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sensors based on the composite of
reduced graphene oxide and a multiwalled carbon
nanotube-modified glassy carbon electrode for
simultaneous detection of hydroquinone,
dopamine, and uric acid†

Wulan Tri Wahyuni, ab Shafa Aini Hasnawati Ta'alia,a Ari Yustisia Akbar, c

Bunga Rani Elvira, c Irkham, d Isnaini Rahmawati, e Ruri Agung Wahyuonof

and Budi Riza Putra *c

Using a simple drop-casting technique, we successfully fabricated a sensitive electrochemical sensor based

on the composite of reduced graphene oxide (RGO) and multiwalled carbon nanotubes (MWCNT)

deposited on the surface of a glassy carbon electrode (GCE) for individual and simultaneous

measurements of hydroquinone (HQ), dopamine (DA), and uric acid (UA). The nanocomposite of RGO/

MWCNT was further characterized in terms of its structural properties, surface morphology, and

topography using Raman, FT-IR spectroscopy, SEM, HRTEM, and AFM. Then, the proposed sensor for

simultaneous measurement of HQ, DA, and UA based on RGO/MWCNT-modified GCE was investigated

for its electrochemical behavior and electroanalytical performances using cyclic voltammetry (CV) and

electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry (DPV). In addition, the

composition ratio between RGO and MWCT was 1 : 1 showing the highest electrochemical response for

simultaneous detection of HQ, DA, and UA. Owing to the synergistic effect between RGO and MWCNT

leading to excellent conductivity properties, the proposed sensor exhibited improved electrochemical

response at pH 7 toward the oxidation processes of HQ, DA, and UA on the surface of modified

electrode. The proposed sensor demonstrated three well-defined anodic peaks of these analytes with

their linear concentrations ranges of 3.0–150.0 mM for HQ, 4.0–100.0 mM for DA, and 2.0–70.0 mM for

UA. The limit of detection values for the simultaneous detection of HQ, DA, and UA were found as

follows 0.400 ± 0.014, 0.500 ± 0.006, and 0.300 ± 0.016 mM, respectively. The additional features of

this proposed sensor are high reproducibility and stability for the simultaneous detection of HQ, DA, and

UA with negligible interference effect from interferents such as Mg2+, K+, Cl−, ascorbic acid, and

glucose. An acceptable percentage of recovery was also shown by this sensor for simultaneous

measurements of HQ, DA, and UA using 6 samples of human urine. In summary, the RGO/MWCNT

nanocomposite has been shown to be a promising platform for rapid, simple, and reliable determination

of simultaneous measurements of HQ, DA, and UA in practical applications.
1 Introduction

Electrochemical sensors have shown great promise for the
simultaneous detection of multiple analytes in various elds
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including environmental markers and biological molecules due
to their simplicity, rapid, sensitive, and efficient properties.1,2

One of the attractive topics is the development of electro-
chemical sensors for the detection of several important
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biological molecules such as hydroquinone (HQ), dopamine
(DA), and uric acid (UA) for further analytical applications.
These three molecules have been employed in several recent
studies of electrochemical sensors with substantial environ-
mental and biological implications for the health of human
beings.3–6 HQ or 1,4-dihydroxybenzene is a common constituent
of industrial effluents from coal tar production, oil reneries,
leather, cosmetics, plastic, paper, steel, and pharmaceutical
sectors.7,8 This chemical has been recognized by the European
Union (EU) and the United States Environmental Protection
Agency (US EPA) as an environmental pollutant that poses
health risks at high levels in humans such as dermatitis, irri-
tation, fatigue, liver and kidney disease, and cancer.9,10 In
addition, the usage of HQ as skin-lightening cosmetics has been
prohibited in many countries worldwide with a 2% permissible
limit for topical treatments intended for dermatological
purposes.11 According to the Occupational Safety and Health
Administration (OSHA) and Threshold Limit Values (TLV), the
Permissible Exposure Limit (PEL) of hydroquinone to the
human body is 2 mg m−3.12 Another previous work has reported
that the HQ level in human urine in the concentration range of
0.6 to 4.2 mg mL−1 equivalent to 5.45–38.2 mM.13

Meanwhile, DA and UA are important biomolecules in
regulating physiological processes in the human metabolism,
central nervous, and renal system.14,15 DA is an essential
neurotransmitter that plays a signicant role in neurological
functions and its abnormal concentrations in the human body
may be responsible for diseases such as Parkinson's disease and
schizophrenia.16 Several studies have found that the physio-
logical concentrations of dopamine in the human body vary
signicantly within the urine and cerebral uid at 5 nM and in
blood at less than 0.13 nM.17,18 Human blood also contains UA,
a metabolic by-product of purine metabolism, which presents
in normal levels at 140–420 mM, and its accumulation causes
the blood to become more acidic which can lead to serious
diseases such as hyperuricemia, gout, and Lesch-Nyhan
syndrome.19,20 Therefore, it is crucial to develop a simple and
sensitive analytical method for the simultaneous detection of
HQ, DA, and UA in synthetic solutions and real samples. This
developed approach will be valuable for early detection of
abnormal concentrations of these biological molecules and as
a sign of potential disorders for human health.

Several analytical techniques based on high-performance
liquid chromatography,21–23 Raman spectroscopy,24–26 uores-
cence,27,28 capillary electrophoresis,29–31 gas chromatography-
mass spectrometry,32–35 chemiluminescence,36–38

photoelectrochemical,39–41 have been developed for the quanti-
tative analysis of HQ, DA, and UA. These techniques have been
widely applied as quality control procedures in many laborato-
ries due to their sensitivity and accuracy in detecting these three
biomolecules. Although the above methods have been devel-
oped in great advance based on their performances, there are
still limitations to be addressed, including high cost, the need
for sophisticated instruments, and time-consuming sample
pretreatment. Compared to these methods, electrochemical
methods have been widely developed for their benets of
simple, low cost, high sensitivity, rapid selectivity, portable, and
28000 | RSC Adv., 2024, 14, 27999–28016
selectivity in detecting HQ, DA, and UA.42–46 Furthermore,
a thorough understanding of the electron transport kinetics of
HQ, DA, and UA at the electrode surface is necessary to provide
insight into chemical reactions in the biological system of
human metabolism.

The morphology of reduced graphene oxide (RGO) as two-
dimensional (2D) nanomaterials could provide a large surface
area and high conductivity properties which is benecial to be
employed for sensor fabrication.47,48 However, the enhanced
conductivity of RGO might be lowered due to the possibility of
restacking and aggregation by the presence of oxygen-
containing groups on their 2D structures.49,50 One way to
improve the RGO conductivity is by incorporating it with multi-
walled carbon nanotubes (MWCNT) to produce a stable
dispersion of RGO and MWCNT nanocomposite via non-
covalent interactions. This nanocomposite has demonstrated
good electrical conductivity and high chemical and thermal
stability which are advantageous to be employed as a material
platform of electrochemical sensors.51,52 The anticipated
outcome of the unique properties of RGO and MWCNT could
work synergistically to improve the electrochemical oxidation
current of HQ, DA, and UA on the electrode surface. In addition,
the nanocomposite of RGO and MWCNT has been previously
employed as an electrode modier for the simultaneous
detection of nitrite and nitrate,53 ascorbic acid, dopamine, and
uric acid,54,55 HQ, catechol, and resorcinol,56,57 hydrogen
peroxide, chlorine, and coenzyme,58,59 bisphenol A, 8-hydroxy-20-
deoxyguanosine, and HQ,60 and food dyes (Sunset Yellow and
Tartrazine).61

To the author's knowledge, no published studies have re-
ported on the simultaneous measurements of HQ, DA, and UA
using nanocomposite consisting of RGO and MWCNT as
a material platform of electrode modiers for the electro-
chemical sensors. This proposed sensor is developed by modi-
fying the surface of a glassy carbon electrode (GCE) with the
RGO/MWCNT composite and employed for the simultaneous
determination of HQ, DA, and UA in human urine samples.
Based on the results of this work, RGO/MWCNT nanocomposite
could improve the conductivity of the modied electrode and
thus provide excellent electroanalytical performance for simul-
taneous detection of HQ, DA, and UA. Under optimum condi-
tions, the proposed sensor shows a remarkable electrochemical
response for simultaneous HQ, DA, and UA measurements with
low detection limits. This proposed sensor exhibits good
reproducibility and repeatability, and negligible effect from
common species as potential interferences. In addition, an
acceptable recovery percentage is obtained in the practical
applications of this proposed sensor for the simultaneous
determination of HQ, DA, and UA in 6 samples of human urine.

2 Experimental
2.1. Reagent and apparatus

Graphite powder with carbon content $99.95%, multiwalled
carbon nanotubes (MWCNT) (>90% carbon basis with diameter
versus length: 110–170 nm versus 5–9 mm), N,N-dime-
thylformamide (DMF) ($99.8%) (CAS number: 68-12-2), KMnO4
© 2024 The Author(s). Published by the Royal Society of Chemistry
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($99%), H2SO4 (95–98%), H2O2 30%, NaH2PO4 ($99%),
Na2HPO4 ($99%), NaNO3 ($99%), K3[Fe(CN)6] ($99%), glucose
($99%), urea ($99%), ascorbic acid ($99%), MgSO4 ($99%),
uric acid ($99%) (CAS number: 1198-77-2), dopamine hydro-
chloride ($99%) (CAS number: 62-31-7), and hydroquinone
($99%) (CAS number: 123-31-9) were obtained from Sigma
Aldrich. All chemicals were of analytical grade and employed as
received without further purication. Deionized water
(conductivity z 0.05 mS cm−1) was used throughout the
experiments.

The Raman spectra of graphite, graphene oxide (GO), and
reduced graphene oxide (RGO) were derived from a Micro
Confocal Hyperspectral 3D Imaging Raman Spectrometer
(HORIBA LabRAM HR Evolution, Japan). Meanwhile, the
infrared (IR) spectra from these materials using a Fourier
transform infrared (FTIR) spectrometer (Infrared Bruker Tensor
37, Germany). The photograph of scanning electron microscopy
(SEM) for RGO, multiwalled carbon nanotubes (MWCNTs), and
its composites were obtained using SEM JEOL JSM-IT 200.
Moreover, transmission electron microscope (TEM) images of
RGO, MWCNT, and RGO/MWCNT composite were derived from
an FEI Tecnai G2 20 S-Twin TEM. The electrochemical imped-
ance spectroscopy (EIS) studies were performed using Sensit BT
(PalmSens BV, Houten, The Netherlands). All electrochemical
experiments were conducted using PalmSens Emstat3+ Blue
(PalmSens BV, Houten, The Netherlands) equipped with 3-
electrodes systems. It comprises a glassy carbon electrode (GCE
with 3 mm in diameter) from IJ Cambria Scientic, Ag/AgCl as
the reference electrode, and platinum wire as the auxiliary
electrode. All electrochemical experiments were performed
using standard laboratory apparatus such as Pyrex glassware,
analytical balance, and micropipettes for solution preparation
at ambient temperature.
2.2. Synthesis of reduced graphene oxide (RGO) from
graphite precursor

First, graphene oxide (GO) material was synthesized from
graphite precursor following the modied Hummer's method.62

Briey, 1.0 g of graphite was mixed with 0.5 g of NaNO3 in 25mL
of concentrated H2SO4 and subsequently cooled at 0 °C for 1
hour in stirring conditions. Then, 3.0 g of KMnO4 was slowly
added to the mixture solution, and the temperature was kept
below 20 °C in stirring condition for 1 hour. Next, 50 mL of
deionized water was added to the mixture solution to produce
an exothermic reaction at 90–95 °C. The obtained solution was
stirred for 1 hour and subsequently le for 30 minutes. The
reaction in the mixture solution was nally terminated by
adding 50mL of H2O2 30% in stirring conditions for 1 hour. The
solution mixture was cooled at room temperature, washed with
deionized water, and air-dried to obtain the GO powder.

The reduction of GOmaterial was achieved by using ascorbic
acid as a reducing agent. Approximately 400 mg of GO powder
was diluted in 400 mL of deionized water and added with 4.0 g
of ascorbic acid in stirring conditions for 30 minutes at 60 °C.
The reduced GO material was centrifuged at 4000 rpm for 40
minutes to remove the supernatant to obtain the black paste.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Next, H2O2 30% was added to the black paste in stirring
condition for 30 minutes at 60 °C to oxidize the remaining
ascorbic acid. The black product containing RGO material was
obtained by centrifugation at 4000 rpm with subsequent
washing using ethanol and deionized water. The resulting
powder was dried in the oven for 24 hours at 120 °C.

The powder of RGO was characterized using Raman and
FTIR spectroscopy to observe the changes in functional groups
in its chemical structure.
2.3. Fabrication of GCE-modied RGO/MWCNT in different
compositions

The stock solution of RGO was prepared with deionized water as
a solvent while MWCNT was dissolved in DMF to obtain each
concentration as 1 mg mL−1. The composite solution contain-
ing RGO and MWCNT was prepared in 3 different compositions
at the weight ratio of 1 : 1, 3 : 7, and 7 : 3 to obtain a total
concentration of 1 mg mL−1. Each composite solution was then
stirred for 30 min and followed by sonication for 30 min. Next,
about 4.0 mL of each composite solution was drop-casted onto
the surface of a glassy carbon electrode (GCE). The GCE modi-
ed each composite solution was then placed in the oven at 85 °
C for 5 min to obtain a stable lm of RGO/MWCNT. Fig. 1a
illustrates the schematic diagram of the fabrication process of
RGO/MWCNT composite and its deposition on the surface of
GCE.
2.4. Investigation of the electrochemical behaviour of GCE-
modied RGO/MWCNT in different compositions

The electrochemical behaviour of bare GCE and modied GCE
(RGO-modied GCE, MWCNT-modied GCE, and three
different weight ratios of (7 : 3, 3 : 7, and 1 : 1) of RGO/MWCNT-
modied GCE) were evaluated in 50 mM hydroquinone (HQ), 30
mM dopamine (DA), and 10 mM uric acid (UA) in 0.1 M of pH 7
phosphate buffer. The phosphate buffer was prepared by mix-
ing 0.1 M NaH2PO4 with 0.1 M Na2HPO4 in certain volume ratio,
then its nal pH was adjusted into pH 7. Electroanalytical
measurements for all modied electrodes were performed
using differential pulse voltammetry (DPV) at a potential
window of −0.2 V to +0.6 V versus Ag/AgCl, at a scan rate of
25 mV s−1, a potential step of 5 mV, a potential pulse of 50 mV,
and a pulse time of 0.1 s. All electroanalytical measurements for
simultaneous detection of HQ, DA, and UA using the modied
electrodes were carried out in triplicate experiments.
2.5. Evaluation of the electroanalytical performance of RGO/
MWCNT-modied GCE

The analytical performance of the RGO/MWCNT-modied GCE
was investigated in several analytical parameters involving
linearity, limit of detection (LOD), limit of quantication (LOQ),
reproducibility, sensitivity, precision, and stability. The elec-
troanalytical measurement was investigated using the DPV
technique at a potential window of −0.2 V to +0.6 V versus Ag/
AgCl, at a scan rate of 25 mV s−1, a potential step of 5 mV,
a potential pulse of 25 mV, and a pulse time of 0.01 s.
RSC Adv., 2024, 14, 27999–28016 | 28001
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Fig. 1 (a) Schematic diagram of the fabrication process of the composite of reduced graphene oxide (RGO) and multiwalled carbon nanotubes
(MWCNT) and its deposition onto the surface of glassy carbon electrode (GCE), (b) the Raman spectra and (c) infrared spectrum obtained from
graphite, graphene oxide (GO), and reduced graphene oxide (RGO), the images of scanning electron microscope (SEM) in 25 000 times
magnification derived from (d) RGO, (e) multiwalled carbon nanotube (MWCNT), and (f) the composite of RGO/MWCNT (1 : 1), high-resolution
transmission electron microscopy (HRTEM) image and SAED pattern of (g) RGO, (h) MWCNT, and (i) RGO/MWCNT composite (1 : 1).
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2.6. Linearity, LOD, and LOQ

The linearity of individual analytes by gradually decreasing the
concentration of one compound while the concentrations of the
other two compounds were xed. LOD and LOQ were calculated
based on the ratio of signal to noise (S/Nz 3 for LOD and S/Nz
10 for LOQ). Linearity was evaluated by measuring HQ solution
in the concentration range of 3.0–53.0 mM with the concentra-
tions of DA and UA being xed at 4.0 mM and 2.0 mM in 0.1 M of
28002 | RSC Adv., 2024, 14, 27999–28016
pH 7 phosphate buffer. The linearity was also investigated by
measuring DA solution in the concentration ranges of 4.0–34.0
mM with the concentrations of HQ and UA xed at 3.0 mM and
2.0 mM in 0.1 M of pH 7 phosphate buffer. In addition, the
linearity for UA was carried out by measuring the UA solution in
the concentration range of 2.0–12.0 mMwith the concentrations
of HQ and DA being xed at 3.0 mM and 4.0 mM in 0.1 M of pH 7
phosphate buffer. All measurements were performed in tripli-
cate experiments using the DPV technique with the conditions
© 2024 The Author(s). Published by the Royal Society of Chemistry
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obtained from the previous experiment. Moreover, the HQ, DA,
and UA measurements showed the maximum sensitivity when
the coefficient of determination (R2) close to 1 was obtained.
The sensitivity value can be determined from the slope of the
calibration curve which was calculated from triplicate experi-
ments for simultaneous detection of HQ, DA, and UA.

2.7. Reproducibility, stability, and selectivity of the proposed
sensor

The evaluation of sensor reproducibility was performed by
preparing a solution containing 50.0 mM HQ, 30.0 mM DA, and
10.0 mM UA in 0.1 M of pH 7 phosphate buffer and measured
with ve individual electrodes of RGO/MWCNT (1 : 1)-modied
GCE in triplicate experiments. Meanwhile, the sensor stability
was evaluated by measuring the solution containing 50.0 mM
HQ, 30.0 mM DA, and 10.0 mM UA in 0.1 M of pH 7 phosphate
buffer in 7 repetitions using a similar electrode of RGO/MWCNT
(1 : 1)-modied GCE. The sensor reproducibility and stability
parameters were evaluated as a percentage of the relative stan-
dard deviation (%RSD) for simultaneous detection of HQ, DA,
and UA. In addition, the selectivity of RGO/MWCNT (1 : 1)-
modied GCE was investigated by simultaneously measuring
HQ, DA, and UA in the presence of K+, Mg2+, and Cl−, glucose,
urea, and ascorbic acid as interfering compounds. Each inter-
fering compound was prepared at a concentration of 50.0 mM
and mixed with the solution containing 50.0 mM HQ, 30.0 mM
DA, and 10.0 mM UA in 0.1 M of pH 7 phosphate buffer. The
solution was then measured in triplicates using the DPV tech-
nique under similar previous experimental conditions.

2.8. Simultaneous detection of HQ, DA, and UA in the
sample of human urine using RGO/MWCNT (1 : 1)-modied
GCE

The performance of the RGO/MWCNT (1 : 1)-modied GCE for
the simultaneous detection of HQ, DA, and UA was evaluated in
the human urine samples using the DPV technique with the
standard addition method. The human urine samples were
obtained from 6 volunteers of healthy adults and diluted 100
times for simultaneous measurements of HQ, DA, and UA using
0.1 M of pH 7 phosphate buffer. Ethical consent for collecting
human urine from adult healthy donors was received from IPB
University, Indonesia. Informed written consent was obtained
from all volunteers who contributed human urine to this work.
The urine samples were collected in clean beakers under
instruction to collect midstream urine from healthy volunteers.
Samples were then collected and refrigerated within 4 hours of
collection. Approximately, a 5 mL diluted sample of human
urine was added with a standard solution in successive
concentrations for HQ (5.0, 10.0, 15.0, 20.0, and 25.0 mM), for
DA (3.0, 6.0, 9.0, 12.0, and 15.0 mM), and for UA (1.0, 2.0, 3.0, 4.0,
and 5.0 mM). The human urine samples were then measured
using the DPV technique with similar optimized experimental
conditions in triplicates. The concentrations of HQ, DA, and UA
in the sample of human urine were then calculated as the x-
intercept of the standard addition calibration curve as follows
in eqn (1):
© 2024 The Author(s). Published by the Royal Society of Chemistry
x-intercept ¼ �CA

Vo

Vf

(1)

where CA is the concentration of HQ, DA, and UA in the human
urine sample, Vo is the initial volume of the human urine, Vf is
the nal volume of the human urine sample, and x-intercept is
derived when y is equivalent to zero.
3 Results and discussions
3.1. Materials characterization using Raman, IR
spectroscopy, SEM, TEM, and AFM

Raman spectroscopy was employed to investigate the structural
conversion from graphite into reduced graphene oxide (RGO) in
the Raman shi between 50 to 3500 cm−1 as shown in Fig. 1b.
Based on this gure, the Raman spectrum of graphite exhibits
three prominent peaks at 1346.78, 1577.03, and 2688.57 cm−1,
respectively. The vibrations of carbon atoms with dangling
bonds in plane termination of disordered graphite are linked to
the peak at 1346.78 cm−1 (D-band, the breathing mode of k-
point phonons of A1g symmetry).63 Meanwhile, the peak at
1577.03 cm−1 is associated with the vibration of sp2-bonded
carbon atoms and represents the E2g mode of graphite.64 In
addition, the 2D band depends on the number of layers and
stacking order in the graphite structure.65 When graphite was
oxidized to graphene oxide (GO), the D band became stronger at
1351.31 cm−1 implying a higher level of disorder of the gra-
phene layers and defects during the chemical oxidation
process.66 In addition, the intensity ratio of the D band versus G
band (ID/IG) from graphite (0.21) to GO (1.03) is signicantly
enhanced indicating the formation of sp3 carbon through
functionalization processes such as hydroxyl or epoxy causes
the structural defects on its structure.67 Furthermore, the
intensity ratio of ID/IG is slightly increased aer the reduction of
GO due to the considerable shrinkage of the in-plane sp2

domains leading to disordered structure in RGO materials.68

Moreover, the highest intensity ratio of ID/IG was obtained in the
RGO/MWCNT (1.25) showing an increase in the surface
disorder of these nanocomposites. This enhancement might be
attributed to the partial insertion of MWCNT into RGO layers
which follows previous works on graphene-based nano-
composites.69 FTIR was also performed for material character-
ization to conrm the changes in functional groups in each
material.

Infrared (IR) spectroscopy was used to identify and charac-
terize all materials by analyzing the frequency of functional
groups related to the molecular or atomic vibrations. Fig. 1c
shows the IR spectra obtained from 4 different materials
(graphite, GO, RGO, and RGO/MWCNT composite) with no
signicant peak observed in graphite. Meanwhile, the presence
of oxygen functional groups in GO has been revealed at
3400 cm−1 (O–H stretching vibrations), at 2927 cm−1 (C–H
stretching vibrations), at 1727 cm−1 (C]O stretching vibra-
tions), at 1600 cm−1 (C]C stretching vibrations), at 1382 and
1190 cm−1 (C–OH stretching vibrations), and 1078 cm−1 (C–OC
stretching vibrations). The increase in IR spectrum obtained
from GO might be due to the formation of several oxygen
RSC Adv., 2024, 14, 27999–28016 | 28003
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functional groups in its structure such as alcohols, carboxylic
acids, aldehydes, ketones, ethers, and epoxides.70 In addition,
when GO is reduced into RGO, the O–H stretching vibrations at
3400 cm−1 are signicantly reduced due to the deoxygenation
from the graphene structure. However, several stretching
vibrations such as C]O at 1721 cm−1, C]C at 1600 cm−1, and
C–OH at 1382 cm−1 become weaker due to the remaining
carboxyl groups aer the reduction of GO material. Further-
more, the IR spectra of RGO/MWCNT revealed the combination
of previously mentioned absorption peaks from each RGO and
MWCNT with less intensity than their parent materials. This is
due to the co-existence of RGO in theMWCNT network resulting
in the successful integration between these two materials. In
addition, the IR spectra of this composite indicate the signi-
cant reduction of the oxygen as mentioned earlier functional-
ities upon the GO reduction.

Scanning electron microscope (SEM) analysis was employed
to investigate the surface morphology of 3 electrode modiers
(RGO, MWCNT, and RGO/MWCNT composite) with magni-
cations of 25 000 times. Fig. 1d shows the SEM image of RGO
which revealed thin sheets and randomly aggregated layers with
distinct edges but crumpled on its surface. This rough surface is
the common feature found in RGO materials obtained from the
reduction of GO.71 Meanwhile, Fig. 1e shows the characteristics
of pristine MWCNT with a netlike structure which may offer
a highly permeable region for the affinity adsorption of the
analyte. In addition, this porous net structure of MWCNT
provides an increased surface area which could offer an excel-
lent ability for the electron transfer processes to the electrode
surface. In addition, the incorporation of MWCNT into RGO
Fig. 2 AFM images in 2D (the first row) and 3D (the second row) dimens
multiwalled carbon nanotubes (MWCNT), (c) composite of RGO and MW

28004 | RSC Adv., 2024, 14, 27999–28016
layers through noncovalent interactions between graphene
sheets forms a three-dimensional (3D) network of RGO/
MWCNT nanocomposite. As seen in Fig. 1f, the SEM image of
this composite shows the unique structure in which the RGO
material is coated with the brous network MWCNT leading to
an enhancement of electrical conductivity. Thus, the synergistic
properties in this nanocomposite are expected to be benecial
as a platform of electrochemical sensors for multicomponent
simultaneous detection.

A transmission electron microscopy (TEM) study was
employed to capture ne-detail images of RGO and MWCNT.
Fig. 1g shows the high-resolution transmission electron
microscopy (HR-TEM) image obtained from RGO revealing the
sheet-like nature with less wrinkles and folding. In addition, the
lattice fringes clearly shown in Fig. 1g conrm the interplanar
distance for RGO material is 3.81 Å. Moreover, the crystallo-
graphic structure of RGO material was characterized by the
selected area electron diffraction (SAED) method with the
interplanar distance for RGO as 2.28 Å (011) and 1.21 Å (112)
plane as shown in the inset of Fig. 1g. Meanwhile, the HR-TEM
image of pristine MWCNT shows the regular tubular structure
with a lattice fringe of 3.44 Å as shown in Fig. 1h. The selected
area electron diffraction (SAED) of this nanomaterial also
conrms several interplanar distances (inset Fig. 1h) with cor-
responding planes as 3.36 Å (002), 2.14 Å (110), 1.63 Å (004), and
1.23 Å (202) planes. Furthermore, the HR-TEM image of rGO/
MWCNT nanocomposite (Fig. 1i) displays the lattice fringes
for RGO and MWCNT with the corresponding interplanar
distance of 3.81 and 3.44 Å, respectively. The SAED pattern of
this nanocomposite (inset Fig. 1i) also reveals several number
ion perspectives obtained from (a) reduced graphene oxide (RGO), (b)
CNT (1 : 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interplanar distances for RGO as 0.87 (011) and 0.70 Å (112)
planes and for MWCNT as 3.44 (002), 2.07 (110), 1.65 (004), and
1.21 (202) planes.

The atomic force microscopy (AFM) technique was employed
to characterize the surface roughness and topography from
three electrode materials (RGO, MWCNT, and RGO/MWCNT
composite). Fig. 2 shows the AFM images of 2D (le section)
and 3D (right section) obtained from these three different
materials in a scan area of 10× 10 mMwith a scan rate of 0.5 Hz.
From this investigation, it can be calculated three values of root-
mean-square roughness (Rq) for RGO, MWCNT, and RGO/
MWCNT composite as follows 37, 39.6, and 70.1 mm, respec-
tively. In addition, the value of peak-to-valley (Rpv) was also
derived from RGO, MWCNT, and RGO/MWCNT composite as
86.4, 73.8, and 184.4 mm, respectively. Both increases (Rq and
Rpv) from the starting material (RGO and MWCNT) to its
composite could be attributed to the strong noncovalent inter-
action that allows the good dispersion of MWCNT into RGO
structures.72 Moreover, the presence of MWCNT could prevent
the restacking of graphene layers and act as a spacer in the
interlayer spacing of RGO sheets thus increasing the surface
area of its composite.73,74 This high surface area of the RGO/
MWCNT composite is advantageous to improve its conduc-
tivity and adsorption performance since it allows for more
surface contact on the surface of modied electrode. Thus, it
will be interesting to investigate the employment of this mate-
rial composite as a platform for the development of electro-
chemical sensors for the simultaneous detection of
electroactive biological molecules particularly for hydroquinone
(HQ), dopamine (DA), and uric acid (UA) detection.
Fig. 3 (a) Voltammograms and (b) Nyquist plot derived from six
different modified electrodes (bare GCE, RGO/GCE, MWCNT/GCE, 7 :
3, 3 : 7, and 1 : 1 RGO/MWCNT/GCE) for the measurements of 1.0 mM
K3[Fe(CN)6] in 0.1 M KCl solution at the frequency range from 1 ×

105 Hz to 2 × 102 Hz and Eac = 6 mV at an open-circuit potential.
Voltammogram of 1 mM K3[Fe(CN)6] in 0.1 M KCl measured with (c)
bare GCE and (d) RGO/MWCNT (1 : 1)-modified GCE, voltammograms
obtained from RGO/MWCNT (1 : 1)-modified GCE for the measure-
ment of (e) 50 mMHQ, (g) 100 mMDA, and (i) 200 mMUA in 0.1 M of pH
7 phosphate buffer at various scan rates (25, 50, 75, 100, 125, and
150 mV s−1). The linear relationship between the natural logarithm of
the scan rates (ln v) and peak potential of anodic (Epa) and cathodic
(Epc) for (f) HQ, (h) DA, and (j) UA measured with RGO/MWCNT (1 : 1)-
modified GCE.
3.2. Studies of the charge-transfer behaviour of the modied
electrodes

As the initial step to investigate the charge-transfer behaviour of
the modied electrodes, cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) techniques were
employed on 6 different electrodes (bare GCE, RGO/GCE,
MWCNT/GCE, RGO/MWCNT (7 : 3)/GCE, RGO/MWCNT (3 : 7)/
GCE, and RGO/MWCNT (1 : 1)/GCE). This study was conduct-
ed to determine the electrode conductivity of each modied
electrode by measuring it using 1.0 mM K3[Fe(CN)6] in 0.1 M
KCl solution. Fig. 3a shows the cyclic voltammogram at a scan
rate of 50 mV s−1 obtained from 6 different electrodes with the
highest sensitivity observed at RGO/MWCNT (1 : 1)/GCE for
both anodic and cathodic peak currents of Fe3+/Fe2+ redox pair
species compared to other electrodes. This result suggests that
this electrode possesses the highest conductivity among other
modied electrodes for the electron transfer electron process of
Fe3+/Fe3+ redox pair species. In addition, the magnitude of both
anodic and cathodic peak currents of Fe3+/Fe2+ redox pair
species observed at all modied electrodes following the trend
as follows: RGO/MWCNT (1 : 1)/GCE > RGO/MWCNT (3 : 7) >
RGO/MWCNT (7 : 3) > MWCNT/GCE > RGO/GCE > bare GCE.

To further justify the result from CV studies, all modied
electrodes were subjected to EIS studies to characterize the
fundamental properties such as the phenomena of charge
© 2024 The Author(s). Published by the Royal Society of Chemistry
transfer resistance at the interface of electrode/electrolyte. The
result from EIS studies of each modied electrode will corre-
spond to the electrode conductivity as depicted by the Nyquist
RSC Adv., 2024, 14, 27999–28016 | 28005
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plot from 6 different electrodes (Fig. 3b). Based on this gure,
the Nyquist plot of each electrode was obtained by measuring
1.0 mM K3[Fe(CN)6] in 0.1 M KCl solution in the frequency
range from 105 Hz to 2 × 102 Hz with Edc = 0 V and Eac = 6 ×

10−3 V at an open-circuit potential. Based on this gure, the
semicircle (Nyquist plot) in the high-frequency region obtained
from all electrodes can be attributed to the phenomena of the
charge transfer resistance at the interface of electrode/electro-
lyte.75 In addition, the diameter size of the Nyquist plot could be
used to determine the charge transfer resistance (R2) by tting
the experimental result with the corresponding Randles circuit
as shown in the inset of Fig. 3b.

According to the calculations from EIS analysis, bare GCE
showed the largest semicircle with the R2 values of 118.5 U

indicating the lowest conductivity among other modied elec-
trodes. However, when the surface of GCE was modied with
RGO and MWCNT, the R2 value was decreased to 112.1 U for
RGO/GCE and 100.6 U for MWCNT/GCE. In a further investi-
gation, 3 different compositions of RGO and MWCNT were
determined their R2 values which resulted as 94.45 U for RGO/
MWCNT (7 : 3)/GCE, 92.34 U for RGO/MWCNT (3 : 7)/GCE, and
88.2 U for RGO/MWCNT (1 : 1)/GCE. This result revealed that
the combination of RGO and MWCNT in the composition ratio
1 : 1 showed the lowest resistance for the charge transfer
process compared to other evaluated electrodes which agrees
with several previous studies.76,77 The heterostructure of a tube-
like core of RGO/MWCNT composite, which lls in the gaps
between the shell of graphene sheets and creates a continuously
conductive network for electron transfer, is responsible for its
high conductivity.78 Therefore, RGO/MWCNT (1 : 1)-modied
GCE was selected for further electrochemical investigations due
to its highest electrical conductivity and showed considerable
potential to be employed as electrode modier materials.
3.3. The inuences of scan rates on the modied electrodes

The effect of scan rate on bare GCE and RGO/MWCNT (1 : 1)-
modied GCE was studied by measuring 1.0 mM K3[Fe(CN)6] in
0.1 M KCl at various scan rates (25–250 mV s−1). The current
density can be used in this condition to calculate the geometric
surface area of the working electrode as 7.06 × 10−2 cm2. The
studies of scan rate effect were performed using the CV tech-
nique for bare GCE for RGO/MWCNT (1 : 1)-modied GCE.
Based on the inset Fig. 3c, bare GCE was found to be in a linear
relationship of both currents of oxidation (Ipa) and reduction
(Ipc) versus the square root of scan rates (v1/2) with the corre-
sponding calibration plot as Ipa (mA) = 0.3871v1/2 (mV s−1) +
1.7735, R2 = 0.9989 and Ipc (mA) = −0.3795v1/2 (mV s−1) −
1.8689, R2 = 0.9986. This nding suggests that the electro-
chemical process on the surface of modied electrode was
controlled by diffusion phenomenon. Meanwhile, RGO/
MWCNT (1 : 1)-modied GCE also showed a linear relation-
ship for both oxidation and reduction currents with the corre-
sponding calibration plot as Ipa (mA) = 1.1322v1/2 (mV s−1) −
0.8266, R2= 0.9963 and Ipc (mA)=−1.0944v1/2 (mV s−1) + 0.4638,
R2 = 0.9946 as shown in the Fig. 3d. Thus, it can be calculated
the electrochemical active surface area (ECSA) for bare GCE and
28006 | RSC Adv., 2024, 14, 27999–28016
RGO/MWCNT (1 : 1)-modied GCE based on the Randles–Sevcik
equation as follows in eqn (2):

Ip = (2.69 × 105)AD1/2n3/2v1/2C (2)

In this equation, Ip is the peak current (A), n is the number of
transferred electrons during the electrochemical redox reaction
of K3[Fe(CN)6] (n = 1), A is the electrochemical active surface
area of electrode (cm2), D is the diffusion coefficient (6.70 ×

10−6 cm2 s−1), C is the K3[Fe(CN)6] concentration (mol cm−3),
and v is the scan rate (V s−1). Based on this equation, the elec-
trochemical active surface area (ECSA) for bare GCE and RGO/
MWCNT (1 : 1)-modied GCE can be calculated as 2.88 × 10−2

and 4.96 × 10−2 cm2, respectively. The ECSA of both modied
electrodes is less than the geometric surface area (7.06 × 10−2

cm2), perhaps due to surface heterogeneities caused by the
RGO/MWCNT composite on the GCE surface. Thus, the ECSA of
RGO/MWCNT (1 : 1)-modied GCE was approximately calcu-
lated as 2.2 times than obtained at bare GCE. The improved
ECSA of RGO/MWCNT (1 : 1)-modied GCE compared to bare
GCE is expected to enhance the electrocatalytic activity to be
utilized as an electrochemical sensing platform for simulta-
neous detection of HQ, DA, and UA.

The relationship between scan rate and the electrochemical
behaviors of 50.0 mM HQ, 100.0 mM DA, and 200.0 mM UA in
0.1 M of pH 7 phosphate buffer was also investigated to obtain
the electron transfer mechanism at the electrode surface. The
cyclic voltammograms obtained at different scan rates (25, 50,
75, 100, 125, and 150 mV s−1) measured using RGO/MWCNT
(1 : 1)-modied GCE are shown in Fig. 3e, g and i for HQ, DA,
and UA, respectively. Based on these gures, the peak currents
showed a linear relationship with the square root of the scan
rate, suggesting the diffusion-controlled process predominates
for HQ, DA, and UA on the electrode surface due to the fast
electron transfer rate towards the RGO/MWCNT nano-
composite. As shown in the inset of Fig. 3e, g and i, the
following linear relationship was observed: Ipa (mA) = 3.8788v1/2

(mV s−1) − 17.376, R2 = 0.9966 and Ipc (mA) = −3.6573v1/2 (mV
s−1) + 16.913, R2 = 0.9970 for HQ (inset Fig. 3e), Ipa (mA) =

4.7786v1/2 (mV s−1) − 22.913, R2 = 0.9924 and Ipc (mA) =

−4.3642v1/2 (mV s−1) + 17.151, R2= 0.9908 for DA (inset Fig. 3g),
and Ipa (mA) = 2.6229v1/2 (mV s−1) − 10.216, R2 = 0.9930 and Ipc
(mA) = −1.236v1/2 (mV s−1) + 6.2278, R2 = 0.9919 for UA (inset
Fig. 3i). Thus, it can be concluded that all calibration plots
showed good linearity with the electrochemical reaction of HQ,
DA, and UA on the surface of RGO/MWCNT (1 : 1)-modied GCE
was controlled by diffusion process.

In a further investigation of the scan rate effect on the peak
potential of HQ, DA, and UA, it was revealed that the peak
potential of oxidation (Epa) shied positively, and reduction
(Epc) shied negatively with the increasing scan rate from 25 to
150 mV s−1. The shiing of both potential peaks is linearly
proportional to the natural logarithmic scan rate (ln v) for the
reversible redox reactions observed in HQ, DA, and UA. The
linear regression equations were Epa= 0.0147 ln v + 0.0143, R2=

0.9962 and Epc = −0.0138 ln v + 0.0794, R2 = 0.9926 for HQ
(Fig. 3f), Epa = 0.0161 ln v + 0.1162, R2 = 0.9915 and Epc =
© 2024 The Author(s). Published by the Royal Society of Chemistry
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−0.0137 ln v + 0.1825, R2 = 0.9908 for DA (Fig. 3h), and Epa =

0.0101 ln v + 0.2652, R2 = 0.9936 and Epc = −0.012 ln v + 0.9959,
R2 = 0.9926 for UA (Fig. 3j). Based on Laviron's theory for the
reversible process of electron transfer on the surface of modi-
ed electrode, the relationship between the peak potential of
anodic (Epa) and cathodic (Epc) versus the scan rate (v) can be
determined using the following eqn (3)–(6):

Epa ¼ Eo þ RT

anF
lnv (3)

Epc ¼ Eo � RT

ð1� aÞnF lnv (4)

logks ¼ alogð1� aÞ þ ð1� aÞloga� log
RT

nFv
� að1� aÞnFDEp

2:3RT

(5)

Ep ¼ EQ þ RT

anF
ln
RTKQ

anF
�
�
RT

anF

�
lnv (6)

where n is the number of transferred electrons, a is the coeffi-
cient of electron transfer, F is the Faraday constant (96 485.33C
mol−1), R is the universal gas constant (8.314 J mol−1 K−1), T is
the absolute temperature constant (298 K), v is the scan rate, EQ

is the formal potential, and KQ is the standard potential. It can
be obtained from the above equations the values for n and a are
1.74 z 2 and 0.79 z 1 for HQ, 1.59 z 2 and 0.79 z 1 for DA,
and 1.95 z 2 and 1.27z 1 for UA. Thus, it can be deduced that
the redox reactions of HQ, DA, and UA involved 2H+ and 2e− at
the electrode/electrolyte interface. Scheme 1 outlines the
possible reaction mechanism of HQ, DA, and UA at the elec-
trode surface.

Accordingly, based on Laviron's theory, the electron transfer
rate constant (ket) for HQ, DA, and UA can be calculated as
follows 0.58, 0.80, and 4.5 s−1, respectively which are still
Scheme 1 The mechanisms of possible electrochemical reactions for (a
GCE.

© 2024 The Author(s). Published by the Royal Society of Chemistry
comparable to the values reported in the previous studies as
0.338 s−1 for HQ (as reported in ref. 79), 0.71 s−1 for DA (as
reported in ref. 80), and 6.1 s−1 for UA (as reported in ref. 81).
Moreover, the surface coverage of HQ, DA, and UA on the
surface of RGO/MWCNT (1 : 1)-modied GCE can be calculated
using the following eqn (7):

Ip ¼ n2F 2AGv

4RT
(7)

where n, F, v, R, and T have similar meanings to the previous
equation, A is the electrode area (cm2), and G is the surface
coverage (mmol cm−2). Based on the slope of the plot of Ip versus
v, the surface coverage of HQ, DA, and UA adsorbed on the
surface of RGO/MWCNT (1 : 1)-modied GCE was calculated to
be 3.15 × 10−5, 1.71 × 10−5, and 7.76 × 10−6 mmol cm−2,
which is comparable to those published previously.82–84
3.4. Chronoamperometric studies of HQ, DA, and UA in
RGO/MWCNT (1 : 1)-modied GCE

The chronoamperometric studies were performed to study the
performance of RGO/MWCNT (1 : 1)-modied GCE as a working
electrode towards the electrocatalytic oxidation of HQ, DA, and
UA in 0.1 M of pH 7 phosphate buffer. The potential of RGO/
MWCNT (1 : 1)-modied GCE was xed at 0.152 V vs. Ag/AgCl
for HQ, 0.220 V vs. Ag/AgCl for DA, and 0.360 V vs. Ag/AgCl for
UA. As shown in Fig. 4a–c, three chronoamperograms (plot of
the current values versus t−1/2) were obtained and the diffusion
coefficient value can be calculated using the Cottrell eqn (8).

I = nFAD1/2Cp−1/2t−1/2 (8)

where n, F, and A have similar meanings to the previous equa-
tion, D is the diffusion coefficient (cm2 s−1), and C is the
concentration (mol cm−3). Based on the inset Fig. 4a–c, the
linear relationship between I versus t−1/2 with calculated D
) HQ, (b) DA, and (c) UA on the surface of RGO/MWCNT(1 : 1)-modified

RSC Adv., 2024, 14, 27999–28016 | 28007
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Fig. 4 Amperometric response of RGO/MWCNT (1 : 1)-modified GCE in 0.1 M of pH 7 phosphate buffer to different concentrations of (a) HQ
(10.0–70.0 mM) at the applied potential of (Edc) 0.152 V vs. Ag/AgCl, (b) DA (10.0–90.0 mM) at the applied potential of (Edc) 0.220 V vs. Ag/AgCl, (c)
UA (20–100 mM) at the applied potential of (Edc) 0.360 V vs. Ag/AgCl. Calibration plot of the concentration of (d) HQ, (e) DA, and (f) UA versus the
peak of their oxidation current. The amperogram obtained from the successive addition of (g) HQ in the concentration range of 3.0–53.0 mM in
the presence of 4.0 mMDA and 2.0 mMUA, (h) DA in the concentration range of 4.0–34.0 mM in the presence of 3.0 mMHQ and 2.0 mMUA, and (i)
UA in the concentration range of 2.0–12.0 mM in the presence of 3.0 mM HQ and 4.0 mM DA.
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values for HQ, DA, and UA were 6.83 × 10−6, 2.79 × 10−6, and
9.97 × 10−6 cm2 s−1. These D values were following those
previously reported studies as 8.9 × 10−6 cm2 s−1 for HQ (in ref.
85), 2× 10−6 cm2 s−1 for DA (in ref. 86), and 2.75× 10−6 cm2 s−1

for UA (in ref. 87). In addition, Fig. 4d–f show the three cali-
bration plots corresponding to the amperometric response of
RGO/MWCNT (1 : 1)-modied GCE at different HQ, DA, and UA
concentrations.

A quantitative analysis was also performed using the chro-
noamperometric studies by recording amperogram response
from the measurements of HQ in the presence of DA and UA at
0.152 V vs. Ag/AgCl, DA in the presence of HQ and UA at 0.220 V
vs. Ag/AgCl, and UA in the presence of HQ and DA at 0.360 V vs.
Ag/AgCl. Fig. 4g–i display a good linearity corresponding to their
28008 | RSC Adv., 2024, 14, 27999–28016
increasing concentrations with the successive additions of HQ
(3.0–53.0 mM), DA (4.0–34.0 mM), and UA (2.0–12.0 mM) in
various concentrations under stirring in 0.1 M of pH 7 phos-
phate buffer. In addition, from the inset Fig. 4g–i, it was ob-
tained three equations of calibration curve for HQ at the
concentration range of 3.0–53.0 mM with Ip = 1.304x + 5.049, R2

= 0.9992, for DA at the concentration range of 4–34 mMwith Ip=
3.0327x + 6.0937, R2 = 0.9990, and for UA at the concentration
range of 2–12 mM with Ip = 13.5499x − 3.1710, R2 = 0.9958.
Furthermore, the proposed sensor exhibits a rapid and stable
current response toward HQ, DA, and UA oxidation with
a response time of 0.4, 0.2, and 0.2 s, respectively (Fig. S1, ESI†).
These results revealed that the independent measurements of
three analytes (HQ, DA, and UA) are possible using the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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chronoamperometric technique without any interference with
an excellent linear relationship.

The inuence of RGO/MWCNT composition in terms of its
concentration in the weight/volume ratios on the intensity of
anodic peak current of the modied electrode was also inves-
tigated using the DPV technique. Fig. 5b shows the current
intensity reaches its maximum with each concentration of 1 : 1
in mg mL−1 unit of RGO/MWCNT when it was employed for the
simultaneous measurement of 50 mMHQ, 30 mMDA, and 10 mM
UA in 0.1 M of pH 7 phosphate buffer. Above the concentration
of RGO/MWCNT (1 : 1) in mg mL−1 unit, there is a clear
reduction in the peak current for HQ, DA, and UA, most likely
caused by decreased conductivity on the electrode surface. This
result indicates that a small proportion of RGO/MWCNT could
give the highest conductivity of the modied electrode. Still,
a higher concentration of this material composite lowered its
electrocatalytic activity. This result might be due to a higher
concentration of RGO/MWCNT composite, graphene as a two-
dimensional material tends to stack together through non-
covalent interactions which causes the blocking of catalytically
active sites on the modied electrodes.88 In addition, MWCNT
might be aggregated at higher concentrations due to its van der
Waals forces which produce an inhomogeneous dispersion
composite and thus lowered the conductivity of nano-
composite.89 Therefore, 1 mg mL−1 concentrations for RGO and
Fig. 5 Voltammograms at a scan rate of 25 mV s−1 were recorded from t
in 0.1 M of pH 7 phosphate buffer on (a) 6 different electrodes (bare GCE,
GCE), (b) 4 different concentrations of RGO/MWCNT in % w/v (2 : 2, 1 : 2,
in the composite of RGO/MWCNT and its interaction with HQ, DA, and U
UA on the surface of RGO/MWCNT-modified GCE.

© 2024 The Author(s). Published by the Royal Society of Chemistry
MWCNT materials were employed for the subsequent experi-
ments for simultaneous measurements of HQ, DA, and UA.

Fig. 5c shows the schematic illustration of a synergistic effect
of the RGO/MWCNT composite on the GCE surface which is due
to noncovalent interactions and van der Waals forces leading to
the formation of an interconnected network structure between
graphene layers and carbon nanotubes. This type of interaction
could reduce the gap between RGO and MWCNT and facilitate
a faster electron transport process on the electrode surface thus
resulting in high electrical conductivity.90 In addition, the non-
covalent interaction between sp2-hybridized regions of RGO
with the sidewalls of MWCNT could promote the exfoliation of
graphene layers and allow the entanglement of carbon nano-
tubes to expand resulting in a large surface area of RGO/
MWCNT composite.91 Moreover, the porous structure of RGO/
MWCNT composite on the electrode surface is benecial in
reducing the overpotential and separating the oxidation
potentials of HQ, DA, and UA from each other. MWCNT could
signicantly enhance the oxidation currents of HQ, DA, and UA
by accelerating the electron transfer rate to the electrode surface
due to its high electronic conductivity and large surface area.
This could be useful for the discrimination of HQ, DA, and UA
during its experimental investigation using voltammetric tech-
niques. Thus, the synergistic effects of the electrocatalytic
activity between RGO and MWCNT provided the RGO/MWCNT-
he simultaneous determination of 50 mMHQ, 30 mM DA, and 10 mM UA
RGO/GCE, MWCNT/GCE, RGO/MWCNT (7 : 3, 3 : 7, and 1 : 1)-modified
2 : 1, and 1 : 1), schematic illustration of (c) the chemical bonding occur
A on the surface of a GCE, (d) the oxidation mechanism of HQ, DA, and

RSC Adv., 2024, 14, 27999–28016 | 28009
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modied GCE with improved catalytic properties toward
simultaneous detection of HQ, DA, and UA, which helped to
distinguish these analytes. Fig. 5d displays the electrochemical
oxidationmechanisms of HQ, DA, and UA on the surface of GCE
modied with RGO/MWCNT composite to improve their anodic
current responses.

As illustrated in Fig. 5c and d, the improvement in anodic
current response could be attributed to the different interac-
tions between three molecules with the composite of RGO/
MWCNT-modied GCE. It is well known that RGO still bears
negative charges due to a few oxygen-functional groups such as
carboxyl, hydroxyl, and epoxy in its structure92 which could
assist the interaction with the target molecules (HQ, DA, and
UA). For HQ, forming a noncovalent interaction between
hydroquinone and graphene basal plane in RGOwould enhance
the anodic peak current. Meanwhile, DA shows the electrostatic
interaction between positively charged DA and negatively
charged RGO also the noncovalent interaction between DA and
Fig. 6 Voltammogram obtained at a scan rate of 25 mV s−1 from the s
phosphate buffer containing (a) 3–150 mMHQ, 4 mMDA, and 2 mMUA, (b)
mM UA, (d) 3–153 mM HQ, 4–90 mM DA, and 2–60 mM UA using RGO/MW
from the simultaneous measurement of various concentrations of (e) HQ

28010 | RSC Adv., 2024, 14, 27999–28016
the graphene layer is abundant with a hexagonal carbon struc-
ture. Nevertheless, the increased peak current of UA might be
attributed to the formation of hydrogen bonds at the amide
group in UA with an oxygen-rich functional group at the RGO-
MWCNT composite.
3.5. Analytical performance of RGO/MWCNT (1 : 1)-modied
GCE for simultaneous detection of HQ, DA, and UA

The electrooxidation of each analyte in the mixture solution was
investigated by varying the concentration of a species with the
other two concentrations remaining constant to further illus-
trate the feasibility of the proposed sensor for simultaneous
detection of HQ, DA, and UA. It was revealed that the spiking of
one target analyte showed a negligible effect on the peak
currents and peak potentials of the other two analytes. Fig. 6a
shows the DPV of RGO/MWCNT (1 : 1)-modied GCE at
different concentrations of HQ (3–150 mM HQ) with a constant
concentration of DA (4 mM) and UA (2 mM UA) in 0.1 M of pH 7
imultaneous measurements of the mixture solution of 0.1 M of pH 7
3 mMHQ, 4–100 mMDA, and 2 mMUA, (c) 3 mMHQ, 4 mMDA, and 2–70
CNT (1 : 1)-modified GCE, the corresponding calibration plot obtained
, (f) DA, and (UA) versus their anodic peak currents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phosphate buffer. As displayed in this gure, the obtained
anodic peaks for these three species were separated under
similar conditions to those of DPV studies with the peak current
of HQ increased linearly from 3–150 mM at xed concentrations
of DA and UA. The inset in Fig. 6a also shows the linear equation
for HQ as Ipa (mA) = 3.884Chydroquinone (mM) + 14.648 (R2 =

0.9952, 3–53 mM with the sensitivity of 3.884 mA mM−1 cm−2).
Meanwhile, Fig. 6b displays the anodic current of DA enhanced
linearly at various concentrations from 4–100 mM while the
other concentrations of HQ and UA remained constant. The
corresponding linear equation of DA is dened by Ipa (mA) =
5.4464Cdopamine (mM) + 23.480 (R2 = 0.9967, 4–100 mM with the
sensitivity of 5.4464 mA mM−1 cm−2) as displayed in the inset
Fig. 6b. In addition, the peak current of UA increased linearly
when its concentration changed from 2–12 mM (linear range 1)
and 12–70 mM (linear range 2) at xed concentrations of HQ and
DA (Fig. 6c). The linear function of UA concentrations versus the
peak current can be dened as Ipa (mA) = 27.67Curic acid (mM) −
26.23 (R2 = 0.9959, 2–12 mM with the sensitivity of 27.57 mA
mM−1 cm−2) and Ipa (mA) = 7.2871Curic acid (mM) + 231.29 (R2 =
0.9939, 12–70 mM, with the sensitivity of 7.2871 mA mM−1 cm−2)
(inset Fig. 6c).

In a subsequent experiment, the concentrations of HQ, DA,
and UA were increased simultaneously to conrm the effect of
each analyte in the presence of the other two species. Fig. 6d
Table 1 Comparison of the performance of RGO/MWCNT (1 : 1)-modifie

Electrode Analyte Linear range (mM)

PtNPs@CPOFsa-MWCNTs HQ 6–500
Co-AcNC-3b/GCE HQ 4–300
Bi2WO6/GCE HQ 20–2500
Ce2(WO4)3/CPE

c HQ 0.4–45
AuNPs/LYH-47d/GCE HQ 1–100
TT-COF(Co)/N-CNTse/GCE HQ 0.003–300
Ni3ZnC0.7/Ni/GCE HQ 0.3–100
N,Si-GQDsf HQ 5–200
Co,Mo@CNFsg/GCE DA, UA DA: 0.01–1000

UA: 1–1000
h-WO3/MoO3/MoS2/GCE DA, UA DA: 1.25–495

UA: 10–1330
Au@Cu-MOF/SPCEh DA, UA DA, UA: 10–1000

PANIi/Cu2O-Aux/GCE DA, UA DA: 0.01–200
UA: 0.1–1000

Au@Ni-MOF DA, UA DA, UA: 0.5–1000

ZnO/CQDsj/CPE DA, UA DA: 0.12–142
UA: 0.5–222

Ti3C2Tx/TiO2 NMs/GCE DA, UA DA: 2–33
UA: 2–33

ErGO/PEDOT:PSS (7 : 3)/GCE DA, UA DA: 10–110
UA: 3–33

RGO/MWCNT/GCE HQ, DA, UA HQ: 3–150
DA: 4–100
UA: 2–70

a Covalent polyoxometalate–organic frameworks. b Co-based single atom
c Carbon paste electrode. d Layered yttrium hydroxide. e Co-porphy
g Electrospun nanobers. h Screen-printed carbon electrode. i Polyaniline

© 2024 The Author(s). Published by the Royal Society of Chemistry
shows three well-separated peaks of HQ, DA, and UA with their
peak currents proportional to each concentration in a linear
relationship. Then, it can be obtained the linear equations for
HQ (Fig. 6e) as Ipa (mA) = 3.2803Chydroquinone (mM) + 69.954 (R2 =

0.9942, 3–135 mM, with the sensitivity of 3.2803 mA mM−1 cm−2),
for DA (Fig. 6f) as Ipa (mA) = 4.9418Cdopamine (mM) + 87.2455 (R2

= 0.9937, 4–90 mM, with the sensitivity of 4.9418 mA mM−1

cm−2), and for UA (Fig. 6g) as Ipa (mA) = 30.207Curic acid (mM) −
12.026 (R2 = 0.9925, 2–12 mM) and Ipa (mA) = 6.4289Curic acid

(mM) + 277.02 (R2 = 0.9928, 12–60 mM) with the sensitivity of
6.429 mA mM−1 cm−2. Thus, the limit of detection (LOD) (S/N z
3) for HQ, DA, and UA can be determined as 0.400± 0.014, 0.500
± 0.006, and 0.300 ± 0.016 mM, respectively. In addition, the
limit of quantication (LOQ) (S/N z 10) for HQ, DA, and UA
were 0.800 ± 0.044, 1.000 ± 0.011, and 0.600 ± 0.025 mM,
respectively. Furthermore, the performance of this sensor based
on RGO/MWCNT (1 : 1)-modied GCE can be compared to those
previously reported sensors which can be summarized in Table
1.

3.6. Reproducibility, stability, and selectivity of RGO/
MWCNT (1 : 1)-modied GCE

The reproducibility of RGO/MWCNT (1 : 1)-modied GCE was
investigated by measuring 50 mM UA, 30 mM DA, and 10 mM UA
in 0.1 M of pH 7 phosphate buffer using ve electrodes for each
d GCE with some reported works for determination of HQ, DA, and UA

LOD (mM) Sensitivity (mA mM−1 cm−2) Ref.

0.66 0.082 3
0.034 21.597 4
4.1 1.5 93
0.06 6.22 × 10−5 94
0.2 0.8 95
0.81 × 10−3 0.094 96
0.14 0.735 97
1.35 0.0097 98
DA: 0.00235 0.86 5
UA: 0.16 0.65
DA: 0.539 3.185 6
UA: 2.402 0.814
DA: 3.40 0.231 12
UA: 10.36 0.275
DA: 0.0076 0.054 13
UA: 0.035 0.026
DA: 0.027 1.43 99
UA: 0.028 1.35
DA: 0.46 3.375 100
UA: 0.23 2.411
DA: 0.093 0.133 101
UA: 0.038 0.321
DA: 0.5 0.6365 102
UA: 0.4 0.1439
HQ: 0.4 3.280 This work
DA: 0.5 4.942
UA: 0.3 6.429

nanozymes anchored on HOH-activated ZIF-derived porous carbon.
rin-based covalent organic framework. f Graphene quantum dots.
. j Carbon quantum dots.

RSC Adv., 2024, 14, 27999–28016 | 28011
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analyte. The reproducibility experiments were performed using
ve individual modied electrode in triplicate experiments
utilizing the DPV technique at a scan rate of 25 mV s−1 and
a potential range from −0.2 to 0.6 V vs. AgCl. Fig. 7a shows the
values of relative standard deviation (% RSD) obtained from this
work for HQ, DA, and UA were 1.53, 2.14, and 2.59%, respec-
tively. This result demonstrated a satisfactory reproducibility of
RGO/MWCNT (1 : 1)-modied GCE for simultaneous detection
of HQ, DA, and UA. Meanwhile, the stability of RGO/MWCNT
(1 : 1)-modied GCE was also evaluated by measuring a solu-
tion containing 50 mM UA, 30 mM DA, and 10 mM UA in 0.1 M of
pH 7 phosphate buffer in 7 repetitions as shown in Fig. 7b. It
was obtained from this experiment that the calculated % RSD
for HQ, DA, and UA were kept at 3.08, 1.08, and 0.99%,
respectively. Thus, this work displayed an excellent stability of
RGO/MWCNT (1 : 1)-modied GCE for simultaneous measure-
ments of HQ, DA, and UA.

The investigation of selectivity studies was performed using
the DPV technique by measuring a solution containing 50 mM
UA, 30 mMDA, and 10 mMUA in 0.1 M of pH 7 phosphate buffer
in the presence of several possible interfering species such as
Mg2+, K+, Cl−, ascorbic acid, and glucose. As shown in Fig. 7c,
the current response of RGO/MWCNT (1 : 1)-modied GCE in
the presence of several interfering species displays can be
Fig. 7 The current response of RGO/MWCNT (1 : 1)-modified GCE for the
phosphate buffer (a) using 5 different electrodes, (b) in 7 repetitions, and (
Mg2+, K+, Cl−). (d) The storage stability of RGO/MWCNT (1 : 1)-modified

28012 | RSC Adv., 2024, 14, 27999–28016
maintained with a small inuence indicated by its RSD value of
2.31%. Furthermore, this selectivity investigation also yielded
a recovery value in the recovery range of 96–102% (Table 2)
which can be assumed to be accepted in the analytical range.103

In addition, the proposed sensor based on RGO/MWCNT (1 : 1)-
modied GCE shows a negligible change in the current
response for simultaneous measurement of HQ, DA, and UA
during the initial seven days as depicted in Fig. 7d. The elec-
trode based on RGO/MWCNT (1 : 1)-modied GCE can retain
80.5% of its original value of current intensity for these three
analytes until seven days. Thus, the proposed sensor based on
RGO/MWCNT (1 : 1)-modied GCE shows a good analytical
performance for simultaneous detection of HQ, DA, and UA and
potential for use in real samples such as from human urine.

3.7. Simultaneous determination of HQ, DA, and UA in the
samples of human urine

To assess the performance of RGO/MWCNT (1 : 1)-modied
GCE for simultaneous detection of HQ, DA, and UA for practical
applications, this proposed sensor was applied in the samples
of human urine taken from 6 volunteers. Informed consent was
acquired for any experiments with human subjects. Before the
measurements were conducted, 6 samples of human urines
were diluted 100 times using 0.1 M of pH 7 phosphate buffer to
measurements of 50 mMUA, 30 mMDA, and 10 mMUA in 0.1 M of pH 7
c) in the presence of interference species (urea, glucose, ascorbic acid,
GCE in 7 days measurements.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of interfering species and its recovery value for the determination of 50 mM UA, 30 mM DA, and 10 mM UA in the 0.1 M of pH 7
phosphate buffer

Interferences

Interferences ratio level Recovery (%)

(Interference : HQ) (Interference : DA) (Interference : UA) HA DA UA

K+ 1 : 1 2 : 1 5 : 1 97.4 97.8 99.5
Cl− 1 : 1 2 : 1 5 : 1 102.1 100.1 98.4
Ascorbic acid 1 : 1 2 : 1 5 : 1 98.1 100.4 97.6
Glucose 1 : 1 2 : 1 5 : 1 96.2 97.7 99.2
Urea 1 : 1 2 : 1 5 : 1 99.3 103.3 100.0
Mg2+ 1 : 1 2 : 1 5 : 1 102.6 100.7 96.4

Table 3 The average percentage of recoveries obtained from the
simultaneous determination of HQ, DA, and UA in different human
urine samples

Sample

Percentage of recovery (%)

HQ DA UA

Urine 1 98.8 � 2.6 97.0 � 2.3 98.0 � 2.4
Urine 2 103.6 � 1.5 97.8 � 2.2 98.0 � 3.5
Urine 3 103.4 � 1.5 96.6 � 0.9 99.2 � 3.6
Urine 4 101.2 � 2.5 99.8 � 2.4 97.2 � 1.6
Urine 5 101.0 � 2.2 99.6 � 1.5 97.4 � 2.4
Urine 6 100.0 � 2.3 97.8 � 1.1 97.2 � 2.4
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avoid any interference from the real samples. Then the urine
samples were spiked with different concentrations of HQ (5, 10,
15, 20, and 25 mM), DA (3, 6, 9, 12, and 15 mM), and UA (1, 2, 3, 4,
and 5 mM). Based on Table 3, the average percentage recoveries
obtained from 6 samples of human urines in triplicate
measurements were discovered between 98–101% for HQ, 96–
99% for DA, and 97–98% for UA. Data in detail was provided in
Table S1 in the ESI section.† This result indicates that this
proposed sensor could be developed further as a disposable
electrode due to its simplicity of electrode modier materials
which can be applied to the planar substrate for rapid
measurements of biomolecules in real samples.
4 Conclusions

In this work, we have successfully developed the electro-
chemical sensor based on the composite of RGO and MWCNT-
modied GCE for the simultaneous detection of HQ, DA, and
UA in synthetic standard solutions and real samples. It was
revealed that the composition of RGO with MWCNT as 1 : 1 in
each concentration of 1 mg mL−1 exhibits the highest electro-
catalytic activity towards simultaneous measurements of HQ,
DA, and UA compared to other weight ratios. This is due to the
synergistic effect between RGO and MWCNT related to non-
covalent interactions and van der Waals forces resulting in clear
improvement in the signal discrimination and response capa-
bilities in detecting HQ, DA, and UA simultaneously. These
benecial properties of the RGO/MWCNT composite contribute
to the lower limit of detection of HQ, DA, and UA as 0.8, 1, and
0.6 mM, respectively. In addition, the proposed sensor also
© 2024 The Author(s). Published by the Royal Society of Chemistry
displays several benets for simultaneous detection of HQ, DA,
and UA including wide linear range, excellent sensitivity and
selectivity, outstanding repeatability, and long-term stability.
This proposed sensor also demonstrated an effective detection
for simultaneous measurements of HQ, DA, and UA in 6
samples of human urine with a satisfactory result. Thus, the
proposed sensor based on a composite of RGO andMWCNT has
the potency to be developed for in situmonitoring with minimal
costs which is important for point-of-care applications.
Furthermore, this proposed method offers an alternative way
for the simultaneous detection of biomolecule target species
which in traditional procedures require expensive equipment
and a complex sample pretreatment process. These features
made this proposed sensor attractive to the application of
routine analysis.
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