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Ethylene carbonate (EC) is an im-
portant electrolyte used in lithium-
ion batteries due to its excellent elec-
trochemical performance. However,
(PC) differs
from EC by only one methyl sub-

propylene carbonate e

stituent and exhibits markedly poor

properties. The EC-PC disparity is

still poorly understood at the molecu- PC
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lar level. In this study, we demonstrated that femtosecond broadband sum frequency genera-
tion vibrational spectroscopy (SFG-VS) with simultaneous measurement of multiple polariza-
tion combinations provides a powerful probe for investigating the physicochemical processes
at the electrode-electrolyte interface during the charge-discharge cycles of lithium batteries.
Using monolayer graphene as the working electrode, we observed the distinct reaction out-
comes of EC and PC on the electrode surface. The interfacial reaction of EC occurred only in
the first charge-discharge cycle, while the interfacial reaction of PC was ongoing along with
the charge-discharge cycles, which explains why EC is a better electrolyte choice than PC.
This study provides direct experimental evidence in elucidating the differences in interfacial
performance between EC and PC, facilitating a deeper understanding of battery interface re-
actions and guiding the design of high-performance lithium-ion batteries.

Key words: Sum frequency generation vibrational spectroscopy, Ethylene carbonate, Propy-
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I. INTRODUCTION

Insight into the dynamic behavior of electrolytes at
electrode surface is critical for understanding the struc-
ture-property relationship of different electrolytes and
designing lithium-ion batteries (LIBs) with excellent
performance and high safety [1-7]. Among the elec-
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trolytes, ethylene carbonate (EC) and propylene car-
bonate (PC) are the most popular electrolytes of LIBs
[8, 9]. Despite their similar structures and chemical
properties, EC-based electrolytes have been used as a
benchmark electrolyte in industry due to its excellent
electrochemical performance since the commercial in-
ception of LIBs in the 1990s. However, PC, differing
from EC by only one methyl substituent, exhibits
markedly different interfacial properties and has limit-
ed commercial application [8, 10—12]. The tiny struc-
tural difference due to a single methyl group between
EC and PC surprisingly causes large differences in reac-
tivity and degradation products of these solvents. This
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EC-PC disparity has puzzled electrochemists for
decades [8, 10-12].

Several prevailing hypotheses have been proposed to
elucidate the differences in interfacial performance be-
tween EC and PC. Auerbach’s group suggested that the
fundamental pathways of interfacial reduction for EC
and PC are analogous, and the pronounced differences
in their interfacial properties stem from the distinct
physicochemical properties of their respective reduc-
tion products [13]. The reduction of PC is thought to
yield 1,2-propylene dicarbonate (LPDC), which forms a
loosely packed, chain-like structure with poor cohesive
strength and resistance to dissolution, impeding the for-
mation of a stable solid electrolyte interphase (SEI)
[1-7]. Conversely, the reduction of EC is known to pro-
duce ethylene dicarbonate, which, due to the absence of
a methyl group, adopts a more planar conformation
that readily condenses into a compact film on the elec-
trode surface. Zhuang and colleagues offered an alterna-
tive perspective, suggesting that the differences be-
tween EC and PC stem from their distinct interfacial
reaction pathways [14]. Based on Fourier-transform in-
frared spectroscopy data which indicate co-intercala-
tion of PC with Li™ into graphite interlayers, they pro-
pose that PC may undergo a two-electron reduction
pathway, diverging from the one-electron pathway of
EC. The reduction products of PC are suggested to be
LisCO3 and organic gases, rather than LPDC, which do
not contribute to the formation of a protective inter-
face. Li and co-workers attributed the interfacial perfor-
mance differences to the differential solvation capabili-
ties of EC and PC for Li™ ions [10]. The competitive sol-
vation of LiT by anions and solvent molecules deter-
mines the composition of the LiT solvation complex,
and the subsequent de-solvation process during Lit pre-
cipitation dictates the initial composition of the interfa-
cial reaction. PC molecules exhibit a stronger binding
affinity for LiT compared to the anion (PFg ), leading
to a predominance of LPDC at the interface. In con-
trast, EC molecules exhibit weaker binding affinity for
Lit*, resulting in the presence of anionic reduction prod-
ucts such as LiF, which are conducive to the formation
of a dense and stable interface.

Despite numerous explanations for the interfacial
performance differences between EC and PC have been
proposed [11, 12], most are derived from indirect evi-
dence or theoretical calculations. There remains a sig-
nificant gap in direct experimental validation of these
hypotheses. Since the concept of the SEI was intro-
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duced, its intricate bilayer structure and dynamic equi-
librium have posed challenges for real-time, in situ in-
vestigation [2, 15—23]. In this work, we demonstrated
that simultaneous measurement of multiple polariza-
tion combinations using femtosecond broadband sum
frequency generation vibrational spectroscopy (SFG-
VS) provided a powerful tool for real-time and in situ
monitoring of the electrode-electrolyte interface during
charge-discharge cycles. SFG is a second-order nonlin-
ear optical technology that has unique surface and in-
terface selectivity, immune to water signals, and can of-
fer information in real time, in situ without any exoge-
nous labeling [24—27]. SFG has emerged as a powerful
tool for studying molecular structure and dynamics at
interfaces including electrode/electrolyte interface [7,
28]. In principle, the single polarization SFG system can
only obtain single-polarization-combination informa-
tion in one experiment and therefore is difficult to dis-
cern the contribution of interfacial molecular number
and orientation of the probed chemical groups to the
changes in the sum frequency signal. For a complex sys-
tem such as battery interfacial reactions, traditional
single-polarization SFG techniques no longer suffice to
meet the demands of experimental research. In contrast,
multiple polarization SFG, capable of acquiring infor-
mation from multiple polarizations simultaneously,
greatly facilitates the characterization of interfacial
molecular structures and enables precise measurement
of the interfacial reactions. By comparing the behavior
of PC and EC molecules at the graphene electrode, we
dissected the impact of electrolyte solution molecules on
interfacial reactions and deduced the pathways in-
volved. It is found that EC interfacial reactions are pri-
marily confined to the first charge-discharge cycle, with
subsequent cycles showing only molecular adsorption
and desorption. In contrast, PC electrolytes exhibit a
persistent physicochemical process that endures across
multiple cycles, accompanied by continuous PC
molecule consumption. The relative instability of PC at
the interface is deleterious to the battery system’s ap-
plication. The direct experimental evidence garnered
from SFG spectroscopy measurements offers deep in-
sights into the molecular-level differences between EC
and PC at the electrode surface.

Il. EXPERIMENTS

A. Materials and sample preparation

Diethyl carbonate (DEC, with a purity>99.99%),

© 2024 Chinese Physical Society
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FIG. 1 Schematic diagram (a) and actual setup (b) of the SFG-electrochemical measurement system. (c) Schematic dia-
grams of multi-polarization combination separation module. WE=working electrode, CE=counter electrode, RE=reference
electrode, GLP=glan-laser polarizer, M= mirror, and HWP=half-wave plate.

ethylene carbonate (EC, with a purity>98%), and
propylene carbonate (PC, with a purity>99%) were
purchased from Aladdin. All the chemicals were used as
received. The monolayer graphene was purchased from
Shenzhen Six Carbon Technology Co., Ltd. and was ar-
tificially transferred to the CaFg prismatic substrate as
the working electrode. Lithium metal flakes were pur-
chased from Xinghua Benote Battery Materials Co.,
Ltd. as counter and reference electrodes, and both were
assembled with the electrolyte solution in an argon
glove box to form a model battery, which was left to
stand for 2 h after the battery system was assembled be-
fore measurement, as shown in FIG. 1.

B. Multiple-polarized SFG-VS experiments

Simultaneous measurement of multiple polarization
combinations was performed using a multi-polarization
signal acquisition module previously developed in our
[28-30]. The
FIG. 1(c). In the multi-polarization-combination mod-

laboratory schematic is shown in
ule, two Glan-laser polarizers (GLPs) were used to sep-
arate the p and s components. The p-polarized beam
was continued to pass through the first (GLP1) and the
second (GLP2) while the s-polarized beam was reflect-
ed by GLP1, mirrors (M1 and M2) and GLP2. After
multiple reflection of s-polarized beam, a 2.6 mm verti-
cal displacement between p- and s- polarized beam was
generated [24-26]. Consequently, simultaneous mea-
surement of multiple polarization combinations (e.g.,
ppp polarization and ssp polarization) was conducted
by imaging at different vertical pixel array on the IC-
CD camera. The improvement in experiments will aid
in the characterization of interfacial molecular struc-
ture and the precise measurement of interfacial reac-
tions. In this study, all the ssp and ppp SFG spectra
were acquired by the multi-polarization-combination
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module. The SF'G spectra were normalized by the ener-
gy profiles of the IR pulses which were determined by
the SFG signals from the gold layer coated at the CaFsg
prism.

C. Electrochemical measurements

Electrochemical measurements were performed us-
ing a CHI660e workstation, which was purchased from
Shanghai Chenhua Instrument Co., Ltd. The charging
and discharging operation of the battery in this study
was performed by cyclic voltammetry (CV), with
graphene as the working electrode and lithium metal as
the counter /reference electrode. The charging and dis-
charging potential were 3 V-0.005 V-3 V with a charg-
ing and discharging rate of 0.001 V/s. The cycle period
was 3 cycles.

Ill. RESULTS AND DISCUSSION

We first investigated the adsorption behavior of elec-
trolytes on the surface of graphene electrodes. FIG. 2 il-
lustrates the comparative steady-state adsorption SFG
spectra of the graphene electrode interface with mixed
DEC/EC and DEC/PC solutions against those of pris-
tine DEC, EC, and PC. A discernible feature in the
SFG spectra for DEC molecules is the manifestation of
cis- and trans- isomers, with distinct C=0O bond orien-
tations correlating to frequencies of 1767 cm ! (to-
wards the electrode) and 1745 cm™! (towards the elec-
trolyte solution) [7, 31, 32]. The SFG signals for EC
were primarily observed at 1767 cm ! (Fermi reso-
nance), 1780 cm ™! (C=O0 stretching vibration, oriented
away from the bulk phase), and 1790 ecm ™' (C=0
stretching vibration, oriented towards the electrode in-
terface), with two broad peaks at 1837 em ! and
1867 cm ! (C=0 symmetric and antisymmetric stretch-
ing vibration) [7, 33—36]. The signal intensities for these
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FIG. 2 (a) Steady-state ppp spectra of DEC, EC, and
mixed electrolyte solution EC/DEC in the region of 1650 —
1900 cm ™! on the surface of graphene electrode. (b) Steady-
state ppp spectra of DEC, PC, and mixed electrolyte solu-
tion PC/DEC in the region of 1650-1900 cm ™! on the sur-
face of graphene electrode.

peaks differed by nearly an order of magnitude, indicat-
ing a significant disparity in the effective second-order
hyperpolarizability rates between the two molecular
species. As shown in FIG. 2(a), in the case of the mixed
DEC/EC solution, prior to battery conduction, the
SFG spectra can be considered as a composite of the
pure DEC and EC spectra. Two strong signals were ob-
served at 1767 cm ™ and 1790 cmfl, with a reduced in-
tensity ratio compared to that of pure EC. This reduc-
tion is attributed to the overlapping signals of DEC and
EC at 1767 cm ™!, which are out of phase and thus can-
cel each other out, leading to an overall diminished sig-
nal intensity. The signal at 1790 em ! is exclusive to
EC, arising from the C=0 stretching oriented towards
the electrode interface. A faint signal at 1780 ¢cm™* cor-
responds to the C=0 group of EC oriented away from
the electrode, while broad peaks of EC are present at
1837 cm ! and 1867 cm™ L. A discreet signal at approxi-
mately 1749 em ! is indicative of the DEC-specific
C=0 stretching mode. The observations indicate that
for an electrolyte solution of EC/DEC (1:1 volumetric
ratio), there is adsorption of both types of molecules at
the electrode surface, with EC signals being more pro-
nounced due to the difference in effective second-order
hyperpolarizability rates. The middle panel in FIG. 2(b)
delineates the SFG signals for PC, with a principal peak
at 1778 c¢cm ™' and a faint broad peak at higher
wavenumbers (1832 cm 1), For the DEC/PC mixed so-
lution, distinct signals for DEC (1749 ¢cm ') and PC
(1778 cm™ ') are evident [37, 38], with an overall de-
crease in signal intensity compared to the pure solu-
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tions.

After that, we compared the differences between the
EC and PC interfaces with charging and discharging
conditions. For the EC interface, the cyclic voltamme-
try curve (FIG. 3(a)) during the first charge-discharge
cycle shows a distinct reaction process around 1.5 V,
which diminishes in subsequent cycles. FIG. 3 (b) and
(c) present the complete ppp and ssp SFG spectra of the
electrode surface as a function of electrode potential. It
is evident that as the charge-discharge process progress-
es with an electrolyte solution of EC/DEC (1:1), there
is a noticeable trend of change in the SFG spectra, in-
dicative of alterations in the physicochemical behavior
of adsorbed molecules at the electrode surface in re-
sponse to potential changes. The variations in SFG sig-
nal intensity can be attributed to three factors: changes
in molecular orientation at the interface, which are dis-
cernible from the combined trends of ppp and ssp SFG
spectra; alterations in the number of molecules ad-
sorbed due to changes in interfacial electrode potential;
and changes in the number of molecules due to interfa-
cial reactions, which can be inferred from the reversibili-
ty of the signals post one charge-discharge cycle. De-
tailed analysis of the spectra during the first charge-dis-
charge cycle (FIG. S2 in Supplementary materials, SM)
reveals that the SFG signal changes are bifurcated into
two parts: the first stage from 2 V to 1.5 V, where a dis-
tinct reaction process is observed in the CV curve, cor-
responding to the reaction phase of EC molecules, lead-
ing to a decrease in SFG signal due to reduced molecu-
lar adsorption. The second stage spans from 1.5 V to
0.005 V to 3 V, representing an adsorption-desorption
process of interfacial molecules, with periodic changes in
SFG signal intensity that exhibit a temporal lag rela-
tive to the potential changes. FIG. S3 (a) and (b) in SM
display the SFG spectra at various potential points dur-
ing the second and third cycles. FIG. S3 (¢) and (d) in
SM depict the trends in peak intensity variation with
electrode potential. Compared with the first cycle, a
slight decrease in SFG signal intensity around 1.5 V
during the second cycle indicates a residual EC reduc-
tion reaction, which disappears during the third cycle,
leaving only a pronounced periodic variation in SFG
signal intensity with potential, attributed to the ad-
sorption-desorption of molecules near the electrode due
to changes in the electric double layer. Furthermore, the
spectra reveal that at low adsorption sites (3 V), the
SFG signal decrease is accompanied by a pronounced

© 2024 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2408102
https://doi.org/10.1063/1674-0068/cjcp2408102
https://doi.org/10.1063/1674-0068/cjcp2408102
https://doi.org/10.1063/1674-0068/cjcp2408102
https://doi.org/10.1063/1674-0068/cjcp2408102

Chin. J. Chem. Phys., Vol. 37, No. 6

Unraveling the Ethylene Carbonate-Propylene Carbonate Disparity 733

a) EC-DEC b) o
of ~1900 1900
' 015
— g %’ E 2 Mo.os
S1f 1 Y2 (o1 % z
= £ 1800 120 2 P S o.os
S B R — N E E 1300 e =
2,1 —_1stcycle | = ~ 1o 005 2 NG oo
L) @ § w
—mioad £ - P o’ I,
—3rd cycle 3 3
3= ; : : 1700 1700
0 1 2 3 3 0.005 3 0.005 3 0.005 3 3 0.005 3 0.005 3 0.005 3
Potential (V vs Li/Li") Potential (V vs Li/Li") Potential (V vs Li/Li")
d) PC-DEC e) f) 1900
0F o an
0.04
- : gl £ g
<, = @2 (1003 & 2 (004
_ @ = %} =
3 = & 2 2
S = = 002 "E1800 <
= 5 1= = = [to.02
:’—2 - — 1st cycle § i 8 0.01 § E
—2nd cycle| = v B = vy 8o
sl . — 3rd cydle g 1700 ¢ i 3 1700 s
B 3 0.005 3 0.005 3 0.005 3

0 1 2 3
Potential (V vs Li/Li")

Potential (V vs Li/Li")

3 0.005 3 0.005 3 0.005 3
Potential (V vs Li/Li")

FIG. 3 Upper panel: battery system with EC/DEC as electrolyte solution at applied cyclic potential. (a) Cyclic voltam-
metry curves during charging and discharging of the battery; complete spectrum of SFG signal evolution with electrode po-
tential in the 1700-1900 cm ! region at the graphene electrode surface of (b) ppp polarization and (c) ssp polarization.
Lower panel: battery system with PC/DEC as electrolyte solution at applied cyclic potential. (d) cyclic voltammetry
curves during charging and discharging of the battery; complete spectrum of SFG signal evolution with electrode potential
in the 1700-1900 cm ' region at the graphene electrode surface of (e) ppp polarization and (f) ssp polarization.

DEC signal (1749 cm_l). This phenomenon is related to
the dielectric properties of the various molecules in solu-
tion, with EC exhibiting a higher relative permittivity
(89.78) compared with DEC (2.81) [39]. A higher per-
mittivity corresponds to greater sensitivity to potential
changes, leading to more pronounced adsorption-des-
orption behavior for EC at the electrode surface. The
complete change in peak signal intensity across three
cycles is presented in FIG. 4(a) and (b). Previous theo-
retical calculations suggested that the decomposition of
EC molecules involves ring-opening reactions, yielding
long-chain carbonate esters. Isolated EC molecules pos-
sess relatively high redox potentials [40—43], making
them relatively stable at the interface and resistant to
reaction, which aligns with experimental findings that
show a clear adsorption-desorption process of EC
molecules on the interface without observable reduc-
tion during the second and third cycles.

For the PC interface, the CV curve (FIG. 3(d)) dur-
ing charge-discharge cycles reveals distinct reaction
processes around 2 V and 0.9 V during the first cycle.
The reaction at 2 V diminishes in the second and third
cycles, while that at 0.9 V weakens but persists. FIG. 3
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(e) and (f) present the complete ppp and ssp SFG spec-
tra of the electrode interface as a function of electrode
potential, showing a clear trend of periodic variation
with potential changes for an electrolyte solution of
PC/DEC (1:1). Detailed analysis of the first charge-dis-
charge cycle (FIG. S4 in SM) indicates that the SFG
spectra changes are divided into two parts: the first
part, from 2 V to 1.2 V, corresponds to the initial reac-
tion phase of the electrolyte solvent molecules, leading
to a decrease in signal intensity. The second part, from
1.2 V to 0.9 V, represents a subsequent reaction process
of PC molecules, with a specific potential point (~0.9 V)
where PC molecules undergo further reactions, result-
ing in a characteristic rise and fall in SFG signal. The
second cycle (FIG. S5(a, b) in SM) shows no emergence
of new signals, with the second and third cycles exhibit-
ing a similar trend in peak signal intensity variation
(FIG. S5(c) in SM). Specifically, from 3 V to 1.5 V, the
SFG signal peak intensities remain relatively un-
changed, indicating interface stability. From 1.5 V to
0.9 V to 0.005 V, the signal intensities for PC molecules
(1777 em ™! and 1832 cm™!) exhibit a rise and fall, while
the DEC signal (1749 cm™!) slightly decreases. Post

© 2024 Chinese Physical Society
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FIG. 4 Upper panel: complete spectra of the evolution of the signal intensity of the three periodic peaks as a function of
the electrode potential for EC. Image of the SFG spectra under (a) ppp polarization and (b) ssp polarization of the signal
intensity of the three peaks 1790 cm ! (black line), 1767 cm™! (red line), 1749 cm ! (blue line) as a function of the elec-
trode potential. Lower panel: complete spectra of the evolution of the signal intensity of the three periodic peaks as a func-
tion of the electrode potential for PC. Images of the SFG spectra under (¢) ppp polarization and (d) ssp polarization with
the signal intensity of the three peaks 1832 cm ™! (black line), 1777 cm™* (red line), 1749 cm ™! (blue line) as a function of

the electrode potential.

0.005 V to 3 V, the signal intensities remain largely un-
changed. In conclusion, our findings reveal that EC
molecules exhibit low reactivity, with the initial cycle of
electrode interfacial reactions forming a protective lay-
er that prevents further reaction progression, leaving
only solvent molecule adsorption and desorption. In
contrast, PC molecules, after reacting in the first cycle,
continue to interact with interfacial products, leading
to ongoing electrolyte solution consumption, which sig-
nificantly impacts its practical application. Meanwhile,
in the presence of PC, the continuous interfacial reac-
tion of DEC molecules at the electrode interface re-
duces the reversibility of the electrode during charge-
discharge cycles, which further explains why EC is a
better electrolyte choice than PC. The assignment of
the high-wavenumber signal peak is multifaceted [44].
On one hand, quantum chemical calculations indicate a
propensity for PC molecules to form aggregates, which
can induce a shift in the carbonyl (C=0) vibrational
peak positions. This phenomenon accounts for the faint
high-wavenumber signals observed in the steady-state
ppp polarization SFG spectra prior to electrification.
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On the other hand, the PC molecule, undergoing dis-
tinct ring-opening reactions at various reactive sites to
yield intermediate products (such as formation of
-COOCHCH(CH3)O- at the C=0 group linkage with
the ring oxygen, and - OCOOCHCH(CH3)- at the ring
oxygen and CH group linkage), may further react to
form oxycarbonates ((R100C)O(COOR2)). Extant re-
search has demonstrated that the C=0 stretching vi-
brational signals of oxycarbonates exhibit a high-
wavenumber shift of several tens of wavenumbers rela-
tive to those of carbonates (e.g., the C=0 signals for
like
1823 ¢cm ! and 1781 ¢cm™ ! in IR spectroscopy, contrast-

oxycarbonates diethyl oxalate are found at
ing with the 1747 cm ™! signal for the carbonate diethyl
carbonate, data derived from chemical databases). Ac-
cordingly, we attribute the emergence of new signal
peaks during the battery charge-discharge cycles to the
formation of oxycarbonate species. Our findings eluci-
date a two-step interfacial reaction mechanism for PC
molecules. The initial reaction predominantly occurs
within the 2 V to 1.2 V range during the first cycle,
where PC molecules decompose to form an interfacial

© 2024 Chinese Physical Society
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barrier. This process is analogous to the decomposition
of EC molecules, and its outcome prevents the recur-
rence of this reaction in subsequent cycles. The second
reaction step transpires at approximately 0.9 V, where
PC molecules undergo ring-opening via various path-
ways at this potential, generating new free radical inter-
mediates that react with the products of the first reac-
tion to yield oxycarbonate compounds. These oxycar-
bonates are inherently unstable and prone to decompo-
sition, which is manifested in the spectral profile as a re-
curring pattern of signal increase followed by decrease
at specific potential points across three cycles. Addi-
tionally, a continuous decline in the DEC molecule sig-
nal is observed in the second and third cycles, indica-
tive of the PC reaction products displacing DEC
molecules at the electrode, thereby diminishing its sig-
nal.

In summary, EC molecules exhibit low reactivity,
with the interfacial reactions of the first cycle culminat-
ing in a protective layer that inhibits further reaction
progression, leaving only the adsorption and desorption
of electrolyte solvent molecules. Specifically, during the
first cycle, when the electrode potential is in the 2 V to
1.5 V range, EC molecules react at the interface. The
products of EC reduction form a protective layer that
prevents further reaction. Post the first cycle, only ad-
sorption-desorption phenomena due to potential
changes are observed. As the potential decreases, molec-
ular adsorption intensifies, and as it increases, adsorp-
tion diminishes. The adsorption-desorption process ex-
hibits a lag relative to potential changes, leading to a
delayed response in peak signal intensity variations. In
contrast, PC molecules exhibit high reactivity and in-
stability during charging-discharging circles. Following
the initial reaction cycle of PC molecules at the elec-
trode, free PC molecules in the solution continue to re-
act with interfacial products, leading to ongoing con-
sumption of the electrolyte solution. This continuous
consumption significantly impacts the practical applica-
tion of PC-based electrolytes in battery systems.

IV. CONCLUSION

In this study, we have employed SFG-VS to mea-
sure the physicochemical transformations of electrolyte
solvent molecules at the battery electrode interface dur-
ing charge-discharge cycles. A comparative analysis was
conducted to elucidate the distinct impacts of EC and
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PC on the interfacial reactions of the electrode. Our
findings have delineated the divergent pathways of PC
and EC at the electrode interface. The interfacial reac-
tions involving EC are predominantly confined to the
initial charge-discharge cycle, with subsequent cycles
revealing only the adsorption and desorption of
molecules at the interface. In contrast, the PC elec-
trolyte exhibits a persistent physicochemical process
that endures across multiple charge-discharge cycles,
characterized by the continuous consumption of PC
molecules. The comparative instability of PC at the in-
terface is detrimental to its application within battery
systems. The insights gleaned from this research are of
paramount importance for advancing our understand-
ing of the formation of the SEI and for the enhance-
ment of lithium-ion battery performance. By distin-
guishing the roles of EC and PC at the electrode inter-
face, this study contributes to the development of
strategies for optimizing electrolyte formulations and,
by extension, the overall efficiency and longevity of
lithium-ion batteries. In addition, our work also high-
lights the power of the SFG-VS technique in revealing
the dynamic processes occurring at the electrode-elec-
trolyte interfaces, which is essential for the rational de-
sign and optimization of electrolyte formulations to en-
hance battery performance.

Supplementary materials: Detailed SFG spectra of the
electrode surface during the first, second, and third cy-
cles with electrolyte EC/DEC and PC/DEC are shown.
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