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a  b  s  t  r  a  c  t

Pure  and  3 wt%  Sm-doped  �-Fe2O3 nanotubes  are  prepared  via  a typical  electrospinning  technology  and
calcination  procedure.  The  characteristic  and  morphology  of the synthesized  nanotubes  are  investigated
by  X-ray  diffraction  (XRD),  X-ray  photoelectron  spectroscopy  (XPS)  and  scanning  electron  microscope
(SEM).  Compared  with  pure  �-Fe2O3 nanotubes,  3 wt%  Sm-doped  �-Fe2O3 nanotubes  display  enhanced
eywords:
m
-Fe2O3 nanotubes
cetone
as-sensing

gas-sensing  properties.  The  response  of  3 wt%  Sm-doped  �-Fe2O3 nanotubes  is 33–50  ppm  acetone,  which
is  13  times  larger than  that  of  pure  �-Fe2O3 nanotubes.  The  lowest  detection  limit  of  acetone  is  500  ppb
to  which  the  response  is 2.3  at the  optimum  operating  temperature  of  240 ◦C.  The  response  and  recov-
ery  times  are  about  6 and  11  s  to  50 ppm acetone,  respectively.  In  addition,  3  wt%  Sm-doped  �-Fe2O3

nanotubes  exhibit  good  selectivity  and  long  term  stability.
©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Semiconductor oxides have been widely studied and used all
ver the world, due to their applications in lithium storage [1,2],
atalyst [3], photosensitization [4,5] and gas sensor [6,7]. Especially
n the field of gas sensor, semiconductor oxides, as the gas sensing

aterials, have been playing an increasingly important role in peo-
le’s life, which has drawn more attentions in order to obtain the
ew materials with the better gas sensing properties. Therefore,
here are some drawbacks of semiconductor oxides that have to
e overcome, like low response, high working temperature, bad
electivity and poor long-term stability. For now, much work has
een done to solve these problems, among which the most effec-
ive method is synthesizing the composite materials. For instance,
iO2/ZnO2 nanocomposites have been successfully prepared, and
t has been proved that the TiO2/ZnO2 nanocomposites possess the
igher response to ethanol than ZnO2 or TiO2 nanomaterials [8].
he sensor based on Pd0-Loaded SnO2 nanofibers shows ultrasen-
itivity to H2 at room temperature [9].

�-Fe2O3 is an n-type semiconductor, which has been widely
sed as the gas sensing materials to fabricate the gas sensor, due

o its good long-term stability in the atmospheric condition, low
ost and most easy availability. Rare earth elements have been
xtensively studied over the past decades due to their particular

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

ttp://dx.doi.org/10.1016/j.apsusc.2014.06.169
169-4332/© 2014 Elsevier B.V. All rights reserved.
characteristics [10,11]. A lot of work has proved that doping rare
earth element is a good way  to enhance the gas-sensing properties
of materials [12,13]. As one of the rare earth elements, Sm is also
used for improving the gas-sensing properties of materials [14,15].
However, there is rare work to research the effect on the sensing
properties of �-Fe2O3 nanotubes by doping Sm.  In this paper, pure
and Sm-doped �-Fe2O3 nanotubes are successfully obtained via
the single nozzle electrospinning and calcination method. Further-
more, the gas-sensing properties of the as-synthesized materials
to acetone are also investigated. The results demonstrate that the
gas-sensing properties of �-Fe2O3 nanotubes have been enhanced
significantly by doping Sm.

2. Experimental

2.1. Materials

All the chemistry reagents were analytical grade and used
without further purification. Poly(vinyl pyrrolidone) (PVP, Mw =
1,300,000) was  obtained from Sigma–Aldrich (USA). Fe(NO3)3·
9H2O (99.99%), Sm(NO3)3·6H2O (99.99%), N,N-dimethylformamide
(DMF, ≥99.5%) and ethanol (≥99.7%) were purchased from Aladdin
(China).
2.2. Synthesis of pure and Sm-doped nanotubes

At first, 5.5 g ethanol and 0.55 g PVP were mixed. Meantime, 2.1 g
DMF  was mixed with 0.49 g Fe(NO3)3·9H2O and Sm(NO3)3·6H2O (in

dx.doi.org/10.1016/j.apsusc.2014.06.169
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 ratio of 0%, 1%, 3% and 5%). The two mixtures were under vigorous
tirring for 2 h. Then, the two solutions were mixed and then stirred
or 8 h. At last, the solution was injected from a single stainless steel
apillary with a voltage of 13 kV. The distance between stainless
teel capillary and non-woven mats collector was  20 cm.  Subse-
uently, the collected composite fibers were calcined at 550 ◦C for

 h and the pure and Sm-doped nanotubes were obtained.

.3. Characterization

A PANalytical B.V. Empyrean X-ray diffraction (XRD) with Cu
�1 radiation (� = 1.5418 Å) was employed to analyze structure
haracterization. Scanning electron microscope (SEM) images were
erformed on a FEI XL30 instrument. The sensing properties of the
ensor were measured by a CGS-8 intelligent gas-sensing analysis
ystem (Beijing Elite Tech Co., Ltd., China).

.4. Fabrication of gas sensor

The process of gas sensor fabrication is described in the previ-
us work [16]. In details, the samples were added in an amount of
eionized water to form slurry. Subsequently, the slurry was coated
n a ceramic tube on which a pair of gold electrodes was  previ-
usly printed. A spring-like Ni–Cr was plugged in the ceramic tube
o provide the operating temperature. The gas sensor was dried for

 days before the first measurement.
The sensor response (S = Ra/Rg) was defined as the ratio of the

ensor resistances in the air (Ra) and in the target gas (Rg). The time
aken by the sensor to achieve 90% of the resistance variation was
esponse time, and when the sensor was opened to the air the time
aken to return 90% of the resistance variation was  recovery time.

. Results and discussion

.1. Structure and morphological characteristics

The XRD pattern of 3 wt%  Sm-doped Fe2O3 nanotubes is showed
n Fig. 1. The peaks are matched to hematite (JCPDS: 39-1346).
nother peak (14-2) is observed, which is part of the spectra of
m3+, through which the formation of Fe2O3 and Sm2O3 can be
videnced. Further evidence for the formations of Fe2O3 and Sm2O3

an be researched by XPS, and the results are showed in Fig. 2.
ig. 2A shows the spectrum of Fe 2p, in which the two  peaks at
11 and 724.8 eV correspond to Fe 2p3/2 and Fe 2p1/2, respectively
17]. Moreover, Fig. 2B reveals the two peaks at binding energy of

Fig. 1. XRD pattern of 3 wt% Sm-doped �-Fe2O3 nanotubes.
Fig. 2. XPS spectra of (A) Fe 2p and (B) Sm 3d of the as-prepared Sm-doped Fe2O3

nanotubes.

1084 and 111.3 eV, which correspond to Sm 3d5/2 and Sm 3d3/2
in Sm2O3 [18]. SEM images of pure and 3 wt% Sm-doped �-Fe2O3
nanotubes calcined at 550 ◦C are presented in Fig. 3. As is shown in
Fig. 3(A), the average diameter of pure �-Fe2O3 nanotubes is about
90 nm. And the diameter of 3 wt% Sm-doped �-Fe2O3 nanotubes is
basically unchanged which is evidenced by Fig. 3(B) and (C).

3.2. Gas-sensing properties

The sensors are tested at different operating temperatures in
order to find the optimum operating temperature. Fig. 4 shows
the relationship between the response and operating tempera-
ture to 50 ppm acetone. It can be seen that the responses of all
�-Fe2O3 nanotubes sensors increase to the highest value at 240 ◦C
and decrease rapidly with the operating temperature increasing.
So, 240 ◦C is defined as optimum operating temperature. All the
Sm-doped �-Fe2O3 nanotubes sensors show a better response than
pure �-Fe2O3 nanotubes sensors, and 3 wt% Sm-doped �-Fe2O3
nanotubes sensors show the best response, which is 33 about 13
times larger than pure �-Fe2O3 nanotubes sensors (2.5) to 50 ppm
acetone at 240 ◦C. The gas-sensing property of �-Fe2O3 nanotubes
is remarkably enhanced by doping Sm.  The perfect gas-sensing
property makes it potentially qualified to be used for gas sensor.

The response and recovery times are important factors to assess

the gas-sensing properties of sensors. Fig. 5 depicts the response
and recovery curves of pure and 3 wt%  Sm-doped �-Fe2O3 nano-
tubes sensors to 50 ppm acetone at 240 ◦C. It can be observed that
the response and recovery times change slightly. The response and
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Fig. 3. SEM images of (A) pure �-Fe2O3 nanotubes, and (B, C) low and high-magnification of 3 wt%  Sm-doped �-Fe2O3 nanotubes, respectively.
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ig. 4. Response curves of pure, 1 wt%, 3 wt% and 5 wt%  Sm-doped �-Fe2O3 nano-
ubes sensors at different operating temperature to 50 ppm acetone.

ecovery times of 3 wt% Sm-doped �-Fe2O3 nanotubes sensors are
 and 11 s, respectively to 50 ppm acetone at 240 ◦C.

The experiment of testing the response of 3 wt% Sm-doped
-Fe2O3 nanotubes sensors to different acetone concentration at
40 ◦C is showed by Fig. 6 (Table 1). It displays that the response
hanges linearly between 0.5 and 300 ppm. The most important
spect of gas-sensing properties is the lowest detection limit con-
entration. The 3 wt% Sm-doped �-Fe2O3 nanotubes sensors can
etect 0.5 ppm acetone and the response is 2.3. So, the 3 wt%  Sm-

oped �-Fe2O3 nanotubes can be used to fabricate gas sensor.

The selective test is described in Fig. 7. The sensing proper-
ies of 3 wt% Sm-doped �-Fe2O3 nanotubes sensors to 20, 50,

ig. 5. Response–recovery curves of pure and 3 wt% Sm-doped �-Fe2O3 nanotubes
ensors at 240 ◦C to 50 ppm acetone.
Fig. 6. The response curve of 3 wt% Sm-doped �-Fe2O3 nanotubes sensor at 240 ◦C
to  different acetone concentration.

100 ppm acetone, formaldehyde, toluene, ammonia, hydrogen and
butane are measured at 240 ◦C. It appears less sensitive to formalde-
hyde, toluene, ammonia, hydrogen and butane, and much better to
acetone. These confirm that 3 wt%  Sm-doped �-Fe2O3 nanotubes
sensors display a good selective ability to acetone.

Long-term stability of 3 wt% Sm-doped �-Fe2O3 nanotubes sen-
sors (20, 50 and 100 ppm acetone) is showed in Fig. 8. The sensors

are tested every 15 days. The sensors display a good long-term
stability, due to the character of Fe2O3. This character indicates
the Sm-doped �-Fe2O3 nanotubes sensor can be used in practical
application.

Fig. 7. The responses of 3 wt% Sm-doped �-Fe2O3 nanotubes sensor to 20, 50,
100 ppm different gas at 240 ◦C.
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Table  1
Comparison between sensors based on Sm-doped �-Fe2O3 nanotubes and other acetone gas sensors.

Gas sensor Definition of sensitivity Operating temperature (◦C) Acetone concentration (ppm) Value of sensitivity (about) Reference

Sm-doped �-Fe2O3 Ra/Rg 240 50 33 This work
�-Fe2O3/SnO2 Ra/Rg 250 100 16.8 [19]
CuO/�-Fe2O3 Ra/Rg 380 

�-Fe2O3 Ra/Rg 270 

�-Fe2O3 Ra/Rg 240 
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ig. 8. The responses of 3 wt% Sm-doped �-Fe2O3 nanotubes sensor is measured
very 15 days at 240 ◦C.

�-Fe2O3 is an n-type semiconductor, and the most accepted gas
ensing mechanism is the change of the sensor resistance caused by
he chemisorbed oxygen species on the surface of Fe2O3. When the
ensor is exposed to air, the O2 will turn to O2

−, O− and O2− due to
eaction with e−. As result, the conductivity of Fe2O3 declines. And
hen the sensor is exposed to a target gas, like acetone, acetone will

eact with oxygen species (O2
−, O− and O2−) and form CO2 and H2O.

nd the electronic is released to improve the conductivity of Fe2O3
t the same time. Thus the resistance change of Fe2O3 is formed
21]. As the formulas describe:

2 + e− ↔ O2
−, O−, O2− (1)

3H6O + O2
−, O−, O2− ↔ CO2 + H2O + e− (2)

The unique nanotubes structure is beneficial to enhance the
ensing properties. On one hand, the nanotubes structure is an
ltrahigh surface-to-volume ratios structure that can adsorb more
xygen species than nanofibers and nanoparticles [23]. On the
ther hand, nanotube structure can facilitate full and fast access
o improve the rate of transporting electronic or negative charged
o the surface of Fe2O3 [24].

Sm-doped �-Fe2O3 nanotubes sensors exhibit better sensitivity
han pure �-Fe2O3 nanotubes sensors. That can be explained as
ollows. More oxygen species will be adsorbed due to the addition
f Sm.  Thereby, the reaction between oxygen species and target
as becomes more violent when the sensor is exposed to the target
as [14,25]. As result, the resistance variation changes in a larger
cale. These increase the sensitive. However, higher concentration
m-doped makes the sensing response decrease, since it makes the
ecrease of the effective surface adsorption areas [26,27].

. Conclusion
In summary, pure and Sm-doped nanotubes are prepared via
lectrospinning and following calcined procedure. Gas sensing
roperties investigation evidences that Sm-doped can enhance the

[

100 19.2 [20]
50 9.0 [21]

500 3.8 [22]

acetone sensing properties of �-Fe2O3 nanotubes sensor remark-
ably. The response of 3 wt%  Sm-doped �-Fe2O3 nanotubes sensor is
33 at 240 ◦C to 50 ppm acetone, which is 13 times larger than that
of pure �-Fe2O3 nanotubes sensor, and the response and recovery
times are 6 and 11 s, respectively. Moreover, the 3 wt% Sm-doped
�-Fe2O3 nanotubes sensor possesses a good selectivity to acetone,
low detection concentration (500 ppb) and long-term stabilities.
These advantages make Sm-doped �-Fe2O3 nanotubes potentially
qualified to fabricate high performance acetone sensor in practi-
cally.
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