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Nano sized semiconductor oxide type gas sensor has been widely studied due to its high sensitivity.
Therein, one-dimensional nanostructures have attracted a lot of interests. In this work, nanofiber and
nanotube of one-dimensional nano sized cobalt–indium combined oxide were fabricated by single nozzle
electrospinning. The ethanol gas sensing properties of Co–In oxide nanofiber and nanotube were
investigated. The morphologies were observed by scanning electron microscopy (SEM). The elementary
composition was characterized by powder X-ray diffraction (XRD), and energy-dispersive X-ray
spectrometry (EDS). The BET surface area of the nanotube can be calculated to be 22 m2/g, which is larger
than 18 m2/g of nanofiber. The results reveal that one-dimensional nanotubes have larger sensitivity to
ethanol than that of one-dimensional nanofibers. Besides, the comparison of their response and recovery
curves was tested. The selectivity was also investigated. Both nanofibers and nanotubes show a fast
response and excellent selectivity.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

With the progress of technology and the development of indus-
try, the demand for environmental monitoring is more and more
urgent. Hence, semiconductor oxide based gas sensors has been
attracting the increasing attentions for the advantages of low cost,
easy fabrication, high sensitivity and convenience [1,2]. Structure
of the semiconductor oxides has an important effect upon the
gas sensing properties. Recent years, many successful one-
dimensional nanostructures of WO3, Fe2O3, ZnO, SnO2 and In2O3

have been fabricated and demonstrated good gas sensitivities [3–7].
Semiconductor oxides obtained from electrospinning benefit

from large specific surface areas and fast transmission of charge
carrier by the one-dimensional nanostructure [8,9]. Several years
earlier, lots of works about electrospinning technique had been
reported and demonstrated that electrospinning is an effective
and convenient method to synthesize one-dimensional material
[10,11]. In recent years, lots of works focused on synthesis of com-
bined semiconductor oxides by electrospinning, which often con-
tain two kinds of different metal cation [12–14]. Electrospinning
technique is difficult to explore new morphologies compared with
some other traditional methods such as hydrothermal method. To
the majority of single nozzle electrospinning, the final synthetic
products are nanowires, nanotube, string of beads or some other
special morphologies, which are often prepared by changing the
ratio of the precursor solution and the annealing process [15,16].
However, string of beads nanostructure is usually judged as a flaw.
Under the same fiber diameter, string of beads nanostructure pos-
sesses smaller specific surface areas than those of nanofiber, which
probably has a negative effect for gas sensing sensitivity. From the
previous research achievements of single nozzle electrospinning,
the hollow structure of nanotubes fabricated by single nozzle elec-
trospinning are usually has a relative larger diameter than that of
nanofiber [11,17–19]. However, their gas sensing properties are
seldom investigated together.

The gas sensing properties were significantly improved for por-
ous, hollow, hierarchical and interconnected nanostructures, espe-
cially for hollow nanostructures semiconductors [20–22]. With this
aim, eletrospinning technique is employed to synthesize the
cobalt–indium combined oxide nanofiber and nanotubes via
the same precursor solution. The obtained two kinds of one-
dimensional nanostructure are compared in terms of their struc-
tures, specific surface areas and their gas sensing properties.
Hollow structure really has a positive effect on gas sensitivity.
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2. Experimental

2.1. Chemical reagents and preparation of the sensing materials

Ethanol (P99.5%), N,N-dimethylformamide (DMF, P99.9%), indium nitrate
hydrate (P99.99%) and cobalt nitrate hexahydrate (P99.99%) were purchased from
Aladdin (China). Polyvinyl pyrrolidone (PVP, Mw = 1,300,000) was purchased from
Sigma–Aldrich (U.S.A.).

Cobalt–indium combined oxide of nanofibers and nanotubes were synthesized
as follows. In(NO3)3 (0.42 g) and Co(NO3)2�6H2O (0.004 g) were mixed with 4 g of
DMF and 4 g of absolute ethanol under magnetic stirring for 30 min. Meanwhile,
4 g of absolute ethanol and 1 g of PVP were mixed with a separate container under
magnetic stirring. The above solutions were then mixed and stirred vigorously for
10 h to obtain the precursor solution. In a typical electrospinning process, the
precursor solution was injected by a syringe and an aluminum foil as the collector.
The distance between the syringe (anode) and the collector (cathode) was 20 cm
and the voltage was supplied with 15 kV. Then the composite fibers in the form
of non-woven mats were collected and annealed at 500 �C for 2 h at the heating rate
of 2 �C/min and 10 �C/min, respectively.
2.2. Characterizations

The morphologies of the products were recorded by scanning electron micros-
copy (SEM) using a FEI XL30ESEM instrument. Powder X-ray diffraction (XRD)
patterns were obtained on a SHIMADZU XRD-6000 with Cu Ka1 radiation
(k = 0.15406 nm). Energy-dispersive X-ray spectrometry (EDS) patterns were
obtained on an FEI XL30ESEM–FEG system. Nitrogen adsorption was operated on
a Micromeritics ASAP 2420 apparatus.
2.3. Sensor fabrication and gas sensor measurement

The detailed process of sensor fabrication based on the products has been
described in our previous work [23]. Briefly, the sensing paste containing Co–In
combined oxides and deionized water (weight ratio is 4:1) was coated onto the
ceramic tube with a pair of gold electrodes was previously printed. A Ni–Cr heating
wire was inserted into the ceramic tube to provide operating temperature.

The gas sensing properties of the cobalt–indium combined oxide were mea-
sured using a CGS-8 gas sensing analysis system (Beijing Elite Tech Co., China).
The sensitivity of sensors was measured in a sealed test chamber. In order to test
different concentration target gases, target gases were diluted with air at different
ratios. The sensor response is defined as Ra/Rg, where Ra is the resistance in pure air
and Rg is the resistance in the target gas. The response and recovery times are
defined as the time taken by the sensor to reach 90% of the total resistance variation
for adsorption and desorption, respectively [24]. The experiments was operated at
25 �C and the relative humidity was about 40%.
Fig. 1. SEM images of cobalt–indium combined ox
3. Results and discussion

3.1. Structural and morphological characteristics

The morphologies of products after annealing are shown in
Fig. 1. Fig. 1a and b shows the products annealed at the heating rate
of 2 �C/min. Fig. 1c and d show the products annealed at the heat-
ing rate of 10 �C/min, respectively. As shown in Fig. 1a and b, the
cobalt–indium combined oxide nanofibers are irregularly distrib-
uted. The diameter of nanofibers are substantially uniform, which
is about 50–90 nm. In Fig. 1b, it is clear to observe that the surface
of nanofiber is smooth. Fig. 1c and d shows the morphologies of
cobalt–indium combined oxide nanotubes in low and high magni-
fication, respectively. The distribution of nanotubes is also random.
Compare with nanofibers, nanotubes present a lager diameter of
about 150–200 nm and the surface of nanotubes are full of
wrinkles. There are also some nanopores present on the nanotube
surface, which may benefit to gas sensing properties.

The powder X-ray diffraction (XRD) patterns were recorded and
presented in Fig. 2. All of the prominent diffraction peaks of both
samples are agree with cubic structure of single-crystal In2O3

(JCPDS 71-2195), without any impure peak, indicating that both
of the products are of high purity. The contents of Co are so low
that cannot be found in XRD patterns.

In order to confirm the presence of Co, which cannot be found in
XRD patterns, EDS patterns of cobaltindium combined oxide are
presented in Fig. 3. These patterns confirmed that elements of In,
Co, C and O were present in products. The products were capped
with Au before EDX characteristics and there is evidence of Au in
Fig. 3. The element of C probably came from the substrate and
the incomplete calcination of PVP.

To analyze the pore size distribution of nanotube and compare
two kinds of products specific surface area, nitrogen adsorption
and desorption dynamic curves and pore size distribution curve
were recorded and the results are shown in Fig. 4. Patterns of nano-
fiber and nanotube are shown in Fig. 4a and b, respectively. The
BET surface areas of nanofiber and nanotube are 18 and 22 m2/g,
respectively. The pore size distribution curve of nanotube is
ide: (a and b) nanofiber; (c and d) nanotube.



Fig. 2. XRD patterns of nanofiber and nanotube, respectively.

Fig. 4. N2 adsorption–desorption isotherm of (a) nanofiber and (b) nanotube; pore
size distribution plots (inset into (b) of nanotube.
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inserted into Fig. 4b. The pore size distribution dynamic curve fluc-
tuated heavily at low pore diameter, which may be attributed to
the nanopore irregularly distribute on the surface of nanotube.
These results reveal that nanotube may exhibit high gas sensing
properties [25,26].

3.2. Gas-sensing properties

Many researchers have revealed that semiconductor oxide
mixed with some metal cations can enhance the gas sensing
properties. For example, An et al. obtained Au–In2O3 nanotube by
template method and investigated their ethanol sensitivity [27].
Zhang et al. also demonstrated that ZnO–In2O3 nanofiber exhibit
an outstanding ethanol sensing property [28]. In this work, we pre-
pared cobalt–indium combined oxide nanofiber and nanotube and
their ethanol gas sensing properties were investigated.

The relationships between the temperature and response of two
gas sensors to 100 ppm ethanol are presented in Fig. 5. The two
tendencies of responses are both increase with increasing temper-
ature and reach their maximum at 260 �C, and then decrease
rapidly with increasing temperature. The sensor based on cobalt–
indium combined oxide nanofiber shows a relatively low response
Fig. 3. EDS patterns of nanofiber
at the temperature of 230–280 �C, and the maximum is 41.5 at
260 �C. The sensor based on cobalt–indium combined oxide
nanotubes exhibit the larger response of 93.1 at 260 �C. 260 �C
was chosen as the working temperature for the further experi-
ments. This phenomenon can be ascribed to the balance of oxygen
and nanotube, respectively.



Fig. 5. Responses of sensors based on nanofiber and nanotube to 100 ppm ethanol
at different temperature, respectively.

Fig. 7. The response of nanofibers and nanotubes sensors to 1–100 ppm ethanol at
260 �C.
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adsorption and desorption reaction on the samples surface [29]. At
low temperature, with the temperature increasing the response
value is increased for the formation of oxygen ion. At high
temperature, with the temperature increasing the response value
decreased is ascribed to the increase of desorption reaction.

In previous works, the sensitivities of ethanol gas sensors based
on CuO–In2O3 [30], SnO2–Fe2O3 [31], Au–ZnO [32] and TiO2–Co3O4

[33] to 100 ppm ethanol are about 4.7, 16, 16 and 40, respectively.
In our work, the sensor based on cobalt–indium combined oxide
nanotubes is about 93, which show the prior response to ethanol.
The results reveal that cobalt–indium combined oxide nanotubes
sensor have a good sensitivity to ethanol.

The dynamic curves of response and recovery times based on
nanofiber and nanotube to 100 ppm ethanol are presented in
Fig. 6. The dynamic curves of response and resistance are shown
in Fig. 6a and b, respectively. When the sensor was exposed in eth-
anol gas, the resistance decrease rapidly and tend to be stable. When
the sensor was put back and exposed in air, the resistance gradually
increases and reaches the initial value. The response times based on
nanofiber and nanotube were both about 3 s. The recovery times
based on nanofiber are 25 s, which was shorter than that of based
on nanotube (72 s). Compare with nanofibers sensor, these results
indicate that nanotubes sensor possesses the higher response, how-
ever, also possesses the slower recovery times. This phenomenon
may be due to that the structures of plicated nanotubes have nega-
tive effect on ethanol gas release from tubular structure.

To further test the sensitivity of nanofiber and nanotube, their
sensors were exposed to ethanol with different concentration at
Fig. 6. Dynamic curves of 100 ppm ethanol based on (a) response an
260 �C. The sensors were exposed in 1–100 ppm ethanol and the
responses were recorded in Fig. 7. Sensor based on nanotubes exhi-
bit higher response in each concentration than that of nanofibers
sensor. The results also reveal that the nanotubes sensor can detect
ethanol even down to 1 ppm with response of 2.5, which is an
acceptable value for detection.

The selective test of sensors based on nanofibers and nanotubes
towards 100 ppm ethanol, acetone, formaldehyde, toluene, hydro-
gen and carbon monoxide are operated at 260 �C. In Fig. 8, both of
the nanofibers and nanotubes sensors show excellent selectivity to
ethanol. Their ethanol sensitivities are far higher than that of other
gases. Distinguishing ethanol and acetone is usually difficult for
their similar chemical nature [34]. Interestingly, in this work, eth-
anol and acetone can be easily distinguished at the same
concentrations.
3.3. Gas sensing mechanism

It is deserved to note that the cobalt–indium combined oxide
nanotubes sensor shows an excellent sensitivity to ethanol, which
is about double times larger than that of cobalt–indium combined
oxide nanofibers sensor. The synthesis of nanofiber and nanotube
are come from the same non-woven mats. The structure of the
nanotube is one-dimensional hollow structure, which has large
surface areas. Besides, the pores irregularly distributed on the
surface of nanotube are beneficial to the diffusion and adsorption
of target gas. However, the gas was difficult to diffuse from the
d (b) resistance of nanofibers and nanotubes sensors at 260 �C.



Fig. 8. The response of nanofibers and nanotubes sensors to 100 ppm different
gases at 260 �C.
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inner nanotube of the nanotube. Moreover, the larger change ratio
of resistances may also have negative effect on response and recov-
ery, which lead to a slower response and recovery.

The products contained cobalt–indium combined oxide, where
indium oxide plays a principal effect on sensing property. The
slight mixing of cobalt oxide can form the heterojunction at the
interface between the two oxides. Such a formation of cobalt oxide
(p-type)–indium oxide (n-type) heterojunction is also important
for the high sensitivity to ethanol at 260 �C. The depletion layer
formed at the interface, and then enhances the resistance in air
of the sensor [35]. Therefore, when the sensor is exposed in target
gas, the ratio of resistance variation changes a lot. As a result, the
cobalt–indium combined oxide sensors show a good sensitivity.

As a semiconductor resistance sensor, cobalt–indium combined
oxide sensor also exhibits an inherent mechanism which was pre-
viously reported. When sensor is put in air at working tempera-
ture, the surrounding oxygen molecules are attached to the
surface of sensing material and capture free electrons. Then, the
oxygen molecules are ionized to O2

�, O�, and O2�. The depletion
layer is formed. The loss of electrons results in the enhancement
of resistance. When the sensor is exposed in the ethanol atmo-
sphere, the oxygen ion will release electrons back. Hence, the resis-
tance decreases [29,36].

4. Conclusions

In summary, two kinds of one-dimensional nano sized cobalt–
indium combined oxide were fabricated by single nozzle electros-
pinning and their ethanol gas sensing properties were investigated.
Cobalt–indium combined oxide of nanofiber and nanotube both
showed good sensitivity, response times and selectivity to ethanol.
When comparison was made between them, nanotube shows the
higher response and slower recovery. These results exhibit the
significance of the fabricated one-dimensional nanomaterial
structures for gas sensing application.
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