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ABSTRACT

Pure and Ho-doped In,O5; nanotubes (NTs) and porous nanotubes (PNTs) were
successfully synthesized by conventional electrospinning process and the fol-
lowing calcination at different temperatures. X-ray diffractometry (XRD), ther-
mogravimetric analysis (TGA), Raman spectrometer, energy-dispersive
spectroscopy, scanning and transmission electron microscopy were carefully
used to investigate the morphologies, structures and chemical compositions of
these samples. Their sensing properties toward ethanol gas were studied.
Compared with pure In,O3; NTs (response value is 17), pure In,O; PNTs (re-
sponse value is 20) demonstrated enhanced sensing characteristics. What's
more, the response of Ho-doped In,O3; PNTs sensors to 100 ppm ethanol was up
to 60 at 240 °C, which increased three times more than that of the pure In,O;
PNTs. Additionally, the minimum concentration for ethanol was 200 ppb (re-
sponse value is 2). The increased gas-sensing ability was attributed not only to
the hollow and porous structure, but to the Ho dopant. Furthermore, Ho-doped
In,O3 PNTs enable sensor to discriminate between ethanol and the other gas
distinctly, particularly acetone that is usually indistinguishable from ethanol.
Also, by analyzing XRD, TGA and Raman spectrometer, a possible formation
mechanism of porous nanotubes and sensing mechanism were put forward.
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sensors domain, gas sensors based on indium oxide
tend to have lower resistance because of their low

Introduction

As an important n-type transparent inorganic semi-
conductor functional materials, In,O3, because of its
wide band gap, higher conductivity and fine catalytic
performance, is widely employed in the areas of
screen, gas sensors, ceramics and other fields. In gas
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resistivity [1]. In recent years, reports on In,O; gas
sensor have gradually increased; two kinds of studies
are used in material modification for the sake of
further enhancing response magnitude. One is to
increase the surface area to get a higher surface to
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volume ratio to facilitate the surface-controlled pro-
cess between target gas and In,O3 sensor. For exam-
ple, Wagner et al. explored how response values of
gas sensors were affected by mesoporous structure
due to its modified gas diffusion performance and
the formation of a sufficient depleted region, and
their results indicate that mesoporous structure was
essential for rapid gas response or recovery and
higher response value toward target gases [2].
Moreover, Akash Katoch et al. [3] found that ZnO
hollow fibers with smaller aperture made sensors
much more sensitive to target gases than those with
larger aperture. And, they also found that the lepto-
dermous hollow fibers showed increased responses
value to CO compared to pachypleurous hollow
fibers [4]. In addition to the above methods, the other
is to decorate In,O5 surface with precious metal (such
as Ag, Pt, Au) [5-7] or doping external metals (Ni, Sn,
Ti) [8-10] to improve the catalytic activity. Further-
more, rare-earth element (like La, Sm and Ce) [11-13]
can serve as catalysts to increase the number of active
sites or oxygen vacancies on the surface of sensing
materials because of their rapid oxygen ion mobility
and good catalytic performance. However, research
on gas-sensing properties of Ho-doped In,O5; porous
nanotubes (PNTs) sensor is seldom reported.
Nowadays, some methods have been developed
for the synthesis of nanosized In,Os including
chemical vapor deposition [14], hydrothermal syn-
thesis [15], sol-gel method [16] and electrospinning
(ES) [17-19]. In this research work, we studied the
controllable synthesis of Ho-doped In,O; NTs and
PNTs by adjusting a suitable heat-treating process via
electrospinning. The method of fabricating porous
structure is very simple and low cost. In addition,
electrospun nanofibrous structure has large aspect
ratio, which is very useful for electron transport and
structural stability. Porous tubular structure has lar-
ger surface area than nanofibrous, and the holes on
the surface can be conducive to the diffusion of gases.
The ethanol-sensing properties of Ho-doped In,Os;
PNTs sensor were investigated. This research shows
that the structure of PNTs led to moderate improve-
ments in the sensitivity of sensors. More than that,
6 mol% Ho-doped In,O3; PNTs sensors possess best
gas-sensing properties (60 for 100 ppm) to ethanol.
Their response value is higher than previous studies
about ethanol sensor based on other In,O; nanos-
tructure. Not only that, the sensor also possesses fast
response and recovery rate. These excellent
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performances can be attributed not only to the porous
structure and larger surface area of gas-sensing
materials but also the catalysis of Ho dopant. The
formation mechanism of the hollow or porous
structure of Ho-doped In,O; and the reasons for the
improvement in ethanol-sensing properties were also
discussed and analyzed in detail.

Experimental details
Materials

Polyvinylpyrrolidone-K90 (PVP-K90, 99.8%,
M,, = 1,300,000) was purchased from Sigma—Aldrich
(USA).  In(NO3)3-4.5H,O  (99.9%), HoCl;-6H,O
(99.9%), N,N-dimethylformamide (DMF, 99.5%) and
C,HsOH (99.7%) were obtained from Aladdin
(China). The above chemicals were of analytical
grade and without further purification.

Synthesis

To synthesize the pristine and Ho-doped In,O3; PNTs,
0.2 g In(NO5);-4.5H,0O was dissolved in mixed sol-
vent comprised of 2 g DMF and 4 g ethanol with
magnetic stirrers; an appropriate amount of HoCl;
-6H,O was added to the above solvent. After stirring
for 1h, 0.3 g PVP was added to it. After further
stirring for 6 h, homogeneous precursor solution was
transferred into a plastic syringe with a metal spin-
neret that was connected to the positive electrode of a
high-voltage power supply. A voltage of 18 kV direct
current (DC) was applied between the cathode (a flat
aluminum foil) and the anode (syringe tip), and the
distance between the two electrodes was 25 cm. After
a period of electrospinning, the as-collected nonwo-
vens were placed into a muffle furnace and calcined
(12 °C/min) in air at 550 and 600 °C for 2 h to form
pure or Ho-doped In,O3 NTs and PNTs, respectively
(Fig. 1a).

Fabrication and measurement of the gas
sensors

In a typical fabrication procedure, first, the fabricated
sample was blended with a tiny bit of deionized
water to form a paste; the above paste was applied on
the surface of a ceramic tube that was equipped with
preinstalled a pair of Au electrodes and four Pt wires.
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Figure 1 a Schematic (a)
diagram of synthesizing In,O;
NTs and PNTs and sensor
device fabrication. b The
experimental setup for testing
gas sensitivity and the
detection circuit.
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A Ni—Cr alloy heating silk was placed in the inner of
alumina ceramic tube to offer the operating temper-
ature for sensors. To obtain a good stability, the as-
fabricated sensors were matured at 250 °C for at least
10 h before test.

For the gas concentration generated and controlled,
static liquid gas distribution method has been used to
obtain different gas volume fractions of the target
volatile organic compound gases. The corresponding
of liquid volume of VOCs and desired concentration

GRS,
Analyzer

of the test gas can be calculated by the following
formula [18]:
V'CM
- 224p m

where V' (uL) is the injection volume, V' (L) is the test
chamber volume, C (ppm) is the test gas concentra-
tion, M (g/mol) is the molecular weight of liquid and
p (g/mL) is the density of the liquid.

For the gas-sensing study, change in electrical
resistance of sensors as a function of time was
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Figure 2 a TG/DTG and b TG/DSC curves of Ho-doped In,O5 nanofibers.

recorded through a CGS-8 gas sensitivity instrument
that was coupled to the computer via a serial inter-
face cable (Fig. 1b). The operating temperature of
sensors could be controlled by adjusting the heating
current. During the process of testing, the target gas
or corresponding liquid whose volume is calculated
according to Eq. (1) was injected into the test gas
chamber (18 L) using syringe, and the electric fan
was used to mix the target gas with ambient air.
When the sensor resistance reached new constant
value, the gas chamber was opened to recover the
sensors in ambient air. The particular software that is
designed for the instrument is provided to display
real-time data and deal with the measuring data
automatically.

The sensor response value (S) was defined as the
ratio S = R./Rg, in which R, was the resistance of
sensor in air, and R was that in test gas. In addition,
the response and recovery times were separately
defined as the time taken by the sensor to achieve
90% of the overall resistance changes during
adsorption and desorption process.

Characterization techniques

An XRD-6000 X-ray diffractometer (XRD, Shimadzu,
Kyoto, Japan, with CuKa radiation, k = 1.5406 A)
was applied to research the crystal structures. Scan-
ning electron microscopy (SEM) and energy-disper-
sive spectroscopy (EDS) analysis images of the
samples were obtained using a scanning electronic
microscopy (FEI Magellan 400 FEI Corp., Hillsboro,
Oregon, US) and EDS attachment (OXFORD,
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X-MAX150, UK). The transmission electron micro-
scopy (TEM) images were recorded on a JEM-2200FS
transmission electron microscope. Thermogravimet-
ric/differential thermal analysis was performed
using a TGA/DSC simultaneous thermal analyzer
(Mettler-toledo TGA/DSC 3+, Greifensee, Switzer-
land) in air atmosphere. The Raman spectra of sam-
ples were taken at room temperature using Raman
spectrometer (Renishaw inVia Microscope) with
488 nm excitation wavelength. The sensing proper-
ties were detected using a CGS-8 intelligent gas-
sensing analysis system (Beijing Elite Tech, Beijing,
China).

Results and discussion
TG/DTG and TG/DSC

Thermal properties of the pure In,O3 nanofibers are
obtained from TG/DSC simultaneous analysis, in
which heating rate is 10 °C min~'. As shown in Fig. 2
a and b, the weight loss (ca. 10%) in the range of
30200 °C can be attributed to the evaporation of
absorbed water and residual solvent (ethanol and
DMEF), and the weight losses are more easily deter-
mined by integrating the peaks in the first derivative
(DTG) curve. The simultaneously recorded DSC
curve shows a wide endothermic peak. The two
weight loss peaks from 200 to 255 °C is due to the
removal of crystal water of the nitrates and the side
chains of PVP, respectively, and the weight loss of
this step is 8.74%. The sample weight is reduced to
33% of the initial value at 387 °C. Based on the DSC
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curves, exothermic reactions due to the decomposi-
tion of some nitrate and the PVP backbone are shown
at temperatures of approximately 300 and 350 °C.
The decomposition temperature of pure PVP is about
380 °C according to the previous report [20], but the
decomposition temperature of electrospinning nano-
fibers is declined by 30 °C. The emergence of this
phenomenon is ascribed to lattice oxygen released by
the decomposition of some nitrate and small size
effect of nanofibers [21]. The last weight loss of 23%
in the range of 387-550 °C is caused by oxycarbide
generated by the PVP decomposition and the
decomposition of the remaining nitrate. The DSC
curve shows a big exothermic peak due to the above
oxidation and the formation of In,Oj crystallization
at 415 °C. These results indicate that the whole
organic compounds are completely broken down to
carbon dioxide before the temperature reached
550 °C. This is why 550 °C is selected as the initial
annealing temperature.

XRD and EDS

Figure 3 shows the XRD patterns of pure In,O; PNTs
(sintering at 600 °C) and 6 mol% Ho-doped In,O;
nanofibers sintered at different temperatures. It can
be observed that all the diffraction peaks are consis-
tent with the cubic indium oxide (JCPDS card no. 06-
0416). No additional peaks appeared, which indicates
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Figure 3 XRD patterns of pure In,O; PNTs and 6 mol% Ho-
doped In,O; nanofibers sintered at different temperatures. The
inset shows how that crystal sizes change as a function of
temperature.
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that the samples are purity. In addition, the peaks of
Ho-doped In,O5; PNTs were slightly shifted to lower
angle compared with pure In,O; PNTs, which was
due to the increased lattice spacing (the substitution
of larger Ho>* (0.894 A) ions for In>*(0.810 A) [22]).
The lattice parameters calculated from the XRD
measurements of pure and 6 mol% Ho-doped In,O3
crystallite are 10.135 and 10.162 A, respectively. The
XRD patterns of 6 mol% Ho-doped In,O3 nanofibers
heat-treated at different temperatures ranging from
550 to 700 °C are studied in more detail. It is obvious
that the intensities of the peaks increase with the heat
treatment temperature increases, which is mainly
because of the growth of crystalline grain and the
increase in crystallinity. And the grain size (dy,) is
calculated using the XRD based on the Scherrer
equation:

D =0.894/fcosd (2)

where Z is the X-ray wavelength (1.5406 A), 0 is the
Bragg diffraction angle and f on behalf of the peak
width at half maximum. From the embedded figures,
we can see that the crystal sizes for Ho-doped In,O3
PNTs increases with the increase in temperature. In
addition, compared with the grain size of pure In,O3
PNTs (20.3 nm), the grain size of Ho-doped In,O3;
PNTs (15.9 nm for 6 mol% Ho dopant) decreases in a
certain extent.

Figure 4 displays the EDS pattern obtained from
the Ho-doped In,O; PNTs. It indicates that the
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Figure 4 EDX pattern of 6 mol% Ho-doped In,O; PNTs.
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prepared materials are composed of In, O and Ho.
The peak of C and Al is caused by conductive tapes
and aluminum sample stage, respectively. The insert
reveals the atoms percent of the sample under test,
and the atoms percent of Ho element is almost con-
sistent with actual mole fraction.

Raman spectra

Room-temperature Raman spectra were recorded in
the spectral range of 250-700 cm™' to investigate the
defect states of pure In,O; and Ho-doped In,O;
PNTs. Figure 5 displays the vibrational modes of all
samples at 306, 366, 494 and 629 cm™!, which are
assigned to bcc-In,O; [23, 24]. Especially for Ho-
doped In,O; PNTs, several notable features were
observed. The intensity of the Raman peaks (306, 366,
494, 629 cm™ ') decreases with the increase in Ho>"
concentration, which may be due to loss of crys-
tallinity and increase in structural disorder. The rel-
ative intensity of the peak at 366 cm ™', with respect
to maximum intensity peak at 306 cm ™', is positively
related to the presence of oxygen vacancies and
increases with the Ho®" content [25]. In other words,
the number of oxygen vacancies will increase due to
introducing Ho*.

SEM and HRTEM

Figure 6 shows typical SEM images of pure and Ho-
doped In,O; after different heat treatments. It was
shown that the surface of In,O3; NTs with or without
holes was controlled by calcination temperature. As
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Figure 5 Raman shift of pure In,O; and Ho-doped In,O; PNTs.
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exhibited in Fig. 6a, after annealing to 550 °C for 2 h,
well-defined In,O5; NTs are obtained. It can be clearly
seen that the nanotube is homogeneous and lepto-
dermous with diameters of nearly 100 nm. In con-
trast, it can be observed that the surfaces of the
nanotubes were full of holes after calcination at
600 °C for 2 h (Fig. 3b). Meanwhile, Fig. 6c, d clearly
demonstrates that the morphology of Ho-doped
In,O5 is similar to the above. It follows that suit-
able amount of Ho element will not cause a great
impact on the morphology of nanotube or porous
nanotube. The morphology gradates from porous
nanotubes to chain-like structure along with the
increase in heat treatment temperature (Fig. 6e).

To further investigate the structure of the Ho-
doped In,O; sample, the HRTEM images of the
nanostructured Ho-doped In,O; heat-treated at
550 °C for 2 h are displayed in Fig. 6f. It shows that
the interplanar spacings are 0.28 and 0.26 nm,
attributed to the (1 0 0) and (0 0 2) planes of cubic
bixbyite In,Os, respectively. The spotted ring-like
SAED pattern shown in the insert of Fig. 6f further
confirms the presence of cubic In,O;. The rings cor-
respond to (211), (222), (400), (440), and (622) planes
of In,O3. And the absence of any secondary phase in
HRTEM images is in agreement with XRD data and
indicates that Ho ions are diluted in In,O3 matrix.

The formation mechanism of nanotubes has been
reported by many researchers [26-28]. Dayal and
Kyu [26] reported that the development of diverse
fiber morphologies depended on the match between
the phase separation kinetics and the speed of solvent
evaporation to some extent and that the nanotubes
with uniform morphology are formed when the sol-
vent evaporation process preponderates over the
phase separation. Kirkendall diffusion effect plays an
important role in the temporal evolution of the fiber
morphology, according to other researchers [27, 28].

On the basis of the above-mentioned experiment
and TG/DTG (Fig. 2), a possible formation mecha-
nism of hollow nanofibers or porous In,O3; nanotubes
was proposed based on the results of TGA and SEM
as illustrated in Fig. 7. Firstly, for In(NO;);/PVP
composite nanofibers, In(NO3); and PVP are the main
components, and during the electrospinning process,
once nanofibers are spun out from the needle, most of
ethanol and DMF will be vaporized. PVP functioned
as a template for In(NOj)s. Secondly, during the
calcination treatment, the In(NOj3); situated near the
surfaces of the nanofibers begin to decompose and
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Figure 6 SEM image of a, b pure and c—e Ho-doped In,O3 nanofibers calcined at different temperatures. £ The HRTEM image and

SAED of 6 mol% Ho-doped In,O; PNTs.

form In,Oj particles (starting from about 220 °C).
Simultaneously, it is difficult for the In(NO3); in the
inside of the nanofibers to be oxidized, which is
because of the lack of oxygen. In the meantime, the
decomposition of PVP (side chains and partial back-
bone) happens when temperature increases (at about
255-390 °C). During the formation of In,O; on the
surface of nanowires, the inverse concentration gra-
dients of In(NO3); and In,Oj3 particles in a radial

direction of the nanofibers impel In(NO5); to diffuse
from the inside out and In,Oz particles from the
outside in. However, the In(NOjz); (T, = 100 °C)
melts much faster than the In,O; particles
(T = 850 °C). Therefore, vacancy diffusion is used
to make up for the unbalanced movement of sub-
stances (Kirkendall effect) [27, 28]. This effect induces
the formation of hollow structure near the inside (the
side of faster diffusion). In addition, PVP as a
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Figure 7 Possible formation mechanism of the In,O3 PNTs.

removable template tries to break free from fibrous
morphology control, whose gasiform oxide resultants
(such as CO, CO,) can prompt the outdiffusion of
In(NO3);. Finally, the PVP components will be
decomposed completely at about 550 °C, and In,O3
NTs are obtained. For porous nanotubes, the heating
temperature is higher. The In,O; grain size increases
with the further increase in temperature (the inset of
Fig. 3b), which is possible because some smaller
grain can combine to create larger one, and the inside
of grain become more neat, the distance between
particles become larger [29]. In addition, In,O; grain
may happen recrystal process during increasing
temperature, and large grain become larger and small
grain become smaller. Pores will be formed between
larger grain and particles. So the pores appear
equally over the entire surface of nanotubes.

Gas-sensing properties

The adsorption properties of the oxygen and
response rates of target gases are temperature
dependent [30], so most metal oxide gas sensors are
also equipped with a heater that allows operation at a
predetermined optimal operating temperature. Fig-
ure 8 shows the changes of response with operating
temperature (from 200 to 270 °C) for the pure In,O3
NTs, pure and Ho-doped In,O; PNTs (2, 4, 6 and
8 mol%) to 100 ppm ethanol. The response value of
the sensor increases with the temperature increasing
and goes for its peak at 240 °C and then decreases
with a further increase in temperature. Therefore,
240 °C was the most appropriate operating temper-
ature, so 240 °C was used in all the tests hereinafter.
In addition, it can be obviously found that gas sensor
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Figure 8 Response of pure In,O; NTs (550 °C), pure In,O3
fractured PNTs (700 °C), pure and Ho-doped In,O; PNTs
(600 °C) (2, 4, 6 and 8 mol%) to 100 ppm ethanol at different
operating temperatures.

based on porous structure displays better gas-sensing
performance than sensor based on tubular construc-
tion. Moreover, the 6 mol% Ho-doped In,O; PNTs
demonstrated the highest sensitivity, and the pure
In,Os-fractured PNTs (700 °C) show lower response
than pure In,O3; PNTs (600 °C), and it is because that
pure In,Os-fractured PNTs have lager grain size.
From the above, we focus on 6 mol% Ho-doped In,O3
PNTs.

To clarify the influence of doping Ho element fur-
ther, Fig. 9 shows the resistance and response tran-
sients of pure In,O; NTs and PNTs sensors and
6 mol% Ho-doped In,O; PNTs sensors exposed to
100 ppm ethanol at 240 °C. Figure 9a shows that Ho
dopant can significantly increase the resistance of
In,O;. As shown in Fig. 9b, pure In,O; (response
value is 17) takes on better gas sensitivity than pure
In,O3 PNTs (response value is 20). Compared to pure
In,O5; PNTs, the sensitivity of Ho-doped In,O3; PNTs
(response value is 60) is triple. This may be because
doping Ho element increases the number of effective
sites (oxygen vacancies) of sensing materials [31, 32].
More specifically, the number of oxygen vacancies
will increase due to the substitution of Ho for In,
which will cause more electrons trapped by the
increased oxygen vacancies in air [33]. When the
sensor is exposed in air and in ethanol, it is obvious
that the responses of the sensor change rapidly. The
response and recovery time of the pure and 6 mol%
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Figure 9 Dynamic resistance (a) and responses (b) of pure In,O3 NTs (550 °C) and PNTs (600 °C) sensors and 6 mol% Ho-doped In,O3

PNTs sensors versus 100 ppm ethanol concentration.

Ho-doped In,O; PNTs are 5 and 30s, 4 and 28 s,
respectively. The rapid response and recovery per-
formances can be attributed to the porous structure of
the as-electrospun nanotubes, which can be more
conducive to diffusion of ethanol molecules and
improve the adsorption and desorption speed of
target gas [34]. The above testify that Ho-doped In,O3
PNTs sensors have potential application.

The dependence of response value on ethanol
concentration is measured and shown in Fig. 10. In
the low concentration range (from 1 to 100 ppm), the
response values is approximately linear with ethanol
concentration. For clarity, the response of the sensors
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Figure 10 Response curves of Ho-doped In,O; PNTs (600 °C)
sensors to different concentrations of ethanol at 240 °C.

to lower concentration is shown in insert, and the
limit of detection (LOD) was about 200 ppb. Above
100 ppm, the response value increases slowly with
the ethanol concentration increasing, which indicates
that the sensors become more or less saturated. The
reason is that the sensors sensitivity is influenced by
the number of effective sites [35]. However, the
structure of porous nanotubes and crystals doped
with Ho element has a pronounced effect on the
amount of gas adsorption.

Selectivity is another important parameter for a
sensing material in practical applications. As is evi-
dent in Fig. 11, selectivity histogram highlights the
superior ethanol cross-sensitivity of Ho-doped In,O3
PNTs toward 100 ppm ethanol, acetone, formalde-
hyde, toluene, methanol, carbon monoxide, hydrogen
and ammonia gases at 240 °C. It is well known that
the selectivity of the sensor is influenced by several
factors, such as the lowest unoccupied molecule orbit
(LUMO) energy of the gas molecule and the amount
of gas adsorption on the sensing material at different
operating temperatures. Different gases have differ-
ent energies of adsorption, desorption and reaction
on the material surface [8, 40]. According to the
previous reports, if the value of the LUMO energy of
the gas molecule becomes smaller, the energy needed
for the gas-sensing reaction will reduce and the
sensing signal can be enhanced accordingly. Take
ethanol and acetone for example, the values of the
LUMO energy for ethanol and acetone are 0.12572
and 0.20525 eV, respectively, which means that the
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Figure 11 Responses of Ho-doped In,O; PNTs (600 °C) sensors
to different gases with a concentration of 100 ppm at 240 °C.

electrons transport more easily in ethanol molecules
than in acetone molecules to the conductance band of
Ho-doped In,O; PNTs. Therefore, the Ho-doped
In,O; PNTs sensor shows higher sensitivity to etha-
nol than to acetone. Compared with the unconspic-
uous discrimination of pure In,O; PNTs sensors to
ethanol and acetone, the response of Ho-doped In,O3
PNTs sensors to ethanol is two and a half times dif-
ferent than that of acetone. The tested excellent sen-
sitivity and selectivity of the 6 mol% Ho-doped In,O3
PNTs show that it is a suitable candidate for various
practical application environments.
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Figure 12a shows that the sensitivity value and
response and recovery speed have almost unchanged
during the three cycles, and the response value can
recover about 1 after removing sensor from target gas
to air. All the above behaviors confirmed the repro-
ducibility and stability of Ho-doped In,O; PNTs.
Figure 12b displays the stability of Ho-doped In,Os
PNTs sensors to 20, 50 and 100 ppm ethanol at 240 °C
within 30 days. It can be seen that the response of
sensors basically have unchanged during the testing,
demonstrating the good long-term stability of Ho-
doped In,O; PNTs.

Table 1 indicates that Ho-doped In,O; nanotube
sensors show a better sensitive to ethanol than other
ethanol sensors using In,O; as base-sensing material
and noble metallic catalysts. Hence, the Ho-doped
In,O5 nanotubes have potential to be used for ethanol
sensor.

In general, for gas-sensing mechanisms of semi-
conducting metal oxides, the universally recogniz-
able principle is the change of resistance when
sensing materials is exposed to air or target gas [41].
Initially, when a sensor is placed in air, oxygen
molecules are absorbed on the shell surface of Ho-
doped In,O3; PNTs sensors and trap electrons from
the conduction band of materials, which leads to the
increase in resistance. After that, when ambient
atmosphere rapidly goes from air to a reducing gas
such as ethanol, oxygen radical anion will react with
ethanol molecules and simultaneously release elec-
trons back into the conduction band, and then, the
resistance will drop. The following equations and
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Figure 12 Reproducibility (a) and long-term stability (b) of Ho-doped In,O3 PNTs sensors.
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Table 1 Comparison of
response of ethanol sensors in

the studies with the sensor
based on Ho-doped In,O5
PNTs in this work

3277
Materials and structure T (°C) C (ppm) S (Ra/Ry) References
In,03/a-Fe,05 nanotubes 225 100 21.4 [36]
Ga,03-In,0; nanocomposites 300 300 70 [37]
Dy-doped In,O3 nanoparticles 300 50 30 [38]
Pb-doped In,O3 nanostructures 250 100 33 [39]
Ho-doped In,O3; PNTs 240 100 60 This work

O In:O:

Figure 13 Schematic illustrating sensing mechanism of Ho-
doped In,O3 PNTs (600 °C).

Fig. 13 are used to describe the reaction process
[39, 42].

Oz(gas) — Ox(ads) (3)
Ox(gas) + e« O,, O*", O (ads) (4)

C,Hs0H + O;, 0", 0" < CO; + H,O + e~
(5)

Rare-earth oxides are basic oxides, and rare-earth
doped semiconductor metal oxide has high surface
basicity [43]. In fact, oxidation of ethanol on the
surface of sensor undergoes dehydrogenation route
[44]. Step reaction describes its dehydrogenation and
oxidation as explained below:

CHs0H « CH3;CHO + H, (6)

CH;CHO + O,, O, O « CO, + H,O + e~
(7)

Hy+ O,, 0, O« H,O + e~ (8)

In addition, it has been known to us that material
with high specific surface area is more conducive to
improve gas sensibility. For this experiment, the
structure of hollow and porous can provide not only
more bonding sites (oxygen vacancies) for absorbing

more ethanol molecules, but also unhindered path-
ways which make gas molecules to easily penetrate to
the whole porous nanotubes.

Simultaneously, the Ho element also provides vital
role for improving the gas-sensing performances. It is
generally known that In,O3 is an n-type semicon-
ducting oxide because of oxygen vacancy [45]. When
Ho element is doped into the In,O3, the inequality of
ionic radius between Ho>* (0.89 A) and In** (0.81 A)
will give rise to the lattice deformation and imper-
fection, which will increase the number of oxygen
vacancies [33, 38, 46]. To attain the stoichiometry of
metal oxides, its oxygen vacancies will absorb atmo-
spheric oxygen. It has been reported that oxygen
vacancies can improve the binding interaction
between gas molecules and metal oxide semicon-
ductor nanotube [47]. In other words, the oxygen
vacancies on the surface of In,O3; PNTs can server as
electron donors, which is very beneficial for adsorb-
ing oxygen molecules. In general, more electrons are
trapped in air and released in ethanol atmosphere,
which will lead to a higher response (more variation
of resistance), when doping level is under 6 mol%.
With the increase in Ho content, materials possess
more active site for reacting with target gas [38].
However, when the doping level is higher than
6 mol%, the response value begins to decrease. This
is because redundant Ho®" will separate from the
In,O3 crystal and form many clusters, reducing the
electric transduction of In,O; PNTs [48]. Further-
more, the ethanol molecules will be burned on the
clusters surface without causing any electrical signal
[49], so 6 mol% is the optimal doping ratio. In addi-
tion, the grain size of materials is another
notable point [39, 42]. Ho dopant can effectively limit
the grain growth of In,O; according to XRD analysis,
and the resistance of materials is significantly
improved after doping Ho (Fig. 9a). According to
Prabhu’s research [50], the charge depletion layer of
In,O5 (L) represented approximation by the Debye
length (Lp) in air is about 10 nm at 240 °C and is
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greater than d,/2 (7.95 nm). And the whole grain
will become depletion region in air, which shows a
great change in resistance when sensors are moved
from air to ethanol gas [42].

Conclusion

In summary, pure and Ho-doped In,Os; NTs and
PNTs were successfully synthesized using a simple
and cheap process, and the morphology of material
was controlled simply by adjusting temperature.
Their sensing properties of ethanol were investigated.
This study has shown that in contrast to pure In,O3
NTs sensors, the sensors made out of pure In,O;
PNTs had higher response values, and in comparison
with pure In,O; PNTs sensors, In,O; PNTs with an
optimum Ho content level has gone a step further
with response values, but the latter significantly
outperformed the former for response values
improvement, that is, 6 mol% Ho-doped In,O; PNTs
sensors exhibited the highest response (60 for
100 ppm). They also had short response/recovery
time (4/28 s for 100 ppm) and excellent selectivity,
and the lowest detection limit of ethanol was 200 ppb
with the response value of 2. In the meantime, Kirk-
endall effect was used to explain the formation
mechanism of nanotubes, and the presence or
absence of pores on the surface of nanotubes was
determined by calcination temperature. These
advantages show that the Ho-doped In,O3 PNTs after
heat treatment at 600 °C can be selected as a hopeful
candidate for gas sensor in real-world usage.
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