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Text: 

Hollow In2O3 microspheres were synthesized by a facile solvothermal method, and exhibited 

excellent sensing properties at low operating temperature. 
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Hollow In2O3 microspheres constructed by primary nanoparticles were successfully prepared by thermal 
treatment of the precursor, which was synthesized via a facile chemical solution route without any 
templates or surfactants. The images of field emission scanning electron microscopy (FESEM) and 
transmission electron microscopy (TEM) indicated that the sample was composed of a large number of 10 

hollow In2O3 microspheres with diameters of 1-2 μm. In addition, gas sensor based on the In2O3 hollow 
microspheres was fabricated and its gas sensing performances were investigated. It was found that sensors 
based on the as-prepared sample had a low operating temperature (80°C), and exhibited high response, 
low detection limit and excellent selectivity to NO2. 

1. Introduction 15 

In the past decade, the investigation of oxide semiconductor 
for gas sensing applications has become hot topic because of an 
increasing concern on the safety in environment and industrial 
activities.1-3 For oxide semiconductor gas sensors, high sensitivity 
and excellent selectivity are the two most important parameters. 20 

Therefore, developing new strategies for increasing sensitivity 
and improving selectivity of sensors represent one of the major 
scientific challenges. A critical element in the pursuit of this 
quest is the discovery of efficient and cost-effective sensing 
materials. Due to well-defined interior voids, good surface 25 

permeability, low density, and high specific surface area, hollow 
structural sensing materials have attracted growing interest in 
recent years.4-9 Generally, the syntheses depend on complicated 
templating approaches,9-11 in which hard or soft sacrificial 
templates are used to create a hollow structure. However, 30 

template contamination mostly decreases the activity of sensing 
materials and the synthetic procedure is tedious and high cost. In 
this regard, it is still highly desirable to develop facile, solution-
based, and template free self-assembly methods for the 
preparation of hollow structures. 35 

Indium oxide (In2O3) is a very important wide-band-gap (Eg 
= 3.6 eV) n-type semiconductor, well-known for its useful 
optoelectronic properties.12-14 In2O3 nanostructures can be 
synthesized via various methods and have found use in a variety 
of electronics applications.15-17 They are also of some interest as 40 

gas sensors, which have been found to be particularly sensitive to 
reducing gases18, 19 such as ethanol and oxidizing gases20, 21 such 
as nitrogen dioxide and ozone. Many studies have been 
conducted in order to improve the performance of gas sensors by 
reducing the size of In2O3 since Yamazoe demonstrated that a 45 

reduction in crystallite size could significantly enhance sensing 
performance.22, 23 However, the aggregation between the 

nanoparticles will result in the degradation of the gas sensing 
properties. Recently, In2O3 with hollow structures have been 
demonstrated to be promising candidates for ultrasensitive 50 

sensors due to their unique structures, which are conducive to the 
diffusion and recognition of gas.24 Herein, a one-step template-
free solvothermal approach is reported for the synthesis of In2O3 
hollow microspheres. When evaluated as the sensing material for 
gas sensor, the as-prepared In2O3 hollow microspheres 55 

manifested high response and excellent selectivity to NO2 at a 
relatively low temperature (80 °C). 

2. Experimental 
2.1 Synthesis of In2O3 hollow microspheres 

All the reagents in the experiment were purchased from 60 

Sinopharm Group Co. Ltd., and directly used without further 
purification. In a typical synthesis process, 0.26g of 
In(NO3)3·4.5H2O and 0.5 g of urea were added to 40 mL absolute 
ethanol under vigorous stirring. After 40 min stirring, the mixture 
was transferred into a Teflon-lined stainless-steel autoclave and 65 

maintained at 160 °C for 12 h. After the autoclave was cooled to 
room temperature naturally, the precipitates were washed with 
deionized water and absolute ethanol for several times using 
centrifuge, and then dried at 80 °C. The obtained product was 
then calcined at 500 °C for 2 h in an air atmosphere using a 70 

muffle furnace. 

2.2 Characterization 

X-ray diffraction (XRD) patterns were recorded on a Rigaku 
D/Max-2550V X-ray diffractometer with Cu-Kα radiation (λ= 
1.5406Å) to analyze the crystal phases of the synthesized samples. 75 

The morphology of the product was examined by field emission 
scanning electron microscopy (FESEM, JEOL JSM-7500F 
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microscope operated at an acceleration voltage of 15 kV). 
Transmission electron microscopic (TEM), high-resolution 
transmission electron microscopic (HRTEM), and the 
corresponding selected-area electron diffraction (SAED) 
measurements were performed on a JEOL JEM-2100F 5 

transmission electron microscope with an acceleration voltage of 
200 kV.  
 

2.3. Fabrication and measurement of gas sensors 

The as-prepared powder was mixed with deionized water to 10 

make a paste, which was then coated onto an alumina tube (4 mm 
in length, 1.2 mm in external diameter, and 0.8 mm in internal 
diameter, attached with a pair of gold electrodes) by a small brush 
to form a thick film. The thickness of sensing films was about 
100 μm. After drying at room temperature for 30 min, the sensing 15 

devices were sintered at 400 °C for 2 h. A Ni-Cr heating wire was 
used to adjusting the operating temperature of the sensor. Finally, 
the sensor was constructed by connecting the corresponding 
junctions to the socket of sensor. A photo of the fabricated sensor 
was presented in Fig.1, and the corresponding parts of the sensor 20 

were marked in this figure. The measurement was processed by a 
static process in a test chamber which is made of glass. 
Environmental air was used as both a reference gas and a diluting 
gas to obtain desired concentrations of target gases. A given 
amount of the tested gas was injected into the test chamber, and 25 

the sensor was put into the chamber for the measurement of the 
sensing 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 
Rg/Ra for oxidizing gas and Ra/Rg for reduction gas, here Rg and 30 

Ra were the resistances of the sensor in the target gas and air, 
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 35 

3.1 Structural and morphological characteristics 

The typical XRD pattern of the sample is shown in Fig. 2, 
from which all the diffraction peaks could be very well indexed 
to the cubic structure of In2O3 with the lattice parameter of  

 40 

 
Fig. 1 Photograph of the fabricated sensor. 

 
Fig. 2 XRD pattern of the In2O3 hollow microspheres and the standard 
XRD pattern of In2O3 (JCPDS No. 06-416). 45 

a=10.118 Å, which were in good consistent with the standard file 
JCPDS No. 06-416 and the diffraction peaks in the XRD pattern 
are of high relative intensity, indicating the high crystallinity and 
high purity of the samples. The mean crystallite size of In2O3 was 
calculated to be around 16.6 nm using the Debye-Scherrer 50 

equation (D=0.89λ/(βcosθ) ). 
Field emission scanning electron microscopy (FESEM) 

observations were carried out to get insight into the morphology 
of In2O3 products. Fig. 3 presents a panoramic FESEM image of 
the In2O3 sample, which indicates that it was composed of 55 

spherical structures with sizes ranging from 1-2 μm. The hollow 
interior space can be clearly observed from the enlarged FESEM 
image of cracked microsphere (the inset of Fig.3). Furthermore, 
numerous primary particles with size of tens of nanometres piled 
up the hollow structure.  60 

Further detailed morphological and structural analysis of the 
hollow microsphere was carried out using TEM, HRTEM and the 
corresponding SAED. The hollow nature of the In2O3 spheres 
could be further confirmed in the strong contrast between the 
dark edge and pale centre in the TEM image of an individual 65 

sphere (Fig. 4a), and it can be also observed that nanoparticles  
 

 
Fig. 3 A panoramic FESEM image of the In2O3 sample. The inset shows a 
cracked microsphere. 70 
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Fig. 4 (a) TEM image, (b) SEAD pattern and (c) HRTEM image of the 
calcined product (12h). 

constructed the hollow spheres. The corresponding SAED pattern 
(Fig. 4b) demonstrated that the In2O3 hollow microspheres were 5 

polycrystalline structures in nature. Fig. 4c exhibits the HRTEM 
image obtained from the marked fringe of the In2O3 nanoparticles 
in Fig. 4a, from which the lattice fringes could be clearly 
observed and the distance of the adjacent lattice planes was 
measured to be 0.295 nm, corresponding to the (222) planes of 10 

In2O3。 
To understand the formation process of the hollow In2O3 

microspheres, a series experiments were carried out at different 
reaction time (2 h, 8 h, and 12 h), and the evolutions of structure 
and morphologies of the calcined samples were examined by 15 

FESEM. As shown in Fig. 5, the growth process could be clearly 
divided into three stages. In the first stage (2 h, Fig.5a), solid 
spherical structures with very rough surface that composed of 
nanoparticles and nanosheets could be observed. With increasing 
reaction time (8h, Fig.5b), the surface of the spheres became less 20 

rough and the hollow characteristic emerged, which is the typical 
behaviour of ripening process. Upon prolonging reaction time to 
12 h (Fig.5c), microspheres with hollow internal structure and 
rough surface were obtained. In general, the formation process 
could be summarized as a rapid self-assembly of nanosheets and 25 

nanoparticles into solid microspheres, followed by the component 
part that packed at the centre dissolved and transferred to the 
exterior. Based on the above analysis, Ostwald ripening process 
could be employed to explain the growth process. 25-27 
 30 

3.2 Gas sensing properties 

The gas sensing performances of the sensor using hollow  
 

 
 35 

Fig. 6 (a) The dynamic response resistances of the fabricated sensor to 
500ppb NO2 at 40 °C, 60 °C, 80 °C, 100 °C and 120 °C . (b) The 
correlation of the response with the operation temperature. And (inset of b) 
the correlation of the response/recover time with the operation 
temperature. 40 

In2O3 microspheres were investigated. It is well known that the 
gas-sensing properties of a semiconductor gas sensor are 
significantly influenced by the operation temperature.28 Because 
the adsorption/desorption processes and the competition for 
chemisorptions between NO2 and atmospheric oxygen O2 for the 45 

same active surface sites chemisorptions are both regulated by the 
temperature.29 To find out the influence of the temperature to the  

 
Fig. 5 SEM images of morphology evolution of hollow In2O3 microspheres prepared with different reaction time: (a) 2 h, (b) 8 h, (c) 12 h.
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fabricated sensor, the response, response time and recovery time 
towards 500 ppb NO2 were tested at varying operation 
temperature, as shown in Fig. 6. It is obvious that the response to 
NO2 increased with the decrease of temperature, and the 
fabricated sensor exhibited excellent response to NO2 at relatively 5 

low temperature. The response to 500 ppb NO2 at 120 °C, 100 °C, 
80 °C, 60 °C and 40 °C were about 47.5, 193.7, 323.5, 674.1 and 
879.9, respectively. So the fabricated sensor could operate at 
relatively low temperature, which meant low power consumption 
and this was very important for a gas sensor to be put into use. 10 

Apart from response, response time and recovery time also need 
to be considered to comprehensive measure the gas sensing 
performance of a gas sensor. The correlation of the response time 
and recovery time with the operation temperature were presented 
in the inset of Fig.6b. As can be seen, the response time and 15 

recovery time also increased with the decrease of temperature. 
Roughly speaking, with the decrease of the temperature, the gas 
molecules became less and less active which led to the increase 
of the response time and recovery time. But the decrease of the 
temperature would also make the gas adsorption easier and the 20 

depth of gas diffusion deeper which will cause the high utilization 
rate of the sensing material, thus leading to higher response. 30-34 
Moreover, when the temperature was higher than 80 °C, the 
change of temperature had not obvious effects on the response 
time and recovery time. Therefore, although the response to 500 25 

ppb NO2 at 80 °C (323.5) was not the highest, considering 
response time and recovery time, 80 °C was chosen to be the 
optimal operation temperature of the fabricated sensor for NO2 
detection, which was employed to further investigate the sensing 
performances.  30 

The relationship between response and NO2 concentrations 
for the sensor at the operating temperature of 80 °C is displayed 
in Fig. 7a. From the curve, it is found that the responses of sensor 
increased with the gas concentration. The response to 50, 100, 
200, 300, 400 and 500 ppb NO2 were about 2.0, 3.1, 6.1, 39.1, 35 

119.8 and 323.5, respectively. It is worth noting that the sensor 
showed an obvious response (2.0) even to NO2 concentration as 
low as 50 ppb, which indicated that the sensor had a relatively 
low detection limit (shown in the inset of Fig. 7a). A comparison 
between the sensing performances of the sensor presented in this 40 

paper and literature reports is summarized in Table 1. It is 
noteworthy that the sensor fabricated in our work exhibits better 
sensing performance compared with those reported in the 
literature.  

Except for response, response time and recovery time, 45 

selectivity is also an important parameter for gas sensor. Eight 
kinds of other gases were tested, including 100 ppm NO, NH3, 
CO, methanol, methanol, ethanol and acetone, 50 ppm SO2, and 
500 ppb O3. The test results are presented in Fig.7b. It is clear 
that the fabricated sensor exhibits the highest response to NO2 50 

among all these tested gases, and the response to 500 ppb NO2 
was at least dozens of times higher than the other tested gases at 
the optimum operation temperature (80 °C). The test results 
indicated that the gas sensor based on the hollow microspheres 
In2O3 possess an excellent selectivity to NO2 against the other test 55 

gases.  
The responses of the fabricated sensor to 500 ppb NO2 under 

different relative humidity at 80 °C were also tested to find out 
the effect of the humidity on the response of the sensor. And the 
results were presented in Fig 7.c. The results indicated that the  60 

 
Fig. 7 (a) Response of the sensor versus NO2 concentrations in the range 
of 50-500 ppb at 80 °C. (b) Response of the sensor to various test gases at 
80 °C. (c) Response of the sensor to 500 ppb NO2 under different relative 
humidity at 80 oC.  65 

response decreased with the rise of relative humidity almost 
linearly. According to D. Vlachos et al.35, the decrease might be 
caused by the active sites on the material surface were covered 
gradually by water molecules.  

The most widely accept sensing mechanism of the sensor 70 

based on In2O3 to NO2 gas can be stated as follow. 36-42 The 
electrical conductivity of In2O3 derives from electron transfer  
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Table 1 Comparison of gas-sensing characteristics of sensing material in present work and those reported in the literatures. 

Material NO2 concentration Temperature (◦C) Sensor response Reference 

ordered mesoporous Fe-doped In2O3 1ppm 150 71 43 

mesoporous In2O3(UV light-enhanced) 5ppm 100 37.8 44 

root slice-like In2O3 microspheres 5ppm 250 1.5 45 

Zn-In2O3 flower-like structures 5ppm 300 ~27.4 46 

WO3 thin films 10ppm 150 57 47 

WO3 hollow microspheres 1ppm 300 ~54 48 

hollow In2O3 microspheres 500ppb 80 737.8 Present work 

 
between In2+ and In3+, the formation of the In2+ occurring through 
oxygen deficiency (Eq.(1)). Anion vacancies Vo•  and mainly 
partially reduced cations In2+ are the surface basic sites (Sb)s for 5 

NO2 chemisorption. And the formation of the chemisorption bond 
continued on the charge transfer from active sites (Sb)s into an 
orbital of NO2 causes a reduction in the strength of N-O bonds 
that makes the decomposition of the NO2 molecules easier. 
Therefore, NO2 molecules were reduced into NO or N2 and the 10 

electronics of the In2O3 sensing materials were captured which 
led to the increase of the resistance of the sensor. The sensing 
mechanism could be summarized according to the following 
equations. 
In2O3 → In2-x

3+ Inx
2+O3-xVo x

•  + 1
2

O2                                              (1) 15 

 
NO2,gas + In2+ → (In2+ - NO2,ads) → (In3+ -  Oads

- ) + NOgas       (2) 

NOgas +  In2+→ (In2+ - NOads) → (In3+ -  Oads
- ) + 1

2
N2             (3) 

 
NO2,gas + Vo

•  → (Vo −  NO2,ads
- ) → (Vo - Oads

- ) + NOgas            (4) 20 

NOgas + Vo
•  → (Vo −  NOads

- ) → (Vo - Oads
- ) + 1

2
N2                    (5) 

4. Conclusions 
In summary, hollow In2O3 microspheres had been 

successfully synthesized by a simple solvothermal method and 
subsequent annealing process. FESEM and TEM images 25 

displayed that the microspheres were composed of nano-sized 
primary particles. Moreover, gas sensors based on the as-obtained 
hollow microspheres were fabricated and their sensing 
performances were investigated. It was found that the sensor 
exhibited high response, low detection limit and excellent 30 

selectivity to NO2 at a low operating temperature (80°C).  
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