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a  b  s  t  r  a  c  t

Pure  and La-doped  (5 wt%,  7 wt%  and  10 wt%)  �-Fe2O3 nanotubes  are  synthesized  by  an  electrospinning
method  and  followed  by  calcination.  The  as-synthesized  nanotubes  are  characterized  by  scanning  elec-
tron  microscope  (SEM)  and  X-ray  powder  diffraction  (XRD).  Compared  with  pure  �-Fe2O3 nanotubes,
La-doped  �-Fe2O3 nanotubes  exhibit  improved  acetone  sensing  properties  at  240 ◦C.  The  response  of
7  wt%  La-doped  �-Fe O nanotubes  to 50 ppm  acetone  is  about  26,  which  is  10  times  larger  than  that
eywords:
a
-Fe2O3

anotubes
cetone

2 3

of  pure  �-Fe2O3 nanotubes.  The  response  and  recovery  times  of  7 wt%  La-doped  �-Fe2O3 nanotubes  to
50  ppm  acetone  are  about  3  and  10 s, respectively.  Moreover,  7 wt%  La-doped  �-Fe2O3 nanotubes  show
a  good  selectivity  to acetone.

© 2013 Elsevier B.V. All rights reserved.
as sensor

. Introduction

Metal-oxide-semiconductors (MOS) have been widely used in
hotocatalytic degradation, lithium storage, electrode materials,
atalyst and gas sensors [1–5]. Especially in the field of gas sensors,
OS have been proved to be the highly sensitive materials to detect

arious gases, including ethanol, acetone, H2, O2, H2S, NO2, NO, NH3
nd other species [6–13]. However, they usually suffer from several
hortcomings, such as limited maximum sensitivity, high working
emperatures, lack of long-term stability and poor selectivity. Up to
ow, significant efforts have been made to overcome these limita-
ions and improve the performance by doping lanthanide, such as
a, Nd and Yb [14–16]. For example, La-doped SnO2 sensors have
een reported to exhibit high response to ethanol when work at

ow temperature [14]. Nb-doped ZnO sensors are demonstrated to
resented much higher sensitivity, better selectivity and shorter
esponse–recovery time to 100 ppm ethanol than the pure ZnO [15].
n contrast to pure In2O3, the room temperature response sensitiv-
ty of the Yb-doped In2O3 sensors to 20 ppm H2S increased about

 times, and the response time of the Yb-doped In2O3 sensors was
hortened 4 times [16]. Nevertheless, to the best of our knowledge,

here has been no study on the gas sensing properties of La-doped
-Fe2O3 sensors.

∗ Corresponding author. Tel.: +86 431 8502260; fax: +86 431 8502260.
E-mail  addresses: liul99@jlu.edu.cn, liuli teacher@163.com (L. Liu).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.04.088
�-Fe2O3, an n-type semiconductor, which is the most stable iron
under ambient conditions, has been widely fabricated as gas sen-
sor because of its good stability, lower cost, and easy availability.
Electrospinning technique is a simple and an easy way  to fabricate
nanofibers [17,18]. In a typical electrospinning process, a sample
solution is pumped through a nozzle to which a high voltage is
applied relative to grounded aluminum foil, which acts as a col-
lector, to form an electrically charged jet of solution. The solution
jet solidifies with evaporation of solvent and forms a mat on the
collector.

In this paper, we report the fabrication of La-doped �-Fe2O3
nanotubes by combining electrospinning and calcination method.
The acetone sensing properties of the gas sensors based on La-
doped �-Fe2O3 nanotubes were investigated, and the results
showed that the gas sensing properties of �-Fe2O3 nanotubes could
be significantly enhanced by doping La.

2. Experimental

Poly(vinyl pyrrolidone) (PVP, Mw = 1,300,000) was  pur-
chased from Sigma–Aldrich (USA). Fe(NO3)3·9H2O (99.99%),
La(NO3)3·6H2O (99.99%), N,N-dimethylformamide (DMF, ≥99.5%)
and ethanol (≥99.7%) were obtained from Aladdin (China). The
above chemical reagents used were analytical grade and used

without further purification.

Pure  and La-doped �-Fe2O3 nanotubes were synthesized via a
simple electrospinning method. Typically, an appropriate amount
of Fe(NO3)3·9H2O was mixed with the 1:1 weight ratio of DMF

dx.doi.org/10.1016/j.snb.2013.04.088
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:liul99@jlu.edu.cn
mailto:liuli_teacher@163.com
dx.doi.org/10.1016/j.snb.2013.04.088
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nd ethanol in glove-box under vigorous stirring for 30 min. Then,
his solution was in turn added into 0.5 g of PVP and the suitable
mount of La(NO3)3·6H2O (La(NO3)3·6H2O and Fe(NO3)3·9H2O in

 weight ratio of 0%, 5%, 7%, 10%). Subsequently, the mixture was
agnetically stirred at room temperature for several hours, and

hen ejected from the stainless steel capillary with a voltage of
5 kV. The distance between the capillary and collector was  20 cm.
he composite fibers in the form of non-woven mats were collected,
ollowed by calcination at 500 ◦C for 4 h.

Structure analysis with X-ray diffraction (XRD) was  conducted
n a PANalytical B.V. Empyrean X-ray diffractometer with Cu
� radiation (� = 1.5418 Å). Scanning electron microscope (SEM)

mages were performed on a FEI XL30 instrument.
The fabrication process of the sensors based on the materials

as been described elsewhere [16]. Briefly, the as-synthesized sam-
le was mixed with ethanol to from colloids. Then the colloids
ere coated on the ceramic tube (the coating thickness is about

.25 mm)  on which a pair of gold electrodes was previously printed.
 small spring-like Ni–Cr alloy was inserted into the ceramic tube

o provide the operating temperature. The gas sensors were dried
nd aged for 10 days before the first measurement.

Gas sensing tests were performed by a CGS-8 intelligent gas-
ensing analysis system (Beijing Elite Tech Co., Ltd., China). The
ensors were pre-heated at different operating temperature for
bout 30 min. When the resistances of all the sensors were sta-
le (relative humidity was about 25%), saturated target vapor was

njected into a test chamber (about 3 L in volume) by a microinjec-
or through a rubber plug. After the sensors resistances reached a
ew constant value, the test chamber was opened to recover the
ensors in air. All the measurements were performed in a labora-
ory fume hood. The sensors resistance and response values were
cquired by the analysis system automatically.

The sensor response was defined as S = Ra/Rg, where Ra is the

esistance in ambient air and Rg is the resistance in tested gas,
espectively. The response and recovery time were defined as the
ime taken by the sensor to achieve 90% of the total resistance
hange in the case of adsorption and desorption, respectively.

ig. 2. SEM images of (a and b) pure and 7 wt% La-doped �-Fe2O3 nanotubes after calci
a-doped �-Fe2O3 nanotubes, respectively.
Fig. 1. XRD patterns of La-doped �-Fe2O3 nanotubes.

3. Results and discussion

3.1.  Structural and morphological characteristics

Fig. 1 shows the XRD patterns of the La-doped �-Fe2O3 nano-
tubes. The main peaks can be indexed as cubic single crystal Fe2O3,
with lattice constants of a = c = 8.351 Å. These parameters agree well
with the reported values from the JCPDS card (39-1346). According
to the Debye–Scherrer formula,

D = K�

 ̌ cos(�)
where � is the wavelength of the X-ray radiation (Cu
K� = 0.15418 nm), K is 0.89 as a constant,  ̌ is the line width
at half-maximum height and � is the diffracting angle. The average

ned at 500 ◦C, respectively; (c and d) low and high-magnification images of 7 wt%
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Fig. 4. Response–recovery curves of sensors fabrication from pure, 5 wt%, 7 wt% and
10 wt%  La-doped �-Fe2O3 nanotubes to 50 ppm acetone at 240 ◦C.

Fig. 5. Response values of 7 wt% La-doped �-Fe2O3 nanotubes to different concen-
ig. 3. Responses of pure, 5 wt%, 7 wt%  and 10 wt% La-doped �-Fe2O3 nanotubes to
0 ppm acetone at different temperatures.

rystallite sizes of 5, 7 and 10 wt% La-doped �-Fe2O3 nanotubes
ere calculated to be 14.7, 11.5 and 8.6 nm, respectively. It can

e seen that, there is a decrease in grain size with the increase in
a concentration, which is consistent with the reported articles
19,20].

Fig. 2(a) and (b) shows SEM images of pure and 7 wt%  La-doped
-Fe2O3 nanotubes calcined at 500 ◦C. The SEM images of low and
igh-magnification images of 7 wt% La-doped �-Fe2O3 nanotubes
re presented in Fig. 2(c) and (d), respectively. From Fig. 2(a) and (b),
e can see that the average diameter of nanotubes changes slightly,
hich is about 90 nm.  It can be clearly seen that the nanotubes

tructure of 7 wt% La-doped �-Fe2O3 in Fig. 2(c) and (d).

.2.  Gas-sensing properties of ˛-Fe2O3 nanotubes

Gas-sensing  experiments are performed at different operating
emperatures in order to find the optimum operating condition for
cetone detection. Fig. 3 shows the relationship between the dif-
erent operating temperatures and the responses of the sensors to
0 ppm acetone. As can be seen in Fig. 3, the response increases and
eaches its maximum at 240 ◦C, and then decreased rapidly with
ncreasing the temperature. The similar tendencies are commonly
bserved for all the three La-doped �-Fe2O3 nanotubes samples.
herefore, 240 ◦C is chosen to be the operating temperature for
urther examine the properties of the gas sensor. Moreover, the

 wt% La-doped �-Fe2O3 nanotubes sensors show the maximum
esponse of about 26 at 240 ◦C, which is 10 times larger than that
f pure �-Fe2O3 nanotubes (about 2.6), indicating the addition of
a is beneficial to the acetone sensing of �-Fe2O3 nanotubes.

According to the reported articles, the sensitivities of acetone
as sensors based on WO3 [21], ZnO [22] and SnO2 [23] to 100 ppm
cetone are about 5, 16 and 11.9, respectively. In our experiment,
he value of 7 wt% La-doped �-Fe2O3 nanotubes sensors is about
4, which is 8.8, 2.75 and 3.7 times larger than those of WO3, ZnO,
nO2, respectively. The results show that the 7 wt% La-doped �-
e2O3 nanotubes sensors possess a higher sensitivity to acetone.
herefore, adding La to �-Fe2O3 is an effective path to fabricate
cetone sensors for practical uses.

It is well known that response and recovery characteris-
ics are an important indicator to evaluate the performances

f gas sensors. Fig. 4 shows the response versus time cures
f pure and La-doped �-Fe2O3 nanotubes to 50 ppm acetone.
t can be seen that although the response values increase sig-
ally by doping La, the response and recovery times change
trations  of acetone at 240 ◦C, the insert shows the calibration curve in the range of
1–200 ppm.

slightly. This phenomenon suggests that doping La may  accel-
erate the sensing reaction between �-Fe2O3 nanotubes and
acetone. The response and recovery times of 7 wt%  La-doped
�-Fe2O3 nanotubes sensors are about 3 and 10 s, respec-
tively.

To further investigate the sensitivity of the 7 wt%  La-doped
�-Fe2O3 nanotubes, the sensor is exposed to different acetone con-
centration at 240 ◦C, just as shown in Fig. 5. It can be easily found
that the sensor exhibits a nearly liner response value to acetone
in the range of 1–200 ppm. Above 200 ppm, the response slowly
increases, which indicates that the sensor becomes more or less sat-
urated. Finally the sensor reaches saturation at about 35,000 ppm,
and the response value is about 559. Especially, 7 wt% La-doped
�-Fe2O3 nanotubes can detect acetone down to 1 ppm (the corre-
sponding response is about 2.64), which is important for developing
a new acetone sensor with a high sensitivity and workability.

The  selective test of 7 wt% La-doped �-Fe2O3 nanotubes based
sensor toward to 50 ppm acetone, formaldehyde, toluene, ammo-
nia, carbon monoxide, hydrogen and butane are conducted at
240 ◦C. As demonstrated in Fig. 6, the sensor shows less sensitive to
formaldehyde, and almost no response to the other typical inter-

ference gases at the same temperature. However, the response of
7 wt% La-doped �-Fe2O3 nanotubes to 50 ppm acetone is 26, which
is 2.8 times larger than that to 50 ppm formaldehyde. This indicates
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Fig. 6. Response values of sensors fabricated from 7 wt%  La-doped �-Fe2O3 nano-
tubes  to 50 ppm different gases at 240 ◦C.
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ig. 7. Stability of sensors fabricated from 7 wt% La-doped �-Fe2O3 nanotubes to
0,  100, and 1000 ppm acetone at 240 ◦C.

hat the 7 wt% La-doped �-Fe2O3 nanotubes based sensor has good
electivity to acetone.
The  long-time stability of sensors based on 7 wt%  La-doped �-
e2O3 nanotubes has been also measured and shown in Fig. 7. It
an be seen that the sensors exhibit nearly constant sensor signals

ig. 8. (a) Resistances of sensors based on 7 wt% La-doped �-Fe2O3 nanotubes to variat
nder 50 ppm acetone at 240 ◦C.
ors B 184 (2013) 243– 247

to  50, 100, and 1000 ppm acetone during the test, confirming the
good stability of the 7 wt%  La-doped �-Fe2O3 nanotubes.

As  is known to all, the sensing properties of �-Fe2O3 are strongly
affected by humidity [24,25]. Fig. 8(a) shows the resistances of sen-
sors based on 7 wt%  La-doped �-Fe2O3 nanotubes to variations in
RH at 240 ◦C in the RH range 11–95% in an atmosphere containing
0 and 50 ppm acetone. Fig. 8(b) is the corresponding sensitivities to
variations in RH when under 50 ppm acetone. The results show that
the resistances in air (Ra) and in 50 ppm acetone (Racetone) decrease
as increasing the RH from 11 to 95%, which are coincidence with
the reported papers [25]. The decrease of Ra and Racetone could be
probably due to the water molecules absorbed on the surface of �-
Fe2O3 dissociate to form hydroxyl groups, which are bonded with
lattice iron and release the free electrons. However, the absorption
of water on �-Fe2O3 surface certainly will grab the reaction sur-
face between �-Fe2O3 and acetone, which results to the decrease
of sensitivities, just as shown in Fig. 8(b).

It is well known that �-Fe2O3 belongs to an n-type semiconduc-
tor and its sensing character is governed by the change of surface
resistance, the species and amount of chemisorbed oxygen on the
surface are critical for the variation in resistance. When �-Fe2O3
is exposed to air, oxygen could trap electrons from the conduction
band of semiconductors to form oxygen species (O2−, O−, O2

−). As
a result, the conductivity of �-Fe2O3 decreases. When the sensor
is exposed to reductive gases, for instance, acetone, the reductive
gas would react with the adsorbed oxygen species to produce CO2
and H2O and releases electrons into the �-Fe2O3 semiconductor,
thereby increasing the conductivity of �-Fe2O3. Thus the resistance
change of the �-Fe2O3 sensor can be found [26].

Although the oxygen adsorption referred above is very impor-
tant for the performance of the sensor, the unique morphology of
the �-Fe2O3 nanotubes could offer advantages in detecting gases.
On one hand, the �-Fe2O3 nanotubes with ultrahigh surface-to-
volume ratios can adsorb much more oxygen molecules than the
gas sensors based on �-Fe2O3 nanofibers or nanoparticles [27]. On
the other hand, the nanotube structure would facilitate fast and full
gas access to �-Fe2O3 nanocrystals as well as improve the rate for
transferring of electrons or negatively charged adsorbed oxygen to
the surface of �-Fe2O3 [28]. These advantages result to an enhanced
sensitivity.

Compared with pure �-Fe2O3, La-doped �-Fe2O3 exhibits
higher  sensitivity, which can be explained as follows: (i) the elec-
trical transport properties of the sensor is enhanced by the addition
of La; (ii) La acts as catalyst, which can support the catalytic con-
version of the reducing gas into the respective oxidation product.
to the semiconductor surface to react with the adsorbed oxygen
and is called chemical sensitization [29]; (iii) La doping can reduce
the grain size, just as shown in the results of XRD. The smaller

ions in RH at 240 ◦C to 0 and 50 ppm acetone; (b) sensitivities to variations in RH
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rain size can enlarge the surface sites for the chemical reactions
etween materials and the gas and thus results to the higher sensi-
ivity [19]. However, higher percentage of La results in a decrease of
he sensing response, which is certainly attributed to the decrease
f the effective surface adsorption areas, because the redundant La
iles up at the grain boundaries [20].

. Conclusion

In summary, pure and La-doped �-Fe2O3 nanotubes are syn-
hesized by an electrospinning and followed by calcination. Gas
ensing investigation reveals that La-doping can enhance the ace-
one sensing properties of �-Fe2O3 nanotubes efficiently. The
esponse of 7 wt% La-doped �-Fe2O3 nanotubes to 50 ppm acetone
s 26 at 240 ◦C, which is 10 times larger than the pure �-Fe2O3
anotubes, and the response and recovery times are 3 and 10 s,
espectively. Moreover, 7 wt% La-doped �-Fe2O3 nanotubes shows

 good selectivity to acetone as well. These results make 7 wt%
a-doped �-Fe2O3 nanotubes good candidates for fabricating high
erformance acetone sensors in practical.
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