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Synthesis of In,O3 nanoparticle/TiO, nanobelt
heterostructures for near room temperature
ethanol sensingt

Yujie Li,f Hongru Yang,i Jian Tian,* Xiaolin Hu and Hongzhi Cui*

In,O3 nanoparticle/TiO, nanobelt heterostructures are prepared via a facile hydrothermal strategy. Plenty of
smaller In,Oz nanoparticles are uniformly deposited onto the surface of TiO, nanobelts. Compared with
pure TiO, nanobelts and In,Oz nanoparticles, the obtained In,Oz nanoparticle/TiO, nanobelt
heterostructures exhibit enhanced ethanol sensing properties at a temperature as low as 45 °C and
a low detection limit (1 ppm). The improved sensing properties are mainly attributed to the synergic
effect of fast charge transfer of heterostructure and the formation of preferential adsorption sites by the
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Introduction

The growing concerns related to safety in residential areas
resulted in the rapid development of the effective detection of
toxic and hazardous gases.” As an important direct semi-
conductor with a band gap of 3.2 eV, TiO, has been applied in
many fields of research, including solar cells,® Li-ion batteries,*
photocatalysis,” photoelectrochemical cells,® and sensors,” due
to its low cost and power consumption, ease of fabrication and
use, stability in harsh environments, etc. Nanostructured TiO, is
generally considered a remarkable candidate for gas sensors.
However, the development of near room temperature/low
detection limit gas sensors remains a challenge.

There are two common strategies that have been pursued in
the literature to improve the properties of gas sensors.®* One
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isotherms of TiO, nanobelts, In,O; nanoparticles and In,O; nanoparticle/TiO,
nanobelt heterostructures (mole ratio 1:1), In 3d and Ti 2p core-level XPS
spectra of the samples, response of ethanol vapor sensors based on In,O;
nanoparticle/TiO, nanobelt heterostructures (mole ratio 1 : 1) upon exposure to
100 ppm of ethanol vapor at low operating temperature (45 °C, 55 °C and 80
°C), the sensing stability of the In,O; nanoparticle/TiO, nanobelt
heterostructures (mole ratio 1:1) sensor to 100 ppm ethanol with respect to
a low temperature of 100 °C; UV-vis diffuse reflectance spectra of TiO,
nanobelts, In,O; nanoparticles and In,O; nanoparticle/TiO,
heterostructures. Mott-Schottky plots of TiO, nanobelts and (c) In,O;
nanoparticles collected at a frequency of 1000 Hz in dark; zeta potentials of
TiO, nanobelts and In,O; nanoparticles in aqueous solution at different pH
values. See DOI: 10.1039/c7ra00011a
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small size of the In,Oz nanoparticles.

method is controlling the growth of TiO, with a specially
designed shape and morphology, such as one-dimensional (1D)
TiO, nanobelts.® Previous results have demonstrated that TiO,
nanobelts are highly advantageous for use in chemical sensors
comparing with their thin-film or bulk counterparts because of
their high surface-to-volume ratio, controllable structure and
facile electron transport in materials.”® The other method is
surface modification with semiconductor oxides, such as ZnO,"
In,03," and Snz0,4® to construct heterostructure. In gas
sensing, the heterostructure acts as a lever in electron transfer,
through which electron transfer is facilitated or restrained,
resulting in the enhanced sensing properties of the sensor.

It is generally difficult for a gas sensor based on a single
oxide semiconductor to satisfy all requirements on sensor
response, selectivity, stability, and working temperature.
Sensors based on two or more components have been explored
to improve gas sensing performance.” Among the various
oxides, 1D TiO,, such as TiO, nanobelt, is a promising candi-
date as the backbone for the design and fabrication of
composite nanostructures.” Indium oxide (In,O3), an n-type
indirect band semiconductor with an indirect band gap of
2.8 €V, has been recognized as the potential sensing material
due to its high electric conductance.* Other studies also show
that In,O; has high sensitivities to many gases such as H,,"®
CO," NO,,"” NH3," 05," and Cl,.”® In particular, In,05-based
sensors have been reported to be highly selective to ethanol
gas.”” However, the In,O; nanoparticles have limited sensing
activity due to the presence of fewer active surface sites
inducing by aggregation. So In,O; nanoparticles need to be well
dispersed on the support to achieve high mass activity and
resistance to aggregation. TiO, nanobelts possess a large
surface area, and can provide sufficient space for the nucleation
and growth of In,0; nanoparticles on their surfaces. As moti-
vated by the driving force of developing nanomaterials with
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enhanced sensing performance, great efforts have been
exhausted on the design of In,0; nanoparticle/TiO, nanobelt
heterostructures.

In this work, a novel heterostructure made of TiO, nanobelt
backbones and small size of well-dispersed In,O; nanoparticles
is prepared by a facile hydrothermal method. Compared to
pristine TiO, nanobelts and In,O; nanoparticles, a near room
temperature (45 °C)/low detection limit (1 ppm) gas sensing
performance enhancement of In,O; nanoparticle/TiO, nanobelt
heterostructures is first documented. The TiO, nanobelt
substrates restrict the growth of In,O; nanoparticles, resulting
in the formation of smaller In,O; nanoparticles with more
interaction sites for analytic gases. This remarkable property
can be attributed to the combination of several factors,
including efficient electron separation of heterostructure,
increased surface active sites of In,O3; nanoparticles with small
size, and the large surface area.

Materials and methods

Materials

Titania P25 (TiO,), sodium hydroxide (NaOH), hydrochloric acid
(HQL), sulfuric acid (H,SO,), indium nitrate hydrate (In(NO3);-
-5H,0), carbamide (CO(NH,),), diethylene glycol (DEG), and
ethanol were purchased from Sinopharm.

Synthesis

Preparation of TiO, nanobelts. TiO, nanobelts were synthe-
sized by a hydrothermal procedure. Typically, P25 powder (0.1 g)
was mixed with an aqueous solution of NaOH (20 mL 10 M),
followed by a hydrothermal treatment at 180 °C in a 25 mL
Teflon-lined autoclave for 72 h. The treated powder was washed
thoroughly with deionized water followed by filtration and
drying processes. The obtained Na,Ti;O, nanobelts were then
immersed in an aqueous solution of 0.1 M HCI for 48 h to ob-
tained H,Ti;O, nanobelts. The above products were dissolved in
a 0.02 M H,SO, solution and maintained at 100 °C for 6 h.
Finally, the products were isolated from solution by centrifu-
gation and sequentially washed with deionized water several
times by filtration, and dried at 60 °C for 10 h. Thermal
annealing of the H,Ti;O; nanobelts by acid corrosion at 600 °C
for 2 h led to production of TiO, nanobelts with roughened
surfaces.

Preparation of In,O; nanoparticle/TiO, nanobelt hetero-
structures (mole ratios at 1: 2, 1:1 and 2 : 1). First, In(NO3);-
-5H,0 (73.3-293 mg) and CO(NH,), (1 g) were dissolved in the
mixture of 13 mL of diethylene glycol and 2 mL of H,O under
magnetic stirring. The TiO, nanobelts (15 mg) were dispersed in
above solution with magnetically stirring for 2 h, and the final
pH 6.5, then transferred into a 20 mL Teflon-lined stainless
autoclave, sealed and maintained at 200 °C for 24 h. The as-
fabricated products were collected out and washed several
times with ethanol and deionized water by filtration, respec-
tively. After drying at 60 °C for 12 h, the In,0; nanoparticle/TiO,
nanobelt heterostructures (mole ratios at 1:2,1:1 and 2: 1)
were obtained. For comparison, pure In,O; nanoparticles were
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also synthesized in the same manner without the addition of
TiO, nanobelts.

Characterization. X-ray powder diffraction (XRD) patterns
were recorded with a Bruke D8 Advance powder X-ray diffrac-
tometer with Cu Ka (A = 0.15406 nm). Scanning electron
microscopy (SEM) was performed with a FEI NanoSEM 450
instrument with an energy-dispersive X-ray spectroscopy (EDS).
High resolution transmission electron microscopy (HRTEM)
images were carried out with a JOEL JEM 2100F microscope.
SEM and TEM samples were prepared by a drop casting method
with 1 mg mL™* ethanol solution of In,0; nanoparticle/TiO,
nanobelt heterostructures. X-ray photoelectron spectroscopy
(XPS) was performed using an ESCALAB 250. The specific
surface area was calculated using the Brunauer-Emmett-Teller
(BET) method using the measurement instrument (Micro-
meritics, ASAP2020). The zeta potential of the samples sus-
pended in deionized water was measured using a zeta
potentiometer (Zetapals, Brookhaven).

Sensing tests. The gas sensing properties of as prepared TiO,
nanobelts, In,O; nanoparticles and In,O; nanoparticle/TiO,
nanobelt heterostructures were tested on a WS-30A gas sensing
instrument (WeiSheng Electronics Co., Ltd., Henan, China).
The fabrication and testing principle of gas sensors referred to
previous works.** The response of the samples was defined as
the ratio of R,/R,, where R, and R, are the electrical resistance of
the sensor in air and in the presence of the test gas mixed in air,
respectively.

Results and discussion

XRD analysis associated with TiO, nanobelts, In,O; nano-
particles and In,O; nanoparticle/TiO, nanobelt hetero-
structures is performed to investigate the crystal structure and
purity of the samples, which is shown in Fig. 1. For TiO,
nanobelts (curve a), eight distinctive peaks at 26 = 25.3°, 37.8°,

= Anatase
n ° T|02(B)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Fig.1 XRD patterns of (a) TiO, nanobelts, (b) In,O3 nanoparticles, and
(c) In,0O3 nanoparticle/TiO, nanobelt heterostructures (mole ratio
1:1).

This journal is © The Royal Society of Chemistry 2017
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48.1°, 53.9°, 55.1°, 62.7°, 68.8°, and 76.0° match well with
anatase TiO, (JCPDS 21-1272).>> At the same time, the TiO,(B)
phase appears in the sample. The peak sites of TiO,(B) locate at
14.2°, 28.5° and 43.5° (JCPDS 46-1237).2* As shown in curve (b),
the crystal phase of In,O; nanoparticles with the diffraction
peaks at about 26 = 22.4°, 30.9°, 32.6°, 37.7°, 45.6°, 50.3°, 54.1°,
57.2°, 58.2° and 68.4°, which could be perfectly indexed to the
(012), (104), (110), (113), (024), (116), (018), (214), (300) and (220)
crystal faces of cubic In,0; crystalline phase (JCPDS 71-2194).>*
For In,0; nanoparticle/TiO, nanobelt heterostructures (curve
c), all the peaks can be assigned to TiO, or In,0O3, with no extra
peaks observed, which demonstrates the high purity of the
samples.

The size and morphology of samples were investigated by
scanning electron microscopy (SEM), as exhibited in Fig. 2 and
S1.t The as-obtained TiO, nanobelts are around 200 nm in
width, 20-40 nm in thickness, and several micrometers in
length® (Fig. S1at). After the acid etching process, the surface-
coarsened TiO, nanobelts are obtained (Fig. S1b and ct), which
have a large specific surface area and can offer abundant
nucleation sites for the deposition of In,0O; nanoparticles.'®
Fig. 2a reveals an agglomeration of individual In,O; nano-
particles. The successful formation of In,0; nanoparticle/TiO,
nanobelt heterostructures is confirmed by the SEM image
(Fig. 2b). The TiO, nanobelts are homogeneously covered by
numerous In,0; nanoparticles with several nanometers in size.
It is the coarsened surface of TiO, nanobelts that prevents In,0;
nanoparticles forming aggregation in the reaction procedure.
The formed heterostructure can improve the efficiency of
interfacial charge separation and enhance the gas sensing
activity.”® Besides, the very small size of the In,O; nanoparticles
could lead to highly sensitive sensors because of the high
sensing surface.>” EDS mapping (Fig. S2) also shows that In, Ti,
and O elements are found in the In,0; nanoparticle/TiO,
nanobelt heterostructures, and no other impurities are
observed.

N, isotherms adsorption-desorption curves are used to
determine specific surface areas (Fig. S3t). The In,O3; nano-
particle/TiO, nanobelt heterostructures with rough surface
generally have a higher specific surface area (43.357 m> g™ ')
than In,O; nanoparticles (39.356 m* g~ ') and TiO, nanobelts
(32.767 m*> g~ "), which is favorable for gas detection. The large
contact area can provide more reaction surface between heter-
ostructure and target gas, resulting in the enhancement of gas
sensing performance.
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Fig. 3 shows the typical TEM images of In,O; nanoparticle/
TiO, nanobelt heterostructures. It can be seen that the In,O;
nanoparticles with size of ca. 10-15 nm are attached on the
surface of TiO, nanobelts (Fig. 3a and b), coinciding with the
results from the SEM observations. The crystalline lattice for the
nanoparticle displays a d-spacing of approximately 0.29 nm,
which corresponds to the interplanar spacing of the (222) planes
of cubic In,0;3 (Fig. 3¢).?® In addition, the spacing of the fringes in
the brighter region are 0.35 nm, which are assigned to the
interplanar spacing of the (110) planes of TiO, (Fig. 3c).* The
HRTEM images (Fig. 3c) clearly confirm that the In,O; nano-
particle/TiO, nanobelt heterostructure has been fabricated
successfully through as-adopted hydrothermal strategy. Such
a close contact is expected to favor an efficient charge transfer
between In,0; and TiO,, inducing a faster response of the sensor.

The XPS measurement of In,O; nanoparticle/TiO, nanobelt
heterostructures is performed to further confirm the chemical
composition and oxidation state, and the results are shown in
Fig. 4. The fully scanned spectrum of In,O; nanoparticle/TiO,
nanobelt heterostructures suggests that the sample consists of
In, Ti, O and C, as shown in Fig. 4a. The elements of In, Ti, and
O belong to the In,0; nanoparticle/TiO, nanobelt hetero-
structure. The peak for C 1s at 284.8 eV is ascribed to adventi-
tious carbon from the XPS instrument.** The XPS spectrum
(Fig. 4b) for Ti 2p shows two peaks at 464.2 and 458.5 eV that are
assigned to Ti 2py/, and Ti 2p3, respectively, which is a char-
acteristic of Ti** in Ti0,.** The In 3d XPS spectrum (Fig. 4c)
consists of two peaks centered at 452.5 and 444.5 eV for the 3d;,
» and 3ds, peaks, respectively, corresponding to the In** spec-
trum in In,03.*> The O 1s spectrum shows three peaks at 529.6,
531.2 and 532.0 eV, as shown in Fig. 4d. Here, the intense peaks
at 529.6 and 531.2 eV can be assigned to lattice oxygen in TiO,
and In,O; species, whereas the weak peak at 532 eV is possibly
related to the adsorbed oxygen.** All of these results give the
insight that the In,O; nanoparticle/TiO, nanobelt hetero-
structures are composed of In,O; and TiO,. Moreover, the In 3d
peaks in the In,03; nanoparticle/TiO, nanobelt heterostructures
shift toward the higher binding energies as compared with
those of pure In,03, while lower binding energies of Ti 2p from
TiO, are observed in the heterostructure (Fig. S4t). These
phenomena can be explained by partial electron transfers from
In,0; to TiO,, i.e., an increase (decrease) of the electron density
of TiO, (In,03) leads to the reduction (enhancement) of the
binding energies of Ti 2p (In 3d). From the XPS results, we can
expect the strong interfacial coupling effect between In,0; and
TiO,, which could promote the electron transfer and further
enhance the gas sensing performance of In,O; nanoparticle/
TiO, nanobelt heterostructures.

Fig. 2 SEM image of (a) In,Oz nanoparticles and (b) In,Oz nano-
particle/TiO, nanobelt heterostructures (mole ratio 1 : 1).

This journal is © The Royal Society of Chemistry 2017

Fig. 3 (a and b) TEM and (c) high-magnification TEM images of In,O
nanoparticle/TiO, nanobelt heterostructures (mole ratio 1: 1).

RSC Adv., 2017, 7, 1150311509 | 11505
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Fig. 4 XPS spectra of In,Os nanoparticle/TiO, nanobelt hetero-
structures (mole ratio 1 : 1): (a) fully scanned spectra, (b) Ti 2p, (c) In 3d,
and (d) O 1s.

The schematic of the ethanol gas sensor is shown in Fig. 5a.
The relationship between the operating temperature and gas
responses to 100 ppm ethanol of the three kinds of sensor devices
were first investigated in the temperature range of 45-440 °C
(Fig. 5b and S5t). Since the target gas molecules are not active
enough to overcome the activation energy barrier to react with the
surface-absorbed oxygen species at a low temperature,***” while
at temperatures that are too high and difficult in gas adsorption,
in turn cause the low utilization rate of the sensing material; thus,
low gas responses are achieved in both of two situation.*® Hence,
an “increase-maximum-decay” tendency is obtained along with
the temperature increasing. More noticeable, it can be seen that
TiO, nanobelts, In,0; nanoparticles, and In,O; nanoparticle/
TiO, nanobelt heterostructures share the same optimal operating
temperature at about 400 °C. The sensor response of the pure
TiO, nanobelts and In,O; nanoparticles is only 10.2 and 63.8,
respectively at 400 °C. The response of the sensor based on In,03
nanoparticle/TiO, nanobelt heterostructures reaches a maximum
value of 106.3 at 400 °C, which was 1.67 times and 10.4 times
higher than that of In,O; nanoparticles and TiO, nanobelts,
respectively. Even at operating temperature as low as 100 °C
(Fig. 5b), the sensitivity of the In,O; nanoparticle/TiO, nanobelt
heterostructures reaches to about 13, which is much higher than

120

(a) Pt wire (b)™[—Tio,
Au electrode ~ 5 g0l ——IN0;
\ & " [~m,o,mo,
. | e g 60
|/ =3
Heat wire 2w
N I3
Oxides coating o
100 150 200 250 300 350 400 450
Temperature (°C)
Fig. 5 (a) Schematic of the ethanol gas sensor; (b) variation of

response (R./Ry) with working temperature of the three different kinds
of sensors based on TiO, nanobelts, In,Oz nanoparticles, and In,O3
nanoparticle/TiO, nanobelt heterostructures (mole ratio 1:1) to
100 ppm ethanol vapor.
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those listed in literatures.**** Moreover, the In,O; nanoparticle/
TiO, nanobelt heterostructures still have response even at near
room temperature (45 °C) (Fig. S51). To the best of our knowl-
edge, this remarkable response to ethanol and selectivity at 45 °C
has never reported before for an In,0; based sensor. Thus, it is
a proof of concept that In,0; nanoparticle/TiO, nanobelt heter-
ostructures can be used as selective sensor at near room

temperature.
The dynamic responses of TiO, nanobelts, In,O; nano-
particles and In,O; nanoparticle/TiO, nanobelt hetero-

structures under different concentration from 1 ppm to
100 ppm of ethanol at an optimal operating temperature of
400 °C are revealed in Fig. 6. It can be seen that the corre-
sponding responses of the sensors are highly dependent on the
concentration of ethanol. The sensor made from the In,O;
nanoparticle/TiO, nanobelt heterostructures even shows
a higher response (21) at 10 ppm, which is better than that of
TiO, nanobelts and In,O; nanoparticles, indicating the good
sensing capability to ethanol (Fig. 6a-c). Impressively, the In,03
nanoparticle/TiO, nanobelt heterostructures still have the
response at the very low concentration of 1 ppm (Fig. 6d).
From the perspective of practical application of sensor
device, not only high response but also fast response speed
should be paid attention to, on account of their vital roles on
avoiding possible loss and disasters. The dynamic response
curve shown in Fig. 6a-c demonstrates the In,0; nanoparticle/
TiO, nanobelt heterostructures exhibit excellent response and
recovery capability toward 100 ppm ethanol. The response time
of In,O; nanoparticle/TiO, nanobelt heterostructures to
100 ppm ethanol is as low as 6 s, which is far less than that of
In,O; nanoparticles (9 s) and TiO, nanobelt (21 s). Meanwhile,
the recovery time of the In,O; nanoparticle/TiO, nanobelt het-
erostructures, In,O; nanoparticles and TiO, nanobelts are 3 s,
4 s and 45 s to 100 ppm ethanol, respectively. Therefore, the
In,O; nanoparticle/TiO, nanobelt heterostructure sensor

(a)120 - -
——TiO, nanobelts (b) ——In,0, nanoparticles
100 0
g
= 8
[+4
— 60
3
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Fig.6 Response curve and response profiles of ethanol vapor sensors
based on (a) TiO, nanobelts, (b) In,O3 nanoparticles, and (c and d)
In,Oz nanoparticle/TiO, nanobelt heterostructures (mole ratio 1: 1)
upon exposure to different concentrations of ethanol vapor at an
optimal operating temperature of 400 °C.
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displays faster response and recovery speed than pristine In,03
nanoparticle and TiO, nanobelt.

Since selectivity is a remarkable aspect of sensing properties.
Fig. 7 reveals the response of the sensor that coating In,0O;
nanoparticle/TiO, nanobelt heterostructures to various kinds of
test gases (acetone, benzene, ammonium hydroxide, ethyl
acetate and ethanol) at 100 ppm. All of those gases are tested at
a low temperature of 100 °C. Obviously, the response to ethanol
is much higher than that of other probe analytes, suggesting
good selectivity of as prepared In,0O; nanoparticle/TiO, nano-
belt heterostructures.

It should be noted that the sensing activity of In,0; nano-
particle/TiO, nanobelt heterostructures also depend on the
In,0; : TiO, molar ratio, as shown in Fig. 7. All of the In,0;
nanoparticle/TiO, nanobelt heterostructures at different mole
ratios present excellent response to ethanol at a low tempera-
ture of 100 °C, which can be explained that the high dispersed
In,0; nanoparticles on the surface of TiO, nanobelts will have
good sensing activity. The optimal molar ratio of In,0; : TiO, is
1: 1. The In,0; nanoparticle/TiO,, nanobelt heterostructures at
mole ratio (1 : 2) exhibit lower ethanol response due to the less
amount of In,0; and low number of junctions with TiO,
nanobelts. Moreover, the In,O; nanoparticle/TiO, nanobelt
heterostructures at mole ratio (1:1) present higher ethanol
response than that of In,03/TiO, mole ratio (2 : 1). This should
be caused that excessive In,O; nanoparticles cover the active
sites of TiO, nanobelts, which hinder the electron transfer on
the interface of In,0; nanoparticle/TiO, nanobelt hetero-
structures, and thus in turn inhibit the sensing activity.

The cyclic experiment on sensing performance of In,O;
nanoparticle/TiO, nanobelt heterostructures proves that the
heterostructures display excellent ethanol response stability
even after 6 weeks (Fig. S67).
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Fig. 7 Response (R./Rg) of In,Oz nanoparticle/TiO, nanobelt heter-
ostructures (mole ratio at 1:2, 1:1, and 2:1) sensor to acetone,
benzene, ammonium hydroxide, ethyl acetate and ethanol vapor at
100 ppm with respect to a low temperature of 100 °C.
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On the basis of the above results, a synergetic mechanism
between In,0; nanoparticles and TiO, nanobelts in the In,0;
nanoparticle/TiO, nanobelt heterostructures for the enhanced
gas sensing property is proposed (Fig. 8). The conducted band
(CB) and valence band (VB) potentials of In,O; nanoparticles
are estimated to be —0.63 and +2.17 eV, and the CB and VB of
TiO, nanobelts are at —0.4 and +2.8 eV,
(Fig‘ S7T).26,39743

To further explain the mechanism of the reactions between
In,O0; nanoparticle/TiO, nanobelt heterostructures and the
target gas ethanol, a rational model is proposed, as shown in
Fig. 8a and b. It has been clearly revealed that the In,O; nano-
particles decorated TiO, nanobelts nanostructure exhibit much
better sensing performances than that of pure In,O; nano-
particles and TiO, nanobelts, indicating the formation of het-
erostructure, which can contribute greatly to the improvement
of sensing properties. The dramatic enhancement in sensing
properties of In,O; nanoparticle/TiO, nanobelt hetero-
structures can be attributed to the following three factors.

First, the striking synergistic effect of the two metal oxides.
For the as-prepared In,O; nanoparticle/TiO, nanobelt hetero-
structures, the surfaces of TiO, nanobelts are not completely
enclosed by In,O; nanoparticles, resulting in both of them
being highly accessible for the adsorption of oxygen molecules
and promoting the formation of depletion layers on the surfaces
of both metal oxides while exposed to air.***” Therefore, both
In,0; nanoparticles and TiO, nanobelts contribute to ethanol
response.

Second, preparation of small and well-dispersed sensing
materials is an effective manner to improve the sensor
response. In the current work, well-dispersed In,O; nano-
particles are deposited onto the surface of TiO, nanobelts
through controlling pH = 6.5 to keep strong electrostatic
attraction between TiO, and In,0; (Fig. S8t). The TiO, nano-
belts can act as backbone for the nucleation and growth of
In,O; nanoparticles,*® and prevent the aggregation of In,O;
nanoparticles. The smaller In,O; nanoparticles on the surface

respectively
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Fig. 8 Model of the sensor based on In,Oz nanoparticle/TiO, nano-
belt heterostructures exposed in (a) air and (b) ethanol mixed air,
respectively; (c and d) gas sensing mechanism of In,Oz nanoparticle/
TiO, nanobelt heterostructures, E.: conduction band, Eg: Fermi level
and E,: valence band.
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of TiO, nanobelts have the exposure of more sensitive surfaces,
and can serve as effective adsorption sites to bind and activate
oxygen molecules. Thus, more absorbed oxygen species will
diffuse to the surface of the sensing semiconductor, resulting in
a larger degree of electron extractions from the conduction
band of TiO, nanobelts. The high coverage of chemisorbed
oxygen species make the In,O; nanoparticle/TiO, nanobelt
heterostructures more sensitive to ethanol, directly resulting in
a high response.

More importantly, owing to the strong electronic interaction
between In,0; nanoparticles and TiO, nanobelts, a typical
semiconductor junction was formed. The charge transport is
significantly enhanced in the heterostructure, resulting in
a rapid response-recovery.” So, the In,O; nanoparticle/TiO,
nanobelt heterostructures are more sensitive to target gas and
have superior properties.

Fig. 8c and d show the energy band diagram near the In,0;
nanoparticle/TiO, nanobelt heterostructures. When the n-type
semiconductor In,0; nanoparticles and n-type semiconductor
TiO, nanobelts contact with each other, electrons would
transfer from the CB of In,0O; to the CB of TiO, until the Fermi
energy levels (Eg) of them become equal® (Fig. 8c). In ambient
air, sensing materials can absorb oxygen molecules (O,) and
form surface-adsorbed oxygen species (Oa(ads) , Ofads) » and
Opads)”~, €qn (1)~(4)) by capturing free electrons from the CB of
In,0; nanoparticles. The reaction kinematics can be described
as follows:**

Osze) = Ozags) 1)
Osads) T € = Osgags) (2)
Osgags)” + € = 20¢s) 3)
Owdsy T € = Oy (4)

In this process, a thick electron depletion layer formed on
the surface area, resulting in a decrease of carrier concentration
and increase of sensor resistance in coincidence.** When the
sensor is exposed to ethanol, at a moderate temperature, the
adsorbed oxygen species will take part in the reaction with these
gas molecules to form CO, and H,O (eqn (5)). The reactions
between reducing gases and the surface adsorbed oxygen
species can be described as follows:

C2H50H + 6O(ads)_ - 2C02 + 3H20 + 6e” (5)

As a result, the electrons trapped in the ionized oxygen
species are released back to the CB of In,O; nanoparticles
(Fig. 8d), which eventually lead to the thickness of electron
depletion layer decreases and lowering the measured resistance
of the sensor.

Conclusions

Unique 1D nanostructures of TiO, decorated with In,O; nano-
particles have been synthesized via a simple hydrothermal
method. The TiO, nanobelt substrates restrict the growth of
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In,0O; nanoparticles, resulting in the formation of uniform and
smaller In,O; nanoparticles with a high number of surface
active sites. Notably, the obtained In,0; nanoparticle/TiO,
nanobelt heterostructures exhibit a much higher sensitive
toward ethanol at near room temperature of 45 °C and low
detection limit of 1 ppm. The synergic effect of pronounced
electron transfer of heterostructure, as well as the creation of
active adsorption sites by the small size of In,O; nanoparticles
result in an enhancement of gas response in terms of response,
response/recovery time and selectivity toward ethanol.
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