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ABSTRACT: The fundamental understanding of the liquid electrolyte (LE) solvation structure and electrode—electrolyte interface
behavior will bring more in-depth thinking and revolutionary changes to the entire electrochemical energy storage field. Regardless
of the variety of techniques available, the methods employed to investigate electrolyte solvation structures over a long-range are
severely limited. Small-angle X-ray scattering (SAXS) is an ideal complement to Raman spectroscopy, Fourier transform infrared
spectroscopy, or nuclear magnetic resonance, which offers a unique perspective from a larger scale on clusters or networks in
electrolytes. Understanding the solvation structures from a few angstroms to hundreds of nanometers will undoubtedly lay a good
foundation for studying the macroscopic transport properties, such as viscosity and ionic conductivity, of the LEs. In this Perspective,
we discuss the use of SAXS to investigate the solvation structures in different electrolyte systems, a prospect for the SAXS broader
application in the electrolyte study, and some challenges that need to be solved in the SAXS application.
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Due to the repulsive and attractive forces of interactions
between adjacent ions and molecules, short-range order exists,
which is known as solvation structures.'® The study of the
solvation structure is the cornerstone of all subsequent
research on the LEs. According to previous research, the LE
solvation structures may exist at multiple length scales, from a
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Scheme 1. Schematic of Synchrotron SAXS Measurement
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Figure 1. SAXS data of (a) EC/PC (1/9) and PC, (b) EC/EMC (1/9) and EMC, and (c) EC/DEC (1/9) and DEC. (d) SAXS data of IL,
TEGDME, IL/TEGDME, and IL/TEGDME/Salt systems. (e) Fitted curve of subtracted data of the capillary from the IL/TEGDME solution. (f)
Size distribution obtained after fitting the spherical model on the subtraction result of (e). Figure reproduced with permission from ref 37.

Copyright 2021 Elsevier.

studies the materials at large distances or small angles, which
can probe the intermolecular spacing, cluster size, or
inhomogeneity domains from 1 to 150 nm.”

Herein we intend to show how SAXS is uniquely positioned
to study LE systems in their native environment. We begin
with a discussion of the application of SAXS in the study of
conventional electrolytes with a lower salt concentration,
which is composed of lithium hexafluorophosphate (LiPFq)
and organic solvents ethyl carbonate (EC), propylene
carbonate (PC), dimethyl carbonate (DMC), ethyl methyl
carbonate (EMC), and diethyl carbonate (DEC). However,
because of the safety issue of traditional organic electrolytes,
nonvolatile, nonflammable aqueous electrolytes have become
promising alternative electrolytes. High concentration “water-
in-salt” (WIS) electrolytes with excellent electrochemical and
physical properties are proposed. Combining SAXS and
molecular dynamics (MD) simulation, the solvation structures
and dynamics of WIS electrolytes are investigated, and the
discussion extends to the “solvent-in-salt” electrolytes. Finally,
we will discuss the unique advantages of using in situ SAXS
and GISAXS in the liquid study and some challenges that need
to be solved for future use.

9822

B WORKING PRINCIPLES OF SAXS

The schematic representation of the synchrotron SAXS
measurement is depicted in Scheme 1. In this setup, incident
X-rays traverse the sample, and the resulting scattering signal is
captured by a two-dimensional (2D) detector. The recorded
2D image can subsequently be transformed into a one-
dimensional (1D) SAXS curve. The relationship between the
scattering angle 26 and the scattering vector g is expressed as g
= 47 sin(6)/4, where A denotes the wavelength of the X-rays.

Typically, SAXS spectra exhibit the form factor of the
examined samples. However, when sample concentrations
increase or specific interactions occur within the sample, the
structure factor becomes discernible. This phenomenon is
visually represented by peaks emerging, as depicted in Scheme
1. The respective interparticle distances or d-spacings of these
peaks within the 1D SAXS spectra can be determined using the
formula d = 27/q. Notably, this implies that lower g values
correspond to larger d-spacings of the nanostructure under
scrutiny.

B CONVENTIONAL ELECTROLYTES

Organic solvents, salts, and additives typically constitute
commercial liquid electrolytes. Usually, organic solvents
combine two or three components, which can be roughly

https://doi.org/10.1021/acs.chemmater.3c01648
Chem. Mater. 2023, 35, 9821-9832
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Figure 2. (a) Depiction of the development of the primary solvation sheath of Li* in diluted and water-in-salt solutions. Figure reproduced with
permission from ref 39. Copyright 2015 American Association for the Advancement of Science. (b) A three-dimensional image captured from
molecular dynamics simulations at 298 K, displaying a network of interconnected H,O molecules in red and TFSI anions represented as a
wireframe, in a 21 m LiTFSI-H,O solution. (c) The structure factor obtained from small-angle neutron scattering (SANS) experiments and
molecular dynamics (MD) simulations for a 21 m LiTFSI solution in deuterium oxide (D,0O). Figure reproduced with permission from ref 20.
Copyright 2017 American Chemical Society. (d) The infrared (IR) absorption spectra displaying the OD stretch mode of HOD in LiTFSI aqueous
solutions (lower panel), accompanied by the outcomes of Gaussian fitting analysis for 5 and 21 m LiTFSI concentrations in aqueous solutions
(upper panel). (e) Type-1 interfacial water molecules establish hydrogen bonds with neighboring bulk-like water molecules and TFSI", while type-
2 interfacial water molecules engage in two or more electrostatic interactions with TFSI™. Figure reproduced with permission from ref 21.

Copyright 2018 American Chemical Society.

categorized into two families: esters and ethers.'” The most
widely used and successful commercial lithium salt in lithium-
ion batteries is LiPFs. Many studies have been conducted to
understand the impact of microscopic structures on the
physical and chemical characteristics of battery electro-
Iytes;34_36 however, the microstructures of solvation inter-
actions of ions of commercial liquid electrolytes are still not
fully understood.

We conducted a microscopic structure analysis on cyclic EC
within cyclic PC and linear carbonate electrolytes, including
DMC, EMC, and DEC using SAXS,” as shown in Figure 1.
The SAXS curves for PC and EC/PC were nearly identical,
indicating that the two solutions share the same structure
(Figure 1a). However, Figure 1b,c shows that the SAXS curves
for EC/EMC and EC/DEC exhibited a noticeable increase in
intensity within the g range of 0.02 to 0.5 A™". When EC
dissolves in EMC or DEC, molecular rearrangement occurs
because EC and PC are cyclic carbonates, while EMC and
DEC are linear carbonates. As a result, some EC molecules
may create small clusters in the linear carbonate solvents. The
SAXS intensity data of pure EMC were subtracted from the
SAXS intensity data of EC/EMC. Only the form factor of the
sample appears. Based on the volume distribution, the mean
diameter of the nanostructure was estimated to be around 1
nm through data fitting. Furthermore, we investigated the 1 M
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LiPF¢/carbonate electrolytes. The observation of LiPF contact
ion pairs is limited to the EC/EMC electrolyte and not in EC/
PC mixtures, primarily due to the differences in the dielectric
constant between EMC and PC.

Ahmadiparidari et al. presented a new chemistry based on a
combination of LiNO;, TEGDME, and an ionic liquid that
enables Lil (1 M) to lower the charge potential (3.5 V) with a
long cycle life of 270 cycles which is used in Li—O, batteries.””
They also used SAXS to investigate the solvation structures.
Figure 1d depicts the SAXS data obtained from various
samples, including pure IL, TEGDME, IL/TEGDME, and IL/
TEGDME with the addition of Lil and LiNOj; salts. No
aggregated signals were observed in the case of the pure IL and
TEGDME samples. However, aggregate formations of varying
sizes were evident for the IL/TEGDME and IL/TEGDME
samples with Lil/LiNOj salts. Specifically, the SAXS curve for
IL/TEGDME exhibited a noticeable increase in intensity
within the scattering vector, ¢, ranging from 0.05 to 0.5 A!
when compared with the IL and TEGDME samples. They
employed the spherical model to perform a fitting analysis of
the subtracted data within the q range of 0.05—0.5 A™'. By
fitting the data with the Lognormal model, represented by the
red curve from the form factor of the samples in Figure le,
they could estimate the nanostructures’” average diameter to be
approximately 3 nm, as depicted in Figure 1f.

https://doi.org/10.1021/acs.chemmater.3c01648
Chem. Mater. 2023, 35, 9821-9832
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Figure 3. (a) Structure factor calculated using molecular dynamics (MD) simulations (red) and from the SAXS experiment (blue) for a 20 m
LiTFSI aqueous electrolyte. (b) Representative snapshot of the largest water and ionic aggregates in 20 m LiTFSI in water. The Li* diffusion
mechanisms and paths in the different domains are also indicated with arrows. Reprinted with permission under a Creative Commons CC BY 4.0
from ref 40. Copyright 2020 American Chemical Society. (c) SAXS profile of LiTFSI aqueous electrolytes at different concentrations under room
temperature. (d) Calculated X-ray structure factor at the low g range as a function of LiTFSI concentration. Ref 25 Copyright 2021 American
Chemical Society. (e) Three concentration regimes are divided: (I) low concentration, (II) medium concentration, and (III) high concentration.
Figure reproduced with permission from ref 18. Copyright 2021 American Association for the Advancement of Science.

B WATER-IN-SALT

The electrolyte concentration significantly influences battery
performance, and many studies have investigated the
correlation between the electrolyte concentration and the
battery’s electrochemical performance. Yamada et al. proposed
that the high concentration could broaden the electrolyte’s
electrochemical stability window and make the electrolyte’s
oxidation potential significantly improve.”® Wang’s group
applied this strategy to aqueous LIBs and made significant
progress in the performance of aqueous LIBs.”” They reported
a new aqueous electrolyte called “water-in-salt” (WIS), which
contains 21 mL of LiTFSL This aqueous electrolyte has a
larger electrochemical stability window, about 3.0 V, which is
comparable to the organic electrolytes used in commercial
LIBs.

Because of the excellent electrochemical performances of
WIS electrolytes, scientists have tried to investigate their
solvation structure. In the beginning, Wang’s group provided
their assumption about the solvation structure of the WIS
electrolyte.’” For the dilute LiTFSI aqueous electrolyte, Li* is
solvated by water molecules, and TFSI™ remains relatively free.
However, for the WIS electrolyte, on average, two TESI anions
exist in each Li* primary solvation sheath (Figure 2a). Borodin
et al. investigated the ion solvation and transport in LiTFSI
aqueous system in a wide concentration range combined with
MD simulation and small-angle neutron scattering (SANS),*
as shown in Figure 2b,c. They found the disproportionation of
cation solvation leads to a heterogeneous liquid structure and
creates two interpenetrating but dynamics nanodomain
networks. The TFSI-rich domain immobilizes the anion
movement relatively, and the Li*(H,0), domain serves as a
percolating channel for fast Li* transports with a high lithium-
transference number. Combining infrared spectroscopy (IR)
(Figure 2d) and molecular dynamics (MD) simulation, Cho et

9824

al. proved that there are two different kinds of water. One is
bulk-like water, which plays the positive role as a medium for
lithium-ion transport in ion transport channels within porous
anions network; the other is interfacial water, which looks like
the lubricant in anion networks®" (Figure 2e). TESI anions are
mainly responsible for the formation of anion networks, which
act as a framework for nanometer water channels.

However, the techniques employed in previous studies, such
as NMR,*"*” Raman,”~*" and IR spectroscopy,”"**** are only
sensitive to the local molecular bonding and orientations and
are challenging to capture the whole structure of the forming
clusters and aggregates. SAXS provides information about the
molecules’ size and shape and assemblies from 1 to 150 nm in
solution. Using SAXS and MD simulation, our group and
Cheng’s group observed a heterogeneous structure within the
20 m LiTFSI aqueous electrolyte."” Our findings suggest that
this heterogeneous structure is responsible for this system’s
relatively high transference number. Because of the high
concentration of the samples, the structure factor shows up.
Two peaks at high g can be observed from the SAXS profiles
and the MD simulation results agree with the SAXS results, as
shown in Figure 3a. This also shows that SAXS data could be
the standard to validate the force field in the MD simulation.
The simulations demonstrated the existence of networks of
negatively charged ion domains and positively charged water
domains that permeate the system. While the dynamics of Li*
within the ion domain exhibit a strong correlation, the
movement of Li" in the water domain is comparatively
unrestricted (Figure 3b). This is because of the low number of
anions in the water domain, which results in a weak interion
correlation and ultimately leads to a relatively high ¢ despite
the high viscosity.

Despite many studies examining the structures of highly
concentrated LiTFSI aqueous electrolytes, the solvation

https://doi.org/10.1021/acs.chemmater.3c01648
Chem. Mater. 2023, 35, 9821-9832
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Figure 4. (a) SAXS profile of NaTFSI aqueous solutions with different concentrations at room temperature. Structure factors of the 1, 2, and 3 m
aqueous electrolytes. Reprinted with permission under a Creative Commons CC BY 4.0 from ref 18. Copyright 2021 American Association for the
Advancement of Science. (bl) are measured using SAXS and (b2) calculated using MD simulation to understand the Mg(TFSI), aqueous system.
Figure reproduced with permission from ref 46. Copyright 2021 Wiley. (c) Evolution of the correlation d spacing with the different concentrations
of the four imide-based anions. (d) The chemical formula of FSI, TFSI, BET], and BNTL (e) Normalized peak intensity as a function of salt
volume fraction. Figure portion (c) and (e) reproduced with permission from ref 19. Copyright 2022 Elsevier.

behaviors under different concentrations remain poorly
understood. Our group systematically varied the LiTFSI
concentrations and measured them with SAXS at room
temperature. From the SAXS profile'® (Figure 3c), two
peaks can be observed; one is named as Peak a in the low g
part, and the other is marked as Peak b at relative high g part,
which is at 0.99 A™". Peak a represents the TFSI™ solvated
structure. Unlike the other papers that ascribed Peak b to the
charge-ordering peak, which is usually used for ionic liquid and
molten salts,*""** we ascribe it to the TFSI™ network that TFSI
anions were mainly linked by interfacial water, not cations,
which is also consistent with IR results in Figure 2d. The
position of Peak b for the NaTFSI solution is found to be
identical to that of LiITFSI (Figure 4a). This suggests that the
cation (Na*) does not play a crucial role in determining Peak
b’s position. If the cation were a significant factor, the peak
would have been shifted to a lower g value due to the larger
radius of Na* (1.02 A) compared to Li* (0.69 A).*” Therefore,
it is evident that alternative TFSI™ structures may contribute to
this peak. Two possible structures that could account for this
observation are as follows: TFSI™ anions in direct contact with
each other; TFSI” anions connected to water molecules,
forming a structure like TFSI™---HOH---TESI". The d-spacing
between the TESI™ network is measured to be 6.4 A, which is
larger than the pure TESI-Li—TFSI distance (5.3 A).** As a
result, we can attribute the formation of this peak to the TFSI™
network, likely formed by the bridging of water molecules. The
Li* is still in the TFSI” network to keep the electronic
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equilibrium, but it remains uncertain if it is totally solvated by
the water molecules (in the water channel) or connected with
TESI™.

LiTFSI aqueous solutions can be divided into three
concentration regimes, as shown in Figure 3e: low, medium,
and high concentration. The TFSI™ solvated structure is the
primary solvated structure at low concentrations, while the
TESI™ solvated structure and the TESI™ network coexist as the
concentration increases to a medium level. However, the
TESI™ network is the only existing solvation structure at high
concentrations. Our experimental SAXS results were further
confirmed by Zhang et al. with MD simulations.”> Comparing
Figure 3¢ and 3d, we can observe that their calculated results
matched our SAXS profile very well.”> They assume that the
relatively high Li* apparent transference number is because the
TESI” dynamics decrease more quickly with increasing salt
concentration than the Li* dynamics due to the formation of
TESI™ networks.” They also think that the conduction of Li*
through the high concentration electrolyte occurs mainly
through a hopping mechanism instead of a vehicular
mechanism. In the vehicular mechanism, the ion traverses in
the proximity of its surrounding solvation shell over a
considerable distance. On the other hand, in the exchange or
hopping mechanism, the ion undergoes continuous transitions
between solvating species or effectively “hops” from one
solvating species to another.

We also demonstrate that SAXS technique can be used on
other TFSI -based WIS electrolytes (Figure 4a,b).'** Similar

https://doi.org/10.1021/acs.chemmater.3c01648
Chem. Mater. 2023, 35, 9821-9832
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to LiTFSL, NaTFSI and Mg(TFSI), exhibit two solvation
structures, with the TFSI™ solvated structure diminishing as
the concentration increases and giving way to the gradual
formation of a TFSI™ network. Our group further symmetri-
cally investigates the imide-based lithium salts’ aqueous
solutions structures. We chose four different symmetric anions
(Figure 4d): (bis(fluorosulfonyl)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.'” We examined the solvation structures
and attempted to identify the relationships among d spacing,
carbon numbers, and concentrations. The carbon numbers of
the fluorocarbon chains in the anions and their concentrations
influence the d spacing of anion-solvated structures. The
number of carbons in the fluorocarbon chains has a linear
correlation with the d spacing, while the concentration has an
exponential correlation (Figure 4c). These findings enable
prediction of the SAXS/WAXS profiles of aqueous solutions
containing the four imide-based lithium salts at any
concentration. Molecular dynamics simulations indicate that
the formation of anion networks in all imide-based lithium salt
solutions begins at around 20% of the salt volume fraction
(Figure 4e).

The length scale of solvation structures observed through
SAXS differs from the solvation structures reported using
Raman at the molecular level, such as solvent-separated ion
pairs (SSIPs), contact ion pairs (CIPs), and aggregate clusters
(AGGs). Understanding the connection between these
solvation structures observed by SAXS and Raman spectros-
copy is crucial. It is also important to elucidate water’s role in
forming the solvation structure of WIS electrolytes.”' More-
over, the relationship between the viscosity and the solvation
structures needs to be clarified. To address the above
questions, SAXS, SANS, pair distribution function (PDF),
and viscosities were measured for LiITFSI aqueous solutions at
different concentrations, and corresponding MD simulations
were conducted on the same systems.'” Our investigation
confirmed that the dissimilarities between SAXS and SANS
profiles arise mainly from the divergence in X-ray and neutron
scattering cross sections of the anions. Our findings indicate
that the TFSI™ solvated structure primarily comprises solvent-
separated ion pairs, while the TFSI™ network mainly comprises
contact ion pairs and aggregates, as shown in Figures Sa,b.
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SANS confirms that water also forms a cluster at low
concentrations. Furthermore, we analyzed the concentration-
dependent variations in the viscosities and relaxation times
associated with the two solvation structures and found that the
viscosity of WIS electrolytes is mainly influenced by the anion
network structure (Figure Sc).

B SOLVENT-IN-SALT

Although the solubility of inorganic salt in organic solvents is
not as excellent as that in water, the wide variety of organic
solvents makes the organic electrolyte versatile and rapidly
growing in lithium metal batteries.”” In comparison to
traditional dilute organic electrolytes, concentrated electrolytes
present several advantages. They contain fewer free-state
molecules and exhibit stronger interactions among cations,
anions, and solvents. These characteristics result in a range of
benefits, including an expanded temperature and potential
window, reduced flammability, increased Li* transport number,
and the formation of a robust solid electrolyte interface (SEI)
derived from anions, which exhibits low interfacial resist-
ance.””***® Moreover, upon surpassing a certain concentration
threshold (3—5 M), the concentrated electrolyte undergoes a
transformation wherein free solvent molecules become scarce,
leading to the emergence of a distinct solvation structure. This
new structure plays a crucial role in diminishing the inherent
volatility of the concentrated electrolyte. Suo et al. pioneered
the solvent-in-salt (SIS) electrolyte by employing concentrated
7 M LiTFSI in DOL/DME (1:1 by volume) in lithium—sulfur
(Li—S) batteries.”” The SIS electrolyte can inhibit the
dissolution of soluble lithium polysulfides from the sulfur
electrode and suppress lithium dendrite growth. Similarly, only
a limited number of free-state solvent molecules coordinate
with metal cations from the cathode in LIBs, which helps to
suppress the diffusion of those cations into the bulk
electrolyte.”® Because of structure-dependent properties,
Raman spectroscopy is the major characterization technique
to obtain the SIS structure at the molecular level.>"** The
introduction of SAXS provides the interactions between
cations/anions and electrolyte solvents in the nanoscale.>®

It should be noted that organic solvents are not as bipolar as
the water. They mostly solvate cations not anions. Therefore,
they will form solvation structures different from WIS. Amine
et al. reported a new class of concentrated siloxane-based
electrolytes, which achieved quasi-solid—solid lithiation instead
of conventional solid—liquid—solid lithiation in dilute or

https://doi.org/10.1021/acs.chemmater.3c01648
Chem. Mater. 2023, 35, 9821-9832
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Figure 6. (a) Schematic illustration of sulfur redox chemistry, polysulfide shuttle, and lithium dendrite formation for Li—S batteries in different
electrolytes. (b) SAXS data of siloxane-based electrolytes with increased LiTFSI concentration. Reprinted with permission from ref 54. Copyright
2020 Wiley. (c—e) SAXS data of LiPFg in (ethyl methyl carbonate) EMC, (fluoroethylene carbonate) FEC/EMC, and pure solvents of EMC,
FEC/EMC, 1,1,2,2-tetrafluoroethyl-2,2,2,3- tetrafluoropropyl ether (TTE), 1,1,2,2-tetrafluoroethyl methyl ether (TME), bis(2,2,2-trifluoroethyl)
ether (BTFE), and 1,1,2,2,-tetrafluoroethyl-2,2,2-trifluoroethyl ether (TFTFE). Figure reproduced with permission from ref 5S. Copyright 2022
Wiley.
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Figure 7. (a) Chemical structures of LiTFSI salt and seven different solvent molecules. (b) Background-corrected SAXS data of saturated
electrolytes and their corresponding pure solvents (LiTFSI in PC/THF/ACN/DMF). (c) SAXS of LiTFSI in DME/ Diglyme/Tetraglyme. Figure
reproduced with permission from ref 56. Copyright 2021 American Chemical Society.

concentrated ether-based electrolytes.”* Siloxane solvent can (Figure 6a). SAXS data display a clear intensity increase in the
effectively regulate the cations/anions and solvents with a q range from 0.5 to 0.8 A™" with increased concentration from
solvation-ion-exchange process in the concentrated electrolytes 1.0 to 5.0 M (Figure 6b), which is ascribed to the formation of
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Figure 8. SAXS data of NaBPh, based solutions with different salt concentrations. (a) NaBPh, in PC. (b) NaBPh, in ACN. (c) NaBPh, in THF.
(d) NaBPh, in DME.*’ Copyright 2022, Elsevier. (e) SAXS data of Na[HCB,;H,,] in Diglyme. (f) Enlarged image displaying anion—anion
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CIP, and this is similar to the high g peak observed for the
WIS, as shown in Figure 5a,b. As the concentration increases,
the peak position shifts to a higher g. Different from the WIS
system, there are no low q peaks. The emergence of CIP/AGG
clusters in concentrated electrolytes also be reported by Su et
al.>® A broad peak in the g range of 0.5—0.8 A" appears in 4 M
LiPFy (EMC) and 3 M LiPF, (FEC/EMC) (Figure 6¢,d),
indicating the formation of CIP and/or AGG clusters.”> The
feature peak disappears after adding diluents (Figure 6e),
suggesting that the diluent molecules impact the inner
solvation structure and alter the size distribution of clusters
in the concentrated electrolytes.

Our group conducted a comprehensive SAXS/WAXS study
on the solvation structures of LiTFSI-based saturated organic
electrolytes.® Organic solvents with different molecular
shapes/chain lengths and functional groups have been targeted
(Figure 7a). As shown in Figure 7b,c, these saturated
electrolytes exhibit a similar feature in SAXS/WAXS plots,
with a peak at the —gq region (0.7—0.9 A™"). Interestingly, the
peaks in linear shape molecules (ACN, DMF) are more visible
than in ring shape molecules (PC, THF). Moreover, the short
chain molecule (DME) is more suitable for forming this peak
than a long chain molecule (Diglyme, Tetraglyme).

We found that the steric effect also affects the formation of
solvation structures. For instance, the solvation structures of
fluorine-free sodium salt sodium tetraphenylborate (NaBPh,)
in different organic solvents (PC, ACN, THF, and DME) have
been studied.”” As shown in the SAXS plots of NaBPh, with
different salt concentrations (Figure 8a—d), the prominent
peak above 1 A™! corresponds to the intermolecular distance
between the neighboring atoms of different molecules, which is
size/shape dependent. As the salt concentration increases from
dilute to high, scattering peaks (0.7—0.8 A™") gradually form
with increased intensity, which means the formation of
aggregates. Interestingly, one additional characteristic low g
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peak (0.4 A™") arises at low concentrations and keeps shifting
to high q as the concentration increases were found in NaBPh,
in PC. By combining Raman spectroscopy and MD
simulations, we believe it is caused by the short-range stacking
of BPh,—anion clusters. In addition, two peaks were observed
in SAXS data of larger Na[HCB,;H,;] molecules in Diglyme
solution, corresponding to anion—anion separation distances
of 6.04 and 11.5 A (Figure 8ef).>

B RESULTS AND PERSPECTIVES

The complexity of liquid structures, including hydrogen
bonding, Coulombic forces, and other ion—molecule inter-
actions, presents more significant challenges than solids or
gases. The structure of a solution can be influenced by various
factors, including internal molecular shape, polarity, and
concentration as well as external environmental conditions,
such as temperature and electric fields. As discussed, many
useful techniques have been performed in liquid studies; for
example, NMR has the capability to identify chemical shifts in
particular elements and distinguish the chemical surroundings,
which is helpful in analyzing the solvation structure. In
addition, the local vibrational mode of the molecules is
commonly explored through Raman and infrared spectroscopy.
Variations in the bend, twist, or stretch vibrations of free
solvent molecules, coordinated solvent molecules, and anions
can be detected through specific band shifts in wavenumbers.

However, as new electrolyte systems continue to be
proposed, only NMR, Raman, or other technologies which
can only offer the local bond or orientation information no
longer meet the needs of an in-depth understanding of
electrolytes. In order to comprehend how the macroscopic
physical behavior (ionic conductivity and viscosity) of a liquid
is linked to its structural features (solvation state, cluster size,
and arrangement of nanostructures), it is crucial to create a set
of analytical tools that can precisely examine these structures

https://doi.org/10.1021/acs.chemmater.3c01648
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Table 1. Summary of Peak Positions and d Spacings Derived

from SAXS Data from Different Systems

Water-in-Salt

from small scale to large scale. SAXS offers a comprehensive
overview of the structure that is statistically averaged across the
entire sampling region, enabling the determination of critical
structural characteristics, such as particle size, shape, porosity,

Pleels Politon # Siprisiigy and arrangement. The peak position (g value) and the d
Peak a Peak b Peak a Peakb  Ref spacing in different electrolytes have been summarized in
20 m LiTFSI 0.99 A 0.628 nm 40 Table 1. It has already been employed in electrolyte research to
1to20m  Between 0.3 099 A Between 12 6.35 A 18 determine the liquid structure factor and nanostructures, such
A -1 . . . < g
LITFSI and 0.5 A and 18 A as solvation, clusters, and aggregates, demonstrating its distinct
1to26m  Between 0.3 127 A™' Between 6 4.95 A 19 ; ;
LiFSI and 1 A™! and 17 A adzantljlge mn thﬁs ?jld' SAXS lav i . g
1to 1S m Between 0.2 0.90 A™! Between 13 6.98 A . ooking tO't e tuture, i can play its unique a vantages
LiBETI and 0.4 A~ and 23 A in the following aspects in the field of electrolytes research.
02to 10 m  Between 0.1  Between 0.4  Between 19 Between 10 First, by combining SAXS with Raman, FTIR, and NMR
A -1 . ey s . .
LiBNTI and 0.3 A 8“6‘1 4t and S7A  and 15 A techniques, it is possible to explore the solvation structures of
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Mg(TFSI),  and0.5A~'  and and 21 A and 8 A ters (Figure 9). Studies of WIS and LiPF,/EC/EMC
09 A™ electrolytes have shown that they may exhibit heterogeneity.
lto7m Between 0.3 ~ 0.99 A™' Between 14 6.35 A 18 SAXS can confirm the presence of clusters or networks, while
NaTFSI and 0.4 A™! and 19 A . o . .
; Raman, FTIR, and NMR can provide insights into their
Solvent-in-Salt ! .
formation. If the electrolyte is heterogeneous and there are
Peak Position d Spacing Ref large clusters, we will reconsider the cations’ transport
1t§> S N{ LITFSL in siloxane be(;‘ge;n 0Sand 784 52 mechanism, which is so important in battery engineering.
t 8 A” .
electrolytes Second, Operando SAXS techniques can take us a step further
1 and 4 m LiPF6 in EMC between 0.5 and between 7.9 and 53 . A . L. .
08 Al 12.6 A in unraveling the fundamental mechanisms of liquid dynamics
Saturated LiTFSI in PC 072 A-! 875 A 54 and mass transport under working conditions (temperature,
Saturated LiTFSI in THF 0.68 A 9.19 A voltage, pressure, etc.), providing crucial and irreplaceable
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Saturated LiTFSI in DMF 0.82 A7 7.66 A combines different techniques (such as X-ray absorption
Saturated LiTFSI in DME 0.83 A~ 7.62 A spectroscopy, Raman spectroscopy, etc.) may allow us to
Saturated LiTFSI in diglyme ~ 0.94 A™! 6.68 A observe the bond breaking and making, the large cluster
Saturated LiTFSL in tetraglyme  0.87 A™! 7.26 A formation and disappearance, and the ionic moving during
lrg C(molar ratio) NaBPh in 040 and 0.76 A" 157 and 826 A 55 battery charging and discharging, as shown in Figure 9. There
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Regarding particular opportunities for future developments
to understand the relationship between solvation structures
and properties of electrolytes, we see several significant points
to be addressed in the future concerning using SAXS: (1) The
impact of beam damage can never be overlooked. Several
techniques can be employed to reduce beam “damage”,
including shortening the exposure time, reducing flux, adding
glycerol, and more. However, caution must be exercised when
liquid electrolytes are examined, particularly those with high
concentrations that employ water as the solvent. In such cases,
the use of a flow cell for conducting the study of liquid
electrolytes is a wise option. (2) Beyond the in situ
transmission SAXS/WAXS, in situ grazing incidence small-
and wide-angle X-ray scattering (GISAXS/GIWAXS) could
also be a valuable method to revealing electrochemistry. In our
group’s previous work, we already have confirmed the solvation
structure of the liquid electrolyte in the bulk state. In-situ
GISAXS could potentially serve as a valuable technique for
elucidating the solvation structure of electrolytes at the
electrode interface during charge and discharge.
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