Downloaded via UNIV OF TENNESSEE KNOXVILLE on July 7, 2022 at 01:04:32 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCB

Controlling the lon Transport Number in Solvent-in-Salt Solutions
Ivan Popov,* Airat Khamzin, Ray A. Matsumoto, Wei Zhao, Xiaobo Lin, Peter T. Cummings,

and Alexei P. Sokolov*

Cite This: J. Phys. Chem. B 2022, 126, 4572-4583

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations

ABSTRACT: Solvent-in-salt (SIS) systems present promising materials for the next
generation of energy storage applications. The ion dynamics is significantly different
in these systems from that of ionic liquids and diluted salt solutions. In this study,
we analyze the ion dynamics of two salts, Li-TFSI and Li-FS], in highly concentrated
aqueous and acetonitrile solutions. We performed high-frequency dielectric
measurements covering the range of up to 50 GHz and molecular dynamics
simulations. The analysis of the conductivity spectra provides the characteristic
crossover time between individual charge rearrangements and the normal charge
diffusion regime resulting in DC conductivity. Analysis revealed that the onset of
normal charge diffusion occurs at the scale of ~1.5-3.5 A, comparable to the
average distance between the ions. Based on the idea of momentum conservation,
distinct ion correlations were estimated experimentally and computationally. The
analysis revealed that cation—anion correlations can be suppressed by changing the
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solvent concentration in SIS systems, leading to an increase of the light ion (Li* in our case) transport number. This discovery
suggests a way for improving the light cation transport number in SIS systems by tuning the solvent concentration.

I. INTRODUCTION

Solvent-in-salt (SIS) systems, ie. highly concentrated salt
electrolytes, attracted significant attention in recent years.'
They are considered as promising candidates for the next
generation of batteries and supercapacitors due to their
improved properties, such as high cation transport number,
high electrochemical stability,'”"" suppression of lithium
dendrite formation,'” less flammability, less volatility, and high
charge density.”'”'? However, the cost of all these impressive
properties is a decrease in conductivity,”'*'® which might be an
obstacle for widespread applications of SIS systems. Ion
diffusion and ion—ion and ion—solvent correlations are the
critical parameters controlling the ionic conductivity. Thus, the
fundamental understanding of the mechanisms controlling
charge transport in SIS systems is critical for their rational
design and implementation in energy storage applications.
Many interestin% Gproperties in SIS systems were revealed in
recent years,”¥”'*1°7*! yhere the presence of a small amount of
solvent makes their dynamics and structure significantly
different from those of ionic liquids and diluted salt solutions.
Especially, the aqueous solutions or water-in-salt (WIS) systems
were in the spotlight of several recent publications.”~""'*72%22
It was shown that in WIS systems, the electrochemical stability
window of water significantly increases; 192t the same time, these
systems still demonstrate high DC conductivity.*'* Molecular
dynamics (MD) simulations and experiments revealed a
disproportion in cation and anion solvation in WIS electrolytes
resulting in the formation of a liquid structure with nano-
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heterogeneity.”'* The nanoheterogeneity leads to the formation
of water-rich channels acting like conducting wires for lithium
ion transport.”'* Moreover, later papers show that in highly
concentrated Li-TFSI aqueous systems, the anion also plays a
significant role in the extended H-bonding network to facilitate
Li transport,” leading to an increase of the lithium transport
number. However, other studies demonstrate that in the same
system, the water network is completely broken and is replaced
by a TESI™ network.”*** Furthermore, recent studies revealed
surprisingly strong acidity in highly concentrated Li-TFSI
aqueous solutions,”® which was ascribed to the deprotonation
of the water molecules bridged to lithium ions. All these results
indicate a completely different behavior of the solvent in highly
concentrated electrolytes. It is worth noting that if water is
replaced with acetonitrile (AN), the liquid structure becomes
less heterogeneous,g’14 and the effect of the high lithium
transport number disappears at the same salt molar concen-
tration.'* Another interesting aspect is the study of the ion—ion
correlations in SIS systems. Obviously, the reduction of the
solvent in electrolytes results in a decrease of the distance
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Figure 1. Wide frequency spectra of conductivity for different salt solutions with molar concentration v,/ Vygpyen: = 1:3: (a) Li-TFSI in water, (b) Li-
FSIin water, (c) Li-TFSI in acetonitrile, and (d) Li-FSI in acetonitrile. In (a), the usual regimes are shown: (i) AC conductivity, (ii) DC conductivity,

and (iii) electrode polarization effect.

between the ions and higher interactions and correlations
between them.

Thus, the SIS systems have very distinct properties in
comparison to those of the diluted electrolytes and “solvent-
free” ionic liquids. However, the microscopic dynamic proper-
ties of ions in SIS systems remain poorly studied experimentally.
The quasielastic neutron scattering (QENS) technique, which
can provide detailed information on the geometry and time scale
of individual ion jumps,”” so far was not efficient due to
hydrogen atoms of solvent molecules dominating the QENS
signal. The QENS study of the highly concentrated aqueous Li-
TESI electrolyte revealed much slower water dynamics in
comparison to that of bulk water,”* but no information on ion
dynamics was extracted due to the small neutron cross sections
of Li-TFSI in comparison to water molecules. In this respect,
broadband dielectric spectroscopy (BDS)*® can give valuable
information because it measures the response from the diffusion
of charge carriers.

In this study, we measured conductivity spectra from below 1
Hz to ~50 GHz in highly concentrated Li-TFSI and Li-FSI
solutions in water and acetonitrile. Analysis of the data using the
random barrier model*” ™ suggests significant heterogeneity in
the studied SIS systems. Moreover, the presented analysis
revealed that the ions reach the diffusion regime already at a
distance of ~1.5-3.5 A, comparable to the distance between
ions. Using this model, we were able to estimate the ion diffusion
at low temperatures not accessible to the NMR technique and to
estimate the correlations in ion dynamics, i.e., the inverse Haven
ratio. Furthermore, we analyzed the distinct ionic contributions
to conductivity, based on the momentum conservation law and
MD simulations. The most interesting is that our analysis
revealed that a change in the solvent concentration can suppress
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the anion—cation contribution to conductivity and increase the
Li* transport number, and the dependence of the transport
number on the solvent concentration is defined by the ion—
solvent dynamic correlations. The discovered behavior suggests
an interesting avenue in the design of liquid electrolytes with a
high cation transport number.

Il. EXPERIMENTAL RESULTS

IL.I. Materials. Li-TFSI and Li-FSI salts were purchased from
Sigma-Aldrich and TCI America and were mixed in molar
fractions Vg /Vgglyene = 1:3 with distilled water and anhydrous
acetonitrile (AN). Both salts are stable in AN; however, Li-FSI is
reasonably stable in water only at temperatures below 50 °C."*
Detailed analysis of the Li-FSI stability is presented in ref 34. To
avoid any artifacts related to the salt decomposition, all the
studied solutions were prepared right before the experimental
measurements.

ILIIl. Conductivity Spectral Measurements. Conductivity
spectral measurements were performed using three spectrom-
eters to cover the wide frequency range from 0.1 Hz up to 50
GHz. An a-A analyzer from Novocontrol was utilized in the
frequency range of 107'—10° Hz. A cell consists of a cap as a
bottom electrode; the upper electrode is separated from the cap
using a sapphire window to avoid electrical contact between
them. The fixed electrode distance of 0.4 mm and diameter of
10.2 mm were used. The samples were measured with a voltage
amplitude of 0.1 V. The standard calibration procedure was used
before measurements. An Agilent RF impedance material
analyzer, E4991A, with WinDETA Software from Novocontrol
was used in the frequency range of 10°—3 X 10° Hz. The cell was
constructed from two APC-7 connectors. For the upper
electrode, the inner pin of one connector was replaced with a
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Figure 2. (a) Master plot of conductivity, where spectra were normalized by DC conductivity and to the position of the reference curve (at T =293 K).
The inset is a demonstration of data fitting by eq 1 (red line) and eq 2 (green line). (b) Spectra of real and imaginary parts of dielectric permittivity for

the Li-TFST in AN (Vye/Vegpvent = 1:3)-

solid pin with a diameter of 3 mm, and the free space between
the inner pin and outer part was filled with Teflon. For the lower
electrode, the pin in another connector was removed, and in the
free central space, a movable metallic cylinder was inserted. As a
result, the coaxial line was terminated with the plate capacitor
with an adjustable distance between the electrodes. The coaxial
line was calibrated using a standard procedure (Open/ Short/S0
Ohm) to move the reference plane up to the cell, terminating the
line. The cell was calibrated as well (Open and Short) for better
precision. The samples were loaded between the two electrodes
with a distance of 0.1 mm and measured with a voltage
amplitude of 0.1 V. A panoramic network analyzer, Agilent
Technologies, E8364C, with a 85070E dielectric probe kit was
utilized for frequency measurements from S X 10° Hz up to S X
10" Hz. A performance probe with the Agilent electronic
calibration module (ECal) was used for measurements of the
real and imaginary parts of dielectric permittivity. The
calibration was performed in a standard procedure using
Open, Short (performance probe kit), and Load (distilled
water at 20 °C) states. Just before each measurement, the
calibration was refreshed using the ECal module. A Quattro
temperature controller (Novocontrol) was used for temperature
stabilization for the measurements from 107" to 10° Hz. The
samples were stabilized for 20 min at each temperature to reach a
precision of +0.2 K. A Julabo Presto W80 was used together with
a homemade cryofurnace for temperature stabilization for the
measurements from 5 X 10° Hz up to § X 10'° Hz. The samples
were stabilized for 40 min at each temperature to reach a
precision of +0.2 K.

The conductivity spectra for all studied systems exhibit three
usual regions (Figure la—d): (i) frequency-dependent alternat-
ing current (AC) conductivity regime at high frequencies, 6,¢;
(ii) a plateau level of the direct current (DC) conductivity
regime at the intermediate frequency range, opc, and (iii) a
decrease due to the accumulation of charge carriers at the surface
of the electrode at lower frequency (electrode polarization
effect).®

ILIIl. Molecular Dynamics Simulations. Classical molec-
ular dynamics (MD) simulations were performed using
GROMACS 2020.*® The all-atom o?timized potential for the
liquid system (OPLS-AA) force field”” was used to describe Li*
ions and acetonitrile (AN), and the SPC/E model was used to
describe water. The force field parameters of TESI™ ions were
taken from ref 38. All the bonds with the hydrogen atoms were
constrained by the LINCS algorithm.” In Li-TFSI solutions, the
molar ratio of Li-TFSI to solvent is 1:3, which is consistent with
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experiments. The PACKMOL software package*® was used to
put a certain number of molecules at random nonoverlapping
positions. The steepest-descent energy minimization was first
performed to relax any initial unfavorable interactions. Then,
MD simulations were performed using the isothermal—isobaric
(NPT) ensemble. The systems were further equilibrated in the
canonical (NVT) ensemble for 10 ns. To calculate the ion—ion,
ion—solvent, and solvent—solvent correlations, the production
simulations were performed for 1 ns. A timestep of 1fs was used,
and the configurations were saved every 10 fs. The temperature
was maintained at 303 K through a Nosé—Hoover thermo-
stat,*** and a Berendsen barostat*® was used to control the
pressure at 1 bar. A cutoff length of 1.2 nm was employed for the
van der Waals interactions and Columbic interactions in the real
space. The long-range electrostatic interactions were calculated
by the particle mesh Ewald (PME) method with a minimum grid
spacing of 0.1 nm in the inverse space.”* Five independent
simulations with different initial configurations were used to
achieve sufficient sampling for each system. To generate more
accurate dynamic properties of salt ions in solvents, we
compared the mean square displacement (MSD, Ir(t) —
r(0)I%, where r,(t) refers to the center of mass positions of
ions) from MD with experimental data, and the partial charges
for salt ions were scaled by a factor of 0.85 (see Figure 3c) from
MD simulations with experiments. Production run for 8 ns in the
NPT ensemble was used to generate MSD. The system pressure
was controlled using a Parrinello—Rahman barostat**® at 1 bar.
The diffusivity of salt ions in the solvent was calculated by the

Einstein relation: D = lim é([ri(t) — 7(0)]*). The total ion—
t— 00

ion autocorrelation conductivity was derived from the
autocorrelation function of electric current through the

3kBlTv /000 <f(t) ‘T(O»dt, where

kg, T, and V refer to the Boltzmann constant, temperature, and
system volume, respectively. J(t) is the electric current J(t) = e
Zé\ilzl) z(t) = ezgjﬁl) 20, (t) +e Z?_’zl z_v,_(t), wheree, N, z,
and v refer to the elementary charge, number of ions, and
velocity of ions and “—/+” denotes the anion/cation,
respectively. The total ion—ion autocorrelation conductivity is
represented in the sum of six different partial autocorrelation
conductivities by employing the autocorrelation function
between different or the same species,*®
c=¢,+0g,+to_+o0_+o0_+o_,, where “s/d” de-

Green—Kubo relation*’ ¢ =

notes self- and distinct correlations, respectively. The solvent—
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solvent autocorrelation diffusivity and ion—solvent autocorrela-
tion diffusivity were calculated by the time integral of the

velocity autocorrelation function D = /0 B @) U eenc(0))dE,

where i stands for the solvent, cation, or anion molecules.

lll. DATA ANALYSIS

lll.I. Analysis of the Conductivity Spectra. As in many
ionic S)rstems,3l’32 the time—temperature superposition for
AC—DC crossover holds well also for SIS systems (Figure 2a),
and all the conductivity data collapse well into a master curve by
scaling conductivity by opc and frequency by fy. The master
curve presents a crossover from the power law behavior of AC
conductivity at high frequencies to the plateau level of DC
conductivity at lower frequencies. A broad conductivity
relaxation process appears in the real part of the dielectric
permittivity around the same AC—DC crossover frequency
(Figure 2b). This process is always covered by the DC
conductivity tail in the imaginary part of the dielectric
permittivity (Figure 2b).

The random barrier model (RBM)*™** is often used to
describe the conductivity spectra. This model suggests that the
transport of charge carriers happens by hops over potential
energy barriers. In this case, with a constant barrier height
distribution, the model leads to the equation29

Mln[m) = iwT,

Opc Opc

(1)

Here, 0*(w) is the complex conductivity; opc is the DC
conductivity; and 7, is the conductivity relaxation time. The
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latter defines the characteristic AC—DC crossover time, i.e.,
when the charge subdiffusive regime, (r*(t)) ~ t* with a < 1,
crosses over to a normal diffusion regime, (r*(t)) ~ t (here,
(r*(t)) is the charge mean-squared displacement). Eq 1
describes not only the conductivity spectra but also the
conductivity relaxation process in the real part of the dielectric
permittivity. The validity of eq 1 was tested in computer
simulations, and it was shown that if the system is highly
inhomogeneous, eq 1 provides an inaccurate fit of the simulation
data at high frequencies. Based on the idea of the fractal
percolating cluster, the correction term was introduced to fix this
drawback, and eq 1 was revised”’

%)

It was shown that eq 2 describes well the conductivity spectra
of polyionic and molecular ionic liquids.*”*° Moreover, it was
suggested that using the diffusion coefficient, D, independently
measured from PFG-NMR, the characteristic length of the
crossover to Fickian diffusion can be estimated*’™>*

A= ,/6Dz, (3)

Analysis of ionic liquids revealed 4 ~ 2—3 A, and it was
ascribed to the ion jump length.”>>® However, analysis of
polyionic liquids (PolyILs) revealed 4 ~ 4—7 A,* which is too
large for a single ion jump in a condensed matter. This length
was ascribed to the characteristic distance the ion needs to move
to escape from a Coulombic cage formed by the neighboring
ions.*”>° Depending on the size of the Coulombic cage, the ion

. -1/3
§ I0T,0pc

3 a*(a))

o"(w)

Opc

iwT,0pc

()
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low temperature were calculated based on the diffusion coefficient from Figure 3a. (b) Temperature dependence of H™" for various ILs (data from refs
49, 52, 74—77, some recalculated from the estimates of “free ion” concentration). The data clearly show the existence of the maximum at some specific

temperatures.

might have several elementary jumps, a kind of rattling in the
Coulombic cage, before escaping from it.*”* This escape leads
to ion rearrangements and a reorientation of dipole moments
and appears as conductivity (ionic) relaxation in &*(w) with
relaxation time, 7,. It was also suggested that knowing parameter
A and using 7, from the BDS measurements, one can estimate
the ion diffusion coefficient in the lower temperature range not
accessible to NMR.*

However, the idea mentioned above was tested only for
polyionic and molecular ionic liquids.*”~>> Applying the same
approach to the SIS systems studied here revealed that eq 2
provides better fit of the data than eq 1 (see the inset of Figure
2a). This result indicates high inhomogeneity of the SIS systems,
which was suggested earlier based on the MD simulations® and
FTIR studies.”'* The temperature dependence values of the
conductivity are published in our previous work;'* the
temperature dependence values of the ionic relaxation time,
7,, are presented in Figure 3a. Using diffusion of ions measured
with PFG-NMR'* and eq 3, we estimated the ion rearrangement
length: 4, = /6D, 7, and A_ 6D_z_. The obtained values of
the ion rearrangement length are in the range of 1-3 A (Figure
3b). In agreement with an earlier suggestion,49 this distance is
indeed approximately half the average distance between the ions
(d) = [(3/42n)"*]/2 (Figure 3b), where n is the ion pair
concentration. We also note that the estimated ion rearrange-
ment length is comparable to the jump length of solvent
molecules measured independently by QENS in our previous
work.'* The MD simulations of mean square displacement also
indicate (Figure 3c) that the crossover from the subdiffusive
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regime to the normal diffusion indeed appears at (r*(t)) ~ 2> and
time equal to 7, (as a cross of extrapolated lines corresponding to
the slope of (r*(t)) in the anomalous diffusion regime with the
line of the normal diffusion regime).

Knowing the A, parameter, it is possible to estimate the
diftusion coeflicient at low temperatures, not accessible to PFG-
NMR measurements. For this purpose, we can rewrite eq 3 as
follows: D, = A,?/(67,). For the AN system, the ion
rearrangement length depends slightly on the temperature,
and we used the minimum value of 4, at low temperature to
estimate the diffusion coefficient. The results including also the
PFG-NMR measurements from our previous work'* are
presented in Figure 4. The results for aqueous solution are not
shown because of its crystallization at low temperature.

lILIL. lonic Correlations in SIS Systems. Knowing the ion
diffusion from NMR and conductivity relaxation time, we can
estimate the expected ionic conductivity using the Nernst—
Einstein (NE) equation49’54_56

g'n
—(D. + D)
kT

ONE =

(4)

where ¢ is an ion charge and D and D*¥ are the anion and
cation diffusion coeflicients, respectively. The NE equation
assumes independent (uncorrelated) contribution of ions to
conductivity. However, in concentrated ionic systems, ion—ion
interactions lead to strong correlations in the dynamics of the
ions and failure of the NE equation.*****%7~% The ratio of the
measured DC conductivity and estimated uncorrelated
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conductivity via eq 4 is called the ionicity or inverse Haven

58,62,67—73
ratio
0,
-1 DC
H =—
ONE ()

The inverse Haven ratio for all four studied systems is less
than one (Figure Sa), which corresponds to the negative effect of
ion—ion correlations suppressing the conductivity. Further-
more, it appears that the inverse Haven ratio has a
nonmonotonous variation with a maximum at some temper-
atures. A similar maximum in the inverse Haven ratio was
previously r Eorted for some solvent-free ionic liquids (Figure
5b).*>7#=77 Tq the best of our knowledge, the origin of the
maximum in the temperature dependence of the inverse Haven
ratio was not discussed in the literature. Earlier studies’"”®””
ascribed the variation of the inverse Haven ratio (or ionicity) at
low temperatures to the dissociation energy of ion pairs.
Although we know now that H™' < 1 in ILs is not due to ion
pairs,”” electrostatic interactions between ions, E, still control
the strength of ionic interactions and H™'. In that case, we would
expect H™! ~ exp(—E,/ksT), explaining the decrease in H™" at
lower temperatures. The decrease of H™' at higher temperatures
in some ILs was ascribed to 2 change in hydrophobic
interactions and ion aggregations.® It is also possible that the
nanoheterogeneity existing in SIS systems®’ might depend on
the temperature, affecting ion—ion correlations. In particular,
analysis of our results for the characteristic length of ion
rearrangements (Figure 3b) reveals a weak temperature
variation of A in acetonitrile-based SIS systems and almost no
variations in aqueous SIS systems. This correlates to a much
stronger high temperature decrease of H™' in acetonitrile-based
SIS systems (Figure Sa). Although these ideas might provide
some qualitative explanation for the temperature dependence of
the ionic correlations reflected in the inverse Haven ratio, the
detailed mechanism of these temperature variations remains
unclear and requires additional study.

IV. ION—ION CORRELATIONS IN SIS SYSTEMS

To understand the mechanism of the ionic correlations and their
contributions to the conductivity, we need to go to the basic
definitions of diffusion and conductivity. The diffusion
coeflicient of ions is defined by the velocity—velocity self-
correlation function®*>¢

1 oo

AR OEO
3 Jo

D

(6)

while the conductivity is generally defined by the current—
current correlation function that depends on velocity—velocity
correlations of all the ions™*~°

= [T T ), where 7(0) 7 (1)

Opc

3VkB
2 47(0)- X g7 (1)
i j (7)

Only in the case with no correlations between different ions,
ie., (Vi(0)v,(t)) = 6;(v(0)¥(t)) (J;is the Kronecker delta), eq 7
reduces to NE eq 4. In general, we can separate the ionic
conductivity (eq 7) into four terms* 7!

S s
Opc=0ngt O, +o__+0,_,0(p=0,+0_

(8)
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Here, o and o) represent the contribution from the self-
correlation of cations and anions, respectively; o, and o__ are
the distinct cation—cation and anion—anion correlations,
respectively; and o,_ is the contribution of cation—anion
correlations to the conductivity. Hence, the inverse Haven ratio
can be defined as

_ O, _ O, o__
H'=1+- 4+ * 4
ONE ONE ONE 9)

Direct experimental measure of the contribution of each term
in eq 9 to the Hlisa challenging problem.82 However, we can
apply the approach proposed by Schonert,®" which is based on
the idea of momentum conservation between all the mobile
components of the systems. This model has been applied to
ionic liquids,**®® PolyILs, and plastic crystals,”’ showing
reasonable results. However, the SIS systems have a third
component, solvent molecules, and the final equations derived
in refs 48, 57 should be modified to account for their
contribution to the momentum conservation. The Appendix
section presents a detailed derivation of the distinct ion—ion
correlations based on the momentum conservation law (A.4),
following the procedure presented in ref 48. As it is shown in the
Appendix, the result depends on the relationship between
distinct cation—solvent (DY) and anion—solvent (D9)

correlations. For the case of D‘jI —D¢,, we have

2m_m, 22" )\ ; If d
O'+_= > op sovent s (Dsse _,’_1)SS ,
G+ m? | T iy m
if D¢, = —D*,
? En (nt mP
0,=————=|0pc— ——F5—
++ (WL + m+)2 DC kB mE +
_ e’n l’solvem*ﬁ (m, + 3m_) (D + DY)
keT gy m2 (m_=m) =" ”
o Pn (ot m)
=" \|%c~ _—2D—
(m_+m,) ky m,
EZn Lolvent M (l’l’l + 3Wl+) (Dself Dd
kBT Lale mi (m - +) ” (10)

However, in the case of DI, = —D®, we obtain the next
relationship for distinct ion—ion correlations

2m_m O Uent My e
(Wl7 + m+) k T Vale My im_
2
m? n (m_+m)”
Y — T D
(m_+m,) kg mZ>
e*n Liolvent m (Dself + Dd)
k T e m?
— mi eZn (m* + m+)2 self
= —l%c~ T~ 3 D-
(m_ + m+) kyT my
e n Vsolvent s (Dself Dd)
kT 1y, . (11)

Here, m, and DS are the masses and self-diffusion coefficients
of cations/anions, respectively, m and D*EIf are the mass and self-
diffusion coefficient of the solvent, s is the distinct diffusion
coeflicient of the solvent, and Vsolvent/ Vsalt is the molar solvent/
salt ratio.

Analysis of correlations in our MD simulations predicts that
for the systems studied here, DY, > 0, indicating the formation of
the hydration shell around Li" that moves together with this
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Figure 6. (a) Temperature dependence of contributions of (i) cation—cation, (ii) anion—anion, and (iii) anion—cation correlations to the inverse
Haven ratio based on eq 10 (circles). MD simulations are shown by star symbols. (b) Contribution of anion—cation correlations to the inverse Haven
ratio versus Li transport number. The diffusion coefficients for the anion, cation, and solvent were taken from ref 14. The inset is the same dependence

but for the Li-Tf in water; the data were taken from ref 19.

cation. The simulations also indicate that DY ~ —DI,
corresponding to eq 10. In this case, the parameter o, is always
positive (o, > 0), regardless of the amount of the solvent. This
result is in line with the paper,”® where the MD simulations were
done also for Li-TFSI in water and it was predicted that anion—
solvent and cation—solvent correlations have an opposite sign
and that the distinct anion—cation diffusion coeflicient is always
negative (which is equivalent to positive anion—cation
conductivity, 6,_ > 0) in the whole solvent concentration
range. Our MD simulations also show that the value of the
solvent self-diffusion coefficient is more than S times larger than
the distinct solvent diffusion coeflicient, and the latter can be
neglected (D > DZ). Using eq 10, we can analyze the
temperature dependence of all distinct ionic correlations (Figure
6a). It can be seen that all distinct ion—ion correlations do not
show any significant temperature variations; however, they show
a good agreement with the simulated result, confirming the
validity of the proposed model, eq 10.

The most interesting result is a potential relationship between
the cation transport number, t, = D{/(D +D*f), and
normalized anion—cation correlations, ¢,_/cyg (which define
the contribution of distinct anion—cation correlations to the
inverse Haven ratio). Our analysis reveals a surprising result
(Figure 6b): the decrease in 6,_/ oy in SIS systems studied here
correlates to an increase in the Li* transport number. The ¢, is
larger for the Li-TFSIin H,O, where ¢, _/oyg is the smallest. On
the contrary, normalized anion—cation correlations are the
strongest for Li-FSI in AN, and the diffusion of cations and
anions equalized, leading to t;; — 0.5. To verify the generality of
this result, we did the same analysis for the aqueous solutions of
Li-Tf studied in ref 19 and found a similar behavior at different
salt concentrations (inset of Figure 6b). Using the first equation
in (10), we can present it in the next form

2 self
0} _ _ 2m_m+ H—l + Lolvent M Ds
- 2 self self |
ONE (m_ + m+) Vo ™mym_ Di™ + D
d _ d
. D+s - _D—s
self d
D, > D, (12)

This equation suggests that if the inverse Haven ratio does not
change much with solvent concentrations and diffusion of the
solvent, cations and anions have similar solvent dependence
values (i.e., ratio of D¥f/[Df +D*¥] is constant or depends
weakly on the solvent concentration), and the contribution of

the anion—cation increases with addition of the solvent.
According to the findings presented in Figure 6b, this should
lead to a decrease of the cation transport number. This also
explains the results presented in ref 8, where it was shown that
the transport number of Li decreases with the solvent increase in
systems with different salts and solvents, while the inverse Haven
ratio and D¥/(Df + D*¥) depend weakly on the solvent
concentration (at least for Li-TFSI in water).

According to eq 10, it is impossible to reach ¢, _ = 0 because
both terms for 6, _ are positive. However, in the case of DY, = DY,
according to eq 11, anion—cation correlations change the sign
depending on the solvent concentration: In the absence of the
solvent, the contribution from o, is always positive, while it
might become negative at a high solvent content, if the second
term prevails over the first one. It is in agreement with the
previously published simulations in refs 48, 82, 84. Kashyap et
al.*® demonstrated that in solvent-free molten salt, D,x—o,is
negative, while in diluted salt solution, D, > 0. In the paper of
McDaniel et al.** the MD simulations were conducted for the
[BMIM"][BF,] IL in different solutions, and it was shown that
in neat ionic liquid, 6, > 0, while at high solvent concentrations,
0, < 01in all solutions. A similar result was obtained by Dong et
al.** for the Li-TFSI in tetraglyme, where term o, also changes
the sign from slightly negative in dilute solutions to highly
positive in concentrated salt electrolytes.

As mentioned above, in the systems where eq 11 is valid, the
cation—anion correlations might reach zero at a specific solvent
concentration and become negative in dilute solutions.
According to the findings presented in Figure 6b, this should
lead to an increase in the transport number of the lightest ion in
dilute solutions. Indeed, according to the simulation results
presented in ref 84, o, _ is positive in the neat BMIM-BF, ionic
liquids but becomes negative in dilute solutions. As a result, the
transport number of the lighter ion BF, constantly increases with
the increase in the solvent content in ref 84, in agreement with
the correlations discovered here. In this case, apparently
relatively large ions in this IL do not form a hydration shell
with any of the solvent studied, providing no preferential
solvent—ion correlations with one of the ions.

Thus, the current model based on the momentum
conservation law might explain the controversy between recent
results™*>** and ref 20 demonstrating different signs of anion—
cation correlations and different behaviors of the transport
number versus solvent content. These studies, actually,
simulated different systems, where ion—solvent interactions
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are different and cation—solvent and anion—solvent correlations
might have the same or opposite signs, which leads to different
behaviors in 0.

Summarizing based on this observation and analysis of the
literature data, we can formulate an important hypothesis: For
the electrolytes where anion—solvent and cation—solvent correla-
tions have opposite signs (i.e,, obeying eq 10), the transport number
of the lightest ion decreases with the solvent content increase, while
for the systems where anion—solvent and cation—solvent correlations
have the same sign (i.e, obeying eq 11), the transport number of the
lightest ion increases with the solvent content increase. This is an
empirical observation, which follows the momentum con-
servation law. However, it is worth noting that in eqs 10 and 11,
there is an interplay between the first and second terms, and not
always increasing the solvent content leads to an increase of
cation—anion correlations for systems (10) and decrease in
systems (11). So far, the proposed hypothesis is validated only
on a few systems and might explain several literature results.
Therefore, to make the hypothesis more general, it requires
additional molecular dynamics and experimental verification.
On the microscopic side, this difference in behavior might be
explained by the formation of a hydration shell around one of the
ions (the case described by eq 10), which slows down this ion
diffusion but also decorrelates its motion with the motion of the
counter ion. However, in the case when both ions have no
hydration shell, i.e., their distinct correlations with the solvent
are similar (the case described by eq 11), anion—cation
correlations might change the sign with the increase of the
solvent concentration.

V. CONCLUSIONS

In the current research, the conductivity relaxation model was
tested and validated in SIS systems. This approach provides
estimates of the ion rearrangement length and time scale where
ion mean-squared displacement crosses over from the
subdiffusion regime to normal diffusion. This length in the
studied SIS systems is comparable to the average distance
between the ions and to the solvent jump length estimated from
QENS. This result suggests that ion rearrangements in these
concentrated systems might happen in a single ion jump. Our
analysis emphasizes strong heterogeneity in SIS systems. The
model also provides a way to estimate the ion diffusion at low
temperatures, which is not accessible to PEG-NMR techniques.
It enables the analysis of the inverse Haven ratio in a broad
temperature range. This analysis reveals a nonmonotonous
temperature dependence of the inverse Haven ratio, the nature
of which remains a puzzle.

The most interesting results are obtained from the analysis of
distinct ion correlations, based on the momentum conservation
law. This analysis explicitly accounts for the role of solvent—ion
correlations in SIS systems and reveals that a decrease in anion—
cation correlations leads to a higher transport number of the
lightest ion. It appears that the amplitude of the cation—anion
correlations can be tuned by changing the solvent concentration.
This effect, however, depends on whether cation—solvent and
anion—solvent distinct diffusion coefficients have the same or
opposite signs. These results suggest an interesting way to
increase the transport number of light cations in SIS systems.

B APPENDIX A

Based on the idea of the momentum conservation approach of
Schonert,®! we present the contribution of distinct ion—ion

correlations to the measured DC conductivity in the case of a
three-component system (cation, anion, solvent). To derive
these relationships in a simple form, we follow the procedure
presented in ref 48. The conductivity is defined by eq 7;
separating the contribution of cations and anions, we can rewrite
eq 7 as follows

2 , Ny N
%c = % Z 2z /0 <7, ()7, (0) > dt+
B iy=1 ;+:l
N. N_ - N, N .
+22 20 D / <5, (1)7,(0) > dt + 22,2 ), D, /
i=1j=170 - oo
<7, (£)7, (0) > dt] (A1)

where z, and N, are the charge numbers and number of mobile
corresponding ions, respectively. Then, we consider the local
area around the ion with the number of cations ¢, > 1 and
number of anions ¢_ >> 1 and make an assumption that inside
this area, the ion correlations do not depend on the distance,
while outside this area, the ion correlations are equal to zero.
Assuming that all ions are mobile, N, =N_=N,j, and ¢, =¢_=
@ p; from A.1, we have

2
en
Opc =0+ 0., +0__+0,_, 0 = k—T(ziDj,EIf + 22D
B
- = _ezﬂzEDCl - _eznzde
T 2T kT 2 T kT T (A2)

where  is the ion pair concentration and D*/? represents self
and distinct diffusion coefficients.

D = é/ < (t)-7(0) > dt,
0

peett = 1 / <v(t)-v-(0) > dt
3 Jo
0t =2 [T <o) (0) > d
73 7(£)-v,(0) > dt,

pi_ =L [T <)o) > de
3 Jo
i =% fo " <o (1) 7(0) > dt = £ fo " < (0)7(0) > dt
(A3)
where the quotation at the plus/minus sign means the distinct

anion/cation. At initial time, we can write the momentum
conservation law in the case of the three-component system

N, N_ N,
moy 7, (0)+m_ D7 (0) +m Y 7,(0) =0
j =1 j=1 =1 (A4)

where s-index denotes the solvent. Multiplying eq A.4 by V,,(t),
V,_(t), and V((t) at a time, averaging, and integrating over the
time, we obtain a system of three equations

d d
D D, _ 7
m| D + 2 m_ 2= 4 m =D =0
2 2 7]

p! Dy
m_| D 4 === + m+—+ + msgD_S =0
2 2 7]
If d Dy !
sel +s =S __
m(D™" + D) + m, 2 + m_ S =0 (AS)

where we introduce the self-diffusion coefficient of the solvent,

D= distinct solvent—solvent, DY, solvent—anion, DY, and

solvent—cation, D‘is, diffusion coefficients
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D = %fom <7, (t)7(0) > dt, D = %/000 <v_(t)7(0) > dt
(A6)

where @, is the number of the closest solvent molecules in the
local area, where correlations are not equal to zero. At this stage,
because the number of unknown variables is larger than the
number of equations in eq A.5, we have to make an assumption
to resolve the system eq A.S. Below, we consider two cases for
ion—solvent correlations, which can be verified by MD
simulations.

Case DY, ~ —D;: In this case, the system of eq A.5 can be
solved, and the next relationships for the distinct ion correlations
can be obtained. In the case of z_ = —l and z, = 1

4m_m kgT m?
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Finally, introducing the molar concentration Ve / Ve = 200/
@ and using eq A.2, we have
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Case D, ~ D In this case for z_ = —1 and z, = 1, we obtain
next
4m_m, kg T 4 m
D37 — _—+2 Ope B2 (Dself + Dd)
(m_+m,) 2¢'n @ m_m,
d _ 4m? o kT (m_+ m+)2D5elf
A (m_+ m+)2 DCZezn ZmE +
@m d
+ _F(DS + D)
2 2
4 _ 4my 5 kg T _ (m_ + m,) psef
T (m_+m)?| "2 2m} N
2
@ m
+ A2 (0 4 )
@ my
Dé i 2 (D + DY)
- h m_ + m, (A9)

4580

Finally, introducing the molar concentration Ve /Vey =
29,/ and using eq A.2, we have
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