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How does the solvent composition influence the
transport properties of electrolyte solutions? LiPFg
and LiFSA in EC and DMC binary solventf

Satoshi Uchida and Tetsu Kiyobayashi*

In this study, we experimentally measured the viscosity, 1, and ionic conductivity, g, of the electrolyte
solutions of 1 mol kg™ of LiPFs or LiFSA dissolved in the binary mixture solvent of EC and DMC in a
temperature range of 288 < T/K < 328 by varying the EC content from O to 60 vol%, which translates
into the molar fraction of EC of 0 < xgc < 0.7. The diffusion coefficient, D, of each species, Li*, PFg~,
FSA™, EC and DMC, was determined by pulse gradient spin-echo NMR. The state of molecules around
Li* was examined using the Raman spectra of the solvents and anions; the quantitative analysis suggests
that EC is about twice as much preferred as DMC in the solvation shell at low xgc, while the
EC-preference decreases with an increase in xgc. The classical Stokes—Einstein relation still quantitatively
holds when evaluating the hydrodynamic radius, rs;, of transporting entities from D and 5, in that (i) rsigc
and rs; pmc Without the solute do not significantly differ from those in the solution; (ii) rs; roughly coin-
cides with the size estimated from the solvation number determined by Raman spectroscopy, which
implies that rs;|; reflects the solvation shell size; and (iii) rst anion is close to the static size, suggesting that
anions are little solvated. The increase in xgc results in a decrease in rs; for all species, among which
anions are most influenced, which is consistent with the view that the highly Li*-solvating EC, with its
better dielectric shielding effect than DMC, liberates the anions from Li*, whereby enhancing the anion

rsc.li/pccp

1 Introduction

Lithium ion batteries (LIBs) are a daily essential for sustaining
our modern civilization because of their use in mobile phones,
electric vehicles, smart-grids, spacecraft, etc. Non-aqueous
electrolyte solutions, an indispensable component of the LIB,
provide the medium through which charge carriers transfer
between electrodes. Transport phenomena in an electrolyte
solution have hence been a decades-long research subject from
the viewpoint of not only the fundamental aspect but also
industrial interest. A binary solvent is usually used in LIBs, in
which a solvent with a high dielectric constant (e.g:, ethylene
carbonate, EC) is mixed with another solvent with a low viscosity
(e.g., dimethyl carbonate, DMC). The former is considered to play a
role in dissociating the cations and anions whereas the latter in
enhancing ionic movement." Many experimental and theoretical
studies have been conducted to fully understand the role of each
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transfer that positively contributes to the ionic conductivity until the viscosity prevails at high xgc.

solvent component. As an example, the self-diffusion coefficients
of the solution constituents were determined using pulse gradient
spin-echo NMR to investigate the movement of ions and solvent
molecules, and discuss how the solvent influences the hydro-
dynamic size of ions.>™ As another example, the solvation state
of Li" in mixed solvents has been vigorously investigated using
NMR,”” Raman/IR”° and electro-spray mass spectroscopy,'”""
because the solvent composition in the Li-solvation shell is
considered to significantly influence the solid-electrolyte interface
formation on the electrodes,"*° as an important implication for
the performance of the LIBs. While the experimental data accu-
mulate, recent theoretical studies call for reassessing the early
experimental results. For instance, Borodin et al.>**' pointed out
that different pictures can be drawn, in a somewhat paradoxical
manner, about the solvation state of Li" from the spectroscopic
studies cited above, into which the theoretical insights (e.g, the
sensitivity of vibrational bands) must be integrated to resolve
the inconsistencies. Another issue that motivated us to take on
the present study is that, although the recent progress in research
has in a way helped the dichotomous controversy subside
regarding whether the specific solvation exists or not, e.g., a
competition between EC and DMC, in a mixed solvent, only a few
experimental studies have pursued the qualitative examination
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of the extent to which a solvent prevails, if any, over another in
solvating Li", especially as a function of the solvent composition.
In addition, we would like to relate the knowledge about the
solvation state to other experimentally measurable transport
properties, e.g., diffusion coefficient, whereby we can draw a
comprehensive picture describing the transport phenomena in
non-aqueous electrolyte solutions.

In this study, we focus on the solvent composition dependence
of a variety of properties that are experimentally measurable.
The systems we deal with are the 1 mol kg™ ' solution of
LiPF, and LiFSA (FSA™ = bis(fluorosulfonyl)amide, [N(SO,F),] )
dissolved in the binary solvent EC/DMC while varying the
EC-content from 0 to 60% by volume, where the molar ratio of
the solute to the total solvent is constant. As a function of the
solvent composition, the following properties were examined: the
density, viscosity, ionic conductivity, solvation states around Li" by
Raman spectroscopy, as well as the self-diffusion coefficient of the
solvent and ions by pulse-gradient spin-echo NMR of 'H, “Li and
'9F, Incorporating into the discussion the insight imparted in the
previous experimental and theoretical studies cited above, we
examine the transport properties of the electrolyte solutions in
terms of the solvation state, ionic dissociation, static and hydro-
dynamic size of constituent species and so forth.

2 Experimental
2.1 Materials

The solvent and lithium salt (i.e., LiPF¢, LiFSA, EC, DMC and GBL),
lithium battery grade, were purchased from Kishida Chemical.
Electrolyte solutions were prepared in an argon-filled glove box
with a dew point below —70 °C to avoid water contamination.
EC and DMC were mixed such that the EC content ranges between
0 and 60 vol%, which translates into the molar fraction of EC in
the solvent 0 < xgc < 0.7 where xc is defined later in eqn (2).
The solute LiPF, or LiFSA was dissolved in these solvents to the
molality m/mol kg~ ' = 1.0, in which the solvent to solute molar
ratio is practically constant (cf., eqn (3)). The Raman signal from
FSA™ interacting with Li* is overlaid by that from EC. We hence
substituted GBL, another cyclic ester having an analogous
chemical structure and high permittivity (&, = 39), for EC (¢, = 90)
in an experiment wherein Raman spectra from FSA™ were
examined on the basis of the study by Matsuda et al'® who
experimentally proved that EC and GBL have an approximately equal
solvating ability, which prevails over DMC (g, = 3) in the Li*-solvation.

2.2 Density

The density, p, at T/K = 298 of the solvent (i.e., without a solute)
and the electrolyte solution were measured using a pycnometer
(nominal volume 10 cm®), the exact inner volume of which is
calibrated with deionized and degassed water at the same
temperature. The mean of at least two measurements was adopted.

2.3 Raman spectroscopy

A laser Raman microscope (RENISHAW, inVia Reflex, 532 nm
green laser, resolution: 2 em™ ') was used for the solvent and
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solution at room temperature to investigate not only the
solvation state of ions but also the conformer composition of
DMC. The solution was filled in an air-tight quartz cell in the
glove box. The exposure time was 1 s and the scattering
spectrum was integrated 60 times. The wavenumber of the
Raman shift was calibrated by the spectrum of a Si wafer
standard. The spectra were split into each component by fitting
with the pseudo-Voigt function; an example is shown in Fig. 2.
When converting the peak area into a mole fraction, the activity
of Raman intensity (i.e., the change in the Raman scattering
factor of each vibrational mode caused by the interaction with
an ion) was considered based on the quantum chemistry
calculations by Borodin et al.>' The mean of two measurement
runs for each sample was adopted.

2.4 Viscosity

The viscosity, #, of the electrolyte was measured using a
viscosity meter (BROOK FIELD, DV-IIT) equipped with a CPA-
40Z cone plate and a stainless-steel sample cup the temperature
of which was controlled by flowing water from a water bath with
the same specifications as that used in the conductivity
measurements. The apparatus was placed in an open dry
chamber with a dew point of <—-50 °C to avoid water
contamination. The viscosity was measured at 288 < T/K <
328, same as that for conductivity, after waiting for the sample
temperature to sufficiently stabilize. The viscosity of the
pure solvents without a solute was measured at only 7/K =
298, above which it is too low and out-of-range of the
apparatus. The apparatus was calibrated at each temperature
using five standard oils for viscosity (NIPPON GREASE, JS2.5,
JS5, JS10, JS20 and JS50). The mean of two measurements was
adopted.

2.5 Ionic conductivity

The specific ionic conductivity, g, of the electrolyte was measured
in a four-electrode cell (EC frontier) in the temperature range of
288 < T/K < 328 by an electrochemical impedance technique
using potentiogalvanostat (Ivium, CompactStat.e) equipped with a
frequency response analyzer. The cell constant was determined
using conductivity standard KCl aqueous solutions. The cell
containing about 10 em® of solution was assembled and sealed
in the glove box, and then, it was immersed in a water bath of
which the temperature was measured by the calibrated thermo-
couples and controlled by a heater and coolant water within an
accuracy of £0.1 K. The cell was equilibrated at each temperature
for approximately 20 min prior to the measurements. The alter-
native current frequency ranges from 150 to 15 kHz with a 5 mV,,,
amplitude, where the phase angle is so close to 0° that only the
resistance component was observed. The impedance data were
collected three times for 11 points evenly spaced with respect to
the logarithm of the frequency, from which the mean of the real
part was taken as the solution resistance. The conductivity was
calculated from the mean of the obtained solution resistance and
cell constant. Two series of measurements and calculation
processes were repeated for each electrolyte, the mean of which
was taken as the final result.
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2.6 Pulsed gradient spin-echo (PGSE) NMR

PGSE-NMR was performed to estimate the self-diffusion coefficient,
D, of the solvent molecules, lithium ion and anions using a
400 MHz spectrometer (JEOL, JMTC-400/54/]]) with probe units
adjusted to the nuclide of 'H (400 MHz), “Li (155 MHz) and "°F
(376 MHz). The stimulated echo sequence was used,”” in which a
half-sine shaped gradient pulse was adopted.”>>* When the probed
nuclide migrates in the duration time, 4, according to the
random walk model, the relative spin-echo intensity, M/M,, is

attenuated by*®
MY\  (vog 2

where y is the gyromagnetic ratio that is unique for each nuclide.
To determine the diffusion coefficient, D, from the slope of
In(M/M,), the pulse width of the field gradient, J, was varied in
the range of a few milliseconds while maintaining the interval
of two gradient pulses, 4, to 100 ms and the strength of the
field gradient, g, to 0.9 T m~'. An example of the spin-echo
intensity profile, where one can confirm good linearity, is
shown in Fig. S7 (ESI{). The mean of two to four runs of
measurement was adopted.

3 Results and discussion

In the present study, the solvent composition xg¢ is defined as
the fraction of EC in the solvent (i.e., solute excluded) as

Nec

= (2)
Ngc + Npmc

XEC
where N, is the molar number of solvent, & = EC or DMC. The
definition is analogous in Raman spectroscopy wherein EC is
replaced by GBL, xgg. Owing to the similar molecular weights
of EC and DMC, the molality in the present study, m/mol kg ™" =
1.0, translates into a practically constant solvent to solute
ratio as

Nec + N 1
Nec + ADMC _ 11 5054 0.024 = =, (3)
Niia S/

where LiA = LiPF, or LiFSA and the constant, f, is introduced for
the discussion below. Namely, a total of 11 solvent molecules
per LiA are always present either for LiPF, or for LiFSA, which is
convenient for extracting the influence of the solvent composition.
Incidentally, the monotonous increase in p with an increase in xgc
leads to a slight increase in the molarity from ca. 1.0 mol dm™> at
xgc = 0 to ca. 1.1 mol dm™> at xgc = 0.7 for either salt system.

3.1 Molar volume—static size of the solvent and solute

Fig. 1 plots the volume per mole of solvent, V,, for the solvent
without a solute, 1 mol kg~ * of LiPFs and 1 mol kg™ * of LiFSA
solution as a function of the EC-fraction in the solvent, xpc, at
T/K = 298. (N.B. V,, is defined here as the volume per mole of
the solvent even for the solution, which simplifies some equations
in this section.) Denoting the molar volume of each species, «, as
Vim,2» ONe gets for the solvent (without a solute),

This journal is © the Owner Societies 2021

View Article Online

Paper

[(o}
o
1

o2}
(&)

o LiPFg
e LiFSA
m  Solvent

V,,,/cm® mol™
(0]
o

00 01 02 03 04 05 06 07
Xec

Fig. 1 Volume of the system per mole of solvent, V,,, as a function of the
EC-fraction, xgc, in the solvent at T/K = 298, calculated from the experi-
mentally determined density in Table SI (ESIt). The lines are the result of
the linear optimization. cf., egn (7) and the description that follows.

Vi = XecVmEc * (1 — Xec)Vm,pmc 4)
= Vm,pmc t xEc(Vm,Ec - Vm,DMc), (5)

and for the solution of LiA salt, because V,, refers to per mole of
solvent,

Nyria
=—————VmLa + XecVmEc + (1 — xpc)V;
™~ Nec + Npwe ™HA T ECTmEC ( EC) Vm,DMC
(6)
:fVm,LiA + Vm,DMC + xEC(Vm,EC - Vm,DMC)r (7)

where fis a constant defined in eqn (3). In general, the molar
volume of each species, V,,,, can be a function of xgc (ie.,
Vm,«(*ec)). Yet parallel linearity in Fig. 1 suggests that Vy, , is
almost constant and additive independent of xc, or the excess
volume is insignificant. The linear optimization of V,(xgc) for
the solvent gives the y-intercept as

Vinpmc/em® mol ™" = 83.8 (8)
and the slope (Vi ec — Vmpmc) cm®mol ' = —18.9, leading to
Vinec/em® mol ' = 64.9. )

These molar volumes of the solvent agree well with the

literature.>®
If the excess volume is negligible also for the solution, the
difference in V;,, between the solvent and the solution corresponds
to the molar volume of the solute, which is roughly equal to that
of the anion because the static volume of Li*, 1-2 cm® mol™?, is
insignificant. The distance between parallel lines in Fig. 1 roughly
yields Vi, pre/em® mol ™" ~ 50 and Vi, gsa/em® mol ™" ~ 80, which,
if considered spherical, translates into the static radius of
Topre/A ~ 2.7 (10)

(11)

The static radius, r,, calculated here is compared with the
hydrodynamic Stokes radius, rs;, determined from the transport
properties in Section 3.6.

TorsalA ~ 3.2.
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3.2 Raman spectroscopy

3.2.1 Solvent and DMC conformers. The relevant Raman
frequency from each solvent used to examine the Li’-solvation
state is summarized in Table 1. We analyzed the signals from
not only EC and the major cis—cis (cc) conformer of DMC, but
also its minor cis-trans (ct) conformer (see for an example of
peak fitting by the pseudo-Voigt function in Fig. 2(a)), which
has been ignored in the previous study.® When calculating the
amount of each molecule, such as the fraction, solvation
number, etc., the signal activity ratio, as/a,, calculated by
Borodin et al. were taken into account.

As shown in Fig. S1(a) (ESIY), in the solvent without the
solute, about 3.5% of DMC is in the ct conformer at xgc = 0,
which monotonously increases to ca. 6% at xgc = 0.7. Assuming
the thermal equilibrium between two conformers, we can
calculate their energy difference, E.. — E., as (cf, eqn (S1), ESIt)

N,
Ey—E.=RTIn (N—“)

ct

(12)

The calculated E. — E., also plotted in Fig. Si(a) (ESIt),
decreases from 8.5 at xzc = 0 to 7 k] mol™* at xzc = 0.7. Katon
et al® experimentally determined the energy difference
between these conformers to be 10.9 + 2.1 k] mol " in pure
DMC (i.e., xgc = 0), which coincides with our results to within
their experimental error. In the isolated gas phase, E.. — E.. is
theoretically calculated to be 12-13 kJ mol",”**?® which is
higher than that in the liquid state estimated in the present
study. In the condensed phase, the attraction between the
higher dipoles of DMCct than that of DMCcc may stabilize
the former from the isolated state. The decrease in E. — E..
with the increase in xgc can be also caused by the further
stabilization of DMCct relative to DMCcc by interacting with
the still more polar EC; cf, the dipole moment of EC, DMCcc
and DMCct is respectively calculated to be 5.68 D, 0.34 D and
3.76 D by Borodin et al.*® and 5.35 D, 0.29 D and 3.93 D by
Seo et al.”

In the solution, the Raman signals from the solvent solvat-
ing Li are clearly observed as shown in Fig. 2(b), which is an
example of LiFSA dissolved in the solvent at xgc = 0.7. The
addition of the solute significantly changes the fraction of DMC
conformers (Fig. S1(b), ESIt). While the fraction of free DMCct
remains 3-4%, another 7% of DMC turns into the ct-conformer
to solvate Li’, totaling ca. 10% of DMC in the ct-conformer,
which can be explained by the further stabilization of DMCct by

Table 1 Raman shift (vo: free solvent and v solvent solvating Li*) and
signal activity ratio, as/ag

1

volem ™t ve/em—

Obs.? Cale.? Obs.? Calc.” aglay®
EC 894 894 904 905 1.18
DMCcc 916 918 934 932 1.01
DMCct 860 860 873 875 1.19

“ Theoretical calculation by Borodin et al. for the cluster EC,DMC,_,Li*.*!
b Observed in the present study.
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Fig. 2 Examples of Raman signal splitting by the pseudo-Voigt function.
(a) Solvent without solute at xgc = 0.7 and (b) 1 mol kg~ LIFSA solution at
Xec = 0.7. "DMCct” and "DMCcc” stand for the cis—trans and cis—cis
conformer of DMC, and “-0" and “-Li" for the free and solvating solvent,
respectively.

the strong charge-dipole interaction between Li" and DMCct. This
observation agrees with the previous study by Doucey et al.>* who
investigated the LiAsF dissolved in pure DMC using IR and
Raman spectroscopy. Theoretical calculations also endorse the
stabilization of the DMCct upon coordinating Li* in isolated
clusters.”***! The increase in xyc, however, decreases the DMCct
fraction bound to Li* while maintaining the free DMCct fraction
almost constant, and therefore, the former goes below the latter at
a high xgc. This is presumably caused by two factors: (i) with the
increase in xgg, as discussed below, EC expels DMC from
the solvation shell into the bulk solvent, in which cc-conformer
is more stable, and (ii) the increase in the EC molecules
participating in the Li' solvation renders DMCcc energetically
more preferable than DMCct, because the dipoles forced to align
by Li" in the solvation shell repel each other, thereby making the
less polar DMCcc favorable by staying in the shell.

3.2.2 Li' solvation. The fractions of each DMC conformer
as well as of the EC that solvate Li" in the solution can be

This journal is © the Owner Societies 2021
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converted to the average solvation number, n;, shown in
Fig. 3(a). An important remark must be made here to avoid a
conceptual confusion about ‘“solvation number”. The quantity,
ng, presented here is the ‘“average” solvation number in the
sense of the total number of each solvent bound to Li" divided
by the total number of Li', a fraction of which may be paired
with an anion. If we borrow the symbols used in the study by
Doucey et al.,”® what is presented here corresponds to 7.

In the pure DMC solvent, either for the LiPFs or LiFSA
system, about two DMCcc and 0.7 DMCct molecules solvate
Li", totalling 2.7 DMC molecules. A somewhat smaller solvation
number of n; = 2.2, yet still close to ours, is reported for
1.0-1.2 mol dm ™ LiAsF, dissolved in pure DMC.”® When EC
is added in the solvent, both DMC conformers are replaced by
EC. Until xgc < 0.25, the number of EC molecules that
participate in the solvation exceeds that of DMC replaced
by EC, and therefore, the total solvation number increases to
3.3-3.6, whereafter it saturates. For example, at xgc = 0.57, in
the LiPFq system, nsgc = 2.3 and ngpymc = 1.1 leading to
ng = 3.4 and in the LiFSA system, 75 gc = 2.3 and ngpmc = 1.0
leading to ng = 3.3. The free Li" dissociated from the anion is
often assumed to be solvated by four solvent molecules. The
deficit of ns from four thus alludes to the ion pairing, or in
other words, a certain fraction of the solvation shell around Li"
involves one anion. If we assume that exactly four solvent
molecules solvate each free Li*, the number of solvent mole-
cules, nt’, around the ion pair [Li*-A™] can be calculated from n
in Fig. 3(a) and the degree of ionic dissociation, o, given in
Fig. 8. The results are shown in Fig. S2 (ESIT), which indicates
that approximately 2.5-3.0 solvent molecules are present in the
solvation shell when it involves one anion. This observation is
consistent with the tetra-coordinated state of Li* as premised
above; namely, the anion expels at least one of the four solvent
molecules from the shell. The finding that nY values are
smaller for LiFSA than those for LiPF, is also consistent with
the greater size of FSA™ than PFs since the former can be
bidentate to Li* with its two bulky SO,F groups on which the
negative charge is mainly distributed.

The Raman study by Morita et al.® suggests that for the 1 mol dm™
LiPFs solution (comparable to our case; 1 mol kg ' =
1.15 mol dm ) in EC:DMC = 1:1 by volume (corresponding to
Xgc = 0.57), 15 ke = 3.0 and 15 pmc = 1.1, which was reassessed by
Borodin et al.>* by considering the Raman activity ratio, as/a,,
in Table 1 to find 1, pc = 2.8 and 15 pmc = 1.2. Similarly, Borodin
et al. also predicted a result close to that of ours;*! namely, they
estimated 715 pc = 1.79-2.13 and 75 pmc = 1.12-1.05 (depending
on the functional used in the calculation) by integrating the
radial distribution function obtained by the molecular
dynamics simulations for the system composed of LiPFs:EC:
DMC = 1:5:5, of which the solvent composition corresponds
to xgc = 0.5 and the salt concentration is close to that of ours
where the solute to solvent ratio is ca. 11 as given in eqn (3).
The EC-preference in solvating Li* over DMC is also suggested
in another molecular dynamics simulation of 0.1-1.0 mol dm >
LiPF, dissolved in EC: DMC = 1:1 by Tenney et al.** Bogle et al.®
also conclude, from the chemical shift of ’O NMR, the stronger

3
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Fig. 3 (a) Average number of solvent molecules, ng solvating Li*
determined by Raman spectroscopy. The quantity, ns, presented here is
the average number of each solvent per Li* in the system. (b) EC to DMC
ratio, nsec/Nspmc, in the solvation shell and the EC-preference, Pec/pmc,
defined in egn (13).

interaction of EC with Li* than DMC for the 1 mol dm™ LiPF, in
the EC/DMC system. Matsuda et al.'® observed that the major
cluster assayed by the electro-spray ionization mass spectroscopy
(EIMS) from LiClO, in EC/DMC diluted with methanol was
[Li(EC),]" with a minor component [Li(EC);]", and no DMC was
observed in the clusters isolated in vacuo, which testified to the
EC preference in the Li'-solvation over DMC. An EIMS study by
von Cresce et al."* proved the EC dominance over DMC and EMC,
another acyclic carbonate like DMC, in the clusters reached the
TOF spectrometer sampled out of the 1.0-1.2 mol dm ™ solution
without dispersing the solvent. This phenomenon is consistent
with the quantum chemistry calculations®*** indicating that, in
the isolated state, EC binds to Li* more strongly than DMC while
its energetic advantage diminishes in the clusters surrounded by a
matrix of a certain dielectric constant, thereby leaving to some
extent a room for DMC to stick to Li*. As explained by Bogle et al.,®
in the EIMS measurements, the cluster loses the weakly bound
DMC during traveling in the mass chamber, leaving two or three
EC molecules tightly bound. From the chemical shift in NMR and
the diffusion coefficient obtained by PGSE-NMR, Yang et al’
conclude that EC is more strongly bound to Li" than DMC and
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DEC in the ternary solvent system where the molar ratio is
LiPFs: EC: DMC:DEC = 1:4:4:4 (the solute to total solvent ratio
is close to ours). The preference of PC, another cyclic carbonate as
EC, over DMC is observed by *C NMR study.*® A molecular
dynamic study on the desolvation process suggests that DMC
sheds first from the Li-solvation shell at the SEI in the EC/DMC
solvent."

While EC is confirmed to prevail in the solvation shell over
DMC, the question arises as to how much? The present study
enables us to quantitatively evaluate the EC-preference as a
function of xgc. The EC to DMC ratio nggpc/nspmc, in the
solvation shell is plotted in Fig. 3(b). The theoretical prediction
by Borodin et al. coincides very well with ours, namely, ng gc/
15 pmc = 1.9 for the above mentioned system.”" If EC and DMC
were equally capable of solvating Li*, this ratio should be
xgc/(1 — xgc), and hence, the factor

Nns EC
ns DMC

1 — xgc

Pec/pmc = (13)

XEC
can be termed as the ‘“EC-preference” that measures the EC
selectivity in the solvation over DMC (Fig. 3(b)). While at low
Xgc, EC is more than twice as much preferred as DMC in the
solvation shell, Pgcpmc slightly decreases to 1.6 at xgc = 0.7.
Bogle et al.® also examined, as a function of the EC-content, the
competitive solvation between EC and DMC for the 1 mol dm >
LiPFg in the EC/DMC system. A different picture is drawn when
their results are analyzed in the same way as in the present
study. Fig. S4 (ESIt) shows the EC-preference, Pic/pmc, calculated
from the numerical data “EC/DMC associated with Li"” given in
Table 1 of their article. When viewed in terms of Pocpmc, the
EC-preference is, if any, insignificant even at low xgc, and it
becomes less than unity (i.e., less preferred) at an EC-content
greater than 30%. The discussion about this apparent inconsis-
tency between Pgc/pyc and Pacypuc is made two paragraphs later.
Another index for measuring the EC-preference over DMC in
solvating Li" can be obtained from the viewpoint of the solvation
equilibrium. Instead of considering the multistep equilibrium
among the solvating clusters, Lucht, Seo et al.”** assumed a
simplified model based on the similarity in the vibrational
spectra for all forms of solvating molecules. If we are to apply
their model to our case, the apparent change in the free energy
AG pertaining to the equilibrium

EC-Li'+ DMC = DMC-Li" + EC (14)

where EC-Li" and DMC-Li" stand for EC and DMC solvating Li",
of which the number is N;, and EC and DMC for the solvent
molecules free from Li*, of which the number is Ny, is given by

Nspmc Nt e

AG = —RTIn (15)

Ny ecNepmc'
The result calculated from the present data is shown in Fig. S3
(ESIt). The positive free energy, AG > 0, indicates that the
reaction (14) tends to thermodynamically proceed from the
right-hand side to the left-hand side, rationalizing the
EC-preference over DMC. Yet the preference decreases from
3.5 to 1.5 k] mol ' when xpc increases. In the competitive
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solvation between PC vs. DMC and PC vs. DEC in the
1.2 mol dm™ LiPF solution, Seo et al.” estimated AG/k] mol™* =
1.3 and 0.0 vs. DMC and DEC, respectively, from their IR
measurements whereas the corresponding energy calculated
by DFT (ca. 8 k] mol™ ') is, they consider, overestimated.
Our result of AG for EC/DMC at xgc = 0.7 is close to their
experimental one for PC/DMC, while one may consider that
the value is modulated toward the calculated one at low
EC-content, thereby implying the importance as well as the
subtlety in taking into account the secondary (or farther)
solvation environment for theoretical calculations. As in terms
of Phc/pmc, @ similar prima facie contradiction shows up if we
analyze the molar fraction of bound EC and DMC, X5° and X5,
given by Bogle et al® as done in this study; namely, the free
energy change is negative in most of the EC% range, the reason
for which is discussed in the next paragraph.

Either in terms of Pgcpmc Or AG, the EC-preference over
DMC is evident; however, its extent diminishes when the
EC-content increases in the solvent. Behind this phenomenon
lies the balance between the attractive charge-dipole interaction
and the repulsive interaction between multiple dipoles that are
forced to align by Li*; EC is advantageous for the former effect
while disadvantageous for the latter.>>>" While our observation
is about the influence of EC concentration on shell composition,
an analogous argument may apply in explaining the observation
that the EC-dominance over DMC in the solvation diminishes
when the salt concentration increases.” The following considerations
can be made about the apparent paradox in evaluating the
EC-preference by Pgrcpmc and PEoomc, where the former is obtained
from our Raman measurements and the latter from 'O NMR by
Bogle et al.® While the Raman bands used in the present study reflect
the solvent molecules directly contacting Li*, the 7O NMR signals
involve, as Bogle et al. state, those in the secondary solvation shell,
and therefore, the total number of solvent molecules “associated
with Li"” exceeds four and reaches nine. While EC is prevailing in
the first solvation shell because of the strong interaction with Li',
DMC is “noncommittal but prevalent”, in the words of Bogle et al.,
in the greater solvation environment into which more polar EC
molecules have difficulties in entering.

Based on the average nature of ng, if we assume that the
number of species coordinating with Li', including both the
solvent and anion, totals four, the anion PFs~ or FSA™ accounts
for the remaining 4 Mgtotat ~ 1.3-0.5. The neutron
diffraction study of LiPFs dissolved in pure DMC (9.6 mol%)
by Kamada et al.** concluded that one Li" ion is surrounded by
about three DMC molecules and one PFs~ anion, which roughly
agrees with our results at xgc = 0. The initial increase in the
total number of solvent in the shell with the increase in xgc
thus implies the decrease in the number of anions in the
vicinity of Li'. One may interpret the deficit of the solvation
number from four as an index of the fraction of ion-pairs.?®
Borodin et al.®' suggests the coordination number of the P
atom in PF~ around Li' levels off at 0.5-0.6 in a system
composed of EC: DMC: LiPFg = 15:15: 3 (the system composition
is close to ours at xgc = 0.5), which is consistent with our results
(4 — Ngtotal ~ 0'5)-
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The radius of the moving entity containing Li’, r., which
measures the average size of Li" coordinated by the solvent and
anion, is roughly estimated by

47
.3 _
37 = MsEC Vm,Ec + ns,pmc Vm,pMC

+ (4 = ngec — nspmc) V- (16)
where the molar volumes, V,,, are in Section 3.1. The radius, r,
shown in Fig. S5 (ESIt), is by and large constant at around 5 A
throughout the range of xgc either for LiPF, or for LiFSA, which
is comparable to the Stokes radius of Li" derived from the
viscosity and diffusion coefficient in Section 3.6.

3.2.3 Raman signals of anions. As indicated in Fig. 4(a), the
Raman spectrum derived from the a;, mode vibration of PF" is
hardly influenced by the solvent composition. Although the
signal seems to slightly red-shift (< 1 cm™") with the increase
in xgc, it is below the resolution of the spectrometer (2 cm™%).
This invariance in the vibration frequency of PFs, also
observed in many other electrolyte solutions, has been occasionally
considered as evidence for the high degree of dissociation of the
PFg-based electrolyte. However, Han et al.** examined the Raman
signal of the solvate crystals of LiPFy (i.e., LiPFg co-crystallized with
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the solvent) and found that even in the solvate crystals, the signals
derived from the contact ion pair and the solvent-shared ion pair
overlap; therefore, the naive assumption of high dissociation
might be problematic as it is inconsistent with the molecular
dynamic simulations.’®*® In addition, in the liquid state, a
strenuous rotation of PFs  is suggested even if it is in direct
contact with Li*,”® which may average out the signal. Considering
these previous studies, we have to conclude that the insensitive
Raman frequency of PFs~ cannot evidence the absence of the ion
pairs in the LiPFs system. Indeed, as discussed in Fig. 8 in
Section 3.5, the degree of ionic dissociation, o, in the LiPFy system
significantly depends on xg¢ as in the LiFSA system.

As mentioned in the Experimental section, the Raman
signals from FSA™ overlap with those from EC, we hence
substitute GBL for EC, expecting qualitatively similar behavior.
Contrary to PFs , the Raman signal from FSA™ shown in
Fig. 4(b) significantly depends on xgc; the peak at vy/em ™" =
730 gradually decreases with the increase in xggy, surpassed by
the peak at v /cm ™" = 720. Although we cannot decisively assign
these peaks, if we hypothetically consider 4, to be of free FSA™
and vy to be of FSA™ forming an ion pair with Li* and equal
activity (i.e., Gionpair = Gfree), ONE can tentatively calculate the
degree of dissociation, a, from the intensity ratio of these
peaks; the result is shown in Fig. 8 in Section 3.5.

3.3 Viscosity

Fig. 5 shows the viscosity, 7, of the solvent without the solute
and the 1.0 mol kg™ " solution of LiPFs and LiFSA at T/K = 298.
Replacing DMC by more viscous fluid EC monotonously with a
slight concave shape increases the solution viscosity, 1, with xgc
for both the solvent without the solute and the solution.
Addition of the solute increases the # of the solvent 2.5-3.0 times
for LiFSA and 2.5-3.5 times for LiPF,, for which the inter-ionic
interaction should be responsible. While #y;prs > #rirsa at Xgc = 0,
the former exceeds the latter by ca. 20% at xpc > 0.4.

The non-Arrhenius behavior is often observed in the
temperature dependence of the viscosity and conductivity of
liquids; instead, the Vogel-Tammann-Fulcher equation, for

o uwr, 1
e LiFSA
m  Solvent

00 01 02 03 04 05 06 07

Xec

Fig. 5 Solution and solvent viscosity, 5, at T/K = 298. The lines are a visual

guide.
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example, is utilized to analyze these properties. However, over
the limited temperature range of this study (288 < 7T/K < 328),
the deviation from the Arrhenius relation is not evident. The
apparent activation energy associated with viscosity, El, over
this temperature range was thus calculated by considering
fluidity, 1/n, to be a simple thermal activation process as
In(1/n) = —E}/RT + C, where R is the gas constant, T the absolute
temperature and C a constant. As shown in Fig. S6(a) (ESIY), E7
coincides for LiPFs and LiFSA within the error in the linear
optimization of the Arrhenius plot and similarly behaves for
both salts in that E! drops from ca. 30 k] mol " at xzc = 0 to
16-18 k] mol ! at xzc ~ 0.25 and becomes constant thereafter.
The reason why the less viscous solution near xgc = 0 has a
higher E} is not clear at present. One may revisit the classical
free volume model to understand the phenomenon.?” (The
viscosity of the solvent without the solute at high temperature
is so low and out of range of the apparatus that we could not
determine its EJ.)

3.4 Ionic conductivity

Fig. 6 plots the specific conductivity, g, of the solution of LiPFs
and LiFSA. For either the LiPF¢ or LiFSA system, the addition of
EC into DMC initially increases the conductivity until it levels
off at xgc ~ 0.4, after which it decreases. Throughout the range
of the measured xgc, the conductivity of the LiFSA solution is
ca. 1 mS cm ' greater than that of LiPF; despite the greater
static size of FSA™ in eqn (11) than PFs~ in eqn (10). When
compared by their ratio, i.e., oripsa/OLiprs; at Xgc = 0, Orirsa
exceeds opiprs Dy 13%. The gap shrinks to 7% at xgc ~ 0.4
where the maximum in ¢ occurs, and widens again thereafter to
10% at xgc ~ 0.7.

Similar to viscosity, the non-Arrhenius behavior is not
evident for conductivity over the studied temperature range.
For both the LiPFs and LiFSA systems, the apparent activation
energy associated with conductivity, Ej, over the studied
temperature range (Fig. S6(b), ESIf), calculated from the
Arrhenius relation, —Inoe = —E3/RT + C, monotonously
increases without the extremum from ~ 8 k] mol™" at xpc = 0

13- -
12 -
T 11_ L
§ o
o 10- -
% N o LiPFg i
e LiFSA
8 ! -
71 i

00 01 02 03 04 05 06 07

Xec

Fig. 6 Specific conductivity, o, of the 1 mol kg™ solution of LiPF¢ and
LiFSA at T/K = 298. The lines are a visual guide.
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to ~15 k] mol™" at xgc = 0.7. What is behind this observation
that less conductive solution at low xgc has a low Ej is
inexplicable at present, to which, as in the viscosity, the free
volume considerations may give a clue.*®

The well-known negative correlation between 7 and c—the
higher the viscosity, the lower the conductivity—is quantita-
tively discussed when dealing with the hydrodynamic (Stokes)
radius in Section 3.6.

3.5 Diffusion coefficient and degree of dissociation

Fig. 7 plots the diffusion coefficient, D, of all species in both the
solvent and the solution determined by PGSE-NMR. Some of
these data points were previously measured by Hayamizu
et al.,>* with which our results agree; e.g., in pure DMC without
a solute, Dpyc/107'° m? s™! = 26, by Hayamizu, while it was
24.8 in our study.

Either for the solvent without solute or for the 1 mol kg ™"
solution, DMC moves the fastest, followed by EC, anions and
Li" which is the slowest. As compared in Fig. 7(a and b), the
addition of 1 mol kg™ of the solute decreases the D of EC and
DMC to around a third, which is a roughly opposite trend in the
viscosity where 7 increases about three times as shown in Fig. 5.
When the solute is absent (Fig. 7(a)), Dpmc is close to Dg¢ in the

@ [
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Fig. 7 Self-diffusion coefficient, D, determined by PGSE-NMR at T/K =
298. (a) Solvent without solute and (b) solution of 1 mol kg~* LiPFs and
LiFSA.
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mixed solvent; the former is only 10-13% greater than the latter
throughout the measured range of xgc. In the EC/DEC solvent
system, Hayamizu et al* observed a similar phenomenon:
while Dgc and Dpgc significantly differ in each pure (single
component) solvent, they come close to each other when EC
and DEC are mixed. In the presence of the solute (Fig. 7(b)),
either for the LiPF¢ or for the LiFSA system, Dpyc is 33%
greater than Dgc at xgc = 0 and the gap gradually narrows to
15% at xgc = 0.7. This observation implies that, at low xgc, EC
molecules are more hindered in their movement, concurring
with the preferred solvation of EC to Li" over DMC and its
downslide with xg¢ as discussed in Section 3.2.2.

For all species, D decreases with an increase in xgc, which
presumably stems from the increase in #. Incidentally, in the EC/
DEC system, Hayamizu et al. observed that, with the increase in the
EC-content, while Dy; decreases, Dpy, remains almost constant.*

Not only are Dy;, Dgc and Dpyc in the LiPFg system close to
those in the LiFSA system, but also Dpp, > Dgg,, despite the
significant difference in the static size of the anions as in
eqn (10) and (11) and significantly less than D of the solvent
in the solution. As discussed below, this result is related to the
pairing of anions with Li*, which drags a fraction of the anion
with Li* regardless of the anion. Although the precision of the
experimental data requires certain reservation for the decisive
figure, at higher xgc, D in the LiFSA system slightly exceeds that
in the LiPF, system, which, as discussed below in Section 3.6,
results in the similar Stokes radius in these systems because of
the cancellation between D and 7.

The order of magnitude is

Dy; < Dy < Dgc < Dpmc

(17)

throughout the measured range of xpc, which is in contrast
to the order of the static size of each species discussed in
Section 3.1 and reflects the hydrodynamic Stokes radius dis-
cussed below in Section 3.6. Comparing Dy; and D,, one finds
that the anions are 10-20% more mobile as a charge carrier
than Li" at xgc = 0, which suggest a higher transport number of
the former than the latter. The gap monotonously widens to ca.
60% at xgc = 0.7.

The Nernst-Einstein relation relates the diffusion coefficient
of charge carriers, D., to a hypothetical molar conductivity, Axg,
as in the present 1:1-salt case

2

F
ANE = 7(D+ + D*)v

RT (18)

where F is Faraday’s constant. The molar conductivity of an
electrolyte solution would hypothetically be Ang if each charged
particle were moving independently without correlating with
others. The real molar conductivity, 4 = ¢/C, where C is the
molarity, is in many cases less than Ayg, which is usually
explained by the negative contribution from the positive velocity
cross-correlation between cation and anion, or in a sense viewed
as an “ion pair”, and therefore, the ratio

(19)
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Fig. 8 Degree of ionic dissociation, «, calculated from the diffusion
coefficient, D, of the charge carriers and the conductivity in Section 3.4
using egn (19) as well as o estimated from the Raman spectra of FSA™ of
LiFSA dissolved in GBL/DMC shown in Fig. 4(b) in Section 3.2.

can be termed as the degree of dissociation of the solute in the
solution. Fig. 8 plots the o thus calculated, in which also shown
is o estimated from the Raman intensity ratio of FSA™ in the
GBL/DMC system in Fig. 4(b) under the tentative assumption
that the signal activity ratio, as/a, = 1.0. Either for the LiPFs or
LiFSA system, only 25-30% of solute dissociates in DMC, which
increases to 65% at xgc = 0.7. Our experimental results of o
roughly agree with the dynamic degree of ion dissociation, og,
theoretically predicted by Borodin et al.”>® Analyzing the results of
the molecular dynamics simulations based on topological graph
theory, Tenney et al.>° pointed out that a significant fraction of
clusters has non-zero charge in pure EC and in EC:DMC = 1:1
mixed solvent while in pure DMC neutral clusters prevail,
suggesting a lower o value in the latter. The degree of ionic
dissociation, o, estimated from the Raman signal of FSA™ is by
and large in line with the one calculated from eqn (19). If the
activity ratio, ag/a,, is accurately obtained, the coincidence can
be better, thereby suggesting that for FSA™, the vibrational
spectroscopy can be applied for examining the ionic dissociation
whereas for PFs~ it cannot. Insofar as the present two systems,
LiPF; and LiFSA in EC/DMC, are concerned, the solvent
composition similarly influences the ion dissociation either for
PFs~ or FSA™. Similarly in the EC/DEC solvent system, o
increases from 0.17 to 0.71 when the EC content increases from
0 to 100%.* This result is consistent with the notion that the high
dielectric constant of EC is effective in separating the ion-pairs to
increase the ionic conductivity of the electrolyte solution. The
important role of dielectric shielding in determining the
electrolyte conductivity has been also revealed in our recent
Monte-Carlo simulations.*>*°

While LiPFs and LiFSA hardly differ in terms of o, they are
distinct in terms of the transport properties; namely, the latter
system has lower viscosity, n (Section 3.3), and higher ionic
conductivity, o (Section 3.4), than the former. Phenomenologically,
aripr, comes close to oyirsa because both the conductivity and
diffusion coefficient of ions, which are in the numerator and
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denominator in eqn (19), respectively, are smaller in the LiPF,
system than in the LiFSA system; the distinction between these
systems hence tends to cancel out in «. The fact that the concept
like the ion-pair or the degree of dissociation cannot differentiate
these systems in terms of 7 or ¢ points to a limitation inherent in
this concept in describing the transport phenomena, for which we
make a brief remark at the end of Section 4 from the viewpoint of
the two-body correlation functions.

3.6 Stokes radius

The so-called Stokes-Einstein relation surely belongs to the
“classics”, for more than a century has elapsed since the
Brownian motion of colloidal particles in a continuum viscous
medium was theoretically examined by Einstein,*"** whose
contemporary Perrin®® experimentally determined, making
use of the very Brownian motion, the Avogadro’s number to
secure victory of the atomism over the continuum picture of
matter. Because atoms and molecules are much smaller than
colloidal particles, the model is unlikely to describe their
movement in a medium which itself is composed of atomistic
entities. The relation has nonetheless proved suggestive in
analyzing the diffusion of ions and molecules in
solution.>*** In the present study, we also assume that the
following equation holds:

kT

- 20
cnnD,’ (20)

ISt
where 7., is the hydrodynamic (Stokes) radius of species «, k
the Boltzmann constant, 7 the absolute temperature, ¢ the
shape factor, # the viscosity of the solution and D, the diffusion
coefficient of «. Theoretically, the factor, c, is 6 for the sphere
and depends on the shape of the particle. Empirically, on the
other hand, for neutral molecules whose molecular weight is
close to that of EC or DMC, ¢ roughly ranges from 3 to 4 in
CCl,.** Hayamizu et al. suggested ¢ = 3.2 and 3.3 for GBL and
PC, respectively,” whereas Collings proposed ¢ = 3.61 and 3.79
for benzene and carbon tetrachloride, respectively.*” To eliminate
the ambiguity in ¢, one may take the ratio of rg, for instance, of
the ions to the solvent, as Hayamizu et al. did;> however, in the
present study, we tentatively put ¢ = 3.5 as a mean of above
mentioned empirical values to gain a rule-of-thumb size of
transporting entities in the solution. (The figures of which the
y-axis should be linearly re-scaled if ¢ is modified are Fig. S7 and
S9, ESL¥)
In the solvent without the solute, the Stokes radius of EC
and DMC is constant independent of xgc as shown in Fig. S8
(ESIY):

Fstomc/A ~ 2.5 < Tsepc/A ~ 2.7. (21)

This suggests that the increase in xgc decreases both the
fluidity of the solvent, 1/y, and the diffusion coefficient of its
constituents to an approximately equal extent, rendering the
product, #D,, in eqn (20) constant. In other words, in the
absence of ions, each individual EC and DMC molecule flows,
as if it were, with a characteristic constant hydrodynamic radius
under the friction imposed by the surrounding matrix, which is
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greater for EC than DMC and varies with xgc even if the matrix
itself is composed of EC and DMC. The order of rs; is opposite
to their static size in eqn (8) and (9). We hence infer that the
Stokes radius of DMC, a highly fluid liquid, can be close to its
static radius whereas the viscous EC moves under a more
dynamic friction than DMC to give the order

To,ec < T'opmc ~ Tst,pmc < TstEC- (22)

Fig. 9 shows the calculated Stokes radius, rs, in the solutions.
Disregarding the variation of rg; with xgc, which we will discuss
later, one confirms in either solution the obvious trend

I'stpme < Tstec < Tsta < TsgLiy (23)
where A represents the anion (PFs~ or FSA™). As for EC and
DMC, despite the considerably higher viscosity of the solution
than that of the solvent without the solute (¢f., Section 3.3), the
rse of the solvent molecules in the presence of ions comes close
to that in its absence (Fig. S8, ESIT), although at high xgc the
radius in the solution becomes smaller than that in the solvent,
which is not plausible, thereby implying the limitation of
applying the Stokes-Einstein relation. While at low xgc, the
rse of PFs~ and FSA™ is greater than the static radius, r,, in
eqn (10) and (11), the gap narrows at high xgc. The lithium ion
Li*, whose static size is the smallest, has the largest Stokes
radius, confirming the well-established view that Li* in the
solution is heavily solvated by the solvent and correlated with
the anions. The Stokes radius of Li" calculated in this section by
and large agrees with r. estimated from the solvation number
determined by the Raman spectroscopy discussed in Section 3.2
(Fig. S5, ESIT).

As for the variation of rg with xgc, an obvious tendency is
that it decreases for all constituents with an increase in xgc
except at the highest EC-content xgc = 0.7. Let us define the rate

T~ A

o— _
i \5>g~\4,3€———% L

S,
—

00 01 02 03 04 05 06 07

Xec
Fig. 9 Stokes radius, rs;, of the ions and solvent in the solution calculated
from the diffusion coefficient, D, of each component and the solution
viscosity, 1, based on eqgn (20), where the shape factor is taken to be
c =35
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of expansion of rg; with respect to xgc by

1 d}'S[’y

K, = 24
* 7 rsta(vec — 0)dxec ()
and the rate of expansion of the entire system as
1 dv/7,
Ksys = = (25)

Y Vm(xgc — 0) dxec

where V,, is the molar volume of the solution. If we calculate K,
from rg in the range 0 < xgc < 0.55 and K, from Vi,
determined in Section 3.1, we get

0 < —Kyys < —Kiy ~ —Kgc ~ —Kpmc < —Ka  (26)

for either A = PF4 or FSA. That is, the decrease in the system
volume with the decrease in xgc hardly contributes to the
decrease rate of rg; of all components, among which the anions
are the most influenced by the EC-content to the extent that
their Stokes radius becomes close to their static radius. This
implies that the anions are liberated from the cations, not
solvated by the solvent, and move under the friction from the
solvent medium, which is consistent with the degree of ionic
dissociation shown in Fig. 8. The cations, on the other hand,
are heavily solvated by the solvent, even if it dissociates the
anions thanks to the dielectric shielding of EC, and therefore,
the size of moving entity only slightly decreases or is almost
invariant as shown in Fig. S5 (ESIT). When the EC-content is too
high, the high viscosity of the system is considered to prevail
over the gain in separating ions by EC, thereby causing the
ionic conductivity to peak out as in Fig. 6 and the Stokes radius
to bottom out as in Fig. 9.

4 Conclusions

The present study experimentally measured a series of transport
properties of the EC/DMC binary solvent with the composition
0 < xgc < 0.7 and its solution dissolving 1 mol kg™" of LiPF
and LiFSA; namely, diffusion coefficients of Li*, PFs , FSA™, EC
and DMC; the viscosity of the solvent and solution; and the ionic
conductivity of the solution. Further, we employed Raman
spectroscopy to quantitatively specify the species solvating Li"
in the solution and to examine the interaction between Li" and
the anions. Incorporating the experimental and theoretical
results obtained in the previous studies, we can summarize the
experimental insight into the transport properties of these
electrolyte systems as follows.

4.1 Competitive solvation between EC and DMC

Raman spectroscopy quantified the competitive relation among
EC and two conformers of DMC in the Li-solvation shell. The
cis—trans conformer of DMC, which is less stable than the cis—cis
conformer in vacuo, is to some extent stabilized in the solvation
shell. When EC is substituted for DMC in the solvent, the
former replaces the latter in the first solvation shell, and
the analysis reveals that EC is about twice as preferred in the
shell as DMC, although the preference somewhat decreases
if xgc increases. The present result consistently appends a
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quantitative insight into the Li-solvation model depicted by
the previous experimental and theoretical studies.

4.2 Stokes-Einstein relation

The classical Stokes-Einstein equation, which links the microscopic
hydrodynamic radius and diffusion coefficient to macroscopic
viscosity, still effectively holds, albeit with an ad hoc “shape factor”,
when quantitatively discussing the transport phenomena.
For instance, the average size of the moving entity associated
with Li" estimated from the solvation number determined by
Raman spectroscopy roughly coincides with the Stokes radius
of Li" despite the independent experiments. The Stokes radius
of the solvent molecules does not significantly change when
the solute is added, despite the significant difference in the
viscosity and diffusion coefficient between the pure solvent and
the solution.

4.3 Static and hydrodynamic size of ions

The established account reconfirmed that the hydrodynamic
(Stokes) radius of Li*, whose static size is the smallest among
the constituents, is the greatest in the solution whereas that of
the anions does not significantly differ from the static one,
suggesting that Li* is heavily solvated while the anions are not.

4.4 EC’s effect in increasing conductivity

As previously considered, its high viscosity notwithstanding, EC
is effective in increasing the ionic conductivity of the electrolyte
solution by dissociating ion-pairs, for which the high dielectric
shielding of EC is presumably responsible. The argument was
substantiated in the present study by the comparison of
Nernst-Einstein conductivity with real conductivity and the
Raman spectra of FSA™. This effect of EC liberates the anions
from Li" as suggested in the higher extent of decrease in the
Stokes radius of the anions than that of the other constituents
with the increase in xgc, enhancing the contribution of the
anions to the conductivity, despite the decrease in its diffusion
coefficient due to the increase in the solution viscosity.
On the other hand, Li" barely receives benefits, because the
EC-preference in the solvation over DMC maintains its hydro-
dynamic size nearly constant, or decreases it only slightly.
Based on the experimental data, the present study attempted
to draw a comprehensive picture of a range of transport properties
of non-aqueous electrolyte solutions. However, to reinforce the
understanding obtained, not only can we extend our experiment
by varying the salt concentrations or by dealing with other solute/
solvent systems, but also there is room for further theoretical
studies to give full play. That is, transport phenomena entail
by nature the dynamic correlations among different particles,
especially at a high concentration of the charge carriers, and
therefore, they cannot be described in terms only of static
concepts like ion-pair, solvation number, etc. Nor are they fully
fathomed out by single-particle properties like Stokes radius or
self-diffusion coefficient, which pertains only to auto-correlation.
Recently, we demonstrated by molecular dynamics simulations*®
that the reason why the real ionic conductivity of molten binary
carbonates, where virtually all ions are in a sense ‘“paired”,
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deviates from the Nernst-Einstein counterpart is explicable in
terms of the velocity cross-correlations between cations and
CO;>". As implied by Tenney et al,*® accurately calculating
the cross-correlation functions can be still computationally
demanding for room-temperature electrolyte solutions containing
organic molecules. Considerations analogous to molten salts
would be nonetheless inevitable to fully understand the transport
properties of electrolyte solutions.

Finally, from the viewpoint of battery application, the diffusion
coefficient suggests that the contribution from the cation and
anion to the conductivity at a given xgc is comparable in LiFSA and
LiPF, solutions; ie., the transference number is comparable in
these systems. In terms of the absolute value of the conductivity,
on the other hand, LiFSA excels over LiPFq in the EC/DMC binary
solvent, which facilitates the successful operation of Li-ion
batteries. However, at electrochemical potentials above 4 V vs.
Li/Li*, the amide-based anions, including FSA™, corrode the Al
current collector,*”*® which may limit the use of LiFSA as the main
electrolyte component for high-voltage Li-ion batteries.
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