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Abstract

Pristine and Ce-doped (3, 4, 5 at% Ce) a-Fe,O5; nanotubes were synthesized by electrospinning method. The morphologies and structures of
these samples were characterized by scanning electron microscope (SEM) and X-ray powder diffraction (XRD). The gas sensing properties of the
four samples were investigated. The results showed that the sensitivity of the 4 at% Ce-doped a-Fe,O3 nanotubes reached 21.5-50 ppm acetone
at 240 °C, which was about 8.3 times larger than that of pure a-Fe,O5 nanotubes. Meantime, the response and recovery times were about 3 and
8 s, respectively. The sensitivity of the lowest detecting limit to 1 ppm acetone was about 3. Moreover, the sensor also possessed the good

selectivity and long-term stability to acetone.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Semiconductors oxides have attracted considerable attention
around the world, because of their multitudinous applications
in photosensitization [1], photocatalysis [2], magnetism [3],
batteries [4] and gas sensors [5]. Nowadays, due to an urgent
necessary in air-quality detection and environmental monitor-
ing, the application field of semiconductors oxides in gas
sensors has been more and more important. Owing to the low
cost and easy availability, various semiconductors oxides, just
like ZnO, SnO,, Fe,03, WO3, In,O3, TiO,, have been used to
act as the gas sensitive materials to detect ethanol, acetone,
toluene, H,, CO, H,S, formaldehyde [6—13]. However, as the
high requirements of detection precision of pollution gases, the
shortcomings of these semiconductors oxides come out
gradually, such as high operating temperature, low sensitivity,
poor selectivity and bad stability. Cerium, a kind of lanthanide
elements, has been proved to be an effective dopant element to
enhance the gas sensing properties of semiconductors oxides.
For instance, Song et al. have proved that Ce doped SnO,
exhibited a higher sensitive toward acetone than pure SnO,
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[14]. Mohammadi et al. have demonstrated that Ce doped TiO,
gas sensors have a good capability for the detection of low
concentration of CO [15]. Luo et al. have reported that the
sensitivity of WOj3 to xylene is enhanced significantly after
doping with Ce [16]. However, the gas sensing properties of
Ce doped a-Fe, O3 have rarely been reported.

a-Fe;03 is a common and potential n-type semiconductor,
which has been widely applied in pigment [17], catalysts [18],
batteries [19], gas sensors [6] and drug delivery [20]. Espe-
cially, a-Fe,O5 nanotubes have been more and more important
in the field of gas sensors in recent years, due to its hollow
structure and large specific surface area. In this paper, we
synthesize Ce doped a-Fe,O3 nanotubes and investigate their
gas sensing properties. The results show that the as-prepared
Ce doped a-Fe,O3; nanotubes possess an excellent sensitivity
to acetone.

2. Experimental procedure

All the chemical reagents used were analytical grade and used
without further purification. Fe(NO3); - 6H,0, Ce(NO3); - 6H,0,
N,N-dimethylformamide (DMF) and ethanol were obtained
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from Aladdin (China). Poly(vinyl pyrrolidone) (PVP, Mw=
1,300,000) was purchased from Sigma-Aldrich (USA).

The procedure of electrospinning was according to the
reported paper [5]. Typically, 0.7 g Fe(NOs3);-6H,O was
dissolved with the 1:1 weight ratio of DMF and ethanol under
vigorous magnetic stirring for 30 min. After that, 0.5 g PVP
was added and kept stirring to form a clear and homogenous
solution. At last, Ce(NOs)s - 6H,O was added in a ratio of Ce/
Fe=0 at%, 3 at%, 4 at%, 5 at%. After stirred for 12 h, the
mixture solution was loaded into a syring and ejected under the
voltage of 15 kV and the distance of 20 cm between the anode
and cathode. The electrospun composite fibers were calcinated
at 500 °C for 4 h. Finally, the pure and Ce doped a-Fe,O3
nanotubes were obtained.

Structure analysis with X-ray diffraction (XRD) was con-
ducted on a PANalytical B.V. Empyrean X-ray diffractometer
with Cu Ko radiation (1=1.5418 A). Scanning electron
microscope (SEM) images were performed on a FEI XL30
instrument.

The process of gas sensors fabrication and the gas sensing
properties tests have been described in our previous work [8].
The sample was mixed with deionized water 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 gas sensor. The
thickness of the sensing film was measured to be about
300 pm. The gas sensor was dried and aged for 10 days before
the first measurement. Gas sensing properties were measured
by a CGS-8 intelligent gas sensing analysis system (Beijing
Elite Tech Co., Ltd., China). The testing ambience was
controlled by a DGD-II dynamic gas distribution system.
The background gas was artificial air. Gas sensor was inserted
in the sensor sockets in the test chamber (1 L in volume).

When the resistance of sensor was stable, target gas was
introduced into the chamber through a steel plug. After the
sensor resistance reached a new constant value, the position of
the sensor was turned so that the sensor could be surrounded
by air quickly. The sensing tests were performed in a super-
clean room with a constant temperature of 25 °C. In our paper,
the sensor response was defined as S=R,/R,, where R, is the
resistance in ambient air and R, is the resistance in tested gas,
respectively. The response and recovery time were defined as
the time taken by the sensor to achieve 90% of the total
resistance change in the case of adsorption and desorption,
respectively.

3. Results and discussion

The structures and morphologies of all samples are char-
acterized by SEM, and the results are shown in Fig. 1. We can
see from Fig. 1 that, these nanofibers are distributed disorderly
and unsystematic. The structure of nanotubes can be clearly
indicated from the four insets. Compared with the pure a-
Fe,0s3, the surfaces of nanotubes of Ce-doped (3, 4, 5 at%) a-
Fe,O; are more coarser, which can be benefit the gas
absorption.

Fig. 2 shows the XRD patterns of pristine and Ce-doped (3,
4, and 5 at%) a-Fe,O; nanotubes. The main peaks can be
indexed as cubic single crystal Fe,O3, with lattice constants of
a=c=8.351 A. These parameters agree well with the reported
values from the JCPDS card (39-1346).

The sensitivities of gas sensors based on pristine and Ce-
doped (3, 4, and 5 at%) a-Fe,O3 nanotubes to 50 ppm acetone
were measured at different temperatures in order to find the
optimal working temperature. The results are shown in Fig. 3.
The responses of the four samples increase with the rising of
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Fig. 1. SEM images of (a) pure, (b) 3 at%, (c) 4 at%, (d) 5 at% Ce-doped a-Fe,O3 nanotubes.
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Fig. 2. XRD patterns of pristine and Ce-doped (3, 4, and 5 at%) a-Fe,O3
nanotubes.
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Fig. 3. Responses of gas sensors based on pristine and Ce-doped (3, 4, and 5 at
%) a-Fe,O5 nanotubes to 50 ppm acetone under different temperatures.
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Fig. 4. Response and recovery curves of gas sensors based on pristine and Ce-
doped (3, 4, and 5 at%) a-Fe,O5 nanotubes to 50 ppm acetone at 240 °C.

the operating temperature, and reach their maximum at 240 °C.
Then, as the operating temperature continue to increase, the
responses decrease. The sensitivity of gas sensor based on 4 at
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Table 1
Response and recovery times of pristine and Ce-doped (3, 4, and 5 at% Ce) a-
Fe, 03 nanotubes sensors.

Sample Response time (s) Recovery time (s)
pure a-Fe,O5 nanotubes 2 4
3 at% Ce-doped a-Fe,O; nanotubes 4 8
4 at% Ce-doped a-Fe,O3 nanotubes 3 8
5 at% Ce-doped a-Fe,O; nanotubes 5 6
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Fig. 5. Responses of 4 at% Ce-doped a-Fe,O; nanotubes to different
concentrations of acetone at 240 °C; the inset shows the linear line of the
response in the acetone concentration of 1-200 ppm.

% Ce-doped a-Fe,O; nanotubes to 50 ppm acetone is 21.5,
which is about 8.3 times larger than that of the gas sensor
based on the pure a-Fe,O; nanotubes, indicating that the
doping of Ce can enhance the sensitivity of a-Fe,O5; nanotubes
significantly.

The response and recovery characteristic is one of the
important features of gas sensors. The response and recovery
curves of gas sensors based on pristine and Ce-doped (3, 4,
5 at%) a-Fe,O3 nanotubes to 50 ppm acetone at 240 °C are
shown in Fig. 4. From the figure we can see that, although Ce
doping in different amount, the response and recovery times of
each sample change slightly. The response and recovery times
of all samples can be seen in Table 1.

Fig. 5 shows the responses of 4 at% Ce-doped a-Fe,O3
nanotubes to different concentrations of acetone at 240 °C.
The inset of Fig. 5 shows the linear line of the response in the
acetone concentration of 1-200 ppm. From the figure we can
see that, the response increases rapidly with the increasing of
the acetone concentration in the range of 1-5000 ppm. Then,
the response rises slowly and finally reaches saturation at about
25,000 ppm. The lowest detecting limit of the gas sensor based
on 4 at% Ce-doped a-Fe,O5 nanotubes can reach 1 ppm, and
the value is about 3.

The selectivity of gas sensor based on 4 at% Ce-doped a-
Fe,05; nanotubes was measured by exposed the sensor to 10,
50 and 200 ppm acetone, formaldehyde, toluene, ammonia,
hydrogen, carbon monoxide and butane at 240 °C. The results
are shown in Fig. 6. It is clearly to point out that the sensor is
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Fig. 6. Responses of gas sensor based on 4 at% Ce-doped a-Fe,O5 nanotubes
to 10, 50 and 200 ppm acetone, formaldehyde, toluene, ammonia, hydrogen,
carbon monoxide and butane at 240 °C.

less sensitive to formaldehyde and toluene, and almost
insensitive to ammonia, hydrogen, carbon monoxide and
butane. The results demonstrate the good selectivity of gas
sensor based on 4 at% Ce-doped a-Fe,O3 nanotubes.

The long-term stability of gas sensor based on 4 at% Ce-
doped a-Fe,O5 nanotubes to acetone has been also measured at
240 °C and shown in Fig. 7. It can be seen that the sensors
exhibit nearly constant sensor signals to 10, 50, 100 and
200 ppm acetone during the tests, confirming the good stability
of the sensor.

The mechanism of gas sensing can be explained by the gas
adsorption and the chemical reactions on the surface of the
materials [21]. When a-Fe,O3; nanotubes are exposed to the
air, their surface will be surrounded by oxygen molecules.
These oxygen molecules will extract electrons from the
conduction band of the a-Fe,O; and ionize to 0’~, 0,
O, . This will lead to conductivity decreasing of a-Fe,Os.
However, when a-Fe,O3 nanotubes are exposed to acetone, the
surrounding acetone molecules will react with these ionized
oxygen species and release the trapped electrons back to the a-
Fe,0;. Thus increase the conductivity of a-Fe,Os.

Moreover, the structure of nanotubes can also help to
improve the sensitivity of a-Fe,O; to acetone. At first, the
hollow structure of nanotubes can facilitate the oxygen and
acetone molecules transportation, which will accelerate the
process of reactions [22]. Then, the characteristic of large
specific surface area of nanotubes can adsorb more oxygen
molecules and offer more reaction sites for them [23]. These
two advantages result to an enhanced sensitivity.

Compared with the pure a-Fe,O; nanotubes, the sensitivity
of Ce doped a-Fe,O; nanotubes has been increased remark-
ably. Two reasons can be used to explain the phenomenon.
Firstly, the surface of a-Fe,O; nanotubes will form more
defects after doping Ce* ™. The coarser surfaces can result to a
large contact area between the material and the gas, which will
convenient to adsorbed more oxygen molecules [14]. Sec-
ondly, Ce can act as a catalyst, which can support the catalytic
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Fig. 7. Long-term stability of gas sensor based on 4 at% Ce-doped a-Fe,O3
nanotubes to 10, 50, 100 and 200 ppm acetone at 240 °C.

conversion of the reducing gas into the respective oxidation
product [24]. However, more amount of Ce doping results to a
low sensitivity, which may be due to superfluous Ce can
decrease the effective reaction areas between gas sensitive
materials and target gas.

4. Conclusion

In summary, pristine and Ce-doped (3, 4, 5 at% Ce) a-Fe,0;
nanotubes are synthesized by electrospinning method and their
gas sensing properties are investigated. The sensitivity, recov-
ery time and response time of this sample (4 at% Ce) towards
50 ppm at 240 °C were 21.5, 3s and 8s, respectively.
The lowest detecting limit of the sensor can reach 1 ppm.
The sensitivity of the pure a-Fe,O3 nanotubes gas sensor has
been improved by more than 8 times after doping with 4 at%
Ce. Moreover, the sensor (4at% Ce) also shows good
selectivity and long-term stability to acetone.
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