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Three-dimensional (3D) hierarchical Co3 O4 microcrystal with radial dendritic morphologies
was prepared through hydrothermal reactions followed by subsequent annealing treatment.
Structural and morphological characterizations were performed by X-ray diffraction, scanning electron microscopy and transmission electron microscopy. The gas sensing properties
of the as-obtained microcrystal were investigated at 110 ◦ C, which revealed that the 3D
hierarchical porous Co3 O4 microcrystal exhibited high sensitivity to ammonia, as well as
a short response time of 10 s. The response characteristic indicates that the sensor has a
good stability and reversibility. Detections of toxic and flammable gases, such as ethanol,
acetone and benzene were also carried out at a relative low temperature. The results indicate
that such hierarchical Co3 O4 microcrystal would be a potential material in the field of gas
sensing.
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nanorods, hollow sphere, nanoboxes, and porous structure [8−13]. It is also reported dendrite-like nanostructure made up of nanorods has been successfully prepared [14]. However, to our best knowledge, the synthesis of hierarchical dendritic Co3 O4 has not been reported, even the investigation of its gas sensing properties.
Moreover, despite the achievements in the research of
Co3 O4 -based gas sensor, study of its response to ammonia is still at early stage. Ammonia is a penetrating and
corrosive gas, which is harmful to health after an exposure to high concentration of ammonia. Measuring the
concentration of ammonia is needed in environmental
gas analysis, automotive industry, chemistry industry,
and medical applications [15].
In this work, 3D hierarchical radial Co3 O4 microcrystal with dendrite as the assembled unit has been
prepared through hydrothermal reaction and subsequent heat treatment. The structure and morphology
of the prepared Co3 O4 microcrystal were characterized
by means of X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Moreover, a comprehensive study of
its gas sensing properties was carried out with ammonia,
ethanol, acetone, and benzene at a relative low temperature.

I. INTRODUCTION

Cobalt oxide (Co3 O4 ), a promising functional p-type
semiconductor, has been greatly investigated for its applications in the fields of heterogeneous catalysts, anode
materials in Li ion rechargeable batteries, electrochemical devices, field-emission materials, and so forth [1−3].
It is also a promising material for the preparation of
solid-state gas sensor, due to the catalysis property of
Co3 O4 , which is helpful to promote the sensitivity and
improve the stability of the device. As is well known,
the working mechanism of a solid-state metal oxide gas
sensor is based on the conductivity change with the
surrounding gas atmosphere. Typically, a depletion or
accumulation layer would form at the surface of n- or
p-type semiconductor as a result of the oxygen adsorption. When the atmosphere is switched to reducing gas,
thinning of the layer would be brought up by surface
reaction, which would result in the variation of the conductivity [4, 5]. Such process depends on the activity of
the metal oxide, which can be controlled by the grain
size and morphology [6]. Therefore, controllable fabrication of the metal oxide attracts great attention for
gas sensor applications.
In the past years, much effort has been made in the
research of Co3 O4 -based gas sensor. For better performance in applications [7], Co3 O4 with various shapes
have been synthesized, such as nanocubes, nanowires,

II. EXPERIMENTS

The synthesis of 3D hierarchical Co3 O4 microcrystal was based on our previous report on the synthesis of
cobalt dendrites [16], which was used as the precursor of
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FIG. 1 The scheme of the experimental setup.

Co3 O4 . In a typical procedure, CoCl2 ·6H2 O (2 mmol)
and NaOH (3 mmol) were first dissolved in distilled
water (30 mL) under magnetic stirring. Then ethylenediamine (1.0 mL) and hydrazine (1.0 mL) were added
into the mixed solution drop by drop, followed by continual stirring for 15 min. The mixed solution was then
transferred to a 50 mL Teflon-lined autoclave, which
was kept at 200 ◦ C for 4 h, and then cooled to room
temperature naturally. After thorough wash and dry,
the hierarchical dendritic cobalt microcrystal was obtained. Then it was annealed in ambient air at 500 ◦ C
(heating rate of 4 ◦ C/min) for 1 h to get crystalline
Co3 O4 particles with the morphology unchanged.
The microstructure and morphology were characterized by XRD, SEM and TEM. The BET surface areas
and the pore size distributions were characterized by
measuring adsorption-desorption isotherms of nitrogen
gas with a Micromeritics ASAP 2020 M+C.
Gas-sensing measurements were carried out in a
homemade experimental setup (Fig.1) at working temperature of 110 ◦ C with a constant flow rate of 500 sccm
(standard cubic centimeter per minute). The asprepared Co3 O4 microcrystal was directly coated on
the outer surface of an alumina tube-like substrate on
which a pair of Au electrodes had been printed previously, followed by drying at 60 ◦ C for about 2 h and
subsequent annealing at 400 ◦ C for about 3 h. Finally,
a small Ni-Cr alloy coil was inserted into the tube as a
heater, which provided the working temperature of the
gas sensor. A stationary state gas distribution method
was used for testing gas response in dry air. In the
measurement of electric circuit for gas sensors, a load
resistor was connected in series with a gas sensor. The
circuit voltage was set at 5 V, and the output voltage
(Vout ) was the terminal voltage of the load resistor. The
resistance of a sensor in air or test gas was measured
by monitoring Vout . The test was operated in a measuring system of ART-2000A (Art Beijing Science and
Technology Development Co., Ltd., China).
III. RESULTS AND DISCUSSION

The XRD of the as-obtained sample is shown in Fig.2.
All the diffraction peaks can be well indexed to Co3 O4
DOI:10.1063/1674-0068/27/01/99-102

FIG. 2 XRD of the as-obtained sample. The standard
JCPDS card of Co3 O4 with cubic spinel structure is also
given.

FIG. 3 (a) SEM image of the as-prepared Co3 O4 microcrystal, (b) SEM image of a single dendrite, (c) high magnification SEM image of the surface of the dendrite, (d) TEM
image of a single dendrite structure, (e) lattice fringes image
of the part labeled by the rectangle in (d).

with the cubic spinel structure. The narrow full-width
at half-maximum (FMWH) of the diffraction peaks indicates the perfect crystallize character of the Co3 O4
powder. The crystallite size is estimated to be 37.7 nm
from the full-width at half-maximum of the (311) peak
using the Scherrer equation. Lattice parameter is calculated to be 8.082 Å using the d-spacing value and the
corresponding (hkl) index, which is very close to that
of the bulk Co3 O4 (8.084 Å).
The size and morphology of the as-prepared product
were characterized by SEM, as shown in Fig.3. Due
to the big size, Figure 3(a) only shows a single radial
microcrystal composed of many dendrites, all of which
radiate from the center with length about 10 µm and
width about 7 µm. For the reason of annealing, many
pores were produced on both the main branch and the
secondary branches of the dendrite. A higher resoluc
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FIG. 5 Nitrogen adsorption-desorption isotherms of the
Co3 O4 microcrystal at 77 K.

FIG. 4 (a) Response (Rg /Ra ) of the Co3 O4 hierarchical
nanostructure with the increasing gas flow. (b) Response
time (open square) and recovery time (solid square) toward
NH3 of the sensor based on the Co3 O4 hierarchical nanostructure.

tion SEM image of a rectangular area reveals that the
surface is composed of many pores with size averaged
to be 100 nm and crystallites with size averaged to be
80 nm. The big difference between the crystallite size
and the microcrystal size suggests that the Co3 O4 microcrystal is polycrystalline. In order to further investigate the microstructure, HRTEM characterization was
performed on a part of single dendrite. The lattice spacing is about 0.29 nm, consistent with the (220) crystal
planes of Co3 O4 . The perfect fringes are supposed to
be an evidence for the good crystalline quality of the
Co3 O4 microcrystal.
Co3 O4 is an important functional p-type semiconductor that can be used in chemical gas sensors. Since the
structure and morphology of materials play an important role in the gas sensors properties [17], it is expected
that such polycrystalline Co3 O4 would have good performance in gas detection. Based on the as-prepared
Co3 O4 , we fabricated a solid-state gas sensor and investigated its response and recovery behaviors. In the
typical measurement, the Co3 O4 sensor was exposed to
the target gas at 110 ◦ C. The response of the sensor is
defined as the ratio of the sensor’s resistance in target
gases (Rg ) to that in dry synthetic air (Ra ). The response time and the recovery time are defined as the
time taken to reach 90% of the final equilibrium value.
It is found that the sensor takes characteristic of a pDOI:10.1063/1674-0068/27/01/99-102

type semiconductor. From the real-time responses toward ammonia, the resistance increases rapidly as the
target gases are injected and returns to the initial state
when the detected gases are released by dry air flow, as
marked in Fig.4(a). The response characteristics sensitively depend on the ammonia concentration and gradually reach saturation with the increasing ammonia concentration.
The response values are about 1.33, 1.63, 1.68, and
1.78 to 100, 200, 300, and 500 ppm ammonia. The
unique morphology of the microcrystal composed of
pores and small crystallites is supposed to be favorable
to the efficient charge depletion in such small grains
upon interaction with oxygen and thus explains the
large response when exposed to ammonia. More importantly, the baseline is fixed even after several detection circles, which demonstrates a good stability and
reversibility. It is supposed that the low temperature
(110 ◦ C) required for the operation can inhibit the reaction of grain growth, thus benefits the stability of the
material.
In addition to the sensitivity, response time is another important parameter of gas sensor. Figure 4(b)
displays the calculated response time and recovery time
of the radial Co3 O4 gas sensors at 110 ◦ C based on
Fig.4(a). Specifically, the response time to ammonia
is about 10 s, and the recovery time is no more than
2 min. The improved response performance of the radial Co3 O4 may be attributed to its unique morphology.
The surface areas of the products will be enhanced with
the increase of the number of folds and cribriform dendrites on the surfaces of the products, which can decrease the time of the gas adsorption and diffusion to
the sensing surface via such porous hierarchical structure [18].
Figure 5 shows the nitrogen adsorption-desorption
isotherms of Co3 O4 microcrystals at 77 K and the BET
surface area is calculated to be 1.22 m2 /g. Although it
is much smaller than the reported value in Ref.[19], it
is good enough for the response time. A longer recovery time than response time requires further and more
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FIG. 6 Gas responses of the Co3 O4 hierarchical nanostructure to ammonia, ethanol, acetone and benzene at 110 ◦ C.

detailed study. However, we give a tentative explanation here. The response process involves in-diffusion of
target gas and oxidation reaction, while the recovery
process involves the counter-diffusion of oxidized product, the in-diffusion of oxygen gas to the surface, as well
as the adsorption, dissociation and ionization of oxygen. Since the operation temperature is relative low, the
formation of oxygen ionization should be slowed down.
Meanwhile, considering the fact that cobalt oxides are
commonly used as a catalytic activator in oxidation reaction, the oxidation of the reducing gas could remain
to be effective and keep a relative high response speed,
all of which should be responsible for the relatively long
recovery time. For further understanding, the gas sensor was also tested toward 100 ppm ethanol, acetone
and benzene at 110 ◦ C. The responses of the sensors are
1.31, 2.36, 3.28 and 4.31 to ammonia, ethanol, acetone
and benzene respectively, which are all acceptable for
individual gas detection without interfering gas (Fig.6).

IV. CONCLUSION

In summary, 3D hierarchical radial Co3 O4 microcrystal with a size about 24 µm has been successfully
fabricated by a sequential process of hydrothermal
reaction and heat treatment. The 3D Co3 O4 microcrystal is composed of dozens of cobalt oxide dendrites
radiating from the center and exhibits good sensing
performance to ammonia detection, such as quick
response, good sensitivity, stability and reversibility,
which are supposed to result from its unique morphology and porous structure. The operation temperature
(110 ◦ C) is much lower than the usual operation
temperature (500−800 K) of metal oxide gas sensor.
Thus such gas sensor would consume less energy and is
more proper for applications.
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