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ABSTRACT

In this study, well-defined, flower-like In,O3; microrods were successfully synthesized by a facile
one-step hydrothermal method and subsequent calcination. Various techniques such as scanning elec-
tron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM), and N
adsorption-desorption analyses were employed to clarify the feature of as-prepared product, includ-
ing morphology, crystal structure and BET surface area. Appreciable control on the morphology of
as-synthesized In, 03 samples was attained by altering the weight ratio of glucose and urea. The results
show that the flower-like In,O3 microrods are formed in presence of glucose and urea, owing to the
synergistic effect of the template role of glucose carbon spheres and Ostwald ripening under an alka-
line environment. Moreover, the ethanol gas sensing properties of the flower-like In,O3; microrods were
further investigated. Because of the structural merits including porosity and easily penetrable multiple
rods, the sensor based on these flower-like In, 03 microrods exhibited superior sensitivity toward ethanol
with a limit of detection lower to 1 ppm. In addition, improved selectivity to ethanol of this sensor is also
demonstrated in other interfering gases, including formaldehyde, methanol, toluene, acetone, carbon
oxides (CO) and Hydrogen (H;). Also, the ethanol sensor displays a good repeatability. These results

thereby demonstrate a potential application in a gas sensor for detecting ethanol vapor.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, environmental protection and human health are
attracting increasing concern because of the release of harm-
ful gases and other possible disasters, which focuses significant
attention to gas detection [1,2]. Owing to their excellent features
including simple operation, low cost, high sensitivity, fast response
andrecovery speed, and high stability, a number of typical semicon-
ducting metal oxides, such as SnO; [3,4], ZnO [5,6], WOs3 [7], and
TiO, [8], have aroused significant interest for fabrications of gas
sensors to monitor toxic, noxious and flammable gases. In particu-
lar, indium oxide (In,03), as an important n-type semiconductor
with low specific resistance and high stability, has been exten-
sively investigated as gas sensing materials for detection of H,S
[9], CH3COCH;3 [10], CO [11], NO, [12], CHsOH [13], HCHO [14],
etc.

It is well known that the gas-sensing properties of materials are
significantly depended on their physical properties, such as mor-
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phology, crystal structure, grain size, specific surface areas, and the
quantities of oxygen adsorption [15]. For years, several methods
such as chemical vapor deposition [16], electrospinning [17-19],
the hydrothermal method [8,20-23], and spray pyrolysis [24] have
been employed to obtain functional micro/nanomaterials with
controlled physical feature. Among these methods, the hydrother-
mal method has been considered to be the most practical and
widely applicable method because of its simplicity, universality
and process controllability [25]. Up to now, some groups have
explored a large variety of In,O3 materials with distinct morpholo-
gies using hydrothermal approach. For instance, Song et al. have
developed porous In,03 nanospheres using InCls, citric acid, and
urea as precursors through a hydrothermal process [26]. Recently,
Dong et al. have reported rosette-like In,O3 microspheres using
a hydrothermal method starting from InClz, HCl, ethanediamine
and glycerol [27]. Arunkumar et al. have synthesized mesoporous
In,03 nanocubes in a hydrothermal condition by optimizing the
ratio of InCl; with reaction medium (water/PEG ratio), the reac-
tion temperature, and time [28]. However, despite the considerable
efforts have been made in the past decade, several research groups
still feel that it is a great challenge to fabricate some functional
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Scheme 1. Schematic of a typical gas sensor in a test circuit.

micro/nanomaterials with well-defined, unique, and certain mor-
phologies.

Herein, we report novel flower-like In,O3 microrods using
both glucose and urea as structure directing agents by a one-step
hydrothermal method followed by calcination. To the best of our
knowledge, such In; 03 microstructures have rarely been reported.
Moreover, the formation of these flower-like structures can be
controlled by altering the weight ratio of glucose and urea. In addi-
tion, a possible mechanism of this structure was also proposed
in this case. To demonstrate its potential gas-sensing application,
the flower-like In,03 microrods-based sensor has been further
prepared. The sensor exhibits a superior ethanol sensing perfor-
mance with a limit of detection lower (LOD) to 1 ppm. At the same
time, the sensor possesses an excellent selectivity toward ethanol,
even though in other interfering gases (including formaldehyde,
methanol, toluene, acetone, CO and H,). Also, the ethanol sensor
displays a good repeatability with standard deviations lower to 2%.
Such results demonstrate the potential applications in detection of
ethanol vapor.

2. Experimental
2.1. Synthesis of flower-like In,03 microrods

All chemical reagents were analytical grade, and they were pur-
chased from Sinopharm Chemical Reagent Co. Ltd., China without
further purification. In a typical synthesis, 2 mmol of InCl3 was first
dissolved in 30 ml of deionized water, followed by the addition
of 3.5¢g of glucose and 3.5¢g of urea under a vigorous stirring for
1h. Afterwards, the mixed solution was transferred into a 50 ml
Teflon-lined stainless-steel autoclave and maintained at 180°C for
8 h. Subsequently, a black precipitate was obtained after the auto-
clave was allowed naturally to cool down to room temperature. The
resulting precipitates were separated by centrifugation, followed
washing with deionized water and ethanol for three times, alter-
nately. After dried in a vacuum oven at 80 °C for 12 h, the flower-like
In, 03 microrods were obtained by annealing the precipitates in a
tube furnace at 500°C for 2 h with a heating rate of 2°Cmin~! in
air atmosphere. Likewise, the other products were prepared in the
same manner, with the exception of the various weight ratios of
glucose and urea (4:0, 4:1, 2:1, 1:2 and 0:4).

2.2. Characterization

The morphology and crystal structure of the products were
examined by scanning electron microscopy (SEM, JEOL, and
JSM-5510LV), transmission electron microscopy (TEM), and high-
resolution electron microscopy (HRTEM, JEOL, JEM-2010). The
crystalline phase in the samples was performed by an X-ray diffrac-
tion using CuKa1 radiation (A =0.15406 nm) at 40kV and 20 mA.
The diffraction patterns were recorded at a 26 angle from 10° to 80°
with a scanning rate of 5°/min.The BET surface areas were obtained
from N, adsorption and desorption tests at 77 Kusing a NOVA2000e
analyzer.

2.3. Fabrication and gas-sensing measurement

The as-synthesized products were ground and mixed with
ethanol to form a homogenous paste (W/V=10mg/15 ml). Then,
the paste was brushed onto an Al,03 ceramic plate substrate
(length, width and thickness were 10 mm, 20 mm, and 0.635 mm,
respectively) to form a sensing channel between a pair of Au inter-
digitated electrodes (electrode and gap width were 0.18 mm and
0.18 mm, respectively), which had been previously printed on the
substrate. Afterwards, the sensing layer on the substrate was dried
at 80°C for 2 h and subsequent annealing at 500 °C for another 3 h
to improve the contact with Au electrodes. The thickness of sensing
film was controlled by brushed number. The gas sensing properties
of the sensors were measured by using a CGS-1TP intelligent test
system (Beijing Elite Tech. Co., Ltd., China) under laboratory condi-
tions (40% RH, 25°C). Scheme 1 shows a typical sensor measured
in a sensing platform. The measurement was conducted by a static
process in a test chamber (181). The operation temperature of the
sensor was conducted by a heating system. A typical testing pro-
cedure was as following: the as-fabricated sensor was placed into
the chamber and then a given concentration of gas was injected
into the chamber using a microsyringe. The concentration of the
gas was controlled by the volume using a gas distribution method
[29]. When the response reached a constant value, the test chamber
was opened, and the sensor was allowed to recover in air. Since all
test gases are reducing species, The sensor response was defined as
S=Ra/Rg, where R, and Rg represent the resistance of the sensor in
air and the test gas, respectively. The response and recovery times
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Fig. 1. SEM images of In, 03 samples prepared with different weight ratios of glucose and urea: (a) 4:0, (b) 4:1, (c) 2:1, (d)1:1, (e) 1:2, (f) 0:4.

were defined as the time taken by the sensor to achieve 90% of the
total resistance change for adsorption and desorption processes.

3. Results and discussion
3.1. Morphology and structure

Fig. 1 shows typical SEM images of the obtained In,O3 sam-
ples. As observed in Fig. 1(a), the as-synthesized In,03 exhibited
an irregular microsphere structure in presence of glucose alone,
whereas the microcubes with non-uniform shapes and size dis-

tribution were formed with the adding of urea alone (Fig. 1(f)).
Interestingly, when both glucose and urea were used as additive
reagents, the flower-like In, O3 microrods were obtained. As shown
in Fig. 1(b)-(e), these In,03 samples were self-assembled from
microrods, and each individual microrod from the flower shared the
same geometric center. The average diameters of these microrods
were determined to be ~656 nm, 354 nm, 200 nm, and 514 nm for
flower-like In, 03 microrods with different weight ratios of glucose
and urea, respectively. Table 1 summarizes the according results
about size characteristic of these In,O3 samples. For comparison,
the In,03 sample in Fig. 1(d) is selected for fabrication of a gas sen-
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Fig. 2. (a) XRD patterns and (b) a typical TEM image of the flower-like In, 03 microrods; (c) an enlarged TEM image of the individual In,O3 microrod; (d and e) HRTEM image
of the individual microrod at the different part; (f) SEAD pattern of the individual microrod.

Table 1
Different sizes of flower-like In, O3 microrods prepared by varying the weight ratios
of glucose and urea.

M (glucose):M (urea) 4:1 2:1 1:1 1:2
Average length (um) 2.05 1.11 0.67 0.86
Average diameter (nm) 656 354 200 514

sor because of its smallest diameter and shortest length, implying
the highest surface-to-volume ratio (see Supporting information
(SI), Fig. S1 and Table S1), which is favorable for gas adsorption.
To further investigate the crystal structure of the chosen In,03
sample, it was also characterized by other techniques. As shown
in Fig. 2(a), the crystal structure of the flower-like In,O3 micro-
rods was examined by XRD technique. All the diffraction peaks
were clearly assigned to the cubic structure of In,03 (JCPDS No. 06-
0461) [30]. Furthermore, impure peaks were not clearly observed
in the XRD patterns, implying a high purity of the target sample.
The crystal size of this sample was estimated by the Scherrer for-
mula: D=0.89\/Bcos 8, where D is the mean crystallite size, \ is the
wavelength of the X-ray radiation (A =0.154 nm for Cu Ko1 radia-
tion), and [3 is the full-width at half-maximum of the diffraction
peak at 20. As a result, the average crystallite size of the flower-like
In, 03 microrods was approximately 16.8 nm. To obtain detailed
information of morphology for flower-like In,03 microrods, the
TEM technique was employed. As shown in Fig. 2(b), the single
flower-like In,O3 microrod was composed of multiple microrods
with rough surfaces. It can be obviously seen in a higher resolu-
tion of TEM image (Fig. 2(c)) that these micro-shapes are composed
of nanoparticles. The individual flower-like rods were also charac-
terized by high-resolution TEM (HRTEM) in Fig. 2(e) and (f). The
HRTEM image confirms that both the edge part and port part of
In,03 microrods exhibit clear lattice spacing values of 0.293 nm,
corresponding to the (111) planes of In, O3 crystals. Meanwhile, the
selected-area electron diffraction (SEAD) patternin Fig. 2(f) demon-

strates the structure of In, O3 microrods is polycrystalline structure
in nature.

The porous characteristic of the flower-like In,O3 microrods
was further analyzed by nitrogen physisorption isotherm tech-
niques. As exhibited in Fig. 3, the as-obtained In,0O3 products
displayed a type IV isotherm with hysteresis loops in the range of
0.45-0.9 P/Po,. The pore size distribution for the sample was calcu-
lated by the Barrett-Joyner-Halenda (BJH) model and desorption
branch isotherm (inset of Fig. 3). A narrow pore size distribu-
tion peak was centered at approximately 7.4nm, implying the
formation of a mesopore structure (2-50nnm) in the sample [31].
In addition, the BET surface of the sample was estimated to be
25.15m?/g.

3.2. Growth mechanism

On the basis of all the above observations, a plausible growth
mechanism for formation of the various In,O3 morphologies was
schematically proposed in Fig. 4. For the In,03 microspheres, their
formation was conducted upon template effect of carbon spheres
from glucose, and the detailed process was described as follow-
ing. First, In3* is produced after InCl; is dissolved in deionized
water. A carbon sphere structure from glucose is obtained under
hydrothermal conditions at 180°C. Afterwards, In3* can be easily
adsorbed onto spheres because of a large amount of hydrophilic
functional groups such as —OH and —C=0 on their surface [32,33].
During this reaction process, the carbon spheres can act as the
active sites for nucleation and crystallite growth of In(OH);3 [34].
After calcinations, the carbon dioxide and water vapor are gen-
erated, resulting in the formation of In,O3 microsphere with a
porous structure. For In,O3 microcubes, urea is added as precur-
sor, and decompose and release OH~ ions under the hydrothermal
conditions, which provide an alkaline environment; hence, In3*
will gradually be converted into In(OH); crystal nucleus [35]. To
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Fig. 3. Nitrogen gas adsorption-desorption isotherms and BJH pore size distribution (inset) of the flower-like In,O3 microrods.

Fig. 4. Schematic of the growth mechanism for In,03; with different morphologies.

decrease the surface area and free energy, the crystal nuclei of
In(OH)3 gradually grow into uniformly large cubes through Ost-
wald ripening process [36,37]. The In,03 microcubes formed after
the calcination of In(OH)3 precursor. Interestingly, when both glu-
cose and urea are added into the system, the products exhibited
a flower-like microstructure, attributed to the synergistic effect of
these two reagents. Glucose serves as a steric stabilizer, which is
essential to form the whole framework. In the solution, the func-
tional groups of carbon spheres can absorb In3* ions, and then they
are converted into In(OH); when the urea is decomposed. Mean-
while, the increase in the In(OH)3 seeds results in self-aggregation,
and branches of microrods grow on the basis of a center in the pres-
ence of urea to reduce their surface energies through an oriented
attachment self-assembly mechanism. As a result, a flower-like
microstructure is formed. Furthermore, flower-like In,O3 micro-
rods with different sizes can be controlled by altering the weight
ratio of glucose and urea. The microrods become shorter and thin-
ner with increased urea content, and their length and thickness
increases when the weight ratio of urea to glucose exceeds 1:1.
This phenomenon is probably explained by the competition of
two reagents in directing structure formation. However, when the
weight ratio reaches 1:1, the competition tends to balance.

3.3. Gas sensing properties of the flower-like In,03 microrods

As we all know, In,03 has been proved to be a widely used gas
sensing material to detect different gases in daily life. Herein, in
this study, a sensor based on the as-synthesized flower-like In,03
microrods was used to investigate its ethanol sensing performance
for the purpose of demonstrating an advantageous structure in gas-
sensing application. For comparison, the other In,03 morphologies
were also fabricated for gas sensors in an identical manner. At
first, the optimum working temperatures of these sensors were
determined. Fig. 5(a) shows the sensor response to 100 ppm of
ethanol at different operating temperatures, indicating the sen-
sor response varied with different operating temperatures. The
response significantly enhanced with an increased operating tem-
perature from 200°C to 300°C, and then decreased with further
increasing the operating temperature. And the response to 100 ppm
ethanol reached its maximum at 300 °C. This phenomenon can be
explained as following: generally, the optimum operating tem-
perature can provide certain energy for activating the reaction
between the target gas and adsorbed oxygen to ensure that the
sensor exhibits the highest efficiency. However, it is not favorable
for oxygen molecules to adsorb on the In, 03 surface at a relatively
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Fig. 5. (a) Sensor responses based on the flower-like In,O3 to 100 ppm of ethanol at different operating temperatures; (b) sensor responses to different concentrations

(1-400 ppm) of ethanol at the optimum operating temperature of 300 °C.

Fig. 6. Dynamic response curve of the flower-like In, 03 microrods-based sensor to
ethanol with a concentration range from 1 ppm to 400 ppm (Inset: a typical response
transient to 100 ppm of ethanol).

high temperature. Therefore, it is not suitable when the operat-
ing temperature is too low or too high, the balance between the
chemical reaction and gas adsorption will form only at the opti-
mum operating temperature [38]. Hence, 300°C was chosen as
the optimum operating temperature. Fig. 5(b) exhibits the sen-
sor response to ethanol with different concentration ranging from
1 to 400 ppm. The response of sensor based on flower-like In,03
microrods was significantly raised with increased ethanol concen-
tration, and the limit of detection was lower to 1 ppm. Furthermore,
a linear relationship of sensor response versus ethanol concen-
tration ranging from 1 to 50 ppm was obtained (y=0.229x +1.93,
R?=0.993), implying that the ethanol vapor could be quantitative
detected using this sensor. In addition, the sensor based on the
flower-like In,03 microrods showed a fast response and recov-
ery speed toward ethanol with a concentration from 1 to 400 ppm,
implying an amplitude response (Fig. 6). In addition, a typical tran-
sient response and recovery of the sensor to 100 ppm ethanol were
only 15s and 20s, respectively (the inset of Fig. 6). To illustrate
the structure advantages of the flower-like In,03 microrods, the
other In,03 morphologies prepared in a batch but using differ-
ent weight ratios of urea and glucose were fabricated into sensors
using identical process, but showed relatively poor ethanol sens-
ing (See SI, Fig. S2). Moreover, the repeatability of the flower-like
In, 03 microrods-based sensor was investigated. As shown in Fig. 7,

Fig. 7. Response and recovery curve of the flower-like In,O; microrods-based sen-
sor upon exposure of to 100 ppm of ethanol in quintuplicate cycles.

Fig. 8. Sensor responses of the flower-like In,O3 microrods to various gases with
the same concentration (100 ppm) at 300°C.

the sensor displays a good repeated response toward 100 ppm of
ethanol with standard deviations lower to 2%.

Moreover, an excellent gas sensor must exhibit good selectivity
to the target gas in the presence of other interfering gases, espe-
cially those with similar physicochemical properties [39]. Hence,
a systematic test is examined to other types of gases, including
formaldehyde (HCHO), methanol (CH3OH), toluene (C;Hg), ace-
tone (CH3COCH3), carbon monoxide (CO), and hydrogen (H,) at
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Fig. 9. Schematic illustration of the ethanol sensing process of the flower-like In, O3 microrods.

the same concentration (100 ppm). As shown in Fig. 8, the sensor
highest response toward 100 ppm of ethanol (about 18.33), which
is four times higher than those of formaldehyde, methanol, and
acetone, and ten fold higher than those of C;Hg, CO and H,, respec-
tively. From this viewpoint, flower-like In, 03 microrods displayed
a highly improved selectivity toward ethanol. In comparison, other
In, 03 morphologies-based sensors were also tested, however, they
cannot display a selective sensing to ethanol (See SI, Fig.S3).

In this study, the ethanol sensing mechanism of the flower-like
In,03 microrods was discussed as well. The gas adsorption-
desorption theory could be explained in our case. When the
flower-like In, 03 microrods were exposed in the atmosphere, oxy-
gen molecules can capture free electrons from the conduction band
of In,03 and form chemisorbed oxygen species (0%~, O~, 0,7)
adsorbed on In,03 material surface (Fig. 9(a)). The resistance of
the sensor increased because of the formation of depletion lay-
ers. When the In,03 was exposed to ethanol, a reaction occurs
between ethanol molecules and adsorbed oxygen species on the
In,03 surface (Fig. 9(b)). The captured electrons returned to the
conduction band of In, 03, which lead to a remarkable decrease in
sensor resistance. The whole process can be summarized as follows
(Egs. (1)-(4)):

Oy+e < 0y 1)
0" +e~ < 20 2)
O +e « 0% (3)
CH3CH,0H + 60~ < 2C0, +3H,0 + 6e- (4)

In addition, the improved selective sensing to ethanol of flower-
like In,03 microrods may be attributed to the following aspects:
firstly, the flower-like In,03 microrods could provide more avail-
able active surface areas because of the unique microstructure
and its own good physicochemical properties, thus enhancing the
reaction between ethanol and the adsorbed oxygen at the opti-
mum operating temperature of sensor [30]; secondly, among these
gases, ethanol can attract the most electrons from adsorbed oxy-
gen by Egs. (4)-(10). Due to high adsorption of ethanol on the
In, 03 surface and strong reactivity of ethanol with O~, the sen-
sor seemed to be more selective sensing to ethanol compared with
methanol, formaldehyde and acetone. For C;Hg, CO and H,, they
always exhibit poor reaction active with O~ on the In,03 surface
due to their high dissociation under this condition. As a result, the

sensor exhibited naturally an enhanced selectivity toward ethanol
against the other interfering gases in our study.

HCHO + 20~ < CO, +H,0 + 2e~ (5)
CH50H + O~ <> HCHO + Hy0 + e~ (6)
C;Hg +20~ <+ C7HgO + Hy0 + 2e~ (7)
CO + 0~ < COy+e- (8)
Hy; +0™ < H;0 + e~ 9)
CH5COCH3 + 0~ < CH5C*O + CH30™ (10)

4. Conclusions

In summary, a novel flower-like In,O3 microrods were suc-
cessfully synthesized with glucose and urea as structure directing
agents by a facile one-step hydrothermal method and subse-
quent calcination. In addition, the shaped and size of this unique
microstructure can be well controlled by altering the weight ratio
of glucose and urea. The gas sensing tests indicated that the flower-
like In, O3 microrods-based sensor exhibited an excellent response
toward ethanol with a limit of detection lower to 1 ppm. Mean-
while, this sensor displays a highly improved selectivity to ethanol
against other interfering gases (including formaldehyde, methanol,
toluene, acetone, CO and Hj). Furthermore, a good repeatability is
also demonstrated for our sensor. Therefore, these results demon-
strated a potential application for detections of ethanol using our
Ssensor.
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