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In this work, a simple route for the synthesis of irregular In2O3 nanoplates in the presence of oleic acid and

urea is described. The structure and morphology of the as-obtained product were characterized using

X-ray powder diffraction (XRD), field emission scanning electron microscopy (FESEM) and transmission

electron microscopy (TEM). The results indicate that the synthesized In2O3 nanostructures are composed

of irregular nanoplates. The gas sensing properties of the as-obtained product were investigated. The

sensor based on the In2O3 irregular nanoplates exhibits a remarkably enhanced response and a fast

response/recovery time towards NO2.
1. Introduction

With the increasing concerns on air pollution and human
health and safety, the need for high sensitive gas sensors has
increased. For the purpose of effectively detecting toxic and
hazardous gases, signicant efforts have been focused on
exploring new materials with enhanced gas-sensing perfor-
mances.1–4 The detection of NO2 is important for monitoring
environmental pollution resulting from combustion or auto-
motive emissions. Existing gas sensor materials include semi-
conducting metal oxides,5 silicon6,7 and organic materials.8,9

Semiconducting metal oxides such as WO3 and SnO2 have been
widely used10 for NO2 detection. The wide variety of functional
materials with hierarchical structures have provided plenty of
opportunities for exploring novel properties and superior device
performances due to their dramatically increased surface area,
great level of crystallinity, and the possible complete depletion
of carriers within the nanostructure when exposed to the target
gas. Hence, over the past decade, many research groups have
focused on controlling the morphology of inorganic nano-
structures.11–14 Generally, the working mechanism of semi-
conductor gas sensors lies in changes in the sensor resistance
resulting from surface effects.

As a very important wide-band-gap (direct band gap around
3.6 eV) n-type semiconductor, In2O3 has been recognized as a
promising semiconductor material for gas sensors, window
heaters, solar cells and liquid-crystal displays15–21 due to its non-
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toxicity and excellent stability. Due to the high conductivity and
abundant defects both in the sensing body and on the surface,
indium oxide (In2O3) is a promising candidate for practical
applications. Especially, In2O3 has shown a superior response
and selectivity towards detecting NO2 gas, while it is not very
sensitive to reducing gases.22 Through structure design, the
sensing properties of semiconductor oxides can be greatly
improved, especially for detecting low concentrations of NO2

(ppb level). In order to improve the performance of devices
based on In2O3, various morphologies of In2O3 with different
dimensional nanostructures, such as porous nanosheets,23

nanopyramids and nanocolumns,24 nanobers,25 nanorods,26

nanotubes,27 nanowires,28 and complex hierarchical struc-
tures,29 have been synthesized via a series of routes. These
nanostructures provide good building blocks for the develop-
ment of high performance gas sensors.

Herein, we report a facile method for the preparation of
In2O3 irregular nanoplates by a simple process. The gas-
sensing properties of the as-obtained In2O3 product were also
investigated. The sensor based on the as-obtained irregular
In2O3 nanoplates exhibited a superior sensing performance
towards low NO2 concentrations at relatively low operating
temperatures.
2. Experimental
2.1. Synthesis and characterization of the In2O3 nanoplates

All the reagents (analytical-grade purity) were used without any
further purication. In a typical synthesis, 0.381 g of
In(NO3)3$4.5H2O and 0.25 mL oleic acid were added to 36 mL of
water to form amixed solution at room temperature. Then, 0.3 g
of urea was added into the above mixed solution under vigorous
stirring. Aer being alternately stirred and ultrasonically
treated, the mixture solution was transferred to a 40 mL
RSC Adv., 2014, 4, 4831–4835 | 4831
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teon-lined stainless steel autoclave, sealed tightly, and main-
tained at 120 �C for 12 h. Aer the autoclave had naturally
cooled to room temperature, the precipitate was washed with
deionized water and absolute ethanol several times using a
centrifuge, and then dried at 80 �C for 1 day. The precipitate was
loaded into an alumina boat, which was placed in a furnace.
The samples were calcined at 500 �C for 2 h with a heating rate
of 2 �C min�1. The calcined product was then collected for
further analysis.

X-ray power diffraction (XRD) analysis was conducted on a
Rigaku D/max-2500 X-ray diffractometer with CuKa1 radiation
(l ¼ 1.54056 Å) in the range of 20–70�. The mean crystallite size
was calculated using the Debye–Scherrer formula, D ¼ 0.89l/
(b cos q), where l is the X-ray wavelength, q is the Bragg
diffraction angle and b is the peak width at half maximum. The
specic surface area was estimated using the Brunauer–
Emmett–Teller (BET) equation based on the nitrogen adsorp-
tion isotherm obtained with a Micromeritics Gemini VII appa-
ratus (Surface Area and Porosity System). The samples were
degassed under vacuum at 200 �C for 4 h prior to the
measurements. The pore size distribution was determined
using the Barrett–Joyner–Halenda (BJH) method applied to the
desorption part of the adsorption–desorption isotherm. Field
emission scanning electron microscopy (FESEM) images were
recorded on a JEOL JSM-7500F microscope operating at 15 kV.
Transmission electron microscopy (TEM), selected-area elec-
tron diffraction (SAED), and high-resolution transmission
electron microscopy (HRTEM) images were obtained on a JEOL
JEM-2100 microscope operated at 200 kV.
2.2. Fabrication and performance of the sensor

The gas sensor was fabricated as follows: the as-obtained
powder was mixed with deionized water in order to make a
paste, which was applied on an alumina tube (4 mm in length,
1.2 mm in external diameter, and 0.8 mm in internal diameter,
attached to a pair of gold electrodes) by a small brush to form a
thick coating lm. The thickness of the sensing lm was about
100 mm. Aer drying at room temperature for 30 min, the
sensing device was sintered at 500 �C for 2 h. A pair of gold
electrodes were installed at each end of the ceramic tube before
it was coated with the paste, and each electrode was connected
to two Pt wires. A Ni–Cr heating wire was inserted in the tube to
Fig. 1 Schematic structure of the gas sensor.
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form an indirectly-heated gas sensor. The structure of the
sensor is shown in Fig. 1.

The electrical properties of the sensor were measured by an
RQ-2 series Intelligent Test Meter (China). The response of the
sensor was dened as S ¼ Rg/Ra for an oxidizing gas or Ra/Rg for
a reducing gas, here, Ra and Rg are the resistance of the sensor
in air and the target gas, respectively. The response time was
dened as the time required for the variation in the resistance
to reach 90% of the equilibrium value aer a test gas was
injected, and the recovery time was the time necessary for the
sensor to return to 10% above the original resistance in air aer
releasing the test gas.

3. Results and discussion
3.1. Structural and morphological characteristics of the as-
obtained In2O3

X-ray powder diffraction (XRD) analysis was performed to
investigate the crystal phases of the In(OH)3 precursor prepared
by the hydrothermal method and the In2O3 product obtained by
calcining the In(OH)3 precursor.

It can be seen from Fig. 2a that all the diffraction peaks can
be indexed to standard cubic In(OH)3, which is consistent with
the standard data le (JCPDS le no. 73-1810). Aer calcination
at 500 �C, the In(OH)3 precursor was converted into the pure
cubic structure of In2O3 according to JCPDS le no. 06-416, with
the space group Ia�3 (no. 206) and the lattice parameter a ¼
10.118 Å. No diffraction peaks from any other impurities were
observed, indicating the high purity of the products. The mean
crystallite size of In2O3 was calculated to be around 15 nm using
the Debye–Scherrer formula.

The morphology of the samples was investigated by eld
emission scanning electron microscopy (FESEM). Fig. 3 shows
the typical FESEM images of the sample at different magni-
cations. The lowmagnication FESEM images (Fig. 3a–c) clearly
show that the product is composed of irregular nanoplates. No
other morphologies can be observed, indicating the high
uniformity of the as-obtained products. As can be seen from
Fig. 2 X-ray diffraction patterns of the as-prepared samples.

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 FESEM images of the as-synthesized In2O3: (a) a panoramic and
(b) a magnification. (c) A high-magnification FESEM image of the In2O3

nanoplates. (d and e) Typical TEM images of the In2O3 nanostructures.
(f) HRTEM image taken from (d and e). (g) The corresponding SAED
pattern.
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Fig. 3d and e, irregular nanoplate nanostructures were
obtained, which is in agreement with the SEM results, and each
nanoplate is composed of several crystallites with a size of about
15 nm. The high-resolution transmission electron microscopy
(HRTEM) image (Fig. 3f) shows the fringe distance of 0.292 nm
corresponding to the lattice distance of the (222) plane of cubic
In2O3. The corresponding SAED pattern of a single nanoplate
(Fig. 3g) conrms that the In2O3 nanoplates are polycrystalline
structures in nature.
Fig. 4 Typical N2 adsorption–desorption isotherm of the In2O3

nanoplates. The inset is the corresponding pore size distribution curve.

This journal is © The Royal Society of Chemistry 2014
To obtain further structure information about the as-
obtained In2O3, the nitrogen adsorption and desorption
isotherm was measured at 77 K. The representative N2 adsorp-
tion and desorption isotherm and the corresponding BJH pore
size distribution plot (inset) of the nanoplates are shown in
Fig. 4. The BET surface area of the product was calculated to be
38.9 m2 g�1 using the Brunauer–Emmett–Teller (BET) method.
The pore size distribution curve was calculated from the
desorption part of the nitrogen isotherm by the BJH method
using the Halsey equation.
3.2. Gas-sensing properties for NO2

The correlation between the response and the response time of
the sensor based on the In2O3 nanoplates towards 1 ppm NO2 at
different operating temperatures were measured and are shown
in Fig. 5. It was found that the response time decreases with the
increasing operating temperature. For the sensor using the
In2O3 nanoplates, the response to 1 ppm NO2 increases when
the operating temperature rises from 100 to 150 �C, and then
gradually decreases. This tendency indicates that a fast
response can be obtained by increasing the operating temper-
ature. However, when the operating temperature is too high, the
gas response decreases sharply. This decrease in the response at
high temperatures may be attributed to the decrease in the
number of active sites for the adsorption of NO2. Since at high
temperatures large amounts of oxygenmolecules dissociate and
are adsorbed on the active sites, the number of free active sites
for the adsorption of NO2 molecules is dramatically reduced
and so is the response to NO2. Another possibility is that at such
high temperatures, the rate of adsorption is lower than that of
desorption.15–17 Accordingly, considering those two aspects, the
large gas response and the fast response of the sensor towards 1
ppm NO2, the optimum operating temperature for the sensor
using the as-obtained In2O3 was determined to be 150 �C, which
was hereinaer applied in all the investigations. The effect of
the humidity was also investigated at a working temperature of
150 �C. According to the experimental results (not shown here),
Fig. 5 Correlation between the gas response and the response time
towards 1 ppm NO2 and the operating temperature for the sensor
using the as-obtained In2O3.

RSC Adv., 2014, 4, 4831–4835 | 4833
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Fig. 6 Response transients of the sensor towards 1 ppm NO2 at 150
�C, the inset displays the response curves of five cycles. Fig. 8 Cross-responses of the sensor to various test gases at 150 �C.
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humidity has no obvious effects on the gas response. Similar
phenomena have also been demonstrated in the literature.30–32

The response transients of the In2O3 nanoplate sensor
towards 1 ppm NO2 was measured at 150 �C (Fig. 6), the
response time and recovery time were found to be about 90 s
and 40 s, respectively. The response curves of ve reversible
cycles indicated a stable and reproducible response, as shown
in the inset of Fig. 6. It can be observed that the average
response was 73 towards 1 ppm NO2. The dynamic response
resistance of the sensor based on the In2O3 nanoplates (Fig. 7)
to different NO2 concentrations was investigated at 150 �C. The
resistance of the sensor increased upon exposure to NO2, and
decreased in the absence of NO2. Furthermore, the response of
the sensor to NO2 increased with the increasing NO2 concen-
tration. The sensor can detect 500 ppb NO2, and the response is
34. The responses to 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and
5.0 ppm NO2 were about 73, 118, 152, 182, 197, 233, 274, 306
and 344, respectively. Selectivity is an important parameter for a
gas sensor. Fig. 8 shows the cross-sensitivities of the In2O3
Fig. 7 Response of the sensor using In2O3 towards different
concentrations of NO2 at 150 �C in the range of 0.5–5 ppm.

4834 | RSC Adv., 2014, 4, 4831–4835
nanoplate sensor to various gases, including O3, NH3, CO, H2S,
SO2, Cl2, and C2H5OH. It is clear that the In2O3 sensor exhibits
the largest response towards NO2 among the tested gases. Such
a result indicates that the In2O3 nanostructure sensor exhibits
an excellent selectivity towards NO2 against the other tested
gases at the working temperature of 150 �C.
4. Conclusion

In summary, In2O3 nanoplates have been successfully synthe-
sized through a simple one-step solution route combined with a
subsequent calcination process. Field emission scanning elec-
tron microscopy and transmission electron microscopy results
demonstrated that the product is composed of nanoplates. The
gas sensing properties towards NO2 of the sensor based on the
as-synthesized In2O3 were investigated. The sensor fabricated
from these nanostructures exhibits excellent NO2 sensing
properties at relatively low operating temperatures. The sensing
response is about 34 towards 500 ppb NO2 at 150 �C. These
results suggest that our sensor might have potential application
in the fabrication of NO2 gas sensor devices.
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