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a b s t r a c t

Pure In2O3 and mixed Fe2O3–In2O3 nanotubes were prepared by simple electrospinning
and subsequent calcination. The as-prepared nanotubes were characterized by scanning
electron microscopy, powder X-ray diffraction, and energy-dispersive X-ray spectrometry.
Gas sensors were fabricated to investigate the gas-sensing properties of In2O3 and Fe2O3–

In2O3 nanotubes. Compared to pure In2O3, Fe2O3–In2O3 nanotubes exhibited better gas-
sensing properties for formaldehyde at 250 1C. The response of the Fe2O3–In2O3 nanotube
gas sensor to 100 ppm formaldehyde was approximately 33, which is approximately
double the response of the pure In2O3 nanotube gas sensor. In both cases the response
time was �5 s and the recovery time was �25 s.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Many studies have investigated metal-oxide nanostruc-
tures. Compared to the bulk structures, metal-oxide nano-
structures usually have better properties and are suitable
for applications such as solar cells [1], electrode materials
[2], catalysts [3], humidity sensors [4], and gas sensors [5].
Gas sensors have been investigated for the detection
of many different gases, including ethanol, ammonia,
acetone, H2S, O3, NO2, and H2 [6–12]. Gas sensors with
outstanding gas-sensing properties usually have an open-
edge geometry [13]. Hollow, porous, and hierarchical
nanostructures are effective [14–16]. Nevertheless, some
sensing materials with a good nanostructure exhibit med-
iocre gas-sensing properties [17]. It is widely accepted that
mixing or doping is a convenient and efficient way to
improve sensor performance [18–20].
All rights reserved.

0.
As a volatile organic pollutant in indoor environments,
formaldehyde vapor is harmful to human health. It can
lead to cancer, pulmonary damage, and leukemia [21].
In2O3 and Fe2O3 are both n-type semiconductors with gas-
sensing properties for formaldehyde [21,22]. However,
their formaldehyde-sensing properties are not outstanding
and they suffer from shortcomings such as low sensitivity,
slow response and recovery, and a narrow detection range.

We synthesized Fe2O3–In2O3 nanotubes by electrospin-
ning and subsequent calcination. Gas sensors were fabricated
to investigate the formaldehyde gas-sensing properties of
Fe2O3–In2O3 and pure In2O3 nanotubes. The results reveal
that Fe2O3–In2O3 nanotube sensors have a better response
than In2O3 nanotube sensors.

2. Experimental

2.1. Materials

Indium nitrate hydrate (In(NO3)3, 99.99%), ferric nitrate
(Fe(NO3)3 �9H2O, 99.99%), N,N-dimethylformamide (DMF,
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Z99.9%), and ethanol (Z99.5%) were purchased from
Aladdin (China). Poly(vinyl pyrrolidone) (PVP; Mw¼
1,300,000) was purchased from Sigma-Aldrich (USA).

2.2. Sample preparation

In2O3 and Fe2O3–In2O3 nanotubes were synthesized as
follows. In(NO3)3 (0.8 g) and Fe(NO3)3 �9H2O (0.096 g)
were mixed with 8 g of DMF and 8 g of ethanol under
magnetic stirring for 30 min. In a separate container, 1.2 g
of PVP was mixed with 8 g of ethanol under vigorous
stirring for 30 min. The two solutions were then mixed
and stirred vigorously for 10 h to obtain the precursor
solution. The process for pure In2O3 nanotubes was the
same but without Fe(NO3)3 �9H2O. The precursor was
injected using a syringe. The distance between the syringe
(anode) and the collector (cathode) was 20 cm and the
voltage was 15 kV. Then composite fibers in the form of
non-woven mats were collected and calcinated at 550 1C
for 2 h at the heating rate of 5 1C/min.

Gas sensors were fabricated as follows. The as-prepared
nanotubes were mixed with deionized water at a ratio of
100:25 (w/w) to form a paste. The paste was coated onto a
ceramic tube on which a pair of Au electrodes was
previously printed. A Ni–Cr heating resistance wire was
inserted into the ceramic tube to provide the working
temperature. The devices were aged for more than 3 days.
On the first day, the sensors were stored at room tem-
perature until the paste on the ceramic tube was dry. On
the second day, the sensors were aged on a stage at 300 1C
Fig. 1. SEM images of (a,b) In2O3 and (c,d) Fe2O3
for 24 h. On the third day, sensors were stored at room
temperature until the sensing properties were tested.
2.3. Measurement

Gas-sensing tests were conducted using a modified
CGS-8 gas-sensing analysis system (Beijing Elite Tech Co.,
China). The response of sensors was studied in a sealed
test chamber. The target gas was diluted with air. Before
testing was started, the gas sensors were stabilized at the
desired temperature. When the sensor resistance was
stable, the target gas was injected into the test chamber
via a micro-injector through a rubber plug. After the
resistance reached a new value, the test chamber was
opened for gas sensor recovery in air. The sensor resis-
tance and response values were recorded by the analysis
system.

The sensor response was defined as Ra/Rg, where Ra is
the resistance in ambient air and Rg is the resistance in the
target gas. The response and recovery times were defined
as the time taken by the sensor to reach 90% of the total
resistance change for adsorption and desorption, respec-
tively [23].

Powder X-ray diffraction (XRD) analysis was conducted on
PANalytical Empyrean diffractometer with Cu Kα radiation
(λ¼1.5406 Å). Scanning electron microscope (SEM) images
were recorded using an FEL XL30ESEM instrument. Energy-
dispersive X-ray (EDX) spectrometry was performed using an
FEL XL30ESEM-FEG system.
–In2O3 nanotubes after annealing at 500 1C.
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3. Results and discussion

3.1. Morphological and structural characteristics

Fig. 1 shows SEM images of In2O3 and Fe2O3–In2O3

nanotubes annealed at 550 1C. The SEM images of high
magnification images are presented in Figs. 1(b) and (d),
respectively. We can see that the diameter of nanotubes is
substantially uniform, which is about 200 nm. The mor-
phology of nanotubes is obvious in each image of Fig. 1.
These nanotubes can provide more space for gas molecules
penetrating into the materials for gas sensing response
and recovery.

XRD patterns for In2O3 and Fe2O3–In2O3 nanotubes are
shown in Fig. 2. The primary peaks can be indexed to cubic
single-crystal In2O3. The parameters agree well with JCPDS
card 71–2195, without any impurity peaks, confirming
that all the nanotubes were of high purity. The lattice
constants are a¼c¼10.117 Å according to the Debye–
Scherrer formula

D¼ Kλ=β cos ðθÞ;
where D is the crystallite size, K is a constant (0.89),
λ is the X-ray wavelength (0.15406 nm), and β is the full
width at half-maximum of the 2θ diffraction peak [21,24].
The average crystallite size was 20.7 nm for In2O3 and
13.3 nm for Fe2O3–In2O3 nanotubes. The XRD peaks are
sharper and narrower for In2O3 than for Fe2O3–In2O3

nanotubes. According to the Debye–Scherrer formula,
Fig. 2. XRD patterns for (a) In2O3 and (b) Fe2O3–In2O3 nanotubes.

Fig. 3. EDX patterns for Fe2O3–In2O3 nanotubes.
a narrower peak leads to a greater grain size. This can be
ascribed to the larger radius of In3þ , which has five layers
of electrons, compared to four layers for Fe3þ . Therefore,
the radius of In2O3 is larger than that of Fe2O3. The small
amount of In3þ replaced by Fe3þ causes a decrease in
the average unit cell size. The bond strength and binding
energy also affect the average particle size [25]. For all
these reasons, the average grain size is smaller for Fe2O3–

In2O3 than for In2O3.
EDX data for Fe2O3–In2O3 nanotubes (Fig. 3) reveal the

presence of Fe, which cannot be observed in Fig. 2b. This
suggests that Fe2O3–In2O3 nanotubes were successfully
synthesized by electrospinning. The samples were capped
with Pt before EDX analysis and there is evidence of Pt in
Fig. 3. The C detected may come from the substrate and
incomplete combustion of PVP.

3.2. Gas-sensing properties

Gas-sensing experiments were performed at different
temperatures to find the optimum temperature for formal-
dehyde detection. Fig. 4 shows the relationship between
sensor response to 100 ppm formaldehyde and operating
temperature. The response increases with temperature and
Fig. 4. Response of In2O3 and Fe2O3–In2O3 nanotubes to 100 ppm
formaldehyde at different operating temperatures.

Fig. 5. Response and recovery curves for In2O3 and Fe2O3–In2O3 nano-
tube gas sensors to 100 ppm formaldehyde.
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reaches a maximum at 250 1C, and then quickly decreases
with further increases in temperature. The response was
15.78 for the In2O3 nanotube sensor and 33.33 for the Fe2O3–

In2O3 nanotube sensor, which is more than double the
response of the In2O3 sensor. We chose 250 1C as the working
temperature for further experiments.

Response and recovery times are important for prac-
tical application of gas sensors. Fig. 5 shows the response
over time for In2O3 and Fe2O3–In2O3 nanotubes to
100 ppm formaldehyde. The results show that both sen-
sors had fast response and recovery times. In both cases
the response time was �5 s and the recovery time was
�25 s.

To further investigate the response, Fe2O3–In2O3 nano-
tube sensors were exposed to different formaldehyde con-
centrations at 250 1C. The gas sensor response increased
linearly from 1 to 100 ppm and then increased more slowly
and reached a plateau at 9000 ppm (Fig. 6). The results
reveal that the Fe2O3–In2O3 nanotube gas sensor can detect
formaldehyde down to 1 ppm with a response of 2.12,
which is very important for high-sensitivity applications.

The sensing properties of Fe2O3–In2O3 nanotubes for
formaldehyde are comparable to those of sensors based on
γ-Fe2O3 nanofilms (5.5–100 ppm) [22], thick NiO nano-
films (2.1–5 ppm) [26], and Ce-doped SnO2 nanomaterial
(15–100 ppm) [27]. Our gas sensor has a higher response
than TiO2 nanotubes (response time 180 s, recovery
780 s) [28] and ZnO micro-octahedrons (response time
o46 s, working temperature 400 1C) [29]. The response
and recovery times in our work were approximately 5 s
and 25 s, respectively, and the working temperature was
250 1C. Fe2O3–In2O3 nanotubes sensors had fast response
and recovery times, a low working temperature, a low
detection limit, and a high response. Thus, our Fe2O3–

In2O3 nanotube gas sensor has comprehensive properties
for gas sensing.
3.3. Gas-sensing mechanism

The change in resistance for a metal oxide sensor can
be ascribed to adsorption and desorption of gas molecules
Fig. 6. Response of Fe2O3–In2O3 nanotube sensors to different formalde-
hyde concentrations at 250 1C. The inset shows the calibration curve for
1–100 ppm.
that react on the sensor surface. The gas-sensing mech-
anism can be explained as follows. Gas detection by
resistance-type gas sensors depends on the concentration
and temperature of the target gas. When a gas sensor is
exposed in air, O2 can chemisorb onto the surface of the
gas-sensing material and react with electrons in the
conduction band according to [21]

O2ðairÞ þ2e–ðcond:bandÞ-2O–
ðads:Þ: ð1Þ

when gas-sensing material is exposed to formaldehyde at
250 1C, formaldehyde molecules can react with adsorbed
oxygen species on the surface and release electrons in the
conduction band, leading to a decrease in resistance.
The reaction is [21]

HCHOþ2O–
ðads:Þ-H2OþCO2þe–: ð2Þ

The performance of Fe2O3–In2O3 nanotubes is better than
that of pure In2O3 nanotubes. This can be attributed
to the formation of a heterojunction between Fe2O3 and
In2O3. Fe2O3–In2O3 has a lower bandgap than that of pure
In2O3. Electrons flow to In2O3 from Fe2O3 and accumulate
on the surface of the heterojunction. When exposed to
formaldehyde, the heterojunction can adsorb many more
formaldehyde molecules than pure In2O3 can, which is
responsible for the better sensitivity of the Fe2O3–In2O3

nanotube sensors [30,31].

4. Conclusion

In2O3 and Fe2O3–In2O3 nanotubes were prepared by elec-
trospinning and subsequent calcination. Experiments revealed
that Fe2O3 addition can enhance the formaldehyde-sensing
properties of In2O3 nanotubes. The response of Fe2O3–In2O3

nanotube gas sensors to 100 ppm formaldehyde was approxi-
mately double that of In2O3 nanotubes. The response and
recovery times were 5 s and 25 s, respectively. The results
indicate that Fe2O3–In2O3 nanotube gas sensors may be good
candidates for practical application in formaldehyde sensors.
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