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Hydrogen peroxide (H2O2) is a by-product of some biochemical processes which is catalyzed by enzymes
such as glucose oxidase (GOx), cholesterol oxidase (ChoOx), etc and its overproduction in living cells can
trigger cancer growth and various diseases. Therefore, H2O2 sensing is of great importance in the
determination of diseases as well as industries and environmental health plans. We produced
ZnO-CuO nanofibers by electrospinning method for non-enzymatic electrochemical H2O2 sensing. The
sensing properties of the carbon paste electrode (CPE) modified with ZnO (0.3 wt%)/CuO (0.7 wt%) nano-
fibers (named as ZnO3-CuO7) for detection of H2O2 were explored in phosphate-buffered saline (PBS) at
pH � 7.4 solution. The ZnO3-CuO7 nanofiber exhibited the lowest charge transfer resistance and the
highest electrocatalytic performance among other modified electrodes for detection of H2O2 and consid-
ered as an optimized sample. The effect of scan rate and H2O2 concentration in the reduction process
were also investigated by cyclic voltammetry (CV) and the mechanism for the electrochemical reaction
of H2O2 at the surface of the optimized electrode was studied. The diffusion coefficient of H2O2 and
the catalytic rate constant were evaluated by chronoamperometry as 1.65 � 10�5 cm2 s�1 and 6 � 103 -
cm3 mol�1 s�1, respectively. Furthermore, amperometric detection of H2O2 with a low detection limit
of 2.4 mM and a wide linear range of 3 to 530 mM were obtained. Meanwhile, the optimized electrode dis-
played no recognizable response towards some biomolecules such as ascorbic acid, uric acid, dopamine
and glucose. The obtained results confirmed that the modified electrode shows high sensitivity and selec-
tivity as a H2O2 biosensor with improved reproducibility and stability.
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1. Introduction

Fabricating one-dimensional metal oxide nanostructures with
an uniform diameter and highly stable crystal structure through
a cost-effective method is a promising challenge. One-
dimensional structures provide an efficient platform to increase
electrical conductivity, surface-to-volume area and catalytic per-
formance [1,2]. Electrospinning method can produce nanofibers
with desired dimensions at the nanometer scale with the aid of a
polymeric gel containing metal precursors [3,4]. Controlling the
physicochemical properties of the nanofibers such as diameter,
length and morphology of hybrid metal oxides is of significant
interest and the electrospinning technique can be considered as
one of the most efficient ways of fabricating one-dimensional mor-
phologies at the industrial level [5]. Metal oxides in various shapes,
sizes and compositions are appropriate alternatives utilized in
photoelectrochemical cells (PECs) [6], solar cells [7], Li-ion batter-
ies [8] and sensors [9]. On the other hand, the coupling of two
metal oxide semiconductors of p and n types not only separate
charge carriers to make a heterojunction but also enhance the sta-
bility and catalytic activity. ZnO is a low-cost inorganic compound
with wide band gap (3.37 eV), high mobility and non-toxicity. It is
considered as a n-type semiconductor, but suffers from weak
cycling performance as an electrode modifier [10]. CuO is an avail-
able and stable p-type semiconductor with narrow band gap (1.2
to 1.9 eV), which can be used in combination with ZnO as a hybrid
nanostructure to enhance the electrochemical sensing properties
due to the synergetic effects of binary metal oxides [11]. Besides,
the CuO-ZnO p-n junction can offer more active sites, higher stabil-
ity and faster electron transfer kinetics between electrode/elec-
trolyte interface compared to the individuals [12,13].

Since hydrogen peroxide is an essential intermediate in biologi-
cal and industrial systems, its non-enzymatic determination is of
great importance [14]. A wide range of applications such as moni-
toring the H2O2 release from cancer cells and detecting the residual
H2O2 level in food andwater supplies is desirable [15,16]. Numerous
methods such as chemiluminescence [17], oxidimetry [18] and
titrimetry [19] have been developed for detection of H2O2 andmost
of these methods involve expensive and time-consuming proce-
dures. On the other hand, although enzyme-based electrochemical
sensors are highly sensitive to low concentrations of H2O2, they
have some drawbacks of instability, high cost and complexity of
the electrode fabrication. A wide range of transition metal oxides
has been used as a mediator for non-enzymatic electrochemical
sensing of H2O2. Among them, CuO and ZnO nanostructures are
promising alternatives that have been explored in diversified mor-
phologies for detection of H2O2 [20,21]. Many methods have been
employed to fabricate CuO-ZnO composite such as thermal chemi-
cal vapor deposition (TCVD) [22], hydrothermal growth [23],
solid-state grinding [24], electrodeposition [25], thermal oxidation
[26] and high energy ball milling (HEBM) method [27]. However,
a few reports are available to investigate the effect of various pro-
portions of metal oxides using the electrospinning method [28,29].

Moreover, it is challenging to use the desired proportion of
metal oxides for fabricating coupled CuO-ZnO heterojunction
nanostructure to have the highest response to H2O2 in the biolog-
ical environment. Here in, we have reported an amperometric H2O2

sensor based on CuO-ZnO electrospun nanocomposite as a trans-
ducer in PBS (pH = 7.4) medium. The structure, composition and
proportion of various metal oxides were studied and the most effi-
cient nanofiber for H2O2 determination was found. The limit of
detection (LOD), diffusion coefficient and the catalytic rate con-
stant of H2O2 were evaluated, which indicates that the electrospun
CuO-ZnO nanofibers offer an excellent platform to fabricate H2O2

non-enzymatic biosensor.
2. Experimental details

2.1. Materials

Zinc acetate (Zn(CH3COO)2�2H2O), >99%, Merck), copper acetate
(Cu(CH3COO)2�H2O), >99%, Merck), Triton X-100 (>99%, Merck),
NaH2PO4 (>99%, Merck), Na2HPO4 (>99%, Merck), hydrogen perox-
ide (H2O2, 30 wt%) and ethanol (>99.9%, Merck) were used for
experiments as received. Polyvinyl alcohol (PVA, Mw = 100000)
was provided from Fluka to make a polymeric gel for electrospin-
ning. K4[Fe(CN)6] (>99%, Merck), K3[Fe(CN)6] (>99%, Merck) and
KCl (>99%, Merck) were used for the electrochemical impedance
measurements. A mixture of graphite powder (particle diameter
of 0.1 mm, Merck) and paraffin oil (density of 0.86 g cm�3, Merck)
was employed as a paste to fabricate a working electrode. For
potential applications in biological environments, 0.1 M concentra-
tion of PBS in pH � 7.4 was used as supporting electrolyte. Na2-
HPO4 and NaH2PO4 were utilized to make 0.1 M PBS solution. All
the chemicals were used as received and all the solutions were
made with deionized (DI) water (Millipore water purification sys-
tem, Direct-Q-3).

2.2. Characterizations

Scanning electron microscopy (SEM, KYKY-EM3200, from 10 to
26 keV accelerating energy) was used to evaluate morphology and
the average diameter of the nanostructures and transmission elec-
tron microscopy (TEM, Philips EM208S instrument, from 80 to
100 keV accelerating energy) was performed for complementary
analysis of size and shape of the nanostructures by deposition of
nanostructures onto the copper grid at room temperature. The
Energy-dispersive X-ray (EDX) and X-ray map (X-map) microanal-
yses determined the elemental composition of the nanostructures
which were carried out by MIRA3 TESCAN-XMU at 5 to 20 keV
accelerating energy. The X-ray diffraction analysis (XRD, Advance
Brucker-8D instrument) was used to analyze the crystalline struc-
ture of the nanofibers using Cu Ka radiation source
(k = 0.15406 nm) in the 2h ranging from 10� to 80�. In order to
probe the molecular structure of samples, especially the metal oxi-
des, Fourier-transform infrared spectroscopy (FTIR) (Bruker-Vector
22) was applied in the range of 400 to 4000 cm�1 by making KBr
pellet. Ultraviolet–visible spectroscopy (UV–vis) was also con-
ducted by a double beam Optizen POP spectrophotometer
(Mecasys Company, Korea) from 200 to 1000 nm wavelengths to
characterize the optical properties of nanofibers. The electrochem-
ical tests were collected by a potentiostat/galvanostat AUTOLAB
(Nova software model PGSTAT 302 N, Metrohm, Netherlands) cou-
pled with a personal computer. The experiments were performed
in a three-electrode cell containing a modified CPE, an Ag|AgCl
(saturated KCl) electrode and a Pt wire as the working, reference
and counter electrodes, respectively. The Electrochemical Impe-
dance Spectroscopy (EIS) was utilized to compare the electrochem-
ical performance of variously modified electrodes. The impedance
spectra were measured using frequency response analyzer Palm-
sense (PSTrace software version 4.2.2, Netherlands) with AC volt-
age under open circuit potential, a signal amplitude of 10 mV
and frequencies ranging from 1 to 100 KHz.

2.3. Synthesis of ZnO-CuO nanofibers

In order to prepare the polymeric gel for electrospinning, PVA
aqueous solution of 7.3 wt% was prepared by gradual dissolving a
proper amount of PVA powder in 80 �C water and then cooling to
room temperature. A negligible amount of Triton X-100 as a surfac-
tant was added to the PVA aqueous solution to decrease surface
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tension and prevent bead formation in the final nanofibers. Then,
an arbitrary proportion of metal acetates (total of 5 wt%) was
added gently under magnetic stirring for 12 h, until the final poly-
meric gel was obtained. The as-prepared polymeric gel was loaded
into a plastic syringe with a steel needle. The electrospinning pro-
cess was conducted at room temperature using a home-made set
up including a high-voltage DC power supply, a syringe pump
(Ascor AP22) and an aluminum collector, which stands in a vertical
position. The applied voltage between the needle of syringe and
collector was fixed to 17 kV at a distance of 15 cm and the flow rate
was fixed to 1 ml/h. The electrospun nanofibers were collected
from the aluminum foil and calcined in an electrical furnace in
the ambient air at 500 �C for 5 h to crystallize the nanostructure
and remove the polymeric template of the nanofibers. Various
nanofibers with a selective proportion of zinc acetate to copper
acetate were synthesized to compare the electrochemical activity.
For this purpose, nanofibers with zinc acetate to copper acetate
weight ratio of 100:0, 70:30, 50:50, 30:70 and 0:100 (w/w %) were
named as ZnO, ZnO7-CuO3, ZnO5-CuO5, ZnO3-CuO7 and CuO
nanofibers, respectively.
Scheme 1. Schematic illustration for fabrication of the metal oxide nanofibers by
electrospinning method, the electrode preparation and the sensing process.
2.4. Working electrode preparation

In a typical fabrication of working electrode, ZnO3-CuO7 nano-
fibers modified CPE (ZnO3-CuO7/CPE) was prepared by mixing a
selective ratio of 20:50:30 (w/w %) for ZnO3-CuO7 nanofibers, gra-
phite powder and paraffin oil to make a homogeneous paste. Then
a glass tube with an internal diameter of 3.4 mm was used as a
container of modified carbon paste with copper wire as an electri-
cal connection. The prepared working electrode can be refreshed
after each electrochemical measurement easily through smoothing
the surface on a clean white paper and potential cycling in 0.1 M
PBS (pH = 7.4) until a reproducible electrochemical behavior
obtained. Other modified electrodes were fabricated by the
method mentioned except the unmodified CPE that was prepared
by mixing a 70:30 (w/w %) ratio of graphite powder to paraffin
oil for comparison. A schematic representation of the fabrication
method and electrode preparation for sensing process is depicted
in Scheme 1.
3. Results and discussion

3.1. Characterization of ZnO-CuO nanofibers

In the electrospinning method, the polymeric gel was exposed
to a high-voltage in a relatively small distance to make a spinning
jet out of the steel needle. PVA as a common and non-toxic organic
material plays a vital role to bind the precursors and make the final
nanofiber template [30]. After the calcination process, the cover
pattern which is predominantly made of PVA, vanishes and various
rough shapes appear. Fig. 1a, 1c and 1d exhibit the SEM images of
CuO, ZnO7-CuO3 and ZnO nanofibers after calcination respectively,
to show their structural morphology including their diameter dis-
tribution diagrams (measured by image processing software of
Digimizer, MedCalc software). It was observed that even after the
calcination process, the ZnO-containing nanofibers show smoother
surface than CuO nanofibers. Fig. 1a represents CuO nanofibers
with a diameter ranging from 60 to 200 nm and an average of
136 nm, which shows that some nanoparticles are embedded in
the nanofiber structure, while ZnO nanofibers (Fig. 1d) introduce
interwoven web nanostructures with a diameter ranging from
150 to 450 nm and an average of 249 nm. Fig. 1c demonstrates that
the mean diameter of binary metal oxide such as ZnO7-CuO3
nanofibers decreased compared to bare CuO and ZnO nanofibers,
ranging from 25 to 375 nm with an average of 125 nm. Fig. 1b
and 1e illustrate the elemental analysis of CuO and ZnO nanofibers
by X-map analysis. It is apparent that the Cu and Zn have been oxi-
dized successfully and uniform distribution of Zn, Cu and O atoms
in the nanostructures is formed. Figs. S1 and S2 of supplementary
information (SI) show the corresponding EDX spectrums which
reveal no C peak in the spectrum and verify complete removal of
PVA molecules in the final nanofiber structure. Fig. 1f and g display
ZnO3-CuO7 nanofibers and their corresponding diameter his-
tograms before and after the calcination process. The as-
electrospun nanofibers have an approximately uniform shape with
a diameter ranging from 40 to 215 nm with an average of 126 nm
(Fig. 1f). Indeed, the introduction of Triton X-100 as a surfactant in
the initial polymeric gel can not only improve the stability of the
spinning jet but also eliminate beads effectively via suppressing
the surface tension of nanofibers and thus the creation of uniform
nanofibers [31]. However, Fig. 1g shows that nanofibers are formed
of chain-like nanoparticles after the calcination process and the
diameter decreased to values between 40 and 110 nm with an
average of 70 nm. Comparing the result of Fig. 1g with c reveals
that the average diameter of nanofibers decreased in the presence
of CuO as a major proportion and the nanofibers turned to a chain
of nanoparticles. The X-map analysis of ZnO3-CuO7 nanofibers
which is depicted in Fig. 1h also demonstrates a uniform dispersion
of Zn, Cu and O elements. Moreover, Fig. S3 shows the EDX spectra
of ZnO3-CuO7 nanofibers which confirm the presence of both Zn
(60.0 wt%) and Cu (31.2 wt%) elements with 8.6 wt% of oxygen in
the final nanostructure. TEM analysis provides more insights into
the specific details of the nanostructures and enables more precise
size measurements. Fig. 1i represents a typical TEM image of ZnO3-
CuO7 nanofibers after calcination, which indicates that after calci-
nation the nanofiber template vanishes and some interconnected
nanoparticles with an average diameter of 35 nm appears.

Fig. 2a represents the absorbance spectra of nanofibers by UV–
vis spectroscopy to investigate the optical properties of nanofibers.
The obtained results revealed that ZnO nanofibers have strong and
sharp absorption at 370 nm while CuO nanofibers have a broad
absorption peak in the wide region of visible light around
800 nm. However, ZnO3-CuO7 nanofibers demonstrated both



Fig. 1. Typical (a) SEM images and (b) the corresponding X-map of CuO, (c) SEM images of ZnO7-CuO3, (d) SEM images and (e) the corresponding X-map of ZnO nanofibers
after calcination process, Typical SEM images of ZnO3-CuO7 nanofibers (f) before and (g) after calcination process (the insets are the corresponding diameter histograms)
with the (h) corresponding X-map and (i) Typical TEM images of ZnO3-CuO7 nanofibers after calcination process.
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characteristic peaks, one at 380 nm with a slight red shift com-
pared to ZnO nanofibers and another wide absorption peak at
around 750 nmwith a small blue shift compared to CuO nanofibers
[6]. This phenomenon indicates the integration of two semicon-
ductors due to the band alignment of the p-n junction. Moreover,
the appearance of two characteristic peaks in the absorption spec-
trum of ZnO3-CuO7 nanofibers demonstrates that they are com-
posed of many n-type ZnO and p-type CuO nanograins in contact
with each other creating ZnO3-CuO7 nanocomposite [32]. The FTIR
spectra were also employed to evaluate the vibrational modes of
calcined and non-calcined nanofibers as a evidence of metal oxide
formation and also the removal of organic components such as PVA
molecules in the calcined ZnO3-CuO7 nanofibers (Fig. 2b). Fig. 2b(i)
exhibits the FTIR spectra of non-calcined ZnO3-CuO7 nanofibers,
where the peaks at 2920, 1726, 1583 and 1430 cm�1 are attributed
to CAH, C@O, C@C stretching and CH2 (CAH bending vibration of
CH2) vibrations of PVA molecules, respectively [33]. The broad
peak at nearly 3400 cm�1 corresponds to the adsorbed water mole-
cules on the non-calcined ZnO3-CuO7 nanofibers. After the calcina-
tion process at 500 �C in Fig. 2b(j) the characteristic peaks related
to the PVA molecule were suppressed or vanished approximately,
while new peaks emerged at 437 and 501 cm�1 assigned to Zn–O
and Cu–O stretching vibrations. Fig. 2b(k) and 2b(l) represent FTIR
spectrums of calcined ZnO and CuO nanofibers, respectively, which
confirm the formation of metal oxide similar to calcined ZnO3-
CuO7 nanofibers. The peaks at 474 and 513 cm�1 are assigned to
Zn–O and Cu–O stretching vibrations with an inconsiderable shift
compared to calcined ZnO3-CuO7 nanofibers.

Previous reports denoted that at calcination temperatures
above 300 �C nanofibers contain mixed crystalline phases of CuO
and Cu2O with a dominating phase of CuO, while at the tempera-
ture of 500 �C the pure crystalline CuO phase appears [34]. Further-
more, the thermal behavior of the as-prepared nanofibers also
revealed that degradation of PVA molecule and acetate groups is
accomplished at 500 �C. Therefore, the calcination process was car-
ried out at 500 �C and the crystal structure and phase composition
of nanofibers were identified by XRD analysis which is illustrated
in Fig. 2c. The XRD patterns of ZnO, CuO and ZnO3-CuO7 nanofi-
bers exhibited sharp diffraction peaks with high intensity which
confirm the great crystalline feature and removal of polymer mole-
cules in the nanofibers after calcination process. The peaks of CuO
nanofibers, appeared at 2h = 32.64�, 35.6�, 38.8�, 46.56�, 48.88�,
53.6�, 58.32�, 61.68�, 66.4�, 68.2�, 72.68� and 75.36, can be assigned
to (1 1 0), (0 0 2), (1 1 1), ( �1 1 2), ( �2 0 2), (0 2 0), (2 0 2), (1 1 3),



Fig. 2. (a) UV–vis absorption spectrum of ZnO, CuO and ZnO3-CuO7 nanofibers, (b) FT-IR spectra of ZnO3-CuO7 nanofibers (i) before and (j) after calcination, (k) ZnO
nanofibers and (l) CuO nanofibers, (c) XRD patterns of CuO, ZnO and ZnO3-CuO7 and (d) EIS of the bare CPE, ZnO, CuO, ZnO7- CuO3, ZnO5-CuO5 and ZnO3-CuO7 nanofiber
electrodes in 5 Mm [Fe(CN)6]3�/4� solution containing 0.1 M KCl.
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( �3 1 1), (2 2 0), (3 1 1) and (0 0 4) planes of tenorite (monoclinic)
crystal structure (JCPDS card No. 05–0661), respectively. No other
impurity peaks related to Cu2O phase were identified, that approve
the pure CuO crystalline phase [35]. The peaks of ZnO nanofibers
also detected at 2h = 31.84�, 34.52�, 36.32�, 47.64�, 56.68�, 63�,
66.52�, 68.2�, 69.56� and 77.2� which are indexed as (1 0 0),
(0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), (2 0 1) and
(1 0 3) planes of zincite (Hexagonal) crystal structure (JCPDS card
No. 36–1451), respectively. The ZnO3-CuO7 nanofibers represent
the diffraction peaks of both CuO and ZnO nanofibers, which
denotes the co-existence of binary metal oxides, indicative of n-
ZnO/p-CuO heterojunction [28]. As the evidence of PVA decompo-
sition, there is no additional peak around 20� in all the nanofibers,
which is related to the extinction of nanofiber’s template [36]. The
mean crystallite size of ZnO, CuO and ZnO3-CuO7 nanofibers by
using Debye-Scherrer equation were found to be 22.29, 30.31
and 31.6 nm, respectively [37].

The EIS technique was employed to probe the interfacial
changes in the resistance of variously modified electrodes. Fig. 2d
shows the Nyquist plot of bare CPE, ZnO, CuO, ZnO7- CuO3,
ZnO5-CuO5 and ZnO3-CuO7 nanofiber modified electrodes in the
frequency range of 1 Hz to 100 kHz in 5 Mm [Fe(CN)6]3�/4� solu-
tion containing 0.1 M KCl. All the EIS spectra represent a Nyquist
plot with a semicircle at the high-frequency region and a linear
plot at the low-frequency region. The semicircle at high frequen-
cies signifies the resistance which originates from charge transfer
limitation (Rct) and the linear response at low frequencies is the
evidence of Warburg resistance that demonstrates a diffusion-
controlled process of electrolyte ions [24]. The bare CPE electrode
illustrates a large semicircle diameter with Rct �400 O. The semicir-
cle diameter of the other electrodes is smaller than the CPE elec-
trode, which denotes the better charge transfer after electrode
surface modification. Furthermore, the linear part of the Nyquist
plot reveals the diffusion of ions to the surface of the electrodes.
It can be seen that by increasing the weight ratio of the CuO in
the final nanofiber structure the diameter of the semicircle
decreases and the ZnO3-CuO7/CPE electrode shows the lowest
amount of resistance (Rct �200 O) compared to other modified
electrodes. Therefore, it can be concluded that the synergetic effect
of ZnO and CuO improves the charge transfer at the surface of the
electrode. In addition, the reduction of resistance may be related to
the decrease in the nanostructure size and the better effectiveness
of CuO in the conductivity of nanostructure [38,39].

The effective surface area of modified electrodes was also
obtained with the K4Fe(CN)6 solution as a redox probe (Figure S4).
The effective surface areas of bare CPE and ZnO3-CuO7/CPE were
estimated as 0.101 cm2 and 0.137 cm2 which suggests that ZnO3-
CuO7 nanofiber can increase the electrode active surface area
and consequently the electrocatalytic ability.

3.2. Electrochemical properties of ZnO3-CuO7/CPE

The CV profiles of bare CPE and modified electrodes with nano-
fibers in 0.1 M PBS (pH = 7.4) in the absence and presence of H2O2

are demonstrated in Fig. 3a-b, respectively. In the absence of H2O2,
CuO/CPE represents specified redox peak related to the oxidation



Fig. 3. The CVs of bare CPE, ZnO/CPE, CuO/CPE, ZnO5-CuO5/CPE, ZnO7-CuO3/CPE and ZnO3-CuO7/CPE at scan rate of 50 mV s�1 in 0.1 M PBS (pH = 7.4) solution (a) in the
absence of H2O2 and (b) in the presence of 5 mMH2O2, (c) CVs of ZnO3-CuO7/CPE electrode in 0.1 M PBS solution (pH = 7.4) in the presence of various H2O2 concentrations: (i)
1, (j) 2, (k) 3, (l) 4, (m) 5, (n) 6, (o) 7, (p) 8, (q) 9, (r) 10, (s) 11 and (t) 12 mM and (d) the corresponding calibration plot of Ipc vs H2O2 concentration.
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and reduction of Cu species (an anodic peak at �0.2 V and a catho-
dic peak is at �0.5 V). Whereas, ZnO/CPE do not show any oxida-
tion and reduction peak, which suggest that CuO undergoes
redox process through Cu(II)/Cu(I) conversion. In the presence of
H2O2 the current value increased significantly for all the modified
electrodes. ZnO/CPE shows no cathodic peak of current in the pres-
ence of 5 mM H2O2, while ZnO3-CuO7/CPE represents the highest
value of reduction peak current at potential of �0.6 V. The results
confirm that higher concentration of CuO in the modified elec-
trodes enhances the catalytic activity and the mechanism of
H2O2 reduction is based on the catalytic role of CuO in the reaction
process. First, the Cu(II) is reduced to Cu(I) while H2O2 is reduced
to O2 and H2O simultaneously. Then the catalyst is regenerated
which facilitate the electron transfer to H2O2. Therefore, the opti-
mized ZnO3-CuO7/CPE was selected for further electrochemical
studies toward H2O2 determination. On the other hand, ZnO3-
CuO7 nanofibers show a rough surface with lots of nanograins
which could improve the current response. In fact, the ZnO3-
CuO7 composite nanofibers with small-sized nanograins probably
contain a large number of p-n junctions that could increase the
sensing properties at its surface [40].

Furthermore, the effect of analyte concentration has been inves-
tigated in Fig. 3c-d. The error bars are the standard deviation of the
mean value extracted from 3 distinct measurements. It is apparent
that in the presence of H2O2 an additional reduction peak appears
in the CV curve which screens the cathodic peak of CuO to Cu2O
transition and linearly enhances with increasing H2O2 concentra-
tion in the range between 1 and 12 mM (Fig. 3d). This phenomenon
can explain enhanced sensing efficiency of the CuO-contained
modified electrodes and the effect of CuO-ZnO p-n junction with
a specified weight ratio toward H2O2 reduction. By increasing
H2O2 concentration the cathodic peak shifts to higher potentials
which demonstrate the surface adsorption of the species and
charge transfer limitation between H2O2 and electrode surface. In
fact, the higher effective surface and better electron transfer at
ZnO3-CuO7 modified electrode may cause the quantitative mea-
surement of response current.

Fig. 4a depicts the effect of scan rate on the cathodic peak cur-
rent resulting from H2O2 reduction. The cathodic peak is linearly
proportional to the square root of scan rate from 10 to 600 mV s�1

in the presence of 4 mM H2O2 (Fig. 4b) which is related to the
diffusion-controlled electrochemical process. Moreover, the reduc-
tion peak potential (Ep) shifted to the less positive potentials with
the increase of scan rate which is ascribed to the kinetic limitation
of H2O2 reduction. It should be noted that the experiment was
repeated three times and the average values are reported. Fig. 4c
displays a linear relation between Ep and log (m) signifying an irre-
versible reduction of H2O2. The value of transfer coefficient (a) for
the irreversible process of H2O2 reduction is obtained from the fol-
lowing equation [41]:

Ep ¼ 2:303RT= 1� að ÞnaF½ �log mþ K ð1Þ

where R,T, F and K are constant values as mentioned in the litera-
ture. From the slope of Ep vs. log m plot, the value of a is obtained
0.61 for electroreduction of H2O2.



Fig. 4. (a) CVs of ZnO3-CuO7/CPE electrode in 0.1 M PBS (pH = 7.4) containing 4 mM H2O2 at different scan rates: (i) 10, (j) 20, (k) 30, (l) 40, (m) 50, (n) 60, (o) 80, (p) 100, (q)
150, (r) 200, (s) 250, (t) 300, (u) 400, (v) 500 and (w) 600 mV s�1, (b) the plot of Ipc vs m 1/2 and (c) the plot of Epc vs log m.
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3.3. Chronoamperometric studies

Chronoamperometry was employed to get more information
about the reduction of H2O2 through the calculation of catalytic
rate constant and diffusion coefficient of H2O2 at the surface of
ZnO3-CuO7/CPE electrode. Figure S5a displays the chronoampero-
grams of ZnO3-CuO7/CPE in the absence and presence of different
concentrations of H2O2 by setting the potential at �0.45 V vs. Ag|
AgCl (KCl 3 M). The exponential dependence of I-t reveals that
the H2O2 reduction process is diffusion-controlled which is
described by Cottrell equation [42]. The cathodic current enhanced
with increasing H2O2 concentration while H2O2 reduction gener-
ally occurs at the electrode/solution interface. Figure S5b demon-
strates a linear plot of I vs. t�1/2 for oxidation of H2O2 at ZnO3-
CuO7/CPE electrode, which is described by [43]:

I ¼ nFACD1=2p�1=2t�1=2 ð2Þ
where F is Faraday’s constant, A is the geometrical surface area of
the electrode, C is the bulk concentration of H2O2, t is time and D
is the diffusion coefficient. From the linear slope of I vs. t�1/2 the
mean value of D is found to be 1.65 � 10�5 cm2 s�1.

Figure S5c exhibits a linear plot of IC/IL vs. t1/2 which can be sim-
ulated by the simplified version of the equation reported before
[44]:

IC=IL ¼ p1=2ðkCtÞ1=2 ð3Þ
where k is the catalytic rate constant (cm3 mol�1 s�1), C is the bulk
concentration of H2O2 (mol cm�3), t is the time (s) and IC and IL are
the catalytic currents of H2O2 and the limiting current in the
absence of H2O2 at ZnO3-CuO7/CPE. From the linear interval of IC/
IL versus t1/2 for all concentrations, the mean value of k is evaluated
as 6 � 103 cm3 mol�1 s�1.
3.4. Amperometric detection of H2O2

Amperometry is a more sensitive technique compared to CV
which can be utilized to detect low concentrations of the analyte.
In order to render the sensing properties of the as-prepared elec-
trode, a typical current–time plot of ZnO3-CuO7/CPE was recorded
with successive injection of H2O2 in the concentration ranging
from 3 mM to 10.3 mM at a fixed potential of �0.45 V. As shown
in Fig. 5a, upon each injection a rapid and stable amperometric
response is observed. The modified electrode was used for 3
repeated amperometric measurements. Fig. 5b and 5c show the
calibration plots with two linear dependence between the absolute
value of current and H2O2 concentration from 3 to 530 mM and also
from 530 mM to 10.3 mM with the sensitivity of 1.11 and 0.77 lA
lM�1 cm�2, respectively. The sensitivity declined in the second lin-
ear range of H2O2 concentration, denoting a mild electrode surface
saturation by O2 bubbles and make less electroactive sites avail-
able for electrochemical reactions, which is similar to the previous
reports [45]. The LOD was evaluated as 2.4 mM when the signal-to-
noise ratio was considered as 3. The analytical parameters of the
ZnO3-CuO7/CPE electrode are comparable with other H2O2 sen-
sors, especially with identical materials that are summarized in
Table 1. The results confirmed that ZnO3-CuO7/CPE electrode pro-
vides a large surface area for H2O2 reduction which causes compa-
rable LOD, overpotential and catalytic rate constant.



Fig. 5. (a) Amperometric response curve of ZnO3-CuO7/CPE to successive addition of H2O2 into 0.1 M PBS (pH = 7.4) at applied potential of �0.45 V (vs. Ag|AgCl), (b) the
corresponding calibration plot in the range of 3 to 530 mM and (c) the calibration plot in the range of 530 mM to 10.3 mM.
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3.5. Selectivity, stability and reproducibility

The selectivity of the as-prepared sensor was examined in
Fig. 6a by adding a 20-fold concentration of potentially interfering
biomolecules in the electrolyte such as G (glucose), UA (uric acid),
AA (ascorbic acid) and DA (dopamine) during the amperometry
test. The sensor detected a negligible interference compared with
two successive injections of 0.1 mM H2O2 in the solution. It has
been reported that the amperometric determination of H2O2 in
the negative potentials may cause less interference in the results
[44]. In each test, a refreshed electrode surface is cycled 10 times
until an invariant plot is obtained. The stability of the modified
electrode was studied through amperometric behavior of the
electrode for a time duration of 1000 s at the potential of
�0.45 V. As shown in Fig. 6b the blank signal remained almost
constant during the entire test, confirming the stability of the
Table 1
Comparison of H2O2 electroanalytical performance at the surface of modified electrodes.

Electrode Applied potential (V) LOD (lM) Sensitivity

CuO-SiNWs �0.4 1.6 22.27 lA l
Cu2O-rGO �0.3 21.7 20.7 lA lM
GNs/Nafion/AzI/AuNPs/GCE �0.2 10 ─
Cu2O/GNs �0.4 20.8 ─
CuO-ZnO/FTO �0.6 9.998 0.35686 lA
MnO2-MWCNTs 0.45 0.8 1.08 lA lM
Co3O4/MWCNTs �0.19 2.46 1.00 lA lM
ZnO3-CuO7/CPE �0.45 2.4 1.11 lA lM

SiNW: Silicon Nanowire, rGO: reduced graphene oxide, GNs: Graphene Nanosheets, AzI
sensor. Moreover, the storage stability of the modified electrode
was investigated by CV in the presence of H2O2 after one month
storing at room temperature. Surprisingly, the electrode restored
up to nearly 90% of its initial response to H2O2 reduction. Also,
the working stability of the electrode was examined by recording
amperogram after injecting 0.1 mM H2O2 in the solution for a
time duration of 2400 s (Fig. 6c). The current signal remained
stable during the experiment without any distinguishing variation
from the main response. The reproducibility of the sensor was
tested for three ZnO3-CuO7/CPE electrodes fabricated indepen-
dently with the same method. The CV was employed to detect
a constant concentration of H2O2 and the relative standard devi-
ation (RSD) was found to be 4.2% for the cathodic peak current.
The results demonstrate that the modified electrode shows selec-
tivity, stability and reproducibility for effective measurement of
H2O2.
Linear range (mM) medium Ref

M�1 0.01–13.18 PBS (pH 7.0) [46]
�1 0.03–12.8 PBS (pH 7.4) [47]

0.03–5 HAc–NaAc buffer (pH 4.0) [48]
0.3–7.8 PBS (pH 7.4) [49]

lM�1 0.01–1 PBS (pH 7.0) [29]
�1 cm�2 0.0012–1.8 borate buffer (pH 7.8) [50]
�1 cm�2 0.02–0.43 NaOH 0.1 mol dm�3 [44]
�1 cm�2 0.003–0.53 PBS (pH 7.4) This work

: azure I, MWNT: multiwall carbon nanotube.



Fig. 6. (a) Amperometric response of ZnO3-CuO7/CPE for two successive addition of 0.1 mM H2O2 in the presence 2 mM of G, UA, AA and DA and the long-term stability of
ZnO3-CuO7/CPE (b) in the absence of H2O2 and (c) upon injection of 0.1 mM H2O2 in the continuously stirred 0.1 M PBS at the applied potential of �0.45 V vs. Ag|AgCl.
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4. Conclusions

In this study, ZnO/CuO nanofibers with various ratios of ZnO to
CuO were fabricated through the electrospinning method, followed
by calcination in air at 500 �C. Microscopic studies revealed that
the ZnO3-CuO7 nanofibers have the lowest mean diameter among
other nanostructures with a continuous nanoparticle appearance.
The optical properties of the optimized nanofiber (ZnO3-CuO7)
illustrated the presence of both absorption peaks of ZnO and CuO
in the nanofiber which demonstrates the formation of the
nanocomposite. The XRD analysis of the all synthesized nanofibers
confirmed the formation of pure crystalline nanostructures of ZnO
and CuO and the FTIR also revealed the complete degradation of
organic compounds. Furthermore, the electrocatalytic performance
of nanofibers modified CPE electrode for H2O2 reduction in PBS
(pH = 7.4) was studied. It was found that the CPE modified with
the optimized nanofiber (ZnO3-CuO7/CPE) represents the highest
efficiency for H2O2 detection in a biological medium as well as
the lowest charge transfer resistance according to the EIS measure-
ments. At higher concentrations of CuO, the band narrowing occurs
and the electrocatalytic properties of the nanofibers for detection
of small molecules increased due to the rough shape and the pres-
ence of a large number of nanograins. In addition, the increased
effective surface area of ZnO3-CuO7/CPE compared to unmodified
electrode causes the better sensing performance of the nanocom-
posite. Therefore, the ZnO3-CuO7/CPE was utilized as an H2O2

biosensor with a sensitive amperometric response and lower
detection limit of 2.4 mM compared to other similar nanomaterials.
Moreover, the sensor exhibited wide linear range, high selectivity
among other biomolecules, stability and reproducibility. Thus,
the ZnO3-CuO7 based sensor possesses a promising potential as
a non-enzymatic biosensor for biomedical devices in the future.
Moreover, the optimized ZnO/CuO nanofiber can be utilized for
sensing of other target analytes by tuning the concentration of
metal oxides in the ZnO/CuO nanofibers.
Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcis.2019.04.091.
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