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ABSTRACT: Water-in-salt electrolytes (WiSE) are concentrated
aqueous electrolytes recently developed that are of great interest
because of their possible relevance for batteries. The origin for their
promising application has been ascribed to the formation of
percolating nanodomains in the bulk. However, the interfacial
structure of WiSE still remains to be understood. In this paper, we
characterize the potential-dependent double layer of a LiTFSI-
based electrolyte on a charged electrode surface. Ultramicroelec-
trode (UME) measurements reveal a surface-confinement effect for
a ferricyanide redox species at the electrode/WiSE interface.
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Potential-dependent atomic force microscopy (AFM) shows the presence of layers, the structure of which changes with the applied
potential. Thicker layers (6.4 and 6.7 A) are observed at positive potentials, associated with [Li(H,0),]*([TFSI]"), ion pairs, while
thinner layers (2.8 and 3.3 A) are found at negative potentials and associated with [Li(H,0),]* alone. Vibrational spectroscopy
shows that the composition of the double layer also changes with potential, where [TFSI]™ is enriched at positive and [Li(H,0),]*

enriched at negative potentials.
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B INTRODUCTION

New electrolytes can enable new chemistries and opportunities
for Li-based batteries.' > Concentrated electrolytes have
emerged as promising candidates.” These electrolytes contain
a high salt-to-solvent ratio, as opposed to that of dilute
electrolytes, and the number of free solvent molecules
decreases due to coordination with Li* cations.”® This high
salt concentration and lack of free solvent molecules lead to
improved electrolyte properties, such as faster Li" transport, an
extended stability window, and a unique passivating solid-
electrolyte interface (SEI).”*

Among the concentrated electrolytes, water-in-salt electro-
lytes (WiSE) have attracted wide attention.” These electro-
Iytes utilize H,0O as the solvent instead of flammable organic
solvents. The addition of high-concentration lithium salts
(including LiTFSI, LiOTF, LiFS], etc.) allows coordination of
H,0 molecules to Li* cations and produces a passivating SEI,
which inhibits H,O decomposition reactions and greatly
expands the electrolyte stability window.'”'" WiSE is
considered a promising electrolyte for use in next-generation
Li-ion batteries.

The electrical double layer formed by the WiSE at the
solid—liquid interface is of great interest. Computational
studies have investigated the change in the WIiSE double
layer with potential.">~'* Molecular dynamics (MD) simu-
lations suggest that H,O is depleted from the double layer
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when the electrode surface is positively biased and enhanced
when the electrode is negatively charged.'” While substantial
work investigates the bulk structure of WIiSE and related
electrolytes, experimental verification of the effect of potential
on the double layer for WiSE is limited, with one surface-
enhanced infrared absorption spectroscopy (SEIRAS) study on
mixed WiSE consisting of 21 m LiTFSI and 7 m LiOTf to
investigate the preferred anion comprising the double
layer.”">'® This paucity of work stands in contrast to the
considerable experimental effort examining the electrochemical
double layer in dilute aqueous electrolytes.'”'® Therefore, a
study on the electrical double layer of WiSE would be
informative in terms of understanding the electrode—WiSE
interface.

Atomic force microscopy (AFM) can be utilized to probe
the double-layer structure with changing potential.'”* Prior
studies used potential-dependent AFM on ionic liquids to
show a layered double-layer structure varying with potential.”'
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Figure 1. CVs obtained from a Au disk electrode (d = 0.875 cm) in 1 mM K;Fe(CN)g in (a) 1 m LiTFSI and (b) 21 m LiTFSI at different scan
rates, (c) the plot of In(peak reduction current density) versus In(scan rate) derived from corresponding CVs.
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Figure 2. (a) Experimental CVs of S mM K;Fe(CN)4 in 1 m LiTFSI and 21 m LiTFSI at 2 mV/s using a Pt UME (d = 25 ym), and experimental
and simulated CVs of S mM K Fe(CN)g in (b) 1 m LiTFSI and (c) 21 m LiTFSL

AFM force curves also provide information on the composition
of the double layer.”””*

The electrochemical behavior of small molecules in the
WiSE is also of interest. The solvation environment of the
WISE system differs greatly from that of a dilute electrolyte,
and its effect on processes including redox kinetics and
diffusion remains to be explored.”” Ultramicroelectrodes
(UMEs) have been utilized to probe redox processes and
would be useful in understanding the difference between WiSE
and dilute electro?fte in terms of electrolyte interaction with
redox species.”* ™

In this work, we use AFM, UME, and vibrational
spectroscopy to probe changes at an electrode/WiSE interface.
A layered double-layer structure is observed on a (111)
textured Au surface in AFM, and the layered structure and
consequently surface excess of the electrolyte components vary
with potential. Spectroscopy coupled with AFM illuminates the
composition of the double layer at different potentials.
[TFSI]™ and [Li(HZO)x]+([TFSI]_)y clusters are the predom-
inant species at positive potentials and [Li(H,0),]* comprises
the double layer at negative potentials. In addition, electro-
chemical characterization reveals the presence of a surface-
confinement effect for a ferricyanide ([Fe(CN)4]*"/[Fe-
(CN)4]*") redox couple, possibly due to interaction with the
strongly layered WiSE structure.

B RESULTS

Electrochemical Characterization. Figure la shows
cyclic voltammograms (CVs) obtained from a Au disk
electrode (d = 0.875 cm) immersed in a solution containing
1 mM K;Fe(CN), in 1 m LiTFSI at scan rates of 5, 10, 20, 50,
and 100 mV/s. The CV curves show reduction peaks at 0.09 V
and oxidation peaks at 0.15 V vs Ag/Ag", with a peak
separation of 60 mV. The CVs correspond well to a diffusion-
controlled reversible [Fe(CN)4]*/[Fe(CN)4]*" faradaic
process with an E® = 0.12 V vs Ag/AgJ’.27

Figure 1b shows the CVs obtained from a Au electrode
immersed in 1 mM K;Fe(CN)g in 21 m LiTFSI at the same
scan rates. The CV shows that the reduction and oxidation
peaks are at 0.24 and 0.28 V, respectively. The resulting
separation between the two peaks is 40 mV, which is smaller
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than the 57 mV separation expected for a diffusion-controlled
reversible faradaic process.”” The smaller peak separation is
typically associated with a surface-confined reversible redox
process.”® The redox potential shifts to an apparent E° = 0.26
V, which could be due to a change in the solvation structure of
[Fe(CN)¢]*™ or a change in the Ag/Ag" reference potential.
Little discussion attends changes in this reference potential in
highly concentrated electrolytes such as that used here. The
use of an additional test redox couple is similarly complicated.
A Ag pseudoelectrode has been reported to exhibit little
potential drift in nonaqueous systems.”” On the other hand, a
similar shift in the redox potential of a redox couple has been
reported when using Li'- and K'-containing supporting
electrolytes, due to different solvating interactions.”” There-
fore, we consider the change in the solvation structure as the
major contributor to the redox potential shift, which we will
further discuss using Raman spectroscopy. Compared with the
1 m LiTFS], the CVs exhibit more of a rectangular shape at the
reversal potentials (0 and 0.35 V vs Ag/Ag"). This rectangular
shape in the CVs suggests the system may have increased
capacitive character.”"

Figure lc shows linear plots of the natural logarithm of peak
current densities of [Fe(CN)4]>~ reduction versus the natural
logarithm of scan rates. In 1 m LiTFSI, the plot exhibits a slope
of 0.51, which is characteristic of a diffusion-controlled
reversible faradaic process, governed by the Randles—Sevcik
equation.”” In contrast, the plot for 21 m LiTFSI exhibits a
slope of 0.80, which suggests a contribution from capacitive
current and/or a surface-confined redox process.”*”’

To understand the capacitance contribution to the system,
we carried out electrochemical impedance spectroscopy (EIS,
Figure S1) and obtained differential capacitance G (Figure
$2) from 1 m LiTFSI and 21 m LiTFSI using the same
electrodes. Here, we note that capacitance can take a wide
range of values both in experiment and simulation.'”** The
capacitance values obtained in this work are comparable to
those reported for dilute aqueous systems and ionic liquids in
previous studies.”*”* The 21 m LiTFSI system exhibits higher
differential capacitance compared to the 1 m LiTFS],
supporting the presence of a greater capacitance contribution
in the 21 m LiTFSI Indeed, previous studies have utilized 21
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m LiTFSI as an electrolyte for supercapacitors.’®”’ The

differential capacity at 1 Hz (Figure S2) exhibits a weak
minimum at ca. —0.1 V, which is typically associated with the
potential of zero charge (pzc). The pzc found here is
consistent with that measured on Au in other systems.*®
While the capacitance contribution in the 21 m LiTFSI system
could lead to the 0.80 slope in the linear plot of In(current
density) vs In(scan rate), the 40 mV peak separation for the
[Fe(CN)4]*" reduction/oxidation peaks in the CVs suggests
the presence of a surface-confined redox process.

To investigate the presence of putative surface confinement
in [Fe(CN)¢]*” in 21 m LiTFSI, we carried out cyclic
voltammetry using a Pt UME (d = 25 um). Figure 2a shows
CVs obtained in S mM K;Fe(CN)4 in 1 m LiTFSI and 21 m
LiTFSI at a scan rate of 2 mV/s. In the CV of the 21 m LiTFSI
solution, the half wave potential for [Fe(CN)¢]*~ reduction is
0.22 V vs Ag/Ag", which is more positive compared to that
from 1 m LiTFSI (0.13 V). This shift in reduction potential
with different LiTFSI concentrations is consistent with the
CVs using the Au disk electrode (Figure 1). The steady-state
current density for [Fe(CN)s]*~ reduction is about 5 times
smaller in 21 m LiTFSI compared with 1 m LiTFSI, which
suggests a smaller diffusion coefficient, D, in the concentrated
system.”¥*> More interestingly, the CV from 21 m LiTFSI
exhibits an oxidation peak at 0.23 V upon the reverse positive
potential sweep, which indicates the oxidation of reduced
ferrocyanide [Fe(CN)4]*™ at this potential. In contrast, no
such oxidation peak is observed in the CV of 1 m LiTSFI,
which suggests that the reduced ferrocyanide [Fe(CN)4]* is
not oxidized in the dilute system at the same potential.
Previous studies on steady-state diffusion electrochemical
processes, using UME or rotating disk electrode (RDE),
have attributed the early oxidation/reduction peak in reverse
potential sweep CVs to the presence of surface-adsorbed/
confined redox species.””~*' The oxidation peak at 0.23 V in
the CV in the UME study, together with the small 40 mV peak
separation for [Fe(CN)4]*™ redox in the CVs with the Au disk
electrode (Figure 1b), suggests that reduced [Fe(CN)¢]*™ is
adsorbed/confined on the electrode surface in 21 m LiTFSI is
oxidized at a lower potential during the reverse positive
potential sweep. This adsorption/confinement is not present in
the dilute 1 m LiTFSL

We carried out additional scan rates studies using the UME
(Figure S3). The adsorption density of [Fe(CN)s]*™ on the
electrode was determined by calculating the total charge by
integrating the area of the [Fe(CN)4]*" oxidation peak. The
adsorption/confinement of reduced [Fe(CN)¢]*" on the
electrode surface is characteristic of the concentrated 21 m
LiTFSI and thus would be induced by features specific to the
electrode—electrolyte interface between the electrode surface
and 21 m LiTFSI, which will be further discussed in AFM
studies.

Figure 2b,c shows simulated and experimental CVs from 5
mM K;Fe(CN); in 1 m LiTFSI and 21 m LiTFSIL D, and
electrochemical rate constant k° were derived from the
simulations. The oxidation peak of [Fe(CN)¢]* in 21 m
LiTFSI is not considered in the simulation. For 1 m LiTFESI,
the best fit to the data from the simulation yields D, = 3.4 X
107% cm?/s and k° = 0.006 cm/s, consistent with previous
studies.””** For 21 m LiTFS]I, the simulation yields Dy = 7.4 X
1077 em?/s and k° = 0.002 cm/s. The decrease in D, is
attributed to the high viscosity of 21 m LITESL** On the other
hand, the decrease in k° could be due to differences in the
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[Fe(CN)g]* solvation structure, which has been reported to
affect charge-transfer kinetics previously.*’

Raman Spectroscopy. Raman spectroscopy was carried
out to understand the solvation of [Fe(CN)]*” in 1 m LiTFSI
and 21 m LiTFSIL Figure 3 shows the Raman spectra obtained

—H,0
—— ImLiTFS|
——21m LiTFs!

Intensity / a.u.

2100 2200
Wavenumber / cm”

2000 2300

Figure 3. Raman spectra of 100 mM K;Fe(CN); solutions in H,0, 1
m LiTESI, and 21 m LiTFSL

for 100 mM K;Fe(CN)g in H,O, 1 m LiTFSI, and 21 m
LiTFSI In the spectra of H,O and 1 m LiTFSI, a peak at 2125
cm™ (peak A) is observed, which is assigned to the CN
stretching 2(CN) of cyanide in H,O-solvated [Fe(CN)¢]*~.*
For 21 m LiTFS], the v(CN) peak appears asymmetric in
shape and shifts to higher wavenumber. Peak fitting yields two
Gaussian peaks at 2125 cm™" (peak A) and 2144 cm™ (peak
B). The peak at 2125 cm™ (peak A) corresponds to H,O-
solvated [Fe(CN)4]>~, as observed in H,O and 1 m LiTESL
The peak at 2144 cm™' (peak B) is located at higher
wavenumber, which suggests different [Fe(CN)4]*~ solvation.
Previous Raman studies reported a positive shift in wave-
number for (CN) in [Fe(CN)4]*~ with addition of LiCl to
the solution.”” Given the high concentration of solvated Li*
[Li(H,0),]" in 21 m LiTESI, the shift to 2144 cm™ for CN
stretch could be due to the interaction of cyanide ligand in
[Fe(CN)4]*~ with [Li(H,0),]*." This difference in the
solvation structure is likely responsible for the change in
electrochemical rate constant k° (Figure 2)."*® In addition,
previous surface-enhanced Raman spectroscopy (SERS)
studies have reported on [Fe(CN)]*~ reduction at a markedly
positive potential with the addition of LiCl, which suggests that
the interaction with [Li(H,0),]" could lead to the reduction
of [Fe(CN)6]3_ at a more positive potential, as observed in our
electrochemical studies (Figures 1 and 2).

AFM Force Measurements. The short-range interfacial
structure in 21 m LiTFSI was measured on a Au (111)-
textured surface under applied potential to compare to the
electrochemical studies described earlier. Figure 4a—c shows
heatmaps obtained by combining the 64 separate force—
distance curves at each potential. The measured force—
distance curves reveal discontinuities in the profile (a typical
discontinuity marked with an arrow in Figure 4b) as layers
either of ions and/or water molecules are displaced with the
sharp tip, and therefore, the steps reflect the arrangement of
ions and water in layers at the WiSE/electrode interface.”” A
higher force typically suggests a stronger adsorption of the
molecules or ions either to the surface or to the underlying
layers. The solvation structure vanishes beyond ~2 to 3 layers
at all conditions. Good reproducibility of the curves was
achieved at OCP (measured to be —0.16 V) and at +0.3 V, as
evidenced by the high count density on the heatmap. Although

the steps were clearly resolved on individual curves at —0.4 V
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Figure 4. (a—c) Heatmaps of superposed force—separation curves measured by AFM in 21 m LiTFSI solution and (d—f) bubble diagrams with the
layer thickness (A) as a function of the onset separation (D,) at (a, d) OCP, (b, e) +0.3 V vs Ag/Ag", and (¢, f) —0.4 vs Ag/Ag", respectively.

(Figure S4), the presence of a step was less evident when the
force curves were superposed in a heatmap. The layered
structure of the double layer in 21 m LiTFSI likely leads to a
thinner double layer and a higher capacitance (as observed in
Figure S2), as reported in a previous study on the ionic
liquids.>

Figure 4d—f shows the bubble diagrams plotting the layer
thickness as a function of step onset distance. The layer
thickness (A) is defined as the difference of the film thickness
from the onset of the step (D,) to the end of the step (D)), i.e.,
A = D, — Dy, with D, > D,. Based on both the force required
to push through the layer, as well as the position of the onset,
three groups of layers were identified at each potential, which
are shown in Figure 4d—f. The size of the bubble is
proportional to the frequency (or probability) this layer is
found on the 64 force curves measured. We note that the
factors influencing the layer thickness include the composition
of the layer, the degree of disorder, the compressibility of the
molecules and hydrated ions (at pressures as high as 0.5 GPa
applied with the tip), and the possible pressure-induced
dehydration of ions.”*” Indeed, recent MD simulations for
ionic liquids suggest that compressibility of ions at high
pressures can result in substantially reduced layer thickness.
Thus, the layer thickness may be smaller than the actual
molecular size.

At OCP, the step beginning at D, = 15 A is resolved in most
of the curves. The thickness of this layer (A ~ 6.7 A) is
significantly larger than the thickness of the layers observed at
closer separations (3.2 and 3.7 A, respectively). The
magnitudes of A values at +0.3 V (A = 4.3, 6.4, and 6.7 A)
are larger than that seen at OCP, while the thickness values at
—0.4 V are smaller (A < 5 A) than at OCP. At —0.4 V, the
three resolved layers do not occur at distinct tip—surface
separations, so the bubbles appear superposed along the D,
axis. Nevertheless, the steps occur at distinct forces, which is
illustrated in Figure 5.

Figure S is a bubble diagram of the force vs layer thickness
seen at the three potentials examined here. Figure S also
presents the effective size of [TFSI]™ and hydrated Li, the
latter based on recent MD simulations of 21 m LiTFSI in the
bulk WiSE.” The figure shows that the species interrogated by
AFM change as a function of potential. At —0.4 V, the steps are
observed exhibiting a thickness A = 4.3 A and then with
progressively higher force A becomes 3.3 and 2.8 A. The ca. 3
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Figure S. Bubble diagram of force vs layer thickness for 21 m LiTFSI
solution on gold at OCP, +0.3 and —0.4 V. The inset shows the
dimensions of the [TFSI]™ anion and Li(H,0),, for comparison.

A features at this layer are associated with hydrated Li* at the
interface due to the negative applied potential and the
relatively small layer thickness. The reduced layer thickness
relative to the effective size reported from MD simulations is
likely a consequence of the dehydration of the Li* when it
adsorbs to the surface. For example, Fenter and co-workers
examined LiCl solutions and found a prominent Li* layer at
2.2—2.4 A from a mica surface, followed by a less prominent
layer at S A from the surface, associated with partially
dehydrated and highly hydrated Li*.>* At —0.4 V, this
comparison thus suggests that [Li(H,0),]* populates the
layers closer to the surface. The high force (0.2 and 0.75 nN)
of the two groups of layers with A ~ 3.3 and ~2.8 A,
respectively, indicates the presence of strong Coulombic
interactions. The small thickness of these layers compared to
the calculated size of the [Li(H,0),]* (ca. 5.4 A) is, however,
intriguing. It is possible that the layer at ~0.2 nN is associated
with the partial dehydration of the adsorbed [Li(H,0),]*, and
the surface-adsorbed Li* is resolved at a much higher force
(0.75 nN); a dehydration-associated step has been reported for
the dilute electrolytes in the SFA experiments before.”” This
phenomenon would explain the less well-defined heatmap, as
shown in Figure 4c. Another source of the smaller dimension
could be compression by the tip. For example, a distortion of
the solvation shell induced by the AFM tip pressure and the
adsorption to the electrode surface have been reported for Li*
ions chelated to oligoether ligands with 3—4 repeating
units.” >

An additional feature at 4.3 A and relatively low force is
found at —0.4 V. There are several possible origins of this
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Figure 6. (a) ATR-SEIRAS spectra of 21 m LiTFSI at various potential vs Ag/Ag". (b) Normalized absorbance of v,(CF;), 1,(SO,), and v(H,0)
as a function of potential vs Ag/Ag®. The reference spectrum was collected at 0.4 V vs Ag/Ag".

feature. First, we note the 4.3 A layer thickness is close to that
predicted for hydrated Li". The existence of a solvation layer
with A ~ 4.3 A might indicate the presence of a second
solvation layer rich in [Li(H,0),]* to further counterbalance
the surface potential. The two solvation layers rich in hydrated
Li" may then reflect the so-called crowding of the multiple
layers of counterions in the highly concentrated electrolytes.*®
On the other hand, previous works on [TFSI]™ containing
ionic liquids report that layers of ca. 4.4 A represent layers rich
in [TFSI]™, very close to the 4.3 A spacing measured here, and
slightly smaller than that calculated based on the packing
dimension (4.7 A) and the van der Waals diameter (5.3
A)>>°7°% We note the 4.3 A spacing is also seen at +0.3 V,
where the interface is expected to be [TFSI] -rich (vide infra).

At +0.3 V, a different set of layer thickness (4.3 and 6.7 A) is
observed. At +0.3 V, [Li(H,0),]" is likely repelled from the Au
electrode and replaced by solvation layers rich in [TFSI]™
associated with the surface. The layer thickness A = 4.3 A
suggests that it is associated with [TFSI]”, based on the
discussion above. However, we cannot completely rule out the
occasional presence of the cation complex, since layers of
around 3 A thickness are sometimes detected, as inferred from
the large error bars on the A = 4.3 A layer.

Layers of thickness 6.4 and 6.7 A are measured at +0.3 V but
not at —0.4 V. This size is too large to be associated with a
single cation or anion. Thus, these larger solvation layers likely
correspond to the [Li(H,0),]*([TFSI]7), clusters. The layers
composed of ion pairs have been widely reported in the ionic
liquids and solutions of metal salts in the ionic liquids.”"*"~%*
The presence of ion pairs suggests that the applied potential is
greatly screened by the surface-adsorbed layers. The larger
thickness could reflect a weaker electrostatic attraction to the
Au surface. Overall, the solvation layers resolved farther from
the surface will have a higher number of co-ions and will be
more loosely packed because they are less strongly bound to
the surface compared to the more strongly adsorbed surface
layers.

Ion clusters [Li(H,0),]*([TFSI]7), are not detected at
—0.4 V. The weakened cation—anion interaction close to the
surface at negative potential might be associated with
enrichment of H,O at the interface. H,O, in the solvation
sheath of Li*, disrupts the packing of the species near the
surface and may result in the somewhat less resolved heatmap
shown in Figure 4c. In contrast, [TFSI]™ forms a well-ordered
layer near the positively charged surface. Due to the reduced
abundance of water at positive potentials, significant cation—
anion pairing happens near the surface and more commensu-
rate packing is achieved. The well-ordered structure on the

cathode together with a randomized interfacial structure on the
anode has been previously visualized by molecular dynamics."

OCP is typically measured to be ca. —0.1 to —0.2 V. The
layer thickness measured reflects an intermediate situation
between the positive and negative potentials discussed above,
with both [Li(H,0),]" and [Li(H,0),]*([TFSI]"), near the
surface.

Surface Vibrational Spectroscopy. To understand the
change in chemical speciation in the double layer with
potential, we carried out attenuated total reflectance surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS).
Figure 6a shows the potential-dependent ATR-SEIRAS spectra
of 21 m LiTFSI obtained from an Au film deposited on p-
groove Si wafer vs Ag/Ag". As the potential decreases from 0.4
to —0.5 V, two peaks with negative absorbance at 1244 and
1359 cm™' are observed, assigned to the CF; symmetric
stretching v,(CF;) and SO, asymmetric stretching v,(SO,)
from [TESI]™.>*" The negative absorbance suggests that
[TFSI]™ decreases in the double layer on the Au surface at
more negative potentials. This result is consistent with the
previous SEIRAS study.'® In contrast, a broadband ranging
from 3000 to 3600 cm™' exhibits an increasing positive
absorbance as the potential decreases. This band is assigned to
H,O stretching ©(H,0), and its increase suggests an increase
in H,O content in the double layer on the Au surface at
negative potentials.”> The absorbance peak at 1590 cm™' is
assigned to H,O bending 8(H,0).°* The 1590 cm™ peak
position is considered low for 5(H,O) and is assigned to H,0
molecules with little H-bonding, consistent with the presence
of solvated Li* [Li(H,0),]* in this system.””® The §(H,0)
absorbance peak intensity also increases as the potential
decreases, which is also consistent with increased H,O in the
double layer at negative potentials.

Figure 6b shows plots of normalized absorbance of v4(CF;),
1,(SO,), and v(H,0) as a function of potential. As the
potential decreases, v,(CF;) and 1,(SO,) decrease in intensity
while (H,0) increases in intensity, indicating a switch from a
[TFSI] -rich double layer at positive potentials to a H,O-rich
double layer at negative potentials.

We also carried out potential-dependent surface-enhanced
Raman spectroscopy (SERS) in the 6(H,0) region obtained
from 21 m LiTFSI on a Au disk electrode (Figure SS).
Consistent with the SEIRAS study, the peak intensity of
5(H,0) also increases as the potential decreases, which
suggests increased [Li(H,0),]" content in the double layer at
negative potentials.

The SEIRAS results support the potential-dependent AFM
study. At positive potentials, [TFSI]~ dominates the double
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layer and its larger size contributes to larger layer thickness in
the AFM force curves. At negative potentials, H,O replaces
[TFSI]” and smaller layers are seen in AFM. The H,O
molecules are likely coordinated by Li*, and [Li(H,0),]"
would compose the double layer, as suggested by the low
energy of the §(H,0) peak at 1590 cm™".

The surface-confinement effect observed for [Fe(CN)4]*™ in
21 m LiTFSI is likely caused by the distinct interfacial
structures at the [Fe(CN)4]>~/*~ redox potential (>0 V vs Ag/
Ag"). The positive potential attendant the [Fe(CN)¢> 7+
redox couple would produce a [TFSI] -rich, layered, double-
layer structure. The layered structure as well as the increased
hydrophobicity from enhanced [TFSI]” would inhibit the
diffusion of the hydrophilic [Fe(CN)]*" to the bulk leaving
[Fe(CN)4]*" confined near the electrode surface. A test
molecule with a more negative redox potential would likely
exhibit opposite behavior and this is work in progress. The
effect of LiTFSI concentration on the layered structure of the
double layer is also under investigation.

B CONCLUSIONS

A double-layer structure is observed in the WiSE system on a
(111) textured Au surface. The layered structure exhibits
potential dependence, associated with the presence of different
species, as inferred from spectroscopy and AFM. At negative
potentials, [Li(H,0),]" is enhanced at the interface. At
positive potentials, [TFSI]™ and [Li(HZO)xT([TFSI]_)y
clusters are dominant. The layered structure enforces a
confinement effect on ferricyanide redox couple, due to its
interaction with the layered interfacial structure. Our study
brings new insight into understanding the double layer of
WISE and highlights an opportunity to exploit its interfacial
structure properties beyond battery applications.

B METHODS

All chemicals were purchased from Sigma-Aldrich and used as
received.

Electrolyte Preparation. Lithium bis(trifluoromethane sulfonyl)
imide (LiTFSI, 99.95%, Sigma-Aldrich) was stored in an Ar-filled
glovebox, which contained <1 ppm of O, and <1 ppm of H,0O, before
use. All electrolytes were purged with dry N, before measurements.
Aqueous LiTFSI solutions of various molality (mol LiTFSI/kg H,0)
were prepared with Milli-Q water. 1 and 21 m solutions were
prepared by dissolving LiTFSI in H,O.

One millimolar and S mM potassium ferricyanide (K;Fe(CN)s,
>99%, Sigma-Aldrich) solutions were prepared by diluting 20 mM
K;Fe(CN)4 stock solution with 1 and 21 m LiTFSI solutions in
volume ratios of 1:9 and 1:3, respectively.

Electrochemical Characterization. All electrochemical measure-
ments were carried out using a CH Instruments 760D potentiostat
(Austin, TX). A polycrystalline Au disk electrode (0.875 cm
diameter) and a Pt ultramicroelectrode (UMEs, 25 pum diameter,
CH Instruments, Austin, Texas) were used as working electrodes. A
Au wire and a Ag wire were used as the counter and reference
electrodes, respectively. Potentials are reported vs Ag/Ag’. The
polycrystalline Au disk electrode was polished mechanically, followed
by rinsing, with 9.0, 3.0, 0.25, and 0.05 gm MetaDi Monocrystalline
Diamond Suspension (Buehler) on a MicroCloth polishing pad
(Buehler). The Au disk was then annealed with a hydrogen flame,
quenched in Milli-Q water, and dried under vacuum. The Pt UME
was polished mechanically, followed by rinsing, with 3.0, 1.0, 0.5, and
0.25 pm MetaDi Monocrystalline Diamond Suspension (Buehler) on
a MicroCloth polishing pad (Buehler) and electrochemically in a 0.1
M HNO,; electrolyte by sweeping the potential from 2.0 to —0.5 V (vs
Ag/AgCl) for 10 cycles prior use. Electrochemical impedance
spectroscopy (EIS) was performed on a Biologic potentiostat
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(model SP-150, France). The alternating current (AC) perturbation
signal was +£10 mV and the frequency ranged from 100 to 1 MHz.
Differential capacitance was derived from EC-Lab software.
COMSOL Multiphysics 5.3 simulation procedures were previously
described.”

Raman Spectroscopy and Surface-Enhanced Raman Spec-
troscopy (SERS). Raman spectra were obtained by using a 632.8 nm
He/Ne laser and the instrumental setup described previously.® The
spectral resolution was calculated to be 3.0—3.3 cm™" using a 50 um
slit. For bulk Raman spectroscopy, the electrolytes were placed in 20
mL scintillation vials.

Surface-enhanced Raman spectroscopy (SERS) was carried out in a
home-built cell described previously.”® A polycrystalline Au disk
electrode (0.875 cm diameter) was used as the working electrode. A
Au wire and a Ag wire were used as the counter and reference
electrodes, respectively. The Au disk was mechanically polished and
annealed under the same procedure as described above. The Au disk
was then electrochemically roughened in 0.1 M KCl, as previously
described.®”

Attenuated Total Reflectance Surface-Enhanced Infrared
Absorption Spectroscopy (ATR-SEIRAS). Attenuated total re-
flectance surface-enhanced infrared absorption spectroscopy (ATR-
SEIRAS) was carried out in a Nicolet Magna-IR 550 spectrometer
using a home-built spectro-electrochemical cell similar to that
described previously.”® A p-groove Si wafer (IRUBIS GmbH,
Germany) is used as the internal reflectance element.”” The Si
wafer was polished for 15 min with 3 and 0.25 pm MetaDi
Monocrystalline Diamond Suspension (Buehler) on a MicroCloth
polishing pad (Buehler). The Si wafer was rinsed and sonicated for 15
min with Milli-Q water before and after polishing and dried under N,.
A 20 nm thick Au film was evaporated on the Si wafer with a
deposition rate of 0.01 nm/s in a Temescal E-beam evaporator. The
20 nm Au film was cleaned by cycling between —0.5 and 0.9 V vs Ag/
Ag" for 20 cycles at 20 mV/s and used as the working electrode.”® A
Au wire and a Ag wire were used as the counter and reference
electrodes, respectively. A Pike Technologies VeeMAX III ATR
accessory provided control over the angle of incidence. The angle of
incidence is 35°. The potential-dependent spectra were collected
between 0.4 and —0.5 V vs Ag/Ag"*. The resolution was 4 cm~L. The
reference spectrum was collected at 0.4 V vs Ag/Ag".

Atomic Force Microscopy (AFM). Force measurements were
conducted in a JPK (Santa Barbara, CA) atomic force microscope
(AFM) equipped with CSC-37 tips (MikroMasch, CA), with spring
constants of ~0.6 N/m as determined by the thermal noise method
and a nominal radius of ca. 20 nm.”* The tip was exposed to UV for
20 min prior to the measurement. Au on glass samples were
purchased from Phasis (Geneva, Switzerland) and were flame-
annealed by the manufacturer to achieve a (111) texture. The surface
was rinsed with Millipore water and ethanol, dried under N,, and
exposed to UV light for 20 min. The process was repeated twice, after
which the surface was immediately mounted into the electrochemical
cell. The cell was capped with a Teflon cover to minimize the
exchange of water between solution and ambient air (maximum
weight gain = 3.1 wt % at 33% RH). The TFSI solution was filtered by
using a 200 nm pore size PTFE membrane prior to the injection into
the electrochemical cell. The system was equilibrated for 20 min
before force and electrochemical measurements. AFM force measure-
ments were obtained at the open circuit potential (OCP), +0.3, and
—0.4 V against a Ag pseudo reference electrode. The electrochemical
potential was applied using a CHI potentiostat. The tip velocity was
set at 20 nm/s. A total of 64 force curves at each potential were
collected from a 500 nm X S00 nm area by dividing the area into 64
separate squares and collecting a force curve from each square.
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