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Pure and Nd-doped porous In2O3 nanotubes have been successfully synthesized by single-capillary elec-
trospinning method. The SEM images displays the novel structure of Nd-doped In2O3 which has pores dis-
tributed on the surface of nanotubes. The subsequent test results demonstrate that Nd-doped porous
In2O3 nanotubes possess excellent gas-sensing properties to formaldehyde. The response of Nd-doped
porous In2O3 nanotubes to 100 ppm formaldehyde is 44.6 at the optimum operating temperature of
240 �C, which is 3.6 times larger than that of pure porous In2O3 nanotubes (12.5), and the response
and recovery times to 100 ppm formaldehyde are 15 and 50 s, respectively.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

For many years, semiconducting oxides have been widely used
in many fields such as lithium-ion batteries [1], photosensitization
[2], and gas sensors [3]. Gas sensors based on semiconducting oxi-
des have received widely attentions which get benefit from their
low cost, easy fabrication and portability [4]. Semiconducting
oxide gas sensors can be used to detect toxic and inflammable
gases such as formaldehyde and hydrogen [5,6]. However, there
are some drawbacks which limit their applications including low
sensitivity and poor selectivity [7]. Numerous studies have been
undertaken to solve these problems. At present, increasing the
surface-to-volume ratio and doping other elements are effective
solutions to resolve these limitations [8,9]. For instance, Huang
et al. demonstrated that In2O3-doped ZnO nanotubes show excel-
lent ethanol-sensing characteristics [10]. Han et al. investigated
the methanol gas-sensing performance of Ce-doped In2O3 porous
nanospheres prepared by hydrothermal method [11].

In2O3 is an n-type semiconductor, which has been widely used
due to its stable and nontoxic characteristics [12]. In recent years,
various nanostructures of In2O3 such as nanoparticles [13], nanofi-
bers [14], nanorods [15] and nanotubes [16] have been synthesized
and applied to the field of gas sensors. However, porous In2O3 nan-
otube structure has rarely been reported. Previous studies have
demonstrated that porosity plays a vital role in the application of
semiconducting metal oxides as gas sensors [17]. Apart from
exhibiting high sensitivities due to large specific surface areas,
sensors with well-defined porosity offer powerful opportunities
with respect to selectivity, self-diagnosis, low operation tempera-
tures or long-term stability [18,19]. However, the sensitivity of
pure In2O3 nanotube gas sensors still needs to be improved. Many
studies have been conducted to improve the sensing properties by
doping other elements [20,21]. Rare-earth modified oxide com-
pounds have been extensively studied in the field of gas sensors
over the past decades due to their particular characteristics [22].
Nd is a kind of rare earth elements which owns the same nature
with other rare earth elements. However, the studies on Nd-
doped porous In2O3 nanotube gas sensors are quite rare.

In this paper, pure and Nd-doped porous In2O3 nanotubes are
successfully obtained via the single-nozzle electrospinning and
calcination methods. This novel nanostructure possesses a larger
specific surface area that enhances its gas sensitivity. Moreover,
the gas-sensing properties of the as-synthesized materials to
formaldehyde are also investigated. The results show that the
gas-sensing properties of porous In2O3 nanotubes have been
enhanced significantly by doping Nd.
2. Experimental

2.1. Synthesis and characterization of materials

All chemical reagents were of analytical grade and used without
further purification. Poly (vinylpyrrolidone) (PVP, Mw = 1300000)
was obtained from Sigma-Aldrich (USA). In(NO3)3 (99.99%), Nd
(NO3)3�6H2O (99.99%), N,N-dimethylformamide (DMFP 99.5%),
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Fig. 1. XRD patterns of (a) pure and (b) Nd-doped porous In2O3 nanotubes.
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and ethanol (P99.7%) were purchased from Aladdin (Shanghai,
China).

Pure and Nd-doped porous In2O3 nanotubes were synthesized
via an electrospinning method. 0.4 g of In(NO3)3 and 0.0358 g of
Nd(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 tempera-
ture 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 a keeping time of 120 min
at 550 �C.

Structure analysis by X-ray diffraction (XRD) was conducted on
a PANalytical B.V. Empyrean X-ray diffractometer with Cu Ka radi-
ation (k = 0.15406 nm). Scanning electron microscopy (SEM)
images were performed on a Hitachi S-4800 instrument. Energy-
dispersive X-ray (EDX) spectrometry was performed using a Hita-
chi S-4800 system.
2.2. Fabrication and measurement of sensors

The process of gas sensor fabrication is described in previous
works [23]. Briefly, a certain volume of deionized water was mixed
with the samples to form a paste and then the paste were coated
on a pair of gold electrodes. The gas-sensing properties of sensors
were measured using a CGS-8 intelligent gas-sensing analysis sys-
tem (Beijing Elite Tech Co., Ltd., Beijing, China). In a testing process,
the sensors were pre-heated at different operating temperatures
until the resistances of all the sensors were steady. Subsequently,
saturated target vapor was injected into a test chamber (about
3 L volume) by a microinjector through a rubber plug. The satu-
rated target gas was mixed with air (relative humidity was about
25% and room temperature was about 25) by two fans in the anal-
ysis system. After the sensors resistances reached a new constant
value, the test chamber was opened to expose 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 ratio of the sensor resistances in air (Ra) to that in target gas
(Rg) is defined as the sensor response (S = Ra/Rg). The response time
was defined as the time taken by the sensor to achieve 90% of the
resistance variation, and the recovery time was the time taken by
the sensor to return 90% of the resistance variation when exposed
to air.
3. Results and discussion

3.1. Structure and morphological characteristics

Fig. 1 shows the X-ray diffraction (XRD) patterns of pure and
Nd-doped porous In2O3 nanotubes. As shown in the picture, all
the samples are well-crystallized, the diffraction peaks can be
indexed to cubic In2O3 (JCPDS No. 71-2195). All the samples were
of high purity as no additional impurity peaks are detected.

Fig. 2 shows the energy-dispersive X-ray (EDX) patterns col-
lected from (a) pure and (b) Nd-doped In2O3 porous nanotubes. It
can be seen from the comparison of the two figures that Nd has
been successfully doped. The insert tables reveals the doping level
of Nd. The peak of C is derived from the conducting resin during the
measurement.

Fig. 3 displays the morphologies of pure and Nd-doped In2O3

porous nanotubes. As shown in the picture, all the porous nan-
otubes are oriented randomly and there are visible pores with
uniform size distributed on the surface, which provides convenient
access for gas diffusion into the entire nanotubes.

3.2. Gas-sensing properties

For such semiconducting oxide sensors, there exits an optimum
operating temperature. Aiming to find the optimum operating
temperature, we tested the pure and Nd-doped porous In2O3 nan-
otube sensors under a variation of temperatures ranged from
200 �C to 280 �C. As shown in Fig. 4, the sensitivity value rises shar-
ply as the temperature and reaches the maximum of 44.6 at 240 �C.
Then, the sensitivity declines when the temperature continues
increasing. Therefore we defined 240 �C as the optimum operating
temperature and the followed examinations of gas-sensing proper-
ties are taken under 240 �C. It can be seen from the dynamic
response curves that the sensors show fast response and recovery
speeds at different temperatures. Moreover, it can be seen that
compared with pure In2O3 porous nanotubes, Nd-doped In2O3 por-
ous nanotube gas sensors exhibit better gas-sensing performance,
which is 3.6 times larger than that of pure In2O3 porous nanotubes.

Fig. 5 shows the response fitting curves of Nd-doped In2O3 por-
ous nanotubes to different concentrations of formaldehyde at
240 �C. The obtained results show exponent curve in general and
the fitting parameter of R2 is 0.98824. The response curve has
not saturated until 3000 ppm, indicating a broad measurement
scope of such sensors. The insert image presents the linear fitting
curve at low concentrations and the fitting parameter of R is
0.9955. The response to 20, 50 and 100 ppm of formaldehyde are
about 7.4, 24.5 and 44.6, respectively. Furthermore, the lowest
detection limit concentration is also worth noting in practical
applications. The response of Nd-doped In2O3 porous nanotube
gas sensor to 100 ppb formaldehyde is 2.2 at 240 �C. The excellent
formaldehyde-sensing performances indicate the as-synthesized
materials are promising candidates for practical applications as
gas sensors.

Table 1 displays the comparison of sensing performance with
previous reports. It can be seen that the performance of porous
Nd-doped In2O3 nanotube sensors has improved compared to pre-
vious works.

Response and recovery speeds are important attributes of gas
sensors, which reflecting the repeatability and stability of sensors.
Fig. 6 shows four dynamic response and recovery curves of Nd-
doped In2O3 porous nanotubes to 100 ppm of formaldehyde at
240 �C. The response and recovery times are about 15 and 50 s,
respectively. The fast response and recovery speed may be due to
the excellent porous nanotube structure, which is favorable for
oxygen and formaldehyde gas molecules flow through the entire



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

Fig. 2. EDX patterns of (a) pure and (b) Nd-doped porous In2O3 nanotubes.

Fig. 5. The response fitting curves of Nd-doped porous In2O3 nanotube sensors to
different concentrations of formaldehyde at 240 �C (0.1–10000 ppm). (The insert
image presents low concentrations (0.1–100 ppm)).

Fig. 4. Responses curves of pure and Nd-doped porous In2O3 nanotube sensors to
100 ppm of formaldehyde at different operating temperatures.
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nanotubes. The sensitivity value and response and recovery speed
almost unchanged during the four cycles, indicating the replicabil-
ity and stability of Nd-doped porous In2O3 nanotubes.
In practical applications, sensors are often faced with complex
environments of multi gases coexist. So successfully identification



Table 1
Comparison of sensing performance with previous reports.

Gas sensors Sensitivity Working temperature/�C Gas concentration/ppm Response value Reference

Nd-In2O3 Ra/Rg 240 100 44.6 This work
SnO2 nanospheres Ra/Rg 260 100 21 [24]
Fe2O3-In2O3 Ra/Rg 250 100 33 [25]
NiO Ra/Rg 300 100 11 [26]
SnO2-graphene Ra/Rg 260 100 35 [27]
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Fig. 6. The response and recovery curves of Nd-doped porous In2O3 nanotube
sensors to formaldehyde at 240 �C.
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of target gas under interferences is one of the most important
properties of gas sensors. During the examination, Nd-doped
In2O3 porous nanotube gas sensors are tested to 100 ppm of differ-
ent gases and the results are shown in Fig. 7. From the picture, it
can be seen that Nd-doped In2O3 porous nanotubes show lower
sensitivity to some common gases including ethanol, butane,
ammonia, carbon monoxide, hydrogen and toluene. The response
values of different gases are different at the same operating tem-
perature, which may be caused by the characteristics of materials.
Previous studies have demonstrated that the same sensor can be
used to detect different gases by setting different operating tem-
peratures. The energies of adsorption, desorption and reaction on
materials for different gases are different, so that the response val-
ues are different at the same operating temperature [28,29].

Fig. 8 displays the sensitivity of porous Nd-doped In2O3 nan-
otube sensors to 20, 50 and 100 ppm formaldehyde within 20 days.
It can be seen that the response of gas sensors remained stable
Fig. 7. The responses of Nd-doped porous In2O3 nanotube sensors to different gases
at 240 �C.
generally during the test, demonstrating the long-term stability
of porous Nd-doped In2O3 nanotube sensors.

3.3. Gas-sensing mechanisms of Nd-doped In2O3 porous nanotubes

The major gas-sensing principles of semiconducting oxides sen-
sors can be interpreted as the adsorption and desorption of gas
molecules on the surface of materials [25]. In brief, when a sensor
is in air environment, O2 will adsorb on the surface of In2O3 and
capture electrons from the materials. Then, the adsorbed O2 will
convert to O-. This process leads to the decrease of electron density
in the conduction band and the increase of material resistance.
However, when a reducing gas such as formaldehyde is introduced,
formaldehyde gas molecules will react with the absorbed oxygen
species and forming CO2 and H2O. At the same time the reaction
releases electrons into the conduction band. As a result an obvious
change of resistance is observed. The reaction can be described as
the following formula [30],

O2ðairÞ þ 2e�ðcond:bandÞ ! 2O�
ðads:Þ

HCHOþ 2O�
ðads:Þ ! H2Oþ CO2 þ 2e�

In addition, the unique porous nanotube structure helps
improve the gas-sensing performance of In2O3. Many studies have
demonstrated that the exposure of the inner/outer surfaces of nan-
otubes will provide larger reactive sites, which is very crucial for
their gas-sensing performance. The porous nanotube structure is
a more open nanostructure that provides more convenient chan-
nels for the penetration of gas molecules to the whole nanotubes.
Moreover, because of the pores on the surface offer more sufficient
contact and reaction sites, the reaction between the adsorbed oxy-
gen species and the target gas become more violent, which leading
to an enhancement of gas sensitivity [31].

The Nd dopant plays another important role in terms of improv-
ing the gas sensing performances. In2O3 is an n-type semiconduct-
ing oxide [32], while Nd2O3 is a p-type semiconducting oxide [33].
Fig. 8. Long-term stability of porous Nd-doped In2O3 nanotube sensors.
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When two semiconducting metal oxides having different Fermi
levels contact with each other, a heterojunction will be formed at
the interface of them. Electrons move from the n-type In2O3 to p-
type Nd2O3 while vacancies move from p-type Nd2O3 to n-type
In2O3. At last the two oxides achieve equal status of Fermi level,
at the same time a junction depletion layer which hinders electron
transport formed at the junction [34]. As a result, the resistance in
air (Ra) of Nd-doped In2O3 porous nanotubes increases signifi-
cantly. However, when a reducing gas such as formaldehyde is
introduced, the adsorbed oxygen will interact with formaldehyde
gas molecules and this process will release electrons into the con-
duction band of materials. Therefore the depletion layer contracts
and the conductivity in target gas (Rg) of Nd-doped In2O3 porous
nanotubes increases [35]. Thus the sensitivity (Ra/Rg) of In2O3 por-
ous nanotubes has been enhanced after incorporated after doping
with Nd.
4. Conclusion

In summary, pure and Nd-doped In2O3 porous nanotubes were
successfully synthesized via the electrospinning method. The
formaldehyde sensing properties were investigated which indicat-
ing doping Nd to be an efficient method of enhancing the
formaldehyde sensing properties of porous In2O3 nanotubes. The
optimum operating temperature for Nd-doped In2O3 porous nan-
otubes is 240 �C. At 240 �C the response of Nd-doped In2O3 porous
nanotube gas sensors is 44.6 to 100 ppm formaldehyde, which is
3.6 times larger than that of pure In2O3 porous nanotubes (12.5).
The response and recovery times of Nd-doped In2O3 to 100 ppm
formaldehyde are 15 and 50 s, respectively. Moreover, the lowest
detecting limit is 100 ppb with a value of 2.2. Furthermore, the
Nd-doped In2O3 porous nanotubes exhibit excellent selectivity to
formaldehyde. These advantages indicate the as-prepared Nd-
doped In2O3 porous nanotubes can be used as a promising candi-
date for gas sensors in practical applications.
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