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ABSTRACT: Early detection of lithium-ion battery (LIB) electro-
lyte leakage in the vapor phase is important for battery safety, yet
vapor-phase surface-enhanced Raman spectroscopy (SERS) remains
challenging because weak gas–surface interactions limit analyte resi-
dence within plasmonic hot spots. Here, we report a hybrid gra-
phene/plasmonic SERS platform for vapor-phase detection of LIB
electrolyte components based on periodic Ag nanoparticle (AgNP)
multimer arrays integrated with a monolayer graphene overlayer.
The substrate is fabricated by capillary-assisted particle assembly
(CAPA) followed by a unified poly(vinyl alcohol) (PVA)-assisted
hot-press transfer process, enabling both the transfer of ordered
AgNP arrays to glass and spatially selective graphene integration.
86/​a
This approach preserves nanoscale ordering while creating a four-
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region architecture on a single chip, allowing the individual and combined contributions of graphene and the plasmonic array to be
evaluated under identical vapor-exposure conditions. Optical characterization shows a broadband plasmonic response dominated by
interparticle coupling within AgNP multimers, with spectral overlap across the 532 nm excitation and Raman-scattering window.
Upon exposure to vapors from a commercial LiPF6 electrolyte containing ethylene carbonate (EC) and ethyl methyl carbonate
(EMC), no analyte-attributable Raman features are observed from bare glass, graphene on glass, or the AgNP array alone. In contrast,
the graphene-coated AgNP region yields clear vapor-phase Raman signatures assignable to both EC and EMC. These results show that
detectable vapor-phase electrolyte signatures emerge only from the combined graphene–plasmonic architecture, consistent with a hybrid
interfacial effect in which graphene may increase the local surface population of volatile molecules while the AgNP multimers provide
localized electromagnetic enhancement. This work establishes a scalable hybrid-transfer strategy for ordered vapor-phase SERS substrates
and highlights graphene-coated plasmonic arrays as promising material platforms for molecularly specific LIB leak detection.
KEYWORDS: vapor-phase SERS, lithium-ion battery electrolyte leakage, graphene, silver nanoparticle arrays, plasmonic hot spots,
electrolyte vapor detection, hot-press transfer
 H

 use
r on 
28 Aug
1. INTRODUCTION need for detection strategies capable of identifying vapor-phase
 ust 2026
Lithium-ion batteries (LIBs) have become indispensable across
portable electronics, electric vehicles, and aerospace systems,
but their high energy density is coupled to significant safety
risks.1 Catastrophic failure is often preceded by the loss of cell
integrity and leakage of the liquid electrolyte, making electrolyte
release one of the earliest chemically meaningful indicators of
impending malfunction.2 Commercial LIB electrolytes typically
consist of LiPF6 dissolved in mixtures of cyclic and linear
organic carbonates such as ethylene carbonate (EC) and ethyl
methyl carbonate (EMC).3 Upon leakage, this chemistry presents
a dual hazard: the solvent components are volatile and flamma-
ble, while LiPF6 is highly sensitive to moisture and heat, produc-
ing toxic and corrosive decomposition products including HF,
PF5, and POF3.

4 Consequently, even trace electrolyte leakage
can act as a precursor to severe battery failure, underscoring the
electrolyte signatures at the earliest possible stage.4

Existing battery management systems primarily rely on volt-
age, current, and temperature monitoring, but these parameters
generally respond only after substantial internal damage has
already developed.5,6 At the same time, laboratory-based analyt-
ical methods such as nuclear magnetic resonance and gas chro-
matography–mass spectrometry are too costly, complex, and
https://doi.org/10.1021/acsami.6c08906
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bulky for practical real-time deployment in battery-powered
platforms such as micromobility devices and electric vehicles.7

To address this gap, a variety of nanostructured gas-sensing
platforms have been explored for detecting electrolyte-derived
vapors, including ionically conductive metal–organic frame-
works and metal-oxide-based sensors.8–11 While these systems
show promise for early leakage detection, they do not inher-
ently provide the molecular specificity needed to distinguish
individual electrolyte components and their evolving chemical
environment with high confidence.

Surface-enhanced Raman spectroscopy (SERS) is an attrac-
tive alternative because it combines high sensitivity with intrin-
sic molecular specificity.12 In plasmonic nanostructures, SERS
enhancement is primarily governed by localized surface plas-
mon resonance (LSPR), which amplifies Raman scattering
through strongly enhanced electromagnetic fields, and can be
further strengthened by nanoscale hot spots formed in narrow
interparticle gaps.13 Highly uniform nanogap structures can
generate reproducible enhancement, but their effective sensing
area is often limited. One route to overcoming this trade-off is
to organize plasmonic nanoparticles into periodic multimers,
where interparticle coupling can be combined with lattice-
assisted resonances to produce large-area substrates with
controlled hot-spot distributions.13 A related chemical enhance-
ment mechanism, arising from interfacial charge-transfer inter-
actions, can further contribute to signal generation.14

Importantly, SERS has already proven capable of probing elec-
trolyte chemistry at solid–liquid interfaces, including LiPF6-
based carbonate systems.15

Despite this promise, extending SERS from liquid interfaces
to vapor-phase LIB electrolyte detection remains fundamentally
challenging. Gas molecules interact only weakly with bare
metallic surfaces, leading to low surface coverage and short res-
idence times within the nanometer-scale near-field volume
where SERS enhancement is operative.15 This challenge is par-
ticularly severe for highly volatile carbonate species such as
EMC, which are less likely to remain localized within plasmonic
hot spots long enough to produce a measurable Raman signal.
In other words, a successful vapor-phase SERS platform must
do more than generate strong electromagnetic enhancement:
it must also increase local analyte capture at the plasmonic
interface while preserving the chemical integrity of both the
analyte and the active substrate.

Graphene is particularly well suited to address this bottle-
neck. Owing to its high surface-to-volume ratio, delocalized π-
electron system, and favorable van der Waals interactions
with volatile organic molecules, graphene can promote
molecule–surface interactions.16–19 When integrated with a
plasmonic SERS substrate, it can serve multiple roles simulta-
neously: concentrating analytes near the electromagnetic hot
spots, prolonging residency by analyte retention, contributing
to chemical enhancement, suppressing background fluores-
cence, and passivating the underlying metal against environ-
mental degradation.16,17,20,21 Because graphene is atomically
thin, these functions can be introduced without sacrificing the
near-field coupling required for strong SERS enhancement.
This makes graphene–plasmonic hybrids especially attractive
for vapor-phase sensing at reactive solid–gas interfaces.

To the best of our knowledge, vapor-phase SERS detection
of LIB electrolyte vapors such as EC, EMC, DMC, DEC, PC,
or LiPF6-containing carbonate electrolyte vapors has not yet
been systematically reported. Previous SERS studies of battery
4334
electrolytes have primarily focused on liquid-phase or solid–
liquid interfacial environments, including electrolyte solvation,
SEI formation, and electrode/electrolyte reactions.22–24 This
gap highlights the need for SERS architectures that can localize
volatile electrolyte molecules within plasmonic sensing regions
under gas-phase exposure conditions.
Here, we report a hybrid graphene–plasmonic SERS plat-

form designed for vapor-phase detection of components from
a practically relevant LIB electrolyte formulation, namely, 1 M
LiPF6 in EC/EMC (30:70 w/w). The substrate combines a
periodic array of Ag nanoparticle (AgNP) multimers fabricated
by capillary-assisted particle assembly (CAPA) with a mono-
layer graphene overlayer, integrated using a unified poly(vinyl
alcohol) (PVA)-assisted hot-press transfer protocol applicable
to both the plasmonic array and graphene. To directly disentan-
gle the respective roles of plasmonic enhancement and graphene-
enabled interfacial effects, Raman signals were collected under
identical conditions from bare glass, graphene on glass, the
AgNP array on glass, and graphene-coated AgNPs integrated
on a single chip. This layout enables direct side-by-side compar-
ison of the individual and combined contributions of graphene
and the plasmonic array under the same vapor-exposure and
measurement conditions. Using this platform, we examine
whether graphene functions only as a protective overlayer or as
an active interfacial component that enables detectable vapor-
phase SERS signatures of LIB electrolyte components.
2. EXPERIMENTAL SECTION

2.1. Fabrication of the Hybrid SERS Substrate

Periodic Ag nanoparticle (AgNP) multimer arrays were fabricated by
combining capillary-assisted particle assembly (CAPA) with a PVA-
assisted hot-press transfer process. The fabrication workflow of the
hybrid four-region substrate is summarized schematically in Figure 1.
Spherical AgNPs (60 ± 4 nm) were synthesized by a seeded-growth
method described previously,13,25 concentrated by centrifugation, and
transferred into an ethanol/dimethylformamide mixture optimized
for CAPA deposition.13 Ordered PDMS templates containing a square
lattice of nanowells (400 nm pitch, 200 nm diameter, 100 nm depth)
were replicated from a silicon master, and the nanoparticle suspension
was assembled into the wells by controlled meniscus translation at
2 μm s–1. To favor multiparticle trapping, the assembly was performed
under evaporation-driven conditions with the sample holder main-
tained 30 °C above the dew point, and the deposition cycle was
repeated three times.26 Under these conditions, most lattice sites were
populated by compact multimers rather than isolated particles.

The assembled AgNP arrays were transferred from PDMS to glass
using a PVA-assisted hot-press protocol. Briefly, a multilayer PVA sup-
port was formed on the template, laminated to a macroscopic carrier
film, and hot-pressed at approximately 140 °C and 50 kPa for 120 s
to obtain a freestanding transfer layer containing the ordered nanopar-
ticle array. This layer was then laminated onto an ozone-cleaned glass
under the same hot-press conditions followed by the dissolution of the
PVA support in water. Ozone treatment was used to improve wetting
and adhesion at the glass interface,27 while the applied pressure pro-
moted conformal contact during transfer.28

Graphene integration was then carried out using an analogous PVA-
assisted transfer workflow, enabling spatially selective formation of
graphene-coated and graphene-free regions on the same substrate
(Figure 1e). The resulting four-region architecture was defined by
the presence (1) or absence (0) of graphene (G) and the AgNP array
(P): G0P0 (bare glass), G1P0 (graphene on glass), G0P1 (AgNP array
on glass), and G1P1 (graphene-coated AgNP array). This integrated
transfer strategy was designed to preserve nanoscale ordering while
https://doi.org/10.1021/acsami.6c08906
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Figure 1. Schematic illustration of the fabrication of the hybrid four-region SERS substrate. (a1, a2) A PDMS template containing a square lattice of
nanowells is replicated from a silicon master. (b) Monodisperse AgNPs are synthesized.(c) Nanoparticles are assembled into the template by CAPA
to form an ordered multimer array.(d1–d5) The assembled AgNP array is transferred from PDMS to glass using a PVA-assisted hot-press process,
defining plasmonic (P1)and nonplasmonic (P0) regions.(e1–e5) A monolayer graphene film is subsequently transferred onto selected areas using the
same general process, producing the four-region substrate used in this study: G1P1, G1P0, G0P1, and G0P0.
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enabling direct side-by-side comparison of graphene and plasmonic
effects on a single substrate. Full processing details are provided in
the Supporting Information.

2.2. Vapor Exposure and Raman Measurements

Vapor-phase SERS measurements were performed in a sealed dual-
compartment chamber designed to expose the substrate only to electro-
lyte vapor while maintaining optical access through a sapphire window.
The vapor-phase exposure and Raman measurement configuration are
illustrated schematically in Figure 2. The chamber contained a reservoir
for the liquid electrolyte source and a separate detection compartment
holding the four-region SERS substrate. For each experiment, 50 μL of
a commercial 1 M LiPF6 electrolyte in EC/EMC (30:70 w/w) was intro-
duced into the reservoir inside an Ar-filled glove box, after which the
chamber was sealed and allowed to equilibrate for 10 min prior to
Raman measurements.

Raman spectra were collected at ambient temperature (∼25 °C)
using a Renishaw inVia confocal Raman microscope equipped with
532 nm excitation and a 50× long-working-distance objective. The
laser power at the sample was kept at ∼0.5 mW, and spectra were
acquired in backscattering geometry with an integration time of
100 s. For each experiment, spectra were recorded from three ran-
domly selected locations within each of the four substrate regions.
The spectra from each region were averaged, and the spatial variability
of the response is shown using standard-deviation bands in the vapor-
phase Raman comparison. The four-region layout ensured that all
control and hybrid regions were exposed simultaneously to the same
vapor atmosphere and measured under identical optical conditions.

A conventional Raman spectrum of the bulk liquid electrolyte on
glass and a pre-exposure spectrum of the hybrid substrate were also
recorded as reference data sets for peak assignment and background
identification. Raw spectra were baseline-corrected in OriginPro and
averaged within each region for comparison.
4334
2.3. Optical Simulations

The optical response of the substrate was modeled using the finite ele-
ment method in the Wave Optics module of COMSOL Multiphysics.
The model consisted of a 400 × 400 nm square unit cell containing
seven hexagonally packed Ag nanospheres with 60 nm diameter on a
semi-infinite SiO2 substrate with an air superstrate, representing the
gaseous sensing environment. Lateral Floquet periodic boundary con-
ditions and top/bottom perfectly matched layers were used to emulate
an infinite array and suppress artificial reflections. The structure was illu-
minated by a normally incident plane wave, and wavelength-dependent
optical constants for air, Ag, and SiO2 were taken from literature
sources.29–31 Graphene was represented as an atomically thin conductive
sheet using an effective surface-conductivity approach for thin conduc-
tive layers rather than as a finite-thickness bulk layer.32 Absorptance
and extinction spectra were calculated over the 300–700 nm range.
Additional sweeps were performed to examine the effects of particle size,
particle number per site, interparticle spacing, lattice periodicity, and the
graphene overlayer. Details of these parameter sweeps and supporting
optical measurements are summarized in the Supporting Information
(Figures S1–S4).
3. RESULTS AND DISCUSSION

3.1. Structural and Optical Characterization of the Hybrid
Sensing Substrate

Figure 3a shows the measured extinction spectrum of the trans-
ferred AgNP array on glass (G0P1). The substrate exhibits a
broad optical response extending across approximately 400–
650 nm, with a maximum near 500 nm, thereby overlapping
both the 532 nm excitation wavelength and the corresponding
Stokes-shifted Raman window used in this work. Such broad
https://doi.org/10.1021/acsami.6c08906
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Figure 2. (a) Schematic illustration of the sealed dual-compartment
microenvironment used for vapor-phase SERS measurements. The uni-
fied four-region substrate is housed in the detection compartment and
exposed simultaneously to electrolyte vapors evaporating from the res-
ervoir compartment, while Raman spectra are acquired through a sap-
phire window. (b) Close-up view of the unified four-region SERS
substrate layout used to decouple the enhancement mechanisms:
G0P0 (bare glass), G1P0 (graphene only), G0P1 (periodic AgNP array
only), and G1P1 (graphene-coated AgNP array). The nanoparticles
and array spacing are shown schematically and are not drawn to scale.
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spectral coverage is advantageous for SERS because it can sup-
port electromagnetic enhancement across multiple vibrational
bands rather than only within a narrow spectral interval.13

To interpret the origin of this broad response, we used finite-
element simulations of representative AgNP multimer geome-
tries together with parameter sweeps for particle size, multimer
occupancy, and interparticle spacing (Figures S1–S3). These
Figure 3. (a) Experimental and simulated UV–vis extinction spectra of the
response dominated by interparticle coupling within multimer sites, with a w
erage overlaps the 532 nm excitation wavelength and the Raman scattering w
ferred array after PVA removal showing a large-area square lattice of Ag nano
CAPA and preserved during the hot-press transfer process.

4334
calculations show that the visible-range extinction is governed
primarily by coupled plasmonic modes within the multimer sites,
whose spectral position and width depend sensitively on the local
cluster geometry. In addition, the periodic lattice gives rise to a
weaker longer-wavelength contribution, consistent with angle-
sensitive collective coupling through the surrounding media.33

SEM analysis of the transferred AgNP array provides experi-
mental support for the structural variability considered in the
simulations. As shown in Figure 3b and Figure S7a, the trans-
ferred array consists predominantly of compact AgNP multi-
mers. Statistical analysis of more than 6300 array sites across
∼1000 μm2 of SEM-imaged area yielded an average occupancy
of 5.8 ± 1.9 AgNPs per site (Figure S7b), confirming multipar-
ticle site formation with expected site-to-site variation. Because
top-view SEM does not unambiguously resolve the true three-
dimensional gap/contact geometry of compact multimers and
because the AgNPs are faceted rather than ideal spheres,34,35

precise extraction of an interparticle gap-size distribution was
not feasible. The structures are therefore described as compact
AgNP multimers with nanoscale interparticle separations.
Together, the observed particle size, occupancy, and local-
coupling variability support interpreting the broad experimental
extinction spectrum as an ensemble response rather than as a
single dominant plasmonic mode.
The assignment of the longer-wavelength feature at ∼618 nm

to a lattice-related mode is further supported by both the lattice-
period sweep in the simulations (Figure S4) and the angle-
dependent measurements (Figure S5). In the simulations, this
feature varies systematically with lattice periodicity, while experi-
mentally it becomes less pronounced when the sample is tilted
to 30°, consistent with the weakening of an angle-sensitive
lattice contribution. These observations suggest that the
transferred AgNP array on glass (G0P1) showing a broadband optical
eaker longer-wavelength lattice-related contribution. The spectral cov-
indow used in this work. (b) Representative SEM image of the trans-
particle clusters (typically two to eight particles per site) produced by

https://doi.org/10.1021/acsami.6c08906
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long-wavelength feature originates from a substrate-mediated lat-
tice mode, likely involving diffractive coupling through the glass
side of the array. Accordingly, the broad visible extinction band
is dominated primarily by interparticle coupling within the multi-
mers, while the periodic organization introduces an additional
lattice-assisted contribution at larger Raman shifts.

Although localized vacancies and minor positional disorder
are present, the periodic organization of the multimer sites
provides a more regular structural framework than random
nanoparticle monolayers, in which hot spots form stochastically,
as shown in previous works.26,36 In the present system, this
ordered arrangement is therefore expected to reduce
substrate-scale variability in the plasmonic architecture and to
provide a more controlled basis for vapor-phase SERS measure-
ments. The ability to form ordered plasmonic arrays and reso-
nant Ag nanoparticle lattices is consistent with our previous
work on CAPA-derived plasmonic lattices, surface lattice reso-
nances, and graphene-overlayered Ag arrays.13,21,37,38

The contribution of graphene to the optical response was
also examined experimentally and in the simulations. Within
the investigated spectral range, the graphene overlayer produces
Figure 4. Reference Raman spectrum of transferred graphene (gray) and t
LiPF6 dissolved in EC/EMC (30:70 w/w) was acquired on a chemically inert
istic peak positions are annotated according to the literature.49

4334
only a minor increase in the overall extinction and does not sub-
stantially alter the plasmonic line shape of the AgNP array
(Figure S6). Accordingly, graphene is not expected to act as a
significant far-field electromagnetic modifier in this plat-
form;39,40 instead, its role is interpreted primarily as interfacial,
influencing analyte capture and signal formation at the surface
rather than the underlying plasmonic resonance itself.16,21

Raman spectroscopy was subsequently used to verify the suc-
cessful transfer and quality of the graphene overlayer (Figure 4).
The graphene spectrum displays the expected G band near
∼1585 cm–1 and a sharp 2D band near ∼2700 cm–1, together
with an intensity ratio I2D/IG ≈ 2.58 and a relatively low
defect-related ratio ID/IG < 0.36. These features are consistent
with predominantly high-quality single-layer graphene with lim-
ited defect density.16,21 For the present application, maintaining
a largely intact graphene basal plane is desirable because it pre-
serves the interfacial continuity of the coating while minimizing
additional disorder-related background contributions.
The structural characterization also highlights why transfer-

ring the nanoparticle assemblies from the PDMS template to
glass is essential for vapor-phase SERS measurements. In the
he bulk liquid LIB electrolyte (green). The baseline spectrum of 1 M
glass substrate using 532 nm laser excitation. The identified character-

https://doi.org/10.1021/acsami.6c08906
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templated configuration, the multimers and their effective hot
spots remain recessed inside the polymer nanowells, which
would limit direct vapor access if covered by a continuous gra-
phene overlayer, consistent with the barrier character of gra-
phene.41,42 After transfer, by contrast, the multimers are
exposed on a planar glass surface, enabling graphene integration
in direct contact with the particle topography while preserving
optical access to the active interface. At the same time, replacing
PDMS with glass removes the strong intrinsic Raman back-
ground of the polymer43 and leaves only the comparatively sim-
ple glass response, thereby improving spectral interpretability
for weak vapor-phase signals. The transfer step is therefore not
merely a fabrication convenience but a necessary part of the sub-
strate design for hybrid vapor-phase SERS measurements.

3.2. Raman Signature of the Liquid Electrolyte

Figure 4 presents the Raman spectrum of the bulk liquid LIB
electrolyte (1 M LiPF6 in EC/EMC, 30:70 w/w) together with
the spectrum of the transferred graphene layer. Assignments
were made based on prior Raman studies of LiPF6 in carbonate
electrolytes.15,44–47 The liquid electrolyte spectrum serves as the
principal vibrational reference for assigning the weaker and
more localized features observed in the subsequent vapor-
phase SERS measurements, while the graphene spectrum is
included to distinguish intrinsic graphene bands from analyte-
derived signals in the hybrid substrate.15,48

The bulk electrolyte spectrum contains the characteristic
Raman signatures of ethylene carbonate (EC), ethyl methyl car-
bonate (EMC), and the LiPF6 salt. Among the most diagnostically
useful features are the EC ring-deformation and ring-breathing
bands near ∼716 and ∼892 cm–1, respectively, together with the
PF6

– symmetric stretching mode near ∼740 cm–1. EMC contrib-
utes distinct bands in the ∼1000–1455 cm–1 range, including
peaks near ∼1000, ∼1180, ∼1275, and ∼1455 cm–1, which pro-
vide useful markers for identifying the linear carbonate compo-
nent in the vapor-phase spectra.15,48 The key peak assignments
used in this work are summarized in Table 1.
Table 1. Key Raman Peak Assignments for Liquid Electrolyte
Components (EC/EMC/LiPF6)

a47

observed Raman
shift (cm–1)

assignment (vibrational mode,
molecule/ion)

∼716 EC ring deformation
∼740 PF6

– symmetric stretch
∼892 EC ring breathing†
∼904 EC ring breathing (Li+ coordinated)
∼1008 EMC CH3 rocking/O–C–O stretch†
∼1164 EMC †
∼1180 EMC C–O stretch/CH3 rocking

∼1201 EMC
∼1275 EMC CH2 wagging†
∼1381 EMC CH3 symmetric deformation
∼1455 EMC CH3/CH2 asymmetric deformation†
∼1483 EC CH2†
∼1775 EMC carbonyl (C═O) stretch
∼1805 EC carbonyl (C═O) stretch
∼2800–3000 EC/EMC C–H stretching modes

aBands marked with † denote liquid-reference features with corre-
sponding detectable bands in the vapor-phase G1P1 spectrum dis-
cussed in Section 3.3.
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These reference bands are used in the following section as
assignment anchors rather than as a strict one-to-one template
for the interfacial SERS response. The exact Raman positions
and relative intensities of electrolyte features are known to
depend on local coordination and solvation environment, par-
ticularly for carbonate species interacting with Li+ ions.48 For
example, the EC ring-breathing mode can shift from ∼892 to
∼904 cm–1 upon Li+ coordination, indicating that the bulk liq-
uid spectrum itself represents a superposition of free and
coordinated species. Accordingly, small spectral shifts in the
vapor-phase SERS data should be interpreted in the context
of interfacial interactions and local molecular environment
rather than as entirely new vibrational modes.
The bulk liquid Raman spectrum therefore provides the spec-

tral framework required to identify the principal EC- and EMC-
related features observed in the vapor-phase measurements and
to distinguish them from the intrinsic graphene response of the
hybrid substrate.

3.3. Vapor-Phase Raman Response of the Unified
Four-Region Substrate

The central experiment of this study was the simultaneous
exposure of the unified four-region substrate to LIB electrolyte
vapors inside the sealed chamber, enabling direct comparison of
all surface configurations under identical vapor-generation and
optical measurement conditions. Figure 5 compares the
baseline-corrected Raman spectra collected from the four
regions—G0P0 (bare glass), G1P0 (graphene on glass), G0P1
(AgNP array on glass), and G1P1 (graphene-coated AgNP
array)—after vapor exposure. For reference, the spectrum of
the bulk liquid electrolyte and that of the unexposed hybrid
region are also included to distinguish analyte-derived contribu-
tions from the intrinsic substrate background. This same-chip
design is important because it isolates the respective roles of
graphene and the plasmonic array, avoiding uncertainty arising
from separate samples or different exposure histories.
As shown in Figure 5, the spatial variability of the vapor-phase

Raman response was evaluated by collecting spectra frommultiple
randomly selected positions within each region of the same four-
region chip. The averaged spectra are shown with standard-
deviation bands, representing within-region variability under iden-
tical vapor-exposure and optical-measurement conditions. The
electrolyte-related features are consistently resolved only in the
G1P1 region, whereas the G0P0, G1P0, and G0P1 regions remain
inactive within the measured variability. This supports the conclu-
sion that the observed vapor-phase response is associated with the
combined graphene–plasmonic architecture rather than with an
isolated local measurement artifact.
The G0P0 region provides the baseline response of a nonplas-

monic, nonadsorbing surface. Under the present exposure con-
ditions, this region shows no clear Raman bands attributable to
the electrolyte vapors and only weak background structure. A
similarly weak response is observed from the G0P1 region.
Although this region contains the ordered AgNP array and
therefore the electromagnetic conditions required for SERS,
no distinct electrolyte-related fingerprint could be resolved.
Taken together, these two control regions show that neither
bare glass nor the plasmonic substrate alone is sufficient for
measurable vapor-phase detection in this system.
The G1P0 region exhibits the expected graphene Raman

response, dominated by the G band near ∼1585 cm–1, but does
not yield a resolved vapor-phase electrolyte fingerprint beyond
https://doi.org/10.1021/acsami.6c08906
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Figure 5. Baseline-corrected Raman spectra acquired after vapor exposure (AV) from the four regions of the unified substrate: G0P0 (bare glass),
G1P0 (graphene on glass), G0P1 (AgNP array on glass), and G1P1 (graphene-coated AgNP array). Solid lines represent averaged spectra collected
from multiple randomly selected positions within each region, and hatched bands indicate the corresponding standard deviation. The bulk liquid elec-
trolyte reference (AB) and the unexposed hybrid-region spectrum (A0) are included for comparison. Detectable vapor-phase electrolyte signatures are
observed only in the graphene-coated AgNP region, highlighting the requirement for the combined graphene–plasmonic interface. Bands marked
with an asterisk (*) are not assigned to the principal Raman features of the bulk analyte or substrate and are therefore treated here as unidentified
vapor-exposure-related bands.
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the graphene background. This indicates that graphene alone does
not provide enough enhancement for practical detection under
these conditions even if it may improve the adsorption of volatile
species at the surface. In other words, adsorption without localized
plasmonic amplification is insufficient, just as plasmonic amplifica-
tion without effective analyte retention is also insufficient.

In contrast, the G1P1 region yields the only clearly interpret-
able vapor-phase Raman response, with electrolyte-related fea-
tures observed consistently at multiple sampled locations
within this region. Several bands appear at spectral positions
consistent with the liquid electrolyte reference, with the clearest
correspondence found for carbonate-solvent bands in the
∼900–1500 cm–1 range, particularly features near ∼892,
∼1164, ∼1275, ∼1455, and ∼1483 cm–1. These bands are
absent or not meaningfully resolved in the other three regions,
indicating that a detectable vapor-phase response emerges only
when graphene and the AgNP multimer array are combined.
Importantly, the vapor-phase spectrum is not a simple replica
of the bulk liquid spectrum. Instead, it reflects a surface-
4335
selected interfacial signature where only a subset of vibrations
becomes sufficiently localized and enhanced to be detected.
Because all four regions were integrated on the same sub-

strate and exposed simultaneously inside the sealed chamber,
the comparison is not affected by differences in vapor composi-
tion, exposure time, chamber history, or optical measurement
conditions. The resulting response is therefore best described
as configuration-dependent vapor-phase SERS functionality:
only the graphene-coated AgNP region produces molecular
Raman signatures from the tested LiPF6/EC/EMC vapor envi-
ronment, whereas the bare glass, graphene-only, and AgNP-
only regions remain inactive under the same conditions. This
same-chip comparison establishes the functional requirement
for combining graphene with the plasmonic AgNP multimer
array in the present saturated-vapor experiment.
A notable feature of the G1P1 spectrum is the strong band at

∼1509 cm–1, accompanied by a weaker band near ∼1542 cm–1;
both are unique to the graphene-coated AgNP region and
absent from the bulk liquid reference and substrate background.
https://doi.org/10.1021/acsami.6c08906
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These features are not assigned to intrinsic graphene modes
or Ag, and they are not dominant bands of pristine
EC/EMC/LiPF6. As summarized in Section S4 and Table S2,
literature Raman/SERS data place bulk EC bands mainly below
∼1500 cm–1,50 carbonate-derived ROCO2Li-like surface species
near 1493–1519 cm–1,22,23 and graphene-induced molecular fre-
quency shifts on the order of tens of cm–1.51 Therefore, the
∼1509 cm–1 band is tentatively interpreted as a surface-
confined carbonate-derived species or lithium alkyl carbonate-
like intermediate whose frequency may be modified by the
graphene/Ag surface environment. The ∼1542 cm–1 band
remains unresolved and is treated as a vapor-exposure-related
feature associated with a surface-confined or graphene/Ag-mod-
ified molecular configuration rather than as a direct replica of
bulk EC/EMC Raman modes.

Overall, the four-region comparison establishes a clear hierar-
chy of sensing performance. Bare glass shows no useful vapor
response, graphene on glass shows adsorption without sufficient
enhancement, and the AgNP array on glass provides a plas-
monic structure without detectable analyte capture. Only the
graphene-coated AgNP array produces a resolved vapor-phase
Raman signature of the LIB electrolyte. The most consistent
interpretation is therefore that vapor detection in this system
arises from a hybrid interfacial effect: the AgNP multimers gen-
erate the localized electromagnetic hot spots required for signal
amplification, while graphene may increase the local surface
population or residence probability of volatile electrolyte mole-
cules near the active sensing region. In this sense, graphene acts
not merely as a passive overlayer but as an essential functional
component of the vapor-phase sensing interface.

3.4. Discussion of Enhancement Mechanisms and Synergy

The same-chip comparison therefore points to a hybrid interfa-
cial sensing mechanism rather than to plasmonic enhancement
or graphene adsorption alone. A central limitation of vapor-
phase SERS is the extreme spatial confinement of electromag-
netic enhancement. In plasmonic nanoparticle systems, the
enhanced field is concentrated in the immediate vicinity of the
metal surface and is strongest in nanometer-scale interparticle
gaps, decaying rapidly away from these hot spots.52,53 Under
vapor exposure, the key challenge is therefore not simply
whether analyte molecules are present in the chamber but
whether they can reach and remain within this highly confined
sensing volume long enough to contribute a measurable Raman
signal. The absence of resolved electrolyte bands in G0P1 sug-
gests that, under the present conditions, the AgNP multimer
array alone does not provide sufficient local analyte occupancy
despite supplying the required electromagnetic hot spots.

The role of graphene in G1P1 is therefore interpreted primar-
ily as interfacial rather than electromagnetic. Both the optical
measurements and the simulations indicate that adding gra-
phene produces only a minor change in the far-field extinction
response of the AgNP array, supporting the conclusion that gra-
phene does not substantially reshape the plasmonic resonance
itself.36,39 Its contribution is more plausibly associated with
increasing the local residence probability or surface population
of volatile carbonate molecules near the plasmonically active
AgNP hot spots,16–19 while also helping suppress background
and parasitic surface chemistry, consistent with prior gra-
phene–SERS studies.16,21,51,54–58

This interpretation is consistent with prior studies showing
that graphene can interact with molecular adsorbates through
4335
noncovalent mechanisms, including dispersion/van der Waals
and π–π interactions.59–61 Benzene adsorption on supported
graphene has been characterized by thermal desorption spec-
troscopy,59 while theoretical studies report benzene–graphene
binding energies on the order of ∼40 kJ mol–1 and show that
aromatic molecule–graphene adhesion is dominated primarily
by dispersion interactions.60,61 Graphene-enhanced Raman
studies have further shown that molecule–graphene contact
can produce Raman enhancement, frequency shifts, molecular
selectivity, and charge-transfer-related effects.51,57,58 In addition,
graphene-based vapor sensors have been reported to respond to
volatile organic compounds through adsorption-related mecha-
nisms at graphene or graphene-composite surfaces.62 Our previ-
ous work on graphene-overlayered resonant Ag nanoparticle
arrays showed long-term retention of an aromatic analyte
Raman signature, providing relevant precedent for graphene-
assisted analyte localization and signal stabilization in gra-
phene/plasmonic SERS architectures.21

The vapor-phase G1P1 spectrum also differs from the bulk liquid
reference, indicating that the detected signal is surface-selected
rather than a simple diluted replica of the liquid electrolyte. The
G1P1-only bands near ∼1509 and ∼1542 cm–1, discussed in
Section S4 and Table S2, further support this surface-selected char-
acter and are most cautiously treated as vapor-exposure-related fea-
tures associated with surface-confined or graphene/Ag-modified
molecular configurations. This cautious interpretation is also consis-
tent with the known chemical reactivity of LiPF6-based carbonate
electrolytes under environmental exposure.63

Overall, the results support a mechanistic picture in which
the AgNP multimers provide localized electromagnetic
enhancement, while graphene may increase the local surface
population or residence probability of volatile electrolyte mole-
cules near the active sensing region, enabling a chemically inter-
pretable vapor-phase Raman signal to emerge.16,21

3.5. Contextualizing Detection Sensitivity and
Nanoscale Confinement

To place the observed SERS signals in the context of practical bat-
tery monitoring, it is essential to consider the relationship
between the equilibrium vapor pressures of the electrolyte com-
ponents and the active sensing volume of the substrate. At
25 °C, the cyclic carbonate EC exhibits a very low vapor pressure
of approximately 5.2 Pa, whereas the linear carbonate EMC is
highly volatile with a vapor pressure of roughly 4300 Pa.
Assuming ideal gas behavior and full equilibrium saturation within
the sealed experimental chamber, these pressures translate to
upper-bound bulk vapor concentrations of roughly 51 ppm for
EC and 42,400 ppm (4.24% by volume) for EMC.64

Although the vapor pressures of the electrolyte components
provide a useful chamber-scale estimate of analyte availability,
the present results should not be interpreted as a complete quan-
titative sensor calibration or as a calibrated gas-phase detection
limit. At 25 °C, EC and EMC differ strongly in volatility, implying
very different equilibrium vapor concentrations above the electro-
lyte reservoir; however, the Raman signal in this system does not
originate from the chamber-average vapor composition but from
molecules residing within the nanometer-scale near-field volume
of the plasmonic hot spots. In this sense, the decisive challenge
of vapor-phase SERS is not simply analyte presence in the gas
phase but efficient localization of molecules at the active
graphene–plasmonic interface. Accordingly, the present measure-
ments should be viewed as a proof-of-concept demonstration that
https://doi.org/10.1021/acsami.6c08906
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the hybrid substrate architecture can convert vapor exposure into
a chemically interpretable Raman response.

To place the present proof-of-concept in the context of reported
LIB electrolyte vapor sensors, it is useful to distinguish between cal-
ibrated gas-sensing performance and molecularly specific spectro-
scopic identification. Several non-SERS approaches have
demonstrated impressive analytical performance for LIB electrolyte
leakage detection. Commercial metal-oxide volatile organic com-
pound (VOC) sensors can detect broad classes of solvent vapors
in the ppm range and have been proposed for battery safety mon-
itoring.65 Functionalized double-walled carbon nanotube sensors
have been reported for DMC vapor and electrolyte leakage detec-
tion, with clear response to leakage levels as low as 0.1 μL
DMC.66 Ionically conductive MOF thin-film sensors have achieved
rapid detection of 50 ppb DMC and 20 nL electrolyte leakage
within seconds.9 Metal-oxide semiconductor sensors, including
TiO2/CuO/Cu2O heterostructures, SnO2 nanoboxes, porous
SnO2 nanonets, and Ag@Ag2O-functionalized SnO2 nanoflowers,
have also shown ppb–ppm detection of carbonate electrolyte
vapors, often with rapid response/recovery but typically using ele-
vated operating temperatures.10,67,68 More recently, COF-QA-4
chemiresistive sensors were reported to detect EC vapor at 1.15
ppmv, where ppmv denotes parts per million by volume,69 while
ZIF-8-coated micro–nano optical-fiber sensors achieved ppm-level
DMC detection and online leakage monitoring.70 Compared with
calibrated chemiresistive, electrical, and refractive-index-based sen-
sors, the present graphene–plasmonic SERS platform is not yet
optimized for LoD, response/recovery kinetics, or cycling stability.
Its main distinction is instead molecular specificity: the Raman
spectrum provides vibrational fingerprints of electrolyte-related spe-
cies, allowing spectral identification rather than only a scalar electri-
cal or optical response. The same-chip four-region experiment
further demonstrates that detectable vapor-phase electrolyte signa-
tures emerge only from the combined graphene-coated AgNP
region, establishing the functional requirement for the hybrid
graphene–plasmonic architecture under saturated vapor exposure.

The present saturated-vapor experiment establishes the func-
tional requirement for the combined graphene–plasmonic
architecture and demonstrates molecularly specific Raman
detection from the tested LiPF6/EC/EMC vapor environment.
Translation toward a calibrated vapor sensor will require con-
trolled vapor-delivery experiments to quantify analytical figures
of merit such as LoD, concentration dependence, response/
recovery behavior, cycling stability, interferent tolerance, and
adsorption/retention behavior. These follow-up measurements
will complement the present same-chip mechanistic compari-
son by connecting the observed molecular SERS response to
practical sensor-performance metrics.
4. CONCLUSIONS

We developed a hybrid graphene–plasmonic substrate for vapor-
phase SERS detection of lithium-ion battery electrolyte compo-
nents by combining capillary-assisted particle assembly with a
PVA-assisted hot-press transfer process. This approach enabled
ordered AgNP multimer arrays to be transferred from the PDMS
template to glass and allowed spatially selective graphene integra-
tion on the same substrate. The resulting four-region architecture
provided a direct same-chip comparison of bare glass, graphene
on glass, AgNP arrays, and graphene-coated AgNP arrays under
identical vapor-exposure conditions.
4335
Optical characterization and simulations show that the plas-
monic response is governed primarily by interparticle coupling
within AgNP multimers, while the graphene overlayer produces
only a minor change in the far-field extinction spectrum. Under
exposure to vapors from a LiPF6/EC/EMC electrolyte, analyte-
attributable Raman features were not observed from bare glass, gra-
phene on glass, or the AgNP array alone. In contrast, clear vapor-
phase Raman signatures assignable to EC and EMC, including
characteristic carbonate-solvent bands in the ∼900–1500 cm–1

region, were obtained only from the graphene-coated AgNP region.
While previous SERS studies of LIB electrolytes have primarily

addressed liquid-phase or solid–liquid interfacial environments,
this work helps establish vapor-phase SERS as a complementary
route for molecularly specific electrolyte-leakage detection.
These results support a hybrid interfacial sensing mechanism in
which the ordered AgNPmultimers provide localized electromag-
netic enhancement, while graphene may increase the local surface
population or residence probability of volatile electrolyte mole-
cules near the active sensing region. The work identifies
graphene-coated periodic AgNP multimer arrays as a promising
material platform for molecularly specific vapor-phase detection
of LIB electrolyte leakage and establishes PVA-assisted hot-press
transfer as a useful route for constructing hybrid graphene–
plasmonic sensing interfaces.
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