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Abstract Hollow and porous a-Fe2O3 nanotubes were

successfully synthesized by single nozzle electrospinning

method followed by annealing treatment. The crystal

structures and morphologies of the as-prepared materials

were characterized by X-ray diffraction and scanning

electron microscopy, respectively. The as-prepared mate-

rials were applied to construct gas sensor devices which

gas sensing properties were further investigated. The

obtained results revealed that porous a-Fe2O3 nanotube gas

sensors exhibit a markedly enhanced gas sensing perfor-

mance compared with hollow a-Fe2O3 nanotube gas sen-

sors, which was about three times higher to 100 ppm

acetone at 240 �C. Interestingly, hollow and porous a-

Fe2O3 nanotube gas sensors both showed fast response–

recovery time and good selectivity, but the porous ones

possessed the shorter recovery time. The improved prop-

erties could be attributed to the unique morphology of

porous nanotubes. Thus, further improvement of perfor-

mance in metal-oxide-semiconductors materials could be

realized by preparation the unique porous structures of

nanotubes. Moreover, it is expected that porous metal-ox-

ide-semiconductors nanotubes could be further design as

promising candidates for gas sensing materials.

1 Introduction

Over the past decades, metal-oxide-semiconductors (MOS)

such as SnO2 [1], ZnO [2], TiO2 [3], In2O3 [4] and Fe2O3

[5] have attracted considerable attention as gas sensing

materials due to their convenience and simplicity in syn-

thesis. Among them, a-Fe2O3 has been widely studied as

gas sensing material owing to its low-cost, high ther-

mal/chemical stability and non-toxic [6]. As a typical

n-type transition MOS, a-Fe2O3 has a narrow band gap of

2.2 eV, which might contribute to form a higher conduc-

tion band position [7]. Nevertheless, they usually suffer

from several drawbacks such as poor sensitivity, slow

response–recovery time and so on.

Up to date, significant efforts have been made to over-

come these limitations [8, 9]. As we know, the structure

and surface morphology of MOS materials strongly affect

their properties [10]. Therefore, various structures of iron

oxide have been synthesized by many methods to improve

their performance [11–13]. For instance, Atar et al. suc-

cessfully fabricated a novel magnetic Fe@Au core–shell

nanoparticle which was applied in catalytic reductions of

4-nitrophenol and 2-nitrophenol in the presence of sodium

borohydride [14]. Nanoflower structured a-Fe2O3 has been

reported which exhibits high electrochemical sensing and

photocatalytic property [15]. These special structures and

morphologies make the iron oxide has excellent perfor-

mance in many fields. Currently, one-dimensional nanos-

tructures materials such as nanofibers [16], nanobelts [17],

nanorods [18] and nanotubes [19] have attracted extensive

attention. Owing to the large length-to-diameter ratio

which is conducive to electronic transmission, one-di-

mensional nanomaterials show good prospect in the field of

gas sensor. For example, Zheng et al. [16] constructed

In2O3 nanofibers which exhibited highly sensitive to
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ethanol. Kruefu et al. [20] prepared the Ru-functionalized

WO3 nanorods as ultra-sensitive H2S gas sensors via a

hydrothermal method. With a high surface-to-volume ratio,

the hollow nanostructure generally has better performance

compared with other one-dimensional nanostructures

[21–23]. However, in general, we could get nanofibers,

nanobelts and nanotubes through electrospinning method.

Forming a large number of pores on nanotubes is difficult.

Successfully preparing porous nanotubes and using in the

direction of gas sensors is rarely reported. Moreover, to the

best of our knowledge, there has been no study on the

comparison of hollow nanotubes and porous nanotubes for

gas sensing materials.

In this work, hollow a-Fe2O3 nanotubes and porous a-

Fe2O3 nanotubes have been synthesized by electrospinning

method with following annealing process. Moreover, the

gas sensing properties of the sensors based on these

nanostructures have been mainly investigated, and the

obtained results demonstrated that the porous structure of

nanotubes has a positive effect on gas sensitivity.

2 Experimental

All chemical reagents were analytical grade and used

without further purification. Polyvinyl pyrrolidone (PVP,

Mw = 1,300,000) was obtained from Sigma-Aldrich

(USA). Fe(NO3)3�9H2O (99.99 %), N,N-dimethylfor-

mamide (DMF C99.5 %) and ethanol (C99.7 %) were

purchased from Aladdin (Shanghai, China).

2.1 Synthesis of materials

In a typical synthesis, 0.4 g Fe(NO3)�3H2O was dissolved

in 3 g DMF with vigorous stirring. Subsequently, 0.5 g

PVP and 4.5 g ethanol were added into the mixture solu-

tion with stirring for 8 h. Then a homogeneous solution

was obtained. Next, the precursor solution was loaded into

a plastic syringe that was equipped with a stainless steel

nozzle and electrospun at a DC voltage of 18 kV with a

flow rate of 1.0 mL h-1. The non-woven collector mats

were placed at a distance of about 20 cm from the capil-

lary. Finally, the as-collected films were annealed in a tube

furnace at 550 �C for 3 h with a rate of 2 and 10 �C min-1

to form hollow and porous nanotubes, respectively.

2.2 Characterization of products

X-ray diffraction (XRD) patterns were obtained on an

XRD-6000 X-ray diffractometer (XRD, Shimadzu, Kyoto,

Japan) with Cu Ka 1 radiation (k = 1.5406 Å). Scanning

electron microscope (SEM) images were obtained using an

FEI XL30 instrument. The gas sensing properties of the

sensors were measured by a CGS-8 intelligent gas-sensing

analysis system (Beijing Elite Tech Co., Ltd., Beijing,

China).

2.3 Gas sensor fabrication and measurement

The gas sensors were achieved as follows: the obtained

sample was slightly grinded and mixed with a small

amount of deionized water (about at a weight ratio of 4:1)

to form a paste. Then, the resulting paste was coated on the

surface of a ceramic tube which was previously printed a

pair of Au electrodes and Pt conducting wires [24]. And a

Ni–Cr alloy heating wire was inserted in the ceramic tube

as a heater which controls the variation of the working

temperature. The gas sensor response (S) to the target gas is

defined as the ratio S = Ra/Rg, where Ra and Rg are the

resistance of the sensor in air and in target gas, respec-

tively. The response time and recovery time are defined as

the time taken by the sensor to achieve 90 % of the total

resistance changes upon exposure to target gas and air,

respectively.

3 Results and discussion

3.1 Structural and morphological characteristics

The crystallinities of the as-prepared nanotubes were

investigated by XRD analysis. Figure 1 shows that all of

the prominent diffraction peaks of both samples are

indexed to a pure rhombohedral phase of a-Fe2O3 (JCPDS

Card No. 33-0664). The diffraction peaks at 24.15�, 33.3�,
35.8�, 40.6�,49.4�, 54.1�, 57.4�, 62.3�, 63.9� and 71.9�
correspond to the (012), (104), (110), (113), (024), (116),

(122), (214), (030) and (220) planes. The intensity of the

characteristic peak is strong, indicating a highly crystalline

Fig. 1 XRD patterns of hollow a-Fe2O3 nanotubes and porous a-

Fe2O3 nanotubes
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structure. No characteristic peaks are observed for other

impurities, indicating the high purity of both samples.

The morphology of the obtained a-Fe2O3 nanomaterials

were characterized by SEM analysis. As shown in Fig. 2a,

b, the hollow a-Fe2O3 nanotubes are relatively uniform

with the diameter of 100 nm and without any pores on the

surface. Figure 2c, d display the porous a-Fe2O3 nan-

otubes. It can be observed that there are many irregular

pores on the surface. The diameter has a small level of

growth, reaching about 120 nm.

3.2 Gas sensing properties

It is well known that the operating temperature plays an

important role in gas sensors. In order to find the optimum

operating temperature, the responses of hollow and porous

a-Fe2O3 nanotube gas sensors to 100 ppm acetone were

investigated. The results are shown in Fig. 3. It can be

observed that the responses of the two kinds of gas sensors

show the same tendency, increasing to their highest values

at 240 �C and decreasing with a further rise of the oper-

ating temperature. This performance can be explained as

follows. With the operating temperature reaching the

optimum value, the oxygen adsorption and desorption

reaction on the surface of the samples achieves a balance,

gradually. Therefore, the response reaches its maximum

value. With the operating temperature further increases, the

response value decreases because the desorption is stronger

than adsorption [25]. Hence, 240 �C is chosen as the

optimum operating temperature. The sensor based on

porous a-Fe2O3 nanotubes exhibits higher response of 11 at

240 �C, which is about three times than that of hollow a-

Fe2O3 nanotubes. The experimental result shows that por-

ous a-Fe2O3 nanostructure can obviously improve the

sensitivity to acetone.

The response and recovery curves of hollow a-Fe2O3

nanotube and porous a-Fe2O3 nanotube gas sensors to

100 ppm acetone at 240 �C are presented in Fig. 4. The

curves show the similar tendencies. The response times are

both 9 s. The recovery times of hollow and porous nan-

otube gas sensors are 8 and 3 s, respectively. The results

indicate that both sensors own fast response–recovery time,

but porous nanotube gas sensor possesses shorter recovery

time. This phenomenon could be attributed to abundant

pores on the surface of materials, which could improve the

adsorption and desorption rate of gas molecules.

The hollow and porous a-Fe2O3 nanotube gas sensors

were exposed to different concentrations of acetone at

240 �C in order to further test their sensitivities. The results

presented in Fig. 5. It can be observed that sensor based on

porous a-Fe2O3 nanotubes in each concentration exhibited

higher response than that of hollow a-Fe2O3 nanotubes.

The responses of hollow a-Fe2O3 nanotube gas sensor to

Fig. 2 SEM images of hollow a-Fe2O3 nanotubes (a, b) and porous

a-Fe2O3 nanotubes (c, d)

Fig. 3 The response curves of hollow a-Fe2O3 nanotube and porous

a-Fe2O3 nanotube gas sensors to 100 ppm acetone at different

operating temperatures

Fig. 4 The response and recovery curves of hollow a-Fe2O3

nanotube and porous a-Fe2O3 nanotube gas sensors to 100 ppm

acetone at 240 �C
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50, 100, 300 and 500 ppm acetone are about 2, 3.5, 7.5 and

10, respectively. The responses of porous a-Fe2O3 nan-

otube gas sensor to 50, 100, 300 and 500 ppm acetone are

about 7, 11, 23 and 28, respectively. The response of

porous a-Fe2O3 nanotube gas sensor is almost linear from 1

and 200 ppm, revealing a good linear characteristic of

sensor. Then the response increases slowly and gradually

saturated with the acetone concentration increased. That

phenomenon could be explained by the fact that no che-

misorbed oxygen species on the surface of porous nan-

otubes can further react with acetone molecules.

The selectivity is another important parameter in eval-

uating the performance of a gas sensor. The poor selec-

tivity would cause a false alarm, which would imprison its

applications. Therefore, the two kinds of gas sensors were

exposed to acetone (C3H6O), ethanol (C2H5OH),

formaldehyde (HCHO), ammonia (NH3�H2O), carbon

monoxide (CO), methane (CH4), hydrogen (H2) and

methylbenzene(C7H8) under the same condition. Figure 6

shows that the sensors both exhibit the highest response to

acetone, moderate response to ethanol, low responses to

formaldehyde, ammonia, carbon monoxide, methane,

hydrogen and methylbenzene. As is known, acetone and

ethanol are difficult to distinguish due to their similar

chemical nature [26]. In this work, the responses of hollow

a-Fe2O3 nanotube gas sensor to 500 ppm acetone and

ethanol are 10 and 4.6, respectively. The responses of

porous a-Fe2O3 nanotube gas sensor to 500 ppm acetone

and ethanol are 28 and 13, respectively. Therefore, ethanol

and acetone can be easily distinguished. The results indi-

cate that the two kinds of gas sensors both possess good

selective ability to acetone. Meanwhile, porous a-Fe2O3

nanotube gas sensor has higher sensitivity to acetone at the

same concentration. Therefore, porous a-Fe2O3 nanotubes

could be a promising candidate for detecting acetone. The

response values to different gases have such great differ-

ence may be attributed to the characteristics of the gas

sensing materials and the operating temperature. Previous

studies have demonstrated that different gases need dif-

ferent energies for adsorption, desorption and reaction on

the surface of the gas sensing materials [27].

3.3 Gas sensing mechanism

Generally, the most widely accepted theory of gas sensing

mechanism is the adsorption and desorption process of

oxygen molecules on the surface of materials [28, 29]. As a

typical n-type transition MOS, the gas sensing mechanism

of a-Fe2O3 can be divided into adsorption, charge transfer

and desorption. When the sensor exposed to air, the

atmospheric oxygen molecules (O2) are adsorbed on the

surface and capture free electrons from conducting band to

form chemisorbed oxygen species. Owing to the electrons

are captured, the electron density decreases, leading to a

higher surface resistance. When the sensor exposed to the

target gas, the target gas molecules are adsorbed onto the

surface and react with the previously chemisorbed oxygen

species. The trapped electrons will be released back to the

sensing materials, which results in a decrease of resistance.

The reaction process could be described by following

equations and Fig. 7.

O2ðgasÞ $ O2ðadsÞ
O2ðadsÞ þ e� $ O�

2 ;O
�;O2�ðadsÞ

C3H6Oþ O�
2 ;O

�;O2� $ CO2 þ H2Oþ e�

The enhanced gas sensing performance of porous a-

Fe2O3 nanotube gas sensors could be attributed to follow-

ing two factors. On the one hand, the unique porous

structure could increase the surface area of materials and

provide more active sites for adsorption and desorption of

Fig. 5 The response curves of hollow a-Fe2O3 nanotube and porous

a-Fe2O3 nanotube gas sensors to different concentration of acetone at

240 �C

Fig. 6 The responses of hollow and porous a-Fe2O3 nanotube gas

sensors to different gases at 240 �C
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gas molecules. On the other hand, the porous structure can

improve the transmission rate of gas molecules.

4 Conclusion

In summary, hollow a-Fe2O3 nanotubes and porous a-

Fe2O3 nanotubes were successfully prepared by electro-

spinning method followed by annealing treatment. The as-

prepared nanostructures were investigated as gas sensing

materials. The obtained results indicated that porous a-

Fe2O3 nanotube gas sensors exhibit higher sensitivity and

short recovery time. The response of gas sensors based on

porous a-Fe2O3 nanotubes is 11–100 ppm acetone, which

is three times larger than that of hollow a-Fe2O3 nanotubes

(3.5). The response times of the two kinds of gas sensors

are both 9 s and the recovery times are 8 and 3 s, respec-

tively. The enhanced properties are related to the unique

porous structures. The preliminary study in this work

reveals that forming pores on metal oxide semiconductors

can further enhance the performance of gas sensors.
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