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Current-driven solvent segregation
in lithium-ion electrolytes

Andrew A. Wang,"?* Samuel Greenbank,” Guanchen Li,"?* David A. Howey,'?
and Charles W. Monroe'-?4*

SUMMARY

Liquid lithium-battery electrolytes universally incorporate at least
two solvents to balance conductivity and viscosity. Almost all
continuum models treat cosolvent systems such as ethylene carbo-
nate:ethyl-methyl carbonate (EC:EMC) as single entities whose con-
stituents travel with identical velocities. We test this "single-solvent
approximation” by subjecting LiPF4:EC:EMC blends to constant-
current polarization in Hittorf experiments. A Gaussian process
regression model trained on physicochemical properties quantifies
changes in composition across the Hittorf cell. EC and EMC are
found to migrate at noticeably different rates under applied current,
demonstrating conclusively that the single-solvent approximation is
violated and that polarization of salt concentration is anticorrelated
with that of EC. Simulations show extreme solvent segregation near
electrode/liquid interfaces: a 5% change in EC:EMC ratio, post-Hit-
torf polarization, implies more than a 50% change adjacent to the
interface during the current pulse. Understanding how lithium-ion
flux induces local cosolvent or additive imbalances suggests new
approaches to electrolyte design.

INTRODUCTION

Contemporary lithium-ion electrolytes are formulated as mixed-solvent systems, a
paradigm that balances competing requirements including interfacial and chemical
stability, high ionic conductivity, and low solution viscosity. Pioneering previous
work showed that high-viscosity, high-permittivity ethylene carbonate (EC) could
be combined with low-viscosity, low-permittivity linear carbonates to meet these
criteria.”® New cosolvent blends have been designed for advanced applications
such as fast charging or compatibility with lithium-metal electrodes using analogous
design targets. Recent research has focused on innovative concepts such as ultra-
concentrated “solvent-in-salt” electrolytes® or “localized high-concentration”
electrolytes, wherein high-molarity solvate structures are dispersed within a diluent
cosolvent.” Developing quantitative understanding of how ions and cosolvents

distribute and interact between electrodes is fundamentally important for the future 1Department of Engineering Science, University
design and optimization of electrochemical energy storage systems. of Oxford, Oxford OX1 3PJ, UK
2The Faraday Institution, Didcot OX11 ORA, UK

Preferential solvation® between cosolvents and lithium salts on microscopic length 3James Watt School of Engineering, University of
7-9 Glasgow, Glasgow G12 8QQ, UK

scales has been investigated with both spectroscopic experiments
4Lead contact

and quan-
tum-chemical simulations.'®"" Recently, von Wald Cresce and colleagues reported
*Correspondence:
andrew.wang@eng.ox.ac.uk (A.AW.),
methyl carbonate (EMC) had a 7:3 EC:EMC coordinated-solvent population ratio charles.monroe@eng.ox.ac.uk (C.W.M.)

that lithium hexafluorophosphate (LiPF) in a bulk 3:7 mol-ratio mix of EC and ethyl-
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understood to correlate with solid-electrolyte interphase (SEI) formation and degra-
dation side reactions in lithium-ion batteries.'” Beyond microscopic studies, recent
work by Miele et al. used Raman optical fibers to reveal local swings in solvation dy-
namics and EC:EMC ratio within full Li-ion cells during operation."® Additional
spatial resolution is needed to determine how these changes vary across the domain
between electrodes.

At the continuum level, mass transport and thermodynamics in binary electrolytes
has been resolved with remarkable fidelity. For a binary system comprising a single
solvent and a lithium salt, a consistently parameterized transport model based on

Newman’s concentrated-solution theory'#'®

can very accurately predict spatiotem-
poral ion distributions under dynamic polarization conditions.'®'” The solvent is also
increasingly being recognized as a mobile component in and of itself.'®*° Various
groups have measured bulk velocities of both polymer and liquid electrolytes
directly, demonstrating that solvents can migrate under applied currents, despite

being charge-neutral chemical species.'’*"*?

Given the confirmed presence of solvent drift on the macroscale and preferential ion
solvation on the microscale, a question arises: do the different cosolvent species in
lithium electrolytes move together? This query was aptly raised in a recent commu-
nication by Mistry and Srinivasan.”” Previous transport characterizations of mixed-
solvent lithium-ion battery electrolytes have universally applied a pseudo-single-
solvent approximation, whereby cosolvents are treated as a single entity,”*~* which
presumes that each species making up the solvent blend moves at the same rate.
Note that this approximation is born out of prohibitive experimental complexity
rather than decisive experimental justification—even a simple cosolvent electrolyte
such as LiPF4:EC:EMC, made up of two solvents and a simple salt, requires the
parametrization of six independent transport coefficients and six thermodynamic
parameters to describe isothermal, isobaric, locally electroneutral transport.' If co-
solvent motion is not perfectly correlated at the continuum scale, then the differ-
ences in transport rates among solvents could be exploited, both to fine-grain elec-
trolyte simulations and to develop new routes for electrolyte design and discovery.

Arigorous test of the single-solvent approximation must probe whether applied cur-
rent or salt-concentration polarization induces segregation of cosolvent species. To
that end, we performed Hittorf experiments (Figure 1A) to induce salt-composition
differences across solutions of LiPF, salt in a 1:1 mass ratio of EC:EMC cosolvent and
investigated whether and how polarization of the salt concentration correlates with
polarization of the solvent ratio. This application of a Hittorf cell requires accurate
estimation of ternary electrolyte composition, which cannot be achieved with the
purely gravimetric or conductometric strategies used in the past.'>?/ Chemical com-
positions of the LiPF:EC:EMC solutions extracted from Hittorf cells were therefore
determined using a machine-learning approach, based on a Gaussian process
regression model trained with a database of precise physicochemical property
data. Alternative approaches to composition measurements based on spectroscopy
are a poor fit for this problem, both because of the expected low magnitude of sol-
vent polarization and the chemical similarity of the EC and EMC molecules. Below,
we report a significant degree of current-driven solvent segregation during Hittorf
experiments, showing that LiPF4:EC:EMC indeed violates the single-solvent
approximation.

To understand the impact of solvent segregation more clearly, we implement a four-
species multicomponent transport model based on Onsager-Stefan-Maxwell theory
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Figure 1. Hittorf experiment and Gaussian process regression analysis of cosolvent segregation

(A) Hittorf cell schematic, showing the valved anodic, neutral, and cathodic chambers in the symmetric cylindrical LilelectrolytelLi cell. Initially, (top) the
electrolyte has uniform distributions of salt concentration (red curve) and solvent ratio (background color). As current is passed through the cell
(middle), it induces both salt and cosolvent gradients. The valves are then sealed, and each chamber equilibrated (bottom), yielding solutions that are
extracted to determine the volume-averaged changes of salt and solvent content in the anodic and cathodic chambers.

(B) Conductivity, viscosity, and density measurements are made at 10°C, 20°C, 25°C, 30°C, and 40°C for the electrolytes extracted from the Hittorf cell’s
anodic and cathodic chambers. A Gaussian process regression model, trained on the dataset of known solvent compositions illustrated in (C), is then
used to infer the LiPF4, EC, and EMC mass fractions of the electrolytes extracted from the Hittorf cell.

(C) Physicochemical training datasets for the Gaussian process regression model. Ternary diagrams show the solution conductivity k, viscosity n, and
density p (values indicated by scale bars) for LiPFs:EC:EMC electrolytes from 0 to 2 M with EC:EMC mass ratios of 0:1, 3:7, 1:1, and 7:3 (the measured
mass fractions are shown as points on the ternary diagrams) at 20°C and 40°C. The rest of the training data, at additional temperatures of 10°C, 25°C,
and 30°C, are plotted in Figure S2.

to estimate what the Hittorf experiment results—which average current-induced
concentration polarization over large volumes—imply about the local cosolvent
composition. The transport model suggests that cosolvent ratios change dramati-
cally near electrode surfaces, a local effect that could be tracked to refine degrada-
tion or SEl-formation models based on reactions involving EC. Cosolvation environ-
ments in liquid electrolytes can also impact the energetics and dynamics of
fundamental electrochemical processes relevant to lithium-ion batteries, such as
intercalation, electrodeposition, and side reactions.

RESULTS AND DISCUSSION

Data-driven composition analysis

Hittorf experiments were performed using the methodology shown schematically in
Figure TA. (More details are provided in the experimental procedures.) Note that the
gravimetric Hittorf approach implemented by Hou and Monroe relies on the direct
dependence of density on solute concentration in an isothermal binary solution’%®
and is inadequate for applications to cosolvent electrolytes. For example, raising the
molarity of either LiPF, or EC in a LiPF,.EC:EMC ternary will increase the solution’s
density. Hittorf experiments also require sensitivity to very small concentration
changes because species molarity changes induced by the applied current pulse
are diluted across the entire volume of each Hittorf-cell chamber before its compo-
sition assay.”” Hence, quantitative analytical methods such as confocal Raman spec-
troscopy, which require careful deconvolution of peak signals, were deemed to have
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resolution too low for this study. Instead, the Gaussian process (GP) model illustrated
in Figure 1B and trained on the datasets from Figure 1C was used to infer the extent
of solvent polarization induced by a current pulse in a Hittorf cell.

The GP model learned from electrolyte properties is found to predict ternary solu-
tion compositions with very high precision. This owes in part to the widely differing
trends in how density, viscosity, and ionic conductivity of LiPF,.EC:EMC solutions
vary with respect to composition and temperature. Density follows a relatively linear
functionality with respect to species molarity, whereas viscosity can vary exponen-
tially; conductivity passes through local maxima with respect to both the salt and
EC contents.’®?" Importantly, all three physicochemical properties can be measured
to several digits of precision under temperature-controlled conditions using stan-
dard commercial equipment. Figures 1C and S2 show solution density, viscosity,
and ionic conductivity from 0 to 2 M LiPF, concentration in solutions with EC:EMC
mass ratios of 0:1, 3:7, 1:1, and 7:3 at temperatures of 10°C, 20°C, 25°C, 30°C,
and 40°C. These measurements provide a comprehensive set of input data for a
regression model whose output is ternary composition of the electrolyte. Property
measurements at varying cosolvent and salt fractions, plotted in Figure 1C, were
used to train the GP regression model for composition assay. The average root-
mean-square error for mass fractions calculated from leave-one-out cross-validation
was found to be 0.003 + 0.002 when predicting the salt and EMC composition, cor-
responding to uncertainties of approximately 2.4% and 0.7% for the LiPF, and EMC
mass fractions, respectively (Note S1; Figures S3 and S4).

It is notable that the present application of machine-learning methods aims to
predict an electrolyte’s composition given its properties, whereas almost all compu-
tational-materials work to date has aimed to address the inverse problem, i.e.,
prediction or optimization of properties given composition.?”**> GP regression is a
flexible non-parametric method that makes few assumptions about data-fitting func-
tionality. It is also a Bayesian approach that inherently estimates the uncertainty of
predictions.** All the physicochemical property data, as well as an implementation
of the GP model in the GPy Python framework,” are provided in the supplemental
experimental procedures, Figure S1, and data repository that accompany this
article.”

Hittorf results indicate cosolvent segregation

A series of 1:1 mass ratio EC:EMC electrolytes with salt mass fractions of 0.065,
0.125, and 0.185 (approx. 0.6, 1.0, and 1.6 M, respectively) were polarized within
Hittorf cells under an applied current of 0.5 mA (0.64 mAcm~2) for 20 h. Buoyancy
effects were suppressed by orienting the long axis of the Hittorf cells vertically
and choosing the sign of current to ensure that plating occurred on the top elec-
trode. Immediately following the passage of charge, the valves separating the
anodic, neutral, and cathodic chambers were sealed, and the solutions in the individ-
ual chambers were mixed with stir bars to homogenize their compositions before
density, conductivity, and viscosity were measured at the five temperatures
mentioned previously. The GP model was then used to map the resultant set of
property measurements into LiPF,, EC, and EMC mass fractions based on both
the magnitudes of the three properties and their relative trends across the five
temperatures.

Solvent segregation is clearly observed, indicating that EC and EMC do not move as

a single entity. Figure 2 presents a ternary diagram showing the results of Hittorf po-
larization tests for electrolytes with three different concentrations of LiPF,. All three
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Figure 2. Comparison of Hittorf polarizations with predictions of the single-solvent
approximation

Ternary diagram showing anodic- (yellow), neutral- (green), and cathodic-chamber (blue) mass
fractions of EC, EMC, and LiPF, after Hittorf experiments for three salt molarities (0.6, 1.0, 1.6 M) in a
1:1 (by mass) EC:EMC solvent. The marker size encompasses error, accounting both for
experimental repeats and variance in the GP prediction, as discussed in Note S1. The red dashed
line indicates an invariant EC:EMC ratio. Since the dumbbell markers for each Hittorf result are not
parallel to this line, the single-solvent approximation is not upheld.

initial compositions (green markers) begin with the same 1:1 cosolvent mass ratio,
and as such, they lie along the dashed red curve on the figure. For each of the polar-
ized solutions, the salt concentration is elevated in the anodic chamber (yellow
markers) and depleted in the cathodic chamber (purple markers). If EC and EMC
were to migrate with identical velocities, then the anodic and cathodic compositions
would be polarized along the line of invariant solvent ratio (red dashed line). This is
not the case, however, demonstrating that the single-solvent approximation does
not hold. Despite the Hittorf experiment operating above the limiting current den-
sity in a semi-infinite geometry, we discuss later and show in Figure 4B that consider-
able solvent segregation is still expected across geometries relevant to practical Li-
ion cells cycling below the limiting current.

The extent of current-driven solvent segregation also increases as salt content rises,
indicating that the solvent mobilities are sensitive to ion molarity. For the 1.0 M salt
concentration, the final EC:EMC ratios were 0.96:1 and 1.03:1 in the anodic and
cathodic Hittorf chambers, respectively, resulting in an EC mass-fraction difference
of 5.1% across the cell. (It should be emphasized that this is the concentration differ-
ence that remains after the concentration profiles in surface boundary layers are
averaged across the entire chambers of the Hittorf cell.) Full experimental data are
provided in the data repository associated with this article.

Notably, the EMC composition ratio was observed to increase in the anodic
chamber, indicating a propensity for EMC, rather than EC, to move with LiPF,.
This contrasts the results of equilibrium solvation studies, which generally
conclude that EC is more tightly bound to the LiPF, salt.” The counterintuitive
result that EC moves against the salt gradient suggests that a dynamical drag
interaction—independent of the classically expected solvation interaction based
on the dielectric constant of the solvent species—may be inducing solvent segre-
gation under applied current.

Cell Reports Physical Science 3, 101047, September 21, 2022 5
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This observation can also be considered in light of the coordination numbers re-
ported for cyclic and linear carbonates.””'" By assuming a solvated mobile cation
with the structure [LI(EC)3(EMC)]*, and with the uncoordinated EC and EMC treated
with a single-solvent approximation, one would expect that Hittorf polarization of
1M LiPF4ina 1:1 mass ratio of EC:EMC (6.2 M of EC and 5.3 M of EMC) would result
in final EC:EMC ratios of 1.04:1 and 0.98:1 in the anodic and cathodic Hittorf cham-
bers, respectively—almost exactly opposed to the result reported here.

We expect the solvent-segregation effect quantified here to impact transport-prop-
erty characterization for practical lithium electrolytes. Effective cation transference
numbers t}! were determined using the Li* composition changes estimated by
GP regression, under an assumption that the cosolvent retains the partial molar vol-
ume of neat 1:1 EC:EMC as it is polarized. (Details are provided in Note S4.) The 1
value was found to decrease from 0.44 to 0.10 as the salt concentration rose from 0.6
to 1.6 M, following a trend consistent with results from similar studies of LiPF4 elec-

2426 |f galvano-

trolytes in solvent mixtures made up of cyclic and linear carbonates.
static and potentiostatic methods induce salt polarization along with a cosolvent-ra-
tio gradient, the degree of cosolvent segregation will vary with experimental
conditions and may be a factor contributing to the wide spread of reported trans-
port-property measurements in the literature, such as those discussed by Bergstrom
etal.?” Extending potentiometric magnetic resonance imaging (MRI) studies to cap-
ture dynamic solvent profiles would provide a path to parameterize these electrolyte

systems more rigorously within the concentrated-solution-theory framework."®

Amplification of polarization at boundaries

Hittorf-cell results only reveal a volume-averaged change in electrolyte composition
after polarization. It is expected that current-induced polarization of both salt con-
centration and solvent ratio should be focused within boundary layers near the elec-
trolytes’ interfaces, as shown schematically in Figure TA. The transient degree of
local solvent segregation may be estimated quantitatively using a four-species
multicomponent transport model for the LiPF,:EC:EMC system. Adopting the sys-
tem of Onsager-Stefan-Maxwell equations presented earlier by Monroe,*® originally
derived for metal/oxygen batteries with a binary electrolyte and an additional dis-
solved neutral species, the cation flux ﬁ+ and EC flux Wo can be expressed as

-
N, = — D, Ve — Dx<i>Vco+t3i (1)
Cr F
i
.
N, = — Dy <&>Vc — D, V¢, — B~ @)
Cr F

if convection is neglected. Here, F is Faraday’s constant; ¢, ¢,, and cr are the LiPFg,
EC, and total solution concentrations, respectively; D, and D, are, respectively, the
Fickian diffusion coefficients of salt and EC in EMC; and Dy is the cross-diffusivity,
which describes how one solute gradient induces flux of the other solute. The cation
transference number t° and EC electro-osmotic coefficient & describe how Li* and
EC, respectively, migrate through EMC in response to an applied current density T
Material balances and boundary conditions that close these flux laws are detailed in
Note S1. Although Equations 1 and 2 neglect convection, it could be included

following the method of Liu and Monroe.'®

Solvent segregation effects can be extreme near interfaces. In a Hittorf measure-
ment of LiPF4:EC:EMC that yields a +5% swing in the volume-averaged EC:EMC
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Figure 3. Dynamic Hittorf salt and solvent compositions predicted by four-component transport
model

(A) Simulated maximum degree of polarization of the 1 M LiPFin 1:1 mass ratio EC:EMC electrolyte
before current cutoff during a Hittorf experiment. Salt concentration is shown with red curves, while
solvent ratio is represented by the background colormap. Based on parameter estimates, model
simulations show that the majority of solvent segregation occurs in boundary layers very close to
the electrode surfaces.

(B) Electrolyte compositions after both Hittorf valves (locations shown by solid vertical lines) are
sealed off and the salt and solvent gradients in (A) are allowed to come to equilibrium in each
chamber. It is these final compositions that are inferred from property measurements using the GP
regression model.

ratio, such as the data points measured in the ternary plot Figure 2, the electrode
surfaces experience more than 450% excess EC interfacial content during a current
pulse. This result is found by solving a transport problem governed by Equations 1
and 2, which allows one to simulate the degree of solvent polarization near the elec-
trode interfaces that is commensurate with the solution concentrations extracted
from the Hittorf cell chambers. As a first approximation, transport parameters
were assumed to be composition independent We took Do =3 x 107"°m?~ ", a
value measured for the LiPF,:EMC binary,'® and D, =5 x 107" m?s~", as observed
by pulsed-gradient spin-echo nuclear magnetic resonance (NMR).? The cation trans-
ference number was set at t = 0.24, as measured here using the standard Hittorf
equation. Like the transference number, the electro-osmotic coefficient & can also
be extracted from the Hittorf experiment using the change in EC compositions esti-
mated by the GP model. From the GP inferences of net moles of EC moved to the
anodic Hittorf chamber, one finds that 2= — 1.440.1. Since a precise value of
cross-diffusivity is not known, we assumed that Dx = 0, a value that should provide
a lower bound on the change in the interfacial solvent ratio. Figures 3A and 3B
compare the maximum degree of polarization during the 1.0 M Hittorf experiment
with the equilibrated results using the above parameters. With higher values of
cross-diffusivity Dy, the solvent swing at the interfaces would be even more severe.

To inform general expectations about current-induced cosolvent segregation in
practical lithium-ion-battery electrode geometries, it is useful to observe composi-
tion gradients under an applied limiting current density for the 1.0 M LiPF,
EC:EMC 1:1 mass ratio electrolyte. The limiting current density is the largest
steady-state current that can be imposed before the charge-carrying salt is
completely depleted at the cathode. At the limiting current, gradients of both salt
and solvent concentration are sustained across the entire interelectrode gap, as
can be seen from the plot of normalized steady-state molarity with respect to dimen-
sionless position across the gap in Figure 4B. Figure 4A presents a contour plot ex-
pressing the sensitivity of the EC:EMC mass ratio to the cross diffusivity Dx and EC
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Figure 4. Generalized degree of solvent-segregation under steady limiting-current conditions
(A) Sensitivity sweep of the absolute change in interfacial EC:EMC mass ratio, shown as a contour plot with
respect to the cross-diffusivity and electro-osmotic coefficient (two transport properties unique to the four-
species electrolyte model), for an electrolyte polarized under limiting-current conditions. For example, the
0.45 AEC:EMC contour refers to an average polarized electrode boundary EC:EMC solvent ratio of 1.45:1
and 1:1.45 from the initial neutral composition of 1:1 mass ratio EC:EMC with 1 M LiPF,.

(B) Limiting current salt red curve) and solvent-ratio profile (background colormap) for the same
initial solvent ratio, with a normalized salt composition and inter-electrode distance.

electro-osmotic coefficient E. The range studied for Dx represents the bounds
based on thermodynamic stability that 0 < Dy < Decr/ 2¢.>¢ Each colored band rep-
resents the possible change—both increase and decrease—in the EC:EMC mass ra-
tio on either boundary of the electrolyte. For example, the 0.45 contour represents
the set of parameters that could segregate an initial 1:1 EC:EMC bulk solution to a
1.45:1 and 1:1.45 ratio at the cathode and anode, respectively.

Cosolvent composition variation also alters the electrochemical properties of the
electrolyte with respect to its position between the electrodes. For example, (de)sol-
vation energies and kinetics of electrochemical reactions are impacted by the solva-
tion environment of Li*. Similarly, the electrolyte composition immediately adjacent
to the electrode surface will directly alter the nature of SEI formation reactions and
SEl composition itself. Continuum-level modelling has shown that electrolyte trans-
port and thermodynamic properties that vary as functions of both salt molarity and
temperature are necessary to predict battery behavior during operational ex-
tremes.”® The results reported here suggest that such higher-fidelity simulations
may need to be broadened to include changes in solvent ratios as well. Significantly,
in the case of the anodic interface in Figure 4B, the predicted viscosity varies by 22%,
based on whether cosolvent segregation is accounted for or not.

It has been demonstrated that, contrary to the conventional assumption, cosolvents
in lithium-ion electrolytes do not move together in fixed proportion when facilitating
charge transport. The reported test of the single-solvent approximation relied on a
combination of Hittorf experiments and a GP regression model, trained with a data-
base of physicochemical electrolyte properties, which was used to infer composition
from property measurements. A four-species multicomponent transport simulation
was then used to estimate the degree of cosolvent polarization at interfaces. This
solvent-segregation phenomenon could be studied with finer spatial resolution us-
ing in situ techniques such as potentiometric MRI or chemical shift imaging. Spatio-
temporal measurements of specific solvents under dynamic cycling will enable
further understanding of counterintuitive observations such as why EMC, rather
than EC, migrates preferentially alongside Li*. The results emphasize that solvent
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compositions in batteries not only vary gradually over cycle life, due to decomposi-
tion-reaction consumption, but can also experience local intra-cycle variation,
induced by current flow. The balance between the two should be studied in practical
cell geometries. Cosolvent segregation is expected to occur in any situation where
Faradaic electrode reactions (intercalation or conversion/plating) induce salt gradi-
ents. Our findings suggest that future experiments to track solvent concentrations
would enable the parametrization of advanced physics-based models that include
local interfacial EC content, which could elucidate more accurate kinetic models of
interfacial reactions such as Li intercalation, Li plating, and SEl formation. Key phys-
ical insights in this work show that macroscopic states should also be considered
alongside microscopic solvation environments when determining electrolyte
behavior. The same framework used to describe the LiPF,:EC:EMC electrolyte
here can also be applied to novel formulations and solution additives to aid the simu-
lation, design, and discovery of higher-performing next-generation batteries.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Charles W. Monroe (charles.monroe@eng.
ox.ac.uk).

Materials availability
This study did not generate new unique materials.

Data and code availability
The datasets generated during this study are available on GitHub:" https://doi.org/
10.5281/zenodo.6299956.

Electrolyte formulation and physicochemical property measurements

Density, viscosity, and conductivity measurements were performed on both electro-
lytes extracted from Hittorf polarization cells and the standard solutions used to train
the property-composition GP regression model. Initial solutions were prepared
within an argon glovebox (Inert Technologies) with vacuum-dried LiPF, (99.99%, bat-
tery grade, Sigma Aldrich) and EC (99%, Sigma Aldrich) and EMC (99.9%, Sigma
Aldrich) solvents that were stored under 3 A molecular sieves. Pure EC was first
melted, and solutions were formulated based on mass fractions using an analytical
balance (OHAUS). Densities and dynamic viscosities were measured inside the glove-
box with a high-precision oscillating densitometer with in-line rolling-ball viscometer
attachment (DMA4100, Anton Paar). lonic conductivities were measured with an AC
conductivity probe (Orion A212, Thermo Fisher Scientific) in a sealed cell with a tem-
perature-controlled water bath (Arctic A25, Thermo Fisher Scientific). Measurements
were taken at increasing temperatures of 10°C, 20°C, 25°C, 30°C, and 40°C.

Hittorf cell experimental procedure

The Hittorf cell (Figure 1A) is a long cylindrical symmetric Li-Li polarization cell. The
central cavity has two configurations, open and closed, where two stopcocks can be
sealed to separate the cylinder into anodic, neutral, and cathodic chambers. Lithium
electrodes on either end of the Hittorf cell were prepared by polishing Li foil (99.9%
Alfa Aesar) with a PTFE brush before punching it into discs. Electrolyte was loaded
into the Hittorf cell under the open configuration. The cell was sealed and oriented
vertically. A constant current of 0.5 mA was applied for 20 h (PGSTAT302N, Met-
rohm) to induce salt and solvent concentration gradients in the anodic and cathodic
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chambers. Immediately after the current was interrupted, the cell was set in the
closed configuration. After each individual chamber’s composition had equilibrated
(1 h of stirring with a magnetic stir bar), the electrolytes were extracted, and their
physicochemical properties were measured. More detailed information, including
a theoretical analysis of the Hittorf experiment for a binary electrolyte, were dis-
cussed by Hou et al."* and Wang et al.'>*®

GP regression model

The GP model was implemented in the GPy Python framework,’® with a squared-
exponential radial basis function (RBF) kernel and an automatic relevance determi-
nation (ARD) structure. The model was trained on input data consisting of solution
density, viscosity, and conductivity at 10°C, 20°C, 25°C, 30°C, and 40°C. Each set
of 15 input data points is linked through the GPR model to a single set of composi-
tion outputs, the mass fractions of LiPF, and EMC, with that of EC being inferred by
subtraction of the other two fractions from unity. Cross-validation using the leave-
one-out method was performed on the GPR model. The average root-mean-square
error for mass fractions was found to be 0.003 + 0.002, corresponding to an uncer-
tainty of approximately 2.4% and 0.7% for LiPFs and EMC mass fractions, respec-
tively. The code and data used for the GPR model is accessible at the accompanying
data repository.’
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