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Abstract: 

There is considerable interest in developing high-performance electrolytes for rechargeable 

lithium  batteries.  For  practical  applications,  the  electrolyte  must  support  large  dc  currents. 

However, the parameters most often reported in the literature, conductivity, κ, and current fraction, 

ρ+¿¿, reflect ion transport in the limit of infinitesimal currents. In this limit, the efficacy of an 

electrolyte is given by the product,  κρ+¿¿.  The limiting current density,  ilim ¿¿, is the maximum 

current density that can be applied across an electrolyte; the cell voltage diverges if the applied 

current density exceeds ilim ¿¿. This parameter reflects ion transport in the limit of large dc currents 

and therefore of practical interest. It would therefore be convenient if ilim ¿¿ could be predicted from 

measurements  of  κρ+¿¿.   In  order  to  explore this  possibility,  we studied six malonate-based 

polymers and PEO at a fixed salt concentration (r = 0.08) and temperature (90℃) using symmetric 

cells with planar electrodes. Unfortunately, there is no correlation between ilim ¿¿ and κρ+¿¿. When 

the applied current density,  i is less than  ilim ¿¿, the cell voltage approaches a stable plateau, 

ϕplateau. We found a linear dependance between  i and thickness-normalized plateau potential, 

ϕplateauL-1, irrespective of the magnitude of the applied current. In all seven polymer electrolytes, 

we found a linear correlation between  ilim ¿¿ and the slopes of these lines,  σ.  In other words, 

measurements of σ can be used to predict the limiting current. 
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Introduction:

The electrolytes used in lithium-ion batteries are mixtures of organic liquid solvents and 

salt.1 There is considerable interest in replacing the  liquid solvents with polymers.2–4 Polymer 

electrolytes have the potential to increase the energy density of rechargeable batteries due to their 

stability against  lithium metal anodes.5,6,7 It  is  also possible that the low flammability of the 

polymers may improve safety, and electrolyte degradation during charge-discharge cycles may 

slow down due to lower molecular mobility.8,9 

For practical applications, electrolytes must support large currents. The limiting current 

density, ilim ¿¿, is the maximum current density that can be applied across an electrolyte; the cell 

voltage diverges if the applied current density exceeds  ilim ¿¿.10–13 Salt concentration gradients 

develop when current passes through an electrolyte, leading to high concentration near the positive 

electrode  and  low  concentration  near  the  negative  electrode.  At  the  limiting  current,  the 

concentration at the negative electrode approaches zero, and the cell voltage diverges.11 In dilute 

electrolytes, the salt chemical potential is given by the Nernst equation, µs = RTlnc, where c is the 

molar concentration. The voltage divergence at the limiting current is due to the divergence of the 

lnc term near the negative electrode as c → 0. The limiting current is difficult to measure because 

many other modes of cell failure may occur, depending on the nature of the electrode-electrolyte 

interface. For example, cells with lithium metal electrodes fail due to the growth of dendrites on the 

surface of the electrodes.14 It is therefore not surprising that there are relatively few reports of 

limiting current measurements in the literature despite the fact that hundreds of chemically distinct 



polymer electrolytes have been studied in the literature.15–18 It  is  also not  surprising that  the 

relationship between molecular structure and limiting current has not yet been established. 

Ionic  conductivity,  κ,  has  been  determined  in  virtually  all  the  polymer  electrolytes 

proposed in the literature. This parameter is measured by ac impedance using cells with blocking 

electrodes.  Another  popular  transport  parameter  is  current  fraction,  ρ+¿¿.  This  parameter  is 

measured in constant voltage experiments using cells with nonblocking electrodes, and  ρ+¿¿is 

defined as the ratio of the final and initial currents. In the limit of c → 0, ρ+¿¿ approaches the cation 

transference number as first noted by Bruce and Vincent.19,20 Under small applied potentials, the 

steady-state current obtained through a symmetric lithium–electrolyte–lithium cell  at  a given 

potential is proportional to the product κρ+¿¿.21,22 The product κρ+¿¿ is thus defined as the efficacy of 

the electrolyte at small applied potentials.

Newman’s concentrated solution theory provides a rigorous framework for predicting 

limiting  current.  However,  applying  this  theory  requires  knowledge  of  five  concentration-

dependent thermodynamic and transport parameters. In addition to κ, we need to determine the 

diffusion coefficient, D, the cation transference number with respect to solvent velocity, t+¿0¿, the 

thermodynamic factor, Tf, and the partial molar volume of salt, V e.23 Measuring these parameters 

over wide concentration window is tedious and seldom done. It would therefore be convenient if 

the limiting current could be predicted using a single parameter like κρ+¿¿. In other words, is the 

current obtained in an electrolyte under large applied potentials correlated to the efficacy at small 

applied potentials?



We  answer  this  question  using  five  newly  developed  malonate-based  polymers. 

Measurement  of  limiting  current  over  a  wide  range  of  salt  concentrations  have  only  been 

conducted on two polymers, poly(ethylene oxide) (PEO), and poly(pentyl malonate) (PPM).24–26  

Our decision to use malonate-based polymers in this study was because the limiting current of PPM 

is higher than that of PEO.24 However, κ of PEO is higher than that of PPM, while ρ+¿¿of PPM is 

higher than that of PEO.26 These differences arise due to differences in the solvation structures that 

surround the lithium ions. In the case of PEO, lithium ions are solvated by polymer segments 

arranged in a crown-ether-like configuration. All the segments are donated by a single polymer 

chain. In the case of PPM, the lithium ions are solvated by less well-defined structures formed by 

two or three polymer chains.27 This solvation structure thus results in the formation of temporary 

crosslinks. The addition of salt leads to an increase in the glass transition temperature (Tg) which is 

more pronounced in the case of PPM.28 This accounts for the conductivity difference between PPM 

and PEO. The low values of ρ+¿¿in PEO arise primarily due to field-induced motion of the solvated 

polymer segments. This motion is less in PPM because the solvation shell comprises more than one 

polymer chain.28 

   Figure 1 shows the chemical structures of the polymers used in this study. Electrolytes 

were made by mixing lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) with the polymers. 

PPM-O, is a linear polymer with an ethylene oxide segment incorporated into the main chain. Our 

objective was to improve the conductivity of PPM by incorporating an EO segment in the main 

chain.  The repeating unit  of  PPM-O has  an extra  oxygen atom relative  to  PPM.  PPM-EO, 

incorporates a pendant side chain comprising two EO moieties emanating from the PPM backbone. 



Our objective was to determine if the relationship between large and small voltage behavior is 

affected by the location of the EO moiety (main chain versus side chain). 

The  remaining  three  materials  in  Figure  1  are  hyperbranched  derivatives  of  PPM. 

Hyperbranched  polymers  possess  a  highly  branched,  three-dimensional  architecture,  which 

imparts unique properties compared to their linear analogs, resulting from increased free volume. 

This increase suppresses crystallinity and lowers  Tg.  A key property of  these systems is  the 

presence of a large concentration of end groups; the concentration of end groups in high molecular 

weight  linear  polymers  is  generally  negligible.  Recent  studies  have  explored  a  variety  of 

hyperbranched polymer electrolytes based on polyethers, polyesters, and polyurethanes.29–31 In this 

work, we present data from three hyperbranched PPM derivatives that differ solely in their end 

groups—methyl, ethyl, or propyl (b-PPM-Me, b-PPM-Et, b-PPM-Pr). 

Figure 1. Chemical structure of the polymers used in this work.
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We present measurements of κ, ρ+¿¿, and ilim ¿¿for the seven polymer electrolytes given in 

Figure 1. Our first objective was to determine the correlation between ilim ¿¿ and κρ+¿¿. We find no 

correlation between these quantities.  We did, however,  find a significant correlation between 

ilim ¿¿ and a new parameter that we introduce below. We also report the values ofϕlim ¿¿,  the 

potential drop necessary to obtain the limiting current. While ilim ¿¿varies by an order of magnitude 

for the electrolytes given in Figure 1, ϕlim ¿¿ is a constant, independent of polymer structure. 

 

Experimental section:

Materials 

Dimethyl  malonate,  diethyl  malonate,  and  dipropyl  malonate,  1,5-pentanediol,  6-

bromo-1-hexanol,  diethylene  glycol,  diethylene  glycol  monomethyl  ether,  pyridinium p-

toluenesulfonate (PPTS), p-toluenesulfonyl chloride, and 3,4 dihydropyran were purchased  

from Millipore Sigma and used as received. Dry tetrahydrofuran (THF) and ethanol were also 

purchased  from  Millipore  Sigma and  used  as  received.  Because  titanium  isopropoxide 

(TiOiPr)4, and sodium hydride (NaH) are air-sensitive, they were stored in an argon glovebox 

after they were purchased from Millipore Sigma. 

Synthesis of Polymer and Characterization

Poly(pentylmalonate) (PPM) and poly(methyl (2-propoxyethyl) malonate) (PPM-O) were 

synthesized by direct melt condensation polymerization of dimethyl malonate with 1,5-pentanediol 

and diethylene glycol, respectively, at 120°C, as shown in Scheme 1.  The reaction was catalyzed 

by adding a few drops of titanium isopropoxide (Ti(OiPr) ) to the reaction mixture. Polymerization₄  



was driven toward product formation by removing the condensate (methanol) under controlled 

vacuum. The final polymers were purified by reprecipitating them two times from methanol and 

diethyl ether.

Preparation of PPM-EO was performed in two steps, as shown in Scheme 1. In the first step, 

excess dimethyl malonate was reacted with sodium hydride to form the monosodium salt. The 

monosodium salt was then reacted with diethylene glycol monomethyl ether tosylate to yield the 

diester  monomer,  dimethyl  2-(2-(2-methoxyethoxy)ethyl)malonate  (compound  5).  Excess 

unreacted dimethyl malonate was removed by distillation under 1 mm Hg vacuum at 65°C. In the 

final  step,  this  diester  monomer  was  polymerized  with  1,5-pentanediol  under  similar 

polymerization conditions as mentioned above.

The synthesis of the branched polymers is described in Scheme 1.  In the first step, the 

hydroxyl group of 6-bromohexanol was reacted with 3,4 dihydropyran to protect the hydroxyl 

group.  In  parallel,  excess  dimethyl  malonate  was  reacted  with  sodium hydride  to  form the 

monosodium salt. The protected bromo-compound (tetrahydropyranyl (THP) ether-protected 6-

bromohexanol) was reacted with the monosodium salt to yield dialkyl 2-(6-((tetrahydro-2H-pyran-

2-yl)oxy)hexyl) malonate (compound 3). Excess unreacted dimethyl malonate was distilled out 

under 1 mm Hg vacuum at 65°C. In the next step, the THP protecting group in compound 3 was 

removed by refluxing in ethanol in the presence of pyridinium p-toluenesulfonate (PPTS) to obtain 

dialkyl  2-(6-hydroxyhexyl)  malonate  (compound  4).  Finally,  melt  self-condensation 

polymerization was performed on compound 4 under similar conditions as described earlier. 



The molecular weights of these polymers and their corresponding polydispersity index 

(PDI), determined by GPC, are given in Table 1.

Scheme 1. Synthesis of linear and hyperbranched malonate-based polymers

Preparation of electrolytes

Electrolytes  were  prepared  by  mixing  each  polymer  with  lithium 

bis(trifluoromethanesulfonyl) imide (LiTFSI) salt. Due to the hygroscopic nature of LiTFSI, all 

sample preparation was carried out in an argon glovebox (MBraun) where H2O and O2 levels were 

maintained below 0.1 ppm and 1 ppm respectively. The set of six polyesters were dried, along with 

5 kg/mol PEO (Polymer Source),  at  90°C under vacuum in the glovebox antechamber for a 

minimum of 8 h and then transferred into the glovebox. Dry polymer and LiTFSI salt (Novolyte) 
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were dissolved into anhydrous tetrahydrofuran (THF) and the solutions were mixed at 60°C for 30 

min. Once the solutes were fully dissolved, the caps were removed from the vials, allowing THF to 

evaporate and leave behind a homogeneous polymer/salt mixture. After drying on the hotplate at 

90°C for 1 day, the electrolytes were transferred to the glovebox antechamber and dried under 

vacuum for 48 h at 125°C to remove any excess THF. The dry electrolytes were very viscous 

liquids at room temperature with the consistency of molasses. 

Differential scanning calorimetry

Samples were prepared by depositing 3–7 mg of each electrolyte into hermetically sealed 

aluminum pans. Differential scanning calorimetry (DSC) experiments were performed on a TA 

Instruments  DSC  Q200  instrument  with  the  following  temperature  scan:  heat  to  150°C  at 

10°C/min, cool to −75°C at 5°C/min, heat to 150 °C at 10°C/min. The glass transition temperature, 

Tg, values of the electrolytes were obtained from the second heating scan. Tg measurements were 

found to be repeatable within 1°C.

Experimental information for electrochemical measurements

All electrochemical cells were prepared within an argon glovebox with oxygen and water 

concentrations  below  1  ppm.  Stainless-steel  symmetric  cells  were  used  to  measure  the 

conductivity, κ, of our electrolytes. These cells were constructed by filling silicone spacer material 

(McMaster Carr) (internal diameter of 3.175 mm and thickness of 500 μm) with our electrolytes 

and sandwiching them between two 200 μm thick stainless-steel electrodes. The thickness of the 

stack was measured with a micrometer to find the final electrolyte thickness, L. Nickel tabs (MTI 



Corp.) were attached to the electrodes, and the cells were vacuum sealed in laminated pouch 

material (MTI Corp).

 Conductivity measurements were made using stainless-symmetric cells. The cells were 

annealed  at  90ºC  for  at  least  3  hours  before  experiments  were  performed.  Conductivity 

measurements  were  made  at  various  temperatures  from  30  to  90ºC  using  electrochemical 

impedance spectroscopy (EIS). Measurements were made by applying a sinusoidal voltage profile 

with an amplitude of 40 mV and frequencies ranging from 1 MHz to 1 Hz to identify the bulk 

impedance, Rb. The conductivity was then calculated using, 

κ= L
ARb

, (1)

where A is the electrochemically active area, and L is the electrolyte thickness. 

Lithium (MTI Corp.) symmetric cells were used for measurements of the salt diffusion 

coefficient, D, and current fraction, ρ+¿¿. These cells were constructed similarly to the stainless-

steel symmetric cells. Lithium metal electrode was brushed and pressed using a pneumatic press, 

then the thickness was measured using a micrometer. The silicone spacer material (McMaster 

Carr) (internal diameter of 3.175 mm) was placed on one metal electrode, and the electrolyte was 

loaded into the cell. The second lithium metal electrode was placed in contact with the electrolyte 

and stainless-steel shims were placed on top of each lithium metal electrode. The thickness of the 

stack was measured with a micrometer, and the electrolyte thickness was calculated by subtracting 

the thickness of the electrodes and stainless-steel shims from the total thickness. Nickel tabs were 

then attached to the stainless-steel discs, and the stack was vacuum sealed in laminated pouch 

material. 



The current fraction was measured using lithium symmetric cells following previously 

described methods.19,24,26 All measurements with lithium symmetric cells were performed at 90ºC. 

Cells were annealed at 90ºC for at least three hours and preconditioned for 4 cycles where a single 

cycle consists of one 2 h polarization of 3 µA, a 4 h relaxation at open circuit voltage (OCV), a 2 h 

polarization at  -3 µA, and another 4 h relaxation step.  The resistance of the electrolyte was 

measured during preconditioning to track changes in the bulk and interfacial impedance, Ri and to 

ensure the formation of a stable solid electrolyte interface (SEI). After preconditioning, a potential 

was applied to the cell until the measured current reached a steady state value,  iss. During this 

polarization, impedance measurements were made to track Rb and Ri. A modified version of the 

equation developed by Bruce and Vincent was used to calculate the current fraction: 

ρ+¿

iss (∆V−iΩRi ,0 )
iΩ (∆V−iSSRi ,SS )

, (2)

iΩis the calculated initial current, (iΩ=
∆V

Ri ,0+Rb,0

), where subscripts 0 and ss indicate the initial 

and steady state values respectively. For these experiments Δ𝑉 values of ±10 was used. After 

polarization, the cells were allowed to relax, and the resulting decline in potential was fit to an 

exponential equation, 

                                                                       𝑉(𝑡)=𝑘0+𝑘1𝑒−𝑘
2
𝑡 , (3)

where k0 is the fitted offset voltage and k1 and k2 are fit parameters. The salt diffusion coefficient was 

calculated using equation 4 as described in reference 26. 26 

                                                                         𝐷 = 
L2k2

π2
, (4)



All  parameters  reported here represent  averages of  three independent  measurements  and the 

standard deviation was used as the error bar. Parameters for PEO and PPM were taken from 

reference 32,32 and 26.26

Limiting current density measurements 

Lithium-lithium symmetric cells were used for measurements of ilim ¿¿ of b-PPM-Me, b-

PPM-Et, and b-PPM-Pr.24 Lithium-indium alloy electrodes11 were used to determine ilim ¿¿ of PEO, 

PPM, PPM-O, and PPM-EO as these electrolytes were not stable against lithium metals. The 

atomic fraction of lithium in the lithium-indium electrodes was 0.4. In one case, b-PPM-Et, both 

kinds of cells were examined to ensure consistency. The cells were constructed and preconditioned 

as described in ref 6. An initial impedance measurement was taken, followed by constant current 

polarization. After a stable plateau in the potential was reached, or the potential diverged, the cell 

was allowed to relax at open circuit, and then a final impedance measurement was taken.  The 

limiting current density was determined by systematically increasing the applied current density 

and noting the nature of the cell potential vs time data. More details are given in the results and 

discussion section.

Results and discussion:

Electrochemical properties of an electrolyte depend on the ratio of polar groups to Li+ ions. We 

define r as the ratio of oxygen atoms in a polymer to Li+ ions. In our previous studies on PPM, we 

obtained the highest limiting current at r = 0.08.24 Therefore, we kept r fixed at this value for all the 

polymers shown in Figure 1. For simplicity, we refer to electrolytes using just name of the polymer. 

The physical properties of the electrolytes are summarized in Table 1.



Table 1.  Physical Characterization of the electrolytes with r = 0.08.

Sample Mn* (kDa) PDI* Tg
# (°C) κ (S/cm) $ ρ+¿¿

$ D (cm/s) $

PEO 5.0 1.05 -23 (9±0.1) ×10 ⁴⁻ 0.07±0.001 (6.8±0.1) ×10 8⁻

PPM 7.32 1.32 -18 (6±0.1) ×10 ⁴⁻ 0.57±0.03 (1.1±0.1) ×10 7⁻

PPM-O 4.58 1.26 -5 (2.9±0.55) ×10 ⁴⁻ 0.62±0.057 (1.8±0.9) ×10 7⁻

PPM-EO 8.12 4.04 -27 (8.4±0.37) ×10 ⁴⁻ 0.24±0.011 (2.4±0.2) ×10 7⁻

b-PPM-Me - - -46 (1.3±0.46) ×10 ⁴⁻ 0.3±0.009 (1.2±1.3) ×10 7⁻

b-PPM-Et 17.33 5.12 -21 (1.2±0.22) ×10 ⁴⁻ 0.39±0.03 (1.2±0.8) ×10 7⁻

b-PPM-Pr 25.04 5.76 -28 (1.1±0.31) ×10 ⁴⁻ 0.55±0.046 (1.6±0.4) ×10 7⁻

* Measured from GPC traces in THF as eluent in three detector system 

# Measured using DSC

$ Measurements were done at 90°C

Figure 2. Temperature dependence of conductivity, κ, of all seven electrolytes (r = 0.08) from 30 to 140°C (a) κ vs 

1000/T. The conductivities of all PPM-based electrolytes were lower than that PEO at all temperature range. (b) κ vs 

1000/(T-Tg), where the glass transition temperature, Tg, is determined by Differential Scanning Calorimetry (DSC) and 

reported in the Supplemental Information (Figure S13). 

Conductivity (κ) was measured across a temperature range of 30–140°C for each polymer. 

Figure 2a shows logκ plotted against 1000/T. PEO exhibits the highest conductivity. Interestingly, 

(a) b)



at temperatures above 110°C, PPM-EO and PEO have comparable conductivities. PPM and PPM-

O exhibit intermediate values of conductivities followed by the hyperbranched electrolytes. The 

behavior of b-PPM-Pr and b-PPM-Et is surprisingly similar to that of the linear polymer. The only 

outlier is b-PPM-Me which has a shallower temperature dependence than the others. Figure 2b 

shows logκ plotted against 1000/(T-Tg).  The measurement of Tg is described in the Supplemental 

Information (Figure S13). If conductivity were governed entirely by segmental motion, then the 

data shown in Figure 2b would have collapsed on to a single curve. It is perhaps surprising that the 

spread of the data in Figures 2a and 2b are comparable. This suggests that conductivity of different 

malonate-based electrolytes is not coupled to segmental motion to the same extent. 

In the remainder of the paper, we focus on the data obtained at 90°C. Figure 3 presents the 

κ,  D, and  ρ+¿¿ of these polymer electrolytes at 90°C. A clear trend emerges among the linear 

Figure 3. Electrochemical characterization of the electrolytes (r = 0.08 at 90°C). (a) conductivity,  κ, (b) current 

fraction,  ρ+¿¿, and (c) diffusion coefficient, D.  An inverse relationship is observed between κ and ρ+¿¿.  For the 

branched polymers,  the  conductivities  are  similar  but  ρ+¿¿ increases  with  increasing  end  group length.  D is 

independent of the molecular structure of the polymer.

(a)

(c)

(b)



polymer electrolytes: polymers with high κ exhibit low ρ+¿¿. This trend has been noted in prior 

publications.18,33 The conductivities of the branched electrolytes are similar but ρ+¿¿increases with 

increasing end group length. This enhancement in ρ+¿¿ without a corresponding penalty in κ is 

unusual. ρ+¿¿ of b-PPM-Pr is comparable to the linear polymer with highest ρ+¿¿, PPM-O. To a 

good approximation, D is independent of the molecular structure of the polymer. 

 

Figure 4.  Representative example of limiting current determination in a constant current experiment. (a) Time-

dependence of potential (V) in a lithium–lithium symmetric cell with a b-PPM-Pr/LiTFSI electrolyte at r = 0.08 and 

90°C, at various applied current densities. At low current densities, the potential reaches a steady-state plateau; 

however, above a threshold current density the potential diverges toward the cut-off voltage of 1V. (b) The last 20% of 

the data obtained in (a) at each current density were fit to a straight line and the slope of this line, m, is plotted as a 

function of current density. The data in this plot were to fit to two lines following reference 32. The intersection of these 

lines is taken as  ilim ¿¿.

We now discuss the limiting current measurements. Figure 4a shows the time-dependence 

of potential, V of b-PPM-Pr at various applied current densities, i. The interfacial contribution is 

deducted from the measured potential, V according to equation 5. 

(a) (b)



ϕ=V−Ri i (5)

At low current densities, the potential, ϕ reaches a steady-state plateau, ϕplateau ; however, 

above a threshold current density the potential diverges toward the cut-off voltage of 1V. The last 

20% of the data obtained were fit to a straight line and the slope of this line, m, is plotted as a 

function of current density in Figure 4b. The data in this plot were to fit to two lines following 

reference 34. 34 The intersections of these lines are taken as ilim ¿¿.

To accurately determine the limiting current, our analysis focuses on the time dependence 

of ϕ/L during the final 20% of the experiment (Δt). When the applied current exceeds the limiting 

current  density in a binary electrolyte,  the potential  increases sharply toward the end of the 

measurement.  In  contrast,  when  the  current  is  below  the  limiting  value,  the  potential 

asymptotically approaches a time-independent plateau,  ϕplateau. This distinction becomes clear 

when the long-time response is examined, and the limiting current is identified as the inflection 

point in the ϕ/L versus Δt plot. A representative analysis is shown in Figure 4b.

All linear polymers, including PPM and PEO, were unstable against lithium metal at high 

applied current densities; as reported in earlier studies,11,35 cells failed due to lithium  dendrite 



formation. Symmetric cells with lithium-indium electrodes were used to determine the limiting 

current  in  these  systems.  In  contrast,  the  hyperbranched PPMs (all  three  variants)  exhibited 

dendrite-resistant behavior under the same conditions. This enabled the measurement of limiting 

currents in symmetric cells with lithium electrodes. In one hyperbranched PPM (b-PPM-Et), we 

measured limiting current using two kinds of cells, one with lithium-indium electrodes and other 

with lithium electrodes (Figure S16).  Results  obtained from both kinds of  cells  were within 

experimental error. 

Figure 5. Plot of thickness-normalized limiting current, ilim ¿¿L, against efficacy, κρ+¿¿of all seven electrolytes (r = 

0.08) at 90°C. No correlation between  ilim ¿¿L and efficacy, κρ+¿¿ is observed. 

The parameter ilim ¿¿L quantifies ion transport under large applied potentials, while κρ+¿¿

quantifies ion transport under small applied potentials.  κρ+¿¿ is much easier to measure than 

ilim ¿¿L, but ilim ¿¿L is important for practical applications. We therefore investigated whether these 

two parameters were correlated with each other. Figure 5 shows a plot of thickness-normalized 

limiting current, ilim ¿¿L, versus efficacy, κρ+¿¿. This figure shows that κρ+¿¿ and ilim ¿¿L are not 

correlated with each other. For instance, the κρ+¿¿value of PPM-O is nearly identical to that of 

(a) (b)



PPM, yet the limiting current of PPM-O is approximately 1.5 times lower. These results indicate 

that the limiting current (ilim ¿¿) is governed by a complex interplay between five concentration-

dependent parameters κ, D,  t+¿0¿, Tf, and V e.

Figure 6. (a) A plot of current density, i, versus thickness-normalized plateau potential, ϕplateau L-1 in symmetric 

cells with seven different electrolytes as indicated in the legend. The salt concentration and the temperature are held  

fixed (r = 0.08 and 90°C). The lines represent least squared fits through the data constrained to pass through the origin. 

We define σ to be equal to the slopes of these lines. (b) Thickness-normalized limiting current, ilim ¿¿L, versus σ. To a 

good approximation, ilim ¿¿L is a linear function of σ.

When the applied current density, i is lower than the limiting current, a stable potential is 

obtained. We refer to this stable potential as ϕplateau. In the example shown in Figure 4, we were 

able to determine ϕplateau at the four lowest values of i. This was repeated for all datasets to obtain 

the dependence of thickness-normalized stable potentials (ϕplateau/L) on i. The results are shown in 

Figure 6a where ϕplateau/L is plotted as a function of i for all electrolytes. To a good approximation, 

the data obtained from each electrolyte fall on a straight line. The lines in Figure 6a represent least 

squares fit through the origin. We define σ to be equal to the slopes of these lines. In Figure 6b we 

plot ilim ¿¿L versus σ. It is evident that there is an excellent correlation between the two parameters. 

To a good approximation, ilim ¿¿L is a linear function of σ. This indicates that σ is a much better 

descriptor of ion transport under large applied currents than κρ+¿¿. Among the seven electrolytes 

studied, PPM and b-PPM-Pr exhibit the highest σ values and also the highest ilim ¿¿L values, placing 

them in the top-right corner of the σ– ilim ¿¿L plot. ilim ¿¿L of PPM and b-PPM-Pr are 0.08 and 0.07 

mA/cm. Conversely, PPM-EO, which has the smallest limiting current (0.016 mA/cm), exhibits 



the smallest  σ.  PEO, b-PPM-Me, and PPM-O fall  in the intermediate region with thickness-

normalized limiting currents between 0.03 mA/cm and 0.04 mA/cm. The straight line in Figure 6b 

represents 

ilim ¿L

σ
=0.3V ¿ (6)

Figure 7. Plot of limiting potential,  ϕlim ¿¿ versus thickness normalized limiting current,  ilim ¿¿L for all  seven 

electrolytes at r = 0.08 at 90°C. ϕlim ¿¿ for all the electrolytes is 0.304±0.031 V , independent of their limiting 

current values. 

When the current density exceeds the limiting current,  the cell  voltage diverges. We, 

therefore, define the limiting potential, ϕlim ¿¿ as the voltage drop that corresponds to the highest 

current density that gave a stable cell voltage at long times. Experimentally, ϕlim ¿¿ is obtained by 

subtracting the interfacial impedance contribution from the measured steady potential:21 



ϕlim ¿=V lim ¿−Ri ilim¿¿. (7)

In Figure 7, we plot the potential drops (ϕlim ¿¿) as a function of the thickness-normalized limiting 

current densities (ilim ¿¿L) for all seven electrolytes. We observe that  ϕlim ¿¿ remains essentially 

constant across all electrolytes: 

ϕlim ¿=0¿.304±0.031 V . (8)

Equations 6 and 8 are equivalent. The constant perfector on the right side of equation 6 is  

identical to the right side of equation 8. These equations indicate that a master plot can be obtained 

if i/ilim ¿¿is plotted versus ϕplateau/ϕlim ¿¿. This plot, which encompasses all seven electrolytes, is 

shown in Figure 8. The data from all seven electrolytes collapse on to a master line as expected. 

The collapse is far from perfect. Some systems like PPM-EO lie above the line, while others like 

PPM lie below the line. We do not have any explanation for this observation. 

The reason for  the behaviors  seen in  Figures  6 through 8 remains to  be established. 

Ultimately one would need to determine the underlying transport and thermodynamic parameters. 

At the limiting current, the salt concentration at the negative electrode is zero, and that at the 

positive electrode is about 2r. In other words, the concentration profiles obtained in all electrolytes 

are similar at limiting current. Perhaps, the observation that  ϕlim ¿¿ is independent of chemical 

identity is related to this similarity. 



Figure 8. Master plot describing current-voltage relationships of all seven electrolytes at r = 0.08 at 90°C. The ratio of 

the applied current densities and the limiting currents, i/ilim ¿¿ are plotted against the ratio of plateau potentials and the 

limiting potentials,ϕplateau/ϕlim ¿¿.  The line represents a least-squared fit through the data constrained to pass 

through the origin. To a good approximation, the slope of the line is equal to 1. 

Conclusions: 

The  limiting  current,  ilim ¿¿ of  an  electrolyte  is  of  primary  importance  for  practical 

applications. Another important parameter is the voltage drop needed to obtain the limiting current; 

we call this quantity limiting voltage, ϕlim ¿¿. Limiting current and limiting voltage can be predicted 

using Newman’s concentrated solution theory, but this requires performing arduous experiments to 

determine  five  concentration-dependent  transport  and  thermodynamic  parameters.  Of  these 

parameters, only conductivity, κ, and current fraction, ρ+¿¿, are widely reported in the literature, 

and the efficacy of an electrolyte in the limit of small applied potentials is the product, κρ+¿¿. It 

would therefore be convenient if there were a correlation between  ilim ¿¿and κρ+¿¿. In order to 

explore this, we studied six malonate-based polymers and PEO at a fixed salt concentration (r = 

0.08) and temperature (90℃). Within this set of the polymer electrolytes, the limiting currents of 

PPM and b-PPM-Pr are significantly higher than those of other electrolytes. In these seven polymer 

electrolytes, however, there is no correlation between ilim ¿¿ and κρ+¿¿. 



The standard protocol for determining ilim ¿¿ is to measure the time-dependent voltage of a 

symmetric cell containing the electrolyte of interest at a fixed applied current density, i. When i is 

less than ilim ¿¿ the cell voltage approaches a stable plateau, ϕplateau. To a good approximation, we 

found  a  linear  dependance  between  i and  ϕplateau L-1 in  this  regime.  In  all  seven  polymer 

electrolytes, we found a linear correlation between ilim ¿¿ and the slopes of these lines, σ (equation 

6).  In other words,  measurements of  σ can be used to predict  the limiting current.  A direct 

consequence of the linear dependence of ilim ¿¿ and σ is that ϕlim ¿¿ is constant.  Our work thus far is 

limited to a fixed salt concentration and temperature. Studying the relationship between  i and 

ϕplateau at other salt concentrations and temperatures seem warranted. 

Supporting Information. Experimental details of synthesis and characterization; NMR spectra of 

intermediates,  monomers,  polymers;  experimental  details  of  electrolyte  preparation, 

electrochemical characterization and GPC, DSC spectra,  dependence of limiting current with 

conductivity and current fraction,  comparison of the limiting current density determined using 

Li/Li symmetric cells and Li/In (40 atom % Li) symmetric cells. 
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