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Pure and Co-doped (0.3 wt%, 0.5 wt%, and 1 wt%) ZnO nanofibers are synthesized by an electrospinning
method and followed by calcination. The as-synthesized nanofibers are characterized by X-ray powder
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
energy dispersive X-ray (EDX) spectroscopy. Comparing with pure ZnO nanofibers, Co-doped nanofibers
exhibit improved acetone sensing properties at 360 °C. The response of 0.5 wt% Co-doped ZnO nanofibers
to 100 ppm acetone is about 16, which is 3.5 times larger than that of pure nanofibers (about 4.4).
The response and recovery times of 0.5wt% Co-doped ZnO nanofibers to 100 ppm acetone are about
6 and 4s, respectively. Moreover, Co-doped ZnO nanofibers can successfully distinguish acetone and
ethanol/methanol, even in a complicated ambience. The high response and quick response/recovery are
based on the one-dimensional nanostructure of ZnO nanofibers combining with the Co-doping effect. The
selectivity is explained by the different optimized operating temperatures of Co-doped ZnO nanofibers
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to different gases.
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1. Introduction

ZnO0, a [I-VI compound semiconductor, has found a multitude of
applications as a result of its wide and direct band gap, high exci-
ton binding energy at room temperature, appropriate resistivity for
peripheral circuits, ease of fabrication, and good safety record [ 1-3].
It has been extensively studied for catalysis [4], field-emission
devices [5], optoelectronics [5], and chemical sensors [6]. In the
sensor field, ZnO has been proved to be a highly sensitive material
for the detection of both reducing and oxidizing gases [7]. Many
scientific and technological efforts have been made to improve its
response, reaction speed, selectivity, and stability [8-11]. In recent
years, interest in one-dimensional (1D) ZnO nanostructures has
been greatly stimulated since their sensing properties can be effi-
ciently enhanced in this way. The high surface-to-volume ratio of
these 1D ZnO nanostructures (a higher surface area provides more
sites for analyte molecules adsorption) make them much sensi-
tive than ZnO nanoparticles and thin films [12]. Hitherto, 1D ZnO
nanostructures with different morphologies have been successfully
developed including nanorods [12,13], nanotubes [14], nanowires
[15], nanobelts [16,17], and nanofibers [18]. The gas sensing inves-
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tigation reveals that these nanostructures hold high response to
H,, CO, NO, H,0, and ethanol [12-18]. However, to the best of our
knowledge, rare investigations concern the acetone sensing char-
acteristics of 1D ZnO nanostructures.

Electrospinning is a unique technique which offers a relatively
facile and versatile method for the large-scale synthesis of 1D
nanostructures that are exceptionally long in length, uniform in
diameter, large in surface area, especially diversified in composition
[19-22]. Our group has successfully synthesized several semicon-
ductor nanofibers with different gas or humidity sensing properties
by electrospinning [18,20,23]. In this paper, promoted by both the
distinct properties of 1D nanostructure and the effects of metal
additives on the sensing performance, we develop an in situ process
for sensitizing ZnO by adding cobaltous nitrate during electrospin-
ning and subsequent calcination. Co-doped ZnO nanofibers exhibit
high sensitivity and quick response/recovery to acetone. And this
material also shows the successful discrimination between ace-
tone and ethanol/methanol, which makes it a good candidate in
fabricating highly selective sensors in practice.

2. Experimental
2.1. Preparation and characterization of materials

Zinc nitrate, cobaltous nitrate and poly (viny pyrroridone) (PVP,
My, =1,300,000) were supplied by Beijing Chemical Co. (China).
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Fig. 1. Schematic diagram of the experimental apparatus.

Ethanol and N,N-dimethylformamide (DMF) were bought from
Tianjin Tiantai Chemical Co. (China). All the chemicals were ana-
lytical grade and used as received without further purification.

Co-doped ZnO nanofibers were synthesized by an electrospin-
ning method and followed by calcination. In a typical procedure,
0.595 g of zinc nitrate and certain amount of cobaltous nitrate (0,
0.3 wt%, 0.5wt%, and 1 wt%) were added into a solvent of DMF in
a glove box under vigorous stirring for 6 h. Subsequently, 1g of
PVP was dissolved into 8 mL ethanol in another glove box under
vigorous stirring for 6 h. Then, both of them were mixed together
under stirring and then loaded into a glass syringe for electrospin-
ning by applying a high voltage of 18 kV at an electrode distance
of 20cm. The composite nanofibers were collected on an alu-
minum frame, transferred to a standard microscopic thin micaslide.
After that, the organic constituents were selectively removed from
these nanofibers by calcining them at 500°C for 5h, and crystal
nanofibers were obtained.
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Fig. 2. XRD patterns of pure, 0.3 wt%, 0.5 wt%, and 1 wt% Co-doped ZnO nanofibers.

The crystal structures of the products were determined by X-ray
powder diffraction (XRD) using an X-ray diffractometer (Siemens
D5005, Munich, Germany) with Cu Ko radiation (A =1.5418 A). The
morphologies of the electrospun nanofibers were viewed by scan-
ning electron microscopy (SEM, SSX-550, Shimadzu equipped with
energy dispersive X-ray (EDX) spectroscopy). Transmission elec-
tron microscopy (TEM, Model JEM-2000EX, JEOL) was performed
with an accelerating voltage of 200 kV.

2.2. Fabrication and measurement of sensors

The as-calcined sample was mixed with deionized water (resis-
tivity =18.0 M cm~1) in a weight ratio of 100:20 to form a paste.
The paste was coated on a ceramic tube on which a pair of gold
electrodes was previously printed, and then a Ni-Cr heating wire
was inserted in the tube to form a side-heated gas sensor (Fig. 1)
[24]. The thickness of the sensing films was measured to be about
300 pm.

Gas sensing properties were measured by a CGS-8 (Chemical gas
sensor-8) intelligent gas sensing analysis system (Beijing Elite Tech
Co., Ltd., China) (Fig. 1) [25]. The sensors were pre-heated at differ-
ent operating temperatures for about 30 min. When the resistances
of all the sensors were stable, saturated target gas was injected
into the test chamber (20 L in volume) by a micro-injector through
a rubber plug. The saturated target gas was mixed with air (rela-
tive humidity was about 25%) by two fans in the analysis system.
After the sensor resistances reached a new constant value, the test
chamber was opened to recover the sensors in air. All the mea-
surements were performed in a laboratory fume hood. The sensor
resistance and response values were acquired by the analysis sys-
tem automatically. The whole experiment process was performed
in a super-clean room with the constant humidity and temperature
(which were monitored by the analysis system).

The response value (R) was defined as R=Ra/Rg, where Ra was
the sensor resistance in air (base resistance) 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).
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Fig. 3. EDX patterns of 0.3 wt%, 0.5 wt%, and 1 wt% Co-doped ZnO nanofibers.

3. Results and discussion

Fig. 2 shows the XRD patterns of pure, 0.3 wt%, 0.5wt%, and
1 wt% Co-doped ZnO nanofibers. The samples are polycrystalline
in nature. All the diffraction peaks can be indexed as hexagonal
ZnO with lattice constants a=3.25A and c=5.21 A, which are con-
sistent with the values in the standard card (Joint Committee for
Powder Diffraction Studies (JCPDS) card # 36-1451). For Co-doped
ZnO nanofibers, the peak position of the wurtzite structure peaks
shifts to higher angles compared with pure ZnO, but this tendency
is not very obvious because of just a little difference in ionic radius
of Zn?* (0.74 A), Co?* (0.74A) and Co3* (0.63 A) ions.

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

Fig. 4 shows the SEM images of the as-prepared nanofibers with
different Co doping rates. It can be clearly seen that the diame-
ters of the products become thinner by Co-doping. This is because
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Fig. 5. Responses of pure, 0.3 wt%, 0.5 wt%, and 1 wt% Co-doped ZnO nanofibers to
100 ppm acetone at different temperatures.

the charges (Co* and NO3~) added during the electrospinning
will make the fibers thinner [26]. The average diameters of pure,
0.3 wt%, 0.5 wt%, and 1 wt% Co-doped ZnO nanofibers are about 180,
100, 80, and 85 nm, respectively. Feature of the 0.5 wt% Co-doped
ZnO nanofibers were examined by TEM (insert in Fig. 4(c)), which
shows a typical characteristic of the nanofibers.

Gas sensing experiments were performed at different temper-
atures to find out the optimum operating condition for acetone
detection. Fig. 5 shows the responses of pure, 0.3 wt%, 0.5 wt%, and
1wt% Co-doped ZnO nanofibers to 100 ppm acetone at different
operating temperatures. The responses of all samples are found to
increase with increasing the operating temperature, which attain
the maximum at 360°C, and then decrease with a further rise of
the operating temperature. This behavior can be explained from
the kinetics and mechanics of gas adsorption and desorption on
the surface of ZnO or similar semiconducting metal oxides [27-29].
When the operating temperature is too low, the chemical activa-
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Fig. 4. SEM images of (a) pure, (b) 0.3 wt%, (c) 0.5 wt% (the insert shows a corresponding TEM image), and (d) 1 wt% Co-doped ZnO nanofibers.
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Fig. 6. Responses of 0.5 wt% Co-doped ZnO nanofibers to different concentrations of
acetone at 360 °C, the insert shows the calibration curve in the range of 5-500 ppm.

tion of nanofibers is consequently small, leading to a very small
response. When the operating temperature increased too much,
some adsorbed gas molecules may escape before their reaction due
to their enhanced activation, thus the response will decrease corre-
spondingly. At the optimal temperature of 360 °C (corresponding to
the maximum response), 0.5 wt% Co-doped ZnO nanofibers exhibit
the highest response values (16), which is 3.5 times larger than that
of pure nanofibers (4.4). Thus this sample is applied in the entire
investigations hereafter. The base resistances (Ra) of the sensors
based on pure, 0.3 wt%, 0.5 wt%, and 1 wt% Co-doped ZnO nanofibers
are about 1.3, 1.8, 1.6, and 9.7 M, respectively.

Fig. 6 shows the sensor response versus acetone concentration
at 360°C. The sensor can detect acetone down to 5 ppm (the cor-
responding response is about 5). In the range of 5-500 ppm, the
response linearly increases with increasing the acetone concentra-
tion (insertin Fig. 6). Above 500 ppm, the response slowly increases,
which indicates that the sensor becomes more or less saturated.
Finally the sensor reaches saturation at about 35,000 ppm. In fact,
the response of the semiconducting oxide gas sensitive sensor can
usually be empirically represented as R=A[C]N + B [30-32], where
A and B are constants 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 surface species and the stoichiometry of the elemen-
tary reactions on the surface. For the Co-doped ZnO nanofibers, N
is around 1 for acetone in the range of 5-500 ppm at 360°C. Such
a linear dependence indicates that these nanofibers can be used as
promising materials for acetone sensors.

The response versus time curves of 0.5wt% Co-doped ZnO
nanofibers to different concentrations of acetone are shown in
Fig. 7. For acetone at levels of 100, 500 and 1000 ppm, the responses
are about 16, 56 and 77.5, respectively. The response time and
recovery time are about 6 and 4s, respectively for the sensor to
100 ppm acetone. With the increase in acetone concentration, the
response time decreases gradually. The response times are calcu-
lated to be about 5s for 500 ppm acetone and 4s for 1000 ppm
acetone. The decrease in response time can be explained by the
varieties of the saturation time and mean residence period of the
acetone molecules on the film surface. When the acetone con-
centration is low, the time required for the complete reaction of
the oxygen species and acetone molecules is long, leading to long
response time. As the concentration increases, the reaction time
decreases, and the response time decreases accordingly. No obvi-
ous change in recovery time can be found in our experiment, which
may due to the high operating temperature of the sensors. More-
over, constant base resistance (Ra) has also been realized among
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Fig. 7. Response versus time curves of 0.5wt% Co-doped ZnO nanofibers to 100,
500, and 1000 ppm acetone consecutively at 360 °C.

the consecutive tests, which demonstrates the chemical stability
of the Co-doped ZnO nanofibers.

The sensor selectivity was tested by exposing it to 100 ppm
different gases (including a mixture gas of 100 ppm acetone and
100 ppm ethanol) at 360 °C. As shown in Fig. 8, the sensor response
to acetone (CH3COCH3) is much higher than that to ethanol
(CszoH), methanol (CH3OH), toluene (CgHSOH), Hz, NH3, C6H6,
CHg4, and CO. Especially, the response to acetone (16) is almost
4 times larger than to ethanol (4.1) and 5 times larger than to
methanol (3.4), and is only about 17.5 to the mixture gas of 100 ppm
acetone and 100 ppm ethanol. These results indicate 0.5 wt% Co-
doped ZnO nanofibers can successfully distinguish acetone and
ethanol/methanol.

To further know the selectivity of 0.5wt% Co-doped ZnO
nanofibers, the sensor was also exposed to different concentrations
of acetone, ethanol, and methanol at 360°C (Fig. 9). The distinc-
tion between the responses to acetone and to ethanol/methanol is
found to increase by increasing the gas concentrations. At the satu-
rated concentration for acetone (about 35,000 ppm), the response
to acetone is about 7 times larger than to ethanol or methanol. The
results suggest that better selectivity can be achieved at higher gas
concentrations.

To test the fiber selectivity in practice, we prepared a compli-
cated gas by mixing 100 ppm CgHs0H, Hy, NH3, CgHg, CHy4, and CO
as the background ambience, and then injected acetone, ethanol,
and methanol, respectively. The results shown in Fig. 10 exhibit
that 0.5 wt% Co-doped ZnO nanofibers can distinguish acetone and

18 CH,COCH, and C,H,OH

{cH,cocH,
64 @'

144
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Fig. 8. Responses of 0.5wt% Co-doped ZnO nanofibers to 100 ppm different gases
at360°C.
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Fig. 9. Responses of 0.5wt% Co-doped ZnO nanofibers to different concentrations
of acetone, ethanol, and methanol at 360°C.

ethanol/methanol in this mixed gas ambience. The results are based
on the much higher response values of 0.5wt% Co-doped ZnO
nanofibers to acetone than to other gases. Thus the sensor exhibits
prominently and highly selective, and can be put into various prac-
tical applications.

There have been many studies on various sensor materials for
detecting acetone, ethanol, and methanol. However, the sensing
behavior to these three gases are similar in most investigations,
and the cross sensitivity among them cannot be avoided [33-36].
In our case, the sensor presents successful discrimination between
acetone and ethanol/methanol, which may be due to the differ-
ent optimized operating temperature for this sensor to these three
gases. As can be seen in Fig. 11, the maximum response values
appear at 300 °C for the sensor to ethanol, and at 320 °C to methanol.
At320°C, the responses to acetone, ethanol, and methanol are very
close. And the sensor instead exhibits higher response to ethanol
than to acetone at 300°C.

To reveal the Co effect on the selectivity performance of ZnO
nanofibers, we also tested the responses of pure ZnO nanofibers to
100 ppm ethanol and acetone at different temperatures (Fig. 12).
The pure ZnO nanofibers exhibit the maximum response value at
340°C to ethanol and at 360°C to acetone, and the corresponding
response values are 6 and 4.48, respectively. The results suggest
that the improved selectivity of Co-doped ZnO nanofibers can be
attributed to the reduced optimum operating temperatures for
ethanol detection brought by appropriate Co in ZnO nanofibers.
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Fig. 10. Responses of 0.5wt% Co-doped ZnO nanofibers to acetone, ethanol, and
methanol in the mixed gas ambience at 360°C.
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Fig. 12. Responses of pure ZnO nanofibers to 100 ppm ethanol and acetone at dif-
ferent temperatures.

Fig. 13 shows the variations of response of four sensors fabri-
cated from 0.5 wt% Co-doped ZnO nanofibers to 500 ppm acetone
at 360°C. All the sensors exhibit similar sensing characteristics
(response values, response times, and recovery times), indicating
good reproducibility of the as-synthesized nanofibers.
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Fig. 13. Reproducibility of 0.5 wt% Co-doped ZnO nanofibers to 500 ppm acetone at
360°C.
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For most semiconducting oxide gas sensor, the change in resis-
tance is primarily caused by the adsorption and desorption of gas
molecules on the surface of the sensing films [37-40,2,30]. In air
ambient, ZnO nanofibers will adsorb the oxygen molecule on the
surface. The adsorbed oxygen is changed into various chemical
absorptive states (O~ is believed to be dominant) [41] by capturing
electrons from the conductance band. This will increase the bar-
rier height for electrons to transport and thus ZnO nanofibers will
show a high resistance. When reducing gases (such as acetone in
this case) are introduced, the adsorbed oxygen on ZnO nanofibers
takes part in the oxidation of acetone. Once the oxidation reaction
occurs, electrons could enter into the ZnO nanofibers, resulting in
the decrease of sensor resistance (Fig. 14(a)).

The high response and short response/recovery times of Co-
doped ZnO nanofibers are mainly based on the fiber structure. The
1D nanostructure of ZnO nanofibers possesses large surface-to-
volume ratio, which is a vital factor for high sensing performance
[19]. And the nanofibers synthesized by electrospinning own high
length-to-diameter ratio, which may form netlike structure on the
sensor surface [42]. The netlike structure will enhance the target
gas adsorption, and lead to a high response value. Besides, there
are many nanofiber-nanofiber junctions in the netlike structure
(Fig. 14(b)). Such junctions should form a depleted layer around
the intersection and block the electron flow in a way which is more
efficient than the surface depletion on the individual nanofibers
(contact-controlled effect) [43].

Many former papers have proved that the existence of Co
in semiconductor sensing materials can improve their response
prominently [44-46]. In this case, decreased fiber diameter caused
by Co doping may lead to an increase of target gas adsorption,
which will be resulted in the sensing improvement (shown in
Fig. 4). On the other hand, Co will support the catalytic conversion
of acetone into its oxidation products, which is due to spill-over
of activated fragments to the semiconductor surface to react with
the adsorbed oxygen and is called chemical sensitization. And this
effect can accelerate the sensing reaction on the fiber surface effec-
tively [39,47]. Furthermore, as Co304 is a p-type material [44],
doping too much Co in ZnO may form Co304 (although not found
in XRD pattern due to its very small amount) in ZnO nanofibers and
the n-type characteristics of the ZnO will regress (corresponding to
an evident increase in Ra), thus the sample with 1 wt% doping rate
show adecreased response. Moreover, the improved selective sens-
ing properties brought by Co doping can be also explained by the
reduced optimum operating temperatures for ethanol detection,
and the similar results are observed for many other dopants [48,49].
However, the exact mechanism for the change of the optimum
operation temperature with Co doping is far more complicated and
further studies are needed.

4. Conclusion

In summary, pure and Co-doped ZnO nanofibers are synthe-
sized by an electrospinning and followed by calcination. Gas
sensing investigation reveals that Co-doping can enhance the ace-
tone sensing properties of ZnO nanofibers efficiently. Especially,
Co-doped ZnO nanofibers can successfully distinguish acetone
and ethanol/methanol, even in a mixed gas ambience. The high
response and quick response/recovery of these nanofibers are
explained by their 1D nanostructure combining with the Co-doping
effect. The results demonstrate the potential application of Co-
doped ZnO nanofibers for fabricating high performance acetone
Sensors.
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