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ABSTRACT: The development of chemical sensors with selectivity and
sensitivity to detect contaminants is challenging, especially in the presence of
interferents possessing similar molecular structures. Electrochemical (EC)
and Surface-enhanced Raman Spectroscopy (SERS) sensors are widely used,
albeit with their disadvantages. However, integration of the two methods into
a single platform can potentially overcome their disadvantages. Until now, the
majority of the research has focused on EC-supported SERS detection,
thereby not exploiting the entire capabilities of EC-SERS. Laser-induced
graphene (LIG) technology, a cost-effective and one-step method to produce
graphene electrodes, is widely implemented for EC sensors but to a very low
extent for SERS. Herein, we aim to perform a comprehensive study on the synergy of EC-SERS methods by developing a dual-sensor
platform for 4-nitrophenol (4-NP) detection on LIG embedded with electrodeposited plasmonic silver nanostructures. EC
roughening and electrode polarization led to a significant amplification of the SERS response. The selectivity issues with EC methods
were overcome through sequential SERS-EC-SERS measurements making it possible to detect 4-NP in solutions containing similar
molecules, which was a critical issue reported before. Both methods demonstrated a good capability to detect and quantify 4-NP,
exhibiting distinct response modalities. This research establishes a practical approach for leveraging EC and SERS synergy to achieve
high analytical performance in detecting molecules with high selectivity in complex chemical environments.
KEYWORDS: laser-induced graphene, EC-SERS, electrochemistry, SERS, sensors, silver, electrodeposition, 4-nitrophenol

■ INTRODUCTION
The rise in the concentration levels of contaminants in the
environment, combined with spatial and temporal variations in
their levels, requires sensors that can perform real-time
measurements with minimal manual intervention. Conven-
tional analytical methods, such as chromatography or mass
spectrometry, are typically lab-based, expensive methods that
require extensive sample pretreatment procedures, lengthy
detection times, and experienced personnel. In this regard,
electrochemical sensors (EC)1−3 are promising alternative
methods to detect even complex targets in different media with
minimal pretreatment procedures. However, selectivity issues
and a lack of knowledge about the reaction mechanisms4 limit
their application. For instance, in the EC detection of 4-NP,
interference with organic molecules containing similar func-
tional groups like 2-NP and 3-NP has been reported.5−7

SERS8−10 provides selective analysis and can even differ-
entiate between similar functional groups. It has the advantage
that it can be used for real-time measurements without any
sample pretreatments. However, challenges in SERS detection
are the lack of quantification capability, the need to ensure the
target molecule’s affinity to the SERS electrode, and the
complex fabrication11−13 limiting the practical applicability of
SERS.

A dual sensing based on EC and SERS in a single platform
could overcome these limitations. SERS provides a high
selectivity, while EC methods offer sensitive quantification of
redox-active molecules.14,15 EC-SERS research primarily
followed two approaches. The most common is EC-assisted
SERS,12,16 where the applied potential in EC is used to
enhance the SERS signal. This amplification is realized by
electrode pretreatment or polarization, tuning the affinity and
molecule orientation and eliminating interfering species.17

These effects could address the lack of surface homogeneity
affecting the SERS signal.18 The less common approach is
SERS-assisted EC, where SERS is used to understand molecule
adsorption,19 electrodeposition,20 polymerization,21 and redox
processes,22 or to detect electrochemically inactive target
molecules,23 like it was shown for a hemin molecule.24
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In this context, this work focuses on the true dual detection,
where the complementarity between EC and SERS is exploited
to realize sensitive and selective detection of analytes. In the
previous study,25 simultaneous CV and SERS measurements
were performed on a commercial screen-printed gold electrode
to detect two different drugs. A redox-active metabolite,
riboflavin, was detected on electrodeposited silver on a gold
electrode by amperometry and SERS detection.26 Other
notable works include popcorn-like gold films for ribonucleic
acid detection27 and Au@Ag core−shell modified electrodes
for stroke biomarkers.28 While these works utilized noble
metals to achieve plasmonic enhancement, graphene, a 2D
carbon allotrope with sp2 hybridization, presents an interesting
complementary approach. Superior molecule adsorption
capability, high surface area and charge transfer capability,
quenching of photoluminescence effects, and fluorescence
background elimination are a few of the attributes that make it
suitable for EC and SERS applications.29,30

Concerning EC sensors, graphene is typically used as a
functionalization material by modifying the electrode through
different methods.31 In the case of SERS, graphene is known to
provide chemical enhancement,32 although with a lower
intensity than plasmonic systems, as graphene lacks the
electromagnetic enhancement that is a strong contributor to
Raman signal enhancement in SERS.33 Hence, to overcome
the limitation of low sensitivity, graphene is often integrated
with plasmonic nanomaterials, typically dominated by gold or
silver.34

While conventional graphene fabrication methods are costly
or lack scalability,33 LIG technology overcomes such
limitations by synthesizing graphene in a single-step, maskless
approach on flexible substrates at room temperature. LIG is a
2D multilayered material,35 highly defective, and exhibits a
high surface area, combined with good electrochemical
activity.36,37 In the case of SERS, the high surface area and
3D texture of the LIG realize numerous sites for efficient
docking of metal nanostructures and adsorption of target
analytes.38 Mu et al. developed LIG modified with presynthe-
sized Ag nanoparticles for the detection of melamine and
difloxacin hydrochloride at low concentrations in river water.
The detection was primarily based on an EC-assisted SERS
methodology in which the optimal potential was determined to
maximize SERS enhancement.39 Juang et al. have shown the

potential of LIG as an EC and SERS sensor independently for
the detection of uric acid by modification with electro-
deposited gold nanoparticles.40 Other notable works have used
silver and LIG-based systems for SERS detection of glucose,41

electrochemical detection of hydrogen peroxide,42 and a
supercapacitor and glucose sensor system.43 These works,
apart from achieving good detection, highlight the potential of
silver and LIG-based material systems for EC and SERS
detection. While those recent reports have shown LIG
functionalized with plasmonic systems to detect analytes in
complex media, the exploitation of the dual EC-SERS
approach has not been systematically explored to address the
fundamental challenge of selectivity in EC sensors, the non-
homogeneity of the electrode surface, and low signal intensity
in SERS sensing.
In this work, we address this gap by a systematic

investigation of the mutual influence of EC and SERS to
optimize the use of their complementarity so that they support
and achieve together a high-performing dual-mode detection.
This investigation is carried out on LIG as an electrode for
both EC and SERS, by using its excellent electrical and
chemical properties, such as high electronic transfer rate, high
surface area, and the chemical enhancement of the SERS
signals. The other aim thereby is to investigate for the first time
the LIG contribution to EC-SERS dual sensing. As an analyte,
we use 4-NP as an example target molecule, which is a
degradation component of pesticides showing reactivity in
both EC and SERS. We propose to modify LIG via in situ
electrodeposition of Ag fractal structures and investigate the
effect of electrochemical roughening on enhancing the EC and
SERS responses. We investigate the role of applied EC
potential on the SERS spectra and their complementarity. The
aim is to provide a workflow for quantifying analytes based on
both methods, where SERS provides chemical identification to
complement the blind spot in quantitative EC, offering a way
toward reliable analytics in complex media.

■ EXPERIMENTAL SECTION

Chemicals
All chemicals were of analytical grade and used without further
purification. Sodium phosphate dibasic heptahydrate and monobasic
monohydrate, silver nitrate (AgNO3), potassium chloride (KCl), 4-

Figure 1. Step-by-step methodology for the fabrication of LIG electrodes that includes a) Kapton sheet, b) applying mask and laser cutting of the
mask for contacts and reference electrodes, c) application of silver paste over the laser-cut regions, d) Laser engraving of graphene as working and
counter electrodes, e) applying a passivation layer, and f) the schematic of LIG electrodes with dimensions.
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NP, 3-nitrophenol (3-NP), 2-nitrophenol (2-NP), 4-acetamidophenol
(4-Act), and sodium nitrite were purchased from Merck, Germany.
110 �m thick Kapton sheet was obtained from DuPont, Germany.

Instruments Used
All of the electrochemical measurements were performed using a
commercial potentiostat, PalmSens4, from EKTechnologies, Ger-
many. The LIG electrodes were fabricated by a CO2 laser system
(Epilog Mini 24) with a 10.6 �m wavelength. Raman measurements
were performed by a Raman Plus 532H laser from MetrOhm,
Germany, with a wavelength of 532 nm and a focal spot size of 3 �m.
Scanning electron microscopy (SEM) imaging was carried out using a
Nova NanoSEM 200 microscope (FEI Company, USA).

Experimental Methods
Four W laser power, a scan rate of 30 mm s−1, and 1200 DPI
resolution were used for the fabrication of LIG electrodes. The three-
electrode pattern consisted of a LIG working electrode, a counter
electrode, and silver paste as a pseudoreference electrode. An
insulation tape was used for the passivation layer. Figure 1 shows
the fabrication methodology of the LIG electrodes used for EC-SERS
analysis.
Ag nanostructures (NS) were electrodeposited on the LIG

electrode by applying a constant potential of −0.8 V for 10 s in
0.01 M silver nitrate (AgNO3) inside 0.1 M potassium chloride (KCl)
solution. EC roughening was achieved by performing 5, 10, or 15 CV

cycles from −0.3 to 0.6 V at a scan rate of 0.1 V s−1. The Raman and
SERS analyses were performed at 10% of maximum power (30 mW)
and with a 30 s integration time. All the 4-NP and interference
solutions (2-nitrophenol (2-NP), 3-nitrophenol (3-NP), nitrite, 4-
acetamidophenol (4-Act)) were prepared in a 0.1 M phosphate-
buffered solution (PBS) at pH 7.

■ RESULTS AND DISCUSSION

SEM and Raman Characterization of Bare and Modified
LIG
Figure 2 presents the structural and spectroscopic character-
ization of the bare LIG. The SEM image shown in Figure 2a
reveals the typical porous and three-dimensional graphene
network formed after the laser irradiation of the polyimide
substrate. The morphology is composed of interconnected
graphene sheets and flakes, which is characteristic of LIG
generated through rapid photothermal carbonization of
polymers. This hierarchical porous morphology significantly
increases the effective surface area, which is advantageous for
EC and SERS sensing applications.
Raman spectra were obtained on 7 LIG surfaces fabricated

under ideal conditions. For each surface, five measurements
were obtained at different positions to evaluate the surface

Figure 2. a) SEM image of LIG, b) Raman spectra obtained on seven different LIG surfaces, and inset shows the ID/IG ratio, SEM images of
electrodeposited silver after c) 0, d) 5, e) 10, and f) 15 cycles of roughening.
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homogeneity, and Figure 2b shows the corresponding spectra.
All seven surfaces exhibit the characteristic Raman features of
graphitic carbon materials, including the D band (∼1350
cm−1) indicating the existence of structural defects typical for
LIG formed through rapid pyrolysis, G band (∼1580 cm−1)
corresponds to the sp2-hybridized carbon atoms, confirming
the formation of graphitic domains, and the 2D band (∼2700
cm−1) suggests the formation of few-layer or multilayer
graphene structures. To quantify the reproducibility and
surface homogeneity, ID/IG ratios were calculated after baseline
correction and normalization of the spectra. The values are
clustered around ∼0.8 across all surfaces, as seen in the inset of
Figure 2b, indicating a similar level of structural disorder and
graphitic ordering. The standard deviation within each surface
is relatively small, demonstrating good spatial uniformity of
LIG. Overall, the combined SEM and Raman analyses confirm
the successful formation of porous, multilayer graphene
networks with uniform structural characteristics that is
modified with electrodeposited silver structures.
Figure 2c−f shows the SEM images of unroughened pristine

Ag nanostructures on LIG and after 5, 10, and 15 roughening
cycles, respectively. As can be seen, the Ag structures before
roughening are deposited on the LIG network as shown in the
SEM image in Figure 2c. The as-deposited Ag on LIG exhibits
well-defined dendritic structures with a smooth texture and
anisotropic growth, a characteristic typically observed under
diffusion-limited electrodeposition conditions44 where the Ag+
ion transport to the surface is rate-limiting, leading to
preferential growth at regions with high surface area and the
formation of branched structures. After 5 EC roughening
cycles, although the dendritic structure is preserved, nanoscale
protrusions start to emerge especially at the branch ends due to
highly localized etching and redeposition processes occurring

during the cycling. Interestingly, after 10 cycles, substantial
changes on the surface are clearly visible from the images. A
highly roughened hierarchical structure, consisting of dense
nanoscale features distributed over the dendritic backbone, can
be observed. This morphology significantly increases the
density of nanoscale junctions and plasmonic hotspots, which
are critical in enhancing the SERS performance. Nevertheless,
further increasing the number of cycles to 15 leads to the
noticeable emergence of bulkier and rounder structures,
suggesting the diffusion and coalescence of the Ag nanostruc-
tures resulting in the reduction of nanoscale features and a
potential decrease in the SERS enhancement. Overall, EC
cycling proceeds via dissolution and preferential redeposition
at energetically favorable sites resulting in the emergence of
nanoparticles at 5 cycles which increase in density until 10
cycles and ultimately coarsen and coalesce into bulkier
structures at 15 cycles
EC and SERS Response Analysis

The EC and SERS response toward the 4-NP target molecule
was tested on bare LIG and the four electrodes and is shown in
Figure 3. Initially, the EC response of these LIG samples was
investigated in a 10−3 M 4-NP solution by performing CV and
square wave voltammetry (SWV) in the range where the
reduction of 4-NP occurs.45 Bare LIG showed very low
catalytic activity toward the reduction of 4-NP with very low
peak currents and high reduction overpotential as observed in
the CV and SWV curves from Figure 3a and b. However, the
peak currents increased for electrodeposited silver without any
roughening compared to bare LIG as seen from the figures.
The peak potential for the reduction of 4-NP was similar to the
previously reported values. The changes in morphology
brought about by roughening have a significant effect on the

Figure 3. a) CV, b) SWV response of LIG and electrodeposited silver-modified LIG surfaces with different roughening cycles, and c) bar graph of
peak currents for the reduction of 4-NP.
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EC response. Upon EC roughening, the peak potential shifted
positively to approximately −0.5 V, indicating a good electron
transfer capability of the roughened electrodes. However, the
CV technique was not sensitive to distinguish the differences in
peak currents between the electrodes subjected to different
numbers of roughening cycles. Figure 3b presents the SWV
curves obtained at the same concentration of 4-NP for
different electrodes. A similar shift to positive potential was
observed after roughening, consistent with the CV data. Figure
3c shows the peak currents obtained from the SWV curves,
where the peak current was determined relative to the local
baseline defined by extreme points selected at the beginning
and end of the peak. The quantified peak currents from SWV
reveal a steep increase of almost 6 times from bare LIG to the
as-deposited electrode with 0 cycles. The current values
doubled after 5 cycles of roughening owing to the formation of
nanoscale features. However, despite significant morphological
changes observed on electrodes for 5 and 10 cycles, the peak
currents remained identical, suggesting a plateau in EC
enhancement. In agreement with SEM analysis, the EC
response for the 15-cycle roughened electrode was reduced
due to the formation of bulkier structures, which reduced the
surface area for efficient charge transfer. To confirm the
conclusion, the electrochemically active surface area for the
four electrodes was evaluated by the lead underpotential
deposition method.46 Figure S1 shows the CV curves for lead
underpotential deposition performed in 10 mM lead nitrate
dissolved in 0.1 M hydrochloric acid solution at a scan rate of
0.075 V s−1. The peak potential positions in Figure S1 were
consistent with previous reports.47 The ratio of charge derived
from the integration of the anodic peak that resembles the
dissolution of a monolayer of Pb to the theoretical charge
density for Pb monolayer deposition48 provided the active
surface area of the electrode. The calculated surface areas were
3.412, 3.76, 3.775, and 3.443 cm2 for 0, 5, 10, and 15 cycles of
roughening, respectively, which agrees with the observed
response of the electrodes toward 4-NP.
Prior to SERS analysis, the Raman spectra of LIG and

electrodeposited Ag on LIG with EC roughening were
investigated. Raman spectra were obtained at 5 different
positions on bare LIG, 0-, 5-, 10-, and 15-cycle roughened
electrodes, and Figure S2 shows the average of the five spectra
on each surface. A pronounced enhancement in the character-
istic D (∼1350 cm−1) and G (∼1580 cm−1) bands was
observed after modification with Ag in comparison to that with

bare LIG, irrespective of the roughening cycles. This could be
attributed partially to localized surface plasmon resonance
(LSPR) effects induced by the Ag nanostructures and changes
in local optical fields arising from the presence of Ag
nanostructures. Similar to findings from the EC analysis, 5
and 10 roughening cycles demonstrated the most significant
enhancement, compared to the bare substrate, which could be
related to the formation of nanoscale features on the surface, as
evidenced by the SEM images in Figure 2. As expected, the
peak intensities decreased significantly after 15 cycles due to
the formation of larger structures, which reduced the nanogaps
needed for hotspot creation.
The SERS response of these electrodes was investigated with

4-NP as a probe molecule. The corresponding Raman
spectrum of 4-NP, along with its relevant peaks, is shown in
Figure S3. Similar to the EC analysis, the SERS response was
investigated on the four electrodes and bare LIG. A significant
influence of roughening was observed in the SERS spectra as
shown in Figure 4a. The measurements were performed at five
different locations on the same electrode, and the averaged
spectra were used to obtain representative data for each
sample. Figure 4b shows the intensities of the widely used
peaks for 4-NP analysis at 810, 850 cm−1 for NO2 group
bending, 1110 cm−1 for C−H ip bending, and 1321 cm−1 for
NO2 symmetric stretching.

49

As seen in Figure 4a, peaks related to 4-NP on bare LIG and
as-deposited Ag dendrites without any roughening cycles were
not identifiable. After roughening, well-identifiable peaks and a
progressive increase in their intensity were observed from 5 to
10 cycles. The highest intensities were obtained after 10 cycles,
as shown in Figure 4b, and could be attributed to the high
density of Ag nanoclusters on the surface, creating highly
localized plasmonic hotspots that enhance the signal. However,
at 15 cycles, similar to EC analysis, the loss of nanoscale
features due to the coalescence of nanoclusters resulted in a
reduction of hotspots and a significant decrease in SERS
intensity, as observed for all characteristic peaks in Figure 4b.
The approximate enhancement ratio at 810 cm−1 was
estimated by comparing the SERS intensity of 4-NP on Ag-
modified LIG substrates with the normal Raman intensity of
solid 4-NP measured on Si. The unroughened Ag/LIG
substrate (0 cycles) exhibited an enhancement of ∼4.5,
which increased to ∼9.5 and ∼13.3 after 5 and 10 EC
roughening cycles, respectively. A significant loss in enhance-
ment was observed for the 15-cycle sample (∼0.7). These

Figure 4. a) Raman spectra of 4-NP on bare LIG and SERS spectra on the four surfaces and b) peak intensities of the four peaks related to 4-NP at
5-, 10-, and 15-cycle roughened electrodes.
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values are consistent with the morphological evolution
observed in SEM, where moderate roughening generates a
high density of nanoscale features and hotspots that act as
effective SERS hotspots, while excessive roughening leads to
coalescence and a reduction in hotspot density. However, one
aspect to note is that these values represent intensity-based
relative enhancement ratios and do not consider differences in
the number of molecules probed in the solid 4-NP and SERS
measurements.

From the above findings, it can be concluded that the 10-
cycle roughened electrode demonstrated the highest density of
nanoscale features, resulting in a highly accessible surface area
for EC response and leading to the creation of a high degree of
localized hotspots responsible for obtaining high SERS
sensitivity. Therefore, for the subsequent analysis, 10 cycles
were chosen to obtain the electrodes, referred to herein as
nanostructured Ag- modified LIG (NSAg/LIG). EDX analysis
was performed to confirm if the dendritic substance was silver
and the corresponding graph is shown in Figure S4 in

Figure 5. a) SERS spectra obtained during the forward CV scan. b) Forward (above) and reverse (below) CV scans in 4-NP solution. c) SERS
spectra obtained during the reverse CV scan.

Figure 6. a) Waterfall plot showing SERS spectra obtained at different 4-NP concentrations, b) corresponding calibration plot showing logarithmic
response, c) SWV curves obtained at different 4-NP concentrations, and d) corresponding calibration plot showing linear response.
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Supporting Information. The spectra consist of carbon and
oxygen peaks arising from LIG, and a bunch of peaks from 2.98
to 3.35 keV that confirm the presence of silver on LIG.
In Operando SERS-CV Measurements

The role of applied EC potential on the evolution of SERS
spectra and thereby the EC transformation of 4-NP was
investigated by performing in operando SERS-CV measure-
ments. CV was performed at a very low scan rate of 0.003 V s−1
to match the integration time for acquiring Raman spectra (30
s) at a potential step of 0.1 V. Figure 5 shows the real CV
curves separated into forward and reverse directions and
marked with points where the SERS spectra were obtained.
The corresponding spectra taken at these marked points are
shown in Figure 6a for the forward scan and in Figure 6c for
the reverse scan.
During the forward CV scan from the OCP to −1 V, as

shown in Figure 6b, the peak for 4-NP reduction begins at
approximately −0.5 V and reaches its maximum at −0.6 V,
after which the current declines due to diffusion-limited
processes occurring at the electrode/electrolyte interface. The
reduction process involves a 3-electron transfer for the
conversion of 4-NP to 4-aminophenol.50 In the SERS spectra
shown in Figure 5a for the forward scan, from OCP to −0.2 V,
weak to negligible peaks were observed, indicating poor
enhancement or minimal adsorption due to insufficient energy
for the diffusion of 4-NP to the surface. In contrast, at −0.3
and −0.4 V, fingerprint peaks of 4-NP start to rapidly emerge,
corresponding to the optimal adsorption conditions and
maximum SERS enhancement. At the peak potentials of
−0.5 and −0.6 V, the Raman peaks are still present, albeit at
lower intensity, suggesting the conversion of 4-NP by reducing
to aminophenol.45 Beyond this potential, the fingerprint peaks
of 4-NP start to decline and eventually disappear due to the
conversion of 4-NP into products that have weaker Raman
features. Molecule desorption from the surface and diffusion
into the bulk solution could also explain the disappearance of
the Raman signal. In the reverse scan shown in Figure 5b, the
current increases to zero from ca. −35 �A, with no significant
oxidative peaks, indicating the irreversible nature of 4-NP
reduction. The SERS spectra shown in Figure 5c also convey
similar information as no characteristic 4-NP peaks were visible
from −0.9 to −0.7 V. Some vibrational features start to
reappear from −0.5 V, which could possibly be related to the
readsorption of residual 4-NP onto the surface.
The performance of bare LIG and NSAg/LIG under an EC

bias of −0.3 V was evaluated in a 100 �M 4-NP solution as

shown in Figure S5. Bare LIG under EC bias majorly showed
the typical D and G bands of carbon and almost negligible 4-
NP peaks. A significant enhancement in the peaks of 4-NP can
be seen on the modified electrode compared to the bare LIG
electrode indicating the high SERS activity of NSAg/LIG
electrodes. The role of applied potential for the deposition of
silver was investigated by preparing Ag-modified LIG at −0.2,
−0.4, −0.6, −0.8, and −1 V, and the time interval was varied
for each potential step to ensure the same amount of charge
was consumed during the deposition. The five electrodes were
tested in a 4-NP solution of 100 �M concentration, and their
EC-SERS response was recorded. Figure S6 in the Supporting
Information shows the EC-SERS response of the electrodes.
The measurement involved obtaining SERS spectra at EC bias
followed by SWV measurement. As seen from the figure, −0.8
V was optimal for the deposition resulting in SERS spectra
with relevant peaks of 4-NP and high currents in SWV in
comparison to other potentials. An increase in EC current was
observed from no peaks at −0.2 V to 113 �A at −0.6 V
followed by 125 �A at −0.8 V. Further rise in potential led to a
reduction in peak current to 74 �A. Similarly, in SERS analysis,
only carbon peaks were identified at −0.2 and −0.4 V. But
raising the potential led to the emergence of peaks related to 4-
NP. Similar peak intensities in SERS spectra were observed at
−0.8 and −1 V, resulting in the selection of −0.8 V based on
EC response.
Analytical Performance of the EC-SERS Platform

To evaluate the analytical performance of the NSAg/LIG
electrode for dual-mode detection of 4-NP, simultaneous SERS
and SWV measurements across a concentration range of 10−
750 �M were performed. For each concentration, a droplet of
the analyte solution was drop-cast onto the electrode surface,
and the measurement was performed in triplicate on three
different NSAg/LIG electrodes. SERS spectra were first
recorded at a fixed potential of −0.3 V, followed immediately
by SWV.
Figure 6a shows the average SERS spectra across the three

electrodes at different concentrations. As shown in the 3D
waterfall plot, the SERS spectra exhibit well-defined vibrational
bands in the 850−1600 cm−1 region corresponding to aromatic
ring modes and symmetric NO2 stretching of 4-NP.
Particularly, the peak at 810 cm−1 demonstrated an increase
in its intensity with all concentrations compared to the others.
The signal intensity increased consistently with the log of
analyte concentration from 10 to 500 �M. The corresponding
cal ibrat ion plot of peak SERS intensi ty versus

Figure 7. a) SERS spectra obtained before SWV measurement, b) SWV curves in the presence of different interferents, and c) SERS spectra
obtained after the SWV measurements.
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log10(concentration) in Figure 6b demonstrates a strong
logarithmic relationship with an R2 value of 0.97. On the
other hand, EC detection by SWV in Figure 6c shows a clear,
concentration-dependent increase in cathodic peak current,
while the background electrolyte (PBS) shows negligible
current. The corresponding calibration plot shown in Figure 6d
demonstrates a robust linear increase in peak currents versus
the concentrations from 10 to 750 �M, with an R2 value of
0.976.
The lower range of concentrations of SERS and its

logarithmic relationship between concentrations and peak
intensity could be attributed to the lack of access to the
plasmonic hotspots as they are covered with analyte molecules.
This leads to diminishing peak intensity with a rise in
concentrations for SERS, which has been previously explained
by Langmuir-type adsorption isotherms.51

Selectivity Analysis
The selectivity analysis of the NSAg/LIG sensor platform
toward 4-NP was performed by selecting structurally and
functionally similar molecules introduced at a 10-fold higher
concentration. 2- and 3-NP are isomers of 4-NP, sodium nitrite
as 4-NP has similar functional groups, and 4-Act has functional
groups at similar positions, although it does not have a nitro
group. All the experiments were performed in 100 �M
concentrations of 4-NP and 1000 �M concentrations of
interferents. For each analyte, SERS spectra were acquired
before and after SWV measurements at a potential of −0.3 V,
and the EC response was recorded via SWV under identical
conditions. Figure 7a shows the SERS spectra obtained prior to
SWV measurements, Figure 7b shows the SWV curves
obtained on NSAg/LIG in the presence of interferents, and
Figure 7c shows the curves after the EC measurement.
The SWV curves of 4-NP and those in the presence of

interferents are shown in Figure 7b. A significant increase in
current from 143 �A for 4-NP alone to 193, 212, and 352 �A
was recorded in the presence of 2-NP, 4-Act, and 3-NP,
respectively. In contrast, lower currents of approximately 84
�A were recorded in the presence of nitrite ions. These
deviations ranging from −41% to 146%, along with noticeable
shifts in peak potential shown in Table 1, indicate that EC

detection alone lacks the desired selectivity if the interfering
molecules have a similar structure or redox groups. From the
peak potential listed in Table 1, it can be seen that the
reduction potentials are almost similar for nitrite and 3-NP
compared with the other interferents. To have a better
understanding of the interference effect, Figure S7 shows the
SWV curves in the presence of only the interferents where in

the reduction peaks are within a similar potential window
(−0.5 to −0.7 V) to 4-NP, with only minor shifts between
species. The broad and overlapping nature of these peaks with
4-NP makes it difficult to distinguish individual species
electrochemically, especially in mixed systems. This also
suggests that monitoring the peak potential apart from peak
currents is not sufficient to identify the interferent effect on the
SWV response.
The selectivity issues of EC sensors were overcome by

measuring SERS spectra before and after SWV curves, as
shown by the highlighted points in Figure 7b. The spectra to
the left (Figure 7a) were obtained before the measurement,
and Figure 7c shows the recorded spectra after the SWV
analysis. Before the EC measurement, it can be seen from
Figure 7a that the presence of other molecules led to additional
peaks in the SERS spectra that were very diverse depending on
the interferent. The circled peaks in the spectra were selected
in the region where no peaks were visible in the only 4-NP
solution, and the peaks are listed in Table 1.
Prior to SWV, the peaks related to both molecules were

recognizable from the spectra. A slight shift in the peak
positions of 4-NP was observed after the addition of other
molecules to the solution. However, the addition of 3-NP to
the solution resulted in the diminishing of all of the peaks
related to 4-NP and the formation of a new peak at 1358 cm−1.
After SWV, a consistent response in SERS spectra was
observed with the peaks related to 4-NP were diminished,
and a small peak with relatively lower intensity was identified at
845 cm−1, indicating that the EC reduction process of 4-NP
resulted in a product with a low Raman cross-section.
Interestingly, the peaks after SWV for other molecules were
also absent, suggesting that the interfering molecules were
involved in the reduction process.
Further analysis was performed by extracting the intensity

value of the peaks at around 850 cm−1 (NO2 group bending)
before and after SWV in the presence of different interferents.
This peak was selected as it represents NO2 group bending and
was present in both pre- and post-SERS spectra. Figure S8
shows their corresponding intensity and the peak current from
SWV. The intensity of the SERS spectra before SWV showed
significant variations depending on the interferent molecule,
and a 4-fold increase in intensity was observed in the presence
of 2-NP. However, after SWV, the SERS response becomes
markedly more uniform. The intensity of the peak at around
850 cm−1 in the presence of interferents for all 4-NP-
containing systems had relative values of 1.21, 1.27, and 1.04
with respect to 4-NP alone. Even though these values are not
identical, they are confined to a narrow range compared with
the pre-SWV spectra. Only the 2-NP-containing system
showed a post-SWV intensity of 2109 a.u marginally reducing
from 2300 a.u before SWV suggesting a partial reduction of the
species. However, as the SERS spectra are dependent upon the
molecule orientation, the spectral stability of SERS of 2-NP
before and after EC measurement could suggest that both the
molecules have potentially blocked each other due to their
interaction on the surface.
To evaluate the performance of the EC−SERS platform

under more complex and realistic conditions, a mixed-
interference study was conducted in which all interferents
were simultaneously present along with 4-NP and Figure S9
can be found in the Supporting Information. The SERS spectra
obtained before the EC measurement exhibit multiple
overlapping features arising from the combined contributions

Table 1. Peaks Identified from SERS Analysis and Peak
Potentials from SWV in the Presence of Different
Interferents

Ions
Peak before EC

cm−1
Peaks after EC

cm−1
Peak

potential V
Peak

current �A

4-NP 810, 851 845 −0.61 298
4-NP+ 4-
Act

574, 624, 667,
809, 851

842 −0.47 361

4-NP
+nitrite

573, 807, 852 842 −0.66 377

4-NP+3-
NP

810, 1358 842 −0.52 310

4-NP+2-
NP

633, 745, 786,
803, 846

636, 746, 785,
803, 850

−0.65 2109
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of different species in the matrix. The individual peaks
representing the specific molecule were identified based on
Table 1. It also shows that SERS was capable of identifying the
species in complex matrices apart from the target molecule, as
well. Following the SWV measurement, a marked change in
the spectral profile is observed with a significant reduction in
spectral complexity and suppression of several features present
in the pre-SWV spectrum. The post-SWV spectrum appears
more uniform and less structured, indicating that the EC step
alters or reduces the contribution of multiple interferents.

In summary, the results show the synergy between EC and
SERS methods to cross-validate and enhance the selectivity in
complex matrices containing similar species. First, applying EC
bias while obtaining SERS enabled clear identification of
interfering species within the matrix. The sequential SERS-EC-
SERS approach demonstrates several aspects that are critical
for achieving good sensor properties in real time in unknown
matrices. The initial SERS measurement identified the
presence of multiple individual species in the matrix through
their spectral contributions. The post SWV SERS spectra

Figure 8. Reproducibility analysis of the EC-SERS platform showing a) peak currents recorded, b) peak intensities of five different peaks in the
SERS spectra, spatial homogeneity of NSAg/LIG electrode through EC-SERS measurements at seven different positions with c) showing SERS
spectra and inset showing the intensity variation of the peak at 810 cm−1, d) SWV curves obtained for each measurement, structural integrity
analysis through e) EC-SERS measurement on the electrode at different laser durations with the inset showing EC curves, and f) bar graph showing
SERS intensity and peak current with 10 repeated EC-SERS cycling on the same electrode.
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reveal changes or suppression in the spectral features of
species. The reduction or absence of peaks in post-SERS
spectra confirms the interference-related issues in intermediate
EC measurement which have contributed to the observed
variations in peak current. Nevertheless, EC measurements are
important to enable the quantification of target molecules by
both methods, as can be seen in the variation of peak intensity
of pre- and post-SERS spectra.
Reproducibility, Uniformity, and Stability of the EC-SERS
Platform

To evaluate the reproducibility of the NSAg/LIG-based EC-
SERS platform, both EC and SERS responses were measured
at a fixed 4-NP concentration of 100 �M by using five
independently prepared electrodes fabricated in different
batches. As shown in Figure 8a, the peak current values
obtained via SWV across five electrodes exhibit only minor
variation. The narrow error bars indicate excellent repeatability
in the electrodeposition and roughening process, demonstrat-
ing that the electron transfer kinetics and active surface area
remain consistent.
Correspondingly, Figure 8b presents the SERS intensity

distribution at four representative Raman bands (810, 850,
1109, 1150, and 1320 cm−1), all of which are characteristic
vibrational modes of 4-NP. While some degree of signal
variation is visible, particularly for the ∼850 and ∼1320 cm−1

peaks, this is expected due to the inherent hotspot-dependent
nature of SERS. Nevertheless, the overall intensities are
acceptable in SERS measurements where large deviations are
expected, especially when the plasmonic particles are
synthesized by electrodeposition processes. The combination
of low variation in peak SWV current and stable SERS
intensities across electrodes validates the interelectrode
reproducibility of the platform.
The spatial homogeneity of the 10-cycle NSAg/LIG

substrate was investigated by using EC-SERS measurements
at seven different locations on the electrode surface. As shown
in Figure 8c, the SERS spectra exhibit consistent peak positions
and spectral profiles at all measurement points, confirming
uniform analyte adsorption and chemical stability. The
variation in SERS intensity, quantified based on the character-
istic peak intensity at 810 cm−1, yielded a relative standard
deviation (RSD) of approximately 17%. The value is within the
typical range for SERS substrates and reflects variations in the
local hotspot distribution due to the orientation of dendrites
under the laser spot and the electrodeposition process itself.
The EC response obtained in parallel showed nearly
overlapping curves and negligible variation in peak current.
The calculated RSD of the peak currents shown in the inset of
Figure 8d is approximately 1.3%, indicating a repeatable EC
response of the electrode irrespective of the laser irradiation.
The stability and structural integrity of the NSAg/LIG

electrode was investigated using continuous laser irradiation at
the same spot and obtaining EC-SERS measurements every 5
min. The SERS spectra shown in Figure 8e, recorded after 5,
10, 15, and 20 min of laser irradiation, exhibit consistent peak
positions and comparable intensities, with no discernible peak
shifts or degradation. The corresponding EC response (inset)
also remains stable, suggesting that prolonged laser irradiation
does not induce structural or chemical changes in the
substrate. These results highlight the robustness of the Ag
nanostructures and their resistance to photothermal or
photochemical degradation.

The stability of the EC-SERS platform shown in Figure 8f
was further investigated through a series of 10 consecutive
measurements, with the analyte solution being removed and
reapplied before each measurement. Both the SERS intensity
and the EC peak current exhibit relatively constant values
across all cycles, characterized by only minor fluctuations. The
RSD of the SERS signal is estimated to be approximately 7.3%,
while the EC peak current exhibits an RSD of approximately
3.6%. This suggests good reproducibility for both measure-
ment methods. These results suggest that the substrate
maintains both its structural integrity and its sensing
properties, even with repeated use, making it suitable for
practical applications. Finally, the potential of the developed
platform toward other molecular classes was studied by
performing EC-SERS measurements in a paracetamol solution,
and the corresponding SERS spectra at varying potentials are
shown in Figure S10 of the Supporting Information. All of the
relevant peaks of paracetamol could be identified with varying
intensities based on the applied potential. The results suggest
that the platform is suitable for working with other target
molecules.

■ COMPARISON TO STATE-OF-THE-ART
The developed dual-sensor platform in this work was
compared to the existing state-of-the-art graphene-metal-
based EC-SERS systems. As can be seen from Table 2, most

of the works are on SERS detection by using EC as support to
enhance the SERS sensitivity toward different molecules. In
one of the research,40 EC and SERS detection by the
electrodes were achieved individually and not by combining
them into single platform. The most relevant work is ref 52,
wherein EC-SERS was used in a single platform, and the
synergy between both methods was exploited to study the
electrocatalytic reaction of 4-aminothiophenol and 4-nitro-
thiophenol. However, the proposed system was not a sensing
platform and was focused on studying the reaction
mechanisms. However, in this manuscript, we have performed
a comprehensive investigation and systematically explored the
complementary offered by both methods and thereby
achieving detection by both methods in a single platform
with good sensitivity.

Table 2. Comparison of Graphene and Metal-Based Systems
Implemented for EC-SERS Applications from State-of-the-
Art

Electrode Methodology Target ref

AgNPs/
LIG

EC-assisted SERS 4-Aminobenzothiol 39

AuNP/
LIG

Individual EC and SERS
detection

Uremic toxins 40

PANI/
RGO/
Ag/Cu

EC-assisted SERS detection Glyphosate 53

SPE/
RGO/
Au@Ag

EC-assisted SERS detection Thiram 54

Au-LSG EC-assisted SERS detection Uremic toxins 55
AgNP/
LIG

Electrocatalysis study by CV-
SERS

4-Aminothiophenol
and 4-
Nitrothiophenol

52

NSAg/
LIG

EC and SERS detection, EC-
assisted SERS and SERS-
assisted EC

4-Nitrophenol This
work
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■ CONCLUSION
In this work, a comprehensive investigation into the potential
of EC-SERS as a sensing platform is demonstrated using LIG
modified with electrochemically deposited Ag and roughened
Ag as the electrode material. Until now, the research has
focused on either EC-assisted SERS for SERS detection or
SERS-assisted EC to understand the reaction dynamics and
does not exploit the manifold possibilities that can be offered
by both techniques. Furthermore, LIG has been widely
implemented as an electrode for EC sensors; however, there
are only a handful of works that have utilized it for SERS
applications.
We have filled that gap by using Ag dendritic structures

electrodeposited on LIG substrates. The morphological
evolution of Ag nanostructures under progressive roughening
cycles, and evaluating the influence of cycling on EC and SERS
responses was performed. We found that 10 cycles of
roughening yielded an optimal NSAg/LIG surface that
maximizes both electrochemical activity and SERS enhance-
ment. These electrodes exhibit nanoscale features on micro-
scaled dendritic structures, which create a high surface area for
EC response and plasmonic hotspots needed for SERS. A
decline in both responses was observed for 15 cycles due to the
coalescence of the nanostructures. In operando, SERS-CV
measurements provided further insight into the real-time EC
transformation of 4-NP through SERS measurements. The
emergence and disappearance of characteristic vibrational
modes during reduction confirmed the surface-bound molec-
ular changes and demonstrated the complementary informa-
tion obtained from EC and SERS. Based on the analysis, −0.3
V was chosen as a suitable potential for SERS measurements
due to the significant intensity enhancement of the character-
istic peaks at this potential value.
The dual-mode detection was performed by measuring

SERS at −0.3 V, followed by SWV measurements in the same
solution. SERS exhibited a strong logarithmic correlation over
the concentration range of 10−500 �M, and SWV showed a
linear response over the range of 10−750 �M. The most
important aspect of this research is the capability of the EC-
SERS to achieve selective detection. Generally, EC sensors
tend to exhibit selectivity issues when the interfering ions have
a similar structure or contain the same redox groups as the
target molecule. Similarly, the EC response toward 4-NP
showed significant influence in the presence of similar
molecules. However, by combining SERS analysis with the
measurement of spectra before and after the SWV curves, the
presence of interferents in the solution was clearly identified.
Finally, the reproducibility, repeatability, durability and
stability of the proposed LIG based EC-SERS platform was
stuided in detail.The findings in this research are of high
significance since they serve as the foundation for the
development of analytical methods for molecular diagnostics
in complex matrices containing similar compounds, with
applications in both environmental and biomedical fields.
The work also demonstrates the potential that LIG could offer
a cost-effective and easy-to-fabricate alternative for complex
sensing platforms. Follow-up work could investigate the
integration with advanced machine learning algorithms for
complex feature extraction based on both measurement
methods, thereby enhancing the quantitative capability of
this dual-sensing approach.
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T.; Rodriguez, R. D.; Sheremet, E. Surface-Enhanced Raman
Spectroscopy and Electrochemistry: The Ultimate Chemical Sensing
and Manipulation Combination. Crit. Rev. Anal. Chem 2024, 54 (1),
110−134.
(16) Moldovan, R.; Perez-Estebanez, M.; Heras, A.; Bodoki, E.;
Colina, A. Activating the SERS features of screen-printed electrodes
with thiocyanate for sensitive and robust EC-SERS analysis. Sens.
Actuators, B 2024, 407, 135468.
(17) Brosseau, C. L.; Colina, A.; Perales-Rondon, J. V.; Wilson, A. J.;
Joshi, P. B.; Ren, B.; Wang, X. Electrochemical surface-enhanced
Raman spectroscopy. Nat. Rev. Methods Primers 2023, 3 (1), 79.
(18) Wu, T.; Tang, X.; Zeng, W.; Han, Y.; Zhang, S.; Wei, J.; Wu, L.
Potential powered EC-SERS for sensitive detection of acetamiprid. J.
Food Eng 2024, 378, 112109.
(19) Cao, P.; Sun, Y.; Gu, R. Investigations of chemisorption and
reaction at non-aqueous electrochemical interfaces by in situ surface-
enhanced Raman spectroscopy. J. Raman Spectrosc 2005, 36 (6−7),
725−735.
(20) Fleischmann, M.; Sundholm, G.; Tian, Z. Q. An SERS study of
silver electrodeposition from thiourea and cyanide containing
solutions. Electrochim. Acta 1986, 31 (8), 907−916.
(21) Mengoli, M.; Musiani, M. M.; Pelli, B.; Fleischmann, M.; Hill, I.
R. The effect of triton on the electropolymerization of phenol; an
investigation of the adhesion of coatings using surface enhanced
Raman scattering (SERS). Electrochim. Acta 1983, 28 (12), 1733−
1740.
(22) Fleischmann, M.; Hill, I. R.; Sundholm, G. A raman
spectroscopic study of quinoline and isoquinoline adsorbed on
copper and silver electrodes. J. Electroanal. Chem 1983, 158 (1), 153−
164.
(23) Markin, A. V.; Arzhanukhina, A. I.; Markina, N. E.; Goryacheva,
I. Y. Analytical performance of electrochemical surface-enhanced
Raman spectroscopy: A critical review. TrAC, Trends Anal. Chem.
2022, 157, 116776.
(24) Cai, W.-B.; Stefan, I. C.; Scherson, D. A. Determination of
adsorption isotherm of species adsorbed on roughened silver
electrodes from in situ quantitative surface enhanced Raman
spectroscopy. J. Electroanal. Chem 2002, 524−525, 36−42.
(25) González-Hernández, J.; Ott, C. E.; Arcos-Martínez, M. J.;
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