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In this  work,  a novel  flower-like  indium  hydroxide  (In(OH)3) structure  was  fabricated  using  a hydro-
thermal  method,  without  any  templates  or surfactants.  In2O3 with  similar  morphology  was  formed
by  annealing  precursors  In(OH)3. The  as-synthesized  samples  were  characterized  using  X-ray  pow-
der diffraction  (XRD),  field  emission  scanning  electron  microscopy  (FESEM),  and  transmission  electron
microscopy  (TEM).  The  results  indicate  that  the  synthesized  flower-like  In2O3 were  formed  by porous
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nanosheets.  Moreover,  the  gas  sensing  properties  of as-prepared  products  were  investigated.  It was  found
that  the  sensor  based  on  such  novel  In2O3 nanostructure  exhibited  high  response  and  good  selectivity  to
NO2.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Gas sensors have been widely researched for use in numer-
us applications [1–4]. Today, there has been extensive research
n metal oxide semiconductor based gas sensors, such as SnO2,
nO, Fe2O3, WO3, CuO, NiO [5–12], due to their industrial and
omestic applications in toxic and flammable gas detection. Among
hem, indium oxide (In2O3) has been investigated extensively for
ts excellent gas sensing properties.

In2O3 is a very important wide-band-gap (direct band gap
round 3.6 eV), n-type transparent semiconductor and has been
idely used in microelectronic areas including window heaters,

olar cells, liquid-crystal displays [13–17], and ultrasensitive gas
ensors for detection of CO [18], O3 [19], Cl2 [20], CO [21], and
O2 [22]. Many exciting results on In2O3 based gas sensors have
een reported. Among most of the potential applications, the
orphology and structure of the nanomaterials will undoubt-

dly play the pivotal role in determining their properties. In
rder to improve the performance of devices based on In2O3,

arious morphologies of In2O3 with different dimensional nano-
tructures, such as hollow microspheres, nanowires, nanobelts,
anotubes, nanocubes, nanofibers, nanosheets and complex

∗ Corresponding author. Tel.: +86 431 851 67808; fax: +86 431 851 67808.
E-mail addresses: syf@jlu.edu.cn (Y. Sun), lugy@jlu.edu.cn (G. Lu).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.04.078
hierarchical structures constructed with nanoscale building blocks
[23–32], have been synthesized. Despite these advances, the unique
morphologies of In2O3 spur researchers to explore their unknown
properties and potential applications. Up to now, a variety of
methods, including vapor–liquid–solid (VLS), solution–liquid–solid
(SLS) phase catalytic growth, and anisotropic growth of crys-
talline nano-materials using proper capping agents have been
introduced to fabricate nanostructures with the desired archi-
tectures. Another synthetic strategy is based on some templates,
such as carbon nanotubes, porous alumina, mesoporous materi-
als, polymers, surfactants, and biomolecules. These templates could
physically confine the growth of nanostructures within the frame-
work of the model. However, this template-assisted method is also
restricted by the template materials. Subsequent removal of the
template is tedious, and this postprocessing often destroys the
desired product structure. Therefore, the development of template-
free synthesis is seriously considered.

For this purpose, the synthesis of novel morphology In2O3 nano-
structures through a facile, mild, and low cost method has been
getting increasing attention. Herein, we report a facile method
for the preparation of In2O3 hierarchical nanostructures by a
hydrothermal process without using any surfactants or templates.

Gas-sensing properties of the as prepared In2O3 products are also
investigated. The as-obtained In2O3 novel nanostructures exhib-
ited a high gas-sensing activity for NO2, making them promising
candidates for practical detectors for NO2.

dx.doi.org/10.1016/j.snb.2013.04.078
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:syf@jlu.edu.cn
mailto:lugy@jlu.edu.cn
dx.doi.org/10.1016/j.snb.2013.04.078
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Fig. 1. Schematic structure of the gas sensor.

. Experimental

.1. Synthesis and characterization of In2O3

All the reagents (analytical-grade purity) were used with-
ut any further purification. In a typical synthesis, 0.381 g of
n(NO3)3·4.5H2O and 0.15 g urea were dissolved in 36 mL  of deion-
zed water with stirring for 60 min. Then, the mixture solution

as transferred into a Teflon-lined stainless steel autoclave, sealed
ightly, and maintained at 160 ◦C for 12 h. After the autoclave
as cooled to room temperature naturally, the result product
as washed with deionized water and absolute ethanol for sev-

ral times using centrifuge, and then dried at 80 ◦C for 1 day. The
roducts were loaded into an alumina boat, which was  placed in

 furnace. The furnace was slowly heated to 600 ◦C at a rate of
◦C/min and then kept at 600 ◦C for 2 h. After the furnace was
ooled to room temperature, the reaction products were collected.

X-ray power diffraction (XRD) analysis was conducted on a
igaku D/max-2500 X-ray diffractometer with Cu K�1 radiation

n the range of 20–70◦ (2�) at a scanning rate of 6 ◦/min. The spe-
ific surface area was estimated using the Brunauer–Emmett–Teller
BET) equation based on the nitrogen adsorption isotherm obtained
ith a Micromeritics Gemini VII apparatus (Surface Area and Poros-

ty System). Samples were degassed under vacuum at 200 ◦C for 4 h
rior to the measurements. The pore size distribution was deter-
ined with the Barrett–Joyner–Halenda (BJH) method applied

o the desorption branch of adsorption–desorption isotherm.
ield emission scanning electron microscopy (FESEM) images
ere recorded on a JEOL JSM-7500F microscope operating at

5 kV. Transmission electron microscopy (TEM), selected-area elec-
ron diffraction (SAED), and high-resolution transmission electron

icroscopy (HRTEM) measurements were obtained on a JEOL JEM-
100 microscope operated at 200 kV.

.2. Fabrication and measurement of sensor

Gas sensors were fabricated as follows: the as-prepared pow-
er was mixed with the deionized water in order to make a paste,
hich was coated onto an alumina tube (4 mm in length, 1.2 mm in

xternal diameter, and 0.8 mm in internal diameter, attached with
 pair of gold electrodes) by a small brush to form a thick film. A
air of gold electrodes was installed at each end of the ceramic tube
efore it was coated with the paste; each electrode was connected
ith two Pt wire. A Ni–Cr heating wire was inserted into the tube

o form an indirect-heated gas sensor. The structure of the sensor
s shown in Fig. 1.

The gas-sensing properties of the samples were determined
◦
nder laboratory conditions (50% ± 10% RH, 23 ± 1 C). The gas-

ensing properties of the samples were evaluated with a
Q-2 gas-sensing characterization system. The measurement was
rocessed by a static process: a given amount of the tested gas was
Fig. 2. X-ray diffraction patterns of as-prepared samples.

injected into a closed glass chamber, and the sensor was put into
the chamber for the measurement of the sensitive performance.
When the response reached a constant value, the upper cover of
the test chamber was  removed and the sensor began to recover in
air. The response of the sensor was  defined as S = Rg/Ra for oxidizing
gas or Ra/Rg for reducing gas, here, Ra and Rg were the resistances
of the sensor in the air and target gas, respectively. The response
and recovery times are defined as the time taken by the sensor to
achieve 90% of the total resistance change in the case of adsorption
and desorption, respectively.

3. Results and discussion

3.1. Phase formation

X-ray powder diffraction (XRD) analysis was  performed to
investigate the crystal phases of the In(OH)3 precursors prepared
by hydrothermal method and the In2O3 products obtained by cal-
cining the In(OH)3 precursors. It can be seen from Fig. 2a that all the
diffraction peaks could be very well indexed to the standard cubic
In(OH)3, which was  consistent with the standard data file (JCPDS
file No. 73-1810). After calcined at 600 ◦C, the In(OH)3 precursors
were converted into a pure cubic structure of In2O3 according to
JCPDS card No. 06-416, with space group Ia-3 (No. 206) and lat-
tice parameters of a = 10.118 Å. No diffraction peaks from any other
impurities were observed, indicating the high purity of the products
(Fig. 2b).

3.2. Structural and morphological characteristics

The morphology of the samples was investigated by field emis-
sion scanning electron microscopy (FESEM). Fig. 3 shows typical
FESEM images of the In(OH)3 and In2O3 samples at different mag-
nifications. The low magnification FESEM image of In(OH)3 (Fig. 3a)
clearly reveals that the product is composed of hierarchical nano-
structures with the size from 1 to 2 �m.  No other morphologies
could be detected, indicating a high yield of these structures. Fig. 3b
shows the morphology of an individual flower-like structure at an
enlarger-magnification FESEM, indicating that such structures are
constructed from nano-sheets with irregular edges. After calcina-

tion at 600 C, the obtained In2O3 samples retain the morphology
and size of In(OH)3 precursor, as shown in Fig. 3c. The detail mor-
phology information can be found in Fig. 3d. It observed that the
nanostructures are assembled by many irregular nanosheets with
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Fig. 3. Morphological characterization of as-synthesized samples: (a and b) In(OH)3, (c and d) In2O3.
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Fig. 4. Typical TEM images (a and b) of In2O3 nanostructures. The c

ome small pores on them. This porous network is believed to be
avorable for gas sensors, which can facilitate the inward and out-
ard gas diffusion. The In2O3 flower-like structures are further

haracterized by TEM and HRTEM. As can be seen from Fig. 4a
nd b, In2O3 flower-like structures are obtained, which is in agree-
ent with the SEM results (Fig. 3c and d). The corresponding SAED

attern (Fig. 4c) confirms that the porous In2O3 flower-like are
olycrystalline structures in nature. The strong and sharp diffrac-
ion peaks in the XRD pattern and the clear lattice fringes in the
RTEM image (Fig. 4d) led us to believe that the flower-like nano-

tructure is In2O3.
To investigate the role of urea in the formation of hierarchical

ower-like In(OH)3, the controlled experiments of the hydro-
hermal process with different concentrations of urea had been
arried out by keeping other experimental conditions constant.
hen the experiments were performed with adding 0.05 g urea,
nly irregular nanocubes were obtained (Fig. 5a). As shown in
ig. 5b, upon adding 0.15 g of urea, the obtained products consisted
f flower-like hierarchical nanostructures. As the amount of urea
ponding SAED (c) pattern. HRTEM images (d) taken from (a and b).

was increased to 0.5 g, the product was  the mixture of the flower-
like structure and irregular nanosheets (Fig. 5c). The insets in (a), (b)
and (c) are their corresponding high-magnification FESEM images,
respectively. According to the above results, it can be concluded
that urea plays an important role in forming In(OH)3 flower-like
nanostructures.

To further obtain the information about the as-prepared In2O3,
the nitrogen adsorption and desorption measurements were per-
formed at 77 K. The representative N2 adsorption and desorption
isotherm and the corresponding BJH pore size distribution plot
(inset of Fig. 6) of the hierarchical microspheres are shown in
Fig. 6. The BET surface area of the product was  calculated to
be 32.8 m2/g with the Brunauer–Emmett–Teller (BET) method.
The adsorption–desorption isotherms are typical type IV with
a hysteresis loop according to the IUPAC classification, indicat-

ing that the powders contain disordered mesopores. Pore size
distribution curves were calculated from the desorption branch
of a nitrogen isotherm by the BJH method using the Halsey
equation.
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ig. 5. FESEM images of In(OH)3 products synthesized under hydrothermal reactio
nsets  in (a), (b) and (c) are their corresponding high-magnification FESEM images, 

.3. Gas-sensing properties for NO2

The gas sensing properties of the sensor using hierarchical In2O3
ere investigated. It is well known that the response of a sen-

or is influenced by its operating temperature [22,33]. In order to
etermine an optimum operating temperature, the response of the
ensor towards 50 ppb NO2 was examined as a function of oper-
ting temperature. The correlation of the response and response

ime of the sensor based on flower-like In2O3 to 50 ppb NO2 with
he operating temperature was measured and shown in Fig. 7. It
evealed that the response time decreases with increasing oper-
ting temperature. This tendency indicates that fast response can

ig. 6. Typical N2 adsorption–desorption isotherms of In2O3 flower-like structures.
he inset is the corresponding pore size distribution curve.

ig. 7. Correlations between the gas response and response time to 50 ppb NO2 and
he  operating temperature for the sensor using the as-prepared In2O3.
 the presence of different amounts of urea of (a) 0.05 g, (b) 0.15 g and (c) 0.5 g. The
tively.

be obtained through increasing the operating temperature. How-
ever, when the operating temperature is too high, the gas response
decreases sharply. The maximum response to NO2 is about 19.4 at
125 ◦C. Therefore, optimal operating temperatures of 125 ◦C was
chosen for sensor based on flower-like In2O3, to further examine
the characteristics of gas sensors. To demonstrate the performance
of the In2O3 as an excellent sensing material, the relationship
between response and NO2 concentrations for the sensor at operat-
ing temperature of 125 ◦C is depicted in Fig. 8. The resistance of the
sensor increases upon exposure NO2, whereas it decreases upon
the removal of NO2. Furthermore, the response of the sensor to
NO2 increased with the increasing of the NO2 concentration. The
response was  about 3.9, 7.2, 10.1, 13.7 and 19.4 to 10, 20, 30, 40,
50 ppb NO2, respectively. Specifically, the sensor using In2O3 was
found to exhibit high responses to NO2 even at low concentrations.
When the sensor was exposed to 5 ppb NO2, the response was 2.4.
A comparison between the sensing performances of the sensor and
literature reports [34–39] is summarized in Table 1. The advantage
of our In2O3 sensors is a relatively higher response to NO2, so it
can be expected to serve as a promising functional material in NO2
gas sensors. The response and recovery characteristics to 50 ppb
NO2 at operating temperature of 125 ◦C were investigated, and the
curve is shown in Fig. 9. The results indicate that the flower-like
In2O3 sensor had a fast response-recovery kinetics. The response
and recovery times of the flower-like In2O3 sensor were about 100
and 30 s, respectively. Compared with the sensing properties of sen-
sors using other In2O3 nanostructure [23,40–42], it could be seen

that the flower-like In2O3 sensor had a relative shorter response
and recovery times. Five reversible cycles of the response curve

Fig. 8. Responses to different concentrations of NO2 for the sensor using the flower-
like  In2O3 at 125 ◦C.



36 X. Xu et al. / Sensors and Actuators B 185 (2013) 32– 38

Table 1
Gas responses to NO2 in the present study and those reported in the literatures [10,34–39].

Sensing materials NO2 concentration (ppm) Operation temperature (◦C) Sensor response Reference

In2O3 thin film 5 200 ∼10 [34]
In2O3 nanowires (using AAM) 10 150 56 [35]
WO3 nanowire array 0.25 180 ∼3 [36]
WO3 films 0.1 100 ∼18 [37]
WO3 nanosheets 0.1 150 ∼7 [10]

200
200
125
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ZnO nanowires 10 

ZnO–SnO2 NWs  10 

In2O3 nanostructures 0.05 

ndicated that the sensor had good repeatability and stability, as
hown in the inset of Fig. 9.

Since selectivity is an important parameter of gas sensors for its
ractical application, the selectivity of the sensor was measured.
ig. 10 shows the response of sensors using hierarchical In2O3 to
arious target gasses, such as NH3, Cl2, H2S, CO, SO2, CH3CH2OH
nd O3. All of the gasses were tested at an operating temperature
f 125 ◦C. We  can see that this sensor shows the highest response to
O2, while its response to 1 ppm O3 is 17.4. The response of the sen-

or to Cl2, and SO2 is much lower, and the response to other gases
r vapors such as CO, H2S, NH3, C2H5OH is negligible. The results

ndicated that the as-prepared hierarchical flower-like In2O3 nano-
tructures displayed superior selectivity to NO2 against the other
nterference gasses and was very suitable for sensing NO2 at 125 ◦C.

ig. 9. Response transients of the sensor to 50 ppb NO2 at 125 ◦C, the inset displaying
ve periods of response curve.

Fig. 10. Cross-responses of the sensor to various test gases at 125 ◦C.
 19.1 [38]
 66.3 [39]
 19.4 Present work

When NO2 is detected by In2O3 sensor, not only NO2 adsorption
and related In2O3 conductivity changes, but also the possibility of
chemical interaction between indium oxide and NO2 as well as stip-
ulated change of defect concentration should be taken into account
[22,35,43,44]. These chemisorbed oxygen ions (O2

−, O−, and O2−)
can induce an electron-depleted region on the surface of n-type
In2O3, resulting in the increase in surface potential barrier [45,46].
When the sensor exposed to NO2 gas at optimum temperature,
the adsorbed NO2 molecules on surface of In2O3 act as an electron
acceptor (Eq. (1)).

NO2(gas) + e− → NO2(ads)
− (1)

NO2(gas) + O2(ads)
−+2e− → NO2(ads)

− + 2O(ads)
− (2)

NO2(gas) + O(ads)
− → NO(ads)

+ + 2O(ads)
− (3)

This leads to a decrease in electron concentration at surface and
correspondingly, the resistance of In2O3 nanostructures increases.
As shown by Eqs. (2) and (3), the electrons, the electrons in the
In2O3 are transferred to NO2 or the absorbed oxygen in the reac-
tion process, which explains the increase of the resistance under
the NO2 atmosphere. Yamazoe et al. [47] had reported that the
stable response involves the gas diffusing to the sensing material,
adsorption on the material, reaction with the material and then the
conductivity changes of the material. The hierarchical structures of
the obtained In2O3 samples provide well-defined and well-aligned
micro-, and nanoporosity for effective gas diffusion. Therefore, the
entire hierarchical nanostructures were quickly converted into a
highly insulating state when exposed to the oxidizing gas. The quick
resistance changes of the whole hierarchical nanostructures ensure
the high gas response and fast response and recovery properties.
In addition, the irregular nanosheets which consist of the hier-
archical structure are full of pores on the surface. The abundant
pores are also beneficial for the enhancement of gas response. So, a
fast response/recovery property and high response can be achieved
using as-synthesized sample.

4. Conclusion

In summary, flower-like In2O3 had been successfully syn-
thesized through a simple hydrothermal process without any
templates or surfactants, after calcining of precursor In(OH)3 at
600 ◦C for 2 h. Field emission scanning electron microscopic and
transmission electron microscopic results that the flower-like hier-
archical architectures were composed of nanosheets with pore on
them. In addition, the gas sensing properties of sensors based on
as-synthesized In2O3 towards NO2 were investigated. The sensor
fabricated from these hierarchical structures exhibits excellent NO2

sensing properties at relatively low operating temperature. The
sensor response is about 2.4 to 5 ppb NO2 at 125 ◦C. These results
suggest that our sensor might have potential application to fabri-
cate highly sensitive and low power consumption NO2 gas sensor.
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