
V
I

X
S
C

a

A
R
R
A
A

K
G
N
M
I
N

1

s
d
t
a
a
m
i
o
a
c
t
3
i
g
t
t
a
o
s

h
0

Sensors and Actuators B 220 (2015) 68–74

Contents lists available at ScienceDirect

Sensors  and  Actuators  B:  Chemical

jo u r nal homep age: www.elsev ier .com/ locate /snb

itamin  C-assisted  synthesis  and  gas  sensing  properties  of  coaxial
n2O3 nanorod  bundles

iaowei  Li,  Shiting  Yao,  Jiangyang  Liu,  Peng  Sun ∗, Yanfeng  Sun,  Yuan  Gao,  Geyu  Lu ∗

tate Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin University, 2699 Qianjin Street,
hangchun 130012, China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 9 March 2015
eceived in revised form 7 May  2015
ccepted 17 May  2015
vailable online 28 May  2015

a  b  s  t  r  a  c  t

In2O3 nanorod  bundles  with  well-designed  morphology,  hierarchical  nanostructure  and  large  specific
surface  area  were  quickly  prepared  via  microwave  hydrothermal  method  in  the presence  of  vitamin  C.
The observations  of field  emission  electron  microscopy  and  transmission  electron  microscopy  revealed
that  the  as-prepared  In2O3 samples  were  constructed  from  lots  of  well-aligned  nanorods  with  average
diameter  of about  50  nm.  To  demonstrate  their  potential  application  in  detecting  harmful  gases,  these
eywords:
as sensor
O2
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n2O3

anorod bundles

bundle-like  In2O3 samples  were  applied  to fabricate  gas  sensor  and  their  sensing  properties  were  exam-
ined.  It was  found  that the  sensors  based  on  such  novel  In2O3 nanorod  bundles  exhibited  high  response
and  excellent  selectivity  during  detecting  NO2 gas  at the operating  temperature  of  100 ◦C.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Over the past decades, the design and development of gas sen-
ors with high sensing performance has been a research hotspot
ue to its profound influence on human health and environmen-
al protection [1]. Thanks to the advances in nanotechnologies
nd synthetic methods, various kind of sensing materials, such
s metal-oxide semiconductors, polymers, carbon nanotubes, and
oisture absorbing materials, have been developed and applied

n gas sensors [2–5]. Among them, the sensors based on metal-
xide semiconductors have triggered great interest owing to their
ttractive characteristics such as low cost, high sensitivity, and
ontrollable preparation [6–8]. Indium oxide (In2O3), an impor-
ant n-type oxide semiconductor with wide direct band gap of
.55–3.75 eV at room temperature [9], has been recognized as an

deal functional material and widely used in detecting hazardous
ases like NH3, CO, H2S, NOx and so on [10–18]. It is well known that
he properties of metal-oxide semiconductors can be optimized by
ailoring their morphology, aspect ratio, size, crystal orientation,
nd density of defects [19–21]. In this context, rational synthesis

f novel nanostructures is thus of vital importance to improve the
ensing performance of In2O3 nanocrystals.

∗ Corresponding author. Tel.: +86 431 85167808; fax: +86 431 85167808.
E-mail addresses: spmaster2008@163.com (P. Sun), lugy@jlu.edu.cn (G. Lu).

ttp://dx.doi.org/10.1016/j.snb.2015.05.038
925-4005/© 2015 Elsevier B.V. All rights reserved.
As a new class of special three-dimensional (3D) structures,
hierarchical nanostructures that are constructed from many low
dimensional building blocks have attracted a great deal of research
interest because of their well-defined configurations and intriguing
properties. It has been demonstrated that an increase in util-
ity factor of the sensing material can considerably improve the
sensing performance of gas sensor [22]. The periodically assembled
building blocks endow hierarchical nanostructures with abundant
porous structures and high surface area, which can allow the gas
molecules diffuse rapidly and effectively through the sensing mate-
rials [23]. Therefore, the hierarchical nanostructures are hopeful
to become a new generation of ultra sensitive gas sensing materi-
als. Recently, as motivated by the driving force of developing gas
sensors with high sensitivity, good selectivity and low detection
limit, numerous methods such as template-directed [24], ther-
mal  evaporation [25,26], chemical vapour deposition (CVD) [27]
and solution-based approaches [28–30], have been employed to
prepare hierarchical nanostructures with diverse building blocks.
However, in most cases, the above-mentioned synthetic methods
may  suffer from many serious drawbacks including tedious synthe-
sis procedures, sophisticated equipments, toxic chemical reagents
and rigid experimental conditions. Therefore, an efficient, facile and
green method is still required in view of all above considerations.

Microwave-assisted synthesis, as a promising strategy, has gained
tremendous attention because it not only provides homogeneous
and efficient heating source to help increasing the temperature of
the entire reaction vessel simultaneously and rapidly, but also can
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individual In2O3 nanorod, the dark/light contrast indicated that
the nanorod was composed of numerous nanoparticles, and thus
many stacking pores were formed. Furthermore, the correspond-
ing selected-area electron diffraction (SAED) pattern indicated that
X. Li et al. / Sensors and 

ake the synthesis reaction under precise control by virtue of its
mall thermal inertia [31,32]. Thus, these effects make microwave-
ssisted synthesis particularly suitable to prepare high-quality
elicate nano-materials.

In this contribution, a microwave hydrothermal method using
itamin C as structure-directing agent was reported for the rapid
ynthesis of In2O3 nanorod bundles. The synthesis procedure was
erformed in aqueous solvent with a short reaction time (30 min).
he formation mechanism of In2O3 nanorod bundles was proposed
n the basis of the time-dependent morphologies of In2O3 samples.
n addition, the nitrogen dioxide (NO2) sensing performances of
ensors based on resulting In2O3 were systematically examined.

. Experimental

All the reagents in current experiment were analytical grade
nd directly used as purchased without any further purification.
n a typical procedure, a transparent aqueous solution (30 mL)
ontaining 1 mmol  of indium chloride tetrahydrate (InCl3·4H2O)
nd 5 mmol  of urea (CO(NH2)2) was first prepared at room tem-
erature. Then, 0.125 mmol  of ascorbic acid (C6H8O6, vitamin C)
as added into the above solution as a structure-directing agent.
fter vigorous stirring for 15 min, the resulting mixture was  trans-

erred into a 100 mL  Teflon-lined autoclave and treated with a
redetermined heating procedure (first heated to 140 ◦C at a heat-

ng rate of 4 ◦C min−1 from room temperature, then cooled down
aturally) in a microwave hydrothermal system. After that, the
recipitates were harvested with the assistance of centrifugation
nd washed with deionized water and absolute ethanol for several
imes, then dried in air at 80 ◦C for 5 h. To obtain the pure In2O3 sam-
les, the precipitates were finally calcined at 550 ◦C for 2 h in muffle
urnace.

X-ray diffraction (XRD) patterns were recorded by Rigaku
/max-2550 diffractometer (operated at 40 kV per 200 mA)  with
u K� radiation (� = 1.5406 Å) in the range of 20–80◦ (2�). Field
mission scanning electron microscopy (FESEM) images were
aken on a JEOL JSM-7500F microscope, which was operated at
5 kV. Transmission electron microscopy (TEM) and high resolu-
ion transmission electron microscopy (HRTEM) observations were
erformed on a JEOL JEM-2100F microscopy with an accelerat-

ng voltage of 200 kV. Nitrogen adsorption–desorption isotherm
as measured on a Gemini VII surface area and porosity sys-

em at 77 K. The specific surface area was estimated using the
runauer-Emmett-Teller (BET) equation based on the nitrogen
dsorption isotherm. Pore diameter distribution was  calculated by
arrett–Joyner–Halenda (BJH) method using the adsorption branch
f the isotherms.

The detailed fabrication and measurement of gas sensor were
imilar to the methods reported in our previous works [33,34].
riefly, a ceramic tube (4 mm in length, 1.2 mm in external diame-
er, and 0.8 mm in internal diameter) with a pair of gold electrodes
nd four platinum wires was first prepared as substrate. The
s-synthesized In2O3 powder was uniformly dispersed in the
eionized water to form a paste, and then coated on the above
eramic tube. After drying in air at room temperature, the device
as transferred into muffle furnace and aged at 400 ◦C for 2 h to

mprove the thermal stability of the sensor. Subsequently, a Ni-Cr
eating coil was inserted through the ceramic tube to control the
perating temperature of sensor.

The electrical properties of the sensor were measured by a static
rocess: the sensor was placed in a test chamber full of fresh air at
he beginning, and then a given amount of test gas was injected into

he chamber by an injector. After the response reaching a steady
alue, the sensor was transferred into another chamber also full
f air and began to recover. According to the chemical properties
f different test gases, the response (S) of sensor was  defined as
ors B 220 (2015) 68–74 69

S = Rg/Ra (for oxidizing test gases) and S = Ra/Rg (for reducing test
gases), respectively. Here, Ra and Rg were the resistances of the
sensor when exposed in the air and test gas atmosphere. The time
taken by the sensor to achieve 90% of the total resistance change
in the case of adsorption and desorption were designated as the
response time and recovery time, respectively.

3. Results and discussion

3.1. Morphology and composition analysis

Fig. 1 shows the X-ray diffraction (XRD) pattern of the as-
prepared In2O3 powder. As can be seen, all of the diffraction
peaks were matched well with those from the standard JCPDS
card no. 6-416 (space group: Ia-3), indicating that the obtained
powder could be indexed as cubic In2O3 with lattice parameters
of a = 10.118 Å. Besides, no other crystalline phase corresponding
to impurity was detected, indicating that the product had a high
purity. Furthermore, the average crystallite size of obtained In2O3
was calculated to be about 18 nm using the Debye–Scherrer for-
mula: D = 0.89�/(ˇcos �), where � represents the X-ray wavelength
(1.5406 Å for Cu K� radiation), � is the Bragg diffraction angle, and

 ̌ represents the peak width at half maximum.
The microstructures and morphologies of the as-synthesized

In2O3 sample were investigated by FESEM observations. As can be
seen from the panoramic FESEM image (Fig. 2a), the resultant In2O3
sample was composed of numerous bundle-like crystals that were
assembled with 1D nanorods. And the detailed morphology infor-
mation of such microstructures was  shown in Fig. 2(b and c). From
the top-view SEM image (Fig. 2b), it can be observed that many
1D nanorods in the same plane vertically aligned around a single
center, which was  also constructed by numerous In2O3 rod-like
crystals. Fig. 2c shows a side-view SEM image of the bundle-like
microstructures. It was interesting to note that the growth direc-
tion of In2O3 nanorods were either parallel or perpendicular to a
central symmetrical axial direction (indicated in the inset of Fig. 2c),
leading to the formation of coaxial In2O3 nanorod bundles. In addi-
tion, the high-magnification SEM image was  shown in Fig. 2d, as can
be seen, the average diameter of In2O3 nanorods was about 50 nm
and the nanorods were consisted of a large number of agglomerate
nanoparticles.

Fig. 3a presents a typical TEM image of as-obtained In2O3 sam-
ple, from which the bundle-like hierarchical structures got further
confirmed. Fig. 3b gives the detailed structural information of an
Fig. 1. X-ray diffraction pattern of the as-prepared In2O3 nanorod bundles.
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Fig. 2. SEM images of bundle-like In2O3: (a) low-m

he In2O3 nanorods were polycrystalline in nature, as shown in
he inset of Fig. 3b. The HRTEM images taken from the rectangular
egions of In2O3 nanorod were recorded in Fig. 3(c and d). It can be
learly seen that the In2O3 nanoparticles attached on the nanorods
ere highly crystallized and the lattice fringe spacing was about

.292 nm,  which was in good accordance with the distance between
he {222} planes of cubic indium oxide.

It is well known that the porous structure plays an important
ole in facilitating the gas diffusion and improving the sensing
roperties of gas sensor. The nitrogen adsorption and desorption
easurement was conducted to investigate the porous character-
stic of the obtained In2O3 nanostructures. Fig. 4 shows nitrogen
dsorption–desorption isotherm and corresponding pore size dis-
ribution plot of the as-obtained In2O3 sample. As can be seen, the

ig. 3. (a) Typical TEM image of bundle-like In2O3; (b) TEM image and SAED pattern (in
ectangle.
ation; (b) and (c) enlarged; (d) high-magnification.

adsorption–desorption isotherm exhibited an obvious hysteresis
loop and could be indexed as type-IV isotherm according to the
IUPAC classification, which confirmed the existence of mesoporous
structures (2–50 nm)  in the product. Pore diameter distribution
(inset of Fig. 4) indicated that the pore size was mainly distributed
around the average size of 13.5 nm.  Furthermore, the BET surface
area of the product was  calculated to be 40.4 m2/g based on the
nitrogen adsorption isotherm.

In virtue of the precise control over heating procedure,
microwave hydrothermal method made it possible to analyze
the intermediates during the temperature-rise stage. Hence, to

get a better understanding on the evolution processes of these
bundle-like microstructures, a time-resolved observation had been
characterized by scanning electron microscopy (SEM), as shown in

set) of a single nanorod; (c) and (d) HRTEM image taken from the area marked by
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ig. 4. Typical N2 adsorption–desorption isotherm and the corresponding pore size
istribution curve (inset) of In2O3 nanorod bundles.

ig. 5(a–d). The SEM images of the sample collected from 115 ◦C
no precipitate generated below 115 ◦C) were shown in Fig. 5a and
he inset. It can be seen that uniform elliptic nanoparticles with
mooth surface had been formed, and the length of the obtained
llipsoid along long and short axis directions were about 850 nm
nd 800 nm,  respectively. As the temperature increased to 120 ◦C,
ome small protuberances showed up on the surface of the above
lliptic nanoparticles. Interestingly, these protuberances seem to
refer appearing at the position with bigger curvature (Fig. 5b and
he inset). At 130 ◦C, accompany with the growth of the crystal,
he protuberances on the surface gradually evolved into many 1D
anorods (Fig. 5c and the inset). When the hydrothermal proce-
ure came to 140 ◦C, coaxial nanorod bundles were finally obtained,
hich could be seen from Fig. 5d and its inset. Even though detailed
echanism still needs more investigation, a plausible mechanism

as proposed to explain the formation of In2O3 nanorods on the

asis of the foregoing results. As demonstrated by Cho et al. and
hang et al. [35,36], vitamin C anions could adsorb onto the crystal
urface because of their polar groups (–COO– and –OH), which will

ig. 5. Morphological characterization of In2O3 samples prepared with assistance of vitam
ors B 220 (2015) 68–74 71

further hamper the crystal surface from directly contacting ambi-
ent solution and slow down the growth of crystal in all directions.
Hence, the uniform nanoparticles were obtained at the beginning
stage. Subsequently, along with the growth of initial crystal, the
surface area increased simultaneously. Therefore, the molecules of
vitamin C was  not enough to cover every crystal surface anymore,
which resulted in desorption of vitamin C from the surface (espe-
cially in the position with bigger curvature). As a result, the bare
grains on the initial crystal got more chance to contact the ambient
solution and eventually grew into many nanorods.

3.2. Gas sensing properties

Nitrogen dioxide (NO2), known as one of notorious pollutants
in air, has been threatening the environment by creating acid rain
and photochemical smog. Thus, the development of gas sensors
for monitoring the concentration of nitrogen dioxide has received
growing attention because of its environmental importance [37].
Taking advantage of the as-obtained bundle-like In2O3 as sensing
material, gas sensors used for detecting NO2 were fabricated and
their corresponding sensing performance were investigated in this
study. Considering that the sensing behaviour of gas sensors based
on most metal oxides depend closely on their operating tem-
perature [38,39], the temperature dependent properties of the
as-fabricated gas sensors were measured first. Fig. 6 shows the
response of the sensor to 1 ppm NO2 at different temperatures
ranging from 50 to 175 ◦C. The results indicated that the response
of sensor based on bundle-like In2O3 exhibited a typical “volcano”
shape. It is well known that the response of sensors is related to the
chemical reactions between the adsorbed oxygen species and the
tested gas on the surface of oxides. At low temperatures the tested
gas molecules do not have enough thermal energy to react with the
surface adsorbed oxygen species. As the temperature increases, the
gas molecules become activated enough to react with the surface
adsorbed oxygen species. Therefore, the response kept increas-

ing along with the operating temperature at first. However, if the
temperature is too high, the gas adsorption is not adequately com-
pensated by the increased chemical reaction, the response of the
sensor begins to reduce upon further increasing the temperature

in C at different reaction stage: (a) 115 ◦C; (b) 120 ◦C; (c) 130 ◦C; and (d) 140 ◦C.
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Table  1
Comparison of gas-sensing performances of In2O3 gas sensors using different sensing materials.

Morphology of In2O3 Synthesis approach NO2 concentration Operating
temperature (◦C)

Response (Rg/Ra) Reference

Microspheres Solvent-thermal 20 ppm 250 ∼37 [41]
Nanowires Hydrothermal 1 ppm 250 2.57 [42]
Nanoplates Hydrothermal 1 ppm 150 73 [43]
Thin films Thermal oxidation 5 ppm 

Nanocrystals Water bath 1 ppm 

Bundle-like Microwave hydrothermal 1 ppm 
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ig. 6. Responses of the sensor as a function of operating temperature to 1 ppm NO2.

40]. In this case, the temperature of 100 ◦C was  chosen as the
ptimum operating temperature of the gas sensors for detecting
O2 gas, because the response to 1 ppm NO2 reached a maximum
alue of 87 at this temperature. Besides, a comparison between the
ensing performances of present sensor and some previous works
s summarized in Table 1. It can be observed that the sensor based
n unique bundle-like In2O3 exhibted an enhanced response than
hose in other literatures [41–45].

Fig. 7 presents the dynamic responses of the gas sensor when
rderly exposed different concentrations of NO2 at 100 ◦C. It is clear
hat the responses of the sensor increased rapidly with the concen-
ration of NO2 ranging from 150 to 1000 ppb. The gas responses
o 150, 200, 300, 500, 700 and 1000 ppb NO2 were about 9.8, 12.2,
0.8, 39, 56.7 and 87, respectively. Moreover, in order to clarify
he low detection limit of the sensor, consecutive tests towards
ow-concentration NO2 (below 100 ppb) were carried out. It is note-
orthy that the sensor based on the bundle-like In2O3 still had an
bvious response, even when the concentration of NO2 was as low
s 40 ppb (inset of Fig. 7).

ig. 7. Responses of the sensor upon exposure to different concentrations of NO2 at
ptimal operation temperature.
180 ∼10 [44]
83 52.1 [45]

100 87 This work

To get further insight into sensing performance of the as-
obtained gas sensor, the response and recover transients towards
1 ppm NO2 were also measured at the optimum operating temper-
ature. As can be seen from Fig. 8a, once the sensor contacted with
NO2, the resistance increased immediately and gradually reached
a steady state. The corresponding response time for this process
was about 177 s. Subsequently, the sensor was transferred into air
to recover and the time taken during recovery was about 152 s.
Fig. 8b shows several cycles of repeated test toward NO2 gas. As
can be seen, there was  no obvious response attenuation when the
sensor was  alternately exposed to air and 1 ppm NO2 gas, which
demonstrated that the sensor based on bundle-like In2O3 had an
excellent reversibility.

Fig. 9a displays the responses of the sensor towards various com-
mon  interfering gases, such as Cl2, O3, H2S, NH3, SO2, and C2H5OH.
It can be clearly observed that the response of sensor based on
bundle-like In2O3 towards NO2 was  remarkable higher than that
towards other tested gases at operating temperature from 50 to
150 ◦C. For 1 ppm NO2, the corresponding response was  as high as
87 at 100 ◦C, while the responses to other gases were no greater
than 10, even some of them had much higher concentration. By
contrast, the sensor displayed a good selectivity to NO2 gas. During
practical application of gas sensor, except for the excellent selec-
tivity, the stability is also very important. Therefore, the long-time
stability of the gas sensor based on In2O3 nanorod bundles towards
1 ppm NO2 was  measured at 100 ◦C. As can be seen from Fig. 9b,
the gas response of the sensor changed over time but nearly fluctu-
ated around the initial value. This result indicates that such In2O3
nanorod bundles might be a good candidate for practical detection
of NO2 gas.

It  is well known that gas sensing is a surface-related phe-
nomenon, 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
[46,47]. When the In2O3 sensors were exposed to air atmosphere,
the grains of In2O3 were naturally surrounded by ambient oxygen
molecules, which could extract free electrons from the conduction
of In2O3 causing the formation of chemisorbed oxygen species (O2−,
O− or O2

−) on the surface [48,49]. As a consequence, due to the
reduction of electron concentration in the sensing material, a deple-
tion layer was  formed on the surface domains of In2O3. If target gas
(NO2) was introduced at this moment, due to its strong oxidizing
characteristics [50], NO2 molecules would harvest electrons either
by directly extraction like oxygen molecules, or by the redox reac-
tions with the adsorbed oxygen species on the surface of In2O3
(shown in Eq. (1) and (2)) [51,52]. Consequently, the thickness of
depletion layer and the resistance of the sensor were increased.

NO2(gas) + e− → NO2(ads)
− (1)

NO2(gas) + 2O(ads)
− → NO2(ads)

− + O2(gas) + e− (2)
According to the previous reports, the performance of gas sen-
sor is governed by many characters of sensing materials. Among
them, the most critical factors are the category and utilization rate
of the sensing material. Therefore, the rational choice and design
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Fig. 8. (a) Transient response and recovery characteristic; (b) reproduc

f sensing materials is very important for a successful gas sen-
or. In this study, the good performance of bundle-like In2O3 may
e attributed to its excellent electric conductivity and its special
tructural advantage. As stated above, the response towards NO2
as calculated according to the formula (S = Rg/Ra), low baseline

esistance will be conducive to achieve high response. For the gas
ensor based on as-obtained In2O3, the resistance in the air was
nly few Kohms. This means that during the subsequent detection
f NO2, a tiny enhancement in resistance would cause an obvious
esponse. More importantly, the well-defined hierarchical config-
ration endowed the bundle-like In2O3 a high surface area and
bundant porous structures, which would facilitate the gas diffu-

ion toward the entire sensing materials [23]. Thus, the utilization
ate of the sensing body was increased and a high sensitivity was
nally observed.

ig. 9. (a) Responses of the sensor based on In2O3 nanorod bundles to various
nterfering gases at different temperature; (b) long-time stability of In2O3 nanorod
undles to 1 ppm NO2 at 100 ◦C.

[

 of the sensor based on In2O3 nanorod bundles to 1 ppm NO2 at 100 ◦C.

4. Conclusion

In summary, we have demonstrated the rapid synthesis
of In2O3 nanorod bundles using biomolecules (vitamin C) as
structure-directing agent via a microwave hydrothermal method.
Remarkably, the observations of morphology evolution revealed
that the well-aligned bundle-like In2O3 had been sucessfully built
during the temperature-rise stage, which only demands 30 min.
When evaluated as gas sensors, these In2O3 nanorod bundles exhib-
ited a high response and good selectivity towards NO2. At the
optimum operating temperature, the response to 1 ppm NO2 was
as high as 87. The good sensing properties observed here were
attributed to their hierarchical microstructures, which endowed
the In2O3 nanorod bundles a high surface area and abundant porous
structures.
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