
6056 |  Phys. Chem. Chem. Phys., 2025, 27, 6056–6063 This journal is © the Owner Societies 2025

Cite this: Phys. Chem. Chem. Phys.,

2025, 27, 6056

Molecular insight into the dynamics at the
lithium-containing ionic liquid/gold film electrode
interface using electrochemical attenuated total
reflection spectroscopies†

Tomonori Kakinoki, *a Akihito Imanishi, a Shinji Kondou, a Ichiro Tanabe b

and Ken-ichi Fukui *a

The spectral response at the interface between lithium-containing 1-ethyl-3-methyl-imidazolium bis(tri-

fluoromethanesulfonyl)imide (EMIM-TFSI) and a gold electrode was investigated using electrochemical

attenuated total reflection spectroscopy (EC-ATR) in the far-ultraviolet and infrared regions. At a negatively

charged Au electrode within the cathodic limit, an increase in the EMIM cation signal and a decrease in the

TFSI anion signal were observed for neat EMIM-TFSI, indicating the normal replacement of the TFSI anions by

the EMIM cations. In contrast, an apparent decrease in the EMIM cation signal and an increase in the TFSI

anion signal were observed, suggesting the replacement of the EMIM cation with a Li+ cation coordinated

with TFSI anions. The ATR spectral responses were reversible in the electrode potential cycles, likely due to

diffusion perpendicular to the electrode or the reorientation of the interfacial ionic liquid components. The

surface-stabilized Li+ ions coordinated by the TFSI anions at the negatively charged Au electrode may restrict

the direct interaction of the EMIM cation with the electrode, thereby reducing the reduction rate of the EMIM

cation, and extending the cathodic limit upon the addition of the Li salt.

Introduction

Lithium-ion (Li+) batteries are among the most successfully
developed electrochemical devices and are currently used world-
wide. One of the serious problems with current Li+ batteries is
the flammability of the organic electrolyte. Numerous attempts
have been made to address this issue;1,2 however, a fundamen-
tal solution has yet to be achieved. A straightforward approach
involves replacing the flammable electrolyte with a non-
flammable alternative,3 such as room-temperature ionic liquids
(ILs). ILs have advantages other than non-flammability, such as
wide electrochemical windows and low vapor pressure.4

ILs can be considered high-density electrolytes, thus strength-
ening electrostatic interactions even in the bulk phase. Nano-
domain structures that separate polar part and non-polar part
parts were observed in the bulk.5 The properties of ILs at solid
interfaces are strongly affected by the nature of the solid materials.
From force spectra measurements using atomic force microscopy

(AFM),6,7 and molecular dynamics (MD) calculations,8,9 ILs gen-
erally exhibit a layered structure, comprising units with a thickness
equivalent to the cation–anion pair of the IL at solid interfaces.
The rigidity of the layers and diffusion of cations and anions
within these layers vary depending on the choice of the ILs and
solids.

The electric double-layer (EDL) structure of ILs at electrode
interfaces is also unique compared to the typical structure
assumed for dilute electrolyte solutions.10 The EDL structure
changes while maintaining the character of the layered structure.
Force curve measurements at the electrode interfaces revealed that
the rigidity of the layered structure increased due to enhanced
electrostatic interactions at the interface induced by electrode
potential application.11,12 The conventional view of an anion-rich
layer at a positively charged electrode and a cation-rich layer at a
negatively charged electrode does not generally apply to ILs.9,13,14

Hysteresis is often observed in the electrode-potential response of
ILs, and the dynamics of cations and anions at electrified inter-
faces have been examined using interface-sensitive spectroscopic
methods.15,16 To further explore the properties of ILs as electro-
lytes, we conducted an interface analysis of a lithium-containing
system.

The cathodic limit of the electrochemical window of ILs was
significantly shifted to a more negative potential by the addi-
tion of lithium salts. Matsumoto17 demonstrated an extension
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of the cathodic limit of 1-ethyl-3-methyl-imidazolium bis(trifluoro-
methanesulfonyl)imide (EMIM-TFSI) on a Pt electrode by adding
Li-TFSI. Similar shifts due to the addition of Li salts have also been
reported in another system.18–21 This phenomenon is often
attributed to a kinetic effect, where the access of the IL cations
and anions to the electrode is restricted. For instance, a spectro-
scopic investigation concerning this matter involved analyzing
the potential response of Li-containing EMIM-bis(fluorosul-
fonyl)azanide (FSA) on a Pt electrode using sum frequency
generation spectroscopy.22 The analysis suggested that the
strong interaction of Li+ with FSI anchors the anion to the
negatively charged electrode and prevents adsorption and
reduction of the EMIM cation on the Pt electrode. Therefore,
it is possible that changes in the interfacial layer structure
directly affect the cathodic limit extension.

This study aimed to understand the microscopic dynamics
of the electrochemical interface of a Li-containing IL (LIL).
Attenuated total reflection (ATR) spectroscopy is an interface-
sensitive analysis technique that utilizes exponentially decaying
light (evanescent waves) from the interface where the total reflec-
tion of probe light occurs. In particular, the short penetration
depth of the evanescent wave in the far ultraviolet (FUV) region
enables the detection of spectra containing information near the
reflection interface.23,24 Recently, we have developed electrochemi-
cal ATR-FUV spectroscopy.25 By analyzing the potential response of
1-butyl-3-methylimidazolium iodide (BMIM-I) on a comb-shaped
Pt electrode, we discovered that intermolecular electronic transi-
tions between iodide ions and BMIM cations near the electrode
were notably enhanced by a positive charge application to the
electrode. Thus, this analytical approach can identify signals that
characterize electrochemical interfaces. In this study, we explored
the molecular dynamics of lithium-containing EMIM-TFSI on a
negatively charged Au electrode using electrochemical ATR absor-
bance spectroscopies in FUV (EC-ATR-FUV) and IR (EC-ATR-IR)
regions.

Method
Sample preparation

EMIM-TFSI (498.0%) was used as an IL, and Li-TFSI (498.0%)
served as the Li+ solute, both obtained from Tokyo Chemical
Industry Corporation. The IL was preheated under vacuum just
before use (100 1C and 10�3 Pa for 24 h) to eliminate water and
gaseous impurities. The Li+ concentration in the LIL solution
was adjusted to approximately 0.6 mol kg�1 (corresponding
molar ratio Li-TFSI : EMIM-TFSI = 3 : 13), except for experiments
involving Li+ concentration dependent ATR-FUV spectra.

The internal optical elements for the ATR measurements
were purchased from Pier Optics Corporation. Sapphire and
silicon internal prisms were used for FUV and IR spectroscopy,
respectively. Gold thin films (less than 10 nm thick for the FUV
spectroscopy, and approximately 20 nm thick for the IR spectro-
scopy) were deposited under vacuum (10�4 Pa) on the ATR
prisms and utilized as the working electrodes for the electro-
chemical measurements. The Au thin films exhibited sufficient

electrical conductivity with the thickness being adequate for
signal detection on the electrolyte side.

Electrochemical ATR-FUV spectroscopy

Electrochemical ATR-FUV (EC-ATR-FUV) spectroscopy measure-
ments were conducted using a custom-built system (Fig. 1), as
described in previous reports.24,25 The ATR-FUV spectrometer
(BUNKOUKEIKI Corporation) was utilized for measurements in
the wavelength range of 160–250 nm at an incident angle of 701.
The interior of the spectrometer was purged with dry nitrogen gas
to eliminate the absorption of oxygen and moisture in ambient
air. The electrochemical potential of the working electrode was
regulated using a three-electrode system equipped with a poten-
tiostat (HSV-110, HOKUTO DENKO Corporation). A platinum
mesh and a platinum rod served as the counter and reference
electrodes, respectively and independently measured redox peak
of ferrocene added to the LIL solution was used as the potential
reference (vs. Fc/Fc+). The spectral scan speed was set at
150 nm min�1. For the EC-ATR-FUV measurements, the sweeping
rate of the electrode potential was maintained at a slow rate of
40 mV min�1, and cyclic voltammetry (CV) was conducted simulta-
neously. Spectral scans were performed at every 0.1 V interval.

Time-dependent density functional theory calculations

Time-dependent density functional theory (TD-DFT) calcula-
tions were conducted to identify the absorption peaks in the
experimental ATR-FUV spectra. The Gaussian16 program was
employed for calculations. Following the construction of frame
structures for the EMIM cation and TFSI anion, the input
structures were energetically optimized. In the calculation of
the ground state, the B3LYP functional and 6-311G(d) basis set
were used for the cation, while the 6-311G+(d) basis set was
applied for the anion. The charge number and state were
specified as +1 and singlet for the EMIM cation and �1 and
singlet for the TFSI anion. Excited electronic states were
calculated from the ground states using TD-DFT, with the
CAM-B3LYP functional and 6-311G(d) and 6-311G+(d) basis

Fig. 1 Schematic of the experimental setup for EC-ATR-FUV
measurements.
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sets for the cations and anions, respectively. The oscillation
strength was determined by the matrix of wave functions of the
electronic states. A Gaussian function with a standard deviation
of 0.2 eV was applied to the calculated oscillation strength to
replicate absorption spectra.

Electrochemical ATR-IR spectroscopy

Electrochemical ATR-IR (EC-ATR-IR) spectroscopy measurements
were conducted using a custom-built system shown in Fig. 1.26

The cell, constructed from polyether ether ketone, was attached
to a PIKE Technologies VeeMAX III angle-variable specular
reflection accessory. The Fourier-transform infrared (FT-IR) spec-
trometer (Vertex70, Bruker Inc.) was used in the wavenumber
range of 900–1500 cm�1 at an incident angle of 621. The spectra
obtained through these analyses are presented without any
smoothing. The electrochemical potential of the working elec-
trode was regulated via a three-electrode system using the
potentiostat (HSV-110). The counter and reference electrodes
were platinum mesh and rod, respectively. FT-IR spectra were
measured at a resolution of 4 cm�1, an accumulation count of
128 and a sampling rate of 80 kHz with a liquid-N2-cooled MCT
detector, ensuring stable conditions for single-spectrum mea-
surements. The electrode potential sweep rate was maintained at
a slow rate of 50 mV min�1, with CV performed simultaneously.
The difference in the measurement depths for the IR and FUV
regions is detailed in the ESI† (S1.2).

Results and discussion
Extension of the cathodic limit of the electrochemical window
with the Li+ addition

The comparison of the cathodic limits of the electrochemical
windows of the neat IL and the LIL is illustrated in Fig. 2(a). In
the LIL, a pair of double peaks emerges within the range of
�3.0 to�3.4 V, representing the redox peak of Li+. The cathodic
limit for the LIL, defined as the potential where the reduction
current significantly increases was negatively shifted by
approximately 0.5 V at the value of 50 mA cm�2. The expansion
of the cathodic limit through the addition of lithium salts has
been repeatedly reported in previous studies and was attributed
to the suppression of electrolyte decomposition.19 However, a
comprehensive molecular explanation for the phenomenon
remains elusive. We hypothesized that different compositions
and local structures of the constituent ions in the EDL layer
region at potentials higher than the apparent onset of electro-
lyte decomposition are crucial for elucidating the limit expan-
sion. Therefore, we studied the interface dynamics of the LIL
electrolytes using interfacial spectroscopic methods, especially
within the potential range of +1.5 to �2.5 V vs. Fc/Fc+.

ATR-FUV spectra peak assignments

Fig. 3(a) shows the ATR-FUV absorbance spectra of neat EMIM-
TFSI and LIL solutions with varying Li+ concentrations using an
ATR prism without an Au thin film. Two distinct peaks appear
around 170 and 210 nm, which remain consistent regardless of

the Li+ concentration. These peaks were assigned to the intra-
molecular electronic transition for the EMIM cation.27,28 As
detailed in the ESI† (S1.1), a spectral simulation was conducted
based on the Fresnel equations of the interface using optical
parameters derived from the optical transformation method
adapted for the ATR spectrum of neat EMIM-TFSI in Fig. 3(a).

Fig. 2 CV curves for EMIM-TFSI with lithium (LIL, blue solid line) and
without lithium (neat IL, red dash line) in the potential range of 0 to �3.4 V
vs. Fc/Fc+, measured at a sweep rate of 0.66 mV s�1.

Fig. 3 (a) ATR-FUV spectra of neat EMIM-TFSI and LIL solutions with
varying lithium concentrations, measured using an ATR prism without an
Au thin film. (b) Calculated vertical transitions and absorption spectra for a
single EMIM cation and a single TFSI anion, respectively.
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The transformed extinction coefficient shown in Fig. S1(b) (ESI†)
exhibits good consistency with the experimental transmission
spectrum of EMIM-TFSI in Fig. S2 (ESI†), showing the major
peaks at 164 and 210 nm, slightly shorter wavelength than the
inherent ATR spectrum as generally observed (ESI†). The extinc-
tion coefficient estimated from the oscillation strength obtained
by TD-DFT calculations for a single EMIM cation and a single
TFSI anion in Fig. 3(b). The peak ratio and the peak separation of
the major two peaks originating from the EMIM cation absorp-
tion almost coincide with those of Fig. S1(b) (ESI†) and Fig. 3(a),
although the both peak positions are shifted by about 20 nm for
the shorter wavelength side. The analysis in Fig. 3(b) confirms
that TFSI anion absorbance predominates between the two
absorption peaks (160–180 nm region in Fig. 3(b)) of the EMIM
cation. Therefore, the TFSI anion is expected to make a more
significant contribution to the absorbance in the 180–200 nm
region in Fig. 3(a).

EC-ATR-FUV spectra at the interface between the Au electrode
and neat EMIM-TFSI

To evaluate the effects of Li+ addition, a control experiment was
conducted using neat EMIM-TFSI. EC-ATR-FUV spectra of neat IL
acquired at various potentials from 0 to �2.3 V vs. Fc/Fc+ (more
positive than the cathodic limit) are shown in Fig. 4(a). The
spectrum of the Au electrode without the IL electrolyte served as
the background spectrum. As detailed in the ESI† (S1.1), a

spectral simulation was conducted based on the Fresnel equa-
tions of the electrode interface. The observed increase in slope
toward longer wavelengths was primarily stemmed from the
absorption of the Au film.

When a negative electrode potential was applied to the Au
electrode, a slight increase in absorption at 176 nm and a
noticeable decrease in absorption at 190–210 nm were observed.
This difference is more evident in the spectra shown in Fig. 4(b).
Based on the peak assignment noted above, the absorption at
176 nm corresponds to the main absorption peak of the EMIM
cation, while the absorption at 190–210 nm range originates
from absorption of the TFSI anion. It is noteworthy that only a
negligible current flows in this potential range as indicated by
the concurrently recorded current–voltage curve (Fig. S6) in the
ESI.† These findings strongly indicate that the apparent
decrease in absorption around 200 nm resulted from the
departure of TFSI anions at the interface due to electrostatic
repulsion against the negatively charged Au electrode. Addition-
ally, the slight increase in absorption at 176 nm was attributed
to the realignment of the EMIM cations at the interface to
conform to the Au electrode, effectively neutralizing the negative
charge of the electrode while occupying the voids of the depart-
ing TFSI anions. These behaviors in pure IL systems have been
consistently documented in previous papers.9,16

EC-ATR-FUV and EC-ATR-IR spectra at the interface between
the Au electrode and Li-containing EMIM-TFSI

EC-ATR-FUV spectra of the LIL solution (0.6 mol kg�1) at
various potentials ranging from �2.2 to +1.5 V vs. Fc/Fc+ are
shown in Fig. 5(a). The background spectrum was obtained
from the Au electrode without the LIL electrolyte. The simulta-
neously measured CV curve shown in Fig. 5(c) exhibited the
same trend as the CV curve of the LIL in Fig. 2, indicating that
the potential region for the spectral measurements was more
positive than the large Li+ redox peaks.

During the negative-going potential scan from �0.1 V, no
significant spectral change was observed until the potential
reached �1.5 V. As shown in the spectra of Fig. 5(a) and the
red difference spectrum in Fig. 5(b), a noticeable decrease in
absorption at 176 nm and a smaller increase in absorption in the
190–220 nm region were observed in the spectrum at �2.2 V. The
absorption at 176 nm corresponds to the larger absorption peak
of the EMIM cation, while the absorption at 190–220 nm region is
attributed to the TFSI anion. Therefore, the changes at �2.2 V
indicate a decrease in EMIM cation absorption and increase in
TFSI absorption, representing an opposite trend compared to the
spectra of neat EMIM-TFSI in Fig. 4(a) and (b).

During the positive-going potential scan after reversing at
�2.2 V, the decrease in EMIM cation absorption persisted until
�1.2 V, while TFSI absorption did not increase but rather
decreased. The delayed spectral change is probably due to the
sluggish response of the LIL electrolyte, even at a slow scanning
rate of 40 mV min�1. The reduction in the EMIM cation
absorption partially recovered at +0.6 V after surpassing the
initial potential, significantly recovered at the second reversal
potential of +1.5 V, and finally a similar spectrum was observed

Fig. 4 (a) EC-ATR-FUV spectra of the interface in neat Il solution during
the first cycle within the potential range of �2.3 to �0.1 V vs. Fc/Fc+. (b)
Difference spectra derived from (a), highlighting changes in the interface
states.
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at 0 V during the negative-going potential scan (Fig. 5(a)).
Therefore, the key finding of these spectral measurements is
that the spectrum change against the potential cycle was
‘‘reversible’’. Our focus was on elucidating the origin of this
reversible phenomenon, which significantly differed from that
observed in the neat IL.

The spectral change at the initial negative-going scan can be
assumed to be linked to the partial decomposition of the EMIM
cation. This assumption is supported by the observation of a
reduction current peak at �1.9 V (Fig. 5(c)) and a decrease in
EMIM cation absorption within the same potential range
(Fig. 5(a)). However, in an independent experiment where the

potential was maintained at �2.2 V vs. Fc/Fc+, the reduction
current greatly reduced in a few hundred seconds, while the
decrease in EMIM cation absorption remained consistent. This
observation suggests that the reduction in EMIM cation absorp-
tion is not solely caused by the breakdown of the interfacial
EMIM, but rather by the quasi-equilibrium EDL structure influ-
enced by the applied potential. The exact origin of the reduction
current peak at �1.9 V vs. Fc/Fc+ remains unclear. Potential
explanations include the partial decomposition of EMIM and/or
TFSI29,30 or the underpotential deposition of Li+ on the Au
electrode.31 The partial decomposition of the IL at the electrode
interface may contribute to the formation of a thin solid layer
known as the solid electrolyte interphase. However, the key
observation is that the spectral changes throughout the potential
cycle were ‘‘reversible’’ within the potential range of �2.2 to
+1.5 V vs. Fc/Fc+, as noted above. This suggests that the system
reached a quasi-equilibrium state at these potentials, allowing us
to focus on the changes in the EDL structure.

The decrease in the EMIM cation absorption at 176 nm and
the increase in the TFSI absorption at 190–220 nm region at
�2.2 V can be explained by the replacement of the EMIM cation
with the Li+ cation coordinated by TFSI anions. The small size of
Li+ (high density of positive charges) should result in stronger
coordination with negatively charged TFSI anions. The coordina-
tion of TFSI anions in bulk liquids was analyzed using vibra-
tional spectroscopy. Various types of TFSI coordination have
been proposed based on experiments and calculations.32–34

When considering the electrostatic interaction with the negative
charge of the Au electrode surface, it is not clear whether the Li+

coordinated with TFSI anions is more advantageous than the
EMIM cation. A recent study on an MD simulation of Li+ in an
IL (N-methyl, N-propylpyrrolidinium bis(fluorosulfonyl)imide
(C3mpyr-FSI)) reported that the adsorption energy of Li+ coor-
dinated by FSI anions became larger than that of C3mpyr cation
on a Li metal surface when a high negative charge density
(�14.4 mC cm�2) was applied.35 This is likely due to the large
negative charge at the Li metal electrode surface deforming the
local structure of FSI coordination to expose the Li+ against the
electrode. The TFSI absorption at 190–220 nm consists of some
peaks (see the inset of Fig. 5(b)) and the difference in peak
intensity may be linked to the coordination of Li+. Our previous
work has indicated that the changes in the coordination
number of dicyanamide (DCA) anion with Li+ can be captured
as spectral changes in ATR-FUV.36 However, calculating the
absorbance of the deformed coordination, which may occur in
a specific environment at the interface, proved challenging.

As shown in the spectra in Fig. 5, the EMIM cations are
predominantly favored at the Au electrode surface within the
potential range of �0.1 to �1.5 V vs. Fc/Fc+. At the initial reversal
potential of �2.2 V, a significant substitution of the EMIM cation
with Li+ cation, coordinated by TFSI anions, occurred and was
maintained during the subsequent positive-going potential scan
up to +0.6 V. Upon reaching the second reversal potential of +1.5 V,
Li+ cations, coordinated by the TFSI anions, were replaced by the
EMIM cations, despite the positive charge on the Au electrode (the
reverse process of the initial substitution).

Fig. 5 (a) EC-ATR-FUV spectra of the interface in the LIL solution during
the first cycle within the potential range of �2.2 to +1.5 V vs. Fc/Fc+. (b)
Difference spectra derived from (a), highlighting the changes in the
interfacial composition, with an enlarged view of the 180–220 nm range
shown in the inset. (c) Simultaneously measured CV curve.
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Consistent changes were observed in the EC-ATR-IR spectrum
of the interface. We selected the spectral range of 900–1500 cm�1,
where vibrational modes of nas(SO2) (1320–1360 cm�1), n(CF3)
(1190–1240 cm�1), ns(SO2) (1130 cm�1), and na(SNS) (1060 cm�1)
for TFSI anions were detected.33,37 Fig. 6(a) shows the selected
difference spectra of EC-ATR-IR, focusing on the change around
�2.0 V vs. Fc/Fc+, where significant changes were observed by EC-
ATR-FUV (Fig. 5). A spectrum at �1.8 V (subtraction basis: �0.1 V)
in Fig. 6(a) during the negative-going potential scan from �0.1 V
shows an increase in the absorption of all the vibrational bands
mentioned above. This observation is consistent with the increase
in the concentration of TFSI anion at the electrode interface. Upon
reaching �2.2 V, the difference spectrum at �2.2 V (subtraction
basis: �1.8 V) in Fig. 6(a) shows similar magnitude of absorptions
for n(CF3) and nas(SO2) indicating that the increase of absorption
for these bands was similar for �1.8 V to �2.2 V. It can be noted
that the increase in nas(SO2) absorption was larger than the others.

Previous reports of MD calculations have shown that a TFSI
anion coordinates with Li+ through an oxygen atom of the
negatively charged SO2 moiety.38 If Li+ is attracted to the
negatively charged Au electrode at �2.2 V by electrostatic forces,
the TFSI anions coordinated to the Li+ through the oxygen atom
should rather be repelled from the negatively charged Au

electrode. This deformation of the local structure and may align
the dipole of nas(SO2) more perpendicular to the electrode.
Consequently, the inhomogeneously enhanced absorption could
be attributed to the change in the coordination of TFSI anions to
Li+ upon approaching the Au electrode surface.

Origin of cathodic window enlargement

Finally, we discuss the potential origin of the extending the
cathodic limit through the addition of Li-TFSI salt. As shown in
Fig. 7, it was newly found that the presence of Li+ cations in the
system causes the EMIM cations to be repelled from the negatively
charged Au electrode without undergoing significant decomposi-
tion. This occurs because the Li+ ions, coordinated by TFSI anions,
exhibits a higher priority to the Au electrode surface having high
negative charge density by displacing the EMIM cations. The
process of this displacement was effectively verified using
interface-selective EC-ATR-FUV spectroscopy (Fig. 5) and supported
by the results of EC-ATR-IR spectroscopy presented in Fig. 6. The
EMIM cation possesses a lower unoccupied orbital and represents
the most reactive component of the LIL electrolyte. The reduction
in the quantity of EMIM cations at the electrode interface resulting
from this displacement is expected to lead to a decreased rate of
decomposition of EMIM cations on the electrode.

The approaching Li+ ion coordinated by the TFSI anions is
likely deformed or reduced in the number of coordinated TFSI
anions (i.e., desolvation), exposing Li+ to electrostatic attraction
from the negative charge on the Au electrode surface. In this
configuration, the coordinated TFSI anions are repelled from the
negative charge on the Au electrode surface, which may contribute
to reducing the probability of the TFSI anion decomposition.

Conclusions

In this study, we analyzed the potential-dependent dynamic
behaviors of cations and anions at the EMIM-TFSI IL (with and
without Li+ solute)/Au electrode interface by interface-selective
spectroscopy of the EC-ATR-FUV method. In contrast to the
typical behavior of TFSI anions being replaced by EMIM cations
at the electrode interface observed in neat EMIM-TFSI, a
significant replacement of the EMIM cation with Li+ cation
coordinated by TFSI anions was observed at the negatively
charged Au electrode at �2.2 V vs. Fc/Fc+. The reverse replace-
ment occurred at +1.5 V, indicating a ‘‘reversible’’ cycle within

Fig. 6 (a) EC-ATR-IR spectra of the interface during the first cycle, the
changes in IR absorbance across various potential ranges: differences from
�0.1 V to �1.8 V (black line) and from �1.8 V to �2.2 V (red line) vs. Fc/Fc+.
(b) Simultaneously measured CV curve for the first cycle.

Fig. 7 Proposed schematic of the molecular behavior of LIL on a
negatively charged electrode based on the present study.
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the potential range of �2.2 to +1.5 V vs. Fc/Fc+. This experi-
mental evidence supports a concept which was partially
proposed by simulation methods.

The surface-stabilized Li+ coordinated by the TFSI anions
limits the direct interaction of the EMIM cation with the
electrode, thereby reducing the reduction rate of the EMIM
cation. This restriction extends the cathodic limit in the LIL
electrolyte. These findings offer valuable insights will give us an
important insight into interface analysis in battery systems,
with a focus on investigating a more realistic interface in our
future research.
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