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Abstract Pure and Sm-doped In2O3 porous nanotubes

have been successfully fabricated by the single-capillary

electrospinning method followed by calcination. The as-

synthesized porous nanotubes were investigated by X-ray

powder diffraction (XRD), energy-dispersive X-ray (EDX),

scanning electron microscope (SEM), Raman spectra and

X-ray photoelectron spectroscopy (XPS). It can be seen in

SEM images that the surface of nanotubes is distributed

with numerous pores. Gas sensing investigation reveals

that Sm-doped In2O3 porous nanotubes possess high-per-

formance formaldehyde sensing properties. The response

of gas sensors based on Sm-doped In2O3 porous nanotubes

was 54.37 towards 100 ppm formaldehyde at 240 �C,
which was 5 times larger than that of pure In2O3 porous

nanotubes (10.87). The response and recovery times to

100 ppm formaldehyde were 9 and 40 s, respectively.

Moreover, even at low concentration of 100 ppb

formaldehyde, a detectable response of 2.1 can be

observed. Furthermore, Sm-doped In2O3 porous nanotube

gas sensors have excellent selectivity to formaldehyde.

1 Introduction

Semiconductor oxides have been widely studied in various

fields such as lithium storage [1], photosensitization [2] and

gas sensor [3]. Gas sensors based on semiconductor oxides

have attracted a lot of attentions in recent years duo to their

outstanding advantages such as high sensitivity, easy fab-

rication and low cost [4]. Semiconductor oxide sensors can

be applied in the detection of a wide range of target gases,

including hydrogen, nitrogen oxide and formaldehyde

[5–7]. These gases are widely used in many areas and they

are mostly inflammable or poisonous. Take formaldehyde

gas as an example, it has become one of the most common

indoor air pollutants since it has been extensively used in

many construction materials [8]. This compound has been

classified as a probable human carcinogen by the Interna-

tional Agency for Research on Cancer and the World

Health Organization (WHO) has established a maximum

daily dose reference (RfD) of 0.2 mg�kg-1 per day for this

compound [9, 10]. In view of its toxicity and volatility,

exposure to formaldehyde is a potential significant risk to

human health and therefore the detection of dilute

formaldehyde is particularly important [11]. As is known to

us, there are some effective methods to improve the per-

formance of semiconductor oxide gas sensors, such as

increasing the surface-to-volume ratio [12] and doping

foreign elements [13]. For instance, in order to improve gas

sensing properties Li et al. [14] synthesized carbon nano-

fibers which enhanced surface-to-volume ratio. Tang et al.

[15] doping SnO2 into ZnO nanofibers to improve the

sensitivity to methanol. Among the variety of appropriate

materials, In2O3 is by far one of the most frequently used as

gas-sensing materials, which is benefit from its stable and

nontoxic characteristics [16]. Various one-dimensional

(1D) In2O3 nanostructures have been used in gas sensors,
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such as nanoparticles [17], nanorods [18] and nanotubes

[19]. However, the porous In2O3 nanotube structure has

rarely been reported. Many studies have shown that the

contact of the internal/external surfaces of nanotubes can

provide more reaction sites, which is very crucial for their

gas sensing properties [20]. Moreover, the porous nanotube

structure is a more open structure possessing high surface-

to-volume ratio, which makes porous In2O3 nanotube a

candidate to be used as gas sensors [21]. In addition, the

gas-sensing properties can be greatly improved by doping

foreign elements [22]. Rare earth (RE)-modified oxide

compounds have captured widespread attentions in the past

decades because of their particular characteristics arising

from the 4f-electrons [23]. Sm is one of the RE elements

which has already been used to enhance the gas-sensing

properties of materials [24]. However, gas sensors based on

Sm-doped In2O3 porous nanotubes have never been

reported before.

In this paper, pure and Sm-doped In2O3 porous nan-

otubes were successfully synthesized via a simple single-

capillary electrospinning method. This novel nanostructure

provides a larger contact area with the target gas, which is

benefit to enhancing its gas-sensing properties. Further-

more, the gas-sensing properties of the as-synthesized

materials to formaldehyde were also investigated. The

results demonstrate that the gas-sensing properties of por-

ous In2O3 nanotubes have been enhanced significantly by

doping Sm.

2 Experimental

2.1 Materials

Indium nitrate hydrate (In(NO3)3, 99.99 %), samarium

nitrate (Sm(NO3)3�6H2O, 99.99 %), N,N-dimethylfor-

mamide (DMF, 99.5 %), and ethanol (C99.7 %) were

obtained from Aladdin (China). Poly (vinyl pyrrolidone)

(PVP, Mw = 1,300,000) was purchased from Sigma-

Aldrich (USA). All the chemical reagents above were

analytical grade and used without further purification.

2.2 Synthesis and characterization of pure and Sm-

doped In2O3 porous nanotubes

Pure and Sm-doped In2O3 porous nanotubes were synthe-

sized via a simple single-nozzle electrospinning method. In

a typical process to fabricate Sm-doped In2O3 porous

nanotubes, 0.4 g of In(NO3)3 and 0.034 g of Sm(NO3)3�
6H2O was mixed with 2.0 g of DMF and 2.2 g of ethanol.

The two mixtures were under magnetic stirring at room

temperature for 30 min. Then, the solution was added into

0.5 g of PVP and kept stirring for 12 h. The mixture was

ejected from the stainless steel capillary with a voltage of

13 kV. The distance between the capillary and collector

was 25 cm. Then the electrospinning non-woven mats were

collected and annealed with a rising rate of 17 �C/min from

room temperature and kept at 550 �C for 120 min. At last

the furnace was self-cooled to room temperature.

Powder X-ray diffraction (XRD) analysis was conducted

on PANalytical Empyrean diffractometer with Cu Ka

radiation (k = 1.5406 Å). Energy-dispersive X-ray (EDX)

spectrometry was performed using an FEL XL30ESEM

system. Scanning electron microscope (SEM) images were

recorded using an FEL XL30ESEM instrument. Raman

spectra were measured by a Renishaw invia microscopic

confocal spectrometer, laser wavelength is 514.5 nm.

X-ray photoelectron spectroscopy (XPS) measurements

were carried out on an ESCLAB KMII using Al as the

exciting source.

2.3 Fabrication and measurement of gas sensors

The fabrication and measurement of formaldehyde gas

sensors based on the as-prepared materials have been

described in our previous work [25]. In brief, the gas

sensors were fabricated by coating the paste mixed with

Sm-doped In2O3 porous nanotubes and deionized water in

a weight ratio of 100:20 on a ceramic tube, on which a pair

of gold electrodes was previously printed. A small spring-

like Ni–Cr alloy was inserted into the ceramic tube to form

a side-heated gas sensor. The gas sensors were dried in

shade until the first measurement.

Gas sensing tests were performed by a CGS-8 intelligent

gas-sensing analysis system (Beijing Elite Tech Co., Ltd.,

China). The sensors were pre-heated at different operating

temperatures until the resistances of all the sensors were

stable (relative humidity was about 25 % and room tem-

perature was about 25 �C). When testing, a given amount

of saturated target vapor was injected into a test chamber

(about 3 L in volume) by a microinjector through a rubber

plug to obtain desired concentrations. After the sensors

resistance values reached new constant values, the test

chamber was opened to recover the sensors in air. All the

measurements were performed in a laboratory fume hood.

The sensors resistance and response values were acquired

by the analysis system automatically.

The sensor response is defined as b = Ra/Rg, where Ra

and Rg are the electrical resistance of the sensors in air and

in the target gas, respectively. The response and recovery

times are defined as the time taken by the sensor to reach

90 % of the total resistance change in the case of adsorp-

tion and desorption, respectively.
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3 Results and discussion

3.1 Structure and morphological characteristics

The X-ray diffraction (XRD) pattern was examined to

analyze the crystallization of the Sm-doped In2O3 porous

nanotubes. As shown in Fig. 1, all the samples are well-

crystallized, the diffraction peaks can be indexed to cubic

In2O3 (JCPDS No. 71-2795). No additional impurity peaks

were detected, this implys that all the samples were of high

purity.

Figure 2 displays the energy-dispersive X-ray (EDX)

pattern collected from the Sm-doped In2O3 porous nan-

otubes. It is confirmed that the obtained materials were

composed of In, O and Sm. The peak of C was derived

from the conducting resin during the measurement. The

insert table generally reveals the Sm doping level of In2O3

porous nanotubes.

The morphology of the pure and Sm-doped In2O3 por-

ous nanotubes is shown in Fig. 3. All the porous nanotubes

are randomly oriented and have a uniform diameter of

200 nm approximately. Furthermore, all the surfaces of

nanotubes are distributed with apparent pores of uniform

size, which provide facilitate passages for gas diffusion

throughout the whole nanotubes.

Raman spectroscopy is carried out to further investigate

the Sm-doped porous In2O3 nanotubes. And the typical

Raman spectra is showed in Fig. 4. The obvious bands

around 303, 363, 493, and 624 cm-1 are assigned to pho-

non related to cubic structured indium oxide [26–28].

Furthermore, XPS spectra are taken to investigate the

chemical composition of the samples, and the results as the

Fig. 5 shows. It can be seen that the two peaks located at

451.9 and 444.3 eV are indexed to the In3d, which well

match the spin–orbit split of cubic In2O3 [29]. Figure 5b

shows the peaks are at 1087.7 and 1080.3 eV, which are

assigned to Sm3?. This indicates the formation of Sm2O3

nanostructure [30]. The observed XPS profile strongly

supports the existences of In2O3 and Sm2O3.

3.2 Gas-sensing properties of Sm-doped In2O3

porous nanotubes

To examine the gas-sensing properties of pure and Sm-

doped In2O3 porous nanotubes, gas sensors based on pure

and Sm-doped In2O3 porous nanotubes were manufactured.

As is known to all, gas sensors have an optimum operating

temperature. Aiming to find out the optimum temperature,

the sensors were measured at temperatures ranged from

200 to 280 �C to 100 ppm formaldehyde. From in Fig. 6

that the sensors approached the maximum response at

240 �C and decreased quickly with the increase of the

operating temperature. This volcano-shaped temperature

dependence of the sensitivity can be explained as below.

The reaction rate between the adsorbed oxygen species and

formaldehyde molecule is slow at a low temperature,

leading to a low sensitivity. When the operating tempera-

ture increased too much, some adsorbed gas molecules may

escape before their reaction due to their enhanced activa-

tion, thus the response will decrease corresponding. When

the operating temperature reaches the optimum value, the

adsorption and desorption rates of formaldehyde and oxy-

gen species achieve a balance, resulting in the maximum

response at 240 �C [21]. Therefore, 240 �C is defined as

the optimum operating temperature. Moreover, Sm-doped

In2O3 porous nanotube sensors showed an excellent

response of 54.37, which was about 5 times larger than that

of pure In2O3 porous nanotube sensors (10.87) to 100 ppm

of formaldehyde at 240 �C, indicating the Sm dopant

increases the response to formaldehyde significantly.

The response curves of Sm-doped In2O3 porous nan-

otube sensors to different concentrations of formaldehyde

at 240 �C are presented in Fig. 7. It shows that the Sm-
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Fig. 1 Full-angle range of XRD patterns of a pure and b Sm-doped

In2O3 porous nanotubes

Fig. 2 EDX patterns of Sm-doped In2O3 porous nanotubes
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doped In2O3 porous nanotube sensors have a very wide

detection scope. The response of the gas sensors increases

rapidly with the increase of formaldehyde concentration.

The inset figure represents the calibration curve at low

concentrations (0.1–100 ppm), it is apparent that the

response of the sensors has a linear relationship with the

concentration of formaldehyde. The most important factor

in the application of gas sensors is the lowest detection

limit concentration. In the gas-sensing test, detectable re-

sponses of Sm-doped In2O3 porous nanotube sensors can

be observed even at 100 ppb of formaldehyde with the

value of 2.1. Therefore, the Sm-doped In2O3 porous nan-

otubes are promising materials for the detection of dilute

formaldehyde gas in practical application.

The response and recovery characteristic cycle curves of

Sm-doped In2O3 porous nanotubes to 100 ppm of

formaldehyde at 240 �C is displayed in Fig. 8. the response

and recovery times are about 9 and 40 s, respectively. The

fast response and recovery speed may be due to the

excellent porous nanotube structure, which is benefit to the

transfer of oxygen and formaldehyde molecules. There are

no major changes in the response and recovery times for

the four cycles, which indicates the repeatability and sta-

bility of Sm-doped In2O3 porous nanotubes.

The selectivity to detect a target gas is very important

for gas sensors in practical use. Figure 9 shows the

excellent selectivity of Sm-doped In2O3 porous nanotubes

towards a variety of common gases, such as formaldehyde,

hydrogen sulfide, ethanol, toluene, carbon monoxide,

butane, hydrogen and ammonia. It is clear to see that Sm-

doped In2O3 porous nanotubes exhibit less sensitivity to

other gases, but much higher response to formaldehyde at

the same concentrations.

To further illustrate the excellent gas-sensing properties

of the as-synthesized materials to formaldehyde, we com-

pared the porous Sm-doped In2O3 nanotubes with several

Fig. 3 SEM images of a, b pure and c, d Sm-doped In2O3 porous nanotubes

Fig. 4 Raman spectra of Sm-doped In2O3 porous nanotubes
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previous works and the results ars displayed in Table 1. It

can be seen from the comparison that the formaldehyde-

sensing properties of the as-obtained porous nanotubes

have been significantly improved.

3.3 Gas-sensing mechanisms of Sm-doped In2O3

porous nanotubes

The basic principles of semiconductor oxide gas sensors

can be explained as the adsorption and desorption of gas

Fig. 5 XPS spectrums of Sm-doped porous In2O3 nanotubes, a In3d, b Sm3d
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Fig. 8 Response and recovery characteristic cycle curves of Sm-

doped In2O3 porous nanotube gas sensors to 100 ppm formaldehyde
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Fig. 9 Sensitivities of Sm-doped In2O3 porous nanotube gas sensors

to 100 ppm of different gases at 240 �C
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molecules on the surface of the sensing materials [35].

Briefly, when a sensor is exposed to the air condition, O2

will be chemisorbed on the surface of In2O3 and capture

electrons from the materials. Subsequently, the adsorbed

O2 will convert to O2
-, O-, and O2-. As a result, the

electron density in the conduction band decreases while the

resistance of the material increases. However, when a

reducing gas such as formaldehyde is introduced,

formaldehyde molecules will react with the absorbed

oxygen species and then form CO2 and H2O. The resis-

tance of the sensor will decrease due to the reaction

releases electrons into the conduction band. Thus, a change

of the resistance of In2O3 is observed. The reactions can be

described as the formulas below [36],

O2 þ e� ! O�
2 ;O

�;O2�

C3H6Oþ O�
2 ;O

�;O2� ! CO2 þ H2Oþ e�
ð1Þ

Furthermore, the unique porous nanotubes structure is

beneficial to enhance the gas sensing properties. It is pretty

evident that porosity plays a key role in the efficiency of

semiconductor oxide gas sensors [37]. On the one hand, an

easier percolation path through the entire porous nanotube

must be taken into consideration; on the other hand, more

sufficient contact and reaction sites offered by the pores on

the nanotube surfaces play another important role. And that

will lead to more violent reactions between the adsorbed

oxygen species and the target gas, As a result, the change

of the sample resistance increases and the response is

enhanced [21].

The Sm dopant enhances the gas-sensing properties of

In2O3 nanotubes significantly. As is known to all, In2O3 is

an n-type semiconducting oxide [38]. Adachi et al. have

demonstrated that Sm2O3 is a p-type semiconducting oxide

[39]. Numerous studies have shown that when two metal

semiconducting oxides with different Fermi levels contact

with each other, a heterojunction structure will be formed

at the interface of the two oxides [40]. Electrons will flow

from the n-type In2O3 to p-type Sm2O3 while vacancies

flow from p-type Sm2O3 to n-type In2O3. At last the two

oxides reach a status of equal Fermi level and a depletion

layer is formed at the junction which impedes electronic

transmission. As a result, the resistance of Sm-doped In2O3

nanotubes in air will increase significantly. However, when

a reducing gas such as formaldehyde is introduced, the

oxygen adsorbed on the surface of Sm-doped In2O3 nan-

otubes will interact with formaldehyde gas molecules and

release electrons into the materials. This leads to a con-

traction of depletion layer and the improvement of con-

ductivity. The resistance in formaldehyde (Rg) decreases.

Therefore the sensitivity of Sm-doped In2O3 nanotubes

(Ra/Rg) increases. However, excessive dopants will

decrease the effective contact areas of nanotubes and target

gas, which leads to a decrease of sensitivity [35, 36].

4 Conclusions

In summary, pure and Sm-doped In2O3 porous nanotubes

were synthesized by the single nozzle electrospinning

method and followed calcination treatment. The SEM

images display the unique structure of such materials

which possesses numerous pores on the nanotube surface.

The research of the gas-sensing properties indicated doping

Sm to be an efficient method of enhancing the formalde-

hyde sensing properties of porous In2O3 nanotubes. Sm-

doped In2O3 porous nanotube gas sensors show excellent

formaldehyde gas sensitive performance. The response of

Sm-doped In2O3 porous nanotube gas sensors to 100 ppm

formaldehyde is 54.37 at the optimum operating tempera-

ture of 240 �C, which is much higher than that of pure

In2O3 porous nanotubes (response value is 10.78), and the

response and recovery times are 9 and 40 s, respectively.

The lowest detecting limit to formaldehyde is 100 ppb, and

the response value is 2.1. Otherwise, the Sm-doped In2O3

porous nanotubes exhibit excellent selectivity towards

formaldehyde indicating this material has a good prospect

in practical applications.
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Table 1 Comparison between sensors based on porous Sm-doped In2O3 nanotubes and other semiconductors

Gas sensor Definition of

sensitivity

Operation temperature

(�C)
Formaldehyde concentration

(ppm)

Value of sensitivity

(about)

Reference

Sm-In2O3 Ra/Rg 240 100 54.37 This work

Ag-In2O3/

ZnO

Ra/Rg 300 100 8 [31]

SnO2 Ra/Rg 240 100 25 [32]

Pd-SnO2 Ra/Rg 150 100 17 [33]

Pt-NiO Ra/Rg 200 300 5.5 [34]
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