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Abstract A hierarchical nanostructure consisting of uniform copper oxide nanowires vertically

grown on three-dimensional copper framework (CuO NWs/3D-Cu foam) was prepared by a

two-step synthetic process. The uniform CuO NWs anchored onto the 3D foam exhibited outstand-

ing electrocatalytic activity towards hydrogen peroxide reduction due to the unique one-

dimensional direction with its excellent catalytic activity and large surface area of 3D substrate,

which enhanced electroactive sites and charge conductivity. As a result, a wide linear detection

range of 1 mM–1 mM, good sensitivity of 8.87 mA/(mM _s cm2), low detection limit of 0.98 mM,

and rapid response time of 5 s to hydrogen peroxide were achieved under a working potential of

�0.4 V in phosphate buffer solution (pH of 7.4). In addition, the CuO NWs/3D-Cu foam material

showed excellent selectivity to hydrogen peroxide and good resistance against poisonous interfer-

ents, including ascorbic acid, dopamine, urea, uric acid, and potassium chloride. Furthermore,

the CuO NWs/3D-Cu foam presented good reproducibility, stability, and accurate detection for
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hydrogen peroxide in real sample; therefore, it may be considered to be a potential free-standing

hydrogen peroxide sensor in practical analysis applications.

� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydrogen peroxide (H2O2) is one of the important substances

displaying critical role in biological process and various appli-
cation, such as pharmacy, food industry, manufacturing pro-
cesses, environmental protection, and enzymatic reactions
(Marinho et al., 2014; Li et al., 2012). Some neurodegenerative

diseases, including Alzheimer’s and Parkinson’s are also asso-
ciated with the high content of H2O2, which is generated by
neuronal mitochondria in brain (Milton, 2004; Shichiri,

2014). In this context, the interaction between H2O2 with iron
and copper to produce highly toxic reactive oxygen species
may offer a mechanism of the oxidative stress, thereby leading

to Alzheimer’s and Parkinson’s disease. Therefore, the sensi-
tive and accurate detection of H2O2 concentration has been
an important requirement in health care as well as industrial
purposes. Great attention has focused on H2O2 detection via

different methods, such as spectrometry, chromatography,
titration, and chemiluminescence (Shiang et al., 2009;
Gimeno et al., 2015; Tarvin et al., 2011; Ryoo et al., 2017);

however, these approaches have some limitations, such as
complicated procedure, high costs, and long analysis time.
To address these issues, the electrochemical approach has

recently been emerging as the spotlight with low cost, high sen-
sitivity, quick response, low limit of detection (LOD), and
good selectivity towards H2O2 sensing (Chen et al., 2012,

2013). For improving the performance of working electrode
via electrochemical analysis, the modification of the electrode’s
surface by a catalytic nanomaterial is highly necessary (Liu,
2017; Shao et al., 2010). However, the use of a polymer to

attach nanomaterial on electrode is commonly required and
it makes sensor face some weaknesses, such as reduced conduc-
tivity and low sensitivity due to prohibition of electron trans-

port, generation of additional undesirable interfaces, and
decrease in the electroactive sites of electrocatalyst. In addi-
tion, the use of enzyme to increase selectivity and sensitivity

of sensor also leads to some disadvantages, including complex
immobilization procedure, instability, and high cost (Toghill,
2014). Therefore, it is really necessary to develop a novel elec-

trochemical sensor without the use of polymer binder and
enzyme but high sensitivity, facile operation, good stability,
and high reproducibility for H2O2 detection.

Recently, various metal-based nanocatalysts have been

studied to prepare non-enzymatic H2O2 detection, including
precious metal-based catalysts (Evans et al., 2002; Li et al.,
2010, 2014) and nonprecious metal-base catalysts (Xu et al.,

2010; Batchelor-McAuley et al., 2008). The precious metal-
based catalysts are high catalytic activity; however, the expen-
siveness significantly limits the extension of their real applica-

tions. Recently, nonprecious metal-based nanocatalysts have
attract researchers’ attention as the alternates due to their high
catalytic activity, abundant, low cost, thereby being competi-
tive in commercial applications. As demonstrated by previous

reports, the redox reactions between H2O2 with nanocatalysts
mainly appear at the surface of electrode (Thetford et al., 2010;
Xing et al., 2018; Plauck et al., 2016); therefore, more exposed
electroactive sites of catalyst will be crucial for a high-

performance H2O2 sensor. Agreed with this, nanoscale transi-
tion metal catalysts applied for H2O2 determination should
possess high surface area and open geometry to support the

adsorption of reactant and charge/mass transfer between cata-
lyst and electrolyte at the interfacial region. In this regard,
some common wet chemical synthesis approaches, such as

chemical reduction, solvothermal reaction, and hydrothermal
reaction have usually been used to prepare different unique
nanostructures of the metal oxide catalysts, including nanopar-
ticles, nanowires, and nanorods (Wang et al., 2015; Al-Hardan

et al., 2016; Erande and Late, 2016). However, they often pro-
duce big size of metal catalysts with agglomeration/aggrega-
tion phenomenon and abundant impurities, thereby

significantly reducing activity of final products (Zhao et al.,
2009). To address these drawbacks, fabricating electrode in
which active electrocatalyst directly growing on a large surface

area of a conducting substrate is a favorite approach.
Recently, numerous Cu-based nanoarchitectures, including
nanoparticles, nanorods, nanocubes, nanoneedles, and nano-
wires, have been studied for construction of some electrochem-

ical sensors (Etefagh et al., 2013). These Cu-based
electrocatalysts not only exhibit cost effectiveness, highly cat-
alytic activity, and great electrical conductivity but also well

resist the poison of different interferents in the electrolyte.
Especially, one-dimensional (1D) Cu-based nanowires have
been stated to be highly sensitive for sensing applications

due to their outstanding charge transfer along 1D direction
(Yang et al., 2017; Sun et al., 2015). Therefore, the direct
growth of 1D Cu-based nanowires on a large area 3D sub-

strate is expected to not only expose more electroactive sites
and improve conductivity but also enhance stability and dura-
bility for long-term use.

In this work, we fabricated a hybrid based on 1D CuO

NWs supported 3D-Cu foam via a two-step synthetic
approach. The CuO NWs/3D-Cu foam hybrid has been used
as a nonenzymatic binder-free and free-standing sensor

towards H2O2 detection. It showed charming sensitivity, quick
amperometric response, admirable selectivity, and wide detec-
tion range due to the superior catalytic activity of CuO NWs

and fast electron transfer ability. The good reproducibility
and long-term stability of the material are also contributed
to the high interaction between CuO NWs and 3D Cu foam.

2. Experimental section

2.1. Chemicals

Ammonium persulfate ((NH4)2S2O8, 98%), hydrogen peroxide
(H2O2, 30%), dopamine hydrochloride ((HO)2C6H3CH2CH2-

NH2�HCl, 99%), uric acid (C5H4N4O3, 99%), ascorbic
acid (C6H8O6, 99%), sodium phosphate dibasic anhydrous

http://creativecommons.org/licenses/by-nc-nd/4.0/
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(Na2HPO4, 99%), sodium phosphate monobasic (NaH2PO4,
99%), urea (CH4N2O, 98%), acetone (CH3CHO, 99.9%),
ethanol (C2H5OH, 99.8%), acetic acid (CH3COOH, 99.8%),

and potassium chloride (KCl, 99%), sodium hydroxide
(NaOH, 99), and copper foam were purchased from Sigma-
Aldrich Chemicals Co. (USA).

2.2. Synthesis of CuOH NWs/3D-Cu foam

The copper foam with the size of 2 cm � 4 cm was firstly

cleaned by acetic acid (99.8%), acetone (99.9%), ethanol
(99.8%), and pure water for 15 min each to remove the surface
oxides and impurities. After that, the cleaned Cu foam was

immersed in 50 ml water containing 1.5 g (NH4)2S2O8 and
5.0 g NaOH under magnetic stirring at room temperature for
20 min. Finally, the 3D-Cu foam with the growth of CuOH
NWs was collected and rinsed with water until pH = 7 fol-

lowed by drying under nitrogen flow at room temperature.

2.3. Synthesis of CuO NWs/3D-Cu foam

The resulting CuOH NWs/3D-Cu foam was placed in a quartz
boat, which was annealed at 200 �C at a heating rate of 5 �-
C min�1 in air environment for 90 min. After that, the sample

was naturally cooled down to room temperature and was col-
lected for characterizations (Fig. 1).

2.4. Material characterization

The morphology of the materials was studied by scanning elec-
tron microscope (SEM) JSM 6600 (JEOL Co., Japan) and
transmission electron microscope (TEM) JEM-1400 Philips
Fig. 1 Schematic illustration for Cu
microscope (JEOL Co., Japan). The chemical states of the
materials were evaluated Escalab 250Xi X-ray photoelectron
spectrometer (Thermo Fisher Scientific Inc., USA). X-ray

diffraction (XRD) technique was applied to investigate crys-
talline structure of the materials via a D8 Advance diffrac-
tometer (Bruker Co., Germany) with CuKa radiation

(wavelength of 1.54 Å) in a 2h range of 5–90�. The surface area
of the materials was estimated on an SA-9600 Series (HOR-
IBA Co., Japan).

For electrochemical detection of H2O2, a ZIVE SP2 2Amp
electrochemical workstation (WonATech Co., Ltd., Korea)
combining with a three-electrode cell system was applied.
The Ag/AgCl reference electrode with 3 M KCl solution as ref-

erence electrolyte and Pt wire counter electrode (with length of
5 cm, diameter of 0.5 mm, and surface area of 0.7 cm2) were
used. The CuO NWs/3D-Cu foam (1 cm � 1 cm) was hold in

a metallic clamp and was directly used as working electrode.
The charge transfer ability of the working electrode was inves-
tigated by electrochemical impedance spectroscopy (EIS) in

N2-saturated 0.1 M PBS solution. The catalytic activity of
the working electrode towards H2O2 reduction was studied
using cyclic voltammetry (CV) and amperometry (i-t) in

0.1 M PBS solution. The amperometric measurements were
carried out by successive addition of H2O2 concentrations into
a stirring 0.1 M PBS solution at an applied potential of
�0.4 V, and then steady state of current response for each

addition was noted. All the electrochemical experiments were
conducted at room temperature of 25 ± 1 �C.

3. Result and discussion

Fig. 2 shows SEM images of the bare 3D-Cu foam, CuOH
NWs/3D-Cu foam, and CuO NWs/3D-Cu foam hybrid
O NWs/3D-Cu foam preparation.



Fig. 2 FE-SEM images at different magnifications of (A and B) bare 3D-Cu foam, (C and D) CuOH NWs/3D-Cu foam, and (E and F)

CuO NWs/3D-Cu foam hybrid.
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materials. From the top view of the SEM images in Fig. 2A

and B, the smooth surface of the bare-3D-Cu foam can be
observed. Meanwhile, the low magnification SEM image in
Fig. 2C shows the compact CuOH NWs uniformly cover over

the 3D-Cu surface. Besides, these NWs are also roughly
aligned perpendicular to the surface of the 3D-Cu foam. The
high magnification SEM image indicates that the CuOH
NWs with an average diameter of 200 nm and length of several

ten lm possess smooth surface (Fig. 2D). After a thermal
treatment process at 200 �C, the CuOH NWs were completely
converted to CuO NWs. The low-magnification SEM image of

the CuO NWs/3D-Cu foam is similar to that of the as-
prepared CuOH NWs/3D-Cu foam (Fig. 2E). However, the
magnified image clearly indicates the significantly rough sur-

face of the CuO NWs, which appear with bending and flexible
states to well form interconnected architecture (Fig. 2F),
thereby expecting to enhance surface area and conductivity
of the material.

Morphology of the CuO NWs/3D-Cu foam hybrid was
further investigated by TEM analysis. Fig. 3A shows low-
magnification TEM image of the CuO NWs, which have
diameter of around 200 nm along with good uniformity, in

agreement with the SEM analysis. The high magnification
TEM image of a typical NW confirms the noticeable roughness
of its surface (Fig. 3C and D), which is suggested to be consis-

tent with the presence of significant crystal defects such as edge
dislocations, suggesting to be favoring for electrochemical reac-
tions. The high-resolution TEM image clearly indicates a fringe
spacing of 0.23 nm, which well matches to the d(1 1 1) crystal

plane in CuO nanostructures (Fig. 3D) (Chandra Rath et al.,
2016). The formation of the CuO NWs was further confirmed
by scanning TEM (Fig. 3E) and its corresponding EDS color

mapping analysis. According to the EDS color mapping result,
it can be seen the uniform distribution of Cu and O element
over structure of the surveyed CuO NW, firmly informing the

composition of the obtained material is consistent with the for-
mation of CuO nanostructures (Fig. 3F and G).

The crystalline features of the CuO NWs on 3D-Cu foam
were investigated in Fig. 4A. It can be seen a typical XRD pat-

tern for the synthesized CuO NWs, which matches the single
CuO phase under a monoclinic construction (JCPDS 72-
0629) (Chen et al., 2012; Jia et al., 2016). In this context, a list
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of peaks occurring at 2h of 32.29, 36.4, 38.61, 48.74, 53.22,
58.1, 61.37, 66.29, 67.82, and 73.44� are associated to d
(1 1 0), d( �1 1 1), d(1 1 1), d(�2 0 2), d(0 2 0), d(2 0 2), d

(�1 1 3), d(0 2 2), d(1 1 3), and d(3 1 1) crystal planes of the
CuO phase, respectively. In addition to some weak peaks at
2h of 43.29, 50.48, and 74.91�, relating to d(1 1 1), d(2 0 0),

and d(2 2 0) crystal planes from Cu metal phase, there is no
visible peaks of other contaminations discovered in the XRD
pattern, demonstrating the good quality of the synthesized

CuO NWs material. More detailed information of the elec-
tronic states and chemical composition of the CuO NWs on
3D-Cu foam material was studied by XPS analysis. The sur-
veyed XPS spectrum clearly shows the available binding ener-

gies for Cu2p and O1s at 933 and 531 eV, respectively (Fig. 4B)
(Jin et al., 2017). As seen in Fig. 4C, the high resolution Cu2p
spectrum exhibits two peaks of Cu2+2p3/2 (934 eV) and

Cu2+2p1/2 (954.1 eV), along with two satellite peaks at
approximately 942.7 and 962.5 eV that are assigned to Cu2+

state in CuO (Kuang et al., 2015). In addition, the chemical

state of Cu(0) is also confirmed by two peaks observed at
932.5 and 952.3 eV (Singh et al., 2016; Iivonen et al., 2016).
Fig. 4D displays the high resolution O1s spectrum, which

can be deconvoluted into four components at binding energies
of 829.2, 529.9, 531.2, and 532.2 eV, relating to lattice oxygen
of Cu2O (O1), CuO (O2), oxygen vacancy (O3), and adsorbed
oxygen (O4), respectively (Wang et al., 2015). The impressive

strong intensity and large area of peaks belonging to CuO
Fig. 3 (A–C) TEM images of the CuO NWs on 3D-Cu foam; (D) H

CuO NW and the corresponding EDS color mapping of (F) Cu and (
phase suggest the successful formation of such nanostructure
in NWs.

Fig. 4E presents the nitrogen adsorption-desorption iso-

therms of the CuO NWs/3D-Cu foam hybrid. The isotherms
exhibit a combination of type-II and type-IV, implying macro-
porous and mesoporous features of the synthesized material

(ALOthman, 2012). The surface area of the CuO NWs/3D-
Cu is found to be 5.5 m2∙g�1. Furthermore, the mesoporous
characteristics of the CuO NWs was proven in Fig. 4F, which

shows that the pore size distribution is mainly located in the
range of 2–20 nm. The big surface area, the mesoporous prop-
erties, and the large pore volume of the CuO NWs/3D-Cu
foam is highly expected to enhance the catalytic behavior

through offering more electroactive centers to catalyze the
reduction process of H2O2 (Liu et al., 2007).

EIS is a valuable technique to investigate charge transfer

ability at the interface region between the electrode material
and electrolyte. Fig. 5 displays the EIS results with the Nyquist
plots for bare 3D-Cu foam, CuOH NWs/3D-Cu foam, and

CuO NWs/3D-Cu foam electrode. The simulated results exhi-
bit that the values of charge transfer resistance for these elec-
trodes rises in the order of bare 3D-Cu foam (12 X) = CuO

NWs/3D-Cu foam (13.5 X) < CuOH NWs/3D-Cu foam
(17 X). It can be seen that after growing CuOH NWs on sur-
face of the 3D-Cu foam, the Rct value significantly increases
owing to the CuOH NWs deterring in the possibility for inter-

facial charge transfer. The CuO NWs/3D-Cu foam electrode
R-TEM image of the CuO NW; (E) Scanning TEM image of the

G) O element.



Fig. 4 (A) XRD spectrum and (B) The surveyed XPS spectrum of the CuO NWs/3D-Cu foam; (C) High resolution XPS spectrum of

Cu2p in CuO NWs; (D) High resolution XPS spectrum of O1s in CuO NWs; (E) Nitrogen adsorption-desorption isotherms of the CuO

NWs/3D-Cu foam; (F) Pore distribution of the CuO NWs/3D-Cu foam.
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has smaller semicircle diameter consistent with a lower
electron-transfer resistance as compared to the CuOH

NWs/3D-Cu foam electrode. This is due to the better conduc-
tivity of CuO than that of CuOH structure along with the syn-
ergistic effect of 1D CuO NWs and 3D-Cu foam.

The electrocatalytic behavior of the bare 3D-Cu foam,
CuOH NWs/3D-Cu foam, and CuO NWs/3D-Cu foam hybrid
was investigated in 0.1 M N2-saturated PBS solution with and
without 1 mM H2O2 at a scan rate of 50 mV/s. It can be seen

that these electrodes show the change of cathodic current den-
sity relating to H2O2 reduction in the potential range of �0.6
to 0 V (Fig. 6A–C) (Muralidharan, 2015). However, the back-

ground current density of the bare 3D-Cu foam is much smal-
ler than those of the CuOH NWs/3D-Cu foam and CuO



Fig. 5 The EIS results of different electrode materials in 0.1 M

PBS solution in the frequency range from 105 to 10-2.
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NWs/3D-Cu foam; therefore, its response towards to H2O2

reduction is much weaker than two other electrodes. The
growth of abundant Cu-based NWs on 3D-Cu foam generated

more active surface area to produce better catalytic behavior
for H2O2 detection. In particular, when 1 mM H2O2 is added
to the reaction system with the presence of CuO NWs/3D-

Cu foam electrode, a fast increase in current density and the
appearance of an apparent shoulder peak at about �0.4 V
are observed, due to effective reduction of H2O2 on the surface

of CuO NWs (Fig. 6D). The possible reduction mechanism for
Fig. 6 Cyclic voltammograms of (A) the bare 3D Cu-foam, (B) CuOH

with the presence of 1 mMH2O2; (D) Comparison of cyclic voltammog

NWs/3D-Cu foam with the presence of 1 mM H2O2 at different scan ra

the scan rate.
H2O2 at CuO NWs/3D-Cu foam electrode in PBS media can
be illustrated by the following steps (Patra and
Munichandraiah, 2009):

H2O2 + e� ! OHad + OH–

OHad + e� ! OH–

2OH– + 2Hþ ! 2H2O

To survey the kinetic of H2O2 reduction on surface of the
CuO NWs-3D-Cu foam electrode, the CV was measured at
different potential scan rates from 15 to 100 mV/s (Fig. 6E).

It can be seen that the current response increases with the
increase of the scan rate. In this regard, a fitting curve based
on current density versus square root of the scan rate displays

good linearity (Fig. 6F), demonstrating that the reduction of
H2O2 at the surface of the CuO NWs/3D-Cu foam is a diffu-
sion controlled process (Nasirizadeh et al., 2016). The note-
worthy electrocatalytic performance of the CuO NWs/3D-Cu

foam hybrid may be resulted from the enhanced electroactive
sites of 1D direction and outstanding catalytic behavior of
the CuO NWs, which can expose more electroactive surface

area to promote adsorb reactant molecules onto their surface
and activate them for decomposition process (Li et al.,
2015). In addition, the absence of binder usage also leads to

rapid charge transfer (Zhang et al., 2018), thereby creating
high current response of electrode towards H2O2 reduction
reaction.

The effect of different applied potentials on amperometric
sensing ability of the CuO NWs/3D-Cu foam electrode was
NWs/3D-Cu foam, and (C) CuO NWs/3D-Cu foam without and

rams for different materials; (E) Cyclic voltammograms of the CuO

tes, (F) The fitting curve based on current density vs square root of



Fig. 7 (A) Amperometry measurements of different materials at an applied potential of �0.4 V in 0.1 M PBS solution with the addition

of 0.4 mM H2O2; (B) Amperometry response of the CuO NWs/3D-Cu foam electrode at an applied potential of �0.4 V in 0.1 M PBS

solution with the addition of different H2O2 concentrations; (C) The fitting curve based on amperometry current response vs H2O2

concentration; (D) The selectivity of the CuO NWs/3D-Cu foam electrode.

Table 1 Comparison the catalytic performance of the CuO NWs/3D-Cu foam electrode with recent reports for H2O2 detection.

Materials Linear detection range (lM) LOD (lM) Sensitivity (mA_smM�1 _s cm�2) References

CuO/GCE 5–180 1.6 0.0086 Zhang et al. (2011)

Hb–kieselgubr film 5–300 2.1 – Wang et al. (2002)

Poly(indole-co-thiophene)/Fe3O4 2–350 0.54 – Baghayeri et al. (2017)

Au/GR–CS 2–935 0.35 0.347 Zhang et al. (2014)

Hb/AuNPs/carbon aerogel/ILs 5–950 2 – Peng et al. (2015)

MWCNT@Hb/Nf 50–500 2.4 0.0283 Senthil Kumar et al. (2012)

Nanostructured tricobalt tetraoxide 0.1–50 0.145 0.0246 Barkaoui et al. (2015)

Chitosan-Prussian blue-graphene 25–3200 10 0.0587 Zhong et al. (2012)

Graphene-CS/PB 10–400 0.213 0.816 Yang et al. (2012)

CuO NWs/3D-Cu foam 1–1000 0.98 8.87 This work
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investigated (Fig. S1). In this regard, the current response was
recorded with the injection of 400 mM H2O2 at �0.2, �0.3,

�0.4, and �0.5 V. It can be seen that the current response at
�0.4 V possesses the highest value of the current response,
implying this applied potential can produce better perfor-

mance for CuO NWs/3D-Cu foam electrode towards H2O2
reduction. In another concern, the effect of pH on the response
of the CuO NWs/3D-Cu foam electrode for H2O2 detection

was also studied by amperometry. The influence of pH was
tested in different PBS solutions with pH of 6.5, 7.0, 7.4, 8,
and 8.5. Fig. S2 shows the change of current response against

pH value under constant H2O2 concentration of 400 mM. As a
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result, the highest current response is achieved at pH of 7.4.
Therefore, pH of 7.4 was used for H2O2 detection in this
research. For further comparing catalytic activity of different

electrodes, a working potential of �0.4 V was applied for
studying their amperometric response towards H2O2 reduc-
tion. It was found that the electrochemical behaviors of the

CuO NWs/3D-Cu foam electrode displays the highest steady
state of current density with successive addition of 400 mM
H2O2 in 0.1 M PBS solution (Fig. 7A), further confirming

the superior catalytic performance of the CuO NWs/3D-Cu
foam electrode compared to two other electrodes. In addition,
according to the successive injection of H2O2, the CuO
NWs/3D-Cu foam electrode reaches the steady state within

5 s, implying its rapid response. Fig. 7B shows step-like amper-
ometric current response against the successive addition of dif-
ferent H2O2 concentrations at the applied potential of �0.4 V.

It can be seen the increase of current intensity is consistent
with the increase of the injected H2O2 concentration. The cor-
responding calibration plot is presented in Fig. 7C, which

clearly indicates good corresponding sensitivity, wide linear
response range, and low LOD (S/N = 3). In this context, the
CuO NWs/3D-Cu foam electrode shows the high sensitivity

of 8.87 mA/(mM _s cm2) and low LOD of 0.98 mM, along with
a wide linear detection range of 1 mM–1 mM towards H2O2
Fig. 8 (A) CV curves for long-term cycling time of the CuO NWs/3

solution; (B) Durability of the CuO NWs/3D-Cu foam electrode after

�0.4 V; (C) The store stability of the CuO NWs/3D-Cu foam electro

towards H2O2 detection.
detection. Meanwhile, the amperometric response of the
CuOH NWs/3D-Cu foam electrode (Fig. S3) towards H2O2

detection displays a shorter detection range (10 mM–

1.095 mM), higher LOD (6.7 mM), and lower sensitivity (3.3 -
mA/(mM _s cm2)) than those of the CuO NWs/3D-Cu foam elec-
trode. A comparison of performance between the CuO

NWs/3D-Cu foam electrode with recently reported non-
enzymatic H2O2 sensors is shown in Table 1, which clearly evi-
dences that the CuO NWs/3D-Cu foam electrode possesses

superior performance to the reported sensors in terms of low
LOD, high sensitivity, and wide detection range; therefore, it
is highly promising for the detection of H2O2 concentration
in the practical analysis.

In another regard, to evaluate whether the proposed CuO
NWs/3D-Cu foam sensor is suitable for practical sensing
application or not, the selectivity test was carried out. From

Fig. 7D, it can be seen that there is a large response of current
density by the first addition of 400 mM H2O2. Whereas, the
subsequent additions of 0.05 mM urea, 0.05 mM dopamine

(DA), 0.1 mM ascorbic acid (AA), 0.1 mM uric acid (UA),
and 0.1 mM KCl do not produce any noticeable change of cur-
rent intensity. A final addition of 400 mM H2O2 also provides

relative current response compared to the first H2O2 addition.
These achieved results inform that the CuO NWs/3D-Cu foam
D-Cu foam electrode with presence of 1 mM H2O2 in 0.1 M PBS

long term amperometric measurement at an applied potential of

de; (D) Reproducibility of the CuO NWs/3D-Cu foam electrode



Table 2 Detection of H2O2 in real samples using the CuO

NWs/3D-Cu foam electrode.

Sample of blood

serum spiked PBS

solution

H2O2

added

(lM)

H2O2

found

(lM)

RSD

(%)

Recovery

(%)

1 200 198.5 3.11 99.2

2 400 394.9 4.28 98.7

3 800 795.7 3.55 99.5

Vertical copper oxide nanowire arrays attached three-dimensional macroporous framework 3943
electrode possesses good selectivity for H2O2 determination in
the presence of other common interferents.

The stability, durability, and reproducibility of the devel-
oped CuO NWs/3D-Cu foam sensor were also evaluated.
For investigating the stability of the CuO NWs/3D-Cu foam

sensor, many CV cycles were measured in 1 mMH2O2 contain-
ing 0.1 M PBS solution (Fig. 8A). It can be seen that the CV
curve of the material at first cycle and after 50th cycle does

not show any noticeable change, implying its good stability
for long-term working period. The amperometric current
response with an addition of 400 mM H2O2 also indicates that
the steady state of current density still remains 96.9% of orig-

inal value after around 400 s, implying good durability of such
electrode (Fig. 8B). In addition, the storage stability of the
developed sensor was investigated by evaluating the ampero-

metric current response for H2O2 reduction (400 mM H2O2)
after two weeks (Fig. 8C). It is found that the current response
achieved at 14th day decreases by 3.5% as compared to the 1st

day. Furthermore, eight different electrodes were also used to
evaluate the reproducibility of the CuO NWs/3D-Cu foam
(Fig. 8D). The current response of seven following electrodes
varies from 98.8 to 101.1% as compared to the result of the

first electrode, suggesting impressive reproducibility of the syn-
thesized CuO NWs/3D-Cu foam electrode for H2O2 detection.

To demonstrate the practical possibility of the CuO

NWs/3D-Cu foam electrode, the blood serum (200 mL) spiked
PBS solutions containing different known H2O2 concentra-
tions (200, 400, 800 mL) were prepared. The H2O2 concentra-

tion in these samples was detected using amperometric
measurement. The obtained results show the respectable
RSD% of 3.11–4.28% and good recovery of 98.7–99.5%

towards H2O2 detection, as summarized in Table 2. These sug-
gest that the developed CuO NWs/3D-Cu foam-based sensor
may be efficiently applied for H2O2 detection in practical anal-
ysis applications.

4. Conclusion

An interesting hierarchical nanomaterial of the vertical CuO

NWs arrays on 3D-Cu foam was successfully fabricated to
apply for non-enzymatic H2O2 sensor. The CuO NWs/3D-
Cu foam electrode exhibited wide linear detection range of

1 mM-1 mM, high sensitivity of 8.87 mA/(mM _s cm2), low
LOD of 0.98 mM, fast response of 5 s, good reproducibility,
and satisfactory selectivity for H2O2 detection in 0.1 M PBS

solution. The cost-effective synthesis procedure and the out-
standing catalytic performance suggest that the CuO
NWs/3D-Cu foam material may be promising for non-

enzymatic H2O2 sensing in practical analysis applications.
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