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In this work, In,O3; microspheres with hierarchical nanostructures were successfully synthesized by
solvothermal method in the presence of oleic acid and urea. The as-synthesized samples were char-
acterized by X-ray powder diffraction (XRD), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), and high-resolution transmission electron microscopy

(HRTEM). The results indicate that the synthesized hierarchical In,03; consists of irregular nanorods.
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Moreover, the gas sensing properties of as-prepared In, 03 hierarchical microspheres were investigated.
It was found that the sensor based on such hierarchical nanostructures exhibited high response and good
selectivity to NO, at 145°C.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

With the development of industry and the sharp increase of
car ownership, the content of NO, gas in atmosphere environment
consistently increases. NO, as a typical air pollutant mainly comes
from the exhaust gases of combustion processes, which severely
affects the respiratory system of human beings and animals [1-3].
With the growing awareness about environmental pollution and
occupational safety issues over the recent decades, how to make
high performance and low power consumption sensors for the
detection of NO, becomes the focus of researchers. Numerous tech-
niques have been developed to detect trace levels of NO,, such
as chemiluminescence, ion chromatography, spectrophotometry,
etc. [4-12]. But the cost of existing NO, gas detection equipment
is high, which is not conducive to its universal access. Therefore,
Real-time monitoring and lower-cost sensor is urgently needed for
detecting or monitoring ppb-level NO, in the atmosphere. Semi-
conductor gas sensor has become a hot research field because of
its high sensitivity, fast response, easy integration, intelligence and
enable detection convert sensor integration, etc.

The main component of semiconductor oxide gas sensor is sen-
sitive materials. The key factors influencing the sensitive nature
of sensing materials primarily include three aspects: the recep-

* Corresponding author. Tel.: +86 431 851 67808; Fax: +86 431 851 67808.
E-mail address: lugy@jlu.edu.cn (G. Lu).

http://dx.doi.org/10.1016/j.snb.2015.12.085
0925-4005/© 2016 Elsevier B.V. All rights reserved.

tor function, the transducer function and the utility factor of the
sensing body [ 13-16]. Thus, the concepts of sensor design are deter-
mined by considering each of these key factors. Based on the above
mechanism, we are committed to designing a metal oxide gas sens-
ing material that simultaneously has large specific surface area,
good porosity and uniformity. Currently, gas sensitive material for
detecting NO, are based on ZnO [17], WOs3 [18-20], SnO, [21,22],
Cu,0 [23], In,03 [24-26], NiO [27] and other composite oxide, but
the sensitivity, selectivity and preparation of these materials still
cannot meet the requirements. In,0O3 as a very important n-type
semiconductor has been recognized as a promising semiconductor
material for gas sensor, window heaters, solar cells, liquid-crystal
displays. Among most of the potential applications, the morphology
and structure of the nanomaterials will undoubtedly play a pivotal
role in determining their properties [28,29]. In order to improve
the performance of devices based on In, 03, various morphologies
of In, 03 with different dimensional nanostructures, such as hollow
microspheres, nanowires, nanotubes, nanofibers, nanosheets and
complex hierarchical structures, have been synthesized via a series
of routes, such as vapor-liquid-solid, solution-liquid-solid phase
catalytic growth, electrostatic spinning, ultrasonic spray pyrolysis
and hydrothermal/solvothermalmethod.

Herein, we report a facile method for the preparation of In,03
nanorod-flowers microspheres by a simple solvothermal process.
These diameters of nanorods were about 30-100 nm. Gas-sensing
properties of the as-obtained In,03; products were also inves-
tigated. The sensor based on the as-obtained In,O3; exhibited
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Fig 1. Schematic synthesis process of sensing materials.

superior sensing performance to low concentration NO, at rela-
tively lower operating temperature.

2. Experimental methods
2.1. Synthesis and characterization of In,O3 microspheres

All the reagents (analytical-grade purity) were used with-
out any further purification. In a typical synthesis, 0.381g of
In(NO3)3-4.5H,0 and 0.25 mL oleic acid were added to 36 mL of
water to form a mixed solution. Then 1.0g of urea was added
into the above mixed solution under vigorous stirring. After being
stirred and ultrasonically treated alternately, the mixture solution
was transferred to a 45 mL teflon-lined stainless steel autoclave,
sealed tightly, and maintained at 120°C for 12 h. After the auto-
clave was cooled to room temperature naturally, the precipitates
were washed with deionized water and absolute ethanol for sev-
eral times using centrifuge, and then dried at 80°C for 1day. The
precipitates were loaded into an alumina boat, which was placed
in a furnace. For the heat treatment, the samples were calcined at
550°C for 2 h with a heating rate of 2 °C/min. The calcined products
were then collected for further analyses.

X-ray power diffraction (XRD) analysis was conducted on a
Rigaku D/max-2500 X-ray diffractometer with Cu Ka1 radiation
(A=1.54056A) in the range of 20-70°. The mean crystallite size
was calculated using the Debye-Scherer formula, D = 0.89A/(8cos0),
where A is the X-ray wavelength, 0 is the Bragg diffraction angle
and B is the peak width at half maximum. The specific surface
area was estimated using the Brunauer-Emmett-Teller (BET) equa-
tion based on the nitrogen adsorption isotherm obtained with a
Micromeritics Gemini VII apparatus (Surface Area and Porosity Sys-
tem). Samples were degassed under vacuum at 200 °C for 4 h prior
to the measurements. The pore size distribution was determined
with the Barrett-Joyner-Halenda (BJH) method applied to the des-
orption branch of adsorption-desorption isotherm. Field emission
scanning electron microscopy (FESEM) images were recorded on a
JEOL JSM-7500F microscope operating at 15 kV. Transmission elec-
tron microscopy (TEM), selected-area electron diffraction (SAED),
and high-resolution transmission electron microscopy (HRTEM)
measurements were obtained on a JEOL JEM-2100 microscope
operated at 200kV.

2.2. Fabrication and measurement of sensor

Gas sensors were fabricated as follows: the as-obtained pow-
der was mixed with the deionized water in order to make a paste,
which was 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. After
drying at room temperature for 24 h, the sensing devices were sin-
tered at 500°C for 2 h. A pair of gold electrodes was installed at
each end of the ceramic tube before it was coated with the paste,
and each electrode was connected with two Pt wires. A Ni-Cr heat-
ing wire was inserted into the tube to form an indirect-heated gas

sensor. Schematic synthesis process of sensing materials is shown
in Fig. 1.

The electrical properties of the sensor were measured by CGS-
8 intelligent test meter (Beijing Elite Tech. Co., Ltd., China). The
response of the sensor was defined as S=Rg/Ra for oxidizing gas or
Ra/Rg for reducing gas, here, where Ra and Rg were the resistances
of the sensor in the air and target gas, respectively. The response
time was defined as the time required for the variation in resistance
to reach 90% of the equilibrium value after 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 after releasing the
test gas.

3. Results and discussion

3.1. Structural and morphological characteristics of the
as-obtained In,03

X-ray powder diffraction (XRD) analysis was performed to
investigate the crystal phases of the In,O3 products. It can be seen
from Fig. 2 that all the diffraction peaks could be very well indexed
to the standard cubic In,03, which was consistent with the stan-
dard data file (JCPDS file No. 89-4595), with space group Ia-3 (no.
206) and lattice parameters of a=10.119A. The diffraction peaks
correspond to (211), (222),(400), (411),(332),(134), (440),
(611)and (62 2), respectively. No diffraction peaks from any other
impurities were observed, indicating the high purity of the prod-
ucts.

The morphology of the samples was investigated by field emis-
sion scanning electron microscopy (FESEM). Fig. 3 shows typical
FESEM images of the sample In,03 at different magnification. The
low magnification FESEM image (Fig. 3a) clearly displayed that the
products were composed of flower-like microspheres, such micro-
spheres are built from nanorods. No other morphologies can be
found in Fig. 3a, which indicated the high uniformity of the as-
obtained products. The detailed morphology information about

Fig. 2. X-ray diffraction patterns of as-obtained samples.
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Fig. 3. FESEM images of the as-synthesized In,03: (a) A panoramic and (b) an enlarged of a part of samples. (c) High-magnification FESEM image of In,O3 microspheres. (d)

EDX pattern of In,O3; microspheres.

In,03 was presented in an enlarged-magnification FESEM (Fig. 3b
and c), it can be observed that the diameter of the nanorods was
about 30-100nm. The EDX of the products, shown in Fig. 3d,
indicates that the obtained In,O3 were composed of only three
elements: In, O, and Si. (Si from the Si substrate used for SEM
measurement).

Further detailed structural analysis of flower-like microspheres
was carried out using TEM. Fig. 4a shows the TEM image of rep-
resentative In,0O3 microspheres. It can be seen that the size and
shape of product were similar to those of the FESEM observa-
tions. A high-magnification TEM (Fig. 4b) image presents that the
diameter of these irregular nanorods was about 30-100 nm. The
selected-area electron diffraction (SAED) pattern of an individual
In;03 nanorod (Fig. 4c) confirms that the as-synthesized products
were polycrystalline in structure. The high-resolution transmission
electron microscopy (HRTEM) image (Fig. 4d) showed fringe dis-
tance of 0.292 nm, corresponding to the lattice distances of the
(222) plane of cubic In,03.

To investigate the role of urea in the formation of hierarchical
In,03 microspheres, the controlled experiments of the solvother-

mal process with different concentrations of urea had been carried
out by keeping other experimental conditions constant. When
the experiments were performed with adding 0.1g urea, only
nanocubes were obtained (Fig. 5a). As shown in Fig. 5b, upon adding
0.3 g of urea, the obtained products consisted of nanoplates. As
shown in Fig. 5¢, upon adding 1.0 g of urea, the obtained products
consisted of regular hierarchical In,O3 microspheres. According to
the above results, it can be concluded that urea may play ternary
roles including being the alkaline media, the coordinating agent
and the surface anchored organic molecules [26,30,31].

To further obtain the information about the as-prepared
In, 053 hierarchical microspheres, the nitrogen adsorption and des-
orption measurements were performed at 77K. The nitrogen
adsorption-desorption isotherms and the corresponding BJH pore
size distribution plot (inset of Fig. 6) of the hierarchical micro-
spheres were shown in Fig. 6. The adsorption-desorption isotherms
were typical type IV with a hysteresis loop according to the
IUPAC classification, indicating that the powders contain disor-
dered pores. Pore size distribution curves were calculated from the
desorption branch of a nitrogen isotherm by the BJH method using

Fig. 4. Typical TEM images (a and b) of In,O3; nanostructures. (¢) The corresponding SAED pattern. (d) HRTEM images taken from (a and b).
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Fig.5. FESEM images of In, O3 products synthesized under hydrothermal reaction with the presence of different amounts of urea of (a) 0.1 g, (b) 0.3 g and (c) 1.0 g, respectively.

the Halsey equation. The BET surface area of the product was cal-
culated to be 35.4m?/g with the Brunauer-Emmett-Teller (BET)
method.

3.2. Gas-sensing properties for NO,

In order to determine an optimum operating temperature, the
response of the sensor toward 1 ppm NO, was examined as a func-
tion of operating temperature [14,15,32,33]. The correlations of
the response and response time of the sensor based on flower-like
In, 03 microspheres to 1 ppm NO, with the operating temperature,
respectively, were measured and shown in Fig. 7. It is revealed that
the response time decreased with increasing operating tempera-
ture. This tendency indicates that fast response can be obtained

Fig. 6. Nitrogen adsorption-desorption isotherms. The inset is pore size distribution
calculated from the adsorption branch of the isotherms.

Fig. 7. Correlations between the gas response and response time to 1 ppm NO, and
the operating temperature for the sensor using the as-obtained In,0s.

by increasing the operating temperature. For the sensor using
the flower-like In,03 microspheres, the response to 1ppm NO,
increases when operating temperature varies from 132 to 145°C.
However, when the operating temperature was higher than 145 °C,
the response gradually decreases. Accordingly, the optimum oper-
ating temperature for the sensor using the as-obtained In,03 was
believed to be 145°C, which was applied in all the investigations
hereinafter. A comparison between the sensing performances of
the sensor and literature reports is summarized in Table 1. It is
noteworthy that the sensor fabricated in our work exhibits better
sensing performances compared with those reported in the litera-
ture [24,34-42].

The response transients of the flower-like In,O3 microspheres
sensor to 1 ppm NO, was measured at 145 °C (Fig. 8), the response
time and recovery time were about 60 s and 30 s, respectively. The
five reversible cycles of the response curve indicated the sensor
has a stable and repeatable response characteristic, as shown in
the inset of Fig. 8. It can be observed that the average response
was 132 to 1 ppm NO,. The dynamic response resistances of the
sensors based on In, 03 microspheres (Fig. 9) to different NO, con-
centrations were investigated at 145 °C. The resistance of the sensor
increases upon exposure of NO,, whereas it decreases upon the
removal of NO,. Furthermore, the response of the sensor to NO,
increased with the increasing of the NO, concentration. The sensor
can detect 1 ppm NO», and the response was 132. The responses to
0.2,0.4,0.8, 1.0, 1.2, 1.4, 1.8 and 2.0 ppm NO;, were about 29, 59,
93, 132, 153, 174, 196 and 220, respectively.

The gas sensing is a surface-related phenomenon, which
involves the adsorption or desorption of gaseous molecules and the
interaction (electronic or chemical) among these different kinds of
gas molecules on the surface of sensing film [43-46]. For the semi-
conductor oxide, the most widely accepted sensing mechanism

Fig. 8. Response transients curve and the inset is the repeated response transients
curves to1l ppm for the sensor NO, at 145°C.
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Table 1

Gas responses to NO, in the present study and those reported in the literatures [24,34-42].
Materials NO, concentration (ppm) Operating temperature (°C) Response (Rg/Ra) References
Porous rh-In, 03 nanosheets 50 250 164 [34]
Nonporous In,03 nanosheets 50 250 57 [34]
Lotus root slicelike In, 03 microspheres 50 250 90 [35]
In, 03 hollow spheres 100 215 2 [36]
Zn-doped In,03 hollow sphere 50 300 100 [37]
Zn-doped In,03 cubes 50 300 70 [38]
SnO, microrods 50 300 <100 [39]
CuO nanosheets 100 240 <10 [40]
In, O3 nanowires 1 250 2.57 [24]
In,03 nanofibers 100 300 1.8 [41]
Sn0;-In; 03 nanostructures 2 250 125 [42]
Nanorod-flowers In, 03 microspheres 1 145 132 This work

Fig. 9. The dynamic transient response curve of the sensors and the gas responses
to different concentrations of NO; for the sensor using In, 03 microspheres at 145°C
in the range of 0.2-2 ppm.

states that “when the sensor is exposed to air, oxygen molecules
are adsorbed on the surface of the sensing materials, and ion-
ized by electrons from the conduction band of materials to form
chemisorbed oxygen species.” [13-15,47,48]. The ability of the
sensing material to absorb and ionize oxygen species is fundamen-
tal to the performance of sensor. When the In;03 sensors were
exposed to air atmosphere, the grains of In,03 were naturally
surrounded by ambient oxygen molecules, which could extract
free electrons from the conduction of In,03 causing the formation
of chemisorbed oxygen species (02~, O~ or 0,~) on the surface
[14,15,43,42]. The NO, sensing mechanism can be described in two
ways: the molecules can be directly adsorbed onto the surface by
extracting electrons from the conduction band (Eq. (1)) or they can
interact with the chemisorbed oxygen on the surface (Egs. (2) and
(3)) [49-52].

NOZ(gas) +eé—- — NO2_(ads) (1)
NOZ(gas) + 20_(ads) — NO; “(ads) T OZ(gas) +e (2)
NOy(gas) + 07 (ads) > NO*(ads) + 207 (ads) (3)

The enhancement in gas-sensing property for porous In, 03 hier-
archical architectures may be ascribed to the abundant framework
of gas diffusion and the chemical absorption as well as reaction on
the surface of the In,03 [53-55]. In Fig. 10, the hierarchical In;03
microspheres showed significantly enhanced response to NO, com-
pared with nanocubes (Fig. 5a) or nanoplates (Fig. 5b). There exists
a network of interconnected pores in sensing layer of the In;03
sensor, where the diffusion of target gas toward all of the surfaces
of In, O3 nanorods was effective. Moreover, it has been reported

Fig. 10. Responses of sensors based on different nanostructures (a. Nanocubes, b.
Nanoplates, c. microspheres) vs different gas concentration.

that grain boundaries or grain junctions were considered as the
active sites and they act positively on the performance of sensor
[47,53,56]. The as-prepared In, O3 microspheres were composed of
many well-aligned nanorods, and many nanorods/nanorods grain
boundaries could be formed. The more detailed reason and quali-
tative explanation need further investigation.

Selectivity was an important parameter for gas sensor. Fig. 11
shows the cross-sensitivities of the sensor using the In,03 micro-
spheres to various gases, including O3, H,S, Cly, SO;, CoHs0H,

Fig. 11. Cross-responses of In,O3; microspheres sensor to various test gases at
145°C.
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CO, and NHs. It is clear that the In,03 sensor exhibits the largest
response to NO, among the tested gases. Such a result indicates
that the sensor using the In, O3 nanostructure exhibits an excellent
selectivity to NO, against the other tested gases at the operating
temperature of 145 °C.

4. Conclusion

In summary, In,O3 microspheres had been successfully syn-
thesized through a simple one-step solution route combined with
a subsequent calcining process. Field emission scanning electron
microscopic and transmission electron microscopic results demon-
strate that the diameter of nanorods was about 30-100 nm. The
sensor fabricated using these hierarchical structures exhibited
excellent NO, sensing properties at relatively lower operating
temperature. The response of sensor was about 132 to 1ppm
NO, at 145°C. Moreover, the hierarchical In,03 exhibits signif-
icantly enhanced response to NO, compared with nanocubes or
nanoplates.
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