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Abstract

In this study, copper oxide nanoparticles (CuONPs) were prepared by a simple chemical method and then characterized by
scanning electron microscope (SEM). A novel electrochemical sensor for hydrogen peroxide (H,O,) analysis was prepared by
immobilizing copper oxide nanoparticles and polyalizarin yellow R (PYAR) on bare glassy carbon electrode (PAYR/CuONPs/
GCE). The electrocatalytical behavior of the proposed electrochemical sensor was also studied by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry (DPV). Based on the results, the PAYR/
CuONP nanocomposite had significant electrocatalytic oxidation and reduction properties for the detection and determination of
H,0,. Some parameters such as linear range, sensitivity, and detection limit for reduction peak were obtained as 0.1-140 uM,
1.4154 pA cm 2 uM ', and 0.03 uM, respectively, by the DPV technique. Some advantages of this electrode were having
widespread linear range, low detection limit, and, most importantly, ability in simultaneous oxidation and reduction of H,O, at
two applied potentials.
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Introduction

Hydrogen peroxide (H,O,) has been widely applied in various
fields such as paper and textile bleaching, microbial control
characteristics, foodstuff, environmental approaches, cosmetics,
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and pharmaceutical activities [Pandurangan et al. 2014; Thanh
et al. 2016]. Furthermore, H,0, is widely used to oxidize cellu-
lose, recycle wastepaper, treat wastewaters, boost rocket fuels,
produce a variety of chemicals and plastics, and detoxify organic
pollutants that might contaminate the environment [Marjan et al.
2019]. It is also an essential material in several enzymatic reac-
tions in the biological system [Zhang and Chen 2017]. The
H,0, layer is the first defense of the immune system against
various pathogens. However, the surplus leakage of H,O, in
biological species has a harmful effect on the body which can
cause irritation of stomach and skin as well as damage to the
gastrointestinal tract and proteins [Yusoff et al. 2017].
Moreover, it has been documented that excess amounts of this
compound in the body causes a variety of diseases such as DNA
fragmentation, Alzheimer’s, Parkinson’s, diabetes, membrane
damage, neurodegeneration, tissue damage, cancer, cardiovas-
cular, and aging problems (Sahoo et al. 2020; Lutfullah and
Muhammet 2019). Furthermore, according to the US Food
and Drug Administration (FDA), the H,O, tolerance limit as
an anti-microbial agent for vegetables, fruits, herbs, and spices
is 120 mg/L [Parthasarathy et al. 2016]. Therefore, the determi-
nation of H,O, is of great importance in both biological and
environmental processes. There are several analytical techniques
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such as spectroscopy and chromatography which are available
for the determination of H,O,. However, these methods require
much time as well as a lot of cost and show poor repeatability
[Liu et al. 2017; Wu et al. 2017]. Compared to previous tech-
niques, electrochemical tools have much attention from re-
searchers owing to their simplicity, low cost, low detection limit,
and high sensitivity. Moreover, in both enzymatic and non-
enzymatic processes, electrochemical methods are feasible
[Devasenathipathy et al. 2016; Wang et al. 2011].

The electrochemical determination of hydrogen peroxide
on the surface of bare electrodes is a very slow process. To
solve this problem, the surface of these electrodes should be
modified using various compounds such as enzymes [Diaz
Nieto et al. 2018], conductive polymers [Zhang et al. 2011],
and metals and bimetals [Devasenathipathy et al. 2016; Chao
et al. 2016; Chen et al. 2016; Ensafi et al. 2016; Sookhakian
et al. 2017; Abdelwahab and Shim 2014; Guler et al. 2018].
The literature review revealed that metal oxide—based electro-
chemical sensors such as NiO, ZnO, Fe,03, C0304, and CuO
have some advantages such as ease of preparation, low cost,
good electrocatalytic properties, and capability of conducting
electrochemical reactions at lower potentials. Among them,
copper oxide is one of the best materials due to its excellent
redox property, non-toxicity, and high stability and conduc-
tivity [Xie et al. 2018; Ehsani et al. 2017; Kardas et al. 2017].
Conducting polymers have been used as a modifier for fabri-
cation of electrochemical sensors [Doblhofer 1980]. These
polymers have the benefits of good stability, high conductiv-
ity, and considerable stability on the surface of electrodes.
Some specific monomers of these polymers have been applied
to prepare electrochemical sensors such as neutral red [Shobha
Jeykumari and Narayanan 2008; Yogeswaran and Chen 2007;
Zhang and Zhang 2010], toluidine blue [Zeng et al. 2006],
alizarin red S [Wu and Hu 2004], Congo red [Hu et al.
2006, 2007a, b], Nile blue A [Du et al. 2008], thionine
[Zhang et al. 2010], pyrocatechol violet [Sheng et al. 2007],
and alizarin yellow R [Zhang et al. 2011]. The formed com-
posite film through amalgamating conductive polymers with
other materials such as nanoparticles as a modifier is proposed
for the construction of these sensors. For instance, carbon
nanotube/poly (alizarin red S) and multiwall carbon
nanotube/alizarin were used for detection of nitrite and kojic
acid, respectively [Yue et al. 2010; Liu et al. 2009]. One of the
conductive polymers is alizarin yellow R (AYR) and is ap-
plied as a pH and metallochromic indicator [Williams and
Lautenschleger 1963; Thara et al. 2008]. Therefore, in the cur-
rent research, an electrode modified with CuO nanoparticles
and polyalizarin yellow R was fabricated for hydrogen perox-
ide monitoring. The combination of polyalizarin yellow R (a
conductive polymer on the electrode surface) and CuONps
(high surface and conductivity) exhibited excellent electrocat-
alytic activity for the electrooxidation and electroreduction of
hydrogen peroxide. This proposed electrochemical sensor was
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applied to detect and determine hydrogen peroxide in milk
samples with satisfactory results.

Materials and methods
Materials

Hydrogen peroxide, copper (II) sulfate pentahydrate, alizarin
yellow R, hydrochloric acid (HCI), phosphoric acid (H;PO,),
sodium sulfate (Na,SQO,), sodium hydrogen phosphate, and
sodium hydroxide (NaOH) were obtained from Merck.

Apparatus

All experiments and electrochemical measurements were per-
formed using a p-autolab device (model 101 made by
Metrohm). A three-electrode system consisting of a platinum
(Pt) counter electrode, a glassy carbon working electrode
(GCE), and an Ag/AgCI[KCl(sat)] reference electrode was
placed in the electrochemical cell.

Preparation of copper oxide nanoparticles (CuONPs)

The copper oxide nanoparticles were prepared by a simple
chemical technique. First, 1 mL of Na,SO, (0.1 M) was added
to 17 mL of CuSOy4 (0.005 M), and then mixed well and
shaken for 120 min at 25 °C.

Construction of the modified electrode

The bare glassy carbon electrode was polished continuously
using sandpaper (nos. 1-6) and 0.5 mm of alumina slurry to
remove contaminants from the electrode surface. Next, the
surface of the electrode was sonicated in a mixture of ethanol
and distilled water for 5 min to remove adsorbed particles and
then washed using distilled water. For the modification of the
electrode, the electropolymerization of alizarin yellow R (1
mM) was carried out in the range of potential —1.0 to 1.2 V
at a scan rate 100 mV/s and at pH 12 (Fig. 1).

The reduction and oxidation peak currents increased with
continuous scanning number (20 cycles), illustrating the suc-
cessive growth of alizarin yellow R on the surface of the
glassy carbon electrode.

For the fabrication of PYAR/CuONPs/GCE, the PYAR/
GCE was immobilized in a mixture of Na,SO,4 and CuSO,.
Then, the cyclic voltammetry (CV) method was applied under
10 scanning cycles at the potential range between —1 and +1 V
and at a scan rate of 100 mV/s for depositing CuO nanoparti-
cles on the surface of the electrode (Fig. 1B).
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Characterization of poly (alizarin yellow R)-
CuONPs/GCE

Figure 2A shows the SEM image of the synthesized nanopar-
ticles. The average particle size was less than 70 nm, which
lies in the range of nanomaterials.

Results and discussions

Electrochemical characterization of PYAR/CuONPs/GC
electrode

In order to obtain information of electrochemical characteri-
zation as well as study electrochemical manner through the
step-by-step promotion process of the modification, electro-
chemical impedance spectroscopy (EIS) was applied. In the
EIS technique, the Rct, C, and Rs symbols are charge transfer
resistance, double-layer capacitance, and solution resistance,
respectively.

Fig. 2 (A) SEM image of CuO
nanoparticles. (B)
Electrochemical impedance spec-
troscopy (EIS), (a) bare GCE, (b)
polyalizarin /GCE, (c) CuONPs/
polyalizarin/GCE in 5 mM probe
Fe(CN)g* "3~
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Figure 2B indicates the impedance spectra depicted as
Nyquist plots (Zim vs. Zre) for diverse electrodes as bare
GCE (a), polyalizarin yellow R/GCE (b), and CuONPs/
polyalizarin yellow R/GCE (c) in 5 mM Fe(CN)s> /4~ probe
in the frequency range of 0.01 to 10* Hz.

Based on the EIS curves, the semicircle portion with re-
spect to electron transfer is a limited process and its diameter is
equal to the electron transfer, Ret, which controls electron
transfer kinetics of redox probe on the electron interface.
The EIS data of the electrodes were placed on a simple circuit
which is exhibited in the plot (Fig. 2B. Inset).

It can be observed from the Nyquist schemes (Fig. 2B) that
the semicircle of the bare electrode indicates a diffusion restric-
tive stage of the electrochemical procedure and dramatical re-
duction in polyalizarin yellow R/GCE. Once the polyalizarin
yellow R/CuONP nanocomposite was immobilized on the elec-
trode surface, the EIS curve’s diameter became smaller than
that of other electrodes. These results show that electron transfer
is easy between the electrode surface and solution in
polyalizarin yellow R/CuONPs/GCE. It indicates that
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polyalizarin yellow R/CuONPs increase electron transfer and
exhibit formation of a new layer on the substrate.

Electrocatalytic oxidation and reduction of hydrogen
peroxide on poly (alizarin yellow R)-CuONPs/GCE

Cyclic voltammetry was utilized for investigating
electrooxidation and electroreduction of hydrogen peroxide
on the surface of unmodified and modified electrodes.
Figure 3 shows that no peaks were discerned from the bare
GC electrode (a), modified electrode by alizarin yellow poly-
mer (b), modified electrode by the CuO nanoparticles, and
alizarin yellow polymer (c) in the absence of hydrogen perox-
ide. In addition, no peaks were observed for the unmodified
electrode in the presence of hydrogen peroxide (d). These
findings indicate that hydrogen peroxide on the surface of
the bare electrode was not capable of direct electron transfer.
By contrast, on the surface of modified electrode by
polyalizarin yellow (e), a pair of redox peaks were detected
in the presence of hydrogen peroxide, suggesting that the
polyalizarin yellow might be involved in direct electron trans-
fer of hydrogen peroxide. Finally, a pair of redox peaks were
clearly seen in the presence of hydrogen peroxide on the sur-
face of the modified electrode with the CuO nanoparticles and
polyalizarin yellow (f). This result suggests that the dramatic
increase of simultaneous oxidation and reduction currents of
hydrogen peroxide and, in turn, the potential of simultaneous
oxidation and reduction shifted to less positive and less nega-
tive amounts, respectively. In general, the electrical conduc-
tivity induced by alizarin yellow polymer increased in the
presence of the CuO nanoparticles with a high surface area
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Fig. 3 Cyclic voltammograms of glassy carbon electrodes modified by
CuO nanoparticles and alizarin yellow (f), alizarin yellow (e), and
unmodified (d), in the presence of 0.001 M hydrogen peroxide, as well
as modified by CuO nanoparticles and alizarin yellow (c), alizarin yellow
(b), non-modified (a), in absence of hydrogen peroxide at pH = 10 and
scan rate 30 mV/s
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Fig. 4 Cyclic voltammograms of modified electrode in different pH
solutions in the presence of hydrogen peroxide

of the modified electrode which facilitates the transport of
direct electrons between hydrogen peroxide and surface of
the modified electrode.

In order to investigate the electrocatalytic behavior and an
optimal pH of polyalizarin yellow R/CuONPs/GCE, the effect
of pH on the electrooxidation and electroreduction responses of
this electrode in the presence of hydrogen peroxide between —0.9
and +1.1 V at a scan rate of 100 mV/s was evaluated (Fig. 4).

In acidic medium, no peak of oxidation or reduction of
hydrogen peroxide was observed. However, only a peak of
reduction was observed in neutral medium (pH 7), Moreover,
at pH 8, the oxidation and reduction peak currents were very
low. At pH 12—14, the electrodes were damaged and the mod-
ifiers were removed from the electrode surface. At pH 10 and
11, Epa and Epc were 0.63 and —0.43 V, respectively. And, at
pH 10, Ipa and Ipc were 14.92 and —5.42 micA, respectively.
But, at pH 11, Ipa and Ipc were 10.38 and —5.15 micA, re-
spectively. As both of the oxidation and reduction peak cur-
rents at pH 10 were higher than that at pH 11, pH 10 was
selected as the optimum value.

Scan rate effect is a technique for evaluating the process
controlled by diffusion as expected in a catalytic system.
Figure 5A illustrates the proposed electrode in the presence
of 500 uM hydrogen peroxide and scanning rates between 10
and 1000 mV/s. As observed in Figs. 5B and 5C, there is a
linear relationship between anodic/cathodic peak currents of
hydrogen peroxide and the square root of the scan rate,
confirming the diffusion of the process.

The performance of the proposed modified electrode
(PAYR/CuONps/GCE) in the presence of hydrogen peroxide
(at various contents) was studied (Fig. 6A). As shown, this
electrode has a rapid response and good sensitivity for
electroreduction and electrooxidation of hydrogen peroxide.
According to Figs. 6B and 6C, a linear relationship between
the amount of hydrogen peroxide concentration and the cur-
rent of anodic and cathodic peaks was observed.
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Fig.5 (A) Cyclic voltammograms of modified electrode in the presence of 100 puL of hydrogen peroxide (0.001 M) in phosphate buffer solution at pH =
10 at different scanning rates, (B) plot of peak current vs. v’ for oxidation peak, (C) plot of peak current vs. v!/* for reduction peak

Detection limit, sensitivity, and linear range for oxidation
and reduction peaks were calculated (Table 1). Based on the
results, the oxidation and reduction mechanism of hydrogen
peroxide is proposed as follows:

Oxidation mechanism : H,0,

+20H -0, +2H,0+2¢ (2)

In order to achieve a lower detection limit, differential

Reduction mechanism : H0; pulse voltammetry (DPV) was used. The differential pulse
12e —=20H (1)  voltammograms of the modified electrode at various concen-
trations of hydrogen peroxide are presented at pH 10 (Fig. 7A)
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Fig. 6 (A) Cyclic voltammograms of modified electrode in phosphate buffer solution at pH = 10 at concentrations of 1 and 5 to 700 uM of hydrogen

peroxide, (B) plot of peak current vs. hydrogen peroxide concentrations: the

oxidation current, (C) and the reduction current
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Table 1 Analytical parameters of several sensors for determination of H,O,
Electrode LOD (uM) Linear range (LM) Sensitivity Ref

(HA cm™ uM)
MnS@MoS, 0.12 0.5-5000 0.650 Priyanga et al. 2021
Crod@Ag 100 500-5000 0.128 Agnieszka et al. 2021
CoFe;04/CNTs 0.02 5-100 14.1 Sahoo et al. 2020
AgNp@GNR 20 50-5000 - Vesna et al. 2020
Pd@CeO,NH, 0.47 3200-17,500 85.265 Muhammet et al. 2018
CoSn(OH); 1 4-400 0.01935 Shu et al. 2017
Gr-CCS-AgNPs 2.49 20-5020 - Wang et al. 2017
MnOOH/CC 32 200-9670 692.42 Weina et al. 2016
PAYR/CuONPs (DPV-reduction peak) 0.03 0.1-140 1.4154 This work
PAYR/CuONPs (CV-reduction peak) 0.28 1-700 0.009 This work
PAYR/CuONPs (CV-oxidation peak) 3 5-700 0.0292 This work

because the detection limit of the reduction peak is low in the
cyclic voltammetry method. Therefore, in the differential
pulse voltammetry method, the reduction peak is investigated.

Figure 7B indicates that the intensity of the cathodic peak
increased by increasing the concentration of hydrogen perox-
ide. A linear dependence of the catalytic currents vs. hydrogen
peroxide concentration can be shown in the equation I (LA) =
1.4154 (hydrogen peroxide) tAuM ' + 0.4607 pA. Table 1
presents the detection limit, sensitivity, and linear range for
reduction peaks.

Comparison of PAYR/CuONps/GCE with those of
previous modified electrodes

The proposed sensor was compared with several other elec-
trochemical sensors that have been applied for hydrogen per-
oxide analysis. Table 1 demonstrates that some electrochem-
ical parameters such as linear range, lower detection limit, and

sensitivity of PAYR/CuONps/GCE are better or comparable
with those of other sensors.

Repeatability, stability, and selectivity

For five consecutive assays, the repeatability of the modified
electrode response current in the presence of 500 uM of hy-
drogen peroxide was assessed. The variation coefficient
(R.S.D) was 3.75%. To study the lifetime and stability of the
proposed sensor, the sensor response current after 1 and 5
weeks was calculated. After this time, the observed reductions
in the electrode response were approximately 96.5 and 88.5%
of the initial currents, respectively. Furthermore, the interfer-
ence effect of l-cysteine, glucose glycine, fructose, mannose,
arginine, phenylalanine, Na*, K*, Mg*?, and Ca*? in the pres-
ence of H,O, on the proposed sensor response was investigat-
ed by the DPV method. According to the experimental results,
glycine, fructose, mannose, arginine, phenylalanine, Na*, K*,

Fig. 7 (A) Differential pulse a4 b 6o
voltammetry of modified
electrode at pH 10 with increasing 2 50
of hydrogen peroxide
concentrations. (B) Plots of peak
current vs. H,O, concentrations 36 _ 40
- =
2
3 H
5§ 30 £ 30
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Table 2  Determination of H,O, in milk samples

Sample Added (uM) Found (uM) Recovery (%)
1 50 59 100.8

150 152 101.3
2 50 48.5 97

150 153.3 102.3

Mg*2, and Ca™ did not interfere in determination of H,0,
with 10 folds excess over H,O, concentration. The interfer-
ence for l-cysteine and glucose appeared in equimolar concen-
tration in the solution with H,O,.

Analytical application

To analyze the real samples, the reduction peak was selected.
The practicality of the present sensor was appraised for the
detection of H,O, in different milk samples through the CV
method. H>,O, concentration was measured in two diverse
milk samples provided from a store. The samples were pre-
pared with 50 uM and 150 uM of H,O, and the content of
hydrogen peroxide recovery was calculated. The hydrogen
peroxide concentration was specified in all the samples
through the method described in Table 2. A blank milk sample
was tested in a similar way and showed no meaningful current
response. According to Table 2, it is apparent that this sensor
showed rational selectivity in the case of the real milk samples
and generated acceptable outcomes with the recoveries rang-
ing from 97 to 102.3%.

Conclusion

In the present work, a new strategy was applied for the fabri-
cation of alizarin yellow—based CuO nanoparticles via elec-
trochemical techniques. A novel modified electrode based on
polyalizarin/CuONPs immobilized on the surface of glassy
carbon electrode was developed and applied. The
electrooxidation and electroreduction of H,O, on the surface
of the modified electrode were investigated. The suggested
electrode can be applied for the detection of low levels of
H,0,. The assembly of the metal oxide nanoparticles by the
conductive polymer yields novel nanocomposite with syner-
getic properties and functions. This method is useful for novel
sensor and biosensor construction.
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