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The performance of a battery electrolyte is governed by the velocity and
concentration fields that arise during polarization of the cell. Galluzzo et al.
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for a lithium battery. They find that using a single-solvent approximation to
describe the dual-phased electrolyte leads to an inconsistency in the measured
transference number under small and large applied electric fields.
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Probing transference and field-induced polymer
velocity in block copolymer electrolytes

Michael D. Galluzzo,"? Hans-Georg Steinrtick,**> Christopher J. Takacs,*’ Aashutosh Mistry,®?
Lorena S. Grundy,"'9 Chuntian Cao,%"" Suresh Narayanan,'? Eric M. Dufresne,'? Qingteng Zhang,?
Venkat Srinivasan,®” Michael F. Toney, %3415 and Nitash P. Balsara'-#10.16.*

SUMMARY

Concentration polarization in an electrolyte comprising dissociated
ions and a solvent is often modeled using concentrated solution the-
ory developed by Newman. This theory is built upon two differential
equations for electrolyte concentration and solvent velocity fields.
We characterize the concentration and solvent velocity fields in a
polystyrene-block-polyethylene oxide (SEO) block copolymer elec-
trolyte using operando X-ray transmission measurements and
X-ray photon correlation spectroscopy, respectively. Using calcula-
tions based on the assumption that the SEO chain behaves as a sin-
gle species, we show that the experimental data are consistent with
a cation transference number, t?, = 0.7. Previously published elec-
trochemical experiments using small polarizations led to the conclu-
sion that t is less than 0.3. The discrepancy indicates that the block
copolymer electrolyte cannot be approximated as a three-compo-
nent system (cation, anion, and a single solvent), and frictional inter-
actions involving the glassy polystyrene cannot be lumped with
those involving rubbery poly(ethylene oxide) segments.

INTRODUCTION

One motivation to study solid polymer electrolytes is to enable electrodes with
higher capacity and operating voltages than those that can be used in current
lithium-ion batteries. In this paper, we study a polystyrene-block-polyethylene oxide
(SEO) block copolymer electrolyte where polystyrene (PS) provides mechanical ri-
gidity and polyethylene oxide (PEO) solvates lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) and facilitates ion transport. For binary electrolytes with a single sol-
vent (typically an organic liquid or a homopolymer such as PEO), ion transport is
characterized by three independent Stefan-Maxwell diffusion coefficients related
to three independent frictional interactions: between the cation and the solvent, be-
tween the anion and the solvent, and between the cation and anion." These diffusion
coefficients are not measured directly but calculated from a series of electrochemical
experiments.?? In concentrated solution theory, the governing mass transport equa-
tions can be recast in terms of three measurable transport parameters: ionic conduc-
tivity, salt diffusion coefficient, and transference number.

Describing mass transport using three independent parameters is an approximation
for systems like SEO/LITFSI where more than three components are present (Li*,
TFSI™, PS, and PEO). The approximation is equivalent to the assertion that the cova-
lently bonded PS and PEO chains act as a single species. In a rigorous theory, how-
ever, one must consider frictional interactions between the ions and both PS and
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PEO as well as those between PS and PEO, totaling six independent parameters. In
addition, the volume fraction of the ion conduction domain is thermodynamically
linked to the polarization of the electrolyte through the salt concentration
gradient.*” The stress induced by the salt concentration gradient and volume
changes of the conduction phase must also be considered.®”” While developments
in theory and experiment have begun to address these effects,'®*° a rigorous
framework for complete electrochemical characterization (i.e., measurement of a
set of transport and thermodynamic parameters which allows for the calculation of
concentration, velocity, and potential fields with no adjustable parameters) has
not yet been developed. Within the field of block copolymer electrolytes, it is thus
common to interpret electrochemical data using the framework developed for a
binary electrolyte with a single solvent species; we refer to this assumption as the
"single-solvent approximation.” Despite obvious limitations, this approach has pro-
vided fundamental insight into the nature of ion transport.?' 2% In this work, we
examine these limitations using direct measurements of the velocity and concentra-
tion fields in a polarized block copolymer electrolyte.

In an electrolyte, an externally applied electric field results in motion of the charged
species. The velocities of the species are governed by the frictional interactions
introduced above. Frictional interactions between the ions and the solvent also
result in a net velocity of the neutral solvent. Direct measurement of species veloc-
ities is challenging but important because it provides insight into the frictional inter-
actions within the electrolyte (i.e., the Stefan-Maxwell diffusion coefficients). For
example, the net velocity of a cation in an electric field will be directly related to
the frictional “drag” imposed by the solvent and the anion. Direct measurements
of species velocities thus provide insight into ion transport that is difficult to glean
from electrochemical characterization alone.?’

The current density through an arbitrary reference volume is proportional to the flux of
ions, which is, in turn, proportional to the velocity of the ions. Two approaches for
measuring species velocities have been established: electrophoretic nuclear magnetic
resonance (eNMR)*%*! and X-ray photon correlation spectroscopy (XPCS).>? eNMR
can measure the field-induced velocities of any species that contain an NMR-active
atom, but it has, thus far, only been used to measure the initial velocities of the species.
By definition, these velocities are independent of spatial coordinates in the cell. In
contrast, XPCS has been used to measure the solvent velocity only, but with spatial
and temporal resolution. The technique was established using a PEOQ/LITFSI electro-
lyte.* In this work, we apply the same technique to an SEQ/LITFSI electrolyte. In addi-
tion to XPCS, we use time and spatially resolved measurements of X-ray transmission to
determine the evolution of salt concentration gradient.>® Both X-ray measurements were
made in operando lithium symmetric cells.

Here we show that the transference number required to explain the experimental
data utilizing the single-solvent approximation is significantly larger than that in-
ferred from electrochemical experiments. We obtain a value of t = 0.7, whereas
values less than 0.3 have been reported for SEQ/LITFSI electrolytes.”** In the
case of PEO/LITFSI, there was no significant discrepancy between the measured
PEO velocity and transference numbers determined by electrochemical methods.*?
Our result indicates a failure of the single-solvent approximation, which embeds the
assumption that the frictional interactions between anion (either anion or cation) and
the solvent can be quantified by a single Stefan-Maxwell diffusion coefficient. We hy-
pothesize that in a block copolymer electrolyte such as SEO, the frictional interac-
tions between the ions and the individual PS and PEO blocks must be accounted
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for separately. This is due to the glassy nature of the PS microphase and the rubbery
nature of the PEO microphase. In addition, concentrated solution theory assumes
that the stress stored in the electrolyte is negligible, even in the presence of current.
This may not be true when the electrolyte contains glassy microphases.

RESULTS AND DISCUSSION

XPCS experiments

The electrolyte used in our study was an SEO/LIiTFSI electrolyte with PS and PEO mo-
lecular weight of 19 and 20 kg mol™’, respectively, and molar ratio of LiTFSI to
ethylene oxide units, r, of 0.08. Our work follows the methods laid out by Steinrtick
et al. where electrolyte velocity is measured via operando heterodyne XPCS.?” An
electrochemical cell was devised with lithium electrodes sandwiched around a block
copolymer electrolyte, and the sample temperature was maintained at 0°C using a
copper heating block. The sample was hermetically sealed, and the chamber was
flushed with helium to avoid moisture contamination. XPCS experiments were con-
ducted at beamline 8-ID-I at the Advanced Photon Source. The X-ray beam is passed
through the electrolyte, parallel to the electrodes. The size of the beam (15 x 15 pm)
was much smaller than the distance between electrodes (3 mm), such that we can as-
sume the electrolyte properties as constant within the sampled region. A second
compartment was included in the sample holder and filled with the same electrolyte
but was not attached to any electrodes and used as a heterodyne reference.® The
beam passed first through the electrochemical channel followed by the reference.
The path length of the beam through the reference electrolyte channel and the elec-
trochemical channel were both equal to T mm. A schematic of the experimental
setup is shown in Figure 1A and a picture is shown in Figure S1.

In a typical heterodyne XPCS experiment,~*

coherent scattering patterns are
collected at regular intervals for some duration of time (in our case every 60 ms
for 360 s). The scattering pattern is a mix of the scattering from the dynamic sample
(where the scatterers are assumed to have some net velocity) and a static reference
sample (where the scatterers are assumed to have no net velocity). The ratio of scat-
tering intensity from the dynamic sample relative to the sum of the dynamic and
reference sample is the heterodyne fraction, h. Because the path lengths through
the dynamic and reference sample were equal, we take h = 0.5. The velocity of
the scatterers in the dynamic sample (assumed to be constant over the course of a
360-s data acquisition window) compared to the stagnant reference yields a phase
shift in the coherent scattering. This is captured as oscillations in the autocorrelation
function, g2(q, ), which correlates the intensity of scattering at a given scattering
vector, g, attime t and that at time t + 7 where 7is the time delay. The autocorrelation
function is given by®”:

92(q,7) = 1+ 801 — hy’ +h26exp{— 2(@) }

+2h(1 — h)B cos(wr)exp <ﬁ> , (Equation 1)
To

where
w = gv = qv|cos x| (Equation 2)

In Equation 1, x is angle between g and the velocity of the scatterers, v, 8 is the
coherence factor, and 7q is the relaxation time of the sample. The right side of Equa-
tion 2 contains a |cos x| term because XPCS is only sensitive to the magnitude of v
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Figure 1. XPCS experimental setup, autocorrelation functions, and fits to the data

(A) Schematic of the experimental setup. X-rays pass through the dynamic block copolymer electrolyte sample, which is sandwiched by lithium metal
electrodes and attached to a potentiostat followed by the static reference sample. The distance between electrodes, L, is 3 mm where the normalized x
coordinate, x/L, is defined to be 0 at the left electrode and 1 at the right electrode. Coherent scattering patterns are obtained every 60 ms for 360 s
(6,000 patterns per measurement).

(B) Representative SAXS pattern for one measurement obtained att = 1.4 h during a 200-mV mm ™" polarization. Red dashed lined indicates the x bins
used for collapsing the autocorrelation functions. The colored curves in each dataset represent the autocorrelation function, gy, collapsed along the q
axis. Black lines are fits to the data based on Equation 1.

(C) Velocity, v|cos x|, measured as a function of x for the curves in (B). The black line is a fit to Equation 2.

(D) Result of collapsing the autocorrelation functions along all x values (black data points). The red line is the fit to the experimental data from
Equation 1, yielding a measured velocity of 2.13 nm s~

(not direction). A stretched exponential decay with stretching factor v is used to
model the sample relaxation. Equations 1 and 2 allow us to collapse all correlation
functions along g and r as described by Steinriick et al.*?

In a microphase-separated block copolymer, fluctuations arise due to differences in
electron density (contrast) between the two microphases.AO'ZH In SEQ/LiTFSI electro-
lytes, salt resides primarily in the PEO-rich domains and is excluded from the PS-rich
domains.*” The X-ray scattering profiles reflect the inhomogeneous distribution of
electron density in the sample. Because the range of scattering angles measured
was chosen to coincide with the domain size of the PS-PEO lamellae (we will discuss
this shortly), and the scattering arises primarily due to the contrast between the PS-
rich and PEO/salt-rich domains, our experiment probes the velocity of the PS-PEO
lamellae (polymeric “solvent”) in response to the applied electric field. For
simplicity, we refer to the velocity measured by XPCS as the polymer (or solvent)
velocity.

In Figure 1, we present the XPCS results upon imposition of a constant electric field
of200mVmm™";t = 0h=0hisdefined as the moment that the potential was initi-
ated across the cell by the potentiostat. A single XPCS experiment yields 6,000
small-angle X-ray scattering (SAXS) patterns that are used to calculate the autocor-
relation function, g,. In Figure 1B, we present the 2D SAXS profile from our sample
averaging over all 3,600 scans. The g-range sampled in our experiment is
0.029 < g < 0.28 nm~" where q is the magnitude of the scattering vector, g. The
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Figure 2. Polarization-induced polymer velocity as a function of time and position from XPCS autocorrelation functions

(A) Autocorrelation functions, g,, obtained from an SEO/LITFSI electrolyte polarized at 200 mV mm~" (black datasets) as a function of time (offset for
clarity) at a position in the cell corresponding to x/L = 0.52. Red lines are fits to the data used to obtain the velocity at each time point. Blue datasets
were obtained after switching the current to zero.

(B) Current density measured during the polarization experiment (black data points). The blue data points att > 10 h indicate the cell was switched to
open circuit.

(C) Velocity as a function of time for five positions in the cell. The solid lines are polynomial fits to the data used to extrapolate to between the points.
(D) Velocity as a function of position in the cell att = 2, 4, 6, 8, and 10 h.

2D profile contains a bright ring of intensity corresponding to the primary scattering
peak, g*, of the SEO lamella at g = 0.16 nm~" and a lamellar spacing, d, of 39.3 nm
(d = 2m/qg*). Based on Equation 1, the frequency of oscillation in the autocorre-
lation function, w, is maximized whencosy = 1,i.e.,x = Oor = 180°. We define
x = 0°as the angle along the positive x axis in Figure 2A. We divide the spectra
into 18 azimuthal slices along which we binned the data. In Figure 1C, we plot g»
versus gt averaged for all values of g within each bin. The data are reproduced
with the axis labels in Figure S2. The black lines in Figure 1B show the fits to
the data based on Equation 1, which we use to obtain the magnitude of w.
Since g is known, v|cos x| can be calculated from the fit at each value of x.
The results are shown in Figure 1C. As expected, v|cos x| is maximized for x = 0°
andx = — 180° anditapproacheszeroaty = 90°andyx = — 270°.The black
curve in Figure 1C is a plot of v|cos x| with the value of v adjusted to match the max-
ima in the measurements. These data prove that the polymer velocity is either in the
direction x = 0° or x = — 180°. Based on concentrated solution theory,’ we
anticipate the direction of the polymer velocity will be down the salt concentration
gradient, i.e., along x = 0° (from left to right in Figure 1A). To calculate the magni-
tude of the velocity, we collapse the data from a single experiment along all bins by
plotting g as a function of gr cos x. An example is shown in Figure 1D. We then fit
the data (solid red line in Figure 1D) using Equation 1 to obtain the velocity (2.13 nm
s 'inthe example). We performed these experiments at five positions in the cell and
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Figure 3. Comparison of XPCS-measured polymer velocity and theoretical calculations

(A) Current density measured in the XPCS cell in response to a +200 mV mm ™" polarization from

t = 0to 9 h (red data points) followed by immediately switching the polarization to —200 mV mm~"

from t = 9to 21 h (gray data points). The black line is a fit to the data.

(B) XPCS velocity measurements obtained at x/L = 0.52 as a function of time. Red data

points correspond to the +200 mV mm ™" polarization, and gray data points correspond to the
—200 mV mm ™~ polarization. The black line corresponds to the theoretical calculations with
= 07andD = 10 8cm?s".

repeated them at selected times to obtain velocity measurements as a function of
time and position along the horizontal axis, x/L.

In Figure 2, we summarize the XPCS data obtained after the application of a field of
200 mV mm~". The autocorrelation function collapsed in g and x is plotted in Figure 2A
at selected time points for the dataset obtained at x/L = 0.52, offset vertically for
clarity. The electric field was applied for 10 h. The current density, i, measured by the
potentiostat while the potential was applied is plotted in black data points in Figure 2B.
The blue line at i = 0 mA cm~? beginning at t = 10 h indicates the time at which
the cell was switched to open circuit. The black datasets in Figure 2A correspond to
measurements taken while the cell was under polarization, and the blue datasets
(for t > 10 h) were obtained while the cell was under the open circuit condition.
Red lines in Figure 2A are fits of Equation 1 through the data. The frequency of
oscillation in the g, functions decreases from t = 0.11h to t = 9.84h, which
indicates a decrease in solvent velocity. When the current is set to zero (blue datasets
att = 11.14 and 12.44 h), no oscillations in the g, function are observed, indicating
that the polymer velocity is approximately zero. The velocity during the polarization
step, obtained by fitting the curves in Figures 2A, is plotted in Figure 2C as a function
of time for five positions in the cell: x/L = 0.22, 0.32, 0.42, 0.52, and 0.62. As soon
as the field is applied (t = 0), the polymer velocity is approximately 4.5 nm s~*. The ve-
locity decaysto 0.65nms™"att = 10 h. This indicates that the system did not achieve
steady state in the 10-h polarization experiment because the polymer velocity will
approach zero at steady state. The solid curves in Figure 2C are polynomial fits to the
data that were used to interpolate between data points and to obtain v(x/L) at fixed
t. We plot vvs. x/Latt =2, 4, 6, 8, and 10 h in Figure 2D. At all times, the velocity
is maximized near the center of the cell (x/L = 0.5).

In the next experiment, XPCS data were acquired using a fresh sample while a
field of +200 mV mm™" was applied for 9 h and then immediately flipped to —200 mV
mm~". The current response of the cell is shown in Figure 3A as red data points for
the +200 mV mm~" polarization and gray data points for the —200 mV mm~" polariza-
tion. The black line in Figure 3A is a fit to the data used to interpolate i(t) for the
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Cell Rer_)orts )
Physical Science



Cell Rer_)orts .
Physical Science

theoretical calculations. In Figure 3B, the red and gray data points represent the velocity
measurements obtained at x/L = 0.52, near the middle of the cell. We plot the abso-
lute value of the velocity on the y axis because our XPCS cannot differentiate between ve-
locity directed in the +x or—x direction. We mentioned above that we expect the polymer
velocity in the first polarization step to be in the +x direction. Using analogous arguments,
we expect the polymer velocity in the second polarization step to be in the —x direction.
During the first 9 h, we obtain the expected monotonic decay in velocity from 1.2 nm's™
to 0 nm s~ (red data points). We notice a significant difference in the magnitude of the
initial velocity in Figure 2Catt = Oh(4.5nm s " and Figure3Batt = 0h(1.2nm s,
even though the magnitude of the polarization was the same. This is related to differences
in the interfacial resistance in the two samples (see Figure S3 and discussion in the sup-
plemental information). When the potential is flipped to —200 mV mm™", the magnitude
of the velocity increases compared to the first polarization (gray data points). Interest-
ingly, the velocity change is nonmonotonic: the polymer velocity decreases rapidly be-
tween 9 and 10 h and increases between 10 and 11 h before decaying for longer times.
While we only show one position in the cell in Figure 3B, we observed this nonmonotonic
behavior in all five positions that were measured in the cell (see Figure S4).

Theoretical interpretation

We use concentrated solution theory with the single-solvent approximation to inter-
pret the XPCS data. In this theory,'*® the governing equations for salt concentration,
¢, and polymer (solvent) velocity, vy, are as follows:

oc 0 ding) dc i .

ot ox (D<1 - m) > BET cvo), (Equation 3)
vy 0 dinc\ dc o .
oo v_(pf1- dc ol : .
0x 0x ( ( dinc) ax  “F (Equation 4)

Here c is the moles of LiTFSI per unit electrolyte volume, which contains PEO and PS
chains. In the same spirit, v refers to the continuum velocity of PEO and PS chains in
the lamellar domains. Since the PEO and PS are covalently bonded, they move at
identical velocities. V is the partial molar volume of the salt, D is the salt diffusion co-
efficient, and t is the cation transference number with respect to the solvent veloc-
ity. x represents a moving coordinate system (with respect to the lab reference
frame) with x = 0 = 0 attached to the Li electrode on the left side in Figure TA.
This nuance is because the Li/electrolyte interface moves with respect to the labora-
tory as lithium is plated at the negative electrode and stripped at the positive elec-
trode. Appropriate boundary conditions to solve Equations 3 and 4 are shown:

3 . dinc) dc oy .
x = 0 boundary : —D(’I - dlnc)&_ (- t*)l_:’ (Equation 5)
v =0, (Equation 6)

3 ) dinc)dc N .
x = Lboundary :  — D(1 g c) Foi (- t*)l_:' (Equation 7)

Four properties appear in these equations: D, (1 - %‘[:]CCO), 9 and V. D and 0 are

transport properties. (‘I - %'ﬂ]?) and V are thermodynamic properties related to

electrolyte density, p. p can be expressed for LiTFSI/PEO/PS mixtures using
LiITFSI/PEO density data, PS density, and number averaged molecular masses of
PEO and PS, assuming that all of the LiTFSI resides in the PEO-rich lamellae. Appro-
priate fitting relations based on Figure S5 are as follows:
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Figure 4. Comparison of predicted v, based on different values of t° to XPCS-measured polymer velocity

AL = -0

B0 = 03
Q8 = 05
D)t = 07.
(E)t2 = 09.

p = 0.65+0.071¢c+0.0056¢2, (Equation 8)

r = ¢(0.060 + 0.027¢), (Equation 9)

e. = 0.49+0.080c — 0.0044¢% . (Equation 10)

Here, p is expressed in g cm 3, ¢ is moles of LITFSI per liter of electrolyte, r is the ratio of
Li* cations to ethylene oxide monomer, and &, is the volume fraction of LITFSI/PEQ do-
mains, i.e., (1 — &) is the volume fraction of the PS domains. Equation 8 provides

dIn
tions 9 and 10 can be used to obtain r and e, fields by analyzing the concentration field
obtained by solving Equations 3 and 4. The two remaining parameters are t? and D. In
both PEO/LITFSI and SEQ/LITFSI, Dis a weak function of ¢.*****° This may seem surpris-
ing at first, as frictional interactions increase with increasing salt concentration, and one
may thus expect D to decrease with increasing c. However, the salt activity coefficient in
these electrolytes increases rapidly with c. The two effects are nearly balanced in PEO-
based electrolytes, and the resultis that D is nearly independent of c. Based on extensive

(1 — dln Cc°> and V as a function of salt concentration, c, as shown in Figure S5. Equa-

characterization,” we expect D = 10~8 cm? s~ for a compositionally symmetric SEO
electrolyte with total molecular weight of 39 kg mol™". The value of t% used in our calcu-
lations was 0.7; the reason for this choice will be clarified shortly. Solving Equations 3 and
4 enable determination of ¢ and vq as a function of t and x when i(t) is known. Since the
experimentally measured vy is based on the laboratory reference frame, the velocity of
the electrode was subtracted from the calculated vg to compare velocities in the same
reference frame. We denote the magnitude of the polymer velocity corrected for the ve-
locity of the electrode as ||v4]|. The calculated value of ||vj]| during the two polarization
steps is represented by the solid curves in Figure 3B based on the i(t) data from Fig-
ure 3A. We could not obtain perfect agreement between the experimental and theoret-
ical calculations, which we attribute to simplifications to the theory: the single-solvent
approximation and taking transport parameters to be independent of concentration.
Compared to other choices for t? (see Figure 4), our calculations are in reasonable agree-
ment with the experimental measurements, except for the nonmonotonic dependence

of ||v|| soon after the polarization is switched.
In our approach, we fix D for reasons discussed above, and t is the only adjustable

parameter. In Figure 4, we compare experimentally determined ||v}|| with theoret-
ical predictions for a range of ¥ values from —0.1 to 0.9. It is obvious that
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Figure 5. Salt concentration as a function of time and position in a polarized cell measured experimentally by X-ray transmission and compared to
theoretical calculations

(A) Current density measured in the SAXS cell in response to a +200 mV mm~' polarization from t = 0to 9 h (red data points) followed by immediately
switching the polarization to =200 mV mm~" from t = 9to 21 h (gray data points).

(B-G) Local salt concentration, r, measured as a function of time in response to the +200 mV mm ' (red datasets) and then —200 mV mm~" (gray
datasets) polarization. The black lines correspond to the theoretical calculations with t = 0.7and D = 108 cm?s™ 1.

measurements of [|v}|| during the two-step polarization enable discriminating be-
tween different values of t. When t0 is less than 0.7, the calculations overestimate
the polymer velocity during both steps. When the t0 is set to 0.9, the polymer veloc-
ity during the first step is accurately captured, but the second step velocity is
severely underestimated. t0 values in the vicinity of 0.7 capture the measured poly-
mer velocity at the center of the cell during both polarization steps.

The XPCS experiments provide 2D SAXS patterns and X-ray transmission data
that can be directly interpreted to probe the structure of the block copolymer
and local salt concentration. However, the data are convoluted because the
beam passes through two samples: the electrochemically active sample and the
static reference. We were thus motivated to perform additional X-ray experiments
on a sample without the static reference sample. The cell geometry for these ex-
periments has been described in previous work®? with a distance between elec-
trodes, L, of 0.16 cm. To study the same electrochemical conditions, we scaled
the potential applied by L and time of polarization in each direction by L?. A
detailed study on the correlation between block copolymer morphology and
salt concentration gradient on this block copolymer electrolyte system has
been presented previously.” Here, we focus on the salt concentration as a func-
tion of time and position obtained from the X-ray transmission data and compar-
ison to theoretical predictions. The methods for determining the salt concentra-
tion from X-ray transmission are presented in the supplemental information and
Grundy et al.®

The current response in the cell is plotted in Figure 5A as red and gray data points
for the positive and negative polarization, respectively. The black line is a fit to the
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data to be used in Equations 3, 4, 5, 6, and 7. In Figures 5B-5G, we present the salt
concentration, r, as a function of time for x/L = 0.044, 0.11, 0.48, 0.54, 0.92,
and 0.98, respectively, where red data points indicate the +200 mV mm ™" polarization,
and gray data points indicate the —200 mV mm~" polarization. Near the positive
electrode (x/L = 0.044), the salt concentration increases rapidly in response to
the +200 mV mm™" polarization and then decreases rapidly when the potential is flip-
pedto —200mV mm™". The opposite is true near the negative electrode (x/L = 0.98).
Near the center of the cell (x/L = 0.48 and 0.54), the salt concentration is approxi-
mately constant with time. For all positions in the cell, the salt concentration as a func-
tion of time is monotonic once the cell polarization is flipped to —200 mV mm~". There
is no indication of nonmonotonic behavior in either the experimental or theoretical data
that would explain the nonmonotonic behavior in the XPCS results.

Theoretical predictions for the salt concentration as a function of time and position were
calculated using Equations 3, 4, 5, 6, 7, 8, 9, and 10 and t = 0.7 and D =

10-8 cm? s~ 1. The fits to the data are shown with black curves in Figures 5B-5G,
and reasonable agreement is seen between theory and experiment. The predictions
for different values of t? are shown in Figure S6. We observe reasonable agreement be-
tween the experimental values of r and the theoretical predictions when values of t0 of
0.5and 0.7 are used and poor agreement when values of 0.3 or 0.9 are used. However,
using t? = 0.5 overestimates the value of vy by a factor of four and two when the po-
larization is turned on and flipped in direction, respectively (see Figure 4C). Therefore,
the vo(x, t) and r(x,t) data are best interpreted using t°= 0.7 when taking into account
the experimentally measured solvent velocity field (via XPCS) and salt concentration
field (via X-ray transmission).

Our method of fitting the experimental vg(x, t) and r(x, t) data yields a much higher
transference number compared to what has been previously measured for SEOQ/
LiTFSI electrolytes.®* The values of t° for SEO/LITFSI electrolytes with volumetrically
symmetric PS and PEO domains and r between 0.05 and 0.1 obtained by traditional
electrochemical methods range between —2 and +0.3.%** The methodology for ob-

taining t%, which has been established in the literature,**~*¢

relies on experiments
where small polarizations (typically <10 mV mm™") are applied to a lithium symmetric
cell. When large polarizations are used, we obtain significantly smaller polymer ve-
locities than those anticipated from an electrolyte with t0 < 0.3; see Figures 4A and
4B. We postulate that this is due to the stress induced by the changes in conducting
phase volume fraction and slow dynamics associated with block copolymer chains
rearranging to accommodate the salt concentration gradient. In other words, the
impact of the interactions between the PS and other components is more clearly
observed when the applied electric field is large. We have previously demonstrated,
using the same SEO copolymer, that concentrated solution theory calculations
based on the assumption of a three-component system can accurately predict the
formation of salt concentration gradients when the current density is less than
~20% of the limiting current but fails as the current density approaches the limiting
current.”

If we were able to measure the velocities of all three species in our electrolyte at
t = 0, then t? for a single-solvent electrolyte is given by

0 = A} (Equation 11)

v, — v

where v, and v_ are the average velocities of cation and anion, respectively. It is
evident from Figure 4B that the measured value of vg at t = O is much lower than
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that expected from an electrolyte with t = 0.3 (a generally accepted value for PEO-
containing electrolytes). We posit that the larger-than-expected transference num-
ber is related to the slower than expected movement of the polymer chains in
response to the relatively large ionic currents in the XPCS experiment. In other
words, the ability of the solvent (in this case, the block copolymer) to rearrange to
accommodate the salt concentration gradient has a direct impact on the transport
of the working cation between the electrodes. This effect will be directly related
to the properties of the block copolymer electrolyte. Based on our analysis, we
expect a greater enhancement of the transference number if the volume fraction
of PS increases as more work would be required to induce flow of the PS domains
by the expanding and contracting PEO domains. A smaller enhancement would
be observed for electrolytes with lower salt concentrations because the magnitude
of the salt concentration gradient would be smaller.

Application of concentrated solution theory allows transport and thermodynamic
properties measured at equilibrium or under very small perturbations away from
equilibrium to be used to quantify ion transport under arbitrarily large ionic currents.
In this work, we show that t? = 0.7 is needed to interpret the XPCS and X-ray trans-
mission measurements, while values less than 0.3 are obtained in electrochemical
experiments wherein very small currents are used. This discrepancy indicates a fail-
ure in the assumption that an SEOQ/LiTFSI electrolyte behaves as a three-component
system. A quantitative explanation must start with the derivation of appropriate gov-
erning equations for solvents with two covalently linked species, which must replace
Equations 3 and 4. This framework will contain six transport coefficients. While 0, as
defined by Equation 11, is one of them, the other parameters need to be defined and
measured. In addition, it will be important to measure ion velocities explicitly to
obtain t%. Such a framework may shed light on the nonmonotonic trend in vo
observed after switching the direction of polarization. The value of t presented
here is as an approximate transport coefficient that may be used if the solvent is
approximated to comprise only one species.

In summary, concentrated solution theory is built upon two differential equations for
concentration and solvent velocity fields. A combination of XPCS and X-ray transmis-
sion enable direct measurement of these two fields. Our measurements reveal that
for block copolymer electrolytes with a glassy block (polystyrene), conventional
measurements of transference using electrochemical methods and small applied
potentials are inconsistent with the fields obtained under large applied potentials.
The measurements show that cation transference under large applied potentials is
enhanced due to frictional interactions and strain effects involving the glassy block.
These effects are not captured by measurements of 0 using concentrated solution
theory with the single-solvent approximation. A generalized framework for charac-
terizing ion transport to account for these interactions remains an unmet challenge.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information, resources, or materials should be directed to and
will be fulfilled by the lead contact, Nitash Balsara (nbalsara@berkeley.edu), upon
reasonable request.

Materials availability
This study did not generate new unique materials.
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Data and code availability

The data associated with this work are presented throughout the main text and supple-
mental information. Raw electrochemical data and parameters obtained from fitting the
go autocorrelation functions in this manuscript can be accessed at https://doi.org/10.
5281/zenodo.10251535. The depository includes an additional dataset that demon-
strates that the second "hump” in velocity (see Figures 3 and S5) that is observed after
switching the direction of polarization was replicated in a separate experiment. The raw
XPCS and X-ray transmission data will be supplied by the lead contact, Nitash Balsara
(nbalsara@berkeley.edu), upon reasonable request. This paper does not report original
code. A checklist verifying the integrity of the theoretical predications based on Mistry
etal.”’ isincluded as Table S1 in the supplemental information.

Methods

The experimental methods for the preparation of the electrolyte, preparation of
the electrochemical cells, details of the XPCS experiments for measuring velocity fields,
and details of the X-ray transmission for measuring concentration fields are provided in
the supplemental information section titled “supplemental experimental procedures.”

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101766.
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