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ABSTRACT

Graphitic carbon electrodes are central to many electrochemical energy storage and conversion technologies. Probing the behavior of
molecular species at the electrochemical interfaces they form is paramount to understanding redox reaction mechanisms. Combining surface-
enhanced Raman scattering (SERS) with electrochemical methods offers a powerful way to explore such mechanisms, but carbon itself is not a
SERS activating substrate. Here, we report on a hybrid substrate consisting of single- or few-layer graphene sheets deposited over immobilized
silver nanoparticles, which allows for simultaneous SERS and electrochemical investigation. To demonstrate the viability of our substrate, we
adsorbed anthraquinone-2,6-disulfonate to graphene and studied its redox response simultaneously using SERS and cyclic voltammetry in
acidic solutions. We identified spectral changes consistent with the reversible redox of the quinone/hydroquinone pair. The SERS intensities
on bare silver and hybrid substrates were of the same order of magnitude, while no discernible signals were observed over bare graphene, con-
firming the SERS effect on adsorbed molecules. This work provides new prospects for exploring and understanding electrochemical processes
in situ at graphitic carbon electrodes.

Published under an exclusive license by AIP Publishing.
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INTRODUCTION

Graphitic carbon electrodes are integral to many electro-
chemical energy technologies involving electrocatalysis and energy
storage.  Beyond acting as supports for materials and catalysts, the
role of the carbon chemistry is decisive in energy storage devices
such as lithium-ion batteries,” redox-flow batteries,” and superca-
pacitors,” providing a strong incentive for thoroughly understand-
ing their electrochemical behavior. Electrochemical methods can
characterize electron transfer kinetics and mechanisms involving
molecular species at these electrodes.”” However, these techniques
lack the ability to identify surface speciation and molecular struc-
tural changes occurring during redox reactions. To address these
shortcomings, the coupling of methods such as nuclear magnetic
resonance (NMR), UV-vis, and IR spectroscopies'” with
electrochemistry enables the correlation of redox reactivity with the

speciation at the surface of the electrode and near-interface region.
In particular, Raman spectroscopy,'* which is based on the inelas-
tic scattering of photons interacting with the analyte’s vibrational
modes, stands out for its ability to track chemical and structural
changes in electrodes and molecules with micrometer-scale spa-
tial resolution. Furthermore, the straightforward implementation
of Raman spectroscopy makes it ideal for in situ and operando
electrochemical characterization. However, the inherent low sensi-
tivity of Raman spectroscopy necessitates enhancement mechanisms
such as those found in tip-enhanced Raman spectroscopy,’” reso-
nance Raman spectroscopy,'® and surface-enhanced Raman scatter-
ing (SERS)' to effectively probe electrode surfaces. This is because
the electrochemical interface consists of a thin, nanometer-scale
region, which limits the number of scattering species of interest.
Once more, SERS is particularly useful, due to its relative ease of
setup and wide applicability in various electrolytes and analytes.
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SERS uses a plasmonic substrate (most often Au- or Ag-based)
to drastically improve the signal obtained from species directly adja-
cent to the substrate surface.'” SERS enhancement arises from two
effects: chemical and electromagnetic enhancements. If the incom-
ing laser wavelength overlaps with the plasmon resonance band of
the substrate, electrons within the substrate are excited into an oscil-
lating wave called a plasmon. Chemical enhancement involves the
transfer of charge density from the surface plasmons to the ana-
lyte molecule, inducing changes in its polarizability. This is a very
short-range effect, requiring the analyte to be in near contact with
the surface. On the other hand, electromagnetic enhancement arises
from the drastic increase of the electromagnetic field near the plas-
mons and can extend up to ~10 nm away from the surface.'”'” The
combined SERS effect has been extensively leveraged to probe elec-
trochemical systems,'” though the need for a plasmonic substrate
has set strict requirements for amenable electrode systems. Car-
bon itself can be effectively studied with Raman spectroscopy,”’ but
it is not plasmonic, making the detection of adsorbed species and
transient surface intermediates impractical at unmodified carbon
electrodes.

Considering that SERS is overall a very short-range phe-
nomenon,’’ graphene’s atomic-scale thickness is a strong advantage,
enabling SERS activity on carbon with underlying nanoparticles.””
In this study, we demonstrate a hybrid nanoparticle-graphene elec-
trode to perform electrochemical SERS on a carbon electrode.
Transferring multi-layer graphene (MLG) or single-layer graphene
(SLG) onto fluorine-doped tin oxide (FTO, a transparent semi-
conductor) coated with silver nanoparticles (AgNPs) yields a sub-
strate with flexible applications for electrochemical SERS (Fig. 1),
analogous to plasmonic nanoparticles coated in silica or alumina
used for shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS).”*

Anthraquinone-based electrochemistry is an excellent first can-
didate to study our substrate. Anthraquinone and its derivatives
are known to adsorb to sp? hybridized carbons,”* and their redox
properties display a variety of applications, ranging from redox flow
batteries” to commercial hydrogen peroxide production.”® Here,
we use disodium anthraquinone-2,6-disulfonate (AQDS) because
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FIG. 1. Schematic of electrochemical SERS of the proton-coupled AQDS redox
reaction on a hybrid nanoparticle—graphene electrode. FTO stands for fluorine-
doped tin oxide electrode on a glass cover slip. AQDS is adsorbed onto the
electrode.
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of previous studies showing its adsorptive electrochemical proper-
ties.”” AQDS can undergo a proton-coupled two-electron reduction
in aqueous systems (Fig. 1), in which the quinone groups are
transformed into hydroquinone groups, significantly impacting the
Raman spectrum. In this study, we adsorb AQDS to a hybrid
graphene-silver nanoparticle substrate, where the metal compo-
nent is buried below the graphitic carbon, to observe SERS spectra
during electrochemical cycling. This substrate design should open
avenues for more complete insight into a variety of important redox
processes occurring on carbon electrodes for in situ and operando
characterization of energy conversion and storage technologies.

EXPERIMENTAL
Materials

Silver nanoparticles with an average diameter of 65 + 12 nm
were synthesized in the same manner as in previous studies.””
Briefly, 100 ml water and 18.0 mg AgNO3 (99%, Sigma-Aldrich)
were combined in a 125 ml Erlenmeyer flask and brought to a
rolling boil under stirring at 600 rpm. 4 ml of 5% m/v sodium cit-
rate dihydrate (Fisher Scientific) was then added, and the solution
was stirred at a light boil for 60 min, during which the solution
turned an opaque yellow-green color. The heat was then shut off
and the solution cooled to room temperature, while stirring on the
hot plate 60 min. The resulting solution was centrifuged at 5000 rela-
tive centrifugal field for 15 min, then the supernatant was discarded,
and the pellet was diluted to 10 ml with water. This method yielded
65 + 12 nm particles.”” Ultrapure water from a Millipore Synergy
purifier was used for all solutions. Copper etchant type CE-100
(Transene), ethylenediaminetetraacetic acid disodium dehydrate
salt (EDTA, VWR), (3-aminopropyl)trimethoxysilane (APTMS,
97%, Sigma-Aldrich), poly(bisphenol A carbonate) (Aldrich), Chlo-
roform (Macron), sodium chloride (Sigma-Aldrich), hydrogen
peroxide (30% in water, J. T. Baker), sulfuric acid (95%, Fisher
Chemicals, used for Piranha cleaning solution), sulfuric acid for
trace metal analysis (Fisher Chemicals, used for all electrochemistry
and AQDS adsorption), perchloric acid (70%, Veritas), isopropanol
(Honeywell), and disodium anthraquinone-2,6-disulfonate (AQDS,
ChemCruz) were used as received for all solutions and cleaning pro-
cesses. Multi-layer graphene (MLG) was grown on cleaned copper
foil at 1000 °C for 5 min under a constant flow of 30 SCCM of hydro-
gen gas and 10 SCCM of methane gas;’’ SLG on copper foil was
purchased from Grolltex. MLG was characterized via optical trans-
mission microscopy and found to be 10-15 layers thick across most
of the film, with thinner spots (1-5 layers) present as well.

AgNP coating method

All fluorine-doped tin oxide (FTO, Delta Technologies,
5-15 Q/sq) slides were cleaned in Piranha solution (3:1 mixture
of concentrated H,SO4 and 30% H,0>) for ~30 min. Safety note:
Piranha solution is highly oxidizing and potentially explosively reac-
tive with organic compounds including solvents. The slides were then
sonicated 15 min three times in ultrapure water, followed by three
times in isopropanol. The clean FTO slides were dried with ultra-
high purity Ar gas (Airgas) and soaked 30 min in 5% APTMS in
ethanol. They were then rinsed thoroughly with ethanol and dried
with Ar gas before dropcasting enough AgNP solution to cover the
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entire surface. The slides were left with the AgNP solution overnight
in a 100% humidity box to allow nanoparticle film formation.

Graphene transfer

MLG was transferred directly onto both plain and AgNP-
coated FTO via wet-transfer. First, 3% poly(bisphenol A carbonate)
was spincoated (10 s at 1000 rpm, followed by 30 s at 3000 rpm)
onto the MLG on copper to support the graphene. The exposed
side of the graphene was cleaned for 5 min in a Harrick-Plasma
PDC-001-HP plasma cleaner (atmospheric air) on the highest
energy setting. The copper support was removed by floating for
20 min on a copper etchant solution. A glass slide was then used
to transfer the graphene to ultrapure water four subsequent times
before transferring to a 0.1M EDTA solution, where it was soaked for
2 h. The graphene was then transferred four times to ultrapure water
before transferring onto the plain FTO or FTO/AgNP substrates.
The MLG-covered substrates were dried under vacuum overnight
and then soaked at least 6 h in chloroform, followed by copious rins-
ing in acetone and isopropyl alcohol to remove the poly(bisphenol
A carbonate) layer. SLG substrates were transferred in the same
manner.

Electrochemical SERS experiment

MLG-covered substrates were soaked in a 5 mM AQDS solu-
tion with trace metal analysis grade 0.1M H»SOj4 for 2 h to adsorb
anthraquinone before being mounted onto the electrochemical cell.
The cell was filled with an aqueous 0.1M H,SO4 solution, covered
with parafilm, and purged with argon gas to remove atmospheric
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oxygen. A 532 nm laser (Melles Griot, 200 mW), with no opti-
cal density filter, was aligned to the substrate surface through a
50x long-distance working objective (Olympus; NA, 0.5). SERS
spectra were recorded with an Ocean Optics QE Pro spectrome-
ter (2 s integration time unless otherwise noted) while performing
voltammetry with a CHI 920D potentiostat, with a platinum wire for
a counter electrode and an Ag/AgCl reference electrode connected
to the cell via an agar/0.1M NaClOy salt bridge. All potentials in this
work are referenced with respect to the latter electrode.

Equipment

SERS instrumentation was identical to that used in previous
studies,”” and a Nanophoton Raman 11 microscope with a 532 nm
laser was used in addition to further characterize substrates. Note
that minor wavenumber discrepancies appear between this spec-
trometer and the QE Pro, likely due to differences in calibration
and resolution. A JEOL 7000F scanning electron microscope with
a Thermo Electron energy-dispersive x-ray spectrometer (EDS) was
used to image the AgNP-coated substrates.

RESULTS AND DISCUSSION
MLG/AgNP SERS

To fabricate the SERS-active graphene substrates, we first
grafted AgNPs onto cleaned FTO via APTMS functionalization, and
then transferred MLG onto the bare nanoparticles. This strategy
provides an optically transparent and electrically conductive contact
to the graphene. Figure 2(a) shows an SEM micrograph of bare and
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MLG-covered AgNPs deposited on FTO, suggesting that the under-
lying morphology of the electrode does not change significantly due
to graphene transfer, although differences in the SEM contrast indi-
cate that the sample conductivity is affected due to the placing of the
graphene sheet.

First, we focus on the SERS response of AQDS over
MLG/AgNP electrodes and their comparison to MLG and AgNP
electrodes. The SERS traces in Fig. 2(b) show the Raman spectra
of a dry MLG/AgNP substrate compared to plain AgNPs, with the
former displaying the expected D, G, and 2D peaks of graphene at
1350, 1594, and 2692 cm ™!, respectively.”’ Figure 2(c) shows MLG,
MLG/AgNP, and AgNP electrodes, which were soaked for 2 min in
5 mM AQDS with 0.1M HCIOs, subsequently rinsed, and allowed
to dry. After exposure to the AQDS solution, molecular adsorption
revealed a greatly increased Raman scattering, by about one order of
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FIG. 3. Substrate electrochemistry. (a) Cyclic voltammograms (100 mV/s) of
adsorbed AQDS on plain FTO, FTO with AgNPs, and FTO/AgNP/MLG in 0.1M
H2S04. (b) Cyclic voltammograms (100 mV/s) of bare AgNPs and MLG-covered
AgNPs, including MLG with high coverage and MLG with significant tears/pinholes,
in 0.1M HyS0y.
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magnitude difference, when compared to the bare MLG/AgNP and
AgNP electrodes shown in Fig. 2(b). This adsorption is evidenced by
new bands that appear in both cases, overwhelming those intrinsic to
the MLG layer. In addition, a bare MLG electrode on which AQDS
adsorption was carried out, displayed no such bands, thus allowing
us to confidently conclude a SERS effect on the adsorbed AQDS on
MLG/AgNP and AgNP. We assigned the SERS bands on AgNP and
MLG/AgNP to the asymmetric SO;~ stretching (1194 cm™'), C=C
ring stretching (1328, 1390, and 1582 cm™), and C=0O stretching
(1650 cm™") vibrational modes.”" " The peak intensities of AQDS on
the AgNP electrode are about three times as intense as those on the
MLG/AgNP electrode, implying some attenuation of the SERS effect
in the latter. Considering the two SERS enhancement effects, it is
probable that the shorter-range chemical enhancement mechanism
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FIG. 4. AQDS voltammetry on MLG/AgNP substrates. (a) Cyclic voltammograms
at various scan rates in 0.1M H,SO4 on an MLG/AgNP substrate soaked 2 h
in 5 mM AQDS with 0.1M H,SOy. (b) 100 mV/s cyclic voltammograms of plain
MLG/AgNP substrates in 0.5 mM AQDS (blue) alongside MLG/AgNP soaked 2 h
in 5 mM AQDS with 0.1M H,SO4. All solutions use 0.1M H,SO4 as electrolyte.
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is decreased by the distance introduced by the MLG sheet that stands
between the AgNPs and the AQDS adsorbed layer. However, since
electromagnetic enhancement is often the dominant SERS mech-
anism,'® our results showing only mild attenuation at the MLG
covered substrates are reasonable.

To demonstrate the adsorption electrochemistry of AQDS
on these substrates, we soaked plain FTO, FTO/AgNP, and
FTO/AgNP/MLG substrates for 2 h in 5 mM AQDS with 0.1M
H,S04 and recorded cyclic voltammograms at 100 mV/s [Fig. 3(a)]
in 0.1M H,SO4. For each substrate, we observe a reversible wave cen-
tered around —0.05 V that we attribute to AQDS. On plain FTO,
this adsorption peak (if any) is weak. We also observe a peak on
the FTO/AgNP around 0.1 V, which we attribute to AQDS or some
interaction of AQDS with Ag oxides, as it is not present in the
voltammetry of FTO/AgNP in the absence of AQDS (see below).
To show the added electrochemical stabilization that MLG provides
to the FTO/AgNP substrate, we performed cyclic voltammograms
with wider potential windows on FTO/AgNP and FTO/AgNP/MLG
in 0.1IM H,SO4 [Fig. 3(b)]. On the bare AgNPs, we observe Ag
oxidation beginning near 0.4 V, with a clear re-reduction peak
upon the negative sweep. We did not observe this on a well-
covered FTO/AgNP/MLG sample, though we saw that samples with
tears and pinholes do allow some Ag oxidation. Also, at —0.8 V,
we observe hydrogen evolution reaction (HER) currents nearing
800 yA at —0.8 V on the bare AgNPs, while the well covered MLG
sample presented currents of <100 yA. When the MLG cover was
defective, the current was in-between these values, at ~200 yA. The
results with MLG cover point to a potential window-broadening
effect of the MLG via HER suppression. These results encourage the

ARTICLE scitation.org/journalljcp

optimization of graphene coverage and quality if higher stability
with electrode bias is desired.

We now evaluate the SERS performance of adsorbed AQDS on
MLG/AgNP electrodes under electrochemical cycling. To test the
SERS-electrochemistry of AQDS on these substrates under several
conditions, we soaked MLG/AgNP electrodes for 2 h in 5 mM AQDS
with 0.1M HCIOy, 1M HCIOy, or 0.1M H»SO4 before rinsing with
water and mounting onto an electrochemical cell. We then filled
the cell with the respective acid electrolyte, covered with parafilm,
and purged with Ar gas. Cyclic voltammograms at different scan
rates in 0.1M H,SO4 are shown in Fig. 4(a), which displays typi-
cal signs of molecular adsorption—first, because the AQDS redox
is present even in the absence of AQDS in solution, and second,
because the voltammetric peak increases in intensity with scan rate
in a linear fashion.”” Considering an electrochemically active area of
0.3 cm?, an integrated forward peak yielding ~10 uC, and number
of electrons as 2, we can estimate the molecular surface cover-
age as 1.7 x 107" mol/cm?, very close to that of a monolayer of
anthraquinone-2-carboxylic acid on gold measured by Han et al
(1.8 x 107'° mol/cm?).** Given the structural heterogeneity of these
substrates, which may lead to many distinct interactions with the
adsorbed AQDS molecules, it is not surprising to observe a broad-
ened voltammogram with several features in the current profile. This
voltammogram also shows the impact of traces of O, in the cell,
which largely mask the chemically reversible redox wave of AQDS at
lower scan rates. At faster scan rates, the AQDS redox is more clear,
since the voltammetric peak current of an adsorbed redox species
depends linearly on the scan rate, in contrast to redox species under-
going planar diffusion (i.e., O2), which depend on the square root of
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FIG. 5. Electrochemical SERS of MLG/AgNP soaked in 5 mM AQDS with 0.1M H2SO,. (a) SERS spectra taken during negative-going (top) and positive-going (bottom)
cyclic voltammograms in 0.1M H,SOy. (b) Voltammetry of AQDS-soaked MLG/AgNP in 0.1M H,SO4, with the estimated 1650 cm~" peak intensity. (c) SERS spectra taken
over 6 min at a fresh spot on an AQDS-soaked MLG/AgNP substrate at open circuit. (d) Three voltammetry cycles with the estimated 1650 cm=" peak plotted below,

showing gradual decrease in SERS intensity over time.
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the scan rate.”” Figure 4(b) compares the 100 mV/s cyclic voltammo-
grams of an AQDS-soaked MLG/AgNP electrode in 0.1M H,SO4 to
a fresh one in a solution containing 0.5 mM AQDS in 0.1M H,SOy4,
demonstrating the matching redox potentials between adsorbed and
solution AQDS. Overall, these tests showed the adsorption of AQDS
unto the MLG/AgNP electrode and the ability to carry out cyclic
voltammetry (CV) experiments in an AQDS-free electrolyte.
Electrochemical cycling gave rise to reversible SERS signatures
consistent with the redox of the adsorbed AQDS. We measured
Raman spectra during voltammetric cycling at 10 mV/s in 0.1M
H,S04, with an integration of 2s. Figure 5(a) shows the spectra mea-
sured during the first cycle split into the forward and reverse sweeps.
The 1650 cm™ peak corresponding to the C=0 stretch disappeared
upon AQDS reduction and reappeared upon reoxidation, indicat-
ing the reversibility of the quinone/hydroquinone forms presented
in Fig. 1. Meanwhile, the peak at 1619 cm™ assigned to the C=C
stretching within the anthraquinone ring becomes prominent upon
AQDS reduction, in agreement with results from Dai et al. on an
anthraquinone derivative attached to gold via sulfur functionaliza-
tion.”> Estimating the height of the 1650 cm™ peak by subtracting
the average intensity between 1800 and 2000 cm™" (used as proxy for
background) from the absolute peak intensity shows the reversibility
of the AQDS redox reaction, as shown in Fig. 5(b), overlaid with the
voltammogram. However, this trace showed a decrease in the overall
SERS intensity after the voltammogram. Moving the laser excitation
to a new spot on the substrate and measuring the SERS spectra over
6 min with no applied potential shows that the intensity decrease
occurs even without redox cycling [Fig. 5(c)]. Figure 5(d) shows the
electrochemical SERS over three voltammetric cycles at one spot,

C=0 stretch 01 M HC|O4

Intensity

t
C=C stretch 0.3
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again showing a decreasing SERS response over time. Figure 5(d)
also shows that although not proportionate to the change in Raman
intensity, the current intensity also decreased between the first and
third cycles. These observations suggest that some of the signal
degradation could be due to either AQDS desorption/degradation
or some MLG/AgNP degradation promoted by laser exposure. To
demonstrate that the response of our electrodes is not unique to
the H,SO4 aqueous environment, we also probed experiments in
HCIOy4, obtaining similar SERS results as shown by the reversible
traces in Figs. 6(a) and 6(b). Overall, the AQDS/MLG/AgNP assem-
bly clearly shows reversible SERS signatures consistent with redox
transformations.

To show the robustness of the MLG/AgNP substrates, we
imaged them after electrochemical SERS experiments with SEM,
including energy-dispersive x-ray spectroscopy (EDS). SEM micro-
graphs of MLG-covered AgNPs with [Fig. 7(a)] and without
[Fig. 7(b)] electrochemical SERS experimentation shows that
~70 nm particles are apparent across the FTO glass slide and that
the morphology and appearance of the electrodes is similar. The
EDS spectra at regions with high AgNP coverage show prominent
peaks at 3.0 and 3.2 keV, representing the La and Lp; lines for
silver, respectively, while spectra at relatively bare regions show
peaks mostly associated with tin and lighter elements [Fig. 7(c)].
Thus, the silver nanoparticles remain intact and bound to the FTO
under the MLG after voltammetric cycling in acidic media, encoun-
tering only partial SERS effectiveness loss. These results indicate
that these hybrid nanoparticle-graphene substrates are amenable
to spectroelectrochemical studies of surface processes at carbon
electrodes.
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FIG. 6. Electrochemical SERS spectra
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grams of MLG/AgNP substrates soaked
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HCIO,.
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FIG. 7. SEM characterization of MLG/AgNP substrates before and after electrochemical SERS. SEM micrographs of MLG/AgNP both with (a) and without (b) electrochemical
treatment are shown. (c) EDS spectra taken over AgNP-rich and AgNP-deficient regions of the substrate after electrochemical experiment.
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FIG. 8. Electrochemical SERS experimentation on SLG/AgNP substrates. (a) SERS spectra on bare and MLG-covered AgNPs soaked 2 min in 5 mM AQDS with 0.1M
HCIOs. (b) Cyclic voltammograms at 100 mV/s of plain SLG/AgNP (blue), showing traces of oxygen, and SLG/AgNP soaked 2 h in 5 mM AgNP with 0.1M HCIOy. (c) SERS
spectra recorded during cyclic voltammetry of AQDS-soaked SLG/AgNP (top: negative-going, bottom: positive-going). (d) Voltammetry of AQDS-soaked SLG/AgNP in 0.1M

H,S0;, with the estimated 1650 cm—" peak intensity.

SLG/AgNP results

To see the effect of graphene thickness on AQDS adsorption
and SERS response, we transferred SLG onto AgNPs with the same
wet transfer method as with MLG. We note that clean transfer
of SLG onto these rough AgNP/FTO surfaces is less reproducible,
likely due to the fragility of SLG compared to MLG, suggesting
that alternative transfer methods could be explored for obtaining
better SLG/AgNP substrates. Soaking the SLG/AgNP substrates for
2 min in 5 mM AQDS with 0.1M HCIOy leads to nearly identical
SERS spectra over bare and graphene-covered regions, as shown in
Fig. 8(a), implying that the thinness of SLG does not attenuate the
SERS enhancement of the AQDS much, if at all.

AQDS also showed reversible electrochemistry and SERS at
SLG. Soaking an SLG/AgNP substrate in 5 mM AQDS with 0.1IM
HCIO4 for 2 h and performing electrochemical SERS in 0.1M HCIO4
leads to a recognizable, reversible AQDS redox wave [Fig. 8(b)]

and a trend similar to the MLG/AgNP samples in the SERS spectra
[Fig. 8(c)]. Upon AQDS reduction, the 1650 cm™" peak disap-
pears altogether, leaving a broad peak centered around 1600 cm™
Figure 8(d) shows the 1650 cm™ peak intensity overlaid with the
voltammetry.

CONCLUSIONS

We have successfully developed a SERS-active modified carbon
electrode, which we think will be applicable to a variety of electro-
chemical studies involving adsorbed molecular species on graphitic
carbon. Our strategy is similar to that used in SHINERS, where we
utilize an underlying plasmonic material for enhanced Raman signal
on a thin non-plasmonic layer. We used this hybrid graphene/ AgNP
substrate to characterize the reversible redox behavior of an
adsorbed anthraquinone derivative, AQDS, on graphene in differ-
ent acidic media and compared MLG and SLG. We found that
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graphene had a stabilizing effect on AgNPs, helping suppress Ag
oxidation and HER. Raman intensities of AQDS on bare and
graphene covered substrates clearly showed the SERS effect on both.
We identified a trade-off between SERS intensity and sample repro-
ducibility: SERS on MLG/AgNP electrodes is more robust but less
intense than on SLG/AgNP electrodes, albeit the latter are more dif-
ficult to produce and experiment with. Voltammetric experiments
on both types of electrodes showed clear evidence of AQDS adsorp-
tion. We evaluated the SERS activity by evaluating the quinone C=0
stretch at 1650 cm ™", which dramatically decreased in intensity upon
reduction to hydroquinone. This redox pair displayed a reversible
behavior that followed changes in SERS induced electrochemically
using cyclic voltammetry. Progressive drops in SERS intensity over
time indicated a possible AQDS desorption and/or AgNP degrada-
tion, both likely caused by laser exposure. Future studies could more
thoroughly investigate other local solution effects, such as pH, on
the anthraquinone spectral signatures, as well as the role of possible
photothermal effects.”> Adjustments to substrate fabrication could
include graphene transfer improvements or the use of smoother
supports to obtain more homogeneous and reproducible graphene
layers. This substrate should open new opportunities to study a myr-
iad of electrode processes occurring on graphitic carbon electrodes,
and we look forward to its deployment for in situ and operando
studies of sensors, batteries, and electrocatalysts.
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