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The ruptured Nd-doped InyO3 porous nanotubes have been successfully syn-
thesized by single-capillary electrospinning method. The morphologies of the
as-prepared materials were characterized by scanning electron microscopy
and transmission electron microscopy. It can be seen obviously that the sur-
face of the nanotubes are distributed with cracks and pores, which formed
such an open nanostructure. The crystal structures and components were
determined by x-ray diffraction, energy-dispersive x-ray spectroscopy and x-
ray photoelectron spectrometer. The gas-sensing properties of ruptured Nd-
doped In,03 porous nanotubes were studied and the results show the excellent
performances of the as-obtained materials. The response of ruptured Nd-
doped In,O3 porous nanotubes to 100 ppm of formaldehyde is 46.8 at the
optimum temperature of 240°C. The response and recovery times are 8 s and
22 s, respectively. Furthermore, the lowest detection limit of formaldehyde is
100 ppb with the value of 2.4. In addition, the ruptured Nd-doped In,O3
porous nanotubes exhibit good selectivity to formaldehyde and long-term
stability.
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INTRODUCTION

Due to the increasing popularity of chemical
products in daily life, our lives are becoming more
and more comfortable and convenient. However,
some negative effects have gradually emerged. For
instance, some indoor fixtures can release formalde-
hyde gas which endangers human health. At pre-
sent there are many methods to detect the existence
and concentration of formaldehyde, such as spec-
trophotometric, colorimetric and catalytic
method.'™ However, there are usually some disad-
vantages of these methods such as complicated
operation and expensive cost. During the past
decades, semiconducting oxides have been widely
used in many fields such as photosensitization® and
lithium storage.® Gas sensors based on semicon-
ducting oxides have received widespread attention
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due the benefits of their easy fabrication and low
cost.” However, there are still some drawbacks
which limit the practical application of semicon-
ducting oxide gas sensors such as low sensitivity
and poor selectivity. Recently, many efforts have
been made to solve these problems, and one of the
most effective ways is to increase the surface-to-
volume ratio.® Previous studies have demonstrated
that porosity plays a vital role in the enhancement
of the gas-sensing performance of materials, since it
can improve the transport speed of gas molecules in
materials and provide more effective contacts
between gas and materials.” For instance, Wang
et al.’® synthesized porous SnO, carbon nanofibers
by calcining at a high temperature and this exhib-
ited good performance with carbon tetrachloride. An
et al.'! obtained porous carbon nanofibers by reduc-
ing SnOy using H,. However, these methods gener-
ally have some disadvantages such as complex
fabrication and high cost. Herein, we introduce a
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simple method to fabricate ruptured Nd-doped
In,O3 porous nanotubes with cracks and pores on
the surface.

Iny03 is an n-type semiconducting oxide with a
wide band gap.'® It has been studied extensively
due to its advantages of non-toxicity and stability,
and it can can be used as a base for doping other
dopants. Rare earth elements have been widely
studied in the fundamental and technical field over
the past decades due to their particular character-
istics arising from the 4f electronic shells.'® How-
ever, Nd-doped In,O3 have never been studied in
the field of gas sensors. Many studies have demon-
strated that the exposure of the inner/outer surfaces
of nanotubes will provide larger reactive sites,
which is very crucial for their gas-sensing perfor-
mance.'* The ruptured porous nanotube structure is
a more open nanostructure which provides easy
pathways for gas molecules to penetrate easily into
the whole nanotubes, making ruptured In,O3 por-
ous nan105tubes suitable candidates for use as gas
sensors.

In this paper, ruptured Nd-doped InyO3 porous
nanotubes are successfully synthesized by the sin-
gle nozzle electrospinning and calcination method.
The gas-sensing properties of the as-obtained mate-
rials to formaldehyde are also investigated. The
experiment results show that this novel ruptured
nanotube structure possesses a more open structure
that enhances its gas-sensing performances.

EXPERIMENTAL
Materials

All chemical reagents were of analytical grade and
used without further purification. Poly(vinylpyrroli-
done)—PVP, M, = 1,300,000—was obtained from
Sigma-Aldrich (USA). In(NO3)3 (99.99%), Nd(NO3)s:
6H20 (99.99%), N,N-dimethylformamide (DMF >
99.5%), and ethanol (299.7%) were purchased from
Aladdin (Shanghai, China).

Synthesis and Characterization of Ruptured
Nd-Doped In;O3 Porous Nanotubes

Ruptured Nd-doped In,O3 porous nanotubes were
synthesized via a simple single-capillary electrospin-
ning method.’® Briefly, 0.4 g of In(NOs); and
0.0358 g of Nd(INO3)3:6H,O were mixed with 2.2 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 was stirred for 12 h. The mixture was
ejected from the stainless steel capillary with a
voltage of 13 kV and the distance between the
capillary and collector was 25 ¢m. Then, the electro-
spinning non-woven mats were collected and
annealed at a rising rate of 22°C/min from room
temperature and a keeping time of 180 min at 550°C.
At last, the furnace was self-cooled to room temper-
ature. Powder x-ray diffraction (XRD) analysis was
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Fig. 1. XRD patterns of (a) pure and (b) Nd-doped In,O3 porous
nanotubes.

conducted using a PANalytical Empyrean diffrac-
tometer with Cu K, radiation (A= 1.5406 A).
Energy-dispersive x-ray (EDX) spectrometry was
performed using a Hitachi S4800 system. Scanning
electron microscopy (SEM) images were recorded
using a Hitachi S4800 instrument. Transmission
electron microscopy (TEM) images were recorded
with a JEOL-2000EX. X-ray photoelectron spec-
troscopy (XPS) measurements were carried out on
an ESCLAB KMII using Al as the exciting source.

The process of gas sensor fabrication is described
in previous work.!” In detail, a certain volume of
deionized water was mixed with the samples to form
a paste. Subsequently, a ceramic tube with a pair of
gold electrodes was coated with the paste. A spring-
like Ni-Cr wire plugged in the ceramic tube was
used to provide the operating temperature. The gas
sensors need to be dried in shade prior to the first
measurement. The sensor response (S = R,/R,) was
defined as the ratio of the sensor resistances in the
air (R,) to that in the target gas (R,). 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. The sensing properties of the sensors
were measured using a CGS-8 Intelligent gas-
sensing analysis system (Beijing Elite Tech Co.,
Ltd., Beijing, China).

RESULTS AND DISCUSSION
Structure and Morphological Characteristics

The XRD patterns of (a) pure and (b) Nd-doped
In,O3 porous nanotubes are shown in Fig. 1. All the
samples are well-crystallized and no additional
impurity peaks are detected, implying the high
purity of the as-synthesized materials. The diffrac-
tion peaks can be indexed to cubic InyOs; (JCPDS
No. 71-2195).
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Fig. 2. EDX pattern of the ruptured Nd-doped In,O3 porous nan-
otubes.

Figure 2 displays the EDX pattern collected from
the ruptured Nd-doped In,O3 porous nanotubes. It
demonstrates that the obtained materials are com-
posed of In, O and Nd. The peak of C is derived from
the conducting resin during the measurement.

The morphologies of (a, b and c¢) Nd-doped and (d)
pure In,O3 porous nanotubes are shown in Fig. 3.
All the nanotubes are randomly distributed and
with a uniform diameter of approximately 200 nm.
Moreover, it can be clearly seen that the surface of
the nanotubes is distributed with cracks and holes,
which facilitate passages for diffusion throughout
the whole nanotube.

Further detailed structural analysis of Nd-doped
Iny,03 porous nanotubes was carried out using TEM.
Figure 4a shows the TEM image of representative
Nd-doped In,O3 nanotubes. It can be seen that the
size and shape of the product were similar to those
of the SEM observations. The high-resolution trans-
mission electron microscopy (HRTEM) image
(Fig. 4b) showed a fringe distance of 0.291 nm,
corresponding to the lattice distances of the (222)
plane of cubic InyO03.'®

Furthermore, XPS spectra are taken to investi-
gate the chemical composition of Nd-doped InyO;
porous nanotubes. As shown in Fig. 5a, the double
peaks located at 452 and 444.45 eV are indexed to
the In 3ds/s> and In 3ds/s , respectively, which can
match well with the spin—orbit split of cubic In,05.*°
Figure 5b shows the Nd 3d spin—orbit doublet
recorded from the XPS spectrum, which corresponds
to the 3dss and 3dss peaks positioned around
1005.5 and 983.3 eV, respectively.?® The result
indicated that Nd ions have entered the materials.

Gas-Sensing Properties

The response curves of pure, 9 mol.%, 11 mol.%,
and 13 mol.% Nd-doped InyOsz porous nanotube
sensors to 100 ppm formaldehyde at different

operating temperatures are shown in Fig. 6. The
sensitivity of all the sensors increases sharply as the
temperature increases and reach the maximum
response at 240°C. Then the sensitivity begins to
decrease when the temperature continues rising.
Therefore, 240°C is defined as the optimum operat-
ing temperature. It can be seen that the sensitivity
of In,O3 porous nanotubes has been improved after
doping with Nd, and the optimal doping amount is
11 mol.%. The low sensitivity at a lower percentage
of dopant is because the dopant doesn’t play a major
role. And the decrease in the sensitivity at a higher
percentage of dopant is attributed to the decrease of
the effective surface adsorption areas.?!

The response curves of ruptured Nd-doped Iny,O3
nanotubes to different concentrations of formalde-
hyde at 240°C are presented in Fig. 7a. It can be
seen from the inset image that the sensitivity
changed almost linearly with the concentration of
formaldehyde at low concentrations (0.1-100 ppm).
The sensitivity did not reach saturation until a
concentration of 2000 ppm, indicating the large
testing scope to formaldehyde. Furthermore, the
lowest detection limit is a very important factor for
gas sensors in practical applications. In this exper-
iment, even at 100 ppb of formaldehyde, the sensi-
tivity of ruptured Nd-doped In,;O3 porous nanotubes
can still be observed and the response value is 2.4.
Figure 7b displays the sensitivity of gas sensors in
the range between 100 ppb and 5 ppm, which is the
range of most applications. It can be seen that the
Nd-doped InyO3 porous nanotube sensors possess
good formaldehyde-sensing properties at such low
concentrations.

Figure 8 displays three cycles of dynamic
response and recovery curves of pure and Nd-doped
In,O3 nanotubes to 100 ppm of formaldehyde at
240°C. It can be seen that compared to pure Ins0O3
(response value is 13.4), the sensitivity of Nd-doped
In,O3 porous nanotubes (response value is 46.8)
increased 3.5 times while retaining the response
and recovery speeds. The response and recovery
times of Nd-doped In,O35 are 8 s and 22 s, respec-
tively. The ultrahigh response and recovery speed
may be attributed to the unique porous structure of
ruptured Nd-doped InyOsz; nanotubes. The cracks
and holes on the surface of nanotubes make gas
move in and out from the materials much easier and
faster, leading to the rapid response and recovery
speed. At the same time, this more open structure
makes the reaction between a target gas and
adsorbed oxygen becomes more intense, which
results in the improvement of the sensitivity of gas
sensors. In the three dynamic cycles, sensitivity,
response and recovery speed remain almost the
same, showing the good stability and repeatability
of Nd-doped porous In,O3 nanotubes.

Sometimes, gas sensors may meet situations of
coexistence of multiple gases in practical use, so the
selectivity is an important factor for gas sensors. In
this experiment, the sensing properties of ruptured
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Fig. 4. (a) Typical TEM and (b) HRTEM images of Nd-doped In,O3 porous nanotubes.

Nd-doped In,0O3 porous nanotube sensors to 50 ppm
and 100 ppm of several common gases including
formaldehyde, toluene, butane, hydrogen, ammonia
and carbon monoxide are measured at 240°C. As
displayed in Fig. 9, the ruptured Nd-doped InyO3
nanotubes show less sensitivity to other gases
compared to formaldehyde, indicating the good
selectivity of the as-prepared materials.

Figure 10 shows the sensitivity of Nd-doped In,O3
porous nanotubes to different concentrations of
formaldehyde in 50 days. It can be seen that the
sensors almost remain stable during the test, indi-
cating the good long-term stability of Nd-doped
In,O3 porous nanotubes.

Aiming to show the excellent formaldehyde-sens-
ing properties of the as-prepared Nd-doped Iny,O3
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Fig. 5. XPS spectrums of Nd-doped In,O3 porous nanotubes, (a) In 3d, (b) Nd 3d.
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Fig. 6. Response curves of pure, 9 mol.%, 11 mol.%, and 13 mol.% porous nanotube sensors to 100 ppm of formaldehyde at 240°C.

Nd-doped In,O3 porous nanotube sensors to 100 ppm formaldehyde
at different operating temperatures.
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porous nanotubes, Table I displays the comparison
of Nd-doped InyOs; porous nanotubes with other
formaldehyde-sensing materials based on InyO3. It
can be seen that the formaldehyde-sensing property
has been improved significantly.
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Fig. 9. Responses of ruptured Nd-doped In,O3; porous nanotube
sensors to different gases at 240°C.
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Fig. 10. Long-term stability of Nd-doped In,O3 porous nanotube gas
Sensors.
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Gas-Sensing Mechanisms

For gas sensing mechanisms of ruptured Nd-
doped InyO3 porous nanotubes, the most well-
known principle is the change of sensor resis-
tance.?® When a sensor is exposed in an air condi-
tion, Oy will adsorb on the surface of materials and
convert into O, Oy~ and O?  and consume elec-
trons from the conduction band of materials.?”
Therefore, the resistance of the sensor decreases
as the conductivity declines. However, when a
reducing gas such as formaldehyde is introduced,
the formaldehyde gas molecules will react with the
adsorbed oxygen species and release electrons into
the conduction band of materials. Thus, the resis-
tance of the gas sensor decreases.?® Given the
definition of sensitivity of gas sensors (S = R,/Ry),
the change in resistance before and after formalde-
hyde being introduced can be used to detect the
concentration of formaldehyde.

Previous studies have demonstrated that the one-
dimensional structure of materials can affect gas-
sensing performance significantly.?® The ruptures
and pores on the surface of nanotubes can provide
easy pathways for gas molecules to penetrate easily
into the whole nanotubes. In addition, the ruptures
of nanotubes can offer more contact and reaction
sites, which will result in more oxygen absorbed on
the surface of materials and make the reaction
between formaldehyde gas molecules and the
absorbed oxygen more violent.>°

Moreover, the Nd dopant plays another important
role in enhancing the gas-sensing performances. It
is known that the sensing property is related to the
types of sensor (n-type or p-type), and the electrical
properties of the oxide semiconductors are related to
the ambient atmosphere. If the conductivity of
materials increases with an oxidizing atmosphere,
it is called a p-type semiconductor; if the conductiv-
ity of materials increases with a reducin§ atmo-
sphere, it is called an n-type semiconductor.>*? For
this experiment, the conductivity of InyOsz before
and after doping Nd both increase when exposed to
the reducing formaldehyde gas; therefore, the In,O3
is an n-type semiconductor in this test.!? Many
researches have demonstrated that when two semi-
conducting oxides contact each other, a heterojunc-
tion structure will be formed at their interface.?
Electrons flow from the n-type In,O3 to the p-type

Table I. Comparison of formaldehyde-sensing performance between Nd-doped In;O3; porous nanotubes and

other In,03-based sensing materials

Gas sensors

Sensitivity Working temperature/°C Gas concentration/ppm Response value Reference

Nd-doped Ins03 R,/R, 240
Au@In,03 R,/R, 200
Sr-doped Iny O3 R,/R, 200
Zn0O-doped In,03 R./R, 260

Iny03 R./R, 430

100 46.8 This work
100 17 Ref. 22
100 9.4 Ref. 23
100 9 Ref. 24
100 6.6 Ref. 25
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Nd;053* while vacancies flow in the opposite direc-
tion. At last, the Fermi levels of the two semicon-
ducting oxides in contact reach a balanced state and
a depletion layer which hinders electron movement
formed at the interface at the same time.?* There-
fore, the resistance of materials in air (R,) increases
significantly after doping with Nd. However, when
formaldehyde is introduced, the reaction between
formaldehyde gas molecules and the absorbed oxy-
gen will release electrons into the materials and the
depletion layer will shrink in this process.?! Thus,
the resistance in the target gas (R;) decreases.
Therefore, the sensitivity of gas sensors (R,/R,)
increases.

CONCLUSION

In summary, ruptured Nd-doped InyOs; porous
nanotubes were successfully synthesized via the
single-capillary  electrospinning method. The
formaldehyde-sensing properties were investigated
which indicated the unique nanotube structure with
ruptures and pores possesses excellent gas-sensing
capability. The optimum operating temperature is
240°C for ruptured Nd-doped InyOsz porous nan-
otube sensors, and the response to 100 ppm of
formaldehyde is 46.8 at 240°C. The response and
recovery times of ruptured Nd-doped In,O3 porous
nanotubes are 8 s and 22 s, respectively. Further-
more, the lowest detecting limit is 100 ppb with the
value of 2.4. In addition, the ruptured Nd-doped
In,O3 nanotube sensors exhibit good selectivity to
formaldehyde and long-term stability. The excellent
gas-sensing properties indicate the as-prepared
material can be used as a promising candidate for
gas sensors in practical applications.
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