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Chapter IV. 2.  
 

Polymeric Electrolytes: an overview 
 

John B. Kerr 
 

Lawrence Berkeley National Laboratory, 
Berkeley, California, 94720, USA 

 
Introduction. 
 

Ionically conducting polymers have been the focus of much fundamental and 
applied research for many years. Polyelectrolyte membranes have found significant 
technological use in the production of chlorine and caustic soda1, as  separators in fuel 
cells2, 3 and in electrodialysis4, 5 for example. The discovery of ionic conductivity in 
polyethylene oxide solutions of alkali metal salts 6, 7 led the way for the introduction of 
polymer electrolyte in devices such as lithium batteries and electrochromic windows8, 9. 
Since those early days many books10-13, book chapters8 and reviews9, 14-19 have been 
published on these materials and the reader is referred to these for more detailed 
information.  

In a recent article Scrosati and Vincent 15 have listed the desired properties of a 
polymer electrolyte for use in lithium batteries. These are adequate conductivity, high 
cation mobility, good mechanical properties, good interfacial contact with electrodes, 
wide electrochemical stability, chemical and thermal stability, safety and ease of 
processing. This set of properties is understandably difficult to obtain in a single material 
and a number of different classes of polymer electrolyte materials have been defined 
which possess most but not all of the desired properties. Wright14 has further elaborated 
on this classification and defined them as: 

1. Solvent-containing gel and hybrid systems. 
2. Solvent-free, ion-coupled systems. 
3. “Single–ion” systems and systems with reduced anion mobility. 
4. Decoupled systems. 

These classifications are useful for distinguishing different mechanisms of ion transport 
in the bulk separator. However, the complete property requirements are most easily 
appreciated in the context of the lithium battery application and it is a purpose of this 
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chapter to attempt to link the theoretical considerations of ion transport with the practical 
requirements of the battery in order to provide a rationale for material selection. For this 
we shall explore a mix of quantum chemistry, molecular dynamics, synthesis, mechanical 
and transport property measurements with system modeling and chemical reactivity 
considerations. Although this is by no means an exhaustive survey of useful techniques 
and approaches, it is hoped that it will provide an overview of the methods available to 
study the problems involved in preparation and use of polymer electrolytes. 
 
Lithium ion transport in lithium batteries. 
 

Rigorous performance demands are made by battery engineers on organic 
electrolyte solutions in rechargeable lithium batteries. These materials, whether liquids, 
gels or polymers, are in intimate contact with strongly reducing lithium metal or lithiated 
carbon and with reactive, highly oxidizing metal oxides related to materials widely used 
for catalysis in other fields of technology. Figure 1 shows a schematic diagram of a 
typical lithium battery system which shows the basic components and the role of the 
electrolyte in separating the electrodes while facilitating the passage of lithium ions 
between them.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
Figure 1. Schematic diagram of a rechargeable lithium battery (relative thickness of the 

electrolyte exaggerated relative to the electrodes).  
 

In any rechargeable lithium battery capable of achieving desirable performance 
three main processes must occur. Lithium ions must pass from the anode into the 
solution, ions must be transported across the separator efficiently (good lithium ion 
transport properties) and react or be intercalated efficiently and reversibly at the cathode. 
Since the battery should be recharged, the process must be reversed with very high 
efficiency (>99.99%) in order to achieve a high cycle life. In addition the electrolyte must 
not react with the electrodes while the battery is at open circuit thereby providing a long 
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calendar life (15 years for electric vehicle use). Since no organic compound is 
thermodynamically stable to 0 volts vs. lithium metal, these requirements are stiff indeed! 
Fortunately, the formation of surface films at the electrodes limits the extent of these 
reactions and reduces the rates to levels that allow the useful cycle and calendar life of 
the battery to be achieved. An extensive review on this topic has recently appeared20 to 
which the reader is referred. For the present discussion however, it is important to note 
that these surface films provide layers with very different transport properties from the 
bulk electrolyte and through which the lithium ions must pass. These layers are 
frequently referred to as the solid electrolyte interphase or SEI and they play a crucial 
role in both the cycle life and also in the rate capability of the battery. 

Although chemical and thermal stability of the bulk electrolyte would seem to be 
a prerequisite for long life, the most commonly used liquid electrolytes in Li-ion batteries 
(ethylene carbonate/dimethyl carbonate/LiPF6) are not stable on standing21. They have 
been shown to react on standing to form transesterification products, a reaction that is 
catalyzed by the presence of acids or bases in the electrolytes. Such acids and bases can 
be formed through oxidation or reduction reactions at the electrodes or they may be 
present in the electrolyte itself either as an impurity (HF) or an intrinsic property of one 
of the components. LiPF6, LiBF4 and LiAsF6 have all been shown to generate the Lewis 
acids PF5, BF3 and AsF5 which are known to catalyze the ring-opening polymerization of 
ethylene carbonate22 to polyethylene ether carbonates and other polymer materials with 
the accompanying production of CO2 gas. Even though these electrolytes appear to be 
unacceptably reactive, the reactions play an important role in the formation of the SEI 
and hence the cycle and calendar life of the battery. 

 Prior to the development of intercalation anodes for lithium ion batteries, much 
attention was given to the behavior of the rechargeable lithium metal electrode with 
liquid electrolytes such as 1,3-dioxolane23-25, THF and 2-methyltetrahydrofuran (2-
MeTHF)25-27 containing LiClO4, LiBR4 and LiAsF6 salts. The Lewis acidity of the AsF5 
formed from the AsF6

- was found to play a crucial role in forming surface layers that 
enhance the cycling efficiency.   Impressive cycle lifetimes were obtained for the lithium 
electrode under certain conditions (LiFOM > 100). Parameters such as the purity of the 
electrolyte and the lithium metal, prior history (exposure to heat or light), presence of 
surface-active additives or impurities and cell stack pressure were all found to affect the 
results. With lithium metal electrodes, loss of capacity was found to be due to chemical 
reactions and morphological changes that convert the lithium into a form that is not easily 
recoverable. This can be insoluble lithium salts or isolation of lithium metal through 
dendrite growth that produces “mossy” lithium. The suppression of lithium dendrite 
growth was and still remains a critical safety and reliability issue that could not be easily 
solved with liquid electrolytes. The reaction of volatile and flammable organic solvents 
with finely divided lithium powder was found to be an insurmountable safety problem.  
Polymer electrolytes, however, are not volatile and although they do react with lithium 
metal and oxidizing metal oxides28 the slow delivery of fuel to the reaction site limits the 
rate of reaction and prevents runaway reactions. This safety feature plus a perception that 
polymer electrolytes inhibit dendrite growth have lead to the intense interest in solvent-
free materials over the last twenty years. 
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Solvent-free, ion-coupled systems. 
 

The commonest polymer electrolyte investigated has been based on polyethylene 
oxide which is commercially available in a relatively pure state at reasonable cost. It was 
found by Wright that the polymer could dissolve alkali metal salts to provide ionic 
conductivity. Figure 2 illustrates how the polymer achieves the dissolution of the salts by 
complexation of the metal ions via binding interactions between the ether oxygens and 
the metal ions. As shown in Figure 2 it is possible to bind the ions via one or more chains 
depending on the metal ion and the structure of the polymer chain itself. The figure 
shows that the number of donor atoms bound to the metal ion may also vary and in a 
dynamic fashion that gives rise to the movement of the ions along the polymer chains. 
The interaction of the anion is also shown where the anion binds or is ion-paired to the 
cation to form a neutral or even a negatively charged cluster species. The figure shows 
contact ion-pairs although solvent separated ion pairs are also possible. Intuitively, it is 
expected that the conductivity of the material will be favored by the formation of a higher 
concentration of charged species. Reduction of the ion-pair binding strength may be 
achieved by the use of anions such as bis(trifluoromethylsulfonyl) imide ((CF3SO2)2N-), 
often referred to as TFSI or imide, which delocalize the negative charge over the large 
anion structure29. The anion in this case is dissociated from the cation and does not 
interact significantly with the polymer chains. Its motion requires free volume between 
the polymer chains. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Solvation of Lithium and other metal ions by polyethylene oxide 
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In parallel with the decreased binding of the lithium ion with the anion, the 

strength of binding (or solvation) to the polymer increases. Thus, although there is a 
higher concentration of free lithium ions, they are more tightly bound to the polymer and 
mobility is restricted by the need to break the stronger bond in order to move along the 
polymer chain or from one chain to another. It was found early in the study of polymer 
electrolyte salt solutions that the most significant contribution to conductivity occurred 
through the amorphous phase where there is segmental motion of the polymer chains. 
Although the crystalline phases are of significant interest in order to understand the 
thermodynamics and conformations of the ion-polymer complexes30, 31, the ionic 
conduction through these immobile phases is much slower. Thus the semi-crystalline 
PEO-lithium salt electrolytes exhibit reduced conductivities at temperatures below the 
melting point of the complex. Similarly, the conductivity falls precipitously at 
temperatures below the glass transition temperature (tg) where the segmental motion of 
the polymer ceases and the chains are immobilized. This evidence demonstrates the 
strong coupling between the polymer chain motion and the mobility of the lithium ions. 

A rule of thumb for the design of a polymer electrolyte is therefore to prevent 
crystallization and to reduce the tg as much as possible. The larger the difference in 
temperature between the operating temperature and the tg, the more vigorous is the 
segmental motion. Unfortunately, both crystallinity and high tg are linked to good 
mechanical properties (shear modulus, tensile strength, creep compliance), which are 
necessary to prepare practical materials that will act as separators as well as electrolytes. 
A major goal of polymer electrolyte design is to de-couple the ion transport from the 
mechanical properties. 

 
Effect of Polymer Molecular Structure (Architecture). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Linear chain polymers 
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A first approach is then to alter the structure of the polymer to remove the 
crystallinity, at least in the temperature range of interest. Figure 3 shows the chemical 
structures of commercial PEO, PEMO (also known as oxymethylene-linked polyethylene 
glycol 400 or amorphous PEO32) and a PEO/PPO/AGE co-polymer patented by 
HydroQuebec33 (PPO = polypropylene oxide; AGE = allyl glycidyl ether). These are all 
linear chain polymers and the latter two polymers exhibit significantly less crystallinity 
and lower melting points than PEO. In fact, the polymer complexes with LiTFSI exhibit 
no sign of a melting transition in DSC measurements down to -100oC. The introduction 
of the oxymethylene link, the propylene oxide group or the allyl ether group prevent 
crystallization due to the irregularity of the chains that disrupts the packing of the chains 
into regular forms necessary for crystallization. The glass transition temperatures of these 
linear polymers are all less than -65oC and hence they are viscous liquids with moderate 
mechanical properties for high M.Wt. (> 500k) samples.  

All of the polymers shown in Figure 3 may be cross-linked after film formation 
by reaction with radical species such as those provided by AIBN or UV radiation. 
However, this is quite uncontrolled chemistry that may result in a non-uniform material 
as the reactive radical intermediates are quite unselective. Over reaction results in a high 
density of cross-links, leading to an increase in tg, reduced segmental motion and lower 
conductivity. Non-uniform cross-linking (or curing) yields non-uniform current densities 
through the membrane which will lead to rapid failure (e.g. dendrite growth). The allyl 
ether group, however, may be selectively reacted with hydrosilyl cross-linkers34, 35 to 
provide uniform films from the more controlled and selective chemistry. It is worth 
noting that commercially available PEO contains butylated hydroxytoluene (BHT) to 
inhibit attack on the polyether chains by radical species formed from oxygen or light. 
Higher M.Wt. grades of PEO are actually prepared by radiation cleavage of very high 
M.Wt. PEO (5-8 x 106) which illustrates the sensitivity of these materials to radiation. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Comb Polymers.  Optimum side Chain Length = 5-6 EO Units. 
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Figure 4 shows a series of comb polymers with different backbones and side 
chains containing ethylene oxide (EO) units similar to those in PEO. The materials are 
completely amorphous at all temperatures. The optimum length of the side chains is 
found to be between 5-6 EO units due to the appearance of crystallinity as the length of 
the side chains grows and resembles PEO. For shorter side chains the influence of the 
backbone is stronger and leads to lower conductivity. The polymer backbone influences 
the conductivity due to the stiffness (polystyrene) and polarizability (polyacrylate). In 
these cases short side chains (2-4 EO units)  lead to reduced conductivity36, 37. The PEPEx 
and PVEx polymers show less sensitivity to the side chain length as their backbones are 
more flexible38-44. Polyphosphazene45-47 and polysiloxane48, 49 backbones exhibit similar 
properties as do highly branched polymer architectures50-53. The tg values for the comb 
polymers are lower than for the linear polymers and their mechanical properties are much 
more liquid–like due to the molecular shape. 

The conductivities of the polymers in Figures 3 and 4 are shown in Figure 5 as a 
function of temperature for polymer-salt complexes with lithium TFSI at a salt 
concentration of one lithium ion to 20 or 30 oxygens in the polymer. One can 
immediately note the lower conductivity of the PEO electrolyte at low temperatures due 
to the crystallinity. The linear amorphous polymer solutions show higher conductivity at 
low temperatures consistent with the lack of crystallinity while the comb materials show 
even higher conductivity at low temperature, which is consistent with greater segmental 
motion due to the more freely moving side chains that have free end groups51. All of the 
materials show the familiar convex, bent shape that has the VTF form related to the 
polymer chain motion. For rechargeable lithium batteries, acceptable performance for 
electric vehicle and typical consumer applications requires a conductivity of between 10-4 
and 10-3S/cm. Thus PEO performs adequately at 80oC but no system provides acceptable 
transport properties at ambient temperatures. In order to provide adequate performance at 
low temperatures it is important to elucidate the factors that control the dependence of 
transport properties on temperature. 

 
 
 

 
 

 
 

 
 
 
 
 
 
 
 

 
Figure 5. Comparison of conductivities of comb-branch polymer electrolytes (20:1 

LiTFSI) with linear and networked co-polymers (HQ data USP #5,755,985) 
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Effect of Polymer Solvation Structure. 
 
The foregoing results provide an example of how change of the molecular 

structure may lead to improved ion transport through an increase of the polymer chain 
mobility. Much research effort has been expended in the synthesis of novel polymer 
structures to increase the lithium ion mobility but no true, dry polymer electrolyte has 
been shown to provide better performance than the comb materials shown here. The 
effects of the architecture change upon the conductivities are generally greatest at 
temperatures below 40oC. Above this temperature one may note that all the materials 
exhibit nearly identical conductivity dependence with temperature. This is Arrhenius 
dependence and is consistent with a process with an activation energy involving the 
making and breaking of chemical bonds. Since all of the polymers use ethylene oxide 
units (EO) to solvate the lithium ions it seems reasonable that the rate determining 
process involves breaking and forming oxygen-lithium bonds that occur in the same way 
for all polymers containing EO solvation units. Thus, at low temperatures close to the 
glass transition the segmental motion of the polymer chains is the slow process. At higher 
temperatures this motion increases to a point where the rearrangement of the solvation 
sphere becomes rate determining. This is illustrated schematically in Figure 6 which 
shows an exaggerated motion of a comb polymer side chain combined with the solvent 
rearrangement as the ion moves from one chain to the next. Recent neutron scattering 
experiments have provided support for this scheme54-56 through the identification of two 
distinct types of relaxation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Schematic contributions of segmental motion and solvation to ionic mobility. 
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ion to move the solvated ion passes through an activated complex. This may be formed 
by dissociation of an oxygen-lithium bond to form a less coordinated complex followed 
by formation of a new Li+-O bond to a different point in the chain or on a new chain. An 
alternative mechanism would involve an increase in the coordination number in the 
activated complex with either the same chain or a second chain (or segment). The 
rearrangement involving multiple chains will be slower as a result of the decreased 
entropy of the intermediate complex in the case of either mechanism and may imply that 
chain to chain transfer is rate determining. 

If the nature of the solvation is rate determining for ion mobility there should be a 
change in the temperature dependence of the conductivity upon a change of the groups 
involved. Figure 7 shows a comparison of a number of polymers complexed with LiTFSI. 
In particular, those that contain propylene oxide units (CH2CH(CH3)O), carbonate 
(OCOO) and trimethylene oxide (TMO, CH2CH2CH2O) appear to show different 
temperature dependences at temperatures above 40oC where segmental motion is not rate 
determining. In comparison, a liquid or gel electrolyte shows less pronounced 
temperature dependence in this range than any of these electrolytes due to the vehicular 
mechanism of ion transport. For liquids and gels the solvent molecules travel with the 
ions so the bond breaking and forming is less important to the ion transport.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 7. Temperature dependence of conductivity for polymer electrolytes containing 
different solvation groups. 
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unpromising structures before an extensive effort is made to prepare appropriate 
polymers. There is an extensive literature on different levels of modeling for polymer 
electrolytes10, 17, 57-62. Among this work are some calculations relevant to the polymer 
structures whose conductivities are shown in Figure 7. Quantum chemical calculations 
have been carried out to estimate the binding strength of lithium ions to polyalkyl oxides 
as a function of the coordination number (1-6) and the nature of the solvating group (EO, 
PO and TMO)63. These calculations show that the binding energy of the TMO groups are 
higher for TMO than for PO and EO at coordination numbers up to 6 when the steric 
crowding of the TMO forces a longer Li –O bond length and the binding energies drop 
below those of the EO and PO. This is consistent with early literature reports that 
polyTMO polymers did not dissolve lithium salts64. Methods of estimating the height of 
the activation barrier for movement of the lithium ion along the polymer chain have been 
developed based on a mechanism that involves an intermediate with a lower coordination 
number65, 66 and a comparison of polymer structures containing EO and TMO groups 
indicates that the barriers are lower for the TMO polymers67. Figure 8 illustrates the 
movement of the lithium ions along the polymer chain where the arrow points to the 
lithium ion and illustrates the method of calculation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Calculated reaction pathway for migration of the lithium cation along a 

polyethylene oxide (PEO) chain. The PEO is modeled by diglyme and the cation 
moves by making and breaking Li-O bonds. The energies are in kcal/mol from 

HF/6-31G* calculations63, 67. 
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polymers have been prepared with varying contents of EO and TMO units and the 
temperature dependence of conductivity, the glass transition temperature as a function of 
salt concentration are shown in Figure 9. The polymers in this case are the polyepoxide 
ether polymers with different proportions of EO and TMO units in the side chains which 
vary from all EO to all TMO units67, 68. It can be clearly seen that as the proportion of 
TMO in the polymer increases the low temperature conductivity increases and the 
dependence of tg upon the salt concentration decreases. However, it is very striking that 
the temperature dependence of the conductivity above 40oC is unaffected indicating that 
the motion along the chain as calculated is not rate determining. 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Conductivity as a function of temperature and glass transition temperature as a 

function of Li TFSI salt concentration for comb polymers with structures like the 
PETMO3 shown but with some or all of the TMO units exchanged for EO. 
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The results of these combined synthetic and theoretical efforts have yet to 
establish the physical phenomena that limit the mobility of the ions.  However, the 
possibilities have barely been explored as there many structures such as carbonates, 
polyethylene imide (PEI) and polyalkylsulfide (PES)61 that may be synthesized to test the 
limitations of these electrolyte systems.  To date, the barrier to ion transport remains 
undefined in the simple systems. Efforts have been made to investigate the influence of 
different phases such as the use of block copolymers69-74  that provide different 
environments for the solvated  ions, rigid polymer systems such as glassy75 or 
crystalline76 electrolytes that contain defects as well as “polymer–in-salt” systems77. 
These approaches show promise to provide information that will elucidate the nature of 
the limiting process in the ionic motion although they do introduce further complexity 
into the system. The presence and effect of different phases on the behavior of the 
polymer electrolyte is of great interest not only for the effect on ionic mobility but also 
for the understanding of the interfacial behavior at electrode surfaces. 

 
Effect of surfaces on polymer electrolyte behavior. 

 
There has been much interest in the behavior of polymer electrolytes in 

combination with fillers such as nano-particulate fumed silica, alumina and other ceramic 
materials78-84. Most of these studies have been carried out with high M.Wt. PEO and have 
reported improvements in conductivity, transference number and interfacial behavior 
with lithium metal electrodes upon addition of the ceramic fillers. The effect of the fillers 
has been shown to be partly due to a suppression of the crystallinity of the PEO 
electrolyte but increases in conductivity have been observed at temperatures above the 
melting point of the polymer system which indicate some different mechanism is in play. 
It was noted many years ago that the method of electrolyte preparation and the presence 
of fillers could alter the mechanical and transport properties85, 86 and the presence of 
solvent impurities and the thermal history of the semi-crystalline materials can lead to 
wide variations in the measured properties. Unfortunately, most of the studies are 
complicated by the fact that commercial PEO already contains about 3% fumed silica 
plus some residual calcium salts from the manufacturing process. The fumed silica is 
added as a desiccant and binds impurities such as water and other solvents to its surfaces. 

The observation of increased ion transport with added nanoparticles at higher 
temperatures is not universal. Johansson and co-workers observed no increase upon the 
addition of fumed silica to LiTFSI solutions in PEO and PEMO84. Their observation is 
more consistent with reports in the rheology literature that would lead one to expect a 
decrease in ion transport properties. For example, Tsagaropoulos and Eisenberg have 
reported on the observation of a second glass transition at higher temperatures upon 
addition of fumed silica nano-particles to various polymers87, 88. They have ascribed this 
behavior to the inhibition of polymer segmental motion by interactions between the 
polymer and the particle surface which leads to the development of immobile layers. As 
the proportion of filler particles increases the immobile layers overlap leading to a 
distinct phase from the polymers in the bulk of the material and hence to the observation 
of a second tg at values as much as 100oC above the first one (see Figure 10). The second 
tg was observed using dynamic mechanical analysis but the behavior has been confirmed 
by recent neutron scattering measurements which showed the existence of two distinct 
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relaxation processes in the presence of the fillers89. The behavior is dependent upon the 
nature of the polymer-surface interaction, the polymer molecular weight and any cross-
linking, be it covalent or ionic as in the case of a polymer electrolyte. It has been reported 
that for high M.Wt. polymers the second tg is not observed but the tg increases due to the 
restriction of the polymer chain motion by multiple particles90. As has been noted by 
Eisenberg these effects are not confined to solid polymer systems but also play a role in 
polymer gel systems and hence are likely to influence transport properties in composite 
electrolytes and electrodes in lithium ion and lithium–polymer gel batteries as well as 
solid “dry” polymer electrolytes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10. Eisenberg model of the effect of nanoparticles on the mobility of polymer 

chains.  
 

The effect of surfaces and thin film geometries on the properties of polymers 91-97 
is of general interest to materials scientists due to the relevance to the properties of 
composites, laminates and the field of adhesion98, 99. In general these effects derive from 
the inhibition of the polymer motion by the surface either through formation of some 
form of binding or by geometric restriction of some modes of motion. This accounts for 
the inhibition of crystallization and may in some cases result in an increase in mobility of 
the polymer chains close to the surface compared to the bulk. The nature of the 
interaction between the surface and the polymer may lead to increases of the chain 
motion and lower tg values if the surface is appropriately treated to minimize the 
polymer-surface interaction92. On the other hand very strong polymer-surface interactions 
can lead to the formation of an immobile layer at the surface. If this surface happens to be 
an electrode it implies that the mechanism of ion transport through the surface layers at 
the electrode is different from the bulk polymer where segmental motion predominates. 
The study of nano-particle fillers may therefore be useful for understanding some of the 
complex processes that occur at the electrode surface in the SEI layers. 
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A recent study of the effects of added nanoparticles upon the ion transport and 
mechanical properties of PEO electrolytes has provided results that allow reconcilement 
of the apparently contradictory mechanical and conductivity measurements100. Firstly, 
PEO was purified to remove the fumed silica added by the manufacturer to provide a true 
measure of the PEO properties when complexed with lithium salts. This material was 
compared with commercial PEO containing the 3% fumed silica (lab-purified) and with 
commercial PEO containing added nanoparticles fillers (hydrophilic Aerosil A200 and 
hydrophobic Aerosil R805), 10% by weight. The conductivities are plotted against 
temperature in Figure 11a for the LiTFSI solutions in these PEO samples while Figure 
11b shows the compression elastic modulus as a function of frequency at 80oC for the 
same LiTFSI-PEO samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 11: (a) Conductivity versus (b) compression elastic modulus (right) of low 
molecular weight (2×105) P(EO)20LiTFSI at 80oC. Amount of fumed silica added is 10%. 
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The results clearly show that the conductivity is higher in the absence of 
nanoparticles while the modulus is lower. Crystallization occurs below 60oC as seen by 
the break in the conductivity curve in Figure 11(a) and the presence of the filler materials 
does not suppress this. The compression modulus increases and the conductivity 
decreases as fillers are added in these experiments where care was taken to exclude 
moisture. A striking result, however, is that the addition of the hydrophobic filler material 
provides almost as much increase in mechanical strength as the hydrophilic material yet 
the conductivity decrease is much smaller, indicating the different effects of the surface 
groups. In this case the hydrophilic filler has SiOH groups on the surface while with the 
hydrophobic group the surface OH groups are capped with octyl groups to provide the 
hydrophobicity. The results illustrate the effects of the polymer–surface interaction upon 
the segmental motion and in this case the ionic motion appears to largely avoid the 
hydrophobic surface layers. It might be noted that similar interfacial effects might be 
expected with diblock copolymers that promote microphase separation and generate a 
polar/non-polar interface70, 72-74, 101. 

Addition of impurities such as water through exposure of the samples to 
atmosphere has been shown to have an effect on conductivity for certain salt systems. In 
the case of the LiTFSI-PEO system exposure of the membranes to atmosphere did not 
result in appreciable changes in the conductivity in the presence or absence of ceramic 
fillers. However, for lithium triflate and lithium perchlorate systems such exposure led to 
an increase in the conductivity particularly in the presence of the ceramic fillers. The 
effect appears to be greater at low temperatures where crystallization is inhibited 
although increase of conductivity was observed above the melting point. Clearly, 
adventitious water is absorbed by the filler material to create a layer on the surface of the 
particles that can provide a pathway for the ions to move more easily than through the 
bulk of the polymer. Addition of filler particles such as activated alumina has long been 
used to scavenge residual water in organic solvents and electrolytes102, 103 and this 
desiccant effect is likely the source of the reported improvements in interfacial behavior 
with lithium electrodes. The concentration of the water and other polar impurities on the 
filler surfaces provides a physical basis for the proposal of Kumar that there is a change 
in dipoles at the interface83 and is consistent with some of the other observations 
concerning Lewis acidity of the surfaces78, 104. 

These composite and multiphase systems are intrinsically interesting for the 
insight they provide into ion transport mechanisms in solid polymer electrolytes. Studies 
on this behavior also provide valuable information on how the electrolytes behave next to 
electrode surfaces and how the composite electrode structures should be formulated to 
obtain the best mass transport conditions in the electrolyte in confined spaces. Since 
similar interfacial issues arise with gels and liquids the issues raised here for the solid 
polymer systems are relevant for gel polymer and liquid lithium ion systems as well as 
fuel cell electrodes where the desired power densities and rates are very much higher. 

 
Gel Polymer Systems. 
 

 The introduction of small molecule additives or plasticizers into a solid 
polymer electrolyte system leads us into the area of polymer gel electrolytes. These are 
electrolyte systems that consist of a polymer matrix combined with a solvent system. The 



16 

salt may be dissolved in the solvent or may be attached to the polymer framework as is 
the case in the familiar polyelectrolyte membrane, Nafion®, used in chlor-alkali 
electrolyzers and in fuel cells. Two articles have recently appeared  that describe polymer 
gel systems105, 106 of the former type where polymer matrices selected from PVDF, PAN 
and PEO are used to form a gel with liquid electrolyte systems that are commonly used in 
lithium ion systems. Two types of polymer gel battery systems are generally under 
investigation. One is where a polymer gel is sandwiched between lithium ion battery 
electrodes where a different polymer (PVDF) from the separator is used as binder in the 
electrode107, 108. The second type is often referred to  as the Bellcore system and refers to 
a porous polymer gel system prepared from copolymers of  vinylidene fluoride with 
hexafluoropropylene, PVDF-HFP, and typical lithium ion battery electrolytes, LiPF6/EC-
DMC109-113. In this case the polymer binder in the electrodes is identical to the polymer in 
the separator and the co-polymer formulation is chosen to reduce the crystallinity and 
optimize the uptake of solvent into the separator and electrodes. These gels often contain 
fumed silica particles to provide improved mechanical properties114-116. In fact, gel 
electrolytes with excellent mechanical properties and liquid-like transport properties have 
been prepared with only the presence of fumed silica particles which form a network 
structure that contains a polyethylene glycol dimethylether (PEGDME) solution of 
LiTFSI salts117-120. These systems show great promise as they combine excellent 
mechanical properties with high rate capability and the potential for good chemical and 
electrochemical stability with the electrodes while providing enhanced safety, lower cost 
and more flexibility in packaging than a conventional lithium ion cell. 

The operation of the gel polymers is dependent upon the presence of the solvent 
molecules that travel with the ions just as occurs in a liquid. Thus, the conductivity and 
salt diffusion coefficients approach those of liquid electrolytes (> 10-3S/cm, 10-7cm2/s at 
room temperature)111, 121, 122. The polymers and ceramic networks provide the mechanical 
strength by forming networks through which the liquid is able to migrate. This network 
formation is a function of the properties of the polymer or particle surface and how it 
interacts with the solvent cluster as it moves through the matrix. The best known  system 
for this is the presence of clusters and multiplets that form lamellar pathways in 
polyelectrolyte gels as is well known for Nafion® and other polyelectrolyte membranes3, 

123. As such these solvent-network interactions and gel-electrode interactions are simply 
extensions of the issues considered above for the effect of surfaces on dry polymers and 
consequently many of the considerations are similar. The ability of the network system to 
completely contain the liquid and prevent leakage is of great importance as is the 
potential for the gel to retard reactions, prevent thermal runaway and enhance safety. 
From a manufacturing point of view polymer gel systems are of interest as the gel 
precursors can be introduced into the cell as a liquid and gelled in place, thereby greatly 
simplifying the manufacturing process. There are, however, a number of drawbacks with 
this procedure that will be more apparent after discussion of the design needs of practical 
lithium batteries in the next section. 
 
Polymer Electrolytes in Lithium Batteries. 
 

Since the intense interest in polymer electrolytes is nearly always justified by the 
use of these materials as separators in lithium batteries, it is clearly important to bear in 
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mind the requirements of this application. Our schematic of a lithium battery in Figure 1 
may be elaborated upon as shown in Figure 12 to provide us with more insight into the 
conditions that the polymer electrolyte is expected to operate under. Inspection of the 
figure shows a lithium metal anode in contact with a polymer electrolyte where the 
polymer chains are represented by the thin lines and the salt ions are dispersed through 
the electrolyte. The lithium metal thickness and the electrolyte separator are each on the 
order of 30-50µm thick. The composite cathode is represented by the mixture of large 
cathode particles (vanadium, manganese or cobalt oxides) which are about 1-10µm in 
diameter, carbon black nanoparticles (10-100nm diameter), polymer chains and salt ions 
in a layer that is about 50-100µm thick. The purpose of the carbon nanoparticles is to 
provide an electronic conduction path from the current collector to the cathode particles. 
The polymer electrolyte has to function as a binder for the cathode particles so that they 
remain in electronic contact as well as to provide a pathway for ionic conduction through 
the electrode to the surfaces of the cathode particles. In the case of a gel polymer the ions 
with their accompanying solvent molecules must travel through the confined spaces 
between the electrode particles while for a dry polymer system, the polymer segmental 
motion must be maintained in the restricted spaces to provide ionic mobility or some 
other mechanism of ionic transport may operate.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12. Schematic of a lithium polymer-metal oxide battery showing the environment 

for the operation of the polymer electrolyte. 
 
Consideration of these requirements immediately provides some perspectives on 

the approaches that have been used to improve the conductivity of polymer electrolytes. 
The barriers to ionic transport occur more in the composite electrodes than in the 
separator110, 111, 124, 125.  Hence, one can immediately see the difficulties for the 
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introduction into a composite electrode of glassy polymers75, composite systems with 
more particles 78, 82, 83, 115or regular structures such as layered72-74 or crystalline30, 76 
phases. It would be unreasonable to expect similar behavior in the composite electrode as 
is observed in the bulk separator. As we have seen from our discussion of the effects of 
surfaces on polymer dynamics, this is equally true for polymer electrolytes that depend 
on segmental motion or vehicular motion of solvent. While battery engineers continue to 
use composite electrodes this will be a challenge. However, Sadoway and Mayes have 
pointed out the possibilities of thin-film battery systems126 and these novel systems may 
become more practical as large-area, thin-film technology is developed for applications 
such as organic and polymer light emitting diodes for area lighting for example127. In 
either composite or thin-film electrode systems the electrolyte will continue to have an 
interfacial region and therefore the study of composite polymer electrolytes will continue 
to provide invaluable information. 

In addition to the physical changes that the electrode surfaces may impose upon 
the electrolytes one must also consider chemical changes that occur due to interactions 
between the electrodes and the electrolytes. In the case of lithium metal one can expect 
cleavage of carbon-oxygen bonds to occur leading to lithium alkoxides and alkyl-lithium 
compounds on the electrode surfaces20, 26, 128. If these lithium compounds remain 
connected to polymer chains the resulting strong interaction will lead to immobilization 
of the polymer chain close to the surface. The complex surface reactions are critical for 
the formation of effective SEI layers at both lithium metal, carbon and alloy electrodes20 
and indeed there is evidence that the salt anions may be more reactive than the polymers 
under some circumstances129. Corresponding oxidation chemistry is expected to occur at 
the cathode surfaces. Ethers are known to be oxidized at potentials less than 4V vs. Li130-

132 and, while carbonate solvents appear to be electrochemically stable to greater than 
5V133, preceding chemical reactions may occur to yield more easily oxidized species21, 

134. In any event, side reactions that involve oxidation of electrolyte at the cathode will 
likely generate hydrogen ions that may initiate further reactions in the organic medium 
which can lead to further bond formation or cross-linking. These reactions can drastically 
change the nature of the electrolyte-surface interaction and as we have seen this can have 
significant effects on polymer dynamics close to the electrodes. 

The surface effects combine with the mechanical and transport properties of the 
bulk polymer electrolyte to provide a complicated system that is best approached from a 
system model point of view125. Consideration of how the system behaves in the 
application can be related back to the molecular models of transport and reactivity to help 
guide the selection and design of the appropriate materials that can provide the desired 
improved performance68. 
 
The Effect of Transport Properties on Cell Performance. 
 

In the previous discussion on lithium ion mobility, the conductivity was primarily 
used as a measure of the effects of the various structural changes. To properly describe 
the transport properties of an electrolyte containing n components requires knowledge of 
(n/2)(n-1) transport properties. For a binary salt polymer electrolyte system these 
properties are conductivity (σ), salt diffusion coefficient (Ds) and transference number 
(t+

o) where the transference number is defined as the number of moles of ion constituent 
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crossing a reference plane fixed with respect to the solvent when one Faraday of current 
is passed135. For a gel electrolyte six transport properties would be required while for a 
polyelectrolyte only one is required, the conductivity. The impact of the transport 
properties results from the electrode processes in the cell. In most lithium ion battery 
systems only the lithium ion undergoes any reaction at the electrode while the anion does 
not undergo a reaction. Thus, when the lithium ion is removed from solution by 
intercalation into or deposition on to the electrode, the anion will move towards the other 
electrode and tend to accumulate there. This will set up a concentration gradient next to 
the electrode which will be relaxed by diffusion. A system with a large salt diffusion 
coefficient such as a liquid electrolyte will be able to relax the concentration gradient 
sufficiently to prevent concentration polarization from becoming a problem. The higher 
the current density or power requirement, the larger this needs to be in order to prevent 
voltage losses due to concentration polarization. The development of the concentration 
gradients in the lithium–polymer battery is shown schematically in Figure 13.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13. Effects of transference number and salt diffusion coefficient on salt 

concentration profiles upon Li-polymer cell discharge. 
 

The figure shows the development of an increase in salt concentration at the 
anode with time of discharge while within the cathode there is a depletion of salt 
concentration until it reaches zero. This limits the accessibility of the cathode towards the 
back of the electrode. These processes are complex and have been exhaustively analyzed 
by the Newman group125, 136-141 and the reader is referred to this body of work for detailed 
information. On recharging the battery the salt concentration is depleted next to the 
lithium electrode while the concentration increases occurs within the composite 
electrode. The only way to avoid these concentration gradients is to immobilize the anion 
on the polymer to form a polyelectrolyte where t+

o=1. The system modeling uses 
concentrated electrolyte theory and porous electrode theory135 to predict the behavior of 
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Figure 14. Salt Diffusion Coefficient (Ds) and transference number (t+

o) for LiTFSI-
PEMO as a function of salt concentration and temperature (40, 60 and 85oC). 
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the batteries and to successfully accomplish this requires knowledge of the transport 
properties in the bulk of the separator and also within the composite electrodes. Rigorous 
methods for measurement of transport properties in the bulk of the polymer electrolyte 
separator have been developed121, 122, 142-144 and these have been used to provide values 
for a number of important systems142, 145-148. The values of the transference numbers and 
salt diffusion coefficients are found to vary with salt concentration and temperature for 
any particular system and the values for the PEMO-LiTFSI system are shown in Figure 
15. It has been found that the values are affected by phase changes in the electrolyte at 
high concentrations and by side reactions with the lithium metal electrodes at low 
concentrations. However, the values in the concentration range 0.5-2.5M appear to be 
quite usable as they accurately predict cell behavior (e.g. limiting current at various 
temperatures). These numbers were used to model the lithium/polymer/V6O13 system124, 

125 and to predict the energy and power density of the system. The analysis demonstrated 
that the transport properties of the PEMO-LiTFSI system at 85oC were adequate to obtain 
the energy and power density that is desired for electric vehicle use but that performance 
at lower temperatures was seriously inadequate. It is from analyses such as these that the 
conductivity goal of polymer electrolytes of 10-3S/cm at room temperature has evolved 
but it is necessary to measure all the relevant transport properties to correctly predict 
battery performance. 

From the earlier discussion on the effects of surfaces and nano-particles on the 
polymer dynamics, it is not unreasonable to expect that the transport properties of the 
polymer electrolyte may be altered within the composite electrodes and that this may lead 
to performance that is different from the model predictions, particularly at high rates 
where the diffusional relaxation may be significantly altered by the presence of nano-
particles. Some hint of this phenomenon has been noted in the comparison of the 
performance of Bellcore gel polymer batteries with model predictions111. Reduction of 
the salt diffusion coefficient by a factor of two or more was necessary in order to fit the 
model predictions to the high rate behavior. A similar comparison of model predictions 
with discharge and charge behavior has not yet been completed for lithium-polymer 
systems. However, examination of the cell cycling behavior by current interruption 
techniques indicates that the mass transport effects are very significant. Figure 15 shows 
the voltage profiles of discharging and charging of a lithium metal/PEO-LiTFSI/V6O13 
while the current is interrupted for one hour after ten minutes of current flow at 
0.1mA/cm2. The insets in the figure show the relaxation of the cell at the top of charge 
and at the bottom of discharge. One can observe significantly larger concentration 
polarizations at the top of charge which is consistent with the increase of salt 
concentration within the cathode structure that is relaxed more slowly due to the change 
in transport properties within the composite. The discharge capacity declines rapidly 
under these cycling conditions. The correlation of capacity fading with poor transport 
properties has also been demonstrated for a number of electrolytes with manganese oxide 
cells149 and the formulation of the composite electrode system has to take into account the 
potential effects of surface-polymer interactions on the polymer dynamics. It has been 
noted that modification of the carbon particle surfaces with PEG chains leads to 
improved cycle life150 and it is common practice to include surfactants in the cathode mix 
that improve the cycle behavior149 presumably by modifying the carbon-polymer 
interaction. 
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Figure 15. Pulse polarization of a Li metal/PEO-LiTFSI/V6O13 in discharge and charge 

modes. The cell is charged or discharged for 10 minutes followed by a 1 hour relaxation. 
 

Impedance measurements taken during the course of the cell cycling demonstrates steady 
increase of impedances (see Figure 16) that are generally identified as the interfacial or 
charge transfer impedance. Modeling of the impedance response of cells is a complex 
subject151, especially as the response is a mixture of the two electrodes unless steps are 
taken to introduce a reference electrode. The response can be controlled by solid-state 
diffusion or electronic conductivity within an electrode, ionic diffusion in the electrolyte 
phase or interfacial, charge transfer kinetics. In Figure 16 one can observe changes in the 
impedance as a function of state of charge and the development of several impedances 
which may be related to processes going on at either or both electrodes. Even more 
interesting is the observation of dependence of the impedance on the time that the 
measurement is taken after current is turned off. Figure 17 shows the impedance plots for 
a lithium/PEO-LiTFSI/lithium cell that is polarized five times in the same direction at 
0.2mA/cm2 for 2 coulombs of charge/cm2. The impedance of the cell is taken 30 seconds 
after the current is turned off (a) and then again after one hour (b). The “charge transfer” 
impedance is observed to change with time, indicating that some of this impedance is due 
to salt concentration gradients close to the electrode surface. In some cases the impedance 
actually decreases with time while in other cases it increases. It can be observed that the 
impedance appears to return to a similar value indicating that no irreversible process has 
occurred that would indicate growth of the SEI layer through chemical reactions or the 
growth of dendrites. In this case, the current density used (0.2mA/cm2) was well below 
the limiting current (>2mA/cm2) as calculated from the transport properties and cell 
geometry. It can further be noted from the time dependence of the impedance spectrum 
and the increasing polarization observed on passing current that one hour is still not 
enough time for the concentration gradients to completely relax 
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Figure 17. Impedance of a Li/PEO-LiTFSI(1:30)/Li cell at 85oC polarized at 0.2mA/cm2 
for 2 coulombs of charge. Impedance recorded after (a) 30 seconds and (b) one hour after 

current stopped. Five separate polarizations designated 1-5Z in order. 
 

These observations illustrate that the performance of lithium polymer batteries is 
dependant upon the behavior of the electrolyte at the interfaces. As noted previously, the 
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polymer dynamics in composite systems is influenced by the nature of the electrolyte-
surface interaction and by the restriction of movement that the presence of the surface 
causes. Even in the case of the planar lithium metal electrode we have observed 
significant effects. The salt concentration gradients that build up on the electrodes can 
lead to depletion on one electrode and very high concentrations that can lead to salt 
precipitation on the other. Effects of high concentration may also be felt long before 
actual precipitation occurs. Figure 9 shows that as the salt concentration increases the 
glass transition temperature of the polymer electrolyte increases. This effect is more 
severe for EO-containing polymers and is even more pronounced for linear PEO and PPO 
polymers than the comb polymers shown in Figure 9. The combination of high salt 
concentration and the interaction with the electrode surface indicates that the electrolyte 
layer next to the electrode is likely to be very restricted in motion if not actually a glass. 
This implies that the mechanism of ion transport through these surface layers is different 
from the bulk and that these layers contribute to the interfacial impedance observed in the 
polarized cells. Understanding of how ions move such layers is of great importance and 
the study of ion transport in less mobile polymer systems takes on added relevance in this 
context75, 76. 

Figure 9 shows that the dependence of the glass transition temperature upon 
concentration is much reduced for the TMO-containing polymers and hence they would 
be expected to generate less interfacial impedance. This is observed at lithium metal 
electrodes where the TMO comb polymers with LiTFSI typically give an interfacial 
impedance of about 50 ohm-cm2 compared to 100 ohm-cm2 for PEO-LiTFSI. As 
mentioned above, although the introduction of the TMO groups was disappointing in 
terms of producing an increase in the bulk conductivity of the polymer electrolytes, the tg 
salt-dependence provides very valuable properties that can lead to greatly improved cell 
performance by reduction of the interfacial impedance. The importance of interfacial 
impedance on cell performance can be appreciated by use of system modeling.. In the 
Li/PEMO-LiTFSI/V6O13 model calculations referred to above124 the interfacial 
impedances were accounted for by use of a value for the anode film resistance which was 
taken to be 0.01 ohm-m2 or 100 ohm-cm2.  It was found that the peak power that could be 
obtained from the cell is very dependent on the value that is selected. The results of 
calculations of peak power that varied this resistance are shown in Figure 18152. The 
decrease in interfacial impedance observed on replacing EO polymers with TMO would 
lead to a near doubling in the peak power capability. More sobering, however, is the 
effect of an increase in the interfacial impedance. Since reduction of the cell operating 
temperature to 25oC typically results in an increase in interfacial impedance to greater 
than 1 ohm-m2 even for TMO polymers, this indicates that useful rates of discharge with 
a polymer electrolyte will not be possible even with high room temperature conductivity 
unless the interfacial impedance problem is also solved. Thus, the studies of the effects of 
surfaces on the transport properties take on an even greater importance for all types of 
batteries and fuel cells. 
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Figure 18 . Dependence of Peak Power on Anode Film (SEI) Resistance152. 
 
Polyelectrolyte Single-Ion Conductors. 
 

The properties demanded of polymer electrolytes for good performance in lithium 
batteries that we have discussed now include a forbidding list. In addition to chemical 
and electrochemical stability, adequate transport properties are necessary both in the bulk 
of the separator and at the electrode surfaces. This is difficult to attain if the 
electrochemical processes lead to the development of concentration gradients at the 
surfaces and the transport properties are degraded at extremes of concentration. A way to 
avoid this is to use polyelectrolyte single-ion conductor materials which have a 
transference number t+

o=1. With these materials no concentration gradients will develop 
as the anions are unable to move and accumulate on one side of the cell. However, the 
loss of anionic mobility results in lower conductivity. The electrolyte portion of the cell is 
therefore limited by ohmic resistance rather than the concentration polarization. Here 
again modeling provides invaluable guidance for the design of materials and for targeting 
appropriate performance goals.  

The best known polyelectrolyte material is Nafion®, an ionomeric comb polymer 
with a PTFE backbone and fluorinated ethylene oxide side chains that are terminated 
with sulfonate anion groups. A number of similar fluorinated materials have been 
examined for gel polymer systems quite recently153-155 where the ionomeric membrane is 
swollen with a solvent. Conductivities greater than 10-4S/cm have been reported.  Several 
attempts have been made to prepare lithium and sodium polyelectrolytes for use in 
solvent free systems156-169and the most successful of these have the comb structure with a 
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pendant anion similar to the structures shown in Figure 19. A typical comb structure will 
have several comb side chains with no attached anion for every side chain with an 
attached anion and this allows the concentration of ions to be controlled163, 167. The best 
conductivities for these polyelectrolytes approach 10-5 S/cm at room temperature. The 
nature of the anion has been shown to play a role through its ability to delocalize the 
negative charge and hence reduce the strength of ion-pairing to the lithium or sodium 
ions. Strong ion-pairing as occurs with the alkylsulfonate anion tends to bind the cation 
and slow its motion through the electrolyte. Replacement of the sulfonate group with 
fluoroalkylsulfonates leads to a significant increase in conductivity163.  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. Examples of pendant anions on comb structures for single-ion conductors.  
 

Molecular modeling has been carried out on polyelectrolyte systems using Monte 
Carlo methods170, 171. The results of this modeling imply that the comb-type systems are 
the optimal architecture when combined with appropriate anions and that the ideal length 
of the side chains can also be estimated. Comparison with the behavior of the 
corresponding binary salt systems also allows prediction of the optimum salt 
concentration for bulk conductivity. It turns out that the optimum ionomer salt 
concentration is about half that of the binary salt system. This is an important result as the 
lower salt concentration can lead to lower costs of the electrolyte and probably to better 
interfacial behavior. A controlling factor in the behavior of the polyelectrolyte is the 
value of the glass transition temperature. As the ionic concentration increases so does the 
glass transition temperature and the mobility of the side chains is accordingly diminished. 
With higher salt concentration there are more charge carriers so that conductivity is 
increased. Thus an optimum is reached where the ion concentration is maximized before 
the effect of the rising glass transition temperature reduces the polymer mobility. Here 
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again, introduction of more flexible backbones and side chains such as the TMO units 
should depress the tg while allowing a higher concentration of ions to be used. 

Unfortunately, little work has been reported on the behavior of single-ion 
conductors in real lithium batteries. Most reports refer only to efforts to increase the 
conductivities usually because the conductivities are so low as to be impractical. One 
report exists on the impedance behavior of a polyelectrolyte with sodium electrodes169 
but little satisfactory data has been obtained on the interfacial behavior of 
polyelectrolytes. System modeling has been employed to estimate the behavior of 
polyelectrolytes in real cells and to determine the conductivity that is actually needed. 
The system modeled was the Li/V6O13 cell and the results were compared with the binary 
salt system using the transport properties shown in Figure 14. For both systems an “ideal” 
polymer material was modeled and this was the binary salt system at 85oC and a 
polyelectrolyte system with conductivity of 10-4S/cm. An “available” polymer was the 
binary system at 40oC and a polyelectrolyte with a conductivity of 4 x 10-6s/cm which is 
the conductivity at 40oC of the fluorinated methide anion system shown in Figure 19. The 
results of the modeling124 show no clear advantage for either system and both provide 
rather poor power capability due to the effect of the interfacial resistance. It was also 
noted that increased power and energy density results from increasing the voltage of the 
cell which highlights the need to maximize the stability of the electrolyte to high voltage 
cathodes. The modeling exercise does demonstrate that achievement of lithium 
polyelectrolyte conductivity between 10-4 to 10-3 S/cm at ambient temperatures is a 
worthwhile goal provided that the interfacial impedance is kept below 50 ohm-cm2. 

 
Chemical and electrochemical stability of polymer electrolytes. 
 

As we have discussed, the delivery of the lithium ions to the electrode surface is a 
complicated process. Once there, the dynamics of the layers at the electrode surface is 
even more difficult to unravel and yet they are critical for the efficiency of the 
electrochemical reaction. Large surface resistances to electron or ion transfer will lead to 
slow kinetics, large activation polarizations and side reactions. Side reactions lead to loss 
of cycling efficiency, capacity fading and an increase of interfacial impedance due to 
deposition of products at the interface or soluble products that may migrate to other 
surfaces where reactions may occur that reduce efficiency. Given the inherent reactivity 
of organic materials to 0V versus Li, it is indeed remarkable that any lithium battery is 
feasible. The critical role of the SEI layers on the electrodes is the subject of intense 
investigations20. These layers must possess a remarkable set of properties. They must not 
react with the electrode itself and they must separate the reactive electrode from the 
sensitive electrolyte. However, the SEI layer must allow the passage of lithium ions with 
a minimum of resistance. To achieve this degree of selectivity it is necessary that the 
layers behave as single-ion conductors and that the mechanism of ion conduction is 
different from the bulk of the solution. The SEI layers must also accommodate changing 
geometry of the electrode under different states of charge. For intercalation electrodes 
this involves volume changes as the lithium ion intercalates while for lithium metal shape 
changes and dendrite growth must be accommodated. In the latter case, changes in the 
surface area of the electrode occur that expose the electrolyte to fresh lithium metal. The 
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electrolyte must then participate in the formation of fresh SEI layer to protect against 
further reaction. 

From the previous discussion concerning the effect of surfaces on polymer 
dynamics, one can appreciate that the passage of the lithium ions through the surface 
layers is complex indeed. The presence of resistive layers may lead to depletion of ions at 
the electrode to levels where their concentration can no longer support the current 
demanded. In such cases electrons must be injected into or removed from other species 
present in the solution. These species can include the anions of the salt (C-F bond 
breaking, for example) or the solvent molecules themselves. Detection of fluoride ion 
demonstrates the reduction of the anion with triflate or TFSI salts. The formation of 
products from side reactions removes lithium ions from use in the battery and leads to 
reduced capacity, particularly if the electrode capacities are balanced. Often, however, 
one electrode is in large excess (e.g. lithium metal) and the loss of lithium is not noticed.  

Our understanding of the electrode dynamics may be helped by the chemical side 
reactions that do occur. The reactive intermediates which lead to irreversible bond 
cleavage may be related to the mode of electron transfer. It has been shown in the past 
that electrochemical and chemical reactions may involve different reactive intermediates 
and these lead to different product distributions128. The existence of trapped solvated 
electrons has been postulated during electrochemically driven electron transfer172 which 
will lead to bond cleavage (e.g. carbon-oxygen bonds) once localized on a single solvent 
molecule. Since a reaction involving an unpaired electron will favor certain structures 
such as tertiary carbons over secondary or primary carbons, detection of products 
corresponding to this will support the intermediacy of a radical reactive species. Anionic 
cleavage will favor secondary over tertiary carbons and this might be expected to occur 
when two electrons are injected simultaneously as may occur during a chemical reaction 
between lithium metal surface and solvent molecules. From an analysis of the products 
formed from suitable solvent molecules (e.g. 2-MeTHF) one can sometimes gain insight 
into the electrode processes and any corrosion processes that may reduce the capacity of 
the battery. This understanding can then be used to design electrolytes that are resistant to 
the side reactions or which have groups deliberately introduced that lead to the formation 
of desired SEI layers upon reaction. 

For linear polymer electrolytes the effect of bond cleavage is to change the 
molecular weight by breaking the chains and to immobilize the chains on the electrode, 
possibly leading to poorer ion transport through the surface layer. The detection of 
changes in molecular weight and mechanical properties are about all that can be gained 
from linear polymers. Comb polymers are more useful for the investigation of side 
reactions at electrodes as bond cleavage leads to small fragments that can be detected and 
quantified by conventional chemical analysis techniques (surface and bulk spectroscopy, 
gas and liquid chromatography, mass spectroscopy).  Figure 20 shows the structure of a 
comb and how bond cleavage reactions at a negative electrode yield small fragments. 
Similar reasoning can be applied to oxidation reactions. Different reactive intermediates 
will favor certain reaction pathways. For example a radical intermediate will favor 
cleavage of the tertiary carbon in the backbone next to the oxygen while anionic 
intermediates will favor secondary carbons. Thus electrochemically driven reactions may 
favor injection of one electron at a time through electron trapping and lead to cleavage at  
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Figure 20. Degradation pathways of polymers at lithium electrodes. 

 
the tertiary carbon and hence the production of fragments that are the full side chain 
length while corrosion reactions may involve injection of two electrons simultaneously 
through chemical reaction with the metal surface and yield fragments that result from 
bond cleavage all along the side chains. The product distribution would then contain 
products consistent with the preferred point of bond cleavage in the side chain. One may 
also expect that the cleaved lithium alkoxide fragments will contribute to the SEI layer 
and influence the behavior of the electrode. The structure of the electrolyte may therefore 
be designed to provide fragments that promote good interfacial performance and provide 
a means for SEI layer repair during the battery lifetime. The well known but not 
understood difference in the interfacial behavior of ethylene carbonate versus propylene 
carbonate at carbon anodes is an excellent example of this. 

The incorporation of functional groups other than ethers in the electrolyte 
structure has been long studied. Substitution of nitrogen or sulfur for the oxygen61, 173, 174 
not only alters the dielectric constant but also the strength of the donor atom interaction 
with the lithium ion leading to different solvation energies and different energy barriers 
to lithium ion movement. As always, however, the reactivity with the electrodes is critical 
to successful use of a material. The imine and sulfide functions are more easily reduced at 
the anode than the ether groups and hence the presence of a robust SEI layer is required. 
As is well known, however, the highly reactive cyclic carbonates are used successfully in 
lithium ion batteries due to the formation of a remarkable SEI layer20. However, other 
desirable functional groups such as nitrile (e.g. acetonitrile) appear to be unable to form a 
satisfactory film on lithium metal or on carbon and therefore have very restricted use in 
lithium batteries. 
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The ether function reacts with lithium metal also. Figure 21(a) shows some 
vigorous cycling at 85oC of a symmetrical lithium/lithium cell containing the comb 
branch polymer PE(TMO)3 (structure shown in Figure 9) with LiTFSI salt in a 10:1 
oxygen:lithium  concentration ratio. The cell membrane had a thickness of 256µm and 
the current density was set at 0.4mA/cm2. The cell polarization behavior shows a 
transition time that indicates the current is operating above the limiting current. The 
delivery of lithium ions to the electrode is insufficient to support the current and hence a 
second reaction occurs at a different voltage. One may observe that the cell rapidly fails 
due to a dendritic short circuit. Extraction of the cell components for analysis by gas 
chromatography shows the formation of alkoxy alcohols corresponding to cleavage of the 
side chains as shown in Figure 20 with the (TMO)3 unit predominating. However, a 
higher molecular fragment is also seen that corresponds to cleavage of the backbone and 
indicates more complex behavior than our analysis has so far encompassed. 

 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
Figure 21.(a) Cycling of Li/PE(TMO)3-LiTFSI(10:1)/Li at 85oC and 0.4mA/cm2. 

Cell thickness = 256 µm; (b) Gas chromatogram of extracted membrane from (a). 
 

Prior to the cycling at 0.4mA/cm2 shown in Figure 21(a) the cell had been cycled 
at 0.2mA/cm2 for two days to pass a total of 134 coulombs (37.22mAh) with little visible 
change in the impedance (< 5% increase in the interfacial impedance). The cell had been 
cycled during this time at a rate that was below the limiting current where the transport 
properties were sufficient to ensure an adequate supply of lithium ions. The limiting 
current Ilim may be calculated according to the following equation135: 

 
Ilim = FDs∆c/(1-t+

0)L 
 
Where F = Faraday’s constant, Ds = salt diffusion constant in cm2/s, ∆c = the 
concentration difference across the cell in moles/cm3, t+

0 = the lithium ion transference 
number and L = the membrane thickness in cm. The salt diffusion coefficient had been 
measured for this electrolyte using the restricted diffusion method143. Estimation of the 
transference number at about 0.3 allows one to calculate the limiting current and it is 
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found that 0.4 mA/cm2 is above this value, leading to the observation of the transition 
time shown in Figure 21(a).  

While the cell is cycled at values below the limiting current the interfacial 
impedance does not change appreciably except for concentration effects as shown in 
Figure 17. This indicates that the SEI layer that is initially formed (Li2O, LiOH, Li2CO3, 
LiF, LiOR) is preventing appreciable reactions between the newly plated lithium and the 
electrolyte components. However, as soon as the limiting current is reached where 
insufficient lithium ion is delivered, electrons are injected into the solvent molecules 
leading to reactions and dendrite growth is initiated. Dendrite growth increases the 
surface area and reduces the inter-electrode distance therefore increasing the limiting 
current that may be supported. However, the dendrites frequently grow completely across 
the gap leading to a short circuit and failure of the cell as shown in Figure 21(a). 

 
Dendrite Growth. 

 
 The role of the transport properties in the initiation and growth of dendrites is 

well known when the limiting current is exceeded and technological advantage is taken 
of this to electrodeposit metal powders175. If this was the only factor in dendrite growth 
one could simply ensure that the limiting current was never exceeded and a major 
problem for lithium metal batteries would be solved. Unfortunately, dendrites also grow 
at current densities below the calculated limiting current and lead to failure of the cell.  
Considerable attention has been given to the dendrite problem for both liquid and 
polymer electrolytes and it remains the most significant issue preventing the 
commercialization of lithium metal polymer batteries16, 25, 27, 176-182. The unpredictable 
nature of the dendrite growth leads to unacceptable reliability problems as well as safety 
issues due to the formation of “mossy” lithium deposits. A lot of work has been carried 
out on liquid electrolyte systems to study lithium dendrite growth but until the last few 
years the published reports on dendrite growth in polymer electrolytes have been much 
sparser. Recently a number of excellent in situ studies of dendrite growth in PEO 
electrolytes have appeared183-193 that demonstrate the growth of dendrites in polymer 
electrolytes even at current densities that are well below the calculated limiting current. 
The topic of dendrite growth is covered in detail in a separate chapter in this book so this 
discussion will be confined to the role of the polymer properties in dendrite growth. 

During studies of rechargeable lithium metal anodes in liquid electrolyte systems 
it was noted that stack pressure on the cells led to improvements in lithium metal 
cycling25, 27, 194, 195. The liquid electrolyte cells contained a microporous separator and 
through this the pressure was transmitted to the anode surface. These observations led to 
assumptions that polymer electrolytes would also provide better cycling of the lithium 
metal electrode. However, the commonly used polymer system, PEO, is a viscous liquid 
under the typical operation conditions and is not a solid. Some of the recent in situ studies 
have amply demonstrated that dendrites grow rapidly in viscous liquids183, 186, 188 at 
current densities well below the limiting current. In experiments carried out in the 
author’s laboratory, dendrite growth has been observed at virtually any current density 
provide that the polarization continues for long enough. The rate of initiation and 
propagation of dendrite growth appears to be sensitive to a number of factors including 
the presence of impurities129, the transport properties and concentration of the salt38,  
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capacity of the charge cycle68, the presence of filler particles and the molecular weight 
which influence the mechanical properties100.  

For these viscous liquid polymer systems pressure cannot be applied without the 
aid of a supporting separator network. This can be supplied by use of a microporous 
separator, addition of nano-particle fillers or by cross-linking the polymer itself. Cross-
linking is required33, 68, 196, 197 to form a true solid electrolyte with the mechanical 
properties of a solid to inhibit dendrite growth. With an electrolyte with sufficient 
mechanical strength pressure may be applied to the anode33, 198 and the dendrite growth 
further inhibited. Unfortunately, the presence of filler particles and cross-linking tends to 
raise the glass transition temperature, reduce the mobility of the polymer33, 68, 100 and the 
transport properties of the electrolyte decline, leading to a lower limiting current. A 
further consequence is that any modification of the polymer mechanical properties must 
be uniform across the membrane. If non-uniform cross-linking or dispersion of particles 
occurs the current distribution at the anode will be non-uniform and this will encourage 
dendrite growth. Thus, poorly controlled chemistry such as UV and thermal radical 
initiated cross-linking is likely to lead to non-uniformity in the polymer membrane and 
cause problems during cycling particularly at high rates. This is one reason why in situ 
curing of polymer gel systems may not be wise. Development of alternate cross-linking 
chemistry that is more controllable35, 197 is critical to the production of quality lithium 
polymer batteries. 

The previous discussion on the effects of surfaces on the polymer dynamics is 
pertinent to recall at this time. One may recall that the glass transition temperature of 
polymer electrolytes rises with increasing salt concentration (see figure 9). During 
discharge of a lithium metal cell with a binary salt system, the concentration gradients at 
the lithium metal electrode rise to levels that induce phase changes (glass formation, 
precipitation) and  leads to changes in interfacial impedance (figure 17). These changes 
will be enhanced by the presence of filler particles and cross-links in the polymer and 
inhomogeneities in the membrane will induce non-uniform current distribution which 
may encourage dendrite initiation at the opposite electrode in a symmetrical 
lithium/lithium cell. On charging of the lithium metal electrode in a lithium 
/polymer/metal oxide cell, the depletion of salt concentration at the plating electrode will 
lead to a lower tg, higher mobility at the electrode surface and the ability to sustain a 
higher current density. During the charging cycle strong mechanical properties are 
desired at the plating electrode surface to restrain dendrite growth33, 68. However, in the 
metal oxide electrode, salt concentration rises, leading to a higher tg, decreased mobility 
and high interfacial impedance. The presence of strongly-interacting particles such as 
carbon black or cross-linking in the polymer electrolyte, binder or polymers formed from 
electrolyte solvents during the calendar or cycle life will lead to decreased transport 
properties in the composite electrode. This will be the case for dry polymer, gels and 
liquid systems and will result in high impedance and low rate capability. The 
consequence of a non-uniform composite electrode composition will be a very uneven 
current distribution which will encourage the initiation of dendrite growth at the lithium 
metal counter electrode. 

There is a well-developed literature on morphological instability during 
electrodeposition of a variety of metals, which indicates that even a small perturbation on 
the surface will initiate dendrites199-203. The case of lithium is complicated by the 
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reactivity of the metal and the need for a protective film on the surface, commonly known 
as the SEI. A physical example of a perturbation would be non-uniformity in the SEI that 
can give rise to instability and dendrite growth. It is obvious from our discussion on 
polymer dynamics at surfaces how perturbations may arise from the changing properties 
of the polymer electrolyte during cycling and that any design of polymer electrolytes 
must take these factors into account. There is much scope for modeling of the effects of 
such perturbations and how they can induce dendrite growth as cycling is continued. It 
should be noted that the basis of these models assumes that the surface is fundamentally 
unstable and that dendrite growth is inevitable. The goal will be to understand how to 
limit and control the dendrite growth sufficiently for useful battery life.  

 
Mechanical Properties. 
 

The foregoing discussion on dendrite growth highlights the need for better 
understanding and control of the mechanical properties of the electrolytes. The inevitable 
desire to push the battery to the limits of its performance will impose great stress on the 
polymer electrolytes that will rapidly expose any weaknesses. Since the mechanical 
properties of the polymer electrolytes are closely coupled with the transport properties, 
the design of the polymer systems needs to take close account of whether it will be used 
next to a lithium metal electrode, in the bulk of the separator or in a composite electrode. 
Even the seemingly simple process of cross-linking the polymer membrane can introduce 
undesirable properties. For example, Figure 22(a) shows the dynamic mechanical thermal 
analysis (DMTA) of a cross-linked polymer membrane of co-polymer EPE3 and AGE 
(10%) with LiTFSI(20:1) that shows the presence of a second tg indicating non-
uniformity in the material204. Examination of the film by contact mode atomic force 
microscopy (AFM) is shown in Figure 22(b), which shows the presence of non-uniform 
areas. Phase imaging AFM in tapping mode has been shown to be even more useful for 
the study of membrane morphology for fuel cell membranes205 and clearly these are very 
useful techniques for quality control of membranes. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 22. Polymer membranes prepared by cross-linking the co-polymer EPE3 and AGE 
(10%)using hydrosilylation35; (a) DMTA in compression mode at 10Hz. The elastic (E’) 
and viscous (E”) moduli  and the tan δ response are shown as a function as a function of 

temperature. (b) AFM in contact mode. 
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In this case the non-uniformity of the membrane is due to the non-random nature 
of the co-polymer. During the co-polymerization it was noted that the AGE and EPE3 
monomers disappeared at different rates indicating that the polymer was a block co-
polymer and hence the cross-linking was concentrated in the AGE blocks. The membrane   
showed rapid formation of dendrites when it was cycled in a symmetrical lithium/lithium 
cell and this can be ascribed to the non-uniformity of the membrane and the fact that the 
membrane was very thick (400µm) so that the limiting current was low. Unfortunately 
the requirements for quantitative mechanical measurements (~1mm thickness) are 
difficult to reconcile with the need for thin membranes (<50µm) for lithium batteries. 
Nevertheless, useful results can still be obtained if the membrane can be separated from 
the electrodes after cycling. Figure 23 shows the frequency sweep (a) and dynamic 
mechanical thermal analysis (b) of a composite membrane consisting of the cross-linked 
co-polymer of EPE3 and AGE (X-PEPE3), LiTFSI (20:1) and A200 Aerosil fumed silica 
before and after cycling at 85oC in a lithium/lithium cell at 0.2mA/cm2. The membrane in 
this case was about 300µm thick204 and the calculated limiting current was about 
1mA/cm2 based on the transport properties measured in the absence of cross-linking and 
filler particles. The frequency sweep experiments show a decrease in the moduli after 
cycling while the DMTA shows an increase in the area under the tan δ peak, indicating an 
increase in the proportion of polymer undergoing the transition, a decrease in the tg, 
indicating increased mobility and the growth of a shoulder on the low temperature side 
that is a β-transition associated with the movement of the side chains. Extraction of the 
membrane and analysis by gas chromatography showed the presence of peaks 
corresponding to cleavage of the side chains and this is consistent with the growth of the 
β-transition and the loss of mechanical strength from cleavage of the cross-links.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. Mechanical measurements on X-linked PEPE3-LiTFSI(20:1)-A200 Aerosil 
(10%) before and after cycling in a Li/Li cell at 85oC.(a) Frequency sweep; (b) dynamic 

mechanical thermal analysis at 10Hz204.  
 
These results are consistent with the occurrence of bond cleavage during cycling 

of the lithium metal. Both cross-linking and the presence of strongly interacting filler 
particles leads to poorer transport and the salt diffusion coefficient was measured to be 
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reduced by nearly four times by the presence of the cross-linking and the filler particles. 
Thus, the current density was close to the limiting current and the extent of the damage to 
the electrolyte may be explained by injection of electrons directly into the polymer under 
conditions where the supply of lithium ions was insufficient to maintain the current. The 
loss of mechanical strength observed after cycling shows that chemical reactions at the 
electrodes can degrade the structure of the membrane during the life of the cell. In this 
case the degradation appears to be caused by the unexpectedly large decrease in the 
transport properties due to cross-linking and filler particles which are present to inhibit 
dendrite growth. This is an apt demonstration of the need to balance transport properties 
with mechanical properties in lithium batteries as the consequences of chemical reactions 
with the high energy electrodes is very unforgiving. 

 
Conclusions. 
 

The design of polymer electrolytes for lithium batteries is a complex problem that 
needs to be approached with a combination of sophisticated modeling, diagnostic 
techniques and significantly greater synthetic effort than has been applied in the past. 
Molecular modeling is needed to predict the molecular features desired in an electrolyte 
to attain the transport properties required to support the desired rate capability and to 
provide the necessary mechanical strength to act as a separator, inhibit dendrites and to 
bind together the particles of the composite electrodes. These molecular features must 
also be stabilized towards reaction at the electrodes by the formation of an SEI layer with 
almost magical properties. System modeling is needed to set the performance goals of the 
materials that need to be designed and rigorous comparison of the model predictions with 
experiment is necessary. Failure analysis must be accomplished by a combination of 
sophisticated diagnostic techniques together with reaction modeling and synthesis of 
model materials designed to test the modes of failure. Only then can the rates of side 
reactions be related to lifetime issues.  

It is clear that this task is daunting for dry polymer systems and is likely to prove 
difficult for polymer gels if demands are put upon them beyond acting as an adhesive to 
hold lithium ion electrodes together as is mostly practiced today. Our survey of polymer 
electrolyte properties has demonstrated that the desired properties depend critically upon 
the component of the cell where the electrolyte has to function. The electrolyte next to 
lithium metal has to have sufficient mechanical strength to inhibit dendrite growth but the 
means of attaining this should not reduce the transport properties. The polymer 
electrolyte in the composite electrodes should have much more flexibility as the surface 
effects of the electrodes lead to major difficulties with ion transport. This is true in dry 
polymer, gel and liquid systems where polymers are expected to bind the particles 
together. These polymer systems also have to resist reactions with these electrodes over 
the life of the battery so that these desirable properties do not change and degrade the 
performance of the battery.  

Given all of these rigorous requirements, it is hardly surprising that the 
introduction of the lithium metal polymer battery has not yet been successful. In fact, it is 
more surprising that progress has been as successful as it has been given how primitive 
have been the polymer systems used so far in comparison to the severity of the demands 
placed on them by battery engineers. This chapter has attempted to illustrate how 
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modeling, diagnostics and synthesis can be used to design better materials for the 
application. Many of these methods have only become available in recent years so there 
is much exciting work to be done in the coming years. The lithium metal system is 
particularly difficult due to the dendrite issue but holds the most promise for a very high 
energy density, particularly if ways can be found to increase the cell voltage to 4 volts or 
more. This will require the development of multi-layer systems that have a layer resistant 
to lithium metal on the lithium with high mechanical strength and a polymer in the 
cathode that is stable to four volts. Since no single material can combine these chemical 
properties different materials will be necessary in different parts of the cell. As we have 
seen, it is necessary for the electrolyte to possess different mechanical properties in 
different parts of the cell anyway. The nature of these multilayers next to electrodes will 
be the subject of much research and it is encouraging to note that already attempts are 
being made to design and fabricate protective layers on both anodes and cathodes206-208. 
Such efforts are likely only the beginning of an exciting new chapter in the development 
of lithium batteries which will lead to more realistic demands on the battery materials and 
better designed materials for the applications. 
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