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Using a simple hydrothermal procedure and the subsequent annealing treatment, one-dimensional (1D) 
cobalt oxide nanowires (Co3O4-NWs) with tunable size have been successfully in situ fabricated on three-
dimensional (3D) carbon foam (CF) network. By changing hydrothermal treating time (0.5, 1, 2 h) at 180 
°C, size-controlled Co3O4 nanowires can be formed on the CF. Scanning electron microscopy (SEM) and 
high-resolution transmission electron microscopy (HRTEM) measurements showed that nanoporous 10 

Co3O4 nanowires are uniformly grew on the 3D carbon framework. Due to the three-dimensional porous 
architecture and the high conductivity of the carbon foam skeleton, the obtained composites possess fast 
mass transport, large surface area and high electronic conductivity, which make them very promising as 
electrochemical sensing materials. Among the studied composites, the Co3O4-NWs/CF hydrothermally 
treated for 1 h exhibited the lowest detection limit (1.4 M) and the largest linear ranges (0.01-1.4 mM) 15 

with a sensitivity of 230 nA M-1 cm-2 for H2O2 detection. The present study shows that metal oxides 
supported on 3D carbon materials present a class of promising sensing platform for electrochemical 
detection of H2O2. 

1. Introduction 

Hydrogen peroxide (H2O2) has been widely used in many fields 20 

such as direct borohydride-hydrogen peroxide fuel cells, clinical 
studies, chemistry, biology, environmental protection, textile and 
food manufacturing etc. due to its high availability, easy storage, 
effortless handling and fast reduction kinetics than oxygen.1-3 Up 
to now, a great variety of methods have been developed for H2O2 25 

detection, such as titration, spectroscopy, chemiluminescence, 
electrochemical methods and so on. Among these methods, 
electrochemical technique is considered to be one of the efficient 
methods for H2O2 analysis because of its simple operation, high 
sensitivity and good selectivity. In electrochemical detections, 30 

oxidation or reduction of H2O2 at ordinary solid electrodes are 
limited by slow electrode kinetics and high overpotential which 
will cause the degradation of the sensing performance.1 Therefore, 
electrocatalysts are the key components for H2O2 detection in 
electrochemical sensors. Many electrocatalysts have been 35 

reported for H2O2 reduction, such as mono- and bi-metallic 
nanoparticles (e.g. Ag, Au, PdPt, PdAg, etc.)4-7 and transition-
metal oxides (e.g. Fe3O4, Co3O4, Cu2O, CuO) with different 
morphology and sizes.8-10 However, metal or metal oxide 
catalysts usually suffer from dissolution and agglomeration 40 

during electrochemical processes, degrading the activities of 
catalysts and further the performances of electrochemical 
sensors.11 To conquer the obstacles, nanostructured supports have 
been used to stabilize the electrocatalysts. Among various 
catalyst supports, three-dimensional carbon materials such as, 3D 45 

graphene foams,11, 12 3D carbon nanotubes (CNTs),13 3D 

CNT/graphene sandwiches,14 mesoporous carbons15, 16 have 
received increasing interests, due to their remarkable mechanical 
strength, outstanding electrical properties, and ultra-large surface 
area. 50 

Recently, transition-metal oxides such as Co3O4, Fe3O4, SnO2, 
MnO2 etc. supported on carbon materials (graphene, CNTs) have 
been successfully synthesized and used as advanced materials for 
energy storage and conversion.17, 18 Cobalt oxide (Co3O4) is a 
kind of intrinsic p-type semitransition metal oxide, exhibiting 55 

intriguing magnetic, electrochemical, gas sensing and 
electrocatalytic properties.9, 19 Co3O4 with different morphologies 
such as nanospheres, nanocubes, nanofibers, and mesoporous 
structures have been successfully prepared by different synthetic 
routes.20 In the present study, Co3O4 nanowires were synthesized 60 

via the combination of hydrothermal process and the subsequent 
annealing treatment. The morphology and the crystallization 
degree of Co3O4 nanowires can be controlled by the hydrothermal 
process and the annealing treatment. 

Carbon foam (CF) obtained via thermal-treating commercially 65 

available melamine foam (MF) has 3D porous structure with 
extremely high porosity, which can offer large number of pores, 
ultra-large surface area with abundant active sites and fast mass 
transport.21, 22 We report here for the first time Co3O4 nanowires 
supported on 3D nitrogen-doped carbon foam (CF) as 70 

electrochemical sensor for H2O2 detection. The 3D CF can offer 
conductive scaffolds to support the Co3O4 nanostructures and 
thus enhance the electrical conductivity of the overall electrode 
material, which is advantageous for electrochemical detection of 
H2O2. The electrochemical studies showed that the 3D Co3O4-75 
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NWs/CF hybrids exhibit high sensitivity for H2O2 detection due 
to the following advantages of the 3D hierarchical structures. 
Firstly, microporous CFs have high stability and allow the easy 
diffusion of electrolyte onto the surface of the electro-active 
materials, accompanying reduced internal resistance. Secondly, 5 

the Co3O4 nanowires fabricated directly on the surface of carbon 
foams, preventing the tedious procedure of mixing active 
materials with binders.23 Finally, the nanocrystallites on the 
Co3O4 nanowires can efficiently increase the surface area of the 
electrocatalysts, which could improve the utilization of the Co3O4 10 

active material.23 In addition, the possible growth mechanism of 
Co3O4 nanowires on CF was discussed. This study indicates that 
metal oxide nanomaterials supported on 3D carbon support 
represent a class of promising electrode material for 
electrochemical detection of hydrogen peroxide. 15 

 

2. Experimental Section 

2.1 Reagents and Materials 

Melamine foam (MF) was supplied by Puyang Green Universh 
Chemical Co., Ltd. Cobalt nitrate hexahydrate (Co(NO3)2 6H2O, 20 

A.R. grade, ≥ 99.0%), urea (CO(NH2)2, A.R. grade, ≥ 99.0%), 
potassium hydroxide (KOH, A.R. grade, ≥ 85.0%), glucose 
(C6H12O6, A.R. grade, ≥ 99.0%), ascorbic acid (AA, C6H8O6 A.R. 
grade, ≥ 99.7%), sodium chloride (NaCl, A.R. grade, ≥ 99.0%) 
and cetyltrimethylammonium bromide (CTAB, A.R. grade, ≥ 25 

99.0%) are all purchased from Beijing Chemical Agent. Uric acid 
(UA, C5H4N4O3, ≥ 99.0%) was obtained from Wokai Chemical 
Limited (China). Dopamine (DA) and L-cysteine (Cys ≥ 98.0%) 
was purchased from Alfa. H2O2 solution (30 %) was purchased 
from Shanghai Lingfeng Chemical Reagent Co., Ltd, and the 30 

fresh H2O2 solutions with different concentration were prepared 
daily. All aqueous solutions were prepared with ultrapure water 
(18.3 M cm). Ultrapure N2 (≥ 99.999%) and Ar (≥ 99.999%) 
were supplied by the Changchun Juyang gas limited liability 
company.  35 

2.2 Synthesis of Co3O4-NWs/CFs and unsupported Co3O4 

NWs 

Carbon foam (CF) was prepared by carbonizing MF under Ar 
flow of 100 mL min-1. MF was first cut into pieces with the size 
of 0.5cm  3cm  20cm before carbonization. Carbonization 40 

process was as follows. First, the temperature was raised from 
room temperature to 300 °C at the rate of 5 °C min-1 and kept for 
5 min. Second, the temperature was further raised to 400 °C at the 
rate of 1 °C min-1 and kept for 5 min. Finally, the temperature 
was raised to 700 °C at the rate of 2 °C min-1 and kept for 1 h. 45 

The carbonized carbon foams were further treated with 2.5 M 
nitric acid at 120 °C in 100 mL Teflon autoclave for 1 h to obtain 
oxygen-containing active sites. The synthesis of Co3O4/CF 
nanostructures were achieved by combining a simple 
hydrothermal treatment and a subsequent thermal annealing 50 

process.24 Cobalt nitrate [Co(NO3)2 ·6H2O] was used as the cobalt 
precursor, and urea [CO(NH2)2] was used as the precipitant. In a 
typical synthesis, 0.45 g CTAB and 0.6 g urea were dissolved in 
36 mL of 0.1 M Co(NO3)2 solution to form a homogeneous pink 
solution. The solution was then ultrasounded for 10 min to form a 55 

transparent solution. After that, three pieces of 45 mg carbon 

foams were immersed into the solution. The system was stirred 
gently overnight and divided into 3 partials and transferred into 
20-mL Teflon autoclave for hydrothermal reaction at 180 °C for 
different times (0.5, 1 or 2 h, respectively). The synthesized 60 

samples for different reaction times are denoted as Co3O4-
NWs/CF-0.5, Co3O4-NWs/CF-1 and Co3O4-NWs/CF-2, 
respectively. The products were washed with water and ethanol 
for several times to remove the excess surfactant and dissociative 
ions and then dried at 60 °C. The cobalt oxide species/CFs were 65 

annealed at 350 °C for 3 h under Ar gas with a heating rate of 5 
°C min-1 to obtain crystalline cobalt oxide. 

The unsupported Co3O4-NWs were synthesized by the same 
hydrothermal method at 180 °C for 1 h in the absence of carbon 
foam. 70 

2.3 Materials Characterization 

High-resolution transmission electron microscopy (HRTEM) 
measurements were performed on a JEM-2010(HR) microscope 
operated at 200 kV. The powder X ray diffraction (XRD) of the 
product was carried out on a PW1700 Powder diffractometer, 75 

using Cu K radiation with a Ni filter (=0.154059 nm at 30 kV 
and 15 mA) with scanning rate of 3 deg/min. Xray photoelectron 
spectroscopic (XPS) analysis was performed on a VG Thermo 
ESCALAB 250 (VG Scientific) operated at 120 W. The loadings 
of Co3O4 in the Co3O4/CF composites were measured by thermal 80 

gravimetric analysis (TGA) method using TA Instruments SDT 
Q600. In TGA measurement, the products were heated to 800 °C 
with a heating rate of 10 °C min-1 under air flow. 

2.4 Electrochemical measurements 

Electrochemical measurements were performed on a computer-85 

controlled CHI 660 D electrochemical workstation to study the 
electrochemical activities of the synthesized Co3O4-NWs/CF 
composites for H2O2 reduction. Electrochemical measurements 
were carried out in a conventional three-electrode system fitted 
with a magnetic stirrer. The samples modified glassy carbon (GC) 90 

electrode was used as working electrode. A platinum coil (0.5 
mm  4 cm) and a Ag/AgCl (in saturated KCl, aq.) electrode 
were used as the auxiliary electrode and reference electrode, 
respectively. Before the deposition of the samples onto the GC 
electrode surface, a GC electrode (3.0 mm in diameter) was 95 

polished with 0.3 m alumina slurries and cleansed by 
ultrasonication in 0.1 M HNO3, 0.1 M H2SO4, and pure water, 
successively. The Co3O4-NWs/CF samples were crushed and 
dispersed in water with the concentration of 1 mg mL-1. A 940 L 
portion of the Co3O4-NWs/CF solution was mixed with 60 L of 100 

5 wt% Nafion solution by ultrasonication for a few seconds. Once 
the ink formed homogeneously, 4 L of the ink was dropped on 
the clean surface of GC electrode and dried at room temperature. 

3. Results and Discussion 

3.1 Synthsis and characterization of Co3O4 nanowires 105 

supported on 3D carbon framworks 

The morphologies and structures of the carbon foam (CF) and the 
Co3O4-NWs/CF composites prepared for different reaction time 
were first examined by SEM and TEM. As shown in Fig. 1a, the 
carbon foam shows a 3D porous structure with a smooth surface 110 

and thin carbon skeleton. The width of the carbon skeleton is  
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Fig. 1 (a) SEM image of carbon foam (CF). (b-d) SEM images of Co3O4 
nanowires supported on CF (Co3O4-NWs/CF-1) at different 
magnifications. 

 
about 100-120 m. For the Co3O4-NWs/CF-1, it can be seen from  5 

the SEM images at different magnifications (Fig. 1b-d) that the 
skeleton of carbon foam is fully and uniformly covered by the as-
grown Co3O4 nanowires with 100-200 nm in diameter and about 
4.7-0.8 m in length. However, we found that the time of 
hydrothermal treatment has significant effect on the morphology 10 

of the products. For the sample with the reaction time of 0.5 h 
(Co3O4-NWs/CF-0.5), only parts of the carbon foams are covered 
by Co3O4 nanowires and most of the carbon frameworks are 
naked and decorated by small nanocubes (Fig. S1), indicating 0.5 
h is not enough for the full growth of Co3O4 nanowires. When 15 

reaction time increased to 2 h, the product (Co3O4-NWs/CF-2) 
shows blocky structure with very thick nanowires (Fig. S2). The 
bulky structure can not only largely reduce the surface area, but 
also lower the electro-conductibility and thus the electrochemical 
performance of the composite. Therefore, 1 h is the optimal 20 

reaction time for the formation of uniform Co3O4 nanowires on 
carbon foam. Interestingly, the HRTEM images shown in Fig. 2a-
c indicate that the Co3O4 nanowires are actually porous and 
composed of small nanoparticles (10-20 nm in diameter). The 
intervals among the nanocrystals result in large accessible surface 25 

area and increased catalytically active sites, which is favorable 
for the full utilization of the Co3O4 nanowires.9 From Fig. 2c, the 
nanoparticles exhibit high crystallinity with a fringe spacing of 
0.288 nm, corresponding to the (220) planes of Co3O4.

19 The FFT 
patterns shown in the inset of Fig. 2c confirms the single 30 

crystallinity of the obtained Co3O4 nanowires. 
The crystalline phase of the CFs-supported Co3O4 nanowires 

(Co3O4-NWs/CF-1) was investigated by X-ray diffraction (XRD) 
analysis. By comparing the XRD pattern of the sample and the 
standard data from the Joint Committee on Powder Diffraction 35 

Standards (JCPDS), all of the diffraction peaks can be indexed to 
Co3O4. (JCPDS card no. 42-1467).25 The diffraction peaks 
observed at the 2θvalues of 19.1°, 31.3°, 36.9°, 44.8°, 59.6°, 
65.4° are assigned to (111), (220), (311), (422), (511), (440) of 
Co3O4 phase (Fig. 2d).  40 

To further elucidate the chemical composition of the as-grown  
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Fig. 2 (a-c) HRTEM images of the as-synthesized Co3O4 nanowires 
supported on CF (Co3O4-NWs/CF-1) at different magnifications. The 65 

inset in (c) shows the corresponding fast Fourier transform (FFT) pattern. 
(d) XRD pattern of the as-synthesized Co3O4-NWs/CF-1. For comparison, 
the XRD data of Co3O4 from the JCPDS (65-3103) were also included. 
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Fig. 3 (a) XPS survey spectrum of Co3O4-NWs/CF-1. (b-d) Deconvoluted 
high resolution XPS spectra of C 1s (b), N 1s (c) and Co 2p (d). 

 
Co3O4-NW/CFs hybrids, X-ray photoelectron spectroscopy (XPS) 
measurements were carried out. In the XPS survey spectrum of 90 

the Co3O4-NWs/CF-1 (Fig. 3a), a series of sharp signals 
correspond to the characteristic peaks of C 1s, O 1s, N 1s, Co 3s, 
Co 3p, and Co 2p, indicating the existence of carbon, oxygen, 
nitrogen and cobalt elements in the prepared composites.26 The 
high resolution C1s spectrum (Fig. 3b) can be devoluted into 95 

three peaks at 284.59, 285.95, and 288.44 eV, which are ascribed 
to C-C, C-N, and C=O, respectively. N 1s analysis (Fig. 3c) 
shows three different types of nitrogen atoms: pyridinic (398.54 
eV), pyrrolic (399.76 eV), and graphitic (400.72 eV) N atoms.  
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Scheme 1 Schematic illustration for the growth mechanism of Co3O4 nanowires on 3D carbon foams. 

The previous experimental and theoretical studies27, 28 showed 
that heteroatoms (N, S etc.) doping can enhance the 25 

electrocatalytic activities of carbon materials, especially for the 
oxygen reduction reaction (ORR). Here, the N-doping in the 
carbon foam support may enhance the catalytic activities of the 
Co3O4-NWs/CF hybrids and thus improve the H2O2 detection 
performance. In the Co 2p XPS spectrum (Fig. 3d), the two 30 

characteristic peaks centered at 780.6 and 796.2 eV correspond to 
Co 2p3/2 and Co 2p1/2 spin-orbit peaks of Co3O4 phase, 
respectively.18, 26 Moreover, the two shake-up satellite peaks 
centered at 785.8 eV and 803.7 eV suggest the presence of Co2+ 
ions.19, 29 The XPS results are in accordance with the color 35 

change of samples from original pink to black, suggesting the 
conversion of the samples from Co(CO3)0.5OH to Co3O4 by the 
thermal treatment. Above SEM, TEM XRD and XPS 
measurements clearly indicate that Co3O4 nanowires have been 
formed on the carbon framework with the present synthetic routes. 40 

The 3D network of the carbon support and the porous structure of 
the Co3O4 nanowires render the hybrid materials promising 
electrochemical sensing platform with enhanced surface area, 
electron and mass transport. 

The possible mechanism of the formation process of Co3O4 45 

nanowires on the 3D carbon foam is shown in Scheme 1. The 
length of the Co3O4 nanowires can be simply tuned by adjusting 
the growth time as the proposed mechanism.30 The formation of 
Co3O4 nanowires involves a hydrolysis-precipitation process, in 
which urea plays critical roles for the simultaneously hydrolysis-50 

precipitation of bivalent Co2+ ions. The main reactions in the 
system can be expressed as follows:31-33 
H2NCONH2 + H2O → 2NH3 + CO2   (1)  
CO2 + H2O → CO3

2- + 2H+                (2) 
NH3 + H2O →  NH4

+ + OH-               (3) 55 

At the elevated temperature of 180 °C, orthorhombic cobalt 

carbonate hydroxide phase is first formed. The reaction can be 
formulated as follows:  
Co2+ + OH- + 1/2CO3

2- + nH2O → Co(CO3)0.5OH· nH2O  (4) 
The subsequent formation of Co3O4 occurs as follows:  60 

6Co(CO3)0.5OH → 2Co3O4 + 3H2O + 2CO + CO2               (5) 
Urea was used in the reaction system as precipitator to adjust pH 
due to its slow hydrolysis rate and controlled generation of OH 
ions, which can induce slow homogeneous precipitation process 
and crystal growth of the products.25 As shown in Scheme 1, in 65 

the presence of CTAB, cubic nanocrystal seeds were first formed 
and Co3O4 nanowire can then grow from the nanocubes. From the 
SEM images shown in Fig. S1 the formation of cobalt hydroxide 
nanocubic species can be obviously observed on the surface of 
carbon foams at the beginning. With the excessive CTAB in the 70 

system and increasing hydrothermal time, the cobalt hydroxide 
nanocubes could grow into cobalt carbonate hydroxide nanowires 
along the [220] plane.34  

TGA analysis was carried out to study the loading of Co3O4. 
The TGA curves of Co3O4 composites are represented in Fig. S3. 75 

The TGA results showed that the loading of Co3O4 increases with 
the increasing of heating time. The weight percentage of Co3O4  

in Co3O4-NWs /CF-0.5, Co3O4-NWs /CF-1, and Co3O4-NWs 
/CF-2 are estimated to be ~45%, 61%, and 66%, respectively, 
which is accordant to the SEM results. 80 

3.2 Electrochemical detection of hydrogen peroxide based on 
the Co3O4-NWs/CF platforms 

To study the application of the Co3O4-NWs/CF nanocomposites 
in electrochemical sensors, here the detection of H2O2 in alkaline 
solution is studied by using the fabricated Co3O4-NWs/CF 85 

sensing platforms. The 3D structure of carbon foam, together 
with the supported Co3O4 nanowires provide a large accessible 
surface area. Meanwhile, the micron-grade porous carbon foams 
and the open spaces between Co3O4 nanowires allow the easy  

Co2+ CoO nanocube CoO nanowires CFs Skeleton 

Urea,  
CTAB 

180 °C, 
0.5 h 

180 °C 

1 h
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Fig. 4 (a) Cyclic voltammograms of Co3O4-NWs/CF-1 recorded in 0.1 M 
KOH solution at different potential scan rates from 10 to 100 mV s-1. 
Inset: the dependence of oxidation and reduction peak currents on the 15 

potential scan rates. (b) Cyclic voltammograms of Co3O4-NWs/CF-1 in 
0.1 M KOH solution with different concentrations of H2O2. (c) CV 
comparison of bare GC and the Co3O4-NWs/CFs composites in N2-
saturated 0.1 M KOH solution. (d) CV comparison of bare GC and the 
Co3O4-NWs/CFs in N2-saturated 0.1 M KOH solution with the presence 20 

of 0.1 mM H2O2. 

 
diffusion of electrolyte into the inter region of the electrode. 
Moreover, the cobalt oxide nanowires directly grown on the 
carbon foams have tight contacts with the carbon support, which 25 

make all the nanowires participate in the electrochemical 
detection and increase the sensing performance.26 Since the 
structure and morphology of the Co3O4 nanowires are dependent 
on the hydrothermal reaction time (Fig. 1 and Fig. S1-2), the 
electrochemical properties of the three samples were firstly 30 

studied by cyclic voltammetry. Fig. 4a shows the cyclic 
voltammograms (CVs) of the Co3O4-NWs/CF-1 in N2-saturated 
0.1 M KOH solution at different potential scan rates. It can be 
seen that two redox current peaks can be observed within the 
potential range of 0-0.6 V (vs Ag/AgCl), which correspond to the 35 

following two redox processes:34-37 
Co3O4 + OH- + H2O ⇔ 3CoOOH + e-    (6)  
CoOOH + OH- ⇔ CoO2 + H2O + e-        (7)  

At different potential scan rates, the CV curves exhibit good 
symmetry, indicating the stable reversibility of the redox reaction 40 

of Co3O4 nanowires. Fig. 4a inset shows the dependence of 
oxidation and reduction peak currents on the potential scan rates. 
It can be seen that both anodic and cathodic peak currents 
increase linearly with the increase of scan rate, suggesting the 
surface-confined redox process. Meanwhile, the small shifts of 45 

the anodic and cathodic peak potentials with scan rates indicate 
the fast electron transfer kinetics of the 3D Co3O4-NWs/CF 
networks. The CV curves obtained from the Co3O4-NWs/CF-0.5 
and Co3O4-NWs/CF-2 at different scan rates are shown in Fig. 
S4a and c. Similar CV features can be observed from the 50 

prepared materials. Fig. 4c compares the CVs of the three 
samples with the same mass loading. One can see that the largest 
redox currents were obtained from the Co3O4-NWs/CF-1. Such  
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Fig. 5 (a) Amperometric response of Co3O4-NWs/CFs upon successive 
addition of H2O2 at the operating potential of -0.48 V (vs Ag/AgCl). (b) 
Corresponding calibration curves for the Co3O4-NWs/CFs towards H2O2 85 

detection. 

result agrees well with the above morphology characterizations. 
Compared to the uniform nanowires formed in the Co3O4-
NWs/CF-1, the partially covered Co3O4 nanowires in the Co3O4-
NWs/CF-0.5 and the bulk structure in the Co3O4-NWs/CF-2 90 

result in lower electrochemical performance. For comparison, the 
CV obtained from bare GC electrode was also shown in Fig. 4c. 
It can be seen that compared to the large redox current from the 
Co3O4-NWs/CF composites, only much lower double-layer 
charging current was obtained from GC.  95 

The electrochemical responses of the Co3O4-NWs/CF-1 to 
hydrogen peroxide reduction are shown in Fig. 4b. Compared to 
the CV in 0.1 M KOH with the absence of H2O2, an obvious 
reduction current can be observed upon the addition of H2O2 into 
the electrolyte and the current increases with increasing the H2O2 100 

concentration. The CV curves of hydrogen peroxide reduction on 
Co3O4-NWs/CF-0.5 and Co3O4-NWs/CF-2 are shown in Fig. 4b 
and d. These voltammetric measurements indicate that the as-
prepared Co3O4 nanowires have good electrocatalytic activities 
for H2O2 reduction. Fig. 4d shows the CVs of H2O2 reduction on 105 

bare GC and different Co3O4-NWs/CF samples with the same 
mass loading. At -0.48 V, the reduction current obtained from the 
Co3O4-NWs/CF-1 is approximately 3.3 times higher than those 
from other two electrodes, indicating the highest catalytic 
performance of Co3O4-NWs/CF-1 for H2O2 reduction. Due to the 110 

uniform and ordered Co3O4 nanowires, Co3O4-NWs/CF-1 shows  
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Fig. 6 (a) Electrochemical impedance plots of bare glassy carbon 
electrode (GCE), carbon foam (CF), three Co3O4-NWs/CF samples and 30 

Co3O4 in 0.1 M KOH. (b) The amperometic response of Co3O4-NWs/CF-
1 to the addition H2O2 and other analytes in 0.1 M KOH at -0.48 V. The 
concentrations of the analytes are: 0.2 mM H2O2, 0.1 mM glucose, 0.1 
mM ascorbic acid (AA), 0.1 mM dopamine (DA), 0.1 mM uric acid (UA), 
0.1 mM L-cysteine (Cys), and 0.1 mM NaCl. 35 

 
 

promising application in H2O2 electrochemical sensor.  
At the holding potential of -0.48 V, the amperometric 

responses of the Co3O4/CF composite electrodes to successive 40 

addition of H2O2 were measured (Fig. 5a). The solution was kept 
stirring during the detection process to guarantee that H2O2 could 
be uniformly distributed in the electrolytic cell. It can be seen that 
the reduction current increases with increasing the concentration 
of H2O2, and the Co3O4/CF-1 and Co3O4/CF-2 have a fast 45 

response time (≤3 s), indicating a sensitive and rapid response to 
H2O2 reduction. However, the Co3O4-NWs/CF-0.5 exhibits a 
slow response time as long as 10 s, suggesting it is not an ideal 
candidate for H2O2 detection. The poor sensing performance of 
Co3O4-NWs/CF-0.5 might be attributed to the low coverage of 50 

Co3O4 nanowires on the carbon foam frameworks. Based on the 
reduction reaction of H2O2 on the Co3O4-NWs/CF materials, the 
mechanism of the electrochemical detection of H2O2 can be 
proposed as shown below: 

CF/Co3O4 + H2O2 + e¯ → CF/Co3O4-OHads + OH¯   (8) 55 

CF/Co3O4-OHads + e¯ → OH¯                                    (9) 
2OH¯ + 2H+ → 2H2O                                                (10) 
 
The corresponding calibration curves for H2O2 detection on the 

three sensing materials are plotted in Fig. 5b. In the present study, 60 

the limit of detection (LOD) of the Co3O4-NWs/CF-1 was 
calculated to be 1.4 M (S/N > 3) in the linear H2O2 
concentration range of 0.01-1.05 mM. Here, LOD = 3Sd/s, s is the 
slope of the current-concentration curve and Sd is the standard 
deviation of any five current points without the presence of 65 

hydrogen peroxide in electrolyte. Such LOD is much lower than 
that of the Co3O4-NWs/CF-0.5 (85 M) with a linear 
concentration range from 0.02 mM to 1.15 mM. As for the 
Co3O4-NWs/CF-2, although it shows the highest sensitivity for 
H2O2 detection at low concentration linear range, its LOD was 70 

calculated to be 4.5 M with a narrow linear concentration range 
of 0.01-0.4 mM. Notably, the sensing performance of the present 
Co3O4-NWs/CF hybrids is remarkably higher than that of the 
Co3O4-based H2O2 sensors reported previously.38, 39 The 
excellent electrochemical sensing performance of Co3O4-75 

NWs/CF hybrids for H2O2 detection can be contributed to the 3D 
microporous structure of carbon foam, the full electrical 
connection of Co3O4 nanowires and carbon foam, and the open 
spaces between Co3O4 nanowires.26 Detailedly, the 3D 
microporous carbon foam plays a role of supporting material. The 80 

Co3O4 nanowires directly grown on the carbon foams have tight 
contacts with the carbon support, which make all the nanowires 
participate in the electrochemical detection and increase the 
sensing performance.23 The Co3O4 nanowires also can provide a 
large available surface area to enhance the electrochemical 85 

activities. Moreover, the open spaces between Co3O4 nanowires 
allow the easy diffusion of electrolyte into the inter region of the 
electrodes. 

Electrochemical impedance spectroscopy (EIS) has been 
widely used as a forceful technique to study the interfacial 90 

electron-transfer properties of electrode materials.40-42 As is 
known, the electron transfer resistance (Ret) can be reflected by 
the semicircle diameter in the Nyquist impedance plots. In an EIS 
measurement, a large semicircle means a high charge transfer 
resistance of the electrode, implying a low electron transfer rate. 95 

Fig. 6a shows the typical Nyquist plots of a bare GCE, carbon 
foam (CF), three Co3O4-NWs/CF samples and non-supported 
Co3O4 nanowires in 0.1 M KOH. The bare GCE holds a small 
semicircle diameter (black line) at high frequency, presenting a 
relative small Ret. The semicircle diameter has a little decrease 100 

with carbon foam modified onto the GCE (red line), indicating 
the extremely low Ret of the prepared carbon foam. For the GCE 
modified with non-supported Co3O4 nanowires (dark yellow line), 
the impedance largely increased, suggesting the high electron 
transfer resistance of cobalt oxide. However, when Co3O4 105 

nanowires were supported on carbon foam (i.e. the prepared 
Co3O4-NWs/CF composites), the semicircle diameters decreased 
obviously. The EIS results clearly demonstrate that the carbon 
foam could largely enhance the electron transfer efficiency of the 
Co3O4-NW/CF hybrids. 110 

To investigate the selectivity of the Co3O4-NWs/CF sensing 
platforms for H2O2 detection, the amperometic responses of 
Co3O4-NWs/CF-1 to H2O2 and other analytes, including glucose, 
ascorbic acid (AA), dopamine (DA) uric acid (UA), cysteine and 
NaCl, were studied. In the experiments, the concentration of 115 

H2O2 added into the detection system is 0.2 mM, while the 
concentration of each interfering species is 0.1 mM. As shown in 
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Fig. 6b, negligible current changes can be observed upon the 
addition of the interfering species. Such results indicate that the 
Co3O4-NWs/CF hybrids have great selectivity for H2O2 detection 
and have promising application as advanced H2O2 sensing 
materials. 5 

4. Conclusions 

In summary, a facile, environmentally friendly, and cost-efficient 
synthetic method was applied to the synthesis of Co3O4 
nanowires supported on three dimensional carbon foams (Co3O4-
NWs/CFs). With a hydrothermal reaction time of 1 h, a 10 

monolayer of uniform Co3O4 nanowires can be formed on the 3D 
carbon skeleton. The nanowires exhibit nanoporous structure with 
200 nm in diameter and around 4.7 m in length. The 
microporous carbon foam support and the nanoporous Co3O4 
nanowires with enhanced specific surface area and electronic 15 

conductivity are very beneficial for their application as 
electrochemical sensing materials. The electrochemical 
measurements showed that the Co3O4-NWs/CF hydrothermally 
treated at 180 °C for 1 h (Co3O4-NWs/CF-1) exhibited the highest 
electrocatalytic activity towards H2O2 reduction. With the Co3O4-20 

NWs/CF-1 as electrochemical sensing platform, hydrogen 
peroxide can be sensitively detected with good linear response 
(R2 = 0.9939), low detection limit (1.4 M) and a wide detection 
range (0.01-1.05 mM). However, the Co3O4-NWs/CFs with 
shorter (0.5 h) or longer (2 h) hydrothermal treatment time result 25 

in poorer sensing performance for H2O2 detection. The present 
study shows that Co3O4 nanowires in situ fabricated on 3D carbon 
support represent a type of novel electrochemical sensing 
platform for detection of H2O2. 
   30 
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