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electrochemical sensor
containing polyaniline/cerium oxide
nanocomposites for hydrogen peroxide detection

Mahmoud A. Hussein, *a Ajahar Khanb and Khalid A. Alamry *a

An efficient electrochemical sensor containing polyaniline/cerium oxide (PANI/CeO2) nanocomposites for

the detection of hydrogen peroxide has been fabricated using the traditional in situ oxidative polymerization

process. PANI/CeO2 nanocomposite-based modified glassy carbon electrodes were utilized as an

electrochemical sensor for the detection of hydrogen peroxide. Before the fabrication, CeO2 was

prepared by a hydrothermal method, and common techniques confirmed its structure. PANI/CeO2

nanocomposites were prepared by adding variable loadings of the pre-prepared CeO2 nanoparticles

(weight%) inside the polymer host matrix. All the nanocomposites were characterized to determine their

chemical structures and suitability for electrode materials. The electrode detection limit, sensitivity, and

effect of pH on the sensor performance were investigated using different electrochemical methods,

including cyclic voltammetry, electrochemical impedance spectroscopy, and linear sweep voltammetry.

The results indicated that the sensing abilities of the synthesized PANI/CeO2(10) nanocomposite-modified

GCE presented good electrocatalytic oxidation properties towards H2O2 with an enhanced low limit of

detection and good repeatability. The fabricated electrode sensor was successfully used to detect H2O2

in real samples.
1. Introduction

Metal oxides derived from polymer nanocomposites are novel
nanostructured materials that have shown customized proper-
ties that are seldom observed in pure polymers. Those nano-
composites have demonstrated exceptional performance in
a variety of domains, making them appropriate for a broad
range of real-world applications.1–4 The above multifunctional
materials have a wide range of applications, along with the
construction of different kinds of sensors.5–7 The nanollers,
which seem to be nanoscale in size and have a highly porous
structure, are the primary reasons for the vast uses of nano-
composites. The porous structure is responsible for increasing
the polymer nanocomposites' physical and chemical charac-
teristics. Because of their good qualities with synergetic or
complimentary tendencies among conductive polymers and
inorganic nanoparticles, composite materials with conductive
characteristics have prospective uses in a variety of disciplines.8

There have been many publications on the creation of nano-
particles in polymers. In situ polymerization, anodic oxidation,
electrochemical, and electrodeposition are some processes
King Abdulaziz University, Jeddah 21589,
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employed to create these composite materials.9–11 Polyaniline
(PANI) has been intensively explored among conjugated poly-
mers over the past two decades due to its unusual electro-
chemical and physicochemical properties. PANI is likely to be
much more explored since it has a huge variety of superior
properties deduced from its structural exibility, as well as
some economic benets such as good environmental stability,
processability in aqueous solutions and organic solvents,
achievement consistency, distinct optical, electrical, and elec-
trochemical characteristics, and its simple non-redox doping/
de-doping ability in acid/base reactions.12,13 Along with its
chemical and environmental stability, unusually quick redox
rate, and acid-base doping/de-doping chemistry, PANI has been
regarded among the most promising and effective components.
A signicant amount of work has gone into the fabrication of
PANI electrodes for supercapacitors using different methods
such as self-doping, template polymerization, in situ polymeri-
zation, and counter-ion induced technique.14–17 Cerium oxide
(CeO2) is a promising material, and CeO2 nanostructures have
a diverse range of potential applications in many areas,
including catalysis, fuel cells, optical additives, high-
temperature oxidation resistance, cosmetic components, free-
radical scavengers, and others.18–20 Moreover, it plays a crucial
part in the growth of technology for environmental
applications.21–23

CeO2 nanostructures have also been used in sensor tech-
nologies. Due to their high specic surface area, good
© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrochemical activity, and the probability of promoting
electron transfer reactions at a lower overpotential, CeO2

nanostructures have piqued interest among researchers due to
their unique and diverse applications in various areas in many
disciplines, particularly sensor advanced technologies.18,19,24,25

CeO2 nanostructures were created as nanoparticles with small
dimensions due to their interesting uses in electronics, energy
storage, catalysis, and gas sensing. As a result, in this study, we
attempted to create PANI/CeO2 nanocomposites by inserting
crystalline low-dimensional CeO2 nanoparticles into a PANI
matrix. The glassy carbon electrode (GCE) modied with the
PANI/CeO2 nanocomposite was used to detect hydrogen
peroxide (H2O2) in actual biological samples like tap water and
packed bottled milk. Field-emission scanning electron micros-
copy (FE-SEM) was used to analyze the surface morphology of
PANI/CeO2 nanocomposites, while Fourier transform infrared
(FTIR), ultraviolet-visible (UV-vis), and X-ray diffraction (XRD)
spectroscopy techniques were used to evaluate the stoichiom-
etry and crystalline structure. Linear sweep voltammetry (LSV),
cyclic voltammetry (CV), and electrochemical impedance spec-
troscopy (EIS) were used to study the electrode detection limit,
sensitivity, and pH inuence on the detection of H2O2 using
PANI/CeO2 nanocomposites.

2. Experimental
2.1 Materials & solvents

Aniline (BDH, 99%) was freshly distilled before use via a simple
distillation method. Phosphoric acid (Merck, 97%), and
ammonium persulfate (BDH, 99%) was used without further
purication. All other used chemicals, such as cerium chloride,
ammonium nitrate, etc., were purchased from Aldrich Chemical
Co. All the chemicals were of reagent grade and used without
further purication. Distilled water was used throughout the
study.

2.2 Growth of CeO2 nanoparticles

CeO2 nanoparticles were synthesized by the hydrothermal
method in which CeCl2 (1.36 g) was dissolved in distilled water
(100 ml) with constant stirring for about 30 min at room
temperature and were then titrated with NH4OH solution until
pH = 10.2. The resultant solutions were then transferred into
a Teon autoclave and heated at 150.0 °C for 9 hours. Finally,
a white precipitate was obtained, which was washed with water
and ethanol several times and dried at room temperature. The
resulting white powder was calcined at 250 °C for 5 hours.

2.3 Oxidative polymerization of pure PANI

Pure PANI was prepared using a well-known oxidative poly-
merization technique as previously described in the
literature.26,27

2.4 Fabrication of PANI/CeO2(1,3,5,10) nanocomposites

The PANI/CeO2 nanocomposites were synthesized using
a constant weight of aniline and 1, 3, 5, 10 wt% of CeO2 nano-
particles. New PANI/CeO2 nanocomposites with different CeO2
© 2022 The Author(s). Published by the Royal Society of Chemistry
ratios (wt%) were prepared by in situ polymerizations in an
aqueous solution. In a typical procedure, a certain amount of
CeO2 nanoparticles (0.01, 0.03, 0.05, 0.1 g) and 1 ml aniline
monomer were added to 35 ml of 0.5 mol per L H3PO4 solution
and sonicated for 30 min. Then, 2.78 g ammonium persulfate
was dissolved in 20 ml of 0.5 mol per L H3PO4 solution and
added dropwise to the mixture with constant stirring. The
polymerization was carried out at 0 °C under nitrogen for 24 h.
The composites obtained by ltering were washed respectively
with deionized water and ethanol and dried under vacuum at
60 °C for 24 h (Fig. 1). The fabricated nanocomposites were
given the following abbreviations PANI/CeO2(1), PANI/CeO2(3),
PANI/CeO2(5), PANI/CeO2(10) for the different CeO2 loadings (1,
3, 5, 10 wt%) within the polymer matrix.
2.5 PANI/CeO2(10) nanocomposite-modied electrode
fabrication

Glassy carbon electrodes were polished using a velvet pad with
0.05 mm alumina slurry, followed by sonication in acetone and
washing with double distilled water (DDW) at room tempera-
ture (25 ± 3 °C) (RT). A ne dispersion of 1%, 3%, 5%, and 10%
of CeO2 loading in the form of PANI/CeO2(1,3,5,10) was prepared
by dissolving 20 mg of each in 1 ml DDW by sonicating the
solution mixture for up to 3 h. Next, 20 mL of each nano-
composite dispersion was deposited on a GCE, which was
assigned as a non-enzymatic electrochemical sensor electrode
for the detection of H2O2 (Fig. 1). Electrochemical studies of the
modied GCE deposited with different concentrations of PANI/
CeO2(1,3,5,10) were conducted at room temperature using an
Autolab potentiostat (Metrohm PGSTAT302N-AUT85887) tted
with an impedance analyzer (FRA32M.X) and programmed with
Nova 1.1 soware. A conventional cell having a three-electrode
system, including a working electrode (bare or GCE, 3 mm
diameter), reference electrode (Ag/AgCl), and counter electrode
(platinum wire), was used to perform a CV, LSV, and EIS in the
potential range of−0.6 to 1.0 V at the scan rates of 20 to 200 mV
s−1. The optimization procedures were carried out on PANI/
CeO2(10), which gave the highest electrochemical performance
among all the fabricated materials.
2.6 Instrumentation

The synthesized nanoparticles and nanocomposites were
characterized in detail in terms of their structural, optical, and
sensing properties. XRD diffractograms were taken with
a computer-controlled X'Pert Explorer, PANalytical diffractom-
eter. The surface morphology of the nanohybrid membranes
was studied at 15 kV using a JEOL scanning electronmicroscope
(JSM-7600F, Japan). FT-IR spectra were recorded in KBr
dispersion in the range of 400 to 4000 cm−1 on a PerkinElmer
(spectrum 100) FT-IR spectrometer. UV-vis spectra were recor-
ded from 250–700 nm using a PerkinElmer (Lambda 950) UV-
visible spectrometer. The electrochemical measurements were
carried out by using an Autolab potentiostat (Metrohm
PGSTAT302N-AUT85887) tted with an impedance analyzer
(FRA32M.X) and programmed with Nova 1.1 soware.
RSC Adv., 2022, 12, 31506–31517 | 31507
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Fig. 1 Schematic illustration of PANI/CeO2 synthesis and the modification of GCE with the prepared nanocomposite.
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3. Results and discussion
3.1 Physicochemical characterization of CeO2 nanoparticle
and PANI/CeO2(1,3,5,10) nanocomposites

Hybrid PANI/CeO2 nanocomposites have been fabricated using
the familiar in situ oxidative polymerization process and applied
in the electrochemical sensing of hydrogen peroxide. PANI/
CeO2(1,3,5,10) nanocomposites-based modied glassy carbon
electrodes were utilized as electrochemical sensors for the
detection of hydrogen peroxide. Prior to the fabrication process,
CeO2 nanoparticles were prepared by a hydrothermal method
Fig. 2 Typical FT-IR spectrum of the synthesized CeO2 nanoparticles (a)
grown via a simple hydrothermal process.

31508 | RSC Adv., 2022, 12, 31506–31517
and the chemical structure was conrmed by common charac-
terization tools including FT-IR, UV-vis, XRD and FE-SEM
measurements. The formation of CeO2 nanoparticles was
conrmed by the FT-IR spectrum, which is shown in Fig. 2a. FT-
IR showed an absorption band at 554 cm−1, which is the char-
acteristic peak for the Ce–O stretching vibration. FT-IR also
showed absorption bands at 3343 cm−1, 1600 cm−1and 1400
cm−1, responsible for water and CO2, which nanocrystalline
materials normally absorb from the environment due to their
high surface-to-volume ratio.25
and typical UV-vis spectrum of the synthesized CeO2 nanoparticles (b)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Typical FESEM images of the synthesized CeO2 nanoparticles grown via a simple hydrothermal process (a) and for the fabricated PANI/
CeO2(1,3,5,10) nanocomposites (b–e).
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The UV-vis spectra of the synthesized nanoparticles were also
examined to check the photocatalytic activity of CeO2 nano-
particles, which depends on their optical properties. As shown
in Fig. 2b, the UV-vis spectra of the CeO2 nanoparticles exhibi-
ted a well-dened absorption band at 298 nm.25 Usually, a peak
at 298 nm corresponds to the uorite cubic structure of CeO2.
The UV spectrum showed no other peak related to impurities
and structural defects, conrming that the synthesized nano-
particles were pure CeO2.

FE-SEM was used to characterize the structure and shape of
the CeO2 nanoparticles as demonstrated in Fig. 3a. The FE-SEM
images show that the synthesized product consists of aggre-
gated spherical particles, grown with high density. The average
diameter of the grown nanoparticles was about 50± 10 nm. The
surface images of the PANI/CeO2(1,3,5,10) nanocomposites indi-
cate that the CeO2 nanoparticles were homogeneously distrib-
uted in the PANI without any aggregation (Fig. 3b–e), and the
data is in good agreement with the previous reports in the
literature.7

The main target of this study is to fabricate a set of PANI/
CeO2 nanocomposites in the form of PANI/CeO2(1,3,5,10) con-
taining different loadings of the pre-prepared CeO2 nano-
particles (weight%) inside the polymer host matrix. Here, 1, 3, 5,
and 10% of the CeO2 nanoparticles have been inserted into the
pure PANI to form the required PANI/CeO2 nanocomposites.

Fig. 4a represents the wide-angle XRD pattern of CeO2

nanoparticles. The XRD pattern exhibited well-dened peaks
located at 2q = 28.5, 33.1, 47.5, 56.2, 59.0, 69.4, 76.6 and 79.0,
corresponding to (111), (200), (220), (311), (222), (400), (331) and
(420) planes, respectively. All these peaks of the synthesized
© 2022 The Author(s). Published by the Royal Society of Chemistry
CeO2 can be indexed to the cubic phase of CeO2 (JC-PDF cards
no 01-075-8371) because all the peaks are well-matched with the
standard peaks of crystalline cubic CeO2.25 According to the JC-
PDF cards, the lattice parameter a is 5.4116 Å for CeO2 nano-
particles. All the obtained peaks in the pattern belong only to
CeO2. No other peak related to impurities was detected within
the XRD's detection limit, which conrmed that the obtained
nanoparticles are pure CeO2 with a cubic phase.

The XRD pattern of the pure PANI and the fabricated PANI/
CeO2(1,3,5,10) nanocomposites (Fig. 4b) shows a peak with a peak
maximum at 25.0 Å, which is responsible for the amorphous
phase of PANI. The amorphous nature of pure PANI is in
agreement with previously reported studies.26,27 The XRD
patterns of the fabricated materials also showed several small
peaks attributed to the CeO2 in the nanocomposites.7 The
CeO2

–related peak intensities were noticeably increased, in
agreement with the increased CeO2 loading in the formation of
the nanocomposite. All diffraction peaks in the obtained
patterns conrmed that the synthesized products are nano-
composites of PANI and CeO2 nanoparticles. XRD did not show
any other peaks except PANI and CeO2, verifying that the
synthesized nanocomposites are made of PANI and CeO2.7,26,27

The pure PANI, and the fabricated PANI/CeO2(1,3,5,10) nano-
composites were further characterized by FTIR spectroscopy, as
illustrated in Fig. 5. Samples were examined over a wide range
from 4000 to 500 cm−1. The peaks of pure PANI observed,
including broad peaks in the range of 3037–3319 cm−1, were
due to N–H bond stretching vibrations of secondary amino
groups,28,29 and other peaks observed at 1568 cm−1 and 1043
cm−1 were attributed to the C]C stretching of the quinoid ring
RSC Adv., 2022, 12, 31506–31517 | 31509
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Fig. 4 (a)Typical XRD pattern of the synthesized CeO2 nanoparticles
grown via a simple hydrothermal process. (b) Typical XRD patterns of
the fabricated PANI/CeO2(1,3,5,10) nanocomposites.

Fig. 5 FTIR spectra of pure PANI (a) and PANI/CeO2(1,3,5,10) nano-
composites (b–e) with different loadings.
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in PANI, and (N]Q]N).30,31 Moreover, benzene rings were
identied by C–N and C–C peaks at 1304 and 1391 cm−1,

respectively.32,33 The absorption band observed at 1615 cm−1 is
31510 | RSC Adv., 2022, 12, 31506–31517
due to the “scissor’’ bending of related water.34 For the PANI/
CeO2(1,3,5,10) nanocomposites, new peaks were observed at 822,
754, and 583 cm−1 in the FTIR spectra of each composite,
attributed to the Ce–O asymmetric stretching mode and
bending vibrations. The Ce–N symmetric stretching vibration of
Ce–N caused the peak at 502 cm−1, which shows that the
composite was successfully formed with PANI.33,34 The concen-
tration percentage varied, as can be seen. This refers to each
bond, although no shi in the location of the bonds was
observed. The FT-IR spectrum aer adding PANI to CeO2 in the
form of PANI/CeO2(1,3,5,10) nanocomposites is displayed in
Fig. 5a–e. Some IR peaks of PANI have shied to lower wave-
number with reduced intensity, which may be due to the
formation of hydrogen bonds between the hydroxyl groups on
the surface of the CeO2 nanoparticles and the imine groups in
the polyaniline molecular chains.35 A similar type of FTIR
behavior with reduced intensity of IR peaks was also reported by
Sasikumar et al. (2015) for the PANI/CeO2 nanocomposite
caused due to the hydrogen bonding between hydroxyl groups
on the surface of the CeO2 nanoparticles and the polyaniline's
imine groups.36
3.2 Electrochemical performance of PANI/CeO2(1,3,5,10)

nanocomposites

The cyclic voltammograms (CV) of the bare GCE, PANI/
CeO2(1,3,5,10) nanocomposites-modied GCE in 0.1 M K3Fe(CN)6
(prepared in 0.1 M KCl) at the applied potential of −0.5 to 0.7 at
the scan rate of 100 mV s−1 are shown in Fig. 6. The CV curves
indicate that PANI/CeO2(1,3,5,10) nanocomposites-modied GCE
with concentrations of 1% to 10% have larger electro-active area
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) The obtained cyclic voltammogram and (B) EIS curves of the bare GCE, and PANI/CeO2(1,3,5,10)-modified GCE response in 0.1 mM
K3Fe(CN)6 and equivalent circuit models (C) for PANI/CeO2(1) (D) PANI/CeO2(10) nanocomposite GCE electrodes.
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and high current density as compared to bare GCE. The surface
area of the electrode has a signicant role in the rate of reaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
and it was found to be larger in the case of PANI/CeO2(1,5,10)

nanocomposites-modied GCE than bare GCE, which produced
RSC Adv., 2022, 12, 31506–31517 | 31511
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Fig. 7 (A) CV response of the PANI/CeO2(10) nanocomposite GCE
using phosphate buffer solutions in different pH ranges, and (B) the
current responses of the bare and PANI/CeO2(10) nanocomposite GCE
in the absence and presence of 0.1 mM H2O2 using PBS 5.7 at 100 mV
s−1.
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a high CV current. Therefore, the PANI/CeO2(1,3,5,10) nano-
composites promote electron transfer using potassium ferricy-
anide as a supporting electrolyte. It was also observed that with
increasing the concentration of cerium oxide, the value of the
anodic peak current also increased (Fig. 6A). The CV curve of the
PANI/CeO2(10) nanocomposites-modied GCE indicated that
the further increase in the value of the anodic peak current may
be due to feasible electron transfer among counter and working
electrodes.

EIS is considered a signicant study for demonstrating the
resistivity or conductance between the electrolyte interface and
GCE. The value of the negative imaginary impedance can report
this (−Z′′) vs. real impedance (Z′) in Nyquist plots. Fig. 6B shows
the Nyquist plot for PANI/CeO2(1,3,5,10) nanocomposites-
modied GCE. The EIS equivalent circuit models used for
determining the values of charge transfer resistance (Rct),
solution resistance (Rs), constant phase element (CPE), and
Warburg impedance (W) for PANI/CeO2(1), and PANI/CeO2(10)-
modied GCE are shown in Fig. 6C and D. The Nyquist plot of
PANI/CeO2(10)-modied GCE showed a reduced diameter of the
31512 | RSC Adv., 2022, 12, 31506–31517
semi-circle in the lower frequency region. The shape of the
semi-circular obtained in the higher frequency region indicated
a limited electron transfer process for the reaction process while
the diffusion process is allied with a diffusion-reaction process.
The reduced shape of the semi-circle in the lower frequency
region demonstrates a faster rate of electron transfer, therefore,
less resistivity with improved conductivity.37 Fig. 6(C and D)
show that Rct (Rp) values for the PANI/CeO2(10) and PANI/CeO2(1)-
modied GCE were 7.61 and 8.56 kU, respectively. The lower
value of Rct also conrmed the improved electron transfer rate
for the PANI/CeO2(10)-modied electrode. The obtained results
of both CV and EIS studies suggested the high anodic peak
current and improved rate of electron transfer for the PANI/
CeO2(10)-modied electrode in comparison to the other
concentrations; therefore, further electrochemical character-
izations were carried out with only a modied electrode having
the PANI/CeO2(10) nanocomposite.

3.2.1 CV response under different pH values. To investigate
the optimized supporting electrolyte for the efficient oxidation
of hydrogen peroxide on the surface of the PANI/CeO2(10)-
modied GCE, the CV response was recorded using 0.1 M
phosphate buffer solutions (PBS) with different pH values such
as 5.7, 6.5, 7.0, 7.5 and 8.0 (Fig. 7A). The obtained CV response
showed that the highest anodic current density of PANI/
CeO2(10)-modied GCE was observed in PBS 5.7, while the
lowest anodic current density was with PBS 7.5. This reveals that
the PANI/CeO2(10)-modied GCE enhanced the catalytic oxida-
tion of H2O2 in an acidic buffer solution. Therefore, the PANI/
CeO2(10)-modied GCE was considered stable under PBS 5.7 and
utilized for the sensing of hydrogen peroxide and its useful
studies. The electrochemical behaviors of bare and PANI/
CeO2(10)-modied GCE towards 0.1 mM H2O2 are shown in
Fig. 7B. The linear sweep voltammetry (LSV) curve shows that
the PANI/CeO2(10)-modied GCE provided high current density
while the bare GCE gave very low current under the same
applied voltage. The nanocomposite-modied electrode had
a sharp and improved rise in the oxidation current that may be
due to the enhanced mobility of electrons on the PANI/CeO2(10)

electrode, which nally catalyzed the electro-oxidation of
H2O2.38 With the addition of H2O2, the oxidation current
enhancement was about 400% as compared to bare GCE;
however, it might be inferred that the oxidation of H2O2 was
achieved at lower energy rather than the bare electrode. This
analysis also suggested that the oxidation of H2O2 on the PANI/
CeO2(10)-modied electrode started at a lower voltage than the
bare electrode.

3.2.2 The effect of scan rate. The inuence of the scan rate
on the LSV curve with varying the scan rate of the PANI/CeO2(10)

nanocomposite-modied GCE in PBS 5.7 and 0.1 mM hydrogen
peroxide is shown in Fig. 8A. It was found that on increasing the
scan rate from 10 to 200 mVs−1, the intensity of the oxidation
current increased linearly. Fig. 8B shows a linear graph, which
was obtained by plotting the oxidation current values against
the square roots of different scan rates (V1/2) as articulated by
eqn (1) (Fig. 8B);

imax = 0.0000977 × V1/2 + 0.0000118 (R2 = 0.982) (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) LSV curve showing the scan rate effect on the oxidation current of 0.1 mM H2O2. (B) Oxidation current plotted against v1/2 and (C) the
logarithm of the oxidation current plotted against the logarithm of the scan rate.
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The linear graph with varying scan rates suggested that the
current was proportional to V1/2, which shows that the redox
process was diffusion-controlled. Moreover, to demonstrate
whether the oxidation reaction was adsorption or diffusion-
controlled, another plot was obtained through the logarithm
of anodic current vs. logarithm of the scan rate as shown in
Fig. 8C, expressed by the following eqn (2):

log imax = 0.341 × log v + 1.977 (R2 = 0.987) (2)

As per the previous reports,39,40 the slope of 0.5 is related to
the diffusion-controlled process, and that centered around 1.0
denotes an adsorption-controlled reaction. For the current
work, the obtained slope value (0.341) was close to 0.5; there-
fore, the oxidation of hydrogen peroxide on the surface of PANI/
CeO2(10) nanocomposite-modied GCE can be assigned as
a diffusion-controlled reaction.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2.3 The performance and reaction mechanisms of the
PANI/CeO2(10) nanocomposite-modied GCE sensor. The LSV
technique was chosen for the assay of H2O2 due to its high
accuracy and sensitivity toward an irreversible reaction
process.41,42 In LSV, the potential is linearly varied, and the
respective current value at every potential is recorded. There-
fore, the PANI/CeO2(10) nanocomposite-modied GCE was used
to demonstrate the concentrations of hydrogen peroxide under
optimal conditions through the LSV technique, and it was
observed that with the increase in the concentration of H2O2,

the intensity of current for the modied electrode increased.
Fig. 9A shows the LSV curve, where it can be observed that
before the addition of hydrogen peroxide, the LSV response was
very low (1.0 v), but aer the addition of 2 mM, the small
increase in the oxidation current was found, which continued to
increase as the concentration of hydrogen peroxide increased.
The peak current vs. concentration or equation of the plot
(Fig. 9B) is given as eqn (3):
RSC Adv., 2022, 12, 31506–31517 | 31513
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Fig. 9 (A) LSV response obtained with the PANI/CeO2(10) nano-
composite-modified GCE in varying concentrations of H2O2. (B) A plot
of oxidation current against the concentration of H2O2.

Fig. 10 LSV response of the PANI/CeO2(10) nanocomposite-modified
GCE in 0.1 mM H2O2 for multiple measurements.

Fig. 11 LSV response of the PANI/CeO2(10) nanocomposite-modified
GCE in 50 mM of H2O2 and interferent inorganic ions and organic
molecules such as Cu2+, Cr6+, Cd2+, Co2+, Pb2+, ascorbic acid, 2-
nitrophenol, 4-nitrophenol, and 2,4 dinitrophenol.
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imax = 3e − 7 × c(mM) + 8e − 6 (R2 = 0.909) (3)

The detection of limit (LOD) can be measured using the
formula: LOD= 3S/b, where S represents the standard deviation
of the intercept, and b represents the calibration plot slope. The
estimated LOD value for the PANI/CeO2(10) nanocomposite-
modied GCE towards H2O2 was 0.1484 mM. The quantica-
tion limit (LOQ) was measured using the formula: LOQ= 10S/b.
The measured value for LOQ was 0.49 mM. The calibration plot
was plotted up to the addition of 100.0 mM, which suggested the
linear dynamic range for the proposed sensor was from 2 to
100.0 mM.

By applying the Randles-Sevcik equation,43 the EASA of the
PANI/CeO2(10) nanocomposite-modied GCE was calculated by
recording the CV (Fig. 6A(e)) in the [Fe(CN)6]

3−/4− redox couple.

Ip = 2.69 × 105 × A × n3/2 × D1/2 × C × g1/2 (4)

Ip is the peak current (Ampere), A refers to the electro-
chemically active surface area (cm2), and D is the diffusion
31514 | RSC Adv., 2022, 12, 31506–31517
coefficient of 0.5 mM [Fe(CN)6]
3−/4− (6.70 × 10−6 cm2 s−1), C is

the concentration of the [Fe(CN)6]
3−/4− (mol L−1), n is the

number of transferred electrons for the [Fe(CN)6]
3−/4− redox

couple (n = 1), and g is the scan rate (V s−1). Accordingly, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Biological sample determination using the PANI/CeO2(10)

nanocomposite-modified GCE

Samples No. of Repeats Added (mM)
Detected
(mM) Recovery (%)

Milk 1 10 9.80 98
2 10 10.10 101
3 10 10.30 103

Tap water 1 10 9.70 97
2 10 9.90 99
3 10 9.80 98
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EASA of the PANI/CeO2(10) nanocomposite-modied GCE was
calculated to be 0.0387 cm2. The surface area of the commer-
cially obtained bare GCE electrode was 0.0316 cm2 (as given by
the manufacturer); upon the deposition of the PANI/CeO2(10)

nanocomposite, the EASA of the modied GCE was enhanced.
This increment in EASA is believed to have aided the modied
GCE's electrocatalytic and conductive properties.

The electrocatalytic mechanism for detecting H2O2 using the
PANI/CeO2(10) nanocomposite-modied GCE is based on the
electrochemical oxidation of H2O2 to O2 under applied poten-
tial. As per previous reports, in CeO2 nanoparticles, the anti-
oxidation behavior of the active centers can be demonstrated
by surface Ce sites that can coordinate with the O2 sites.44,45 For
the PANI/CeO2(10) nanocomposite-modied GCE, the probable
active centers are Ce4+ and Ce3+ and O2 vacancies. As the H2O2 is
incorporated into the working solution, ceria behaves like
a nanozyme; the adsorption of H2O2 stimulates the electro-
chemical process under applied potential by sharing electrons.
It was presumed that the mechanism of oxidation for H2O2 on
the PANI/CeO2(10) nanocomposite-modied GCE can be repre-
sented by reaction 5.46

H2O2 O2 + 2e− + 2H+ (5)

3.2.4 Stability of PANI/CeO2(10) nanocomposite-modied
GCE. The stability of the PANI/CeO2(10) nanocomposite-
modied GCE towards the detection of H2O2 was determined
in terms of repeating the 100 current response measurements
Table 2 A comparison of the PANI/CeO2(10) nanocomposite-modified
sensors reported in the literature

S.No. Electrode materials Line

1 Chitosan/Au nanoparticle 2.0–
2 PANI-CeO2 50–5
3 Methylene blue/SiO2 0.01
4 ZrO2 0.02
5 Nb2O5 0.1–
6 Pt/carbon nanotube 5–25
7 Ag-nanoparticle/graphene

oxide
100–

8 Graphene-AuNPs 20–2
9 Cu2O microcubes 5–15
10 PANI/CeO2(10) 0.2–

© 2022 The Author(s). Published by the Royal Society of Chemistry
under optimal conditions in 0.1 mM H2O2 (Fig. 10). The results
showed that the developed PANI/CeO2(10) nanocomposite-
modied GCE showed repeatable current response with
a decrease in the current response of 29.85%, which conrmed
that the current response was satisfactorily repeatable for the
proposed electrode.

3.2.5 Interferent effects of common molecules and ions.
The effects of interferent inorganic ions and organic molecules
on the detection of H2O2 have been investigated to examine the
anti-interference aptitude of the PANI/CeO2(10) nanocomposite-
modied GCE. The LSV current responses of the PANI/CeO2(10)

nanocomposite-modied GCE in the presence of 50 mM H2O2

containing a 3-fold concentration of likely interferents such as
Cu2+, Cr6+, Cd2+, Co2+, Pb2+, ascorbic acid, 2-nitrophenol, 4-
nitrophenol, and 2,4 dinitrophenol, were observed (Fig. 11). It
was noticed that the mixing of interferents had no obvious
inuences on the current response of the PANI/CeO2(10)

nanocomposite-modied GCE. Therefore, the obtained result
suggested that the proposed PANI/CeO2(10) nanocomposite-
modied GCE could be considered as highly selective towards
the determination of hydrogen peroxide.
3.3 Real sample analysis

The applicability and suitability of the PANI/CeO2(10)

nanocomposite-modied GCE for the detection of H2O2 in real
samples were investigated through the standard addition
method (spiking) as reported elsewhere.47 For this, 10 mM H2O2

was spiked into the milk and tap water samples, and the
recovery analysis was carried out. For this investigation, 2.5 ml
of real samples were diluted with 22.5 ml of 0.1 M PBS 5.7 for
matrix matching. Percentage recovery was then measured using
eqn (6). The recovery percentage of hydrogen peroxide in real
samples (milk and tap water) ranges from 97 to 103, as pre-
sented in Table 1.

The method used was standard addition.

Recovery ð%Þ ¼ Ci � Co

Cs

(6)
GCE's sensing performance toward hydrogen peroxide with other

ar range Detection limit Ref.

30.7 mM 0.532 mM 48
00 mM 50 mM 49
–1.2 mM 4 mM 50
–9.45 mM 2 mM 51
100 mM 0.01 mM 52
000 mM 1.5 mM 53
20000 mM 1.9 mM 54

80 mM 6.0 mM 55
00 mM 1.5 mM 56
100 mM 0.1484 mM Present work
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Ci is the total concentration of analyte, Co stands for the
concentration of analyte (before spike), and Cs indicate the
concentration of the spiked H2O2.

Table 2 summarizes the sensing probabilities of the fabri-
cated PANI/CeO2(10) nanocomposite-modied GC as compared
to the other investigated electrode systems for detecting
hydrogen peroxide.
4. Conclusion

We have reported the fabrication of PANI/CeO2(1,3,5,10), followed
by deposition on GCE, for use as an electrochemical sensor for
the sensitive detection of H2O2. CeO2 nanoparticles were
prepared by a simple hydrothermal method at low tempera-
tures. The detailed morphology of the synthesized nano-
particles was characterized by XRD, FESEM, FTIR, and UV-vis
spectra and it was revealed that the synthesized nonmaterial are
well-crystalline nanoparticles possessing a cubic structure. The
CeO2 nanoparticles have been reinforced as a nanoller to
fabricate a set of PANI/CeO2(1,3,5,10) nanocomposites. To
conrm the structures, the nanocomposites were structurally
characterized by FTIR, XRD, and FESEM measurements. The
electrochemical performance of the prepared materials was
investigated in detail for hydrogen peroxide detection and
determination. The CV results indicated that the increased
concentration of CeO2 in the PANI polymer matrix from PANI/
CeO2(1) to PANI/CeO2(10)-modied GCE improved the electron
transfer rate and produced a high anodic peak current. The
PANI/CeO2(10) nanocomposite-modied GCE demonstrated
good performance in terms of relative standard deviation
(6.36%) and good limit of detection (0.1484 mM), and showed
a linear response in the range from 2 mM to 100 mM. The results
conrmed that the proposed PANI/CeO2(10) nanocomposite-
modied GCE has good stability and reproducibility with high
sensitivity for the detection of H2O2 in real samples (milk).
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25 N. Tsud, T. Skála, K. Mašek, P. Hanyš, M. Takahashi,
H. Suga, T. Mori, H. Yoshikawa, M. Yoshitake,
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