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ABSTRACT: Classical molecular dynamics simulations have been performed
in polarizable and nonpolarizable force fields for series of electrolytes based on
MeTFSI (Me = Li, Na) salts dissolved in EMIM−TFSI ionic liquid. Structure
and dynamics of the solvation shell of Me+ ions have been investigated.
Contributions to the total conductivity of the electrolyte arising from motions
of different ions and cross-correlations between them have been analyzed. The
analysis has indicated that regardless of the type of Me+ cation, motions of
Me+ ions and ionic liquid anions are positively correlated, contributing toward
conductivity decrease and leading to negative transference numbers of metal
ions. The results have confirmed experimental findings of negative
transference numbers of Li+ and have suggested that the effect of Me-anion correlations in certain concentration range is a
general feature of Me+ solutions in ionic liquids.

1. INTRODUCTION

Rechargeable metal-ion batteries have become one of the key
power sources used in everyday life of a modern society,
finding a vast amount of applications from mobile electronic
devices to electric vehicles and energy storage systems. Since
the first commercial Li-ion battery was released in the early 90s
of the 20th century, continuous effort has been invested in the
development of safe and reliable devices. Not only they have
revolutionized our lives but they open the prospects for
meeting the energy demands of a sustainable and fossil fuel-
free society.1−3 The recognition of the utmost importance of
Li-ion devices has been recently expressed by the Royal
Swedish Academy of Sciences awarding the 2019 Nobel Prize
in Chemistry for the development of lithium-ion batteries.
An ion-conducting electrolyte is an essential component of a

successful metal-ion battery, and therefore, many experimental
and theoretical works were devoted to designing new
electrolytes with optimized ion-transport properties.4−7 Some
concerns have been expressed regarding possible shortages in
Li salt supplies in the prospect of fast growing demand;
therefore, Na-ion devices have been considered as an
alternative to lithium batteries.8−11 Investigated electrolyte
systems include metal salt solutions in molecular or ionic
liquids (ILs) or/and polymer electrolytes.12−15

Transport properties of an electrolyte depend on the
structure of the liquid, mutual interactions between dissolved
ions, and interactions between ions and the solvent. Rational
design and optimization of new systems rely, therefore, on
proper understanding of ion aggregation and interactions at the
molecular level.16 The ion−ion interactions are of particular
importance in ILs because they give rise to correlations
between motions of ions, which may significantly affect the
conductivity. In a study on Li salt solutions in EMIM-based IL,

negative effective transference numbers for Li+ were
determined,17 suggesting a correlation between motions of
IL anions and lithium cations.
Physical insight into ion-transport processes in electrolytes

may be gained from molecular dynamics (MD) simulations.
Numerous MD studies on electrolytes for metal-ion batteries
have been reported; here, we mention some selected recent
examples for systems using ILs as solvents.18−23 Based on MD
data, diffusion coefficients and conductivities can be estimated;
moreover, details on correlated ion motion can be assessed,
helping to elucidate the phenomenon of negative transference
numbers. Analysis of cross-correlations was used to estimate
differences between transport and transference numbers in IL/
molecular solvent blends24 or to analyze Li+ transport in
solvate ILs.25 In a recent work on NaFSI solutions in EMIM−
FSI IL, it was demonstrated that Na−FSI correlations lead to
negative effective Na+ transference numbers in a range of
NaFSI concentrations.26 Several electrolytes based on lithium
salts dissolved in EMIM ILs with different anions were
systematically investigated using MD simulations;27 negative
Li+ transference numbers were found in all systems for not too
large salt concentrations.
In our work on NaTFSI solutions in EMIM−TFSI,28 we

investigated the performance of nonpolarizable and polarizable
force fields (FFs) in classical MD. We showed that depending
on the FF, the same effect of the conductivity decrease for
higher salt fractions may originate differently from the balance
of different contributions to the total conductivity. Here, we
want to extend this analysis in order to check to what extent
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the type of the FF affects the Me-anion correlations and the
transference numbers of Me+ ion. We will also compare the
results for two Me ions: Li and Na, to see whether the strength
of correlations depends on the metal cation.

2. COMPUTATIONAL DETAILS

In this work, we investigated the MexEMIM(1−x)TFSI electro-
lytes with Me = Li or Na. LiTFSI concentrations of 0.25 and
0.5 mol/dm3 used in the experimental work17 correspond
approximately to x = 0.06 and x = 0.12. In addition to these
systems, we studied more concentrated solutions with x = 0.2
and x = 0.3 and the neat EMIM−TFSI IL (x = 0). In the
analysis of the latter systems with Na, we reused the MD
trajectories recorded in our previous work.28 All other systems
were modeled from the beginning. Initial structures were
prepared using Packmol program.29 Compositions of all
systems are listed in the Supporting Information (Table S1).
MD simulations were performed in NAMD v 2.1230

simulation package. Parameterization of the FFs was the
same as used in our recent works on ILs.28,31 Nonpolarizable
FF for EMIM−TFSI liquid was based on OPLS parameter-
ization32 with bonded parameters taken from Lopes/Pad́ua
field33 and nonbonded from Köddermann’s work.34 Charges in
this FF were not scaled. Nonbonded parameters for Li+ and
Na+ were taken from ref 35. This parameterization will be
denoted as NP-FF.
Based on the NP-FF, we constructed a polarizable

parameterization (DP-FF) in which polarization effects are
introduced via Drude oscillators.36 Drude particles were
attached to all nonhydrogen atoms of EMIM and TFSI ions.
Polarizabilities of Li+ and Na+ ions are much smaller than the
polarizabilities of other atoms in the system; therefore, for
simplicity, Drude oscillators were not used for Me+ ions.
Atomic polarizabilities and charges were adapted from the
APPLE&P polarizable FF for liquids and electrolytes.37 Details
of both parameterizations are provided in the Supporting
Information.
NAMD simulations were performed in the NpT ensemble at

p = 1 atm and T = 333 K with Langevin dynamics and
modified Nose−Hoover Langevin barostat.38,39 Although the
temperature of the experiment was lower,17 we performed the
simulations at 333 K (i.e., higher of the two temperatures used
earlier in ref 28) in order to obtain better statistics for
conductivity analysis, owing to faster dynamics at increased T.
A time step of 1 fs was used to integrate equations of motion.
Periodic boundary conditions were applied to the system, and
electrostatic interactions were taken into account via the
particle mesh Ewald algorithm.40 Approx. 1100 ns of the MD
trajectory were obtained for each system; with the initial 100
ns treated as the equilibration stage and the last 1000 ns used
for the analysis.

3. RESULTS AND DISCUSSION

3.1. Structure of Electrolytes. Me−O radial distribution
functions (RDFs) are shown in Figure 1. The first maximum of
the Li−O RDF appears at 2.0 or 2.1 Å in the structures
obtained in the polarizable or nonpolarizable FF, respectively.
The second, lower and broader maxima are located at 4.0 and
4.5 Å, accordingly. Because of the larger radius of the Na+ ion,
the two peaks in the Na−O RDFs are lower but wider than in
the case of Li−O distribution and shifted to larger distances:
2.5 and 4.6 Å in DP-FF simulations and 2.6 and 4.9 Å for NP-

FF structures. When the concentration of Me+ increases, the
height of the first maximum is slightly reduced. Some small
shifts (up to 0.05 Å) toward shorter distances of the second
maximum of the Li−O RDF and of both maxima in Na−O
RDF are observed for higher salt contents.
Integrated RDFs [running coordination numbers (CNs) of

Me+ ions] for distances smaller than 6 Å practically do not
depend on salt concentration; the values obtained for
electrolytes with x = 0.3 are presented in the bottom panel
of Figure 1. The number of oxygen atoms in the first
coordination shell of Na ion is larger than for the Li ion,
consistently with a smaller radius of the latter cation. At the
distance of 3 Å from the central Li ion, there are on average
3.96 oxygen atoms in DP-FF and 4.76 atoms in NP-FF
simulations. Corresponding values for Na−O RDF at the
distance of 3.5 Å are 5.34 and 5.66 atoms, respectively. CNs
are, therefore, larger in nonpolarizable simulations, and the
effect of accounting on polarization effects in simulations is
similar to the decrease of the ion radius: a shift of the
maximum in the Me−O RDF to smaller distances with a
decrease of the number of coordinating oxygens.

Figure 1. RDFs for Me−O obtained in the polarizable (top) and the
nonpolarizable FF (middle); integrated Me−O RDFs for x = 0.3
(bottom).
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From the data for both cations shown in Figure 1, we can
conclude that in the polarizable FF, both maxima in the RDFs
shift to lower distances. For the first maximum, we attribute
the effect to stronger Me+−anion interactions. As a result, the
first solvation shell is tighter. As we will see from the analysis of
CNs, polarizable FF favors multidentate coordination, there-
fore the first shell is more compact. This in turn, for
geometrical reasons, allows the anions from the 2nd shell to
closer approach the Me+ cation. Accordingly, as seen in Figure
1, in the DP-FF, both 1st and 2nd shells contain less oxygen
atoms with respect to NP-FF results.
Some more information on the coordination of Me cations

can be obtained from the histograms of the number oxygen
atoms NO or the number of TFSI anions Nan coordinated to
metal ion (Figures 2 and 3); in the Supporting Information, we

present additional information on the abundance of different
combinations of NO and Nan values (Fig. S1). For this purpose,
we define that the oxygen atom from the anion is coordinated
to the Me+ ion if the Me−O distance is smaller than 3 or 3.5 Å
for Me = Li or Me = Na, respectively. The TFSI anion is
counted as coordinated to the Me+ if any of its O atoms fulfill
the above criterion. In the structures obtained from the DP-FF,
more than 90% of Li ions is coordinated to four oxygen atoms.
Most of Na ions have five (40% of Na+) or six (35%) oxygens
in their coordination shell, but the abundance of CNs 4 or 7 is
also non-negligible. The most probable number of anions
coordinating the metal cation is 2 or 3 for Li or Na cations,
respectively. Analysis of these values leads to the conclusion
that in the DP simulations, coordination of TFSI anions to Li+

is bidentate. The bidentate coordination also prevails in the
solvation shell of Na+: most probable is bidentate coordination
to two anions with the monodentate binding of the third TFSI
(CN = 5) or bidentate binding by three anions (CN = 6). The

CNs increase in nonpolarizable simulations in the NP-FF.
Most probable numbers of coordinating O atoms are 5 or 4 for
Li and 6 or 5 for Na ions. Both types of Me+ ions are in most
cases coordinated to four TFSI anions (90% of Li+ and 70% of
Na+). From these data, we can conclude that NP-FF increases
the preference of monodentate coordination. In the most
probable configurations, either all of four TFSI anions interact
with Li+ in a monodentate manner or one anion is involved in
bidentate and three other in monodentate coordination. In the
case of Na+ ions, interactions with one or two TFSI anions are
bidentate, and three or two other anions are bound as
monodentate.
To get some insight into the dynamics of anion exchange in

the solvation shells, we calculated the residence time
autocorrelation function

=
⟨ ⟩
⟨ ⟩−C t

H t H

H H
( )

( ) (0)

(0) (0)
ij ij

ij ij
Me O

(1)

where Hij(t) = 1, if the distance between ith Me+ ion and the
jth O atom is smaller than the threshold value or Hij(t) = 0
otherwise. Threshold values were 3 Å for Li+ and 3.5 Å for
Na+.
Plots of CMe−O for Li and Na ions in DP and NP simulations

are shown in Figure 4. The decay of the correlation function
for Li+ is slower than for Na ions, which may be rationalized by
stronger interactions between TFSI anions and smaller Li
cation. The increase of salt concentration slows further the
exchange of O atoms in the coordination shell of Li+, whereas
this effect is smaller for Na+. In particular, in the polarizable
field, there is practically no concentration dependence of the O
dynamics around the Na+ cation. More quantitatively, these
data may be characterized by oxygen atom residence times τO
obtained by fitting the stretched exponential function exp[−(t/
τO)

α] to CMe−O(t). Likewise, the anion residence times τan were

Figure 2. Histograms of the number of oxygen atoms coordinating
the Me ions in the x = 0.3 electrolytes.

Figure 3. Histograms of the number of TFSI anions coordinating the
Me ions in the x = 0.3 electrolytes.
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calculated from the CMe−an(t), where Hij(t) = 1, if the jth TFSI
anion is coordinated to ith Me+, that is, if any of the O atoms
from the anion is within the threshold distance to Me+. Plots of
CMe−an(t) and examples of fitting results are included in the
Supporting Information (Figures S2−S4), and the residence
times τO and τan are shown in Figure 4. Residence times for
anions are 3−10 times larger than τO because the exchange of
an anion implies breaking interactions between all its O atoms
and the metal cation. In all cases, residence times for
interactions with Li+ are 4−8 times larger than those for
Na+; the latter are also much less dependent on salt
concentration. We can conclude, therefore, that the anion
exchange in the solvation shell of the metal cation is
significantly faster in the case of Na+.
3.2. Ion Transport. Diffusion coefficients were estimated

from the MD trajectories: the diffusion coefficient Di of ion i
was calculated from the slope of the time dependence of its
mean square displacement (MSD)

= ⟨| − | ⟩
→∞

R RD
t

tlim
1
6

( ) (0)i
t

i i
2

(2)

Conductivity of the system was calculated from the Einstein
relation as

∑σ = ⟨[ − ][ − ]⟩
→∞

R R R R
e

tVk T
z z t tlim

6
( ) (0) ( ) (0)

t i j
i j i i j j

2

B ,

(3)

In the above formulas, t stands for time, V is the volume of
the simulation box, kB is the Boltzmann’s constant, T is the
temperature, e is the elementary charge, zi and zj are the
charges of ions i and j, Ri(t) is the position of i-th ion at time t,
and the brackets ⟨⟩ denote the ensemble average.
The conductivity is proportional to the collective ion

diffusion coefficient

∑= ⟨[ − ][ − ]⟩
→∞

R R R RD
tN

z z t tlim
1

6
( ) (0) ( ) (0)

t i j
i j i i j jcoll

,

(4)

N is the total number of ions in the system. Dcoll would
reduce to the average of anion and cation diffusion coefficients
Davg = (D− + D+)/2 if there is no correlation between
movements of different ions, that is, when the off-diagonal
terms in eq 4 are negligibly small.
The 1 μs long MD trajectories were split into parts of 100 ns

each, and the MSDs were averaged over all 10 parts. An
example is shown in the Supporting Information (Figure S5);
the averaged MSD is much more linear than MSD of individual
parts. It is also readily seen that slopes of different parts of the
trajectory may differ quite significantly. We used the standard
deviation obtained for the set of 10 individual parts as the
uncertainty estimate of the average value.
Diffusion coefficients estimated from the MD simulations in

the DP and NP FFs are shown in Figure 5. Values obtained in
polarizable simulations depend only a little on the electrolyte
concentration. On the other hand, coefficients calculated from
the NP-FF data readily decrease with increasing salt content.
For the neat EMIM−TFSI, the NP-FF values are about 80% of
the coefficients obtained in DP-FF; this difference increases
with increasing x. In all cases, the highest mobility is predictedFigure 4. Residence time autocorrelation functions for Me−O

obtained in the polarizable (top) and the nonpolarizable FF (middle);
residence times τ for O atoms and TFSI anions (bottom).

Figure 5. Calculated diffusion coefficients of ions.
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for the EMIM cation; diffusion coefficients for the TFSI anion
and the metal cations are about two times smaller. In
nonpolarizable simulations, diffusion coefficients for all species
in the electrolytes based on Li salt seem to be systematically
lower than in systems with NaTFSI; conversely, there is no
evident difference in DP-FF simulations. DMe obtained in the
DP-FF is very close to DTFSI, suggesting that the motions of
both types of ions may be correlated. In NP-FF simulations,
the diffusivity of Me cations at lower salt contents is
substantially smaller than DTFSI; mobilities of Me+ and TFSI
are getting closer in concentrated electrolytes.
Estimated conductivities of all studied systems are displayed

in Figure 6. We marked the experimental values (from ref 41

for Na and from ref 42 for Li) available for the temperature of
our simulations. Because of large uncertainties, it is not easy to
compare the data and to detect the trends. Nevertheless, it may
be noted that the nonpolarizable simulations yield conductiv-
ities lower than the calculations in the DP-FF, consistently
with the difference in diffusion coefficients. For both types of
Me ions in both parameterizations, the conductivity of the
system generally decreases with increasing content of MeTFSI
salt. We will see from the following analysis of the collective
motions of ions that this decrease, although looking similar in

DP and NP FFs, has different origin depending on the FF
parameterization. The measured values for small x are larger
than calculated (thus DP-FF is closer to the experiment), but
for x = 0.2 and x = 0.3, the DP-FF results for NaTFSI
electrolytes agree well with the experiment. We shall also
mention that the EMIM−TFSI conductivity obtained in ref 27
is close to our DP-FF value, but for increasing x, it decreases
faster than in our results.
The sum used to calculate the conductivity in eq 3 or the

collective MSD in eq 4 may be decomposed into contributions
with i = j (diagonal components)related to diffusion of
individual ions and off-diagonal components with i ≠ j arising
from correlations between motions of different ions; the off-
diagonal terms include cross-correlations between ions of the
same type and cross-correlations between ions of different
types. In an extreme case, when the movements of ions are
completely uncorrelated, the sum of off-diagonal components
will be 0, and the collective diffusion coefficient would reduce
to the average of diffusion coefficients of anions and cations,
for example, (D+ + D−)/2 for the binary system C+A−. It is
therefore generally accepted that the difference between the
collective and the average diffusion coefficients is the measure
of the degree of correlated motion in the system. Indeed, a
large difference between Dcoll and Davg indicates strong
correlations (large absolute value of off-diagonal terms in eq
3). However, the opposite is not always true because of the
possible cancellation of the off-diagonal components in the
system with significant correlations.
In Figure 7, we show the contributions to the total

conductivity of investigated systems arising from different
parts of the sum in eq 3. For this purpose, the conductivity has
been partitioned into diagonal terms σMe, σEMIM, and σa related
to self-diffusion of Me+, EMIM, and TFSI ions, respectively,
the and off-diagonal terms arising form correlations between
different ions: anion−anion (σa−a), cation−cation (σc−c), and
cation−anion (σc−a)

σ σ σ σ σ σ σ= + + + + +− − −Me EMIM a a a c c c a (5)

Figure 6. Conductivities of the MexEMIM(1−x)TFSI electrolytes
calculated in two FFs.

Figure 7. Contributions to the total conductivity of the MexEMIM(1−x)TFSI electrolytes obtained in two FFs.
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the σc−a contribution was further divided into parts related to
Me−TFSI and EMIM−TFSI correlations

σ σ σ= +− − −c a Me a EMIM a (6)

Likewise, the off-diagonal σc−c contribution may be
decomposed into σMe−Me, σMe−EMIM, and σEMIM−EMIM terms

σ σ σ σ= + +− − − −c a Me Me Me EMIM EMIM EMIM (7)

describing the correlations between Me−Me, Me−EMIM, and
EMIM−EMIM ions, respectively. We should also note that in
the literature,25,43 the diagonal terms σMe, σEMIM, and σa are
often referred to as “self” contributions, whereas the σMe−Me,
σEMIM−EMIM, and σa−a are named “distinct” contributions. For
convenience, we include in the Supporting Information, a
scheme of different contributions shown in Figure 7.
Let us recall some general features of different contributions

to the conductivity. The diagonal contributions, being a sum of
squares, are always non-negative; therefore, they positively
contribute to the total conductivity. Anticorrelated motions of
ions of the same charge result in negative values of the off-
diagonal anion−anion and cation−cation terms both in ILs
and in salt solutions in molecular solvents. These two types of
electrolytes differ in the sign of the off-diagonal cation−anion
component. In molecular solvents, motions of cations and
anions are positively correlated, and the σc−a is negative.
Therefore in these electrolytes, the effect of all correlations is
destructive for the conductivity. However, in ILs, the
momentum conservation requires that cation−anion motions
are anticorrelated, and the σc−a contribution is positive.43 This
can be readily seen in Figure 7 for x = 0 in both FFs. It can also
be noted that the sum σa−a + σc−c approximately equals σc−a;
thus the off-diagonal contributions cancel almost completely,
even though in total, they are about 80% of the size of the sum
of diagonal contributions. From this example, it is evident that
in ILs, the Dcoll may be close to Dav, even if the correlations
between ion motions are large (large absolute values of off-
diagonal contributions to the sum eq 3).
In the polarizable FF, the sum of the diagonal contributions

to the conductivity is approximately constant as a result of
small dependence of the diffusion coefficients on the Me salt
concentration. With increasing x, the σMe contribution
increases at the expense of σEMIM, reflecting the changes in
the fraction of different cations in the electrolyte. Diffusion
coefficient for EMIM is larger than for Me+, therefore, the sum
of σMe + σEMIM decreases slightly for larger x, where the Me+

ions replace EMIM cations. Likewise, because of a small
number of Me+ ions compared to TFSI anions, the σMe
contribution is much smaller than σa, even though the self-
diffusion coefficients of both ions are similar. The negative off-
diagonal cation−cation and anion−anion contributions in-
crease in the solutions with larger salt concentration. The
cation−anion contributions arising from different types of
cations differ in sign: the larger EMIM−TFSI term is positive,
whereas much smaller Me−TFSI component is negative.
Nevertheless, the sum of off-diagonal cation−anion terms is
always positive; therefore, cation−anion correlations contrib-
ute toward increasing the total conductivity, as generally
observed in ILs. For x = 0, the positive and the negative off-
diagonal contributions cancel, and therefore the correlations
do not significantly affect the conductivity of the neat EMIM−
TFSI IL. When x increases, the size of negative off-diagonal
terms related to correlations between motions of ions of the
same charge increases; simultaneously, the positive term

arising from EMIM−TFSI correlations becomes smaller. As a
result, the destructive off-diagonal contributions prevail, and
the conductivity is suppressed in electrolytes with larger Me
content.
Diffusion coefficients obtained from nonpolarizable simu-

lations decrease with salt concentration; accordingly, all σi
contributions to the conductivity decrease for high x. The net
effect of off-diagonal components for x ≥ 0.2 is constructive,
yet the conductivity of the electrolyte is reduced because of
smaller diagonal contributions. We see, therefore, that both
parameterizations predict a decrease of σ for larger x, but the
origin of the effect is different: increasing destructive net effect
of correlations in the polarizable FF and decreasing mobility of
ions in the nonpolarizable FF.
For completeness, we present in the Supporting Information

the breakdown of the off-diagonal cation−cation σc−c
component (red areas in Figure 7) into σMe−Me, σMe−EMIM,
and σEMIM−EMIM (Figure S6). Regardless of the FF and the Me
ion, the EMIM−EMIM contribution decreases, and the Me−
EMIM component generally increases for larger x, where the
fraction of EMIM ions is smaller. The σMe−Me terms (the
“distinct” contributions) are negative; therefore they act
oppositely to self contributions, and reduce the total
conductivity.
Finally, we will analyze the Me−TFSI contribution σMe−a in

more detail. In all systems and in both FFs, it is always
negative. This does not contradict the general observation that
the cation−anion correlations in ILs enhance the conductivity
because the momentum conservation requirement applies to
the ions of the IL solvent and not necessarily to the relatively
small fraction of dissolved Me ions (the momentum balance is
assured owing to motions of the solvent ionswith this
respect, the situation of the dissolved Me cations resembles the
salt solutions in classical molecular liquids). The negative value
of the σMe−a contribution arising from collective motions of
ions of opposite charges implies that the displacements of Me
and TFSI ions are positively correlated.
The σMe−a values depend on the ratio of different ions and in

order to compare the degree of correlated motion of Me and
TFSI ions, the data should be normalized. In analogy to the
diffusion coefficients of a given type of ions being averages over
all individual ions, we calculated the average dcoll

M−A contribution
to the collective diffusion coefficient per one Me−anion
interaction/pair. The results are shown in the upper panel of
Figure 8. As the uncertainties are large, only general trends can
be observed. It seems that for x > 0.1, there is no significant
difference between Li and Na ions (for x = 0.06, the statistics is
worse because of the smaller number of Me ions). It may be
noted that the values obtained in the nonpolarizable FF are
smaller, and this effect appears to be the consequence of slower
ion dynamics in this FF, reducing all diffusion coefficients.
Apparently, the effect of correlated movements of Me ions and
IL anions is general for different Me ions and electrolyte
compositions and may be observed both in polarizable or
nonpolarizable simulations.
We calculated also the transference numbers from the σi

contributions to the total conductivity σ, for example, the Me+

transference number

σ σ σ σ σ= + + +− − −t ( /2 /2)/Me Me Me Me Me EMIM Me a
(8)

and using analogous formulas for tE and tTFSI. The negative
“distinct” term σMe‑Me contributes toward decrease of tMe.
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The tE and tTFSI obtained for the neat EMIM−TFSI in both
fields are 0.7 and 0.3, respectively. In electrolytes with
MeTFSI, tE is between 0.68 and 0.75, and the values of tTFSI
are in the range 0.3−0.32. Values of tMe are shown in the lower
panel of Figure 8. Because off-diagonal contributions σi have
relatively large uncertainties, and small values of tMe result from
the balance of several larger terms, the data in Figure 8 suffer
from large error bars and hardly any trend can be noticed. This
is not surprising because the results of ref 27 show that in the
whole set of investigated ILs, the effect of negative transference
numbers is the smallest for LiTFSI/EMIM−TFSI electrolytes.
Nevertheless, except for few points for which dcoll

M−Awas
exceptionally small (e.g., x = 0.06 for Li in NP-FF), most
values are negative between −0.01 and −0.06. Unlike dcoll

M−A,
there is no apparent difference between DP and NP FFs
because smaller ion mobilities in NP-FF reduce σi and their
sum σ as well, therefore the ratio in eq 8 is not much affected.
The effect of negative transference numbers of Me+ can be
therefore observed in both FFs and both for Li+ and Na+ ions.
Following the concept of Me+ effective charges, we used the

approach presented in ref 27 to estimate the cation effective
charges qeff by comparing the Me+ conductivities obtained
from the uncorrelated approach to the transference numbers
calculated from the full analysis of correlations in the
electrolyte. The qeff values are expected to be greater than 1-
N, where N is the number of anions in the Me+−anions
cluster; faster exchange of anions will increase qeff. The results
are presented in the Figure S7 in the Supporting Information.
The errors are supposed to be large because of large
uncertainties of tMe values; nevertheless, some trends can be
noticed. Typically, values for Na+ are higher (less negative)
than for Li+ cations. The effective charges are more negative in
the nonpolarizable FF compared to the DP-FF data. Both
observations are consistent with the larger number of
coordinating anions and slower dynamics of the solvation

shell predicted in the NP-FF and with shorter anion residence
times obtained for Na+ ions.

3.3. Discussion. In ref 28, we concluded that the
performance of the DP and NP FFs with respect to
experimental data for NaTFSI/IL systems depends on the
investigated property. Trends observed in the results obtained
for LiTFSI are similar. In particular, the diffusion coefficients
reported in the Supporting Information of ref 17 for Li+,
EMIM and TFSI ions in Li/EMIM−TFSI decrease with
increasing salt content. In our MD results, such a decrease is
observed in the NP-FF, whereas in DP-FF, it is very small. The
nonpolarizable FF seems to reproduce the trend better;
however, we shall note that the simulations were performed for
temperature higher than the experiment, and the results of ref
28 for NaTFSI show that at lower temperatures, both fields
exhibit the dependence of Di on x.
According to experimental data of ref 17, the ratio DTFSI/DLi

for x = 0.06 or x = 0.12 is about 1.9−1.8. In the DP-FF results,
it is between 1.2 and 1.1, and the NP-FF estimates give DTFSI/
DLi = 2.4 for x = 0.06 and 2.1 for x = 0.12. The experimental
value is therefore between predictions of the two FFs but
closer to the NP-FF estimate.
Although the NP-FF may better describe the trends in

changes of Di, the polarizable DP-FF performs better in
quantitative estimates of diffusion coefficients and conductiv-
ities. Both FFs predict too small ion mobilities and
conductivities of electrolytes, but values from the polarizable
simulations are higher, thus closer to measured data. In
principle, the diffusion coefficients obtained for small
simulation boxes are too small and should be corrected for
system-size effects related to hydrodynamic interactions. For a
cubic box of length L such correction reads 2.837kBT/6πηL,
where η is the viscosity of the electrolyte.44 For our systems,
this correction amounts between 10 and 30% (for the systems
with the lowest viscosities) of the computed Di values,
improving the agreement with the experiment. However, a
study on the size effects in MD simulations45 showed that for
ILs, the linear dependence of D on L−1 holds for system sizes
larger than used in our work and therefore our estimates of the
system-size corrections constitute an upper limit of the effect,
and the actual corrections are smaller.
The DP-FF predictions on preferred coordination of Li

cations better agree with the findings of ref 17. The most
probable bidentate binding of two anions results in formation
of [Li(TFSI)2]

− complexes, whereas the most probable
coordination of 4 TFSI in the NP-FF predicts the appearance
of [Li(TFSI)4]

3− aggregates. The former result is in agreement
with the conclusion17 that the “effective” charge of Li in
EMIM−TFSI is −1.
Structure of the Me solvation shell differs between Li and

Na, and the stability of Me−TFSI aggregates is different: Na
cations exchange the anions much faster than smaller Li+, as
evidenced by the residence times. Differences are also observed
for a given type of Me cation between different FFs. However,
regardless of the metal cation and the FF used in MD
simulations, the σMe−a contribution to the conductivity in all
systems is negative, indicating that the diffusion of Me+ is
positively correlated with motions of TFSI ions and the Me
ions are transported in negatively charged aggregates. No
significant difference in σMe−a between Li and Na, despite
lower residence times obtained for the latter cation suggests
that the rate of exchange of TFSI ions in the solvation shell
does not affect the correlations. As noted in Section 3.2, the

Figure 8. Average contributions to the collective diffusion coefficient
per one Me-anion pair (top); transference numbers for Me+ ions
(bottom).
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NP-FF seems to reduce the dcoll
M−A by decreasing ion mobilities,

but the Me−TFSI correlations persist.
Therefore, the correlated motions of Me+ and IL anions in

complexes with negative net charge seem to be a robust feature
of salt solutions in ILs, consistent with experimental
observations of “wrong” direction of Me+ diffusion and
negative cation transference numbers in IL-based electrolytes.
We should note that this effect must be limited to a range of
sufficiently low salt concentrations. Above certain salt fraction,
instead of a salt solution in an IL, the system resembles molten
salt with dissolved IL, and based on momentum conservation
argument (ref 43), Me and anion motions will become
anticorrelated, contributing positively to the conductivity. In
this work, we studied only low salt concentrations, but the
effect of high salt contents was presented in ref 26 for Na−FSI:
around x = 0.5, the sign of the Na−FSI contribution changes.
Likewise, the Li+ transference numbers calculated in ref 27 for
electrolytes with different anions change from the negative to
positive at salt concentrations between x = 0.6 and x = 0.7.
The calculated tE and tTFSI values in EMIM−TFSI and

MeTFSI solutions are about 0.7 and 0.3. The difference to the
experimental data of ref 17, is up to 0.1, that is, less than
cumulated uncertainties of the experiment and the simulations.
The range of Me+ transference numbers obtained in this work
agrees well with values −0.02 to −0.04 measured for Li+. The
MD simulations confirm, therefore, the experimental observa-
tion of negative effective transference numbers of metal cations
dissolved in ILs. Our DP-FF estimates of tLi in LiTFSI/
EMIM−TFSI, yielding in most cases the values between −0.01
and −0.025, generally agree also with findings of ref 27.
Likewise, the effective charges of Li+ cation obtained from the
DP-FF estimates are between −1 and −0.5, therefore agree
with LiTFSI results of ref 27 presented for x between 0.1 and
0.3 (on the other hand, we did not observe more negative
qeff(Li) values for x < 0.1).

4. CONCLUSIONS
We performed classical MD simulations of LiTFSI or NaTFSI
salt solutions in EMIM−TFSI IL using polarizable and
nonpolarizable FFs. Apart from the difference in CNs of
Me+ ions related to the larger radius of Na+ cation, we
observed that in the nonpolarizable FF, average CNs increase.
In the polarizable FF, there is a preference toward bidentate
coordination of the cation, whereas NP-FF increases the
fraction of monodentate interactions between the metal cation
and TFSI anions. The exchange of anions in the solvation shell
of Na+ is faster than in the case of Li+ ion; the dynamics of the
solvation shell predicted by the NP-FF is slower than in
polarizable simulations.
Although, in general, cation−anion motions in ILs are

anticorrelated and increase the conductivity, analysis of the
contributions to the total conductivity of studied electrolytes
arising from cross-correlations between ions indicated that the
motions of Me+ and TFSI ions are positively correlated;
therefore they contribute destructively to the conductivity. As a
consequence, the transference numbers of Me+ ions are
negative. This effect was observed in all simulations in both
FFs, regardless of the Me cation, structure, and dynamics of its
solvation shell.
Our results reinforce the recent computational findings26,27

that the effect of negative effective transference numbers of Li+

ions in ILs observed experimentally17 is a general feature of
metal salt solutions in ILs caused by strong correlations

between motions of Me+ and IL anions. This phenomenon
affects the ion transport in the electrolyte, and as such, it is
important for the design and optimization of electrolytes for
Me-ion cells. Therefore, further experimental studies and more
computational simulations are necessary to gain a better
understanding and possibly more control over the effect.
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(2) Zubi, G.; Dufo-Loṕez, R.; Carvalho, M.; Pasaoglu, G. The
Lithium-Ion Battery: State of the Art and Future Perspectives.
Renewable Sustainable Energy Rev. 2018, 89, 292−308.
(3) Kim, T.; Song, W.; Son, D.-Y.; Ono, L. K.; Qi, Y. Lithium-Ion
Batteries: Outlook on Present, Future, and Hybridized Technologies.
J. Mater. Chem. A 2019, 7, 2942−2964.
(4) Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D.
Challenges in the Development of Advanced Li-Ion Batteries: A
Review. Energy Environ. Sci. 2011, 4, 3243−3262.
(5) Xu, K. Electrolytes and Interphases in Li-Ion Batteries and
Beyond. Chem. Rev. 2014, 114, 11503−11618.
(6) Xue, Z.; He, D.; Xie, X. Poly(ethylene oxide)-Based Electrolytes
for Lithium-Ion Batteries. J. Mater. Chem. A 2015, 3, 19218−19253.
(7) Marcinek, M.; Syzdek, J.; Marczewski, M.; Piszcz, M.; Niedzicki,
L.; Kalita, M.; Plewa-Marczewska, A.; Bitner, A.; Wieczorek, P.;
Trzeciak, T.; et al. Electrolytes for Li-Ion Transport − Review. Solid
State Ionics 2015, 276, 107−126.
(8) Palomares, V.; Serras, P.; Villaluenga, I.; Hueso, K. B.; Carretero-
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(45) Gabl, S.; Schröder, C.; Steinhauser, O. Computational Studies
of Ionic Liquids: Size Does Matter and Time Too. J. Chem. Phys.
2012, 137, 094501.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.9b10391
J. Phys. Chem. B 2020, 124, 413−421

421

http://dx.doi.org/10.1021/acs.jpcb.9b10391

