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Abstract

Pristine and vanadium-doped In,O5; nanofibers were fabricated by electrospinning and their sensing properties to H,S gas were studied. X-ray
diffractometry (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) were used to investigate the inner structure and the surface morphology. The H,S-sensing performances were characterized at different
temperatures ranging from 50 to 170 °C. The sensor based on 6 mol% V-doped In,O3 nanofibers exhibit the highest response, i.e. 13.9-50 ppm
H,S at the relatively low temperature of 90 °C. In addition, the fast response (15 s) and recovery (18 s) time, and good selectivity were observed.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The air pollution is a global problem, especially H,S, a bad
smelling and toxic gas, which harms our health very much. So
it is of great interest to develop a reliable and effective H,S gas
sensor [1,2]. A large number of H,S detecting systems have
currently been used [3]. Among them, gas sensors based on
metal oxides attract great attention due to their low cost,
production flexibility, convenient use and detectable possibility
of large number of gases [4,5].

As we know, the sensing response of oxide films is highly
dependent on their surface structure and morphology [6]. In
order to get better performance gas sensors with high sensitivity,
high selectivity and rapid response rate, one-dimensional (1D)
nanostructure metal oxide semiconductor (MOS) with large
specific surface such as nanofibers, nanowires, nanotubes,
nanobelts, etc., has received much interest [7]. There are a lot
of methods to synthesize 1D nanomaterials such as template-
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assisted sol-gel [8], chemical vapor deposition (CVD) [9],
electrospinning [10], hydrothermal [11], etc. Electrospinning is
recognized as a simple and versatile method to synthesize
various fiber assemblies [7], which can enhance the performance
of products made from nanofibers and allow to apply specific
modifications [12].

Indium oxide (In,O3) is an n-type semiconductor with a
bandgap of 3.55-3.75 eV [13] and has been widely used in UV
lasers [14], gas sensors [15], solar cells [16,17], flat-panel
displays [18] due to its excellent optical transparency for
visible light and high electrical conductivity [16]. Pure In,O3
has been intensively attempted to detect gas for a long time.
However, there are still some disadvantages that need to be
overcome to satisfy the practical requirements. Recently, two
kinds of studies, associated with further enhanced response
parameters, have attracted much interest: one is increasing the
surface area to get a higher surface to volume ratio to promote
the surface-controlled process between target gas and In,Oj
sensor and the other is decorating In,O5 surface with noble
metals (like Au, Ag, Pt, Cu) [19-22] or doping In,O3 with
metals (Ni, Sn, Ti) [13,23,24] to improve the catalytic activity.

In this paper, we attempted to fabricate vanadium doped
In,O5 solid solution by electrospinning combined with a
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calcination process. The hydrogen sulfide sensing properties
were investigated. The sensor based on 6 mol% V-doped
In,O3 can detect H,S efficiently at the relatively low tempera-
ture of 90 °C which indicates that the fabricated nanomaterial
is a better candidate for H,S detection.

2. Experimental
2.1. Chemical reagents

All the used materials for the synthesization of V-doped In,O3
nanofibers are (AR grade): In(NO3);-4.5H,0, C,HsOH, N,N-
dimethylformamide (DMF), vanadium triisopropoxy oxide
(CoH,;04V) and polyvinyl pyrrolidone (PVP, M, ~ 1,300,000)
were purchased from Aladdin Chemistry Co. Ltd.

2.2. Preparation of pristine and V-doped In,O; nanofibers

To synthesis pristine and V-doped In,O3; nanofibers, 8.8 g
ethanol and N,N-dimethylformamide (DMF) were mixed
together at a weight ratio of 1:1. Then, 0.4 g In(NO3); - 4.5H,0
and a suitable amount of vanadium triisopropoxy oxide
(CyH,;04V) were added into the above solvent. After being
stirred for 2 h, 0.8 g PVP was added to it. After being further
stirred for 6 h, the obtained solution was then transferred into a
plastic syringe with a metal needle which was connected to a
high-voltage power supply. A voltage of 20 kV was applied
between the cathode (a flat aluminum foil) and the anode
(syringe tip) at a distance of 20 cm. The In(NO;);/PVP
composite nanofibers were obtained on the foil. Then the
composite nanofibers were transferred into a muffle and
calcined at 600 °C for 4 h in air to remove organic constituents
and convert the precursor into crystal nanofibers.

3. Characterization

The prepared nanofibers were characterized by X-ray diffrac-
tometry (XRD) (Shimadzu XRD-6000, Cu-Ka radiation); X-ray
photoelectron spectroscopy (XPS) (VG ESCA LAB MKII, Mg
Ko radiation); scanning electron microscopy (SEM) (XL30E-
SEMFEG) and transmission electron microscopy (TEM) (JEM-
ARM200F).

4. Sensor fabrication and measurement

The fabrication process of gas sensor is as follows: the as-
synthesized sample (pure and V-doped In,O3 nanofibers) was
mixed with deionized water at a weight ratio of 100:25 to form
a paste. The paste was then coated on a ceramic tube, on which
a pair of Au electrodes was already printed to form a sensing
film with a thickness of about 300 pm. Pt leading wires
attached to the electrodes were used as electrical contacts.
After the ceramic tube was calcined at 300 °C for 2 h, a Ni-Cr
heating wire was inserted into the tube as a heater to control
the operating temperature.

The fabricated sensor was measured by a CGS-8 (Chemical
gas sensor-8) intelligent gas sensing analysis system (Beijing

Elite Tech Co., Ltd., China). Firstly, we mixed the target gas
(H,S) with air in a glass test chamber. Then put the sensor into
the glass chamber. When the sensitivity achieved a stable
value, the device was taken out to recover in air.

The response (S) was measured from 55 to 160 °C by
comparing the resistance of the sensor in air (R,) with that in
target gases (R,). The cost time of the sensor achieving 90%
of the total resistance is defined as the response time in
the case of adsorption or the recovery time in the case of
desorption [25].

5. Results and discussion
5.1. Nanofiber characterization

Fig. 1 shows the XRD patterns of the pure In,O; and
In, _,V,03 nanofibers with different molar ratios (4 mol%,
6 mol%, and 8 mol%) of vanadium. It can be observed that all
the diffraction peaks correspond to the cubic indium oxide
(JCPDS card no. 06-0416) [13]. For the V-doped nanofibers,
no impure phases corresponding to vanadium compounds were
detected, which indicated that the V element is effectively
incorporated into the In,Oj crystal lattice to form a stable
In, ,V,0; substitution solid solution. However, compared
with the pure In,Os3, the intensity of V-doped In,O5 diffraction
peaks decrease sharply, indicating that the crystallization of
V-doped In,O3 becomes weak, which suggests that a certain
amount of V demotes the crystallization of In,Oj3 [26]. The
average sizes of pure In,O3z, 4 mol%, 6 mol%, and 8 mol%
V-doped In,Oj3 crystallite were calculated to be ~20.8, 11.4,
11.0 and 14.0 nm respectively according to Scherrer's equa-
tion. The peaks of V-doped In,O; nanofibers were slightly
shifted to a higher 20 value compared with those of pure In,O3
nanofibers, which is attributed to the decreased lattice spacings
due to smaller V> (0.580 A) ions [27] in place of In’T
(0.800 10\) [28]. The lattice parameters a calculated from the
XRD measurements of pure In Oz, 4 mol%, 6 mol%, and
8 mol% V-doped In,Oj5 crystallite are 10.136, 10.117, 10.109,
10.057 A, respectively.
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Fig. 1. XRD patterns of pure and V-doped In,O; nanofibers.
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The 6 mol% V-doped In,O3 nanofibers were also studied by
XPS analysis, which is shown in Fig. 2. The four peaks with
binding energies 515.9, 517.3, 522.8, and 524.6 eV correspond
to V> 2p3p, V2T 2pspn, V2T 2pin and V2T 2p,) respec-
tively, which further indicates the formation of In,_,V,O3
solid solution [27].

The SEM images of electrospun composite nanofibers
before and after calcination are shown in Fig. 3(a)—(d). It
can be seen that the In(NO3)3/PVP composite (a) and In
(NO3)3/PVP/C9H,,04V composite nanofibers (c) with smooth
and uniform surface were collected as randomly oriented
structures in the form of nonwoven mats [13]. The average
diameters are approximately 400 nm (pure In,O3) and 267 nm
(6 mol% V-doped In,0Os). After calcination at 600 °C, the
nanofibers shrank and became bent and rough, but still
maintained the continuous structure. The average diameters
decreased to 117 nm (In,O3) and 95 nm (6 mol% V-doped
In;O3). Further morphology characterization of the 6 mol%
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Fig. 2. XPS spectrum of 6 mol% V-doped In,O3 nanofibers.

V-doped In,O3 nanofibers was examined by TEM (Fig. 3(e)),
which agreed with SEM results properly. The SAED pattern
shown in Fig. 3(f) indicates that the 6 mol% V-doped In,O3
nanofibers are polycrystalline in structure.

5.2. Evaluation of gas-sensing performance

Fig. 4 shows the response as a function of operating
temperature from 55 to 160 °C for the pristine In,O3 and
In, _, V.03 (4 mol%, 6 mol% and 8 mol%) exposed to S0 ppm
hydrogen sulfide (H,S). In the range of the operating tempera-
tures, the response values increase sharply at the beginning and
then decrease dramatically. The maximum response value of
each sensor arrived at a certain temperature (pure and 4 mol%:
85 °C, 6 mol% and 8 mol%: 90 °C). Moreover, the 6 mol%
V-doped In,O3 exhibits a higher sensitivity than the other
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Fig. 4. Responses of pure and 6 mol% V-doped In,O5 nanofibers to 50 ppm
H,S at different operating temperatures.

Fig. 3. SEM images of In(NO5)3/PVP composite nanofibers (a); In(NO3);/PVP/CoH,;04V composite nanofibers (c); In,O5 nanofibers (b); and 6 mol% V-doped
In,0O5 nanofibers (d). The TEM images (e) of 6 mol% V-doped nanofibers In,O3 and SAED pattern (f).
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sensors, which shows that 6 mol% is the optimum doping
concentration.

The response and recovery characteristics of pristine and
6 mol% V-doped In,O3 to 50 ppm H,S at their own optimum
working temperature are shown in Fig. 5. It can be seen that
the response and recovery rate of 6 mol% V-doped In,Oj
nanofiber is much higher than that of the pure nanofibers.
Moreover, when the target gas was injected into the testing
chamber, the responses of both sensors increased rapidly;
when subjected to air, the sensor recovered to initial state
rapidly. The rapid response and recovery of the sensor can
be attributed to the 1D nanostructure of the as-electrospun
nanofibers, which can facilitate fast mass transfer of H,S
molecules to the interaction region and improve the rate for the
charge carriers to traverse the barriers introduced by molecular
recognition events along the entire fibers [29,30].

In the following investigation, the sensitivities of pristine
and 6 mol% V-doped In,O3 sensors versus H,S concentration
were observed at 85 °C and 90 °C. The results are shown in
Fig. 6. It can be seen that the sensitivity of each one increases
with the increasing H,S concentration at the beginning, and
then tends to be saturated when the concentration is higher
than 500 ppm. Also in the whole detecting range, the 6 mol%
V-doped In,O3 nanofibers exhibit much higher sensitivity than
pristine In,O3 nanofibers resulting in the 6 mol% V-doped
In,O5 possessing a better sensitive property to H,S.

Finally, sensing selectivity of 6 mol% V-doped In,O5 nanofibers
was investigated to evaluate the sensing property. The cross
responses of 6 mol% V-doped In,O; nanofibers to 50 ppm diffe-
rent gases such as HCHO, H,, CO, NO,, CH4, CgH;o, NHj,
C,Hs0H, and H,S at 90 °C are shown in Fig. 7. As can be seen,
the sensor exhibits much higher response to H,S than other gases.
The observed high sensitivity and selectivity of the 6 mol% V-
doped In,O5 nanofibers shows that it is a suitable candidate for
monitoring low concentrations of H,S.

The sensing mechanism can be explained as follows: the
resistance change of In, ,V,O; gas sensors is primarily
caused by the adsorption and desorption of H,S molecules
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Fig. 5. The response and recovery characteristics of pure and 6 mol% V-doped
In, 05 to 50 ppm H,S at 85 °C and 90 °C respectively.
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Fig. 7. Responses of 6 mol% V-doped In,O5 nanofibers to different gases at
90 °C.

on the surface of In,_,V, O3 film [31,32]. When In,_,V,05
nanofibers are exposed to air, oxygen is adsorbed on the
exposed surface of In, ,V,03 and ionized to O~ or 0%,
resulting in a decrease in carrier concentration and electron
mobility. When exposed to the reducing concentration of H,S,
H,S will react with the adsorbed oxygen molecules and release
the trapped electrons back to the conduction band, which
increases the carrier concentration and carrier mobility of
In, _,V,O3. Therefore the resistance change of the In, ,V,03
can easily be observed. The process of the reaction can be
described as follows:

0, (gas)+2n e~ 520"~ (ads) (n=1 or 2) (1)

H,S (gas)+30" " (ads)<H,0 (gas)+SO, (gas)+3ne” (2)

The high sensitivity and quick response of the current
nanofibers are attributed to their 1D nanostructure with high
surface-to-volume ratio, which drives the sensor device to
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absorb more H,S molecules and form web-like structure on the
sensor surface naturally. Simultaneously, the solid solution
system can produce more vacant oxygen, leading more oxygen
species being absorbed on the surface of In,_,V,0; solid
solution nanofibers, which eventually improves the sensing
performances of the device.

6. Conclusions

In summary, pure In,O5 and solid state solution In,_,V,03
nanofibers with different V-dopings were synthesized through
electrospinning method and their sensing properties of H,S
were investigated. The results showed that V-doping can
reduce the diameters of In,Oj3 fibers and improve their sensing
performance of H,S greatly. In, _,V, O3 sensor with 6 mol%
V-doping exhibits the highest response and best selectivity
among all the samples.
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