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ABSTRACT: In this study, three different sizes of gold nanorods
(AuNRs) were synthesized using the seed-growth method by
adding various volumes of AgNO3 as 400, 600, and 800 μL into the
growth solution of gold nanoparticles. Three different sizes of
AuNRs were then characterized using UV−vis spectroscopy, high-
resolution transmission electron microscopy (HRTEM), selected
area electron diffraction (SAED) patterns, and atomic force
microscopy (AFM) to investigate the surface morphology,
topography, and aspect ratios of each synthesized AuNR. The
aspect ratios from the histogram of size distributions of three
AuNRs as 2.21, 2.53, and 2.85 can be calculated corresponding to
the addition of AgNO3 volumes of 400, 600, and 800 μL.
Moreover, each AuNR in three different aspect ratios was drop-cast
onto the surface of a commercial screen-printed carbon electrode (SPCE) to obtain three different SPCE-modified AuNRs (SPCE-
A400, SPCE-A600, and SPCE-A800, respectively). All SPCE-modified AuNRs were then evaluated for their electrochemical
behavior using cyclic voltammetry and electrochemical impedance spectroscopy (EIS) techniques and the highest electrochemical
performance was shown as the order of magnitude of SPCE-A400 > SPCE-A600/SPCE-A800. The reason for the highest
electrocatalytic activity of SPCE-A400 might be due to the smallest particle size and uniform distribution of AuNRs ∼ 2.2, which
enhanced the charge transfer, thus providing the highest electroactive surface area (0.6685 cm2) compared to other electrodes. These
results also confirm that the sensing mechanism for all SPCE-modified AuNRs is controlled by diffusion phenomena. In addition, the
optimum pH was obtained as 4 for carbaryl detection for all SPCE-modified AuNRs with the highest current shown by SPCE-A400.
Furthermore, SPCE-A400 has the highest fundamental parameters (surface coverage, catalytic rate constant, electron transfer rate
constant, and adsorption capacity) for carbaryl detection, which were investigated using cyclic voltammetry and
chronoamperometric techniques. The electroanalytical performances of all SPCE-modified AuNRs for carbaryl detection were
also investigated with SPCE-A400 displaying the best performance among other electrodes in terms of its linearity (0.2−100 μM),
limit of detection (LOD) ∼ 0.07 μM, and limit of quantification (LOQ) ∼ 0.2 μM. All SPCE-modified AuNRs were also
subsequently evaluated for their stability, reproducibility, and selectivity in the presence of interfering species such as NaNO2,
NH4NO3, Zn(CH3CO2)2, FeSO4, diazinon, and glucose and show reliable results as depicted from %RSD values less than 3%. At
last, all SPCE-modified AuNRs have been employed for carbaryl detection using a standard addition technique in three different
samples of vegetables (cabbage, cucumber, and Chinese cabbage) with its results (%recovery ≈ 100%) within the acceptable
analytical range. In conclusion, this work demonstrates the great potential of a disposable device based on an AuNR-modified SPCE
for rapid detection and high sensitivity in monitoring the concentration of carbaryl as a residual pesticide in vegetable samples.

■ INTRODUCTION
One of the major challenges to ensuring food security for
global consumers in the world is the development of rapid
detection techniques for detecting pesticide residues and their
metabolites in foodstuffs.1,2 Their bioaccumulation in agricul-
tural land that is highly dangerous for human health may be
derived from unregulated and excessive usage and thus
adversely impact the quality and safety of foodstuffs.3,4
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Therefore, developing a robust analytical method for detecting
residual pesticides in foodstuffs and monitoring their
concentration in the environment is necessary. Among those
residual pesticides commonly found in foodstuffs, carbaryl as a
carbamate family has been widely used to increase production
in agricultural lands due to its high efficiency and powerful
activity in controlling the population of harmful insects to a
variety of plant crops.5,6 When the carbaryl residue occurs in
food and subsequently enters the human body, it can cause a
great threat and lead to several serious failures and hazards in
the metabolic system.7−9 Moreover, the European Union (EU)
has regulated the maximum residue limits (MRLs) of carbaryl
concentration in several foodstuffs from 0.01 to 0.05 mg
kg−1.10 Meanwhile, the United States Environmental Protec-
tion Agency (US EPA) has established the MRLs for cabbage,
leafy, and root vegetables at 21, 10, and 75 mg kg−1,
respectively.11 In addition, the acceptable daily intake (ADI)
of carbaryl for humans is 0.01 mg kg−1 body weight per day.12

As a result, there is a critical need to develop a portable and
reliable analytical method for the quantification of residual
carbaryl concentrations in food matrices for food safety
assessment and environmental pollution monitoring.
There are several analytical methods based on instrumenta-

tion techniques that have been developed to quantify the
residual carbaryl concentrations in various matrices, such as
high-performance liquid chromatography (HPLC),13,14 HPLC
mass spectrometry,15−17 supercritical fluid chromatography-
mass spectrometry (SFC-MS),18 gas chromatography-mass
spectrometry (GC-MS),19,20 surface-enhanced Raman spec-
troscopy (SERS),21,22 infrared spectroscopy,23 colorimetry,24,25

fluorescence,26,27 enzyme-linked immunosorbent assay
(ELISA),28,29 and electrochemical methods.30−32 Most of
these analytical techniques for carbaryl detection possess
unavoidable drawbacks such as complex processes for sample
pretreatment, time-consuming, employment of specific re-
agents, and sophisticated instruments that cannot meet the
requirements to be further developed for onsite pesticide
detection.33−35 Therefore, developing a portable analytical
method for the rapid detection of carbaryl residues in food
matrices is urgently needed for practical applications.
In contrast, electrochemical methods based on a disposable

screen-printed carbon electrode (SPCE) offer an excellent
alternative option for onsite pesticide detection owing to their
rapid, low-cost, simple operation, versatility, and high
sensitivity.36−38 Meanwhile, the employment of different
shapes of gold nanoparticles via nanospheres,39−41 nano-
rods,42−44 nanocubes,45−47 nanostars,48−50 nanocages,51−53

nanotriangles,54−56 nanohexagon,57−59 and nanobipyra-
mids60−62 has been widely explored to enhance its sensitivity
for the purpose of sensing applications. Among these various
shapes of gold nanoparticles, gold nanorods (AuNRs) have
attracted considerable attention due to their anisotropic
structures and high surface area that could facilitate faster
electron transfer capability on the electrode surface.63 In
addition, the presence of AuNRs on the surface of SPCE could
improve the sensitivity of the electrochemical sensor by
adjusting the aspect ratio (length/diameter) of nanorods
during the synthesis of gold nanoparticles.64 One way to
control the aspect ratio of the synthesized AuNRs is by varying
the added amount of silver nitrate as a specific directing agent
into the growth solution of gold nanoparticles to achieve
different size dimensions of individual particles of gold
nanorods.65,66 The utilization of gold nanorods and their

composites to modify the electrode surface has been reported
for the detection of several electroactive molecules such as
dopamine,67,68 glucose,69 hydrogen peroxide,70 redox pro-
tein,71−73 dyes,74,75 and bacteria.76,77

However, to the best of our knowledge, we here describe the
first systematic investigation of an electrochemical sensor
based on three different aspect ratios of gold nanorods
modified on commercial SPCE for carbaryl detection. It is
expected that the smallest aspect ratio of AuNRs will provide
the highest electrocatalytic activity toward carbaryl oxidation
on the electrode surface. The developed sensors based on three
different aspect ratios of AuNR-modified SPCE were
comprehensively investigated from the very beginning of the
experiments to optimize each analytical performance toward
carbaryl detection and further employed in three different
samples of vegetables.

■ EXPERIMENTAL SECTION
Materials. Commercial screen-printed carbon electrodes

(SPCE) DS-110 were obtained from DS Dropsens, Spain. All
chemicals used in this study were used as received without
further purification, such as HAuCl4, cetyltrimethylammonium
bromide (CTAB), AgNO3, NaBH4, NaH2PO4, H3PO4,
NaNO2, FeSO4, Zn(CH3CO2)2, NH4NO3, HCl, NaOH,
ascorbic acid, diazinon, and glucose. Carbaryl (CAS: 63-25-2,
purity > 98%) was obtained from Tokyo Chemical Industry
(TCI) Co. Ltd. Deionized water was used in the whole
experiment.
Instrumentation. A Palmens Emstat 3+ (ES316U669)

device running PS Trace 5.9 software was used for the
electrochemical studies. Meanwhile, a PalmSens 4.0 Potentio-
stat/Galvanostat/Impedance Analyzer (Palm Sens Compact
Electrochemical Interfaces, The Netherlands) was employed to
perform electrochemical impedance spectroscopy (EIS)
studies. All electrochemical experiments were conducted at
an ambient temperature (25 ± 2 °C). UV−vis absorption
spectra from three synthesized AuNRs were measured using a
UV−visible Spectrophotometer M51 Bel Engineering. The
morphology of the synthesized AuNRs was characterized by
using scanning transmission electron microscopy (Talos
F200X G2 TEM) under a working voltage of 200 kV. The
surface topography of SPCE-modified AuNR was characterized
by atomic force microscopy (Park System NX 10 AFM).
Standard laboratory equipment such as Eppendorf micro-
pipettes, Pyrex glassware, analytical balance, and ovens were
employed to assist solution preparation.

■ METHODS
Synthesis of a Gold Nanorod (AuNR) and Its

Electrode Preparation. Both seeds and growth solutions
are required for the preparation process of the gold nanorod
(AuNR) synthesis. The seed solution was prepared by mixing
10 mL of 0.5 mM HAuCl4 with 10 mL of 0.2 M CTAB and
slowly stirring for 5 min. The obtained solution was left for 10
min and mixed with 1.2 mL of 0.01 M NaBH4. The color of
the solution will change from yellow to brown and the stirring
must be stopped for approximately 2 min. The seed solution
should be left for 2 h before it was used for AuNR synthesis.
All experimental conditions must be maintained at a
temperature of 25−30 °C. Meanwhile, the growth solution
was prepared by adding 10 mL of 0.25 mM HAuCl4 with 10
mL of 0.2 M CTAB and slowly stirring for 5 min. The solution
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was left for 10 min and 140 μL of 0.0788 M ascorbic acid was
added. Then, different volumes of 4 mM AgNO3 (400, 600,
and 800 μL) were added to the growth solution. The resulting
growth solution of AuNR is labeled as A400, A600, and A800,

corresponding to the addition of 400, 600, and 800 μL of
AgNO3. Each growth solution was then subsequently added
with 300 μL of 1 M HCl and 24 μL of seed solution. The
obtained solution was left for 72 h at a temperature of 30 °C.

Figure 1. Schematic illustration of the hydrolysis of carbaryl into 1-naphthol in alkaline conditions.

Figure 2. (a) UV−vis spectra of AuNR in three different aspect ratios. TEM images of three synthesized AuNRs in three different aspect ratios (b)
A400, (c) A600, and (d) A800, and (e−g) their corresponding histograms of size distribution. (h) High-resolution transmission electron
microscopy (HRTEM) image and (i) selected area electron diffraction (SAED) pattern of AuNR.
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The final solution containing AuNR in different particle sizes
was separated from its filtrate by the centrifugation process.
Then, each 4 μL of AuNR solution labeled as A400, A600, and
A800 was drop-casted onto the surface of the SPCE and then
dried in an oven at 100 °C for 5 min.
Preparation of Carbaryl and Phosphate Buffer

Solution. Prior to measurement, the carbaryl solution should
be hydrolyzed in an alkaline condition by converting it into 1-
naphthol following the mechanism of SN2 substitution,

78,79 as

illustrated in Figure 1. The hydrolysis of carbaryl into 1-
naphthol was performed by dissolving 0.022 g of carbaryl to
obtain its concentration as 1 mM in 100 mL of 0.1 M NaOH.
The stock solution of 1 mM carbaryl was then heated to 70 °C
with stirring conditions for 30 min. Meanwhile, a phosphate
buffer solution was prepared by dissolving appropriate
amounts of H3PO4 and NaH2PO4 in deionized water to adjust
the pH to 4.

Figure 3. AFM image in 3D topographical dimension (left) and AFM height image (right) of the synthesized AuNRs with three different aspect
ratios for (a) A400, (b) A600, and (c) A800.
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Linearity, Limit of Detection (LOD), and Limit of
Quantification (LOQ). Linearity was evaluated by measuring
the carbaryl solution in a concentration range of 0.2−100 μM
in 0.1 M phosphate buffer of pH 7 using SPCE-modified
AuNR in three different aspect ratios. The concentrations of
carbaryls were determined using differential pulse voltammetry
(DPV) and amperometry. DPV was performed in the potential
range from −0.2 to 0.6 V with a scan rate of 50 mV s−1 in
triplicates. Amperometry was performed at a potential of 0.48
V with a tinterval of 0.1 s and trunning of 20 s. From the
measurement of carbaryl in the concentration range of 0.2−
100 μM in triplicate, three calibration curves were obtained
with its determination coefficient (R2). DPV and amperometry
techniques were selected for further investigation of carbaryl
measurements, as they provide the highest sensitivity, as
indicated by R2 ≈ 1. Linearity was evaluated from the
relationship between the concentration of the solution and the
current response of carbaryl measurements. The limit of

detection (LOD) was calculated based on the signal-to-noise
(S/N) ratio by gradually decreasing the carbaryl concentration
until the ratio of S/N was obtained as 3:1. Meanwhile, the limit
of quantification (LOQ) was estimated from the LOD value
multiplied by three.
Reproducibility, Stability, and Selectivity. Reproduci-

bility was evaluated by preparing six different electrodes of
SPCE-modified AuNR with different aspect ratios (A400,
A600, and A800). The electrodes were then employed using
measurements of 100 μM carbaryl solution in 0.1 M phosphate
buffer of pH 4. The evaluation of electrode stability was also
performed by measuring 100 μM carbaryl solution in 0.1 M
phosphate buffer at pH 4 using the same electrode for 4
consecutive days. The study of sensor selectivity was
performed by measuring 100 μM carbaryl solution in the
presence of sodium nitrite, ammonium nitrite, zinc acetate,
iron sulfate, diazinon, and glucose as interfering agents,
prepared from a 100 μM standard solution and dissolved in

Figure 4. (a) Cyclic voltammograms obtained at a scan rate 50 mV s−1, (b) Nyquist plot for the measurements of 1 mM K3[Fe(CN)6] in 0.1 M
KCl using four different electrodes at a frequency range from 106 to 102 Hz, Edc = 0 V, and Eac = 10 mV, cyclic voltammogram obtained at various
scan rates (25−150 mV s−1) for the measurements of 1 mM K3[Fe(CN)6] in 0.1 M KCl using (c) bare SPCE, (d) SPCE-A400, (e) SPCE-A600,
and (f) SPCE-A800.
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0.1 M phosphate buffer of pH 4. Before and after the addition
of interfering agents, the carbaryl solution was measured three
times by using the differential pulse voltammetry technique. All
electrochemical measurements were performed using differ-
ential pulse voltammetry, at a potential range from −0.2 to 0.6
V, at a scan rate of 50 mV s−1, a potential step of 10 mV, a
potential pulse of 50 mV, and a pulse time of 50 ms.
Sample Preparation for Real Analysis. The determi-

nation of carbaryl in real samples was conducted using the
standard addition technique. Cabbage was employed as a real
sample that was purchased from the local market in Bogor,
West Java, Indonesia. Ten grams of cabbage sample was
extracted with 25 mL of 0.1 M NaOH followed by sonication
for 40 min. Then, the obtained solution was filtered to obtain
its filtrate after the filtration process. The filtrate was
subsequently hydrolyzed with heat treatment at 70 °C followed
by vigorous stirring for 30 min. The resulting filtrate after the
hydrolysis process was collected, and 2 mL of its solution was
spiked with carbaryl standard solution in the concentration
range from 10 to 50 μM diluted in 0.1 M phosphate buffer of
pH 4. The measurement of carbaryl in cabbage samples was
performed using the DPV technique using three modified
electrodes (SPCE-A400, SPCE-A600, SPCE-A800) at an
oxidation potential of 0.2 V.

■ RESULTS AND DISCUSSION
Characterization of Synthesized AuNRs with Differ-

ent Amounts of AgNO3 Using UV−Vis Spectroscopy,
TEM, SEM, and AFM Techniques. UV−vis spectroscopy is

one of the most widely used techniques for characterizing the
optical properties and electronic structure of three synthesized
gold nanorods (AuNRs) as their absorption bands could be
related to the aspect ratio of metal nanoparticles. Based on
Figure 2, the colloidal solutions of three synthesized AuNRs
show a distinctive purple color that arises from their tiny
dimensions of nanoparticles. It has been known that the
synthesized AuNRs possess two characteristic bands of
plasmon resonance that are related to their axis dimension at
560 nm (width) and 750 nm (length) of the nanorod.80,81

Thus, it can be expected that the changes in absorption
intensity of these two bands will be strongly influenced by the
aspect ratio of the synthesized AuNRs particularly in their 2D
dimension of length and width, as shown in Figure 2a. Based
on this figure, it is clear that the absorption intensity at their
longitudinal band (750 nm) increased and slightly shifted to a
higher wavelength when more AgNO3 was added to the AuNR
solution while the intensity in the transverse band (560 nm)
slightly diminished. According to this result, one of the key
factors to obtain AuNRs with different lengths is by adding an
increasing concentration of AgNO3 to the solution of Au seeds.
The solution containing Au seeds can be considered as nuclear
for the anisotropic growth of AuNRs in all directions by adding
different amounts of AgNO3. Therefore, it makes sense from
the result of three synthesized AuNRs that the length of
nanoparticles will increase when a higher amount of AgNO3 is
added to the gold solution, and only small changes are
observed in its width dimension. The exact determination of
three synthesized AuNRs in terms of their dimension and

Figure 5. (a) Cyclic voltammogram and inset is the corresponding bar chart diagram of peak current of 0.1 M phosphate buffer of pH 4 containing
100 μM carbaryl using bare SPCE, SPCE-A400, SPCE-A600, and SPCE-AuNR800, (b) plots of peak current vs the pH value, and (c) linear
relationship between peak current of carbaryl oxidation with its pH solution measured from 100 μM carbaryl in 0.1 M phosphate buffer in various
pH values (3−6) in SPCE-A400.
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surface morphology will be further characterized using
instrumental techniques such as TEM and AFM.
The morphologies of three synthesized AuNRs were

investigated by using transmission electron microscopy
(TEM) and size distribution measurements to confirm that
the aspect ratio of AuNRs increased with increasing AgNO3
volume. The morphologies of three synthesized AuNRs with
different amounts of AgNO3 addition can be observed in
Figure 2b−d. It can be seen from these three figures that
AuNRs with different sizes were well-dispersed in the as-
synthesized solution. In addition, the aspect ratios of three
average-sized AuNR samples were 2.21 (29.85 nm in length
and 13.52 nm in width) for A400, 2.53 (32.15 nm in length
and 12.69 nm in width) for A600, and 2.85 (40.18 nm in
length and 14.10 nm in width) for A800, as shown in Figure
2e−g. From this analysis, it is clear that the width of AuNR is

almost similar, while its length gradually increased from 29.85
to 40.18 nm.
From the literature, there are three main mechanisms to

explain the seed-mediated growth of nonspherical AuNR
particles assisted by AgNO3 for controlling its aspect ratio.82

First, deposition of silver metal onto the longitudinal facets of
AuNR under-potential deposition (UPD) condition favors
anisotropic growth of the crystal structure.83 Second, the
formation of the CTA−Br−Ag+ micelle complex on the
longitudinal facets of AuNR acts as a capping agent with a
synergistic effect from silver to form a soft template by
preferentially blocking the growth of AuNR particles.84,85

Third, this complex has a role in adjusting the orientation of
CTAB micelles as a soft template from spherical into
cylindrical shapes.86,87 In our case, the variation of AgNO3
addition into the growth of the AuNR solution was intended to
make longer nanorods as well as to enhance its yield. By adding

Figure 6. (a, c, e) Voltammograms at various scan rates (10−250 mV s−1) were obtained from the measurement of 100 μM carbaryl in 0.1 M
phosphate buffer of pH 4 using three modified electrodes (SPCE-A400, SPCE-A600, and SPCE-A800) and (b, d, f) corresponding linear plot
between the natural logarithm of the scan rates (ln v) versus the anodic peak potential (Epa) of carbaryl oxidation.
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more AgNO3 to create the CTA−Br−Ag+ complex in AuNR
solution, the growth of nanorods is preferentially in the
longitudinal rather than in the transverse facets in its crystal
structure. Therefore, it is expected that the increasing amount
of AgNO3 added to the growth solution will lead to the
increased aspect ratios of synthesized AuNR. Further HRTEM
analysis confirms that AuNR particles are nearly monodisperse
and highly crystalline. The interplanar distance of a single
AuNR is 0.23 nm with the growth of nanorods occurring along
the (111) plane as shown in Figure 2h. Thus, the selected area
electron diffraction (SAED) pattern reveals the characteristics
of several interplanar distances for gold with the corresponding
planes as follows: 0.23 (111), 0.20 (200), 0.14 (220), and 0.12
nm (311) as shown in Figure 2i.
Atomic force microscopy was used to characterize the

surface morphologies of SPCE modified with AuNR in three
different aspect ratios (2.21, 2.53, and 2.85) in terms of surface

roughness. The surface morphology of the modified electrodes
was investigated with a scan area of 1 μm × 1 μm as shown in
Figure 3. The AFM image on the left side is topographical in a
three-dimensional structure, while the height image and its
histogram are on the right side. It can be seen from all
topographical AFM images in the three-dimensional (3D)
structure of SPCE-modified AuNR are relatively rough with a
yellow region that might be from the aggregation of AuNR
particles on the surface of SPCE. Based on the analysis of the
AFM height image on the right side, a root-mean-square
roughness (Rq) value of SPCE-modified A400 is 57 nm (Figure
3a) compared to A600 as 41 nm (Figure 3b) and A800 as 33
nm (Figure 3c). In addition, the peak-to-valley ratio of the line
(Rpv) provides the highest value at A400 (260 nm) compared
to A600 (166 nm) and A800 (153 nm). These results indicate
that the smaller aspect ratio of AuNR tends to increase the
surface area of the modified electrode more effectively than the

Figure 7. Amperograms obtained from the measurements of carbaryl in the concentration range from 20 to 100 μM in 0.1 M phosphate buffer of
pH 4 at the applied potential (Edc) of 0.2 V using (a) SPCE-A400, (c) SPCE-A600, and (e) SPCE-A800; inset: Cotrell plot was taken from each
figure. The corresponding calibration plot of carbaryl concentration versus their slopes obtained from the Cotrell plot measured with (b) SPCE-
A400, (d) SPCE-A600, and (f) SPCE-A800.
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higher aspect ratio of nanoparticles. In contrast, the higher
aspect ratio of AuNR tends to form large aggregates and
cannot properly fill the valleys between the peak region thus
resulting in an irregular distribution of nanoparticles on the
electrode surface. Therefore, it can be concluded that a smaller
particle size of AuNR corresponds to a higher effective surface
area due to the high surface-to-volume ratio and may have the
potency to effectively enhance its electrochemical performance
as a platform for carbaryl detection. Similar phenomenon was
also reported in ref 88 which reported a smaller size of Mn3O4
nanoparticles exhibited excellent electrocatalytic activity as an
electrochemical sensing platform for antibiotic drugs.
Electrochemical Characteristics of Three Types of

SPCE-Modified AuNRs in Variation of Their Aspect
Ratios. The electrode conductivity was investigated by using

CV and EIS techniques by measuring 1 mM K3[Fe(CN)6] in
0.1 M KCl with the purpose of investigating the electro-
chemical performance of SPCE-modified AuNR in different
aspect ratios for carbaryl detection. Figure 4a displays the
cyclic voltammogram at a scan rate of 50 mV s−1 of four
different modified electrodes (bare SPCE, SPCE-A400, SPCE-
A600, and SPCE-A600) resulting in well-resolved peaks of
redox pair for [Fe(CN)6]3−/4− species. It can be seen from this
figure that all three modified electrodes display a significant
increase in the current response for both oxidation and
reduction processes, corresponding to the reversible electron
transfer of Fe3+ to Fe4+ compared to bare SPCE. In addition,
the difference between the oxidation and reduction potentials
(ΔE) of [Fe(CN)6]3−/4− species shown in all SPCE-modified
AuNRs is smaller than that observed in bare SPCE, indicating

Figure 8. Voltammograms at a scan rate of 50 mV s−1 obtained from the measurements of 0.1 M pH 4 phosphate buffer containing different
concentrations of carbaryl employing (a) SPCE-A400, (b) SPCE-A600, and (c) SPCE-A800. Inset image: the corresponding calibration plot
between the peak current intensity versus different concentrations of carbaryl, (d) schematic illustration of panel (A) hydrolysis reaction from
carbaryl into 1-naphthol and (B) mechanism of electrochemical sensing performance based on SPCE-modified AuNR with three different aspect
ratios by 1-naphthol oxidation.
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a faster electron transfer process and thus resulting in a higher
conductivity of modified electrodes. Among all modified
electrodes, SPCE-A400 exhibited the highest current response
of oxidation and reduction peak, suggesting a smaller particle
of AuNRs, and its particle size distribution greatly influences
the electrode conductivity. The trend of the current response
of anodic and cathodic peaks was found to be SPCE-A400 >
SPCE-A600 > SPCE-A800 > bare SPCE, suggesting that
SPCE-A400 assures a better electrochemical performance
detection than other electrodes, particularly for carbaryl
detection.
Electrochemical impedance spectroscopy (EIS) is a powerful

technique to characterize electrode conductivity by investigat-
ing charge transfer resistance and interface properties of four
different electrodes. Nyquist plots of bare SPCE, SPCE-A400,
SPCE-A600, and SPCE-A800 as shown in Figure 4b were
obtained by measuring 1 mM K3[Fe(CN)6] in 0.1 M KCl in
the frequency range of 103 to 0.1 kHz with Edc = 0 V, Eac as 10
mV at an open-circuit potential. Based on this EIS analysis, all
modified electrodes exhibit different diameters of a semicircle
in the high-frequency region corresponding to charge transfer
resistance at the interface of the electrode/electrolyte (R2).
The value of R2 can be calculated by fitting the obtained
Nyquist plots of four electrodes with Randle’s equivalent
circuit as shown in the inset of Figure 4b. From the EIS
analysis, the R2 values of bare SPCE, SPCE-A800, SPCE-A600,
and SPCE-A400 were calculated as 388, 350, 344, and 299 Ω,

respectively. The lowest value of resistance was obtained at
SPCE-A400, indicating the highest conductivity among the
other electrodes. This phenomenon can be explained by the
smaller length-to-width ratio and higher crystallinity of AuNR
particles, which create a well-packed structure and thus reduce
charge transfer resistance on the electrode surface. This well-
packed structure of AuNR particles could facilitate better
electron transfer phenomena and increase the surface area
when the electrode was modified with A400. In addition, the
largest surface area of A400 on the electrode surface has been
confirmed by another instrumental technique such as AFM, as
indicated by its surface roughness. This will eventually enhance
the current response of SPCE-A400 that promises a better
electrochemical response compared to other electrodes.
The electrochemical active surface area (ECSA) is an

important parameter to investigate the effect of the aspect ratio
of AuNR on the electrochemical performance of the modified
electrodes. ECSA was evaluated by measuring 1 mM
K3[Fe(CN)6] in 0.1 M KCl using the CV technique at a
scan rate ranging from 25 to 150 mV s−1 using four different
electrodes (bare SPCE, SPCE-A400, SPCE-A600, SPCE-
A800) as depicted in Figure 4c−f. Based on the inset of
these figures, the current intensity of the redox pair (oxidation
and reduction) of K3[Fe(CN)6] linearly increases with the
square root of the scan rate at four different electrodes. These
results indicated that electrochemical redox processes that
occur on the surface of the modified electrode are kinetically

Figure 9. (a) Reproducibility of carbaryl measurements at a concentration of 100 μM carbaryl in 0.1 M phosphate buffer of pH 4 using SPCE-
A400, SPCE-A600, and SPCE-A600. Variation in the response current in the measurements of 0.1 M phosphate buffer of pH 4 containing 100 μM
carbaryl in the presence of several interferences with a concentration ratio of (1:1) when measured with (b) SPCE-A400, (c) SPCE-A600, and (d)
SPCE-A800.
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controlled by diffusion phenomena. The ECSA values of four
different electrodes can be calculated using the Randles−
Sevcik equation as follows

I n D ACv2.69 10p
5 3/2 1/2 1/2= ×

where n = 1 is the number of electrons transferred during the
redox reaction of [Fe(CN)6]3−/4−, D = 6.70 × 10−6 cm2 s−1 is
the diffusion coefficient of [Fe(CN)6]3−/4− as previously
reported in ref 89, A is the effective area of modified electrode
(cm2), v is the scan rate during the investigation of
[Fe(CN)6]3−/4− species, and C is the concentration of
K3[Fe(CN)6] used in the measurements (mol cm−3). Based
on this equation, it can be determined that the electrochemical
active surface area (ECSA) values for bare SPCE, SPCE-A400,
SPCE-A600, and SPCE-A800 are 0.0591, 0.6685, 0.5503, and
0.4866 cm2, respectively. This result indicates that the smaller
AuNR aspect ratio provides a higher electrochemical active
surface area on the modified electrode, thus resulting in an
enhanced electrocatalytic activity compared to other electrodes
including bare SPCE. In addition, the modification of AuNRs
with different aspect ratios on the surface of bare SPCE could
accelerate the electron transfer process in the redox reaction of
[Fe(CN)6]3−/4− species indicated by a smaller difference
between oxidation and reduction potential (ΔE). Therefore, it
is expected that SPCE-AuNR400 will provide the highest
electrocatalytic activity toward carbaryl detection among other
electrodes.
Electrochemical Behavior of Carbaryl Detection

Using Three Types of SPCE-Modified AuNRs. Carbaryl
is difficult to detect by the voltammetry technique due to the
lower electroactivity of the amide group in neutral pH, and
thus its direct electrochemical measurement is not feasible.
Therefore, in this study, carbaryl was hydrolyzed into 1-
naphthol in alkaline conditions, specifically above pH 9.90 The
role of the AuNR aspect ratio toward carbaryl detection was
investigated using the CV technique by measuring hydrolyzed
carbaryl in 0.1 M phosphate buffer of pH 4 using four different
electrodes (bare SPCE, SPCE-A400, SPCE-A600, and SPCE-
A800). Figure 5a shows the voltammograms at a scan rate of
100 mV s−1 obtained from four different electrodes in 0.1 M
phosphate buffer of pH 4 containing 100 μM carbaryl. From
this figure, an obvious enhancement of the oxidation peak of
carbaryl occurred for all modified electrodes. In addition, it can
be seen that all electrodes based on SPCE-modified AuNRs
show a higher current intensity of carbaryl oxidation compared
to bare SPCE. This result confirms that the AuNR structure
can enhance the electrocatalytic activity toward carbaryl
oxidation. As seen in the inset of Figure 5a, the current
intensity of carbaryl oxidation can be calculated as follows 2.12,
3.79, 3.87, and 4.59 μA for bare SPCE, SPCE-A800, SPCE-
A600, SPCE-A400, respectively. The highest current of
carbaryl oxidation was shown at SPCE-A400, consistent with
the obtained result from the electrochemical measurements of
the [Fe(CN)6]3−/4− redox species. The enhancement of
current intensity found in AuNR-based electrodes might be
due to the presence of surface facets of AuNR increasing a
larger electrochemically active area and role as active sites
during the electrocatalytic oxidation of carbaryl. The important
parameters to investigate the electrochemical sensing perform-
ance of carbaryl by AuNR-based electrodes will be elucidated
in further experiments.

Table 1. Interference Effect and Recovery Value for the
Determination of 100 μM Carbaryl in the Presence of
Several Interfering Species

electrodes interferences

level of
interference

ratio
(interference/

carbaryl)
jcarbaryl

(μA cm−2)
recovery
(%)

SPCE-
A400

18.18 ± 0.08
NaNO2 1:1 18.14 ± 0.06 99.67
NH4NO3 1:1 18.19 ± 0.12 100.08
Zn(CH3CO2)2 1:1 18.49 ± 0.20 102.53
FeSO4 1:1 18.14 ± 0.19 100.03
diazinon 1:1 18.25 ± 0.08 100.60
glucose 1:1 18.07 ± 0.19 99.37

SPCE-
A600

16.22 ± 0.13
NaNO2 1:1 16.19 ± 0.23 99.67
NH4NO3 1:1 16.19 ± 0.23 99.77
Zn(CH3CO2)2 1:1 16.35 ± 0.13 101.45
FeSO4 1:1 16.09 ± 0.15 99.11
diazinon 1:1 16.23 ± 0.16 100.20
glucose 1:1 16.20 ± 0.16 100.08

SPCE-
A800

15.30 ± 0.17
NaNO2 1:1 15.07 ± 0.10 97.57
NH4NO3 1:1 15.26 ± 0.18 99.56
Zn(CH3CO2)2 1:1 15.00 ± 0.10 96.86
FeSO4 1:1 15.05 ± 0.03 99.79
diazinon 1:1 15.07 ± 0.03 97.65
glucose 1:1 14.98 ± 0.07 99.07

Table 2. Determination of Carbaryl Concentration in
Vegetable Samples Using Three Types of SPCE-Modified
AuNRs Using a Standard Addition Technique

sample electrode

amount
added
(μM)

amount
found
(μM) recovery (%)

RSD
(%)

cabbage SPCE-
A400

15 14.64 102.21 ± 2.72 3.44
25 27.06 101.22 ± 3.20 3.63
35 34.33 99.69 ± 2.86 2.72

SPCE-
A600

15 14.45 97.24 ± 3.19 3.29
25 24.24 99.16 ± 3.25 3.63
35 35.22 98.68 ± 2.91 3.52

SPCE-
A800

15 15.51 103.69 ± 3.89 2.05
25 23.95 96.23 ± 1.29 4.50
35 36.06 102.87 ± 4.27 1.95

cucumber SPCE-
A400

15 15.18 98.52 ± 3.42 4.28
25 24.22 99.41 ± 3.65 2.25
35 35.30 103.60 ± 3.67 2.72

SPCE-
A600

15 15.25 98.39 ± 3.29 1.00
25 25.87 107.39 ± 3.49 1.69
35 34.93 108.14 ± 3.62 3.12

SPCE-
A800

15 14.89 101.60 ± 4.38 2.32
25 26.07 95.57 ± 3.26 2.51
35 35.94 97.65 ± 4.31 3.55

Chinese
cabbage

SPCE-
A400

15 15.74 109.28 ± 3.69 2.62
25 26.93 102.63 ± 5.25 3.95
35 35.41 99.34 ± 3.75 3.71

SPCE-
A600

15 14.45 106.60 ± 3.69 4.54
25 26.31 104.99 ± 3.50 2.20
35 35.32 104.80 ± 4.68 1.44

SPCE-
A800

15 15.44 103.31 ± 4.17 1.33
25 26.11 97.56 ± 4.13 1.47
35 33.96 104.11 ± 5.12 2.01

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c07831
ACS Omega 2024, 9, 1497−1515

1507

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Effect of pH in the Electrocatalytic Oxidation of
Carbaryl Using Three Types of SPCE-Modified AuNRs.
The effect of electrolyte pH in the electrocatalytic oxidation of
carbaryl was studied by employing the DPV technique using
three different modified electrodes (SPCE-A400, SPCE-A600,
and SPCE-A800). Figure 5b shows the obtained voltammo-
gram of 0.1 M phosphate buffer of pH 4 containing 100 μM
hydrolyzed carbaryl at a scan rate of 50 mV s−1 in the pH range
from 3 to 6 in triplicate experiments. It can be seen from this

figure that the current peak of carbaryl oxidation greatly
enhanced toward pH values from 3 to 4 and gradually
decreased at pH values 5 and 6. The highest current intensity
of carbaryl oxidation was obtained at pH 4. Therefore, pH 4
was chosen as the optimum pH and selected for further studies
to investigate the electrocatalytic oxidation of carbaryls using
modified electrodes. In addition, Figure 5c displays the linear
relationship between the pH of carbaryl solution versus its
oxidation potential with the equation: Epa (V) = −0.0495x +

Figure 10. (a) Current response of three types of SPCE-modified AuNRs for the measurements of 100 μM carbaryl in the presence of several
interfering species (glucose, diazinon, FeSO4, Zn(CH3CO2)2, NH4NO3, NaNO2) in the concentration ratio of 1:1, the values of (b) average
recovery and (c) relative standard deviation (RSD) obtained from the measurement of carbaryl concentration in three different samples (cabbage,
cucumber, and Chinese cabbage) using three types of SPCE-modified AuNRs.

Table 3. Comparison of the Electroanalytical Performance of the Proposed Carbaryl Sensors with Several Previous Sensors

technique electrode linear range (μM) LOD (μM) sample ref

CV, DPV ZnCo2O4/SPCE 0.15−100 0.05 tomatoes, grapes, and cabbages 93
CV, DPV Bio-Ag/ZnO/SPCE 0.25−100 0.27 cabbages 94
amperometric PANI/CoAl-LDHc/GCE 0.1−150 0.0068 cucumber, spinach 90
amperometric MAPDIAa-GCE 0.0035−13.96 0.0011 tap water 96
CV, DPV rGO/AuNPs/SPCE 0.5−250 0.2 tap and river water 97
CV, DPV LSX zeolite-CPEb 1−100 0.3 tomato 98
CV PPy-IC-DS1-AuNP-AChEd 0.05−0.25 0.033 tap water 99
CV, DPV 3D graphene-AuNPs/GCE 0.004−0.3 0.0012 peach, apple, grape, tomato, cucumber, water 100
CV, DPV rGO/Cu/CuO-Ag/GCE 0.05−20 0.005 grape, orange, tomato, cabbages 101
CV, DPV carbon black-SPCE 0.1−100 0.048 durum wheat, organic 102
CV, DPV poly-p-phenylenediamine-ionic liquid-CPE 0.5−200 0.09 spring water, grapes 103
CV, DPV AuNRs in three different aspect ratios/SPCE 0.2−100 0.07 cabbage, cucumber, Chinese cabbage this work

a5-[(4-(Methacryloyloxy)phenyl)diazenyl]isophthalic acid. bLow silica X zeolite-carbon paste electrode. cPolyaniline-layered double hydroxide.
dPolypyrrole-indigocarmine-dodecylsulfate-AuNPs-acetylcholinesterase.
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0.3785 (R2 = 0.98). It is clear that the peak of oxidation
potentials (Epa) slightly shifted toward more positive potential,
corresponding to the increasing pH of carbaryl solution. In
addition, the slope of linear regression is −0.0495 V/pH that is
close to the theoretical value of Nernst constant ( )m

n
0.059 V/

pH where n and m are the number of transferred electrons and
protons involving in the electrocatalytic process of carbaryl
oxidation. As a result, it can be considered that one proton and
one electron participated in the electrocatalytic oxidation of
carbaryls on the surface of modified electrodes. The slight
difference between the slope value with Nernst constant might
be due to the fact that the number of protons and electrons
involved in the carbaryl oxidation was not completely identical
(the ratio between the n/m value was estimated at nearly 1.19).
This indicates the irreversibility of the carbaryl peak during the
process of electrocatalytic oxidation and will be discussed in
the next section about the effect of scan rate.
Evaluation of the Effect of Scan Rate in the

Electrocatalytic Oxidation of Carbaryl Using Three
Types of SPCE-Modified AuNRs. The effect of scan rate
on the electrocatalytic oxidation of carbaryl using three
modified electrodes was investigated by measuring 100 μM
carbaryl in 0.1 M phosphate buffer of pH 4 at various scan
rates (10−250 mV s−1). As illustrated in Figure 6a,c,e, three
modified electrodes (SPCE-A400, SPCE-A600, and SPCE-
A800) exhibit the increases in the anodic peak current of
carbaryl oxidation corresponding to the increase of scan rates
from 10 to 250 mV s−1. From these investigations, three linear
regressions related to each modified electrode can be obtained
as follows

I

R

SPCE A400: ( A)

7.4653 (mV s ) 1.2299;

0.9933

p

1 1/2 2= +
=

I

R

SPCE A600: ( A)

6.238 (mV s ) 0.1351;

0.9972

p

1 1/2 2= +
=

I

R

SPCE A800: ( A)

5.5921 (mV s ) 0.2418;

0.9982

p

1 1/2 2= +
=

Thus, it can be inferred from all of these linear regressions
that the process of carbaryl oxidation at the surface of modified
electrodes was preferably controlled by diffusion phenomena.
In a further study of the scan rate effect, the potential peak of
carbaryl oxidation (Epa) increased linearly with the natural
logarithm of the scan rate (ln v) at various scan rates. There are
three linear regressions obtained from this investigation, as
displayed in Figure 6b,d,f, based on the following equations

E

v R

SPCE A400: (V)

0.0404 ln (V s ) 0.5527;

0.9966

pa

1 2= +
=

E

v R

SPCE A600: (V)

0.0384 ln (V s ) 0.5468;

0.9936

pa

1 2= +
=

E

v R

SPCE A800: ( A)

0.0334 ln (V s ) 0.5301;

0.9914

pa

1 2= +
=

Based on Laviron’s theory for the irreversible process of
electron transfer on the electrode surface, the relationship
between the anodic peak potential (Epa) versus the scan rate
(v) can be expressed in the following equation
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It can be deduced from the equation above that the slope of
the regression equation is equal to RT/(1 − α)nF, where T is
the absolute temperature (298 K), R is the gas constant (8.314
J mol−1 K−1), and F is the Faraday constant (96485.33 C
mol−1), n is the number of transferred electrons, α is the
electron transfer coefficient, and ket is the electron transfer
constant. The number of electrons involved in the electro-
catalytic oxidation of carbaryl at three different SPCE-modified
AuNRs can be determined using the following equation with α
assumed as 0.5

E E RT
nF

v
(1 )

lnpa o= +

From the predetermined slope values (ln v vs Epa) of each
modified electrode, the values for n during the carbaryl
oxidation could be determined as 1 with the corresponding
electron transfer coefficient (α) found as 0.36, 0.33, and 0.23
for SPCE-A400, SPCE-A600, and SPCE-A800. Notably, the
electron transfer rate constant (ket) can be calculated using the
following equation based on Laviron’s theory91,92

k
nFv
RTet

c=

where α, n, F, R, and T have similar meanings, and vc is the
selected scan rate (0.05 V s−1). Based on this equation, the
values of ket for SPCE-A400, SPCE-A600, and SPCE-A800
were calculated to be 0.701, 0.642, and 0.447 s−1, respectively.
Therefore, SPCE-A400 displayed the highest electron transfer
rate constant (ket) showing faster electron transfer due to high
electron conduction compared to other modified electrodes. In
addition, the surface coverage for each modified electrode can
be determined based on its adsorption capacity of carbaryl on
the electrode surface following the below equation

I n F Av RT/4p
2 2=

where n is the number of transferred electrons during carbaryl
oxidation, F is the Faraday constant (C mol−1), A is the surface
area of the modified electrode (cm2), Γ is the surface coverage
of the modified electrode (mol cm−2), v is the scan rate (V
s−1), R is the universal gas constant (J K−1 mol−1), and T is the
absolute temperature (K). The absorption capacity of each
modified electrode can be calculated from the values of the
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observed slope of Ipa versus v for SPCE-A400, SPCE-A600, and
SPCE-A800 being 3.18 × 10−5, 2.2 × 10−5, and 1.22 × 10−5

mol cm−2, respectively. In comparison, previous works have
determined the value of adsorption capacity of electrochemical
sensors based on modified electrodes for carbaryl detection
and obtained comparable results with our work.93,94 Based on
these results, it can be concluded that the modified electrodes
based on SPCE-modified AuNR400 displayed the largest
capacity for carbaryl adsorption on the electrode surface
among other developed electrodes.
Chronoamperometry Studies Using Three Types of

SPCE-Modified AuNRs to Investigate the Electrocata-
lytic Oxidation of Carbaryl. A chronoamperometry study
was employed to investigate the performance of all three
modified electrodes for the electrocatalytic oxidation of
carbaryl. The experiment of chronoamperometry study was
performed in the range of carbaryl concentration from 20 to
100 μM in 0.1 M phosphate buffer of pH 4 using three types of
modified electrodes (SPCE-A400, SPCE-A600, and SPCE-
A400). As displayed in Figure 7a,c,e, all amperometric
responses from three modified electrodes indicate that an
increase of carbaryl concentration in a concentration range
from 20 to 100 μM corresponds to the increasing anodic
current of carbaryl oxidation. From this study, the diffusion
coefficient from each modified electrode can be calculated
using the Cottrell equation

I nFACD t1/2 1/2 1/2=
where n is the number of electrons participating in the carbaryl
oxidation that was obtained from Laviron studies in the
previous sections (1), D is the diffusion coefficient of carbaryl
(cm2 s−1), C is the bulk concentration of carbaryl (mol cm−3),
and A is the area of the electrode (0.07 cm2). It can be seen
from the inset of Figure 7a,c,e that all plots of I versus t−1/2

obtained from all modified electrodes showed a linear
relationship with the calculated D values for SPCE-A400,
SPCE-A600, and SPCE-A800 were 1.7 × 10−5, 1.6 × 10−5, and
1.5 × 10−5 cm2 s−1, respectively. From this investigation, it can
be concluded that SPCE-A400 shows the highest value for the
diffusion coefficient among the other electrodes. Figure 7b,d,f
displays three calibration plots corresponding to the response
of the chronoamperometry study performed using all modified
electrodes at different concentrations of carbaryl.
In addition, the catalytic rate constant of each modified

electrode can be obtained by plotting the linear relationship
between the current intensity (I) and the square root of time
(t1/2). Three calibration plots of I versus t1/2 were derived with
the equations: Icat/IL = 1.0173t1/2 + 0.6712 (R2 = 0.9938) for
SPCE-A400, Icat/IL = 0.6649t1/2 + 0.7397 (R2 = 0.9906) for
SPCE-A600, and Icat/IL = 0.5677t1/2 + 0.9392 (R2 = 0.9873)
for SPCE-A800. Then, the catalytic rate constant (kcat) can be
determined using Galus method following the equation

I I t k C/ ( ) ( )cat L
1/2

cat 0
1/2=

where Icat is the catalytic current of carbaryl measured with
SPCE-A400, SPCE-A600, or SPCE-A800, IL is the finite
current without carbaryl, kcat is the catalytic rate constant (cm3

mol−1 s−1), C0 is the carbaryl concentration, and t is the time
(s). Thus, according to the slopes of Icat/IL versus t1/2, the
calculated kcat values are 5.49 × 106 for SPCE-A400, 2.34 × 106
for SPCE-A600, and 1.71 × 106 for SPCE-A800. It can be
deduced that the obtained catalytic rate constant (kcat) for
SPCE-AuNR400 is the highest compared to other electrodes,

which can be attributed to the higher electron transfer rate of
SPCE-A400.
Electroanalytical Performance of Three Types of

SPCE-Modified AuNRs for Carbaryl Detection. The
electroanalytical performance of three types of modified
electrodes (SPCE-A400, SPCE-AR600, and SPCE-A800) was
investigated by using the DPV technique to obtain several
optimum parameters such as linearity, limit of detection
(LOD), and limit of quantification (LOQ). The DPV
technique was employed for the measurements of 0.1 M
phosphate buffer of pH 4 containing different concentrations
of carbaryl from 0.2 to 100 μM. Based on Figure 8a−c, the
anodic peak currents can be observed on all modified
electrodes linearly increasing with the increase of carbaryl
concentrations to yield three calibration plots as shown in the
inset of Figure 8a−c. The corresponding calibration plots
found in three modified electrodes are Ipa (μA) =
0.1174Ccarbaryl (μM) + 6.7014 (R2 = 0.9960, 0.2−100 μM)
for SPCE-A400, Ipa (μA) = 0.0973Ccarbaryl (μM) + 6.5791 (R2

= 0.9965, 0.6−100 μM) for SPCE-A600, and Ipa (μA) =
0.0883Ccarbaryl (μM) + 6.2706 (R2 = 0.9976, 1−100 μM) for
SPCE-A800. Thus, the limit of detection (LOD) (S/N) and
limit of quantification (LOQ) of three modified electrodes can
be consecutively calculated for SPCE-A400 as 0.07 and 0.2
μM, for SPCE-A600 as 0.1 and 0.6 μM, and for SPCE-A800 as
0.5 and 1 μM. In addition, the electrochemical sensitivity can
be determined from the slope of the calibration curve with the
lowest value obtained as 6.54 μA μM−1 cm−2 for SPCE-A400
compared to 2.85 μA μM−1 cm−2 for SPCE-A600 and 1.01 μA
μM−1 cm−2 for SPCE-A800. In summary, SPCE-A400
achieved superior analytical performance in terms of higher
sensitivity with lower LOD and LOQ over a wider linear range
for carbaryl detection compared to SPCE-A600 and SPCE-
A800.
The mechanism of carbaryl oxidation on the surface of

SPCE-modified AuNRs can be deduced following the two
processes: (1) the hydrolysis of carbaryl molecules into 1-
naphthol in an alkaline condition and (2) the oxidation of
hydroxyl (OH−) functional groups within the 1-naphthol
chemical structure by removing 1 electron and 1 proton (H+)
with the corresponding anodic oxidation peak at 0.2 V. The
mechanism of carbaryl oxidation at the surface of SPCE-
modified AuNR is illustrated in Figure 8d. Furthermore, recent
studies demonstrated the oxidation of 1-naphthol using SPCE-
modified metal nanoparticles, and the metal oxide composite
occurs at 0.4 V as reported in ref 93 and at 0.5 V as reported in
ref 94. Based on this result, it can be inferred that the SPCE-
modified facet-controlled anisotropic gold nanoparticles
provide faster electron transfer kinetics to oxidize carbaryl
molecules than bare SPCE.
Reproducibility and Selectivity of Three Types of

SPCE-Modified AuNRs. The reproducibility of modified
electrodes (SPCE-A400, SPCE-A600, and SPCE-A800) was
evaluated by measuring 100 μM carbaryl in 0.1 M phosphate
buffer of pH 4 using six electrodes for each modification. The
experiments of measuring carbaryl concentration using each
electrode were performed in triplicate experiments using DPV
techniques at a scan rate of 50 mV s−1. The values of relative
standard deviation from this investigation for each modified
electrode of SPCE-A400, SPCE-A600, and SPCE-A800 were
1.57, 1.73, and 2.47%, respectively, as shown in Figure 9a.
Meanwhile, when the stability measurements of three types of
modified electrodes were performed by measuring 100 μM
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carbaryl in 0.1 M phosphate buffer of pH 4 in 4 consecutive
days, it was found that the anodic current of carbaryl oxidation
was dropped down after 3 days. This is due to the fact that the
molecule product of carbaryl oxidation might be adsorbed on
the electrode surface and start to poison the electrocatalytic
activity of AuNR-based electrodes. Therefore, these three
modified electrodes might be suitable for further development
as disposable electrochemical sensors. In addition, the
selectivity of three types of modified electrodes was evaluated
by measuring 100 μM carbaryl in the presence of several
interfering species such as inorganic compounds and another
type of insecticide. The selected interferences for this
selectivity study were NaNO2, NH4NO3, Zn(CH3CO2)2,
FeSO4, diazinon, and glucose in a concentration of 100 μM
and mixed with 100 μM carbaryl. As displayed in Figure 9b−d,
the response current from all three types of modified
electrodes shows a negligible influence (the value of standard
error less than 0.2%) when several interference species were
added and measured at the oxidation potential of carbaryl at
0.2 V. These results reveal that all modified electrodes display
an exceptional selectivity toward carbaryl oxidation and almost
no effect from interfering species. Further evaluation from this
selectivity investigation is the value of standard deviation
(RSD) in the range of 96−102% (Table 1) and shows the
acceptance in analytical range.95

Real Sample Analysis Using Three Types of SPCE-
Modified AuNRs. The performance of three types of SPCE-
modified AuNRs for practical applications in carbaryl detection
was evaluated for real samples (cabbage, cucumber, Chinese
cabbage) using a standard addition technique. Three levels of
carbaryl concentrations were added to real samples and
analyzed with the DPV technique under optimum conditions.
The real concentration of carbaryl in the samples was then
determined using the regression equation of standard
calibration curve derived from three types of SPCE-modified
AuNRs as summarized in Table 2. It was found that the
average recovery value for SPCE-modified A400 from the
range 96−103% with the average relative standard deviation
(RSD) for three levels of added carbaryl concentration is
3.26% (n = 3). In addition, based on Figure 10a−c, the average
recoveries for SPCE-A600 and SPCE-A800 were in the range
of 96−100% (%RSD = 3.48%) and 95−103% (%RSD =
2.85%), respectively. Moreover, the comparison of the
electroanalytical performance of our proposed sensors for
carbaryl detection with several previously reported sensors is
also summarized in Table 3.
This proposed sensor showed a lower limit of detection

compared to other previously reported sensors for carbaryl
detection.13,97,98,103 Furthermore, several platform types for
carbaryl detection displayed a lower limit of detection96,100 due
to higher conductivity of the platform materials. Nevertheless,
this proposed sensor exhibited a wider linear range of carbaryl
detection compared to other modified electrodes.99,101,102 The
advantage of this proposed sensor for carbaryl detection
includes a lower limit of detection and a wider linear range of
concentration that could be attributed to the electrocatalytic
activity of gold nanorod-modified SPCE. Based on this result,
it can be inferred that SPCE-modified AuNR provides
analytical performance comparable to that of previous sensors
and good reliability for monitoring carbaryl concentration in
the selected sample of vegetables.

■ CONCLUSIONS
In this work, we have demonstrated the feasibility of an
electrochemical sensing strategy for carbaryl detection using a
commercial screen-printed carbon electrode (SPCE) modified
with different aspect ratios of gold nanorods (AuNRs). Gold
nanorods were synthesized using seed-growth-mediated
methods by varying the amount of AgNO3 (400, 600, and
800 μL) to control the facet growth of Au nanoparticles. The
obtained AuNR solutions were then characterized using UV−
vis spectroscopy and TEM techniques to accurately determine
its aspect ratios, which are 2.21, 2.53, and 2.85, respectively. In
addition, the surface of SPCE-modified AuNRs in different
aspect ratios was further characterized with SEM, AFM
techniques, and EIS studies. Then, the modified electrodes
based on the different aspect ratios of AuNRs were employed
for carbaryl detection in acidic conditions by converting it first
into 1-naphthol that is a more electroactive compound. It was
revealed that the smaller aspect ratio of the AuNR-modified
SPCE (SPCE-A400) shows the best electrochemical response
among other electrodes as a platform for carbaryl sensing. The
performance of SPCE-A400 for carbaryl detection has been
successfully quantified in a wide linear range of concentration
(0.2−100 μM) with a low limit of detection (0.07 μM) and the
highest electrochemical sensitivity up to 6.54 μA μM−1 cm−2

compared to other two electrodes. Furthermore, the proposed
electrochemical sensor also showed good reproducibility and
selectivity among several potential interfering species, although
this platform might be more suitable to further develop as a
disposable sensor. For practical applications, this proposed
sensor can reliably determine the carbaryl concentration in
vegetable samples such as cabbage, cucumber, and Chinese
cabbage with the average of recovery values of 101, 100.5, and
103.8%, respectively. In summary, this proposed electro-
chemical sensor based on controlled facets of gold nanorods
offers great potential to be employed for monitoring pesticide
concentration in the environment. This result is also intriguing
to be further explored with other types of electroactive
molecules particularly for pollutant compounds.
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