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Next-generation electrolytes for lithium batteries must be able to conduct ions at sufficiently high
current densities, yet this regime is rarely studied directly. The limiting current density of an
electrolyte quantifies the highest possible rate of ion transport under an applied dc potential.
Herein, we report on the limiting current density in twelve nanostructured polystyrene-block-
poly(ethylene oxide) (PS-H6-PEO, or SEO) copolymer electrolytes. We find that the limiting
current at a given salt concentration increases systematically with increasing volume fraction of

the PEO block (©r0). In contrast, effective medium theory, commonly used to analyze



conductivity in block copolymer electrolytes, predicts that limiting current is independent of ¢ o.
To resolve this conundrum, the ionic conductivity, the mutual diffusion coefficient of the salt,
and the steady-state current fraction of the block copolymer electrolytes were measured. These
measurements enable predictions of limiting current with no adjustable parameters using
concentrated solution theory. We found quantitative agreement between experimentally
measured limiting current densities and predictions based on concentrated solution theory. This
work sheds light on how to reliably measure and predict limiting current density in composite

electrolytes.

INTRODUCTION

Smaller, lighter, more powerful batteries will help drive the next generation of mobile
technologies with energy from renewable sources. Battery chemistries incorporating a lithium
metal anode offer high theoretical specific energies and energy densities, but a compatible
electrolyte with adequate performance has not yet been developed, despite considerable effort.'
A suitable electrolyte must promote reversible lithium metal electrodeposition and stripping, and
also conduct ions at a sufficiently high rate. Nanostructured rigid electrolytes have shown
promise for this purpose: such materials contain conducting domains for ion transport and rigid
domains to promote stable lithium deposition.®’ The ion transport properties of such composite
materials are not easily predicted solely from ion transport properties of the conducting domain

alone.

They are several key transport performance metrics for the evaluation of electrolytes
wherein the charge carriers are in the form of added salt ions. We refer to a particular electrolyte

as a salt-solvent combination of a specific concentration. An important one is the current-voltage



relationship in an electrolyte at steady-state; salt concentration gradients are induced when dc
current flows through the electrolyte.*!' Another metric is the limiting current density, which is
defined as the maximum steady-state current density achievable through a particular
electrolyte.'>'* At the limiting current density, the salt concentration at the cathode is identically
zero.'*'” Thus, when the applied current density exceeds the limiting current density, the Li*
redox reaction cannot occur at this electrode at steady-state. Instead, the electrons at the electrode

participate in irreversible reactions that lead to degradation of the electrolyte.

While the importance of limiting current density is well established in the literature, it is
rarely measured in electrolytes with lithium ions.'®* One polymer electrolyte system that has
been extensively studied 1s mixtures of poly(ethylene oxide) (PEO) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI).> Herein, we report on the limiting current density
in twelve nanostructured polystyrene-block-poly(ethylene oxide) (PS-b6-PEO, or SEO)
copolymer electrolytes, obtained by combining four SEO block copolymers and three LiTFSI
concentrations. These electrolytes self-assemble into lamellar morphologies, with alternating
layers of ion-conducting PEO domains and mechanically reinforcing PS domains. The salt is
preferentially located in the PEO-rich lamellae. Neutron spin echo measurements have shown
that segmental motion of the ion-containing domains in block copolymer electrolytes is similar
to that of homopolymer electrolytes.* In the simplest case, ion transport in these electrolytes is
governed by three transport coefficients, and a thermodynamic factor, 7 ;: the three transport
coefficients are ionic conductivity k, the salt diffusion coefficient D, and the cation transference
number with respect to the solvent velocity Z,.,.”> These parameters have been determined for

two SEO block copolymers.”**” SEO transport coefficients can also be predicted from the



transport coefficients of PEO using the effective-medium theory of Sax and Ottino.”** Both sets
of transport parameters can be used to predict limiting current using Newman’s concentrated
solution theory.”%*3° In this paper, we compare measured limiting current density in the twelve

nanostructured electrolytes with predictions based on both approaches.

EXPERIMENTAL SECTION
Polymer synthesis

In this study, we used polystyrene-block-poly(ethylene oxide) copolymers (PS-PEO, or
SEO), which were synthesized by anionic polymerization, as described in previous work.?'=*
Characteristics of the twelve electrolytes used are reported in Table 1: copolymer name,
molecular weight of the PS block, molecular weight of the PEO block, polydispersity index in N-
Methyl-2-pyrrolidone (NMP) with respect to a polystyrene standard, PDI, and salt concentrations
and corresponding volume fraction PEO and LiTFSI, @go.irs1, @s calculated based on partial
molar volumes measured in Ref 35 as described in Ref 36. The salt concentration 7 is defined as
the molar ratio between LiTFSI and EO monomer units in the block copolymer. All four
polymers are above the threshold at which molecular weight is expected to significantly affect

macroscopic ion transport properties.*

Table 1: Properties of SEO electrolytes used in this study.

Name [kgl\l/ill)f)l'l] [kg/I mol] PDI r ProswiTest
SEO(110-183) 110 183 1.10 0 0.62
0.04 0.65
0.085 0.67




0.12 0.69
0 0.59
0.04 0.62
SEO(115-172) 115 172 1.10
0.085 0.65
0.12 0.67
0 0.52
0.04 0.55
SEO(200-222) 200 222 1.08
0.085 0.58
0.12 0.60
0 0.48
0.04 0.51
SEO(235-222) 235 222 1.05
0.085 0.54
0.12 0.56

All electrolyte preparation and electrochemical cell assembly steps were performed in argon
filled gloveboxes with less than 1 ppm of water and less than 1 ppm of oxygen to avoid

contamination.

Electrolyte casting

Methods for electrolyte preparation and electrochemical cell fabrication closely mimic
those previously reported.*** The salt used in this study was lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI). The solvent was N-Methyl-2-pyrrolidone (NMP).

This casting method results in freestanding electrolyte membranes 35-200 um thick.

lonic conductivity



Ionic conductivity measurements were performed using both aluminum|SEO|aluminum
symmetric cells and lithium|SEO[lithium symmetric cells. Cells were assembled using one
circular punch of an SEO electrolyte membrane with a diameter of 3/8 inches and two circular
punches of electrode material with diameters of 5/16 inches. The two electrodes were either
aluminum blocking electrodes or lithium metal non-blocking electrodes which were backed with
nickel foil. The lithium metal was obtained from FMC. All reported electrochemical data is for
cells at 90 °C. Complex electrochemical ac impedance spectra were acquired using a BioLogic
VMP3 potentiostat for a frequency range from 1 MHz to 1 Hz at an amplitude of 40 mV. The
data were analyzed in the form of Nyquist plots and the electrical equivalent circuits in Fig. 1
were used to fit the data and obtain the bulk impedance used to calculate the ionic conductivity,
as well as the interfacial impedance. R1 and L1 represent the response of the external cables, R2

and Q2 represent the electrolyte, and R3 and Q3 represent the polymer/lithium interface.
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Figure 1. Electrical equivalent circuits used to fit Nyquist plots for cells with (a) aluminum
blocking electrodes and (b) lithium non-blocking electrodes. R represents a resistor, L an
inductor, and Q a constant phase element. L1 was restricted to be positive and R1 was set to 0.1
Ohms before fitting.

Restricted diffusion and steady-state current fraction

Steady-state current fraction and restricted diffusion measurements were performed using
Li|SEO|Li symmetric cells (same assembly method as for ionic conductivity cells with lithium
metal electrodes) and a BioLogic VMP3 potentiostat. Before measurements, cells were annealed

for 1 h at 120 °C followed by 3 h at 110 °C. All measurements were performed at 90 °C. To



ensure stable interfacial layers at the lithium-polymer interfaces, 6 charge/discharge conditioning
cycles at a low current density of 0.02 mA c¢cm? were performed prior to the measurements. Each
conditioning cycle consisted of a 4 h charge followed by a 45 min rest and a 4 h discharge
followed by a 45 min rest. Ac electrochemical impedance spectroscopy was performed before
polarization. The steady-state current fraction experiment consisted of applying a potential of AV
= 20 mV and measuring the current at time intervals of 100 ms for 2 h, a time long enough to
reach steady-state current. Ac impedance spectra were measured every 15 min. In the absence of
a concentration gradient (i.e. prior to polarization), the calculated initial current, {0, is defined by
Ohm’s law as given in Eq. 1, where 4V is the difference between the potential response and the
open-circuit voltage of the cell, and R; o and R, are the initial resistances measured by ac

impedance spectroscopy for the interface and the bulk respectively .

.4V
ta= R; o+ R, o
(1)
The current fraction, p.;,, was calculated according to Eq. 2 as established by Evans, Bruce, and

Vincent. R;ss is the resistance of the interface at steady-state measured by ac impedance

spectroscopy, and Iss is the steady-state current.®*!!!

P igav-isr, 2]
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Restricted-diffusion measurements of SEO electrolytes were performed immediately after the
experiment to measure the current fraction. After a steady-state voltage response was reached,
the cells were allowed to relax for up to 10 h under open-circuit voltage (OCV) conditions while

the OCV, U, was recorded at time intervals of 500 ms. The data are fit to the functional form:



U(t)=k0+ae_b'

3
where a and b are the fit parameters and ko is an empirically determined offset voltage. We posit
that the offset voltage, ko, arises from small temperature gradients in the symmetric cells due to

the heating stage geometry.” The offset voltage is much smaller than U over most of the

experimental window. The salt diffusion coefficient, D, is calculated using:

4]
where b is from the fit of Eq. 3 and L is the thickness of the electrolyte as measured with a

micrometer before cell fabrication.**** The lower limits of the fits are such that D#/L> > 0.05.

Limiting current density

The procedure to measure limiting current density was inspired by that reported by
Hudson.”? To ensure stable interfacial layers at the lithium-polymer interfaces, 6
charge/discharge conditioning cycles at a low current density of 0.02 mA cm™ were performed
prior to the measurements. Each conditioning cycle consisted of a 4 h charge followed by a 45
min rest and a 4 h discharge followed by a 45 min rest. To determine the limiting current density,
lithium symmetric cells were polarized at a range of current densities. All experiments were
conducted at 90 °C. Cells were first polarized in the positive and negative directions at 0.02,
0.05, and 0.08 mA cm™ to establish the linear regime for the current-voltage relationship. During
this step, each cell was polarized in one direction for 15 minutes, followed by a 15 min open
circuit step to allow for relaxation, followed by 15 minutes of polarization in the opposite
direction and then the same open circuit step. Following this initial characterization, a constant

current density was applied to the cell and the resulting potential was measured. One of three



outcomes was observed: (1) the potential reached a steady-state value, (2) the potential diverged
to infinity such that it would not reach a steady-state potential, or (3) the result was inconclusive.
Once one of the outcomes was determined, the applied current was stopped and the cell was
allowed to relax back to its equilibrium concentration gradient for at least 10 minutes.
Polarization time was minimized to reduce the influence of dendritic growth on our
measurements. In order to reduce polarization time at high current densities, we first sought an
unsustainable current density i.e. one for which the voltage diverged. Following that, the highest
sustainable current density was sought. Previous measurements informed the initial guesses of
current densities to apply in each case. Once upper and lower bounds were established,
intermediate current densities were tested in order to narrow the range of the bounds to less than
0.05 mA cm? or the cell failed by dendritic short-circuit. The direction of the applied current was
alternated between each step to prolong cell lifetime. The true limiting current of the cell was
taken to be within the range of the largest current applied which resulted in a steady-state
potential and the smallest current applied which caused a divergence in potential. The points
plotted as the limiting current are the average midpoints of this current range for at least three
cells. The error bars represent the average upper bound and lower bound current densities.
Electrochemical impedance spectroscopy was performed between each current step to ensure
that bulk and interfacial impedances remained constant. After experimentation, these pouch cells
were opened inside a glovebox, and a portion of the symmetric cell was cut out, re-pouched, and
imaged by X-ray microtomography to determine electrolyte thickness, L. L corresponds to the
average distance between approximately parallel electrodes, where the average was determined

using at least 10 points within the cell using ImageJ on tomographic cross-sections of each cell.
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X-ray microtomography

The cells were imaged using hard X-ray microtomography at the Advanced Light Source
at Lawrence Berkeley National Laboratory — details can be found in the Supporting Information.
The software Xi-Cam® and a Python script were used to create a 3D reconstruction of the cell.
Cells were imaged in their original pouches at 4x magnification, corresponding to a pixel size of
approximately 1.625 pm. Cross-sectional slices were stacked and rendered by the software

Imagel] to take measurements of electrolyte thickness.

Electron microscopy

Scanning Electron Microscopy (SEM) was used to examine the microphase-separated
morphology of the polymer electrolytes. Samples were prepared for microscopy in a method
analogous to electrolyte membrane casting. The SEO block-copolymer was dissolved in NMP
and mixed with LiTFSI such that the salt concentration” were equal to 0.04,0.085 or 0.12. Then
each solution was drop-cast on a silicon wafer. The solvent was evaporated at 60 °C on a casting
plate, and then the samples were dried at 90 °C under active vacuum for 3 days prior to the
experiment. Samples were transferred to the SEM facility using an air-tight desiccator. To
prevent charging artefacts, a Gatan Sputter Coater was used to coat all samples with an
approximately 2 nm thick carbon layer. The morphology of the samples was investigated using a
FEI Helios G4 UX scanning electron microscope operated at 2 kV. Secondary electron images

were acquired using the through-lens detector.

RESULTS AND DISCUSSION

1. Limiting Current Density Experiments
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Figure 2. Absolute value of the length-normalized potential across the electrolyte as a function
of time for different applied current densities. The measured potential was corrected to account
for the potential drop due to interfacial impedances at the electrode/electrolyte interfaces and
normalized by electrolyte thickness. These steps were conducted on one cell with the electrolyte
SEO(235-222), r0=0.48,r=0.04, and L=43 um at 90 °C.

Typical results of the experiments used to determine the limiting current density are
shown in Fig. 2. These steps were conducted on one cell with the electrolyte SEO(235-222),
¢r0o=0.48, r=0.04, and L=43um. Cells were polarized at a fixed current density and the
potential response was measured as a function of time. The potential drop across the electrolyte,
@, was calculated from the absolute potential response by subtracting the potential drop due to
interfacial impedance as measured by ac impedance spectroscopy.?*° At low current densities
(below 0.50 mA cm?), the potential reaches a plateau in about four minutes. The largest
sustainable current density for this cell is 0.50 mA c¢cm™. Increasing the current density to 0.55

mA cm? results in a qualitatively different behavior and the voltage versus time data exhibit an

12



inflection beyond which the voltage increases rapidly as a function of time. We take this to be the
signature that the limiting current density has been exceeded, i.e., the Li* redox reaction at the
cathode is compromised because the salt concentration is close to zero. The smallest
unsustainable current density for this cell is 0.55 mA c¢cm™?. We conclude that for the particular
cell in Fig. 2, the limiting current density is 0.525 + 0.025 mA cm™. Such experiments were

repeated for all of the electrolytes in Table 1.
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Figure 3. Limiting current density normalized to a 20 um electrolyte thickness, i1 20.» (left y-
axis), and limiting current density multiplied by thickness, i, L (right y-axis), for a series of SEO
electrolytes at 90 °C. The dashed lines represent the prediction for limiting current density based
on the transport properties of PEO taken from Ref. 23 and a lamellar morphology factor
according to effective-medium theory. (a) Limiting current density plotted as a function of salt
concentration in the conducting phase. (b) Limiting current densities plotted as a function of
conducting volume fraction @ go+Lirrsi.

Fig. 3a plots the experimental results of limiting current density measurements on the
series of SEO electrolytes given in Table 1 as a function of salt concentration, ». The left vertical
axis represents the limiting current density normalized to an electrolyte thickness of 20 um,
i120m, while the right vertical axis represents limiting current density multiplied by thickness,
irL. We chose 20 um as it is a typical thickness for a battery separator. The solid lines represent
four different SEO copolymers, characterized by the volume fraction of PEO in the block
copolymer without salt, ¢ o, at three salt concentrations. Generally, i, increases linearly with salt
concentration. This is consistent with the expression for limiting current density in homogenous

dilute electrolytes with concentration-independent transport properties:*°

__2cDF
"TTLG
b
where ¢ is the average concentration of salt in the electrolyte, D is the salt diffusion coefficient, F
is the Faraday constant, L is the electrolyte thickness, and ?.;; is the cation transference number.

The relationship between ¢ and 7 for a homopolymer electrolyte and a microphase separated

electrolyte, is the same and is defined as the concentration of salt in the ion-conducting phase:*’

= P
| J M§0+rMLiTFS1
6]
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where, p(r) is the density of the PEO conducting phase?,  is the molar ratio of lithium ions to
ethylene oxide (EO) moieties, M go and M 1izrs; are the molar masses of the EO unit (44.05 g mol

") and LiTFSI (287.08 g mol™), respectively.

Limiting current density measurements in PEO/LiTFSI homopolymer electrolytes
reported by Gribble et al.* can be used to estimate the limiting current density in SEO/LiTFSI
electrolytes. Concentration polarization in symmetric cells can be rigorously predicted using

concentrated solution theory using Eq. 7,

fx D[r]c(r)d _—iL

rt—i,“\r] ’ F

X

7|

6(7)

r(x=0]|

where r(x) is the unitless molar ratio of salt in the electrolyte as a function of interelectrode
distance, x, D(r) is the salt diffusion coefficient as a function of 7, ¢(r) is defined in Eq. 6, i is
the current density, L is the electrolyte thickness, and f_», is the rigorously defined anion
transference number with respect to solvent velocity.” Effective-medium theory can be used to
relate transport parameters in homopolymer and block copolymer electrolytes as described by
Hallinan et al.”*® This effective-medium theory framework was developed by Sax and Ottino and
is valid when the transport path is much larger than the grain size and when the resistance to
transport between grains is negligible.” Hallinan et al. proposed the following relationship
between a diffusion coefficient in a composite electrolyte with one conducting domain, in this
case Dsgo, compared to the diffusion coefficient in the conducting phase, in this case D pro, where

f represents the form factor and 7 represents the tortuosity factor:’

f

Dzo="7 Dpro

8]
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2
In the case of a collection of randomly oriented lamellar grains, the simplest model gives f =3

and 7=1728

When we incorporate the effect of morphology on the diffusion coefficient according to effective-

medium theory in Eq. 8, we see that

f ) DPEO(F)C[I’) __iL
T ‘[ ri_ dr= F

X
L

.0[9)

r(x=0| —oir)

We assume that the transference number is a function of the conducting phase composition only
and is independent of block copolymer morphology. Thus, we may approximate the limiting

current density of SEO as follows:

lr.seo=7F 1L, PEO

10]
T . 2 .
The dashed green line in Fig. 3a represents Eq. 10 with f =7, 7=1, and I., pro taken from Ref.

23. In that reference, it was shown that experimentally measured i, peo were in excellent
agreement with theoretical predictions based on independently measured transport properties.
This work was limited to the salt concentration range 0<r<0.085, The green X symbols in Fig.
3a are based on the theoretical calculations in Ref. 23; the value at ¥ =0.12 was obtained by linear
extrapolation of results obtained at 7 =0.065 and r=0.085._ It is clear that the effective-medium

theory estimate of SEO limiting current density overpredicts the true, measured value.

Many transport properties of block copolymer electrolytes depend on the volume fraction
of the conducting phase, ®ro+irrsi. However, the limiting current density is predicted to be
independent of this parameter (see Eq. 10). In Fig. 3b, we plot i, versus @ro«rirrsi. The left

vertical axis represents the limiting current density normalized to an electrolyte thickness of 20

16



um, I;20,m, while the right vertical axis represents limiting current density multiplied by
thickness, i, L. The dashed lines reflect the limiting current density predictions from Eq. 10. The
effective-medium theory prediction is a function of the salt concentration in the conducting
phase, and not of the conducting volume fraction. Experimentally, we see a significant
dependence on conducting volume fraction, and the measured limiting currents begin to

approach the predictions as conducting volume fraction increases.
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Figure 4. Relationship between length-averaged steady-state potential across the electrolyte,
chL_l, and current density, i, for each electrolyte in Table 1 at 90 °C for (a) r=0.04, (b)
r=0.085, and (c) r=0.12, The filled symbols represent current densities at which a steady-state
voltage was reached. The unfilled plotted point at the highest potential represents the potential at
the end of the step where the lowest unsustainable current density was imposed. A linear slope
on the log-log plot is shown as the dashed double line for reference; the data are generally
parallel to this line, indicating a linear relationship between @, L 'and 1.

Fig. 4 shows cell data obtained at current densities,i, below i, as well as one point
representing the voltage response to a current density above ;. For each applied i, the measured

steady-state potential response was processed to remove the potential drop across the interfaces
and normalized by interelectrode distance L. The normalized value @ fol is plotted. For each

concentration, we show data obtained from one particular cell for each electrolyte. To a good

approximation, @, L™ is a linear function of i below the limiting current. In most cases, a linear

relationship is observed over a wide range of current densities 0<;-<0.9. Similar behavior has
L

been seen in PEO/LIiTFSI electrolytes.”
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1. Characterization of lon Transport Properties and Limiting Current Density Predictions
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Figure 5. Ionic conductivity measured by ac impedance spectroscopy using blocking aluminum
electrodes, k¥, and non-blocking lithium electrodes, K., at 90 °C. (a) ¥ as a function of salt
concentration 7, (b) kK as a function of conducting volume fraction ®zo+irrsi, (C) Kn as a function
of salt concentration 7, (d) K, as a function of conducting volume fraction @ro+rirrsi. Dashed
lines in (a) represent predictions based on Eq. 11 and the ionic conductivity of homopolymer
PEO electrolytes.*® Note the values of &, are higher than those of k, and the y-axis scale differs.

The current versus voltage characteristics of an electrolyte can, in principle, be predicted
by concentrated solution theory if all of the transport parameters and the thermodynamic factor
are measured. We thus measured these properties independently in our block copolymer
electrolytes. Ionic conductivity was measured by ac impedance spectroscopy using blocking

aluminum electrodes, ¥, and non-blocking lithium electrodes, ¥,.»,. Fig. Sa plots k¥ as a function of

20



salt concentration 7 for all twelve electrolytes. Effective-medium theory predicts that Ksgo is

7KsE0= "7 P Eo+LiFs1 K pEO

(1]

given by

whereKszo is the ionic conductivity of the SEO electrolyte and Kpro represents the ionic
conductivity of a PEO electrolyte of the same salt concentration. Dashed lines in Fig. Sa
represent predictions based on Eq. 11, where the ionic conductivity of the homopolymer PEO
electrolyte is taken from the polynomial fit through the data in Fig. 3a of Gribble et al.” See
Supporting Information for further details. Agreement between K and these predictions improves
as Pro+vrrrs: increases. The measured ¥ of the SEO samples with @zoof 0.62 and 0.59 are in
quantitative agreement with predictions based on Eq. 11. Significant deviations are seen in SEO
®ro = 0.52, particularly at ¥ = 0.12. The largest deviations are seen in the sample with @go of
0.48 at r = 0.04. Fig. 5b plots k as a function of conducting volume fraction, @ zo+Lirrsi. The data

from all the samples collapse, except for @ro+rirrsi= 0.60 and 7 = 0.12.

Fig. 5c plots k., as a function of salt concentration, #, and Fig. 5d plots ¥, as a function

of conducting volume fraction; these data were obtained by ac impedance spectroscopy using

non-blocking lithium electrodes. For these electrolytes, K., is generally higher than x, with Klgb

equal to 1.2 on average and ranging between 0.74 and 2.5. While we do not know the reason for
the difference between K, and &, discrepancies between them are common.'' As seen in Figs. 5b
and 5d, ionic conductivity increases with conducting phase volume fraction, as expected. The

collapse of the data in Fig. 5d is noteworthy.
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Figure 6. Restricted diffusion coefficients of SEO electrolytes, D, (a) as a function of salt
concentration, 7, and (b) as a function of conducting volume fraction, ®ro-+vizrsi, at 90 °C. The
dashed line in (a) represents predictions based on Eq. 8 and the restricted diffusion coefficient of
homopolymer PEO electrolytes.”

The mutual diffusion coefficients of salt in our electrolytes, D, were measured by the
restricted diffusion technique.** Fig. 6a plots D as a function of salt concentration r. The
dashed lines in Fig. 6a connect predictions based on effective-medium theory, i.e. Eq. 8 and the
salt diffusion coefficient of homopolymer PEO electrolytes;” D is predicted to be independent of
®ro+Lirrsi. The diffusion coefficient of LiTFSI in homopolymer PEO electrolyte is taken from the
polynomial fit through the data in Fig. 3b of Gribble er al.*® The figure is reproduced in the
Supporting Information of this manuscript for reference. The measured diffusion coefficients are
more or less independent of 7 as predicted by theory, but they decrease monotonically with
decreasing@ro. At ®ro= 0.62, the measured values are slightly higher than predictions. At @ o=
0.59, only the electrolyte at r = 0.085 has a diffusion coefficient significantly below the
prediction. At @0 = 0.48, all of the measured values of D are below effective medium theory

predictions.
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Fig. 6b plots D as a function of conducting volume fraction @ go+rirrss and shows that D
increases with ®o.rirrsi. When the data are plotted using these axes, we observe a collapse from
most of the samples (all of the samples, except r = 0.085 and @ ro+rirrsr = 0.65). Fig. 6b reveals a
trend which is inconsistent with effective medium theory. Such inconsistencies may arise due to

effects not included in effective-medium theory, such as resistance to ion transport at grain

boundaries.*®
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+ +
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Figure 7. Steady-state current fraction of SEO electrolytes, p..., (a) as a function of salt
concentration 7, and (b) as a function of conducting volume fraction @ro+Lizrsr at 90 °C. The
legend differentiates polymers based on the volume fraction of PEO in the block copolymer
without salt, @ zo, referenced in Table 1 or by salt concentration. The dashed line in (a) represents
predictions based on Eq. 12 and the current fraction of homopolymer PEO electrolytes.*

The current fraction p.;, was measured for each electrolyte using the steady-state
polarization technique pioneered by Evans, Bruce, and Vincent.**!!' In the literature, p.;; has
been referred to as the transference number. The transference number and p..; are only equal to
each other in dilute electrolytes that are thermodynamically ideal. None of the electrolytes of

interest here satisfy these conditions.
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Fig. 7a plots p.;, as a function of salt concentration 7. The dashed line in Fig. 7a

represents the predictions of effective-medium theory for current fraction:

P+ seo= P+, PEO

112
and P+ pro as a function of 7 is taken from Ref. 23. The current fraction in homopolymer PEO
electrolytes is taken from the polynomial fit through the data in Fig. 3¢ of Gribble et al.** The
figure is reproduced in the Supporting Information of this manuscript for reference. If effective-
medium theory were a valid approximation, p.;; data from the four different block copolymers

and the homopolymer would collapse on to a single curve. This is clearly not the case.

In all of the block copolymers, p..; decreases with 7, consistent with the prediction of effective
medium theory. The magnitude of the decrease is also consistent with this prediction. However,
the overall values in these high molecular weight SEO electrolytes are significantly lower than
the predictions. The reason for this remains to be established. In Fig. 7b, we plot p.;; as a
function of @ro+rirrsi. At ¥ = 0.04 and 0.085, P+ increases with @ro+rirrsi. At 1 = 0.12, P4y 1s a

weak function of @ ro+rirrsr and ranges from 0.04 to 0.06 across the accessible window.

Although PEO and lower molecular weight SEO polymer electrolytes have been reported to have
similar values of p..,, P+, appears to be consistently lower for high molecular weight SEO
polymer electrolytes.””** We do note that p. seo decreases with increasing 7, as is the case for
P+ reo. Fig. 7b plots p..; as a function of conducting volume fraction @ zo+zirrsi. Comparing Fig.
7a and 7b, we conclude that p., is primarily determined by 7, not ¢ ro+rirrs:- This is in agreement

with previous measurements.*’
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Figure 8. SEM micrographs of the surfaces of SEO electrolyte membranes. All scale bars
represent 1 um. (a-c) represent electrolytes from the polymer SEO(110-183) with @z0=0.62,
(d,e) represent electrolytes from the polymer SEO(115-172) with ¢£=0.59, (f-h) represent
electrolytes from the polymer SEO(200-222) with ¢z=0.52, and (i-k) represent electrolytes
from the polymer SEO(235-222) with ¢zo=0.48. The leftmost column of images represents
electrolytes with ¥=0.04, the center column represents electrolytes with »=0.085, and the
rightmost column of images represents electrolytes with r=0.12,

Scanning electron microscopy (SEM) was used to provide information about the

morphology of the electrolytes. As determined by SEM, the overall microstructures of the top
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surfaces were heterogeneous, with lamellar regions in most samples. For comparison, Fig. 8
presents micrographs from select regions on the surface of each electrolyte membrane that
provide a qualitative comparison between systems at a similar length scale. As shown, the
lamellar thicknesses of these selected regions in the SEO(110-183) and SEO (115-172) are
smaller than those of SEO(200-222) and SEO (235-222). This is expected because the total
molar mass of the first two polymers is about 300 kg mol™, while that of the latter two polymers
exceeds 400 kg mol”. The grain structure in these electrolytes is complex. Generally speaking,
larger grains are seen in SEO(200-222) and SEO(235-222). We note that the greatest deviations
from effective-medium theory are also seen in these two polymers. For example, the ionic
conductivity of these polymers lie well below effective-medium theory prediction, while those of
SEO(110-183) and SEO(115-172) with ¢£o=0.59 and ¢zo=0.62are roughly consistent with

predictions (see Fig. 5a).

We use concentrated solution theory* along with the methodology developed by Pesko er
al® to predict the limiting current densities of our 12 electrolytes.” As defined before, the
limiting current is obtained when the salt concentration at the cathode approaches zero. It is
possible to calculate steady-state salt concentration profiles, r(x), across the cell by employing
measured transport properties of the electrolyte. The salt concentration profile in a symmetric

cell is governed by the following expression™:

rix|

rix=0)

b
where K is the ionic conductivity, p.;; is the current fraction, Z..=1; is the charge number for

LiTFSI, V..=1; is the number of cations for LiTFSI, F is the Faraday constant, ®ro+rirrss is the
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volume fraction of the conducting phase, m is the molality of salt in the conducting phase, and

dUu . . - . . .
T 18 the change in the open circuit potential with respect to m. It is important to note that the

rigorously defined cation transference number with respect to the solvent velocity, 7., is used in
the derivation of equation 13, as shown in Ref 50. The numerical values of 7, are very different
from p..; due to the fact that our electrolyte is neither dilute nor thermodynamically ideal.

Integrating Eq. 13 requires knowledge of the composition-dependent properties on the left side:

du ) ) ..
K, P+, and VTR We ignore, for simplicity, the dependence of @ro+Lizrsr on 1. The parameters

du ) . .
P+ and T &re weak functions of block copolymer composition and chain length.” We used

the fitted expression of p.;, measured for ¢zo= 0.48 in Frenck et al.” for all SEO electrolytes.

These parameters are shown in Eq. 14 and also given in Table 2. We use values reported for SEO
N . dUu .
electrolytes in Villaluenga et al.”’ for VI shown in Eq. 15:

Pii=549" 129740114 14)

dU ,
Ty =5-31(In m|*~89.62Inm|—82.69

15]

The dependence of ¥ of SEO block copolymer electrolytes on salt concentration has been
established in the literature. The data for SEQ(235-222) with ¢£0=0.48 is reported in Frenck et
al>®, while that for SEO (240-260) with ¢z=0.51 is reported in Villaluenga et al.’’ The
conductivity of SEO(110-183), SEO(115-172) and SEO(200-222) was measured at three salt

concentrations. We assumed that the polynomial dependence of ¥ on 7 was the same for similar
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polymers. For SEO(200-222), a constant was added to the polynomial fit through the

conductivity data reported for SEOQ(235-222) in Ref. *. For SEO(110-183) and SEO(115-172), a

constant for each polymer was added to the polynomial fit through the conductivity data reported

in Ref. 27. In both studies the constants were chosen to minimize the deviation between the fits

and the conductivity data. All fitting parameters for k are reported in Table 2. All of these results

can be combined to obtain the functional form of the integrand in Eq. 13:

66
6

Table 2. Fitting parameters used for «, (J—K(J and p..; for each SEO electrolyte.

Pro Property a b c d e f g

K 7.92 102 | -4.79 10 8.61073 1.2 10*
0.62

(',_K[, -5.60 10* | 4.9410* | -1.7410° | 3.1210”° | -2.9110° | 1.25107 | -1.02 10°

K 792102 | -4.7910? | 8.6103 2.510*
0.59

(,)—’2 -7.0410* | 6.16 10* | -2.1510* | 3.7910° | -3.4610° | 1.43 107 | -9.43 10°'°

K -82810"' | 6.8810"' | 1.96 10" | 2.1110% | -3.61 10*
0.52 -

A -5.8310* | 5.3310* | -1.96 10* | 3.68 10° | -3.6710° | 1.78 107 | -2.57 10°

K -8.28 10" | 6.88 10" | 1.9610" | 2.11107? 4.4110*
0.48 =

T -3.9910% | 3.8010* | -1.46 10* | 2.8810° | -3.0310° | 1.55107 | -2.5910°
all P+i 5.49 -1.29 0.11

Table footnote: All polynomials are given in function of r. Units for ionic conductivity are S cm’

) K e
! and units for Tpare mol cm's™".
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Figure 9. Comparison of SEO experimental limiting current to concentrated solution theory

approximation based on characterization and concentrated solution theory approximation for
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electrolytes containing (a) SEO(110-183) with ¢0=0.62, (b) SEO(115-172) with ¢£0=0.59, (c)
SEO(200-222) with ¢£=0.52, and (d) SEO(235-222) with ¢£,=0.48 (d) Comparison of SEO
experimental limiting current to concentrated solution theory for electrolytes containing 7 =0.12

in function of @ro+Lirrsi.

For an applied current density i, Eq. 13 was used to calculate the value of r at x =L with
the integrand given by Eq. 16 and parameters given in Table 2. The current density at which the
calculated value of r at x =L was zero was taken to be the limiting current density. In Fig. 9, we
compare the experimentally measured limiting current densities with theoretical predictions. In
many cases, we find quantitative agreement between theory and experiment. Significant
departures are seen between theory and experiment in dilute electrolytes with ¢z=0.48 and
¢r0=0.62. Departures are also seen at high concentration in electrolyte with @0 ¢ 0.52. In all
cases where departure is observed, the experimentally measured limiting current lies below the
theoretical prediction. More work is needed to explore the reason for this observation. What is
clear however, is that the limiting current increases systematically with increasing @ro. At 7 =
0.12, the most concentrated electrolyte, the experimentally measured limiting current increases
from 4.5 mA cm™ to 10 mA cm™ as shown in Fig. 9e. The observed factor of two increase of
limiting current is perhaps surprising given the fact that ¢zo was changed modestly from 0.48 to
0.62. By and large, we conclude that concentrated solution theory, which was originally
developed for characterizing ion transport in homogeneous electrolytes, applies remarkably well
when used to predict the limiting current of nanostructured block copolymer electrolytes. In
contrast, effective medium theory, which is widely used to interpret conductivity of block

copolymer electrolytes, predicts that the limiting current is independent of @ o +Lirrs:.
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CONCLUSION

Limiting current density is an important metric of battery electrolytes as it describes the
highest rate of ion transport that can be accommodated by the electrolyte. Developing new
electrolytes for lithium batteries is an active field of research, and comparisons are often based
on conductivity and current fraction. We suggest that limiting current density is a simple metric
for comparing the efficacy of different electrolytes. Herein, the limiting current density was
measured for a series of twelve microphase separated PS-H-PEO block copolymer electrolytes. In
this class of nanostructured electrolytes, the highest limiting current density measured was 11.6
mA cm? normalized to a 20 um thick membrane. The limiting current increases with increasing
®ro; Pro of the optimal block copolymer in our study was 0.59. The ionic conductivity, the
mutual diffusion coefficient of lithium salt, and the current fraction were also measured and
reported as functions of salt concentration and conducting phase volume fraction. The limiting
current densities of these nanostructured electrolytes were compared to those of homopolymer
PEO electrolytes using the effective medium theory put forth by Sax and Ottino. Our results are
qualitatively inconsistent with effective medium theory, which predicts that limiting current is
independent of ¢zo. Limiting current measurements were also compared to results from a model
based on concentration solution theory using independently measured transport parameters. The
estimate based on concentrated solution theory, which was originally developed for
characterizing ion transport in homogenous electrolytes, was shown to apply remarkably well to

these nanostructured electrolytes. Our approach provides a useful tool to predict limiting current
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density in nanostructured electrolytes using readily measured transport parameters, which can in

turn help design improved block copolymer electrolytes for battery applications.
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ABBREVIATIONS
Abbreviations
EO Ethylene oxide
LiTFSI lithium bis(trifluoromethanesulfonyl)imide

NMP N-Methyl-2-pyrrolidone

ocv Open circuit voltage

PDI polydispersity index in NMP with respect to a polystyrene standard
PEO Poly(ethylene oxide)
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PS

Polystyrene

SEO Poly(styrene)-b-poly(ethylene oxide)
SEM Scanning electron microscopy
Symbol
M itrst Molecular weight of the lithium salt LiTFSI [kg mol™]
Mps Molecular weight of the polystyrene block [kg mol™]
Mpro Molecular weight of the poly(ethylene-oxide) block [kg mol™]
Mo Molecular weight of ethylene oxide [kg mol™]
T; Thermodynamic factor

Current density [mA cm?]

i Limiting current density [mA cm™]

Vv Voltage [V]

¢ Overpotential across electrolyte normalized by electrolyte thickness [V cm™]

r L . . | LiTFSI]
Salt concentration in the PEO-rich phase, defined as the molar ratio, W

Ly Dilute solution theory transference number of the cation

I_p, Concentrated solution theory transference number of the anion with respect to the
solvent velocity; =1, ¢

D Salt diffusion coefficient [cm?® s™']

c Concentration of lithium salt in the conducting phase [mol cm™]

p Density of the electrolyte [g cm™]

K Ionic conductivity measured in a cell with blocking electrodes [S cm™]

Kb Tonic conductivity measured in a cell with non-blocking electrodes [S cm™]

P+ii Current fraction

Zaid Charge number of the cation

Vg Number of cations in the dissociated salt
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@ Volume fraction of the conducting phase
Pro Volume fraction of the PEO-rich phase
@ Eo+LiTFSI Conducting volume fraction; volume fraction of the PEO-LiTFSI phase
dU Change in open-circuit potential with respect to the logarithm of the molal
dInm concentration of salt in the electrolyte [V]
F The Faraday constant [C mol™]
L Electrolyte thickness [cm]
X Position in the electrolyte [cm]
f Form factor in effective-medium theory
T Tortuosity factor in effective-medium theory
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