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ABSTRACT: Glassy carbon electrode (GCE) was electrochemically
activated using a repetitive cyclic voltammetric technique to develop an
activated glassy carbon electrode (AGCE). The developed AGCE was
optimized and utilized for the electrochemical assay of 4-nitrophenol (4-
NP) and dopamine (DA). Cyclic voltammetry (CV) was employed to
investigate the electrochemical behavior of the AGCE. Compared to the
bare GCE, the developed AGCE exhibits a significant increase in redox
peak currents of 4-NP and DA, which indicates that the AGCE
significantly improves the electrocatalytic reduction of 4-NP and oxidation
of DA. The electrochemical signature of the activation process could be
directly associated with the formation of oxygen-containing surface
functional groups (OxSFGs), which are the main reason for the improved
electron transfer ability and the enhancement of the electrocatalytic
activity of the AGCE. The effects of various parameters on the voltammetric responses of the AGCE toward 4-NP and DA were
studied and optimized, including the pH, scan rate, and accumulation time. Differential pulse voltammetry (DPV) was also utilized
to investigate the analytical performance of the AGCE sensing platform. The optimized AGCE exhibited linear responses over the
concentration ranges of 0.04−65 μM and 65−370 μM toward 4-NP with a lower limit of detection (LOD) of 0.02 μM (S/N = 3).
Additionally, the AGCE exhibited a linear responses over the concentration ranges of 0.02−1.0 and 1.0−100 μM toward DA with a
lower limit of detection (LOD) of 0.01 μM (S/N = 3). Moreover, the developed AGCE-based 4-NP and DA sensors are
distinguished by their high sensitivity, excellent selectivity, and repeatability. The developed sensors were successfully applied for the
determination of 4-NP and DA in real samples with satisfactory recovery results.

■ INTRODUCTION
Glassy carbon electrode (GCE) is favorable in electrocatalytic
applications because of its remarkable properties such as low
cost, excellent electrical conductivity, electrochemical inertness
over a broad potential window, high hardness, chemical
stability, impermeability, and ease of surface modification.1,2

Activated glassy carbon electrodes (AGCEs) were shown to be
one of the most interesting and widely applied modified
electrodes in electrochemical research with improved electro-
catalytic performance. Various activation procedures such as
vacuum heating,3 treatment with laser,4 mechanical polishing,5

ultrasonication,6 and carbon arc7 have been explored to
enhance reversibility and electron transfer kinetics at the
surface of the GCE. Moreover, electrochemical activation
methods have also been reported, such as preanodization,8−11

preanodization followed by short-time cathodization, and
precathodization.12,13 Recently, we showed that the GCE
could be easily activated by anodization at a high potential (up
to 2.5 V).14 Such an anodization process at a high potential
resulted in the formation of surface functional groups (SFGs).
SFGs were shown to be the main reason for the improved

electron transfer ability and the enhancement of the electro-
catalytic activity of the AGCE, which is advantageous in
electrochemical sensors.14 Our preliminary results showed that
the AGCE could be used as a platform for the detection of
oxidizable and reducible analytes.14 Carboxylate and phenolate
SFGs could facilitate the reduction of reducible analytes, and
other SFGs (e.g., epoxide, quinone, and ketonic groups) could
facilitate the oxidation of oxidizable analytes. Such SFGs
facilitate the electron transfer at the AGCE surface, which
results in the improvement of electron transfer and enhance-
ment of the electrocatalytic activity. In this report, we have
selected DA as a model for oxidizable analytes and 4-NP as a
model for reducible analytes at the surface of the AGCE.
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4-NP is extensively used in various industries15,16 and may
cause severe toxic effects on human beings, fish, animals, and
plants.17 The ingestion of 4-NP can cause health problems for
humans and animals.18 Because of these severe toxic effects,
the US Environmental Protection Agency (EPA) listed 4-NP
as a potential environmental pollutant. The European Union
(EU) set the maximum allowed limit of 4-NP in drinking water
at 0.43 μM.16,19

Dopamine (DA) is essential for the proper functioning of
the cardiovascular, central nervous, renal, and hormonal
systems.20 Consequently, abnormal levels of DA may cause
many neurological diseases (e.g., schizophrenia and cardiovas-
cular and Parkinson’s diseases).21 Thus, the ability to develop
rapid, safe, sensitive, selective, and environmentally friendly
analytical methods for monitoring and detecting 4-NP and DA
in real samples will have a crucial impact on human health and
safety.
Various analytical methods for monitoring 4-NP and DA

have been developed, including high-performance liquid
chromatography,22−24 gas chromatography-mass spectrome-
try,25 chemiluminescence,26−28 spectrophotometric meth-
ods,29,30 electrophoresis,31 surface plasmon resonance spec-
troscopy,32 and fluorescence.33−37 Even though these methods
are superior in terms of sensitivity and accuracy, their rising
cost, exhausting operations, laborious separation steps, and
long analysis time, as well as their negative environmental
impact, restrict their widespread use.38 Alternatively, electro-
chemical methods, in particular electrochemical sensors, have
received increasing attention owing to their high sensitivity,
low cost, ease of handling, and short analysis time.39−41

Various electrochemical sensors have been developed for 4-
NP17−19,42−49 and DA.50−61 However, many of the developed
electrochemical sensors for 4-NP and DA lack adequate
selectivity and involve several and complicated preparation
steps.
Herein, we report the development of an easily prepared,

sensitive, cost-effective, and environmentally friendly voltam-
metric sensor for 4-NP and DA. The electrochemically
activated GCE was utilized as a sensing platform for oxidizable
(DA) and reducible (4-NP) analytes. The detailed response
characteristics of AGCEs as sensors for DA and 4-NP, response

mechanisms, and analytical applications of the developed
sensors are discussed below.

■ EXPERIMENTAL SECTION
Reagents. All chemicals were of analytical grade and used

without further purification. Pyrocatechol, hydroquinone, and
2-aminophenol were purchased from SDFCL (India). 4-
Nitrophenol was purchased from Merck. DA was obtained
from Sigma. Na2SO4 was purchased from Koch-Light
Laboratory Chemicals Ltd. (England). KI, NiCl2·6H2O, and
CoCl2 were obtained from BDH Laboratory Chemicals Ltd.
(England). Na2HPO4 and NaH2PO4 were purchased from
ADWIC Laboratory Chemicals (Egypt). Phosphate-buffered
saline supporting electrolyte (PBS, pH = 7.0) was prepared
from NaH2PO4 (0.1 mol L−1) and Na2HPO4 (0.1 mol L−1).
Instruments. The interface 1000 Gamry electrochemical

workstation was utilized in all electrochemical measurements.
Such measurements were done using a three-electrode system.
The working electrode was a bare GCE model MF-2012, 3.0
mm in diameter (Bioanalytical Systems), or an AGCE.
Saturated double-junction Ag/AgCl and platinum wire were
used as reference and counter electrodes, respectively. All
experiments were performed at 25 ± 1 °C. DPV was
performed with a pulse amplitude of 50 mV, a pulse width
of 50 ms, and a pulse time of 200 ms. The scan rate was 50
mV/s.
Preparation of Activated Glassy Carbon Electrodes.

The surface of the GCE was cleaned via polishing using 0.05
μm alumina slurry on a microcloth, followed by rinsing
thoroughly with ethanol and double distilled water. To obtain
the AGCE, the cleaned GCE was immersed in 0.1 M PBS (pH
7.0) and conditioned by CV between −1.5 and +2.5 V for five
scans at a scan rate of 100 mV/s (see Scheme 1). After this
electrochemical treatment, the AGCE was rinsed with double
distilled water and stored in PBS for later use.

■ RESULTS AND DISCUSSION
Electrochemical Activation of GCEs. The electro-

chemical activation of the GCE surface was performed by
successive CV (Scheme 1). Upon continuous scanning, a well-
defined anodic peak (A) and cathodic peak (C) were observed
at ∼ +1.5 and −0.65 V, respectively. Repetitive scans led to an

Scheme 1. Proposed Mechanism of Possible Redox Processes Occuring at the Surface of the AGCE
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increase in peak heights of A and C (Scheme 1). This behavior
was well studied in our recent publication.14 Combining a set
of electrochemical and surface characterization techniques, we
proved that the anodization of the GCE surface at a high
voltage (2.5 V) leads to its surface activation with a
concomitant formation of oxygen-containing surface functional
groups (OxSFGs). Such OxSFGs are reduced in a well-defined
cathodic process (peak C, Scheme 1).14 The surface
functionalization of the GCE resulted in a remarkable increase
in adsorption active sites and effective surface area. In addition,
OxSFGs enhance the electron transfer and the activity of the
AGCE.
OxSFGs at the AGCE could account for the oxidation and

reduction processes of various analytes. For instance, the
surface phenolates and carboxylates could participate in the
reduction of 4-NP as a reducible analyte. Other SFGs such as
quinone, epoxide, and ketone could participate in the oxidation
of DA (see Scheme 1). SFGs promote electron transfer to/
from target analytes at the AGCE surface, which results in an
improvement of electron transfer kinetics and a remarkable
increase in electrocatalytic activity.

Electrocatalytic Behaviors of 4-NP and DA at the
AGCE. The electrochemical behaviors of 4-NP and DA were
studied using CV. Figure 1 shows the CV responses of 1 ×
10−4 M 4-NP (Figure 1A) and 5 × 10−4 M DA (Figure 1B) in
0.1 M PBS, pH 7.0, at the bare GCE (a) and AGCE (b). As
seen in Figure 1A,B, very weak redox peaks were observed at
the bare GCE compared to the AGCE. The small current
response of the bare GCE toward 4-NP and DA could be
attributed to weak adsorption and slow electron transfer at the
electrode surface. A remarkable improvement in redox peak
currents, however, is obtained for 4-NP and DA when the
GCE was electrochemically activated to obtain the AGCE
(curve b). This indicates that the electrochemical activation of
the surface of the AGCE can facilitate the electron transfer at
the electrode surface and enhance the adsorption of 4-NP and
DA. The 5-fold enhancement of peak current (peak A)
suggests that the AGCE remarkably enhances the electro-
catalytic reduction of 4-NP and oxidation of DA. As previously
mentioned, this enhancement could be attributed to the
increase in effective surface area and the number of active sites,
as well as the improvement of electron transfer ability and high
electrocatalytic activity of the AGCE. The response of the

Figure 1. CVs of the bare GCE (a) and AGCE (b) in 0.1 M PBS (pH 7.0) containing 1 × 10−4 M 4-NP (A) and 5 × 10−4 M DA (B) at a scan rate
of 100 mVs−1. Curve (c) represents the CV of the AGCE in a blank solution (0.1 M PBS free from 4-NP and DA).

Figure 2. (A) CVs of 0.1 M PBS (pH 7.0) containing 1 × 10−4 M 4-NP at the AGCE as measured at different accumulation times (from 20 to
180s). (B) Effect of accumulation time on the cathodic peak currents of 4-NP. (C) CVs of 0.1 M PBS (pH 7.0) containing 5 × 10−4 M DA at the
AGCE as measured at different accumulation times (from 0 to 90 s). (D) Effect of accumulation time on the anodic peak currents of DA.
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AGCE in blank PBS was measured to ensure that peak (A)
corresponds to the reduction of 4-NP and oxidation of DA
(curve c). Indeed, in blank PBS (i.e., in the absence of 4-NP
and DA), peak (A) was not observed, which indicates its
correlation to 4-NP reduction and DA oxidation.
Optimization of the Voltammetric Response of the

AGCE Toward 4-NP and DA. The effects of various
parameters on the voltammetric responses of the AGCE
toward 4-NP and DA were studied and optimized, including
the pH of the supporting electrolyte, scan rate, and
accumulation time. These parameters have a significant impact
on the performance of the developed sensors, as detailed
below.
Effect of Accumulation Time. Under an open-circuit

potential, the accumulation of 4-NP and DA at the AGCE
surface was investigated for various time intervals. The
corresponding CVs were recorded (Figure 2A,C). The peak
currents increased significantly from 20 to 120 s and from 0 to
60 s for 4-NP (Figure 2B) and DA (Figure 2D), respectively.
This behavior indicates the enhancement of 4-NP and DA
adsorption at the AGCE. Nevertheless, with a further increase
in the accumulation time, the current practically reached a
plateau, indicating that the active sites at the AGCE had been
saturated. The observed accumulation time reveals the rapid
adsorption of 4-NP and DA at the surface of the AGCE. To
achieve the optimal AGCE performance (e.g., sensitivity and
working efficiency), an accumulation time of 120 s for 4-NP
and 60 s for DA was maintained throughout.
Effect of pH. The electrocatalytic behavior of 4-NP and DA

is expected to be pH dependent because of proton
involvement in the electrode reaction.17,47,58,62 Subsequently,
the effect of pH on the response of the AGCE toward 4-NP
and DA in 0.1 M PBS was studied using CV in the pH range
3.0-9.0 (Figure 3A, C). In the case of 4-NP, the reduction peak
current increased as the pH increased from 3.0 to 7.0 (Figure
3B). The peak current reached its maximum at pH 7.0 and
then sharply decreased at higher pH values (see Figure 3B).
This phenomenon could be explained based on the reduction

mechanism, which involves proton transfer19,42,44,62 as
described in Scheme 2. The participation of protons in the

electrochemical reduction process is confirmed by the shift of
the cathodic peak potentials negatively with increasing pH. At
high hydroxyl ion concentrations, pH > 7, the reduction of the
nitro group (−NO2) of 4-NP to the hydroxylamine group
(−NHOH) is retarded due to the decrease in H+

concentration which participates in the reduction mecha-
nism.19,45,47,62 In addition, the percent of the anionic form of
4-NP (pKa value of 7.2) increased with increasing pH.47,62,63

Concomitantly, at alkaline pH, it is plausible that the OxSFGs
deprotonate to their negatively charged forms. As a result, the
electrostatic repulsion between 4-NP and the AGCE at alkaline
pH might reduce the extent of its adsorption, which decreases
the peak currents. Accordingly, pH 7.0 was chosen as the
optimal pH value for detecting 4-NP.
Concerning DA, redox peak potentials are negatively shifted

as the pH increases (Figure 3C). This shift reveals the direct
participation of protons in the electrochemical redox
processes.57,64 A linear relationship was obtained between
pH and formal potential (E0′ = (Epa + Epc)/2) with a linear
regression equation of E0′ = (0.61 ± 0.016) - (0.054 ± 0.0026)
pH (R2 = 0.986) (Figure 3Da). The slope for this relationship,
54.0 mV/pH, is comparable to the theoretical value, 59.0 mV/
pH. This observation suggests that an equal number of
electrons and protons participate in the redox processes of
DA.52,55,57,64 As shown in Scheme 3, the redox process of DA
involved two protons and two electrons transfer process related
to the oxidation of DA to its quinonoid form and the
subsequent reduction of the quinonoid form.52,55,64 The peak

Figure 3. (A) CVs of 1 × 10−4 M 4-NP at the AGCE as measured at different pH values. (B) Relationship between pH and the cathodic peak
currents of 4-NP. (C) CVs of 5 × 10−4 M DA at the AGCE as measured at different pH values. (D) Relationship between pH and the formal
potential (E0′) (a) and the relationship between pH and the anodic peak currents of DA (b).

Scheme 2. Reduction Mechanism of 4-NP at the AGCE
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current reached its maximum at pH 7.0, and then the current
gradually decreased at higher pH values (Figure 3D, b). At
alkaline pH, OxSFGs at the AGCE could deprotonate to their
negatively charged forms. Moreover, the percent of the cationic
form of DA (pKa = 8.9) is decreased with the increase in pH.
Consequently, at high pH, the electrostatic attraction of DA to
OxSFGs at the AGCE decreased. Both effects could participate
in lowering DA adsorption at the AGCE and concomitantly
reducing peak currents. Accordingly, pH 7.0, which is close to
the physiological pH, was chosen as the optimal pH for
detecting DA.
Effect of Scan Rate. Cyclic voltammetry was utilized to

study the effect of scan rate (ν) on the response of the AGCE
toward DA and 4-NP. CV experiments were performed at 1 ×
10−4 M 4-NP (Figure 4A) and 5 × 10−4 M DA (Figure 4C)
prepared in 0.1 M PBS, pH 7.0. Upon increasing the scan rate,
a shift in peak potentials (Ep) and an increase in peak currents
(ip) were observed (Figure 4A,C). According to the Randles−
Sevcǐk eq 165

= ×I A n D c2.69 10p
5 3/2

R
1/2 1/2

(1)

A plot of the peak current (Ip) versus the square root of scan
rate (ν1/2) results in a linear relationship with linear regression
equations of ip (μA) = (−11.7 ± 3.52) + (25 ± 0.72) ν1/2

(mV/s)1/2 (R = 0.994) for 4-NP (Figure 4B), and ipa (μA) =
(−12.2 ± 2.16) + (34.91 ± 1.12) ν1/2 (mV/s)1/2 (R2 = 0.991)
for oxidation and ipa (μA) = (19.7 ± 2.87) − (22.1 ± 1.32)
ν1/2 (mV/s)1/2 (R2 = 0.976) for reduction for DA (Figure 4D),
which could indicate a diffusion-controlled nature of the redox
processes for both 4-NP42,44,45,48,62 and DA.51,58,59,64,66,67 The

shift in peak potential with the increase in scan rate may refer
to the adsorption of analytes (DA or 4-NP) on the AGCE
surface,49 indicating the participation of both adsorption and
diffusion in the redox mechanism.
Analytical Performance of the AGCE-Based 4-NP and

DA Sensing Platform. DPVs were recorded to investigate
the effect of increasing 4-NP and DA concentration on
reduction peaks of 4-NP and oxidation peaks of DA. Under the
optimized conditions, the linear ranges and LODs of 4-NP and
DA at the optimized AGCE sensor were determined. The
redox peak currents increased with increasing 4-NP (Figure
5A) or DA (Figure 5C) concentrations. It was observed that
the peak current (ip, μA) is proportional to the concentration
of 4-NP (c, μM) over the concentration ranges from 0.04 to 65
and 65 to 370 μM, while from 0.02 to 1.0 and 1.0 to 100 μM
for DA. The corresponding calibration plots show a linear
relationship with linear regression equations of ip (μA) = (1.05
± 0.26) + (1.3 ± 0.043) c (μM) (R2 = 0.995), ip (μA) = (68.4
± 2.79) + (0.2 ± 0.01) c (μM) (R2 = 0.984) for 4-NP (Figure
5B) and ip (μA) = (4.2 ± 0.42) + (35.59 ± 1.29) c (μM) (R2 =
0.994), ip (μA) = (43.01 ± 2.82) + (0.91 ± 0.056) c (μM) (R2

= 0.981) for DA (Figure 5D). In addition, the LODs were
found to be 0.02 and 0.01 μM (S/N = 3) for 4-NP and DA,
respectively.

Repeatability, Stability, and Interference Studies. The
repeatability of AGCEs was investigated by performing 10
replicate measurements in 100 μM 4-NP or 50 μM DA. The
relative standard deviation (R.S.D) was found to be 3.4 and
1.1% for 4-NP and DA, respectively. Such R.S.D values
indicate excellent repeatability of the AGCEs.
The current responses of the AGCE toward 100 μM 4-NP

prepared in 0.1 M PBS (pH 7.0) were measured for 1 week. As
shown in Figure S1, the electrochemical responses of the
AGCE were found to be practically stable for 5 days with a
signal change of about 3.0%. Thereafter, the current responses

Scheme 3. Oxidation Mechanism of DA at the AGCE

Figure 4. (A) CVs of the AGCE at different scan rates in 0.1 M PBS (pH 7.0) containing 1 × 10−4 M 4-NP (A) and 5 × 10−4 M DA (C). Scan
rates from 10 to 300 mVs−1. (B) Plot of the cathodic peak current (ip) of 4-NP versus the square root of the scan rate (ν1/2). (D) Plots of the
anodic peak current (ipa) and cathodic peak current (ipc) of DA versus the square root of the scan rate (ν1/2).
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of the AGCE toward 4-NP decreased, which indicates
reasonable stability of the developed sensor.
Potential interferents, which are reduced or oxidized at the

same potential windows of 4-NP and DA, respectively,
represent the main threat to the developed sensing platform
when applied for the analysis of real samples.
The selectivity of the AGCE-based 4-NP sensor was

examined by the addition of interferents to a 100 μM 4-NP
solution. Results obtained indicated that 10-fold of catechol
(CC), hydroquinone (HQ), 2-aminophenol (2-AP), 4-
chlorophenol (4-CP), and chlorpyrifos (Chpy) (Figure S2)
and 500-fold of Na+, K+, Co2+, Ni2+, I−, Cl−, and SO4

2− did not
practically affect the detection of 4-NP (signal change below
5%) (see data depicted in Table S1).
Ascorbic acid (AA) is the main coexisting interferent in real

biological samples. Therefore, the selectivity of the AGCE
toward DA in the presence of AA must be given high
consideration. The DPV current responses of the AGCE
toward DA were examined by the addition of AA to 50 μM
DA. Results obtained indicated that 40-fold of AA did not
practically affect the DPV peak currents of DA (see Figure S3)
(signal change below 5%). This data reveals that the optimized
AGCE-based DA sensor has an acceptable tolerance level
against AA (see data depicted in Table S2). The observed
selectivity of the proposed sensor for DA relative to AA could
be explained by strong electrostatic attraction between the
NH3

+ groups of DA (pKa = 8.9) and the negatively charged
OxSFGs at pH 7.0 (see above). On the other hand, AA, with a
pKa value of 4.1, is fully deprotonated to its anionic form at pH
7.0.64 Thus, the strong electrostatic repulsion between AA and
the negatively charged OxSFGs is expected to reduce the
adsorption of AA and consequently lower its peak current.
The selectivity of the AGCE sensing platform toward DA in

the presence of other common interferents, such as uric acid

(UA) and folic acid (FA), was also investigated. Results
obtained indicated that 50-fold of UA and FA did not
practically affect the detection of 5 μM DA (signal change
below 5%) (see Figure S4).
These findings suggest that the AGCE sensing platform has

a high selectivity for 4-NP and DA and could be used as a
reliable and cost-effective sensing platform for selective
detection of 4-NP and DA in real samples.
Analytical Applications of AGCE-Based 4-NP and DA

Sensors. To demonstrate the analytical utility of the AGCE-
based 4-NP sensor, various environmental water samples
including tap water, Nile river water, and wastewater were
tested using spiking and recovery experiments. As shown in
Table 1, an average recovery of 96.5% was observed. Moreover,

the analytical utility of the AGCE sensing platform for DA was
investigated by testing three human urine samples using
spiking and recovery experiments. Fresh urine samples were
diluted in a ratio of 1:100 using PBS, pH 7.0. Then, the diluted
urine samples were spiked with a known concentration of DA
prior to DPV measurements. Results obtained revealed an
average recovery of 98.0%, demonstrating satisfactory recovery
results for the AGCE sensing platform (see data depicted in
Table 2).

Figure 5. (A) DPVs of different concentrations of 4-NP as measured in 0.1 M PBS, pH 7.0, at the AGCE. Concentrations (from 1 to 15): 0.04,
0.08, 0.52, 1.0, 3.5, 5.8, 8.3, 10.7, 20.2, 43.0, 65.0, 128.74, 212.3, 290.0, and 370.0 μM. (B) Corresponding calibration plot for 4-NP at the AGCE.
(C) DPVs of different concentrations of DA as measured in 0.1 M PBS, pH 7.0, at the AGCE. Concentrations (from 1 to 13): 0, 0.02, 0.04, 0.06,
0.08, 0.5, 0.8, 1.0, 20.0, 40.0, 55.0, 79.0, and 100.0 μM. (D) Corresponding calibration plot for DA at the AGCE. The inset of (D) indicates the
responses at low concentrations of DA.

Table 1. Results for Spiking and Recovery Analysis of 4-NP
in Water Samples Using the AGCE-Based Sensing Platform

sample
added
(μM)

detected
(μM)

recovery
(%) RSD (%, n = 3)

tab water 1.0 0.93 93 5
Nile river 2.0 1.94 97 3
wastewater 1 3.0 3.03 101 2
wastewater 2 4.0 3.80 95 3
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Comparison of the Proposed AGCE-Based Sensor
with Different Modified Electrodes for 4-NP and DA. In
comparison with the previously reported 4-NP (Table S3) and
DA (Table S4) electrochemical sensors, the optimized AGCE-
based 4-NP and DA sensor showed high sensitivity, wide linear
ranges, and low detection limits compared to most of the
previously reported electrochemical sensors (Tables S3 and
S4). In particular, the developed DA sensor is characterized by
much higher sensitivity (∼504 μA μM−1 cm−2) and a lower
detection limit compared to all reported electrochemical
sensors (see Table S4). Moreover, the developed sensors are
characterized by low cost and operational simplicity since there
is no complicated modification procedure required for surface
modification of the GCE.

■ CONCLUSIONS
An electrochemically activated GCE, possessing OxSFGs, was
proven to be a useful sensing platform for both reducible (e.g.,
4-NP) and oxidizable (e.g., DA) analytes. The AGCE sensing
platform was utilized for the development of simple, sensitive,
selective, and easily fabricated sensors for the determination of
4-NP and DA by differential pulse voltammetry (DPV).
Because of its high electrocatalytic activity, excellent
repeatability, and high sensitivity, the AGCE sensing platform
can be used for routine analysis of 4-NP and DA in real
samples. Under optimized conditions, the developed AGCE-
based 4-NP sensor exhibited linear ranges of 0.04−65 and 65−
370 μM with a detection limit as low as 0.02 μM. Moreover,
the developed sensor exhibited a linear response over the
concentration ranges of 0.02−1.0 and 1.0−100 μM with a
lower limit of detection (LOD) of 0.01 μM (S/N = 3) for DA.
The developed sensors were successfully utilized to detect 4-
NP and DA in different real samples with satisfactory results.
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