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Modelling the ionic transport in battery cells requires precise parametrization of the involved electrolytes. For carbonate-based
electrolytes, however, the evaluation of their parameters suffers from interphase effects between the bulk electrolyte and the Li
metal electrode, commonly present in the usual electrochemical polarization experiments. In this work, we combine measurements
on conductivity and concentration cells with molecular dynamics simulations, avoiding these difficulties and thus, allowing for a
more accurate determination of the parameters. We determine the conductivity, the transference number, the thermodynamic factor
and the salt diffusion coefficient for three different electrolytes, i.e. mixtures of ethylene carbonate (EC), ethyl methyl carbonate
(EMC), methyl propionate (MP), dimethyl carbonate (DMC) and propylene carbonate (PC), containing LiPF¢ at various
concentrations and temperatures. In order to validate the simulated transference numbers, we employ electrophoretic Nuclear
Magnetic Resonance spectroscopy (eNMR).
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The optimization of electrolytes plays a major role in developing
Li* ion batteries. Adjusting the electrolyte composition allows for
matching the transport properties to the battery operating conditions
and can considerably improve the battery performance. This requires
precise knowledge of the corresponding electrolyte parameters and
thus calls for accurate characterization methods.

According to the concentrated solution theory from Latz’s
group,'™ binary electrolytes containing three components (e.g.
cations, anions, solvent) comprise four independent parameters:
the conductivity x, a transference number ¢, (where we choose the
transference number of the Li" ions o= -+ for this paper), the
thermodynamic factor 7DF, and the salt diffusion coefficient D..
While electrochemical impedance spectroscopy (EIS) of the electro-
Iyte reveals ~, measurements on concentration cells determine
convoluted information about 7, and TDF.*” Polarization experi-
ments with symmetrical Li | electrolyte | Li cells enable the
deconvolution of the data from the concentration cells and the
measurement of the diffusion coefficient D,. However and in
contrast to the reproducible EIS and concentration cell techniques,
the polarization experiments show inconsistent results for carbonate-
based electrolytes.“"(”8 As discussed in Refs. 6, 8, 9, interphasial
effects between the Li metal electrodes and the electrolyte interfere
with the experiments, hindering the evaluation of the polarization
response.

Electrophoretic Nuclear Magnetic Resonance spectroscopy
(eNMR) provides an experimental alternative to measuring 7,,'*
away from possible parasitic interphasial effects. In eNMR experi-
ments, the electrolyte is exposed to an electric field, which induces a
directed migration of the ionic species. The experiment measures the
average drift velocity of each constituent in the bulk electrolyte and
allows for an undisturbed, direct determination of r,.'%!?

Numerical methods like molecular dynamics (MD) simulations
are completely unaffected by experimental difficulties."*"® MD
simulations model the interactions between the atoms of a particle
ensemble based on the underlying applied force fields. Calculating

“E-mail: birger.horstmann@dIr.de

the corresponding individual trajectories provides deep insight into
the temporal evolution of the examined system and its equilibrium
fluctuations. According to the fluctuation-dissipation theorem,? the
statistical behavior of these microscopic fluctuations determines the
macroscopic thermodynamics of the particle ensemble and thus,
reveals the desired electrolyte parameters.

Mistry et al. developed a set of non-linear algebraic equations,
connecting the relative displacements of ions and solvent molecules
to the Stefan-Maxwell diffusivities, which are directly related to the
transport parameters of the corresponding electrolyte. This approach
requires remarkably small trajectory information compared to
similar methods to predict well-behaved trends with bounded
variabilities."®

Fong et al. derived Green-Kubo relations, connecting correlations
of particle flux fluctuations to the Onsager transport coefficients.'*!>
While this approach might not quite match the precision of Mistry
et al., it still provides reasonably accurate transport coefficients
within the given statistical error bars. Furthermore, the matrix of the
Onsager transport coefficients is defined as positive semi-definite, a
criterion which directly ensures positive entropy production and
thus, thermodynamic consistency. Therefore, we follow the ap-
proach by Fong et al.

The combination of MD simulations and experimental data on
concentration cells allows for a complete determination of the
electrolyte parameters. Calculating the Onsager transport coeffi-
cients directly yields x and #,. The obtained transference number ¢,
allows for deconvoluting the experimental concentration cell data,
revealing the thermodynamic factor TDF. Specifying TDF finally
enables the evaluation of the salt diffusion coefficient D..

The comparison of calculated conductivity values with experi-
mental data allows for refining the MD simulations. Simulations
using unpolarizable force fields often introduce an electrolyte
specific scaling factor, which lowers the effective charges of the
involved ions in order to compensate for the neglected screening
effects due to solvent polarization.'®*"** Benchmarking the simu-
lated conductivity results against experimental data enables identi-
fying tl21e scaling factor, and thus, yields more accurate simulation
results.”
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In this work, we determine the four electrolyte parameters of
three systems, containing LiPFg¢ in mixtures of ethylene carbonate
(EC), ethyl methyl carbonate (EMC), methyl propionate (MP),
dimethyl carbonate (DMC) and propylene carbonate (PC), at various
concentrations (0.1M <c< 3.0M) and temperatures (—20 °C
< T< 20°C). The examined solutions are EC:EMC (3:7, weight),
EC:DMC:PC (27:63:10, volume), and EC:EMC:MP (2:6:2, vo-
lume).

LiPF¢ in EC:EMC has already been examined many times, using
electrochemical and numerical methods.*~%'%?* Thus, choosing this
electrolyte for parametrization in our work allows for implementing
experimental literature data in our characterization process, com-
paring the data to our results and benchmarking our numerical
methods. LiPFg in EC:DMC:PC has also been experimentally
characterized,7 which likewise benefits our study. Additionally,
although with unknown solvent mass or volume ratios, this electro-
lyte is employed in the commercial cell LG 18650 HG2.* The cell is
currently under investigation in our group and thus, evaluating the
parameters of the electrolyte in absence of possible, detrimental
interphase effects between Li metal and the bulk electrolyte could
therefore support future battery cycling simulations. The electrolyte
LiPFg in EC:EMC:MP using ¢ = 1.0 M has been developed by the
Jet Propulsion Laboratory for the Mars InSight mission®*~* and has
space proven itself on the surface of Mars for several years.
Therefore, this electrolyte poses an interesting candidate for its
low temperature behavior.

For the determination of the electrolyte parameters, we combine EIS
and measurements on concentration cells with MD simulations, usin
unpolarizable Optimized Potentials for Liquid Simulations (OPLS)
with an optimized scaling factor for the charges of the ions. In order to
validate the modeled transference numbers, we conduct additional
eNMR measurements of LiPFg in EC:EMC and in ECCEMC:MP at
05M <c< 1.5M and T=20°C. Additionally, we investigate the
simulated electrolyte viscosity using the Stokes-Einstein relation, the
diffusion mechanism, and the formation of ion associations, and we
estimate qualitatively their influence on the transport parameters.

The subsequent section gives a brief overview of the theory
governing the equations of the MD simulations, the EIS, the
concentration cells, and the eNMR measurements. This section is
followed by the evaluation of the electrolyte parameters and their
fitting functions. The final section estimates the dependence of the
transport parameters on the additionally calculated electrolyte
characteristics mentioned above.

Theory

Molecular Dynamics (MD).—We calculate the transport para-
meters for LiPFg in EC:EMC, in EC:DMC:PC and in EC.EMC:MP
using MD simulations. For this, we summarize the essential equations
in this section, following the theoretical framework derived by Fong
et al. A detailed derivation is given in Refs. 14, 15, 30.

Fong et al. base their theory on the Onsager transport equations

Ji= =3 L'V, [
J

where J; denotes the particle flux of species i relative to the center-
of-mass velocity and p; is the electrochemical potential of species j.
The flux and the driving forces are linearly coupled via the Onsager
transport coefficients L. These coefficients are later translated into
the transport parameters of the electrolyte (see Eqs. 4-6).

In order to calculate LY, Fong et al. derive Green-Kubo relations
connecting the Onsager coefficients to a correlation function
between the fluxes J; and J;,

Li =

3kTAwm@mw@> 2]
B

with the ensemble volume V, the Boltzmann constant kg, and the
temperature 7. Notably, this equation suggests interpreting L” as a
degree of motion correlation between the species i and j.'> The
equation can be also reformulated into an expression depending on
the individual particle positions r and rj'{j with respect to the

position of the center—of—mass,15

Li= lim 4
6kgTV 1- dt

Y [ () - r(0)]

DN ACETACINE 3]
p

Here, we use Eq. 3 to determine the coefficients LY for binary
electrolytes with three components: Li*, and PFg ions, and solvent
molecules. The number of the corresponding independent Onsager
transport coefficients reduces to n(n — 1)/2 =3 (where n is the
number of components), due to the Onsager reciprocal relations
LY = [/ 3132 Therefore, we evaluate the particle trajectories of the
ions to calculate L*", L™~ and L*~. Note that this merging of
multiple solvent species into one single "pseudo" solvent simplifies
the underlying transport mechanisms. As previous research shows,
the components of a solvent mixture exhibit their individual
mobilities, contributing to the transport phenomena in the corre-
sponding electrolyte.>*’ Thus, a complete and detailed description
of the transport properties would require the determination of an
increased number of Onsager transport coefficients, accounting for
these mobilities. However, we believe that an accurate electroche-
mical battery model can still be achieved even using a simplified
model with lower computational complexity. The advantages of
using these valid simplifications relies on the possibility of de-
scribing the internal electrochemical mechanism of batteries with
higher precision. In these cases, other advanced techniques, like
machine learning or quantum computing algorithms, can be applied
to improve the accuracy of the models. The use of these new
technologies also allows for increasing the complexity of the initial
models, as the stacking technique can be used in these algorithms.

The Onsager transport coefficients are translated into the trans-
port parameters of the electrolyte. For our binary systems (with the
stoichiometric factors v, =v_ = 1) the conductivity x, the trans-
ference number 7, and the salt diffusion coefficient D, read'*'>*

k= F2(z2L* + 27,2 L + 22L7), [4]

o ZfL++ + Z+Z_L+_ 51
* sz++ + 27,7 Lt + 22

_ +Hr—— _ 7+-2
D, =— 22 (L L 2) RT rpr [6]
it + 2242 LT 4+ 2L ¢
with the charge numbers z; =1 and z_ = —1 of the ions, the
Faraday constant F, and the ideal gas constant R. The thermo-
dynamic factor TDF = 1 + ‘:1'; f: comprises the salt activity coeffi-

cient f, and is generally unknown. In order to reveal TDF, the
authors combine the MD simulations with concentration cell
measurements, yielding a convoluted expression of ¢, and TDF as
a function of ¢ and T (see Egs. 11-14 in the subsequent section). The
combination allows for deconvoluting the thermodynamic factor
TDF and hence enables the calculation of D., completing the
determination of the four electrolyte parameters. Alternatively,
although not done in this work, the TDF can be directly calculated
from MD simulations using numerical methods such as thermo-
dynamic integration, Kirkwood-Buff integrals or the SO
method.*®** Note that Fong et al. define TDF using the chemical
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potential of the Li™ ions.** Instead, we use the chemical potential of the
neutral salt summing up the chemical potential of anions and
cations, weighted with the correct stoichiometric factors.'? Therefore,

Eq. 6 deviates by a factor % from the relation in Ref. 14. Technical

details on the employed simulations and the computational methods
can be found in the sugplementary information (see SI Section
S1.1-S1.4) +7-15:1621.29.44

Considering our transport theory, the fluxes of the individual
species are defined with respect to some reference velocity v*.* The
choice of the reference frame W directly affects the effective
electrochemical potential of the electrolyte /fp and the Onsager
transport coefficients L¥Y. Therefore, MD simulations and experi-
ments conducted in different reference frames yield deviating
electrolyte parameters. A direct comparison of the parameters thus
requires a transformation into the same reference frame.

In MD, the calculation of the transport parameters (see Eqs. 4-6)
often uses the velocity of the center-of-mass (COM) as reference
frame.'® In contrast, some other groups have shown that eNMR
measurements capture the transference number 7, in a reference
frame with local volume conservation (VOL).°*® In order to
compare the MD simulations to the eNMR experiments, we trans-
form the calculated parameters from the COM into the VOL
reference frame (see SI Egs. $6-S8).5%%%%7 For our locally
electro-neutral electrolytes, the transformations read

K.VOL — KCOM’ [7]
Col
YO = D020 EM _ ) + (8]
(o)
DVOL 621/2 DCOM
+ — 0~0 + [9]
TDFYO:  @F TDFCM

with the partial molar volume v; and the mass fraction w; of species i.
Based on the findings of Lorenz®* and Kilchert,%> we expect that the
concentration cells capture information about the transference
number 7, and the thermodynamic factor TDF in the volume-based
frame (see Eqgs. 11-14).

While we focus on the volume-based frame in this work, the
literature often presents the electrolyte parameters in different
reference frames. Therefore, we additionally present our findings
in the COM and in the solvent-velocity reference frame (SOL) in the
supplementary information (see SI Figs. S3, S4 and SI Tables S5,
S6).

Experimental.— Conductivity cell—Experimental conductivity
data enable benchmarking and improving the MD simulations by
adjusting the scaling factor for the effective charges of the involved
ions. Performing EIS reveals the bulk resistance R, of the electro-

lyte, which translates to the corresponding conductivity s with*”’
k
K= —. [10]
Rq

The cell constant k captures the geometrical characteristics of the
conductivity cell and can be measured by using a reference
electrolyte with known conductivity. Experimental details can be
found in the supplementary information (see SI Section S2.1).

Concentration cell.—Concentration cells comprise two identical
electrodes (in our case Li metal electrodes), immersed in separated
electrolyte solutions with slightly different concentrations ¢ and cg.
A salt bridge ionically connects the two solutions, enabling a finite
but negligibly small current to flow. This allows for measuring the
concentration potential U, between the electrodes. Considering the
theory of concentrated electrolytes introduced by Latz et al.,'”
U. includes convoluted information about the transference

number ¢, and the thermodynamic factor TDF in form of
a(c, T)=(1 —t,)TDF,

m:%/ka(c, T)dnc. (1]

cL

Following the approach of Valgen et al.,” a(c, T) can be expressed by
a Taylor expansion,

a(c, T)=ao(T) + ai(T)c"? + ar(T)c'+--

=Y a(m)e®, [12]

i=0

where the coefficients a;(T) = a;o[1 + a;;(T — Ty)] depend linearly
on the temperature with 7y = 293.15 K. The insertion of Eq. 12 into
Eq. 11 and subsequent integration relates the potential U, directly to
the coefficients a,(T),’

F ) u 2
—TUC = ao(T)[Inc* + Y, ai(T)T[Cz/z]ii. [13]

i=1

Therefore, the measurement of multiple concentration cells at
different temperatures 7 and concentration pairs ¢ and cg allows for
determining the coefficients a,(7) and thus, reveals a(c, T). As
mentioned above, the expressions for U, derived in Eqgs. 11 and 13
using our theory differ by a factor of 2 from similar expressions
using the concentrated solution theory by Newman.*?

Combining the results of the MD simulations for ¢, (see Eq. 5)
with a(c, T) deconvolutes the thermodynamic factor,

a(c, T)

TDF = )
11—t

[14]

As mentioned above, we use the measurements on concentration
cells to determine a”°%(c, T) in the VOL reference frame. For the
sake of comparison and completeness, the deconvolution of TDFY°"
has therefore to be done with 7Y, Experimental details can be

found in the supplementary information (see SI Sections S2.1 and
S2.2).

eNMR.—Electrophoretic Nuclear Magnetic Resonance (eNMR)
allows for the determination of ion-specific drift velocities v in an

applied electric field E = %. Here, U denotes the voltage between

the two electrodes and d the electrode distance. In contrast to random
diffusive motion, which leads to a decay of the measured NMR echo
intensity in an echo experiment with pulsed magnetic field gradients,
the coherent migrational flux of ions causes a phase shift of the
NMR-signal. This can be read out using phase sensitive Lorentzian-
type fit functions as previously described.®® The obtained phase shift
¢ — ¢ is then connected with the electrophoretic mobility u = % of

the respective ionic constituent according to®
¢ — ¢y = 6AygEuU [15]

with the observation time A, the gradient pulse duration ¢, the

gyromagnetic ratio v, and the gradient strength g. Consequently, u

can be determined from a linear fit of ¢ — ¢, against U (see SI Fig.

S27). The obtained electrophoretic mobilities u, and u_ for the Li*

and PFgions translate to the transference number 7, according to
T4l

fp= —*+ [16]
4y + Zu_

As mentioned above, the eNMR measurements capture the electro-
phoretic mobilities and transference numbers in the VOL reference
frame. Experimental details can be found in the supplementary
information (see SI Sections S2.1 and S2.3).'27°
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LiPFg in EC:EMC
(3:7, weight)

LiPFg in EC:DMC:PC
(27:63:10, volume)

LiPFg in EC:EMC:MP
(2:6:2, volume)

K (mS/cm)

® exp.data20°C & exp.data 0°C A exp. data -20°C MD 10°C MD -10°C
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Landesfeind Valgen
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L
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1 2 3
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Figure 1. Conductivities x obtained by MD simulations and electrochemical measurements, together with their corresponding fit functions (solid and dashed
lines). The experimental conductivities for LiPFg in EC:EMC and in EC:DMC:PC were taken from Landesfeind et al.* and Valgen et al.”

Results

This section presents the evaluation of the electrolyte parameters
in the VOL reference frame for our three electrolytes at various
concentrations and temperatures. The transformed parameters in the
COM and SOL frame can be found in the supplementary information
(see SI Figs. S3, S4 and SI Tables S5, S6). While these parameter-
sets are obtained using the method of Fong et al.'*'® we
additionally apply the method of Misty et al.'® exemplary for one
electrolyte in the supplementary information (see SI Fig. S7). Note
that capturingfr crystal nucleation in liquids is challenging for MD
simulations.”’ Therefore, the simulations do not predict any possible
phase transitions and thus, the parameters at low temperatures have
to be treated with care.

Conductivity.—Figure 1 shows the conductivity results x of the
MD simulations for our three electrolytes together with the
corresponding experimental data.*’ In general, the simulations
match the experimental values well and exhibit for each electrolyte
a similar trend: x increases with concentration up to a maximum,
before it declines to lower values. Elevating the temperature
enhances the conductivity.

The accordance to the experimental data indicates that the MD
simulations capture the behavior of the electrolytes reasonably well
for concentrations below ¢ = 2.0 M. However, the MD simulations
overestimate the conductivity for LiPFg in EC:EMC and in EC:
DMC:PC at ¢ = 3.0 M. This could originate from using a constant
scaling factor ¢, omitting any concentration dependence of the
solvent screening effects due to solvent polarization. At elevated
concentrations, the ratio of ions to solvent molecules increases
drastically, minimizing the number of solvent molecules in the first
solvation shell (see SI Figs. S10, S11) and the corresponding solvent
screening effects. Therefore, employing a constant scaling factor
might underestimate the effective ionic charges at ¢=3.0M,
resulting in an underestimated number of ion associations and
thus, yielding elevated conductivities in the MD simulations. Note
that the deviation in conductivity might hint to similar deviations,
occurring in other electrolyte parameters at elevated concentrations.

Using the functional form proposed by Valgen et al.”, we fit the
simulated conductivities k with Eq. 17. Table I shows the corre-
sponding coefficients «; for our three electrolytes.

n k
E =Y > kT [17]

=0 j=0

Table L. Fit coefficients r; (in (mS/cm)*> M~'~%35 K~) for the con-
ductivities .

LiPFs in EC: LiPFs in EC: LiPFg in EC:

Parameter EMC DMC:PC EMC:MP
(27:63:10,

(3:7, weight) volume) (2:6:2, volume)
Koo —2.438 - 10" 1.876 - 10° —1.992 - 10
Kol 1.597 - 107! —3.655-1072 1.471-107!
Koz —2.067-107* 1.673-107* —2.168 - 10*
Kio 8.677 - 10° —2.592-10° 6.400 - 10°
ki1 —6.024-1072 2.035-1072 —6.206 - 102
Ki2 7.730-107° —6.821-107° 1.171-107*
Koo —5.380-10"" —4.285-107" 6.877 - 107!
Ko 3.093-107° 27171073 —1.628-107°

Transference number.—The MD simulations yield similar low
transference numbers 7Y for our three electrolytes (see Fig. 2),
indicating that primarily the PFg ions contribute to the ionic
conductivity. This matches fairly well with the experimental results
of Valgen et al.” for LiPFs in EC:DMC:PC and the eNMR
measurements at 20 °C for LiPFg in EC:EMC and EC:EMC:MP.
However, our findings deviate from the galvanostatic polarization

data from Landesfeind et al.* for LiPFg in EC:EMC. In their work,

they find that ¢ +VOL correlates with both concentration and tempera-

ture, yielding even negative transference numbers at low tempera-
tures. In contrast, our MD simulations do not resolve any visible
dependence of £,Y°" on the concentration or the temperature, which
is consistent with the MD simulation results from Ringsby et al.'® at
¢ = 1.0 M. The discrepancy probably originates from the difficulty
of determining the transport parameters of carbonate-based electro-
lytes using polarization experiments with Li metal electrodes. In
these experiments, porous, mossy Li and solid-electrolyte interphase
(SEI) layers cover the initially pristine Li metal electrode, influen-
cing the induced concentration gradient and thus, the potential
response.®®° The MD simulations as well as the eNMR measure-

ments do not suffer from these surface effects and can therefore

provide more precise values for the transference numbers t+VOL.

Hence, the accordance of the calculated MD data with the eNMR
results validates the integrity of our simulations.
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LiPFg in EC:EMC
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LiPFg in EC:DMC:PC
(27:63:10, volume)
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(2:6:2, volume)
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Figure 2. Transference numbers t+VOL in the VOL reference frame obtained by MD simulations, electrochemical experiments and eNMR measurements,

together with their corresponding fit functions (solid and dashed lines). The transference numbers of LiPF¢ in EC:EMC and in EC:DMC:PC were taken from

Landesfeind et al.* and Valgen et al”

Table II. Constant fit coefficients for the transference numbers 7,Y"

from our MD simulations, compared to our eNMR measurements
and the findings of Valgen et al.”

LiPFg in LiPFg in EC: LiPFg in EC:
Parameter EC:EMC DMC:PC EMC:MP
(27:63:10, (2:6:2,
(3:7, weight) volume) volume)
YO (MD) 0.373 0.372 0.366
[+V0L (eNMR) 0.343 — 0.441
t+VOL (Valgen et al.”) - 0.399 -

Since #,Y" lacks any visible trend in our MD simulations due to
the scattering of the data, we fit the data with a constant. Table II
lists the corresponding values.

Thermodynamic factor.—The experiments on concentration cells
allow for the determination of aVOl(c, T) = (1 — ¢,YOL)TDF VoL,

containing convoluted information about the transference number and
the thermodynamic factor (see Egs. 11-13). Hence, the combination

of the MD simulations determining #,Y°"
concentration cells reveals the thermodynamic factor 7D.
Eq. 14).

Valgen et al.” conduct experiments on concentration cells for
LiPFg in EC:DMC:PC and fit the determined potentials with Eq. 13
to obtain a"°%(c, T). In the fitting process, the authors set a, = 0 and
introduce the temperature dependence solely in a3(7) while keeping
ap and a; constant (i.e. ag; = a;; = 0). This results in a total of four
fitting coefficients agg, a9, azo and az;.

In order to find a"°Y(c, T) for LiPFs in EC:EMC and LiPF in
EC:EMC:MP, we apply the same procedure to the data provided by
Landesfeind et al.* and our own concentration cell data (see SI Fig.
S23). Table III lists the corresponding coefficients a;(7).

Inserting the obtained fit function aVOL(c, T) together with our

MD simulation results for Y°" in Eq. 14 determines the thermo-
dynamic factor TDFY°" (see Fig. 3). TDFY°" exhibits for all three
electrolytes a similar shape with increasing values with increasing

concentration and decreasing temperature. While our simulated data

and the measurements on
FYOor (see

match well with the experimental findings of Valgen et al. for LiPF¢
in EC:DMC:PC, they deviate from the results from Landesfeind
et al. for LiPFs in EC:EMC. The reason for this discrepancy

probably arises from the challenging determination of t+VOL using
Li metal electrodes together with carbonate-based electrolytes in
polarization experiments, as mentioned above.®

Note that TDFY°" in our theory® differs from TDFY°" derived
by Newman’s concentrated solution theory*® by a factor of 2, as
mentioned above. In order to compare with our set of fit parameters,
we multiplied the literature data in Fig. 3 by this factor.

Also note that concentration cells at very low temperatures show
irregular ice formation for identical cells, revealing the electrolyte as
a supercooled fluid (see SI Figs. S24-S26).

Diffusion coefficient—The salt diffusion coefficient D.,YO"
obtained by our MD simulations shows a clear deviation from the
results of the electrochemical experiments (see Fig. 4).*” Even though
the increasing trend with temperature coincides, the concentration
dependence differs and rather resembles the findings of Logan et al.”?,
using the Advanced Electrolyte Model”>" to calculate the salt
diffusion coefficient for LiPFs in EC:DMC (3:7, weight) at 20 °C.
While our calculations exhibit a more complex shape with elevated
DiVOL even at higher concentrations, the experiments find mono-
tonously decreasing values with increasing concentration. As men-
tioned above, this deviation could originate from additional porous
layers of mossy Li and SEI, influencing the potential response in the
galvanostatic polarization experiments and hence, making the electro-
chemical determination of the diffusion coefficient DiVOL difficult.
We further analyze the diffusion coefficient trends in the SI (see SI
Section S1.6), using LiPFg in EC:EMC as an example, and compare
them to the diffusion coefficient trends of the solid polymer electrolyte
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in poly(ethylene
oxide) (PEO).”> The polymer electrolyte does not suffer from
detrimental effects in the polarization measurements and thus, should
yield more trustworthy experimental data of the diffusion coefficient
than carbonate-based electrolytes.

In order to represent the MD data in an analytic form, we take the
same approach as Valgen et al.” and fit the data to an exponential
function

logo DY = Y Dy(e. T)c', [18]

i=0
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Figure 3. Thermodynamic factors 7D

polarization experiments.*’
mentioned in the main text.

FVOL

c (M)

in the VOL reference frame determined by combining concentration cell measurements with MD simulations or
The solid and dashed lines show their corresponding fit functions. Note that we multiply the literature data by a factor of 2, as

Table III. Fit coefficients Ty (in K) and a; (in M2 K) for

c (M)

solvated ion is directly proportional to both r¢ and 7. According to

avoL (¢, T). this equation, large solvation shell radii and more viscous electro-
lytes lead to slower movement and lower mobilities of the ions (see
LiPF, in EC: LiPF, in EC: LiPF, in EC: SI Section S1.12).
Parameter EMC DMC:PC EMC:MP While in our MD simulations the composition of the ion
(27:63:10, solvation shells changes, the corresponding size is independent
(3:7, weight) volume) (2:6:2, volume) from temperature and concentration and is similar for our three
a) electrolytes (see SI Fig. S9). Consequently, we assume that the
To 293.15 o 293.15 o) 293.15 » solvation shell radius does not contribute to any differences in the
doo 1.085- 1071 1.202- 107‘13) 8.134 - 1071 transport parameters of our three electrolytes.
410 —7.761 - 100 —4.800- 1003) 3.980- 10 o The viscosity 7 can be approximated using the Stokes-Einstein
%30 2.365 - 1073 1.964 - 107%0 1291 1073 relation, which connects the diffusion of spherical particles through
431 —5.627- 10 —3200-10° —4.308- 107 a liquid to the liquid’s viscosity
a) Adapted from Valgen et al.’” kgT
= oM < (20]
6”D§e]f r (C)
where
u where DSM denotes the self-diffusion coefficient in the COM frame
Di(c, T) = Dy - [19] and r(c) the radius of the particles. To apply the Stokes-Einstein

DY

Z

= [T — (Ty + Ty

Table IV shows the corresponding coefficients Ty; and Dj; for our
three electrolytes.

Discussion

Ionic transport in concentrated electrolytes is a complex
phenomenon. In order to precisely predict the electrolyte char-
acteristics, a multitude of interactions have to be considered in
detail.”* In this section, we roughly analyze the trends of the
solvation shell size, the viscosity, the diffusion mechanisms, and
the number of ion associations for our three electrolytes and
qualitatively estimate their impacts on the ionic transport. For
simplicity, we approximate and analyze the transport parameters
using dilute solution theory in the COM frame. Computational
details and further analysis of the radial distribution function
(RDF), the coordination numbers of the ions, the viscosity, the
residence time, the diffusion length, the ion association and the
ionic mobility can be found in the sugplementary information (see
SI Section S1.8-S1.12),'>7!7:2473.74.76799

Solvation shell radius and electrolyte viscosity.—The radius of
the ion solvation shell r; and the electrolyte viscosity n directly
impact the ionic transport. Assuming Stoke’s Law as an approxima-
tion for our concentrated electrolytes,'?’ the dragging force on a

relation in our work, we approximate the three component mixture
of our electrolytes as a single component liquid, consisting of
identical, spherical particles. The corresponding effective self-

diffusion coefficient DSPM of the spherical particles is calculated

by composition-weighted averaging the self-diffusion coefficients

DEGEOM of the individual electrolyte species i
n
COM _ COM
Dbelt - Z Dslelf ’ [21]

i

where w; denotes the species mass ratio (see SI Egs. S19-S21).
Additionally, we compare our calculated viscosity values to experi-
mental data to estimate the effective particle radius r(c) (see SI Fig.
S13). In contrast to the solvation shell radius rg of the ions, r(c)
represents the average size of all particles involved, including the
solvent molecules. Note that Ringsby et al. consider only the self-
diffusion coefficients of the solvent species to separate the influence
of solvent viscosity and ion association on the transport
parameters.'® For our electrolytes, however, the electrolyte viscosity
and the solvent viscosity are almost identical (see SI Fig. S15).
Therefore, and for the sake of simplicity, we incorporate the self-
diffusion coefficients of all species in our calculations. Alternatively,
although not done here, the viscosity can also be determined directly
from MD simulations usin§ the Green-Kubo relation or inferred
from finite size effects.'®'~'"
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Figure 4. Diffusion coefficients Di,voL in the VOL reference frame calculated with MD simulations, the Advanced Electrolyte Model (AEM) or
electrochemically measured*’ together with their corresponding fit functions. Note that the AEM calculations determine the diffusion coefficient of a similar
electrolyte LiPF¢ in EC:DMC (3:7, weight) over molal concentrations, slightly deviating from molar concentrations (see SI Fig. S14).

Table IV. Fit coefficients T,; (in K M™) and D;; (in K’ M™) for the
diffusion coefficients D,Y°".

LiPFg in EC: LiPFg in EC: LiPFg in EC:

Parameter EMC DMC:PC EMC:MP
(27:63:10,

(3:7, weight) volume) (2:6:2, volume)
Tyo 4.988 - 10" 1.209 - 10? 1.929 - 10?
Ty 3.945 - 10’ —~1.363 - 10" ~1.649 - 10’
Doo —3.047 - 10° —4313-10° —4.840 - 10°
Do; —6.191 - 10? —2.074 - 10 —6.168 - 10"
Dio 5.685- 107" 1.676 - 10° 6.214- 107!
Dy 5.253 - 10" —2.676 - 10 —3.685 - 10"
Dy —1.962-107" —1.000- 107" 9.174-1072
Dy 2.050 - 10" —8.239-10° —3.354 . 10!

Figure 5 shows the approximated viscosity 7 for all three
electrolytes. Our calculated data match the Arrhenius fit of the
experimental data 7y, for LiPFg in EC:EMC (see SI Eq. S22 and SI
Table S8) and exhibit for all three electrolytes similar trends: 7
increases with concentration and decreases with temperature.
Therefore, the particles experience less drag and enhanced mobility
at low concentrations and high temperatures. Overall, LiPF¢ in EC:
EMC reveals the highest and LiPFs in EC:EMC:MP the lowest
viscosity, suggesting an increasing particle mobility in the same
order.

Diffusion mechanism.—The interaction between the solvent
molecules and ions dictates the diffusion mechanism of the ions.
Vehicular type diffusion describes the motion of ions surrounded by
a stable solvation shell. The individual solvent molecules of species i
within the solvation shell accompany the ions over long diffusion
lengths L; before they are substituted by other molecules or ions. In
contrast, structural type diffusion reveals short L;, resulting in an ion
hopping process with a rapid exchange of solvation shell
molecules.'®"®%° This tgype of diffusion relates to faster movement
speeds of the ions.'®*1:92

In order to estimate which diffusion mechanism is prevalent in
our three electrolytes, we calculate the corresponding composition-

weighted diffusion lengths L = z w;L; (for L;, see SI Figs. S19,

1

S20) of the solvent molecules surrounding the Li* and the PFy ions.
L shows for all electrolytes similar results (see Fig. 6). While the
solvent molecules of the Li* ion solvation shell exhibit decreasing
diffusion lengths with concentration and temperature, the molecules
surrounding the PFg ion reveal fairly constant and overall lower
values for L. This indicates that the solvent molecules are more
strongly bound to the Li™ ion,®* even at the highest temperatures and
concentrations. Consequently, the Li* ions exhibit a more vehicular
type of transport than the PFg ions.

Note that the diffusion mechanism can also be analyzed using
different methods, as for instance shown in Refs. 19, 104.

Ion association.—Ion associations are defined by the particles
occupying the solvation shell. An ion association is formed, if at
least one additional ion populates the same solvation shell. This
reduces the number of free ions (FI) in the electrolyte, influencing
the transport properties of the electrolyte. Additionally, the forma-
tion of charged associations, like negative or positive triple ions
(NTI, PTI) can cause the involved Li* and PFj ions to migrate
contrary to the expected direction. This was experimentally demon-
strated at very high ion concentrations, namely for Li" ions in an
ionic-liquid-based electrolyte.'™!!

In order to calculate the number of free Li™ and PFj ions, we
analyze the population of the corresponding solvation shells (see SI
Fig. S21). Figure 7 shows that both ion species exhibit for all three
electrolytes similar behavior: the fraction of FI decreases with
temperature and concentration. This leads to a bell shaped behavior
of the total FI concentrations, where the highest values are observed
at low temperatures and intermediate salt concentrations. At elevated
salt concentrations, the number of FI is slightly lower for the PFyg
ions compared to the Li* ions. Our obtained FI concentrations for
1 M LiPF, in EC:EMC match the data from Ringsby et al.,'® using a
scaling factor of ( = 0.8 in their MD simulations. Further analysis of
the data can be found in the supplementary information (see SI
Section S1.11).

Overall, LiPFg in EC:DMC:PC exhibits the highest FI concentra-
tions. This could be due to its elevated cyclic carbonate concentration
(see SI Table S1), as cyclic carbonates improve the solubility of the
ions.®> LiPF in EC:EMC and LiPFg in EC:EMC:MP show lower,
almost identical numbers of FI. The numbers of NTI and PTT are for
all electrolytes negligibly small (see SI Fig. S21).

Impact on the transport parameters.—Having identified the
viscosity, the diffusion mechanism and the formation of ion
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Figure 5. Calculated viscosity 7 using MD simulations. The experimental data points 7, correspond to the Arrhenius fits of the experimental values from

Logan et al.>* (see SI Fig. S13a).
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Figure 6. Composition-weighted diffusion length L of the solvent molecules, surrounding the Li* and the PFg ions.

associations for our three electrolytes, we now estimate their impact
on the conductivity, the transference number and the diffusion
coefficient. The conductivity of an electrolyte depends on the
concentration, the association and the mobility of the ions.
Electrolytes containing highly mobile and charged ions reveal
increased conductivity values. Here, we choose the free ions (FI, see
Fig. 7) as a descriptor to analyze the impact of ion concentration and
ion association on the ion conductivity. Additionally, we calculate
the electrophoretic mobilities (see SI Fig. S22), depending on the
prevalent diffusion mechanism of the ions and especially on the
viscosity 7 (see SI Section S1.12).

The combination of the monotonic electrophoretic mobilities and
the FI concentrations leads to the conductivities shown in Fig. 1. At
low salt concentrations, high mobilities are countered by low FI
concentrations, resulting in reduced conductivities. At intermediate
concentrations, both quantities are sufficiently large to allow for

maximum conductivities before they simultaneously decrease at
elevated salt concentrations. The temperature dependencies of the
mobilities and the FI concentrations are opposite: While the
mobilities increase with temperature, the FI concentrations decrease.
However, the impact of the mobilities on the conductivity seems to
dominate the impact of the FI concentrations for our electrolytes, as
we observe increasing conductivity trends with temperature.

LiPFs in EC:DMC:PC exhibits the highest electrophoretic
mobilities and FI concentrations, and therefore it takes the overall
highest conductivity values. On the other hand, LiPF¢ in EC:EMC:
MP shows lower mobilities and FI concentrations that leads to
slightly decreased conductivities. Nevertheless, due to the less
prominent decrease of the mobilities with decreasing temperature,
LiPF¢ in EC:EMC:MP surpasses the conductivity in EC:DMC:PC at
—20°C. Finally, since LiPFg in EC:EMC contains similar FI
concentrations to those in EC:EMC:MP but simultaneously exhibits
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Figure 7. Concentrations of free Li" and PFy ions calculated by MD simulations. For 1 M LiPFs in EC:EMC, our FI concentrations match the data from

Ringsby et al.,'® using a scaling factor of ¢ = 0.8 in their MD simulations.

the lowest electrophoretic mobilities, it becomes the least conductive
of this study.

The transference number z-°™ depends on differences in the
formation of ion associations and the corresponding electrophoretic
mobilities of anions and cations. Faster electrophoretic Li* ion
mobilities and elevated free Li* concentrations lead to increased
values of £S°M. As evident in Fig. 6, the Li" ions show decreasing
diffusion lengths L with increasing salt concentration for all three
electrolytes, indicating a transition from vehicular to a more
structural type of diffusion mechanism. Additionally, using again
the FI concentrations to estimate the impact of ion association on
1M reveals elevated FI concentrations of lithium cations compared
to the PFg ions (see Fig. 7). This suggests that more anions
participate in larger ion associations. Combining both results leads

to a slight increase of thM with increasing concentration and even to

IEOM ~ 1M at ¢ = 3.0 M (see SI Fig. S3). The PFy ions exhibit a
diffusion process that is overall more structural, which explains the
low transference numbers for ¢ < 3.0 M.

The diffusion coefficient DJ_,COM follows similar dependencies as
the conductivity. According to the Einstein-Smoluchowski relation,
the diffusion coefficient for dilute electrolytes (electrolytes without
ion-ion correlations) is directly proportional to the electrophoretic
mobility. Therefore, elevated mobilities result in faster diffusion
processes. As mentioned above, the mobilities depend on the
prevalent diffusion mechanism and more prominently on the
viscosity. Since the viscosity increases with concentration and
decreases with temperature, DJ_,COM is expected to exhibit contrary
trends. However, while the diffusion coefficient in fact increases
with temperature, it still shows elevated values at high concentra-
tions. This is due to the fact that TDF°™ increases with concentra-
tion and therefore compensates the loss in mobility (see SI Fig. S3).
Interestingly, TDFS°™ has the highest value for the electrolyte with
the lowest viscosity, and vice versa. Therefore, the diffusion
coefficients are similar for all three systems.

Conclusion

In this work, we combined MD simulations with measurements
on conductivity and concentration cells in order to determine the
electrolyte parameters of LiPFg in solutions of EC:EMC (3:7,
weight), EC:DMC:PC (27:63:10, volume), and EC:EMC:MP
(2:6:2, volume) at —20 °C<7<20 °C and 0.1 M<c<3.0 M. In con-
trast to commonly used polarization experiments, our method avoids
the error-prone usage of Li metal electrodes with carbonate-based
electrolytes.

For the MD simulations, we employed the non-polarizable OPLS
force fields with a constant scaling factor (, reducing the effective
charges of the involved Li* and PFg ions. To calibrate ¢, we
compared the simulated conductivities to experimental data. This
allows for a more precise determination of the transference number
t,. The combination of the simulated transference number with
experimental data from concentration cells enabled the deconvolu-
tion of the thermodynamic factor TDF and the calculation of the
diffusion coefficient D.. For the purpose of validating our MD
simulations, we employed eNMR measurements and determined 7,
for LiPFg in EC:EMC and in EC:EMC:MP. For both electrolytes, the
experimental data show strong agreement with the calculations.
However, comparing our data to the electrolyte parameters deter-
mined by polarization experiments using Li metal electrodes yielded
significant deviations, especially for the salt diffusion coefficient D..
These discrepancies can be attributed to detrimental interphasial
effects between the Li metal electrodes and the carbonate-based
electrolytes, which make the evaluation of the polarization experi-
ments unfeasible.®"

Additionally, we evaluated the electrolyte viscosity, the diffusion
mechanisms, and the formation of ion associations and qualitatively
estimated their impact on the individual transport parameters.
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