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Abstract 

Polymer blend electrolytes are reemerging as an exciting class of industrially relevant 

electrolytes. They replace both the solvent and the salt of conventional electrolytes with 

polymers: termed polysolvents and polyelectrolytes, respectively. In the case of lithium batteries, 

the polyelectrolytes are polyanions that release lithium ions upon dissociation by polysolvents. 

This review defines classes of electrolytes, provides benchmarks and metrics for comparison, 

gives a background on polymer blends, and provides detailed review of reports on blend-based 

electrolytes over the past 17 years. In particular, polyether based polysolvents blended with 

single-ion conducting polyanions are covered, as well as biobased polysolvent blends mixed with 

lithium salts. A few outstanding reports meet polymer-based benchmarks but remain an order of 

magnitude below liquid electrolytes for lithium batteries. Therefore, an outlook is provided on 
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possibilities for a major breakthrough, as are recommendations for further investigation, such as 

the determination of mechanical properties. Currently, polymer blend electrolytes hold great 

potential for high energy density but low power batteries. 

 

Introduction 

Polymer blend electrolytes are reemerging as an exciting class of charged polymeric 

materials. The term blend is used to describe a mixture of two or more polymers. One of the 

main attractions of blends is the ability to formulate different compositions of synergistic 

macromolecular chemistries without the need for a separate polymerization, as is required for 

copolymers. Applications in which polymer blend electrolytes could have an impact include 

actuators/artificial muscles, batteries, biomedicine, desalination, and fuel cells. After a 

background introduction to solid-state batteries and polymer blends, this review will focus on 

polymer blend electrolytes for solid-state batteries. It will define nomenclature and metrics for 

comparing their performance and then describe recent developments in polymer blend 

electrolytes over the past 17 years. 

Solid-State Battery Background 

Motivation 

As alternative energies are adopted, the need for safe, inexpensive, and energy-dense storage 

is of increasing importance. Since the pioneering research of Goodenough, Whittingham, and 

Yoshino, the lithium-ion battery has remained the preeminent battery type in portable electronics 

and is a leading contender for use in electric vehicles.1 While the lithium-ion battery is a 

remarkable technology, recent recalls and concerns about crash integrity in electric vehicles have 
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motivated increased interest in alternative battery technologies to improve both safety and energy 

density.2, 3 Currently, lithium-ion battery electrolytes are composed of lithium salts dissolved in 

organic solvents as exemplified by lithium hexafluorophosphate (LiPF6) in organic carbonates 

such as diethyl carbonate (DC) and ethylene carbonate (EC).4 The reactive/flammable nature of 

these electrolytes has led to concerns about their use in transportation and personal electronics. 

In particular, the potential for thermal runaway, unwanted side reactions, and mechanical failure 

of the separator are some of the greatest concerns.5, 6 This review will focus on a potential 

answer to this issue: polymer blend electrolytes. 

Progress in battery technology is measured by increases in energy density and power density 

that can be conveniently presented in a Ragone plot,7 as well as cost decline. Energy density is 

reaching a natural plateau.8 Further advancement will require going beyond lithium-ion batteries 

by using higher specific energy electrode combinations that use conversion rather than 

intercalation reactions, such as lithium metal negative electrodes with sulfur or oxygen positive 

electrodes.9 Lithium’s low molar mass of 6.94 g/mol give it a remarkable theoretical specific 

capacity of 3862 mAh/g, ten times that of graphite, and its low potential of -3.04 V versus the 

standard hydrogen electrode result in an exceptional specific energy as well.10, 11 However, 

lithium metal is incompatible with conventional liquid electrolytes due to rapid chemical 

decomposition and dendrite formation.4, 12 Polymer electrolytes are a promising means to combat 

chemical decomposition due to their electrochemical stability with alkali metals such as lithium 

and ability to be incorporated into mechanically strong composites that can resist dendrites.13  

Despite the potential for higher specific energy made possible by polymer electrolytes, much 

slower transport of lithium ions results in a significant reduction of specific power. In short, 



 
 

4 
 

polymer-based electrolytes enable the construction of low power, high energy density batteries 

by enabling the use of otherwise excluded electrode materials.   

Importance of Single-ion Conduction 

The study of polymer-based electrolytes began with poly(ethylene oxide) (PEO), whose 

chemical structure is shown in Figure 1. Fenton, Parker, and Wright measured the conductivity 

of PEO when mixed with alkali salts, with conductivities near 10ିଶ S/cm when the melting 

point of the polymer was exceeded.14, 15 Interaction between ether oxygen and alkali cations 

enables dissociation of alkali metal salts, while the low glass transition temperature of PEO, 

െ59 ℃, enables ion transport via segmental motion.16, 17 From this early discovery, research into 

polyether based electrolytes has become widespread in the literature. However, a persistent issue 

has been the relatively low steady state current densities of polymer electrolytes when compared 

to conventional liquid electrolytes and the formation of dendrites. 

 

Figure 1. Poly(ethylene oxide). 

 In the battery field, the polymer blend electrolyte movement was preceded by earlier 

works to form single-ion conducting copolymers based on PEO and charge containing monomer 

units, typically derived from lithium salts. An early series of PEO-perfluorosulfonate copolymers 

was generated by Armand and coworkers in 1995. Lithium salts were functionalized using epoxy 

or alkene groups.18 The monomers were lithium N,N-diallyl-1-amido-tetrafIuoro-ethanesulfonate 

(DaaRFSO3Li), allyloxy-2-tetrafluoroethylsulfonyl fluoride (AlRfSO3Li), and glycydoxy-2-

tetrafluoroethanesulfonyl fluoride (GlyRFSO3Li). Each of these monomers was then 
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copolymerized with PEO, to achieve O:Li ratios of 8:1 and 16:1. The most effective of these 

copolymers was a 16:1 PEO to AlRfSO3Li ratio with conductivities on the order of 10ିସ S/cm.  

This impressive ionic conductivity in a single-ion conducting copolymer has led to much 

research on copolymers of polysolvents and polyanions, largely preceding studies of polymer 

blend electrolytes for lithium batteries. In these copolymers the two components are combined 

covalently and the composition is fixed at the time of synthesis. The reader is referred to 

comprehensive recent reviews that cover this other promising class of polymer electrolytes for 

more detail.19-22 In particular, the review by Strauss et al. and the exhaustive review by Zhang et 

al. cover important advancements in single-ion conducting copolymers since the seminal work of 

Armand's group in the 1990's.19, 20 Due primarily to polysolvent design that suppresses 

crystallinity, copolymers have demonstrated superior performance to that of blends, especially at 

room temperature.23 Despite this, interest in blend electrolytes is growing, for the most part due 

to the ability to determine composition after synthesis, but perhaps also due to the relatively 

limited attention this approach has received as well as the possibility for independent design of 

polysolvent and polyanion. A potential pitfall of blend electrolytes is macrophase separation. 

Unlike copolymer electrolytes in which it is sometimes possible to retain component properties 

in the microphase separated state, phase separation of blends occurs on macroscopic scales that 

are more likely to detrimentally impact material properties. This is true for polymer blend 

electrolytes (the focus of this review) as well as composite electrolytes of polymers and 

inorganic particles, another growing class of electrolytes covered in more general recent reviews 

on solid electrolytes.20, 22 However, studies reviewed herein have demonstrated that considerable 

phase space is available in which polysolvents and polyanions are miscible. 
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In 1999, Newman, Kerr, and coworkers provided powerful support for the use of charge-

containing polyether copolymers through the simulation of the relative performance of different 

classes of polymer electrolytes in a contemporaneously common battery set up of Li metal | 

polymer | LiV6O13.24 This work compared the relative efficacy of the then field-leading binary 

polymer electrolyte, oxymethylene-linked poly(ethylene glycol) (PEMO) with lithium 

bis(trifluoromethyl sulfonyl) imide (LiTFSI) salt, and the leading single-ion conductor, a random 

copolymer containing lithium sulfonated methylpolyethylene glycol acrylate (LiPEGA). 

Computational models developed earlier by Fuller and Newman25 were applied to simulate the 

cycling of these two classes of batteries. Of note were the advantages offered by the reduced 

concentration gradients observed in what they termed the ionomer electrolyte. After three hours 

of elapsed simulation time, the binary electrolyte featured a much larger concentration gradient 

due to relatively equal mobility of the cation and anion while much more of the charge in the 

ionomer membrane was carried by the cation, leading to a reduced concentration gradient. These 

simulations suggest that both the specific energy and the steady state current density of the 

ionomer (LiPEGA) electrolyte was higher than the polymer electrolyte (PEMO + LiTFSI). The 

specific energy and current density that could be achieved with LiPEGA was 41 Wh/kg and 0.25 

mA/cm2 while with PEMO values of 31 Wh/kg and 0.20 mA/cm2 were possible. Thus, this paper 

provided a powerful argument for the use of single-ion conducting polymers to overcome the 

low currents of polymer electrolyte batteries. 

The reduction in concentration gradients simulated by Newman and coworkers in 1999 

reveals a major advantage of polyanion-based single-ion conductors that has spurred recent 

research. During discharge in lithium metal batteries, lithium cations participate in the reactions 

with the electrodes. Conversely, the anion is not involved in the electrochemical reactions. Thus, 



 
 

7 
 

if anion mobility can be restricted, a greater proportion of the electrochemical energy in the cell 

goes towards transporting the cations involved in the redox reactions that generate (or store) 

energy during discharging (or charging). This relative amount of charge carried by the cation 

versus the anion is represented via the cation transference number, t+. 

There are two relatively straightforward methods for determining t+. The first, pioneered by 

Vincent, Bruce, and Evans, uses a cell with reversible electrodes and applies a constant 

voltage.26, 27 t+,SS is the ratio of the initial current to the steady-state current. The second 

calculates t+,NMR from self-diffusion coefficients of the cations and anions measured with pulsed 

field gradient nuclear magnet resonance (PFG-NMR).28-30 Both of these techniques rely on dilute 

solution approximations. In other words, they break down if the electrolyte is not fully 

dissociated. Since we know that PEO-based electrolytes are not fully dissociated at salt 

concentrations relevant to batteries, an alternative approach is necessary.  

A third more complicated approach developed by Newman and coworkers uses potential 

measurements to determine the change in concentration near each electrode after the passage of 

current.31 In order to account for nonideality, a calibration between potential and concentration 

must be conducted with concentration cells and logarithmic slopes calculated. In addition, the 

diffusion coefficient must be known. Therefore, this approach requires three separate 

measurements to determine t0
+. Its distinct advantage over the first two methods is that it holds in 

concentrated solution for any complex set of dissociation states. A variant of this approach was 

applied by Balsara and coworkers and compared to the first two methods.32 Their results indicate 

that ion speciation leads to much lower t0
+ at high salt concentrations than expected based on 

dilute solution theory. Their result is in reasonable agreement with a fourth, more direct method 

for measuring t0
+ called the Hittorf method33 that was used by Bruce and coworkers on a similar 
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polymer electrolyte.34 The Hittorf method determines t0
+ as the ratio of change in moles of salt 

near an electrode, Δ𝑛௦௔௟௧, in response to the total applied charge, Q. The change in moles is 

converted to charge with Faraday’s constant, 𝐹. The Hittorf method is appropriate for semi-dilute 

and concentrated electrolytes, and the primary difficulty is avoiding mixing,35 which is not a 

problem in polymer electrolytes. In the original work the cell was disassembled and sectioned 

and the following expression used to calculate transference number.34 

1 െ 𝑡ା
଴ ൌ

Δ𝑛௦௔௟௧𝐹
𝑄

ൌ
Charge carried by anion
Total charge transferred

      ሺ1ሻ 

The only significant limitation of this method is that sufficiently small 𝑄 must be applied to 

prevent the concentration gradient from extending fully across the electrolyte, whereby transport 

due to diffusion would introduce error into the measurement. An interesting recent method, that 

relies on time-resolved X-ray scattering and simulations, has found a more or less constant 𝑡ା
଴.36 

Based on mediocre agreement among different techniques, a simple but accurate method to 

reliably determine this important parameter would be a significant contribution to the field. 

As implied by Equation 1, during discharging or charging of a battery a salt concentration 

gradient develops that is negatively correlated with the transference number of the reactive ion. 

This concentration gradient causes a concentration overpotential. In other words, it increases the 

difference between charging voltage and discharging voltage. The energy to charge or discharge 

the cell is the product of the charged passed and the voltage. The energy efficiency then is 

𝜂 ൌ
׬ 𝑉𝑖ௗ௜௦௖௛௔௥௚௘ 𝑑𝑡

׬ 𝑉𝑖௖௛௔௥௚௘ 𝑑𝑡
.      ሺ2ሻ 
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Thus, the smaller the difference between charge and discharge voltage the greater the energy 

efficiency. A perfect single-ion conductor will not have a concentration gradient and will not 

have energy efficiency losses due to concentration overpotential.37-39 Moreover, lithium dendrite 

formation is correlated with concentration gradients,40-42 and a lack of concentration gradient in 

single-ion conductors has been reported to retard lithium dendrite formation.43, 44 These benefits 

drive efforts to develop single-ion conductors. The additional motivation to avoid flammable 

volatile components, such as organic solvents, but the need for some solvating species has 

recently led the field to polymer blend electrolytes. 

Early Charged Polymer Blends 

About ten years after the discovery that alkali metal salts dissolve in PEO, the Eisenberg 

group published a seminal study demonstrating that ion-dipole interactions lead to blend 

miscibility.45 In this study, a styrene-lithium methacrylate copolymer was blended with PEO or 

poly(propylene oxide). Interestingly, their group demonstrated that numerous polar polymers are 

miscible with polystyrene ionomers.46 In the early 1990's, Tsuchida and coworkers investigated 

blends of polyanions with alkali metal counterions (including Li+) with oligo(oxyethylene). Their 

studies were the earliest demonstration that, in addition to segmental motion, the strength of the 

ion-dipole interaction affects ionic conductivity.47 This observation has since been verified with 

conductivity and rheology measurements.48  

Since the early work on random copolymers and ionomer blends, focus has shifted to block 

copolymers containing both solvating and ionic components. Notable work has been done by 

Balsara, Park, and their respective collaborators to study and manipulate the morphologies of 

single ion conducting block copolymer electrolytes to enhance transport properties.49-55 In recent 

years, the use of polymer blends has become more common. This movement is a consequence of 
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the relative ease of forming blends of differing composition and the similarity between miscible 

block copolymers and miscible blends. This review will focus primarily on the methodology and 

findings relating to polymer blend electrolytes. Figure 2 shows the growth of the field by 

displaying the number of yearly publications and citations containing the key words “Polymer 

Blend Electrolytes” in the past 30 years. For context, “Polymer Blend Electrolytes” have 

increased from roughly 5% to 8.5% of all publications concerning “Polymer Electrolytes” during 

the period of 2000-2020. As Figure 2 shows, interest in polymer blend electrolytes has 

persistently increased in this young subfield over the last 20 years. 

 
Figure 2. Yearly citations (left axis, squares) and yearly publications (right axis, circles) for "Polymer Blend 
Electrolytes" as tracked by Web of Science.56 
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Neutral polymer blends have been a classic area of soft matter research.57 Fundamental 

understanding of how entropy and enthalpy (i.e. specific interactions) affect miscibility of 

polymer blends has, for the most part, been developed in the context of Flory-Huggins Theory. 

This statistical thermodynamic approach adapted lattice theory for polymers by accounting for 

the much larger size of polymer molecules.58 In contrast to small molecules, in which entropy 

can significantly promote mixing, the contribution of entropy to mixing in polymer blends is 

much smaller. As shown in Equation 3, this is due to the penalty of long chains, embodied in the 

degree of polymerization, 𝑁௜, appearing in the denominator of the first two terms on the right-

hand side (RHS). Thus, specific interactions, embodied by the Flory-Huggins interaction 

parameter (𝜒), play an important role in determining blend miscibility. The energy change upon 

mixing can be written in terms of the Helmholtz free energy (for a constant volume system)59 or 

in terms of the Gibbs free energy (for a constant pressure system).58 The latter tends to be more 

representative of experimental conditions. Two equivalent expressions for the Gibbs free energy 

change upon mixing per lattice site, ∆𝐺̅௠௜௫, are presented in Equations 3 and 4.60 The Gibbs free 

energy of mixing per unit volume, ∆𝐺௠௜௫, is simply related to ∆𝐺̅௠௜௫ ൌ ∆𝐺௠௜௫𝑉௥௘௙ via the 

volume of a lattice site, 𝑉௥௘௙,which can be arbitrarily chosen. 

∆𝐺̅௠௜௫

𝑘𝑇
ൌ

𝜙஺

𝑁஺
𝑙𝑛𝜙஺ ൅

𝜙஻

𝑁஻
𝑙𝑛𝜙஻ ൅ 𝜙஺𝜙஻𝜒      ሺ3ሻ 

∆𝐺̅௠௜௫

𝑅𝑇
ൌ 𝑉௥௘௙ ൤

𝜌஺𝜙஺

𝑀஺
𝑙𝑛𝜙஺ ൅

𝜌஻𝜙஻

𝑀஻
𝑙𝑛𝜙஻൨ ൅ 𝜙஺𝜙஻ 𝜒 𝐴୴⁄      ሺ4ሻ 

Equation 3 is preferable in the sense that it is unitless, whereas Equation 4 is convenient in that 

measurable quantities of density, 𝜌௜, and molecular weight, 𝑀௜, are used. The gas constant is 

related to the Boltzmann constant via Avogadro's number, 𝑅 ൌ 𝑘𝐴୴. Furthermore, the degree of 
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polymerization (defined as the number of reference volumes comprising each chain) is related to 

the physical properties of component 𝑖, 1 𝑁௜𝐴୴⁄ ൌ 𝑉௥௘௙𝜌௜ 𝑀௜⁄ .  

If ∆𝐺̅௠௜௫ is negative the blend is miscible, and if its second derivative with respect to volume 

fraction is positive then it is a stable state.61 Equations 3 and 4 are written in terms of volume 

fraction, with 𝜙஺ ൅ 𝜙஻ ൌ 1 for a binary blend of 𝐴 and 𝐵. The simplicity of Flory-Huggins 

Theory is the reason it continues to be used even for systems such as polymer blend electrolytes, 

for which it was not developed. The third term in Equation 3 fundamentally accounts only for 

excluded volume interactions. However, an effective interaction parameter (𝜒௘௙௙) is frequently 

used (especially by experimentalists) as a fitting parameter to account for all thermodynamic 

interactions.62 Various empirical expression have been developed to account for the temperature 

and concentration dependence of 𝜒௘௙௙. The most common expression is 𝜒௘௙௙ ൌ 𝐴 ൅ ஻

்
, and 

values for parameters 𝐴 and 𝐵 have been tabulated for a wide range of neutral polymer blends.60  

While 𝜒௘௙௙ is a simple, convenient metric to compare behavior of polymer blends, work 

from the Olvera de la Cruz group has demonstrated that rich phase behavior is possible in charge 

containing systems due to the complex dependence of 𝜒௘௙௙ on composition and strength of 

electrostatic interactions.63 Figure 3 demonstrates how ion interactions can affect the phase 

diagram of polymer blend electrolytes. For simplicity, only spinodal curves are shown. The 

neutral case is for a symmetric blend of PEO and PS (i.e. 𝑁௉ாை ൌ 𝑁௉ௌ ൌ 40). The degree of 

polymerization is the same in the cases where component A is charged, but ion interactions 

clearly result in an asymmetrical phase diagram. It is interesting to note that weak ion interaction 

promotes mixing at all compositions, despite the fact that the neutral contributions to the 

interaction parameter are unchanged. In other words, the effect shown is purely due to 
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correlation between, for example, polyanions and counter cations. It is remarkable that, without 

introducing any explicit ion-dipole interactions, addition of charge to a polymer can promote 

blend miscibility, although the dielectric constant of the medium does play a role in the mean-

field approach used by Sing and Olvera de la Cruz.63 In retrospect, it is surprising that the 

knowledge from last century: that ionomers can promote blend miscibility64 did not gain traction 

more rapidly in the polymer electrolyte field. This may be due in part to the complexity that 

charge interactions can bring to the blend phase diagram. As the strong-interaction case shows, 

when ions are strongly correlated a miscibility gap is present for small amounts of the charged 

polymer. The miscibility gap gets larger with increasing ion interaction strength. Within this gap, 

the critical interaction parameter for spinodal decomposition is negative, such that a system with 

a negative 𝜒 could phase separate.  

 
 
Figure 3. Spinodal phase diagram of blends demonstrating the effect of ion correlation. The ion interaction strength 
is denoted in each legend. The neutral case (no ion interaction strength) is for PEO/PS with 𝑁 ൌ  40. (a) The critical 

interaction parameter for spinodal decomposition in the neutral case was calculated 𝜒 ൌ
ଵ

ଶேథಲథಳ
.60 The contribution 

from charge interaction, 𝛼, was added to the neutral 𝜒 value. Values of 𝛼 were estimated from Sing and Olvera de la 

Cruz.63 (b) The spinodal curve was calculated  𝑇 ൌ
஻

ఞି஺
, where 𝐴 ൌ െ1.72 ൈ 10ିଶ and 𝐵 ൌ 23.7.60 
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There are four primary methods by which polymer blends have been prepared: 1) Solvent 

casting, 2) Precipitation from a solvent, 3) Freeze drying a solution, and 4) Melt mixing. For 

solvent casting, the two polymers are dissolved in a co-solvent, spread on a level surface, and the 

solvent evaporated to yield a film or membrane. Solvent casting can trap miscible blends in an 

immiscible region of the ternary (polymer-polymer-solvent) phase diagram. On the other hand, it 

can kinetically trap immiscible blends in a homogeneous mixture due to the compatibilizing 

effect of the solvent. Finally, solvent casting can promote crystallization and result in apparent 

immiscibility.65 Despite these drawbacks, it is a convenient method for generating membranes; it 

is compatible with small quantities; and is therefore widely used in research studies, especially 

those concerning polymer blend electrolytes. Precipitation is an alternative method that avoids 

most of the drawbacks of solvent casting. With this method, the solution of polymers in 

cosolvent is poured into a poor solvent to rapidly precipitate the blend. A common method for 

thoroughly removing solvent from a polymer solution is freeze drying. In this method, the 

solution is frozen, placed under vacuum, and the solvent molecules sublimed (rather than 

evaporated). This method results in a foam or powder, depending on the initial polymer 

concentration of the solution. The porous pathways for solvent to escape lead to more complete 

removal of solvent, but the process is slow. Unlike water, whose heat of sublimation is sufficient 

to keep the frozen solution from melting, organic solvents require a freeze dryer that actively 

cools the solution, which requires additional energy. The fourth method, melt mixing, is often 

conducted in an extruder. This method avoids any concerns of residual solvent in the blend, a 

concern in batteries if the solvent reacts with the electrodes. Residual solvent is a particular 

concern due to strong coordination that has been observed between polar solvents and 

ions66/polyelectrolytes67 that makes complete removal of the solvent difficult or impossible. 
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However, the thermal and mechanical stresses of melt mixing can cause degradation of certain 

polymers.61 

Polymer Blend Characterization 

Due to the importance of blend miscibility on blend properties, several techniques have been 

developed to determine if a blend is miscible. The simplest approach is to use visual inspection 

or optical microscopy to identify macrophase separation. If the pure components are clear, then a 

miscible blend will be transparent. Macrophase separation of the blend into domains of different 

refractive indices on a size scale commensurate with visible light wavelengths will scatter light 

and make the blend appear cloudy. This requires the pure components to have a refractive index 

difference greater than 0.01.61 The same approach can be used in a quantitative manner with light 

scattering. Using a laser-based set-up and measuring changes in scattering intensity, it is possible 

to determine the compositions and temperatures at which phase separation occurs. The 

aforementioned techniques cannot be applied when one of the pure components is opaque or 

translucent. This is the case for semicrystalline polymers, such as PEO, and for many charged 

polymers, such as sulfonated polystyrene.68 Thus, optical/light scattering based approaches are 

not possible for many of the polymer blend electrolytes discussed in this review. 

In the case when pure components are semicrystalline, melting point depression can be used 

to determine miscibility. Melting point depression is a colligative property: the amount of 

depression depends on the moles of noncrystallizable component in the homogeneous melt (from 

which the crystals are forming). As shown by Flory for small-molecule diluent69 and separately 

by Nishi and Wang for polymeric diluent70 (derived using thermodynamic expressions of Scott 

and Magat71), it can be used to find 𝜒. Specifically, the melting temperature of the blend, 𝑇௠, in 
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reference to the melting temperature of the pure component, 𝑇௠
଴ , in terms of volume fraction of 

diluent, 𝜙ଵ, is as follows. 

1
𝑇௠

െ
1

𝑇௠
଴ ൌ

𝑅𝑉෠ଶ௨

∆𝐻෡௠
଴ 𝑉෠ଵ௨

൤
𝜙ଵ

𝑁ଵ
െ 𝜒𝜙ଵ

ଶ൨      ሺ5ሻ 

If the molar enthalpy of melting of the semicrystalline component (∆𝐻෡௠
଴ ) and the molar volumes 

of the repeat units of the components (𝑉෠௜௨) are known, then 𝜒 can be found. Moreover, for 

sufficiently high molecular weight of the amorphous polymer acting as diluent in the blend, 

𝑁ଵ → ∞, and the first term on the RHS of Equation 5 goes to zero. The derivation of this 

expression assumes volume additivity, which may be an acceptable assumption even for ion 

containing systems.72, 73 It also assumes that the interaction energy between components is the 

harmonic average of their self-interaction energies, which is a poor assumption if electrostatic 

interactions are present. Nonetheless, it has been used recently to determine an effective 

interaction parameter in a polymer blend electrolyte.74  

Care should be taken to verify miscibility with an independent technique, because there are 

examples of immiscible blends that exhibit 𝑇௠ depression, such as isotactic 

polystyrene/poly(methyl methacrylate) (iPS/PMMA)65 and miscible blends that do not show 

clear 𝑇௠ depression, such as PEO/PMMA.75 Technically, the equilibrium melting temperature 

should be used.76 The equilibrium melting temperature is most commonly found with the 

Hoffman-Weeks approach, which relies on several assumptions. A more rigorous method is the 

Gibbs-Thomson approach.76 Nishi and Wang found little dependence of heating rate on 𝑇௠ in 

poly(vinylidene fluoride) (PVDF)/PMMA blends.70 This suggests that using equilibrium melting 

temperature is not essential. As shown in Figure 4, quenched samples of PEO/PMMA gave 𝑇௠ 

depression results that agree with the general consensus that PEO/PMMA are fully miscible, 
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whereas isothermally crystallized blends indicated otherwise.77 Barring a more sophisticated 

approach, such as neutron scattering described below that requires much more complex analysis, 

melting point depression is an accessible method for estimating effective interaction energy in 

polymer blend electrolytes. 

 
Figure 4. Melting temperature of PEO/PMMA blends as a function of PEO wt%. The blends were solution cast and 
either crystallized at room temperature for 30 days (circles) or quenched from 120 ℃ (squares). Reproduced from 
Li and Hsu.77  

 

Another indication of blend miscibility is glass transition temperature, 𝑇௚. It is generally 

considered that a homogeneous melt will show a single 𝑇௚, whereas a phase-separated system 

will show two 𝑇௚’s. It was discovered in the mid-2000s that this is not always true.78 This 

unexpected behavior is most noticeable in blends with large 𝑇௚ difference between those of the 

pure components, like PEO/PMMA.79 It is due to self-concentration. That is, chain connectivity 
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causes the concentration within a Kuhn monomer volume to be enriched in the polymer’s own 

segments. This is captured by the Lodge-McLeish (LM) Model. 

𝜙௘௙௙ ≡ 𝜙௦௘௟௙ ൅ ൫1 െ 𝜙௦௘௟௙൯⟨𝜙⟩      ሺ6ሻ 

where the effective volume fraction of a component, 𝜙௘௙௙, is a function of its macroscopically 

averaged volume fraction, ⟨𝜙⟩, and an enrichment factor, 𝜙௦௘௟௙, that can be used as a fitting 

parameter. The local effective concentration for each component can then be used in an 

appropriate model, such as the Fox equation,80 to find the 𝑇௚ of each component. 

1
𝑇௚,௜ሺ⟨𝜙⟩ሻ

ൌ
𝜙௘௙௙

𝑇௚,௜
൅

൫1 െ 𝜙௘௙௙൯
𝑇௚,௝

      ሺ7ሻ 

Although there is a 𝑇௚,௜ for each component 𝑖, they do change with composition. Thus, the 

composition-dependence of 𝑇௚ can still be used to infer miscibility (supported by other 

techniques). 

There are numerous methods for measuring 𝑇௚; the most common include differential 

scanning calorimetry (DSC), dynamic mechanical analysis (DMA), dielectric spectroscopy, and 

dilatometry.61 DSC measures heat flow (to/from the sample), 𝑞, that is due to heat capacity of the 

material, 𝐶௣, and any kinetic processes such as phase changes, 𝑓. 

𝑞 ൌ  𝐶௣ 
𝑑𝑇
𝑑𝑡

൅ 𝑓ሺ𝑇, 𝑡ሻ      ሺ8ሻ 

Heat capacity changes at 𝑇௚, causing an inflection point in the heat flow curve. A round robin 

test on PS with 10 different instruments used a standard heating/cooling rate of 20 K/min and 

took the 𝑇௚ as the midpoint of the inflection on the second heating run. This study by Rieger 
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discusses the effects of cooling rate, analysis method, and sample mass on measured 𝑇௚.81 In 

order to remove user bias, it has been recommended to find 𝑇௚ by taking the maximum of the 

smoothed temperature derivative of heat flow.79 DMA takes advantage of the large change in 

mechanical properties on transitioning from a glass to a rubber by probing the sample with 

small-amplitude oscillations (typically either in shear or in tension). Small-amplitude means that 

the sample's mechanical properties are probed without causing irreversible deformation.  In 

another study by Rieger using 83 different polymer systems, it was shown that 𝑇௚ from DMA 

agrees well with that from DSC when a frequency of 1 Hz is used and the maximum of the shear 

(or tensile) storage modulus, 𝐺′′ (or 𝐸′′), is used rather than tan δ ൌ G′′/G′.82 Dielectric 

spectroscopy is a sensitive technique that measures dipole reorientation and charge displacement 

in response to an oscillating electric field. It has been used to measure polymer relaxations across 

an extremely wide range of time scales (18 orders of magnitude), including 𝑇௚.83 Finally, 

dilatometry measures volume change as a function of temperature (and pressure). Dilatometry 

can be used because the thermal expansion coefficient changes at 𝑇௚. A fantastic compilation of 

dilatometry measurements on many different polymers is available in the book by Zoller and 

Walsh.84 

In addition to the numerous methods for measuring 𝑇௚, numerous models have been 

developed to account for the dependence of 𝑇௚ on the composition of miscible polymer blends. 

The simplest is the Fox equation mentioned above. Like the Fox equation, the Gordon-Taylor 

equation assumes volume additivity, but it accounts for different densities of the components. 

For equal densities, it simplifies to the rule of mixtures. The Kwei equation (derived by Kanig) 

contains a quadratic concentration correction that accounts for specific interactions (deviations 

from additivity). In a nice review of the 𝑇௚'s of polymer blends, Schneider presents all these 
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models and a graphical method for determining which model to use.85 Plotted in the manner of 

Figure 5, the Gordon-Taylor equation yields a flat line with a value of one (e.g. PS/PPO); the 

Kwei equation yields a straight line with a slope (e.g. PVME/PS and PVDF/PMMA); and a third 

power equation can account for deviations from linearity (e.g. PS/PαMS and 

PDNBM/PHMCM). Acronyms are defined in the caption of Figure 5. Relevant to polymer blend 

electrolytes, hydrogen bonding and charge transfer can cause positive deviations from linearity, 

as exemplified by PMMA/PVDF. The corrected weight fraction of the higher 𝑇௚ component, 

𝑤ଶ௖, is used in Figure 5. This representation can be understood by beginning with the commonly 

used Gordon-Taylor equation.  

𝑇௚ ൌ
𝑤ଵ𝑇௚ଵ ൅ 𝐾𝑤ଶ𝑇௚ଶ

𝑤ଵ ൅ 𝐾𝑤ଶ
      ሺ9ሻ 

Subtracting 𝑇௚ଵ from both sides and rearranging yields 

𝑇௚ െ 𝑇௚ଵ

𝑇௚ଶ െ 𝑇௚ଵ
ൌ

𝐾𝑤ଶ

ሺ𝑤ଵ ൅ 𝐾𝑤ଶሻ
ൌ 𝑤ଶ௖      ሺ10ሻ 

𝐾 is a ratio of the following values for each component: 𝑇௚, density, and difference of thermal 

expansion coefficients of glassy and rubbery states. Due to limited data, 𝐾 is often treated as a 

fitting parameter. Schneider suggests a generalized expression that is third-order in weight 

fraction. 

𝑇௚ െ 𝑇௚ଵ

𝑇௚ଶ െ 𝑇௚ଵ
ൌ ሺ1 ൅ 𝐾ଵሻ𝑤ଶ௖ െ ሺ𝐾ଵ ൅ 𝐾ଶሻ𝑤ଶ௖

ଶ ൅ 𝐾ଶ𝑤ଶ௖
ଷ       ሺ11ሻ 

For the Gordon-Taylor equation, 𝐾ଵ ൌ 𝐾ଶ ൌ 0, and for the Kwei equation 𝐾ଶ ൌ 0. The reader is 

referred to Schneider's review for detailed discussion of the connection of these parameters to 

interaction energies and other physical constants.85 
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 In the polymer blend electrolyte literature, application of these models to 𝑇௚ data is rare. 

This is due, primarily, to the 𝑇௚ being determined at an insufficient number of different 

compositions. Of the studies discussed in this review, few contain DSC thermograms for 3 

unique compositions, preventing comparison of the relative efficacy of each 𝑇௚ model. One 

exception was Müller's group, who did analyze 𝑇௚ of a blend of PEO and poly(lithium 1-[3-

(methacryloyloxy) propylsulfonyl]-1-(trifluoromethanesulfonyl)imide) (PLiMTFSI) using the 

Gordon-Taylor equation.74 As with any application of a model to experimental data, the fewest 

number of fitting parameters that accurately represents the data should be used. It seems that 

despite polar and ionic interactions present in the blends, composition-dependent effects were 

not significant, such that the data was well fit by the Gordon-Taylor equation. However, an 

upturn in the data is apparent in Figure 5 at low PLiMTFSI content, where the miscibility gap 

occurs for systems with strongly correlated ions and where PEO crystallization is expected to be 

most significant. It was reported that values of 𝐾 increased with increasing polyanion molecular 

weight (at fixed PEO molecular weight), which is somewhat surprising based on the 

proportionality of 𝐾 to component densities and thermal expansion coefficients. The data in 

Figure 5 is for 100 kg/mol PEO and 50 kg/mol PLiMTFSI. The upturn was more significant for 5 

kg/mol PLiMTFSI (not shown) and nonexistent for >2,000 kg/mol PLiMTFSI (also not shown), 

which exhibited values less than 1. Thus, molecular-weight-dependent effects appear to be 

subsumed into the empirical value of 𝐾. Although the Gordon-Taylor equation appears to fit the 

data of this polymer blend electrolyte rather well on a simple plot of 𝑇௚ versus weight fraction, 

the representation suggested by Schneider makes it clear that other effects, such as crystallinity 

and ionic interactions, cause a divergence from the model for blends dilute in the electrolyte. 

Due to the significant impact of polymer segmental mobility on electrolyte conductivity, 
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complete characterization of blend 𝑇௚ in a larger number of polymer blend electrolyte studies 

would enable the field to develop the knowledge needed for predictive material design. Future 

work should focus on determining the blend 𝑇௚ at all compositions investigated, and modeling 

should begin with the Gordon-Taylor equation.  

  
Figure 5. Plot of normalized blend 𝑇௚ versus corrected weight fraction of the higher 𝑇௚ component, 𝑤ଶ௖, for noted 
blends. Normalized 𝑇௚ is divided by 𝑤ଶ௖ to aid in model selection. First five data sets (in order of legend) 
reproduced from Schneider.85 Final data set calculated from data reported in Olmedo-Martínez et al.74 PPO = 
poly(2,6-dimethylphenylene oxide), PVME = poly(vinyl methyl ether), PαMS = poly(α-methylstyrene), PDNBM = 
poly(β-hydroxyethyl-3,5-dinitrobenzoyl methacrylate), and PHMCM =  poly(N-ethylcarbazol-3-yl-methyl 
methacrylate). 

 

The most reliable method to determine phase miscibility of polymers is to use small-angle 

neutron scattering (SANS) modeled with the Random Phase Approximation (RPA).86-88 SANS of 

a homogeneous melt will yield a predictable scattering pattern that can be fit with RPA to find 

the interaction parameter as a function of temperature, 𝜒ሺ𝑇ሻ. This approach usually requires that 
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one of the polymers be deuterated, which adds great expense unless one relies on a national user 

facility to support material synthesis. It should be noted that although deuterated compounds are 

commonly considered chemically identical to their non-deuterated counterparts, isotope effects 

(though small) have been seen to cause phase separation in polymer blends with small 𝜒.89 

Neutrons are generated by nuclear reactors, which severely limits accessibility. So, while it is the 

gold standard, it can only be applied to select systems with a compelling motivation to do so. 

Definitions and Nomenclature  

 Before discussing the specific polymer blend electrolyte systems in recent literature, a 

fundamental understanding of the key components of electrolytes is important. With the 

exception of molten salt electrolytes, an electrolyte is composed of two principal components: a 

salt and a solvent. In the presence of solvent (or above its melting temperature), the salt 

dissociates into positive ions (cations) and negative ions (anions).4, 90 The solvent enables 

dissociation of the salt into its constituent ions and facilitates transport of the ions via diffusion 

and migration. Diffusion describes transport driven by concentration gradients while migration 

describes the movement of ions caused by electric potential gradients across the electrolyte.90, 91 

 With the components of the electrolyte in mind, different combinations of salt and 

solvent type can be categorized into different classes. The terms used for these classes in this 

review are presented in Table 1. One of the earliest published electrolytes, saline solution, was a 

mixture of a small-molecule salt and a small-molecule solvent (water).92 In modern times, 

conventional liquid electrolytes can be non-aqueous, such as mixtures of lithium salts and high-

dielectric-constant organic solvents used in lithium-ion batteries.93 Recent advances in lithium-

ion battery design have made possible bendable batteries with less chance of solvent leakage via 

the addition of a, usually inert, polymer or crosslinked network that is compatible with the salt 



 
 

24 
 

and solvent. We term this a gel electrolyte. The polymer network imbibes the conventional liquid 

electrolyte rendering a soft solid that does not flow, but that is flammable and remains 

incompatible with lithium metal. Lithium polymer (LiPo) batteries contain such gel electrolytes, 

but do not contain lithium metal nor what we refer to in this review as a polymer electrolyte. A 

polymer electrolyte is achieved by replacing the organic solvent in a conventional liquid 

electrolyte by a polar polymer, such as PEO. A polysolvent, such as PEO, acts to dissociate the 

salt and facilitate transport, but is not itself charged. The most commonly studied 

polysolvent/small-molecule salt electrolytes are aliphatic polyethers as exemplified by PEO and 

the lithium salt LiN(SO2CF3)2 (LiTFSI).32, 94-99 A polyelectrolyte, on the other hand, is achieved 

by replacing the salt in a conventional electrolyte by a charged polymer. The small-molecule 

solvent acts to dissociate cations from a polyanion or anions from a polycation. In other words, 

the anions are covalently attached to the polymer in a polyanion and free cations, such as protons 

or lithium, can be generated upon dissociation. Note that the small-molecule solvent can be water 

from the atmosphere in the case of proton-exchange-membrane fuel cells or an organic solvent in 

a redox flow battery. The focus of this review is the case in which both the small-molecule 

solvent and the small-molecule salt of conventional liquid electrolytes are replaced by 

polysolvent and polyanion, respectively.38, 100, 101 This we term a polymer blend electrolyte. As 

shown schematically in Figure 6, the polysolvent acts to dissociate cations from the polyanion. In 

lithium metal battery applications, the charged polymer is typically a polyanion due to the need 

to conduct lithium cations. Polycations are largely neglected in polymer blend electrolyte 

literature. In addition to the polymer blend electrolyte class, there have been a growing number 

of reports of electrolytes in which two different polysolvents are used. These electrolytes are 

formed by mixing two miscible polymers that work in conjunction to dissolve a salt. In 
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particular, this class of electrolytes has focused on bioderived and/or biodegradable polysolvents. 

This is perhaps due to the growing interest in "transient batteries" for biomedical applications 

whereby all components are degradable and biocompatible.102 The following sections will 

describe studies of polymer blend electrolytes and bioderived binary polysolvent blend 

electrolytes since 2004. The focus will be on systems of interest for solid-state batteries, 

especially lithium batteries.  

Table 1. Terms used in this review for different classes of electrolytes. 

Solvent Salt Class 
Small-molecule liquid Small-molecule salt Convectional Liquid Electrolyte 
Liquid-Polysolvent Mixture Small-molecule salt Gel Electrolyte 
Polysolvent Small-molecule salt Polymer Electrolyte  
Small-molecule liquid Polyanion/Polycation Polyelectrolyte 
Polysolvent Polyanion/Polycation Polymer Blend Electrolyte 
Polymer blend Small-molecule salt Polysolvent Blend Electrolyte 

 

 

Figure 6. Schematic of a polymer blend electrolyte. 

 

Electrolyte Performance Benchmarks 

The predominant approach to characterize the potential battery performance of a new 

electrolyte is to measure ionic conductivity using electrochemical impedance spectroscopy (EIS). 



 
 

26 
 

A sinusoidal voltage (or current) is applied to a cell containing the electrolyte and the resulting 

complex current (or voltage) is measured over a broad range of frequency. From this data the 

impedance (complex resistance) is determined and used to calculate conductivity based on the 

geometry of the cell. The technique is quite simple to implement, straightforward to analyze, and 

samples are simple to prepare (electrodes need not even be reversible). For a single-ion 

conductor in which the anions are completely immobilized, such characterization is sufficient. 

However, if the anions have finite mobility, conductivity is a measure of the Ohmic resistance 

the will be present in an operating battery, but the picture is not complete. The term binary 

electrolyte will be used to refer to electrolytes in which there is one type of cation and one type 

of anion and both are mobile. 

In terms of battery cycling rate, the limiting current density, 𝑖௅, is a useful metric. It describes 

the maximum achievable steady state current density, i.e. rate of charge transfer per unit 

electrode area. 𝑖௅ is defined as the current at which the ion concentration goes to zero at one of 

the electrodes. It is determined by the mutual diffusion coefficient of neutral ion pairs, 𝐷, and 

transference number, 𝑡ା, 

𝑖௅ ൌ
2𝐷𝐹𝑐௔௩௚

ሺ1 െ 𝑡ାሻ𝐿
      ሺ12ሻ 

as well as the average salt concentration, cavg, and electrolyte thickness, L.91 Equation 12 only 

holds in the dilute limit. To determine rate limits in concentrated electrolyte, especially those 

with concentration-dependent transport parameters, numerical modeling is necessary, but values 

of 𝐷 and 𝑡ା are still needed. Experimentally, the limiting current can be detected as the current at 

which the cell potential diverges to േ∞. This is due to the concentration overpotential, 
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𝑈௖௢௡௖ ൌ ሺ1 െ 𝑡ାሻ
𝑅𝑇
𝐹

ln ൬
𝑐ூ

𝑐ூூ
൰      ሺ13ሻ 

diverging when the concentration at either electrode, 𝑐ூ or 𝑐ூூ, goes to zero.  

To fully define the transport of ions through a binary electrolyte, and thus the steady state 

current density, three transport parameters must be specified.91 In the literature, the cationic 

transference number (𝑡ା), the diffusion coefficient (D), and ionic conductivity (𝜅) are used to 

describe the transport of ions in the electrolyte.94, 103-108 The interplay of these parameters in 

predicting the steady-state current density will be discussed in terms of the Newman number 

later, but they are presented in Table 2 for representative systems from most of the electrolyte 

classes defined above. As shown in Table 2, polysolvent/small-molecule salt electrolytes and 

polymer blend electrolytes are a promising means to increase the energy density of a battery due 

to their stability with respect to the energy dense lithium electrode. However, reduced values of 

𝜅 and 𝐷 lead to large Ohmic resistance and reduced 𝑖௅. 

Table 2. Transport parameters and electrochemical stability window of representative electrolytes. 

Class Composition 𝑻  
ሺ℃ሻ 

𝜿  
ሺ𝐒/𝐜𝐦 ሻ 

D  
ሺ𝐜𝐦𝟐/𝐬ሻ 

𝒕ା Stability vs Li/Li+ 
(V) 
Red.        Ox. 

Ref. 

Aqueous Liquid/ 
Salt Mixture 

1.9 M H2SO4  
in Water 

22 2 ൈ 10ିଵ 2 ൈ 10ିହ 0.80 2.2 4.3 16 

Organic Liquid/ 
Salt Mixture 

1 M LiPF6  
in EC/DMC 

22 1 ൈ 10ିଶ 3 ൈ 10ି଺ 0.38 1.3 4.6 16, 109 

Polysolvent/ 
Salt Mixture 

1.5 M LiTFSI  
in PEO 

85 1 ൈ 10ିଷ 3 ൈ 10ି଻ 0.41 0.5 3.8 16 

Polymer Blend 
Electrolyte 

63 wt% PEO 
37 wt% LiPSFSI 

70 5 ൈ 10ିହ  NR 0.9 0.0 4.5 38 

Polysolvent 
Blend Electrolyte 

24 wt% Dextran 
36 wt% Chitosan 
40 wt% LiClO4 

25 5 ൈ 10ିଷ NR 0.98* < 0 2.3 110, 

111 

*𝑡ା range for studies reviewed in this class are 0.51-0.98. 
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A useful benchmark for polymer blend electrolytes is the PEO/LiTFSI polysolvent/small-

molecule salt electrolyte. PEO/LiTFSI has long been the leading polymer electrolyte due to its 

high conductivity, facile processability, and chemical stability.13, 16, 94, 95 Work has been done to 

quantify the dependence of PEO molecular weight on the transport properties of the PEO/LiTFSI 

system. Researchers have found that the PEO/LiTFSI system loses sensitivity to PEO molecular 

weight above 10 kg/mol (𝑁~100).13, 112 This is a because PEO chain diffusion becomes 

negligible with respect to ion transport facilitated by PEO segmental motion.13, 30, 112 When a 

molecular weight of 10 kg/mol is exceeded, the PEO/LiTFSI system has reported conductivities 

on the order of 10ିଷ S cm⁄  and has cationic transference numbers of 0.2 to 0.4 at 90 ℃ 16 with 

significant variation based on salt concentration.13, 16, 30 A maximum conductivity occurs at an 

Oxygen:LiTFSI molar ratio of 16:1.13, 16, 30  Furthermore, the electrochemical stability window of  

a PEO/LiTFSI polymer electrolyte is 0.5 to 3.8 V with reference to a Li electrode. Due to a 

relatively stable solid electrolyte interphase (SEI) that forms it is suitable for lithium metal 

applications.16  

While these benchmarks are helpful for electrolytes with low cationic transference numbers, 

special consideration is necessary for comparing PEO/LiTFSI to single-ion conductors. Namely, 

single-ion conductors generally have higher steady state current density than binary electrolytes 

of similar ionic conductivity.38, 113 Newman and Balsara proposed a dimensionless number, often 

termed the Newman Number, to enable the prediction and comparison of the steady state current 

density of electrolyte systems with variant transport parameters.113 

𝑁𝑒 ൌ
2𝜅𝑇𝑅ሺ1 െ 𝑡ା

଴ሻଶ𝑇௛

𝐹ଶ𝐷𝑐
      ሺ14ሻ 

𝑇௛ is the thermodynamic factor, and 𝑐 is the salt concentration in molality [molୱୟ୪୲ kgୱ୭୪୴ୣ୬୲⁄ ]. 
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 As shown in their derivation of 𝑁𝑒, the steady state current density of an electrolyte 

system is proportional to an effective conductivity.13, 113         

𝜅௘௙௙ ൌ
𝜅

1 ൅ 𝑁𝑒
      ሺ15ሻ 

Thus, comparisons across electrolyte systems are most aptly made by comparing values of 𝜅௘௙௙. 

Electrolytes with the same value of 𝜅௘௙௙ will have similar 𝑖௅ and thus a similar power output 

assuming the same electrodes are used in each cell. However, due to the frequent omission of 

diffusion and thermodynamic factor measurement, direct comparison using this method is often 

impossible. Using the dilute solution approximation, it can be shown that 𝑁𝑒 ൌ ௧ష

௧శ
,113 which 

means that 𝜅௘௙௙ ൌ 𝑡ା𝜅 in this limit, because 𝑡ା ൅ 𝑡ି ൌ 1. Lacking diffusion coefficient and 

thermodynamic factor values, the product 𝑡ା𝜅 is an approximate means for comparing different 

electrolytes. In fact, Pesko et al. suggest that if a battery is polarized (by applying a constant 

voltage) the ratio of initial and steady state current yields a general and simple experimental 

means for finding 𝜅௘௙௙ ൌ 𝑡ା,ௌௌ𝜅 ൌ ௜ೄೄ

௜బ
𝜅.49  

For the specific case of single-ion conductors, the limiting behavior of Ne can be exploited to 

further simplify electrolyte comparisons. As Equation 14 shows, ሺ1 െ 𝑡ାሻ dominates the Ne 

number with its square dependence. For single-ion conductors, where 𝑡ା → 1 and 𝑁𝑒 → 0, 

  𝜅௘௙௙  ≅ 𝜅 . Thus, non-unity 𝑡ା acts to reduce 𝜅௘௙௙, and it is most important to account for this 

in binary electrolytes.  

 Due to extensive measurement by Pesko and Balsara, Ne values for the PEO/LiTFSI system 

for a variety of compositions are available as shown in Figure 7(a) below.49 This enables direct 

comparisons between the effective conductivity of single-ion conductors and PEO/LiTFSI. As 
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shown in Figure 7(b), the maximum effective conductivity of PEO/LiTFSI is 𝜅௘௙௙ ൌ  2 ൈ

10ିସ S/cm at an LiTFSI mole fraction of 0.07 and at a temperature of 90 ℃.49, 114 For an 

electrolyte to meet or exceed the optimal rate capability of PEO/LiTFSI (i.e. ൒ 𝑖௅), it must have 

𝜅௘௙௙ ൒ 2 ൈ 10ିସ S/cm at 90 °C. For a perfect single-ion conductor, the benchmark is 𝜅 ൒ 2 ൈ

10ିସ S/cm. It is also worth noting that to utilize the full potential of lithium electrodes, a voltage 

stability window of at least 0.0 to 3.04 V vs the lithium electrode is required.115 Otherwise, 

chemical breakdown of the electrolyte will occur.4 To summarize, these benchmarks are reported 

in Table 3 for the two electrolyte classes to be reviewed: single-ion conducting polymer blend 

electrolytes and binary polysolvent blend electrolytes.  

 
Figure 7. (a) Newman numbers and (b) conductivity and effective conductivity of PEO(5 kg/mol)/LiTFSI as a 
function of LiTFSI weight fraction. Values taken/calculated from Pesko et al.49 
 

Table 3. Performance Benchmarks of polymer blend electrolytes. 
Electrolyte Type 𝜅௘௙௙  

(S/cm) 
𝑡ା  
(unitless) 

Single-Ion Conducting 
Polymer Blend Electrolytes  

10ିସ > 0.9 

Polysolvent Blend Electrolytes  10ିଷ > 0.2 
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In recent reports of polymer blend electrolytes, ionic conductivity is typically measured using 

electrochemical impedance spectroscopy (EIS) and transference number determined using the 

steady state current method often termed the Bruce-Vincent Method.19, 26, 37 Beyond transport 

properties, common electrolyte characterization methods include Fourier Transform Infrared 

(FTIR) spectroscopy, Raman spectroscopy, and nuclear magnetic resonance spectroscopy 

(NMR) to examine chemical interactions, ion dissociation, and diffusion. Due to widespread 

availability and ease for use with solid samples, FTIR has been the spectroscopic technique of 

choice in recent polymer blend electrolyte reports. Generally, mechanical properties and 

diffusion coefficients have not been reported. 

 

Polymer Blend Electrolytes Based on Polyether Polysolvents 

 In recent literature, aliphatic polyether/polyelectrolyte blends are among the most studied 

systems. PEO is the most common polysolvent due to its high ionic conductivity of lithium ions 

when compared to other solid polymer electrolytes.13, 95, 116, 117 This high ionic conductivity helps 

offset the lower ionic conductivity of polyanions. As described earlier, one of the largest 

motivations for the study of polyelectrolytes is the ability to restrict the migration of the anion 

without adversely impacting the mobility of the cation, thereby increasing the cation transference 

number. An important strategy in increasing lithium-ion mobility is the delocalization of anionic 

charge. Pragmatically this strategy manifests itself through large anion groups in which 

delocalization allows charge to be spread over a large number of atoms. Anion repeat unit 

structures have been included to show the growth of anion size with time. Table 4 summarizes 

all the polyether-based polymer blend electrolytes discussed in this section. In the Appendix, 

Table A1 displays the repeat unit of each polymer in the order in which it appears in Table 4. 
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Figure 8(a) shows the conductivity of all the studies across the entire temperature range studied, 

along with PEO/LiTFSI reference values. For those studies in which the transference number 

was reported, 𝜅௘௙௙ ൌ 𝑡ା𝜅 is shown in Figure 8(b) along with a PEO/LiTFSI reference. 
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Table 4. Polymer blend electrolyte performance parameters: minimum and maximum conductivity at 90 ℃ (unless otherwise noted), type of temperature 
dependence of conductivity, and transference number at noted temperature. 

Polysolvent 
(MW) 

Polyanion 
(MW) 

𝜿𝒎𝒊𝒏 at 90 ℃  
(S/cm) 

𝜿𝒎𝒂𝒙 at 90 ℃  
(S/cm) 

Temperature 
Dependence 

𝒕ା 
(℃) 

Ref. 

PEO 
(4000 kg/mol) 

LiPSS 2 ൈ 10ି଻ 
77 wt% PEO 

1 ൈ 10ି଺ 
69 wt% PEO 

Arrhenius with 
slope change at 𝑇௚ 

0.85 
(NR) 

118 

PEO 
(4000 kg/mol) 

LiPSFSI 
(Mn=9.85 kg/mol,  
PDI=1.40) 

4.0 ൈ 10ିହ 
81 wt% PEO 

5.3 ൈ 10ିହ 
63 wt% PEO 

Arrhenius with 
slope change at 𝑇௚ 

0.9 
(70) 

38
 

PEO 
(4000 kg/mol) 

LiPSsTFSI 
(Mn=200 kg/mol,  
PDI=2.21) 

NR 1.35 ൈ 10ିସ 
68 wt% PEO 

Arrhenius 0.91 
(60) 

119 

PEO 
(4000 kg/mol) 

LiPSTFSI NR 1 ൈ 10ିହ 
77 wt% PEO 

Arrhenius with 
slope change at 𝑇௚ 

0.92 120 

PEO 
(100 kg/mol) 

PLiMTFSI 
(50 kg/mol) 

4 ൈ 10ିହ 
30 wt% PEO 

5 ൈ 10ିସ 
50 wt% PEO 

Arrhenius NR 74 

PEO 
(5000 kg/mol) 

PA-LiTFSI  6 ൈ 10ି଺ 
(80 ℃) 
60 wt% PEO 

2 ൈ 10ିହ 
(80 ℃) 
50 wt% PEO 

Arrhenius 0.68 
(70) 

121
 

PNE 
(25 kg/mol) 

PNS 
(9 kg/mol) 

1 ൈ 10ିସ 
71 wt% PNE 

6 ൈ 10ିଷ 
83 wt% PNE 

Arrhenius NR 37
 

PNE 
(25 kg/mol) 

PAS 
(33 kg/mol) 

NR 6 ൈ 10ିସ 
79 wt% PNE 

Arrhenius NR 37
 

PEO = poly(ethylene oxide), PNE = poly(ethyleneimine)-graft-methyl(poly(ethylene glycol)), LiPSFSI = lithium poly[(4-
styrenesulfonyl)(fluorosulfonyl)imide], LiPSsTFSI = poly[(4-styrenesulfonyl)(trifluorometh-yl(S-
trifluoromethylsulfonylimino)sulfonyl)imide], LiPSS = lithium poly(4-styrene sulfonate), LiPSTFSI = lithium poly[(4-
styrenesulfonyl) (trifluoromethanesulfonyl)imide], PA-LiTFSI = lithium poly[(trifluoromethyl) sulfonyl acrylamide], PNS = lithium 
3-N-propyl sulfonate substituted poly(ethyleneimine),  PAS = Lithium poly(acrylamide-2-methyl-1-propanesulfonate), PLiMTFSI = 
poly(lithium 1-[3-(methacryloyloxy) propylsulfonyl]-1-(trifluoromethanesulfonyl)imide), NR = not reported.
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Figure 8. (a) Arrhenius plot of conductivity of polymer blend electrolytes based on polyether polysolvents along 
with PEO/LiTFSI reference data. (b) Effective conductivity calculated as product of conductivity and cation 
transference number for studies in which transference number was reported. For both figures, best performing 
compositions in legend are in wt%. 5 kg/mol PEO/LiTFSI data from reference 95. 300 kg/mol PEO/LiTFSI data 
from reference 122. References for all other data are reported in Table 4. 

 

A very early polymer blend electrolyte was lithium poly(4-styrene sulfonate) (LiPSS), shown 

in Figure 9. In 2004, Sun and collaborators studied LiPSS/PEO blends cast from 

dimethylsulfoxide.118 In addition to FTIR characterization, the transport properties of 

LiPSS/PEO blends were determined in lithium symmetric cells, but battery cycling tests were not 

performed. The research team found a transference number of 0.85 using the Bruce-Vincent 

Method and conductivities on the order of 10-5 to 10-7 S/cm at temperatures greater than 60 ℃. 

As is common in PEO-based electrolytes, a sharp increase in conductivity was observed at 60 ℃ 
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due to melting of PEO. This early polyanion provided support for polyanion blend electrolytes 

due to its relatively high transference number. However, the low conductivity of this blend 

encapsulates the push for large anions by recent researchers. Of the anions covered in this 

review, sulfonate is the smallest, giving it the least delocalized charge and, therefore, strong ionic 

association with lithium cations. Anion-cation association reduces the concentration of free 

lithium ions and restricts their mobility, both of which contribute to low conductivity.  

 

Figure 9. Lithium poly(4-styrene sulfonate) (LiPSS). 

 

In 2016, Zhou and coworkers studied a polyelectrolyte with a larger anion: lithium poly[(4-

styrenesulfonyl)(fluorosulfonyl)imide] (LiPSFSI) and its electrochemical behavior in a PEO 

polysolvent. 38 Compared to LiPSS, LiPSFSI has an additional (fluorosulfonyl)imide group 

leading to more delocalization of charge, as shown in Figure 10.38 Unlike the study by Sun et al. 

in which LiPSS was prepared via ion exchange, Zhou et al. prepared LiPSFSI through the free 

radical polymerization of the functionalized monomer lithium [(4-styrenesulfonyl) 

(fluorosulfonyl)imide]. Blend electrolytes of PEO and LiPSFSI, cast from methanol and dried, 

were studied with DSC. The melting temperature of each blend occurred between 60 ℃ and 

70 ℃. Based on both DSC and X-ray diffraction (XRD) measurements, the degree of 
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crystallinity of PEO decreased with increasing LiPSFSI content, indicating at least partial 

miscibility of the two polymers. A blend with 11 mol% LiPSFSI exhibited maximum 

conductivity of 5.3 ൈ 10ିହ S/cm at 90 ℃ and an impressive Li+ transference number of 0.9 at 

70 ℃. The electrolyte was found to have a voltage stability window of 0.0 to 4.5 V versus Li/Li+ 

via cyclic voltammetry making it competitive with solid and liquid electrolytes, in this regard.4, 16 

Thus, LiPSFSI/PEO is a promising blend as it exceeds the performance of PEO/LiTFSI in 

several dimensions. The mechanical properties of this blend were not reported thus making the 

robustness of the electrolyte unknown. 

 

Figure 10. Lithium poly[(4-styrenesulfonyl)(fluorosulfonyl)imide] (LiPSFSI). 

 

Lithium poly[(4-styrenesulfonyl)(trifluoromethanesulfonyl)imide] (LiPSTFSI) is a 

polyelectrolyte with an anion slightly larger than that of LiPSFSI. The repeat unit of LiPSTFSI is 

shown in Figure 11. It has seen a great deal of recent research interest, likely due to its similarity 

to the best performing small-molecule salt, LiTFSI. Reported glass transition temperatures for 

this polyanion range from 152 ℃ for 𝑀௡ ൌ 68.5 kDa to 256 ℃ for 𝑀௡ ൌ 55.7 kDa depending 

on processing, architecture, and molecular weight.55, 120, 123-125 It is well known that the apparent 
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𝑇௚ of polyelectrolytes is a strong function of the counter ion.67 As such, the variability in  

reported 𝑇௚ measurements can likely be attributed to differences in the degree of Li+ 

functionalization. LiPSTFSI has been incorporated into a number of copolymers including block 

polymers with PEO,55, 126 copolymers with methoxy-polyethylene glycol acrylate,23 and triblock 

polymers with polystyrene.127 The block polymers displayed conductivity on the order of 

10ିସ S/cm at temperatures greater than 60 ℃ with a high degree of single-ion conducting 

character.55, 120 

 

Figure 11. Lithium poly[(4-styrenesulfonyl) (trifluoromethanesulfonyl)imide] (LiPSTFSI). 

 

When incorporated into blends, LiPSTFSI is a promising polyanion. In 2011, Armand and 

collaborators blended LiPSTFSI with PEO to form polymer blend electrolytes.120 Of note in this 

study was the effect of synthesis method on the performance of the electrolyte. The LiPSTFSI 

polyanion was generated through two routes: free radical polymerization of charged monomer 

and modification of commercially available sodium poly(4-styrene sulfonate)  (NaPSS).120 The 

group found that free radical polymerization resulted in an approximate order of magnitude 
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higher conductivity when compared to the modified polymer. The authors attribute this variation 

to incomplete functionalization and free sulfonate groups in the modified polymer. The polymer 

electrolytes using the free radical polymerized polyanion had conductivity on the order of 

10ିହ S/cm. Conversely, the modified polymer had conductivities on the order of 10ି଺ to 

10ି଻ S/cm. While these results make direct polymerization of the monomer seem more 

promising, direct modification of an existing polymer enables the retention of important polymer 

properties such as degree of crystallinity and molecular weight. The ease of direct modification 

and ability to characterize the parent polymer are additional advantages. The benefits and 

procedures of several common methods of generating polyanions are described in a high quality 

review.19 

In 2013, Armand, Zhou, and coworkers continued this work by generating similar blends and 

block copolymers of LiPSFSI and methoxy-poly(ethylene glycol acrylate) (MPEGA).23 Both the 

blends and copolymers showed extremely high thermal stability of 300 ℃ or higher, based on 

thermal gravimetic analysis (TGA).23 With a ramp rate of 10 °C/min, TGA is a standard method 

to compare thermal stability among different materials, but is not indicative of long-term 

stability, which is less than 200 °C for PEO-containing materials even in air-free environment. 

With respect to conductivity, the block copolymers outperformed the homopolymer blends at 

low temperatures, but differences between samples were within half an order of magnitude above 

60 ℃. Conductivities were on the order of 10ିସ S/cm-4 at 60 ℃ and transference numbers for 

each polyanion electrolyte exceeded 0.9. In the pursuit of even greater charge delocalization, 

Zhou, Armand and collaborators synthesized a super charge delocalized polyanion, poly[(4-

styrenesulfonyl)(trifluoromethyl(S-trifluoromethylsulfonylimino)sulfonyl)imide] (PSsTFSI) in 

2016.119 The group found an impressive ionic conductivity of 1.35 ൈ 10ିସ S/cm at 90 ℃ and 
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transference number of 0.91 at 60 ℃  when blended with PEO. Of note in this study was the 

remarkably low glass transition temperature of the neat polyanion of only 44 °C , thus enabling 

effective ion transport via segmental motion. These studies were key in demonstrating the 

viability of polymer blend electrolytes due to the similar performance of blend and copolymer 

electrolytes at higher temperatures.  

In 2020, the trend towards larger anions was continued by Müller and colleagues. The group 

focused on the blending of PEO with  PLiMTFSI.74 This anion has similar charge delocalization 

when compared to LiPSTFSI with a longer flexible sidechain between the polymer backbone and 

the anion, as can be seen in Figure 12. PLiMTFSI was synthesized from charged monomer 

achieving molecular weights from 5.5 ൈ 10ଷ g/mol to at least 2 ൈ 10଺ g/mol. The highest 

molecular weight polyanion could not be characterized due to size exclusion chromatography 

(SEC) limitations. Due to the strength and range of electrostatic interactions, SEC of charged 

polymers is frequently challenging or impossible. Each polyanion was blended (via solution 

casting) with PEO of 100 or 1,000 kg/mol in PEO weight fractions between 0.3 and 0.95. DSC 

was employed to determine the miscibility of the blends from 𝑇௠ depression. The group found a 

negative 𝜒௘௙௙ ranging from െ0.37 to െ1.15. The values of 𝜒௘௙௙ in conjunction with a single 𝑇௚ 

indicate miscibility of the blends. Interestingly, 𝜒௘௙௙ became significantly less negative with 

increasing PEO molecular weight. This is unlikely to be due to entropic effects because the lower 

molecular weight PEO was already in the high molecular weight regime (𝑁 ൌ 730). On the 

other hand, 𝜒௘௙௙ became more negative with increasing PLiMTFSI molecular weight (comparing 

blends of the two high molecular weight polyanions). Such complex behavior highlights the need 

for more simulations of polymer blend electrolytes. 
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Figure 12. Poly(lithium 1-[3-(methacryloyloxy) propylsulfonyl]-1-(trifluoromethanesulfonyl)imide) (PLiMTFSI). 

 

The conductivities of the PEO/PLiMTFSI blends followed complex behavior with varying 

levels of nonmonotonicity based on the molecular weights employed.74 The optimal conductivity 

of 5 ൈ 10ିସ S/cm at 50 wt% PLiMTFSI and 90 ℃ surpassed the benchmark of 2 ൈ 10ିସ S/cm, 

but transference numbers and battery cycling were not reported. Following the trends of 𝜒௘௙௙, 

conductivity was more sensitive to PEO molecular weight than that of PLiMTFSI, decreasing 

approximately an order of magnitude upon an increase of PEO molecular weight from 100 to 

1,000 kg/mol. This shows an interesting divergence from the behavior of small molecule salts in 

polysolvents. Balsara's group reported minimal changes in conductivity above a polysolvent 

molecular weight of 10 kg/mol for PEO/LiTFSI.30, 128 This divergence can be rationalized by the 

fact that polyanions can entangle with the PEO matrix, whereas small-molecule anions cannot. 

Müller and collaborators used dielectric spectroscopy to determine the mobility and density of 

ions in the PEO/PLiMTFSI electrolyte. The largest takeaway from their work was the prediction 
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that ion mobility is much more significant than ion density in the temperature dependence of the 

conductivity of PLiMTFSI.  

Another study of note was completed by Piszcz and collaborators in 2016. The group 

synthesized a novel single-ion conductor, lithium poly[(trifluoromethyl) sulfonyl acrylamide] 

(PA-LiTFSI), whose repeat unit is shown in Figure 13.121 PA-LiTFSI is a functionalized version 

of poly(acrylic acid) (PAA) and represents a new family of polyanions for study. Blend 

electrolytes of PA-LiTFSI in a PEO polysolvent were constructed using solution casting with a 

50:50 volume ratio of acetonitrile and methanol. The group used DSC to determine that the 𝑇௚ of 

an equimolar blend of PEO and PA-LiTFSI was 42 ℃. TGA indicated that the blend was stable 

up to 250 ℃. The single glass transition temperature suggests miscibility, although strangely the 

authors report that thermal transitions were not a function of blend composition. FTIR was also 

employed to characterize the blend and detailed peak assignments were made. Symmetric 

lithium cells were used for electrochemical characterization. The group used cyclic voltammetry 

to determine that the stability window was 0 to 5.5 V versus Li/Li+, making it the most 

electrically stable electrolyte covered in this review. This is surprising since PEO/LiTFSI is not 

stable above 4 V, and this finding deserves further investigation. The Bruce-Vincent Method was 

used to calculate the transference number of 0.68 at 70 ℃ for an equal mass blend of PEO and 

PA-LiTFSI. EIS was used to determine that the equal mass blend had a conductivity of 2 ൈ

10ିହ S/cm at 80 ℃. Of all the polymer blend electrolytes reviewed, this study was the only one 

that investigated battery cycling. They used a 50 wt.% blend of PEO/PA-LiTFSI as the 

electrolyte and binder in a LiFePO4 cathode. At a cycling rate of C/20, the group found a decay 

in specific discharge capacity from a high of 140 mAh/g on the second cycle to a low of 125 

mAh/g on the fifth cycle, after which the cell failed. Rapid cell failure combined with Coloumbic 
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efficiency of less than 97% indicates that much work remains to demonstrate the feasibility of 

polymer blend electrolytes in functioning batteries. Despite these complications, Piszcz and 

collaborators’ work is of particular interest due to the synthetic simplicity (one pot modification 

of PAA). This may make PA-LiTFSI an accessible single-ion conductor for further study despite 

its modest transference number and conductivity. This work further highlights the importance of 

battery cycling in full characterization of new electrolytes, an effort that is largely lacking in the 

polymer blend electrolyte literature. 

 

Figure 13. Lithium poly[(trifluoromethyl) sulfonyl acrylamide] (PA-LiTFSI). 

 In 2014, Granados-Focil and coworkers used a unique approach where the ether 

polysolvent moieties were grafted onto a linear main chain.37 More specifically, the group 

synthesized and characterized single-ion conducting blends of two classes of polymers based on 

linear poly(ethyleneimine) (LPEI) main chains: one with a solvating side group and the other 

with an ion donating group. The polysolvent had sidechains constituted of 8 poly(ethylene 

glycol) (PEG) repeat units. The resulting polysolvent was LPEI-graft-methylPEG (PNE). The 

polyanion was LPEI with N-propylsulfonate side groups (PNS). PNE-PNS random copolymers 

were also synthesized for comparison. The group found that the random copolymers had 

conductivities several orders of magnitude lower than their blend counterparts despite having 

similar 𝑇௚. The group attributed this to interfacial interactions between sulfonates of the 
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polyanion and ether oxygens of the polysolvent. The maximum conductivity for the PNE/PNS 

blend occurred at an oxygen to lithium ratio of 16:1 and was 6 ൈ 10ିଷ S/cm at 90 ℃. In 

addition to surpassing the benchmark, PNE/PNS blends were compared to PNE blends with 

another polyanion, lithium poly(acrylamide-2-methyl-1-propanesulfonate) (PAS, 33 kg/mol). 

The PNE/PNS blend conductivity was more than an order of magnitude higher than PNE/PAS 

blends, perhaps pointing to the importance of the nitrogen in the PNS backbone; see Appendix 

for full table of chemical structures. Furthermore, PNE doped with LiTFSI outperforms the 

archetypical PEO/LiTFSI system by up to an order of magnitude. Thus, PNE is an extremely 

promising polysolvent both for polymer electrolytes and polymer blend electrolytes. The authors 

did not directly measure the transference number, but speculate it is more than 0.9. The voltage 

stability window of the PNE/PNS blend was reported as േ5 𝑉 without a specific reference 

electrode being stated, and each blend component was found to be thermally stable up to 130 ℃ 

via TGA. This study shows the viability of amine based polysolvents and suggests a promising 

avenue for innovation in the field 

In general, these studies suggest that polymer blend electrolytes have transference numbers 

significantly greater than the PEO/LiTFSI electrolyte system but with significantly reduced 

conductivity (at least one order of magnitude in most cases). A key persistent principle common 

in these systems is large charge-delocalized anions that enable the dissociation of lithium cations 

without causing strong association between cation and anion that would inhibit cation transport 

and induce an immiscibility gap in the blend phase diagram. These polyanions have significantly 

higher 𝑇௚ than PEO, as is the case generally for polyelectrolytes due to the profound effect that 

electrostatic interactions have on increasing 𝑇௚. Chain connectivity of polyanions and steric 

impediments to chain flexibility caused by large pendant groups could contribute to reduced 
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conductivity. Despite the reduced absolute conductivity, examination of 𝜅௘௙௙ is necessary to 

determine if the polymer blend electrolytes can achieve steady state current densities comparable 

to the PEO/LiTFSI benchmark. As shown Figure 8(b), LiPSFSI/PEO has 𝜅௘௙௙ ൌ 0.9 ൈ

10ିସ S/cm, nearly reaching the benchmark. PNS/PNE and PLiMTFSI/PEO surpass the 

conductivity benchmark, but do not have reported transference numbers, making them extremely 

promising avenues for further study. With voltage stability windows in excess of 0.0 to 4.5 V 

versus Li/Li+, some of these blends hold potential for use with high-voltage batteries (൐ 4 𝑉), 

attractive for increased energy density.  

Despite all this, a lack of focus on the mechanical properties of polymer blend electrolytes 

makes their robustness unclear. With the extremely reactive nature of lithium metal, it is 

essential that the electrolyte can withstand wear and suppress uneven SEI growth. Even in the 

absence of lithium metal, a solid electrolyte must function as both electrolyte and separator, 

preventing battery short circuit. An electrolyte that flows obviously cannot do this. Further study 

into the mechanical properties of promising polymer blend electrolytes is therefore 

recommended. Although some polymer blend electrolyte systems meet the polymer electrolyte 

(PEO/LiTFSI) benchmark, they still lag the conductivity of liquid electrolytes. As Table 2 

shows, 𝜅௘௙௙ is nearly 4 ൈ 10ିଷ S/cm for organic liquid electrolyte and nearly 2 ൈ 10ିଵ S/cm 

for aqueous electrolyte. Thus, a significant breakthrough will be required for polymer blend 

electrolytes to compete in the high current density domain in which contemporary liquid 

electrolytes dominate. To aid in these advancements, future works should report measurements 

of 𝑡ା,ௌௌ, diffusion coefficients, and mechanical properties of polymer blend electrolytes as this 

would be helpful in comparing electrolyte systems. The Newman Number acts as a potential 

means to relate transport parameters to steady state current density, a limiting factor in the 
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expansion of polymer electrolyte technologies. Similarly, shear modulus of electrolyte systems 

could aid in the modeling of dendrite formation, another key area that requires development. 

Lastly, the construction and cycling of batteries is a rare but important method to characterize 

polymer electrolytes and to advocate for their real-world utilization. In any case, polymer blend 

electrolytes comprising single-ion conductors offer a clear use case: high energy density and 

high interfacial stability but at the cost of low power output. 

 

Bioderived Polysolvent Blend/Salt Systems 

Another class of electrolyte with a high degree of recent research interest is the binary 

polysolvent blend electrolyte composed of bioderived elements. Many of these polymers offer 

the unique advantage of being biodegradable and carbon neutral therefore assuaging 

environmental concerns with hydrocarbon-derived plastics.129-131 Chitosan, dextran, lignin, and 

methyl cellulose have been considered in most depth due to their respectable ionic conductivity 

and transference number when incorporated into binary polysolvent blend electrolytes.110, 111, 132-

143 The seaweed derivative, iota-carrageenan, has been used as a polysolvent in recent works 

without a second polysolvent and is thus worth noting despite it not being a blend.144, 145  Many 

of these blends rely upon small-molecule solvents – particularly glycerol – to raise their 

conductivity above 10ି଺ S/cm and thus do not fit a strict definition of a polymer electrolyte.132, 

135  

Chitosan is of particular interest due to its rare cationic properties among polysaccharides.146 

If chitosan is cast in a protic environment, protons donated to the primary amine may serve to 

associate with anions, thus possibly explaining the high cation transference numbers reported in 
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Table 5.147  Table A2 in the appendix shows the neutral and protonated molecular structures of 

chitosan, where X- represents the anion of the salt used in the electrolyte. Many recent studies 

report chitosan cation transference numbers of greater than 0.9.111, 133 The use of a polycation to 

coordinate anions of a salt opens up an exciting approach for designing single-ion conductors 

without polyanions. 

 Recent studies into bioderived electrolyte materials have followed a similar experimental 

protocol as the polymer blend electrolytes where FTIR is employed for characterization, EIS is 

used for measuring conductivity, cyclic voltammetry is employed to measure voltage stability, 

and the Bruce-Vincent Method is implemented to measure the transference number. 

 One such study was completed in late 2020 by the Saroj research group.148 Biopolymer 

binary polysolvent blends were generated using poly(vinyl alcohol) (PVA) and chitosan with a 

sodium iodide salt (NaI). Binary polysolvent blend electrolytes were made with 10, 20, 30, 40, 

and 50 wt% chitosan with PVA. The thermal decomposition of each blend was studied via TGA. 

Specifically, the group found that the decomposition of the blend occurs in 4 stages between 

193 ℃ and 430 ℃. While not a completely monotonic relationship, increasing the mole fraction 

of cellulose generally decreased the thermal stability of the blend. The group used stainless steel 

symmetric cells to measure the ionic conductivity of each sample. At 30 ℃, the 10 wt% chitosan 

sample displayed the highest ionic conductivity of 1.2 ൈ 10ିହ S/cm. Furthermore, the 𝑡ା was 

found to be between 0.98 and 0.94 at 30 ℃, making these blends remarkably effective single-ion 

conductors. This high degree of ion selectivity may be due to the utilization of acetic acid (a 

protic solvent). The high initial thermal decomposition temperature of 193 ℃ and near unity 

transference number make this system stand out as a thermally robust and near single-ion 

conductor 
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In another 2020 study that mirrored the grafted LPEI of Granados-Focil and coworkers, the 

Chung and Hallinan groups grafted poly(ethylene glycol) (PEG) onto a lignin main chain using a 

photoredox thiol-ene reaction.37, 149 Lignin was intended to provide mechanical strength to the 

copolymer while the PEG was to provide ionic conductivity and flexibility. Two different PEG 

molecular weights, 550 g/mol and 2000 g/mol, were used to synthesize two different PEG-graft-

lignin copolymers. Although not strictly polysolvent blends, the biobased graft copolymers were 

mixed with LiTFSI salt to form electrolytes. The conductivity was measured with EIS at a molar 

ratio of Li:O of 1:11.8. The biobased graft copolymer electrolyte was found to outperform 

PEO/LiTFSI at ambient temperatures but were less competitive above 40 ℃. A conductivity of 

1.4 ൈ 10ିସ S/cm at 35 ℃ was noted for the copolymer with 2000 g/mol PEG grafts. Thus, this 

copolymer is promising for room temperature applications. Direct measurement of the 

mechanical properties, voltage stability, and transference number of this copolymer were not 

reported, and thus additional research is needed to verify the compatibility with lithium metal 

batteries. Of note in this work are the authors attention to scalability, with special care to choose 

a simple three-step reaction mechanism and inexpensive reagents. Consideration of the eventual 

large-scale manufacture of electrolytes is typically lacking in the literature, and its inclusion in 

this work strengthens the prospective use of lignin-based electrolytes. 

In 2020, another plant derivative, agar-agar, was utilized by Jaisankar and coworkers in a 

polymer blend of chitosan, PEG, and agar-agar with lithium perchlorate (LiClO4).111 Agar-agar 

is derived from seaweed and is thus a carbon neutral, biodegradable species. The chitosan used 

in this work was derived directly from local shells of P. monodon, i.e. the "giant tiger prawn". 

Solution casting with water and acetic acid was employed to generate the electrolyte films, once 

again lending some credence to the idea that cationic chitosan is formed. The group employed 
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the Bruce-Vincent Method to measure a transference number of 0.94 at room temperature for the 

most conductive blend, which had an ionic conductivity of 4.6 ൈ 10ିସ S/cm also at room 

temperature. FTIR was employed to examine the purity of the chitosan, indicated by major 

characteristic peaks such as the C-O stretching absorbance at 1024 cm-1, although it is shifted 

from other sources.150 The FTIR spectrum shown in this work lacks the resolution to clearly see 

more subtle phenomena. Thus, careful consideration should be taken in the further pursuit of this 

otherwise promising system. 

 Other studies have focused on blends with chitosan, dextran, and cellulose derivatives.133, 

136-138 Cellulose is the most common natural polymer in the world, making up the structural 

components of plant life151 while chitosan is a derivative of exoskeletons and fungi.111, 130 One 

such study was completed by the Khiar and coworkers in 2018.133 The research team used the 

ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethyl sulfonyl) imide (BMIMTFSI) in 

their chitosan/methyl cellulose blends. A dilute acetic acid casting solution was employed in this 

study. The highest observed conductivity of this system was 1.0 ൈ 10ିହ S/cm with a 

transference number of 0.89 at 90 ℃. These trends generally hold true throughout the literature 

regarding this system, with ionic conductivities on the order of 10ିହ S/cm and transference 

numbers exceeding 0.9 with voltage stabilities of approximately 0 to 2.5 V using stainless steel 

electrodes.111, 132, 133, 140, 152, 153 A 2019 study by Aziz and collaborators studied a similar system, 

chitosan and dextran with similarly promising results.110 Once again, a dilute acetic acid casting 

solution was used in the preparation of blends. The group found a maximum conductivity of 

5.2 ൈ 10ିଷ S/cm and a remarkable transference number of 0.98. Once again, the 

electrochemical stability window was smaller than most solid electrolytes at 0.0 to 2.3 V using 

stainless steel electrodes. 



 
 

49 
 

 In addition to acting as solvents, efforts have also been made to use bioderived 

compounds as plasticizers. One such plasticization attempt was made with wheat flour in PEO. 

In 2017, Wang and collaborators created a solid polymer electrolyte consisting of PEO (4 ൈ

10଺ g/mol), store-bought wheat flour, and LiTFSI.103 The wheat flour was added to the PEO 

electrolyte in ratios ranging from 10:1 to 4:1 PEO to wheat flour. The group found that a 

PEO:wheat ratio of (9:1) led to an optimal conductivity of 2.6 ൈ 10ିହ S/cm at room temperature 

and a cationic transference number of 0.51. While not supported by XRD, the group argued that 

the linear nature of the Arrhenius conductivity plot suggests the complete disruption of PEO 

crystals. The group assembled a battery using a LiFePO4 cathode and an electrolyte composed of 

64 wt% PEO, 7 wt% wheat, and 29 wt% LiTFSI. The group found the battery to be stable at 

room temperature, with a stable specific capacity of approximately 130 mAh/g for 80 cycles at 

25 °C and a discharge plateau of 3.37 V.103 Thus, the work of Wang and coworkers is a good 

example of the potential efficacy of bioderived plasticizers.  

A similar work carried out by Vanitha and collaborators studied the plasticizing effects of 

cornstarch in a poly(vinyl pyrrolidone)/ammonium chloride (PVP/NH4Cl) polysolvent blend 

electrolyte.154 The group used solution casting to prepare symmetrical silver cells for EIS. The 

maximum conductivity at 85 ℃ of 6 ൈ 10ି଺ S/cm occurred at an 80:20 cornstarch:PVP mass 

ratio and 25 wt% salt. The conductivity exhibited a sharp drop off at 30 wt% salt.  Of note in this 

study is the extremely high mass percent of cornstarch in the most conductive blend. This sheds 

doubt on if the mechanical properties of PVP are retained by the blend, so further mechanical 

testing would augment the conclusions of Vanitha and collaborators. Other efforts in natural 

plasticizers include egg shells97 and starch derived from cassava.155   These works highlight the 
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possibility for nontoxic and low-cost plasticizers further reducing the environmental impacts of 

polymer electrolytes. 

Due to the high transference number of chitosan, dextran, and methyl cellulose blend 

electrolytes, the possibility of natural single-ion conductors is a likely direction in the blend 

electrolytes field.110, 133, 152, 153  While not mentioned by researchers, the near universal use of 

acetic acid as a casting solution may be key in the high cation transference of chitosan blend 

electrolytes, due to the formation of a chitosan polycation. This unique property of chitosan 

deserves further critical analysis due to its efficacy as a single ion conductor. Studies employing 

titration, zeta potential measurements, or even pulsed-field gradient nuclear magnetic resonance 

(PFG-NMR) could be valuable first steps in increasing knowledge of this plentiful bioderived 

electrolyte. However, the poor oxidative stability of these systems, typically less than 2.5 V, and 

low conductivity, typically two orders of magnitude less than PEO/LiTFSI, are serious 

impediments to the advancement of this technology.110, 132, 143, 148, 153 Newman Number analysis 

does make several of these systems seem competitive, particularly PVA/chitosan, PVA/dextran, 

and agar-agar/chitosan/PEG. As shown in Figure 14, each of these systems surpasses the 

10ିସ S/cm single-ion conducting benchmark outlined previously, suggesting similar steady state 

current density to PEO/LiTFSI. Efforts to decrease the degree of crystallinity of chitosan through 

plasticization may increase the conductivity to more acceptable levels, but the limited oxidative 

stability window must be addressed for lithium battery applications to be viable. However, the 

extreme abundance of these materials makes them attractive for further study.  

Figure 14 shows the temperature dependence of ionic conductivity for the electrolytes 

discussed in this section. Table 5 summarizes key results of the studies discussed in this section. 

The repeat unit of each structure in Table 5 is reported in the Appendix in Table A2.  
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Figure 14. Conductivity of bioderived polymer blend electrolytes with PEO/LiTFSI reference. Best performing 
compositions in legend are in wt%. 5 kg/mol PEO/LiTFSI data from reference 95. 300 kg/mol PEO/LiTFSI data 
from reference 122. References for all other data are reported in Table 5.  

 

 

2.6 2.8 3 3.2 3.4
1000/[T (K)]

-9

-8

-7

-6

-5

-4

-3

-2

-1

PEO:LiTFSI (64:36) 300 kg/mol
PEO:LiTFSI (64:36) 5 kg/mol
PEO/wheat:TFSI (54/6:40)
chitosan/methyl cellulose:BMIMTFSI (45/30:25)
chitosan/methyl cellulose:BMIMTFSI (51/34:15)
cornstarch/PVP:NH4 (60/15:25)
PVA/chitosan:NaI (18/42:40)
PVA/chitosan:NaI (30/30:40)
Ligin-g-PEG 550:LiTFSI (25-g-48:27)
Ligin-g-PEG 2000:LiTFSI (15-g-55:30)

120 110 100 90 80 70 60 50 40 30

T ሺ°Cሻ



 
 

52 
 

Table 5. Minimum and maximum conductivity at noted temperature (if reported) and composition, temperature dependence of conductivity, and transference 
numbers of bioderived polysolvent blend electrolytes.  

Polysolvents 
 

Salt 𝜿𝒎𝒊𝒏  
(S/cm) 

𝜿𝒎𝒂𝒙  
(S/cm) 

T 
Dep. 

𝒕ା 
(℃) 

Ref. 

PEO 
Wheat Flour 

LiTFSI NA 1 ൈ 10ିଷ 
(80 ℃) 
64 wt% PEO 
  7 wt% Wheat 
29 wt% LiTFSI 

VFT 0.51  
(25 ℃) 

103
 

Chitosan 
Methyl Cellulose 
 

BMIMTFSI 1.6 ൈ 10ି଺ 
(95 ℃) 
51 wt% Chitosan 
34 wt% Methyl cellulose 
15 wt% BMIMTFSI 

1.0 ൈ 10ିହ 
(95 ℃) 
45 wt% Chitosan 
30 wt% Methyl cellulose 
25wt% BMIMTFSI 

Arrhenius 0.89 
 

133
 

Chitosan 
Agar Agar 
PEO 

LiClO4 1.8 ൈ 10ିସ 
(25 ℃) 
42.5 wt% Chitosan 
42.5 wt% Agar Agar 
5 wt% PEG 
10 wt% LiClO4 

4.6 ൈ 10ିସ 
(25 ℃) 
37.5 wt% Chitosan 
37.5 wt% Agar Agar 
15 wt% PEG 
10 wt% LiClO4  

N/A 0.94 
(25 °C) 

111 

PVA 
Chitosan 

NaI 1.1 ൈ 10ିସ 
30 wt % Cellulose 
30 wt% PVA 
40 wt% NaI 

5.0 ൈ 10ିସ 
18 wt % Cellulose 
42 wt% PVA 
40 wt% NaI 

Arrhenius  0.94-0.98 
(30 ℃ሻ 

148 

Chitosan 
Dextran 

LiClO4 5.0 ൈ 10ିଵ଴ 
(25 °C) 
40 wt.% Dextran 
60 wt.% Chitosan 

5.2 ൈ 10ିଷ 
(25 °C) 
24 wt.% Dextran 
36 wt.% Chitosan 
40 wt.% LiClO4 

N/A 0.98 
(25 °C) 

110 

Cornstarch 
PVP 

NH4Cl 3 ൈ 10ି଻ 
(85 °C) 
19 wt.% PVP 
76 wt.% Cornstarch 
5 wt.% NH4Cl 

6 ൈ 10ି଺ 
(85 °C) 
15 wt.% PVP 
60 wt.% Cornstarch 
25 wt.% NH4Cl 

Arrhenius NR 154 

PVA = poly(vinyl alcohol), PVP = poly(vinyl pyrrolidone), BMIMTFSI = 1-butyl-3-methylimidazolium bis(trifluoromethyl sulfonyl) imide, NR = 
not reported
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Outlook 

In recent years, research effort has been applied to enhance the viability of polymer 

electrolytes. While not intended as a comprehensive review of these new developments, the 

following section highlights some promising advances in the field of blend electrolytes to 

decouple the mechanical and conductivity properties of polymer electrolytes using nanoparticles. 

These advancements may prove key in enabling the suppression of lithium dendrites while 

retaining the conductivity of polymer electrolytes.  

In recent literature, one promising design innovation has been the incorporation of polymer 

nanoparticles into polymer electrolytes to increase the mechanical strength of the polymer while 

simultaneously retaining or improving the conductivity of the blend. The resulting electrolytes 

are termed hybrid electrolytes due to the incorporation of small particles in the polysolvent. 

Based on historical use of nanoparticles in PEO and other studies of star polymers, this approach 

may viably increase ionic conductivity while retaining (or even increasing) mechanical 

properties. In homogeneous systems, conductivity and mechanical properties are inversely 

related. For example, PEO/LiTFSI conductivity decreases with increasing degree of crystallinity 

while the modulus increases with crystallinity.156, 157 Ion transport occurs most readily through 

the amorphous region of semicrystalline polysolvents.96, 158 Plasticizers are often employed to 

disrupt the crystal structure of polysolvents to capitalize on the conductivity of the amorphous 

region but often at the cost of mechanical properties.135, 157, 159  A high shear modulus is of 

particular importance in the mechanical suppression of dendrite formation as suggested in kinetic 

models generated by Newman and Monroe that consider the mechanical contributions to dendrite 

formation.21, 160, 161 Thus, design approaches that can both increase the conductivity and 

mechanical strength of polysolvents are of significant interest. Towards these ends, recent work 
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has attempted to decouple conductivity and mechanical strength through the incorporation of 

star-shaped nanoparticles into the polysolvent.98, 156, 162  In most cases, these nanoparticles are 

composed of a central polymeric core with high 𝑇௚ arms extending outward. These hybrid 

electrolytes seek to reduce the crystallinity of the polysolvent (typically PEO) while offering 

structural support decoupling the mechanical and conductive properties. These hybrid 

electrolytes have been largely successful in both increasing the modulus while retaining or 

improving the ionic conductivity of polymer blends.  

In 2017, Glynos, Sakellariou, Anastasiadis, and coworkers incorporated poly(methyl 

methacrylate), PMMA, nanoparticles with many arms into PEO/LiTFSI. The nanoparticles 

caused remarkable improvements in both the storage modulus and conductivity of the PEO blend 

at a given salt concentration.98 The storage modulus increased by roughly an order of magnitude 

while the conductivity increased by two orders of magnitude when compared to comparable 

PEO/PMMA polysolvent blends.98 While this is impressive, the true value of this work is the 

decoupling of conductivity and the shear modulus.  

Various types of nanoparticles have been investigated, include nanoscale ionic materials that 

leverage ionic interactions for synthesis.163 Nanoparticles have been added to many polymer 

electrolyte systems including PEO/LiTFSI.164 For instance, Park and collaborators measured the 

impact of a four-arm miktoarm copolymer with 3 PEO arms attached to a PS chain. The group 

found the addition of these arms significantly increased the storage modulus and conductivity of 

PEO.165 The Park group used X-ray diffraction and determined that crystallinity was 

significantly reduced, lending credence to the idea that the modality of decoupling is through the 

simultaneous plasticizing and scaffolding action of nanoparticle additives.  



 
 

55 
 

Work has been completed for nanoparticles with inorganic silsesquioxane cores with 

similarly positive results. Silsesquioxane cores are cage like structures composed of a network of 

stable Si-O bounds with functionalized end groups as can be seen in Figure 15. One particularly 

interesting strategy is the incorporation of polyanion arms to the silsesquioxane core to increase 

the cationic transference number. In 2017, the Balsara group incorporated LiPSTFSI arms of an 

average length of 7 monomer units to silsesquioxane cores.166 Hybrid electrolytes were made by 

adding these particles to a polystyrene-polyethylene oxide block copolymer. The group found a 

maximum conductivity of 1.1 ൈ 10ିହ S/cm  (𝑟 ൌ  0.085 ሾLiሿ/ሾOሿ) for their hybrid electrolytes 

with a transference number of roughly 0.98 according to the Bruce-Vincent Method.166 This 

conductivity is an order of magnitude below reported values for PEO/TFSI but with hugely 

improved cation transference.128 The Balsara group has completed similar works for hybrid 

electrolytes with  sulfide glass cores and perfluoropolyether arms with similar results with ionic 

conductivities on the order of 10ିସ S/cm and transference numbers of 0.99 making these among 

the most competitive polymer electrolytes.167 As stated previously, high transference numbers 

repress the formation of dendrites through the elimination of concentration gradients.19, 161, 168, 169 

Thus, the use of single-ion conducting hybrid electrolytes offers the potential to suppress 

dendrite formation both through mechanical and transport means.  
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Figure 15. A polyhedral oligomeric silsesquioxane (POSS) nanoparticle core. 

 

Another study that implemented silsesquioxane cores was completed by Saito and coworkers 

in 2017.124 These researchers used a polyhedral oligomeric silsesquioxane (POSS) nanoparticle 

core with carboxylic acid terminated PEO arms and (4-styrenesulfonyl) (trifluromethane-

sulfonyl)imide potassium anion groups attached along each arm.124 This anion group is identical 

to that used in LiPSFSI, as described earlier. The group found that mixing this nanoparticle with 

PEO at a 20:1 O:Li ratio results in a conductivity of approximately 1.05 ൈ 10ିହ S/cm at 60 ℃ 

making it competitive with other single-ion conducting polymer electrolytes. More interestingly, 

the group was once again able to decouple chain dynamics and conductivity as evidenced 

through dielectric measurements. For a comprehensive review of the use of nanostructured 

polymer electrolytes, an excellent 2020 review article by Glynos and collaborators should be 

consulted.21 

The use of hybrid electrolytes offers a potential means to overcome shortcomings of polymer 

blend electrolytes. Due to the decoupling of an electrolyte’s degree of crystallinity and modulus, 

mechanically strong and conductive electrolytes are obtainable. Furthermore, the incorporation 
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of polyanion arms to the nanoparticle additive gives an interesting means to tune the 

performance of an electrolyte. This extra degree of freedom may serve as an important parameter 

in electrolyte optimization. Thus, hybrid electrolytes are a promising avenue for advancement of 

existing polymer blend electrolyte systems. 

Conclusions 

The pressing need for energy dense battery technology makes recent findings in polymer 

blend electrolytes encouraging. The relative safety, facile production, and high specific energy of 

polymer blend electrolytes when compared to conventional liquid electrolyte batteries make 

them promising candidates for use in low current applications. However, the low ionic 

conductivity is a barrier to widespread adoption of this technology.  

At current, the ionic conductivity of the most highly studied polymer electrolyte system, 

PEO/LiTFSI, still lags behind conventional liquid electrolytes by at least an order of magnitude, 

significantly limiting steady state current density in polymer-based batteries.4 Even worse, 

research into bioderived blend electrolytes has revealed conductivities at least several orders of 

magnitude less than conventional liquid electrolytes with very poor voltage stability. Single-ion 

conducting blend electrolytes have seen recent successes but still are unable to match the 

effective conductivity of PEO/LiTFSI in most cases. However, the suppression of dendrites and 

the inherent safety and operational benefits make single-ion conducting polymer blend 

electrolytes an exciting area of future research. 

Promising strategies to combat these shortcomings have seen a recent focus in the literature, 

with hybrid electrolytes being a particularly noteworthy advancement in which nanostructure is 

leveraged to decouple transport and mechanical properties by providing separate mesophases, 
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one for ion transport and another for mechanical strength. Synergistic effects between the phases 

may also be present in the promising hybrid electrolytes discussed. Moving forward, work will 

need to address the limited steady state current densities of polymer blend electrolyte batteries to 

compete with the power output of conventional liquid electrolytes. Strategies for achieving this 

goal include designing the conductive phase to be amorphous with low 𝑇௚ and/or weak 

coordination with lithium ions, in order to increase Li+ mobility ideally decoupling it from the 

dynamics of the polymer. In other words, materials designed to target blend miscibility via 

polysolvent-anion interactions should be pursued. The best performing polymer blend electrolyte 

and the best performing polysolvent blend electrolyte both contain nitrogen heteroatoms. 

Surpassing the long-standing benchmark of PEO may require a shift from predominantly oxygen 

heteroatoms toward nitrogen. Finally, reporting on the mechanical properties of polymer blend 

electrolytes, especially the shear modulus, should be an area of increased focused due to the 

relevance to dendrite suppression. Despite this, the ability of recent polymer blend electrolyte 

standouts to compete with the effective conductivity of PEO/LiTFSI is reassuring. With 

continued effort, the use of polymer blend electrolytes as a key component in modern energy 

storage seems likely. 
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Appendix 

Table A1. Repeat unit structure of polymer blend electrolytes displayed in Table 4.  

Chemical Name Abbreviation Structure 
Poly(ethylene oxide) PEO 

 
Lithium poly(4-styrene sulfonate) LiPSS 

 
Lithium poly[(4-

styrenesulfonyl)(fluorosulfonyl)imide] 
LiPSFSI 

 
Poly[(4-styrenesulfonyl)(trifluoromethyl(S-

trifluoromethylsulfonylimino)sulfonyl)imide] 
LiPSsTFSI 
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Lithium poly[(4-styrenesulfonyl) 
(trifluoromethanesulfonyl)imide] 

LiPSTFSI 

 
Poly(lithium 1-[3-(methacryloyloxy) 

propylsulfonyl]-1-(trifluoromethanesulfonyl) 
imide) 

PLiMTFSI 

 
Poly[(trifluoromethyl)sulfonyl acrylamide] 

 
PA-LiTFSI 

 

 
Linear poly(ethyleneimine)-graft-

methyl(poly(ethylene glycol)) 
PNE 
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Lithium 3-N-propyl sulfonate substituted 
linear poly(ethyleneimine) 

PNS 

 
Lithium poly(acrylamide-2-methyl-1-

propanesulfonate) 
PAS 

 
 

Table A2. Repeat unit structure of biobased polymers displayed in Table 5. 

Chemical Name Abbreviation Structure 
Poly(ethylene oxide) PEO 

 

Chitosan -- 

 
Chitosan 

(Polycation) 
-- 

 
Methyl cellulose 

 
-- 
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Poly(vinyl alcohol) PVA 

 

Dextran -- 

 
Poly(vinyl pyrrolidone) PVP 
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