
1. Introduction

Motivated by the ever-increasing demand for
high performances, understanding the processes at
the electrode/electrolyte interfaces has become a
paramount factor for the success of rechargeable
lithium-based battery technologies, including Li-
ion and Li-metal batteries [1e3]. Focusing on the
anode side, the solid-electrolyte interphase (SEI),

functioning as an electronic insulator but a Li-ionic
conductor, is inevitably formed on the anode sur-
face as a result of (electro-)chemical electrolyte
reduction during charge-discharge cycling [4,5].
Such an interphase is a nanometric-thin layer
composed of various organic/inorganic species,
which is responsible for not only impeding the
continuous parasitic reactions of electrolyte
decomposition, but also determining the mass flow

 ARTICLE

An  In-Situ  Raman  Spectroscopic  Study  on  the 
Interfacial  Process  of  Carbonate-Based  Electrolyte  on
Nanostructured  Silver  Electrode

Yu  Gu  a,#,*,  Yuan-Fei  Hu  a,#,  Wei-Wei  Wang  a,  En-Ming  You  a,  Shuai  Tang  a,b,
Jian-Jia  Su  a,  Jun  Yi  a,  Jia-Wei  Yan  a,  Zhong-Qun  Tian  a,  Bing-Wei  Mao  a,*

a  State  Key  Laboratory  of  Physical  Chemistry  of  Solid  Surfaces,  Innovation  Laboratory  for  Sciences  and  Technologies  of  Energy 
Materials  of  Fujian  Province  (IKKEM),  College  of  Chemistry  and  Chemical  Engineering,  Xiamen  University,  Xiamen  361005,  Fujian,
China
b  College  of  Chemistry,  Zhengzhou  University,  Zhengzhou  450001,  Fujian,  China

Abstract

  The  solid-electrolyte  interphase  (SEI)  plays  a  key  role  in  anodes  for  rechargeable  lithium-based  battery  technolo-
gies.  However,  a  thorough  understanding  in  the  mechanisms  of  SEI  formation  and  evolution  remains  a  major  chal-
lenge,  hindering  the  rapid  development  and  wide  applications  of  Li-based  batteries.  Here,  we  devise  a  borrowing 
surface-enhanced  Raman  scattering  (SERS)  activity  strategy  by  utilizing  a  size  optimized  Ag  nanosubstrate  to  in-situ
monitor  the  formation  and  evolution  of  SEI,  as  well  as  its  structure  and  chemistry  in  an  ethylene  carbonate-based
electrolyte.  To  ensure  a  reliable  in-situ  SERS  investigation,  we  designed  a  strict  air-tight  Raman  cell  with  a  three-
electrode  configuration.  Based  on  the  potential-dependent  spectroscopic  information,  we  revealed  that  the  SEI  formed
in  an  EC-based  electrolyte  presents  a  double-layer  structure,  comprising  a  thin  inorganic  inner  layer  and  an  organic-
rich  outer  layer.  We  also  identified  that  LEMC,  rather  than  LEDC,  is  the  major  component  of  EC  reduction,  and  the
critical  role  of  metallic  Li  in  the  formation  of  stable  SEI  is  preliminary  explored.  Nevertheless,  identifying  the  SEI
compositions  is  only  feasible  before  Li  deposition  on  the  Ag  surface.  After  the  formation  of  Li-Ag  alloys,  the  subse-
quent  evolution  of  SEI  could  not  be  detected  due  to  the  change  in  the  dielectric  constant  of  Ag  after  the  lithiation.  Our
work  provides  a  real-time  spectroscopic  method  for  investigating  interfacial  processes  of  anodes,  which  is  beneficial  to
the  understanding  of  SEI  formation  and  evolution  and  thus  provides  guidance  for  the  development  of  rationally 
designed  SEI  in  Li-based  batteries.
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and electrochemical kinetics of the anode closely
related to the cycle performance of a Li-based
battery [6e8]. Therefore, a thorough understand-
ing in the formation and evolution of SEIs is of
prime importance towards the achievement of
high-performance Li-based batteries.
Since the independent pioneering works by

Peled et al. and Aurbach et al., several SEI struc-
tural models, including the prevailing mosaic
mode and multilayer mode, have been proposed
based on the results obtained from various char-
acterization techniques combined with theoretical
simulations [9e14]. Regardless of the discrepancies
in terms of detailed structure, the SEI is generally
regarded to be a mosaic assembly of the different
inorganic and organic components, arranged in a
configuration with a compact inorganic-rich inner
layer and a loose organic-rich outer layer [9,12].
Moreover, the SEI may experience further dy-
namic evolution during the battery operation,
which is complicated by electrolyte composition
and formation conditions [15e17]. Although these
findings have contributed to the understanding of
SEI, many critical questions associated with the
formation and growth mechanisms of SEI as well
as the impacts of its structures and properties on
the battery performance remain poorly answered,
which hinders rational design and optimization of
the anode/electrolyte interfaces for Li-based bat-
teries. Therefore, in-situ and real-time structure-
specific methods that enable nondestructive
monitoring the SEI formation and evolution, as
well as the identification of the possible functions
of SEI components, are indispensable to compre-
hensively understand the complicated structure
and chemistry of such key interphase and its
coupled interface in battery systems.
Surface-enhanced Raman spectroscopy (SERS) is

an extremely surface-sensitive vibrational spec-
troscopy, in which the Raman signals of analytes
under investigation near nanostructures of some
metals such as Au, Ag and Cu are amplified by
several orders of magnitude via the excitation of
the localized surface plasmons (LSPs) from those
nanostructures [18e20]. It is recognized as a
powerful fingerprint technique and have been
applied for in-situ studies of a variety of electro-
chemical interfaces [21e23]. As the two important
variants of SERS, tip-enhanced Raman spectros-
copy (TERS) and shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS) offer a
feasible solution of achieving giant enhanced
Raman signals from unperturbed surfaces of gen-
eral materials, which provide a great opportunity
to follow electrochemical reactions on a wide range
of electrode surfaces [24e26]. Starting from 2000,

these techniques have been applied to investigate
the interfacial processes of batteries at the molec-
ular level [27e35]. However, most of the studies
have focused on the cathode sides of Li-based
batteries, involving oxygen electrode electro-
chemistry and surface changes of cathode mate-
rials. Only a few researches have been dedicated to
identifying the composition and structure of SEIs
on anodes, mostly silicon-based anodes. The gen-
eral difficulty may lie in the fact that the signals of
nanometric thick SEI is extremely weak and
influenced by many factors, so that the effective
borrowing SERS activity strategy from highly
SERS-active substrates needs to be implemented
in operation [36,37]. Meanwhile, such measure-
ments must be performed in an inert atmosphere,
and the design of moisture- and oxygen-free
electrochemical Raman cell is also particularly
important to avoid bringing additional complexity
in operation. On the other hand, SERS enhance-
ment effects are inherently dependent on the
morphologies and structures of SERS-active sub-
strates [18,19,38]. In the previous SERS studies on
Li-based battery systems, the roughened metal
surfaces with random nanostructures and a broad
size distribution of hotspots (i.e., nanoscale regions
with extraordinarily large local electromagnetic
field) were typically employed as the SERS sub-
strates [27,30]. Although it has been demonstrated
to be capable of probing the interfacial processes,
the availability of such substrates with less effi-
ciency and stability is still a major challenge to-
ward the widespread and practical use of SERS
in battery field. Thus, a uniform substrate with
specific nanostructures in close proximity to each
other, such as nanoparticle arrays, is highly
required to achieve a homogeneous and repro-
ducible Raman signal enhancement, which enables
the facile utilization of SERS in following interface
chemistry within Li-based batteries.
In this work, we employed in-situ SERS to char-

acterize the formation and evolution of SEI in an
EC-based carbonate electrolyte. The Ag electrode
modified with the size optimized Ag nanoparticles,
possessing the excellent LSP efficiency and wide
LSP response in the visible region amongst the
coinage metals [39,40], was used as the high-effi-
cient SERS-active substrate for in-situ probing the
SEI formation processes, and elucidating the
structure and chemistry of SEI. Our results show
advantages of investigations by SERS for more
accurate and real-time characterization of the
structure and chemistry of SEIs, which facilitates
an in-depth and a comprehensive understanding
of SEI and its impacts on performance of anodes
for Li-based batteries.
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2. Experimental section

2.1. Preparation of Ag nanoparticles

TheAg nanoparticles were synthesized via an Au-
seed growth method following previous reports
[40,41]. First, Au-seed nanoparticles with a diameter
of ca. 10 nmwere prepared using the sodium citrate
reduction method. 100 mL of HAuCl4 aqueous so-
lution (0.01 wt%) was heated to boiling under string.
3mL of sodium citrate aqueous solution (1wt%)was
quickly added to the above boiling solution and
refluxed for 30 min. The obtained sanguine Au sol
was allowed to cool to ambient conditions for the
next step. Then, AgNO3 was subsequently reduced
on Au-seeds using sodium citrate with ascorbic acid
the reducing agent and stabilizing agent. 0.5 mL of
the Au sol was dispersed into 20 mL of deionized
water serving as the seed solution. 0.5 mL of sodium
citrate aqueous solution (1 wt%) was added to the
seed solution, and followed by adding 3 mL of
ascorbic acid (10 mmol$L�1). 2.8 mL of AgNO3 so-
lution (10 mmol$L�1) was then added dropwise at a
rate of one drop every 5e10 s,whichwas followed by
the addition of another 1.5 mL of sodium citrate
aqueous solution (1 wt%). After 10 min of light-
avoidance-stirring, the Ag sol with diameter of ca.
100 nm was obtained. The as-prepared Ag nano-
particles were centrifuged thrice and washed with
deionized water for later use. The overall
morphology of Ag nanoparticles was characterized
by scanning electronmicroscope (SEMHITACHI, S-
4800) at an accelerating voltage of 15 kV.

2.2. Assembly of Ag nanoparticles on Ag electrode
and the cleaning process

An Ag disc (F ¼ 0.5 mm) was used as the elec-
trode substrate. Before assembly, the Ag electrode
was successively polished with alumina powder of
1.0, 0.3 and 0.05 mm on the microcloths to ensure a
fresh and smooth electrode surface, which was
followed by rinsing thoroughly with ultrapure
water and cleaning ultrasonically before modifying
the surface. For the assembly of Ag nanoparticles
on the clean surface of the Ag electrode, the above
concentrated Ag sol was diluted with 0.5 mL of
deionized water to make up a stock solution. Two
microliters of the stock solution were then drop-
cast onto the surface of Ag electrode and subse-
quently dried under vacuum. For the cleaning
process, the Ag electrode modified with Ag nano-
particles was placed in an electrochemical cell (Pt
wire as the counter electrode) filled with
0.1 mol$L�1 Ar-saturated NaClO4 aqueous solu-
tion, and polarized at �1.2 V (vs. SCE) for about
1e2 min, during which the generation of tiny

hydrogen bubbles could be observed [42]. The
hydrogen evolution reaction (HER) proceeded
vigorously, so that the impurities adsorbed on the
Ag nanoparticles or electrode surface were des-
orbed and diffused into the solution. This proced-
ure was repeated 3e5 times, accompanied by
changing the fresh NaClO4 solution. Finally, the
modified Ag electrode was rapidly transferred to
drying oven and dried under vacuum overnight for
later use.

2.3. In-situ SERS measurements

In-situ SERS measurements were conducted on a
Raman-11 system (Nanophoton) equipped with a
50 � (NA 0.45) objective and a 600 grooves/mm
grating. A commercial carbonate electrolyte of
1 mol$L�1 LiPF6/EC-DMC (vol:vol¼ 2:1) commonly
used in Li-based batteries was chosen as the elec-
trolyte solution. A homemade sealed three-elec-
trode Raman cell coupled with an electrochemical
workstation to control the potential, in which Ag
electrode modified with Ag nanoparticles served as
the working electrode and Li strips served as both
the reference and counter electrodes, was assem-
bled in an Ar-filled glovebox (<0.1 ppm of H2O and
O2). The working electrode surface faced upwards
and towards a quartz glass window of the cell with
0.5 mm thickness. A thin liquid layer (<100 mm) was
trapped between the electrode surface and quartz
window to ensure that the Raman signals were from
the metal-SEI interface, instead of the bulk electro-
lyte. The 532 nm laser was chosenwith a local power
at electrode of approximately 0.02 mW$mm�2 and
the acquisition time was 60 s for each spectrum.
Raman frequencies were calibrated using a Si wafer.

2.4. Theoretical simulation

The simulated electromagnetic field is obtained
by commercial simulation software (COMSOL
Multiphysics) based on the finite element method.
A spherical simulation domain, whose diameter is
2.502 mm, is created, and perfectly matched layers
(PMLs) are employed to simulate an open
boundary. The bottom half of the simulation
domain is set as Ag. The medium over the Ag
substrate is set to be the electrolyte. Two spherical
Ag nanoparticles, whose diameters are 100 nm, are
buried in the Ag substrate. The size of the nanogap
is 2 nm for the adjacent Ag nanoparticles. The
minimal mesh size is 0.5 nm in close proximity to
the nanoparticles and gradually becomes coarser
towards the borders of the simulation domain. The
refractive indexes of the electrolyte are 1.4 [43]. The
permittivity values for Ag and Li are taken from
literatures [44,45].
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3. Results and discussion

Fig. 1a shows the SEM image of the Ag nano-
particles. The nanoparticles prepared in this work
are generally of quasi-spherical shape. The statis-
tical analysis demonstrates that the average
diameter of the Ag nanoparticles is ca. 110 nm
(Fig. 1b). The Ag nanoparticles were assembled on
the Ag electrode for SERS investigations. To
overcome the undesirable electrochemical re-
sponses and Raman signals originating from the
impurities, such as sodium citrate, the modified Ag
electrode was cleaned by HER procedure in a
deoxygenated NaClO4 solution. The correspond-
ing Raman spectra recorded on the modified Ag
electrode before and after HER are shown in
Fig. 1c. It is seen that the bands at ca. 500 cm�1 and
1100e1700 cm�1 associated with impurities (e.g.,
residual sodium citrate) are absent in Raman
spectra after cleaning processes, demonstrating the
efficiency of such HER cleaning protocol. Fig. 1d
shows the result for the distribution of electric field
strength surrounding the modified Ag electrode
under 532 nm excitation modelled using a finite-
element method (FEM). The hotspots are located
around the particle-electrode and particle-particle
junctions, and the average SERS enhancement

Fig. 1. (a) SEM image of Ag nanoparticles. Scale bar: 200 nm. (b) The size distribution of Ag nanoparticles. (c) Raman spectra of sodium citrate
and the modified Ag electrode before (I) and after (II) HER. (d) Finite-element simulations of the electromagnetic field distribution of the modified
Ag electrode. E1oc and E0 represent the localized field and the incident field, respectively.

Journal of Electrochemistry, 2023, 29(12), 2301261 (4 of 10)

factor  of  this  configuration  reaches  up  to  1010,
which  is  theoretically  strong  enough  for  ultrasen-
sitive  detection  of  SEI  formation.
  To  ensure  a  reliable  in-situ  SERS  investigation,
we  designed  an  air-  and  water-tight  Raman  cell
with  three-electrode  configuration  so  that  the  po-
tential  can  be  precisely  controlled  during  the
measurement  (Fig.  2a).  The  tightness  of  the
customized  cell  was  first  checked  by  using  p-ami-
nothiophenol  (PATP)  as  a  probe  molecule,  which
could  be  rapidly  oxidized  to  p,p'-dimercaptoazo-
benzene  (DMAB)  on  Ag  nanoparticles  in  an  air
atmosphere  in  the  presence  of  LSP  [46].  The
modified  Ag  electrode  was  pre-adsorbed  with
PATP  and  sealed  into  the  Raman  cell  in  an  Ar-fil-
led  glovebox  where  both  O2  and  H2O  were  below
0.1  ppm.  The  sealed  cell  was  then  transferred  to
Raman  equipment  for  measurement  in  an  air  at-
mosphere.  The  time-dependent  Raman  spectra  of
modified  Ag  electrode  with  PATP  are  shown  in
Fig.  2b.  It  is  seen  that  the  initial  Raman  spectrum 
displays  strong  and  characteristic  bands  associated
with  PATP.  After  6  h,  the  recorded  Raman  spec-
trum  shows  no  significant  change  compared  to  the
initial  one.  However,  the  bands  at  1140,  1388  and
1434  cm�1  associated  with  DMAB  [46]  can  be



clearly observed after the Raman cell was dis-
assembled and exposed to air. These results indi-
cate that the customized Raman cell is strict air-
tight. The tightness and applicability of the cell
were also examined by galvanostatic charge-
discharge cycling test of graphite. As shown in
Fig. 2c and d, the charge-discharge curves of the
graphite electrode within the Raman cell tested in
the glovebox and Raman cell are in close agree-
ment, again demonstrating the favorable tightness
of the Raman cell, and thus the Raman cell is
suitable for in-situ monitoring the SEI formation
and evolution, and elucidating the structure and
chemistry of SEI.
The electrochemical behaviors of 1 mol$L�1

LiPF6/EC-DMC were investigated by cyclic vol-
tammetry (CV) as shown in Fig. 3. Since the lower
limit of the cathodic scan was set to 0.0 V vs. Li/Liþ,
there was no Li overpotential deposition in these
CVs. The reduction peak at ca. 2.0 V is correlated to
the reduction of trace H2O, which is extremely
difficult to be avoided in the electrolyte [47]. As the
potential was scanned negatively, the main elec-
trolyte reduction was initiated at ca. 1.5 V, which is
proposed to be assigned mainly to the reduction of
EC solvent [48]. Following the Li underpotential
deposition (UPD) at around 0.65 V, Li-Ag alloying

process might take place at ca. 0.2 V [49]. The
formation of Li-Ag alloys could hamper the
detection of SEI evolution at this stage, which is
discerned by the significantly lessened Raman
signals in the follow-up in-situ Raman study. A
more detailed discussion will be given later. The
electrolyte reduction became absent in the follow-
up cycles, indicating that the passivation of elec-
trode is achieved after the first cycles.
To monitor the formation and evolution of SEI,

the in-situ SERS measurement was performed on

Fig. 2. (a) Schematic of an air-tight in-situ Raman cell with three-electrode configuration. (b) Time-dependent Raman spectra of PATP absorbed
on the modified Ag electrode. (c, d) Charge-discharge curves of graphite electrode measured in the sealed Raman cell (c) and glovebox (d).

Fig. 3. CV curves of the Ag electrode modified with Ag nanoparticles in
1 mol·L�1 LiPF6/EC-DMC (2/1, V/V). Scan rate: 20 mV s�1.
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the modified Ag electrode at different potentials
scanning from 2.8 to 0.0 V (Figs. 4 and 5). The as-
signments of bands associated with SEI species are
summarized in Table S1. At the potentials negative
to 2.0 V, the features of surface Raman spectra
resemble those of bulk electrolyte while a few
significant changes in the regions of 700e750 and
850e950 cm�1 (Fig. 4), which indicates an

interaction between electrolyte and Ag surface.
Specifically, the apparent monolithic bands origi-
nating from ring breathing and CeC stretching
modes of EC in these regions [50] split into several
bands, among of which the vibrational bands of
Liþ-coordinated EC (728 and 903 cm�1) and Liþ-
coordinated PF6

� (742 cm�1) became discriminable
and slightly more intense relative to those in bulk
electrolyte upon decrease of the potential to 2.0 V.
This can be explained by the adsorption of Liþ-
coordinated EC/PF6

� in the inner Helmholtz layer
of the electric double layer at the charged Ag
surface [28]. Meanwhile, a broad band at ca.
605 cm�1 related to the LiF species is observed due
to the PF6

� reduction at this potential. With the
negative shifting of potential to below 2.0 V, how-
ever, the SERS spectra changed obviously as a
function of potential, correlating with the initiation
of solvent reduction and thus the formation of SEI.
As presented in Fig. 5, when the potential was

held at 1.4 V, several new bands at 470, 1180 and ca.
1570 cm�1 appear synchronously, which are
attributed to the CeO stretching mode and CeH
bending mode of ROCO2Li that could be origi-
nated from the reduction and polymerization of EC
solvent. These peaks still gradually grew upon
negative potential excursion, suggesting the
continuous accumulation of this species in SEI.
Simultaneously, the new bands at ca. 225, ca. 300
and ca. 385 cm�1 are observed initially at 1.0 V.
These lower frequency bands are characteristic
vibration modes of the inorganic LiF and LiOH
species. The SERS spectrum changed dramatically
when the potential moved negatively to 0.6 V
where electrolyte reduction with concurrent Li
UPD took place. A strong and overlapping broad
band emerged at ca. 1070 cm�1 and it remained
present throughout the remaining potentials
before 0.2 V. This indicates that new amorphous
species associated with lithium alkyl carbonates
and LiF formed on SEI as soon as the Li UPD
occurred at a significant rate. Interestingly, how-
ever, the evolution of the SERS spectra shows a
dramatic decrease in intensity at 0.2 V and more
negative potentials, where Li-Ag alloying process
occurred. The formation of Li-Ag alloys presum-
ably weakened the SERS enhancement effects of
the modified Ag electrode, which results in weaker
scattering of the Raman signals associated with
SEI. To better assess the plasmonic properties of
Li-Ag alloys and their impacts on the electromag-
netic field distribution, FEM simulations are car-
ried out for the modified Ag electrode with
different Li-Ag alloying degrees. As shown in
Fig. 6, upon the increase in the degree of the Li-Ag
alloying, the average SERS enhancement factor of

Fig. 4. Raman spectra of bulk electrolyte of LiPF6/EC-DMC and SERS
spectra of LiPF6/EC-DMC on the modified Ag electrode at different
potentials.

Fig. 5. (a) In-situ SERS spectra of SEI formation on the Ag electrode
modified with Ag nanoparticles in 1 mol·L�1 LiPF6/EC-DMC. (b) The
2D color map representing the Raman band as a function of the applied
potential allows an appreciation of the dynamics of SEI compositions.
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the modified Ag electrode keeps weakening and
reaches its minimum when the Li2Ag0.7 alloy is
developed, which confirms that the formation of
Li-Ag alloys is unfavorable for the SERS
enhancement. This could be ascribed to the sig-
nificant change in dielectric constant of Li-Ag alloy
compared to Ag itself under the laser excitation at
the same wavelength (Fig. S1), which remains to be
investigated further.
The above potential-dependent SERS study pro-

vides important molecular-level chemical informa-
tion for analysis andunderstanding of SEI formation
and evolution in carbonate electrolyte. Several
pieces of insights can be drawn from these as fol-
lows. First, the observations on the evolution of
various Raman bands as a function of potential
described above firmly indicate a structured SEI that
comprises a thin inorganic inner layer composed of
LiF and LiOH and an organic-rich outer layer. Such
SEI falls within the framework of mosaic-type dou-
ble-layer mode of SEI [9,10]. Second, the lithium
alkyl carbonates are considered as themajor organic
SEI components originating from EC reduction and
polymerization, but controversies still exist about
the specific categories of carbonates. Since proposed
by Aurbach and coworkers in 1996, it has been
recognized that lithium ethylene dicarbonate
(LEDC) is a primary product fromEC reduction [51].
While Wang et al. have observed different phe-
nomena in 2019 and challenged the previous un-
derstanding by asserting that lithium ethylene
monocarbonate (LEMC) was believed to be the
product from EC rather than LEDC [52]. In the
present work, a broad band at approximately
1070 cm�1 was detected when EC reduction with
concurrent Li UPD took place. Deconvolution anal-
ysis shows that the band agrees with LEMC by
comparison of reference Raman spectra of LEDC
and LEMC [33] (Fig. S2), suggesting that LEMC is
more likely to be the major component in SEI. This
result is consistent with the mechanisms and con-
clusions proposed byWang et al. that the formation
of LEMC may be attributed to the interconversions
of unstable organic components in SEI. Third, the

formation of more stable LEMC could be highly
related to the presence of metallic Li after Li UPD,
although only atomic-layered Li occurs on Ag sur-
face. It seems that unstable species would be further
converted via additional (electro-)chemical re-
actions under supply of active metallic Li and the
broadened shapes of the vibrational bands indicate
that the SEI on Li surface may be amorphous, which
is still fully understood and needs further work.
Finally, noteworthy is that the formation of Li-Ag
alloy can weaken the SERS enhancement effects of
Ag electrode, and thus reducing the detection
sensitivity to the SEI formed on Li surface. Regard-
less of that, the successful tracking of the SEI
composition before Li deposition is still desirable for
revealing the formation mechanism of SEI and thus
providing guidance in the design of SEIs especially
in Li-ion batteries.

4. Conclusions

In summary, we employed the borrowing SERS
activity strategy from highly SERS-active Ag sub-
strate to in-situ probe the SEI formation and evo-
lution, and the corresponding structure and
chemistry of SEI in an EC-based carbonate elec-
trolyte. It is found that the identification of the SEI
compositions can be easily done only before the
formation of Li-Ag alloy on SERS-active Ag sub-
strate. However, based on the chemical informa-
tion obtained in a limited potential range, we
unraveled that the SEI formed in EC-based elec-
trolyte presents a double-layer structure that con-
sists of a thin inorganic inner layer and an organic-
rich outer layer. We also excluded that LEMC is
the major component of EC reduction rather than
LEDC, and the critical role of metallic Li in the
formation of stable SEI was preliminary explored.
Our work establishes the correlation between the
potential and the structure and chemistry of SEI
formed in the carbonate electrolyte, showing a
relatively complete picture of SEI formation and
evolution. These results will provide guidance
for development of rationally designed SEI in

Fig. 6. Finite-element simulations of the electromagnetic field distribution of the modified Ag electrode during Li-Ag alloying processes. E1oc and E0
represent the localized field and the incident field, respectively.
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Li-based batteries. Further investigations should
be carried out by optimizing around the configu-
ration of SERS-active substrate to increase the
detection sensitivity to SEI for more desirable
characterization of the complex interfacial pro-
cesses in Li-based batteries. The implementation of
SHINER complement SERS would be a promising
direction for revealing the formation mechanism of
SEI on the Li surface.
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