred to a glove box.  PEGdm (250), used for interfacial impedance and 

lithium-lithium cycle studies, is dried over 4 Å molecular sieves for at least one week after 

the inhibitor (butylated hydroxytoluene, BHT) is removed using an inhibitor-removing 

column (Aldrich).  For conductivity and rheology measurements, PEGdm (250) is dried over 

4 Å molecular sieves for at least one week.  Methacrylate monomers with varying length of 

alkyl chains, methyl (MMA), ethyl (EMA), butyl (BMA), n-hexyl (HMA), and n-dodecyl 
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(DMA) (Aldrich, Alfa Aesar), are processed through inhibitor-removing columns (Aldrich) 

to remove monomethyl ether hydroquinone (MEHQ), and then stored over 4 Å molecular 

sieves in a refrigerator (1°C).  The structure and physical properties of the methacrylate 

monomers are shown in Table 5.1.  The free-radical initiator, 2,2'-azo-bis-isobutylnitrile 

(AIBN, Aldrich), is stored in a refrigerator (1°C) and used as received.   

After the appropriate amount of PEGdm electrolyte solution, e.g., LiTFSI in PEGdm 

(250), is added to the fumed silica, a solution of 1% 2,2'-azo-bis-isobutylnitrile (AIBN) in 

monomer is added to prepare composites with the desired weight percent of monomer.  

Samples used in electrochemical measurements are prepared in a glove box and mixed using 

a high-shear mixer (Tissue TearorTM, Model 398, BioSpec Products, Inc.) while samples for 

rheology are prepared outside the glove box and mixed using a SilversonTM Model SL2 

mixer (Silverson Machines).  The final CPEs are obtained by curing the samples in a sealed 

vial inside an oven at 80°C for 24 hours. 

5.2.1 Electrochemical Characterization 
Electrolyte conductivities are measured using a glass conductivity cell that consists of 

two blocking platinum wire electrodes (0.64-mm diameter, Fisher Scientific)66.  Conductivity 

is measured using EG&G Princeton Applied Research PowerSine software to control an 

EG&G Model 273 potentiostat and an EG&G Model 5210 lock-in amplifier in the frequency 

range 100 kHz to 100 mHz.  Cells are calibrated at 25°C using a standard KCl solution (1409 

µS cm-1 at 25°C).  Conductivity cells are placed in wells in an insulated aluminum block with 

internal coolant circuit connected to a temperature-controlled circulating water bath (Isotope 

1016P Fisher Scientific)54.  The temperature of the water bath is varied from 0 to 100°C (± 

1°C) and the temperature of each sample is measured using a T-type thermocouple placed in 
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a sealed glass compartment fully submerged in the sample.  The temperature data acquisition 

system consists of a National Instruments Fieldpoint Module (FP 1000) connected to two 

National Instruments 8-channel thermocouple modules (FP-TC-120).  The resistivity of the 

electrolyte is determined by the real-axis intercept on a Nyquist plot.  For each sample, 

multiple cells (typically 3 to 5) are measured, with the reported value representing the 

average. 

The compatibility between the electrolyte and lithium metal at room temperature is 

studied by time-dependent impedance spectroscopy using symmetric lithium/CPE/lithium 

button cells.  The crosslinked CPE is prepared by placing the pre-cured composite in a 1-inch 

diameter propylene mesh material (~ 0.3 mm thick, 50% porosity, McMaster-Carr).  The 

CPE/mesh sample is positioned between two Teflon discs to ensure uniform sample 

thickness, sealed in a stainless steel vial, and then cured in an oven at 80°C for 24 hours.  

From this CPE/mesh sample, 0.5 inch diameter discs are punched and used in the fabrication 

of symmetric lithium/CPE/lithium cells.  The design of the button cells is given elsewhere56.  

The cell is stored at open-circuit and room-temperature between and during experiments. The 

impedance of the cell is measured using EG&G Princeton Applied Research PowerSine 

software to control an EG&G Model 273 potentiostat and an EG&G Model 5210 lock-in 

amplifier in the frequency range 100 kHz to 100 mHz.  The interfacial resistance between the 

electrolyte and lithium metal is determined according to the method of Fauteux1.  For each 

sample, three cells are prepared and measured.  An Arbin battery cycler (Model BT2042) 

controlled by Arbin ABTS software is employed to carry out constant-current cell cycling 

using symmetric lithium/CPE/lithium button cells.  In Li/electrolyte/Li cells, current densities 
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of 0.2 mA cm-2 with fixed charge density of 1 C cm-2 are applied.  Cell cycling is terminated 

upon reaching a cell voltage of 500 mV. 

5.2.2 Rheological Characterization 
The dynamic rheology of the crosslinked samples is measured using a TA 

Instruments AR2000 stress-controlled rheometer.  Unless otherwise noted, the temperature of 

the samples is maintained at 25°C using a Peltier plate.  A 20-mm diameter steel parallel 

plate geometry is used on all samples.  Sandpaper is adhered to the plate surface to eliminate 

sample wall-slip, which could result in underestimation of the measured properties of a 

sample67.  Samples with a thickness of 800-1500 µm are used.  Initially, samples are loaded 

in a manner to maintain a normal force of less than 5 N on the sample.  At the desired 

thickness, the normal force is allowed to relax below 3 N prior to measurement.  For each 

sample, a dynamic stress sweep is used to determine the range of stresses within the linear-

viscoelastic (LVE) region.  A new sample is then loaded and a frequency sweep of 0.01 – 

100 rad s-1, using a pre-determined LVE stress, followed by a dynamic stress sweep, at a 

constant frequency of 1 rad s-1, is performed.  Reported data represent the average of three 

measurements.  Typical experimental variances are less than 20%. 

Dynamic rheology measures the elastic (G¢) and viscous (G≤) moduli of a sample. 

The frequency dependence of G¢ and G≤ is an important indicator of microstructure.  The 

elastic modulus G¢ qualitatively provides information about the elastic nature of the material 

while the viscous modulus G≤ qualitatively provides information about the viscous nature of 

the material.  Typically, the frequency dependence of G¢ and G≤ is measured to understand 

the extent of structure formation within the sample.  For disperse systems with no particle 
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flocculation, G≤ is typically greater than G¢ over the entire range of frequencies.  Moreover, 

both moduli strongly depend on frequency.  For weakly flocculated systems, the presence of 

particle structures introduces both viscous and elastic effects into the rheological response.  

Thus, the moduli show a weaker dependence on frequency, and the elastic modulus G¢ often 

exceeds the viscous modulus G≤ at high frequencies.  If the particles flocculate into a 

volume-filling network structure, the moduli, G¢ and G≤ are independent of frequency, and 

the materials is classified as a gel, i.e., shows predominantly elastic properties68 with G¢ > 

G≤. 

5.3 Results and Discussion 

5.3.1 Effect of Monomer Weight Percent 
Crosslinkable fumed silica-based composite polymer electrolytes require the addition 

of monomer to tether adjacent fumed silica particles together and form a robust solid 

electrolyte.  The addition of monomer to the composite electrolyte can significantly affect the 

electrochemical and rheological properties.  To understand how the amount of monomer 

influences conductivity, we measured conductivity as a function of monomer weight percent.  

Figure 5.1 shows the conductivity of crosslinked CPEs consisting of 10% R711 in PEGdm 

(250) + LiTFSI (Li:O = 1:20) with varying amounts of BMA.  The conductivity decreases 

with the amount of BMA present, with 20% BMA resulting in a reduction of a factor of two 

and 40% BMA resulting in a factor of three reduction from that in its absence.  The addition 

of BMA does not appear to affect the mechanism of ionic transport since all curves show 

similar curvature, i.e., the apparent activation energy is unaffected.  In general, the 

mechanism of ionic transport in these crosslinkable-based fumed silica composites indicate 
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that crosslinking reactions occur at a microscopic scale between adjacent silicas thereby 

unaffecting the bulk transport processes of the electrolyte. 

The dynamic frequency spectra of crosslinked electrolytes containing 10% R711 in 

PEGdm (250) + LiTFSI (1:20) with BMA monomers at various weight percent (5, 10, 20, 

and 40 wt%) are shown in Figure 5.2.  All samples exhibit higher elastic modulus G¢ than 

viscous modulus G≤ (shown for 5 wt% BMA for purposes of clarity) at all measured 

frequencies and exhibit weak frequency dependence, suggesting an elastic network 

structure55,56,60,63.  There is a six order of magnitude increase in elastic modulus as the BMA 

concentration increases from 0 to 5 wt% BMA.  The elastic modulus of crosslinked 

composites increases with BMA concentration (5 to 40 wt%); with a three-fold increase in 

elastic modulus from 10 – 20 wt% BMA and no significant change in elastic modulus from 

20 – 40 wt% BMA.  The crosslinkable-based fumed silica composites possess high 

conductivity and good mechanical properties.  Figure 5.3 summarizes the elastic modulus 

(ω = 1 rad s-1) and conductivity (T = 25°C) as a function of BMA wt%.  The addition and 

reaction of 20% BMA increases the elastic moduli over six orders of magnitude, yet the 

conductivity decreases only a factor of two.  Such a significant increase in elastic modulus 

with only a small change in conductivity indicates that the coupling between ionic transport 

and mechanical strength is weak. 

To assess the reactivity of the crosslinked CPEs with lithium metal, cycling of 

Li/CPE/Li cells is performed.  Figure 5.4 shows the ohmically-corrected average half-cycle 

voltage versus cycle number for CPEs with at various monomer weight percent (0, 5, 10, 20, 

and 40 wt% BMA).  The results indicate that the amount of BMA in the crosslinked CPEs 
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has a strong influence on cell voltage.  The addition of 5, 20, and 40 wt% BMA and 

subsequent crosslinking results in higher cell voltage and poorer lithium cycling performance 

than composites without monomer (no crosslinking).  However, the crosslinked CPE 

containing 10 wt% BMA exhibits a comparable cell voltage to the sample without monomer.  

This suggests that crosslinked CPEs can be stable with respect to lithium during 

charge/discharge cycles. 

5.3.2 Effect of Monomer Alkyl Chain Length 
In addition to varying the amount of monomer, different types of methacrylate 

monomers are also studied.  We chose methacrylate monomers with varying length of alkyl 

chain lengths to further probe how the chemical nature of the monomer affects the 

electrochemical and rheological properties.  Figure 5.5 shows the conductivity of CPEs after 

crosslinking as a function of temperature for composites with five different monomers 

(MMA, EMA, BMA, HMA, DMA) at a constant salt concentration (Li:O = 1:20), 20 wt% 

monomer, and 10 wt% R711.  The conductivity modestly increases with alkyl chain length. 

This result is primarily due to the lower solubility of the longer alkyl chains in the PEGdm 

(250) electrolyte.  Longer alkyl monomers are less likely to homopolymerize in the bulk 

electrolyte phase and are more likely to react at the fumed silica surface to create links 

between silica particles.  Polymerization of the monomer in the electrolyte phase increases 

the viscosity of the electrolyte thereby impeding ionic transport.  The electrolytes containing 

20% HMA and 20% DMA have conductivities exceeding 10-3 S cm-1 at room temperature. 

The dynamic frequency spectra of crosslinked electrolytes containing 10 wt% R711 

in PEGdm (250) + LiTFSI (1:20) with different monomers at 20 wt% are shown in Figure 

5.6.  For all samples, G¢ exceeds G≤, however, both G¢ and G≤ exhibit small frequency 
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dependence indicating presence of an elastic network.  The length of the alkyl segment of the 

monomer affects the mechanical properties.  As the number of alkyl carbons increases, there 

is an initial increase in elastic modulus that reaches a maximum for samples containing 

HMA.  Further increases in the alkyl chain, e.g., DMA, yield a slightly lower elastic 

modulus, although the decrease in elastic modulus compared to BMA and HMA may not be 

significant.  This is illustrated more clearly in Figure 5.7 which shows G′ 

(ω = 1 rad s-1) and conductivity (T = 25°C) as a function of alkyl chain length.  This plot 

shows that conductivity and elastic modulus exhibit slight increases between MMA and 

EMA and sharp increases from EMA to BMA followed by moderate changes for HMA and 

DMA. These crosslinked CPEs are unique in that increasing the alkyl chain length of the 

monomer enhances both conductivity and elastic modulus.  Monomers that tend to 

polymerize in the electrolyte phase, such as MMA and EMA, cannot form covalent 

crosslinks between silica particles and thus will have weaker mechanical properties and 

lower ionic conductivity than monomers, such as BMA, HMA, and DMA, that do not 

polymerize in the electrolyte phase and segregate to the silica surface and react to form 

covalent crosslinks between silica particles.  Using DMA monomer instead of MMA 

increases the conductivity by 50% and increases the elastic modulus an order of magnitude. 

The addition of fumed silica stabilizes the interface between lithium metal and salt 

solutions consisting of PEGdm (250) + LiTFSI (Li:O = 1:20)54,69.  However, crosslinked 

CPEs are prepared with monomer, initiator, and methacrylate-modified fumed silica that can 

react with lithium resulting in the formation of a passivating layer on its surface.  Open-

circuit interfacial impedance measurements are performed to assess the effect of various 

monomers on the crosslinked CPE interfacial stability with lithium. Figure 5.8 shows the 
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open-circuit interfacial impedance of lithium in contact with 10 wt% R711 in PEGdm (250) 

+ LiTFSI (Li:O = 1:20) (uncrosslinked) with five different monomers as a function of time.  

Figure 5.8 shows that the interfacial impedance of CPEs without monomer (uncrosslinked) is 

at ~700 ohm cm2 after 60 days.  This value is higher than similar CPEs with octyl-modified 

fumed silica (e.g., Degussa R805)54. Although the higher impedance may indicate that the 

methacrylate surface groups are themselves reactive with lithium metal, the 10 wt% R711 

CPE is liquid-like and stronger gel electrolytes, such as octyl-modified (Degussa R805) 

fumed silica in PEGdm electrolytes, have lower interfacial impedance than weaker gels69.  In 

addition, Figure 5.8 shows that the interfacial impedance does not correlate with the length of 

the alkyl chain in the monomer: EMA, DMA, and MMA exhibit interfacial impedance values 

significantly higher than the CPE without monomer while BMA and HMA have stable 

interfacial impedances that are slightly lower than the CPE without monomer.  To further 

assess the reactivity of the crosslinked CPEs with lithium metal, cycling of Li/CPE/Li cells is 

performed.  Figure 5.9 shows the ohmically-corrected average half-cycle voltage versus 

cycle number for CPEs with various monomers (MMA is not shown since it failed upon the 

first cycle).  The results indicate that the crosslinked CPEs perform poorly than CPEs without 

monomer.  In addition, the performance of the crosslinked CPEs is not sensitive to monomer 

type.  EMA composites, which exhibit relatively poor open-circuit interfacial stability, 

perform the best in cycling studies of Li/CPE/Li cells. Although HMA and BMA have lower 

interfacial impedance than the CPE without monomer (Figure 5.8), both CPEs exhibit higher 

half-cell voltage and exceed the cut-off voltage much faster than the control.  However, CPEs 

without monomer outperforming crosslinked CPEs suggests that impurities, especially 

unreacted monomer, produce a passivating film on the lithium surface that increases the 
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voltage between the electrodes.  Developing protocols to mitigate and/or remove residual 

monomer are still underway. 

5.4 Summary and Conclusions 
CPEs containing crosslinkable fumed silica using different methacrylate monomers 

have been prepared and characterized.  The conductivity of the crosslinked CPEs increases as 

the length of the alkyl chain of the monomer increases with DMA > HMA > BMA > EMA > 

MMA.  The rheological properties of the crosslinked CPEs also depend on the length of the 

alkyl chain.  Longer alkyl chain monomers, such as BMA, HMA, and DMA, have higher 

elastic moduli than short alkyl chain monomers, such as MMA and EMA.  Increases in 

monomer weight percent result in decreased conductivity, but improved mechanical 

properties.  Crosslinked CPEs containing HMA and BMA exhibit improved interfacial 

stability relative to CPEs containing no monomer.  However, cycling of Li/CPE/Li cells 

indicate that CPEs containing crosslinked monomer are more reactive with lithium than 

CPEs without monomer.  These results suggest that the location of the reacting monomer is 

critical.  In order to promote high-elastic modulus and high-ionic conductivity, the monomer 

must react at the fumed silica surface and not in the bulk electrolyte.  Furthermore, the 

crosslinking reaction must consume all the monomer so that residual monomer cannot react 

with lithium during cycling. 
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Table 5.1.  Structure and properties of methacrylate monomers used in study 

Monomer Structure MW 
(g mol-1) 

BP 
(°C) 

Methyl methacrylate 
(MMA) O

O
CH3

 

100.12 100 

Ethyl methacrylate 
(EMA) O

O
C2H5

 

114.14 119 

Butyl methacrylate 
(BMA) O

O
C4H9

 

142.20 160 

n-Hexyl methacrylate 
(HMA) O

O
C6H13

 

170.24 162 

n-Dodexyl methacrylate 
(DMA) O

O
C12H25

 

254.42 192 
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Figure 5.1.  Effect of monomer weight percent on conductivity of crosslinked CPEs. 
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Figure 5.2.  Effect of monomer weight percent on the elastic and viscous moduli of 
crosslinked CPEs. 
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Figure 5.3.  Conductivity (T = 25°C) and elastic modulus (ω = 1 rad s-1) as a function of 
BMA weight percent after crosslinking. 
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Figure 5.4.  Cell voltage of Li/CPE/Li cell as a function of cycle number for crosslinked 
CPEs with four different monomers of varying BMA weight percent. 
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Figure 5.5.  Conductivity as a function of temperature of CPEs with five different monomers 
having varying length of alkyl chains.  
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Figure 5.6.  Effect of varying length of monomer alkyl chain on elastic and viscous moduli. 
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Figure 5.7.  Conductivity (T = 25°C) and elastic modulus (ω = 1 rad s-1) as a function of 
number of alkyl carbons in the methacrylate monomer. 
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Figure 5.8.  Open-circuit interfacial impedance as a function of time of crosslinked CPEs 
with five different monomers of varying alkyl chain length. 
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Figure 5.9.  Cell voltage of Li/CPE/Li cell as a function of cycle number for crosslinked 
CPEs with four different monomers of varying alkyl chain length. 
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Abstract 
The rheological properties of high-molecular weight polyethylene oxide (PEO, MW = 

200K) filled with silica (fumed) nanoparticles are reported.  In particular, the effects of silica 

weight percent, silica surface group, lithium salt concentration, and temperature on the 

dynamic rheology and creep behavior of PEO are probed.  The presence of fumed silica 

nanoparticles increases the elasticity of the polymers compared to unfilled PEO as measured 

by low-frequency elastic modulus and creep retardation/recovery.  The type of surface group 

on the fumed silica surface strongly influences the rheological properties.  Filled PEO 

containing hydrophilic silica (A200, -OH groups) exhibits higher elastic properties than 

composites containing octyl-modified (R805) and methyl-modified (R974) fumed silicas.  

The difference stems from interactions of the silica with the polymer backbone that increases 

the number of network junctions.  The presence lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) significantly reduces the elastic modulus of unfilled PEO (200K) through 

disruption of crystalline domains.  The addition of LiTFSI to PEO (200K) with 10 wt% A200 

increases the elastic properties of the polymer composite.  Lithium cations interact more 

strongly with PEO than hydroxyl groups on hydrophobilic silica, therefore hydrophilic silica 

can form hydrogen bonds with adjacent silica particles resulting in an enhanced elastic 

modulus.  The presence of fumed silica does not significantly change the melting Tm, glass 

transition Tg, or crystallization Tc temperatures of PEO (200K).  However, PEO (200K) 

containing 10 wt% A200 exhibits less change in elastic modulus than unfilled PEO (200K) 

with increases in temperature above the melting temperature.  This indicates that the fumed 

silica forms a strong network in the melt state.  
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6.1 Introduction 
Fumed silica nanoparticles are common fillers that are added to polymers to 

significantly affect the viscoelastic properties and improve mechanical strength.  Fumed 

silica is a fluffy, white, amorphous powder of silicon dioxide (SiO2) prepared by hydrolysis 

of silicon tetrachloride (SiCl4) vapor in a flame of hydrogen and oxygen.  Initial hydrolysis 

produces spherical (~ 7 to 14 nm diameter particles), but subsequent cooling results in 

irreversible fusing of particles to form stable branched chain-like aggregates (~100 nm)1-3.  

During synthesis in humid environments, the Si-O bonds become hydrogenated to form 

silanol (Si-OH) groups that give fumed silica a hydrophilic surface chemistry.  A unique 

feature of fumed silica is that the surface can be modified by chemically treating the silanol 

groups using halosilanes, alkoxy-silanes, silazanes, or siloxanes5,6.  As a result of the surface 

treatment, the silanol groups can be replaced by hydrophobic groups including octyl or 

methyl. While fumed silica with silanol groups interact primarily through hydrogen-bonding 

forces, hydrophobic silica interact via van der Waals interactions between adjacent alkyl 

groups. 

The mechanism of reinforcement in filled polymers is due to interactions between 

polymer and filler that hinder the relative mobility of polymer chains.  Beyond structural and 

hydrodynamic factors, the adsorption of polymer onto the silica surface can also play a key 

role in determining the rheological properties of the composite4,5.  There are three types of 

polymer-fumed silica interactions that can result in formation of a network structure:  (i) a 

single polymer chain is attached to two or more adjacent aggregates by means of hydrogen 

bonding or van der Waals bonds; (ii) entanglement between two polymer chains adsorbed on 

adjacent aggregates; and (iii) entanglements between two polymer chains, one attached to an 
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aggregate and the other in the bulk polymer matrix5-9.  As a result of these polymer-fumed 

silica interactions, the fumed silica particles can form a network structure via bridging of 

polymer molecules even when individual nanoparticles are far apart in comparison to their 

size.  As the affinity between polymer and filler increases, the degree of immobilization 

increases.  The filler particles can be regarded as a hard core surrounded by an immobilized 

polymer shell10.  Consequently, the conformation and mobility of a polymer chain adjacent to 

filler differ considerably from the bulk10,11.  One significant consequence of this difference in 

structure and mobility is the observation of two distinct glass transition temperatures, as 

reported by Tsagaropoulus and Eisenberg12.  The immobilized polymer surrounding the 

fumed silica gives rise to an additional glass transition temperature when the immobilized 

polymer segments overlap.  

Previous work has investigated the addition of fumed silica to strengthen the 

mechanical properties of polydimethylsiloxane (PDMS) 13 and polyurethane (PU) polymers.  

The magnitude of the reinforcement in PDMS is dependent on the filler surface chemistry, 

filler content, and PDMS molecular weight6.  High-molecular weight PDMS (MW = 325K) 

with fumed silica exhibits strong viscoelastic properties with the elastic modulus and critical 

strain strongly dependent on frequency6. The effect of surface group on the elastic modulus 

and critical strain is less pronounced; however, silicas with fewer available 

-OH groups require higher volume fractions to form network structures.  Unmodified silica 

particles can interact via hydrogen bonding with the oxygen atoms on the siloxane 

backbone11.  Fewer -OH sites on the fumed silica reduces the polymer adsorption and 

number of entanglement interactions that form the network structure4,6.  Strong adsorption of 

PDMS on the -OH groups can result in aging effects, e.g., the elastic modulus changes as a 
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function of time4.  Initially, the modulus of the filled PDMS is due to filler-filler interactions; 

however, polymer continuously adsorbs onto the surface increasing the number of bridging 

chains between filler and particles, thereby exerting an attractive force between particles to 

effect reagglomeration4. The aging of PDMS is less pronounced for surface-treated silicas 

(such as hexamethyldisiloxane or hexamethyldisilozane) and at lower molecular weight since 

the equilibrium of polymer adsorption is reached quickly and no reagglomeration occurs4.  

PU melts containing hydrophilic fumed silicas have higher viscosity than PU melts 

containing hydrophobic fumed silica due to hydrogen bonds between PU and silanol groups 

on the hydrophilic fumed silica14. 

The presence of fumed silica can also affect recrystallization kinetics and increase the 

relative amount of amorphous regions in the polymer15-18.  PEO is the archetypal polymer 

used in electrolytes for lithium batteries due to its ability to solvate lithium salts.  However, 

the presence of crystalline domains limits the room-temperature ionic conductivity of PEO to 

about 10-5 S cm-1, much too low for practical applications19,20.  Since ion transport is 

facilitated in the melted (amorphous) polymer matrix, conductivity exceeding 10-3 S cm-1 can 

be obtained only above its melting point (Tm ~ 65°C).  In addition to inhibiting crystallization 

kinetics of PEO and improving the electrochemical properties of PEO, fumed silica fillers 

can also affect the mechanical properties of the PEO, especially in the melt phase.  While 

much active research is directed towards understanding the role of fumed silica in 

determining the electrochemical properties of filled PEO, very little work has been done on 

understanding how fumed silica affects rheological properties.  In this study, we characterize 

the rheological properties of high-molecular weight PEO containing fumed silica and 

examine how the presence of filler affects thermal properties (melting Tm, glass transition Tg, 
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and crystallization Tc temperatures).  The effects of fumed silica surface group, fumed silica 

weight percent, and lithium salt (LiTFSI) concentration are examined. 

6.2 Experimental 

6.2.1 Chemicals and preparation of electrolytes 
PEO (MW = 200K) is received as a gift from Union Carbide.  The as-received PEO 

contains small amounts of filler material (~ 3% by weight), such as unmodified fumed silica 

and calcium carbonate. These impurities are not removed prior to experimentation.  Fumed 

silica is provided by Degussa Corporation (Akron, OH).  Three fumed silicas of similar 

surface area and structure, but having different surface treatments are investigated including 

A200 (silanol, –OH groups), R974 (methyl, –CH3 groups) and R805 (octyl, –C8H17 groups).  

The silicas are dried in a vacuum oven (~ 1 kPa) at 110°C for one week prior to use.  Lithium 

bis(trifluoromethanesulfonyl)imide (LiN(CF3SO2)2, Li Imide, LiTFSI, 3M) is dried at 100°C 

under vacuum (~ 1 kPa) for several days before use. 

High-molecular weight composites are prepared by dissolving the appropriate 

amounts of PEO, LiTFSI, and fumed silica in acetonitrile (Aldrich).  The mass ratio of 

acetonitrile to PEO is 10:1.  The fumed silica weight percent is based on the amount of PEO 

and LiTFSI (if added) so as to keep the amount of fumed silica relative to the electrolyte 

constant.  The composite is mixed by hand until homogeneous and subsequently mixed at 

high shear using a Silverson Model SL2 (Silverson Machines).  The polymer solution is then 

poured into Teflon wells (4-cm diameter) or a Teflon dish (12-cm diameter) where the 

acetonitrile is allowed to evaporate at room temperature.  After 24 hours, 20-mm diameter 

discs are punched from the polymer film for rheological measurements. 
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6.2.2 Characterization 
Rheological experiments are conducted using a TA Instruments stress-controlled 

rheometer (AR2000) with Peltier plate temperature control at 80°C unless otherwise noted.  

A 20-mm diameter steel parallel plate geometry with a gap of approximately 300-500 µm. 

The samples are loaded onto the rheometer and allowed to melt as the rheometer head is 

lowered onto the sample without exceeding a normal force of 2 N.  After the fixture reaches 

the desired gap, the sample is allowed to rest 10 minutes to maintain a consistent loading 

from sample to sample.  For each sample, a dynamic stress sweep is used to determine the 

range of stresses within the linear-viscoelastic (LVE) region.  A new sample is then loaded in 

a similar manner and a dynamic frequency sweep (0.01 to 100 rad s-1) using the pre-

determined LVE is performed.  After the dynamic frequency sweep, creep (LVE stress) and 

creep recovery (no stress) measurements are performed.  The stress is applied for 10 minutes, 

or until steady state is reached, while the creep recovery experiment is performed for 1 hour.  

Finally, a dynamic stress sweep is performed at a constant frequency of 1 rad s-1.  Results 

shown are for single measurements; with experimental variances for filled and unfilled 

samples within ± 20%. 

The glass transition temperature Tg, melting temperature Tm, and crystallization 

temperature Tc of samples are measured using a TA DSC Q100 differential scanning 

calorimeter (TA Instruments). Indium and zinc are employed as calibration standards. 

Dynamic heating and cooling scans are carried out at 10°C min-1 from -85 to 120°C, under 

nitrogen atmosphere.  In all cases, second heating scans are employed for the analysis.  The 

Tg, Tm, and Tc are determined using TA software with an accuracy of ± 1°C. 
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6.3 Results and Discussion 

6.3.1 Effect of Fumed Silica Group and Concentration on Dynamic 
Rheology 
Figure 6.1 shows the dynamic frequency spectra at 80°C of PEO (200K) without 

fumed silica and PEO (200K) with three different types of fumed silica (a) R805, (b) A200, 

and (c) R974 at 5 and 10 wt% fumed silica.  The unfilled PEO (200K) at this temperature 

behaves like a classic viscoelastic polymer: viscous behavior at low frequency and elastic 

behavior at high frequency.  For the unfilled PEO, plots of G′ and G″ crossover at a 

frequency of ~ 5 rad s-1 which corresponds to a relaxation time of 0.03 seconds.  For typical, 

monodisperse viscoelastic polymers, the elastic modulus G′ and the viscous modulus G″ 

scale as ω2 and ω1, respectively, for the range of frequencies less than the cross-over 

frequency21,22. For the unfilled PEO (200K), the elastic modulus G′ scales as ω0.73 and G″ 

scales as ω0.62 which indicates that the PEO has a broad molecular weight distribution.  The 

frequency dependence of G′ for filled and unfilled PEO is evaluated using power-law models 

(G′ vs. ωn) and is summarized in Table 6.1.  The elastic moduli of the filled polymers are 

frequency dependent, but the dependence decreases with fumed silica concentration.  The 

decreased frequency dependence of the elastic moduli for filled polymer systems indicates 

that the fumed silica supports a flocculated structure.  Furthermore, the addition of 5 and 10 

wt% of each fumed silica type increases the elastic modulus and decreases the crossover 

frequency compared to the unfilled PEO (200K).  At 10 wt% fumed silica, the crossover 

frequency is not observed in the measured frequency range (10-2 to 102 rad s-1), which 

indicates that the relaxation time of the filled PEO (200K) exceeded 300 seconds.  Longer 
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relaxation times correspond to more gel-like behavior for PEO (200K) containing fumed 

silica.  

Creep and creep recovery experiments also provide insight into the elastic properties 

of the polymer.  Figure 6.2 shows a plot of the compliance, ( ) ( ) 0J t tγ τ= , as a function of 

time for PEO (200K) without fumed silica and PEO (200K) + 5 and 10 wt% A200.  The 

addition of A200 decreases compliance during application of stress which provides further 

evidence for the elastic nature of the filled PEO (200K) samples.  In particular, the extent of 

strain recovery after cessation of shear is a direct measure of the elasticity of a material.  

Table 6.2 summarizes the applied stress (τ0), recoverable strain (γr), and percent recoverable 

(%γr) for these samples and other samples.  The percent strain recovered after cessation of 

shear is significantly greater for PEO (200K) with A200 than without.  Increasing the amount 

of A200 resulted in a higher percent recoverable strain. 

The surface group of the fumed silica affects rheological properties of the PEO 

composite, but the extent depends on the fumed silica concentration.  The surface group of 

the fumed silica at 5 wt% does not play a significant role in dictating the rheological 

properties of the composite.  Figure 6.3a shows the dynamic frequency behavior of PEO 

(200K) systems with A200 (silanol, hydrophilic), R805 (octyl, hydrophobic) and R974 

(methyl, hydrophobic) fumed silica at 5 wt%.  While the magnitude of the elastic modulus is 

not statistically different for each surface group, the surface group does seem to have a 

pronounced effect on the crossover frequency, decreasing in the following manner: R974 ~ 

R805 < A200.  At 5 wt% A200, the crossover frequency is not observed in the measured 

frequency range which indicates that the hydrophilic silica experiences stronger silica-silica 
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and polymer-silica interactions and forms stronger networks than the hydrophobic silica. At 

10 wt% fumed silica, the surface group of the fumed silica has a more pronounced effect on 

the dynamic rheology of high-MW PEO, especially at low frequency (< 5 rad s-1).  Figure 

6.3b shows the dynamic frequency behavior of PEO (200K) systems with A200 (silanol, 

hydrophilic), R805 (octyl, hydrophobic) and R974 (methyl, hydrophobic) fumed silica at 10 

wt%.  These composites exhibit no crossover frequency in the measured frequency range.  

However, the magnitude of the elastic modulus depends on the surface group.  The elastic 

moduli decreases in the following manner: A200 > R805 > R974 > unfilled PEO.  This trend 

correlates with the relative magnitude of the interactions of the fumed silica, that is, A200 

silica interacts via hydrogen bonding and has stronger interactions between silica and 

polymer than the van der Waals interactions of the R805 and R974.  The low-elastic modulus 

of R974 compared to R805 is a result of the shorter alkyl length of the surface group, e.g., 

octyl surface groups tend to interact more strongly with PEO than methyl surface groups.  

Entanglements between the octyl surface group and the PEO increase the effective number of 

contact points which increases the elastic modulus. 

For both 5 and 10 wt% fumed silica, the frequency independence of the filled systems 

increases in the following manner as shown in Table 6.1: A200 > R805 > R974 > unfilled 

PEO.  Interestingly, the elastic modulus of samples containing A200 is only higher than those 

of R805 or R974 samples at low frequency (< 5 rad s-1).  The more pronounced effect of 

filler type at low frequency is also reported by Zhang and Archer10 who suggested that the 

fumed silica influences the relaxation dynamics more than the plateau modulus.  

Furthermore, Zhang and Archer also observed that native silica (-OH, silanol, hydrophilic) 

provided the largest reinforcement properties followed by isobutylene-modified 
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(hydrophobic) and PEO-modified silica10.  The lower reinforcing properties of the 

hydrophobic and PEO-modified silica stem from weaker polymer-fumed silica interactions 

that reduce the number of entanglements and subsequent aggregation does not occur10. 

Figure 6.4 shows a plot of compliance as a function of time for PEO (200K) and PEO 

(200K) with 10 wt% A200, 10 wt% R974, and 10 wt% R805.  The addition of filler 

significantly reduces compliance of the sample; the compliance of PEO (200K) is an order of 

magnitude higher than filled systems.  The presence of filler restricts the relative movement 

of polymer which therefore reduces its compliance. The surface group also has a strong 

influence on compliance, decreasing as A200 < R805 < R974, which correlates with the 

elastic modulus at low frequency.  Since R974 silica does not interact strongly with polymer, 

the relative compliance is higher than those observed for R805 or A200.  The strong 

interactions between A200 silica and polymer significantly reduce the extent of polymer flow 

during application of shear. The fumed silica surface group affects the percent recoverable 

strain after the cessation of stress as shown in Table 6.2.  The trend for percent recoverable 

strain is the same as that for the low-frequency elastic modulus: A200 > R805 > R974 > PEO 

(200K).  This trend suggests that filler which strongly interacts with the polymer can 

significantly increase the recoverable strain due to the formation of anchoring points. 

6.3.2 Effect of Lithium Salt on Dynamic Rheology 
One of the main purposes for the investigation of PEO polymers is their use as 

polymer electrolytes.  Since our group is developing nanofilled polymer electrolytes23-28, we 

are interested in studying how the presence of salt affects the rheology of PEO polymer 

melts.  The addition of LiTFSI salt to unfilled PEO (200K) significantly changes the 

rheological properties as shown in Figure 6.5. The presence of salt (Li:O = 1:20) reduces the 
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elastic modulus by nearly 50% and increases the crossover frequency from 5 to 13 rad s-1.  

This dramatic change in microstructure occurs because LiTFSI plasticizes PEO29.  The 

addition of LiTFSI increases the frequency dependence of the elastic moduli of the 

composites as shown in Table 6.3.  However, the addition of LiTFSI to PEO + 10 wt% A200 

increases the elastic modulus.  Figure 6.6 shows a plot of elastic and viscous moduli as a 

function of frequency for PEO + 10 wt% A200 with and without LiTFSI.  This increase in 

elastic modulus with the addition of salt is also observed in oligomer polyethylene glycol 

dimethyl ether24.  Furthermore, the frequency dependence of the PEO (200K) + 10% A200 + 

LiTFSI composite is less than that of the PEO (200K) + 10 wt% A200 as shown in Table 6.3.  

The increased elastic modulus for the PEO (200K) + 10% A200 + LiTFSI stems from lithium 

cations competing with filler for interactions with PEO that enhances formation of silica-

silica interactions, thereby producing a higher elastic modulus.  Creep and creep recovery 

data for salt-free PEO (200K) composites and PEO (200K) + LiTFSI composites is shown in 

Figure 6.7.  The PEO (200K) + LiTFSI sample behaves almost completely like a viscous 

material, i.e., high compliance and little recovery.  In fact, PEO (200K) + LiTFSI recovers 

only 8.4% of its original strain as shown in Table 6.4.  PEO (200K) + LiTFSI + 10 wt% 

A200 has lower compliance and a higher percent recoverable strain (75% versus 69%) than 

PEO (200K) + 10 wt% A200 (salt-free), confirming the higher elasticity of the polymers 

containing fumed silica and lithium salt.  

6.3.3 Effect of Fumed Silica on Thermal Properties 
DCS measurements are performed on PEO + 10 wt% A200 to determine the effect of 

the fumed silica nanoparticles on the crystallization temperature (Tc), melting temperature 

(Tm), and glass-transition temperature (Tg).  Figure 6.8 shows the cooling DSC scans for PEO 
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(200K) and PEO (200K) + 5 and 10 wt% A200 fumed silica.  The thermograms exhibit small 

changes due to the presence of fumed silica filler.  Table 6.5 summarizes onset (Tc,onset) and 

peak (Tc,peak) crystallization temperatures and enthalpy of crystallization (∆Hc) for two 

samples of each composition.  Addition of fumed silica does not change Tc,peak; however, the 

crystallization peak becomes broader and Tc,onset increases for samples containing fumed 

silica.  The 5 wt% A200 sample exhibits a larger ∆Hc and Tc,onset than both PEO (200K) and 

PEO (200K) + 10 wt% A200 sample.  This may indicate that presence of small amounts of 

A200 promotes crystallization, therefore more crystallites form at higher temperatures.  

Further increases in A200 content, however, lowers ∆Hc which suggests that fumed silica is 

reducing the crystallization of PEO.  Figure 6.9 shows the heating thermograms after cooling 

for the same samples.  These thermograms also exhibit small differences.  The onset (Tg,onset) 

and midpoint (Tg,mp) glass transition temperatures, onset (Tm,onset) and peak (Tm,peak) melting 

temperatures, and enthalpy of melting (∆Hm) are summarized in Table 6.6.  The presence of 

fumed silica slightly increases Tm,peak and Tg,mp.  The higher Tg indicates that the polymer is 

becoming more stiff upon addition of fumed silica.  The presence of filler increases the width 

of the melting peak indicating that the PEO has a wider distribution of lamellar thicknesses 

due to interactions with A200.  The ∆Hm is highest for 5 wt% A200 sample which supports 

the nucleating effect of the A200.  The 10 wt% A200 exhibits the lowest enthalpy which 

suggests that fewer crystallites are present since the A200 particles inhibit crystallization. 

In addition to DSC measurements, rheological measurements at various temperatures 

are useful in understanding the various interactions between filler and polymer.  A 

temperature sweep from 45 to 100°C is performed to determine how the various interactions 

that give rise to the microstructure are affected by temperature. Figure 6.10 shows the elastic 
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modulus as a function of temperature for PEO (200K) and PEO (200K) + 10 wt% A200. An 

order of magnitude drop in elastic modulus from 65 to 70°C is observed for the filled and 

unfilled PEO.  The decrease in elastic modulus corresponds to the melting of crystalline 

domains.  Further increase in temperature above Tm does not significantly affect the elastic 

modulus for PEO (200) + 10 wt% A200, however, PEO (200K) samples exhibit a decrease in 

elastic modulus with increase in temperature.  The presence of the A200 fumed silica 

mitigates the effect of temperature on the mechanical properties.  This is advantageous since 

the composite will be less likely to creep as temperature is increased. 

6.4 Summary and Conclusions 
PEO (200K) containing fumed silica as nanoparticulate fillers have been successfully 

prepared and characterized using dynamic rheology, creep retardation, and creep recovery.  

The elasticity of PEO (200K) composites increases with fumed silica concentration.  

Furthermore, the elasticity of PEO (200K) varies with fumed silica surface functionality with 

A200 (-OH) > R805 (-C8H17) > R974 (-CH3), indicating that the surface group dictates 

interactions between fumed silica and polymer.  The R805 and R974 have octyl and methyl 

surface groups, respectively, which prevent specific interactions between PEO and silica 

particles, and therefore polymer-silica interactions are weak.  The high elasticity of A200 

stems from the strong bridging of silica particles with PEO molecules.  The addition of 

LiTFSI (Li:O = 1:20) to PEO (200K) significantly reduces the elastic modulus since it 

plasticizes the polymer thereby reducing crystallinity.  However, addition of fumed silica and 

LiTFSI to PEO (200K) increases the elastic properties compared to unfilled PEO (200K).  

The observed behavior can be explained by competing interactions of fumed silica and 

lithium cations for ether oxygens on PEO.  Since lithium cations and PEO interact more 
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strongly than PEO and A200, adjacent A200 particles are able to approach more closely and 

form physical crosslinks that increase the elastic properties of the composites.  The presence 

of fumed silica does not significantly change the melting (Tm), crystallization (Tc), or glass 

transition temperature (Tg) of PEO.  However, filled PEO (200K) exhibits less change in 

elastic modulus with increasing temperature above the melting temperature.  The fumed 

silica forms a network structure and provides mechanical support even when the PEO matrix 

has melted. 
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Table 6.1.  Frequency dependence of elastic modulus (G′ ~ ωn) for PEO (200K) composite 
electrolytes.  Values of n approaching 0 indicate frequency independence, a signature of true 
gel-like behavior. 

Filler % FS n 

None 0 0.65 ± 0.02 

5 0.43 ± 0.01 
A200 
(-OH) 

10 0.29 ± 0.01 

5 0.52 ± 0.02 
R974 
(-CH3) 10 0.41 ± 0.01 

5 0.53 ± 0.02 
R805 

(-C8H17) 10 0.41 ± 0.01 

Table 6.2.  Summary of applied stress (τ0), recoverable strain (γr), and percent recoverable 
strain (%γr) for composites 

Filler % FS τ0 
(Pa) 

γr 
 

% γr 
 

None 0 300 0.16 37 

5 300 0.07 59 
A200 
(-OH) 

10 1000 0.04 69 

5 1000 0.23 54 
R974 
(-CH3) 10 1000 0.14 64 

5 700 0.16 46 
R805 

(-C8H17) 10 1500 0.11 58 

*γr is determined by multiplying τ0 by the compliance at the end of the recovery step and 
% γr is obtained by dividing γr by the strain immediately after τ0 is removed and multiplying 
by 100. 
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Table 6.3.  Frequency dependence of elastic modulus (G′ ~ ωn) for PEO (200K) composite 
polymers with and without salt.  Values of n approaching 0 indicate frequency independence, 
a signature of true gel-like behavior. 

Sample n 

PEO (200K) 0.65 ± 0.02 

PEO (200K) + LiTFSI (Li:O = 1:20) 0.87 ± 0.07 

10 wt% A200 0.29 ± 0.01 

10 wt% A200 + LiTFSI (Li:O = 1:20) 0.23 ± 0.01 

 

 

Table 6.4.  Summary of applied stress (τ0), recoverable strain (γr), and percent recoverable 
strain (%γr) for PEO (200K) composites with and without salt* 

Sample τ0 
(Pa) 

γr 
 

% γr 
 

PEO (200K) 300 0.16 37 

PEO (200K) + LiTFSI (Li:O = 1:20) 1000 0.42 8 

10 wt% A200 1000 0.04 69 

10 wt% A200 + LiTFSI (Li:O = 1:20) 500 0.01 75 

*γr is determined by multiplying τ0 by the compliance at the end of the recovery step and 
% γr is obtained by dividing γr by the strain immediately after τ0 is removed and multiplying 
by 100. 
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Table 6.5.  DSC results for cooling scan of unfilled and filled PEO (200K)* 

Sample Tc,onset 
(°C) 

Tc,peak 
(°C) 

∆Hc 
(J g-1) 

PEO (200K) 43.3 ± 0.4 40 ± 1 142 ± 1 

5 wt% A200 45.1 ± 0.1 40 ± 1 145 ± 1 

10 wt% A200 44.2 ± 0.1 40 ± 1 132 ± 1 

*Tc,onset marks the temperature at which crystallization begins, Tc,peak represents the 
temperature at which the crystallization reaches a maximum value, ∆Hc is the enthalpy 
released during crystallization based on the amount of PEO in the samples. 

 
 
 

Table 6.6.  DSC results for 2nd heating scan of unfilled and filled PEO (200K)* 

Sample Tg,onset 
(°C) 

Tg,mp 
(°C) 

Tm,onset 
(°C) 

Tm,peak 
(°C) 

∆Hm 
(J g-1) 

PEO (200K) -56.4 ± 0.5 -51.0 ± 0.2 58.2 ± 0.4 65 ± 2 148 ± 2 

5 wt% A200 -55.7 ± 0.2 -50.1 ± 0.1 58.0 ± 1.0 69 ± 2 152 ± 1 

10 wt% A200 -55.4 ± 1.0 -50.2 ± 0.6 57.7 ± 0.5 67 ± 2 135 ± 3 

*Tg,onset marks the temperature at which the glass transition begins, Tg,mp is the midpoint 
temperature of the transition, Tm,onset marks the temperature at which melting begins, Tm,peak 
represents the temperature at which the melting reaches a maximum value, ∆Hm is the 
enthalpy required for melting based on the amount of PEO in the samples. 
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Figure 6.1.  Elastic and viscous moduli as a function of frequency for unfilled PEO (200K) 
and PEO (200K) with 5 and 10 wt% fumed silica: (a) R805, (b) A200, and (c) R974. 



 

209 

Time (seconds)
0 1000 2000 3000 4000 5000

C
om

pl
ia

nc
e 

J(
t) 

(m
2  N

-1
) 

10-6

10-5

10-4

10-3

10-2

PEO (200K)

PEO (200K) + 5 wt% A200

PEO (200K) + 10 wt% A200

T = 80°C

 
Figure 6.2.  Creep and creep recovery of PEO (200K) and PEO (200K) filled with 5 and 10 
wt% A200 fumed silica. 
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Figure 6.3.  Elastic and viscous moduli as a function of frequency for unfilled PEO (200K) 
and PEO (200K) with three different fumed silica groups: (a) 5 wt% FS and (b) 10 wt% FS. 



 

211 

Time (seconds)
0 1000 2000 3000 4000 5000

C
om

pl
ia

nc
e 

J(
t) 

(m
2  N

-1
) 

10-6

10-5

10-4

10-3

10-2

PEO (200K)

PEO (200K) + 10 wt% R974

PEO (200K) + 10 wt% R805

PEO (200K) + 10 wt% A200

T = 80°C

 
Figure 6.4.  Creep and creep recovery for unfilled PEO (200K) and PEO (200K) + 10 wt% 
A200, R805, and R974. 
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Figure 6.5.  Elastic and viscous moduli as a function of frequency for unfilled PEO (200K) 
and PEO (200K) with lithium salt (Li:O = 1:20). 
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Figure 6.6.  Elastic and viscous moduli as a function of frequency for unfilled PEO (200K) + 
10% A200 and PEO (200K) + 10% A200 with lithium salt (Li:O = 1:20). 
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Figure 6.7.  Creep and creep recovery for unfilled PEO (200K) with and without lithium salt 
and PEO (200K) + 10% A200 with and without lithium salt. 
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Figure 6.8.  DSC cooling scans at 10°C min-1 of PEO (200K) composites. 
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Figure 6.9.  DSC heating scans of PEO (200K) composites at 10°C min-1. 
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Figure 6.10.  Effect of temperature on the elastic modulus of unfilled PEO (200K) and PEO 
(200K) + 10% A200.  PEO (200K) melts near T = 65°C. 
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Abstract 
Colloidal gels containing hydrophilic fumed silica (native silanol surface, Degussa 

A200) and hydrophobic fumed silica (~ 52% silanol + 48% octyl, Degussa R805) are probed 

using dynamic rheology to develop relationships between the microstructure and interaction 

forces that dictate gel-formation.  Of interest also is determination if the second silica forms a 

network independently, synergistically, or adversely with the first type.  In mineral oil and 

polyethylene glycol dimethyl ether (PEGdm, Mn = 250), hydrophilic and hydrophobic silica 

form gels via two different mechanisms: hydrogen bonding and reverse steric stabilization of 

hydrophobic octyl chains, respectively.  In mineral oil, the elastic modulus and critical strain 

of mixed silica gels are between those measured for single-component hydrophobic and 

single-component hydrophilic silica.  Since the hydrophilic and hydrophobic silica form gels 

via hydrogen-bonding in mineral oil, the resulting network structure for the mixed system is 

comprised of a single network of hydrogen-bonded silica.  In contrast, fumed silica blends in 

PEGdm (250) exhibit lower elastic modulus and higher critical strain than either of the 

single-component systems, with a minimum in elastic modulus observed for a 50/50 wt% 

A200/R805 mixture. This trend indicates that two poorly-connected networks are formed 

with mixtures of hydrophilic and hydrophobic fumed silica.  The formation of two networks 

is a consequence of the different interactions of the hydrophilic and hydrophobic silica that 

facilitate gel-formation in PEGdm (250): hydrogen-bonding for hydrophilic silica and reverse 

steric stabilization for hydrophobic silica. 
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7.1 Introduction 
Colloidal particles are utilized in many applications to modify the rheological 

properties of the solvent, including coatings, printing inks, display devices, fiber-optic cables, 

and electrolytes for rechargeable lithium batteries.  In many instances, it is desirable for the 

colloidal particles to flocculate into a three-dimensional elastic network.  The ability of 

colloidal particles to form gel structures depends on many variables, including the surface 

chemistry of the filler and solvent, and temperature.  Many researchers have investigated the 

various forces which dictate the mechanism of gel formation1-3.  Typically, these studies 

focus on model systems comprised of a single type of colloidal particle dispersed in a 

solvent.  However, since many products incorporate mixtures of colloidal particles, there is 

interest in understanding the equilibrium behavior of colloidal mixtures.  Various researchers 

have studied binary (or bimodal) colloidal systems that have varying particle size or particle 

charge4-9.  Our work uses binary colloidal systems that form gels through specific forces, 

such as hydrogen bonding10,11or reverse steric stabilization12. 

The colloidal particles used in our study are fumed silica.  Fumed silica is an 

amorphous form of silicon dioxide (SiO2) prepared by hydrolysis of silicon tetrachloride 

(SiCl4) in a flame of hydrogen and oxygen13-16.  Initial hydrolysis produces primary spherical 

particles of silica (~ 7 to 14 nm diameter).  As the particles leave the flame and cool, these 

primary particles collide and partially fuse into stable branched chain-like aggregates.  These 

aggregates, which may have typical length of about 100 nm, can be considered the primary 

structure of the silica since the fusing is irreversible16.  The native surface chemistry of 

fumed silica is dominated by the presence of silanol groups which renders its surface 
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hydrophilic.  The surface chemistry of the fumed silica can be changed to hydrophobic by 

replacing the silanol groups with alkyl groups17, for example. 

The mechanism of gel-formation for fumed silica depends on two factors: the 

dominant surface chemistry of individual particles and the nature of the dispersing solvent.  

Models for the gel-formation mechanism of both silanol-terminated (hydrophilic) fumed 

silica and octyl-modified (hydrophobic) fumed silica have been proposed. In the case of 

silanol-terminated fumed silica, network formation is the result of hydrogen-bonding 

between fumed silica particles, with the strength of these bonds controlled by the hydrogen-

bonding capacity of the solvent.  In strong hydrogen-bonding solvents, the solvent molecules 

form solvation layers around the silica particles resulting in repulsive interactions that do not 

favor silica-silica interactions18.  As a consequence of these repulsive solvation forces, 

hydrophilic silica does not form gels in strongly hydrogen-bonding solvents18.  However in 

weakly hydrogen-bonding solvents, silanol-terminated fumed silica interacts weakly with the 

solvent and thus adjacent silica particles can interact via hydrogen-bonding to form strong 

gels18.  Hydrophobic fumed silica can form gels through hydrogen bonding of residual silanol 

groups as well as through van der Waals interactions between octyl chains10,12.  Gel-

formation due to interactions between octyl chains occurs via a reverse process of steric 

stabilization12, namely hydrophobic chains on the fumed silica surface are driven together 

due to their chemical mismatch with the solvent.  For octyl-modified fumed silica (R805) in 

polar media, Raghavan et al. showed that the elastic modulus of the gels correlated with the 

square of the difference in solubility parameter between the solvent and the octyl group 

attached to the silica surface12.  Thus, the interactions that give rise to gel-formation in 
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hydrophilic and hydrophobic silica can be controlled by different mechanisms depending on 

the type of solvent. 

The mechanism of gel-formation of colloidal particles can be identified using scaling 

relationships between rheological properties and the particle volume fraction (φ) that estimate 

the microstructure or fractal properties of the gel19-24.  A qualitative estimate of the strength 

of interaction between particles can be estimated using power-law dependencies of G′ with φ 

 ~ nG′ φ  7.1 

where n is used to characterize the mechanism of aggregation20,25,26  For chemically limited 

aggregation, where the probability of two particles sticking is lower than the rate of mass 

transfer, the exponent has a predicted value of  n = 4.5 ± 0.2 while in diffusion limited 

aggregation27, n = 3.5 ± 0.2.  Experimental studies have reported n ~ 4 and identified the 

mechanism as diffusion limited aggregation10,20. 

In this study, we examine how the mechanism of gel-formation of hydrophobic (R805) 

and hydrophilic (A200) fumed silica is affected when dispersed together into a single solvent.  

Of interest is characterizing the difference in dynamic rheology between mixtures of A200 + 

R805 and single-component R805 and A200 gels to determine if the second silica forms a 

network independently, synergistically, or adversely with the first type.  Scaling relationships 

between the volume fraction and elastic modulus are used to identify the mechanism of gel-

formation while static light scattering is used to measure the fractal dimension of the 

microstructure. 

7.2 Experimental 
Fumed silicas are supplied by Degussa Corporation (Akron, OH) and are denoted by 

the manufacturer as Aerosil A200 (silanol, -OH groups) and Aerosil R805 (octyl, -C8H17 
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groups).  A200 silica is the native, unmodified fumed silica with a surface covered with 

silanol (Si-OH) groups, thereby rendering it hydrophilic.  There are roughly 2.5 SiOH groups 

per nm2 or equivalently28 about 0.84 mmol per g.  The primary particles of A200 silica are 12 

nm in diameter, and the BET surface area is 200 m2 per g.  R805 silica is modified silica 

which has 48% of the native silanol groups replaced with octyl groups, which renders it 

hydrophobic.  A summary of the properties of A200 and R805 fumed silica is shown in Table 

7.1. 

Two solvents, mineral oil and polyethylene glycol dimethyl ether (PEGdm, Mn = 

250), are used in this study.  Mineral oil (Aldrich) is a highly nonpolar solvent that contains 

various aliphatic carbons (n = 10 – 20) that cannot form hydrogen bonds with added fillers.  

Both A200 and R805 form gels in mineral oil, with hydrogen-bonding between silica 

particles being the dominant mode of interaction10.  PEGdm (250) is a low-molecular 

polymer that is liquid at room-temperature.  PEGdm has a polyethylene oxide (PEO) 

backbone structure, but the OH endgroups are replaced with methyl groups.  Even without 

the highly polar OH groups, the oxyethylene chain along the polymer backbone is capable of 

forming hydrogen bonds with dispersed fumed silica.  Dispersions of A200 and R805 form 

gels in PEGdm (250) via two different mechanisms: hydrogen-bonding18 for A200 silica and 

reverse steric stabilization12 for R805 silica. 

Dispersions of silica in each liquid are prepared by mixing the components intensely 

using a high-shear mixer (Silverson Machines, Chesham, U.K.) until homogeneity is reached, 

as assessed by visual observation.  To remove entrapped air bubbles, the gels are vacuumed 

(~ 1 kPa) at room temperature for several hours or centrifuged at ~ 2000 rpm (IEC HN-SII 

centrifuge, Damon/IEC Division).  The concentration range of fumed silica varies between 5 
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and 20 wt%.  The volume fraction of the silica is estimated using the bulk density10 (2.2 g 

cm-3).  This value corresponds the lowest volume the silica can occupy since it represents the 

volume of compacted fumed silica.  However, the open structure of the fumed silica makes 

the effective volume fraction greater than the calculated volume fraction. 

Rheological experiments are conducted at 25°C using a TA Instruments AR2000 

stress rheometer.  Two different geometries: a 20-mm diameter steel parallel plate with 

sandpaper adhered to the surface is used for stronger gels (typically, G′ > 104 Pa) while a 40-

mm diameter steel serrated parallel plate is used for weaker gels (typically, G′ < 104 Pa).  The 

purpose of the sandpaper and serrations are to mitigate the effects of wall-slip that occur in 

the fumed silica gels29,30.  All samples are loaded in such a manner so that the measured 

normal force does not exceed 5 N.  After the fixture reaches the desired gap distance, the 

sample is allowed to rest for 20 minutes to remove the shear history.  A dynamic stress sweep 

is performed at a frequency of 1 rad s-1 to identify the linear-viscoelastic (LVE) region of the 

material.  Subsequently, a new sample is loaded and a multi-step test protocol is performed 

using the following steps: (1) dynamic frequency sweep from 0.01 to 100 rad s-1 at constant 

stress within the LVE; (2) 20-minute rest; and (3) dynamic stress sweep at a frequency of 1 

rad s-1.  For each composition, only one frequency sweep is measured due to time constraints; 

however, the initial elastic modulus for the LVE and the elastic modulus of the final dynamic 

stress sweep are typically within 15% of each other. 

Static light-scattering studies are performed with a Dawn DSP Laser Photometer 

(Wyatt Technologies Corp.) instrument having a 632.8 nm laser light source with 5 mW 

incident power.  Using the ASTRA (Wyatt Technologies Corp.) data collection program, the 

light scattered by a sample is simultaneously measured at 18 different angles by 
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photodetectors placed around the sample cell.  Samples are prepared by filtering the solvents 

through 0.02 µm syringe filters (Anotop 25, Whatman) into scratch-free, clean 20 mL 

scintillation vials (Fisher Scientific).  The solvent is then placed into the cell, equilibrated for 

30 minutes, and the intensity is measured as background.  Afterwards, the appropriate 

amount of fumed silica is added and dispersed using a Silverson SL2 high-shear mixer.  The 

sample is then placed under vacuum or centrifuged to remove entrapped air bubbles and 

placed in the light scattering cell where the intensity is recorded after a 30-minute delay.  In 

static light scattering experiments, the shape of the Rayleigh ratio curve, or scattered 

intensity I(q), versus the wave vector q is directly related to the microstructure of a 

sample21,31. A typical plot exhibits a power-law regime with a slope -Df that is characteristic 

of the “self-similar” structure of the aggregates21,31-34. 

7.3 Results 
Figure 7.1a and b present the elastic modulus as a function of frequency for 10 wt% 

fumed silica dispersed in mineral oil and PEGdm (250), respectively.  Five different mixtures 

of fumed silica (100/0, 25/75, 50/50, 75/25, and 0/100 wt% A200/R805) at 10 weight percent 

of total fumed silica are examined to determine how the presence of colloidal particles with 

different surface chemistries affects gel formation and microstructure.  Figure 7.1a and b 

present the elastic modulus as a function of frequency for 10 wt% fumed silica dispersed in 

mineral oil and PEGdm (250), respectively.  All single-component and mixed fumed silica 

samples exhibit gel-like behavior in both solvents, as evident by G′ being significantly higher 

than G″ (data not shown) and relatively frequency independent.  The behavior of the mixed 

(blended) fumed silica gels varies depending on the solvent.  For mixed silica systems in 

mineral oil, the elastic modulus of the mixed silica systems is between the values of the 
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single-component A200 and R805 silica systems.  In contrast, the elastic moduli of the mixed 

systems in PEGdm (250) are lower than the elastic modulus of the pure systems.  

To examine these trends in detail and determine if they are followed for other fumed 

silica concentrations, we plot in Figure 7.2a and b the elastic modulus (ω = 1 rad s-1) as a 

function of relative weight percent of A200 for various total weight percents of fumed silica 

in mineral oil and PEGdm (250) solvent, respectively.  In addition, a mixing line is plotted 

based on the Arrhenius rule of mixing35 

 ( ) ( )1
805 200

x x
mix R AG G G−′ ′ ′=  7.1 

where G′mix is the elastic modulus of the mixed silica systems, G′R805 is the elastic modulus 

of single-component R805, G′A200 is the elastic modulus of single-component A200, and x is 

the weight fraction of A200.  The Arrhenius rule of mixing has been successfully used to 

predict the viscosity of polymer blends.  For mineral oil and PEGdm (250), the effect of 

A200 content on the elastic modulus is consistent at each total fumed silica concentration 

under study.  In mineral oil, increased A200 content results in higher elastic modulus while 

in PEGdm (250), the mixed silica systems exhibit lower elastic moduli than the single-

component systems.  Furthermore, the mixed systems in mineral oil exhibit elastic moduli 

comparable to the value obtained from the Arrhenius mixing rule while the mixed silica 

systems in PEGdm (250) display negative-deviation from the Arrhenius mixing rule.  

Although the presence of the second silica does not significantly affect the gel-like behavior 

of PEGdm (250) composites, it does result in gels that are weaker.  Interestingly, the largest 

deviation from the Arrhenius mixing rule occurs at 50/50 wt% A200/R805 composition 

which corresponds to the highest probability that A200 and R805 silica are adjacent to each 

other. 
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The behavior of mixed fumed silica blends at large deformations is also investigated.  

Figure 7.3a and b shows the elastic modulus as a function of strain for 10 wt% fumed silica 

dispersed in mineral oil and PEGdm (250), respectively.  The elastic modulus within the 

linear portion of the dynamic stress sweep follows the same trend with respect to A200 

content shown in Figure 7.1a and b.  However, the critical strain, i.e., onset of non-linear 

viscoelastic behavior, differs for each solvent.  In mineral oil, the critical strain occurs at 

higher strains for gels with higher elastic moduli: the critical strain increases with A200 

content.  In PEGdm (250), the critical strain occurs at higher strains for gels with lower 

elastic modulus; therefore, mixed fumed silica systems have higher critical strains than 

single-component A200 or R805 gels.  While the second silica type reduces the strength of 

gel network in PEGdm (250), it increases the strain required to disrupt the network structure 

which indicates that the gels are less brittle. 

Plots of G′ versus φ are prepared for the five silica compositions (100/0, 25/75, 50/50, 

75/25, and 0/100 wt% A200/R805) for mineral oil and PEGdm (250).  For the mixed silica 

systems, the volume of the individual silica types are assumed to be additive in constructing 

these graphs.  The data are fit to the empirical power-law model (G′ ~ φn) and the parameters 

are summarized in Table 7.2.  Figure 7.4 shows a plot of elastic modulus versus volume 

fraction for 100/0, 50/50, and 0/100 wt% A200/R805 gels in mineral oil.  The mixed silica 

system does not have a significantly different scaling exponent n compared to the single 

component.  Although not shown, the mixed silica gels in PEGdm (250) also exhibit a 

comparable scaling exponent to the single-component systems.  However, the scaling 

exponents of the gels in mineral oil exceed those of PEGdm (250).  Figure 7.5 presents a plot 

of elastic modulus versus volume fraction for 50/50 wt% A200/R805 in mineral oil and 
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PEGdm (250).  The value of n = 5 ± 0.1 for 0/100 wt% A200/R805 is higher than the value 

of 4 ± 0.5 measured by Khan and Zoeller10.  All gels in mineral oil exhibit values of n greater 

than 4.5 whereas gels in PEGdm (250) exhibit n values between 3.3 and 4.2.  In general, the 

n values in mineral oil and PEGdm (250) do not differ significantly from the single-

component A200 and R805 systems. Lastly, there is little difference in scaling for the mixed 

composites when compared to the single-component compositions indicating that the 

mechanism of aggregation is not changing with the addition of a second silica type with 

different surface chemistry, only the strength of the interactions. 

Static light scattering experiments are performed on the single-component and mixed 

silica composites to investigate the microstructure.  Gels of R805 and A200 in mineral oil 

remain transparent, so as much as 10 wt% of silica can be added without saturating the 

photodectectors.  In contrast, PEGdm (250) is a cloudy, yellow liquid so as little as 5 wt% 

fumed silica can produce saturation of the detector.  A plot of the Rayleigh ratio versus q for 

100/0, 50/50, and 0/100 wt% A200/R805 in mineral oil (10 wt% total silica) and PEGdm 

(250) (5 wt% total silica) is shown in Figure 7.6a and b, respectively, with the slope of the 

curves reported in Table 7.3.  The Df of mineral oil samples is approximately 1.6 for 0/100 

wt% A200/R805 and 1.9 for 100/0 wt% A200/R805 which is comparable to the fractal 

dimension measured Khan and Zoeller10.  In PEGdm (250), the measured Df  is 

approximately 1.5 for 0/100 wt% A200/R805, 100/0 wt% A200/R805, and 50/50 wt% 

A200/R805 which indicates nearly identical microstructures for these gels in this solvent.   

7.4 Discussion 
The results indicate that hydrophilic and hydrophobic mixed silica systems form gels, 

despite the presence of different surface groups.  The gel-like behavior is observed at low 
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frequency (0.01 rad s-1) which indicates a volume-filling three-dimensional network 

structure.  In mineral oil and PEGdm (250), the elastic moduli of the single-component A200 

gels are higher than single-component R805 gels which suggest that the interactions of 

silanol groups on the surface of A200 are stronger than the interactions of the residual silanol 

groups or octyl chains on R805.  The elastic modulus in mineral oil and PEGdm (250) is 

different when mixed silica systems of varying ratios of hydrophilic to hydrophobic silica are 

dispersed. 

For the total fumed silica concentration ranges studied in mineral oil, the elastic moduli 

of the mixed systems lie between values of elastic moduli of the single-component A200 and 

R805 samples.  This suggests that the presence of A200 does not affect the network forming 

capability of R805 (and vice versa).  As shown in Figure 7.1a and Figure 7.2a, decreases in 

A200 content reduce the elastic modulus of the gel.  In addition, the values of the mixed 

silica systems are comparable to the Arrhenius mixing rule.  This suggests that the observed 

decrease in elastic modulus with reduced A200 content is predominantly a dilution effect, 

i.e., there are more R805 silica particles that interact less strongly than A200 particles.  The 

scaling exponent of the elastic modulus with fumed silica volume fraction for the single-

component and mixed systems are similar which indicates that the mechanism of gel-

formation is similar, e.g., diffusion-limited cluster-cluster aggregation.  Although the fractal 

dimension of the single-component R805 gel is 1.6, the fractal dimension of A200 and mixed 

silica systems is ~ 1.9.  The higher fractal dimension of the A200 and mixed silica systems 

compared to the R805 suggests that the network in the single-component R805 is packed less 

tightly than the others. These results indicate that mixed hydrophilic and hydrophobic silica 

systems in mineral oil exhibit a single network of hydrogen-bonded silica.  Another result of 
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this work is verification that R805 (hydrophobic) silica forms a network in mineral oil via 

hydrogen-bonding10, not via interactions of octyl chains.  The elastic modulus of 10 wt% 

R805 (single-component) in mineral oil does not scale with the squared difference in 

solubility parameter proposed by Raghavan et al.12, which suggests hydrogen bonding, and 

not reverse steric stabilization is the interaction responsible for gel formation. 

For the total fumed silica concentration ranges studied in PEGdm (250), the elastic 

moduli of the mixed systems are lower than the elastic moduli of the single-component A200 

and R805 gels, as shown in Figure 7.1b and Figure 7.2b.  Although the presence of the 

second silica does not significantly affect the gel-formation ability, the additional silica-silica 

interactions result in gels that are weaker.  There is a minimum in G′ at 50/50 wt% 

A200/R805.  The minimum in G′ is a consequence of two networks forming via two different 

mechanisms of gel formation. When the amount of R805 and A200 is such that interactions 

(if existent) are maximized (50/50 wt% A200/R805 composition), PEGdm (250) gels exhibit 

the lowest elastic modulus, indicating that the networks are not sufficiently connected to 

provide a high-gel strength. If one interconnected network is present and the aggregation 

mechanisms are synergistic, interpenetration would give a gel with G′ higher than that of the 

pure components. If mixing is additive, G′ would have been between the pure components, as 

observed in mineral oil. 

The ability of the gels to keep their microstructure under an imposed oscillatory 

deformation increases with decrease in elastic modulus, as observed in Figure 7.3a and b. 

The disruption of the network structure is associated with the flocculation strength. In 

strongly flocculated systems, the microstructure is disrupted at lower strain values whereas 

weakly flocculated gels can be disrupted at slightly higher strains. Likewise, by controlling 
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the amount of hydrophobic to hydrophilic fumed silica in the systems, the susceptibility of 

the gel to maintain its integrity can be controlled. Lower gel strength would be the penalty 

for a more deformable gel. 

7.5 Summary and Conclusions 
Colloidal systems containing more than one colloidal particle have been studied to 

develop relationships between the microstructure and interaction forces between the colloidal 

particles that give rise to gel formation.  Colloidal gels containing hydrophilic fumed silica 

(native silanol surface, A200) and hydrophobic fumed silica (~ 52% silanol + 48% octyl, 

R805) are studied since the proposed mechanism of gel formation for the two systems can be 

different: hydrogen bonding (A200) versus reverse steric stabilization caused by contact 

dissimilarity with solvent (R805).  Various ratios of hydrophilc:hydrophobic fumed silica are 

studied in mineral oil and polyethylene glycol dimethyl ether (PEGdm, Mn = 250) to 

determine if gel formation occurs independently, synergistically, or adversely.  Dynamic 

rheology of single-component and mixed silica systems is used to measure the elastic moduli 

and critical strain of the gels while static light scattering is used to measure the fractal 

dimension. 

The relative magnitude of the elastic moduli of mixed silica gels compared to single-

component gels differ in mineral oil and PEGdm (250).  The difference stems from the 

interactions of the hydrophilic and hydrophobic silica that are responsible for gel formation.  

In mineral oil, both hydrophilic and hydrophobic silica form gels via hydrogen bonding so 

that mixtures of hydrophilic and hydrophobic silica are able to form one network.  As a 

result, mixed silica systems exhibit elastic moduli intermediate between the elastic moduli of 

the single-component systems in mineral oil.  Furthermore, as the relative amount of 
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hydrophilic silica increases, the elastic modulus increase since hydrophilic silica has more 

hydrogen-bonding sites than hydrophobic silica.  In PEGdm (250), hydrophilic and 

hydrophobic silicas form gels via two different mechanisms which results in the formation of 

two, poorly-connected network structures.  Consequently, the elastic moduli of the mixed 

silica are lower than the single-component systems. 
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Table 7.1.  Properties of fumed silica 

Fumed 
silica 

Dominant 
surface group 

Particle 
Size 
(nm) 

Specific 
Surface 

Area 
(m2g-1) 

Fraction of 
surface 

substituted 
(mol%)12,15  

Fraction of 
unreacted 

Si-OH 
(mol%) 

OH- 
Density 
per nm2 

A200 Si OH
 

silanol 

12 200 0 100 2.50 

R805 Si C8H17

 
octyl 

12 150 48 52 1.66 
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Table 7.2.  Scaling of elastic modulus with fumed silica volume fractions for gels in mineral 
oil and PEGdm (250) 

Sample 
A200 / R805 

wt% 

Mineral 
Oil 

G′ ~ φn
 

n 

PEGdm 
(250) 

G′ ~ φn
 

n 

0 / 100 5.0 ± 0.2 4.1 ± 0.7 

25 / 75 5.0 ± 0.5 3.8 ± 1.0 

50 / 50 5.1 ± 0.8 4.2 ± 0.4 

75 / 25 5.5 ± 1.0 3.3 ± 0.6 

100 / 0 4.6 ± 1.0 4.2 ± 1.2 

 

Table 7.3.  Fractal dimension Df of samples in mineral oil and PEGdm (250) 

Mineral Oil 
+ 10 wt% FS 

PEGdm (250)  
+ 5 wt% FS Sample 

A200 / R805 
wt% Df Df 

0 / 100 1.57 ± 0.03 1.46 ± 0.13 

25 / 75 1.92 ± 0.14 -- 

50 / 50 1.91 ± 0.12 1.50 ± 0.09 

75 / 25 2.25 ± 0.21 -- 

100 / 0 1.90 ± 0.16 1.42 ± 0.08 
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Figure 7.1.  Elastic modulus as a function of frequency for five gels (0/100, 25/75, 50/50, 
75/25, and 100/0) at a total concentration of 10 wt% fumed silica in (a) mineral oil and (b) 
PEGdm (250). 
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Figure 7.2.  Elastic modulus (ω = 1 rad s-1) as a function of weight percent A200 for various 
total concentrations of fumed silica in (a) mineral oil and (b) PEGdm (250).  Dashed lines 
represent Arrhenius mixing line for each total concentration of fumed silica.  For clarity, only 
the mixing-line for 20.0 wt% fumed silica is shown for PEGdm (250). 
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Figure 7.3.  Elastic modulus as a function of strain for five gels (0/100, 25/75, 50/50, 75/25, 
and 100/0) at a total concentration of 10 wt% fumed silica in (a) mineral oil and (b) PEGdm 
(250). 
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Figure 7.4.  Elastic modulus as a function of volume fraction for 100/0, 50/50, and 0/100 
wt% fumed silica mixtures in mineral oil. 
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Figure 7.5.  Elastic modulus as a function of volume fraction for 50/50 wt% A200/R805 
fumed silica mixture in mineral oil and PEGdm (250). 
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Figure 7.6.  Static light scattering results for single-component and mixed silica gels in (a) 
mineral oil and (b) PEGdm (250). 
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Chapter 8 : Conclusions and Recommendations 
8.1 Conclusions 

This dissertation has demonstrated the use of surface-modified fumed silica to 

modulate the mechanical properties of composites, especially composite systems aimed for 

rechargeable lithium battery applications.  In particular, fumed silica with crosslinkable 

groups on the surface can be dispersed into a solvent and subsequently crosslinked to form 

solid-like composites.  The addition of surface-modified fumed silica increases the elasticity 

of the PEO polymer, but does not significantly change melting (Tm), glass (Tg), or 

crystallization (Tc) temperatures.  The dispersion of hydrophilic and hydrophobic fumed 

silica into single solvent results in gel-formation, but the strength of the network depends on 

the interactions that dictate gel-formation of each silica.  When hydrophilic and hydrophobic 

silica form gels via hydrogen bonding, the elastic modulus of mixed silica systems is 

between the elastic moduli of the single-component systems.  In solvents where the silica 

form gels via two different modes of interaction, the elastic modulus of the mixed silica 

system is reduced relative to the single-component systems. 

8.1.1 Crosslinkable Fumed Silica-Based Composites 
Crosslinkable fumed silica composites containing different fumed silica types, fumed 

silica content, monomer types, monomer content, PEGdm molecular weight, and salt 

concentration are characterized using conductivity, dynamic rheology, open-circuit 

interfacial stability with lithium, and lithium-lithium cycling.  The surface group of the 

crosslinkable fumed silica does not affect the conductivity before or after crosslinking.  The 

conductivity of the crosslinked CPEs increases as the length of the alkyl chain of the 

monomer increases with DMA > HMA > BMA > EMA > MMA, but decreases with higher 
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monomer weight percent. The conductivity of crosslinked CPEs exhibits a similar 

dependence on temperature when compared to uncrosslinked CPEs and only a small decrease 

in lithium transference number.  This suggests that crosslinks occur between nearby silica 

particles, which does not affect the ionic transport properties of the electrolyte.  The room-

temperature conductivity of crosslinked composites containing 10 wt% fumed silica and 20 

wt% BMA approaches 10-3 S cm-1.  Crosslinked CPEs containing HMA and BMA exhibit 

improved interfacial stability relative to CPEs containing no monomer at open-circuit, but 

not during cycling of lithium/CPE/lithium cells. The reduced interfacial stability with lithium 

metal of crosslinked CPEs during cycling may be due to residual unreacted BMA or poor 

CPE/lithium interfacial contact. 

The surface groups of the fumed silica significantly affect the rheology of 

uncrosslinked composites, but the surface-group dependence of crosslinked CPEs is much 

weaker.  Furthermore, the extent of flocculation of the uncrosslinked samples does not 

correlate with the elastic modulus of the crosslinked samples.  The electrolyte solvent seems 

to play an important role in dictating both the electrochemical and rheological properties of 

the composites.  Increasing the molecular weight of oligomer increases the elastic modulus, 

but reduces the conductivity.  The mechanical properties of the crosslinked CPEs increase 

with both monomer weight percent and alkyl chain length of the monomer.  Longer alkyl 

chain monomers, such as BMA, HMA, and DMA, have higher elastic moduli than shorter 

alkyl chain monomers, such as MMA and EMA. 

8.1.2 Addition of Fumed Silica Nanoparticles to High-MW PEO 
PEO (200K) containing fumed silica as nanoparticulate fillers have been successfully 

prepared and characterized using dynamic rheology and creep retardation/recovery.  The 
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elasticity of the PEO (200K) increases with fumed silica concentration and varies with its 

surface group in the order A200 > R805 > R974.  PEO does not absorb as readily on the 

surface of R805 (octyl groups) and R974 (methyl groups) as compared to A200 (silanol 

groups).  Since the polymer-silica interactions are weaker in composites containing R805 and 

R974 than in A200, the elastic modulus of the latter composites is higher than the former.  

The interactions between the PEO and A200 result in PEO absorbing onto the A200 surface, 

which in turn results in bridging of fumed silica particles through entanglements of absorbed 

PEO.  The addition of LiTFSI to PEO (200K) significantly reduces the rheological properties 

since the addition of the LiTFSI plasticizers the polymer thereby reducing the crystallinity.  

However, the addition of fumed silica and LiTFSI to PEO (200K) results in a more elastic 

composite.  The observed behavior can be explained by competing interactions of the fumed 

silica and lithium cation for the ether oxygens.  Since the lithium cation and PEO interact 

more strongly than PEO and A200, adjacent A200 particles are able to approach more 

closely to each other and form physical crosslinks that increase the elastic properties of the 

composites.  The presence of fumed silica does not significantly change melting (Tm), glass 

(Tg), or crystallization (Tc) temperatures of PEO.  However, the filled PEO (200K) exhibits 

less change in elastic modulus with increase in temperature above melting.  The presence of 

the fumed silica forms a network structure and provides mechanical support even when the 

PEO matrix has melted. 

8.1.3 Microstructure of Mixed Fumed Silica Gels 
Colloidal systems containing more than one colloidal particle have been studied to 

develop relationships between the microstructure and interaction forces between the colloidal 

particles that give rise to gel-formation.  Colloidal dispersions containing hydrophilic fumed 
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silica (native silanol surface, Degussa A200) and hydrophobic fumed silica (~ 52% silanol + 

48% octyl, Degussa R805) are studied since the proposed manner of gel formation of the 

A200 and R805 systems can differ: hydrogen bonding1,2 versus reverse steric stabilization3 

caused by contact dissimilarity with solvent.  The dynamic rheology and static light 

scattering of various ratios of hydrophobic/hydrophilic fumed silica are studied to determine 

if gel formation occurs independently, synergistically, or adversely. 

In mineral oil, the mixed silica gels have an elastic modulus and critical strain that are 

between values measured for single-component hydrophobic and hydrophilic while mixed 

silica systems in PEGdm (250) exhibit lower elastic moduli and higher critical strain than the 

single-component systems.  The scaling relationships between fumed silica volume fraction 

and elastic modulus do not differ significantly for the mixed silica systems in mineral oil or 

PEGdm (250), although the scaling exponent is higher for gels in mineral oil than in PEGdm 

(250).  The fractal dimension of mixed silica systems in mineral oil is comparable to the 

fractal dimension in single-component hydrophilic fumed silica, but higher than single-

component hydrophobic gels; which indicate that hydrophilic and mixed systems are more 

tightly packed than single-component hydrophobic gels.  No difference in fractal dimension 

for mixed silica systems in PEGdm (250) is observed.  

The difference in behavior for mixed silica systems in mineral oil and PEGdm (250) 

stems from the interactions of the hydrophilic and hydrophobic silica that are responsible for 

gel formation.  In mineral oil, both hydrophilic and hydrophobic silica form gels via 

hydrogen bonding so that mixtures of hydrophilic and hydrophobic silica are able to form 

one network of hydrogen-bonded silica.  The elastic modulus increases with relative amount 

of hydrophilic silica, since it has twice the number of hydrogen-bonding sites as hydrophobic 
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silica, and therefore more anchoring points.  In PEGdm (250), hydrophilic and hydrophobic 

silicas form gels via two different mechanisms: hydrogen bonding for hydrophilic silica1,2 

and reverse steric stabilization for hydrophobic3 silica.  The two mechanisms interfere with 

one another resulting in the formation of two poorly-connected network structures.  As a 

result, the elastic moduli of the mixed silica are lower than the single-component systems. 

8.2 Recommendations 

8.2.1 Novel Surface-Modified Fumed Silica 
One of the unique features of fumed silica is that the native silanol surface group can 

be replaced with other functional groups4.  This dissertation has reported upon surface-

modified fumed silica that contains crosslinkable groups (methacrylate) groups in order to 

improve the mechanical properties of the composites.  There are other functional groups that 

can also be used to improve the mechanical or electrochemical properties, as discussed 

below. 

The crosslinkable-based fumed silica has methacrylate surface groups that mimic a 

multifunctional monomer that is capable of forming a crosslinked network.  While the 

reaction of this silica in the presence of methacrylate monomer yields composites with higher 

yield strength and elastic modulus, the exact reaction mechanism is not fully understood.  

The main difficulty stems from knowing where the added monomer polymerizes and how the 

free-radical reaction terminates.  A different approach in designing crosslinkable based 

fumed silica particles is to attach initiator groups to the silica surface5.  In this manner, the 

radicals form on the silica surface and the subsequent polymer chain growth is confined to its 

surface.  In addition, if termination of the free-radical reaction occurs via disproportionation 

of the polymer chain, i.e., proton abstraction from the growing polymer, the resulting double 
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bond may not be able to react with lithium metal since it is attached to the silica surface and 

cannot effectively approach the lithium interface.  Fumed silica with methacrylate surface 

groups appears to be relatively stable with lithium whereas solvents containing methacrylate 

groups, e.g., BMA, is reactive with lithium metal. 

Fumed silica-based composite electrolytes exhibit decoupling of mechanical and 

electrochemical properties.  While the surface group of the fumed silica significantly affects 

the rheological properties of the composites, the surface group does not affect lithium ion 

transport.  Several researchers have shown that the addition of boron-based compounds, e.g., 

boroxine rings with pendant oligoether side-chain6-11 and boranes12,  can interact with the 

anion of lithium salts thereby improving the salt dissociation, yet reducing the mobility of the 

anion.  The result is that ionic conductivity and lithium transference number are increased.  

Boroxine rings are typically synthesized by reacting boric oxide B2O3 with glycols in 

toluene11.  Using this reaction scheme, the boroxine rings can be prepared so that the glycol 

endgroup can be reacted with the silanol group on unmodified fumed silica.  Although the 

boron groups may improve lithium transference in composite polymer electrolytes, these 

silica may not be able to form strong gels so an additional surface group, e.g., octyl group, 

may be needed to produce an electrolyte with good mechanical and mechanical properties. 

8.2.2 Addition of Noncrosslinkable Silica to Crosslinkable-Based Fumed 
Silica Composites 
Crosslinkable fumed silica-based composite electrolytes have high conductivity and 

good mechanical strength, but are more reactive towards lithium metal than noncrosslinked 

CPEs.  The increased reactivity with lithium metal is primarily due to the presence of 

unreacted methacrylate groups on the monomer dissolved within the electrolyte.  One way to 

reduce the reactivity with lithium metal without significantly changing the sample 
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preparation method is to add a small amount of noncrosslinkable fumed silica with 

crosslinkable fumed silica.  Various noncrosslinkable fumed silicas, such as R805 or A200, 

have been shown to stabilize the electrolyte/lithium interface13-16.  Although the mechanism 

of stabilization is not completely understood, the capability of these silica to interact with 

impurities and remove them from the lithium interface is advantageous15.  The addition of a 

small amount of additional fumed silica can mitigate the presence of the unreacted monomer 

by adsorbing it onto the silica surface and keeping it from the lithium interface.  Although the 

addition of more silica to the composite will reduce the ionic conductivity of the composite, 

the enhanced interfacial stability would provide better performance in actual charge-

discharge applications.  The addition of fumed silica to gel electrolytes has improved the full-

cell performance of lithium batteries16.  

8.2.3 Kinetics of Thermally Crosslinking Fumed Silica 
Measuring the kinetics of thermally-induced crosslinking reaction in methacrylate-

modified fumed silica can help understand the mechanism of the crosslinking reaction.  In-

situ FTIR and dynamic rheology can be very useful tools in studying the gelation of a free-

radical chemical reaction17,18.  Typically, the in-situ measurements utilize UV light rather 

than thermal energy to initiate the reaction.  This is mainly due to ease of experimental set-

up.  Previous in-house studies have shown that these crosslinkable fumed silica can be fully 

reacted within 25 minutes using UV light.  We would like to study the kinetics of thermally 

cured composites to discern differences in the two cure types.  In addition to using FTIR and 

dynamic rheology to measure the changes that occur during crosslinking, the conductivity of 

the composites can also be measured as a function of time to determine how the crosslinking 

reactions affect electrochemical properties.  The experimental set-up for conductivity 
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measurements can easily be modified to perform measurements as a function of time by 

measuring the impedance at one frequency for an extended period of time or measure the 

resistance over a range of high frequencies at discrete intervals.  The rate of reaction would 

dictate which technique would be most useful, that is, slower reaction rates will allow the 

impedance to be measured over a wider-frequency range (longer times) providing accurate 

conductivity measurement without the sample undergoing significant crosslinking.  The 

reaction kinetics can then be determined at various concentrations of initiator, monomer, and 

fumed silica as well as different monomer types. 

One problem for the thermally cured systems is that there exists a finite amount of 

time required for the sample to reach the cure temperature (80°C).  For the conductivity 

measurements, it will take nearly 15 minutes to reach 80°C using the present experimental 

set-up.  During the initial heating time, some crosslinking can occur that will affect the 

results.  More importantly, if the thermal reaction proceeds at the same rate as the UV-cured 

reaction, then most of the crosslinking is already completed before temperature stabilizes and 

therefore little difference can be observed.  Lower temperatures can be used to slow the 

reaction rate so that the reaction is not completed before the cure temperature is reached. 

Since the initiator AIBN is not thermally active below 50°C, the temperature cannot be 

reduced below 50°C.  Alternatively, an initiator with a faster decomposition rate at lower 

temperatures, such as 2,2'-azobis(4-methoxy-2,4-dimethyl valeronitrile) (see Figure 8.1), 

must be used.  Another potential problem for rheological measurements is the significant 

change in mechanical properties that occurs during crosslinking.  In order to measure 

accurately the mechanical properties of the final product, a particular geometry, such as 20-

mm diameter parallel plate, should be used which may not produce sufficient torque to 
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accurately measure the rheological properties of the composite during the initial stages of 

curing. 

8.2.4 High-Molecular Weight PEO 
The rheological properties of high-molecular weight PEO cannot be measured at 

room-temperature using a shear-based rheometer. However, these materials can be tested at 

room-temperature and above Tm using a solids analyzer, RSA II (Rheometrics Scientific).  

Thus, rheological properties of these polymers in the amorphous and semicrystalline state 

can be characterized.  One approach is to measure the compressive elastic E′ and viscous E″ 

moduli as a function of temperature using a particular strain and frequency.  Consequently, 

the phase changes that occur near the melting point can be measured using rheology and 

compared to DSC measurements.  Furthermore, while rheological measurements above Tm 

indicate that the presence of fumed silica increases the elasticity of the PEO, it would be 

interesting to see what role the filler plays in determining the microstructure below Tm.  The 

rheological properties of PEO can be measured as a function of fumed silica weight percent, 

fumed silica type, salt concentration, and salt type. 

8.2.5 Interface Between Crosslinked Composite Electrolyte and Lithium 
The lithium cycling performance of chemically crosslinked CPEs is poor even though 

the stability with lithium metal at open-circuit is comparable to a noncrosslinked CPE, which 

indicates that the lithium deposition/stripping process produces an unstable SEI layer on the 

lithium metal.  One advantage of the crosslinked CPE is that it can be easily removed from 

the lithium surface after cycling or storage, presumably without disrupting the structure of 

the electrolyte.  Chemical analysis of the lithium surface or crosslinked electrolyte can be 

accomplished using FTIR19-21, or X-ray photoelectron spectroscopy (XPS)22,23.  These 
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techniques can be used before and after cycling or storage to determine the identity of 

products formed as a result of the reaction between lithium metal and the crosslinked 

electrolyte.  In addition, the lithium deposition/stripping process can be monitored using 

optical microscopy equipped with a digital camera.  A piece of lithium metal with the 

crosslinked composite electrolyte adjacent to the surface can be sandwiched between two 

glass slides, and the lithium connected to a potentiostat to undergo charge-discharge cycles.  

A schematic of the testing apparatus is shown in Figure 8.2.  To observe the morphological 

changes, the electrolyte must be transparent. For the crosslinked samples, longer alkyl 

monomers, such as BMA, HMA, and DMA, are opaque at monomer concentrations 

exceeding 10 wt%.  In order to obtain transparent samples, shorter alkyl monomers, MMA or 

EMA, or low concentrations of BMA, HMA, or DMA need to be used24,25.   
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Figure 8.1.  Chemical structure of the initiator, 2,2'-Azobis(4-methoxy-2,4-dimethyl 
valeronitrile), that can be used at temperatures lower than 50°C 
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Figure 8.2.  Schematic of cell and experimental setup for in situ microscopy observation. 
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Appendix A : Lithium Transference Number 
Measurement Techniques 

Ion transport within polymer electrolytes has received much attention over the past 

few years.  Although several theories have been developed to describe the mechanism of 

lithium transport, there is considerable debate over the exact speciation of lithium complexes 

in these electrolytes.  It is generally accepted that the lithium cations are strongly coordinated 

by the polymer, thereby restricting its mobility within the electrolyte while the anions remain 

relatively mobile.  The result is that the lithium transference number (TLi
+) is less than 0.5.  A 

brief survey of the methods and techniques used to measure the lithium transference number 

is discussed below as well as a comparison of two techniques for measurement of composite 

electrolytes containing PEGdm (250) + LiTFSI + R805 fumed silica. 

A.1 Hittorf/Tubandt Method 
The Hittorf/Tubandt method is a classical technique used to obtain transference 

numbers of electroactive species.  Hittorf measurements are generally used to describe 

transference number measurements in liquid systems while Tubandt techniques are used in 

solid systems1.  A Hittorf/Tubandt cell is comprised of four or more electrolyte 

compartments housed between two non-blocking electrodes.  After the electrodes are 

polarized with a known amount of charge, the electrolyte compartments are isolated and the 

change in composition is determined using a suitable technique, such as atomic absorption 

spectroscopy1,2.  The lithium transference number is then determined from the following 

expression: 

 M
Li

n FT
Q+

∆= −  A-1 



254 

where ∆nM is the change in moles of lithium [mol], Q is the amount of charged passed [C], 

and F is Faraday’s constant [C mol-1].  Bruce used Hittorf technique to measure the transport 

properties of LiClO4 (8:1) in PEO.  His values of 0.06 ± 0.05 are considerably lower than 

those values obtained using other methods1.  For a hybrid polymer electrolyte consisting of a 

cross-linked polyether network in PC-LiAsF6, Olsen measured lithium ion transference 

numbers of 0.15 and 0.31 at salt concentrations of 0.1 mol kg-1 and 2.1 mol kg-1, 

respectively3.  A transference number of 0.15 was reported for a system consisting of LiClO4 

in PC2. 

A.2 Electrophortetic-Nuclear Magnetic Resonance 
(ENMR) 

Over the past decade, NMR techniques have been applied to the measurement of 

lithium transport in electrolytes. The electrophoretic NMR is similar to traditional chemical 

NMR with the exception that an electric field is applied to the sample between two non-

blocking lithium (or platinum) electrodes4.  The lithium ions are tagged and move within the 

electric field.  The positions of the nuclei are labeled by the phase of the NMR signal, and the 

mobility of the nuclei is determined from the phase shift of the signal in a stimulated echo 

experiment with a synchronized electric field pulse5-7: 

 
Li

cAFT
Ig+ =

∆
φ

γδ
 A-2 

where φ  is the phase shift of the ENMR signal [rad], ∆  is the time between gradient pulses 

[s], g is the gradient strength [G cm-1], δ  is the gradient pulse time [s], and γ is the nuclear 

gyromagnetic ratio.  Techniques based on ENMR have been used to measure lithium ion 

transference numbers in liquid polymer systems consisting of oligo(ethylene glycol) 
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derivatives and lithium triflate.  The measured transference number varied from 0.33 – 0.50 

depending on the length of the oligomer and the polarity of the end group8.  ENMR has also 

been used to demonstrate that in aqueous solutions the transference number of LiCF3SO3 

(0.43) > LiClO4 (0.31) > LiCl (0.25)5.  Walls et al. used ENRM to measure the lithium 

transference in PEGdm (250) + LiTFSI, lithium triflate, and lithium methide + R805 (octyl-

modified) fumed silica6,7.  The results indicate that the lithium transference initially decreases 

with lithium salt concentration up to 0.5 M LiTFSI (~ Li:O = 1:50) and then steadily 

increases up to 2 M LiTFSI (~ Li:O = 1:10)6. 

A.3 Steady-state method 
In the steady-state method, a small dc potential is applied across a symmetric cell of 

the form M/M+X−/M and the resulting current is measured as a function of time9,10.  The 

decrease in current is assumed to be caused by two factors: (i) growth of passivating layers 

on electrode surfaces and (ii) establishment of a concentration gradient in the electrolyte that 

affects the motion of both anions and cations10.  For an ideal binary electrolyte polarized with 

a small dc voltage (< 10 mV), a linear relationship exists between the steady-state current and 

the applied dc voltage.  The lithium transference number can be obtained from current and 

interfacial impedance measurements using the following expression10: 

 0 int,0
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where i0 is the measured current at the instant t = 0 [C s-1], iss  is the measured current at 

steady-state [C s-1], Rint,0  is the charge transfer resistance before polarization [Ω], Rint,ss  is 

the charge transfer resistance after polarization [Ω], and ∆V is the applied dc voltage [V].  

The initial current is difficult to measure accurately since it changes rapidly at the beginning 
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of the applied voltage.  As a result, this current is estimated using the total resistance of the 

cell obtained from impedance and the applied voltage.  From Ohm’s Law, the current is then 

obtained by11: 

 0
int,0 E,0 tot ,0

V Vi
R R R

∆ ∆= =
+

 A-4 

where Rtot,0  is the total cell impedance before polarization [Ω].  Substituting this expression 

into Eqn A-3 yields the expression for transference number obtained via steady-state 

measurement: 
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where RE,0  is the resistivity of the bulk electrolyte [Ω].  In order to determine transference 

number measurements from this method, several key assumptions are made that may not be 

valid for polymer electrolytes.  First of all, the electrolyte is assumed to be an ideal binary 

electrolyte; therefore, ion-ion interactions are neglected.  In polymer electrolytes, ion-ion 

interactions are significant due to the low dielectric constant of the polymer and high-salt 

concentrations3.  Other assumptions include fast charge-transfer kinetics, no convection, and 

minimal double-layer effects.  Although neglecting these processes does affect the measured 

transference number, the simplicity of the measurement makes it a very useful and popular 

technique. 

A.4 Standard Concentration Cell Experiments 
Standard concentration cells determine the transference number by measuring the 

junction potential between two electrolytes of the same composition but with different salt 

concentrations (m and n).  The two electrolytes are sandwiched between two non-blocking 
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electrodes and the cell potential is measured as a function of n (m is constant).  The 

transference number is then determined from the following expression12: 

 1
2 lnLi

F dUT
RT d c+

 = −  
 

 A-6 

where F is Faraday’s constant [C mol-1], R  is the ideal gas constant [J mol-1], T is the 

absolute temperature [K], U is the open-circuit potential of the cell [V], and c is the 

concentration of salt [mol cm-3].  This technique has several drawbacks.  First of all, it is 

restricted to solid electrolytes and cannot be used in electrolytes that contain liquids because 

the two liquid electrolytes (salt concentration m and n) would spontaneously mix.  Secondly, 

the calculation of the transference number requires differentiation of voltage with respect to 

the logarithm of concentration.  Numerical differentiation usually introduces significant error 

into the resulting calculations.  Finally, this technique neglects ion-ion interactions. 

A.5 Impedance Method 
The impedance method measures the transference number by measuring the 

diffusional processes that occur at very low frequencies.  At very low frequencies, the 

amount of charge transferred during a half-cycle produces concentration gradients that give 

rise to an additional arc which reflects the diffusion impedance Zd
2,13.  With blocking 

electrodes for one ion and non-blocking for the other, it has been shown that in the limit of 

thin electrolytes, reversible electrode reaction, and strong-ion association, the diffusional 

impedance for cationic blocking electrodes is given by the following expression14,15: 
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where RE is the resistivity of the bulk electrolyte, u- is the anionic mobility [cm2 s-1 V-1], and 

u+ is the cationic mobility [cm2 s-1 V-1].  For ideal solutions, the lithium transference number 

is given by: 

 1
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where Zd is the diffusional impedance [Ω] and RE is the resistivity of the bulk electrolyte [Ω].  

The problem with this technique is that the diffusion-induced arc in the Nyquist plot is 

difficult to observe.  In order to observe the diffusional arc, the characteristic diffusion time 

should be at least of the same order as the time constant of the Faradic process2.  This can be 

accomplished by heating the sample, but degradation of the lithium and the accelerated 

formation of the SEI have been observed2.  In most instances, the arc is obtained by 

extrapolating, resulting in significant errors.  Using this technique, a transference number of 

0.25 was measured for a composite electrolyte consisting of (PEO)8-LiClO4, and α-Al2O3 

particles16. 

A.6 Microelectrode 
Transference number and diffusion coefficients for ions in polymer electrolytes with 

no supporting electrolyte can be obtained by measuring the steady-state, ion-transport-limited 

current at a microdisk in spherical diffusion geometry and the transient, ion-transport-limited 

current at a planar macrodisk17,18.  When the diffusion length of the electroactive species 

exceeds the electrode radius, the diffusion field becomes spherical.  With no supporting 

electrolyte, the diffusion-limited current reaches a steady value that is related to the transport 

number and diffusion coefficient of the electroactive ion17: 
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where n is the number of electrons involved in reaction [mol-1], F is Faraday’s constant [C 

mol-1], D is the diffusion coefficient of the salt [cm2 s-1], C is the concentration of 

electroactive species, and r is the radius of the electrode [cm], and TLi is lithium ion 

transference number.  A second independent experiment is required to calculate D and TLi.  

This can be done by measuring the current at a planar macrodisk when the diffusion length of 

the electroactive species is much smaller than the electrode.  The resulting current Ispherical can 

be expressed by the Cottrell equation17: 
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where n is the number of electrons involved in reaction [mol-1], F is Faraday’s constant [C 

mol-1], D is the diffusion coefficient of the salt [cm2 s-1], C is the concentration of 

electroactive species, TLi is lithium ion transference number, and t is the experiment time [s].  

Therefore, a plot of Ispherical versus t-0.5 is linear and with a slope y that is related to the 

transport number and diffusion coefficient in the follow manner: 
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Combining Eqns A-9 and A-11 yield the final expression for lithium transference number18: 
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This technique has been used to measure the transference number and diffusion 

coefficients of lithium salts in carbonate systems.  For LiClO4 (0.1 M) in propylene carbonate 
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(PC), a transference number of 0.4 and a diffusion coefficient of 2.9 × 10-6 cm2 s-1 were 

measured.  Measurements in EC:PC (1:1 by weight %) with LiTFSI indicate that the 

diffusion coefficient decreases from 2.6 × 10-6 to 2.1 × 10-6 cm2 s-1 when concentration 

increased from 0.01 M to 0.17 M18.  The transference number of these systems also decreases 

with increased concentration and reaches a plateau value of 0.3518.  Measurements obtained 

from this method are comparable to measurements obtained from the steady-state method17. 

A.7 Current Interrupt Method 
In the current interrupt method, a constant current is applied to a symmetric cell for a 

short time ti and then interrupted.  The time ti should be sufficient to establish concentration 

gradients at the electrode interfaces, but not long enough for the gradients to propagate to the 

center of the cell, i.e., ti << L2/D where L is the separator thickness [cm] and D is the 

electrolyte diffusion coefficient [cm2 s-1].  After the current has been interrupted, the 

potential across the cell is measured as a function of time and is given by Eqn A-1319. 
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where ∆Φ is the potential across the cell [V], c∞ is the bulk electrolyte concentration [mol 

cm-3], F is Faraday’s constant [C mol-1], D is the diffusion coefficient of the electrolyte [cm2 

s-1], I is the cell current density (mA cm-2), ti is the time passed before interruption of current 

[s], U(c) represents concentration cell data (See section 1.4 Standard Concentration Cell).  By 

plotting ∆Φ versus (It1/2), the slope m can be related to the anionic lithium transference 

number as shown in Eqn A-1419. 
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A.8 Concentrated Solution Theory 
Many of the techniques described above simplify the measurement of the transference 

number by neglecting ion-ion interactions.  For a simple binary mixture (n = 2), there are 

( )( )3 1 2n n −  transport coefficients that must be considered in order to accurately describe 

the transport of a particular species.  For lithium battery electrolytes, salt diffusion 

coefficient, transference number and conductivity are usually selected as the transport 

coefficients12.  When concentrated solution theory is applied to the experimental techniques 

discussed above, the measured parameter, such as steady-state current or diffusional 

impedance, is related to the transference number as well as the salt diffusion coefficient and 

thermodynamic factor, related to the mean molar activity coefficient of the ion19.  As a result, 

three independent measurements, a single diffusion coefficient measurement and two 

independent transference techniques, such as standard concentration cell or current interrupt, 

are required to calculate the transference number20.  Using concentrated solution theory, a 

lithium transference number of – 4.38 was determined for NaCF3SO3 in PEO compared to a 

value of 0.37 determined using the steady-state technique19.  The large negative transference 

number of lithium measured using the concentrated theory indicates that the predominant 

transport of lithium occurs as negatively charged triplets that go in the opposite direction of 

free lithium ions.  This result stems from the assumption of ideal behavior used in the 

determination using the steady-state method. 

A.9 Comparison of Techniques 
We have compared the measured lithium transference number of composite 

electrolytes consisting of PEGdm (250), octyl-modified fumed silica (R805), and LiTFSI 

using ENMR measurements and the steady-state current method.  The ENMR measurements 
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were performed by Walls and Zawodzinski at Los Alamos National Laboratories while the 

steady-state current method was performed at NC State laboratories.  Lithium transference 

number measurements are performed at varying R805 (octyl-modified) fumed silica content 

and LiTFSI salt concentration to determine the effects of fumed silica and salt concentration 

on the lithium transport. 

Lithium transference numbers for PEGdm (250) + 5 wt% R805 composites as a 

function of LiTFSI concentration are shown in Figure A.1.  Lithium transference numbers 

measured by ENMR and the steady-state method show decreasing TLi
+ with increasing salt 

concentration7.  The decrease in TLi
+ at higher salt concentrations can be explained by the 

formation of ion pairs and aggregates which leads to more current carried by negatively 

charged aggregates7, e.g., CF3(SO2)2N−-Li+-NCF3(SO2)2
−.  Although values of TLi

+ obtained 

from ENMR data are higher than steady-state current values, both methods show similar 

trends in the measured TLi
+. 

Results for the transference number of PEGdm (250) with lithium imide (Li:O = 

1:20) as a function of R805 concentration are shown in Figure A.2.  The TLi
+ values do not 

significantly decrease upon addition of fumed silica, which indicates that the fumed silica 

network does not impede ionic transport.  Furthermore, there are only minimal differences 

between TLi
+ values measured by ENMR and the steady-state current method.  The observed 

consistency is promising in that similar measurements of the lithium transference number can 

be obtained using the steady-state current and ENMR methods. 
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Figure A.1.  Lithium ion transference numbers as a function of LiTFSI concentration using 
ENMR and steady-state current method. 
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Figure A.2.  Lithium ion transference numbers as a function of R805 content using ENMR 
and steady-state current method. 
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Appendix B : Hardware and Software Used to 
Design Automated Conductivity Setup 
B.1 Hardware 

Automated conductivity hardware consists of the following; (1) EIS measurement 

system, (2) National Instrument FieldPoint data acquisition (DAQ) system, (3) sample 

temperature-control system, and (4) 10-channel automatic stepping switch.  A schematic of 

the connectivity of these hardware devices is shown in Figure B.1 and the basic operation of 

each specific hardware device is discussed below. 

B.1.1 EIS Measurement System 
The basic equipment required to perform EIS measurements is an EG&G Model 273 

potentiostat with options 92/96 coupled to an EG&G Model 5210 lock-in amplifier.  These 

devices are connected to each other using GPIB cables and interfaced to a PC via a GPIB 

PCI card (National Instruments PCI-GPIB).  For EIS measurements, the communication 

between the potentiostat and the PC is accomplished using EG&G PowerSine software as 

discussed in subsequent sections rather than sending EG&G machine command sets to the 

devices via the GPIB interface.  In this regard, the automated conductivity setup can be used 

for any potentiostat and lock-in amplifier that works with PowerSine and uses the same 

EG&G command set.  However, there are some software modifications that are required if 

the model type of the potentiostat or lock-in amplifier is changed.  These modifications are 

discussed in the software section. 

B.1.2 National Instrument FieldPoint Data Acquisition System 
The National Instruments FieldPoint data acquisition system consists of three major 

parts: network module, terminal bases, and input/output (I/O) modules.  The network module 

manages communications between the host PC and the I/O modules via a local high-speed 
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bus formed by FieldPoint terminal bases.  The network module also provides several 

diagnostic and autoconfiguration features through FieldPoint Explorer software.  The 

FieldPoint terminal bases form the local bus that carries communications and power to the 

I/O modules and provide field wiring connections.  The I/O modules install onto the terminal 

bases and perform the desired I/O operations of the FieldPoint DAQ, which can include 

temperature, relay, pressure, and strain. 

The network module used in the FieldPoint DAQ system is a National Instruments 

FP-1000 network interface module. Each NI FP-1000 can connect a node of up to nine 

FieldPoint I/O modules to an RS-232 or RS-485 network.  In general, any FieldPoint network 

can consist of up to 25 network nodes for a total of 225 FieldPoint I/O modules. The FP-1000 

requires an 11 to 30 VDC power supply to power all the modules connected to it.  The FP-

1000 is connected to a PC via a serial port of COM1 and powered by a 24 VDC power 

supply (National Instruments).  A schematic of the FP-1000 is shown in Figure B.2 

The FieldPoint I/O modules install onto terminal bases and can operate at 

temperatures ranging from -40 to 70°C.  Three FieldPoint terminal bases, two FP-TB-3 

terminal bases and one FP-TB-1 terminal base are connected to the FP-1000.  The FP-TB-3 

is designed specifically for temperature measurements.  The isothermal construction of the 

FP-TB-3 minimizes cold-junction, by sensing errors caused by thermal gradients (external 

heat sources or adjacent modules that dissipate significant amounts of heat) and therefore, 

improves the accuracy of thermocouple measurements.  The FP-TB-3 has 18 screw 

terminals; 16 screw terminal for wiring of 8 thermocouples and two terminals that are 

reserved for cold-junction compensation.  The cold-junction terminals are each labeled C and 

are found at the first and last position of the screw terminals.  The FP-TB-1 is a universal 
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terminal base that can be used with any FieldPoint I/O module and has 36 screw terminal 

connections.  The two FP-TB-3 terminal bases support two FP-TC-120 thermocouple 

modules while the FP-TB-1 houses a FP-RLY-420 relay module. 

The National Instruments FP-TC-120 is an 8-channel input module for direct 

measurement of temperature from standard J, K, T, N, R, S, E, and B thermocouple types.  

Each channel can be software-configured (FieldPoint Explorer) for an input range or 

thermocouple type. The FP-TC-120 delivers reliable, accurate temperature or millivolt 

measurements using signal conditioning, double-insulated isolation, input noise filtering 

(50/60 Hz noise rejection), and a high-accuracy delta-sigma 16-bit analog-to-digital 

converter.  It features plug-and-play operation, easy configuration, self-diagnostics, and 

automatic scaling to engineering units.  An onboard microcontroller compensates and 

linearizes thermocouple readings to the NIST-90 standard, using an advanced linearization 

routine for maximum accuracy.  The FP-TC-120 module comes with a NIST-traceable 

calibration certificate ensuring accurate, reliable measurements.  The FP-TC-120 is 

configured to measure T-type thermocouples at each channel and to correct the measured 

temperature using cold-junction compensation.  Each channel of the FP-TC-120 has one 

positive and one negative screw terminal.  For example, Channel 0 of FP-TC-120 has its 

positive connection at screw terminal 1 and negative connection at screw terminal 2.  Each 

channel has 20-gauge Type T (copper, blue and positive and constantine, red and negative) 

thermocouples wired to each channel of the terminal base.  A schematic of the FP-TB-3 and 

FP-TC-120 is shown in Figure B.3. 

The National Instruments FP-RLY-420 has 8 single-pole, single-throw (SPST) 

electromechanical relays for switching general-purpose signals and loads.  The relays are 
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non-latching and normally open and can switch up to 3 A at 35 VDC or 250 VAC.  The 

relays have isolated input-output with 2500 Vrms breakdown isolation.  The FP-TB-1 has 

connections for each of the eight relay channels and an external supply to power field 

devices.  Each relay channel has two terminals: normally open and isolated common.  These 

terminals are on the top row of the terminal base and are number 1 – 16.  An external supply 

is not needed for the internal operation of the FP-RLY-420; but can be used to high-current 

field devices.  For each channel, there are two terminals for the external power supply: 

supplied voltage and common.  These terminals are located along the bottom row of the FP-

TB-1 and are number 17 – 32.  A schematic of the FP-TB-1 and FP-RLY-420 is shown in 

Figure B.4.  A complete listing of the terminal assignments for the FP-RLY-420 and FP-TB-

1 can be found in Table B.3.  As of the publication of this dissertation, the FP-TB-1 is 

connected to three external devices and to a 24 VDC power supply (similar to that in Figure 

B.2).  Channel 0 (terminals 1 and 2) of the FP-RLY-420 is connected to the stepping switch 

and controls when the switch advances to the next position (See Flip Switch #1 in the next 

section) while Channel 1 (terminals 3 and 4) is connected to the stepping switch and controls 

the power to the switch (See Flip Switch #2 in the next section).  Channel 2 controls the 

power of the programmable water bath.  The wiring diagram for the water bath is more 

complicated since an additional relay that allows higher current to flow is needed to operate 

the water bath.  The wiring of Channel 2 is shown is Figure B.5.  The normally open terminal 

(terminal 5) is wired to the negative terminal of a solid-state relay (SSR330DC25, Omega). 

The isolated common terminal (terminal 6) is wired directly into the external power supply 

common (terminal 22).  The supplied voltage terminal (terminal 21) is then wired to the 

positive terminal of the solid-state relay. 
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B.1.3 Temperature-Control System 
The temperature of samples during conductivity measurements is controlled by water 

circulating through an aluminum block made at NC State’s machine shop. A schematic of the 

top/side view and a three-dimensional perspective of the designed aluminum block are shown 

in Figure B.6 and Figure B.7, respectively.  The temperature of the circulating water is 

controlled by a Fisher Scientific Isotemp 1016P Refrigerating circulating water bath.  The 

temperature of the water bath can be varied from -20° to 200°C.  However, the water bath 

cannot refrigerate if the temperature of the fluid within the bath exceeds 35°C.  The water 

bath holds 6 liters of liquid which is a 1:1 volumetric mixture of ethylene glycol and tap 

water.  The controller of the water bath can be programmed using RS-232 serial 

communication.  By default, the water bath is initialized with RS-232 communications 

disabled.  In order to program the water bath controller, RS-232 must be enabled using the 

setup menu.  The setup menu is accessed by pressing and holding SETUP (6) for three 

seconds.  The display on the LCD screen of the controller will indicate SETUP LOOP?.  

Press YES and then press NEXT (10 times) until the LCD displays RS232 IS DISABLED 

PRESS NO TO CHANGE.  Press NO to toggle between disable and enabled and YES or SET 

ENTER to use the displayed mode.  Press NEXT two times until the LCD reads SAVE 

SETUP? YES OR NO.  Press YES to save changes.  The LCD will return to the main display.  

If the RS232 was properly enabled, the bottom left-hand portion of the LCD display will start 

blinking between the words SETPOINT and RS232.  Once RS232 communication is enabled, 

the controller can be programmed using serial protocols listed in Table B.2.  As of the 

writing of this dissertation, the water bath is connected to the PC via COM2. 
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B.1.4 10-Channel Stepping Switch 
A stepping switch with 10 connections has been designed by Mr. Kit Yeung to 

function as a 10-channel automated sample changer for conductivity measurements.  The 

electrical diagram for the stepping switch is beyond the scope of this dissertation.  The basic 

operation of the stepping switch is that when it is powered it advances to the next position in 

the switch.  The stepping switch has 10 independent channels that can be connected to two 

terminals for conductivity measurements and a single common connection that connects all 

the channels to the potentiostat.  In addition, each channel has a light emitting diode (LED) in 

order to display the current position of the switch. The operation of the stepping switch can 

be done manually and/or automatically using a computer.  All manual operational functions, 

which consist of three flip switches, are located on the front side of the stepping switch box 

as shown in Figure B.8.  Flip Switch #1 controls the relay that allows the stepping switch to 

advance to the next position.  Flip Switch #1 is a non-latching switch when pressed, e.g., it 

returns back to the off position after it has been released.  When Flip Switch #1 is on, a relay 

gets turned on that allows the stepping switch to advance to the next position. Flip switch #2 

controls the AC power that runs the power supply in the 10-channel stepping switch.  When 

this switch is flipped on, the LED of the active channel will light up to signal the presence of 

power.  Flip switch #3 has been disconnected and does not function.  Originally, this switch 

was designed so that it had to be on before the stepping switch could move from position 10 

to position 1. 

The back of the switching box has 4 different connections that enable computer-

controlled operations.  Connection 1 is 25-pin parallel cable that can connect to a parallel 

port on a PC.  The purpose of this connection is to read the position of the switch by using 
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the parallel port of the PC as input module that reads the voltage (0 or 5 V) of each switch 

position.  This was accomplished by wiring 470 Ω resistors in series as shown in Figure B.10 

(http://www.epanorama.net/circuits/parallel_output.html).  As a result, when the LED of a 

channel is on, the parallel port reads 0 V for that channel and when the LED is off, the 

parallel ports reads 5 V.  A more complete description of how the parallel port determines the 

active switch position is discussed in the next section.  Connection 2 is no longer used, but 

was used to connect the 10-channel stepping switch to a serial port of a PC.  Connection 3 is 

used for computer control of the box power and is connected to the FieldPoint FP-RLY-420 

Channel 1.  The status of this relay does not override the manual switch (Flip Switch # 2), but 

can cut-off the power when the relay is not activated.  In other words, even if this relay is on, 

Flip Switch # 2 must also be on in order to power the LED of the active channel.  Connection 

4 is used for computer-controlled advancement of the stepping switch and is connected to 

FieldPoint FP-RLY-420 channel 0.  This connection functions just like Flip Switch # 1 so 

that when this relay is on, the switch activates and advances to the next position.  However, 

unlike Flip Switch # 1, this relay is latching so that it needs to be turned off to deactivate the 

stepping switch. 

B.2 Software 
The software for the automated conductivity setup can be categorized into EIS 

measurements and external device communication.  LabVIEW is used to initiate EIS data 

acquisition and to control/read other devices.  In particular, LabVIEW is used to 

communicate with the FieldPoint Data Acquisition systems (FP-1000, FP-TC-120, and FP-

RLY-420), programmable water bath controller, and stepping switch.  LabVIEW can also 

communicate with the potentiostat and lock-in amplifier through GPIB commands.  A brief 
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description of the LabVIEW code used to communicate with these devices is summarized 

below.  

B.2.1 EIS Measurements 
EIS measurements are performed on samples to measure the resistivity as a function 

of frequency.  This is accomplished using a potentiostat and lock-in amplifier. PowerSine is 

supplied by Princeton Applied Research (AMETEK) to control the potentiostat and lock-in 

amplifier and thus perform EIS measurements (EIS) for a single sample.  In order to run 

multiple samples, other programs can interface with PowerSine through dynamic data 

exchange (DDE) to configure and run EIS measurements.  Any program capable of 

performing DDE, such as Excel, Visual Basic, C++, or LabVIEW, can be used to configure 

and run EIS experiments by sending commands to PowerSine through DDE protocols.  Even 

though the experiment is configured and run using DDE, PowerSine is still required to 

communicate with the potentiostat and lock-in amplifier.  These DDE commands 

communicate with PowerSine, not the potentiostat and lock-in amplifier.  DDE commands in 

LabVIEW essentially replace user inputs, such as template, database, and recordname, which 

are required to run an EIS experiment in PowerSine.  A schematic of the code required to 

send commands from LabVIEW to PowerSine is shown in Figure B.11.  The DDE Open 

command starts the automation and tells PowerSine that an experiment will be run.  The 

DDE Poke commands supply PowerSine with the three required inputs: database file, 

template, and recordname.  The DDE Exec command completes the automation while the 

DDE Close command ends the conversation between LabVIEW and PowerSine.  The DDE 

Request polls the status of a DDE communication.  A practical use of the DDE Request 

command for communication between LabVIEW and PowerSine is shown in Figure B.12.  
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Here, LabVIEW polls PowerSine to determine if the experiment has finished and outputs the 

data to a string.  If the string is “Yes” the experiment is ongoing, but if it is “No” the 

experiment is finished.  The DDE Request command is useful in determining when the 

active sample measurement has finished thereby signaling that the measurement of next 

sample can be started.  All available DDE commands programmed in PowerSine can be 

found in the PowerSine manual on page 179. 

B.2.2 Using LabVIEW with FieldPoint DAQ System 
The LabVIEW software and the FieldPoint DAQ system are produced by National 

Instruments so that communication between these is fairly straightforward. The FP-1000 

module is connected to a PC via a serial port connected on COM1.  The FP-1000 modules 

and all connected modules, specifically the FP-TC-120 and FP-RLY-420, are configured 

using National Instruments FieldPoint Explorer software and the information is saved to an 

.iak file.  The current configuration is saved under the filename C:\share\Switch.iak (Debye 

computer).  Changes to the current file should only be made after consulting the FieldPoint 

Explorer manual which is available in RD 209.  In addition, Appendix C shows a step-by-

step procedure for configuring the FieldPoint DAQ for the current setup.  The configuration 

should be performed whenever a new module is added or there is a power outage. Once the 

configuration file is saved, LabVIEW is used to read/write to the DAQ system using 

FieldPoint Tools.  Examples of LabVIEW code to read/write to FieldPoint modules can be 

found at www.ni.com.  A brief summary of basic FieldPoint commands is described below. 

A simple schematic of LabVIEW code to read the temperature of thermocouple 

connected to a FP-TC-120 I/O module is shown in Figure B.13.  The FP Open command 

opens the specified configuration file (.iak file) that was saved using the FieldPoint Explorer 
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software.  The FP Create Tag specifies which item you want to access from FieldPoint 

module.  The FP Create Tag requires the communication resource name, e.g., the group of 

modules that are of interest (FP Res1), the specific I/O device name (FP-TC-120 @ 1), and 

the desired channel of that I/O module (Channel 0).  The names of these inputs should match 

those in the .iak file.  The FP Read tool pulls values from the FieldPoint module into 

LabVIEW.  The result from this command is an array.  Since only one channel was read, the 

value of the temperature is at the 0th index.  Using the Index Array function, the temperature 

of the 0th index is extracted from the array and stored in the values indicator.  When this is 

finished, the communication is ended using the FP Close command.   

Through LabVIEW, the status of the relays can be read and/or changed.  A simple 

schematic of LabVIEW code to write to the relays of a FP-RLY-420 I/O module is shown in 

Figure B.14.  The LabVIEW structure is very similar to the code in Figure B.13 with the 

exception of the FP Write tool and the item name All.  The FP Write tool sends the value to 

the relay module.  The item name All tells the FP Write tool to send all the new values of the 

Boolean control array.  

B.2.3 Reading Status of Stepping Switch using Parallel Port and 
LabVIEW 
The position of the stepping switch, e.g., which LED is lit, is determined by reading 

the voltage of the LEDs using a parallel port of a PC.  Instead of using the parallel port on the 

motherboard of the PC, an ISA parallel/serial card was added to the computer to prevent 

damage to the motherboard that may occur during the measurement of the LED voltage.  

Therefore, if the measured voltage becomes too high (> 5 V, 1-2 mA), the additional card 
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and not the entire computer is damaged.  For the current conductivity setup, the stepping 

switch is connected to the PC via the parallel port at LPT2. 

In general, a parallel port is a 25-pin connector port can be used for both inputs and 

outputs.  Pins 18-25 are all ground pins.  The voltage level of the other pins can either be 0 V 

when off or 5 V when on.  This voltage level is referred to as TTL.  The pins can function as 

inputs (read the voltage) or outputs (change the voltage).  Since we are reading the voltage of 

the switching device, we are only interested in inputs not outputs.  Each standard parallel port 

(SPP) has three port addresses; data, status, and control port.  These addresses are in 

sequential order so that base address + 0 refers to the data port address and so forth.  For a 

SPP, the data port (base address + 0) consists of 8 data outputs at pins 2-9.  The status port 

(base address + 1) has five data inputs at pins 10, 11, 12, 13, and 15.  The control port (base 

address + 2) has 4 other miscellaneous outputs.  Since the stepping switch has 10 channels, 

10 input pins are required.  Current computer systems can utilize enhanced parallel port 

(EPP) protocols that enable outputs to be used an inputs at different port locations (The 

protocol for the parallel port at the time of this dissertation can be changed in the BIOS and is 

set as EPP mode as default).  For example, the 8 data outputs for the SPP protocol at the base 

address + 0 can be used as 8 data inputs at base address + 3 and therefore pins 2, 3, 4, 5, 6, 7, 

8, and 9 can be used as inputs.  For the EPP, the status port (base address + 1) still has pins 

10, 11, 12, 13, and 15 that function as inputs.   

 lists the wiring between the pins and channels for the stepping switch. 

Determining the status of each channel requires polling of the specific port address of 

the parallel port to determine which pins are on/off.  LabVIEW has a built-in function In 

Port that can read a byte integer from a specific register address.  Typical register (or base) 
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addresses for the parallel ports of a PC are shown in Table B.4.  Specifically, the base 

address of a parallel port for a specific PC can be obtained from the Device Manager of any 

Windows-based operating system by opening the properties dialog box of the desired parallel 

port and clicking on the Resource tab.  The range of accessible port addresses (these numbers 

are hexadecimal) can be found under the Setting column as shown in Figure B.15.  The 

output of In Port is a hexadecimal integer (between 0 - FF) that has been converted from an 

eight bit binary number.  The port address has 8 bits associated with each pin so that when a 

pin is at 0 V, it has value of 0 and a value of 1 when the pin is at 5 V.  The switching box was 

wired (See Figure B.10) so that when the LED of a channel was on; its corresponding pin 

would read 0 V (relative to a ground pin) and read 5 V (relative to a ground pin) when off.  

Since the voltage of the pin connected to a particular LED is 0 V when lit, the active channel 

will have a value of 0 for its bit and a value of 1 for all other bits (only one LED can be on 

using this switch).  Table B.5 summarizes the relationship between channels, pins, bits and 

In Port output. 

B.2.4 Using LabVIEW to Communicate with GPIB Devices 
LabVIEW can also communicate with GPIB devices through basic GPIB commands 

as long as the base address of the devices is known.  Currently, the base address of the PAR 

273 is 14 and the lock-in amplifier is 4.  For the automated conductivity setup, 

communication between LabVIEW and GPIB devices does not occur during testing.  Rather, 

GPIB communication is performed to determine if the GPIB devices are powered and if 

initial test parameters are set correctly.  For example, the EG&G PAR 273 has a button CELL 

ENABLE on the front panel that needs to be turned on before any measurement can occur.  

Through simple EG&G commands sent through the GPIB, the status of this button can be 
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read.  An example of the code required to read the status of CELL ENABLE is shown in 

Figure B.16.   

In a previous section, it was noted that the current conductivity setup can work with 

any lock-in amplifier or potentiostat that is compatible with PowerSine. However, in order 

for the program to properly function, slight modifications need to be made to the LabVIEW 

file PARstatus.VI to account for any new model numbers.  The required changes to the 

LabVIEW file are shown in Figure B.17.  Proper communication between the PC and 

potentiostat/lock-in amplifier is verified by polling the devices for their model numbers and 

comparing the returned model number with the known model numbers.  If these do not 

match, the program will not allow conductivity measurements to begin since this may 

indicate that one or both GPIB devices are not properly connected. 

B.2.5 Serial Communication with the Water Bath 
LabVIEW can read/write commands using the serial port.  The programmable water 

bath is capable of receiving/sending data bits using the RS-232 protocols.  The water bath has 

specific commands that are listed in Table B.2.  The water bath is connected to a PC at 

COM2.  An example of LabVIEW code used to report the setpoint of the water bath is shown 

in Figure B.18.  The Serial Port Init initializes the specified serial port.  Data entered into 

the function include port number, data bits, parity, stop bits, baud rate, buffer size, and flow 

control (See Figure B.18 or Table B.2 for actual settings).  The Serial Write tool sends the 

string (in this case “S?[CR]”) to the water bath.  The Serial Read function then reads the 

response from the water bath and stores the data in the Read String indicator.  In addition to 

the port number, the number of bytes to read and read timeout should also be specified to 

Serial Read.  The number of bytes is directly related to the number of characters in the water 
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bath response (See Table B.2).  If the wrong number of bytes to read is input, the read values 

may be incorrect.  



280 

Table B.1.  Terminal assignments for the FP-RLY-420 relay module 

Terminal Numbers 
Channel Normally 

Open 
(N.O.) 

Isolated 
Common 

(I.C.) 
Vsup COM 

0 1 2 17 18 

1 3 4 19 20 

2 5 6 21 22 

3 7 8 23 24 

4 9 10 25 26 

5 11 12 27 28 

6 13 14 29 30 

7 15 16 31 32 
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Table B.2.  List of serial commands for Fisher Scientific 1016P Isotemp Refrigerating 
Circulator 

Commands 
(UPPERCASE only) Description Response 

?[CR] Help Protocol Examples 

Al [CR] Reports “OK~’ to indicate that RS232 is enabled [CR]OK[CR][CR] 

S?[CR] Report temperature setpoint n[CR]OK[CR][CR] 

Sn[CR] Change temperature setpoint to n [CR]OK[CR][CR] 

F?[CR] Report bath temperature n[CR]OK[CR][CR] 

U?[CR] Report bath temperature units (x = C, F or U) x[CR]OK[CR][CR] 

C[CR] Change temperature units to °C [CR]OK[CR][CR] 

F[CR] Change temperature units to °F [CR]QK[CR][CR] 

U[CR] Change temperature units to °U (user defined 
units) [CR]OK[CR][CR] 

&LH?[CR] Report high temperature limit n[CR]OK[CR][CR] 

&LL?[CR] Report low temperature limit n[CR]OK[CR][CR] 

&LHn[CR] Change high temperature limit to n [CR]OK[CR][CR] 

&LLn[CR] Change low temperature limit to n [CR]OK[CR][CR] 

&P?[CR] Report temperature resolution 
(number of decimal places) n(CR]OK[CR][CR] 

&Pn[CR] Change temperature resolution (n = 1 or 2) [CR]OK[CR][CR] 

&R?[CR] Report refrigeration off temperature n[CR]OK[CR][CR] 

&Rn[CR] Change refrigeration off temperature to n [CR]OK[CR][CR] 

&X?[CR] Report controlling temperature probe 0lntemal[CR]OK[CR][CR] 
1External[CR]OK(CR][CR] 

&Xn[CR] Change controlling temperature probe 
(0/1 = internal/external) [CR]OK[CR][CR] 

&D?[CR] Report maximum internal/external 
Differential temperature n(CR]OK[CR][CR] 

&Dn(CR] Change maximum internal/external 
differential temperature to n n[CR]OK[CR][CR] 

[CR] = carriage return Stop bits: 1 
n = numeric data Flow control: none 
Baud rate: 9600 Data bits: 8 
Parity: none  
Error Messages Description 
INPUT OR RANGE ERROR[CR](CR] Controller received a setpoint that was out of range. 
REQUEST DENIED[CR][CR] Setpoint can be changed only while: 

Displaying temperature 
A value is not currently being entered 
Not in program mode 
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Table B.3.  Configuration of the channels and parallel port pins for the stepping switch 

Step Switch 
Channel Pin 

1 10 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 13 

 
 
 

Table B.4.  Typical port addresses for parallel ports 

Parallel 
Port 

Data 
(Base + 0) 

Status 
(Base + 1) 

Control 
(Base + 2) 

 
(Base + 3) 

LPT1 0378 0379 037a 037b 

LPT2 0278 0279 027b 027c 

LPT3 03bc 03bd 03be 03bf 
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Table B.5.  Summary of the parallel port pin, port address, port address bit, and value of In 
Port command at two different port addresses when a specific step switch channel is on 

Step Switch 
Channel Pin Port Address Bit In Port 

(Base + 1) 
In Port 

(Base + 3) 

1 10 Base + 1 6 255 111 

2 2 Base + 3 0 254 127 

3 3 Base + 3 1 253 127 

4 4 Base + 3 2 251 127 

5 5 Base + 3 3 247 127 

6 6 Base + 3 4 239 127 

7 7 Base + 3 5 223 127 

8 8 Base + 3 6 191 127 

9 9 Base + 3 7 127 127 

10 13 Base + 1 4 255 63 
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Figure B.1.  Schematic of the connectivity of the hardware used for the automated 
conductivity setup. 
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Figure B.2.  Schematic of the National Instruments FP-1000 network module. 

 
Figure B.3.  Schematic of the FP-TB-3 and FP-TC-120 FieldPoint input module for 
measurement of temperature. 
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Figure B.4. Schematic of FP-TB-1 and FP-RLY-420 FieldPoint I/O module for controlling 
external devices. 

 
Figure B.5.  Schematic of the wiring of Channel 2 of the FP-RLY-420 I/O module to control 
the power of a water bath. 
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Figure B.6.  Top and side view of aluminum block used for heating/cooling of conductivity 
samples. 

 

 
Figure B.7.  Three-dimensional perspective drawing of conduit within aluminum block that 
allows water circulation. 
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Figure B.8.  Picture of front side of stepping switch that allows for 10 terminal connections 
for sample measurement and a single connection for the potentiostat. 
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Figure B.9.  Picture of back of stepping switch that allows for a 25-pin parallel connection 
and two banana plug terminals for connecting to 2 different relays. 
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Figure B.10.  Wiring diagram used to modify the parallel port in order to read the position of 
the active switch (Pins 10 and 13 are similarly wired). 

 
 
Figure B.11.  Example of LabVIEW diagram used to perform dynamic data exchange 
(DDE) between LabVIEW and PowerSine. 
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Figure B.12.  Dynamic data exchange (DDE) communication between LabVIEW and 
PowerSine to poll if current experiment is running. 

 

 

 

 
Figure B.13.  Example of LabVIEW diagram used to read the temperature of FP-TC-120 
FieldPoint module. 
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Figure B.14.  Example of LabVIEW code to write Boolean arrays to the FP-RLY-420 
FieldPoint module. 

 

 

 
Figure B.15.  Method to determine the port address of a parallel port. 
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Figure B.16.  Example code that demonstrates communication of LabVIEW with GPIB 
devices. 

 
Figure B.17.  Method to modify program to account for changes in the model number of the 
potentiostat or lock-in amplifier. 
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Figure B.18.  Example LabVIEW code to write/read using the serial port. 
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Appendix C : Configuring the FieldPoint DAQ 
System 
DISCLAIMER: Much of the instructions in this Appendix are taken directly from National 
Instruments manual FP-1000/1001 FieldPoint Quick Start Guide.  However, screen images 
were NOT taken from the manual, but prepared during the configuration of the file 
C:\share\SWITCH.iak.  This Appendix is for educational purposes not for any commercial 
and/or publication purposes. 
 

1.) Install the FieldPoint Software 

A. Close all other applications. If you plan to install National Instruments development 

software such as Lookout, LabVIEW, or Measurement Studio, install them before 

you install the FieldPoint software. 

B. Insert the FieldPoint software CD and follow the onscreen instructions. 

2.) Configure the FP-1000/1001 

Refer to the FP-1000/1001 User Manual for more information about configuration settings. 

A. Select Start»Programs»National Instruments FieldPoint»FieldPoint Explorer. 

B. Click the + to expand the view as shown in Figure C.1 . 

C. Right-click on the FieldPoint icon and select Add a comm resource to this server as 

shown in Figure C.2 

D. In the Comm Resource Configuration dialog box (Figure C.3), select the port to 

which your FieldPoint system is connected. Make sure the baud rate matches what the 

network module is set to use. Click Find Devices. If you have trouble finding 

devices, try changing the selections in this dialog box to make sure they match your 

hardware configuration. 

E. Expand the +FP Res item on the left side of the Explorer window (Figure C.4) to see 

the devices found on the network. 
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If your modules are not listed check the cable and connections and make sure the modules 

are all powered on. If you still have problems, refer to your FP-1000/1001 User Manual for 

troubleshooting information. 

F. Select File»Save. 

3.) Configure I/O Modules 

A. Right-click on the device name (FP-TC-120@1) in FieldPoint Explorer and select 

Edit this Device (Figure C.5). 

B. Click on the Channel Configuration button to bring up the Channel Configuration 

dialog box as shown in Figure C.6. 

C. Select the type of channel to show, then select the channel(s) that you want to change. 

To select more than one channel, uncheck the One channel at a time box.  Resulting 

dialog box should resemble Figure C.7 

D. Click on the OK button when you are finished, or click on the Apply button to save 

the changes and continue to configure channels. When you click on OK or Apply, the 

changes are immediately sent to the device. 

E. Right-click on the device name (FP-RLY-420@3) in FieldPoint Explorer and select 

Edit this Device (Figure C.8). 

F. Click on the Channel Configuration button to bring up the Channel Configuration 

dialog box as shown in Figure C.9. 

G. Select the type of channel to show, then select the channel(s) that you want to change. 

To select more than one channel, uncheck the One channel at a time box.  Resulting 

dialog box should resemble Figure C.10 
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H. Click on the OK button when you are finished, or click on the Apply button to save 

the changes and continue to configure channels. When you click on OK or Apply, the 

changes are immediately sent to the device. 

NOTE: Configuration options are module-dependent. The options shown here might not be 

available for your particular module. Refer to your I/O module operating instructions for 

details on configuration options. 

I. Select File»Save when you are done. 

4.) Monitoring/Writing to Devices 

A. Select the device name (FP-TC-120@1) in FieldPoint Explorer.  A list of the 

channels for the specified device will appear on the right-hand side. 

B. Select the desired channel (Channel 0). 

C. To monitor a channel, click the Start Monitoring Icon as shown in Figure C.11 and 

the result appears in the Value column on the right-hand side. 

D. To write a value to an output module (such as the FP-RLY-420), click the Write 

Value icon as shown in Figure C.12. 

E. In the Item Write dialog box (Figure C.13), input the desired value into the Value 

(Boolean) textbox and click Write (For Boolean outputs, 0 = Off (False) and 1 = On 

(True)). 

F. Press DONE when finished to close Item Write dialog box. 

G. Click the Stop Monitoring icon to end reading of values 

J. Select File»Exit when you are done. 
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Figure C.1.  Initial screenshot of FieldPoint Explorer software.  Clicking the + expands the 
view. 

 

 

 
Figure C.2.  Screenshot of adding communication resources (comm resource) to FieldPoint 
server. 
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Figure C.3.  Screenshot of the Comm Resource Configuration dialog box. 

 

 

 

 

 
Figure C.4.  Screenshot of FieldPoint Explorer after FieldPoint devices has been found.
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Figure C.5.  Screenshot of editing the FP-TC-120@1 device. 
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Figure C.6.  Screenshot of FP-TC-120 Device Configuration dialog box that appears after 
selecting the edit device option. 
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Figure C.7.  Screenshot of the channel configuration dialog box for editing each channel of 
the FP-TC-120.  Current configuration is identical to that pictured above. 
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Figure C.8.  Screenshot of editing the FP-RLY-420@3 device. 

 

 

 
Figure C.9.  Screenshot of FP-RLY-420 Device Configuration dialog box that appears after 
selecting the edit device option. 
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Figure C.10.  Screenshot of the channel configuration dialog box for editing each channel of 
the FP-RLY-420.  Current configuration is identical to that pictured above. 
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Figure C.11.  Screenshot of monitoring of the temperature of Channel 0 on the device FP-
TC-120@1. 

 

 

 

 
Figure C.12.  Screenshot of monitoring of the temperature of Channel 0 on the device FP-
TC-120@1. 
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Figure C.13.  Screenshot of Item Write dialog box to change the Boolean status of Channel 3 
on the device FP-RLY-420@3 
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Appendix D : LabVIEW File for Automated 
Conductivity Setup 

A LabVIEW program has been developed to perform automated conductivity 

measurements.  LabVIEW uses graphical-based code structure (referred to as VIs) that 

contains two parts; front panel and diagram.  The front panel shows all the necessary 

controls, indicators, or constants that are required for the program to function.  The diagram 

performs the basic operations of the program by “wiring” inputs/outputs to basic LabVIEW 

functions or other VIs (or SubVIs).  All of VIs required for the program are stored within a 

LabVIEW library file (C:\Share\EIS.llb).  This library file has a top-level VI (main.VI) that 

contains the front panel and diagram that calls other VIs within the library or in other 

locations (some VIs not included in the library are stored within the LabVIEW program 

subdirectory).  In this appendix, the front panel of main.VI will be presented, and the 

properties and functions of the controls/indicators will be described.  In addition, SubVIs 

used in the diagram structure are listed and summarized.  The final section of this appendix 

contains the complete diagram of main.VI. 

D.1 Front Panel 
The main.VI front panel contains 100 controls and indicators.  One of these controls 

is a Tab control, which allows for control/indicators to be organized into pages: Sample Info, 

Experiment, Temperature, Water Bath Info, and Hardware Info.  The following tables and 

pictures demonstrate the basic structure of each page on the front panel.  Each tab page 

(except the Experiment page) has one table and one screen-image that describe the various 

controls/indicators associated with that page.  The Experiment page is divided into four 

different sections since there are so several controls/indicators on that page. 
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Table D.1.  List of controls/indicators (1-12) found on the Sample Info page 

ID Item Name Type Control/ 
Indicator Function 

1 Front Panel Tab Control (INT) Control Click on the tab to get specific controls/indicators 

2 Data Input Cluster Control  

3 Cell # String Array Control Refers to sample index (generated by program no user control) 

4 Cell Name String Array Control Type in name for each sample 

5 Template Integer Array Control Select template for each sample 

6 Database Files Path Array Control Type or browse for database file for each sample 

7 TC Channel Integer Array Control Select thermocouple channel (1-16 or NONE) used to measure 
sample temperature 

8 Number of Cells  Integer Control 
Select number of samples to be measured.  This control 
determines how many rows are listed for each array control 
in the Data Input cluster 

9 Autofill  Boolean Control Click to copy data from one index to another 

10 LoadSmp  Boolean Control Click to load sample information from previous experiment 

11 SaveSmp  Boolean Control Click to save sample information from current experiment 

12 Status String Indicator Details the status of the program 
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Figure D.1.  Screenshot of the front panel of the Sample Info page showing controls/indicators (1-12). 
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Table D.2.  List of controls/indicators (13-28) found on the Experiment page 

ID Item Name Type Control/ 
Indicator Function 

13 Write Relay Boolean Array Control Click on individual levers to turn relays on or off. 

14 Stop Boolean Control Click to stop the current EIS measurement 

15 START Boolean Control Click to begin start EIS measurements 

16 ReadTC Boolean Control Click to automatically go to the Temperature tab and read 
the temperature of each sample 

17 PowerSuite Boolean Control Click (make button true) to open PowerSine and reclick 
(make button false) to close PowerSine. 

18 ReadPar Boolean Control Click to update the status of the FieldPoint and PAR 

19 Input Controls Cluster Control  

20 Sample Change Method Integer Control Select method to change samples 

21 Temperature Control Method Integer Control Select method to control temperature 

22 PAR Indicator Cluster Indicator  

23 Cell Enable Boolean Indicator Indicates the status of the Cell Enable button on the front panel of 
the PAR 273 

24 Exp. Running Boolean Indicator Indicates if an experiment in PowerSine is running 

25 5210Power Boolean Indicator Indicates if the EG&G Model 5210 lock-in amplifier is powered or 
properly connected 

26 273Power Boolean Indicator Indicates if the EG&G Model 5210 lock-in amplifier is powered or 
properly connected 

27 Dummy Boolean Indicator Indicates the status of the electro button of the PAR 273 

28 LED Display String Indicator Displays the status of the LCD screen on the front panel of the 
PAR 273 
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Figure D.2.  Screenshot of the front panel of the Experiment page showing controls/indicators (13-28). 
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Table D.3.  List of controls/indicators (29-41) found on the Experiment page 

ID Item Name Type Control/ 
Indicator Function 

29 Current Exp Cluster Indicator  

30 Current Sample TC Cluster Indicator  

31 T1 Double Precision Indicator Returns the temperature of the active sample 

32 *Channel Integer Indicator Returns the thermocouple channel of the active sample 

33 Length of Measurement String Indicator Displays the length of time for the current measurement 

34 Start String Indicator Displays a date/time string when the experiment was started 

35 *Database Path Indicator Displays the database file where the current record (experiment) 
will be saved 

36 Recordname String Indicator Displays the current recordname of the sample 

37 *Template String Indicator Displays the template currently used to perform EIS 
measurements 

38 Cell Integer Indicator Displays the array index of the current sample 

39 PowerSine Cluster Indicator  

40 ProgramOpen Boolean Indicator Indicates True when PowerSine is open and False when closed 

41 ExperimentOpen Boolean Indicator 
Indicates True when PowerSine is open and the title of the 
PowerSine windows is NOT “PowerSuite – No Experiment”; False 
otherwise 
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Figure D.3.  Screenshot of the front panel of the Experiment page showing controls/indicators (29-41). 
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Table D.4.  List of controls/indicators (42-59) found on the Experiment page 

ID Item Name Type Control/ 
Indicator Function 

42 FP DAQ Cluster Indicator  

43 FPTC120 Cluster Indicator  

44 OpenTC1 Boolean Array Indicator True (red) when channel of FP-TC-120@1 is open 

45 OpenTC2 Boolean Array Indicator True (red) when channel of FP-TC-120@2 is open 

46 FPRLY420 Cluster Indicator  

47 Value Read Boolean Array Indicator True (green) when channel of FP-RLY-420@3 is on 

48 Waterbath Cluster Indicator  

49 bath Temp Double Precision Indicator Reports temperature of water bath 

50 Current Set Point Double Precision Indicator Reports current setpoint of waterbath (read from waterbath, not 
user input) 

51 RS232 Boolean Indicator Indicates if RS232 has been enable/disabled on waterbath 

52 TempCtrl Message Boolean Indicator  

53 WB comm Str Integer Indicator Displays the communication between LabVIEW and the waterbath 

54 TimeLeft String Indicator Indicates the time before EIS measurement begins 

55 WB Switch Integer Indicator Indicate position of waterbath switch connected to ac power outlet 

56 error out Cluster Indicator  

57 status Boolean Indicator If status is TRUE, an error occurred; if FALSE no errot 

58 code Integer Indicator 
Indicates a number identifying an error or warning.  Use the 
error handler VIs to display the corresponding error 
message. 

59 source String Indicator Indicates the origin of the error, if any. Usually source is the 
name of the VI in which the error occurred. 
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Figure D.4.  Screenshot of the front panel of the Experiment page showing controls/indicators (42-59). 
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Table D.5.  List of controls/indicators (60-74) found on the Experiment page 

ID Item Name Type Control/ 
Indicator Function 

60 10 Channel Stepping Switch Cluster Indicator  

61 Step Switch Indicators Cluster Indicator  

62 Box Power Booloean Indicator Indicates the status of the flip switch used to control the ac power 
delivered to the 10 channel step switch 

63 Flip Switch Booloean Indicator Indicates the status of the flip switch used to advance the switch position.  
Value is typically FALSE since the switch is non-latching 

64 LED IND Cluster Indicator  

65 1 Booloean Indicator 

66 2 Booloean Indicator 

67 3 Booloean Indicator 

68 4 Booloean Indicator 

69 5 Booloean Indicator 

70 6 Booloean Indicator 

71 7 Booloean Indicator 

72 8 Booloean Indicator 

73 9 Booloean Indicator 

74 10 Booloean Indicator 

Indicates the active position of the switch 
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Figure D.5.  Screenshot of the front panel of the Experiment page showing controls/indicators (60-74). 
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Table D.6.  List of controls/indicators (75-76) found on the Temperature page 

ID Item Name Type Control/ 
Indicator Function 

75 Channel String Array Indicator Displays the thermocouple channel for each sample 

76 CellTemp Double Precision 
Array Indicator Displays the measured temperature for each sample 

 

75

76
 

Figure D.6.  Screenshot of the front panel of the Temperature page showing controls/indicators (75-76). 
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Table D.7.  List of controls/indicators (77-85) found on the WaterBath Info page 

ID Item Name Type Control/ 
Indicator Function 

77 WB Data Cluster Control  

78 Temps2study Integer Control 
Select number of temperatures to be measured.  This control 
determines how many rows are listed for each array control in the 
WB Data cluster 

79 Setpoint_Equil Array Double Precision 
Array Control Input the desired setpoint temperature and equilibration time for 

each temperature 

80 LoadWB Boolean Control Click to load the (*.wbt) text file into WB Data cluster from a 
previous experiment. 

81 SaveWB Boolean Control Click to save current data in WB Data cluster into a text file 
(*.wbt) 

82 Setpoint Change Boolean Control 
Click to change the setpoint of the water bath.  Setpoint 
temperature that is sent to waterbath is the oth index of the 
Setpoint_Equil Array. 

83 TempUp Boolean Control 
Click to move setpoint temperatures down an array index 
and create a new setpoint temperature and equilibration 
time row at the 0th index 

84 TempDown Boolean Control Click to move setpoint temperatures up an array index 

85 User Info TC Control String Indicator Provides information about WB Data cluster to user 
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Figure D.7.  Screenshot of the front panel of the WaterBath Info page showing controls/indicators (77-85). 
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Table D.8.  List of controls/indicators (86-100) found on the Hardware Info page 

ID Item Name Type Control/ 
Indicator Function 

86 Fieldpoint Config Cluster Control  

87 comm resource name String Control Input the desired communication resource name of the FieldPoint 
module 

88 device name String Control Input the name of the FP-RLY-420 device 

89 item name String Control Input the word ‘All’ to read/write to all the Boolean controls of the 
FP-RLY-420 module 

90 IAK Path Path Control Select the desired .iak file 

91 TC1 device name String Control Input the name of the first thermocouple input module (FP-TC-
120@1) 

92 TC2 device name String Control Input the name of the second thermocouple input module (FP-TC-
120@2) 

93 Number of Run Times Integer Indicator Indicates how many time the program has been run since 
last opened. Used to perform operations for the 1st run. 

94 Start Time Double Precision Indicator Indicates time/date current experiment started 

95 Initial Equil Time Double Precision Indicator Returns the original equilibration time (prior to countdown) 

96 TIME1 Double Precision Indicator Returns the time the EIS experiment started 

97 Temp1 Double Precision Indicator Returns the temperature of the sample when the EIS 
measurement started 

98 Current Cell Value Integer Indicator Returns an integer corresponding to the active channel of 
the stepping switch 

99 WaterBath Serial Connection Integer Control Select the COM port of the serial port connected to the 
water bath 

100 Switch Status Input Integer Control Select the LPT port connect to the stepping switch 
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Figure D.8.  Screenshot of the front panel of the Hardware Info page showing controls/indicators (86-100). 
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D.2 List of SubVIs Developed for Program 

SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

TempControlSelect 

 

This VI performs basic hide/show functions based on the value of the temperature control selection. 
 
Case 0 
The waterbath tab control is disabled and the waterbath indicator is hidden. There is no message on the 
waterbath tab page and the number of temperatures to study is 1. The number of temperatures to study is 
not visible. 
 
Case 1 
The waterbath tab control is enabled and the waterbath indicator is visible. There is a message on the 
waterbath tab page that instructs user to input a temperature for ID purposes only. The number of 
temperatures to study is 1, but the control is not visible.  
 
Case 2 
The waterbath tab control is enabled and the waterbath indicator is visible. There is a message on the 
waterbath tab page that instructs user to input setpoints and equilibration times. The number of 
temperatures to study is visible and user controlled 1.  The maximum number of temperatures is 10. 
 

 
 

2/3 

CellChangeMethodSel
ection 

 

This VI returns a Boolean indicator based on the value of the change-cell dropdown box. True is returned if 
the value is 1 or 2 (using the 10-channel stepping switch) and false otherwise.  The Boolean indicator is 
then used to show/hide the Current Cell Indicator (which mimics the 10-channel stepping switch). 
 

 

1/1 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

temp from serial 

 

This VI converts the string obtained from the waterbath to a number. 
 

 

1/1 

PowersuiteIsRunning 

 

This VI uses DDE to poll PowerSine to determine if an experiment is running. A value of TRUE indicates 
that the experiment in ongoing while a value of false indicates the experiment has finished (or never 
started). 
 

 
 

0/1 

measuretime 

 

This VI determines the length of time that a sample has been measured.  The result is stored in the Current 
Exp cluster. 
 

 

2/1 

PowersuiteStop 

 

This VI uses DDE commands to stop a current EIS measurement. 
 

 

0/0 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

read units 

 

This VI verifies that the units of the waterbath are °C since all user temperature inputs are assumed to be in 
°C.  The program compares the user input setpoint with the actual waterbath temperature to determine 
when to start actual EIS measurements. Obviously, if the user input is in °C and the waterbath is reporting 
°F then these values will never be equal. 
 

 
 

1/1 

Template 

 

This VI uses SQL to read the available templates from the database C:\Program Files\EG&G 
Instruments\Electrochemistry PowerSuite\Templates.mdb. Each time a template is saved in PowerSine, it is 
saved in this database. This VI reads all the template names and stores them in the indicator Templates 
 

 

1/2 

Readswitch 

 

This VI uses the In Port.VI to read the status of the specified port address.  The VI reads the status of Base 
address + 3 and base address + 1 and uses those values to determine the identity of the active switch 
position and determine the status of the power to the 10-channel stepping switch. 
 

 

1/2 

messagebox 

 

This VI displays a dialog box that informs the user that a particular experiment has finished and prompts the 
user to change to the next sample. The program does not proceed until the user clicks on the OK button. 
 

 
 

1/0 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

write relay 

 

This VI writes to an 8 channel FP-RLY-420. 
 

 
 

2/2 
 

readTC 

 

This array uses FieldPoint VIs to read the values of all the thermocouples on the FP-TC-120 @ 1 & FP-TC-
120 @ 2. These temperatures are then put into an array using the sample thermocouple array on the 
Sample Info tab. For example, sample #1 may use thermocouple #3 so the VI takes the value for 
thermocouple #3 and puts in into an array corresponding to the index of sample #1.  Also, the VI determines 
whether or not each channel has an open-circuit. Temperatures that read 1770°C are open-circuits which 
cause the TC1open or TC2open Boolean arrays to become true.  
 

 

3/4 

PowersuiteDDE 

 

This VI uses DDE commands to start an EIS measurement. In order to run an EIS measurement, the cell 
name (recordname), template, and database need to be specified.  The setpoint temperature is only needed 
to append the cell names. 

 

. 

8/0 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

EditdatabaseMe 

 

This VI edits data of the newly created recordset in the database file (*.mdb). The VI uses SLQ to find the 
last recordset in the Table "DataSetProperties" of the last database file (*.mdb). In the column "Description" 
various experiment information, such as the time and temperature, are recorded. 
 

 

3/1 

shiftTempDown 

 

This VI moves setpoint temperatures down an array index each time it the Shift button is clicked.  By doing 
this, a new setpoint temperature and equilibration time row is added at the 0th index to that new parameters 
can be easily added. 
 

 

1/2 

shiftTempUp 

 

This VI moves setpoint temperatures up an array index each time it the Shift button is clicked.  This is useful 
when one of the temperatures in the array has already been finished and the program needed to be 
restarted. 
 

 
 

1/2 

LoadINI 

 

This VI loads a text file (*.smt) that contains the cell name, template, database, and thermocouple channel 
for a given experiment.  This data is stored using CreateINI.VI. 
 

 

0/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

CreateINI 

 

This VI creates a text file (*.smt) that contains the cell name, template, database, and thermocouple channel 
for a given experiment.  The stored data can then be reloaded using LoadINI.VI. 
 

 

2/0 

CreateWBINI 

 

This VI creates a text file (*.wbt) that contains the setpoint temperature and equilibration times.  The data 
can be reloaded using the LoadWBINI.VI. 
 

 

1/0 

LoadWBINI 

 

This VI loads setpoint temperatures and equilibration times for a *.wbt text file. 
 

 
 

0/1 

Readrelay 

 

This VI uses FieldPoint VIs to read the status of the FP-RLY-420 relay module. 

 
 

1/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

autofill 

 

This VI copies the data from the template and database array and copies it to other parts of the array. In 
addition, the VI increments the thermocouple channel array.  The VI requires the starting index and the 
finish index which is supplied through the Start_Finish VI.  This VI does not copy any sample name 
information. 
 

 

4/1 

Start_Finish 

 

This VI is a pop-up window that allows the user to (1) select the index number to be copied and the last 
index and (2) select the last index to paste data.  This VI is only useful with the Autofill.VI 
 

 

1/3 

Parstatus 

 

This VI reads the status of the EG&G lock-in amplifier and potentiostat using EG&G command sets and 
GPIB communication protocols. 
 

 
 

Other SubVIs used: : 

0/4 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

FindPowersuiteWindow 

 

This VI uses LabVIEW VIs to search through all the active windows and find the name of the window that 
contains the words PowerSuite. Once this window name is found, various window operations, such as 
minimize, maximize, or close, can be performed. 
 

 
 

Other SubVIs used:  

1/3 

changesetpt 

 

This VI changes the setpoint of the waterbath using serial commands.  The new setpoint temperature is the 
0th index of the Array of the Waterbath Data cluster. 

 

 
 

Other SubVIs used:  

2/1 

closeps_exe 

 

This VI makes the EIS LabVIEW VI active then searches for the PowerSine window and closes it using the 
LabVIEW. 

 
 

Other SubVIs used:  

0/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

Openps_exe 

 

This VI opens the software PowerSine that controls the potentiostat. After the command is sent to open the 
software, it waits until DDE can read the templatelist (If PowerSine is not open, the DDE commands in 
Frame #1 return an empty string). The PowerSine window is then minimized and control is returned back 
the EIS LabVIEW window. Also, the VI returns two Boolean indicators to show the status of the PowerSine 
software.  Once the templatelist is not empty, the ProgramOpen indicator is true. However, the 
ExperimentOpen is only true when the active PowerSine window does not read “No Experiment –
PowerSuite".  This indicator is useful in knowing when the current experiment file has properly closed. 

 
 

Other SubVIs used:  
 

0/1 

InstrUpdate 

 

This VI updates all the instrument controls and indicators, including the FieldPoint DAQ, potentiostat and 
lock-in amplifier, and PowerSuite. 

 
 

Other SubVIs used:  
 

0/1 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

Serial Communication 

 

This VI performs bidirectional communication with a port.  It initializes the port, writes a string to the port, 
and performs a read with timeout.  The Read with Timeout.VI will wait until the requested bytes are 
available or the time limit is up, whichever comes first. 
 

 
 

Other SubVIs used:  

4/3 

LabVIEW<->GPIB 

 

A device connected to a GPIB bus can be written to or be read from using this VI. Select the GPIB address 
of the device, choose Read or Write or both, type in the characters to be written, and run the VI. If you 
choose both Read and Write, the VI will write to the device first, and then read from the device. Before using 
this VI you should initialize the GPIB address according to the device's specifications with the "GPIB 
Initialization" function. 

 
 

Other SubVIs used:  

5/3 

Serial Read with 
Timeout 

 

The Serial Read with Timeout.VI will read the requested byte count unless a timeout condition is met first. 
The VI will wait a set amount of time for the requested bytes to become available at the serial port buffer.  If 
the bytes do become available, the VI will read the characters and return immediately. 
 

 

3/3 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

WinUtil Master 

 

This VI has the ability to call three different functions in LVWUTIL.DLL.  If called in succession, the Windows 
Task List can be programmatically generated.  See Get Task List.VI.  Calling these functions incorrectly 
can cause LabVIEW and / or Windows to crash!! 
 

 
 

Other SubVIs used:  

3/3 

Show Window 

 

This function will show a previously hidden window. The window named in the 'window name' input is used 
to identify the target window if 'window refnum' is invalid.  If the window cannot be found, an error will be 
returned and 'window refnum out' will be invalid. 
 

 
 

Other SubVIs used:  

3/2 

Minimize Window 

 

This function will minimize the window named in the window name input, or identified by the window refnum. 
If an invalid window refnum is passed in, then the function will use the window name to get a window 
window refnum.  If the window cannot be found, an error will be returned. 
 

 
 

Other SubVIs used:  

3/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

Quit Application 

 

This VI will close the application identified by window ID in or by the name of the application window.  Note 
that the window to be closed must have no owner or parent window. 
 
For example, this VI will not work if sent to another LabVIEW VI window - use LabVIEW's built-in Exit 
function to quit LabVIEW. 
 

 
 

Other SubVIs used:  

3/1 

Run Application 

 

This VI will launch another application as if you used the Run... command from Program Manager's or File 
Manager's File menu.  If the wait until closed? setting is TRUE, the VI will wait until you close the application 
before continuing.  The names of Task List windows are returned in the window names array. 
 
You can also choose how the window for the application will appear (for Windows applications only) with the 
run minimized?  
 
If an error occurs, the code is returned in the error cluster. 

 
 

Other SubVIs used:  

6/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

Maximize Window 

 

This function will maximize the window named in the window name input, or identified by the window 
refnum.  If an invalid window refnum is passed in, then the function will use the window name to get a 
window window refnum.  If the window cannot be found, an error will be returned. 
 

 
 

Other SubVIs used:  

3/2 

Move Window to Top 

 

This function will make the window named in the 'window name' input, or identified by the 'window refnum' 
the top window, and activate it (default case).  If 'not a window refnum' is passed in, then the function will 
use the window name to get a window window refnum.  If the window cannot be found, an error will be 
returned. 
 

 
 

Other SubVIs used:  

4/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

Set Window Z-
Position 

 

This VI actives a specified window and makes it the uppermost window.  This is necessary in order to 
perform SendKey operations. 
 

 
 

Other SubVIs used:  

4/2 

Get Window RefNum 

 

This VI will use the FindWindow API function to retrieve a window refnum for the window identified by
window name.  'window name' is the text appearing in the title bar of a window.  If the window cannot be 
found, the window refnum out will be 'Not a Window Refnum', and an error will occur. 

 
 

Other SubVIs used:  

2/2 

PostMessage Master 

 

This VI acts as a "Master" for various vis that use the LVPostMessage function in the LVWUTIL.DLL library. 
This is basically just the PostMessage API function with a WM_SYSCOMMAND message, but also does 
some additional checking for the existance of the targeted window. 

 
 

Other SubVIs used:  

3/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

SendKey 

 

This VI closes the active experiment in the program PowerSine. This is accomplished by mimicing the 
keystrokes used to close the file (ALT + X,ALT + C).  After the experiment has been closed, the 
EditDatabaseMe.VI can edit the data of the last recordset.  
 
Sends the given "Virtual Key" and "ShiftState" to the window referenced by "WindowHandle". If 
"WindowHandle" is "Not a Refnum", the text is sent to the currently active window. If "WindowHandle" was 
not "Not a Refnum", the window handle of the previously active Window is returned in "Previous 
WindowHandle". 
If "ErrorIn" is TRUE nothing happens and "Previous WindowHandle" returns "Not a Refnum". 
 

 

 
 

Other SubVIs used:  

4/2 

SetActiveWindow 

 

Activates the Window referenced by "WindowHandle" and returns the handle of the previously activated 
window in "Previous WindowHandle". 
If "ErrorIn" is TRUE nothing happens and "Previous WindowHandle" returns "Not a Refnum". 
 

 
 

Other SubVIs used:  

2/2 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

FindWindow 

 

Looks for the window named "WindowName" and returns the corresponding WindowHandle. 
If found, "WindowFound" is TRUE.  Used in conjunction with SendKeys 
 

 
 

Other SubVIs used:  

2/3 

HandleShiftState 

 

This VI sets the status of the ALT, CTRL, SHIFT keypads for use in the SendKey.VI. 

 
 

Other SubVIs used:  

3/1 

DoKbdEvent 

 

This VI sends the keystroke configuration to the MapVirtualKey Mode 0.VI for performing keystroke 
operations. 

 
 

Other SubVIs used:  

3/1 

MapVirtualKey Mode 
0 

 

This VI performs the operations to mimic manual keystrokes. 

 
1/1 
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SubVI Name Description and SubVI Connections Inputs/ 
Outputs 

GPIB Error Report 

 

Interpret the Status bits returned by a GPIB function and report the status and any error as text. If Dialog is 
True, the error message will be reported in a dialog box, and the user will have the choice of aborting or 
continuing. 

 
 

4/2 

Extract Window 
Names 

 

This VI accepts an array of unsigned bytes and separates it into an array of strings.  The string elements 
must be separated by double NULL characters. 

 

1/1 

Window Refnum 

 

This variable returns a reference to a Window name and is used in the WinUtil Master.VI. Type 
Def. 

Not a Window Refnum 

 

This variable returns an empty string when a reference to a Window name is not found and is used in the 
WinUtil Master.VI. Type 

Def. 

WindowHandle 

 

The variable refers to a particular Window name and is used for the SendKey.VI. Type 
Def. 
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D.3 Main.VI Diagram 

0

 
Figure D.9.  Diagram of the 0th frame of the major sequence block. 
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1

 
Figure D.10.  Diagram of the 1st frame of the major sequence block. 
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Figure D.11.  Diagram of the 2nd and 3rd frame of the major sequence block. 
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4.C1.b

4.C2.b4.C3.a

4.C3.b

4.C3.d

4.C3.c
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Figure D.12.  Diagram of the 4th frame of the major sequence block, including diagrams of three case structures (4.C1 – 4.C3). 
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4b

5.C1.b.a
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5.C1.a

5.C1.b

5.C1.b.b

5.S1.0

5.S1.1

5.S1.2

 
Figure D.13.  Diagram of the 5th frame of the major sequence block, including 1 case structure (5.C1) and 1 sub-sequence block 
(5.S1). 
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6.C1.a 6.C2.a
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Figure D.14.  Diagram of the 6th frame of the major sequence block, including 2 case structures (6.C1 and 6.C2) and the 0th frame 
of a sub-sequence block (6.S1.0).  Also shown is the 0th frame of sub-sequence (6.S1.0.0) within the sub-sequence block 6.S1.0. 
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6.S1.0.1

6.S1.0.1.0

6.S1.0.1.1 6.S1.0.1.2

6.S1.0.1.3 6.S1.0.1.4

 
Figure D.15.  Diagram of the five frames of a sequence block on 6.S1.0.1. 
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6.S1.0.2

6.S1.0.4

6.S1.0.3

6.S1.0.5

 
Figure D.16.  Diagram of the frames 6.S1.0.2 - 6.S1.0.5. 
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6.S1.1

6.S1.1.0

6.S1.1.1 6.S1.1.2

 
Figure D.17.  Diagram of frame 6.S1.1, including all three frames of a sub-sequence block (6.S1.1.0 - 6.S1.2). 



 

 

349

6.S1.1.5 6.S1.1.6

6.S1.1.3

6.S1.1.4

 
Figure D.18.  Diagram of the frames 6.S1.1.3 - 6.S1.1.6. 
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6.S1.1.10.C2.c.0

6.S1.1.10.C1.a

6.S1.1.9

6.S1.1.10

6.S1.1.7

6.S1.1.8

6.S1.1.10.C2.a

6.S1.1.10.C1.b 6.S1.1.10.C2.b 6.S1.1.10.C2.c

6.S1.1.10.C2.c.1 6.S1.1.10.C2.c.2  
Figure D.19.  Diagram of the frames 6.S1.1.7 - 6.S1.1.10.  Also shown are diagrams for two case structures (6.S1.1.10.C1 and 
6.S1.1.10.C1) found in frame 6.S1.1.10. 
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6.S1.1.11

6.S1.2

 
Figure D.20.  Diagram of the frames 6.S1.1.11 and 6.S1.2. 
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6.S1.3.C1.a

6.S1.3.C1.b.0

6.S1.3

6.S1.3.C1.b

6.S1.3.C1.c

6.S1.3.C1.b.1

6.S1.3.C1.c.1

6.S1.3.C1.c.2

6.S1.3.C1.c.0

 
Figure D.21.  Diagram of the frame 6.S1.3, including the diagram of the case structure 6.S1.3.C1.  Also shown are all the frames 
of two sub-sequences (6.S1.3.C1.b and 6.S1.3.C1.c). 
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7.S1.1

7.S1.0
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Figure D.22.  Diagram of the 7th frame of the major sequence block and both frames (7.S1.1 and 7.S1.0) of a sub-sequence. 
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8.C1.a

8.C1.b 8.C1.c 8.C1.d
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Figure D.23.  Diagram of the 8th frame of the major sequence block and four diagrams (8.C1.a - 8.C1.d) of two True/False case 
structures. 




