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Chitosan/reduced graphene oxide/copper oxide (CS/rGO/CuQ) films were successfully deposited on
a screen-printed electrode (SPE) surface by applying the electrodeposition technique and were utilized
in detecting urea concentration using cyclic voltammetry (CV). The current study presents a novel
sensitive electrode based on CS/rGO/CuO used to detect urea fertilizer. The characterization of the
prepared samples was conducted using FTIR, XRD, and cyclic voltammetry. FTIR and XRD analyses
confirmed that rGO and CuO were successfully dispersed in the CS matrix. The FE-SEM morphology
showed a slight agglomeration, which was caused by physical interaction among CS, rGO and CuO. The
CS/rGO/CuO-modified SPE had an increased electrochemical performance compared with the CS-
modified SPE. Our reported study revealed that the CS/rGO/CuO 0.8%-modified SPE has extremely
promising electrochemical performance. The sensing properties of CS/rGO/CuO
concentrations of urea were studied using CV. In this study, the obtained sensitivity and R-square (R%)
values were 193 x 107° pA pM™! cm™2 and 0.9599, respectively. In addition, the observed

in various

electrocatalytic current had a limit of detection of 0.14 uM and a limit of quantification of 0.49 uM.
These results indicate that the CS/rGO/CuO-modified SPE can be used to detect urea concentration, in
which the addition of CuO concentration contributes significantly to the sensing properties of the

rsc.li/rsc-advances resulting modified electrodes.

1. Introduction

Currently, in the field of agriculture, the development of
advanced and modern technologies continues to enhance
agricultural productivity and sustainable crop quality. One of
the key methods for these is the application of fertilizers.
Fertilizer application to plants is considered the most impor-
tant factor for improving the soil's physical, chemical, and
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biological characteristics, leading to the desired harvest
results.” Urea fertilizer possesses crucial significance in the
agricultural sector.?

Urea fertilizer, known as a nitrogen fertilizer, containing
approximately 46% nitrogen, exhibits excellent solubility in
water, and it is easily absorbed by plants, making it a very effi-
cient nitrogen source for plants.* Urea fertilizer is an organic
compound with a carbonyl group (C=0) attached to two NH,
groups.® A deficiency of urea fertilizer in plants can result in
slow growth, yellowing of leaves, reduced leaf production, lower
crop yields, and increased susceptibility to diseases, as previ-
ously reported by Balitbangtan (2019).® The standard usage of
urea fertilizer ranges from 1.5% to 4.5% depending on the type
of plant.* However, many farmers are not aware about the
precise application of fertilizer to plants, and they sometimes
apply excessive amounts of fertilizer. Consequently, this can
cause harmful effects on the environment, such as damages to
soil ecosystems, microorganism elimination, water pollution,*
greenhouse gas emissions, and surface water eutrophication.”
Therefore, alternative innovations are needed for detecting urea
concentration.

Several approaches have been employed for both the quan-
titative and qualitative examination of urea concentrations. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determination is commonly conducted by Kjeldahl titration,
conductometry, or high-performance liquid chromatography
(HPLC) analysis. However, these approaches are toxic, time-
consuming, and costly.” A urea fertilizer sensor was also re-
ported to determine the concentration of urea. However, it
currently lacks adequate sensitivity and selectivity, and it
exhibits instability during the process of analysis.'® Therefore, it
is necessary to develop a straightforward, cost-effective, and
uncomplicated technique that can provide high sensitivity and
accurate detection.

Over the past ten years, electrochemical techniques have
developed as a highly sensitive and less time-consuming
approach, and they do not necessitate advanced instrumenta-
tion.” Electrochemical techniques, specifically voltammetric
and amperometric methods, exhibit high levels of precision.
The preparation of their electrodes is simple.” Cyclic voltam-
metry (CV) has been utilised to report almost all chemical
detections. In this process, it measures the current produced
through a series of 3 electrodes (working, reference, and auxil-
iary) when voltage is applied. The resulting redox current
potential is interpreted as the measured sample concentra-
tion."™** However, the working electrode’s surface modification
is the primary factor influencing the sensitivity and selectivity of
CV. Until now, the use of nanomaterials has become popular to
modify the working electrode’'s surface.*

Many researchers have utilized metal oxides, such as zinc
oxide (Zn0),**" titanium dioxide (TiO,),"® tin oxide (SnO,),**>°
and bismuth oxide (Bi,03),>"** owing to their enormous surface
area, flexibility, high stability, and efficient functionalization
with carbonyl and hydroxyl groups. CuO, an inorganic material,
has been frequently utilised in chemical sensors. Recently, CuO
was successfully employed as a modifier in the working elec-
trode of CV owing to its excellent bio-compatibility, acid-base
characteristics, and chemical stability.”*** Despite the
numerous potential applications of CuO, it is limited by its
brittle structure, conductivity, and weak catalytic activity. The
addition of graphene is needed to increase CuO's efficiency.

Graphene of reduced graphene oxide (rGO) is known as
carbon-based particles with a size of less than 10 nm.” In
general, rGO is a thin-layer nanoparticle consisting of sp’-
hybridized carbon. rGO has interesting properties, including
a specific surface area, good solubility in water, high biocom-
patibility, low toxicity, stability at high temperatures, and good
conductivity.”® These characteristics enable rGO in several
applications, such as chemical sensors, catalytic activity, and
energy devices.”” Besides, the use of nanoscale materials has
more advantages in many applications.

In the present study, the working electrode was created by
modifying the Screen-Printed Electrodes (SPE) using CuO/rGO.
The electrodeposition technique is applied. This approach
offers numerous benefits owing to its efficiency, simplicity,
affordability, and utilization of an electrochemical process
(Sembiring et al., 2023).>® Despite these advantages, the use of
CuO/rGO composite deposited on the surface of SPE has
weaknesses owing to its low film-forming and adhesion prop-
erties, making it difficult to adhere to the SPE's surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Several materials that can be used to overcome these prob-
lems are polyaniline, polypyrrole, polyvinyl alcohol, alginate,
cellulose and its derivatives, gelatin, and chitosan. However,
chitosan (CS) was chosen to address these weaknesses because
it is a renewable cationic polysaccharide, serves as an ion
exchanger and has a highly reactive chemical nature. These
properties allow CS to generate hydrogen bonds between
nitrogen in NH, bonds of CS and NH,  bonds on urea.” In
addition, CS offers excellent film-forming capacity and good
adhesion properties.*® Moreover, electrochemical-based chito-
san for urea detection provides some advantages, such as high
biocompatibility, good enzyme immobilization ability,
improved sensor sensitivity, and modification ability with
nanomaterials. Additionally, the hydrophilic and adhesive
properties of CS aid in stabilizing the electrochemical system
during the measurement process. Thus, the incorporation of
these three materials can mutually support each other as
sensitive materials for the SPE's working electrode to detect
urea fertilizer. The structural, morphological, and electro-
chemical characteristics of the CS/CuO/rGO-modified electrode
are discussed.

2. Experimental
2.1 Materials

All reagents and chemicals, such as chitosan powder, reduced
graphene oxide (rGO), copper oxide (CuO), phosphate saline
buffer (PBS) pH 7, acetic acid glacial (CH;COOH), urea, ethanol
96%, and distilled water used in this work were utilized as
received and were of analytical grade Merck quality. The screen-
printed electrode (SPE) was purchased from CV. Al-Tronic,
Medan.

2.2 Preparation of chitosan/rGO/CuO-based electrode

The procedure was performed as reported by Nainggolan et al.
(2024) with some modifications.* First, an amount of CS (1.5 g)
was introduced into 100 mL of CH;COOH 2% v/v and stirred for
24 h. Subsequently, 25 mL of rGO 250 ppm and 25 mL of CuO
0.2% (g L") were mixed under constant stirring for 2 h at 200~
300 rpm. The same treatment was done with varying concen-
trations of CuO (0.4%, 0.6%, 0.8%, and 1.0%). The concentra-
tion of rGO 250 ppm was chosen because of the previous study
reported by Sembiring et al. (2023).>® Furthermore, 25 mL of
CuO/rGO solution was added into 25 mL of CS solution, fol-
lowed by stirring for 12 h at ambient temperature using
a magnetic stirrer. Next, SPE was cleaned using distilled water,
followed by an ethanol solution. Before fabricating the modified
electrode, a sample test was prepared by creating a urea solu-
tion. The urea solution was created with several concentrations,
specifically 0.5-3.5 ppm with an increment of 0.5 ppm in PBS
solution (pH 7). This refers to the concentration of urea fertil-
izer, which is required by the plant species, as reported by FAO
(2005).* To make a sensitive working electrode to detect urea
fertilizer, a brief electrodeposition apparatus was prepared.
Furthermore, SPE electrodes were clamped between the
cathode and anode sides. A total of 25 mL of CS/rGO/CuO
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solution was placed into the beaker glass. After that, the SPE
electrode was dipped into the CS/rGO/CuO solution and then
given a current with a voltage of 2.5 volts. The process was
conducted for 5 minutes. The modified electrode was subjected
to drying at 60 °C for 30 minutes in an oven. Furthermore, the
CS/rGO/CuO-modified SPE electrode obtained was character-
ized using Fourier Transform Infra-Red/FTIR (Shimadzu IR
Prestige 21), X-ray Diffraction/XRD (Shimadzu XRD-6100), and
Field Emission-Scanning Electron Microscopy/FE-SEM (Thermo
Scientific). Meanwhile, electrochemical performance analysis of
the CS/rGO/CuO-modified SPE electrode for urea detection was
performed using cyclic voltammetry (CV) with a CorrTest
Electrochemical Workstation type. This method involved the
configuration of a three-electrode system, including a reference
electrode (Ag/AgCl), an auxiliary electrode (Pt) and a working
electrode. The optimum scan rate and modified electrode were
further applied to the next step. All procedures are illustrated in
Fig. 1 (Fig. S1).

3. Results and discussion
3.1 FTIR analysis

A FTIR study of CS, CS/rGO, and CS/rGO/CuO films, which were
obtained from the electrodeposition technique, was performed
to compare the characteristics of functional groups between
chitosan as a matrix film and the chitosan, which was modified
with rGO and CuO, as displayed in Fig. 2 (Fig. S2). It was
examined using a spectrometer manufactured by Shimadzu IR
Prestige 21 in the range of 4000-450 cm ™' spectral region. In
terms of the FTIR functional groups of CS, the peak at
3245.18 cm™ " represents the stretching of hydroxyl groups. The
peak at 2875.09 cm ™' indicates the stretching vibration of the
C-H saturated aliphatic. C=O0 stretching contributes to the
peak of 1628.11 cm ™", while the primary amine (N-H) stretch-
ing is assigned at 1464.71 cm™'. The peak of 1064.0 cm " is
associated with the C-O-C asymmetric stretching vibration
bonds of CS.***' Meanwhile, the FTIR spectrum of the film
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Fig. 1 Schematic of urea fertilizer detection using CS/rGO/CuO-
modified SPE.
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Fig. 2 FTIR spectra of CS, CS/rGO, and CS/rGO/CuO films.

based on CS/rGO shows regular peaks assigned to CS
(3245.18 cm ™', 2875.09 cm ™', 1628.11 cm ', 1464.71 cm ™, and
1064 cm '), presenting similar peaks.’® In contrast, the
absorption peak intensities declined slightly on CS/rGO. This
was influenced by the addition of rGO. This also indicates that
rGO was distributed into the CS filmy; it is likely inferred that
only physical interaction occurs on the composite, such as
a hydrogen bond. Additionally, the FTIR spectra of the CS/rGO/
CuO film indicated that the absorption peak differed from that
of the previous films. Furthermore, the incorporation of CuO
into the CS/rGO film was confirmed through FTIR spectra. The
spectrum shows the appearance of absorption bands at
629.0 cm ™' and 538 cm . These bands indicate the presence of
typical Cu-O group vibrations, confirming the successful
synthesis of the CS/rGO/CuO composite film.*> The spectra
correspond to the oscillations produced by the Cu-O bond. The
existence of the Cu-O bond indicates the successful incorpo-
ration of CuO to the amine group, indicating the successful
synthesis of CS/rGO/CuO film. Similarly, the mixing process of
rGO and CuO into the CS matrix film was successful, exhibiting
a homogeneous solution. This also indicated that rGO and CuO
were well distributed. Therefore, the CS/rGO/CuO-based
composite can be applied to the working electrode’s sensitive
layer to detect urea fertilizer. Several analyses were performed to
ensure a successful process.

3.2 XRD analysis

The XRD diffractogram of the CS film is shown in Fig. 3a
(Fig. S3). This diffractogram shows two main diffraction peaks
at 2¢ = 10° and 20°, which correspond to the ordered polymer
chain structure and semi-crystalline nature of CS, respectively.
No other peaks were found, indicating the presence of impuri-
ties in the pure CS film. After the incorporation of rGO into the
CS matrix (Fig. 3b and S3), no significant changes were found to
the diffraction pattern compared to the diffraction pattern of
pure CS. The CS/rGO composite still shows peaks at 26 = 10°
and 20°, which indicates that the nanocomposite still main-
tains its crystallinity. A new peak appears around 26 = 25-26°.
These peaks are identical to the characteristic peaks of rGO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD diffractograms of CS (a), CS/rGO (b) and CS/rGO/CuO.

indicating that rGO is successfully dispersed in the chitosan
matrix and forms a new composite structure.*

Additionally, Fig. 3c (Fig. S3) presents the XRD diffractogram
of CS/rGO/CuO. After the addition of CuO, two new diffraction
peaks appear at 26 = 35.6° and 38.8°, which correspond to the
typical diffraction pattern of CuO based on the literature.*” The
appearance of these peaks confirms that CuO remains in crys-
talline form after incorporation into the composite. Further-
more, the loading process of rGO and CuO within the CS matrix
can be proven through FE-SEM analysis.

3.3 FE-SEM analysis

The surface morphologies of CS, CS/rGO, and CS/rGO/CuO
films are studied utilising FE-SEM with 20 kV accelerated
voltage. Fig. 4 (Fig. S4) presents 50 000x magnification FE-SEM
micrographs of CS, CS/rGO, and CS/rGO/CuO, highlighting
notable variations. The images of FE-SEM (Fig. 4a) show that the
surface of the CS film appears relatively smooth with little
roughness, with no noticeable gaps. This structure indicates
that the CS film has good compaction, which makes it suitable
as a matrix for sensor applications. However, the CS/rGO film

Fig. 4 FE-SEM images of CS (a), CS/rGO (b) and CS/rGO/CuO (c).
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depicted in Fig. 4b exhibits a uniform dispersion of rGO
nanoparticles within the CS film. This is due to the homoge-
neous mixing process between CS and rGO.**** Conversely, the
incorporation of rGO and CuO into the CS film led to a modifi-
cation in the CS film structure, resulting in agglomeration
(Fig. 4c). The homogeneously dispersed rGO/CuO and the
presence of agglomeration indicate a strong interaction of the
three components, indicating that CuO and rGO are attached to
the surface and physically bonded with chitosan.

However, it is believed that agglomeration does not signifi-
cantly affect its potential as a sensitive material for detecting
urea fertilizer. To demonstrate this, a comprehensive analysis of
its electrochemical characteristics is conducted using cyclic
voltammetry (CV).

3.4 Electrochemical performance analysis

3.4.1 Cyclic voltammetry measurement of the chitosan-
modified SPE vs. chitosan/rGO/CuO-modified SPE. The
electrochemical performance of both modified electrodes is
evaluated in a PBS solution with a pH of 7. The scanning
potential is used from —0.6 V to +0.6 V, with a scan rate of
100 mV s '. Both modified electrodes displayed a pair of redox
peaks, anodic and cathodic, as the interaction of the working
electrode with ions in PBS as well as the effect of solution pH on
the electrode surface. The presence of CuO on the working
electrode, which is known to be pH-sensitive, can cause
a potential shift and the appearance of redox peaks due to
electrode surface reaction.

However, the intensities and potentials of these peaks differ
between these two modified electrodes. The electrochemical
response of the CS/rGO/CuO-modified electrode was better than
the CS-based electrode, as shown in Fig. 5 (Fig. S5). Further-
more, the modified electrode based on CS/rGO/CuO resulted in
the anodic peak current (I,,) and cathodic peak current (I,), as
shown in Table 1.

It is observable that the reactivity and electrical properties of
the produced modified electrode can be observed when it reacts
in PBS solution, as shown in (eqn (1)-(3)). In PBS electrolyte
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Fig. 5 CV voltammograms of electrodes modified with CS/rGO/CuO
and CS and then dipped in a PBS solution with a pH of 7 at a scan rate
of 100 mV st
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Table 1 Electrochemical performance data of CS-modified electrode
vs. CS/rGO/CuO-modified electrode using cyclic voltammetry

Electrode Ipa (A) Ipc (A) Epa (V) Epc (V) AE, (V)
cS 21x10° -93x10° —022 —0.40 0.15
CS/rGO/Cu0 153 x 10°° —4.56 x 10> —0.13 —0.37 0.27

solution (pH 7), CuO undergoes a stepwise reduction process of
Cu** — Cu" — Cu, resulting in two separate reduction peaks on
the CV plot at a given potential. Variations in the potential
values of the redox peaks indicate that the mechanism depends
on the interactions among CuO, the electrode, and the solution.

Cathode: CuO + 2H" + 2¢~ — Cu + H,0 (1)

Anode: Cu — Cu®" + 2¢~ (2)

Cu + 10, = CuO

Interaction of CuO with PBS solution
Cu** + PO~ — Cus(PO,)» 3)

The most crucial factor to consider in the electrochemical
analysis of redox reactions employing cyclic voltammetry (CV) is
the scan rate. Therefore, the impact of scan rate on the vol-
tammetric outcomes of the modified electrode was assessed by
measuring the CV in PBS solution with a pH of 7.

3.4.2 Scan rate study. The optimal scan rate was deter-
mined by observing the effect of the exchange's electron flow.
Briefly, it was conducted on a modified electrode utilising the
CV approach in PBS solution (pH 7) and the obtained I, and I,
(Fig. 6 and S6). In this study, the recorded potential range was
from —0.6 to +0.6 V, with scan rates of 25 mV s *, 50 mV s %,
75mV s !, and 100 mV s~ . These scan rate ranges were utilised
to prevent the occurrence of small current peaks and peak
overlap, which could compromise the selectivity of the analysis.
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0.00000 - —

— -0.00001 [

<

= -0.00002 |

£

=

S -0.00003 |

——25mV/s
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Fig. 6 Cyclic voltammograms at different scan rates for the CS/rGO/
CuO-modified SPE electrode.
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This was achieved by avoiding the use of too large scan rate
values. Moreover, a more rapid scan rate can inflict damage on
the electrode owing to the swift change in electrical potential.
Conversely, a slower scan rate is not well-suited for examining
rapid kinetic phenomena.*

Furthermore, the I, and I, test results of the modified
electrode, which were set within scan rates of 25, 50, 75, and
100 mV s !, are shown in Table 2. Table 2 illustrates that the
optimal scan rate is observed at 100 mV s~ ', with I, and I
values of 1.53 x 107> and —4.56 x 10~°, respectively. Naing-
golan et al. (2024) also reported that the optimal scan rate that
can be used is 100 mV s~*.>° However, I, and I,. peak currents
present linear response dependence upon the square root of the
scan rate. The R* value for I, and I, were calculated to be
0.9844 and 0.9817, respectively, as shown in (Fig. 7 and S7).
When these values become closer to 1, it indicates that the
redox mechanism in the CS/rGO/CuO system may involve two
simultaneous contributions: (1) diffusive transport of species in
PBS solution and (2) charge transfer via CuO species adsorbed
on the electrode. This mechanism is consistent with previous
studies of CuO-based systems on working electrodes.**?

3.4.3 Measurement of optimal modified electrode in
phosphate buffer saline solution. Fig. 8 (Fig. S8) indicates the
I, of the modified electrode by various concentrations of CuO
in PBS solution (pH 7) with potential ranging from —0.6 V to
+0.6 V at a scan rate of 100 mV s~ . This step was conducted to
obtain the best concentration of CuO; then, it was applied to
detect the urea concentration. The peak current of each modi-
fied electrode, which was added by various concentrations of
CuO, is displayed in Table 3.

Fig. 8 (Fig. $8) and Table 3 show that the addition of different
CuO concentrations gives different peak currents. Of all the SPE
electrodes modified with CS/rGO/CuO, the addition of 8% (g
L") of CuO to the modified electrode resulted in a maximum
peak reduction current (I,c) of —4.56 x 10~ A. This is due to the
increased number of electrochemically active centres on the
electrode surface, which enhances electron transfer and
strengthens the voltammetric response. However, at higher
CuO concentrations, agglomeration may reduce the effective-
ness of the active areas, leading to changes in the redox current.
Therefore, the optimal CuO content needs to be determined to
achieve maximum sensitivity. Magar et al. (2023) reported that
the electrode with the optimum CuO concentration showed
increased electrochemical activity and charge transfer effi-
ciency, indicating effective catalysis of urea oxidation as well as
high sensitivity to urea detection without additional
measurements.*”

Table 2 1, and /. values for determining optimal scan rates

Scan rate (mV

st Ia (A) Inc (A)

25 41 x 10°° -1.1 x107°
50 7.6 x 10°° —2.7x10°°
75 1.2 x 107° —4.0 x 107°
100 1.53 x 10~ —4.56 x 10°°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The effect of scan rate on the anodic (and cathodic) peak
current is presented, with the inset showing a linear fit of peak current
versus the square root of the scan rate, indicating a diffusion-
controlled process.
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Fig. 8 CV voltammograms of the modified electrode based on CS/
rGO/CuO with different concentrations of CuO.

Table 3 Peak current of the modified electrodes

CuO (%) T () Ipe () Epa (V) Epe (V) Tocllpa AE, (V)
0.2 1.55 x 107> —2.6 x 107> —0.22 —0.41 —1.67 0.19
0.4 1.70 x 10°° —3.1x 10°° —0.17 —0.40 —4.42 0.23
0.6 1.25 x 107° —3.6 x 10> —0.13 —0.40 —2.88 0.27
0.8 153 x 10°° —4.56 x 10°° —0.17 —0.40 —2.98 0.23
1.0 1.5x10° —4.5x10° —0.18 —0.40 —3.00 0.22

Meanwhile, the linearity result of the R-square (R*) obtained
from the modified electrode is 0.9361. Based on the previous
study reported by ref. 38, the excess CuO concentration in the
modified electrode can cause the electrode surface to be too
thick, hindering electron transfer and ion diffusion. In addi-
tion, it can cause excessive reactivity and physical and chemical
changes of the modified electrode, such as the release of CuO
particles into the solution, to interfere with the main reaction
and cause instability and contamination of the electrolyte
solution. On the contrary, a lack of CuO concentration may
decrease catalytic activity, electron transfer efficiency, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sensitivity. Therefore, an appropriate CuO concentration is the
focus of this study to ensure good electrode efficiency, sensi-
tivity, and stability. Therefore, a modified electrode based on
CS/rGO/CuO 0.8% was further used to detect urea fertilizer.
3.4.4 Electrochemical study of urea. To confirm the role of
each material component, electrochemical studies of urea were
carried out using CS/rGO and CS/CuO-modified SPE electrodes,
as shown in Fig. 9 (Fig. S9). Fig. 9a shows the CV voltammogram
of CS/rGO-modified SPE in the presence of various concentra-
tions of urea fertilizer at a scan rate of 100 mV s~ . The selected
rGO concentration was 250 uM. The selection of this concen-
tration refers to the research conducted by Sembiring et al.
2023,”® which stated that the optimum concentration of rGO on
the CS/rGO electrode is a sensing material. In addition,
Nainggolan et al. (2024) also reported that an rGO concentration
of 250 ppm was chosen for further analysis of cholesterol using
a modified CS/rGO/MnO, electrode.*® From the CV voltammo-
gram of urea using the CS/rGO-modified SPE electrode, the LoD
and LoQ values were 7.26 uM and 24.22 uM, respectively. In this
case, rGO plays a role in enhancing the conductivity and elec-
tron transfer of the CS/rGO-modified SPE electrode, but rGO
does not have many active sites for urea catalysis during the
electrochemical process. Consequently, although this electrode
has high conductivity, its catalytic ability in detecting urea was
limited. Meanwhile, on the CS/CuO-modified SPE electrode,
CuO has catalytic properties towards the urea oxidation reac-
tion. In the CS/CuO electrode, CuO acts as an active site to
increase the rate of the urea redox reaction. However, compared
to rGO, CuO has lower conductivity, which may limit the charge
transfer efficiency in the electrode. Furthermore, despite its
better catalytic activity, the lack of materials with high
conductivity in this electrode may lead to higher resistance
compared to CS/rGO, so the electrochemical response may not
be as good as expected. This can be observed from the CV vol-
tammogram of the CS/CuO-modified SPE electrode, as shown in
Fig. 9b. As depicted in Fig. 9b, the LoD and LoQ values obtained
are 3.04 pM and 12.01 puM, respectively. It can be concluded that
the addition of rGO into the CS film plays a role in increasing
electron transfer, but it has a lower peak current. On the
contrary, the addition of CuO into the CS electrode can increase
the catalytic activity of the electrode, which is indicated by
a higher peak current. Therefore, combining rGO and CuO into
CS film makes the CS/rGO/CuO-modified SPE electrode an
optimal strategy to utilize the advantages, ie. enhancing
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Fig.9 CV voltammograms of CS/rGO-modified SPE (a) and CS/CuO-
modified SPE electrode (b) in the presence of various concentrations
of urea fertilizer at a scan rate of 100 mV s,
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electron transfer and providing sufficient catalytically active
sites for more sensitive urea detection.

Considering the CV voltammogram acquired via various
modified electrodes, the CS/rGO/CuO-modified SPE electrode
exhibits significantly more prominent oxidation and reduction
peaks compared to the CS, CS/rGO, and CS/CuO-modified SPE
electrodes (Fig. 10). The findings clearly show the enhanced
electrochemical activity of CS/rGO/CuO-modified SPE owing to
their higher surface area. Next, the CV approach was used to
evaluate the electrochemical study of urea fertilizer sensing,
followed by its mechanism. During the electrochemical process
of urea fertilizer, the produced I, and I,. values are presented
in Table 4. However, Fig. 10 (Fig. S10) illustrates a decrease in
cathodic current with increasing urea concentration, suggesting
that the reduction reaction does not proceed with the same
efficiency as oxidation. This could be due to the adsorption of
oxidation products, such as CO,, on the electrode, which
inhibits the reduction process, as has been reported in the
literature.* Since CuO on the electrode acts as a catalyst, the
competition of electrochemical reactions on the electrode may
also cause an imbalance in the redox current. Thus, although
the oxidative current increased proportionally with urea
concentration, the cathodic current showed a different trend,
indicating the more complex nature of the reaction kinetics.

Table 4 demonstrates that CV measurements reveal distinct
current peaks, which are caused by the oxidation process of
urea. An increase in the concentration of urea in the solution
leads to a corresponding increase in the peak oxidation current,
which demonstrates the electrode's sensitivity to urea. The
reduction process can occur when the products generated in the
oxidation process can interact with the electrode again. Thus, it
is clear that the CS/rGO/CuO-modified SPE has remarkable
electrocatalytic performance at the interface. The schematic
representation of the reaction mechanism of urea fertilizer
detection using CS/rGO/CuO modified SPE is shown in Fig. 11
(Fig. S11).

The linearity and sensitivity determination of CS/rGO/CuO
modified SPE is calculated using the least square method as

0.010
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0.002[
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=
T
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-0.004 -
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Fig. 10 CV voltammograms of CS/rGO/CuO-modified SPE in the
presence of various concentrations of urea fertilizer at a scan rate of
100 mv s,
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Table 4 I, and /. values for detecting urea fertilizer
Urea (ppm) Ina (A) I (A) Iye/lpa R-Square
0.5 0.0062 —0.0092 —1.4838 0.9599
1.0 0.0076 —0.0079 —1.0394
1.5 0.0079 —0.0065 —0.8227
2.0 0.0083 —0.0054 —0.6506
2.5 0.0088 —0.0050 —0.5681
3.0 0.0092 —0.0043 —0.4673
3.5 0.0096 —0.0035 —0.3645

given in eqn (4), where y is a dependent variable while a, b, and x
are slope, intercept, and urea concentration, respectively.

y=a+bx (4)

Based on the least squares method used, the R-square (R?)
value from the linear calibration curve was 0.9599, which
showed a diffusion-controlled process, as shown in Fig. 10.
Additionally, the sensitivity's modified electrode was calculated
to be —1.9 x 10~° pA pM ™’ In addition, LoD and LoQ deter-
minations were conducted in this study. LoD determination was
conducted to ascertain the minimum detectable concentration
of the analyte solution that could be detected by the working
electrode. However, LoQ determination was carried out to
determine the least detectable concentration value based on its
capacity to measure the least concentration of an analyte. The
LoD and LoQ calculations were performed based on the stan-
dard deviation (SD) of the blank signal and the slope of the
calibration curve, as proposed in the analytical literature.** The
low LoD value indicates the high sensitivity of the developed
sensor. In this study, the SD intercept and slope values obtained
are 4.47 x 10 and 1.84 x 107, respectively. Therefore, the
values for LoD and LoQ values were further calculated utilizing
eqn (5) and (6):

_ 3 x SD intercept

LoD
© Slope

; (5)

Potentiostat

Modified SPE
€S/rGO/Cu0 SPE

WY
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Modified SPE Urea detection via oxidation
CS/rGO/Cu0 to NH; and CO,
L
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b

Fig. 11 Schematic of the reaction mechanism of urea fertilizer
detection using CS/rGO/CuO-modified SPE.3¢
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_ 10 x SD intercept

LoQ Slope

(6)

Based on the calculation above, LoD and LoQ are found to be
0.14 pM and 0.49 uM, respectively. This proves that the CS/rGO/
CuO-modified electrode has excellent potential to be utilized as
a working electrode for detecting urea fertilizer concentrations.
In addition, these data are evidence that CS/rGO/CuO-modified
SPE can work at the minimum detectable concentration
compared to previous work, as reported. A comparison of the
electrochemical performance of various working electrode-
based modified SPEs in detecting urea is shown in Table 5.

3.4.5 Interference, reproducibility, and lifetime of the CS/
rGO/CuO-modified SPE electrode. An interference study of the
CS/rGO/CuO-modified SPE electrode was proposed to evaluate
the reliability of the sample measurements. In this study,
several interfering substances, such as Na*, PO,*", NO, ", and
K*, were added into a 1 uM urea solution diluted with PBS
solution (pH = 7). Urea solution was used as a positive control.
In the process, a 5-fold excess of the interfering substances was
added into the urea solution, and their electrochemical
responses were tested using CV. The results of the interference
study are shown in Fig. 12 (Fig. S12). As depicted in Fig. 12, the
bar graph shows that the addition of interfering substances into
the urea solution resulted in a slight decrease in the peak
current. However, this decrease in the peak current did not
show significant changes in the position and peak current.
Therefore, the fabricated CS/rGO/CuO-modified SPE electrode
shows high sensitivity and selectivity for urea detection.

A reproducibility study was carried out to determine the
electrochemical performance of the CS/rGO/CuO-modified SPE
electrode because it can be used as an indicator of the accuracy
of the working electrode when the measurement results are
consistent under the same conditions. In this study, the
reproducibility of the CS/rGO/CuO-modified SPE electrode was
tested using seven electrodes to detect urea concentration (1
ppm), as displayed in Fig. 13 (Fig. S13). The measurement
results showed that the current obtained ranged from —0.0075
UM to 0.0079 pM, with an average (X) of —0.00767 pA and
a standard deviation (SD) of 0.00020 pA. Thus, the Relative
Standard Deviation (RSD) value obtained is 2.70%, indicating
that the produced electrode has high reproducibility and can be
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Fig. 12 Interference bar graph of the CS/rGO/CuO-modified SPE
electrode.

used for urea analysis consistently. The RSD was calculated
using the following equation:

Y%RSD = 22 » 100%. (7)
X

Furthermore, a lifetime study of the CS/rGO/CuO-modified
SPE electrode was conducted to determine the consistency of
the results provided over a period of time without experiencing
significant degradation. The electrodes were tested for 5 weeks
by taking measurements every 7 days in a 1.0 pM urea solution
using the CV method. The electrodes were stored at 25 °C under
dry conditions when not in use, and the current response was
analyzed to assess performance degradation. The CV voltam-
mogram of the lifetime study of the CS/rGO/CuO-modified SPE
electrode is presented in Fig. 14 (Fig. S14).

As illustrated in Fig. 14, it can be observed that the
measurement result shows that the current of the CS/rGO/CuO-
modified SPE electrode only decreased by 1.98% in the first
three weeks. Meanwhile, the decreasing currents in the 4th and
5th weeks were 2.24% and 2.52%, respectively. This value
indicates that the resulting electrode can still be used effectively
for up to 5 weeks before experiencing significant degradation.
In addition, it showed better stability because the CS/rGO/CuO
combination can improve the durability of the CS/rGO/CuO-
modified SPE electrode through enhanced adhesion and
electrochemical stability.

Table 5 Comparison of the electrochemical performance of various working electrodes in detecting urea

Sensitivity
Electrode material Method LoD (uM) LoQ (uM) (LA M~ em™?) Ref.
NiO nanostructure-modified GCE Ccv 20 90 — 40
MnO,/rGO-modified platinum Cv 14.693 — 9.7 x 1073 36
ZnO nanostructure-modified graphite Cv 2.5 — — 41
electrode
MoS, QDs Ratiometric fluorescence 1.8 — — 42
Ti/Ru0,-TiO,-SnO CV/LSV 1.83 7.66 9205
ZSs@rGO (0\% 0.012 — 682.8 43
CS/rGO/CuO cv 0.14 0.49 1.93 x 10 Present work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 CV voltammograms of the lifetime study of the CS/rGO/CuO-
modified SPE electrode.

3.4.6 Determination of urea in real samples. The detection
of urea in real samples, such as tap water and field water, is
essential to evaluate the effectiveness of the CS/rGO/CuO-
modified SPE electrodes under complex environmental condi-
tions. The presence of other ions in water can affect the
electrochemical performance of the electrode, so it is necessary
to test real samples to ensure the selectivity and reliability of the
method used. In this study, the urea solution in PBS (pH = 7)
was used as a positive control. Next, real samples (tap water and
field water) were added with 0.5 uM urea solution. The CV vol-
tammogram of urea determination in real samples is displayed
in Fig. 15 (Fig. S15), where it was calculated based on the
recovery test. Furthermore, the resulting I,, and I,. values of the
urea fertilizer detection in real samples are presented in Table 6
(Reviewer#1, Comment#1).

Urea fertilizer concentration in field water and tap water can
be determined using I,, and I, values, as shown in Table 6.
Then, the concentration values were calculated using eqn (8),
which employs the linear calibration equation. In addition, the
recovery values (%) were determined using eqn (9). This
approach uses the ratio between the peak currents (Ip,.), predi-
cated on the assumption that****

Csample

_ Ipc sampel (8)

bl
Cstandard Ipc standard
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Fig. 15 CV voltammograms of urea determination in real samples
using the CS/rGO/CuO-modified SPE electrode.

Table 6 /o, and I, values for detecting urea fertilizer in real samples

Recovery
Real sample Ina (A) I (A) Ino/Tpa (%)
PBS 0.00785 —0.00792 —1.008917 100
Field water 0.00776 —0.00788 —1.015464 99.49
Tap water 0.00754 —0.00766 —1.015915 96.71
C
Recovery (%) = —d 5 100%. 9)
Cadded

The detected concentrations of urea in both field water and tap
water samples were found to be lower than the standard concen-
tration (0.5 uM) prepared in phosphate buffer solution (PBS).
Specifically, the detected urea concentrations were 0.4974 pM in
field water and 0.4802 uM in tap water, corresponding to recovery
values of 99.49% and 96.71%, respectively. The reduction in the
observed urea concentration results from matrix effects in real
samples. In contrast to purified and controlled PBS, field water
and tap water contain contaminants, such as organic matter,
metal ions, or fertilizer residues. These chemicals may compete
with urea on the electrode surface, alter the electrochemical
conditions, or induce fouling, thereby diminishing sensor sensi-
tivity. Moreover, variations in conductivity and buffer capacity
relative to PBS may disrupt electron transfer efficiency, resulting in
a slight underestimation of urea concentration measurement
outcomes. These results show that the proposed CS/rGO/CuO-
modified SPE electrode can directly detect urea in real samples.
The recovery values for field water and tap water samples were
99.49% and 96.71%, respectively, which indicates that the CS/rGO/
CuO-modified SPE electrode performed reliably in complicated
matrices, adhering to typical validation criteria that deem 90-
100% recovery considered acceptable for real sample analysis.****

4. Conclusions

This study presents a new strategy by developing a novel sensitive
working electrode based on a screen-printed electrode, which is
modified with CS/rGO/CuO for detecting urea concentration. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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prepared CS/rGO/CuO was effectively studied using FTIR, XRD,
and FE-SEM. The characterization results showed that the
material combination used was able to increase the electrode
surface area and accelerate electron transfer, greatly contributing
to electrochemical performance. Moreover, the CS/rGO/CuO
modified SPE is electrochemically tested using CV. The addi-
tion of CuO is shown to impact the properties of CS/rGO/CuO-
modified SPE. From the results of this study, it is known that
CS/rGO/CuO modified SPE with added CuO results in an increase
in the electrochemical activity of the modified SPE. The optimal
concentration of CuO found to be added to CS/rGO/CuO is 0.8%,
resulting in an I,,. value of —4.56 x 10 °. Further studies on R-
square (R®) determination of the modified electrode also showed
good performance at 0.9361, indicating its reaction's electron
transfer is under diffusion control. Thus, this condition makes
the CS/rGO/CuO-modified SPE, as a working electrode, a highly
cost-effective tool for urea fertilizer analysis at various concen-
trations. Furthermore, in the case of urea fertilizer detection, it
can be observed that CS/rGO/CuO-modified SPE presented good
electrochemical performance R-square (R*) of 0.9599 and showed
excellent sensitivity of 1.9 x 10% (uA uM " cm™?). However, the
SPE's modification can sense urea at both higher and lower
concentrations, with LoD and LoQ values of 0.14 pM and 0.49
uM, respectively. Thus, the CS/rGO/CuO modified SPE is equally
suitable for detecting urea fertilizer.
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