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Co304/Zn0 nanocomposites were prepared by an easy wet-chemistry route without any organic additive
or surfactant used. The nanocomposites were systematically characterized by X-ray powder diffraction,
scanning electron microscopy, (high-resolution) transmission electron microscopy, selected area elec-
tron diffraction, and energy-dispersive X-ray spectroscopy. The results show that ZnO is loaded on the
surface of Co304 nanoparticles with a compact and clean hetero-interface. The obtained nanocompos-
ites were tested for gas-sensing applications with ethanol and formaldehyde as model gases. It was

Iéﬁéwoms" revealed that the nanocomposites exhibit enhanced gas-sensing performance such as high stability and
C0504 high sensing response. The sensing responses to 100 ppm ethanol or formaldehyde (46 to ethanol and
p-n junction 20 to formaldehyde) are much higher than those of pristine Co304 nanoparticles (6.2 to ethanol and 4.4
Gas sensor to formaldehyde), commercial Co304 powder (1.6 to ethanol and 1.5 to formaldehyde), and pure ZnO

sample (7.5 to ethanol and 4.1 to formaldehyde). These results suggest that the integration of Co304 with
ZnO is a promising route to the development of effective sensing materials. The excellent gas-sensing
properties and the easily up-scalable preparation route make the prepared nanocomposites be promising

Nanocomposites

for real applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxide nanostructures as sensing materials have been
widely investigated because of their promising applications
in detecting various gaseous and volatile chemicals, such
as hydrazine, methanol, chloroform, dichloromethane, acetone,
ethanol, etc. [1-3]. The gas sensing behavior of metal oxide is usu-
ally measured based on the resistance change caused by tested
gases. p-Type metal oxide semiconductors often have lower sensing
responses than n-type metal oxide semiconductors [1,2]. However,
in some special cases of electrical circuits, a sensor based on a p-type
metal oxide semiconductor is required.

To improve the sensing response, one route involves the shape
and size control of sensing materials [1,2,4-6]. The shape and
size of sensing materials considerably influence their sensing per-
formance by the variation of the surface lattice plane caused by
different particle shapes, and/or by changing the surface area
caused by different particle sizes. To date, much effort has been
devoted to the investigation of the morphology- and/or size-
dependent sensing properties. Another method to improve sensing
response is the introduction of second species to form compos-
ites. Noble metal nanoparticles such as Pt, Pd, Au, and Ag are often
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chosen and loaded on the surface of metal oxides [7-10]. These
nanoparticles act as adsorption sites for analytes or as surface cat-
alyst for sensing. However, noble metals are expensive, and thus it
is desirable to develop economical second materials for improving
the sensing performances. It is well known that the combina-
tion of a p-type semiconductor (such as Co304) with an n-type
semiconducting oxide can form a p-n junction. The p-n junction
has recently garnered increasing attention because of its superior
performances in photocatalytic and optoelectronic applications,
and the superior performance of the p-n junction is attributed
to the enhanced separation of photogenerated electron/hole carri-
ers [11-16]. For gas-sensing applications, the effective integration
of p- and n-type semiconductors can also provide higher sensing
responses because of the formation of a deeper extended deple-
tion layer [17-22]. To date, some nanocomposites of p- and n-type
semiconductors such as CuO/Sn0O; [20],Cu0/Zn0[21],and NiO/ZnO
[22] have been prepared and investigated.

Spinel oxide Co304 is an important magnetic p-type semi-
conductor with an indirect band gap of 1.5eV, and has been
widely applied in lithium-ion batteries, gas sensing, heterogeneous
catalysis, electrochemical devices, and other various applications
[23-28]. To optimize the performance of Co304, a large amount
of research during the past few years has focused on morphology
and size control of Co304 [29-36]. Although great progress has
been made, the improved performance of the developed Co304
with novel morphologies is still unable to meet the demand of
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various practical applications. Recently, Na et al. [17] reported the
preparation of Co304-decorated ZnO nanowire networks through
a vapor phase route and found that they exhibited higher sensing
selectivity. Gasparotto et al. [37] also investigated the gas-sensing
properties of a multilayer Co304 and ZnO film. However, to the best
of our knowledge, no report exists regarding the decoration of ZnO
on Co304 for gas sensing.

In this study, an easy wet-chemistry route was developed for the
fabrication of Co304/Zn0 nanocomposites without the assistance
of any organic additive or surfactant. First, Co304 nanostructures
were prepared using Co,(OH),(C0O3)-22H,0 as a precursor. Then,
to obtain Co304/Zn0 nanocomposites, Co304 nanostructures were
dipped in aqueous solution of Zn(CH3COO),, followed by separa-
tion and calcination. During calcination, the adsorbed Zn(CH3COO),
on the surface of the Co304 nanostructures is pyrolyzed into ZnO
nanoparticles. Finally, the obtained Co304/Zn0O nanocomposite was
then fabricated into gas sensors, and the sensing performance was
systemically investigated and compared with those of pure Co304
nanostructure and commercial Co304 powder. It was found that
the Co304/Zn0O nanocomposite showed a much higher sensing
response than pure Co304 nanostructure, commercial Co304 pow-
der, and pure ZnO sample.

2. Experimental details
2.1. Preparation of Co304 nanostructures

All reagents are of analytical grade, and were used as received.
In a typical procedure, 2.5 g of Co(CH3COO0),-4H,0 was dissolved
in 30mL of ethylene glycol to form a solution. The solution was
heated in an oil bath at 160 °C (the solution’s temperature is roughly
140°C). 100 mL of Na,;C0O3 aqueous solution (0.2 mol/L) was then
added to the solution. The obtained mixture was aged under stirring
for about 30 min. The generated solid precursor (cobalt carbon-
ate hydroxide) was then separated by centrifugation, thoroughly
washed with ethanol and deionized water (five cycles), and dried
in a vacuum. To obtain Co30,4 nanostructures, the as-synthesized
precursor was heated at 450 °C in air for 4 h, and then cooled down
naturally to room temperature.

2.2. Preparation of Co304/Zn0 nanocomposites

50 mg of the as-prepared Co304 sample was first dispersed in
10 mL of Zn(CH3COO);, aqueous solution (1 mol/L) through sonica-
tion. The resulting slurry was placed overnight. The solid was then
separated by centrifugation, washed once with water, and dried in
a vacuum. The dried product was then calcined at 500°C in air for
0.5 h to form Co304/Zn0O nanocomposites.

2.3. Characterizations

The phase structure of the as-obtained materials were exam-
ined using an X-ray powder diffractometer (XRD, CuK,, radiation,
Shimadzu; A =1.5406 A). The morphologies and dimensions of the
samples were investigated using a Hitachi S-4800 field emission
scanning electron microscope (SEM), and a JEOL-2100 high-
resolution (HR-) transmission electron microscope (TEM), which
was also used for the selected area electron diffraction (SAED)
analysis (accelerating voltage of 200 kV). Energy-dispersive X-ray
spectroscopy (EDS) data were also obtained on the JEOL-2100 TEM
system. The gas-sensing test was performed on a commercial HW-
30 gas-sensing measurement system (HanWei Electronics Co., Ltd.,
Henan, China) at arelative humidity of 20%-35%. The structure, fab-
rication, and testing principle of our gas-sensors are similar to our
previously reported ZnO-based sensor [7,38]. The sensing response
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Fig. 1. XRD patterns of the as-prepared (a) Coy(OH),(CO3)-22H,0, (b) Co304
obtained after thermal treatment, (c) Co3 O4/Zn0 nanocomposites. The standard data
of cubic Co304 (JCPDS No: 42-1467) is also shown for comparison.

(S) was determined as the ratio Rg/Ra, where R, is the resistance in
ambient air, and Ry is the resistance in the tested gas atmosphere.

3. Results and discussion
3.1. Co304 nanostructures

The phase structure of the as-synthesized precursor sam-
ple was first examined by XRD. The XRD pattern is shown in
Fig. 1a. All the observed diffraction peaks can be indexed to ortho-
rhombic Co,(OH),(C03)-22H,0 (JCPDS No.: 48-0083). The peaks
at 260=33.4, 39.2, 47.0 and 59.2° originate respectively from the
(221), (231), (340) and (412) crystal planes of orthorhombic
Coy(0OH),(C03)-22H;0. Fig. 1b shows that the Co304 (face-centered
cubic, JCPDS No: 42-1467) is produced after thermal treatment of
the as-obtained Co,(OH),(C03)-22H,0 at 450 °C for 4 h. The peaks
can be attributed tothe (111),(220),(311),(400),(422),(511),
and (440) crystal planes of cubic phase Co304. No other peaks
apart from those of Co304 were detected, thus verifying the com-
plete conversion of cobalt carbonate hydroxide to Co304. The wide
diffraction peaks suggest the small size of the obtained Co304. The
XRD pattern of Co304/Zn0O nanocomposite does not show obvious
ZnO diffraction peaks, probably owing to the small content of ZnO
in the nanocomposites (Fig. 1c).

The size and morphology of the precursor product were then
examined by TEM and HR-TEM. As shown in Fig. 2a and b,
the TEM images of Co,(OH),(C03)-22H,0 show one-dimensional
nanostructures with lengths of 50nm to 120nm and diameters
of approximately 8 nm. It seems that the one-dimensional nano-
structures are formed by the curling of nanosheets. The HR-TEM
observation shows the weak crystalline nature of one-dimensional
nanostructures, which agrees with the XRD result. Fig. 2b exhibits
the HR-TEM image of one Co,(OH),(C0O3)-22H,0 nanostructure.
The corresponding fast Fourier transform (FFT) analysis of the
noted area (inset of Fig 2b) yields a weak dot pattern from
which the enhanced image is fabricated (inset of Fig 2b). The
enhanced fringes can be indexed into the (04 0) and (22 1) crystal
planes of Co;(OH),(C03)-22H,0. The formation of one-dimensional
Co,(0H),(C0O3)-22H,0 nanostructure is possibly related to its
layered crystal structure, which enables the easy formation of
sheet-like nanostructures. The sheet-like nanostructures would
curl to minimize their surface energy, and thus one-dimensional
nanostructures are produced.

For the synthesis of Co304 nanostructures, the as-synthesized
Co,(0H),(C03)-22H,0 products were heated at 450°C in air for
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Fig. 2. (a) TEM image of as-synthesized Co,(OH),(CO3)-22H,0 precursor showing rod-like structural features. (b) HR-TEM image of a rod-like structure. Insets denote the
corresponding FFT analysis of the noted area and the sharpened fringes showing the (04 0) and (2 2 1) crystal planes of Co,(OH),(CO3)-22H,0.

4h. Fig. 3a shows the field emission (FE) SEM image of the syn-
thesized Co304 nanostructures. The product comprises strings
of Co304 nanoparticles with lengths of 20-50 nm and diameters
of ca. 8nm. The morphology and diameter of the Co304 nano-
structures are somewhat inherited from the Co,(OH),(C03)-22H,0
precursor, whereas the length is much smaller than that of the
precursor. The TEM image (Fig. 3b) further confirms that the
Co30,4 one-dimensional nanostructures are actually the strings
of Co304 nanoparticles. During calcination, the one-dimensional
Co,(0OH),(C03)-22H,0 precursor was decomposed into strings of
Co304 nanoparticles, probably due to the release of water and car-
bon dioxide in the decomposition process, which could cause the
nanorods to crack into the strings of nanoparticles. The SAED pat-
tern (inset of Fig. 3b) recorded on many Co304 nanostructures
shows bright diffraction rings, which can be easily attributed to
the (111),(220),(311), and (400) lattice planes of cubic Co304.
The sharp rings of the SAED pattern suggest high crystallinity of the
Co304 product. Fig. 3c shows the HR-TEM image of the Co304 nano-
structures. The easily observed lattice fringe spacings of 0.47 nm
and 0.29 nm are attributed to the d(; 1 1) and d( ;g of cubic Co304.

3.2. Co304/Zn0 nanocomposites

To prepare Co304/ZnO nanocomposites, we dispersed the
obtained strings of Co304 nanoparticles in an aqueous solution
of Zn(CH3CO0O0),, followed by separation, drying, and calcination.
After calcination, the Zn(CH3COO), adsorbed on the surface of
Co30,4 is decomposed into ZnO, thus forming Co304/Zn0 nanocom-
posites. As shown in Fig. 4a, the obtained composites exhibit a
particle-like shape, suggesting that the attachment of ZnO nanopar-
ticles on the strings of Co304 nanoparticles decreases the length
to diameter ratio of the resulting nanostructures. In addition, the
strong sonication during the dispersion of Co304 nanostrings in

the Zn(CH3COO0); aqueous solution would also break the strings
into nanoparticles. The TEM image (Fig. 4b) shows the same result
as the SEM; however, differentiating Co304 and ZnO in the com-
posites from the TEM image is difficult since Co304 and ZnO have
almost the same electron density and contrast. The HR-TEM anal-
ysis of lattice fringe spacing enables the identification of the ZnO
and Co304 phases. As shown in Fig. 4c, the hetero-interface of ZnO
and Co30y4 is clearly observed, and the lattice fringe spacings of
0.47 nmand 0.26 nm originate from d 1 1) of cubic Co304 and d(g )
of hexagonal ZnO, respectively. A pictorial model showing the com-
posite nanostructures is demonstrated in Fig 4d. Considering the
nano-level integration of a p-type (Co304) and an n-type semicon-
ductor (Zn0O), the obtained Co304/Zn0 nanocomposites would have
enhanced sensing properties.

The elemental composition of the Co304/ZnO nanocomposites
is further determined by the EDS. The pristine Co304 sample shows
the peaks from carbon, copper, cobalt, oxygen, and silicon elements
(Fig. 5), in which carbon, copper, and silicon are from the back-
ground including the carbon-coated copper grid, which supports
the sample. For the Co304/Zn0O nanocomposite, the EDS pattern
shows the existence of zinc apart from the above elements, sug-
gesting the presence of ZnO composition in the composites. The
semi-quantitative analysis of the nanocomposite by EDS shows the
atomic ratio of Zn/Co=1.0:7.9.

3.3. Gas-sensing properties

The gas-sensing properties of the as-prepared Co304 nanos-
trings and Co304/Zn0O nanocomposites were investigated with
formaldehyde and ethanol as model gases. For comparison, gas sen-
sor based on commercial Co304 powder was also fabricated and
tested.

’\\0.2911111
(220)

Fig. 3. (a) FE-SEM, (b) TEM, and (c) HR-TEM images of the as-synthesized Co304 one-dimensional nanostructures. The inset of (b) shows the SAED pattern recorded on Co304

nanostructures.
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Fig. 4. (a) FE-SEM, (b) TEM, and (c) HR-TEM images of the as-synthesized Co304/Zn0 nanocomposites. (d) Schematic model of the nanocomposite.

The sensing properties are highly dependent on oper-
ating temperature because of the temperature-dependent
adsorption-desorption property of gas on sensing materials
[39,40]. Therefore, we first investigated the influence of operating
temperature on sensing response, which is defined as the ratio
of Rg/Ra, where R, is the resistance in ambient air, and Rg is the
resistance in the tested gas atmosphere. To determine the opti-
mum operating temperature, the response of Co304 nanostring
gas sensor to 100 ppm of formaldehyde was tested as a function
of operating temperature between 100 and 250°C. This result
indicates that the sensing response varies with the operating tem-
peratures and a peak appears at approximately 180°C. Similarly,
the optimum operating temperature of 170°C is obtained for the
sensor to ethanol.

The real-time responses of the three sensors based on commer-
cial Co304, Co304 nanostrings, and Co304/Zn0O nanocomposites
upon exposure to formaldehyde at 180 °C using air as the reference
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Fig. 5. EDS results of (a) the as-synthesized Co304 and (b) the Co304/Zn0O nanocom-
posites.

gas is shown in Fig. 6a. Unlike that of n-type semiconductors, the
resistance of our prepared sensors increases upon exposure to
reducing gases [1,2], suggesting a p-type semiconductor feature.
This agrees well with the finding that Co304 is a typical p-type
semiconductor [41]. The sensor resistance recovers almost to
the initial value when the test chamber was refreshed with air.
Although ZnO is a typical n-type semiconductor, the integration
of ZnO with Co304 does not change the variation trend of the
sensor’s resistance when exposed to reducing gas. The response
magnitude of the sensors improves dramatically with increas-
ing concentrations of test gases. The response is highest with
C0304/Zn0O nanocomposite, followed by Co304 nanostrings and
commercial Co30g4. This result reveals that Co304/Zn0O nanocom-
posites have the best sensing performance. The response of
Co304/Zn0 nanocomposite sensor to 100 ppm of formaldehyde is
20. This value is four times the response obtained with the Co304
nanostring (4.4), and is much higher than that obtained with
commercial Co304 powder (1.5). The obtained sensing response is
also higher than that of our pure ZnO sample (4.1) [7], suggesting
that the integration of Co304 and ZnO can effectively improve
their gas sensing performance. The sensing responses of the three
sensors as a function of formaldehyde concentration from 10 ppm
to 200 ppm are shown in Fig. 6b. It can be seen that the responses
of all the sensors follow an almost linear increase with increasing
formaldehyde concentration in the range of 10-200 ppm.

The response characteristic curves of the three sensors to
ethanol were also tested at the optimum operating temperature
of 170°C (Fig. 6¢). Similarly, the Co304/Zn0O nanocomposite sen-
sor exhibits the highest response to ethanol. The response of
C0304/Zn0O nanocomposite sensor to 100 ppm of ethanol is 46,
whereas those of Co304 nanostrings and commercial Co304 powder
are 6.2 and 1.6, respectively. This response value (46) of Co304/Zn0O
nanocomposite sensor is also higher than the sensing response (7.5)
obtained with pure ZnO sample [7]. The responses also exhibit
a nearly linear increase with increasing ethanol concentration.
But it seems that the Co304/Zn0O nanocomposite sensor gradually
becomes saturated saturation when the ethanol concentration is
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Fig. 6. Dynamic response-recovery curves of the three sensors based on commercial Co304, Co304 nanostrings, and Co304/Zn0O nanocomposites to (a) formaldehyde and
(c) ethanol. (b) and (d) show the gas concentration-dependent responses toward formaldehyde and ethanol, respectively. In the marked zone of (a), the response-recovery
curves of another two gas sensors fabricated from Co3;04/Zn0O nanocomposites to 100 ppm and 200 ppm of formaldehyde are denoted by dashed lines.

bigger than 100 ppm. It is believed that there is an optimum ratio
of the two compositions for the best sensing properties [19]. In our
case, the sensing properties are not fully optimized from the ratio
of Zn to Co. It is believed that higher response would be obtained
by tune it. The study on this issue is underway in our lab.

Furthermore, the almost complete recovery of baseline con-
ductance values for the two tested analytes at the end of each
pulse indicates a reversible interaction between sensing materi-
als and target analytes. This is a key issue in view of eventual
technology applications. The response characteristic curves display
a noisy/unstable response when exposed to tested gases, espe-
cially at higher concentrations. As shown in the marked area of
Fig. 6a, repeated tests from another two sensors fabricated with
the same Co304/Zn0O nanocomposites also yield similar results. In
the sensors, bad electrical contacts would exist between parts of
nanoparticles (Co304 and ZnO). These bad electrical contacts may
cause electrical noises and induce noisy/unstable responses.

The sensing mechanism of an oxide is explained by ion-sorption.
lon-sorption is defined as the chemisorption of oxygen molecules
on a sensing material’s surface, resulting in negatively charged
oxygen species. In our case, the main sensing material is Co304.
Initially, the surface of Co304 in air is saturated with negatively
charged oxygen species. When the testing system is exposed to
analytes (such as ethanol), the oxygen species on Co304 promote
the oxidation of test gas molecules to CO, and H,0 and the release
of electrons, which induce changes in conductance. When ZnO is
integrated with Co304 to form nanocomposites, p-n heterojunc-
tions are formed at the interface between ZnO and Co304. At the
p-n heterojunctions, oxygen-deficient ZnO shows n-type conduc-
tivity with electrons, whereas oxygen-excess Co304 shows p-type
conductivity by holes. Some reports have shown that an effective
p-n junction can enhance sensing properties [17,23-25,42]. The
heterojunction region of Co304/Zn0 is believed to easily attract

reductive and oxidative gases (O, ), thus forming a deeper electron-
depletion layer and causing a much higher sensing response than
pristine oxides.

4. Conclusion

Co304/Zn0 nanocomposites were synthesized by a simple and
effective route without the use of any organic additive or surfactant.
Extensive characterization by SEM, HR-TEM, EDS, and SAED shows
intimate contact between the two oxides. The proposed method can
be easily scaled-up for various applications. Preliminary tests with
ethanol and formaldehyde as model analytes verify the improved
sensing performance of Co304/Zn0 nanocomposites, which can be
attributed to the p-n junction effect of ZnO and Co304. The results
demonstrate a promising approach to the development and real-
ization of a low-cost and high-performance gas sensor based on a
p-type semiconductor.
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