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Electrolytes in lithium-ion batteries comprise solvent mixtures, but analysis of ion transport is always based
on treating the solvents as a single-entity. We combine electrophoretic NMR (eNMR) measurements and
molecular dynamics (MD) simulations to quantify electric-field-induced transport in a concentrated
solution containing LiPFg salt dissolved in an ethylene carbonate/ethyl methyl carbonate (EC/EMC)
mixture. The selective transport of EC relative to EMC is reflected in the difference between two
transference numbers, defined as the fraction of current carried by cations relative to the velocity of

each solvent species. This difference arises from the preferential solvation of cations by EC and its
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Introduction

Many electrolytes of commercial importance consist of solvent
mixtures.'™ In conventional lithium-ion batteries, the solvent is
a mixture of high permittivity cyclic carbonates such as ethylene
carbonate (EC) and low permittivity linear carbonates such as ethyl
methyl carbonate (EMC).> A high permittivity component is crucial
for ion dissociation but it is also characterized by high viscosities,
which are detrimental for ion transport. In fact, EC is a crystalline
solid at room temperature. A low permittivity component is
essential for obtaining electrolyte solutions with low viscosities
and enabling fast ion transport. Recent work also showed that
manipulation of solvent-solvent interactions helps regulate the
solvation structure and stabilize the electrolyte.®® In an important
publication, Doyle and Newman modeled ion transport in lithium-
ion batteries based on concentrated solution theory.” While this
theory is general and can be extended to include any number of
components, the electrolyte was approximated as a binary elec-
trolyte comprising two ionic species and one solvent species.
Transport in binary electrolytes is governed by three Stefan-
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emphasizes the necessity of acknowledging the presence of four species in mixed-solvent electrolytes.

Maxwell diffusion coefficients, Dy, ©_o, and D,_, which charac-
terize frictional interactions between the ions (labeled + or —) and
the solvent (labeled 0) and between the ions themselves. It is
assumed that a mixture of low and high permittivity components
can be approximately treated as a single species. Nearly every
publication on modeling lithium-ion batteries is based on this
assumption.

In a recent experimental publication, Wang et al. show that
under an applied electric field, the high permittivity solvent
accumulates near the negative electrode while low permittivity
solvent accumulates near the positive electrode.™ Selective
solvent transport has important implications on the overall
functioning of the battery because electrochemical reaction
kinetics depend on the local composition of the electrolyte
solution at the electrode-electrolyte interface.”” Modeling
solvent partitioning under an applied electric field requires
going beyond the single-solvent approximation. In this work, we
present the first steps toward the development of such models.

The structure of the solvation shells surrounding dissociated
lithium ions in mixed-solvent electrolytes has been studied
extensively by computer simulations and experiments.”*** One
may expect a larger number of cyclic carbonate molecules in the
vicinity of lithium ions due to their high permittivity. However,
other factors such as denticity of the solvent molecules and
steric hindrance also play important roles." Nevertheless, it is
generally accepted that solvation shells are enriched in cyclic
carbonates relative to the bulk composition. This conclusion is
consistent with direct spectroscopic experiments.'*** However,
the quantum calculation and MD simulation by Borodin et al.
lead to the conclusion that the solvation shell is slightly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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enriched in linear carbonates.> In an experimental study, Seo
et al. concluded that compositions of the solvation shell and the
bulk electrolyte are the same.*® It should be evident that even
the static structure of the solvation shell in mixed-solvent
electrolytes is not entirely settled. While it is reasonable to
expect the local solvation shell around lithium ions to have
compositions that differ from that of the bulk mixture, the
effect of this local heterogeneity on continuum transport has
not been established.

Quantifying transport properties in mixed-solvent electro-
lytes is another challenge. Continuum transport in a ternary
electrolyte comprising two ionic species and two solvent species
(A and B) is characterized by six Stefan-Maxwell diffusion
coefficients.'**® A major goal of this work is to determine these
six coefficients in a mixture of LiPFs/EC/EMC using molecular
dynamics (MD) simulations. Lithium transference in the same
electrolyte was measured experimentally using electrophoretic
NMR (eNMR). In binary electrolytes, cation transference is
usually characterized using ¢, the fraction of current carried by
the cation with respect to the solvent velocity.'>* In our ternary
electrolyte, we can therefore define two transference numbers
¢ and ¢%; these transference numbers are defined with respect
to the velocities of solvent A and B, respectively. EC and EMC are
respectively defined as solvent A and B. We present a rigorous
approach to obtain # and ¢ from MD simulations and validate
our approach using experimental data. The MD simulations
elucidate the relationship between correlated motion of species
on molecular length-scales and ion transport on continuum
length-scales.

Results and discussion

A mixture of LiPFs/EC/EMC, at a salt concentration of 1 M with
a 1:1 volume ratio of EC and EMC, was used as received (“LP50”
electrolyte, Sigma-Aldrich). eNMR can measure the velocities of all
four species under an applied one-dimensional electric field across
an electrolyte of uniform composition.”®*" The velocities of the
cation, anion, and both solvents can be distinguished using "Li,
F, and '"H NMR measurements; the "H NMR peaks of EC and
EMC are well separated. The eNMR cell employed herein consists
of a 5 mm NMR tube with platinum (i.e., blocking) electrodes. A
convection-compensated eNMR pulse sequence was employed,
with bipolar electric field pulses lasting 50 ms for each polarity.
The measurements were performed at a temperature of 303 K and
repeated with a range of positive and negative pulsed magnetic

Table1l eNMR velocities of ions and solvent molecules under an applied electric field. All velocities reflect an applied electric field of 1V mm™;
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field gradient strengths to reduce systematic errors. We found it
necessary to extrapolate our measured velocities to a zero magnetic
field gradient, which implies that convective effects were not fully
eliminated with the pulse sequence (see Fig. S1 in the ESIt). The
eNMR velocities reflect electrophoretic migration during the initial
50 ms of electric field application relative to the laboratory frame of
reference.

The species velocities measured by eNMR in the laboratory
frame of reference are given in Table 1. The velocities are defined
as positive if they point toward the negative electrode. The
measured velocities of the cation are positive, while those of the
anion are negative. The velocities of EC and EMC are much smaller
in magnitude. It is important to account for the motion of elec-
trodes, especially when species velocities are small. In ref. 32, we
present a method to determine the velocity of the electrodes in an
eNMR experiment. Applying this methodology to the present data
set, the obtained species velocities could be converted into the
electrode reference frame; see Section I in the ESIf for details.
These values are also listed in Table 1. In the electrode reference
frame, EC has a positive velocity while the EMC velocity is negli-
gible. In the discussions below, we only use velocities measured in
the electrode reference frame.

The transference number is defined as:*

V. — ¥

r
r=

[r = AorB] (1a)

V.-V
where v; is the average velocity of species i (i = +, —, A (EC), or B
(EMCQ)), v, is the reference velocity that can be chosen to be v, or
Vg, and ¢} is the corresponding cation transference number with
respect to v,. We use the symbol ¥; in eqn (1a) to acknowledge
that each species can be in a variety of solvation environments
and the measured eNMR velocities represent averages over
them.

We can define the transference number with respect to the
mass average velocity of the solvents,

Vo = (waVA + wBVB)(wWA + W), (1b)
where w; is the mass fraction of species i. If we approximate our
ternary electrolyte to be a binary electrolyte with a single-solvent
species, then the transference number with respect to v, is given
by

(cL)AZ’}r +wBt?_).

(1¢)

wa + W

1

measurements were performed in a range of electric fields and velocities were scaled to 1 V mm™. Velocities were converted to the moving
electrode reference frame using the method of ref. 32, described further in the ESI

Velocity in the

Velocity in the moving

Species laboratory frame (um s~ ) electrode frame (um s~ ')
Cation (+) 37403 4.2 + 0.4
Anion (—) —7.24+0.2 —6.8+0.3
EC (A) 0.3 +0.2 0.8+0.3
EMC (B) —0.5+ 0.2 0.0 +0.3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In all previous studies, the cation transference number has
been determined using the concentrated solution theory for
a binary electrolyte.'**”** The transference number reported in
these studies corresponds to 2. Another common choice for the
reference velocity is the mass averaged velocity of all species
including the ions (vy). The transference number with respect

to vy is given by'**

M= waAr + wptt + w_. (1d)

The experimentally measured transference numbers defined
using eqn (1a), (1c) and (1d) are shown in Fig. 1. Our next
objective is to compare these measurements with predictions
based on computer simulations.

MD simulations were performed on the same LiPFs/EC/EMC
system studied experimentally (1 M concentration with a 1:1
solvent volume ratio). The ions and solvent molecules were
modeled based on the widely used all-atom optimized poten-
tials for liquid simulations (OPLS-AA) force field.***” While the
available Lennard-Jones potential, partial atomic charges, and
bonded interactions were directly applied to Li* and PF,~ ions,
the partial atomic charges for EC and EMC were separately
fitted using the RESP method***® via the Gaussian package®®
and Antechamber package.** Equilibrium NpT simulations were
conducted at 303 K and 1 bar using the Gromacs package
(version 5.1.4).*> Each simulation was run for 200 ns. Four
independent simulations were performed to enable better
sampling of transport coefficients. Further details are provided
in Section II in the ESL}

To rigorously quantify the correlated motion of the four
species via simulation, we employ the transport framework
proposed by Wheeler and Newman.**** This system is
characterized by six transport coefficients and they are defined

11

0 B .
Reference velocity

o
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Fig. 1 Cation transference numbers t| with respect to different
reference velocities: va, Vo, Vg, and vu. r represents different reference
velocities. The subscripts A, B, 0, and M correspond to EC, EMC, the
mass average velocity of the solvents and the center of mass of all
species, respectively.
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with respect to a reference species. If the reference species is A
(EC), then the transport coefficients are given by

8= gy (I X A0 Tah0). e
where i and j denote the non-reference species (B, +, or —), Vis
the system volume, kg7 is the thermal energy, ¢ is the time, n; is
the number of molecules or ions of species 7, and Arf,(t) =
r2,(¢) — 12,(0) is the displacement vector of the &™ molecule or
ion of species i, where 17,(¢) is the position with respect to the
average position of species A at time ¢. Each Lj} can be evaluated
from the simulation trajectories. Ls give a transference number
with respect to the species velocity of A as:

Lﬁ+ - Li—
LA, — 2IA + 1A

A_
=

(2b)

The results of the simulations can be compared with exper-
imentally measured ¢} using eqn (1a).

Likewise, the cation transference number with respect to the
species velocity of B (EMC), ¢}, can be obtained from

V d /1 1
B . B . L B
Ly = 6kBTrlg£1°7dl <ni Ea Ar (1) " Eﬂ Arm(t)>, (3a)

where Lis are the transport coefficients with respect to species
B. Lg-s give a transference number with respect to the species
velocity of B as follows:

LB — B
e (3b)
LB, — 2B + [P

The results of the simulations can also be compared with
experimentally measured ¢} using eqn (1a).

The application of Ljs is equivalent to using six Stefan-
Maxwell diffusion coefficients. The computed values of Lj can
be used to determine the six Stefan-Maxwell diffusion coeffi-
cients, ®; (ij = A, B, +, or —, and i # j),'° using the Onsager
transport equation. The average species velocities are related to

A
L; by
V,- - vA = ZL;\X]7

JEA

(42)

where ¥; is the average velocity of species i (i # A) and X; is the
driving force for the diffusion of species 7, which is related to the
concentration ¢; and the chemical potential u; by X; = —¢;Vu;.
Note that the species velocities in eqn (4a) are in the general
vector form, which is different from the scalar eNMR velocities
used in eqn (1). Due to the Onsager reciprocal relation,* Lj =
Lj;. Matrix L* is symmetric with each row or column represent-
ing species of B, +, or —.

One can re-express eqn (4a) as the Stefan-Maxwell equation:

X, =Y Ky (v —w), (4b)
J#Fi
where Kj; is the friction coefficient that is related to Dy, K; =

RTcicl(c,Dy), in which R is the gas constant, ¢; is the molar

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration of species i, and c; is the total molar concentra-
tion in the entire system. K is a 4 by 4 matrix with undefined
diagonal elements. The Stefan-Maxwell equation can be
rewritten as:

—X; =Y M;(% —va),

J*EA

(4¢)

where Mj; is defined as My = K; — 0> Ki. M is a 4 by 4 matrix.
M and L* are related by M* = —(L*)* where M* is obtained by
removing the row and column of M corresponding to species A.
The remaining elements of M are completed by the definition of

My as: My = —)_ M. Finally, each 9, corresponds to one
k%4

nondiagonal element of M: D;; = RTc;c;/(c,Mj;). Note that Ds are
independent of the reference species. While we have presented
the approach based on L, one could also use L} to arrive at the
same set of Dys.

The computed Stefan-Maxwell diffusivities are shown in
Fig. 2. The smallest Stefan-Maxwell diffusivity is ®,_, indi-
cating that the dominant frictional interaction is between the
cation and the anion. D,, is lower than Dy, by a factor of 4.4.
This implies that the frictional interaction between the cation
and solvent A (EC) is much larger than that between the cation
and solvent B (EMC). This provides a qualitative explanation of
our observation that v, > Vg (Table 1). Dg,, Dy, Dp_, and Dypp
are similar in magnitude, implying that frictional interaction
between the cation and solvent B is similar to those between the
anion and solvent A, the anion and solvent B, and solvents A
and B.

The Lj} and Lj; are used to calculate #} and ¢} using eqn (2b)
and (3b). In addition, we calculate 2 and #}' using eqn (1c) and
(1d). We compare the four theoretically calculated transference
numbers with the measured values in Fig. 1. Both eNMR
measurements and MD simulations indicate that £} < £ < ¢ <
£, The fact that ¢} is less than ¥ implies that the two solvents
cannot be treated as a single entity. The cation selectively drags
more EC molecules than EMC molecules as it migrates under an

2
-

Da+ D+ Dp- Dp- Di- Das

Fig. 2 Stefan—Maxwell diffusion coefficients calculated from MD
simulations. The diffusivities are normalized by a value of 1072 m2 s~?
and are shown on logarithm base 10 scale. A and B represent EC and

EMC species, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electric field. The difference between the two transference
numbers is not very large; the theoretical ratio of B/ is 1.48 +
0.21. In addition, ¢° is an intermediate between ¢ and
£ because we have taken 7, to be the mass averaged velocity of
EC and EMC, as stated in eqn (1b). £ is larger than ¢] because
they are related by &' — 0 = (1 — t9)w_ — tw,. The right side of
this equation is positive because w_ is significantly larger than
[

To study the molecular underpinnings of cation trans-
ference, we examine Li" solvation structures obtained from
simulations. Fig. 3a compares the average coordination number
of solvent molecules and anions within each solvation shell of
Li". The coordination number is calculated from the pair
correlation function between Li" and the carbonyl oxygen atoms
on the solvent molecules or the phosphorus atoms on PF, (see
Fig. S7 in the ESI{). The EC coordination number is two times
higher than the EMC coordination number. However, a non-
negligible amount of PFs~ ions is also present in the solvation
shell. The coordination number indicates a preferential solva-
tion of EC over EMC. This is consistent with many previous
simulations using different force fields.”*** In addition, the
ratio between the fraction of solvated EC and that of EMC (1.38
in our simulation) is in quantitative agreement with the solva-
tion power series of common lithium electrolytes determined by
experiments at similar salt concentrations.*

Fig. 3b shows the distribution of the solvation structures that
underlie the averages for EC and EMC reported in Fig. 3a. This
figure shows two-dimensional probability distributions of the
number of EC and EMC molecules within the solvation shell.
We focus on the solvation of Li‘;*** the radial distribution
functions of Li" to solvents in LiPFs/EC/EMC mixtures have
much more pronounced features than those of the anion to
solvents (see Fig. S8 in the ESIT). In Fig. 3b, we see two strong
peaks corresponding to Li" solvation shells with (5EC + 1EMC)
and (4EC + 2EMC). The two peaks are smeared and tilted toward
the bottom left, which indicates fewer solvent molecules in the
solvation shell due to the presence of anions. These shells have
small contribution to the overall migration of Li*. Therefore, we
examine the solvation shells that exclude anions in Fig. 3c. The
fraction of these solvation shells, which will be strongly coupled
to the migration of Li", is 0.47. Li" in these environments are
primarily solvated by (5EC + 1EMC) and (4EC + 2EMC), indi-
cating a more substantial solvation provided by EC molecules in
anion-exclusive shells. The EC : EMC ratio in the bulk electrolyte
is denoted by the dashed lines in Fig. 3b and c. It is evident that
the shells surrounding dissociated Li" ions are significantly
enriched in EC by a factor as high as 3 compared to the bulk.
Based on this observation, one might expect that cation trans-
ference numbers with respect to velocities of EC and EMC to be
very different. However, Fig. 1 shows that this is not the case.
Further dynamic analysis is thus needed to elucidate the rela-
tionship between local solvation and cation transference.

In concentrated electrolytes, the cations are present in
various types of transient clusters that contain different net
charges and different numbers of solvent molecules. To enable
a quantitative estimation of the migration of the species in
these clusters, we adopt the cluster approximation approach

Chem. Sci., 2023, 14, 5332-5339 | 5335
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Fig. 3 Static ion solvation structures. (a) Coordination numbers of EC, EMC, and PFg™

. Probability distribution of the number of EC and EMC

molecules within (b) all Li* solvation shells and (c) solvation shells that are exclusive of anions. The dashed lines in (b) and (c) denote a specific
composition of the two solvent species, in which the ratio between EC and EMC molecules is the same as that in the bulk electrolyte. The color
bars in (b) and (c) denote the probability of obtaining a specific solvation structure in the contour plots.

developed in ref. 48. In this approach, clusters of species con-
taining different numbers of cations, anions, and solvent
molecules are identified using the single-linkage algorithm. The
interactions between clusters are ignored. In ref. 49, this
approach has been extended to calculate the migration velocity
of different clusters under an applied electric field. This exten-
sion provides molecular insights into the underpinnings of
cation transference. Ion-containing clusters are constructed
from the linkage between individual cations and anions. The
linkage is successfully built when the anion is within the
solvation shell of Li*, which is determined based on the
distance between the closest fluorine atom and Li'. Similarly,
the linkage between a cation and a solvent molecule is
successfully built when the carbonyl oxygen atom is within the
solvation shell of Li". Schematics of clusters thus obtained are
shown in Fig. 4a. We also show isolated EC, EMC, and PFs in
Fig. 4a.

Each of the clusters and free species will migrate with
velocities that depend on both net charge and size as illustrated

in Fig. 4a. The velocities are defined as positive if they point
toward the negative electrode and are negative otherwise. The
clusters are grouped based on their net charge g, to facilitate the
analysis of the contribution to the species velocity from
different clusters. The average velocity of species i due to
a particular cluster type with charge g, will depend on the
fraction of species in that cluster type f; » and its velocity v; ;:

V,- = Zfi"k Vik [l = A(EC)7 (53)

k

B(EMC), + or —],

where v; ; is based on the electrical mobility that is determined
using net-charge and diffusivity based on the Stokes-Einstein
equation (see Section V in the ESIY).

Fig. 4b shows the distribution of f; w;; for all four species.
The cation velocity is mainly due to clusters with g, = +1e and
—1e. Included in this figure are contributions from other cluster
types, but their contributions are negligible. The anion velocity
is dominated by clusters with g, = —1e with a relatively small
contribution from clusters with g = +le. The difference
between cation and anion velocities arises from the fact that the

(a) (b) 0.4 0.4 (C)1
+ Li*| |EC 3
A % N
ofg% al-a 0_”{;'0 02 o2 08} gz
y\{‘b ddb op < < &1
v—> v ?‘ 0f e/ ) S— o6}
o0 e 04 < C® o -
‘_) D6 Vo> O EMC Soal A A(EC) B(EMC) —(PFg)
& f}J DL'L}\ 02 PFq So2
ool I = - Ca(t)
(‘J f‘*‘w Sovlll Pt & A Ca®)
= v=0 06 T 0 :
® ) 3210123 321012 3 0 5 15
Cation Anion EC EMC qi/e qi/e t (ns)

Fig. 4 Dynamic picture of the motion of species under an applied electric field. (a) A schematic of the velocities of clusters containing different

numbers of solvent molecules and ions under an electric field. (b) Estimation of the electric-field-induced drift of Li

* PFg~, EC, and EMC in cluster

types carrying a net charge of qx. The velocities are normalized by the absolute value of a single anion under the same electric field. (c) Residence
time auto-correlation functions between the cation and the solvent molecules or the anion. The inset shows the mean residence times.
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electrical mobility of anion-containing positive clusters is
smaller than that of cation-containing negative clusters. Both
solvent velocities are dominated by clusters with g, = +1e.
However, the EC peak is higher than the EMC peak, indicating
that EC molecules are selectively dragged by the motion of
clustered cations.
The species velocities can be used to estimate transference
numbers based on the cluster approximation as follows:
V. —
tir _ 1’r

[r = A(EC) or B(EMC)). (5b)

Ve —V_
The velocities used to calculate 5 and 5°® in eqn (5b) are based
on eqn (5a). £9* and ¢5'® thus obtained are 0.11 & 0.005 and 0.23
=+ 0.002, respectively. The qualitative trend obtained using the
cluster approximation is consistent with both eNMR velocities
and the rigorous analysis of simulation data. Quantitatively,
however, cluster approximation gives transference numbers
that are lower than the experimental values by a factor of two.
The ratio of the transference numbers obtained using the
cluster approximation (£°/t5* = 2.05 + 0.09) is larger than
those obtained from the full calculation (££/¢} = 1.48 + 0.21) and
eNMR experiments (£5/t} = 1.24 + 0.25). These quantitative
deviations occur because the cluster approach only accounts for
static distributions, whereas the finite lifetime of clusters is not
taken into account.

The timescales of cation-solvent and cation-anion associa-
tions are evaluated by introducing the residence time autocor-
relation function as:*

(Pi(1)Pi(0))

G0 = 15, 0)P,(0))

i = A(EC), BEEMC), or — (PF7)],
(6)

where Pjt) equals 1 when an individual solvent molecule or
anion of species i coordinates a Li" from time 0 to time ¢ and
equals 0 otherwise. Fig. 4c shows the decay of C,(¢), Cg(¢), and
C_(¢) as a function of time. The average residence times of all
three species are between 1 and 5 ns. The three C,(¢)s are fitted
using a stretched exponential function (exp[(—t/z;)’]) to extract
the mean residence time 7. The inset of Fig. 4c shows these
results 7, < 7g < 7_. The surprising result is that 7 is larger than
Ta, implying that EMC molecules tend to be dragged by Li* for
a slightly longer time when compared to EC molecules. This
result explains why £5* and #5® are lower than ¢} and ¢?, and £5®
A > B/t The effect of the finite lifetimes of clusters is captured
in the full calculations but not in the cluster approximation.
The cluster approximation assumes that the lifetime of all
clusters is infinite. It is nevertheless valuable as it provides
insight into the dominant solvation structures and their impact
on cation transference.

Conclusions

In summary, we have combined eNMR experiments and MD
simulations to quantify transport in a 1 mol L ™" solution of LiPF
dissolved in an equal volume mixture of EC (A) and EMC (B). All
electrolytes used in lithium-ion batteries comprise mixtures of
solvents. Our goal is to quantify the selective transport of one of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the solvents due to differences in the coupling between ions and
solvent molecules. Selective transport is characterized by
defining two transference numbers, # and ¢?. These transference
numbers reflect the fraction of current carried by the cation
relative to the velocities of the two different solvent species. The
eNMR experiments indicated that /¢ = 1.24 & 0.25. The Stefan-
Maxwell diffusivities are evaluated from MD simulations and the
calculated ratio ¢2/¢} is 1.48 + 0.21. The disparity between ¢} and
£% indicates that EC (A) is selectively transported to the negative
electrode. This result is consistent with the experimental data in
ref. 11. The cluster approximation is used to provide molecular-
level insights into the factors that affect cation transference.
Our concentrated electrolyte contains a variety of clusters with
different dynamic features that must be averaged to obtain ¢} and
£3, parameters that reflect transport on the continuum scale. The
methodology of combining eNMR experiments and MD simula-
tions to quantify selective solvent transport can be applied to
other mixed-solvent electrolytes containing different salts and
solvents provided they contain NMR-active nuclei. Our study
highlights the limitations of using the single-solvent approxi-
mation to quantify transport in electrolytes comprising two
solvent species. Full characterization of such systems will require
the determination of six Stefan-Maxwell diffusivities, D;s. Our
work, which focuses on ¢} and ¢?, represents the first step toward
full characterization.
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