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Stable solid solution In,_xNiyO3 nanofibers were formed by introducing p-type NiO into n-type In;03;
via an electrospinning technique with a subsequent calcination process. The nanofibers were character-
ized by differential thermal and thermal gravimetric analyzer (DTA-TGA), scanning electron microscopy
(SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Ethanol sensing properties
of the as-prepared nanofibers were investigated in detail. In order to maintain the nanofibers’ one-

dimensional morphologies in the sensor fabrication, a unique measurement technique was introduced

for the first time. The result showed that In,_4NiyO3 nanofibers exhibited significantly enhanced sensitiv-

Ki ds:
N?c/)wor s ity, good selectivity, fast response and recovery rate (<3 s and <2 s), and excellent linearity in a relatively
In;03 wide range of 1-500 ppm at a low temperature of 180 °C. These properties make the fabricated nanofibers

Ethanol sensors
Nanofibers
Electrospinning

good candidates for ethanol detection.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Since their introductionin 1922 [1], chemical sensors have been
extensively applied in the fields of air-quality control, environmen-
tal monitoring, healthcare, defense, security, etc. [2-5]. The past
few decades have seen that the development of a wealth of sim-
ple, robust, solid-state sensors is closely related to both species and
morphologies of the sensing materials. With the rapid and continu-
ous development of nanoscience and technology, sensors based on
one-dimensional (1D) nanostructure metal oxides semiconductor
(MOS) (in the forms of fibers, wires, rods, belts, spirals, rings, tubes,
etc.) have been stimulated and facilitated by the convenience of a
rich variety of synthesis routes available (such as vapor-solid (VS),
electrospinning, hydrothermal synthesis, and solvothermal routes)
[6-9]. And the reports on corresponding sensors grow exponen-
tially every year. In comparison with their bulk or zero dimension
counterparts, the 1D nanomaterials have large surface area-to-
volume ratios (a large surface area-to-volume ratio means that a
significant fraction of the atoms (or molecules) are surface atoms
that can participate in surface reactions) [10] and the congruence
of the carrier screening length with their lateral dimensions will
make them highly sensitive and efficient to transduce the surface
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chemical processes into electrical signals [11]. Therefore, they have
beenregarded as superior gas sensing candidates with versatile and
outstanding performances. Among the various methods for gener-
ating 1D nanostructures, electrospinning (ES) emerged as a simple,
efficient and versatile method for producing long continuous fibers
with diameters ranging from several micrometers down to a few
nanometers by applying a high voltage on a polymer solution or
melt [12]; and developed rapidly in both academia and industry
due to its several attractive features: comparatively low-cost, rel-
atively high production rate, the ability to generate materials with
large surface area-to-volume ratios, and applicability to many types
of materials [13]. Up to now, ES has been employed to fabricate a
wide variety of 1D nanostructure MOS like TiO, nanofibers, SnO,
nanofibers, WO3 nanowires, SrTi;_yFexO3_gs nanofibers, and ZnO
nanorods [14-18]. These MOS 1D nanomaterials have been fabri-
cated into gas sensors which can mainly be divided into two types:
one is the ceramic tube type on which a pair of Au electrodes was
previously printed and Pt lead wires attaching to these electrodes
were used as electrical contacts [19]; the other is the microsensor
based on Si substrate [20]. However, in both kinds of the sensors,
the 1D nanomaterials are usually pulverized to a pulp state and
subsequently either directly painted or screen-printed in the sen-
sor fabrication. This can more or less destroy the morphologies of
the 1D nanomaterials and thus decrease their sensing properties
correspondingly. Accordingly, developing a convenient and loss-
less measurement technique to study the gas sensing properties of
1D nanomaterials is becoming a necessary and in urgent need.
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MOS In;03, with a direct bandgap of 3.55-3.75eV, has been
widely used as gas sensing materials to detect gases such as ethanol,
H,S, NO,, NH3, CO, and H, [21-26], due to its low resistance,
good catalysis, strong interaction with the poisonous gas molecules,
high sensitivity and large number of detectable gases [27,28]. For
In, 03 nanostructures, many investigations have been focused on
the sensing improvement by doping metal (Ag, Pt, Pd) [29-31]
or metal oxide (SnO;, ZnO, Ce0;) [32-34] in them. However, the
reports on the In,03-based solid-state solutions with 1D nano-
structure have rarely been concerned. Solid solution materials are
widely employed in catalyzer, oxygen storages/uptake capacity and
chemical/physical sensors. The properties of these materials can be
easily tailored by adjusting the rates of elements, and their selectiv-
ity and stability are also much better than normal metal oxides in
gas sensors. Hitherto, solid solution materials such as SnO,-TiO5,
Zr0,-Fe;03,Zn0-Sn0,, and Sn0O,-Mo0O3 have been proved to own
outstanding sensing properties and thus been applied in practi-
cal sensor already [35-38]. Therefore, it can be hypothesized that
In,03-based solid-state solutions with 1D nanostructure may not
only have some good sensing performances, but also provide some
useful information for sensing enhancement.

In this paper, In,_,NixO3 stable solid-state solution nanofibers
were fabricated by introducing p-type NiO into n-type In,0Os3 via
electrospinning and calcination techniques. Their ethanol sensing
properties were investigated via a convenient and lossless mea-
surement technique which was reported for the first time. Highly
efficient sensing performance against ethanol was observed, which
makes the fabricated nanomaterial a good candidate sensing mate-
rial for high performance ethanol sensors.

2. Experimental
2.1. Chemical reagent

All the starting materials (AR grade): In(NO3)3-4.5H,0,
Ni(CH3COO),-4H,0, and polyvinyl pyrrolidone  (PVP,
Mw ~ 1,300,000) were purchased from the Sinopharm Chem-
ical Reagent Co. Ltd. and used as received without any further
purification.

2.2. Preparation of the pure and Ni-doped In,03 nanofibers

To prepare In;03 and Iny_xNixO3 nanofibers, a certain amount
of In(NO3)3-4.5H,0 and Ni(CH3C00),-4H,0 powders were dis-
solved in 8.8 g mixed solution containing N,N-dimethylformamide
(DMF)/ethanol (EtOH) with a weight ratio of 1:1 and stirred for
2 h. Then 0.8 g poly(vinyl pyrrolidone) (PVP, Mw ~ 1,300,000) was
added to the above solution with further stirring of 6h. The
obtained solution was then loaded into a plastic syringe and con-
nected to a high-voltage power supply. A voltage of 20kV was
applied between the cathode (a flat aluminum foil) and the anode
(syringe tip) at a distance of 20cm. The precursor solution was
directly electrospun on ceramic substrates with interdigitated Pd
electrode arrays (finger spacing: 200 pm, finger depth: 20 wm). The
as-spun composite fiber mats were then pressed with silica slides
and calcined at 600 °C for 4 h in air. Finally after the removal of PVP,
the precursor was transformed into polycrystalline nanofibers. All
the measurements were carried out on the calcined nanofibers.

2.3. Measurement

The gas sensor (13.4 mm in length, 7 mm in width) shown in the
inset of Fig. 1(a) was fabricated as follows: the composite nanofibers
were firstly deposited on ceramic substrates with Ag-Pd electrodes,
and then calcined together with the electrodes at 600°C for 4h
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Fig. 1. Photographs of the sensor fabrication process (a) and obtained gas sensor
(inset in (a)); and the gas-sensing analysis system (b).

on which a silicon slab was pressed on. The fabrication process is
shown in Fig. 1(a).

The gas sensing properties of the sensor were measured by a
CGS-1TP (Chemical Gas Sensor-1 Temperature Pressure) intelli-
gent gas sensing analysis system (Beijing Elite Tech Co. Ltd., China).
This multifunctional system shown in Fig. 1(b) consisted of the
heating system, gas distribution system, probe adjustment sys-
tem, vacuum system, measurement and data acquisition system,
and measurement control software. The CGS-1TP analysis system
offered an external temperature control (from room temperature
to about 500 °C with a precision of 1 °C), which could conductively
adjust the sensor temperature directly. Two probes were pressed on
sensor substrates to export electrical signals. All the sensors were
pre-heated at different operating temperatures for about 30 min.
When the resistances of the sensors were 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 by two fans in the analysis system. After the sensor resis-
tances reached new constant values, the test chamber was opened
to recover the sensors in air. The whole experimental process was
performed in a super-clean room with the constant humidity (25%
relative humidity) and temperature (20 °C) (which were also mon-
itored by the analysis system). The operating temperature of the
sensors was reported by the analysis system automatically.

The response value (R) was designated as R=Ra/Rg, where R,
was the sensor resistance in air (base resistance) and Ry was that
in a mixture of target gas and air. The time taken by the sensor
resistance to change from R; to Ry — 90% x (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% x (R, — Rg) was defined as
recovery time when the ambience was replaced by air.
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Fig. 2. DTA-TGA curves of the In (NO3 )3 /PVP/Ni(CH3COO), composite nanofibers.

2.4. Characterization

The nanofibers were characterized by differential thermal ana-
lyzer (DTA) and thermal gravimetric analyzer (TGA) (Melttler
Toledo 825°¢); X-ray diffractometer (XRD) (Shimadzu XRD-6000,
Cu Ka radiation); scanning electron microscopy (SEM) (XL30 ESEM
FEG); and X-ray photoelectron spectrometer (XPS) (VG ESCA LAB
MKII, Mg Ko radiation).

3. Results and discussion
3.1. Nanofiber characterization

The DTA-TGA curves of the In(NOs3);/PVP/Ni(CH3C00), com-
posite nanofibers are displayed in Fig. 2. It is clear from the TGA
curve that all the volatiles (H,0 and ethanol), organic components
(PVP, DMF), CH3COO~ and NO3~ groups were removed completely
below 550°C, which resulted in a metal oxide phase. Moreover,
the DTA curve exhibits two obvious exothermic peaks at 196 and
477 °C respectively, corresponding to the weight loss of approxi-
mately 77.2% between 191.1 °Cand 505.1 °C. This significant weight
loss was attributed to the complete decomposition of In(NO3)s,
Ni(CH3COO), and the degradation of PVP, which involves both
intra- and intermolecular transfer reactions [39]. And the minor
weight loss before 191.1°C corresponds to the removal of the
free solvent in the precursors. According to the DTA-TGA analyses
above, the following sintering temperature is chosen at 600 °C.

The XRD patterns of In,O3 and In,_,NiyO3 nanofibers calcined
at 600°C are shown in Fig. 3(a). All the diffraction peaks can be
readily indexed to the cubic phase indium oxide (JCPDS card no.
06-0416) [40]. As for the In,_yxNixO3 nanofibers, there were no
peaks corresponding to the nickel oxide or nickel, indicating that
Ni element were effectively inserted into the crystal In,05 lattice
and formed stable In;_,NixO3 substitution solid solution. More-
over it can be seen that the diffraction peaks of the Iny_xNixO3
nanofibers slightly shift to higher angles compared with that of
In,03 nanofibers. Detailed calculations showed that the lattice
parameter decreased from 10.08940 A to 10.05241 A for transfer-
ring In, 03 nanofibers into In,_,NixO3 nanofibers, respectively [41].
Considering the decrease of the unit cell constant, and that the ion
radius of In3* (0.72A) is between Ni2* (0.78 A) and Ni3* (0.56 A),
we defer that there is an existence of ion Ni3*, which may resulted
from the partial electron change process as the following Eq. (1).
Our assumption was further confirmed by the following XPS result
in Fig. 3(b).

Ni2* +In3* > Ni3* +In%* (1)
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Fig. 3. (a) XRD patterns of In,03 and In,_»Nix O3 nanofibers and (b) XPS patterns of
the In,_xNiyO3 nanofibers.

To further confirm the presence of Ni3* in the nanofibers, XPS
measurements are carried out and shown in Fig. 3(b). The two peaks
at Fig. 3(b) with binding energies of 854 eV and 856.1 eV correspond
to Ni®* 2P3/, and Ni2* 2P; ; respectively, which further indicates the
existence of Ni3* in the Ni-doped nanofibers [41,42].

The SEM images of the as-electrospun composite nanofibers
before and after calcination are shown in Fig. 4(a)-(d). It can be seen
that the prepared In (NOs3)3/PVP and In(NOs3)3/PVP/Ni(CH3COO),
composite nanofibers were collected as randomly oriented struc-
tures in the form of nonwoven mats because of the bending
instability associated with the spinning jet. Each individual
nanofiber was smooth and uniform in cross section with aver-
age diameters of about 350 nm (In,03), 450 nm (In,_,NixO3) and
lengths of several microns. The precursor fibers were then heated
to 600 °C under a heating rate of 10°C/min and kept there for 4h
in an air atmosphere. As shown in Fig. 4(b) and (d), the nanofibers
shrink; become bend and rough; but remained as continuous struc-
tures with the removing of PVP. While the average diameter of these
fibers, composing nanoparticles in diameters of 14.02 and 11.28 nm
(estimated from the XRD peaks using the Scherrer formula) was
reduced to about 90 (In,03) and 70 nm (In,_,NiyO3) respectively.
This size reduction of the fibers is due to the loss of PVP and the
crystallization of In,03.

3.2. Evaluation of gas-sensing performance

In order to determine the optimum operating temperature,
the responses of In,O3 and In,_yxNixO3; nanofibers to 100 ppm
ethanol vapor were measured continually at different operating
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Fig. 4. SEM images of the In (NO3)3/PVP composite (a, b) and In(NO3 )3 /PVP/Ni(CH3COO), composite nanofibers: (a) and (c) before calcination; (b) and (d) after calcination.

temperatures (120-240°C). As shown in Fig. 5, the responses of
both sensors to ethanol vapor increased with the augment of
operating temperatures and attained maximum values at about
180°C, followed by a decrease with operating temperature. The
temperature 180°C was correspondingly identified as the opti-
mum operating temperatures for both sensors and applied in all
the investigations hereinafter. At this temperature, the In,_,NixO3
nanofibers show significantly higher sensitivity than the pure sam-
ples with the maximum sensitivity of about 80 for 100 ppm ethanol
vapor, indicating the addition of Ni is beneficial to In,03 nanofibers
for ethanol sensing.

The response of the In;_,xNixO3 nanofibers versus ethanol con-
centration at 180°C is shown in Fig. 6. It can be easily found
that the response increased rapidly with increasing of the ethanol
concentration (1-500ppm), and then gradually slowed down
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Fig. 5. Responses of In,03; and In,_«NiyO3 nanofibers to 100 ppm ethanol vapor
measured at different operating temperatures.

(500-5000 ppm), which indicated that the sensor becomes more
or less saturated. Finally the sensor reached saturation at above
5000 ppm.

Moreover, the inset in Fig. 6 shows the linear calibration curve in
the range of 1-500 ppm. Each data point with standard-deviation
bars is obtained by measuring eight sensors. In fact, the response
of the semiconducting oxide gas sensitive sensor can usually be
empirically represented as R=A[C]N+B, where A and B are con-
stants and C is the concentration of the target gas. N usually has
a value between 0.5 and 1.0, depending on the charge of the sur-
face species and the stoichiometry of the elementary reactions on
the surface [43]. For the In,_xNiyO3 nanofibers, N is around 1 for
ethanol in the range of 1-500 ppm at 180 °C. The values of parame-
ters A and B are 0.667 and 9.002 and their standard errors are 0.010
and 2.034, respectively. So the equation for the linear regression
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Fig. 6. The response of the In,_4NiyO3 nanofibers versus ethanol concentrations;
the inset is the calibration curve in the range of 1-500 ppm.
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Fig. 7. Cross-responses of the In,_xNiyO3 nanofibers to 100 ppm different gases at
180°C.

can be simply expressed as R=0.667[C] +9.002. The detection limit
of the In,_,NixO3 nanofibers is about 1 ppm, and the corresponding
response is about 5. This liner phenomenon between the sensitivity
and the ethanol concentration was also observed in many reports.
It is believed that the linear dependence of response on the ethanol
concentration is related to the small size effect of nanomaterials.
Such a linear dependence further shows that the nanofibers can be
used as promising materials for ethanol sensors.

The gas sensing selectivity is another important parameter to
evaluate the sensing ability of semiconductor materials. The cross-
responses of the In,_xNixO3 nanofibers to some typical VOCs gases
such as CO, HCHO, CH4, CgHg, CH3COCH3, and CH3OH (the con-
centration of all these gases was 100 ppm) at 180°C are shown in
Fig. 7. As can be seen in this figure, the sensor exhibits much larger
response to ethanol than to other VOC gases. The observed high
sensitivity and selectivity of the In,_4NixO3; nanofibers make the
developed material suitable candidate for monitoring low concen-
trations of ethanol.

It is well known that the selectivity of the sensor is influenced
by several factors, such as the lowest unoccupied molecule orbit
(LUMO) energy of the gas molecule and the amount of gas adsorp-
tion on the sensing material at different operating temperatures.
According to the previous reports, if the value of the LUMO energy
becomes smaller, the energy needed for the gas sensing reaction
will reduce and the sensing signal can be enhanced accordingly.
The values of the LUMO energy for ethanol methanol acetone
and formaldehyde are 0.12572eV, 0.19728eV, 0.20525eV and
0.21965 eV, respectively, which means that the electrons transport
more easily in ethanol molecules than in methanol, acetone and
formaldehyde molecules to the conductance band of In,_NixO3
[21,44]. Therefore, the In,_,NixO3 sensor shows higher sensitivity
to ethanol than methanol acetone and formaldehyde.

As for gas sensing applications, rapid response and recovery are
of greatimportance. Fig. 8 shows the response and recovery charac-
teristics of In, O3 and In,_,xNixO3 nanofibers to 100 ppm ethanol at
180°C. It can be seen that the response of the In,_,NixO3 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 increase rapidly; when subjected to air the sensor
recovery to the initial state was also rapid. For In, 03 and In,_4NixO3
nanofibers, the response time is less than 3 s and the recovery time
isless than 2 s. The rapid response and recovery of the sensor can be
attributed to the 1D nanostructure of our electrospun nanofibers,
which can facilitate fast mass transfer of ethanol molecules to and
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Fig. 8. Response and recovery behavior of In,Os and In;_,NiyOs; nanofibers to
100 ppm ethanol at 180°C.

from the interaction region as well as improve the rate for charge
carriers to traverse the barriers introduced by molecular recogni-
tion events along the entire fibers [10].

The sensing mechanism can be explained as follows. The
response of semi-conducting metal oxides is based on the reactions
between gas molecule to be detected and the oxygen species on
the surface of oxides. When In,_,NiyO3 nanofibers are surrounded
by air, oxygen molecules can adsorb on their surface to gener-
ate chemisorbed oxygen species, which can lead to a decrease of
fiber conductive. When the sensor is exposed to ethanol, ethanol
molecules can react with the chemisorbed oxygen species and
release the trapped electron back to the conduction band, which
will increase the carrier concentration and electron mobility and
result in the reducing of fiber resistance. The high sensitivity and
quick response of the current nanofibers are related to their 1D
nanostructure which can make the sensor absorb more ethanol
molecules, and can also form web-like structure on sensor surface
naturally. Simultaneously, the solid solution system can produce
more vacant oxygen, leading more oxygen species absorbed on
the surface of In,_,NiyO3 solid solution nanofibers, which eventu-
ally improve the sensing performances of In,_,NixO3 nanofibers.
Moreover, compared with other alternatives, no grinding or no
spin-coating of the samples was needed in the sensor fabrica-
tion, which not only simplified the sensor fabrication process but
also successfully maintained the fiber’'s morphologies and finally
resulted in high sensing properties of the current sensors.

4. Conclusions

In summary, p-type NiO was introduced into n-type In,03 and
formed stable solid state In,_,NiyO3 solutions. Sensor based on
In;03 and In,_,NixO3 nanofibers was fabricated and their ethanol
sensing properties were measured in a convenient and lossless
technique reported for the first time. The In,_,NixO3 nanofibers
exhibited a high sensitivity of about 80 for 100 ppm ethanol vapor,
favorable selectivity, good linearity in the range of 1-500 ppm, fast
response and recovery rate at the optimal operating temperature
of 180°C.
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