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a b s t r a c t

Pure and Co-doped SnO2 nanofibers are synthesized via an electrospinning method and characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron microscope
(TEM). Comparing with pure SnO2 nanofibers, Co-doped SnO2 nanofibers exhibit improved H2 sensing
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properties. Among all the samples (pure, 0.5 wt%, 1 wt%, and 3 wt% Co-doped SnO2 nanofibers), 1 wt% Co-
doped SnO2 nanofibers show the highest response with very short response/recovery times. The response
is up to 24 when the corresponding sensor is exposed to 100 ppm H2 at 330 ◦C, and the response and
recovery times are 2 and 3 s, respectively. Good selectivity is also observed in our investigation. These
results make Co-doped SnO2 nanofibers good candidates for fabricating high performance H2 sensors in
etal-oxide semiconductors
as sensors

practical.

. Introduction

Metal-oxide-semiconductor gas sensors have gained special
ocus driven by their diverse applications in air-quality detection,
nflammable-gas inspection, environmental monitoring, health-
are, defense, security, and so on [1–8]. Since the sensing
echanism is based on the surface reaction of these materi-

ls, their sensing performances are strongly dependent on the
orphology and the structure of materials, namely, grain size,

rystal system, surface area, dimension, as well as the type
f grain network or porosity [9]. Recently, interest in one-
imensional (1D) nanostructures has been greatly stimulated
ecause the sensing properties can be improved in this way
10–15].

SnO2 is widely used for various devices, such as transparent
lectrodes, gas sensors, photosensors, photocatalysts, antistatic
oatings, and solar cells [16]. In particular, as a gas sensor is one of
ts well-known applications, the synthesis of SnO2 with particular
tructure or dopant can provide promising gas-sensing perfor-
ances [16]. Many pure and doped SnO2 has been exposed with

igh sensing characteristics. Recently, many materials, such as Zn,
a, Pt, and Pd, have been proved to be effective dopants for the

mprovements of response or reaction speed or other characteris-
ics of 1D SnO2 [17–22]. However, most of these papers are focus
n their ethanol sensing properties, 1D SnO2 with high H2 sensing
roperties has rarely been exposed. On the other hand, Co, which
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is a good dopant for many metal-oxide-semiconductors, has never
been chosen for 1D SnO2.

Here, we report the H2 sensing properties of the Co-doped
SnO2 nanofibers synthesized via an electrospinning method. High
response, quick response and recovery, and good selectivity
are observed in our investigation, which indicate the potential
application of Co-doped SnO2 nanofibers for fabrication of high
performance H2 sensors.

2. Experimental

All chemicals (analytical grade reagents) were purchased from
Tianjin Chemicals Co. Ltd. and used as received without further
purification. Pure and Co-doped SnO2 nanofibers were synthesized
via a simple electrospinning method. Typically, an appropriate
amount of SnCl2·2H2O was mixed with the 1:1 weight ratio of
N,N-dimethylformamide (DMF) and ethanol in glove-box under
vigorous stirring for 10 min. Then, this solution was in turn
added into 0.8 g of poly(vinyl pyrrolidone) (PVP, Mw = 1,300,000)
and the suitable amount of Co(NO3)2·6H2O (Co(NO3)2·6H2O and
SnCl2·2H2O in a weight ratio of 0%, 0.5%, 1%, 3%) under vigorous
stirring for 6 h. Then the mixture was loaded into a glass syringe
and connected to high-voltage power supply. 10 kV was provided
between the cathode (a flat aluminum foil) and anode (syringe) at a
distance of 20 cm. The conversion of metal chlorides to metal oxides

and the removal of PVP in as-spun nanofiber web were carried out
through calcination at 600 ◦C for 5 h in air. Fig. 1(a) is a schematic
illustration of electrospinning apparatus.

The as-synthesized sample was mixed with deionized water
(resistivity = 18.0 M� cm−1) in a weight ratio of 100:25 to form a
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thinner than that of the precursor, indicating the removal of PVP
template. The average diameter of the final product (1 wt% Co-
doped SnO2 nanofibers) is about 100 nm. Feature of an individual
1 wt% Co-doped SnO2 nanofiber was examined by TEM (Fig. 4(c)),
ig. 1. (a) Schematic illustration of electrospinning apparatus, (b) a photograph of
he gas sensor, and (c) a photograph of the gas-sensing analysis system.

aste. The paste was coated on a ceramic tube on which a pair of
old electrodes was previously printed, and then a Ni–Cr heating
ire was inserted in the tube to form a side-heated gas sensor. A
hotograph of a fabricated sensor is shown in Fig. 1(b).

X-ray diffraction (XRD) analysis was conducted on a Scintag
DS-2000 X-ray diffractometer with Cu K� radiation (� = 1.5418 Å).
canning electron microscopy (SEM) images were performed on
SHIMADZU SSX-550 (Japan) instrument equipped with energy

ispersive X-ray (EDX) spectroscopy. Transmission electron micro-
cope (TEM) images and selected area electron diffraction (SAED)
atterns were obtained on a HITACHI S-570 microscope with an
ccelerating voltage of 200 kV.

Gas-sensing properties were measured by a CGS-1 intelligent
as-sensing analysis system (Beijing Elite Tech Co., Ltd, China)
Fig. 1(c)) [23]. The sensors were pre-heated at different operat-
ng temperatures for about 30 min. When the resistances of all the
ensors were stable, saturated target gas was injected into the test
hamber (20 L in volume) by a microinjector through a rubber plug.

he saturated target gas was mixed with air (relative humidity was
bout 25%) by two fans in the analysis system. After the sensor resis-
ances reached a new constant value, the test chamber was opened
o recover the sensors in air. All the measurements were performed
Fig. 2. XRD patterns of Co-doped SnO2 nanofibers.

in a laboratory fume hood. The sensor resistance and response val-
ues were acquired by the analysis system automatically.

The response value (ˇ) was defined as ˇ = Ra/Rg, where Ra was
the sensor resistance in air and Rg was a mixture of target gas
and air. The time taken by the sensor to achieve 90% of the total
resistance change was defined as the response time in the case of
response (target gas adsorption) or the recovery time in the case of
recovery (target gas desorption).

3. Results and discussion

Fig. 2 shows the XRD patterns of the Co-doped SnO2 nanofibers.
The samples are polycrystalline in nature. The prominent peaks
corresponding to (1 1 0), (1 0 1) and (2 1 1) crystal lattice planes and
all other smaller peaks coincide with the corresponding peaks of the
rutile structure of SnO2 given in the standard data file (JCPDS File
No. 41-1445) [24].

The EDX patterns of Co-doped SnO2 nanofibers in Fig. 3 indicate
that the as-prepared nanofibers are composed of Sn, O, and Co.

Fig. 4(a) shows the SEM image of the 1 wt% PVP/Sn/Co, this pre-
cursor is highly dominated by the nanofibers with lengths of several
ten micrometers and diameters ranging from 150 to 250 nm. After
calcination, the diameter of the product, as shown in Fig. 4(b), is
Fig. 3. EDX patterns of Co-doped SnO2 nanofibers.
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ig. 4. (a) SEM image of 1 wt% PVP/Sn/Co, (b) SEM image of 1 wt% Co-doped SnO2

wt% Co-doped SnO2 nanofibers.

hich shows a typical characteristic of the nanofibers. The SAED
attern (Fig. 4(d)) shows that the SnO2 nanofibers are polycrys-
alline in structure.

Gas-sensing experiments are performed at different operating
emperatures to find the optimum operating condition. Fig. 5 shows
he relationship between the different operating temperature and
he response of the sensors to 100 ppm H2. The response increases
nd reaches its maximum at 330 ◦C, and then decreased rapidly
ith increasing the temperature. The similar tendencies are com-
only observed for all the three Co-doped SnO2 nanofiber samples,

nd this behavior can be explained from the kinetics and mechanics
f gas adsorption and desorption on the surface of SnO2 or simi-
ar semiconducting metal oxides [25]. At the optimum operating
emperature of 330 ◦C, the 1 wt% Co-doped SnO2 sensor shows the

aximum response of about 24, which is 8 times larger than that
f pure SnO2 (about 3), indicating the addition of Co is beneficial to
he H2 sensing of SnO2 nanofibers.
Fig. 6 shows the responses of pure and Co-doped SnO2
anofibers to different concentrations of H2 at 330 ◦C. The 1 wt%
o-doped SnO2 nanofibers show the highest response in all the
amples. The response of 1 wt% Co-doped SnO2 nanofibers rapidly

ig. 5. Responses of pure and Co-doped SnO2 nanofibers to 100 ppm H2 at different
perating temperatures.
bers, (c) TEM image of 1 wt% Co-doped SnO2 nanofibers, and (d) SAED pattern of

increases with the increasing H2 concentration below 5000 ppm
(the response value is about 270), and finally reaches saturation at
about 25,000 ppm (the response value is about 1000).

The response versus time cures of pure and Co-doped SnO2
nanofibers to 100 ppm H2 are shown in Fig. 7. It can be seen that
although the response value increases signally by doping Co, the
response and recovery times do not change. This phenomenon sug-
gests that doping Co may accelerate the reaction speed between
SnO2 nanofibers and H2. The response and recovery times of 1 wt%
Co-doped SnO2 sensor are about 2 and 3 s, respectively.

The responses of 1 wt% Co-doped SnO2 nanofibers to 100 ppm
different gases are also measured at different operating tempera-
tures (Fig. 8). The sample exhibits the highest responses to different
gases at different operating temperatures. At 330 ◦C, this sample
can successfully distinguish H2 and these interferential gases. The
response to H2 is more than 3 times larger than that to other gases.
Thus 1 wt% Co-doped SnO2 nanofibers can be used to detect H2 at

various atmospheres.

The sensing mechanism of SnO2 based gas sensors was clarified
in previous works [1–15,26]. The most widely accepted model is
that the change in resistance of the SnO2 gas sensors is primarily

Fig. 6. Responses of pure and Co-doped SnO2 nanofibers to different concentrations
of H2 at 330 ◦C.
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ig. 7. Response versus time curves of pure and Co-doped SnO2 nanofibers to
00 ppm H2 at 330 ◦C.

aused by the adsorption and desorption of the gas molecules on
he surface of the SnO2 film. When SnO2 nanofibers are exposed to
ir, oxygen adsorbs on the exposed surface of the SnO2 and ionizes
o O− or O2− (O− is believed to be dominant) [27], resulting in a
ecrease of the carrier concentration and electron mobility. When
he SnO2 nanofibers is exposed to a reducing gas (such as H2 in this
ase), the reducing gas reacts with the adsorbed oxygen molecules
nd releases the trapped electrons back to the conduction band,
hereby increasing the carrier concentration and carrier mobility
f SnO2. Thus the resistance change of the SnO2 sensors can be
ound.

Comparing with many H2 sensors, the as-presented sensor
xhibits much higher response and shorter response/recovery
imes, which are mainly based on the 1D structure of the nanofibers
nd Co doping. The large surface-to-volume ratio of 1D MOS nanos-
ructures and the congruence of the carrier screening length with
heir lateral dimensions make them highly sensitive and efficient
ransducers of surface chemical processes into electrical signals
15]. Simultaneously, the 1D nanostructures can also avoid the
ggregation growth among MOS nanoparticles [15]. Additionally,
omparing with 2D nanoscale films, the interfacial areas between
he active sensing region of the nanofibers and the underlying
ubstrate are great reduced [13,15]. Those advantages lead to sig-
ificant gain in high response and short response/recovery times

f the as-prepared nanofibers.

Many former papers have proved that the existence of Co in
OS sensing materials can improve their sensitivity prominently

8,28–30]. The H2 sensing improvement of in this case may be

ig. 8. Responses of 1 wt% Co-doped SnO2 nanofibers to 100 ppm different gases.
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caused by the heterocontact between the p-type Co3O4 and n-type
SnO2 [31,32]. The Co3O4 grains in SnO2-rich materials will combine
with SnO2 electronically by forming p–n junctions, resulting in an
increase in electrical resistance of the sensors. Upon exposure to H2,
the H2 molecules can permeate into the interface of the p–n junc-
tion, lead to changes in electrical properties at the junction [33–35],
and result in the large sensor response. When the Co3O4 content is
increased too much in the sensing materials, the n-type character-
istics of the materials will regress, and the n-type response (Ra/Rg)
will decrease accordingly. This effect corresponds to the response
fall of 3 wt% Co-doped SnO2 nanofibers in Fig. 5.

4. Conclusion

In summary, Pure and Co-doped SnO2 nanofibers are syn-
thesized via an electrospinning method and their gas-sensing
properties are investigated. Comparing with pure SnO2 nanofibers,
Co-doped SnO2 nanofibers exhibit improved H2 sensing prop-
erties. High response, short response and recovery times, and
good selectivity are found based on Co-doped SnO2 nanofibers.
These gas-sensing properties are explained by the p–n junctions
in Co–SnO2 films and the 1D nanofiber structure.
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