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Abstract:

Predictive knowledge of ion transport in electrolytes which bridges microscopic and macroscopic length
scales is imperative to design new ion conductors and to simulate device performance. Here, we employed
a novel approach combining operando X-ray photon correlation spectroscopy, X-ray absorption microscopy,
continuum modelling, and molecular dynamics simulations to probe ion transport in a baseline polymeric
lithium-ion battery electrolyte. In a Li/PEO-LITFSI/Li symmetric cell under polarization, we determined and
rationalized microscopic properties including local electrolyte velocities and ion correlations and connected
this insight to measured and simulated macroscopic ion concentration gradients. By relating our results
across length scales, we suggest a fairly concentration-independent transference number of about 0.2. Our
study shows the broad applicability of operando X-ray photon correlation spectroscopy to the
understanding of dynamic phenomena.

Page 2 of 20



Page 3 of 20

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93

Energy & Environmental Science

Introduction

Understanding ion transport is of fundamental importance in natural sciences and engineering. Examples
include biological ion pumps for life processes 2, porous membranes for separations >4, and electrodes
and electrolytes in diverse electrochemical systems > 6. While continuum level models can be used to
predict macroscopic transport related behavior, the link to the microscopic transport mechanism is still to
be realized 7. Connecting the corresponding spatial and temporal scales is hence a major goal towards
guantitatively predicting how ions navigate through natural and designed systems. Electrochemical energy
storage is one field where ions transport from one electrode to another through an electrolyte and is
societally important towards the goal of carbon neutrality. Hence, knowledge of transport phenomena is
necessary to both design new electrolyte and electrode materials and to accurately simulate the
performance and safety of an electrochemical cell. This requires knowledge of the temperature- and ion
concentration-dependent transport properties of an electrolyte, including thermodynamic mean salt molal
activity coefficient, conductivity (o), salt diffusion coefficient (D), and the cation transference number (t*) &
°. The transference number is defined as the ratio of current carried by the cation to the total electric
current, and is related to mobilities of anion and cation in dilute solutions and Stefan-Maxwell diffusion
coefficients in concentrated solutions °. Importantly, these macroscopic quantities are intimately related
to atomistic diffusion mechanisms >3, For accurate cell simulations, the transport coefficients o, D, and
t* must be known with high accuracy from experimental measurements, which is often complicated and
necessitates many assumptions. Here, we present a novel approach in which we combine local operando
measurements of electrolyte velocities and global measurements of ion concentrations with molecular
scale simulations and continuum level modelling to relate molecular transport mechanisms with
macroscopically observed transport phenomena. We anticipate that our method can be extended towards
a variety of ion conducting materials.

The system we investigated is a polymer electrolyte for lithium-ion batteries (LIBs). Polymer
electrolytes are a safe alternative to commonly used flammable liquid organic electrolytes > 6 However,
their wide-spread adoption is hampered by typically poor ion transport properties. While the relevance of
the transference number is sometimes overlooked Y, its importance in polymer electrolyte for LIBs with
regards to energy and power density was recognized in the early 1990s by Doyle, Fuller and Newman .
The consequence of a transference number deviating from unity is concentration polarization, which has
strong impact on LIB performance. A simple example is a Li/electrolyte/Li cell (anion blocking) under
constant voltage conditions. Here, concentration polarization corresponds to a continued piling-up of
anions and cations at the stripping electrode, and concurrent depletion near the plating side. Steady state
is reached when the net motion of anions reaches zero which is the condition that the diffusion force acting
on anions due to the concentration gradient is equal to the migration force from the electric field (in the
absence of convection). At high concentrations, volume conservation has the additional consequence of
solvent mass transport upon salt mass transport *°. A conceptualization of mass transport phenomena
occurring during polarization of a Li/electrolyte/Li symmetric cell is shown in Figure 1(a). The concentration
polarization is easily observed as the decrease in current upon constant voltage cell polarization until a
steady-state current is reached . This increase in electrolyte resistance for ion conductors with non-unity
transference number ultimately limits batteries’ achievable rates, critical currents, and cutoff voltages (due
to overpotentials), reducing the usable energy and power density. Hence, the transference number is an
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essential descriptor of ion transport. Nevertheless, researchers still argue about transference number
values, even in baseline systems such as lithium bistrifluoromethanesulfonimidate (LiTFSI) in Poly(ethylene
oxide) (PEO) L. The transference number can be measured via the steady-state Bruce-Vincent polarization
method %23, the Balsara-Newman method 24, as well as pulsed field gradients NMR (pfg-NMR) % and pulsed
field gradients electrophoretic NMR (e-NMR) 2%, Despite extensive efforts towards unified results of these
approaches, in particular as a function of ion concentration, a clear picture has not yet emerged.

Towards this end, we developed an alternative approach towards determining the ion transport
properties. Specifically, we directly and operando measured precise microscopic and macroscopic physical
properties of the electrolyte upon cell polarization in a Li/electrolyte/Li cell, combined this with calculations
via concentrated solution theory continuum modelling (CM), and rationalized our findings with microscopic
insight from molecular dynamics (MD) simulations. We utilized a well-studied benchmark model system
electrolyte consisting of PEO and LiTFSI at Li* to EO molar ratio of r = 0.1. Under constant voltage
polarization, we directly measured the velocity associated with electrolyte and ions via heterodyne
synchrotron X-ray photon correlation spectroscopy (XPCS), and the TFSI" concentration gradient from
electrode to electrode via X-ray absorption microscopy (XAM). This novel approach is conceptualized in
Figure 1(b). The significance of our results lies in the unification of microscopic and macroscopic predictions
from simulation with experimental measurements as well as the self-consistent determination of a
concentration-independent transference numbers of approximately 0.2. Our study paves the way for
further length- and time-scale bridging understanding of ion transport.

Experimental: Approach — experimental and modeling velocity and concentration profiles

28»31[ as

The electrolyte velocity measurements were conducted using XPCS 2% 27 in heterodyne modality,
illustrated in Figure 1(b). XPCS measures the time evolution of the coherent scattering pattern (speckle
pattern), which encodes sample dynamics. In heterodyne XPCS, a static reference scattering signal is mixed
with the dynamic scattering signal of the polymer electrolyte (details in Supporting Information). The
resultant phase shift in the coherent scattering due to the constant velocity motion of the sample with
respect to a fixed reference yields oscillations in the auto-correlation function g,(q, t), which correlates
the intensity in a given pixel at time t to that at t + t; here, q is the scattering vector and t is the delay
time. The heterodyne auto-correlation function with heterodyne fraction h and sample velocity vector v is
given by

T\ T
g2(q, ) =1+ B —h)*+ hzﬂe_z(m) + 2h(1 — h)f cos wt e_(m)
Equation 1
with
W =(q.V=qucosy.
Equation 2

Here y is the angle between scattering and velocity vector ?¢ %2, B is the coherence factor, and 7 is systems
relaxation time. The relaxation is modelled by a stretched exponential decay with stretching factor y.
Equation 2 allows for the rescaling and collapse of all correlation functions as functions of g and t into a
single master curve as shown in Figure 2. Figure 2(a) shows 18 y-dependent correlation functions at a single
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g and the corresponding fits to Equation 1; these data were obtained at beamline 8-ID-I at the Advanced
Photon Source. The cosy-dependence of the derived oscillation frequencies w is shown in Figure 2(c)
together with a fit to Equation 2. The agreement between data and model allows us to calculate y-scaled
correlation functions at each g, which are shown in Figure 2(b) together with fits to Equation 1. The g-
dependence of the derived w is shown in Figure 2(d). The observed linearity allows us to apply an additional
linear g-scaling, yielding a single global master g- and y-scaled correlation function (Figure 2(e)), which
shows oscillations, the inverse period of which corresponds to the velocity (details in Supporting
Information).

Electrolyte velocities were measured operando during approximately 1000 minutes of polarization of
a Li/PEO-LITFSI/Li symmetric cell at a constant voltage of 0.3 V at 90°C using a specially designed cell with
the electrodes separated by 3 mm (details in Supporting Information). Position sensitivity was achieved by
utilizing a 15 um X-ray beam positioned at different locations across the channel. In addition, during the
same polarization experiment, XAM was utilized to measure the TFSI" ion concentration gradient across the
channel. For this purpose, the sample was raster-scanned across the channel, and the transmitted X-ray
intensity was recorded, which was related to the concentration via Lambert-Beer’s law making use of the
significantly higher absorption cross section for TFSI” compared to PEO (details in Supporting Information).
The velocity and concentration gradients were then compared to our continuum modelling, where we
employed concentrated solution theory, a mathematical one-dimensional model by Newman °
macro-homogenous assumption of the electrolyte (details in Supporting Information). These macroscopic
insights into the transport phenomena were coupled to the microscopic insights from MD simulations
employing the Wohde-Roling-formalism .

with a

To compare our measured concentration gradients and electrolyte velocities to those predicted by CM,
we chose two transport coefficients from recent literature. The first set (denoted RS transport coefficients)
corresponds to values obtained by Rosenwinkel/Schénhoff 2! via the model-free approach of measuring
the electrophoretic mobilities of the ions via e-NMR. The second (denoted PNB transport coefficients)

corresponds to values obtained by Pesko et al. 2> 3*

via the Balsara-Newman method. We note in passing
that the former method yields similar values as obtained via Bruce-Vincent method and pfg-NMR 2% 233536,
The rationale behind our choice lies in the large differences in the transference number of RS transport
coefficients and PNB transport coefficients close to r = 0.1, making our approach particularly sensitive to
providing insight into the controversy regarding transference numbers around r = 0.1. We point out that
the effective transference numbers used in the calculations vary with time and position due to their
concentration dependence (concentration changes by ~ 50% upon several hours of polarization);
accordingly, we effectively probe a large range of concentrations from about r = 0.04 to r = 0.16, even
though we studied only a single starting concentration. This variation is insignificant in the case of RS
transport coefficients, whereas it is significant in the case of PNB transport coefficients. The exact transport
coefficients used in our calculations are tabulated in Table S3. As the referenced studies were performed
in the conductive temperature-regime of PEO-LITFSI at 90°C, above its glass transition and melting
temperature?®, we also chose 90°C.



179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221

Energy & Environmental Science

Results and Discussion

Figure 3(a) shows the experimentally measured current density (black line) upon 0.3 V polarization and the
corresponding prediction from CM using input RS transport coefficients (blue line) and PNB transport
coefficients (red line). The overall shape of the curve is well reproduced by the model calculations. A more
detailed comparison is illustrated in Figure 3(b) where the ratios between the predicted and measured
current densities are plotted. Measurements and prediction are within 10% over the entire polarization
time independent of the model. While there are subtle shape changes during the first approximately 200
minutes, both predictions have a fairly constant difference from the measurement. We note that for an
exact comparison, the interfacial resistance (e.g. due to nm-scale interfacial film formation upon TFSI
reduction® %) would need to be subtracted; it can be expected that bulk contributions are, however,
dominant given the 3 mm channel thickness?®. Nevertheless, it is apparent that a comparison of the current
densities alone does not allow for distinguishing between the two chosen transport coefficient models,
even though the transference numbers are vastly different (see Table S3). To compare these two
parameter-sets more rigorously and sensitively, we now examine the measured concentration polarization
(via XAM) and ion velocities (via XPCS) to those predicted by CM. We note that the XAM was inspired by
optical methods of determining ion concentrations 4%
concentration gradients using x-ray phase contrast imaging “°.

and quantitative determination of ion

The XAM-derived concentration profiles (markers) upon cell polarization at 0.3 V are shown in Figure
4(a) and (b) together with the profiles derived from CM (solid lines) (see Figure S9 for false-color plot of
time-position dependence); these XAM data were obtained at beamline 8-ID-I at the Advanced Photon
Source. Figure 4(a) corresponds to simulation results using RS transport coefficients, whereas (b)
corresponds to PNB transport coefficients. The experimental profiles (symbols in (a) and (b)) are symmetric,
with the concentration gradient centered on the cell center. The concentration gradients predicted using
RS transport coefficients (Figure 4(a)) also show a symmetric profile that is centered close to the cell center,
and hence matches the experimental data. On the contrary, the concentration gradients predicted using
PNB transport coefficients (Figure 4(b)) exhibit asymmetric profiles that are not centered on the cell center.
Qualitatively, this asymmetry results from sharply varying transference numbers in a narrow concentration
regime near r = 0.1 (see Table S3). We note that since the TFSI" concentration changes by > 30% in our
experiment, we are able to effectively probe the transference numbers over a wide range of salt-to-
polymer concentrations, which is an advantage compared to single concentrations measurements. An
overlay plot of the concentration gradient highlighting the observed behavior in Figure 4 between
experiment and the two predictions at t = 707 mins is shown in Figure S10 in the Supporting Information.

Next, we first discuss the origin of the XPCS-measured velocity and then discuss our observations with
respect to the CM predictions. Specifically, this velocity corresponds to the relative velocity of the part of
the sample that gives rise to the scattering in the measured g-range with respect to the static cell windows;
this is essentially equivalent to referencing the velocity with respect to the lithium electrodes, as these are
rigidly clamped to the windows and static (see Figure S11).

The measured g-range was between gy = 0.0029 A~1 and gy = 0.0192 A~1 (see Supporting
Information), i.e. the scattering in the measured range originates from density fluctuations on length scales
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of 2m/q ~ 300 — 2000 A . Intuitively, this suggests that the observed scattering has its origin in
heterogeneities in the network structure of the polymer-LiTFSI melt, rather than in the individual TFSI
anions, which have a size of less than 10 A. This is consistent with the measured scattering intensity as a
function of time. Figure S3 shows the transmission corrected mean scattering intensity as a function of time
for the five different locations, normalized to the initial mean intensity, and Figure S4 shows I1(q) for several
locations over time. We observe a trend in which the scattering intensity increases for decreasing ion
concentration, whereas the scattering intensity decreases for increasing ion concentration. In the center
of the channel, where the ion concentration essentially remains unchanged, the scattering intensity also
does not vary significantly. This demonstrates that XPCS originates from the dynamics of the density
fluctuations in the arrangement of polymer chains and that the measured velocity corresponds to the
motion of the overall polymer-salt matrix with respect to the electrodes.

Interestingly, the structural properties of the LiTFSI/PEO network evolve faster during ionic mass
transport compared to equilibrium conditions at open circuit before polarization. This is evident from Figure
$12, which shows auto-correlation functions before and after cell polarization. The decay time (tg in
Equation 2) before polarization is about one order of magnitude slower and exhibits no y-dependence, as
expected. Since the decay time encodes the system’s self-dynamics and is in principle independent of any
velocity field 2, these observations suggest that the moving ions disrupt the polymer network, resulting in
rearrangements of the network on time-scales faster than the self-dynamics at open circuit equilibrium.
While the dynamics slow down during polarization, it is unclear if the altered dynamics are a result of
motion of the cation or of the anion or both as steady state was not reached (during which only cation
contributions would be observed).

On a macroscopic level, a combination of volume conservation, local and global incompressibility of
the polymer, and electroneutrality imposes that the anion velocity is related to the solvent velocity via *°

VUTFSI- = —€VEgo,
Equation 3
VEoC . .
where e = —=E2E9 _ 'and ¢ and crpg; are the concentration of solvent and salt, respectively, and Vgq
VLiTFSICLITFSI

and Vpggr are the molar volumes of solvent and salt, respectively. In other words, the polymer needs to
“make space” for TFSI" ions that would like to pile up near the positive terminal. A microscopic illustration
of this phenomenon is shown in the Supporting Information (Figure S13).

Since the CM predicts the TFSI" velocity and XPCS measures the ensemble average velocity of EO
monomers, to relate these, we now need to estimate the molar volumes of EO monomers and LiTFSI salt.
Assuming that molar volumes are independent of concentration, the individual solvent and salt molar
volumes can be determined by fitting the concentration dependence of the mass density #’ for the molar

ratio r to
_ Myitrsi+(MEo/7)
"~ Viiresi+(Veo/T) '
Equation 4
where Mg and My ;rpsy are the molar masses of the EO monomer and LiTFSI of 44.05 and 287.08 g/mol,

respectively. The density data by Pesko et al. ?° is shown together with the fit in Figure S14, yielding molar
volume derived molecular volumes of Vilecule = g6 4 4+ 0.73 A3 and vgiecule = 224 4+ 7 A3, values in
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good agreement with the numbers obtained for EO from the PEO density of 65 A3, and for the volume of
TFSI of 248 A3 %8, Accordingly, for r = 0.1 we find € = —(2.95 + —0.01). This means that the XPCS
measured velocity (of the EO ensemble average) must be multiplied by 2.95 to yield a velocity for TFSI". We
point out that assuming a constant ratio is an approximation since the ion concentration changes as a
function of x, and thus r, which would affect the conversion factor, and since there is the potential
existence of ion clustering,*°° which is not taken into account in this conversion. Since the CM predicted
TFSI velocity is referenced with respect to the solvent velocity °, it overestimates the velocity with respect

to the fixed electrodes. This is accounted by the conversion factor k = % + 1 for the TFSI- velocity derived

from XPCS for a direct comparison with the anion velocities from CM. This highlight the importance of
accounting for the solvent velocity when comparing predictions from concentrated solution theory to
precision measurements.

Comparisons between the XPCS determined TFSI" velocities upon 0.3 V cell polarization, and those
predicted from CM using RS transport coefficients and PNB transport coefficients are shown in Figure 5.
Specifically, the velocities are shown for five different locations across the channel. While the overall
predicted curves exhibit similar profiles and resemble the shape of the electrochemically measured current
density, substantial differences can be observed in the evolution of the velocities over time at the different
positions. Specifically, experimental and both simulated velocity profiles show three regimes. We,
somewhat arbitrarily, break them down into a “slow” (e.g. experimental velocity < 50 A/s at t = 300 min),
“medium” (e.g. experimental velocity < 100 A/s at t = 300 min), and “fast” (e.g. experimental velocity > 100
A/s at t = 300 min) TFSI velocity regimes; however, these are differently distributed across the cell
depending on the transport model: for RS transport coefficients, the yellow and green location belong to
the fast regime, blue and black location to the medium regime, and the magenta to the slow regime. On
the contrary, for PNB transport coefficients, the green, yellow, and blue location belong to the fast regime,
the black location to the medium regime, and the magenta to the slow regime. The experimental spatial
velocity variation along cell length (x) resembles the one simulated using RS transport coefficients, whereas
substantial differences are observed for PNB transport coefficients. This is manifested by the fact that the
variation in difference between simulation and experiment shows significantly less spread across the
different positions for the CM calculations using the RS transport coefficients as compared to the PNB
transport coefficients (see Figure S16). This is illustrated in the inset of Figure 5(a), which shows the
polarization time-averaged ratio of the XPCS determined TFSI" velocity and those obtained using CM. While
there is an absolute difference between the measured and predicted velocities in both cases and the
magenta location appears to be an outlier, (see also Figure S15 and Figure S16), the position dependence
shows a better match to the profiles calculated using RS transport coefficients, as evident from the fact that
the black, yellow, green, and blue location exhibit ratios falling within the red bar in the inset of Figure 5(a),
whereas only the yellow and green location fall within this range for the PNB transport coefficients (see also
Figure S17). This is quantified by a standard deviation of the ratio at the black, yellow, green, and blue
location of 0.08 for RS transport coefficients and 0.12 for PNB transport coefficients. Together with the
results of the XAM and MD simulations below (Fig. 4), our velocity measurement results support the RS
transport coefficients.

To provide a mechanistic microscopic rationalization of both microscopic velocities measurements
and macroscopic concentration polarization discussed above, we employed MD simulations (simulation
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box snapshot in Figure S7a) at temperatures of 90 - 150 °C that predict structural and transport properties
in good agreement with experiments (Figures S7b and S8). Specifically, we analyze t*spp, Which is the
apparent transference number that does not explicitly include ion-ion correlations and is extracted from
self-diffusion coefficients and corresponds to pfg-NMR results, as well as t*, which includes ionic
correlations to the flux under anion blocking conditions. The latter is extracted via application of Onsager
reciprocal relations combined with linear response theory within the Wohde-Roling-formalism 32 and is
comparable to e-NMR results (see Equations S22 - 26 in Supporting Information). For r = 0.1, our MD
simulations predict t*,pp = 0.17 - 0.20, whereas a smaller value is found for t* = 0.12-0.13. Both of these
predictions are within experimental error bars reported from pfg-NMR and e-NMR (RS transport
coefficients) by Rosenwinkel et al. 2%, At higher salt concentration of r = 0.16, MD simulations predict t* =
0.17 —0.20, which suggest fairly concentration-independent transference numbers around 0.2 consistent
with RS transport coefficients, supporting our experimental findings. To rationalize the microscopic origin
of the predicted transference numbers, we consider the degree of correlation of the Li* and TFSI
displacements at r = 0.1. As detailed in the Supporting Information, we find moderate anti-correlated
motion and the following picture emerges: at short time scales (i.e. lower than the residence time of Li*
with a polymer segment), the Li*(EQ)s complex partially diffuses in the direction opposite of the TFSI" anion
somewhat resembling the anticorrelation observed in the tetraglyme-LiTFSI molecular systems 3. This
anticorrelation of the Li*(EO)s solvate and TFSI, which is illustrated in Figure 5(c), explains on a microscopic
level that t*is lower than t*,p. This observation closes the gap between microscopic and macroscopic
transport phenomena by suggesting that the lower transference numbers are a result of anticorrelated
motion on the nanoscale, which in turn result in significant mass transport of TFSI- and electrolyte, which
then are also anti-correlated.

Conclusions

We illustrated a novel methodology combining several measurement techniques and simulations to
provide quantitative length-scale bridging insight into ion transport in electrolytes. Specifically, we
combined synchrotron X-rays to retrieve with high accuracy local electrolyte velocities via XPCS and global
concentration gradients via XAM with continuum modelling supported by molecular scale insight provided
by MD simulations. To the best of our knowledge, our velocity measurements represent the first spatially
resolved direct measurements of ion velocities as a function of time in an electrochemical system. The
strength of this approach lies in the opportunity to directly compare physically measured mass transport
effects upon cell polarization with those calculated from concentrated solution theory using transport
coefficients as input values. Together with MD simulations, this method not only allows us to quantify the
transport parameters such as transference number, but also provides atomistic scale insight into the origin
of the obtained values. We employed our approach to an exemplar LIB polymeric electrolyte, LiTFSI-PEO,
and shed light onto the concentration dependence of the transference numbers in this system, which is
debated by researchers; the outlined procedure can also be applied to agueous and non-aqueous liquid
electrolyte when convection can be avoided, as well as to more complex electrolytes, such as composite
electrolytes or those infiltrated with fillers for the sake of improved ionic conductivity ** 2. Such direct
insight paves the way for understanding of ion transport in general, and the proposed methodology can
provide novel insight not only into ion transport in polymeric electrolytes but also in liquid electrolyte and



350
351
352
353
354

Energy & Environmental Science Page 10 of 20

electrode materials, as well as separation membranes or polymer electrolyte membranes for fuel cells.
Finally, we argue that the many orders increase in coherent flux at diffraction limited storage rings will
make probing transport phenomena at microscopic level by XPCS to be applied to other systems taking
advantage of the intensity and penetration power of the next generation X-rays beams.
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Figure 1: Conceptualization of the problem and our approach (a) Illustration of mass transport in an
electrochemical symmetric cell, in which Li electrodes are separated by an electrolyte made up from
ethylene oxide monomers (representing PEO polymer), Li* cations, and TFSI" anions. Upon application of an
electric field across the cell, Li* ions migrate in the electric field to the negative electrode, whereas TFSI®
ions migrate to the positive electrode (magenta arrows, length of which indicates relative velocities). As Li*
is produced at the positive electrode and consumed at the negative electrode (blue arrows), whereas TFSI
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ions are blocked, a salt concentration gradient (cu7es, solid line) builds up due to electroneutrality.
Consequently, the ions feel a diffusion force towards the negative electrode from the concentration
gradient (yellow arrows). When migration and diffusion forces acting upon TFSI ions are equal, steady state
is reached, and there exists no TFSI” mass transport. At high salt concentrations, EO monomers are forced
to the negative electrode due to mass conservation (green arrows) resulting in a concentration gradient in
PEO (cpeo, dashed line). The EO velocity scales with the molar volumes of the salt and EQ. The macroscopic
concentration gradient is measured by XAM and predicted by our continuum model, whereas our MD
simulations unravel the molecular scale transport mechanism. TFSI" velocities can be directly correlated to
the measured EO velocities by XPCS and predicted by our continuum model. (b) Schematic of cell design
(technical drawing in Figure S1) and experimental setup to measure EO velocity and TFSI" concentration
profiles at 90 °C; not to scale. The heating setup is neglected for simplicity. The lithium electrodes are
separated by 3 mm, and are connected to a potentiostat with a potential of 0.3 V applied between the
electrodes. Heterodyne XPCS: The speckle pattern resulting from scattering of a coherent X-ray beam is
recorded as a function of time; the beamline producing the coherent X-ray beam is described in Ref. *3. In
the scenario of EO moving at a constant drift velocity, the heterodyne autocorrelation function shows
oscillations, the inverse period of which is proportional to the EO velocity. XAM: The transmitted beam
intensity is recorded as a function of time. Spatial resolution across the channel is achieved by rastering the
15 um beam across the channel.
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477
478 Figure 2: XPCS analysis. (a) Measured auto-correlation functions (markers) as a function of delay time t for

479 different y-values at a g-value of 0.0038 A (corresponding to scattering vectors q within the second
480  innermost ring in Figure S2), and model fits (lines) to Equation 1. The curves are vertically shifted for clarity.
481 (c) Frequency parameters w derived from fits in (b) (markers) as a function of y and the fit (line) to
482 Equation 2 (colors correspond to colors in (a)). (b) y scaled correlation functions (markers) for the first nine
483 g-values (indicated on top of each curve in A*) and model fits (lines) to Equation 1. The curves are vertically
484  shifted for clarity. (d) Frequency parameters w derived from fits in (b) (markers) as a function of g. The line
485 is a guide to the eye showing the expected linear behavior and a zero intercept (colors corresponds to
486 colors in (b)). (e) x- and g-scaled master correlation function (markers) collapsed from 72 individual
487  correlation function and model fit (line) to Equation 1.
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Figure 3: Electrochemistry (a) Experimental current density measured upon constant voltage (0.3 V)
polarization of the Li/LiTFSI-PEQ/Li symmetric cell of channel length of 3 mm (black line). Continuum model
predicted current density under conditions identical to the experiment using RS transport coefficients *
(blue) and PNB transport coefficients *>3* (red). (b) Continuum model predicted current density (using RS
transport coefficients 2* (blue) and PNB transport coefficients 2> ** (red)) divided by experimental current
density.
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Figure 4: Concentration polarization. (a) Experimental TFSI" concentration (markers) for different times
measured upon constant voltage (0.3 V) polarization of the Li/LiTFSI-PEQ/Li symmetric cell of channel
length of 3 mm, and TFSI" concentration predicted from continuum model under conditions identical to the
experiment using RS transport coefficients ** (lines); experimental error-bars are only shown for the curve
at 969 min. (b) same as (a) using PNB transport coefficients >> 3.
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Figure 5: Electrolyte velocities. (a) XPCS-derived TFSI- velocity (markers) for different locations within cell
(color-code corresponding to the inset in (b), i.e. x = -0.85 + 0.04, -0.50 + 0.04, -0.15 + 0.04, 0.20 + 0.04,
and 0.55 + 0.04 mm, where x = 0 corresponds to the half-way point between the electrodes indicated by
the dashed line) measured upon constant voltage (0.3 V) polarization of the Li/LiTFSI-PEQ/Li symmetric cell
of channel length of 3 mm (see inset in (b)) as a function of time, and TFSI velocity predicted from
continuum model under conditions identical to the experiment using RS transport coefficients 2* (lines). The
inset shows the polarization time-averaged (200 < t < 400 min) ratio between the XPCS measured and CM
model simulation TFSI velocities for the five different locations. The red bar is centered around the mean
ratio (1.19) between experiment and both simulations at the black, yellow, green, and blue locations and
has a width of + 1.5 x the standard deviation of 0.10. (b) same as (a) using PNB transport coefficients > 3.
The colored regions in the inset correspond to the measured locations in the channel and are color coded
with the velocity measurements (markers) and CM predictions (lines). We note that velocities after
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polarization times greater than about 550 minutes were not resolvable. (c) MD trajectories showing
anticorrelation motion (movement towards each other as indicated by the orange arrows) of a
representative Li*(EQ) complex and TFSI™ (white: H, grey: C, red: O, magenta: Li, green: F, blue: N, yellow:
S).
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