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Abstract

“Water-in-salt” electrolyte (WISE) series have been studied for lithium-ion batteries and
supercapacitor applications, but so far, most of the focus has been on the LiTFSI salt-based systems.
Herein, we used small-angle X-ray scattering (SAXS) and molecular dynamics (MD) simulation
to investigate the solvation structure of a series of lithium salts with four different symmetric
anions:  (bis(fluoro sulfonyl)imide (FSI), bis(trifluoromethane sulfonyl)imide (TFSI),
bis(pentafluoroethane sulfonyl) imide (BETI) and bis(nonafluorobutane sulfonyl)imide (BNTI)),
which have similar parent structures but different lengths of the fluorocarbon chains. Two
competing structures were found in the four lithium salts aqueous solutions: anion solvated
structure and anion network. The anion network plays a crucial role in obtaining a stable and
enlarged electrochemical window. The d spacing of the anion solvated structure follows a linear
correlation with the number of carbons in the fluorocarbon chains and an exponential correlation
with the concentrations. We also observed that the transition from one structure to another is
predominantly controlled by the salt volume fraction for all imide-based aqueous solutions. This
work provides a systematic study of the atomistic scale structures of a series of imide-based lithium

salt aqueous solutions that could extend the knowledge of WIS electrolytes.



Introduction

Aqueous electrolytes have been developed as an alternative to address the issues of the high
flammability and volatility of organic electrolytes’. However, the narrow electrochemical
stability window limits the application of aqueous electrolytes in most electrochemical couples in
lithium-ion batteries (LIBs)*>. A new aqueous electrolyte called “water-in-salt” (WIS) containing
21 m (mol/kg) LiTFSI has been proposed by Suo et al®. The large electrochemical stability window
(~3.0 V) of the WIS electrolyte is comparable to the organic electrolytes used in commercial LIBs.
Salts consisting of TFSI anion show promise as aqueous electrolytes for LIBs, because of their
relatively high chemical stability, low viscosity, and the ability to form stable solid-electrolyte

interphase (SEI) to protect the electrolyte from a breakdown on the electrodes’*2,

The solvation structure of LiTFSI aqueous electrolytes has been investigated with a variety of
techniques'®2°. For example, Cho et al. found that bulk-like water molecules act as a medium for
lithium-ion transport under 21 m LiTFSI aqueous electrolytes by combining femtosecond infrared
spectroscopy (IR) and molecular dynamics (MD)*’. With Fourier-transform infrared spectroscopy
(FTIR) and MD simulation, Tokmakoff et al. revealed that at relatively high concentrations (larger
than 3 m), Li cations contact with TFSI anions directly in the form of contact ion pairs, which have
a significant population!®, However, traditional techniques such as NMR!®, Raman?®, and IR
spectroscopy?’, are sensitive to the local molecular bonding and orientations and could not provide
direct evidence of larger aggregates. Thus, we have used small-angle X-ray scattering (SAXS) to
capture the whole structure of the forming clusters and aggregates?®. In our recent work, we found

that there are two unique solvation structures in the LiTFSI aqueous solutions, TFSI™ solvated



structure and TFSI-network?®. For the WIS electrolyte containing 21 m LiTFSI, the TFSI- network
is the only existing structure and is the key to the enlarged electrochemical stability window.
Recently, Maginn’s group has confirmed such structures with MD simulation and other scattering
techniques®. In addition, the two solvated structures were not only observed in LiTFSI, but also
other TFSI salts with different cations. For example, NaTFSI aqueous solutions of different
concentrations have structures similar to those of LiTFSI aqueous solutions?. In addition to the
monovalent lithium and sodium salt, we also found the TFSI™ solvated structure and TFSI™ network
in the divalent magnesium salt magnesium bis(trifluoromethane sulfonyl)imide (Mg(TFSI)2)

solutions®L.

Previous works mainly focus on the study of TFSI™ based salts with the variation of cations.
However, investigating the imide-based lithium salts aqueous solutions structures is insufficient®2,
In this work, we investigate the solvation behavior of four imide-based lithium salts, lithium
bis(fluoro sulfonyl)imide (LiFSI), lithium bis(trifluoromethane sulfonyl)imide (LiTFSI), Lithium
bis(pentafluoroethane sulfonyl) imide (LIBET]I) and lithium bis(nonafluorobutane sulfonyl)imide
(LiBNTI) aqueous solutions with different concentrations using SAXS experiments and MD
simulations. We found that the anion solvated structures and anion networks also existed in these
four imide-based lithium salts aqueous solutions. The anion solvated structure is the main structure
at low concentrations, while the anion network dominates at the high concentration regime. From
the SAXS experiments, the d spacing of anion solvated structure shows a linear relationship with
the carbon numbers of the fluorocarbon chains and an exponential relationship with the
concentration. From the MD simulation, we also found that the transition between these two

characteristic structures is primarily controlled by the salt volume fraction (f;4;;), which is defined



as the effective volumetric ratio between the salt and water. This finding provides a quantitative

estimation of the spatial occupation for both water and anions.

Results and Discussion
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Figure 1. SAXS profiles of (a) LIBNTI, (b) LIBETI, (c) LiTFSI and (d) LiFSI aqueous solutions
at different concentrations under room temperature and chemical formulae of the various anions
investigated in this work. The data is offset for clarity, and x- and y- axis are log scale. The full
names of the anions are bis(fluoro sulfonyl)imide (FSI), bis(trifluoromethane sulfonyl)imide
(TFSI), bis(pentafluoroethane sulfonyl) imide (BETI) and bis(nonafluorobutane sulfonyl)imide

(LiBNTI). Atom color: N, dark blue; S, yellow; O, red; C, gray; F, light blue.
To fully understand the solvation structure, we measured the SAXS profile of all four

imide-based anions lithium salts aqueous solutions with a systematic variation of concentration,
as shown in Figure 1. There are three observable peaks, labelled as Peak a, b, and ¢ from low to
high g respectively. As the concentration gradually increases, the positions of Peak a shift to higher

g, indicating the average distances between anions/anion clusters become shorter. The intensities



of Peak a decrease with increasing concentration. Meanwhile, Peak b begins to appear at a
relatively low concentration, and its position shifts slightly to a higher q. Peak c also begins to
appear at a relatively low concentration, and its peak position remains unchanged as the
concentration increases. The d spacing of the three peaks can be calculated using d = 2z/g, and its
relationship with concentrations is shown in Figure S1. We divide the concentrations into three
regimes: (1) low concentration regime with only Peak a observable, (11) medium concentration
regime that Peak a and Peak b co-exist, and (I11) high concentration that only Peak b exists.
Because of the low solubility of LiBNTI in water, regime (I11) cannot be observed. Based on our
previous work, Peak a, Peak b and Peak c represent the solvated anion structure, anion network
and the distance between the neighboring atoms of either the same anion or neighboring anions,

respectively??,
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Figure 2. (a) SAXS profile of LIBNTI, LIBETI, LiTFSI, and LiFSI aqueous electrolytes at 10 m
under room temperature. The data is offset for clarity. (b) d spacing is plotted as a function of the
electrolyte at 10 m. d spacing is calculated by d = 2z/q. (c) The linear relationship between carbon



number and d spacing of Peak a at 10 m, 5 m, 3 m and 1m. (d) Evolution of the correlation d
spacing with the different concentrations of the four imide-based anions.

Next, we compare the effect of different anions on the solvated structure. The SAXS profile
of the four different lithium salts with 10 m (which is at regime 1) is investigated, as shown in
Figure 2a. As the anion size decrease, all three peaks moved to higher g, meaning that the d
spacing becomes shorter as shown in Figure 2b. We ascribe the shorter d spacing of Peak b and
Peak c to the smaller anion size because the formation of these two peaks is mainly from the anion
network. However, for the Peak a, which represents the solvated structure, we assume that both

water molecules and anion sizes contribute to the shift of peak position.

To support our interpretation, we further investigate the relationship between the d spacing
and the carbon number of the different imide-based anions, d spacing of Peak a is plotted as a
function of carbon numbers at 10 m, 5 m, 3 mand 1 m as shown in Figure 2c. It shows that the
evolution of d spacing for the imide-based anions linearly scales with the number of carbons of
the fluorocarbon chains. The slope (k) and intercept (b) of the linear fitting results are shown in
Table S1. As the concentration decreases, the k value increases, which means the lower the
concentration, the greater influence of carbon number of fluorocarbon chains on d spacing of Peak
a. Many researchers have found the linear relationship between d spacing and the carbon numbers
exist in many pure ionic liquids®*=3¢, For example, Alessandro. et. al investigated the structure
organization ~ room  temperature  ionic liquids, namely  3-methylimidazolium

hexafluorophosphate([Cnmin][PFs]) by SAXS34. They found that the size of the structural
heterogeneities linearly scales with the alkyl chain length with a slope of % = 2.1 A/CH, unit

for both chloride [Cnmim][CI] and tetrafluoroborate [Cnmim][BF.], showing that the slope is
unaffected by the anion nature. Our study also shows the linear relationship between d spacing of

Peak a and fluorocarbon chain length. However, the slope k is affected by the concentration



because of the presence of water. The correlation between the d spacing and concentration is shown
in Figure 2d. It is observed that the d spacing decreases exponentially as a function of the
concentration (fitting parameters are shown in Table S2). The decay constant increases as the
carbon number increases. This result can be used to predict the SAXS profiles of these four imide-

based lithium salts aqueous solutions at any concentration.
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Figure 3. Snapshots of LiTFSI and LIiBNTI aqueous electrolytes from MD simulations at various
levels of concentrations under room temperature. From left to right are (1) low, (I1) medium, and
(1) high concentration regimes, respectively. (a) Local arrangement of anions. (b) The water
channels are formed by anion networks (water is not shown for clarity). (c) The disconnected water
channels (salts are not shown for clarity). (blue: water, red: anions, green: cations, yellow dashed
line: corresponding d spacing of peak a, black dashed line: corresponding d spacing of peak b).

In order to obtain a thorough understanding of the structures of imide-based lithium salts
aqueous solutions, we performed MD simulations for all four aforementioned solutions. The
description of the forcefield and the simulation protocols are detailed in Methods. The densities

computed from the simulations deviated from the experimental values by no more than 1.3%, 1.4%,



2.1%, and 7.3% for LiFSI, LiTFSI, LIiBETI, and LiBNTI respectively (see Table S3). The
structure factors weighted by atomic form factors are shown in Figure S2. We found that our
model successfully captures the three-peak structures and several features observed in our SAXS
data upon concentration increasing: 1) Peak a moving towards higher q; 2) Peak b emerging; 3)
Peak a vanishing. The decomposition of the total structure factors of LiTFSI aqueous solutions
shown in Figure S3 reveals that both Peak a and b are contributed by correlations between anions.
Figure S4 illustrates the partial pair distribution functions (PDFs) for anions in LiTFSI. The
position of the second coordination shell moves inwards and stops at ~13 A at the highest
concentration. The first coordination shell becomes more pronounced before it overshadows the
second coordination shell. We believe that this secondary peak corresponds to the separation of
the anion clusters and/or the size of the water channels in between anion networks. However, we
did not tabulate these values from the partial PDFs because the box sizes used in our simulations
were not able to include the secondary peak for all cases in this study even though we could still

observe definitive anion clusters in the snapshots.

Figure 3 shows the snapshots for LiTFSI and LiBNTI at various concentrations (LiFSI and
LiBET]I are shown in Figure S5). We selected snapshots of four concentrations representing four
structural transition points: 1) Anion clusters start to form; 2) Anion networks start to form; 3)
Anion networks are fully connected; 4) Water channels are disconnected. The four stages
correspond to (1) low concentration, the early and late stage of (I11) medium concentration, and (111)
high concentration regimes, respectively. Figure 3a illustrates the local arrangement of anions in
which stacking parallelly is the preferred first coordination structure. Figure 3b shows the
existence of water channels at medium concentration, while Figure 3c shows that water channels

are partially disconnected at high concentrations. Combining our observation in the snapshots with



the results of structure factors and partial pair distribution functions, we attributed Peak a to the

structure of the solvation structure in between anions/anion clusters and Peak b to the first

coordination structure of the anions, which serves as the building blocks for both clusters and

networks. The yellow and black dashed lines in Figure 3 show the corresponding d spacing of

Peak a and Peak b, respectively. Peak ¢ corresponds to the length scale smaller than the size of an

anion; thus, we attribute Peak ¢ to the combination of the intra-molecular correlations and the

correlations of F atoms between neighbor anions. These observations from simulation results are

consistent with the interpretation established in the SAXS experiment.
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Figure 4. Cluster population as a function of cluster size (number of anions) for (a) BNTI, (b)
BETI, (c) TFSI, and (d) FSI.

To further understand the behavior of the anion clusters and how they form the network,

we analyzed the population of the clusters as a function of cluster size (number of anions) as shown



in Figure 4. The definition of a cluster is a set of anions that satisfies the following condition: For
every anion (denoted as X) in the cluster, there is at least one other anion (denoted as Y) in the set
where X and Y separate within a cutoff range. The separations are defined as the distance between
the N atom in anions. The cutoff range is defined as the first local minimum encountered in anion’s
partial PDF beyond the range of a diameter of an anion at the highest concentration. The clusters
calculated under this definition of cutoff range showed qualitative agreement with the simulation
snapshots. We found three features that are universal throughout different anions: 1) The right shift
of the profile from 1to 3 min FSI, 0.1to 0.5 m in TFSI and BET]I, and 0.05 to 0.1 m in BNTI; 2)
The presence of sharp peaks starting at 5 m in FSI, 2 min TFSI, and 1 m in BETI and BNTI; 3)
The presence of the first two features shifted to lower concentrations as the fluorocarbon chains

were lengthened.

The first feature indicates that most of the newly added anions contribute to the growth of
the clusters as the concentration increases at low concentrations. Secondly, the sharp peaks suggest
the onset of clusters merging into a network that is represented by one large cluster. This large
anion cluster, namely, the anion network, has a peak value of unity at high concentrations, meaning
that all the anions are connected. The third feature shows that the larger the size of the anions, the
lower the concentration at which the merging of the clusters begins. This suggests that the effective
volume occupied by the salts is a possible variable that controls network forming behavior. In
addition, we tabulated the fraction of the fully solvated anions (clusters with the size of 1) in Table
S4. At a concentration less than or equal to 1 m, the fully solvated anion accounts for over 60.3 %
in FSI but only 11.0 % in BNTI. This observation suggests that Peak a in small anions such as FSI
corresponds to the solvation structure of a fully solvated anion, whereas Peak a in large anions like

BNTI corresponds to the solvation structure of anion cluster suspension.
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Figure 5. (a) Salt volume fraction as a function of concentration for the different anions. (b)
Normalized Peak a intensity as a function of salt volume fraction. (c) Normalized Peak b intensity
as a function of salt volume fraction.

To explain the onset of the presence of anion networks shifting to lower concentrations as
anion size increases, we postulated that the overall structure is controlled by the effective volume
occupied by the salts. The salt volume fraction (f;,;;) from MD simulations are calculated

assuming the density of water remained constant in our simulations:

_ Vsait _ Vtotal-PwaterMwater (1)
f:s‘alt - -

Viotal Vtotal

where V;,:q; 1S the total of the simulation boX; p,qcer IS the density of water; M, ;e IS the
molecule mass of water. Figure S6 shows the partial PDFs of O-O correlations of water. The
position of the first coordination peak remains unchanged throughout all casesf, indicating that the
0O-0O distances of water is the same throughout all systems. Therefore, we considered it reasonable
to set the density of water as a constant. Figure 5a shows salt volume fraction as a function of
concentration in the simulations. Intensities of Peak a and Peak b are platted as a function of salt
volume fraction (Figure 5b and 5c¢) and as a function of concentration (Figure S7). The peak
intensities evaluated at different concentrations are normalized to the maximum intensity for the
same anion. Figure 5c¢ and Figure S7 (b) show only data for TFSI and BETI because the Peak b

of FSI and BNTI could not be well determined. We found that different anions reach maximum



peak intensity at different concentration but at similar salt volume fractions (~20 %). This volume
fraction also coincides with the onset of the presence of Peak b. Combining our observation in
cluster analysis, we believe that the salt volume fraction universally controls the transition from

an anion cluster-dominated environment to an anion network-dominated environment.
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Figure 6. The electrochemical stability window of (a) LiFSI, (b) LiTFSI, (c) LIBETI and (d)
LiBNTI aqueous electrolytes on nonactive electrolytes at different concentrations under room

temperature.

From SAXS results at different concentrations, we can observe the structural changes of
the four imide-based lithium salts aqueous solutions at different concentrations. We believe that
this structural change may lead to different electrochemical performances. Therefore, we

investigated the electrochemical stability window of LiFSI, LiTFSI, LIBETI and LIiBNTI aqueous



electrolytes at three different regimes, as shown in Figure 6. The electrochemical window was
evaluated on the stainless steel electrode by cyclic voltammetry (CV). Compared with 1 m LiBETI
aqueous electrolytes, the overall stability window of 10 m and 15 m LiBETI aqueous electrolytes
has expanded. This result indicates that the anion networks play an important role in the enlarged
electrochemical stability windows. The phenomenon can be observed in the other three imide-

based lithium salts aqueous solutions, as shown in Figure 6.

Conclusion

In summary, we studied LiBNTI, LiBETI, LiTFSI, and LiFSI aqueous solutions with synchrotron
X-ray scattering technique and molecular dynamics simulation by systemically varying the
concentrations. Two different solvation structures exist in the four lithium salts aqueous solutions:
anion solvated structure and anion network. The anion network plays an import role in the broader
electrochemical stability windows. With the anion size increases, the d spacing of anion solvated
structure and anion network becomes larger under the same concentration. The d spacing of anion
solvated structures is affected by the carbon numbers of the fluorocarbon chains in the anions and
the concentrations. It is linearly related to the number of carbons of the fluorocarbon chains and
exponentially correlates with the concentration. MD simulation results reveal that the formation
of anion networks starts at around 20 % of the salt volume fraction for all imide-based lithium salts

aqueous solutions.
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Methods

Sample preparation. The electrolytes were prepared by dissolving the lithium bis(fluoro
sulfonyl)imide (LiFSI, 99.9%, Sigma-Aldrich), the lithium bis(trifluoromethane sulfonyl)imide
(LiTFSI, > 99%, Sigma-Aldrich), the lithium bis(pentafluoroethane sulfonyl)imide (LiBETI, >
98%, TCI) and the lithium bis(nonafluorobutane sulfonyl)imide (LiBNTI, > 95%, TCI) in high
purity water which conductivity is 18.2 MQxcm at 25 °C. All the electrolytes were prepared by
molality (mole-salt in kg-solvent) used by abbreviated concentrations (0.2 m, 0.5m, 1 m,3m, 5

m, 10 m, 15 m, 20 m, 22 mand 26 m).

Small-angle X-ray scattering. SAXS experiments were performed at the Advanced Photon
Source (APS) 12ID-B and C station of Argonne National Laboratory. The 2D SAXS data were
collected on a Pilatus 2 M area detector (DECTRIS Ltd.) and incident energy of 12 keV. The two-
dimensional scattering images were radially averaged over all orientations to produce plots of
scattered intensity 1(q) versus scattering vector q, where ¢ = 4z sin 6/4. The scattering vector, q,
was calibrated using silver behenate. The samples were loaded into 1.5 mm diameter quartz

capillary tubes and sealed with epoxy for the SAXS measurement.

Electrochemical Measurements. Cyclic voltammetry (CV) was carried out using CHI 600E
electrochemical working station at a scanning rate of 10 mV/s. 316 stainless steel grid (200-mesh
sieve) as working and counter electrodes, which were cleaned ultrasonically in alcohol and then

wash with high purity water several times and dried before measurement.

MD simulation



In this study, we used parameters from CL&P potential for anions®’, parameters from OPLS-AA

kcal

mol’

for Li (e = 0.018279 o = 2.7 A)38, and SPC/E water®. Charges of anions and cations were

scaled by a factor 0.8 to simulate the environment of solutions**#, Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)** was used in this study. All molecules were placed
randomly in the initial configurations using Packmol** and Moltemplate*. The number of
molecules simulated is listed in Table S5. The systems were first equilibrated at 400 K for 200 ps
and quenched to 300 K with a quenching rate of 5x10-* K/fs. Next, we ran the simulations for at
least 2 ns under an isothermal-isobaric (NPT) ensemble. The simulation boxes were then adjusted
to the average box sizes obtained in the NPT runs before the canonical (NVT) ensemble runs for
data production. Nosé—Hoover thermostat* was used throughout all the simulations and the time
step was 2 fs. Finally, 40 ns of trajectories are produced for LiFSI, LiTFSI, and LiBETI. In order
to observe the pre-peak at around 0.1 A-1 in LIBNT], the system size was set to 8 times larger than
other aqueous electrolytes, and 6 ns of trajectories was produced. The post-analysis and

visualization tools used in this study include LiquidLib*, Gromacs*’, Avogadro*®, and VMD?*92,
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TOC

Two solvation structures exist in LIBNTI, LiBETI, LiTFSI and LiFSI aqueous solutions, namely
anion solvated structures and anion network. The former is the main structure at low concentrations

while the latter dominates the high concentration regime.
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