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ABSTRACT: Water-in-salt (WIS) electrolytes containing 21 m 3 gl —— . :
lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) have been |, 4. . <. 102} 1m S e 1
considered as a safe and environment-friendly alternative to common *St’y?i‘ = o

organic electrolytes used in lithium-ion batteries. However, the 5

relation between the solvation structures and transport properties of 251Fs (y §10°9
these materials remains elusive. Herein, we performed small-angle X- =10t v
ray scattering (SAXS), small-angle neutron scattering (SANS), and X-

ray pair distribution function (PDF) measurements of LiTFSI % 1% v 110’
aqueous solutions at a wide range of concentrations. Combined | s

with molecular dynamics simulations, the detailed solvation structures | . “;\a( 10%5 5 10 15 20

from long to short length scale were resolved. We found that the CIPs/AGGSs molarity (m)

TESI™ solvation structures consist of TFSI™ solvated structures and

TESI™ networks; the former corresponds to solvent separated ion pairs, while the latter corresponds to contact ion pairs and cation—
anion aggregates. In addition, we found that the relaxation time in the q range associated with the anion network structure exhibits
the same concentration dependence as the viscosity. By combining the results from the experiments and simulations, this study
revealed a correlation between the solvation structures of LiTFSI and the transport properties of the solutions, which is critical to
understand the relation between the transport properties and the dynamics of the ions for imide-based lithium-ion salt aqueous
electrolytes.

B INTRODUCTION Using SAXS and MD simulation, our recent work pointed out
that two anion solvation structures, the anion solvated structures
and the anion networks, coexist in the LiTFSI aqueous
solutions.'® Research works by Zhang et al. and McEldrew et
al. also suggested the existence of the anion network in the WIS
electrolytes." "

However, the length scale of solvation structures resolved
from SAXS is different from the reported solvation structures at
the molecular level,%*” ™% such as solvent-separated ion pairs
(SSIPs), contact ion pairs (CIPs), and aggregate clusters
(AGGs). Understanding the relationship between these

The new aqueous “water-in-salt” (WIS) electrolytes containing
21 m (mol/kg) LiTESI have attracted significant attention from
the energy storage community because of their potential for
application in supercapacitor and battery technologies." WIS
electrolytes can not only overcome the safety problem caused by
the organic electrolytes used in lithium-ion batteries (LIBs) but
also show a relatively broad electrochemical stability window
(about 3.0 V) compared to the commercial LIB organic
electrolytes.” > They also present appealing physical properties,
such as a relatively high Li* transference number and low . . ) )
viscosity.5® These excellent properties have inspired funda- solvation structures at different length scales is crucial.

mental research on WIS electrolytes, including the solvation Moreoyer, many Investigations tFle,d to explain the role of
. 9-22 water in WIS electrolytes. Combining femtosecond IR spec-
structures, transport properties, etc.

Previous studies using small-angle X-ray scatterin troscopy and MD simulations,*™*"***" Lim etal." showed that
(SAXS) 62325 o anglegneutron “ ft tering (SYANS) 13,26,2% water had a dual role: bulk-like water forms water channels that
) - )]

Fourier transform infrared spectroscopy (FTIR) spectrosco- play as a medium for lithium-ion transport, whereas interfacial

U192 and molecular dynamics (MD) simulations' >’
have advanced our understanding of the structure and dynamics Received:  December 7, 2022
of the WIS and other electrolytes. Combining SANS and MD Revised:  February 10, 2023
simulation, Borodin et al. found a water-rich and anion-rich Published: February 23, 2023
domain for 21 m lithium bis(trifluoromethane sulfonyl)imide
(LiTESI).”” The water-rich domain is a percolating channel for
fast Li* transport with a high lithium-transference number.
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Figure 1. (a) SAXS profiles for LITFSI/H,0 and (b) SANS profiles for LITFSI/D,O at different concentrations. (The data were offset for clarity; Both
(a) and (b) shared the same plot legends.) (c) d spacing (d = 27/q) as a function of LITFSI concentrations. (d) Pair distribution functions at 1 and 20
m. (Peaks were identified by their primary contributions from the elements in anions via MD simulations.)
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Figure 2. Decomposition of the simulated SAXS and SANS profiles of LiTFSI aqueous solutions. LITFSI/H,O (SAXS) at (a) 1 m and (b) 20 m;

LiTESI/D,0 (SANS) at (c) 1 m and (d) 20 m.

water on anion networks act as a lubricant. Our work also In this paper, we measured SAXS, SANS, pair distribution
supports that the TFSI™ network is formed by bridging water function (PDF), and viscosities of LITFSI aqueous solutions at
molecules.'® However, the structural information on water various concentrations and conducted MD simulations on the
remains elusive. same systems. Combining the experiments and MD simulations,
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Figure 3. Self-correlations of the elements in the anions for the LiTFSI aqueous solution at 20 m. (a) Simulated SAXS and (b) simulated SANS. The
curves are normalized such that F—F correlations have a maximum of unity.

we confirmed that the differences between SAXS and SANS
profiles are primarily contributed by the difference in the X-ray
and neutron scattering cross sections of the anions. It was found
that the TESI™ solvated structure primarily consists of solvent-
separated ion pairs, and the TESI™ network is mainly composed
of contact ion pairs and cation—anion aggregates. In addition,
we compared the concentration dependence of the viscosities
and the relaxation times associated with the two solvation
structures. We found similar trends between the viscosities and
the relaxation times associated with the anion network structures
composed of the ordering of the anions bridged by the cations
(charge alternation) and the solvents (interfacial water). These
results suggest that the anion network structure primarily
contributes to the transport properties of the WIS electrolytes.

B RESULTS AND DISCUSSIONS

LiTFSIin H,O and D,O with concentrations of 1, 5, 10, 15, and
20 m were prepared as described in the Methods and Materials.
Their SAXS and SANS profiles are shown in Figure 1a,b. In the
SAXS profiles, two peaks named Peak a and Peak b can be
observed from the dilute to concentrated LiTFSI aqueous
solutions, as shown in Figure 1a. Based on our previous results,'®
Peak a and Peak b are ascribed to the TFSI anion solvated
structures and the TFSI anion network, respectively. In contrast
to SAXS, SANS probes the water molecules more owing to the
larger cross-section of deuterons. As shown in Figure 1b, there is
only one observable peak named Peak ¢, whose position shifts to
higher g as the concentration increases. Based on the previous
studies by Borodin et al.”” and Horwitz et al.,”® this peak mainly
comes from D,0—D,0O correlations.

The d spacing of the SAXS and SANS peaks can be calculated
using d = 271/, and its relation with the concentrations is shown
in Figure lc. We can see that the d spacing of Peak b remains at
around 6.4 A for all studied concentrations. Peak b is ascribed to
the TESI™ network in which water molecules act as the bridge,
keeping the d spacing constant.'”'® However, the d spacing of
Peak a and Peak c gradually decreases from 19.6 to12.0 A. Peak ¢
could be observed for 15 and 20 m concentrations while Peak a
disappears, which indicates that the anion clusters structures are
overshadowed by anion network structures while water clusters
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still exist in between anion networks with the concentration
above 15 m. Our SANS data is similar to the literature, as shown
in Figure S1.

The SAXS and SANS show the solvation structures of LITFSI
aqueous solutions from long scale length; however, they cannot
explain the localized solvation structures. Hence, we compare
the partial pair distribution functions of 1 and 20 m LiTFSI
aqueous solutions, as shown in Figure 1d. We identified the
primary contribution to each peak in the PDFs. It can be
observed that the position of most of the peaks remains constant
upon concentration increase, which indicates that the intra-
molecular distances do not change. It is also shown that the
transition from intramolecular to intermolecular correlations is
at around 5.0 A.

To thoroughly understand the S(q) evolution, the simulated
S(q) was decomposed into contributions between molecular/
ionic pairs. Figure 2 shows the simulated SAXS profiles of
LiTFSI dissolved in H,0 and SANS profiles of LiTFSI dissolved
in D,0. As already discussed in our previous study, both Peak a
and Peak b are mainly contributed by the self-correlation of the
anions in SAXS profiles.”* Peak a is mainly contributed by the
peaks from anion—anion and solvent—solvent self-correlations
and the “anti-peak” from anion—solvent correlation, implying
the existence of the anion—solvent alternation structures at the
nanometer length scale. This nanometer-sized structural
alternation manifests the anion clusters. On the other hand,
Peak b contains two antipeak structures from anion—solvent and
anion—cation cross-correlations, indicating that Peak b
corresponds to a mixture of anion—solvent and anion—cation
alternation at the subnanometer length scale. As for SANS
profiles, we found that Peak ¢ consists of anion and solvent self-
correlation and the “anti-peak” from anion—solvent cross-
correlation, indicating the same structure as Peak a identified in
SAXS profiles. Therefore, Peak a and Peak ¢ have similar peak
positions (d-spacing). The major difference is that the signal
contributed by the anion—anion self-correlation is reduced
significantly in the SANS profiles. At high concentration, the
“anti-peak” from the anion—solvent correlation compensates
their self-correlations, causing the charge alternating feature
(Peak b in SAXS profiles) to be implicit in SANS profiles.

https://doi.org/10.1021/acs.chemmater.2c03654
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Figure 4. (a) Peak a vs Peak b fraction from SAXS and SSIPs vs CIPs plus AGG fraction from MD simulation. (b) MD simulation snapshots show

SSIPs, CIPs, and AGGs.

We further computed the partial SAXS and SANS profiles of
each element in anions. Figure 3 shows the self-correlations of N,
S, O, C, and F in anions. We found that both S and N self-
correlations showed a clear peak at ~1 A™" in both SAXS and
SANS profiles. This feature corresponds to Peak b, which is
associated with the ordering of the neighbor anions in anion
clusters. We found that Peak b was not observable in SANS
primarily due to the relatively small neutron scattering cross-
section of the S atoms. Another noticeable feature mentioned in
our previous study is that the peak at ¢ = 1-2 A™' primarily
contributes to the correlations of C and F, indicating that the
peak corresponds to the correlations between neighboring
fluorocarbon chains.

Figure 4 shows the concentration dependence of the fraction
of Peak a and b intensities from the SAXS profiles and the
fraction of SSIPs and CIPs+AGGs estimated from MD
simulations. The similarity between the two plots implies a
connection between the structures of anion clusters/networks
and the cation coordination around the anions. The decrease in
Peak a intensity and the decrease in SSIPs suggest that anion
clusters are primarily composed of anions that correspond to
SSIPs. This view is consistent with the snapshots shown in
Figure 4b, which shows that both nanometer-scale anion clusters
and cations are solvated and separated by water domains. The
increase in Peak b intensity indicates the enhanced ordering of
the alternation between cations and anions. Such ordering is
associated with the coordination between Li* and the oxygen in
TESI™, which is directly related to CIPs and AGGs, as shown in
Figure 4b. However, this relation is qualitative as the SAXS
profiles do not provide direct quantitative information about the
structures of the aggregates.

The Raman spectra of LiTFSI aqueous solutions with
different concentrations under room temperature were also
measured, as shown in Figure S2a. We fitted the Raman spectra
of LiTFSI aqueous solutions with various concentrations of
700—800 cm ™' (S—N stretching mode of the TFSI anion), and
the fitting results are shown in Figure S2b—f. Based on the well-
accepted approach,® the cation—anion clusters could be
classified into SSIPs-740 cm™!, CIPs-744—747 cm™!, and
AGGs-748 cm™!, respectively. Figure S3 compares the
concentration dependence of the fraction of SSIPs and CIPs
+AGGs estimated from Raman spectra and MD simulation. We
can observe that the fraction with Raman analysis does not agree
with the MD results, implying Raman analysis may not provide
the quantitative information about the SSIPs, CIPs, and AGGs.

After understanding the solvation structure, we want to
investigate how the structure affects the transport properties
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such as viscosity. According to Maxwell, the viscosity 7 is directly
connected with the shear modulus G,, which is associated with
the strength of the intermolecular interactions, and a single

relaxation time of the shear stress 7, by the equation™
n=Gg, (1)

Figure 5 shows the concentration dependence of the viscosities
and average relaxation time 7 of Peaks a and b. We also included
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Figure S. Concentration dependence of the viscosities and the average
relaxation time associated with Peaks a and b. The error bars for
computed viscosities indicate one standard deviation; the error bars for
relaxation times indicate one standard error from fitting. Detailed
derivation of one standard error is illustrated in Methods and Materials.

the average relaxation time using 0.9 charge rescaling in Figure
S4. We found that the CL&P force field with a 0.8 charge
rescaling factor underestimated the viscosity by a factor of 1.7—
3.5 in the range of 10—20 m. In comparison, the force field with a
0.9 charge rescaling factor agrees well with the viscosities of the
experiments at 10 and 15 m but overestimated the data by a
factor of ~1.6 at 20 m. The CL&P force field with a 0.9 charge
rescaling seems better at capturing the viscosity of LiTFSI
aqueous solutions. What is more important is that the relaxation
time of Peak b shows a similar concentration dependence of the
viscosities, implying that the relaxation of the anion network
mainly dominates the transport property.

B CONCLUSION

In summary, we performed SAXS/SANS and viscosity measure-
ments and MD simulations on LiTFSI aqueous electrolytes from
1 to 20 m. The relatively low neutron cross-section from sulfur is
the dominant factor that causes SANS to exhibit only one peak.
We also found that the ratio of Peak a to Peak b intensity in
SAXS files shares a similar trend with the fraction of SSIPs and

https://doi.org/10.1021/acs.chemmater.2c03654
Chem. Mater. 2023, 35, 2088—2094
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CIPs/AGGs. The decomposition of SAXS and SANS profiles
shows that Peak b is primarily associated with the anion—cation
alternation, which is closely related to ion association associated
with CIPs and AGGs species. Moreover, we discovered that the
concentration dependence of the viscosity is mainly associated
with the structural relaxation at the g range of Peak b,
corresponding to the cation—anion alternation and the building
blocks of ionic networks. This might help us understand the
behavior of other transport properties, such as ion conductivity
for imide-based electrolytes.

B METHODS AND MATERIALS

Sample Preparation. The electrolytes were prepared by dissolving
the lithium bis(trifluoromethane sulfonyl)imide (LiTFSI, >99%,
Sigma-Aldrich) in high purity water, which has a conductivity of 18.2
MQ X cm at 25 °C, and deuterium oxide (Sigma-Aldrich). All the salts
and solvents are used without further purification. All the electrolytes
were prepared by molality (mole-salt in kg-solvent) described as
abbreviated concentrations (1, 5, 10, 15, and 20 m).

Small-Angle X-ray Scattering. SAXS experiments were measured
at the 12 ID-B and C of the Advanced Photon Source (APS) station of
Argonne National Laboratory. 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 measure-
ment.

Small-Angle Neutron Scattering. The SANS data were acquired
at the GP-SANS (CG2), High Flux Isotope Reactor, Oak Ridge
National Laboratory (ORNL).***” The instrument was configured
with sample-to-detector distances of 7 m and 1 m combined with the
wavelength of 4.75 A, covering a momentum space of 0.05 A™! < Q <
0.7 A", Absolute scale intensities were calibrated with a porous silica
standard sample. Data reduction, including detector sensitivity and
background corrections, was performed following standard proce-
dures.”®*” The different LiTFSI aqueous solution samples were placed
in quartz cuvettes of 1 mm path length from Hellma (Plainview, NY,
USA.).

Pair Distribution Function. Pair distribution function data were
collected at 28-ID-1 in the National Synchrotron Light Source II
(NSLS-II) at Brookhaven National Laboratory. The 2D diffraction data
were collected with a PerkinElmer amorphous silicon detector,
integrated into 1D diffraction patterns with DIOPTAS"® and Fourier
transformed into real-space pair distribution functions with xPDF suite.

Raman Spectroscopy. Raman spectra of the samples were
collected at the GSECARS (APS, Argonne, U.S.A.) under room
temperature. The Raman system had an excitation wavelength of 532
nm.

MD Simulation. The bonded and nonbonded parameters for the
anion were taken from CL&P force field, which is an interatomic
potential optimized for ionic liquids.*' The OPLS-AA parameters™* and
SPC/E water model were used.** For the simulated SAXS and SANS
profiles and the calculation of SSIPs, CIPs, and AGGs, the partial
charges of the anions and cations are rescaled by a factor of 0.8, which is
the rescaling factor we used in our previous study for the structures of
the imide-based Li salt aqueous electrolytes. However, it was shown
that the viscosity was underestimated by a factor of 1.6 if a 0.8 charge
rescaling was used but was overestimated by a factor of 2.6 if no charge
rescaling was used.*** Therefore, besides a 0.8 charge rescaling, we
added additional calculations of the viscosities with 0.9 charge rescaling.
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) was used in this study.* Packmol®® randomly initialized
4495 water molecules and 81 LiTFSI/mol, and the topology of the
molecules was prepared by Moltemplate.46 We first maintained the
temperature at 400 K for 200 ps and quenched it to 300 K within 100 ps.
Next, we ran an isothermal—isobaric (NPT) ensemble for at least 2 ns
to obtain the equilibrated density. Finally, we obtained 40 ns of
trajectories produced. We set the time step to 2 fs, and the Nosé—
Hoover thermostat was used. VMD*° visualized the snapshots.
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Data Analysis for MD Simulations. The simulated SAXS and
SANS profiles were computed using LiquidLib."” For ion associations,
we counted the number of coordinated anions around the cations in
each snapshot and categorized the coordination numbers into SSIPs (0
anion), CIPs (1 anion), and AGGs (>2 anions). The simulated
viscosities are computed via integrating the stress autocorrelation
function, also known as the Green—Kubo relation:

v
o 3k, T

/°° <0ij(t0)0-ij(t0 +1))
0 <Gi/’(t0)2>

i<j
wherei, j E x,y, z

where V is the volume of the simulation box, k;, is the Boltzmann
constant, T'is the temperature, and ¢;; are the off-diagonal entries of the
stress tensor. To compute the relaxation times of Peak a and Peak b, we
first computed the coherent intermediate scattering functions, F(q, t),
which is the temporal Fourier transform of the coherent dynamic
structure factor, S(g, E), directly measured by coherent inelastic
neutron scattering experiments. The simulated F(q, t) were then fitted
by stretched exponential functions:

Fg, 1) = fe ()

where f is the prefactor, 7 is the relaxation time, and f is the stretch
exponent. Note that f, 7, and f3 are fitting parameters and are functions
of g. The average relaxation times for Peak a and Peak b were then
computed via

z( ) Tr[ 1] here i b

(q=4q) ==T|=| wherei=aor

op\p
The g; value indicates the peak position, and I represents the Gamma
function. The F(q, t) values were calculated with LiquidLib. The one
standard error of 7; was computed via the following equation:

2(‘)71']2 of 9% ’
o= 0| — +6/j —
Jr ap

where ¢, and o are one standard errors of 7 and /3, which were derived
from the square root of the main diagonal terms of the covariance
matrix of the parameters from fitting.
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