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The activities of individual solvent species in multi-solvent ternary liquid electrolytes dictate liquid-solid equilibria and are
pertinent to transport phenomena. Nonetheless, considerable scholarship has assumed that such electrolytes can be modeled as
single-solvent electrolytes. Relaxing this assumption, we show in the present work that knowledge of the activity of ionic species,
described by the salt thermodynamic factor and the transfer activity coefficients at infinite dilution, is sufficient to calculate activity
changes of individual solvent species for ternary multi-solvent electrolytes. We also propose measurements of an individual solvent
species activity as a method to study (ionic) solvent transfer energies. We apply the derived relationships to the well-characterized
liquid electrolyte system LiCl in H,O-EtOH. We also study a non-aqueous electrolyte solution, LiPFg in EC-EMC, which is
important for lithium-ion battery technology. For the latter, we show that in the studied composition space there are non-negligible
transfer activity coefficients, highlighting the importance of a multisolvent description of the ternary electrolytes.
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List of Symbols

m molality of salt

m molality of solvent 1

my molality of solvent 2

a; activity of species i

Ve mean molal activity coefficient of salt
X/ solvent fraction of solvent species i
M; molar mass of solvent species i

r half-integer index

n integer index

P, activity parameter
A;sjsi.  Margules parameter

H  enthalpy of fusion of solvent species
H%™  enthalpy of fusion of neat solvent species at its freezing

temperature
T temperature
R gas constant
To neat solvent freezing temperature

Much scholarship in electrochemistry has focused on two-solvent
electrolyte systems, which are the basis for lithium-ion battery (LIB)
liquid electrolytes. Of such scholarship remains open the question of
how to properly describe the individual activities of solvent species
throughout the composition range of interest in the liquid solution
phase. Such a description is of vital importance to describe liquid-
solid equilibria and vapor pressure of the liquid electrolytes. In
addition, ongoing research efforts have also drawn attention to the
importance of individual solvent activities in describing transport
properties and behavior.'® Liquid electrolytes in LIBs generally
utilize two or more solvents with an added salt. For a given
concentration space, one may directly measure the activity changes
of solvent species via vapor pressure or freezing point depression
measurements. In certain cases such measurements may be imprac-
tical or difficult, and as such other methods to calculate the solvent
species’ activities may be desirable. We herein propose to use activity

*Electrochemical Society Member.
“E-mail: julian.self@polymtl.ca

measurements of one species, the dissolved salt, in the entire desired
concentration space to recover the activity changes of the solvent
species in the same space. We also consider the converse case where
the transfer energy of the dissolved salt from one solvent medium to
another, described by the transfer activity coefficients of ions,” is
calculated using an individual solvent's activity data in addition to salt
activity changes along fixed solvent mixture composition paths.

It is well known that in three component systems, the Gibbs-
Duhem equation can allow calculation of activity changes of the
third component from knowledge of the two others in selected
ternary compositional spaces. It is arguably not as intuitive how the
activity of one species can be used to calculate the activity changes
of all other species. This has been discussed in older literature,'*'?
and generally for systems formulated as one solvent with two
solutes. Such work integrates cross-differentiation relations or the
Gibbs-Duhem equation differentiated with respect to selected
component concentrations. We in this work revisit such integration
techniques for systems formulated as two solvent species and one
solute since the more common approach of treating ternary electro-
lytes as a one solvent system with two solutes becomes impractical
as the solvent concentration approaches zero.

We first propose a functional form for the ionic activity in
solution, which we use to find the corresponding expressions for
solvent species’ activities. With these, we parametrize up to 4 molal
the water-ethanol-LiCl system, for which there is considerable
literature data for both the salt activity and the solvent activity.
We also study the ternary liquid carbonate electrolyte LiPF¢ in
ethylene carbonate (EC) and ethyl methyl carbonate (EMC), for
which less data is available and is of interest as it is a commonly
used LIB electrolyte.

Theory

For a ternary system with solvent 1, solvent 2 and dissolved salt
3, a thermodynamic relation between the species’ activities a; can be
written as:'°

dlna 1 6lna3

= (1]

m m
my my my m3
my my
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There is a direct connection between how the activity of solvent
species 1 changes when you add salt to the solution at a constant
solvent ratio and how the activity of the dissolved salt species
changes when you vary the solvent ratio at a fixed salt to solvent
species 2 ratio. Through integration of Eq. 1, and denoting the lower
limit of integration with an asterisk,'® the following expression for
solvent activity is obtained:

s | ol
ap my nas ms
nl = / 13* d ) 2]
a o O] my
mj o ms
my my
my
For a 1-1 electrolyte, for example LiCl or LiPFg in a solvent mixture,
the logarithm of the activity of the dissolved salt species can be
related to the mean molal ionic activity coefficient . and the

molality of the salt m = mj3 via:

In(as) = 2 In(z,m) 3]

We propose in this work that the ionic activity coefficient can be
described in the ternary space via the following phenomenological
expression:

m, X,
XD e kg [4]
r.m — 0, X3 = 0)

r,n

In the above equations, r values are taken as half integers

0,0.5,1,... and n integers as 0,1,2,3,... X, refers to the solvent mole
fraction of solvent 2, which we define as
, m
Xj=—"2 [5]
m + my

In other words, a fixed solvent fraction X, is equivalent to a
fixed solvent mixture composition. Using the constraint that the
total mass of solvent is one kilogram, we can write expressions for
solvent species molalities m; and m, using the molar masses M,
and M5:

(6]

(7]

my=———
m
LM + M,
my

P, , are composition-independent activity parameters dependent

on the chemistry of the system. Via Eq. 2, the solvent activities along
fixed solvent mixture composition paths are obtained:

ai(m, X))

— = =-2M\m
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The P,, parameters are necessary and sufficient to describe the
activity changes of each species in the ternary space. As such,
determination of these constants via the study of one species’ activity
(salt or solvent), allows calculation of the activity changes of the other
species. To calculate the activities of solvent components without any
salt present a;(m = 0, X;) and a,(m = 0, X;) we in this work use a
four-suffix Margules equation'® with parameters A; sisk:

In(a;(m = 0, X3)) = In(1 — X3) + A 5150X5°
+ Az,sszz'3 + 1‘\3,5152}(2/4 [10]

In(ax(m = 0, X3)) = In(Xy) + A s251(1 — X;)?
+ Arsos1(1 — X3)% + Ay o1 (1 — XD* [11]

We note that Eq. 4 is used in this work as it provides a
conceptually straightforward parametrization of the ionic activity
coefficient in the ternary space. Furthermore, it yields a closed-form
expression for the activity of both solvent species in the ternary
space. We also note that Eq. 4 is by no means the only expression
which can in principle describe the ionic activity. For example, a
different expression that uses exclusively mole fractions may be
better suited for high salt concentrations when the molality con-
centration scale becomes impractical. In addition, we note that Eq. 4
is phenomenological, and the various terms do not contain explicit
physics-based meaning. Nonetheless, the lowest term in molality
(xm®®) in principle accounts for long-range electrostatic interac-
tions in the dilute limit as described by Debye-Huckel theory.
However, in the present work all P,,, constants are calculated from
fits to experimental data, and therefore the terms can differ from the
coefficients which would be calculated directly from Debye-Huckel
theory.

In certain cases, instead of the ionic activity coefficient described
along fixed solvent mixture composition paths, the salt thermo-
dynamic factor'*!> (TDF) may be reported. Following from its
definition and Eq. 4, it can be directly expressed as:

olny,
1+ = =1+ rB.,m'X;" 12
(mnm)% 2 rBam'X; [12]

r.n

This thermodynamic factor holds the same information as the
ionic activity coefficient as described in Eq. 4, except for the transfer
activity coefficients at infinite dilution described by the P,_ , terms.
While many other thermodynamic factors can be defined (solvent,
etc.),"' in the present work the thermodynamic factor discussed is
that of the salt, as described by Eq. 12.

The P,_, constants are transfer activity coefficient parameters
which describe the mean solvation energy change of transferring
ions from one solvent mixture to another at infinite dilution. This
energy can be written as the following:

m— 0, X
2RTlnyi(—/2) 2RTZ X" [13]
Yu(m — 0, X; =
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The solvent transfer energy at infinite dilution describes a transfer
of ions from one solvent mixture to another under conditions where
non-idealities due to ion-ion interactions and concentration effects—
both accounted for by the salt thermodynamic factor—are negli-
gible. The effects encompassed are instead so-called medium effects,
which include the effects on ions of the permittivity change of the
solvent mixture with composition, in addition to specific solvent-ion
interactions which can include mixed-solvation effects.””

Results and Discussion

H,0-EtOH-LiClL.—In order to illustrate the usefulness of the
above-derived relationships, we herein study a well characterized
system: water-ethanol-LiCl (H,O-EtOH-LiCl) at 25°C from 0 m to 4
m LiCl. The vapor pressures of the HO and EtOH solvent species
have been measured in the past and allow calculation of their
activities in the ternary mixture.'”'® The ionic activity coefficient as
a function of molality has been measured electrochemically for
various fixed solvent mixture compositions'®, and via vapor pressure
for LiCl in neat ethanol.?® The transfer activity coefficients at infinite
dilution have also been measured electrochemically.9 Table I shows
the different parameters P,.q, fit in this work to literature experi-
mental data'®?® of activity coefficients for fixed solvent mixture
compositions. We found that terms beyond r = 2.5 did not
significantly improve the fit, although we expect that they would
be necessary if higher salt concentrations were studied.

Figure la shows the ionic activity coefficient changes as a
function of concentration for different fixed solvent mixture compo-
sitions calculated with Eq. 4 and the P,.q, values in Table I. The
various fixed solvent mixture composition paths are shown in Fig. 1b
as solid green lines, while the path for solvent transfer at infinite
dilution is illustrated with a dashed green line. The ternary
composition region we consider as parametrized in this work via
the various P,, and Eq. 4, which spans all solvent mixture
compositions up to 4 molal LiCl, is shown in the highlighted region.

Table II (first row of data) shows the transfer activity coefficient
parameters P,_o ,, which are fit to the electrochemical measurement
data reported by Mazzarese and Popovych.” Figure lc shows the
data (pentagons) and the fit (solid line). We included terms up to n =
3. These provided a reasonable fit for which the accuracy was not
below the error between the various available experimental data
sets.”” We do not suggest that higher terms (n34) should not in
general be considered but we neglect them here to avoid overfitting
the available data. Figure 2a shows the normalized activity of H,O
(activity a;) as a function of LiCl molality for various fixed solvent
mixture compositions. The solid lines show a; calculated using the
parameters P, , which appear in Table I and Table II (first row of
data) using Eq. 8. There is generally fair agreement with a,
measured by the vapor pressure (circles) at different fixed solvent
mixture compositions. This exemplifies how a fully characterized
ionic activity coefficient allows the activity changes of the solvent
species in the ternary composition space to be in fact calculated. We
note the discrepancy for the calculated H,O normalized activity at
the largest studied EtOH solvent fraction (X, = 0.98) and the
experimental data points, suggesting that identifying with accuracy
and precision normalized activity changes of a solvent when it is in

Table I. Activity coefficient parameters P, , for the
H,0-EtOH-LiCl system.

Prz(),n

n=20 n=1 n=2 n=23
r=0.5 —1.0161 —3.2791 —4.1505 3.8896
r=1 1.0030 12.8603 —16.5465 7.7847
r=15 —0.1998 —18.0247 35.6695 —20.9819
r=2 —0.0603 10.2420 —22.4900 13.8824
r=2.5 0.0304 —2.0127 4.5732 —2.8339

very small quantities may be challenging. In this case, the absolute
error is 92% at 4 m, while the average absolute error for the
studied'”"'® solvent fractions at X; at 4 m is of 32%.

Figure 2b shows the normalized activity of EtOH (activity a,) as
a function of LiCl molality for various fixed solvent mixture
compositions. The solid lines show a, calculated using the para-
meters P,, which appear in Table I and Table II (first row of data)
using Eq. 9. We see good agreement with the experimental values of
the solvent activity changes measured via vapor pressure (circles),'”
and the average absolute error is of 11% across the different
studied'”"'® solvent fractions X; at 4 m. Unlike the activity of H,O
in this concentration space, the EtOH activity can both decrease or
increase as a function of LiCl molality depending on the solvent
mixture composition.

We also considered the case where the transfer activity coeffi-
cient parameters P,_, are determined from the activity of the H,O
solvent in addition to ionic activity data along fixed solvent mixture

. 7.(m, X3)
compositions (lnm
via vapor pressureI7 and all P, , (Table I) are used to fit the various
P,_o , parameters using Eq. 8. The obtained P,_, values are shown
in Table II (second row of data), and the fit to a; is shown with
dashed lines in Fig. 2a. The numerical values of P,_q, differ
considerably from those fit to transfer activity coefficients measured
electrochemically (first row of data), which we suggest is due to the
degrees of freedom afforded by the polynomial expression (see
Eq. 4). The calculated transfer activity coefficient values at infinite
dilution follow fairly those from experiment, and are shown in Fig. 3
(see 0 m data). The average absolute error between the calculated
and experimental values of twice the logarithm of the infinite
dilution transfer activity coefficient is 0.9, and both the experimental
and calculated values are monotonically increasing with EtOH
solvent fraction. Since previous and independently reported electro-
chemical measurements agree’™ to an order of magnitude better
than the herein determined transfer activity coefficients, we believe
the errors come from inaccuracies in the reported vapor pressure data
and/or the measured ionic activity coefficients along fixed solvent
mixture compositions paths used to determine the employed P, ,
constants. Nonetheless, we propose that the suggested expressions
described in Egs. 4, 8 and 9 are a useful tool to determine transfer
activity coefficients when solvent activity data is available in
addition to ionic activity changes along fixed solvent mixture
composition paths. Moreover, the determined P,_,, constants
(Table II second row of data) in addition to the P,.,, constants
(Table 1) also allow calculation of the EtOH activity changes via
Eq. 9. Figure 2b shows such activity changes with dashed lines.
These compare well to the experimental data (circles)!”. Although in
principle it should be possible to calculate the transfer activity
coefficients using exclusively activity data of one solvent species,
there is here insufficient activity data for reliably obtaining all P, ,
values from solvent activity data alone. For example, there is limited
available literature data for H,O activity in the dilute LiCl limit for
the studied system.'”

Figure 3 (dashed lines) shows the transfer activity coefficients at
different fixed LiCl concentrations using the determined P,,
constants (Table I and Table II, second row of data), which agree
fairly with literature data shown with the various symbols.”'® The
agreement for transfer activity coefficients at different fixed molal-
ities suggests that the collection of all employed P, ,, both P, , and
P, are reasonable.

). In other words, the a; values obtained

EC-EMC-LiPF 3—The LiPFg in EC-EMC electrolyte resembles
LiCl in H,O-EtOH insofar as it is a lithium salt dissolved in a binary
solvent mixture. Previous work focused on drawing liquid-solid
phase diagrams of LiPFg in EC-EMC using thermodynamic data
from the binary subsystems and sparse solvent activity data in the
ternary system.>' Although this arguably allowed for a fair descrip-
tion of the liquidus surface, it did not provide sufficiently precise
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Figure 1. (a) Changes in logarithm of the ionic activity coefficient as a function of LiCl molality for fixed solvent mixture composition paths (fixed X,, EtOH
solvent fraction). (b) Fixed solvent mixture composition paths (green lines) shown on a compositional triangle. The parametrized region of the composition space
is highlighted in light blue. (¢) Twice the logarithm of the transfer activity coefficient for varying X, at infinite dilution. The solid line represents a fit to

experimental data (pentagons).” All data is shown for 25 °C.
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Figure 2. (a) Normalized activity of solvent species 1 (H,0) along fixed solvent mixture composition paths (fixed X;). (b) Normalized activity of solvent species

2 (EtOH). Solid lines are calculated using P,.q, fit to fixed solvent mixture composition salt activity lnr

. . , X
transfer energy. The dashed lines are calculated using P, fit to ln%
e (m = 0,
17,18

are reported experimental solvent activity.

Table II. Transfer activity coefficient parameters P, , for the
H,0-EtOH-LiCl system.

Py Py Pos determination Reference

8.6568 —8.9311 6.6440 fit to measured 7. 9

3.5027 4.8144 —3.1559 fit to measured a, using 17-20
P r#0,n

data for high-fidelity thermodynamic and transport modeling of
ternary systems.' We herein instead utilize ternary system thermo-
dynamic factor data in addition to solvent liquidus data to improve
the precision of the activity of individual solvent species. We
calculate transfer activity coefficients, which are, as far as we
know, previously unreported.

The thermodynamic factor.—We first use available ionic activity
coefficient data at fixed solvent mixture compositions which are
generally reported as the thermodynamic factor to determine the
P,.o,, parameters. To then determine transfer activity coefficient

JACR )

=0 and P, , fit to the experimental solvent

and P,_, fit to the reported experimental H,O solvent activity a;.""1® The circles

parameters P,_p, we combine solvent activity data with the
obtained P,.q .

Literature thermodynamic factor data allowed parametrizing
P,.o constants using Eq. 12. Figure 4a shows the thermodynamic
factor as a function of salt concentration. Figure 4b shows the
various compositions for which the thermodynamic factor is avail-
able with solid green lines. The shaded region (light blue) denotes
the target composition space of the present work, which is up to 1 m
for the ternary system. For X, values of 0, 0.46,0.66 and 1.0 data
were measured for 308 K, 298 K, 293 K and 298 K respectively.?*>*
Table III shows the determined P, values. The activity coefficient
corresponding to the thermodynamic factor is shown in Fig. 4c. As
with H,O-EtOH-LiCl we chose n index terms up to 3. However,
given the lower molality of the studied concentration space, only
r<2.0 terms were necessary to consider. We note that the number of
significant Figs. of the P,.q, values reflect the precision of the fits
and not the accuracy of the thermodynamic factor.

22-24

Liquidus temperature measurements.—Liquidus temperatures T’
have been directly measured for ternary LIB electrolyte systems,
both to understand electrolyte freezing and in efforts to understand
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Figure 3. Transfer activity coefficients of LiCl in H,O-EtOH as a function of
EtOH solvent fraction content, shown via twice their logarithmic value. The
dashed lines show values calculated using P,.,, values shown in Table I and
P,_y,, values shown in Table II (second row of data). Symbols are experimental
values,”!” where the 0 m data is the same as Fig. lc. Pentagons, circles, stars
and x's are for respectively 0 m, 0.5 m, 1.0 m and 4.0 m.

electrolyte consumption with battery cycling.>""*>7 With certain
assumptions, the liquidus temperature can yield the activity of the
solvent species that freezes. Accordingly, we in this work estimate
the heat of fusion of the electrolyte (between the frozen neat solvent

and the electrolyte) AH}'us as:

T
AHMS ~ AHOfos /T ACpdT [14]
0

Here Ty, is the neat solvent liquidus temperature and H>™ is the
heat of fusion of the neat solvent at 7,.® Using the heat capacity
data from Ding® for liquid carbonates, we can estimate the
temperature dependence of the change in heat capacity upon fusion
of the solvent species ACp with two parameters « and [ as:

ACp =~ a + B(T — Ty) [15]

For EC, « was taken as 12.7 J/(mol K) and (3 as —0.28 J/(mol K>?),
while for EMC « as 4.3 J/(mol K) and 5 as — 0.8 J/(mol K?). With
Egs. 14 and 15, the solvent activity in the liquid phase can be
calculated from the liquidus temperature 7

Table III. Activity coefficient parameters P,.o, for the
EC-EMC-LiPF; system.

Prx().n

n=20 n=1 n=2 n=3
r=05 —0.8724 2.7584 0 —13.5552
r=1 4.8635 —27.1045 53.6574 —15.0481
r=15 —1.4467 40.3608 —106.9404 55.1056
r=>2 0.5010 —17.3493 47.3625 —26.1961

T fus 0,fus
In(a;) = f Afy ar= 24 1 1
Ty RT? R T, T

T2
LA (R ] +£Z+Tolnﬁ——°
R n T| R|2 T 2T

[16]

We note a more accurate description of freezing point depression
would involve a correction for the temperature dependence of the
solvent activity, which is neglected in this work. Furthermore, heat
capacity change upon fusion of a solvent species is assumed as
independent of the electrolyte composition.

Previously reported liquidus temperatures were measured for
various salt concentrations, between EMC solvent fractions of X, =
0.46 and X; = 0.66. We carried out liquidus measurements outside
these compositions at intervals of AX; = 0.1 or less to allow for the
P,_o, parametrization in the target composition space. Differential
scanning calorimetric (DSC) analysis was performed using a Q2000
TA instrument. All the samples were prepared in an argon-filled
glove box, sealed in aluminum hermetic pans and scanned at a rate
of 2°C min~" under a nitrogen purge gas flow of 50 cc min~". For
EC-rich samples (X, < 0.46), the temperature range was from
-45 °C to 40 °C , and other samples (X, > 0.46) were scanned from
-80 °C to -10 °C . The liquidus temperature was estimated from the

55

g (a) (b)

&£ 4 ,

o X5=0

£ 31 —— X;=0.46

g X, =0.66

§22 X=1

€1 2

[}

<

= ‘ ‘ ‘ ‘

0.0 0.2 0.4 0.6 0.8 1.0
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n /
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>l A VA /\
V>~_27 Q - - %‘
E ? \ )

—4 %«, 7

0.0 0.2 0.4 0.6 0.8 1.0
LiPFg concentration (m) (1) EC EMC (2)

Figure 4. (a) Thermodynamic factor fitted to literature data for approximately 25 °C for LiPFg in EC-EMC at various solvent fractions of EMC (X;). (b) Paths
(green lines) for fixed solvent mixture compositions shown on a compositional triangle. The parametrized region of the composition space is highlighted in light
blue. (c) The logarithm of the activity coefficient corresponding to the data shown in (a).
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Figure 5. (a) Liquidus as a function of composition. Squares are data measured in the present work, while circles are literature values (see Tables IV and VI and
Ding®®). Lines are drawn for visual ease. (b) a; as a function of X; at different fixed molalities inferred from measured liquidus temperatures. The lines are

calculated using all determined P,,,.

peak of the endothermic melting feature, which was verified to be
reproducible across multiple cycles. Duplicate samples were pre-
pared for selected concentrations and the liquidus temperature the
reproducibility was at worst within 1.6 °C. DSC curves are shown in
Figs. S1 to S4. For X, > 0.46, 1.0 m was chosen as the salt
concentration. For X; < 0.46, we chose 0.7 m instead of 1.0 m to
avoid the possible formation of a solid solvate at the liquidus
temperature.”>>° Figure 5a shows liquidus data points (squares and
circles) as a function of X, for 0.7 m (blue) and 0.9 m to 1.0 m
(green). Lines are drawn for visual ease. Via analysis of the collected
DSC thermograms, liquidus temperatures at X, < 0.8 were ascribed
to EC freezing, while points X; > 0.8 to EMC freezing.

Table IV shows measured liquidus temperatures as a function of
composition (m,X,), including both present work and literature
values for X; < 0.8. Using Eq. 16, the activity of the EC solvent
species (a) is calculated for each of these temperatures following
the assumption that it is this species that freezes without forming any
intermediary compounds. For liquidus data in the ternary system
only available in molar concentration, the corresponding molality
was approximated using volumetric data provided in Jung et al'.

In order to be able to calculate normalized solvent activities along

. . X3
constant solvent mixture composition paths (e.g. %), we used
1 =04

a Margules expression for the binary EC-EMC system to allow
direct calculations of a;(m = 0, X;) via Eq. 10. The Margules
parameters®"*® are shown in Table V. This parametrization was
verified to properly reproduce the reported liquidus data. Figure 5a
shows the reported®® liquidus data (black circles) and the calculated
liquidus (black line) using the parameters shown in Table V and
Eq. 16. Figure 5b shows the calculated a;(m = 0, X;) (black line),
which agrees with the reported data points. We also note a visible
scatter in the data about the line, reflecting the challenges® of
precise liquidus data collection. As an example of experimental
measurement error, two different publications report the liquidus
temperature of neat EC-EMC at X,=0.46 with 3°C error,”>3! leading
to an activity difference of 0.04 of the EC solvent species.

Table VI shows the values of a, for X, > 0.8 obtained from the
ternary system liquidus data via Eq. 16. Table VI also shows a, values
inferred from previously reported vapor pressure measurements for two
concentrations in the ternary system.’> The values of EMC activity a»
can be used to calculate the activity of EC a; using the available
thermodynamic factor parametrization with the following Eq.?":

L —2m -2 Z r:- IPr,an'lem - mzln(

ax(m, X3) )
m r#0,n
@ X
ai(m = 0, X3)

a,(m =0, X;)

(17]

Table IV. Reported liquidus temperature 7" and inferred EC activity
a; as a function of composition (m,X;) for the EC-EMC-LiPFq
system.

m X; T (K) a; reference

0.70 m 0.05 297.6 0.796 present work
0.70 m 0.10 294.0 0.747 present work
0.70 m 0.20 290.7 0.703 present work
0.70 m 0.30 281.0 0.588 present work
0.70 m 0.40 275.2 0.525 present work
0m 0.46 285.5 0.640 Ding®®

0m 0.46 288.8 0.680 Ding et al’’
0.54 m 0.46 278.0 0.555 Ding et al’!
0.70 m 0.46 274.6 0.519 Ding et al’!
0.90 m 0.46 270.6 0.479 Ding et al’’
0.93 m 0.51 262.8 0.409 Thompson et al*>*¢
0.94 m 0.55 259.8 0.383 Thompson et al*>*°
0.95 m 0.59 255.5 0.349 Thompson et al*>
0.96 m 0.63 250.3 0.311 Thompson et al*>*¢
0.97 m 0.66 244.5 0.272 Thompson et al*>*°
0m 0.66 275.3 0.527 Thompson et al*>*°
0.19 m 0.66 269.0 0.464 Thompson et al*>*¢
0.38 m 0.66 262.6 0.407 Thompson et al*>*¢
0.57 m 0.66 256.2 0.355 Thompson et al*>*°
0.77 m 0.66 249.9 0.308 Thompson et al*>*¢
0.97 m 0.66 243.5 0.266 Thompson et al*>*¢
1.0 m 0.70 235.6 0.240 present work

Table VI shows the a; values calculated using Eq. 17. For the a;
value calculated from the vapor pressure at (m, X;) = (0.97, 0.66)
comparison is possible with that from Table IV and shows an error
of -0.04. We suggest that this error may be in large part due to the
approximation used in this work that between the liquidus tempera-
ture and room temperature, the activity of solvent species is
independent of temperature. Equation 17 is derived from the
Gibbs-Duhem equation'>?! and we note that this equality is
preserved for substitution of the expressions for the solvents’
activities appearing in Eqs. 8 and 9, providing evidence that all
activity expressions in this work are fully consistent with the Gibbs-
Duhem equation.

Solvent transfer energies.—Using the a; activity data available in
Table IV and Table VI (liquidus) in combination with the P,.q, in
Table III and the Margules parameters in Table V we determined the
P,_o, parameters, which provide the infinite dilution transfer
activity coefficients. The P,_,, were obtained by optimizing for
the best fit for the experimental a; data using Eq. 8. The three
determined parameters are shown in Table VII. Figure 5b shows the
ay values inferred from the liquidus points shown in Fig. 5a at 0.7 m
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Table V. Binary EC-EMC solution activity parameters>' as
appearing in Eqs. 10 and 11.

A sis2 Az 5152 Az 152
—0.6699 4.2840 —2.5671
Ay 5251 Az 5251 Az 5251
0.6219 2.5617 —2.5671

Table VI. EMC solvent activity a, as a function of composition,
calculated from the measured liquidus or reported vapor pressure
for the EC-EMC-LiPF, system.>” The a, values are calculated from
ay, P, values and equation 17.

m X, T (K) a method reference a,

1.0 0.8 2163 0918 liquidus present work  0.130

1.0 0.9 2156 0.899 liquidus present work  0.087

1.0 095 2172 0.942 liquidus present work  0.023

092 046 298 0.667  vapor pres- Hess et al 0.404
sure

097  0.66 298 0.846  vapor pres- Hess et al 0.230

sure

Table VII. Transfer activity coefficient parameters for the
EC-EMC-LiPFg system.

Po,1 Pos Pos

—7.7389 11.7539 1.1993

and 0.9 to 1.0 m. The set of all P, ,, parameters allows for calculated
a; values (solid lines) to be on average within 0.02 in activity of the
experimental data points (circles and squares).

Figure 6a shows a; as a function of salt concentration calculated
using Eq. 8 with the determined P,_, and P,, parameters
(Table IIT and Table VII). We note that normalized activity is shown,
and it compares to experimental data from Table IV for X; = 0.46
and X, = 0.66 with reasonable agreement. Figure 6b shows a,
calculated using Eq. 9 with the determined P,_,, and P,
parameters (Table III and Table VII). Experimental a, data (circles,
from Table VI) show reasonable agreement with the calculated values.
As with EtOH in LiCl-H,O-EtOH solutions, the activity a, in the
ternary system can, in certain cases, increase with increasing m while
a, decreases. This reveals that a single-solvent binary electrolyte
approach™ for this ternary system would be inadequate in predicting
even qualitative changes in solvent species’ activity, since for two
solvents these changes can be opposite in sign. For both a; and a,, we
do not show the single-solvent electrolyte experimental activity data
(X, of 0 or 1) but note that the calculated activity agrees with literature
experimental data®>** since the employed salt thermodynamic factor,

al(m,Xg)
=0,x})

ai(m

00 02 04 06 08 1.0
LiPFg concentration (m)

15

B 10;

il

s — or
S 0.5m
s 09 — 1m
r=

N ?

-10 . . . .
00 02 04 06 08 1.0

X4 (EMC solvent fraction)

Figure 7. Transfer activity coefficients of LiPF¢ in EC-EMC as a function of
EMC solvent fraction content, shown via twice their logarithmic value (solid
lines).

which is taken from such literature, uniquely determines the solvent
activity for a binary electrolyte.

Using all the activity coefficient parameters P,, obtained for the
system of interest, the transfer activity coefficients can be calculated for
different salt concentrations. Figure 7 shows the transfer activity
coefficients at infinite dilution (denoted O m), 0.5 m and 1 m.
Generally, the transfer activity coefficients are non-negligible and
thus their consideration may be necessary for precise thermodynamic
modeling, and also in the study of transport effects in non-equilibrium
solvent-segregated systems'™. At infinite dilution, the net energy
increase from X; =0 to X; =1 is similar to that of LiCl in
EtOH-H,O insofar as there is a net energy cost from transferring
ions into the lower permittivity medium. Often used to study such
energies, the Born equation predicts'” ™' that higher permittivity media
are in fact more favorable to ions. We do not rule out the possibility of
energy contributions from particular solvent structure changes, which
are not accounted for by the Born equation.” Unlike LiCl in H,O-EtOH,
for LiPFs in EC-EMC, the transfer activity coefficient initially
decreases with increasing X,. The initial decrease with increasing X,
at infinite dilution may be a result of the complexities of mixed
solvation”** for Li™, which may participate in composition-dependent
and highly variable sets of solvation structures.’>* As the concentra-
tion of LiPFg is increased, the transfer activity coefficient minimum
shifts in composition, suggesting nontrivial solvation effects. Moreover,
the calculated transfer activity coefficients show that at 1 m there is a
net decrease in energy for ionic transfer from an exclusively EC-solvent
electrolyte to an EMC-solvent electrolyte, in contradistinction to the
infinite dilution system. This perhaps counter-intuitive result is a direct
consequence of the much smaller thermodynamic factor of LiPF4 in
EMC than LiPFg in EC.

Recent scholarship has emphasized the role of ionic activity in mixed
solvent systems for reversible Li-metal plating.””*® Although beyond the
scope of this work, there is an important connection between solvent
transfer activity coefficients and the activity of individual ions. We
believe the study of such quantities, both experimentally and theoreti-
cally, may allow for tailoring solvent composition to control the activity,
and thus the electrochemical behavior of ions in solution.'”'®

1.14(b) °
proe—
Xlo
g1 0.9
SIE *

© 0.8

0.7 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
LiPFg concentration (m)

Figure 6. (a) Normalized activity of solvent species 1 (EC) along fixed solvent mixture composition paths (fixed X;). (b) Normalized activity of solvent species 2

(EMCQ). Solid lines are a fit to the a; solvent activity and the thermodynamic factor (equivalent to ]ny

74 (m, X3)

26,31,32
(n=0.X3)

). The circles are experimentally inferred values.
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The calculation of the transfer activity coefficient relies in this work
on many assumptions. For example, certain thermodynamic factor
values used in this work to fit P, values rely on approximated
transference numbers.”> Although it is difficult to estimate potential
errors in the thermodynamic factor, two different publications have
measured thermodynamic factor values with a resulting error in the
logarithm of the ionic activity coefficient of 0.3, We estimate that
another significant error source is the inference of activity from liquidus
temperature measurements, discussed above. In principle, these could in
further work be corrected via calorimetric studies. An assumed random
error of up to 2 degrees on the liquidus temperatures measured in the
present work results in an error of 2 for twice the logarithm of the
infinite dilution transfer activity coefficient 21n(w). Thus,

relm — 0,X3 = 0)
although we do not include explicit error bars on twice the logarithm of
the transfer activity coefficients shown in Fig. 7 we estimate that the
error is on the order of 2. Similarly, the error of twice the logarithm of
infinite dilution transfer activity coefficient was on the order of 0.9 for
LiCl in H,O-EtOH when comparing values determined using solvent
activity (present work) to electrochemical measurement values. We
speculate that such errors would be reduced with more experimental
solvent species’ activity data points.

Conclusions

The transfer activity coefficients at infinite dilution and thermo-
dynamic factor can together fully describe the mean activity of the ionic
species. In this work, we showed how these can be used to calculate
solvent species’ activities in a ternary electrolyte. In addition, the
activity changes of one solvent species combined with the thermo-
dynamic factor can also allow calculation of transfer activity coeffi-
cients. Particularly for lithium-ion battery electrolytes, the transfer
activity coefficients can show nontrivial dependence on solvent mixture
composition, revealing interesting avenues of electrolyte engineering.
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