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a  b  s  t  r  a  c  t

ZnO  and  In2O3 nanofibers  are  synthesized  via  electrospinning  methods,  and  characterized  by X-ray
diffraction  (XRD),  scanning  electron  microscopy  (SEM),  transmission  electron  microscope  (TEM),  infrared
(IR)  spectroscopy,  and  X-ray  photoelectron  spectroscopy  (XPS).  The  nanofibers  are deposited  on ceramic
substrates  to  form  sensing  films  with  various  structures  (ZnO  nanofiber  films,  ZnO–In2O3 nanofiber  films,
and  ZnO–In2O3–ZnO  nanofiber  films),  and  their  sensing  properties  are  investigated  at  different  tempera-
tures.  Compared  with  ZnO  nanofiber  films  and  ZnO–In2O3–ZnO  nanofiber  films,  the  obtained  ZnO–In2O3

nanofiber  films  exhibit  improved  and  excellent  sensing  properties  to  ethanol.  The  highest  sensitivity  (the
ensitivity
ensing films
as sensors
hemical sensors

ratio of sensor  resistance  in  air  to that  in  target  ambience)  of 25  is obtained  when  the  ZnO–In2O3 films  are
exposed  to  100  ppm  ethanol  at 210 ◦C,  while  the  corresponding  values  are  only  8  for  ZnO  nanofiber  films
at  300 ◦C  and  17 for ZnO–In2O3–ZnO  nanofiber  films  at 210 ◦C.  Rapid  sensing  reactions  are  also  obtained
as  the response  and  recovery  times  of ZnO–In2O3 nanofiber  films  to 100  ppm  ethanol  are  only  about  2  and
1 s,  respectively.  These  high  sensing  performances  are  explained  by  referring  the heterocontacts  formed
by  the double-layer  structure.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

With a growing demand for environment monitoring, chemical
as sensors are attracting increasing interest due to the advan-
ages of simple design, low weight and cost, and easy fabrication
1–4]. Metal-oxide semiconductor (MOS) materials (such as ZnO,
n2O3, TiO2, and SnO2) are widely employed as the sensing mate-
ials in chemical sensors, and their gas sensing properties have
een investigated for more than four decades [5–7]. Traditional
OS  sensing materials are nanopowders, which commonly suffer

rom low sensitivity and long response time [8,9]. Scientists usu-
lly employ metal dopant to improve their performance [10], but
he struggle often fails due to the aggregation growth among the
anopowders [11]. In this decade, researchers discover that reform-

ng MOS  at nanometer level can effectually improve their sensing
roperties [12–14].  In particular, one-dimensional (1D) nanostruc-
ure has been strongly proposed to be an effective platform for
he preparation of gas sensing materials because they can make

t easy and fast to translate the gas recognition into an electrical
ignal and then transport electron effectively [15,16]. Taking the
dvantages of small size, high density of surface sites and increased

∗ Corresponding author. Tel.: +86 29 83245275; fax: +86 29 83245275.
E-mail address: guanjunqiao@hotmail.com (G.-J. Qiao).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2012.03.098
surface-to-volume ratios, many types of gas sensors based on 1D
nanostructure MOS  have been fabricated.

Both ZnO and In2O3 are typical functional MOS, which have
been chosen as basic materials for chemical sensors, photodiodes,
ultraviolet lasers, and solar cells [17,18]. For gas sensors, these
two materials have been proved to own high sensitivity for the
detection of both reducing (e.g., CO, CH4, and H2) and oxidizing
gases (e.g., NOX and O2) [18]. Hitherto, many ZnO or In2O3 based
1D nanostructures with various performances have been reported
[12]. However, most of them are obtained by doping noble or
rare metals such as Pt and La in them to improve their sensing
performance [17]. The high-performance sensing films based on
double-layer structures have rarely been concerned.

Herein, we present a simple method to fabricate double-layer
structure ZnO–In2O3 films via electrospinning. Electrospin-
ning is a versatile and cost-efficient technique for producing
multi-functional nanofibers from various polymers, polymer
blends, composites, sol–gels, ceramics, etc. [19]. Electrospun
nanofibers/nanowebs have remarkable characteristics such as large
surface-to-volume ratio and with pore sizes in the nano range.
The as-fabricated ZnO–In2O3 films exhibit low operating tempera-

ture, high sensitivity, and quick response and recovery to ethanol,
which indicates the potential applications for ZnO–In2O3 films
in gas sensors. Besides, the results also show that the double-
layer film structure is greatly a benefit for the sensor performance,

dx.doi.org/10.1016/j.apsusc.2012.03.098
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:guanjunqiao@hotmail.com
dx.doi.org/10.1016/j.apsusc.2012.03.098
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microscope (TEM) images were obtained on a JEOL JEM-2000EX
microscope with an accelerating voltage of 200 kV. Infrared (IR)
spectroscopy was performed on a Bruker VERTEX 80 v/S infrared
spectrometer in the range of 400–4000 cm−1 using KBr pellets
Fig. 1. Schematic diagram of the processing steps u

hus may  provide a possible route for sensing improvement of 1D
anostructure-based gas sensors.

. Experimental

All chemicals (analytical grade reagents) were purchased from
hanghai Chem-reagent Group (China) and used as received with-
ut further purification. Sensor substrates were purchased from
eijing Elite Tech Co., Ltd. The electrospinning process in the
resent experiment is similar to those described previously for
anofiber synthesis [20,21].  In a typical procedure for ZnO precur-
ory nanofibers, 0.60 g of zinc nitrate was added into 8.5 g of N,
-dimethylformamide (DMF) in a glove box under vigorous stir-

ing for 6 h. Subsequently, 1 g of poly (vinyl pyrrolidone) (PVP,
w = 1,300,000) was dissolved into 8 mL  ethanol in another glove

ox under vigorous stirring for 6 h. Then, both of them was mixed
ogether under stirring and then loaded into a glass syringe for
lectrospinning by applying a high voltage of 18 kV between the
athode (an aluminum foil) and anode (syringe) at a distance of
0 cm.  The precursory nanofibers were collected on an aluminum
oil. The sensor substrates (13.5 mm × 7 mm,  0.5 mm in thickness)
ith plastic masks (to cover the electrode-pin) were placed on the

luminum foil. There were five pairs of Ag-Pd interdigitated elec-
rodes (both the width and distance were 200 �m)  on the sensor
ubstrate, and the electrodes could be calcined at 900 ◦C with-
ut any resistivity change. After electrospinning for 4 h, the sensor
ubstrates were removed for the depositing of In2O3 precursory
anofibers. In this step, 0.38 g of indium nitrate was  added to 8.8 g
ixed solvent contained DMF/ethanol with the weight ratio of 1:1

nd stirred for 2 h, and then 0.8 g of PVP was added to the above
olution with stirring for 6 h. The obtained solution was then loaded
nto a glass syringe for electrospinning by applying a high voltage of
0 kV between the cathode (an aluminum foil) and anode (syringe)
t a distance of 20 cm.  After electrospinning for another 4 h, the sen-
or substrates were calcined at 600 ◦C in air for 5 h to convert the
recursors into crystalline ZnO and In2O3 nanofibers. The obtained
amples were designated as ZnO–In2O3 nanofiber sensors, and the
abricating process is illustrated in Fig. 1.

Two other type of samples were also fabricated for com-
arison, which were deposited ZnO nanofibers only (designated
s ZnO nanofiber sensors) and deposited two times of ZnO
anofibers and one time of In2O3 nanofibers (designated as
nO–In2O3–ZnO nanofiber sensors). A top view of sensor sub-
trates, ZnO nanofiber sensors, ZnO–In2O3 nanofiber sensors, and
nO–In2O3–ZnO nanofiber sensors are shown in Fig. 2(a).

Sensor measurement was performed on a CGS-1TP (Chemical
as sensor-1 temperature pressure) intelligent gas sensing analy-
is system (Beijing Elite Tech Co., Ltd, China). The analysis system
ffered an external temperature control (from room temperature

o 500 ◦C), which could conductively adjust the sensor temperature
ith a precision of 1 ◦C. The sensors were laid on the tempera-

ure control and pre-heated at different operating temperatures
or about 30 min. Two probes were pressed on sensor electrodes by
 fabricate and measure ZnO–In2O3 nanofiber films.

controlling the position adjustment in the analysis system. When
the resistance of the sensor was stable, saturated target gas was
injected into the test chamber (18 L in volume) by a micro-injector
through a rubber plug. The saturated target gas was mixed with
air (relative humidity was  about 25%) by two fans. After the sen-
sor resistance reached a new constant value, the test chamber was
opened to recover the sensors in air. The sensor resistance and
sensitivity were collected and analyzed by the system in real time
(Fig. 2(b)).

The sensitivity value (S) was designated as S = Ra/Rg, where Ra
was the sensor resistance in air (base resistance) and Rg was  a mix-
ture of target gas and air. The time taken by the sensor resistance
to change from Ra to Ra −90% × (Ra–Rg) was defined as response
time when the target gas was introduced to the sensor, and the
time taken from Rg to Rg +90% × (Ra–Rg) was defined as recovery
time when the ambience was  replaced by air.

X-ray powder diffraction (XRD) data were collected on an X’Pert
MPD  Philips diffractometer (Cu K� X-radiation at 40 kV and 50 mA).
Scanning electron microscopy (SEM) images were recorded on
a SHIMADZU SSX-550 (Japan) instrument. Transmission electron
Fig. 2. (a) A top view of sensor substrates and sample sensors, and (b) a photograph
of  the gas sensing analysis system.
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Fig. 3. SEM images of (a) ZnO and (b) In2O3 nanofibers (the inserts show co

n vacuum (<2 hPa) at 25 ◦C. Sample compositions and chemi-
al states were confirmed by X-ray photoelectron spectroscopy
XPS, ESCALAB 250) with X-ray source (Al K� h� = 1486.6 eV). The
inding energy in XPS spectra were calibrated with C 1s peak of
84.6 eV.

. Results and discussion

Fig. 3(a) and (b) shows SEM images of ZnO nanofibers and In2O3
anofibers, respectively. The two samples are highly dominated
y the nanofibers with lengths of several ten micrometers and
iameters ranging from 30 to 100 nm.  Web-like micro-structure

s naturally formed by nanofibers on the sensor substrates, and
his structure is a benefit to the adsorption and desorption of gas

olecules [22]. The TEM images inserted in Fig. 3(a) and (b) show
hat the nanofibers consisted of nanoparticles with an average
iameter of about 10 nm.  Fig. 3(c) and (d) display XRD patterns
f ZnO nanofibers and In2O3 nanofibers, respectively. The diffrac-
ion peaks and their relative intensities match very well with those
iven by the JCPDS cards no. 36-1451 for hexagonal ZnO and no.
6-0416 for cubic In2O3.

Fig. 4(a) and (b) shows the FTIR spectra of ZnO nanofibers and
n2O3 nanofibers, respectively. The main characteristic bands of
nO are assigned as follows (Fig. 4(a)): The characteristic absorp-
ion peak at 3680 cm−1 is attributed to the presence of OH group
nd the peaks around 2921, 2853, and 1514 cm−1 are corresponding
o the stretching vibration of CH3, CH2, and C C group, respec-
ively. The peak at 1470 cm−1 may  be the deformation vibration
f C H. The peak at 459 cm−1 may  due to the intrinsic absorption

f ZnO. For In2O3 nanofibers (Fig. 4(b)), the characteristic absorp-
ion peak at 3711 cm−1 should be attributed to the presence of
OH group and the peaks at 2966, 2899 and 1513 cm−1 are corre-

ponding to the stretching vibration of CH3, CH2 and C C group,
nding TEM images), and XRD patterns of (c) ZnO and (d) In2O3 nanofibers.

respectively. The three sharp peaks at 601, 565 and 540 cm−1 may
attribute to the phonon vibrations of In O bonds [23].

Fig. 5(a) gives XPS survey type spectra of ZnO and In2O3, which
shows the presence of Zn, In, O and adventitious C characteris-
tic lines. Fig. 5(b) shows the O 1s XPS curves of ZnO and In2O3,
which both can be consistently fitted by two nearly Gaussian,
centered at 530.14 ± 0.01, 531.68 ± 0.02 eV, and 529.87 ± 0.03,
531.68 ± 0.02 eV, respectively. The components on the low bind-
ing energy side of the O 1s spectra in both of ZnO and In2O3 are
attributed to the lattice oxygen. The one on the high binding energy
side are attributed to the O2− ions in the oxygen deficient regions
within the matrix of ZnO and the medium state between O2− and
dissociated oxygen in In2O3, respectively [24–27].

In order to find the optimum conditions, the obtained films were
exposed to 100 ppm ethanol at different temperatures and the sen-
sitivity results are shown in Fig. 6(a). The ZnO nanofiber films show
their highest sensitivity of 8 at 300 ◦C, which is similar as pre-
vious results [8].  After depositing In2O3 nanofibers, the obtained
ZnO–In2O3 nanofiber films exhibit much higher sensitivity at a
lower temperature. The sensitivity is enhanced to 25 at 210 ◦C.
While ZnO–In2O3–ZnO films also exhibit low optimum tempera-
ture (210 ◦C), but the corresponding sensitivity decreases to 17. The
above behaviors can be explained by the kinetics and mechanics
of gas adsorption and desorption on the surface of semiconduct-
ing metal oxides. Normally, the sensor sensitivity is based on the
cooperation of gas reactivity, oxygen state, base resistance (Ra),
and the film structure (such as thickness). A high sensitivity can
only be obtained at a suitable temperature with apropos sensing
films [8,10].  Normally, the reactivity of the target gas with oxygen
adsorbate is low, at low operating temperature, which leads to a

very poor sensing response. When the temperature increased too
much, the surface coverage of the oxygen adsorbate at the stead-
state will be decreased, and that will limit the sensor performance
eventually. Therefore, we  could figure that ZnO–In2O3 nanofiber
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Fig. 4. Infrared absorption spectra of (a) ZnO and (b) In2O3 nanofibers.

 1s XP

fi
t
t

Z
t
1
e
2
n
(

a
1
c
m
t

F
Z

Fig. 5. (a) XPS survey spectra and (b) O

lms own the highest sensitivity and decreased operating
emperature, thus all the studies hereinafter are focused on this
ype of films.

Fig. 6(b) shows the response-recovery characteristics of
nO–In2O3 nanofiber films at 210 ◦C. The films exhibit rapid reac-
ion speeds, and the response and recovery times are only 2 and

 s to 100 ppm ethanol. When the films are exposed to 1000 ppm
thanol, the response and recovery times are increased to 6 and

 s, respectively. This is mainly because longer reacting times are
eeded when the films meet higher concentration gas ambience
especially at low operating temperatures) [23].

Fig. 7 shows the film sensitivity versus ethanol concentration
t 210 ◦C, and the insert is a calibration curve in the range of

–500 ppm. The sensitivity rapidly increases by increasing ethanol
oncentration below 500 ppm. Above 500 ppm, the films become
ore or less saturated and the sensitivity slowly increases. Finally

he films reach saturation at about 20,000 ppm. Good linearity is

ig. 6. (a) The operating temperature dependence of sensitivity for ZnO, ZnO–In2O3, a
nO–In2O3 nanofiber films to 100 and 1000 ppm ethanol at 210 ◦C.
S curves of ZnO and In2O3 nanofibers.

also found in the calibration curve, which further confirms that
the present ZnO–In2O3 nanofiber films can be used as promising
materials for ethanol detection.

The sensing mechanism of the presented films can be explained
as follows [17]. Both ZnO and In2O3 are n-type semiconductors, and
the oxygen vacancy in them acts as an electron donor to provide
electrons to the conduction band. When the nanofiber films are sur-
rounded by air, oxygen molecules will adsorb on the fiber surface to
generate chemisorbed oxygen species (O2

−, O2−, or O−), and O− is
believed to be dominant [17]. Consequently, depletion region will
form on the fiber surface, resulting in a decrease of film conductibil-
ity. When the sensor is exposed to ethanol, ethanol molecules
may  react with O− and release the trapped electron back to the

conduction band, thus increasing the conductibility accordingly.
The high performance of the ZnO–In2O3 nanofiber films is directly
related to the fiber structure. The web-like structure of nanofiber
films makes the absorption and desorption of gas molecules on the

nd ZnO–In2O3–ZnO nanofiber films, and (b) response-recovery characteristic of



X.-J. Zhang, G.-J. Qiao / Applied Surface

F
i
r

s
f
t
t
t
r
c
e
[

n
h
b
l
a
w
s
Z
t
t
e
e

4

t
a

[
[

[
[
[

[

[
[
[
[
[
[
[
[
[
[

[
[
[

[

ig. 7. Sensitivity of ZnO–In2O3 nanofiber films versus ethanol concentration. The
nsert shows a linear dependence of the sensitivity on ethanol concentration in the
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ensor surface easy [22]. And the 1D structures of the fibers can
acilitate fast mass transfer of the ethanol molecules to and from
he interaction region as well as improve the rate for charge carriers
o transverse the barriers induced by molecular recognition along
he fibers [12]. Additionally, taking the large surface to volume
atio, effective electron transport, and greatly reduced interfa-
ial areas between the active sensing regions of the nanofibers,
xcellent ethanol sensing characteristics can be also found
28,29].

Compared with ZnO nanofiber films and ZnO–In2O3–ZnO
anofiber films, the ZnO–In2O3 nanofiber films exhibit much
igher sensitivity at a low temperature. This can be explained
y the nanofiber–nanofiber heterocontacts formed by the double-

ayer structure [30–33].  Such contacts will form a depleted layer
round the intersection and thus block the electron flow in a
ay which is more efficient than the surface depletion of a

ingle type of nanofibers [30,31]. The decreased sensitivity of
nO–In2O3–ZnO nanofiber films can be explained by considering
he film thickness. After depositing about 12 h, the higher film
hickness may  limit the signal transmission from film surface to
lectrodes [12], which leads to a decrease of film performance
ventually.

. Conclusions
In summary, ZnO and In2O3 nanofibers are synthesized
hrough electrospinning methods and a double-layer sensing films
re formed by spinning these nanofibers. Decreased optimum

[
[
[
[
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temperature, enhanced sensitivity and rapid response and recov-
ery speeds are obtained based on the ZnO–In2O3 nanofiber films,
and these properties are theoretically explained by considering the
film structure. Our results suggest that ZnO–In2O3 nanofiber films
are good candidates for ethanol detection, and the double-layer
structure may  be helpful in design high performance gas sensors.
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