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1 Equal contribution.
Single crystal and vertically aligned cobalt oxide (Co3O4) nanowalls were synthesized by directly heating
Co foil on a hot-plate under ambient conditions. The vertically aligned Co3O4 nanowalls grown on the
plate show excellent mechanical property and were facilely attached to the surface of a glassy carbon
(GC) electrode using conductive silver paint. The prepared Co3O4 nanowalls electrode was then applied
to study the electrocatalytic oxidation and reduction of hydrogen peroxide (H2O2) in 0.01 M pH 7.4 phos-
phate buffer medium. Upon the addition of H2O2, the Co3O4 nanowalls electrode exhibits significant oxi-
dation and reduction of H2O2 starting around +0.25 V (vs. Ag/AgCl), while no obvious redox activity is
observed at a bare GC electrode over most of the potential range. The superior electrocatalytic response
to H2O2 is mainly attributed to the large surface area, minimized diffusion resistance, high surface energy,
and enhanced electron transfer of the as-synthesized Co3O4 nanowalls. The same Co3O4 nanowalls elec-
trode was also applied for the amperometric detection of H2O2 and showed a fast response and high sen-
sitivity at applied potentials of +0.8 V and �0.2 V (vs. Ag/AgCl), respectively. The results also demonstrate
that Co3O4 nanowalls have great potential in sensor and biosensor applications.

Published by Elsevier B.V.
1. Introduction

Due to its strong oxidizing property, hydrogen peroxide (H2O2)
is widely used in many fields. For example, H2O2 is useful for the
synthesis of various organic compounds, food production, pulp
and paper bleaching, sterilization, and clinical applications [1,2].
H2O2 is also used as an oxidant for many liquid-based fuel cells
[3–9], and is readily present in a variety of commercial products
such as cosmetic and pharmaceutical products [10,11]. Further,
H2O2 has emerged as an important by-product of enzymatic reac-
tions in the field of biosensing [12–19]. Thus, the detection and
quantification of H2O2 remains a significant endeavor in a variety
of fields.

Many analytical methods have been developed for the detection
and quantification of H2O2 [11]. Among them, titration [20], spec-
trophotometric [21–23], fluorometric [24–28], chemiluminescent
[29–31], and chromatographic [32–34] techniques are well known.
However, electrochemical methods have emerged as preferable,
owing to their relatively low cost, efficiency, high sensitivity, and
ease of operation [35–37]. Different materials, such as noble met-
als, macrocycle complex of transition metals, carbon nanotubes,
B.V.
and enzymes have been used to modify electrodes for the reduc-
tion/oxidation as well as the detection of H2O2 [1,37–46]. In recent
years, new efforts have been emphasized on the use of novel metal
oxides nanomaterials to modify electrode surfaces for enhanced
oxidation/reduction and sensitive detection of H2O2 because metal
oxide nanomaterials are easy to be synthesized, have very high
surface to volume ratio, and show great potential to enhance elec-
trocatalytic activity and promote electron-transfer reactions at a
lower overpotential [1,11,47,48].

Recently, several metal oxide nanomaterials have been depos-
ited on the surface of electrodes and investigated for the reduc-
tion/oxidation and detection of H2O2. Cobalt oxide (Co3O4)
[11,47] and copper oxide (CuO) nanoparticles [48] have been
proved to perform well as H2O2 reduction catalysts in strong basic
solution, as both Co3O4 and CuO are useful for transferring elec-
trons between H2O2 and an electrode while enabling regeneration
after electron exchanges with H2O2. However, the nanoparticles
cannot stand alone and require, for example, a matrix to entrap
them for electrode attachment. A major disadvantage of entrap-
ment of metal oxide nanoparticles is the additional diffusion resis-
tance offered by the entrapment material. Additionally, the strong
basic solution (0.1–3 M NaOH) used in these studies greatly limits
their application. The direct electrodeposition of cobalt oxide
nanoparticles on the surface of a glassy carbon (GC) electrode
has also been used to yield both particles with an average size of
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100 nm and large agglomerated particles (�200–600 nm) [1]. The
modified rotating electrode (2000 rpm) was then applied to the
sensitive detection of H2O2 based on the oxidation current at
+0.75 V (vs. Ag/AgCl). Even though the performance of the system
is impressive, the needs for a rotating electrode and for more work
to produce uniform particles with smaller size may limit its further
application. Therefore, there remains a need for simpler processes
to fabricate novel metal oxide nanomaterials with superior cata-
lytic property for fast, sensitive, reliable, and stable detection of
H2O2. Preferably, the novel metal oxide nanomaterials are free-
standing, have excellent mechanical and electrocatalytic proper-
ties, and can be easily manipulated and attached to an electrode
surface without the help of an entrapment matrix.

In this communication, we reported the synthesis of single crys-
tal and vertically aligned cobalt oxide nanowalls, the fabrication of
Co3O4 nanowalls electrode, and its application in the electrocata-
lytic oxidation and reduction of H2O2 in 0.01 M pH 7.4 phosphate
buffer. The same electrode was also applied for the sensitive
amperometric detection of H2O2 based on the oxidation and reduc-
tion currents at applied potentials of +0.8 V and �0.2 V (vs. Ag/
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Fig. 1. (A) A schematic of the fabrication of Co3O4 nanowalls electrode; (B) an optical im
Co3O4 nanowalls; (D) micro-Raman spectrum of the Co3O4 nanowalls; (E) a typical TEM
AgCl), respectively. The as-prepared Co3O4 nanowalls show excel-
lent mechanical and electrocatalytic properties, and have great po-
tential for applications in electrochemical detection.

2. Experimental

2.1. Chemical and reagents

Co foil (0.1 mm thick, 99.95%) was purchased from Sigma–
Aldrich. H2O2, Na2HPO4, and NaH2PO4 were obtained from Fisher.
De-ionized water generated by a Barnstead water system was used
to prepare aqueous solution. Conductive silver paint and nail en-
amel were bought from Structure Probe and Walmart, respectively.

2.2. Synthesis of vertically aligned Co3O4 nanowalls and preparation of
Co3O4 nanowalls electrode

Our previously developed hot-plate technique was employed to
fabricate vertically aligned Co3O4 nanowalls on Co substrate
[49,50]. Briefly, pre-polished and cleaned Co foil was heated on a
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age of the as-grown Co3O4 nanowalls; (C) a typical SEM image of vertically aligned
image of the Co3O4 nanowall; and (F) a HRTEM image of the Co3O4 nanowall.
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hot-plate in an ambient condition. The heating temperature and
duration were maintained at 300 �C and 5 h, respectively. After
the growth, the shiny surface of metallic foils became dull and
darkened, and the surface was fully covered with a large amount
of vertically aligned nanowalls. Scanning electron microscopy
(SEM; JEOL JSM-6700F), high-resolution transmission electron
microscopy (HRTEM; JEOL JEM-2010F), and micro-Raman spec-
troscopy (ISA T64000 Triple Grating System) were used to charac-
terize the morphology of the as-grown Co3O4 nanostructures.

To fabricate the electrode, the vertically aligned Co3O4 nano-
walls film was cut to the desired size using scissors and attached
to the surface of a GC electrode using conductive silver paint. Nail
enamel was used to insulate the edge of substrate and the GC elec-
trode. Therefore, only the vertically aligned Co3O4 nanowalls are
exposed to the environment and the exposure area has a size of
3 mm � 2 mm. For comparison, the GC electrode with a diameter
of 3 mm was used as a control. Fig. 1A shows a schematic of the
electrode fabrication.

2.3. Apparatus and measurements

Cyclic voltammetric (CV) measurements were performed using
an electrochemical workstation (Bio-logic SA VMP2) in a conven-
tional three-electrode configuration, including a working electrode
(Co3O4 nanowalls electrode or a bare GC electrode), an Ag/AgCl ref-
erence electrode, and a platinum counter electrode. H2O2 measure-
ment was carried out in 0.01 M pH 7.4 phosphate buffer at room
temperature. For amperometric detection, all measurements were
performed by applying an appropriate potential (vs. Ag/AgCl) to
the working electrode and allowing the transient background cur-
rent to decay to a steady-state value, prior to the addition of H2O2.
The current response due to the addition of H2O2 was recorded. A
stirred solution was employed to provide convective transport.

3. Results and discussion

An optical image of the as-prepared Co3O4 nanowalls with size
of 4 mm � 3 mm is shown in Fig. 1B. The size of vertically aligned
Co3O4 nanowalls film is solely dependent on the size of the Co sub-
strate used. The Co3O4 nanowalls film shows excellent mechanical
properties and can be easily manipulated using tweezers and cut to
small pieces using scissors. The typical morphology of the as-pre-
pared Co3O4 nanowalls is presented in Fig. 1C. One can see that
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Fig. 2. Cyclic voltammograms of the Co3O4 nanowalls electrode and the bare GC
electrode in 0.01 M pH 7.4 phosphate buffer in the absence and presence of 10 mM
H2O2, respectively. Scan rate = 50 mV/s.
the surface is fully covered with a large amount of vertically
aligned nanowall-like morphologies, forming porous 3D nano-
structures. The thickness of the nanowalls is around 25 nm and
the edges of the nanowalls are irregular. Typical Raman spectrum
of the sample collected from the surface layer is shown in
Fig. 1D. There are four peaks at 483, 523, 621, and 694 cm�1, which
correspond to Eg, F1

2g, F2
2g, and A1

g modes of the crystalline Co3O4,
indicating the surface layer is fully covered by Co3O4. The detailed
structure of an individual Co3O4 nanowall is studied by TEM.
Fig. 1E shows a typical TEM image of an individual Co3O4 nanowall
while Fig. 1F displays a HRTEM image taken near the edge of an
individual Co3O4 nanowall. The spacing of the lattice planes
0.472 nm corresponds to the interspacing of (111) plane of
Co3O4. The Raman spectrum and HRTEM images reveal that
Co3O4 nanowalls are single crystalline.

The electrocatalytic property of the as-prepared Co3O4 nano-
walls electrode was studied using cyclic voltammogram (CV).
H2O2 was selected as a model compound in this study because
the detection of H2O2, a product of enzymatic reactions catalyzed
by a large number of oxidases (e.g. glucose oxidase and peroxi-
dase), is practically important in the field of biosensor develop-
ment [1]. Fig. 2 presents the CVs in the absence and presence of
10 mM H2O2, recorded at Co3O4 nanowalls electrode and the bare
GC electrode, respectively. The scan rate is 50 mV/s. There are fun-
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Fig. 3. Electrocatalytic oxidation (A) and reduction (B) of H2O2 on the Co3O4

nanowalls electrode at different applied potentials (vs. Ag/AgCl).
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damental differences in the CVs. Only a small background current
was observed at the bare GC electrode in buffer, while a dramatic
increase of current signal toward the positive and negative ends of
the potential range was observed when Co3O4 nanowalls electrode
was used in buffer. This indicates that Co3O4 nanowalls electrode
has excellent electrochemical properties, which may be attributed
to the large surface area, high surface energy, and enhanced elec-
tron transfer of as-synthesized Co3O4 nanowalls. Upon the addition
of 10 mM H2O2, the Co3O4 nanowalls electrode exhibits significant
oxidation and reduction of H2O2 starting around +0.25 V (vs. Ag/
AgCl), which can be attributed to the excellent electrocatalytic
property of Co3O4 nanowalls. In contrast, no obvious redox activity
is observed at the bare GC electrode over most of the potential
range. The enhanced performance for H2O2 oxidation and reduc-
tion on Co3O4 nanowalls electrode may be due to an increase in
the rate of electron transfer from H2O2 to the Co3O4 nanowalls,
excellent accessibility of many nanoscale transport channels, as
well as an improved reversibility of electron-transfer process on
the Co3O4 nanowalls. The Co3O4 nanowalls electrode offers a
marked decrease in the overvoltage for hydrogen peroxide oxida-
tion and reduction, which enables convenient low-potential
amperometric detection.

In order to study the effect of applied potentials on electrocat-
alytic oxidation and reduction of H2O2 at the Co3O4 nanowalls elec-
trode, the amperometric responses to three successive additions of
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Fig. 4. Amperometric response of the Co3O4 nanowalls electrode with successive
additions of H2O2 to 0.01 M pH 7.4 phosphate buffer at an applied potential of
+0.8 V (vs. Ag/AgCl) and its corresponding calibration plot.
1 mM H2O2 were recorded with respect to different applied poten-
tials (Fig. 3). As both the oxidation and reduction of H2O2 at the
Co3O4 nanowalls electrode start around +0.25 V and increase sig-
nificantly towards the positive and negative ends, respectively,
small stepwise current responses to H2O2 at +0.4 V (oxidation)
and +0.2 V (reduction) were observed as expected (Fig. 3). In addi-
tion, the oxidation currents increase sharply with further increase
of applied potentials and the similar trend is observed for the
reduction currents with further decrease of applied potentials.
The amperometric results match the CVs results well.

The superior electrocatalytic ability and easy manipulation
makes the as-prepared vertically aligned Co3O4 nanowalls as an
excellent electrochemical sensing platform for H2O2 detection.
Fig. 4A shows typical amperometric responses of the Co3O4 nano-
walls electrode to the successive addition of H2O2 at an applied po-
tential of +0.8 V. The corresponding calibration curve is presented
in Fig. 4B. The Co3O4 nanowalls electrode responds rapidly to the
changes in H2O2 concentration, producing steady-state signals
within 10 s. The calibration curve is linear up to 1.4 mM (the linear
fitting correction coefficient R = 0.9806), with a sensitivity of
100.3 lA mM�1 (or 1671 lA mM�1 cm�2) and a detection limit of
2.8 lM (a signal-to-noise of 3). Even though the sensitivity and fast
response of Co3O4 nanowalls electrode is impressive at the applied
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Fig. 5. Amperometric response of the Co3O4 nanowalls electrode with successive
additions of H2O2 to 0.01 M pH 7.4 phosphate buffer at an applied potential of
�0.2 V (vs. Ag/AgCl) and its corresponding calibration plot.
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potential of +0.8 V, many compounds (e.g. acetaminophen, uric
acid, and ascorbic acid) can be oxidized at such high applied poten-
tial and potentially interfere the detection of H2O2 in real samples.
It has been reported that such interference can be significantly re-
duced when a lower applied potential is used. In order to minimize
the biases from the potential interferences presented in the real
samples, the possibility to perform amperometric detection of
H2O2 based on the reduction at a lower applied potential was also
investigated. Fig. 5A shows the amperometric response of the
Co3O4 nanowalls electrode to the successive injection of H2O2 at
an applied potential of �0.2 V. An applied potential of �0.2 V is
chosen because the oxygen reduction can be eliminated. As shown
in Fig. 5A, a well-defined response was observed during the succes-
sive additions of 50 lM, 100 lM, 500 lM, and 1 mM of H2O2,
respectively. These results demonstrate a stable and efficient cata-
lytic property of Co3O4 nanowalls. It can also be observed the
Co3O4 nanowalls electrode responds rapidly to the change of
H2O2 concentration and reaches the steady-state current within
10 s. The corresponding calibration curve is presented in Fig. 5B.
There is a linear relation between response current and H2O2 con-
centration in the range of 0–5.35 mM with a sensitivity of
4.844 lA mM�1 (or 80.74 lA mM�1 cm�2) (the linear fitting cor-
rection coefficient R = 0.9986), while for a higher concentration of
H2O2, the plot deviates from linearity, which may be attributed
to the saturation of the electrocatalytic activity of Co3O4 nanowalls.
Compared to the detection operated at an applied potential of
+0.8 V, the most appealing aspect for the applied potential of
�0.2 V is that a lot of interferences can be substantially eliminated.
Various H2O2 sensors have been reported in literature. However, it
is very difficult to compare one sensor to others because the per-
formance of the sensor is greatly dependent on the applied poten-
Table 1
Comparison of various H2O2 sensors.

Electrode modifier (electrode) Applied
potential
(V vs. Ag/AgCl)

Electrolyte

Co3O4 nanowalls (GC) �0.2 0.01 M pH

+0.8

Ru/Rh (gold) �0.1 0.2 M phos
Fe3O4/Chitosan (GC rotating electrode) �0.2 pH 7 soluti
DNA-Cu(II) (GC) �0.2 0.05 M pH
DNA-Cu(II) poly(amine) (GC) �0.2 0.05 M pH
Prussian blue-PAMAM (gold) �0.2 (vs. SCE) 0.1 M pH 6
Nafion-nano CuO (Pt) �0.3 (vs. SCE) 0.1 M NaOH
Polyaniline grafted MWNT (ITO) �0.3 (vs. SCE) pH 7 phosp
Nano-Ag + DNA networks (GC) �0.4 (vs. SCE) 0.2 M pH 7
Gold nanoparticle–silca sol–gel (GC) �0.5 (vs. SCE) 0.1 M pH 7
Poly(p-aminobenzene sulfonic acid) (GC rotating

electrode)
�0.7 0.1 M pH 7

Iodide (gold) �1.1 0.1 M KOH
RuO-hexacyanoferrate (GC) 0 0.5 M KCl +
Prussian blue (GC) +0.05 0.1 M HCl +
CeO2 (gold) +0.2 DI H2O
Nano-TiO2 and Pt (Ti foil) +0.3 0.05 M pH
Cobalt oxide/CoTRP (GC) +0.3 0.5 M NaOH
Nano-MnO2 (carbon paste electrode) +0.3 0.01 M pH
MnO2 (carbon paste electrode) +0.46 0.2 M NH3–
Ferrocene peapod-modified SWNT (GC) +0.5 (vs. SCE) 0.1 M LiClO
Pt-implanted (boron-doped diamond electrode) +0.55 0.1 M pH 7
Mesoporous Pt (Pt) +0.6 (vs. SCE) 0.1 M pH 7
Nano-MnO2 + DHP (GC) +0.65 (vs. SCE) 0.067 M pH
Carbon nanofiber (GC) +0.65 0.05 M pH7

NaCl
MnO2 graphite composite (paste electrode) +0.75 (vs. SCE) pH 7 phosp
Cobalt oxide nanoparticles (GC rotating electrode) +0.75 0.1 M pH 7
Carbon nanotubes (CNT paste electrode) +0.95 0.2 M pH 7

a Calculated from the data in paper.
b In lA/mM cm2.
tial, the use of rotating electrode or static electrode, the supporting
electrolyte, and the electrode material (GC, Pt, gold, etc.) and its
surface area. To the best of our efforts, various H2O2 sensors are
summarized in Table 1 with respect to the operating conditions,
sensitivity, and the detection limit. It can be seen that the perfor-
mance of the developed sensor is comparable to most of H2O2 sen-
sors in literature in one or more categories.

Metal oxides have unique advantages in electrochemical detec-
tion of different analytes. Nafion and CuO nanoparticles, cobalt
oxide–porphyrin composites, and Co3O4 nanoparticle–carbon
black have been used to modify electrodes for H2O2 reduction in
strong basic NaOH solution [11,47,48]. In these studies, metal oxi-
des entrapped in a matrix suffer from strong diffusion resistance
offered by the entrapment material. The use of a strong NaOH solu-
tion also limits their further application in biosensor development
because most of biomolecules can not survive under such harsh
environment. In addition, the fabrication of these electrodes in-
volves complicated and time-consuming procedures. Recently, di-
rectly electrodeposited Co3O4 nanoparticles on a rotating GC
electrode was reported for H2O2 detection at +0.75 V (vs. Ag/AgCl)
[1]. However, its application may be limited by the use of rotating
electrode and the further work required for uniformity of particles
and for decreasing their size. As a comparison, the Co3O4 nanowalls
used in this study can be easily synthesized as a film with any size,
manipulated by scissors and tweezers, and attached to any elec-
trode surface using conductive paint. In addition, the vertically
aligned Co3O4 nanowalls form a porous structure and possess high
specific surface area, allowing the access of analytes to the cobalt
oxide surface with minimal diffusion resistance. Moreover, the sin-
gle crystalline Co3O4 nanowalls have good conductivity, which pro-
vide many transport channels in nanoscale, and thus, enhance the
Sensitivity
(lA/mM)

Detection limit
(lM)

Reference

7.4 phosphate 4.844 (or
80.74b)

10 This
study

100.3 (or
1671b)

2.8

phate + 0.2 M KCl 1.060 1 [39]
on 9.6 7.4 [51]
5 phosphate 12.8 0.05 [52]
5 phosphate 12.8 0.05 [53]
.5 phosphate 93.2a 0.31 [45]

– 0.06 [48]
hate 300 0.001 [36]
phosphate – 1.7 [54]
phosphate 30 3.15 � 10�3 [55]
phosphate 100a 10 [56]

+ 12.5 mM KI 5.47a 10 [41]
0.05 M HCl 1.8 1.3 [57]
0.1 M KCl 1.884a 0.01 [58]

0.4806 1 [40]
7.4 phosphate + 0.1 M NaCl 0.85 4 [59]

– 0.2 [11]
7.4 phosphate buffer – 2 [60]
NH4Cl buffer 33.15 1.32 [61]
4 + 25 mM pH 7.2 phosphate – 5 [42]
phosphate 21.9 0.03 [35]
phosphate 2800b 4.5 [38]
7.4 phosphate buffer 20.35a 0.08 [62]

.4 phosphate buffer + 0.1 M 3.20 4 [63]

hate – 1.5 [64]
phosphate 152.6a 4 � 10�4 [1]
phosphate buffer 0.8 20 [65]
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electron-transfer reaction between H2O2 and the Co3O4 nanowalls.
All these features provide a favorable environment for the electro-
catalytic oxidation and reduction of H2O2 and allow the sensitive
detection of H2O2 at both positive and negative applied potentials
and at physiological pH, which makes it more appealing than other
metal oxide nanoparticles in sensor and biosensor applications.

4. Conclusion

Single crystal and vertically aligned Co3O4 nanowalls were syn-
thesized by directly heating Co foil on a hot-plate under ambient
conditions. The electrocatalytic property of Co3O4 nanowalls elec-
trode was investigated using H2O2 as a model compound. We have
demonstrated that the Co3O4 nanowalls electrode, compared to the
bare GC electrode, exhibits significantly lower overpotentials for
oxidation and reduction of H2O2 in 0.01 M pH 7.4 phosphate buffer
solutions. The electrocatalytic oxidation and reduction of H2O2 at
the vertically aligned Co3O4 nanowalls electrode offers a number
of attractive features. The as-grown Co3O4 nanowalls film is
mechanically stable and can be used directly as electrochemical
sensor for H2O2 detection. The Co3O4 nanowalls electrode showed
a fast response and high sensitivity for H2O2 at applied potentials
of +0.8 V and �0.2 V (vs. Ag/AgCl), respectively. Specifically, the
sensitive detection of H2O2 based on strong reduction at a negative
applied potential has the potential to eliminate the interferences
from other electroactive compounds. These results demonstrate
that Co3O4 nanowalls have great potential in sensor and biosensor
applications.
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