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Carbendazim (CBZ) is a broad-spectrum fungicide used worldwide to control fungal infestations in various crops.
However, its remarkable stability has raised concerns about accumulation in soils and aquatic environments,
garnering significant attention from the analytical community. In this report, we propose a nanoporous gold
electrode with reduced graphene oxide (NPGrGO) prepared according to a mold-assisted electrodeposition
method, in which the gold film was deposited simultaneously with the reduction of graphene oxide on a gold
microfiber surface for CBZ determination. The NPGrGO electrode exhibited a high density of edges with gra-
phene sheets confined within the pores in the presence of gold nanoparticles. This unique configuration
significantly enhances the electrochemical surface area and the roughness factor, directly influencing electro-
chemical measurements. Differential pulse voltammetry results show a linear behavior in the CBZ concentration
range of 1 — 200 umol L' with a limit of detection of 0.3 umol L™ and a limit of quantification of 1.0 pmol L2,
Besides, the NPGrGO sensor also revealed excellent reproducibility (4.2 %), repeatability (3.7 %), and selectivity
toward CBZ detection in the presence of other interfering molecules or ions. Finally, as proof of concept, the
NPGrGO was used to determine CBZ in river water samples. Therefore, we have demonstrated a simple and rapid
method for fabricating an NPGrGO electrochemical sensor, highlighting its significant potential for applications
in environmental analysis.

1. Introduction health and local aquatic ecosystems [6,7].

CBZ has a potential toxicity to humans, especially at high concen-

Carbendazim (CBZ) is a systemic fungicide with broad-spectrum
activity, extensively employed globally for pre- and post-harvest appli-
cations to mitigate fungal infestations in citrus fruits, plants, and various
crops, including beans, soybeans, and wheat [1-3]. It can also arise as a
degradation product from other pesticides, such as methyl thiophanate
and benomyl [4]. Known for its remarkable stability, CBZ exhibits
persistent properties in both soil and aquatic environments, with an
estimated half-life ranging from 3 days to 12 months [5]. With the in-
crease in the planet’s population and the escalation in food demand, the
annual use of pesticides has risen significantly. Particularly in the case of
CBZ, its application to soil results in long-lasting activity, often exhib-
iting slow degradation. Consequently, residues of this fungicide
permeate water and soil extensively, posing substantial risks to human
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trations or prolonged exposure. This pesticide has been linked to adverse
health effects such as infertility [8], kidney diseases [9], and an increase
in liver cancer cases [10]. Its embryotoxic effects and role as an endo-
crine disruptor have raised significant public health concerns [11].
Consequently, numerous countries have banned CBZ use in agriculture
or restricted its application to stringent regulatory standards.

CBZ determination has been reported using different analytical
techniques, such as Fluorescence [12], Surface-enhanced Raman scat-
tering [13], Liquid chromatography-mass spectrometry [14], Gas
chromatography-mass spectrometry [15], and High-performance liquid
chromatography-fluorescence [16], among others. These techniques
present high sensitivity for CBZ detection, but they require sophisti-
cated, bulky, and expensive equipment and often require lengthy
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analysis times, making field monitoring unfeasible. Hence, the devel-
opment of electrochemical sensors for CBZ detection is interesting, as
they are cheap, highly sensitive, and can be miniaturized easily without
damaging the detectability and selectivity, which allows real-time and
portable analysis.

A simple and effective strategy to improve electroanalytical methods’
sensitivity and selectivity is modifying the electrode surface using
porous materials due to their unique properties, such as high surface,
electrical conductivity, stability, and catalytic effects [17]. For instance,
nanoporous gold (NPG) materials have been prepared by various
methods and extensively used for several applications [18-22]. High
surface area noble metal electrodes have been fabricated through
different approaches, including chemical and electrochemical deal-
loying [23,24], anodization [25,26], electrodeposition with Hy bubble
formation [27,28], etc. Each one has its unique advantages, but special
attention has been given to the method known as the Dynamic Hydrogen
Bubble Template (DHBT), which uses the formation of Hy bubbles as a
template for metal deposition [29]. It is possible to optimize parameters
such as precursor concentration, potential, and deposition time from
mold-assisted electrodeposition, which ensures the best control of the
nanoporous film characteristics [30].

Previous studies show that researchers in this field have made efforts
to fabricate hybrid films containing gold-based nanomaterials [31,32]
and gold nanostructured films with carbonaceous materials [33-36].
Among carbon materials, graphene oxide (GO) stands out in sensing
organic molecules due to its attractive properties, such as large specific
surface area, chemical stability, homogeneity, and good geometrical
arrangement when incorporated into metallic films. Also, the excellent
electrical conductivity makes it a promising candidate for many appli-
cations [37,38]. There are different ways to obtain graphene oxide films.
In most cases, an additional step is required to promote the reduction of
the material and get the reduced graphene oxide (rGO) for electroana-
lytical determinations [39-41].

Herein, we present a novel method for the electrochemical deter-
mination of CBZ through simultaneous electrodeposition of a nano-
porous gold film on the electrode surface and reduced graphene oxide.
We also demonstrate that this platform significantly enhances the
electrochemical surface area and catalytic activity, which is an impor-
tant issue considering the development of a sensitive and selective
sensor for CBZ detection in natural water samples. To our knowledge,
this is the first report on the preparation of a platform for CBZ detection
based on nanoporous gold film and reduced graphene oxide.

2. Experimental section
2.1. Chemicals

Carbendazim (CBZ), hydrogen tetrachloroauric (III) trihydrate
(HAuCly4-3H0), and graphene oxide flakes were purchased from Sigma-
Aldrich. Sulfuric acid (H2SO4), acetic acid (H3CCOOH), phosphoric acid
(H3PO4), and boric acid (HsBO3) were acquired from Merck. All the
reagents were analytical grade and used without further purification
unless otherwise stated. The solutions were prepared using milli-Q-
water with 18.0 MQ cm resistivity.

2.2. Instrumentation

All the electrochemical measurements were performed using an
AUTOLAB PGSTAT128N potentiostat interfaced with Nova 1.11 soft-
ware. The experiments were carried out in a three-electrode configu-
ration cell, using gold microelectrode (Au), Ag/AgCl (saturated KCl),
and platinum wire as the working, reference, and auxiliary electrodes.
The gold microelectrode was polished using sandpaper (Grit 600 and
1200). Then, cyclic voltammograms were recorded in 0.5 mol L! H3SO4
solution to ensure the microelectrode worked adequately. The pH of the
solutions was adjusted using a pHmeter model 827 pH labs (Metrohm).
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Surface morphology images of the nanoporous gold were taken by field
emission-scanning electron microscopy using a JOEL JSM-7401F (30
kV) FE-SEM equipment. Raman measurements were carried out with a
high-resolution WITec 300-R confocal microscope. The samples were
scanned with a laser within an area of 1.8 ym? and a CCD detector of
1600 x 200 pixels. The He-Ne LASER wavelength, power, and integra-
tion time were 633 nm, 20 mW, and 1 s, respectively.

2.3. Fabrication of gold microelectrode

A gold microelectrode was fabricated using a gold fiber (& = 25 ym)
and a micropipette tip (capacity of 200 pL), and Figure SM1 illustrates
the fabrication steps. Initially, the gold fiber was glued to a nickel-
chromium wire using a glue silver conductor. Then, the fiber was
placed at the narrowest tip of the pipette tip and sealed using Araldite
(Tekbond) epoxy glue. The tip was placed in a well-ventilated space to
facilitate drying. When the glue was completely dry, the micropipette tip
was filled with carbon black. Although the fiber was bonded to the
nickel-chromium wire, filling the pipette with conductive material is
essential to ensure electrical contact. Finally, the other end of the tip was
sealed using Parafilm (Merck). The microelectrode was polished using
sandpaper (Grit 600) to remove the excess glue. Afterward, the surface
of the microelectrode was polished with sandpaper (Grit 1200), and a @
= 25 um fiber disc was exposed. Finally, the microelectrode surface was
copiously washed with distilled water.

2.4. Preparation of nanoporous gold with reduced graphene oxide

A single-step amperometric method was employed to prepare a
nanoporous gold electrode with reduced graphene oxide (NPGrGO). The
modification was performed through an electrodeposition with Hj
bubbles (DHBT) by applying —4 V for 250 s. The electrochemical cell
was composed of three electrodes immersed in 4 mL of a 5 mmol L™}
HAuCly solution in an acid medium (0.5 mol L! H2S04) containing 1
mg of commercial graphene oxide (Sigma Aldrich). The precursor so-
lution was previously sonicated for 10 min to obtain homogeneity.
Electrodeposition was performed with constant stirring using a magnetic
bar under the working electrode to release the H, bubbles formed during
the modification. The parameters of the modification step, such as the
applied potential, the deposition time, and the concentration of gra-
phene oxide, were previously optimized. A nanoporous gold micro-
electrode was prepared using the same protocol but without graphene
oxide (NPG) for a comparative study.

2.5. Pretreatment of river water samples

River water samples were collected in pre-cleaned amber glass bot-
tles (1000 mL) from the Pinheiros River (geographic coordinates:
—23.554410, —46.723980) in Sao Paulo, Brazil. The sample bottles
were transported in an ice cooler to the laboratory and kept at 4 °C until
the analysis to prevent the proliferation of microorganisms in the sam-
ple. The pH of the collected water was 6.93. Further, the samples were
filtered through Millipore mixed cellulose ester membrane filters (0.5
um pore size).

2.6. Analytical parameters for CBZ determination

The analytical curve was obtained in a 5 to 250 pmol™' GBZ con-
centration range in 0.04 mol L™! BR Buffer solution (pH 7.0) using the
differential pulse voltammetry (DPV) technique. The CBZ electro-
chemical response was recorded in the potential range from 0.7 to 1.3 V
(vs. Ag/AgCl sat KCl), and the optimized parameters were determined as
pulse amplitude 50 mV, step potential 5 mV, and scan rate 50 mV s °.
Five replicates of each concentration were performed to estimate the
precision.
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Fig. 1. CVs recorded in a 0.5 mol L~! H,S0, solution using bare Au, NPG, and
NPGrGO microelectrodes. Inset: Amplified CV recorded with the bare Au
microelectrode. Scan rate: 100 mV s~ %,

3. Results and discussion
3.1. Electrochemical and morphological characterization

The electrochemical characterization was performed by comparing
the electrochemical behavior of three electrodic surfaces: bare gold
microelectrode (Au), NPG, and NPGrGO. Fig. 1 shows typical cyclic
voltammograms for these electrodes recorded in a 0.5 mol Lt H3SO4
solution. Because of the larger surface area, nanoporous surfaces sub-
stantially enhance anodic and cathodic currents. For instance, a 2500-
fold increase in the cathodic peak current (E = +0.9 V) was observed
for the NPGrGO sensor compared to the bare Au microelectrode, while
the NPG electrode showed a 1400-fold increase. This increase can be
attributed to two fundamental mechanisms. Firstly, the hydrogen bub-
bles act as a template, facilitating the creation of the nanoporous film.
Secondly, graphene sheets, confined within these pores, could act as
scaffolds for the deposition of gold nanoparticles. This dual mechanism
enhances the electrochemical surface area (ECSA) significantly
compared to the nanoporous gold (NPG) electrode, which relies solely
on the formation of hydrogen bubbles. ECSA values of all electrodes
were calculated from the corresponding charge of the Au oxide reduc-
tion peak by the charge-integration method [25], and the results are
given in Table SM1. These results confirm the NPGrGO presents a large
surface area.

Subsequently, the NPGrGO electrode was characterized using a well-
known electrochemical probe solution to infer whether the proposed
modification method would require an additional electrochemical step
to ensure the reduction of graphene oxide. In this study, the NPGrGO
electrode was compared to another electrode submitted to a further
treatment step generally used to promote the reduction of graphene
oxide. In this sense, after the electrode modification step, the treated
NPGIGO electrode was cycled 10 times in a deaerated 50 mmol L™?
NaySO4 solution. The potential window in the additional step was from
1.0 to —1.0 V at 50 mV s~ '. Figure SM2 shows the CVs obtained in a 5
mmol L~! K3[Fe(CN)g] in 0.1 M KCl at 50 mV st using the NPGrGO and
the treated NPGrGO. The results show that the surface modification
protocol proposed in the present work promoted the formation of a
nanoporous gold film and the simultaneous reduction of graphene oxide.
This conclusion is supported by an analysis of the identical voltammetric
profiles obtained for the NPGrGO microelectrodes (with and without the
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additional treatment step). Figure SM2 (inset) illustrates the CV results
for the bare Au microelectrode, which exhibited a sigmoidal profile
consistent with the expected for a polished bare gold microelectrode. By
comparing the voltammograms presented in Figure SM2, one can also
notice a current increase for the NPG microelectrodes compared to the
bare one and the change in the voltammetric profile. However, such a
current enhancement is not proportional to the ECSA increase because
ferricyanides electron transfer process is very fast; hence, not all interior
pores are employed in the electrochemical process.

The morphological characterization of all surfaces was performed
using Field Emission Scanning Electron Microscopy (FE-SEM) images
(Fig. 2). Fig. 2a illustrates the bare Au microelectrode with a highly
smooth and planar surface. Minor grooves may be present, contingent
on the polishing procedure applied. Fig. 2b depicts the morphology of
the nanoporous gold (NPG) electrode, which features a three-
dimensional network with small pores and interconnected ligaments.
Upon further magnification (Fig. 2c¢), it is evident that the NPG electrode
displays porous dendritic structures on a denser layer. The enhancement
of these hierarchical structures could lead to the formation of new active
sites. The electrodeposition parameters (potential and deposition time)
significantly affect the structure of the resulting porous film and,
consequently, can impart varied physicochemical properties to the
electrode [42]. The surface of the NPGrGO electrode exhibited a highly
porous structure, resembling a metallic foam with pores of varying sizes,
similar to the NPG electrode. However, for higher magnifications
(Fig. 2d), it is possible to observe an increase in the dendritic structures
and the graphene sheets deposited on the gold film or still confined
within the pores. Fig. 2e shows the deposited graphene sheets that act as
a substrate for the electrodeposition of gold nanoparticles. When the
image is magnified (Fig. 2f), it becomes increasingly apparent that the
gold nanoparticles exhibited substantial growth on the graphene sheets
situated on the film. This observation accounts for the considerable in-
crease in peak current observed with the NPGrGO electrode, which may
enhance the detectability in analytical applications.

The Raman spectra for bare and modified electrodes are depicted in
Figure SM3. The bare Au (red line) and NPG (black line) electrodes
exhibit no discernible bands, indicating that these materials are pre-
dominantly pure gold. Conversely, the NPGrGO (blue line) electrode
reveals distinct D and G bands centered at 1337 cm™ and 1600 cm™,
respectively [43]. These observations confirm that synthesizing the
nanoporous film with reduced graphene oxide using a single-step
amperometric method was both effective and easy to implement.

3.2. CBZ electrochemical behavior

CBZ electrochemical behavior on bare Au and nanoporous surfaces
was evaluated by cyclic voltammetry using a 150 ymol L™} CBZ solution
in 0.04 mol L BR buffer (pH 7). The CVs were recorded in a potential
range from 0.7 to 1.3 V at a scan rate of 50 mV s~ as shown in Fig. 3. We
established a pH of 7.0 to avoid manipulating the sample, given that the
developed electrode will be applied for river water analyses. Previous
methods reported in the literature support the selection of a neutral
medium for the electrochemical detection of CBZ [44,45].

Fig. 3a compares the voltammetric signals recorded with a bare Au
electrode in both the absence and presence of the analyte. In the pres-
ence of CBZ, although the electrode presented a voltammetric profile
distinct from the background current, no anodic peak was detected. In
contrast, when electrodes with nanoporous surfaces were utilized, a
defined peak corresponding to the oxidation of CBZ was observed at E =
+1.2 V. Fig. 3b presents the CVs for bare Au and both NPG and NPGrGO
electrodes. The NPG electrode exhibits an oxidation peak for CBZ,
indicating that the nanoporous film imparts an electrocatalytic effect,
which is not observed with the bare Au microelectrode. According to the
literature [46,47], the anodic peak can be attributed to an electro-
chemical irreversible conversion of the amino group to a nitro group
(-NO), as described below:
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An even more significant improvement was observed for the
NPGrGO electrode since the peak profile was better defined, and the
current obtained was about 5000-fold higher than that of the NPG
electrode at 1.2 V. The synergistic effect between the nanoporous film
and the reduced graphene oxide is responsible for such behavior.
Incorporating graphene sheets into the film facilitates the electrodepo-
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gold (rGO electrode). CV was performed under the same conditions as
described above, with the results presented in Figure SM4. As shown,
CBZ exhibits a discrete oxidation peak at E = + 1.2 V. However, the
current response is comparable to that of the polished gold electrode,
suggesting that the surface modification does not significantly enhance
the electrochemical behavior. Therefore, it is apparent that the key
factor contributing to the enhanced anodic oxidation of CBZ is the
interaction between the graphene oxide layers and the nanoporous gold
film, which together impart superior electrochemical performance to the
NPGrGO electrode. Consequently, the NPGrGO electrode is a promising

(b) NPG

LEI 50kv  X1,000 10um WD 8.0mm

AL &

50k X5000 1um  WD80mm

1Q-USP S 5.0k X50,000 100nm WD 2.0mm

Fig. 2. SEM images of the surface of bare Au (a), NPG (b, ¢), and NPGrGO (d-f) microelectrodes at different magnifications.
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recorded in a 250 ymol L™ CBZ in 0.04 mol L™! BR Buffer (pH 7.0) using bare Au, NPG and NPGrGO microelectrodes (b). Scan rate: 50 mV s~ .

platform for sensitively detecting the CBZ fungicide in aqueous samples. potential, deposition time, and graphene oxide concentration. All
studies were conducted using univariate analysis, where one parameter
3.3. Optimization of NPGrGO fabrication was varied while all others remained fixed. Fig. 4 shows the results
obtained by differential pulse voltammetry in 4 mL of a solution con-
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to obtain the most suitable NPGrGO film for developing a CBZ sensing: fabricated by applying different potentials (- 1, - 2, - 3, and —4 V). Fig. 4a
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Fig. 4. DPVs recorded in a 250 pmol L~ CBZ solution in 0.04 mol L~! BR Buffer (pH 7.0) using an NPGrGO electrode fabricated at different potentials (a), different
deposition times (b), and different graphene oxide concentrations (c).
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shows DPVs recorded with the NPGrGO prepared at a fixed time (250 s)
and using 0.5 mg of graphene oxide dispersed in a 5 mmol L™ HAuCl, +
0.5 mol L™ HyS04 solution. The anodic current corresponding to the
CBZ oxidation increases as the potential becomes more negative.
Although there is no significant difference between the results obtained
for —3 and —4 V, —4 V was defined as the optimal potential. Afterward,
the NPGrGO electrode was fabricated by applying the optimized po-
tential at different electrodeposition times (50, 100, 200, 250, and 300
s). As one can see, longer deposition times result in a higher peak cur-
rent, suggesting a larger surface area. However, after 250 s, the current
intensity reached a plateau, indicating that the electrode surface was
saturated. Thus, the time employed for the modification step was set to
250 s (Fig. 4b). Finally, the amount of commercial graphene oxide (0.25,
0.50, 1.0, and 2.0 mg) dispersed in the 4 mL of the gold precursor so-
lution was optimized. Fig. 4c presents the DPVs obtained for the
NPGrGO material synthesized with different graphene oxide concen-
trations. When the concentration of graphene oxide exceeded 1.0 mg
dispersed in 4 mL of the gold precursor solution, the peak current
remained stable without further variations. Therefore, the NPGrGO
electrode was prepared by applying a potential of —4 V for 250 sina 5
mmol L™! HAuCl, + 0.5 mol L™ H,S04 solution containing 1.0 mg of
commercial graphene oxide.

3.4. Analytical performance

The analytical performance for CBZ quantification was evaluated
using the NPGrGO electrode in a 0.04 mol L~! BR Buffer solution (pH7)
at various CBZ concentrations in the 1 to 200 umol Lt range. Fig. 5
shows DPV curves using optimized parameters (pulse amplitude of 50
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mV and step potential of 5 mV), and current values proportional to CBZ
concentration are observed according to the equation: i(unA) = 0.0253 +
0.0222 Ccpz (umol L™1) (R% = 0.998). The limit of detection (LOD) and
limit of quantification (LOQ) were calculated according to IUPAC rec-
ommendations, and the found values were 0.3 and 1.0 umol L,
respectively. Notably, the found LOD is below the maximum residue
limit (MRL) for CBZ in water samples established by the Australian
Environmental Protection Agency (0.5 umol L™1). This threshold is one
of the few environmental rules that still allow the controlled use of this
ingredient in crop protection products [48].

A comparison of some analytical parameters for CBZ determination
using the NPGrGO electrode and sensors reported in the literature is
presented in Table 1. The developed sensor is more sensitive than those
listed in the table, even though one of those works reported a lower LOD.
However, the proposed NPGrGO sensor can be fabricated in minutes, not
depending on laborious steps such as layer-by-layer modification [52,
53]. In addition, the developed NPGrGO does not require biomolecules
[54], which makes the process cheaper and with simple manipulation of
the materials used as modifiers of the electrode surface.

Repeatability and reproducibility were also evaluated. A within-
assay precision study was assessed by detecting different CBZ concen-
trations (10, 25, 50, and 100 pmol L™1) in five continuous tests on the
same day and using the same electrode. These measurements were
repeated for three consecutive days to estimate the between-assay pre-
cision. The results are presented in Table 2 and confirm that the NPGrGO
sensor presented excellent precision since the RSD values of within-
assay and between-assay measurements were below 3.7 % and 4.0 %,
respectively. The reproducibility of the sensor was calculated by
recording DPVs in a 1 pmol L ™! CBZ solution with five different NPGrGO
electrodes. The relative standard deviation (RSD) of 4.2 % indicates the
sensor fabrication is reproducible. The fabricated NPGrGO electrode was
stored in a vial containing 0.5 mol L™! H,SO4 to ensure the electrode’s
stability. The studies were repeated every three days, and the platform
remained stable without significant variations for 21 days (current
variation < 4.7 %).

A recovery study was performed to assess the applicability of the
NPGrGO sensor for quantifying CBZ in river water samples. The study
employed the standard addition method using DPV. The river sample
was enriched with 1 umol L' of the pesticide (base concentration), and
successive concentrations were added to evaluate the percentage re-
covery of the electrode. The NPGrGO sensor demonstrated high accu-
racy without interference from the sample matrix (Table 3). These
results suggest that the NPGrGO sensor is a practical approach for CBZ
quantification in river water samples.

The selectivity of the sensor for detecting CBZ in the presence of
potential interferents commonly used in crop protection products was
also thoroughly evaluated. In these studies, the concentration of the
interfering species was fixed at a 30-fold higher than that of CBZ (1 umol
L™1). From the results in Fig. 6, one can conclude that none of the tested
species significantly affected the CBZ determination, with interference
remaining below 5 %. These results suggest that the synergistic effect of
the nanoporous gold film and reduced graphene oxide sheets enhances

Table 1

Comparison of different modified electrodes and electroanalytical techniques for CBZ.
Surface Technique Linear range / LOD / Stability Sample Ref.

umol L™} pmol L™}

p-CD-MWCNTs-BDDE SWAdSV 0.7 -11.2 0.27 Not informed River water [49]
Laser induced graphene SwWv 1.0 - 40 0.67 5 days Wastewater [50]
BDD Swv 5.0 - 69 1.6 Not informed Lemon juice [51]
Carbon fiber DPV 0.1-2.0 2.6 30 days Soil [52]
CCME DPV 0.08 - 2.0 0.02 Not informed Mango juice [53]
NPGrGO DPV 1.0 - 200 0.3 21 days River water This work

SWAAdSV: Square Wave Adsortive stripping voltammetry.
SWV: Square Wave Voltammetry.
DPV: Differential Pulse Voltammetry.
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Table 2
Within-assay precision and between-assay precision for the NPGrGO electrode.

Sample* Within-assay Between-assay
1 0.92 + 0.03 1.17 £0.05
5 5.2+ 0.2 5.2+ 0.2
10 10.1 £0.3 9.8 +0.4
25 25+1 25+1
50 50 +2 50+2
* umol L1
Table 3

Recovery study of CBZ in spiked river water samples (95 % confidence interval; n
=5).

Base® Added Found Recovery”
1 - 1.1 +0.2 -

1 4 52+0.2 105

1 10 10.8 £0.1 98

1 25 26.4 + 0.6 101.6

1 50 52+1 102

2 umol L1

b Recovery = [(found-base)/added] x 100.
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Fig. 6. Interference study performed in solutions containing 250 ymol L™! CBZ
in absence and presence (30-fold concentration) of some interfering substances
using the NPGrGO electrode.

the rate of electron transfer, resulting in increased sensitivity and
improved selectivity.

4. Perspectives

To further enhance the detection of pesticides in water resources
using modified electrodes, the combination of reduced graphene oxide
with other nanostructured metals, such as platinum or palladium, could
be explored. This approach has the potential to enable the simultaneous
detection of multiple contaminants. Additionally, the development of
disposable paper-based sensors could be pursued by modifying the
electrode surface through pulsed laser deposition or nanomaterial
printing techniques. This would significantly improve sensor portability
and enable more efficient in-situ analysis. Future studies could focus on
the systematic optimization of electrode surface functionalization,
including the modulation of particle size or the incorporation of specific
functional groups or biomolecules to selectively interact with a broader
range of target analytes.

5. Conclusions

This work presents a facile and rapid method for fabricating an
electrochemical sensor modified with a nanoporous gold film

Electrochimica Acta 525 (2025) 146162

electrodeposited with reduced graphene oxide. The optimized material
was prepared using a single-step amperometric method, and the nano-
structured sensors exhibited a more suitable surface for the anodic
oxidation of CBZ, as no evident response for this compound was
observed using a bare Au microelectrode. In addition, combining the
nanoporous gold film with graphene oxide resulted in a remarkable
sensitivity enhancement. This synergy increased the electroactive sur-
face area, creating a hybrid material composed of nanoporous gold, gold
nanoparticles, and reduced graphene oxide. The morphological char-
acterization studies confirmed the composition of the prepared film. As
proof of concept, the sensor was used to quantify CBZ in river water
samples using a simple preparation step, and a recovery close to 100 %
was found. Therefore, we have demonstrated a simple and rapid method
for fabricating the NPGrGO electrode, highlighting its significant po-
tential for applications in environmental analysis.
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