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a b s t r a c t

The Fe2O3 nanoparticles activated V2O5 nanotubes were achieved via a hydrolysis method. The TEM
and SEM images of the nanotubes indicated that the Fe2O3 nanoparticles with the particle size of about
15 nm were dispersed on the surface of the V2O5 nanotubes. The activated nanotubes exhibited excellent
response and selectivity towards the ethanol gas. The lowest detection limit for ethanol gas was about
ccepted 25 November 2009
vailable online 1 December 2009
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10 ppm at 230 ◦C, which suggested that the Fe2O3 nanoparticles activated V2O5 nanotubes would be a
potential candidate for practical detector for ethanol.

© 2009 Elsevier B.V. All rights reserved.
ctivation
as sensor

. Introduction

The increasing concerns with air pollution and industrial safety
tress the need of monitoring combustible and toxic gases in real
ime. A tremendous effort has been made to develop gas sensors
o a high level. Recently, researches show that one-dimensional
1D) nanostructure semiconducting oxides have several advan-
ages with respect to traditional thin- and thick-film sensors such
s high surface-to-volume ratio, dimensions comparable to the
xtension of surface charge region. This region depleted of majority
arriers extends approximately a few Debye lengths in to the bulk
1–6]. So it has been shown that the gas sensor response increases
bruptly when the particle size becomes comparable or smaller
han the Debye length (typically several nanometer) [7].

1D V2O5 nanomaterials are an attractive class of nanomaterials,
nd widely applied to the fields such as thermochromism, optics
nd electrochemistry [8–10]. Also many researchers reported that
he nanostructured vanadium oxides are promising materials for
as sensing applications. Raible et al. reported that the gas sensor
ased on V2O5 nanofibers exhibited high selectivity and sensitiv-
ty to amines [11]. Liu et al. found that V2O5 nanobelts sensor
resented good sensitivity to ethanol and the detection limit was
bout 10 ppm [12]. In order to enhance the reactions and improve
etecting abilities, the metal oxide or noble metal nanoparti-

∗ Corresponding author. Tel.: +86 27 87651107; fax: +86 27 87864580.
E-mail address: chenw@whut.edu.cn (W. Chen).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2009.11.059
cles were deposited on the surfaces of 1D nanomaterials [13,14].
Fe2O3 nanoparticles are known to be widely used materials as
active element of thick-film gas sensor, which offered a high
sensitivity to some gases without the application of noble metal cat-
alysts [15–18]. Si et al. synthesized Fe2O3/ZnO core/shell nanorods,
which exhibit a high sensitivity to some volatile gases, short
response/recovery time and can work at relatively low temper-
atures [17]. Liu et al. reported the enhanced sensitivity of V2O5
nanobelts coated with nanosized metal oxides in comparison with
the uncoated ones [18].

From the available references, it follows that modifying of a
sensitive materials with Fe2O3 can significantly enhance the sensi-
tivity. In this paper, we prepared Fe2O3 activated V2O5 nanotubes
(VONTs) by a simple hydrothermal method starting from a mix-
ture of VONTs and Fe(NO3)3 solution. These were evaluated for the
detection of ethanol and toluene and the results showed that the
activated nanotubes exhibited excellent response and selectivity
towards the ethanol gas, and may be used for the detection of the
gas in10 ppm at 230 ◦C.

2. Experimental

VONTs were prepared via a rheological phase reaction followed

by a self-assembling process at 180 ◦C [19]. A desired amount of
the as-prepared VONTs were dispersed in 30 ml ethanol and 10 ml
deionized water by ultrasonication for 10 min (solution I). Then
1 ml Fe(NO3)3 ethanol solution (0.1 mol/L) was added to the solu-
tion I (solution II). The solution II was transferred into a Teflon-lined

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:chenw@whut.edu.cn
dx.doi.org/10.1016/j.snb.2009.11.059
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face. The TEM image further confirmed that the Fe2O3 nanoparticles
ig. 1. Schematic diagram of the structure and the measuring circuit of a gas sensor.

utoclave with a stainless steel shell and kept at 180 ◦C for 6 h.
inally, the mixture was cooled down to the room temperature and
he precipitate was washed several times by ethanol to remove the
esidual Fe2O3, and dried in vacuum at 80 ◦C for 4 h.

The X-ray powder diffraction (XRD) measurement was per-
ormed on a D/MAX-III X-ray diffractometer with Cu K� radiation
nd graphite monochromator. Scanning electron microscopy (SEM)
mages were collected with JSM-5610LV at 20 kV. Transmission
lectron microscopy (TEM), high-resolution transmission electron
icroscopy (HRTEM), and energy-dispersive spectrometry (EDS)
ere recorded with a JEOL JEM-2010 FEF microscope operated at

00 kV.
The gas sensing properties of Fe2O3 activated VONTs were mea-

ured with a commercial gas sensing measurement system of
S-30A (Zhenzhou Winsen Technology Corp., LTD). As shown in

ig. 1, the sensor was prepared by coating a sensing layer, a black
ixture of Fe2O3 activated VONTs and a small amount of terpineol,

n a ceramic tube (8 mm in length, 2 mm in external diameter and
.6 mm in internal diameter), on which an Au electrode and two Pt
ires had been installed at each end. Then the as-prepared sensor
as dried at 100 ◦C for 7 days in air. Finally, a Ni–Cr alloy was put

n it as a heating unit to control the working temperature of the

ensor. After fitting the sensor into the gas sensing measurement
pparatus, adjusting the heating voltage to 2 V to give temperature
f 250 ◦C to sensing film for 5 min for film strength enhancement
nd sensing property stability. Then a given mass of target gases

Fig. 3. SEM and TEM im
Fig. 2. XRD patterns of the samples: (a) VONTs and (b) Fe2O3 activated VONTs.

was injected into the testing chamber by a microinjector. The sen-
sor response (S) is defined as the ratio Ra/Rg, namely S = Ra/Rg, where
Ra and Rg are the electrical resistance of sensors in air and in a test
gas, respectively. The response time is defined as the time needed
to reach 90% of the equilibrium value after injecting the test gas
while the recovery time is defined as the time needed to return to
10% above the original response in air after stopping the flow of the
test gas.

3. Results and discussion

The phases of the samples were characterized by XRD (Fig. 2).
Compared with the pure VONTs, there were some additional
diffraction peaks existed in the Fe2O3 activated VONTs, and all
the additional diffraction peaks could be readily indexed to Fe2O3
(JCPDS 005-0637) and V0.87Fe0.13O2.17 (JCPDS 035-0333). The pres-
ence of V0.87Fe0.13O2.17 may be the result of atomic diffusion or
doping at interfaces.

Fig. 3 presented the SEM, TEM images of the VONTs. The
obtained nanotubes were 2–6 �m in length, 60–150 nm in out-
erdiameter, 20–30 nm in innerdiameter and about 3.2 nm of the
layered distance. Fig. 4 shows the SEM, TEM images and the EDS
results of the Fe2O3 activated VONTs. It should be noted that the
1D morphology totally remained. And the surface became rough,
which implied the existence of the Fe2O3 nanoparticles on the sur-
were around the surface of the VONTs, and the average particles size
was about 15 nm. EDS was also measured to determine the chemi-
cal composition of the Fe2O3 activated VONTs. The results showed
that it only contained three types of elements V, O and Fe (the Cu

ages of VONTs.
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Fig. 4. Fe2O3 activated V2O5 nanotubes: (a) typical SEM image, (b

ignal came from the copper TEM grid). All these evidences proved
hat the Fe2O3 activated VONTs were successfully synthesized.

The as-prepared gas sensor was tested under a relative humidity
f about 30–40% in air at 25 ◦C and the working temperature ranged
rom 230 to 330 ◦C. Fig. 5(a) shows a typical isothermal response
f the resistance as different concentration pulses of ethanol (from
0 to 1000 ppm) at a working temperature of 270 ◦C. The resis-
ance underwent a drastic drop on the injection of ethanol and
eached the equilibrium value within 15 s, exhibiting n-type semi-
onductor characteristic. Then it mostly restored its initial value
fter releasing the test gas. The lowest detection limit was about

0 ppm. During the cycling between increasing concentration of
thanol and ambient air, the resistance restored its initial value
mmediately after the test gas was released, which suggested that
he stability of the sensor was good. However, with the increase of

ig. 5. (a) Typical resistance response curve on cycling between increasing concentratio
ifferent operating temperatures.
image and (c) EDS spectrum recorded on an individual nanotube.

the gas concentration, the recovery time became longer, from 20 to
40 s at 270 ◦C. Fig. 5(b) shows the response to ethanol at different
concentrations and operating temperatures. It could be seen that
the change of resistance with the concentration of ethanol at differ-
ent temperatures was non-linear. The response increased gradually
with the increase of the gas concentration and operating temper-
ature. When the operating temperature was at 330 ◦C, the sensor
response to 1000 ppm ethanol gas could reach 3.37, which is about
two times larger than that of pure VONTs (1.8) at the same condi-
tion, and also higher than that of V2O5 nanobelts reported in Ref
[12].
For n-type semiconducting metal oxides, the gas sensing mech-
anism can be explained by the space-charge region mode [20]. At
certain temperature, oxygen ionosorbs over metal oxides in dif-
ferent forms, such as O2−, O−, which is corresponding to a high

n of ethanol and ambient air at 270 ◦C and (b) the sensor response to ethanol at
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ig. 6. The comparison of sensor response of Fe2O3 activated VONTs to (a) ethanol
nd (b) toluene at 270 ◦C.

esistance of the sensor. When the target gas comes into contact
ith the surface, it will react with the ionosorbed surface oxy-

en, releasing electrons from surface state to the conduction band,
nduce the decrease in the resistance of the sensor. The sensitiv-
ty of the sensor is affected by many factors, such as grain size
nd interface structures [21]. In Ref. [22], it was demonstrated
hat, when the grain size comparable to twice the Debye length,
space-charge region can develop in the whole crystallite, and the
aximized conductance switch can be observed. For Fe2O3 acti-

ated VONTs structure, the diameter of pure VONTs is very large,
bout 60–150 nm, oxygen molecules deplete partially electrons in
he VONTs, so the surface of VONTs is partially depleted. But the
articles size of Fe2O3 is only about 15 nm, which is comparable to
wice the Debye length, so oxygen molecules deplete completely
lectrons in the Fe2O3. It means that Fe2O3 nanoparticles increase
he quantity of active sites on the surface of gas sensors, which is
ositive to the sensor response [23,24]. When the sensor is exposed
o target gases, the extracted electrons of both Fe2O3 and VONTs
ill be released back, led to great change in resistance. Moreover,

he Fe2O3 activated VONTs structure can well avoid the aggregation
f particles, and provide a larger number of pores and a higher sur-
ace. All of these eventually led to the sharp improved gas sensing
roperties of the sensors made by Fe2O3 activated VONTs.

In practical applications the selectivity of gas sensor is also
n important parameter. Therefore, toluene sensing properties
f Fe2O3 activated VONTs were also measured under the same
ondition. Fig. 6 shows the comparison of sensor response of
e2O3 activated VONTs to ethanol and toluene operating at 270 ◦C.
t can be seen that the response to toluene was smaller than
hat to ethanol, and the change of response was very slight
hen the sensor exposed in different concentrations of toluene,
hich indicates that the sensor had very good selectivity to

thanol.

. Conclusion

The Fe2O3 activated VONTs were synthesized and the average
iameter of the Fe2O3 nanoparticles was about 15 nm. The Fe2O3
ctivated VONTs structure exhibited a dramatic improvement in

thanol sensing properties including sensor response and selectiv-
ty. The response of this material to ethanol increased with a rise
f operating temperature and gas concentration. When the sensor
orked at above 230 ◦C, the detection threshold could decrease to

0 ppm levels. These favorable gas sensing features made the Fe2O3
ors B 145 (2010) 211–215

nanoparticles activated VONTs sensor to be the potential candidate
for practical detector for ethanol.

Acknowledgments

This work was supported by the National Natural Science Foun-
dation of China (Grant Nos. 50672071, 50672072, 50772085, A3
Foresight Program-50821140308), and Program for Changjiang
Scholars and Innovative Research Team in University, Ministry of
Education, China (PCSIRT, No. IRT0547).

References

[1] S. Lettieri, A. Bismuto, P. Maddalena, C. Baratto, E. Comini, G. Faglia, G. Sberveg-
lieri, L. Zanotti, Gas sensitive light emission properties of tin oxide and zinc
oxide nanobelts, J. Non-Cryst. Solids 352 (2006) 1457–1460.

[2] D. Wang, X.F. Chu, M.L. Gong, Gas-sensing properties of sensors based on single-
crystalline SnO2 nanorods prepared by a simple molten-salt method, Sens.
Actuators B 117 (2006) 183–187.

[3] E. Comini, Metal oxide nano-crystals for gas sensing, Anal. Chim. Acta 568
(2006) 28–40.

[4] Z.W. Pan, Z.R. Dai, Z.L. Wang, Nanobelts of semiconducting oxides, Science 291
(2001) 1947–1949.

[5] C.S. Rout, K. Ganesh, A. Govindaraj, C.N.R. Rao, Sensors for the nitrogen oxides,
NO2, NO and N2O, based on In2O3 and WO3 nanowires, Appl. Phys. A 85 (2006)
241–246.

[6] N. Shankar, M.F. Yu, S.P. Vanka, N.G. Glumac, Synthesis of tungsten oxide (WO3)
nanorods using carbon nanotubes as templates by hot filament chemical vapor
deposition, Mater. Lett. 60 (2006) 771–774.

[7] C.N. Xu, J. Tamaki, N. Miura, N. Yamazoe, Grain size effects on gas sensitivity of
porous SnO2-based elements, Sens. Actuators B 3 (1991) 147–155.

[8] K. Kam, A. Cheetham, Thermochromic VO2 nanorods and other vanadium
oxides nanostructures, Mater. Res. Bull. 41 (2006) 1015–1021.

[9] S. Webster, R. Czerw, R. Nesper, J. DiMaio, J.F. Xu, J. Ballato, Optical properties
of vanadium oxide nanotubes, J. Nanosci. Nanotech. 4 (2004) 260–264.

10] K. Takahashi, S. Limmer, Y. Wang, G.Z. Cao, Synthesis and electrochemical
properties of single-crystal V2O5 nanorod arrays by template-based electrode-
position, J. Phys. Chem. B 108 (2004) 9795–9800.

11] I. Raible, M. Burghard, U. Schlecht, A. Yasuda, T. Vossmeyer, V2O5 nanofibres:
novel gas sensors with extremely high sensitivity and selectivity to amines,
Sens. Actuators B 106 (2005) 730–735.

12] J.F. Liu, X. Wang, Q. Peng, Y.D. Li, Vanadium pentoxide nanobelts: highly selec-
tive and stable ethanol sensor materials, Adv. Mater. 17 (2005) 764–767.

13] L. Liao, H.X. Mai, Q. Yuan, H.B. Lu, J.C. Li, C. Liu, C.H. Yan, Z.X. Shen, T. Yu, Sin-
gle CeO2 nanowire gas sensor supported with Pt nanocrystals: gas sensitivity,
surface bond states, and chemical mechanism, J, Phys. Chem. C 112 (2008)
9061–9065.

14] L.H. Qian, K. Wang, Y. Li, H.T. Fang, Q.H. Lu, X.L. Ma, CO sensor based on Au-
decorated SnO2 nanobelt, Mater. Chem. Phys. 100 (2006) 82–84.

15] O.K. Tan, W. Zhu, Q. Yan, L.B. Kong, Size effect and gas sensing characteristics
of nanocrystalline xSnO2-(1−x)�-Fe2O3 ethanol sensors, Sens. Actuators B 65
(2000) 361–365.

16] M. Ivanovskaya, D. Kotikov, G. Faglia, P. Nelli, Influence of chemical compo-
sition and structure of factor of Fe2O3/In2O3 sensors on their selectivity and
sensitivity to ethanol, Sens. Actuators B 96 (2003) 503–598.

17] S.F. Si, C.H. Li, X. Wang, Q. Peng, Y.D. Li, Fe2O3/ZnO core-shell nanorods for gas
sensors, Sens. Actuators B 119 (2006) 52–56.

18] J.F. Liu, X. Wang, Q. Peng, Y.D. Li, Preparation and gas sensing properties of
vanadium oxide nanobelts coated with semiconductor oxides, Sens. Actuators
B 115 (2006) 481–487.

19] L.Q. Mai, W. Chen, Q. Xu, Q.Y. Zhu, C.H. Han, J.F. Peng, Cost-saving synthesis of
vanadium oxide nanotubes, Solid State Commun. 126 (2003) 541–543.

20] Y. Shimizu, M. Egashira, Basic aspects and challenges of semiconductor gas
sensors, MRS Bull. 24 (1999) 18–24.

21] A. Yamazoe, N. Miura, Some basic aspects of semiconductor gas sensors in
chemical sensor technology, in: S. Yamauchi (Ed.), Chemical Sensor Technology,
vol. 4, Elsevier, Kodansha, Tokyo, 1992, pp. 19–41.

22] N.L. Wu, S.Y. Wang, I.A. Rusakova, Inhibition of crystallite growth in the sol–gel
synthesis of nanocrystalline metal oxides, Science 285 (1999) 1375–1377.

23] T. Hyodo, N. Nishida, Y. Shimizu, M. Egashira, Preparation and gas sensing
properties of thermally stable mesoporous SnO2, Sens. Actuators B 83 (2002)
209–215.

24] Y. Shimizu, T. Hyodo, M. Egashira, Meso- to macro-porous oxides as semicon-
ductor gas sensor, Catal. Surv. Asia 8 (2004) 127–135.
Biographies

Wei Jin is a PhD student in the School of Materials Science and Engineering of
Wuhan University of Technology in PR China. Her current research is focused on
microstructural and gas sensing properties of one-dimensional nanomaterials.



ctuat

B
o
s

W
i

C
U

electrochemistry applications.
W. Jin et al. / Sensors and A

aitao Dong is a master student in the School of Materials Science and Engineering
f Wuhan University of Technology in PR China. His research interest is the gas

ensing properties of one-dimensional nanomaterials.

en Chen is a professor of Wuhan University of Technology in PR China, his research
nterests are in the areas of the structure and physical effects of functional materials.

.X. Zhao received her PhD degree in Materials Physics and Chemistry from Wuhan
niversity of Technology, PR China, in 2006. She has been focusing on synthesis and
ors B 145 (2010) 211–215 215

characterization of micro- and meso-porous structures for adsorption, catalyst and
Liqiang Mai is a professor of Wuhan University of Technology in PR China. Now he
is working in the field of conducting nano-bio-device research.

Ying Dai is a professor of Wuhan University of Technology in PR China. Her areas of
interests are focused on nanotechnology and functional ceramics.


	Synthesis and gas sensing properties of Fe2O3 nanoparticles activated V2O5 nanotubes
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgments
	References
	Biographies


