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Unconventional interfacialwater structureof
highly concentrated aqueous electrolytes at
negative electrode polarizations

Chao-Yu Li 1,5, Ming Chen 2,5, Shuai Liu 3, Xinyao Lu4, Jinhui Meng1,
Jiawei Yan 3, Héctor D. Abruña 4, Guang Feng 2 & Tianquan Lian 1

Water-in-salt electrolytes are an appealing option for future electrochemical
energy storage devices due to their safety and low toxicity. However, the
physicochemical interactions occurring at the interface between the electrode
and the water-in-salt electrolyte are not yet fully understood. Here, via in situ
Raman spectroscopy and molecular dynamics simulations, we investigate the
electrical double-layer structure occurring at the interface between a water-in-
salt electrolyte and an Au(111) electrode. We demonstrate that most interfacial
water molecules are bound with lithium ions and have zero, one, or two
hydrogen bonds to feature three hydroxyl stretching bands. Moreover, the
accumulation of lithium ions on the electrode surface at large negative
polarizations reduces the interfacial field to induce an unusual “hydrogen-up”
structure of interfacial water and blue shift of the hydroxyl stretching fre-
quencies. These physicochemical behaviours are quantitatively different from
aqueous electrolyte solutions with lower concentrations. This atomistic
understanding of the double-layer structure provides key insights for
designing future aqueous electrolytes for electrochemical energy storage
devices.

With the rapidly increasing demand for renewable energy andmobile
devices, the development of next-generation electrochemical energy
storage systems has become a key objective in energy research1,2. In
electrochemical energy devices, the electrolyte, sandwiched
between the positive and negative electrodes, is an essential com-
ponent determining the performance. Aqueous electrolytes have
safety advantages over aprotic organic electrolytes, such as non-
flammability and low toxicity3–6. However, conventional aqueous
electrolytes are limited by their narrow electrochemical window of
1.23 V due to the hydrogen/oxygen evolution reactions7. This limita-
tion can be overcome in highly concentrated aqueous electrolytes,
also known as water-in-salt (WiS) electrolytes8, which have been
shown to significantly widen the electrochemical stability window to

over 3.0 V, delivering enhanced performance in Li-ion batteries8,9,
supercapacitors10, and CO2 reduction reactions11.

Recent reports on WiS electrolytes have drawn considerable
attention to their bulkproperties. For example, in21molal (m,molesof
salt per kg of water) lithium bis(trifluoromethane sulphonyl) imide
(LiTFSI) WiS electrolytes, more than 90% of the total mole of water
molecules are bound with Li+, and both the strong interaction with Li+

and small free water concentration (<10% of the total mole of water)
have been suggested to contribute to the enhanced electrochemical
stability of WiS electrolytes8,12–14. Furthermore, water molecules form
nanoscale channels to facilitate Li+ transport despite the large mac-
roscopic viscosity of WiS electrolytes15. In addition to bulk properties,
the performance of the electrochemical device also depends critically
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on the electrical double-layer (EDL) structure at the
electrode–electrolyte interface, a subnanometer region where elec-
trochemical transformations occur. Molecular dynamics (MD) simu-
lations suggest that the high salt concentration in WiS electrolytes
significantly alters the Li+ solvation and EDL structures compared to
low-concentration electrolytes16–18. However, such modeling results
have yet to be supported by detailed experimental characterization of
the EDL structure at the electrode/WiS electrolyte interface. Previous
studies of low-concentration electrolytes have shown that a thorough
characterization of EDL structures is crucial for the mechanistic
understanding of device performance19–27. Extending such studies to
the EDL of WiS electrolytes, especially in high electrode polarization
regions (e.g., potentials negative than the onset of hydrogen evolution
reaction), remains challenging13,28.

Herein, the potential-dependent EDL structure of highly con-
centrated LiTFSI aqueous electrolytes on an Au(111) electrode was
studied at electrode polarizations varying from 0 to −1.55 V (vs.
potential of zero charge, PZC). Comparing the potential-dependent
vibrational spectra of interfacial water and ions obtained by in situ
electrochemical shell-isolated nanoparticle-enhanced Raman spec-
troscopy (SHINERS)22,29 with detailed microstructures obtained byMD
simulations provides atomistic insights into the EDL structure in WiS
electrolytes. The comparison reveals that the interfacial water mole-
cules show three OH stretching bands due to their different hydrogen-
bonded structures dictated by interactions among the water, Li+, and
TFSI−. The accumulation of Li+ at the electrode surface at high negative
polarizations leads to an unusual hydrogen-up (H-up) interfacial water
structure that is not observed in dilute aqueous electrolytes and
reduces the electricfield strengthon the interfacial water togive rise to
an unexpected blue shift of the OH stretching vibration.

Results
In situ probing interfacial water in highly concentrated aqueous
electrolyte
As illustrated in Fig. 1a, to study the EDL structure, an electrochemical
SHINERS method was used (details in Supplementary Fig. 1 and Sup-
plementary Information), which has been proven to be suitable for the
investigations at the electrochemical interface, such as specific
adsorption of sulfate ion30, pyridine31, and hydrogen29, and most
importantly and relevantly, enables an in situ molecular-level probe of
the structures of electrical double layer and interfacial water on single-

crystal electrode surfaces22,29,32. The Raman signal of the interfacial
layer is significantly enhanced in the junction between the Au(111)
surface and the core/shell Au/SiO2 nanoparticles due to the enhanced
optical field strength. The thin SiO2 layer (2 nm in thickness) is elec-
trochemically inert, which can insulate the Au particles (~57 nm in
diameter) from the single-crystal Au electrode while still provides
enhancement of the electric field (see Supplementary Fig. 1 for the
TEM characterization of Au nanoparticles and their size distribution
histogram). MD simulations, as shown in the schematic in Fig. 1b and
with details described in the Method section, were utilized to investi-
gate the atomistic structure of the EDL and the water hydrogen-
bonded structure at the Au(111) electrode-WiS electrolyte interface.

The vibrational spectra of interfacial water in the OH stretching
region and their changes with applied potentials were measured by
in situ electrochemical Raman spectroscopy in 21m LiTFSI aqueous
electrolytes. All electrode potentials are relative to the PZC of the
Au(111) electrode, which is around −0.1 V vs. Ag/AgCl electrode (see
Supplementary Figs. 2, 3 for corresponding cyclic voltammogram and
PZC measurement of Au(111) in 21m LiTFSI aqueous electrolyte). The
Raman spectra at +0.5 and +0.9 V shows negligible dependence on the
applied bias (Supplementary Fig. 4) and agree well with bulk water
Raman spectra of WiS electrolyte. Therefore, the spectrum at +0.9 V
was subtracted from the total Raman signal to reveal the spectra of
interfacial water. Shown in Fig. 2a are the Raman spectra of the inter-
facial water OH stretching mode in the 3200–3600 cm−1 region from
+0.5 to −1.55 V. Inspired by the assignments of Raman spectra of water
in the low-concentrated aqueous electrolytes22,32–36, the spectra can be
well fitted by the sum of three Gaussian bands, Peak 1, 2, and 3 (with
increasing frequencies), suggesting three major types of water mole-
cules in the EDL. As shown in Fig. 2b, c, both the frequencies and
intensities of these three bands show a strong dependence on the
applied potential, reflecting the bias-dependent change of the inter-
facial water structure and electric field22. The Raman frequencies of
Peak 1–3 decrease linearly from +0.1 to −1.15 V, consistent with Stark
effect induced frequency shifts22,37–40, which is caused by the mono-
tonically increasing total electric field experienced by interfacial water
in the potential region of 0 to −0.96 V, as disclosed by MD simulations
in Fig. 2d. However, at more negative potentials, from −1.15 to −1.55 V,
the Raman frequencies of these three peaks increase, which is not
observed in 7m LiTFSI aqueous electrolyte (Supplementary Fig. 5) and
have not been reported previously22,40. MD simulations reveal an

Fig. 1 | Probing the electrochemical double-layer structure at the electrode|
electrolyte interface. a Schematic of in situ probe of the EDL using SHINERS
method. Bottom left: schematic structure of the Li+-free water, Li+-bound water
molecules, and TFSI− anion, respectively; Top right: schematic of a spectro-
electrochemical cell, where an Au(111) electrode, a Pt wire, and an Ag/AgCl

electrode were used as the working electrode (WE), counter electrode (CE), and
reference electrode (RE), respectively. The large spheres in the bottom center are
the core/shell Au/SiO2 nanospheres. b Typical MD simulation snapshot of 21mWiS
electrolyte in contact with Au(111) electrodes under applied bias. The interfacial
water molecules on the negative electrode surface are magnified.
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unexpected decrease in the total electric field experienced by the
interfacial water at the highly negative potential region from −0.96 to
−1.51 V (Fig. 2d), which accounts for this blue shift in the water OH
stretching mode38,39. The origin of this unexpected change in the
interfacial electric field will be further discussed below.

The absolute intensities of Raman bands depend on the popula-
tion of interfacial species and their Raman enhancement factors, both
of which can change with potential, and their relative contributions
cannot be easily separated. Thus, only the relative intensities of Raman
bands and their potential dependence are analyzed, which will be
compared with the potential-dependent probability of finding inter-
facial species of different hydrogen-bonded structures obtained from
the MD simulation. The relative intensities of three OH stretching
bands, defined as the ratio of the intensity of a band to the total Raman
intensity of all bands, show different bias dependence, as presented in
Fig. 2c. From +0.1 to −1.15 V, the relative intensity of Peak 1 decreases
while those of Peak 2 and 3 increase. From −1.15 to −1.55 V, the relative
intensities of all three peaks show a much smaller bias dependence.
Noticeably, at −1.55 and −1.83 V, a sharp peak with a bandwidth of
~4 cm−1 appears at 3665 cm−1, which canbe attributed to the deposition
of LiOH on the Au(111) surface to form a solid electrolyte interphase
(SEI) layer (Supplementary Fig. 6). This observation is in line with the

findings of a previous X-ray diffraction measurement, which shows
that at negative potentials, Li ions accumulate at the electrode surface
and react with OH− (released from the hydrogen evolution reaction) to
form LiOH precipitates13. This surface reaction has been suggested to
passivate the electrode surface and suppress the water-reduction
reaction, leading to awidened electrochemical stabilitywindowduring
cycling13.

In addition, as shown by the cyclic voltammetry (CV) measure-
ment of Au(111) in 21m WiS electrolyte (Supplementary Fig. 2), a
cathodic current starts at ~ −0.8V, which can be attributed to the
hydrogen evolution reaction and also the reduction of TFSI−8. To
characterize the surface change, we held the potential at −0.8 and
−1.2 V on Au electrodes for 24 h and 30min, respectively, and then
carried out ex situ Raman spectroscopic measurements to probe the
electrode surface. As shown in Supplementary Fig. 7, there is no
observable Raman signal of SEI (i.e., the deposition of LiOH) on the
electrode surface under such potentials. Furthermore, the atomic
force microscope (AFM) measurements were performed to study the
surface morphology of the electrode surface after holding at about
−1.2 and −1.8 V. As revealed in Supplementary Fig. 8a, b, the electrode
surface is still atomically flat after holding at ~−1.2 V for 5min, where
the characteristic monatomic steps of Au(111) surface can be clearly

Fig. 2 | VibrationalRamanspectra of interfacialwater atAu(111)|WiSelectrolyte
(21m LiTFSI) interface. a In situ electrochemical Raman spectra of the OH
stretching mode of interfacial water at the Au(111) surface measured in 21m LiTFSI
aqueous electrolyte (gray curves) and their fits to the sum of three Gaussian bands
of increasing frequency: Peak 1 (red), 2 (blue), and 3 (pink). b Potential-dependent
frequencies of Peak 1 (red squares), 2 (blue circles), and 3 (pink triangles) of
interfacial water obtained fromspectralfits inpanel a and their linearfit (solid lines)
in regions of +0.1 ~ −1.15 V and −1.15 ~ −1.55 V. c, Potential dependenceof the relative
intensities of Peak 1 (red squares), 2 (blue circles), and 3 (pink triangles) obtained
from the fits in a. Herein, a relative Raman intensity profile representing the change
in the portion of total intensity was used to avoid the variation of plasmonic
enhancement during the potential scan. d, Simulated electric field (E) strength (red
circles) experienced by the interfacial water and the linear fit (solid red line) in

regions of 0 ~ −0.96 V and −0.96 ~ −1.51 V. Inset: schematic of the interaction
between the electric field and interfacial water. The direction of E is taken to be the
direction of the force it exerts on a positively charged particle, e.g., from the
positive electrode to the negative electrode. e Simulated potential-dependent
probability of interfacial water with donor numbers of 0 (pink triangles), 1 (blue
circles), and 2 (red squares), respectively. As shown in the schematic in Supple-
mentary Fig. 11, H-bond formation was determined based on the geometric criteria
of hydrogen bond length (rHB ≤0:35 nm) and angle (αHB ≤ 30°)17,61. The error bars in
b–e present the standard error in experiments or simulations. f Schematics of Li
+-bound interfacial water with donor number changing from (i) 0 to (ii) 1 and (iii) 2,
respectively. In the formation of an H-bond with a Li+-bound water molecule as a
donor, another water molecule or TFSI− can act as an acceptor.
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seen by the AFM measurement, indicating the high surface smooth-
ness. In sharp contrast, after holding at ~−1.8 V, the surface morphol-
ogy of the electrode became much more roughened with several
valley-like regions (Supplementary Fig. 8c, d), suggesting the forma-
tion of SEI at this potential.

It has been well established that in aqueous solutions and dilute
electrolytes, the frequency of the OH stretching mode of interfacial
water is determined by the hydrogen bond (H-bond) environment of
water molecules, giving rise to distinct peaks for ice-like water33,34,
liquid-like water33,34, and dangling OH bonds22,36. To help assign the
observed interfacial OH stretching spectra, MD simulations were per-
formed to explore the structure of water molecules and the corre-
sponding H-bond network at the electrode-WiS electrolyte interface.
As shown in Supplementary Fig. 9, more than 93% of the total mole
of interfacial water molecules are within the first solvation shell of Li+

(referred to as Li+-bound water), and less than 7% of the total mole of
water molecules are outside the first solvation shell of Li+ (Li+-free
water). This can be attributed to the strong interaction between Li+ and
water molecules under the high salt concentration16,17. Furthermore,
the simulated number density of Li+-bound water increases during the
cathodic scan, likely induced by the accumulation of Li+ on the elec-
trode surface at more negative potentials. The percentage of inter-
facial Li+-boundwatermolecules ismuchhigher than that in 7m LiTFSI
aqueous electrolytes (~75% of the total mole of interfacial water
molecules are within the first solvation shell of Li+, see Supplemen-
tary Fig. 10).

The variation in H-bond numbers alters the structure of the EDL
and can be observed byRaman frequency shifts because the frequency
of theOHstretchingmode (vOH) shifts towards a higher region inwater
molecules with a lower H-bond number35. The H-bond formation was
determined based on the geometric criteria in Supplementary Fig. 11.
The potential-dependent probabilities of finding interfacial Li+-bound
water with different H-bond donor and acceptor numbers are calcu-
lated and summarized in Supplementary Table 1. Li+-bound water
molecules with zero acceptor number dominate the interfacial region,
since the interfacial Li+-bound water molecules, with their O atom
interacting with the Li+ (schematically shown on the left of Fig. 1a),
cannot serve as anH-bond acceptor. Therefore, as illustrated in Fig. 2e,
f, the main difference in the H-bond environment of interfacial
Li+-bound water molecules is determined by their H-bond donor
number (Ndonor), which ranges from Ndonor = 0, 1, and 2. As shown in
Fig. 2e, the fraction of interfacial water molecules with Ndonor = 2
decreases gradually, and the proportions of water molecules with
Ndonor = 1 and 0 increase correspondingly at more negative potentials.
On the basis of the relationship between Ndonor and vOH established in
dilute electrolyte solutions22,32–36, Peak 1, 2, and 3 (in the order of
increasing wavenumbers) of the interfacial Raman spectra are attrib-
uted to interfacial Li+-boundwatermolecules with two (Ndonor = 2), one
(Ndonor = 1), and zero (Ndonor = 0) H-bonds, respectively. The simulated
potential-dependent probability of these species (Fig. 2e) agrees qua-
litatively with the observed trend of their relative Raman intensities
(Fig. 2c), providing further support for this assignment. Although our
result suggests that the well-established relationship between Ndonor

and vOH of water for dilute solutions can also be applied in con-
centrated electrolytes, this notion should be further examined in
future studies.

Microscopic structure of EDLs in highly concentrated aqueous
electrolytes
MD simulations reveal the detailed atomistic structure of interfacial
water, Li+, and TFSI− in the EDL of WiS electrolytes. The structure of
interfacial water and Li+ in the 21m LiTFSI aqueous electrolyte can be
visualized by the number of density profiles of interfacialwater oxygen
(Fig. 3a) and hydrogen (Fig. 3b) atoms and Li+ (Fig. 3c), as well as the
water orientation (Fig. 3d, e), both of which show pronounced

dependences on the applied potential. The orientation of water rela-
tive to the electrode surface can be described by two angles: 1) the
angle between the normal vectors to thewater plane and the electrode
surface (θnormal), shown in Figs. 2, 3d) the angle between the water
dipole and surface normal (θdipole), shown in Fig. 3e. Meanwhile, a
differential 2D angular distribution of two OH groups of Li+-bound
water relative to the arrangement of water under PZC is shown
in Fig. 3f.

The number density profiles ofwater hydrogen and oxygen atoms
and Li+ exhibit distinct peaks at three distances from the electrode,
indicating their interfacial structural order. Specifically, a sharp peak is
observed for the oxygen atoms located at the second layer (~0.26 nm
to the surface), and at more negative potentials, the peak height
increases, with its position shifting closer to the electrode surface
(Fig. 3a). However, as shown in Fig. 3b, the distribution of hydrogen
atoms shows more potential-dependent changes. At the PZC, the
hydrogen atoms are located at the same layer as the oxygen atoms,
with the θnormal distribution exhibiting two peaks around 20 and 160o

(Fig. 3d) and a θdipole distribution peaking at 105o (Fig. 3e), which
indicates that the interfacial water adopts a configuration nearly par-
allel to the electrode surface, consistent with previous work in dilute
aqueous electrolytes22. As the polarization increases to ~−1.0V, water
molecules get noticeably re-arranged: the H atomdistribution shows a
new peak at the first layer (~0.17 nm to the surface) and a decrease of
the peak height at the second layer (Fig. 3a, b); the distribution of
θnormal becomes less ordered (Fig. 3d) and the peak of θdipole dis-
tributions shifts to 115o (Fig. 3e). These changes canbe attributed to the
reoriented “dipole-down” structure (i.e., the water dipole points
towards the electrode surface), in accord with previous reports of
water structure on gold electrodes by X-ray absorption spectroscopy41

and Raman spectroscopy22. However, under high polarization, we
observe that a shoulder ofHatomsgrows in at the third layer (~0.35 nm
to the surface, see Fig. 3b), and a peak of θdipole distribution at around
60o gradually increases (Fig. 3e). Such structure could be ascribed to
an unusual “dipole-up structure” (i.e., the water dipole points away
from the electrode surface). Such an unusual interfacial water struc-
ture has never been reported on highly negatively charged
surfaces22,33,36,37. In order to describe the structure transition of inter-
facial Li+-bound water molecules with the applied potential more
accurately, we then calculated the differential 2D angular distribution
of two OH groups of Li+-bound water relative to the arrangement of
water under PZC. Specifically, the OH bond of a water molecule can be
classified into “H-up”, parallel, and “H-down” with the angle between
the OH bond of water and the normal of the electrode surface ranging
in 0–70o, 70–110o, and 110–180o, respectively (Supplementary Fig. 12).
As shown in Fig. 3f, the arrangement of Li+-bound water molecules
adjusts from parallel to “H-down” under low polarization. Never-
theless, under high polarization, though the major Li+-bound water
molecules transfer from parallel to “H-down”, part of the water mole-
cules transfer into an unusual H-up configuration.

Analysis of the EDL structure suggests that the change of inter-
facial water orientation is induced by the variation of interfacial Li+

distribution. As shown in Fig. 3c, at the PZC,most Li ions are located at
the third layer (~0.35 nm to the surface), and a small amount of Li ions
is located at the second layer, the plane of water (~0.26 nm to the
surface). At more negative potentials, Li+ accumulates in the inner
region of the EDL (~0.17 nm to the surface), agreeing with our experi-
mental observation of LiOH deposition on Au(111) at −1.55 and −1.83V
(Fig. 2a and Supplementary Fig. 6). The accumulation of Li+ partially
screens the electric field, enabling the H-up structure of interfacial
water. As a comparison, the Li+ distribution in the low concentration
(7m) LiTFSI aqueous electrolyte shows negligible density in the first
atomic layer (Supplementary Fig. 13a–c),which inhibits the occurrence
of the dipole-up structure of interfacial water (Supplementary
Fig. 13d, e).
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In addition to the structure of interfacial Li+ and water at negative
electrode polarizations, our study also reveals the structure of the
counter ion (i.e., TFSI−) within the interfacial region. As shown in
Supplementary Fig. 14a, b, the vibrational Raman spectra exhibit
multiple bands of TFSI− in the 250 to 1300 cm−1 spectral region. These
bands show a similar lack of potential dependence, and only the
sharpest peak at 746 cm−1 (S-N-S bending mode, δS-N-S) is discussed.
Over the entire potential range (+0.5 to −1.55 V), the δS-N-S peaks show
negligible frequency shifts (Supplementary Fig. 14a), while the inte-
grated intensity changes by < ~10% over the spectral region (Supple-
mentary Fig. 14b). TheMD simulations reveal that at the PZC, the TFSI−

number density distribution has a prominent peak of their center of
mass at 0.4 nm from the electrode surface (Supplementary Fig. 14c),
indicating that TFSI− ions sit above the interfacial water layer (~0.26 nm
to the surface) and slightly above the Li+ layer (~0.35 nm to the surface).
Atmore negative potentials, the number density of TFSI− at the 0.4nm
peak decreases, suggesting that the increased negative charge of the
electrode surface pushes more TFSI− ions further away from the sur-
face by electrostatic repulsion while attracting more Li+ into the inner
layer by electrostatic attraction (Fig. 3c). Detailed analysis of the MD
simulation results show that at the PZC, the hydrogen bond acceptors
of interfacial water are mostly the sulfonyl oxygen of TFSI− (Supple-
mentary Fig. 15), for ~93.9% for water with one H-bond donor and
~92.7% forwater with twoH-bond donors. Atmore negative potentials,
the percent of H-bonds with TFSI− acceptor decreases as more TFSI−

ions are pushed further away from the electrode surface.
The analysis of the combined in situ electrochemical Raman

spectroscopy and constant-potential MD simulations results have led

us to propose an EDL model in highly concentrated aqueous electro-
lytes. As depicted schematically in Fig. 4, most interfacial water
molecules are within the first solvation shell of Li+ with their O atoms
interacting with the Li+ and their H atoms forming 0, 1, and 2 H-bonds,
with TFSI− as the principal H-bonding acceptor. The electrolyte in the
double layer shows a structural order in the density profile along the
normal to electrode surface: with water molecules closest to the
electrode surface interacting with the Li+ and TFSI− ion layers above.
Under low polarization (from 0 to ~−0.6 V), the interfacial water
molecules adopt parallel and H-down structures (Fig. 4a). However,
under high polarization (from ~−1.5 to −1.9 V), Li ions accumulate on
the electrode surface, inserting between the electrode and water layer
(Fig. 4b). As a result, the amount of interfacial Li+-bound water
adopting an “H-up” orientation increases from ~10% (PZC) to ~20%
(high polarization); meanwhile, the amount of interfacial Li+-bound
water with a parallel orientation decreases from ~43 to ~16% (Supple-
mentary Fig. 16). Specifically, in terms of the “H-up” structure of
Li+-bound water, ~20% of interfacial Li+-bound water molecules form
zero H-bond (i.e., two dangling OH bonds), and ~55% of interfacial
Li+-bound water molecules adopt one H-bond (i.e., one dangling OH
bond); meanwhile, the rest ~25% of interfacial Li+-bound water mole-
cules form two H-bonds (i.e., zero dangling OH bond, Supplemen-
tary Fig. 17).

Molecular insights into the structural transition of inter-
facial water
As shown in Fig. 2b, d, the potential-dependent OH stretching fre-
quency shifts of interfacial water molecules with different H-bond

Fig. 3 | Microscopic structure of the electrical double layer at Au(111)|WiS
electrolyte (21m LiTFSI) interface. a–c Atom number densities (ρ) of oxygen (a)
and hydrogen (b) of water, and Li+ (c) in 21m LiTFSI aqueous electrolyte.
d, e, Normal orientation (d) and dipole orientation (e) of interfacial water. The
normal orientation is defined as the angle between the normal of the water plane
and the normal of the electrode surface; the dipole orientation is the angle between
the water vector and the normal of the electrode surface. The solid gray line

represents the orientation of bulk water; three dash lines in e denote the peak at (i)
105˚, (ii) 115˚, and (iii) 60˚, respectively. f Differential 2D angular distributions of
two OH groups of Li+-bound water at (i) −0.96 V and (ii) −1.51 V relative to the
arrangement of water under PZC. θOH is defined as the angle between the OHbond
of the water and the normal direction of the electrode surface (the corresponding
schematic is shown on the right). In d–f, the water molecule is represented by the
white and red spheres.
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numbers correlate well with the average electric field experienced by
the interfacial water, indicative of the Stark effect-induced frequency
shift22,35,38,39. To understand how the potential-dependent double-
layer structure change leads to the observed frequency shift, we
decompose the total field on the interfacial water (red circles) into
contributions from the electrode (H2O-electrode, gray bar), water
molecules (H2O-H2O, orange bar), and Li+ and TFSI− ions (H2O-LiTFSI,
blue bar), as presented in Fig. 5a. Details can be referred to Methods.
It is found that, in the 21m electrolyte, the strength of the electric
field from the electrode increases linearly with the applied potential
(Fig. 5a), due to the monotonically increased surface charge density
(Fig. 5b). Similarly, the field strength from the water molecules,
pointing at the oppositive direction, also increases monotonically
with the potential (orange bar in Fig. 5a). Consequently, the unusual
transition of the total electric field results mainly from the con-
tribution of Li+ and TFSI− ions. Specifically, TFSI− ions stay further
from the electrode than the interfacial water layer (Fig. 4) and the
number of TFSI− ions in the EDL region remains nearly unchanged
with polarization (Supplementary Fig. 18), generating a nearly
polarization-independent electric field at the opposite direction
from that of the negatively charged electrode. As shown in Figs. 3c,
5c, there are two layers of Li ions: an outer layer above the interfacial
water that produces an electric field having the samedirection as that
from the negatively charged electrode, and an inner layer between
the electrode and the interfacial water layer that generates the
electric field in the inverse direction (see the Schematic in Fig. 5d).
The peak locations of the Li+ layers are nearly independent of
polarization. The amount of Li ions in the outer layer increases
slightly from 0 to −0.96 V and then decreases more noticeably from
−0.96 to −1.51 V; while the amount of Li ions in the inner layer
increases in the whole potential range, but the slope of increase is
much larger from −0.96 to −1.51 V (Fig. 5c). The difference in the
number of Li ions between the outer and inner layers (4ρ) decreases
gradually in the potential of 0 to −0.96 V, and then greatly at the
potential region from −0.96 to −1.51 V. Therefore, Li+ accumulating
on the electrode surface, which screens the negative electrode

surface charge, plays a dominant role in the unconventional transi-
tion of the total electric field at ~−1.0 V (Fig. 5a).

For the lower concentration electrolyte (7m LiTFSI), the reverse
frequency shift of the OH stretchingmode and the deposition of LiOH
were not observed experimentally at high negative potentials, up to
−1.75 V (Supplementary Fig. 5), although the slope of the frequency
shift decreases. Unfortunately, measurements at more negative
potential are difficult due to the great H2 evolution. Moreover, MD
simulations show no discernable Li+ accumulation in the inner layer of
the EDL (Supplementary Fig. 13c). It is possible that the interfacial field
may also be screened at the negative potential range in the lower
concentration electrolyte, but the extent of screening is smaller and
does not lead to a blue shift of the Raman frequencies of the OH
stretching bands.

Fundamentally, the unique atomic structure of the EDL in highly
concentrated aqueous electrolytes can be used to reveal the nature of
the water electrosorption in wet ionic liquids and also the mechanism
of enhancing/expanding the voltage window stability via adding
salt8,16,17. Recently, an “H-up”water structurewas predicted to lower the
potential of hydrogen evolution reaction on the negative electrode in
humid ionic liquids17. Therefore, the unusual “H-up” structure of
interfacial water and the H-bond network with TFSI− anions at very
negative potentials in this work may be used to tune the onset
potential of water-reduction reaction in aqueous electrolytes for
electrochemical energy storage devices.

In summary, by combining in situ vibrational spectroscopy and
constant-potential MD simulations, we have studied the atomistic
structure of the EDL of highly concentrated (21m LiTFSI) aqueous
electrolytes at an Au(111) electrode. The Raman spectra of interfacial
water OH stretching modes show three bands with potential-
dependent relative intensities and frequencies. MD simulations
reveal that >93% of the interfacial water molecules are in the first
solvation shell of the Li+. These interfacial water molecules cannot
serve as H-bond acceptors but donors because their O atoms are
coordinated with the Li+. Their H-bond environments differ in the
H-bond donor number, ranging from 0, 1, and 2, corresponding well

Fig. 4 | Schematic atomistic EDL structure in highly concentrated aqueous
electrolyte. a, b Number densities profiles of various interfacial species (left), and
the corresponding schematic EDL structure (right) under lownegative polarization,
from 0 to ~−0.6 V (a) and high negative polarization, from ~−1.5 to −1.9 V (b).

Horizontal dashed lines indicate the peaks of density profiles of Li+, O, and H atoms
of water and the center of mass of TFSI−. The deposition of LiOH at the Au(111)
surface at −1.55 V is omitted.
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to the three observed OH stretching bands with decreasing fre-
quencies. This assignment is supported by the good agreement
between the potential dependence of the observed relative Raman
intensities of these bands and the simulated probability of water
molecules with these donor numbers.

Ascribed to Stark effect induced vibrational frequency shifts, the
frequencies of all threeOHbands shift to lower values atmorenegative
electrode polarizations from the PZC to −1.15 V; while they exhibit an
unexpected blue shift from −1.15 to −1.55 V, which has not been
observed in low-concentrationelectrolytes.MDsimulations reveal that
over this potential range, Li ions inWiS electrolytes accumulate on the
electrode surface, inserted between the electrode and the first layer of
water molecules. This reduces the electric field strength experienced
by the interfacial watermolecules, giving rise to theobservedblue shift
of their OH stretching frequencies. It also leads to unusual “H-up”
interfacial water molecules with the dipole pointing away from the
electrode surface despite the negative electrode polarization. Finally,
at more negative potentials, the decomposition reaction of the elec-
trolyte is observed to yield a LiOH deposit at Au(111) surface.

Our work uncovers the detailed atomistic structure of the EDL in
concentratedWiS electrolytes and identifies unique structural features
at high negative electrode polarizations that differ from those in low-
concentration electrolytes. These findings provide important insights
for the molecular-level understanding of interfacial Li-ion behaviors in
the high concentration condition, such as the de-solvation process of
Li+ and Li+ layered accumulation, which would be beneficial for the
electrode surface engineering in WiS electrolyte systems.

Methods
Materials
Lithium bis(trifluoromethane sulphonyl) imide (LiN(SO2CF3)2, LiTFSI,
purity of 99.95%), sodium citrate (99%), sodium silicate solution
(reagent grade), and gold(III) chloride hydrate (~50% Au basis) were
purchased from Sigma-Aldrich. The (3-aminopropyl)trimethoxysilane
(APTMS, 97%) was purchased from Alfa Aesar. All the chemicals were
used as received.

In electrochemical experiments, ~ 3mLof electrolytewasused. An
Ag and a Pt wire were used as the quasi-reference reference and
counter electrode, respectively. Both the Ag and Ptwires are 0.5mm in
diameter, ~40mm in length, and 99.999% in purity.

Synthesis of Au shell-isolated nanoparticles (SHINs)
Au core nanospheres with a diameter of ~55 nm were synthesized
according to reference42. In brief, 1.4mL of 1 wt% sodium citrate
solution was added to 200mL of boiling 1 wt% HAuCl4 solution
(obtained by dissolving the gold(III) chloride hydrate into ultra-pure
water), and the mixed solution was refluxed for 1 h. Au SHINs were
synthesized according to ref. 29. Typically, 30mLof a freshly prepared
Au sol weremixedwith 0.4mLof 1mMAPTMS solution, then 3.2mLof
0.54wt% sodium silicate solution with a pH of about 10 was added to
themixed solution under stirring. The solutionwas heated to 95 °C in a
water bath and stirred continuously for 45min to accelerate the
coating of a 2 nmsilica shell on theAu corenanospheres. Theprepared
Au SHINs were twice washed with ultra-pure water and then dispersed
in ultra-pure water for in situ electrochemical Raman experiments.

Fig. 5 | Molecular insights into electric field change. a Simulated electric field
strength experienced by the interfacial water as a function of applied potential
from0 to −1.51 V. The total electric field (red circles) is fitted linearly (solid red line),
shown on the left axis. Such total electric field is decomposed into the
H2O-electrode (gray bar), H2O-H2O (orange bar), and H2O-LiTFSI electrolyte (blue
bar) interactions, respectively, which are rescaled in the right axis for clarity.
b Surface charge density (σ) as a function of potential. The gray dot line in (b) is to
guide the eyes. c Potential-dependent accumulative number density (ρ) of Li ions in

the inner (gray squares) and outer (red triangles) layers, and the corresponding
difference (blue circles) in the number density of ions between outer and inner
layers. In a–c, the error bars present the standarderror.d Schematic of electric field
experienced by interfacial water induced and generated by Li ions in the inner (i)
and outer (ii) layers. Li ions in the outer layer generate the electric field having the
same direction as that generated by the negatively charged electrode; while the
inner layer produces the inverse electric field. Thewatermolecules are represented
by the white and red spheres.
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Electrochemical Raman spectroscopic measurements
In situ Raman measurements were performed on a home-built Raman
spectrometer with a backscattering configuration (see Supplementary
Fig. 1c for the setup). Excitation at 633 nm from a HeNe continuous-
wave laser (Thorlabs) was focused through a 50× objective (Mitutoyo),
and the signal was collected via an electron-multiplying CCD camera
(Andor). The laser power at the sample surface was ~10mW. A halogen
lamp (Thorlabs) was used for the white field imaging of the sample
surface, which facilitates the data acquisition during spectro-
electrochemical measurement. All the spectra were calibrated using a
neon spectral calibration lamp (Newport) and a standard silicon (111)
wafer. An Au(111) electrode was used as a working electrode
throughout the experiment. Meanwhile, a homemade spectro-
electrochemical cell with an Ag/AgCl reference electrode and a Pt
counter electrode was used in the electrochemical Raman spectro-
scopic experiments. To extract the signal of interfacial water, a spec-
trum at the potential where the potential-dependent signal vanished
was used as a reference to obtain the difference spectra of interfacial
water40. Herein, the background was removed via Origin 2020 soft-
ware. Becauseof theweakRaman intensity of interfacial water inhighly
concentrated electrolytes at a single-crystal surface, a Savitzky–Golay
smoothing method was applied to the Raman spectra of interfacial
water for a better signal-to-noise ratio. The ohmic drop in the spec-
troelectrochemical cell was compensated for each Raman spectrum.
All potentials in this work are referenced to the PZC. The electro-
chemical Raman spectroscopic measurements were carried out at
25 °C without a climatic/environmental chamber.

It is worth noting that the SHINERSmethod was performed on an
atomically flat Au(111) electrode surface, for which the enhancement of
the Raman signal is much lower than that in the conventional surface-
enhanced Raman spectroscopy (SERS) on a roughened Au electrode43.
At the same time, the amount of water in the highly concentrated
electrolyte is lower than that in thedilute electrolyte. Hence, the signal-
to-noise ratio of the Raman spectra is lower as compared to the con-
ventional SERS measurements in dilute electrolyte43.

Electrochemistry measurements
Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) measurements were performed in a glass single-chamber
electrochemical cell (see Supplementary Fig. 19 for the photograph of
the cell) on an electrochemical workstation (AUTOALB). Argon gaswas
bubbled into the electrolyte for 15min to remove dissolved oxygen
prior to each experiment. A slow argon flow was kept above the elec-
trolyte during the whole experiment process. An Au(111) electrodewas
used as a working electrode. In the electrochemical polishing process,
the Au(111) electrode was electrochemically oxidized in 0.5M H2SO4

solution and thenwas immersed in 1MHCl solution to reduce the gold
oxide. Then, the electrode was washed using a great amount of ultra-
pure water. These procedures were repeated three times. Finally, the
electrode was annealed with an H2 flame and cooled down in an argon
atmosphere before each experiment. A platinum wire was used as the
auxiliary electrode and a silver wire was used as a quasi-reference
electrode. After each experiment, the potential was calibrated to Ag/
AgCl electrode, which was used in in situ Raman measurements. The
electrochemistry measurements were carried out at 25 °C without a
climatic/environmental chamber.

The capacitance curveswere obtainedby EIS potential scanwithin
the EDL region. The EISs were measured at the potentiostatic mode
within the frequency range from 1 to 1 × 105 Hz and with 5 points per
decade, considering the data availability and time consumption. The
corresponding Nyquist and Bode plots of Au(111) electrode in 21m
LiTFSI aqueous electrolyte are shown in Supplementary Fig. 4c, d. The
amplitude of the exciting signal was set to 10mV relative to the root-
mean-square voltage (VRMS). The potential increment step was set to
50mV in the potential scan and a 40 s quiet time was applied before

each measurement to stabilize the EDL. We selected 15.85Hz as the
measuring frequency after analyzing the full frequency impedance
response in the EDL. Impedance data were then converted to capaci-
tance by the following formula (C is the calculated capacitance, f is the
frequency applied, and Z″ is the imaginary part of impedance):

C =
1

2πf *ð�Z 00Þ ð1Þ

Currently, there are several methods to determine the PZC, i.e.,
measuring differential capacitance curve44,45 and the laser-induced
current transient techniques46,47. But the determination of PZC in WiS
electrolytes is challenging and there is no explicit theory to predict
where it is. In this work, the PZC was measured by EIS, which has been
widely used since the 1980s44,45. The differential capacitance curve was
plotted by measuring the capacitance at certain potentials within the
electrical double-layer region. Based on the literatures28,44,45,48,49, we
assumed that the capacitive minimum at around −0.1 V vs. Ag/AgCl
corresponds to the PZC.

Molecular dynamics simulation
Molecular dynamics (MD) simulations were utilized to investigate the
structure of water-in-salt electrolytes (7m and 21m LiTFSI) at Au(111)
electrode surfaces, as shown in Fig. 1b. Specifically, the SPC/E model
was used for water molecules50; and the LiTFSI was modeled with all-
atom force fields, which has been shown to reproduce the experi-
mentally measured properties51. The Au(111) single-crystal electrode
was modeled with the force field from Halicioglu and Pound52,53. Since
in the potential region for exploring the reverse of Raman frequency
shift of interfacial water, there are no experimental results indicating
the formation of SEI on the electrode surface unless the potential
becomes very negative (< ~ −1.55 V vs. PZC), MD simulations adopted
the Au(111) electrode surface, which has the same structure with the
single-crystal Au(111) electrode we used in SHINERS and electro-
chemical experiments. The simulation system contained 648 LiTFSI,
5152 water for 7m, and 992 LiTFSI, 2632 water for 21m, respectively.
The size of the simulation system was chosen as long enough to
reproduce the bulk-like state of the mixture in the central region
between the two electrode surfaces.

All simulations were performed in the NVT ensemble with theMD
package GROMACS54. The temperature was controlled through the
Nosé-Hoover thermostat55,56 at 300K with coupling constants of 1 ps.
The van der Waals term was calculated via direct summation with a
cutoff distance of 1.2 nm; meanwhile, a similar cutoff length was
adopted in the calculation of electrostatic interactions in real space.
The long-range electrostatic interactions were computed via the PME
method57, with an FFT grid spacing of 0.1 nm and cubic interpolation
for the electrostatic interaction in the reciprocal space. The equation
ofmotionwas solvedwith a leapfrog integration algorithm,with a time
step of 2 fs. Specifically, the constant-potential method (CPM)58–60 was
employed to allow the fluctuations of the charges on electrode atoms
to ensure an adequate description of the electrode polarization effects
in thepresenceof electrolytes. For each simulation, theMDsystemwas
first heated at 500K for 3 ns and then annealed to 300K over a period
of 2 ns, followed by another 10 ns to reach equilibrium. After that, a
10 ns production was performed for analysis. Each case was repeated
three times with different initial configurations to certify the accuracy
of the simulation results.

Electric field calculation
The electric field experienced by interfacial water is determined based
onMD-obtained trajectories. Instead of the inaccurate cutoff method,
the algorithm adopted herein is upgraded by performing the PME
method57, where the long-range electrostatic interactions induced by
the electrode, water, and ions have been calculated precisely. Such
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analysis has been used in prior simulation work53. Technologically, the
van der Waals interactions of all particles are turned off first, and then
the total electric field (Etotal) experienced by interfacial water is
determined based on the rerun of MD-obtained trajectories. Then it is
decomposed into contributions from the electrode (EH2O�electrode),
water molecules (EH2O�H2O

), and LiTFSI (EH2O�LiTFSI). To calculate the
electric field from water molecules, only the electrostatic interaction
of water with water is retained with the van derWaals interaction of all
particles and the electrostatic interaction from electrode and LiTFSI
being turned off; thus, the electric field (E1) experienced by interfacial
water is obtained from the rerun of MD-obtained trajectory, which is
referred as EH2O�H2O

(EH2O�H2O
= E1). As for the contribution from

LiTFSI, the van der Waals interaction of all particles and the electro-
static interaction from the electrode are turned off, thus the electric
field (E2) experiencedby interfacialwater is obtained fromthe rerunof
the MD-obtained trajectory. Therefore, the electric field induced by
ions is obtained as: EH2O�LiTFSI =E2 � EH2O�H2O

. Consequently, the
electric field from the electrode is calculated as:
EH2O�electrode = Etotal � EH2O�H2O

� EH2O�LiTFSI. It is worth noting that the
MD-obtained electric field can be used to interpret the experiment
qualitatively.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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