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a  b  s  t  r  a  c  t

Electrical  measurements  as  a diagnostic  tool for gas  sensing  application  were  investigated  of  the  SiO2

nanofibers,  bismuth  doped  SiO2 nanofibers  and  bismuth  silicate  (Bi4(SiO4)3)  nanofibers,  which  were  syn-
thesized  by  electrospinning.  The  gas  sensing  devices  were  fabricated  using  thermally  evaporated  Ni–Cr
metals  on  the  glass  substrate  and  then  nanofibers  were  deposited  between  the  contact  electrodes.  The
performance  of the  sensors  was  evaluated  by recording  DC and AC  measurements  in an  oxygen  (O2)  rich
environment.  The  morphology  and  structural  characterization  of nanofibers  were  characterized  by scan-
ning electron  microscopy  (SEM)  and  X-ray  diffraction  (XRD).  Bi4(SiO4)3 nanofibers  exhibited  excellent
oxygen  sensing  properties  at all temperatures  (25–127 ◦C). The  rapid  response  time  (∼49  s)  and  recov-
ery  time  (∼9 s)  with  high  linearity  indicated  that  Bi4(SiO4)3 nanofibers  could  be  a  good  candidate  for
developing  practical  oxygen  gas  sensors.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

To resolve environmental and health issues, significant efforts in
the field of research have been initiated. For many years, the interest
has been focused on detection and minimization of oxygen emis-
sions from various industrial sources [1–5]. Oxygen sensors have
played an important role in food processing plants, biomedicine
applications, control of chemical processes and pollution control
through automobile engine management [5]. It is observed that
the efficiency of an automobile engine is increased with theoretical
air–fuel ratio (A/F ≈ 14.7) and the emission of harmful gases such
as CO, NOx and hydrocarbons are also reduced. Therefore, oxygen
sensors are developed to control the A/F ratio in order to minimize
the gas emissions and to improve the engine efficiency [6]. So, the
need for simple, low cost, stable and highly sensitive oxygen sen-
sors has been increased. In the last few years [7] transition metal
doped nanomaterial with wide band gap are being extensively used
for sensing applications due to their change in electrical properties
upon exposure to the gas. Moreover, the quasi-one dimensional
materials offer high surface to volume ratio with no grain boundary
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which is advantageous for high sensitivity and stability of devices,
respectively [8].

Silica (SiO2), a kind of insulator with porous nature has a fast
oxygen response time and recovery time. But due to its poor linear-
ity with high impedance values, SiO2 does not gain much attention
in gas sensing industries. It is observed that doping of transition
metal in the sensing material could improve the overall sensing
response [7]. Herein resistive type oxygen sensors are developed
using SiO2 nanofibers, Bismuth doped SiO2 nanofibers Bi4(SiO4)3
nanofibers. SiO2 is thermally and chemically stable material, which
exhibits insulating properties and widely used as insulation mate-
rial in the semiconductor industry, but here with the bismuth (Bi)
doping it behaves like n-type semiconductor material. The oxy-
gen sensing is measured by varying the oxygen flow rates in the
testing chamber. The working of the sensor is characterized by
gas response, the response and recovery time and temperature
dependent gas response.

2. Experimental

2.1. Sample preparation

Our group [9–12] has done much work on synthesis of
ceramic nanofibers using electrospinning. We  have reported
the synthesis of TiO2, SiO2 and CdTiO3 nanofibers. Herein
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Fig. 1. (a) Schematic diagram of gas sensing device and (b) optical image of gas sensing device.

nanofibers used for gas sensing has been synthesized by the same
route. Polyvinylpyrrolidone (PVP, Mw  = 1,300,000), tetraethoxysi-
lane (TEOS) >98%, ethanol (C2H5OH > 98%) and acetic acid
(CH3COOH > 98%) were used as starting materials. 13% PVP/ethanol
and 13% TEOS/acetic acid solutions were prepared for the synthe-
sis of SiO2 nanofibers. Bismuth acetate was used for synthesis of
xBi–(1 − x)SiO2 nanofibers with x = 0.01 and Bi4(SiO4)3 nanofibers.
A certain amount of bismuth acetate (Bi(C2H3O2)3) was dissolved
in 1 ml  of N,N-dimethylformamide (DMF) in a capped beaker,
then required amount of acetic acid and tetraethoxysilane (TEOS)
were added into the mixture (molar ratio of Bi:Si was 0.01:0.99
and 0.5:0.5). The mixture was stirred for 30 min, after that13%
polyvinylpyrrolidone (PVP)/ethanol (PVP, Mw ∼ 1,300,000) was
slowly added. After being stirred for 90 min, the solution was loaded
in a syringe. High voltage (10 kV) was applied to tip of the needle
and collector plate [13]. As spun PVP/SiO2 and Bi doped PVP/SiO2
nanofibers were collected on an aluminium foil placed on a col-
lector plate. The as collected nanofibers were left in the air for
24 h for hydrolysis of TEOS and annealed at 600 ◦C for 6 h in the
air. The sensing materials were characterized using scanning elec-
tron microscopy, energy dispersive spectroscopy (EDX) and X-ray
diffraction (XRD).

2.2. Device fabrication

Three different devices were fabricated on the glass substrate
with SiO2, 0.01Bi–0.99SiO2 and Bi4(SiO4)3 nanofibers as sensing
materials. For this purpose, an array of 100 nm2 electrodes was
formed by a bilayer evaporation of 20 nm of chromium (Cr) fol-
lowed by 80 nm of nickel (Ni) on a glass substrate. Here chromium
acted as a primer and improved the adherence of Ni to the glass sub-
strate. The nanofibers suspensions were prepared in isopropanol
solution by ultrasonic agitation and then drop of the prepared
suspension was made to fall on the fabricated contacts using a
100 �L micro pipette. The isopropanol evaporated quickly leaving
nanofibers in contact between the fabricated contacts on glass sub-
strate. The distance between the contacts was 90 �m for all sensors
with almost the equal number of nanofibers is expected in contact
between the metal contacts as the nanofibers were deposited in
same way with high precision to obtained similar density and dis-
tribution of nanofibers on each device. Fig. 1(a) and (b) shows the
schematic diagram of final fabricated gas sensing and optical image
of the gas sensing device, respectively.

2.3. Measurements

Gas sensors were tested at different gas flow rates. High purity
(99.9%) oxygen was used for evaluating sensing behaviour of the
fabricated device. Oxygen flow was regulated by 65-mm EW-
32044-00 Cole-Parmer Flow metre. It can precisely control the
oxygen flow in the range of 0.44–5.05 sccm (standard cubic cen-
timetres per minute or ml/min). Oxygen at different flow rates was

introduced into the testing chamber and AC and DC measurements
were performed using Keithley 2400 source metre. All the sensing
tests were carried out at temperature range from room tempera-
ture (25 ◦C) to 127 ◦C using Agilent 4156C parameter analysers with
a cryogenic probe station.

3. Results and discussions

Fig. 2(a) shows the FSEM image of SiO2 nanofibers with polymer.
Fig. 2(b)–(d) shows energy dispersive spectroscopy (EDS) and SEM
images of xBi–(1 − x)SiO2 nanofibers with x = 0, 0.01 and 0.5 heat
treated at 600 ◦C. Before calcination the fibres surface were smooth
and bigger in diameter ∼1 �m as shown in Fig. 2(a). But after calci-
nation (600 ◦C) PVP burn out and the surface becomes rough (inset
of Fig. 2(b)–(d)). The typical average length of nanofibers ranges
from 100 to 200 �m while the average diameter of nanofibers is
150 nm.  EDS spectrum of xBi–(1 − x)SiO2 nanofibers with x = 0, 0.01
and 0.5 indicating the presence of silicon, oxygen and bismuth
with expected atomic ratios. The EDS spectra show that as bis-
muth doping increases there is an increase in bismuth content. As
bismuth ions replace silicon therefore corresponding decrease in
silicon content can also be identified clearly from the EDS spectra.
SEM image of Bi4(SiO4)3 nanofibers and their corresponding EDS
spectra is depicted in Fig. 2(d).

Transmission electron microscope (TEM) images reveal that
SiO2 and Bi4(SiO4)3 nanofibers have a porous structure (Fig. 3(a)
and (c)). Fig. 3(b) gives the rough estimation of the smooth surface
of 0.01Bi–SiO2 nanofibers at the same resolution. The TEM images
indicate that the diameter and length of nanofibers are approx-
imately 150 nm and larger than 150 �m.  The obtained results are
highly corroborating with the SEM results and verify the uniformity
of the nanofibers.

Fig. 4 shows the XRD pattern of pure SiO2 nanofibers and
xBi–(1 − x)SiO2 nanofibers where x = 0.01 and 0.5 calcined at 600 ◦C.
For pure SiO2 one broader peak is observed indicating the amor-
phous nature of SiO2 nanofibers. For xBi(1 − x)SiO2 with x = 0.01 the
SiO2 crystalline structure is starting to become visible with peak
corresponding to (1 0 1) reflections at 2� = 25.5◦. It is reported that
doping in amorphous SiO2 may  cause physical and chemical disor-
ders. Physical disorder consists of a wide variation in bond angle
and bond length, which may  cause a change in the electronic struc-
ture. The chemical disorder causes a deviation from short range
structure in crystalline SiO2 (as in the case of 0.01 doping). There-
fore, it can be concluded that the Bi ions can be incorporated into
the SiO2 lattice [14]. With further increase in bismuth content,
evident structural changes are observed in calcined nanofibers.
However, when Bi content is 0.5, a well crystalline structure of
Bi4(SiO4)3 is achieved. For Bi4(SiO4)3, nanofibers quite obvious
peaks at 21.16◦, 24.48◦, 27.4◦, 32.57◦, 34.89◦, 43◦, 44.9◦, 51.79◦,
55.03◦, 56.60◦, 58.12◦, 61.10◦, 62.56◦, 64.0◦, 66.76◦ and 68.16◦ cor-
responding to the (2 1 1), (2 2 0), (3 1 0), (3 2 1), (4 0 0), (4 2 0), (4 2 2),
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