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ABSTRACT: “Water-in-salt” (WIS) electrolytes exhibit excellent safety and
electrochemical performance. However, they possess high concentrations,
relatively low diffusion coefficient, and high viscosity. “Acetonitrile/water in
salt” (AWIS) electrolytes can overcome the disadvantages of WIS electrolytes.
Under relatively low concentrations, AWIS electrolytes show good electro-
chemical performance comparable to WIS electrolytes and low conductivity.
Herein, we investigate the relationship between the solvation structures and the
transport properties using small-angle X-ray scattering and molecular dynamics
simulation. We observed two solvation behaviors of AWIS: anions dissolved in
acetonitrile forming small acetonitrile/anion clusters and additional water
further dissolving the small acetonitrile/anion clusters. The introduction of
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acetonitrile weakens the water—solute interaction and enhances the cation—anion interaction, which results in an enhanced
dynamical slowdown as the concentration increases. This work provides molecular-level understanding of the connection between
two-stage solvation structures and transport properties for imide-based lithium salt solutions.

B INTRODUCTION

The concentration of electrolytes dictates the performance of
lithium-ion batteries (LIBs).'™® Yamada et al. discovered that
electrolytes with high concentration have a substantially
broader electrochemical stability window and a significantly
improved oxidation potential, which are beneficial for forming
a stable solid electrolyte interface.” Applying this strategy to
aqueous LIBs, a new aqueous electrolyte called “water-in-salt”
(WIS) containing 21 m (mol/kg) lithium bis(trifluoromethane
sulfonyl)imide (LiTFSI) has been proposed by Suo et al.” This
aqueous electrolyte has a wider electrochemical stability
window (~3.0 V) and higher lithium ion de/intercalation
potential. The solvation structures of dilute and WIS
electrolytes differ significantly, revealed by the recent small-
angle X-ray scattering (SAXS) investigation."'" Two unique
solvation structures, namely, TFSI -solvated structures and
TESI™ networks, have been observed in the LiTFSI aqueous
solutions. At the low concentration regime, only TFSI™-
solvated structures exist, while at the medium concentration
regime, the two structures coexist. The TFSI™ network is the
only existing structure in the WIS electrolyte containing 21 m
LiTFESI, which is the key to the enlarged electrochemical
stability window. This solvation behavior could also be
observed in other imide-based lithium salts. The transition
between these two characteristic solvation structures was found
to occur at ~20% of the salt volume fraction (f,,), which is
deﬁne;llgs the effective volumetric ratio between the salt and
water.”
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Because of the strong electrostatic cation—anion attraction
in highly concentrated electrolytes, WIS electrolytes have
relatively low conductivity and high viscosity, which causes the
LIBs with WIS electrolytes to have a limited rate of
performance.”™"” On the other hand, the exceptionally high
concentration of WIS electrolytes tends to result in salt
precipitation, which inevitably limits the applicable temper-
ature range of aqueous LIBs.'”'” To overcome these problems,
Dou et al. introduced a co-solvent-in-salt system by mixing
acetonitrile (ACN) with a typical WIS electrolyte to create an
“acetonitrile/water-in-salt” (AWIS) electrolyte.”” Compared
with the WIS electrolyte, the non-flammable AWIS electrolyte
with 5 m shows improved conductivity, decreased viscosity,
and lowered freezing point while maintaining a wide stability
window (about 3.0 V).

It has been widely accepted that Li* ions are well solvated,
while TFSI” remains relatively free in diluted LiTESI
acetonitrile solutions.”"*> However, water molecules are
bipolar and can effectively solvate both Li* and TFSI".
Hence, the investigation of the solvation structures of AWIS
and the relationship between them and the physical properties
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Figure 1. SAXS profiles of three imide-based lithium salt solutions. Solutes: (a—c) LiTFSI, (d—f) LiBETI, and (g—i) LiBNTL Solvents: (a,d,g)
H,0, (beh) ACN and H,0, and (c,fi) ACN. The data is offset for clarity. Both x- and y-axes are in the log scale. The peaks in the SAXS profiles
are identified as peak a (dashed), peak b (dashed-dotted), and peak c (dotted).

such as viscosity and conductivity are attractive.”” Pedro et al.
employed molecular dynamics (MD) simulation to investigate
the structural and dynamic properties of AWIS. They found
that the addition of ACN to WIS electrolytes weakens the
cation—anijon interactions and decreases the coordination of
ionic pairs in the mixtures.”’ In addition, because of the
breakdown of the strong electrostatic cation—anion interaction
network, the diffusion of species increases in the AWIS
electrolytes. So far, most results in the literature on the
solvated structures and dynamics properties of WIS electro-
Iytes are focused on the high concentration (~20 m) regime
and only one lithium salt LiTESL'>'*'®**~! However, the
fundamental understanding of the structure/property relation-
ship of AWIS is still limited.*®

In this work, we combined SAXS with MD simulation to
investigate the solvation structures, viscosity, and diffusion
coeflicients of three imide-based symmetric lithium salts,
LiTFSI, lithium bis(pentafluoroethane sulfonyl)imide (LiBE-
TI), and lithium bis(nonafluorobutane sulfonyl)imide (LiBN-
TI) aqueous, ACN, and ACN/water (mixture solvent)
solutions systematically from low to high concentrations.
From the SAXS measurements, we found that only relatively
low concentrations were required to form the anion networks
when the three imide-based lithium salts were dissolved in the
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mixture of acetonitrile and water. More interestingly, the peaks
at the low q region are only from water. In contrast, the peaks
at the middle g region are caused by both water and
acetonitrile, which form the panorama view that acetonitrile
dissolves anions to form small acetonitrile/anions clusters, and
water further dissolves the small acetonitrile/anions clusters.
The addition of acetonitrile weakens the interaction between
the solvent and anion while the interaction between the cation
and anion is enhanced, which leads to a more “rigid” ionic
network. We conclude that this increase in rigidity of the ionic
networks is the root cause of a more drastic dynamical
slowdown as the concentration increases. Moreover, in the end
of this paper, we also try to answer several critical questions
which are (1) why does the AWIS electrolyte show comparable
electrochemical properties with the WIS electrolyte at a
relatively low concentration? (2) What are the solvation
structures of AWIS electrolytes and what are the roles of water
and acetonitrile? (3) How do the molecular structures affect
the viscosity and diffusion coefficients? (4) If the three imide-
based lithium salts show the same phenomenon?

B RESULTS

To fully understand the solvation structure, we measured the
SAXS profiles of LiTFSI, LiBETI, and LiBNTI salts in water,

https://doi.org/10.1021/acs.chemmater.3c01148
Chem. Mater. 2023, 35, 6415—6422
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Figure 2. MD snapshots and comparisons between the experimental (black circles) and simulated (orange lines) SAXS profiles of LiTFSI aqueous

solutions at low concentrations (a—c) and high concentrations (d—f).
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Figure 3. Decomposition of the simulated SAXS profiles for ACN and H,O mixture systems. (a—f) Correlations between ACN and the anion and
(g-1) correlations between H,O and the anion. (Black solid lines: the simulated SAXS profiles; blue dashed lines: solvent—solvent self-correlations;
red dashed lines: anion—anion self-correlations; and yellow dotted lines: solvent—anion cross-correlations).

water—acetonitrile mixture, and acetonitrile with a systematic
variation of concentration, as shown in Figure 1. We observed
three peaks in these aqueous solutions labeled peak a, b, and c.
Peak a shifts to a higher g with a decreased intensity as the
concentration increases; peak b remains at a similar peak
position with increased intensity as the concentration
increases. According to the analysis of the simulated SAXS
profiles in our previous study,9 peak a is primarily contributed
by the anion clusters and water channels which compensate
one another at the nanometer scale, peak b is primarily
contributed by the interaction of the neighboring anions,
which are bridged by the cations (charge ordering) and the
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water molecules, indicating the structures of anion networks,
and peak c is primarily contributed by the correlations of
fluorocarbon chains between neighbor anions. In the case of
ACN solutions, there are two observable peaks. The peak at
the lower g range shifts to higher g as the concentration
increases. Since this peak has a q range closer to peak b in
aqueous solutions, we labeled it peak b. Furthermore, it has
been well established that the cations are well solvated, while
the anions remain relatively free in the diluted organic
electrolytes, indicating that the peak at the lower g region
does not correspond to anion clusters described by peak a in
aqueous solutions.”’

https://doi.org/10.1021/acs.chemmater.3c01148
Chem. Mater. 2023, 35, 6415—6422
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Figure 4. Anion—anion partial PDFs of the aqueous solutions in this study. Solutes: (a—c) LiTFSI, (d—f) LiBETI, and (g—i) LiBNTL Solvents:

(adg) H,0, (beh) ACN and H,0, and (cfi) ACN.

As for the mixture solutions, we found three peaks that were
similar to our observation in the aqueous solutions. We labeled
the three peaks peak a, b, and ¢, as they showed similar trends
as peaks a and b in the aqueous solutions upon increasing
concentration: (1) peak a shifts to higher g; (2) the peak a
intensity decreases, while the peak b and c intensity increases.
On the other hand, we discovered two observable differences
from the aqueous solutions: (1) the ratio of peak a to peak b
intensity is lower in mixed solvent solutions than in aqueous
solutions. For LiTFSI in particular, the reduced peak a-to-peak
b ratio makes peak a appear as a shoulder instead of a separate
peak. (2) Unlike peak b position in aqueous solutions, the peak
b position in mixture solvent solutions shows an observable left
shift as the concentration increases. We suspect that this left
shift originates from peak b in acetonitrile solutions. Figure S1
shows the corresponding d spacing from peak a and peak b
positions, namely, d = 27/q. The concentration dependence of
the d spacing of peak a shows a minor difference between
aqueous solutions and mixture solvent solutions. On the other
hand, the d spacing of peak b shows a stronger concentration
dependence as the system contains more acetonitrile,
suggesting that the corresponding structure of peak b in the
mixture solvent solutions is a combination of the structures
associated with peak b from aqueous solutions and acetonitrile
solutions.

To confirm our hypothesis, we performed MD simulation.
Figure 2 depicts the MD snapshots and the comparisons
between the experimental and simulated SAXS profiles of
LiTFSI in three different solvents at both low and high
concentrations (snapshots of LiBETI and LiBNTI solutions
are illustrated in Figures S2 and S3). The size of the snapshots
reflects the size of the simulation boxes. The simulated SAXS
profiles for all the concentrations are plotted in Figure S4. The
snapshots show that the regions occupied by the anions (red)
are bulky in aqueous solutions and dispersed in acetonitrile
solutions. The former corresponds to anion clusters, while the
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latter corresponds to individual anions. For the mixture
systems, the anion clusters are still observable at 1 m, but a
substantial number of individual anions is also observable.

To further understand the structural details, we decomposed
the simulated SAXS profiles and examined the correlations
between different subcomponents. We plotted the decom-
position of the simulated SAXS for aqueous and acetonitrile
solutions in Figures 3, SS, and S6. We found that peak a in
aqueous solutions is composed of anion—anion and solvent—
solvent self-correlations and a negative anion—solvent
correlation as shown in Figure S5. This implies anion—solvent
alternating structures; meanwhile, we also found that peak b of
acetonitrile solutions implies the same anion—solvent alter-
nation as shown in Figure S6. However, they do not
correspond to the same length scales. Peak a in aqueous
solutions corresponds to average length scales (d spacing) of
15, 20, and 38 A for LiTFSI, LiBETI, and LiBNTI,
respectively, while peak b in acetonitrile solutions corresponds
to shorter length scales of 10 A, 11 A, and 18.3 A for LiTFSI,
LiBETI, and LiBNTI, respectively. Combined with our
observation from MD snapshots, peak a in aqueous solutions
is associated with the alternation between anion clusters and
bulk water at the nanometer scale, while peak b in acetonitrile
solutions is related to the alternation between individual anions
(free anions) and ACN at the sub-nanometer scale.

Figure 3 shows the decomposition of the simulated SAXS
profiles of the mixed solvent solutions. We grouped the
decomposition into ACN—anion (Figure 3 left panel) and
H,0—anion (Figure 3, right panel) correlations. From the data
at 1 m, we found that peak a (0.1—0.3 A™") is composed of an
anion—anijon peak, a H,O—H,O peak, an ACN—ACN peak,
and an ACN—anion peak but a H,O—anion anti-peak. The
destructive H,O—anion signal suggests a compensating
structure between bulk water and anion clusters which is
identical to what we have discovered in the aqueous solutions.
In contrast, the ACN—anion peak implies a homogeneous

https://doi.org/10.1021/acs.chemmater.3c01148
Chem. Mater. 2023, 35, 6415—6422
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Figure S. Experimental viscosities (a,c,e) and simulated diffusion coefficients (b,d,f). (Solid circles: the diffusion coefficient for the N atom of the

anions and the diffusion coefficient for the cations).

mixture between the acetonitrile molecules and anions at the
nanometer scale. However, the 1 m data show an ACN—anion
anti-peak at the position near peak b (0.4—0.6 A™"), indicating
that the acetonitrile molecules and anions exhibit an
alternating structure, except that this structure forms at a
smaller length scale than the water—anion alternation does. As
for the data at high concentrations (10 m for LiTFSI and
LiBETI and 5 m for LiBNTI), we found that the ACN—anion
and H,O—anion anti-peaks at the g range around peak b
indicates that both ACN and H,0O exhibit alternating
structures with the anions at a similar length scale at high
concentrations.

To further show that the solutes are “relatively free” in ACN
and prone to forming clusters in water, the partial pair
distribution functions (PDFs) between the anions were
calculated from the MD trajectories and are shown in Figure
4. We found a prominent peak in aqueous solutions, and its
height and width increase with longer fluorocarbon chains. The
height of the main peak significantly decreases with the
addition of acetonitrile for all the salts. This trend rationalizes
the tendency to form anion clusters in a water-rich environ-
ment but free anions in an acetonitrile-rich environment. The
main peak in the mixture solvent solutions is observed,
suggesting that the anion clusters still exist, which is consistent
with the observation of peak a in mixture solvent solutions in
both SAXS profiles and MD snapshots.

It is believed that the solvation structure has significant
impacts on the transport properties of the electrolyte solutions,
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which would ultimately affect the battery’s performance. Figure
S shows the concentration dependence of the experimentally
measured viscosities # and simulated inverse diffusion
coefficients D™'. We found similar trends between # and
D™, In LiTFSI and LiBETI solutions, both 7 and D" exhibit a
linear concentration dependence under log scale and a stronger
concentration dependence with more acetonitrile in the
solutions. At concentrations ranging from 3 to 5 m, solvents
with more acetonitrile have higher #, even though pure
acetonitrile has a viscosity ~2.6 times lower than water. This
turnover in the trend of transport properties suggests that the
additional structures of the salts provide significantly different
rates of a dynamical slowdown in different solvents. However,
this effect is not obvious in LiBNTI solutions; in addition,
LiBNTI solutions exhibit a non-linear concentration depend-
ence in aqueous and mixture solvent systems.

To further understand how the salts lead to substantially
distinct dynamical slowdown rates in different solvents, we
investigated the coordination numbers of oxygens from anions
around cations (CNo(,pion)), Which could be considered a
quantitative measure of cation—anion interactions, as shown in
Figure S7. We found that the number of oxygens around
cations increases as the solvent contains more acetonitrile,
implying that adding acetonitrile enhances the interaction
between cations and anions under a fixed salt concentration.
The viscosity 7 is connected with the shear modulus G, and the
relaxation time of the shear stress 7, by the Maxwell relation’”

n =Gy (1)

https://doi.org/10.1021/acs.chemmater.3c01148
Chem. Mater. 2023, 35, 6415—6422
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where G is proportional to the strength of the inter-molecular
interactions and 7, is associated with the lifetime for structural
rearrangement, which is the time for particles to escape the
cage. It is reasonable to assume that G, associated with the
ionic network is similar in different solvents as they have
similar short-range repulsion and dispersion and a similar long-
range electrostatic interaction. Therefore, larger CNo(uion)
would lead to a longer time for cations to escape the cage
formed by oxygens, which directly relates to the structural
relaxation time of peak b. As already discussed in our previous
study, a close connection was found between the viscosity and
relation time of peak b for the LiTFSI aqueous solution.*
Furthermore, the increase of CNg(yyion) With more acetonitrile
becomes less drastic as the fluorocarbon chains of the anions
are lengthened, which is consistent with our observation in the
concentration dependence of transport properties of the
LiBNTTI solutions. It is possible that the lengthening of the
fluorocarbon chains dilutes the effects of dynamical slowdown
contributed by the ionic networks. However, further studies
are required to confirm this speculation.

B CONCLUSIONS

Although Xu and the collaborators have shown that a 21 m
aqueous LiTFSI solution can be an excellent choice of a water-
based LIB electrolyte, the high concentration and relatively
high viscosity are serious problems.” Using acetonitrile and
water mixtures as solvents, these two problems can be
mitigated. Based on the results of this study, we answered
the questions proposed in the beginning of this paper as
follows: (1) all the three imide-based anions can form anion
networks under relatively low concentrations using water and
acetonitrile mixtures as the solvent. This may be one of the
reasons that compared with LiTFSI aqueous solutions, using
lower salts concentrations,” the acetonitrile and water mixture
solvent shows the electrochemical stability window, which is as
large as the 21 m LiTFSI aqueous electrolyte window. This
may be one of the reasons that the use of this mixed solvent in
LiTESI electrolytes at a concentration of 5 m showed an
electrochemical stability window comparable to that of LiTFSI
aqueous electrolytes at a concentration of 21 m.” (2) Based
on the MD simulation results, we found that there were two
length scales of anion solation structures in the mixture solvent
systems: (a) peak a (0.1—0.3 A™") corresponds to the solvation
of the anion clusters by bulk water and (b) peak b (0.4—0.6
A™") corresponds to the solvation of the anions by acetonitrile.
(3) The introduction of acetonitrile can form a more rigid
ionic network that causes a more drastic dynamical slowdown.
We anticipate that our combined experimental and simulation
results can provide guiding principles for developing safer and
cheaper electrolytes with better electrochemical performance.

B METHODS

Sample Preparation. The electrolytes were prepared by
dissolving the LiTFSI (>99%, Sigma-Aldrich), LiBETI (>98%,
TCI), and LiBNTI (>95%, TCI) in high-purity water whose
conductivity is 182 M X cm at 25 °C and with acetonitrile
(Sigma-Aldrich) and water and acetonitrile mixtures with 1:1 volume
ratio. All the salts are used without further purification. All the
electrolytes were prepared by molality (mole salt in kg solvent) used
by abbreviated concentrations (0.2, 0.5, 1, 3, S, 10, 7, 10, 15, 20, and
26).

Small-Angle X-ray Scattering. SAXS experiments were meas-
ured at the Advanced Photon Source (APS) 12ID-B and C station of
Argonne National Laboratory. The 2D SAXS data were collected on
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an EIGER2 S detector (DECTRIS Ltd.) with an incident energy of 12
keV. The two-dimensional scattering images were radially averaged
over all orientations to produce plots of scattered intensity I(q) versus
scattering vector g, where q = 47 sin /1. The scattering vector, g, was
calibrated using silver behenate. The samples were loaded into 2 mm
diameter quartz capillary tubes and sealed with epoxy for the SAXS
measurement.

Viscosity. The viscosity of the samples was measured at 25 °C.
The viscosity was determined using a 4#VISC viscometer (RheoSense,
Inc.).

MD Simulations. Similar to our previous study,”** the parameters
for the anions, cations, and water are taken from>’L&P,*°PLS-AA,
and*’PC/E models, respectively. Figure S8 shows the plots of the
partial charges from CL&P, Ref X, and Ref X. The CL&P partial
charges scaled with a factor of 0.9 seem to be closer to the charges
from Zhang et al,'® which yielded a good agreement with the X-ray
scattering experiment in LiTFSI—water solutions. On the other hand,
CL&P partial charges scaled with a factor of 0.8 seem to be closer to
the charges from Li et al,,>* which served as accurate models of both
the structures and dynamics of LiTFSI—acetonitrile solutions.
Therefore, the charges of anions and cations were scaled by a factor
of 0.9 for water and 0.8 for acetonitrile systems, respectively. For the
mixture solvent systems, we tested the SAXS profiles using the partial
charges with both 0.8 and 0.9 scaling factors, as shown in Figure S9.
We found that a scaling factor of 0.9 gives a slightly better estimation
of peak a intensity and position for both mixture solvent systems and
aqueous solutions. Therefore, we applied 0.9 scaling factor on the
partial charges for mixture solvent solutions. Packmol was used to
place molecules randomly in the simulation box, and Moltemplate was
used to prepare for the topology of the molecules. A large-scale
atomic/molecular massively parallel simulator was used to run the
MD simulation.”® We listed the size of the simulation boxes for each
system in Table SI. For all systems in this study, we maintained the
temperature at 400 K for 200 ps before a 100 ps quenching step to
300 K. We ran an isothermal-isobaric (NPT) ensemble for 2 ns and
took the average box size from the second half of the NPT trajectories.
Finally, we obtained 40 ns of production trajectories with the NVT
ensemble. The time step was set to 2 fs, and a Nosé—Hoover
thermostat was used. LiquidLib was used to compute the simulated
SAXS profiles and diffusion coefficients.”®> The MD snapshots were
visualized using VMD.*’
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