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ABSTRACT: In this paper, the structure of the LiFSI-[Py1,4]FSI interface on Au(111)
was investigated using in situ atomic force microscopy and cyclic voltammetry. Raman
and IR vibrational spectroscopy was applied to evaluate the coordination of Li+ ions with
the FSI− anion. It was found that [Li(FSI)3]2− species are present in the solutions. The
solvation layer number and the forces decrease at higher concentration of Li+ ions.
Therefore, the driving force, which is required for the [Li(FSI)3]2− species to pass
through the solvation layer to reach the electrode surface, is lowered. This increases the
onset potentials of the SEI layer formation and lithium underpotential deposition (LiUPD) at high Li+ concentrations. It was found that the onset potentials are −0.8, −0.7,
−0.6, and −0.4 V for the Li-UPD and −2.0, −1.6, −1.4, and −1.3 V for the SEI layer
formation, vs the Pt-(quasi)reference electrode, corresponding to Li+ concentrations of
0.1, 0.25, 0.5, and 1 M, respectively.

1. INTRODUCTION
The solid electrolyte interphase (SEI) layer and the lithium
deposition behavior are vital for the electrochemical performance of lithium batteries. The transport of chemical species and
the electrochemical reaction at the electrolyte/electrode
interface strongly depend on the interfacial nanostructure,
which alter the processes of the SEI layer formation and
lithium deposition. Lithium-metal anodes are promising for
high energy density batteries due to their high theoretical
capacity of 3860 mAh g−1 and low reduction potential (−3.04
V vs the standard hydrogen electrode). However, their
practical use is still hindered by the formation and growth of
dendritic Li, large volume change, safety issues, etc.1−3
Therefore, the study of lithium electrodeposition, especially
the initial deposition states, is important to understand the
lithium deposition behavior. In addition, a compact and
homogeneous SEI layer can suppress the formation of
dendrites and avoid the continuous decomposition of the
electrolyte during cycling.4,5 The structure of the electrolyte/
electrode interface, i.e., chemical species and their arrangement
at the interface, plays an important role in the formation of the
SEI layer and for the lithium deposition process.4 Compared to
conventional organic electrolytes, ionic liquids (ILs), with their
negligible volatility, high thermal stability, and wide electrochemical window, are considered as potential high-safety and
high-voltage electrolytes for rechargeable batteries.6−10 However, the IL electrolyte usually presents a complex interfacial
nanostructure, diﬀering from the descriptions of classical
© 2021 American Chemical Society

models (e.g., Helmholtz, Gouy−Chapman, and Stern) in
molecular solvents.11−14 Therefore, the study of the interfacial
nanostructure between IL electrolytes and electrodes would be
beneﬁcial in understanding the processes of the lithium
deposition and SEI layer formation in IL electrolytes.
In general, the IL/electrode interface is more structured than
that of molecular solvents and exhibits a multilayer
structure.11,14−16 As ILs contain only ions, with strong forces
between these ions (Coulombic, van der Waals, hydrogen
bonding, etc.), usually well-deﬁned layers are observed at the
IL/electrode interface.4,11 The IL/electrode interface has been
investigated by various techniques, including atomic force
microscopy (AFM),17−19 scanning tunneling microscopy
(STM),17−21 high-energy X-ray reﬂectivity,22 sum frequency
generation,23 photoelectron spectroscopy,24 infrared reﬂection
spectroscopy,25,26 Raman spectroscopy,27,28 surface force
apparatus,29−32 and molecular dynamics simulations.33,34
Based on these studies, the IL/electrode interface can be
divided into three zones: the innermost layer, which is deﬁned
as the ion layer directly in contact with the electrode surface;
the bulk phase, which refers to the bulk liquid region; and the
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larger onset potentials of the Li-UPD and SEI layer formation
in high Li+ concentrated electrolytes.

transition zone, a region between the innermost layer and the
bulk phase, over which the distinct interfacial layer structure
degrades into the bulk morphology.11,14,35
The applied electrode potential and the composition of an
electrolyte (i.e., salt concentration) play an important role in
the IL/electrode interfacial structure, especially the structure of
an innermost layer and the transition zone.7,11,20,25,36 In 2009,
the lithium underpotential deposition on Au(111) was studied
using in situ STM in 1-butyl-1-methylpyrrolidinium bis(triﬂuoromethylsulfonyl)imide ([Py1,4]TFSI) containing 0.5
mol L−1 lithium bis(triﬂuoromethylsulfonyl)imide (LiTFSI).37
The STM results revealed that the lithium underpotential
deposition (Li-UPD) occurs at potentials more than 2 V
positive to the potential for bulk deposition and follows a layerby-layer mechanism. The deposition of the ﬁrst lithium
monolayer on Au(111) in [Py1,4]TFSI was obtained already
at −0.8 V vs Pt, while the formation of the SEI layer occurred
at more negative electrode potentials (−1.4 V vs Pt). The
inﬂuence of Li+ on the structure of the IL/electrode interface
has been reported.7,38−40 In 2012, Hayes et al.38 showed with
in situ AFM that the interfacial layering at 1-hexyl-3methylimidazolium tris(pentaﬂuoroethyl)triﬂuorophosphate
([HMIm]FAP)/Au(111) interface is markedly weaker if 0.05
wt % LiCl is dissolved in the IL. In situ STM measurements
revealed that the addition of 0.1 M LiCl signiﬁcantly alters the
appearance of the Au(111) surface in 1-butyl-1-methylpyrrolidinium tris(pentaﬂuoroethyl)triﬂuorophosphate ([Py1,4]FAP).39 In 2015, Lahiri et al.7 have reported the inﬂuence of
Li+ concentration on the [Py1,4]TFSI/Au(111) interface using
in situ AFM. It was found that the number of the solvation
layers and the force required to rupture these layers
signiﬁcantly decrease with the increase in Li+ concentration.
Elbourne et al.40 have shown using amplitude-modulated
atomic force microscopy (AM-AFM) that the addition of Li+
ions signiﬁcantly alters the IL/Au(111) interfacial nanostructure. Thus, in the pure 1-ethyl-3-methylimidazolium bis(triﬂuoromethalsulfonyl)amide ([EMIm]TFSI), an ordered
molecular structure in the form of anion−cation−cation−
anion was obtained, while the addition of the Li+ ion led to the
displacement of the IL cations and anions. Recently, the
formation of the SEI layer and Li deposition on Cu were
investigated in IL electrolytes with [Py1,4]+ cations and
diﬀerent rations of TFSI− and FSI− anions.41 AFM and XPS
measurements revealed that all the SEI layers exhibit mosaiclike I−O structures but with various compositions and
thicknesses, which in turn strongly alter the lithium deposition
process.41 Although some research has been done on the IL/
electrode interface in the presence of Li+, more studies are
required for better understanding the relation between the
change of the interfacial nanostructure and the processes of the
initial lithium deposition and the SEI layer formation.
In this paper, the structure of the [Py1,4]FSI/Au(111)
interface containing diﬀerent concentrations of LiFSI was
probed with in situ AFM and cyclic voltammetry (CV). The
solvation of Li+ ions was evaluated using Raman spectroscopy.
The results show that the interfacial nanostructure alters the
onset potentials of the Li-UPD and of the SEI layer formation.
The interfacial layering markedly weakens in the presence of
LiFSI. The number of the solvation layers and the forces
required to rupture these layers decrease with the increase of
Li+ concentration, which in turn reduce the driving force for
the [Li(FSI)3]2− to reach the electrode surface and allow it to
electrochemically react at higher potentials, resulting in the

2. EXPERIMENTAL SECTION
The IL 1-butyl-1-methylpyrrolidinium bis(ﬂuorosulfonyl)imide ([Py1,4]FSI) (99.9%) was purchased from Solvionic
(France) in the highest available quality. Before use, it was
dried at 100 °C under vacuum to water contents of below 10
ppm. Lithium bis(ﬂuorosulfonyl)imide (LiFSI, 99.99%) was
obtained from Sigma-Aldrich. The electrolytes with diﬀerent
Li+ concentrations (0.1, 0.25, 0.5, and 1 M) were made at
room temperature in an argon-ﬁlled glove box (OMNI-LAB
from Vacuum-Atmospheres) with H2O and O2 contents of
below 2 ppm.
The electrochemical measurements were carried out inside
of the argon-ﬁlled glove box by using a PARSTAT 2263
potentiostat/galvanostat controlled by Power CV and PowerStep software. The scan rate during CV was 10 mV s−1. The
working electrode was Au (300 nm layer) on glass purchased
from Arrandee Inc. The Pt ring and Pt wire were used as
counter and (quasi)reference electrodes, respectively, which
showed good electrochemical stability in the IL throughout the
experiments. The electrochemical cell was made of Teﬂon and
clamped over a Teﬂon-covered Viton O-ring onto the
substrate, yielding a geometric surface area of 0.3 cm2. Prior
to the experiments, the Teﬂon cell and the O-ring were cleaned
in a boiling mixture of 50:50 vol % of ultrapure water and
H2O2 (35%) followed by reﬂuxing in ultrapure water.
Fourier transform infrared spectroscopy (FTIR) was
performed using a VERTEX 70 V (Bruker Optics GmbH).
The spectra were obtained at an average of 200 scans with a
resolution of 2 cm−1. Raman spectra were recorded with a
Raman module RAM 2, Bruker Vertex 70 V (Nd:YAG 1064
nm) with a Ge detector. For Raman measurements, the IL
electrolytes were sealed in a glass capillary, and the spectra
were obtained at an average of 250 scans with a resolution of 2
cm−1. The viscosity and conductivity measurements were
performed at 25 °C with a microVISC viscometer from
RheoSense (microVISC TC: HVROC-T) and a conductivity
meter (WTW LF521), respectively.
Force−distance curves and AFM images were obtained
using a Molecular Imaging PicoPlus AFM in contact mode in
an argon-ﬁlled glovebox at room temperature. Both the
topography images and the deﬂection images are presented.
The deﬂection images can show higher contrast of the
topographic details. During AFM scans, interaction forces
between the tip and substrate make the cantilever deﬂect from
its baseline position and the deﬂection images are formed from
the feedback signal of the cantilever deﬂection. Au(111)
substrates (300 nm gold on mica) purchased from Agilent
Technologies were used as working electrodes for in situ AFM
experiments. A silicon SPM-sensor from Nano World was
employed for all the in situ AFM experiments. The spring
constant was 6 N m−1. The Pt ring and Pt wire were used as
the counter and (quasi)reference electrodes, respectively.
Before each experiment, the electrochemical cell and Pt wires
were cleaned with isopropanol in an ultrasonic bath for 5 min.
Then, the cell was cleaned in a boiling mixture of 50:50 vol %
of ultrapure water and H2O2 (35%) followed by reﬂuxing in
ultrapure water, and the Pt wires were annealed in hydrogen
ﬂame to red glow in order to remove any possible
contaminations.
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Figure 1. (a, b) FTIR and (c, d) Raman spectra of LiFSI-[Py1,4]FSI electrolytes, T ∼ 20 °C.

general, the IL peaks decrease with the increase of Li+
concentration. Figure 1c,d shows some prominent spectral
variations in the frequency ranges of 680−800 cm−1 and
1200−1250 cm−1. Upon the increase of Li+ concentration, new
Raman bands at ∼746 and ∼1224 cm−1 occur. In these
regions, the Raman bands at 726 and 1216 cm−1 can be
ascribed to the νsSNS and the νsSO2 vibrations of free FSI−
anions, respectively. The newly appeared bands at 746 and
1224 cm−1 arise from a coordination between Li+ and oxygen
atoms in the FSI − anion. 45 Upon increasing the Li +
concentration, the Raman intensities of the free FSI−− anion
bands decrease, while those of the two newly appeared bands
increase, indicating that more FSI− anions coordinate with Li+.
The coordination number of Li+ is determined from the
observed Raman spectral variations in both frequency ranges of
680−800 cm−1 and 1200−1250 cm−1. Figures S4 and S5 show
the deconvolution analyses of Raman peaks based on Voigt
functions. From the peak ﬁt analysis, the coordination number
can be calculated from the following equations.36,47
If = Jf × c f
(1)

3. RESULTS AND DISCUSSION
The changes in the viscosity and conductivity of the IL
electrolytes with diﬀerent LiFSI concentrations are shown in
Figure S1. The viscosity of the IL electrolyte increases with
increase of LiFSI concentration, whereas the conductivity
decreases. However, all the IL electrolytes retain good
conductivities of >10−3 S cm−1, which are comparable to
commercial lithium ion battery electrolytes.42 Even for 1 M
LiFSI in [Py1,4]FSI, the conductivity is still 3.8 × 10−3 S cm−1.
In general, the structure of the IL/electrode interface is
inﬂuenced by the bulk liquid structure; therefore, the inﬂuence
of lithium salt concentration on the bulk liquid structure in the
IL electrolytes needs to be clariﬁed. Vibrational spectroscopy is
a useful tool to probe the interactions between ions in ILs.
Figure S2 shows an overview FTIR spectrum of LiFSI[Py1,4]FSI electrolytes in the frequency range of 400−1600
cm−1. The peaks are assigned based on refs 43, 44. The
zoomed spectra in the frequency ranges of 530−610 cm−1 and
650−900 cm−1 are shown in Figure 1a,b. The peak at 566
cm−1, assigned to the δasSO2 mode, does not exhibit a
signiﬁcant peak shift; however, there is an extra peak appearing
at 592 cm−1 within the region of the δasSO2 mode of the LiFSI
salt.43 The intensity of this peak grows with increasing LiFSI
concentration (Figure 1a). This peak can be ascribed to the
interaction between the Li+ and the FSI− anion. However, the
peaks at 730 and 827 cm−1, assigned to νsSNS and νasSNS and
νSF modes, respectively, show distinct shifts to higher
frequencies and line width broadening (Figure 1b). This can
be attributed to the interaction between the Li+ and the FSI−
anion, which strengthens the bonds of S−N and S−F, thus
resulting in a shift of the corresponding peaks.43 The
wavenumber shift may also be caused by the conformation
change of the FSI− anion due to the coordination of the Li+.43
Raman spectra of [Py1,4]FSI with diﬀerent concentrations of
LiFSI in the frequency range of 200−3200 cm−1 are shown in
Figure S3. The peaks are assigned based on refs 36, 45, 46. In

c f = c T − cb = c T − n × c Li

(2)

Inserting eq 2 into eq 1:
If /c Li = Jf × (c T/c Li − n)

(3)
−

where If is the integral intensity of the free FSI anion, Jf is the
molar Raman scattering coeﬃcient, cT, cf, and cb are the
concentrations of the total, free, and bound FSI− anion in the
bulk, respectively, cLi is the concentration of Li+, and n is the
coordination number of Li+. Straight line plots can be obtained
from eq 3; thus, the value of n can be calculated by dividing the
intercept by the slope. As can be seen in Figure 2, the If/cLi vs
cT/cLi plots present straight lines, and the coordination
numbers of Li+ are calculated to be 2.9 and 3.0 from the
726 and 1216 cm−1 Raman bands, respectively. Taking into
account the experimental uncertainly, it is suggested that Li+ is
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0.25, 0.5, and 1 M, respectively, occurs before the bulk lithium
deposition begins. This peak can be attributed to the formation
of an SEI layer.37 As shown in Figure 3e−h, at these electrode
potentials, the appearance of the Au(111) surface is very noisy,
which is likely caused by scratching the surface with the AFM
cantilever due to the growth of the SEI layer.48 Figure S8
shows the CV of pure [Py1,4]FSI on the Au substrate. It can be
observed that there is a reduction process around −1.5 V,
which should be derived from the adsorption of the IL ions.13
The appearance of the Au(111) surface does not change at
−1.6 V in pure IL, as shown in Figure S9. Interestingly, upon
increasing the Li+ concentration, the onset potentials of both
Li-UPD and SEI layer formation are shifted to more positive
values, which can be correlated with the changes in the
structure of the IL/Au(111) interface. The components of the
SEI layer mainly originate from the reaction products of Li+
with anions in the IL electrolytes.49,50 Combining the
relationship between the measured potential and the Li+
concentration, it can be inferred that the [Li(FSI)3]2− species
would be easier to reach the electrode surface in the highly
concentrated IL electrolytes.
The in situ AFM images in Figure 4 show the formation of
SEI between −1.4 and −2.0 V in [Py1,4]FSI containing 0.5 M
LiFSI. The morphology of the SEI layer becomes smoother
with the decrease of the electrode potential. The Li-UPD
deposition can also be seen, as indicated by the yellow arrows.
The deposited Li particles grow with the reducing electrode
potential. If the electrode potential is set at −1.6 V (Figure
S10), the Li-UPD also takes place accompanying the SEI layer
formation process, as indicated by the yellow arrow. As the
components of the SEI layer, including organic and inorganic
lithium compounds, are electronically insulated,5 they cannot
electrochemically grow into large particles. Hence, the particles
that grow to over 100 nm with a potential decrease or time
extension can be attributed to the Li-UPD.
The appearance of the gold surface does not change
signiﬁcantly by reducing the electrode potential (Figure S11).
Between −2.2 and −2.8 V, the existed Li particle grows further.
The average height varies from 4 nm at −2.2 V to 10 nm at

Figure 2. Plots of If/cLi vs cT/cLi for the 726 cm−1 (black) and 1216
cm−1 (red) bands.

coordinated with three FSI− anions in the LiFSI-[Py1,4]FSI
electrolytes. The same coordination number of Na+ has been
reported in the NaFSI-[Py1,4]FSI electrolytes.36
The cyclic voltammograms of [Py1,4]FSI with diﬀerent Li+
concentrations recorded on the Au substrates are shown in
Figure 3a−d. As expected, the current response values of
lithium deposition/stripping increase gradually with increasing
Li+ concentration. The distinct reduction process c1 is due to
the deposition of lithium accompanied by the formation of
Au−Li alloys. Two oxidation processes (a1 and a2) in the
reverse scan can be assigned to the stripping of deposited
lithium from the bulk and from the Au−Li alloys. As can be
seen in the insets of Figure 3a−d, the current starts to reduce
at about −0.8, −0.7, −0.6, and −0.4 V, corresponding to Li+
concentrations of 0.1, 0.25, 0.5, and 1 M, respectively. Enlarged
CV curves in this potential region are presented in Figure S6.
In situ AFM measurements revealed that at these electrode
potentials, the Au(111) surface becomes rough, indicating the
beginning of the Li-UPD. Figure S7 shows the changes of the
Au(111) surface during Li-UPD in [Py1,4]FSI containing 0.5 M
LiFSI. The formation of the ﬁrst lithium monolayer at −0.8 V
on the Au(111) surface was reported in [Py1,4]TFSI containing
0.5 M LiTFSI.37 Furthermore, a small peak (c*) at −2.0, −1.6,
−1.4, and −1.3 V corresponding to Li+ concentrations of 0.1,

Figure 3. CVs and in situ AFM topography images of the Au(111) surface in LiFSI-[Py1,4]FSI containing (a, e) 0.1 M, (b, f) 0.25 M, (c, g) 0.5 M,
and (d, h) 1 M LiFSI. Scan rate: 10 mV s−1, resolution of AFM images: 2 × 2 μm2, scale bars: 400 nm, and T ∼ 20 °C.
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Figure 4. In situ AFM images of the Au(111) surface in [Py1,4]FSI containing 0.5 M LiFSI at diﬀerent potentials (a, a0) −1.4 V, (b, b0) −1.6 V, (c,
c0) −1.8 V, and (d, d0) −2.0 V. (a−d) Topography images; (a0−d0) deﬂection images. Resolution: 2 × 2 μm2; scale bars: 400 nm.

Figure 5. Typical force-separation curves for an AFM tip approaching the Au (111) surface in the LiFSI-[Py1,4]FSI electrolytes with diﬀerent Li+
ion concentrations at various potentials.

−2.8 V, as shown in the height proﬁles in Figure S11. By
further reducing the electrode potential, the bulk deposition of
lithium occurs.

In order to understand the inﬂuence of the IL electrolyte/
electrode interface on the SEI layer formation and Li-UPD, the
real-time changes of the [Py1,4]FSI/Au(111) interfacial
27144
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nanostructure at diﬀerent Li+ concentrations and applied
electrode potentials were explored. The typical forceseparation proﬁles for an AFM tip approaching the Au(111)
surface in the pure [Py1,4]FSI at diﬀerent potentials are
presented in Figure 5a0−d0. It can be observed that the
potential has a signiﬁcant impact on the interfacial
nanostructure. At OCP (−0.2 V), ﬁve discrete steps are
detected at separation distances of 0.7, 1.5, 2.5, 3.4, and 4.3 nm
(Figure 5a0). Each step corresponds to the rupturing of a
solvation layer of the [Py1,4]FSI by the AFM tip. The force
needed to rupture each layer increases as the tip approaches
the Au(111) surface. The ion pair diameter of [Py1,4]FSI is
calculated to be 0.74 nm according to a cubic packing
geometry, and the measurement error is ±0.05 nm.11,36 Hence,
the innermost layer (0.7 nm) indicates the presence of an ion
pair of [Py1,4]FSI. At −0.6 and −1.0 V (Figure 5b0,c0), the
separation distances of the innermost layers are much smaller
than the ion pair diameter, which indicates that the innermost
layers consist mainly of [Py1,4]+. The variation of the innermost
layer structure is due to a growing number of electrostatic
charges on the Au(111) surface required to compensate the
[Py1,4]+, and the electrostatic interaction between the [Py1,4]+
and the Au(111) electrode strengthens with a decrease of
potential. Furthermore, the force required to rupture the
innermost layer becomes larger due to the stronger interaction.
At −1.4 V (Figure 5d0), the innermost layer cannot be
detected, as the electrostatic force at this potential is too high
for the AFM tip to replace the [Py1,4]+ from the Au(111)
surface.11 The force−distance measurements show that the
solvation layers in the transition zone present a separation
distance of 0.9 or 1.0 nm, indicating the presence of ion pairs.
These results reproduce those reported by Lahiri et al.7
The addition of 0.1 M LiFSI does not signiﬁcantly change
the structure of the IL/Au(111) interface (Figure 5a1−d1).
The separation distances in the transition zone are 1.0 nm,
similar to that in the pure [Py1,4]FSI. At −0.2 V, the separation
distance of the innermost layer is 0.7 nm, implying the
presence of the [Py1,4]FSI ion pairs (Figure 5a1). At −0.6 V
(Figure 5b1), the separation distance of the innermost layer is
0.4 nm, indicating that [Py1,4]+ exists at the Au(111) surface.
At −1.0 and −1.4 V (Figure 5c1,d1), the innermost layers
cannot be detected owing to the stronger electrostatic
interaction between the [Py1,4]+ and Au(111) electrode,
showing that the AFM tip cannot displace the [Py1,4]+.
Upon further addition of LiFSI (0.25 M), the separation
distances of the solvation layers in the transition zone remain
1.0 nm (Figure 5a2−d2). However, the innermost layer exhibits
a signiﬁcant diﬀerence. At −0.2 and −0.4 V (Figure 5a2,b2),
the width of the innermost layer decreases to 0.2 nm, which
can be attributed to the presence of Li+ at the Au(111)
electrode surface that forms [Li(FSI)3]2−.7,36 A similar result
has been observed on addition of NaFSI in [Py1,4]FSI.36 When
the concentration of NaFSI increases to 0.25 M, the
[Na(FSI)3]2− is present at the Au(111) surface.36 At −1.0 V
(Figure 5c2), the width of the innermost layer increases to 0.4
nm, implying the presence of both [Li(FSI)3]2− and [Py1,4]+ at
the Au(111) electrode surface. When the potential reaches
−1.4 V (Figure 5d2), the innermost layer disappears again due
to the stronger electrostatic interaction.
In the case of 0.5 M LiFSI (Figure 5a3−d3), the separation
distance of the innermost layer at −0.2 V is 0.3 nm, indicating
the presence of [Li(FSI)3]2−. At −0.6 V, the innermost layer
consists of two sublayers, 0.2 and 0.3 nm wide, representing
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the presence of two [Li(FSI)3]2− ions or of [Li(FSI)3]2− and
[Py1,4]+, respectively, as it is likely that the existed cations are
to quench the excess negative charge of the anions.11 At −1.0
and −1.4 V, the innermost layers only present one obvious
layer, indicating that the [Py1,4]+ cations may also lie on the
Au(111) surface at smaller potentials with higher electronegativity on the electrode surface. For the IL electrolyte with
1.0 M LiFSI (Figure 5a4−d4), the innermost layer structures
are similar to those of the IL electrolyte with 0.5 M LiFSI. The
sublayers are also observed at −0.6 V, and it becomes one layer
at −1.0 and −1.4 V.
The diﬀerence in the structure of the LiFSI-[Py1,4]FSI/
Au(111) interface could explain the changes of the onset
potentials of the SEI layer formation and Li-UPD with
diﬀerent Li+ concentrations. For both processes, the onset
potentials shift to more positive values with increasing Li+
concentration. At lower Li+ concentrations (0.1 and 0.25 M),
both the number of the solvation layers and the forces required
to rupture these layers are larger, resulting in the [Li(FSI)3]2−
that is diﬃcult to pass through the layers (Figure 6a). Only at a

Figure 6. Schematic diagrams of the LiFSI-[Py1,4]FSI/Au(111)
interfacial nanostructure with (a) low Li+ concentration and (b)
high Li+ concentration. (Note: the Li+ binding to two anions is due to
the diﬀerent angles of view.).

more negative electrode potential, the [Li(FSI)3]2− can be
provided with stronger driving force to reach the electrode
surface. However, at higher Li+ concentrations (0.5 and 1.0
M), both the number of solvation layers and the forces
signiﬁcantly decrease, which lowers the driving force and
increases the onset potentials (Figure 6b).

4. CONCLUSIONS
The eﬀects of Li+ concentration and potential on the structure
of the LiFSI-[Py1,4]FSI/Au(111) interface have been investigated using in situ AFM. Raman spectroscopy exhibits that Li
ions coordinate with three FSI− anions forming [Li(FSI)3]2−.
At higher Li+ concentrations, the number of solvation layers
and the forces required to rupture these layers signiﬁcantly
decrease. This lowers the driving force of [Li(FSI)3]2− to reach
the electrode surface, increasing the onset potentials of the SEI
layer formation and Li-UPD at high Li+ concentrations. Before
the deposition of bulk lithium, the Li-UPD process takes place,
even during the process of the SEI layer formation. The
variations of the onset potentials of the SEI layer formation
and the Li-UPD induced by the changes of interfacial
nanostructure will enlighten the application of IL electrolytes
in lithium batteries.
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