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Abstract

Hierarchical In,0;@WO;nanocomposites, consisting of discrete In,O3 nanoparticles (NPs) on
single-crystal WO; nanoplates, were synthesized via a novel microwave-assisted growth of
In,O3 NPs on the surfaces of WO; nanoplates that were derived through an intercalation and
topochemical-conversion route. The techniques of XRD, SEM, TEM and XPS were used to
characterize the samples obtained. The gas-sensing properties of In,0;@WO; hanocomposites,
together with WO; nanoplates and In,O5 nanoparticles, were comparatively investigated using
inorganic gases and organic vapors as the target substances, with an emphasis on H,S-sensing
performance under low concentrations (0.5-10 ppm) at 100-250 °C. The results show that the
In,O3; NPs with a size range of 12-20 nm are uniformly anchored on the surfaces of the WO;
nanoplates. The amounts of the In,0; NPs can be controlled by changing the In®*"
concentrations in their growth precursors. The In,0;@WO3(In/W=0.8) sample has highest
H,S-sensing performance operating at 150 °C: its response to 10 ppm H,S is as high as 143, 4
times higher than that of WO; nanoplates and 13 times that of In,0O5; nanocrystals. However,
the responses of the In,O;@WO; sensors are less than 13 upon exposure to 100 ppm of CO,
S0,, H,, CH,4 and organic vapors, operating at 100-150 °C. The improvement in response and
selectivity of the In,0;@WO; sensors upon exposure to H,S molecules can be attributed to
the synergistic effect of In,0; NPs and WOj; nanoplates: hierarchical microstructures and

multifunctional interfaces.
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1. Introduction

Gas sensors based on metal oxide semiconductors (MOSs) have important and extensive
applications in industries and environmental control.® Due to high surface areas and less
agglomerated configuration, hierarchically functional MOS-based nanostructures are the hot
focus in fundamental research for high-performance gas-sensing applications.* Recently,
various hierarchical MOS nanostructures have been designed to make gas sensors.>'® Among
them, hierarchical binary oxide nanocomposites can provide abundant physical and chemical
properties, and can be expected to earn enhanced gas-sensing properties.’* For the
considerations of steric effect and specific surface areas, one-dimensional (1D) and
two-dimensional (2D) nanostructures can be excellent components, which can support
functional zero-dimensional (OD) nanoparticles to construct hieratical nanocomposites. Some
hierarchical 0D/1D nanostructures, including SnO,/a-Fe,Os nanotubes,*?  In,04/Sn0O,
nanorods,”® CuO/ZnO nanorods™ and NiO/ZnO nanotubes,” have been reported for
gas-sensing applications. Comparatively, relatively few hierarchical 0D/2D binary oxide
nanostructures have been reported.*

Chemists and materials scientists have made great efforts to achieve hierarchical binary
oxide nanocomposites with sophisticated microstructures.'®® In general, there are two
strategies for the synthesis of binary oxide nanocomposites. One is one-step processes
including coprecipitation,***” hydrothermal,®® electrospinning®® and sol-gel methods.'® The
other is multiple-step (or step-by-step) processes, which have been widely developed to
synthesize hierarchical nanocomposites, including ZnO-In,0;,* Fe,0s/W05? and
0-Fe,05/Zn0.** In the two-step growth procedure, as an effective approach, in-situ growth of
second phase has been used for 1D oxide-based composite. Xue et al.?® reported gas sensors
with 1D CuO nanoparticles/SnO, nanorods PN-junctions and their sensitivity against 10 ppm
H,S at 60 °C is up to 9.4X10° However, those multiple-step processes developed are
complicated and difficult to achieve controllable synthesis and efficient control in
morphologies. Simple and efficient processes for constructing hierarchical MOS
nanostructures are urgent. Microwave heating technology has been used to prepare inorganic

materials because of relatively low cost and high efficiency, particularly for the fine control
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over the structure, size and morphology. Microwave-assisted technology is thus an effective
way for the fabrication of hierarchical MOS nanostructures. ?’

WO; and In,0; are n-type semiconductors, and their nanomaterials have been widely
investigated as gas-sensing materials. The sensors based on WO; nanocrystals are highly

sensitive to reducing gases (e.g., H,S and H,) and oxidizing gases (e.g., NO and NO,).?*°

Two-dimensional WO; nanocrystals are particularly suitable for gas-sensing applications."*
Kida et al." introduced SnO, nanoparticles into WO; lamella-based films by mixing two
suspensions containing WO3;-nH,O and SnO, nanoparticles, respectively, and the effective
insertion of nanoparticles into WO; lamella stacks improved the porosity and sensitivity. But
the SnO, nanoparticles were not evenly distributed on the surface of WO; lamella. In,0s is
also a promising gas-sensing material especially to detect H,S.***° The combination of WO,
and In,O3; nanocrystals, i.e., In,0s/WO; composite, can be expected to be an efficient
gas-sensing system for gas detection. But the In,0s/WO; composites reported were fabricated
by simply mixing the solid-state precursor powders.**" The microstructural control of the
second phase is not available, and it is still a big challenge to achieve hierarchical In,0s/WO;
nanocomposites.

In this work, we develop a simple microwave-assisted process to grow In,Os
nanoparticles (NPs) on the surfaces of WO; nanoplates, forming a hierarchical In,0;@WO;
nanocomposite that is sensitive for gas detection. Two-dimensional WO; nanoplates are
synthesized according to the intercalation and topochemical conversion process developed
previously.”” The WO; nanoplates have a high diameter-to-thickness ratio and
single-crystalline structure, suitable as an efficient substrate to form hierarchical
nanocomposites.”® The In,0; NPs are in-situ formed on the surfaces of WO; nanoplates
during the microwave heating and the followed calcination. Using the WO; nanoplates as
substrates, the monodispersed In,0; NPs are separately anchored on the WO; surfaces to form
hierarchical In,0;@WO3; nanocomposites. The hierarchical In,0;@WQO; nanostructures not
only can prevent the aggregation of the In,O; NPs with small particle sizes, but also can
provide a special porous microstructure for the efficient diffusion and adsorption of gas
molecules during the gas detection.

The simple microwave-assisted process developed here offers several advantages in the
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fabrication of hierarchical 0D/2D binary oxide nanostructures. The reaction time for the
formation of In(OH)3 NPs is as short as 5 min. The reaction temperature is lower than 100 °C
and there is no high pressure. The WO; nanoplates can be kept stable during the rapid reaction
even in an alkaline condition. In addition, the microwave process may promote the
heterogeneous nucleation of In(OH); NPs on the surfaces of WO; nanoplates due to selective
absorption of microwave energy, leading to the uniform distribution of In,O3 NPs on WO,
nanoplates. The gas-sensing properties of the In,0;@WO; nanocomposites were
comparatively tested, with an emphasis on the H,S detection. The effects of In,O; amounts
and operating temperatures on their H,S-sensing performances and the related mechanisms

were carefully investigated.
2. Experimental section
2.1. Synthesis of WO; nanoplates

WO; nanoplates were synthesized according to our previously reported method
involving an intercalation and topochemical conversion process.*** Briefly, tungstic acid (5.8
g) was dispersed in a mixture of n-octylamine (50 cm®) and heptane (350 cm?®) at room
temperature, and kept magnetically stirring for 72 h to form tungstate-based inorganic-organic
hybrid belts. The hybrid belts were dried at room temperature and then dispersed in a HNO;
aqueous solution (~38%) and magnetically stirred for 48 h, and a yellowish suspension was
obtained. The yellowish precipitates were washed with water and ethanol for about 4 times,
and dried at 100 °C for 12 h. The dried product was H,WO, nanoplates. Finally, the

as-obtained H, WO, nanoplates were calcined at 400 °C for 2 h to obtain WOj3 nanoplates.
2.2. Synthesis of In,0;@WO3; nanocomposites

The In,0;@WO; nanocomposites were fabricated via a microwave-assisted heating
method. Typically, for the In,0;@WO; (In/W=0.5) composite with the molar In/W ratio of 0.5,
0.1 g of WO; nanoplates were dispersed in 60 mL distilled water in a conical flask under an
ultrasonic treating for 30 min. Polyvinylpyrrolidone K30 (PVP, 0.028 g), In(NO3);-4.5H,0
(0.08 g) and urea (0.025 g) were then added to the above WQOj; suspension in order, followed

by magnetically stirring for 60 min, 60 min and 30 min, respectively. The molar ratio of PVP

5/23

Page 6 of 24



Page 7 of 24

Journal of Materials Chemistry A

units to In(NO3); was ~1.2, and the molar ratio of urea to In(NO3); was ~2. The as-obtained
mixture was then placed in a microwave oven (600 W, 2.45 GHz, XO-SM100, Nanjing
Xian’ou Instrument Manufacturing Co. Ltd) and heated for 5 min. It is noted that the used
microwave oven has a maximum power of 1000 W, and there is no special requirements in the
microwave heating process. After cooled down in an ice bath, the yellowish precipitates were
collected, washed with distilled water and ethanol, and then dried in a vacuum oven at 60 °C
for 12 h. Finally, the In,O;@WO; nanocomposites were obtained by calcining the yellowish
precipitates in air at 550 °C for 5 h. For the purpose of comparisons, other samples with
various amounts of In,O3 species, i.e., In,O;@WO;(In/'W=0.8) and In,0:@WO;(In/W=1)

were also synthesized using the similar process.
2.3. Synthesis of In,O3 nanocrystals

In,O3 nanocrystals were also synthesized for comparison purpose. In(NOs)s-4.5H,0 (0.4
g) and urea (0.125 g) were dissolved in 60 mL water. After stirring for 30 min, the mixture
solution was treated for 5 min in a microwave oven (600 W, 2.45 GHz) and then transferred
into a 100 ml teflon lined stainless autoclave. The autoclave was sealed and maintained at 150
°C for 4 h. The resulting product was centrifuged and washed with water for three times, and
then dried at 60 °C overnight. Finally, the In,O; nanoparticles were obtained by calcining the

above white precipitate in air at 550 °C for 5 h.
2.4 Characterization of compositions and microstructures

The phases of the WO; nanoplates, In,05; nanocrystals and In,O;@WO; nanocomposite
obtained were analyzed using a Rigaku D/Max-3B X-ray diffractometer with Cu Ka radiation
(XRD, 4 = 0.15406 nm). Their morphology and microstructures were determined on a
scanning electron microscope (SEM, JEOL JSM-5600, Japan) with an acceleration voltage of
15 kV, and on a transmission electron microscope (TEM, FEI Tecnai-G2, USA) with an
acceleration voltage of 200 kV. The Brunauer-Emmett-Teller (BET) surface area was tested
using a Quantachrome Nova2000 sorption analyzer. The XPS spectra were recorded on a

multipurpose X-ray photoelectron spectroscope (Kratos Amicus, Manchester, UK) with a
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microfocused monochromatic X-ray source of Al Ka, using adventitious carbon (Cls 284.8

eV) as the calibration reference.
2.5 Sensor fabrication and gas-sensing test

For the sensor fabrication, the In,0;@WO; powders (or WO; nanoplates, In,0O;
nanocrystals) were mixed with a small amount of ethanol to form a paste. Then the paste was
coated onto the surface of an Al,O; tube to form a continuous thin film. The as-obtained
sensors were heated at 300 °C for 5 h in air before the gas-sensing test.

The gas-sensing test was carried out on a commercially available WS-30A measurement
system. The testing system was placed in a ventilating cabinet with a large draught capacity.
The sensor (R) is connected in series with a load resistor (Ry) with a known resistance
(100-20000 KQ), and a fixed source voltage (U,) of 5 V is loaded on the circuit. The system
measured the voltages (U) loaded on the resistor Ry, and the resistances (R) of the In,03-WO;
sensors can therefore be calculated®: R = (5-U)*Ro/U. The sensor response (S;) of a gas sensor
based on n-type semiconductors can be described as S, = R./Ry for reducing gases and S, =
Ry/Ra for oxidizing gases, where R, is the sensor resistance in air and R, is the sensor
resistance in target gas. The response (or recovery) time is defined as the time in reaching
90% of the saturated value of sensor resistance in (or off) the presence of target gas. “*°

The harmful, flammable gases (e.g., H,S, CH,;, CO, H, and SO;) and some common
organic vapors (e.g., methanol, ethanol, isopropanol, methanal, acetone and benzene) were
chosen as the target substances to evaluate the gas-sensing performances of the WOs;, 1n,0;
and In,0;@WO; sensors. The H,S detection was operated at 100-250 °C with [H,S] = 0.5-10

ppm, while the other gases with a concentration of 100 ppm were tested at 150 °C.
3. Results and discussion
3.1. Phases and microstructures

In,O;@WO; nanocomposites were synthesized via a microwave-assisted method.
In**-PVP@WO; species were firstly formed by adsorbing In** ions to the surface of WO,
nanoplates with the assistance of PVP molecules. Urea was hydrolyzed to produce OH-

species at ~80 °C under the microwave heating. In*-PVP@WO; then reacted with OH™ to
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form In(OH);@WOs. Finally, the In,O;@WO; nanocomposites were obtained by calcining
the In(OH);@WO; at 550 °C for 5 h in air.
Fig. 1.

The phase compositions of the WOj3, In,03and 1n,0;@WO; composite were examined
by XRD (Fig. 1). Fig. la shows the pure In,O; nanocrystals obtained through the
hydrothermal route, and the sample consists of the cubic In,O; phase (JCPDS 06-0416, Fig.
1d). Fig. 1c shows the typical XRD pattern of the WO; nanoplates, which can be readily
indexed to a triclinic WO; phase according to the literature (JCPDS card no. 32-1395, Fig. le).
It is notable that the intensity ratio (loss/ l200) Of (002) to (200) reflections of the as-obtained
WO; nanoplates is ~ 3.0, much higher than that (~ 0.85) of the literature data, indicating that
the WO sample obtained takes on a strong preferred orientation, and the (002) crystal planes
have larger possibility to reflect than others. The lattice parameters of the WO3; and In,03
samples were refined based on their XRD patterns using a UnitCell program (a method
developed by TJB Holland and SAT Redfern). The refined results show that the lattice
parameters (a =~7.304 A, b=~7.515 A, ¢ =~7.682 A, a = ~88.85°, f = ~90.87°, y = ~90.86°)
of the WOz samples are close to those (a=7.309 A, b=7522 A, c=7.678 A, « =88.81°, =
90.92° y = 90.93°) of the triclinic WO; phase according to the literature data (JCPDS card no.
32-1395). The lattice parameter (a = ~10.113 A) of the In,0;samples are close to that (10.118
A) of the cubic In,0; phase according to the literature data (JCPDS card no. 06-0416). The
XRD pattern of In,0;@WO5(In/W=0.8) is shown in Fig. 1b, and it is the combination of
crystalline WO; and In,03 species, confirming the formation of the In,O0;@WO; composites.

Fig. 2.

The morphology and microstructure of the samples were observed by SEM and TEM
(Fig. 2 and Fig. 3). Fig. 2a shows the SEM image of the WO; nanoplates. One can find that
the WO; sample mainly consists of nanoplates with an edge-length range of 200—600 nm and
thicknesses of about 10-30 nm. Fig. 2b shows the SEM image of the pure In,O; nanoparticles.
The size of the cubic In,O; particles is about 30-80 nm, besides some large blocks with sizes
over 100 nm. Fig. 2c, d and e show the SEM images of the In,O;@WO3(In/W=0.5),
In,0;@WO5(IN/W=0.8) and In,0;@WO3(In/W=1) composites, respectively. The small

particles attached on the surface of WO; nanoplates should be the In,O; NPs. When the
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apparent In/W ratios of In,0;@WO; nanocomposites increase from 0.5 to 1, the mean particle
sizes of the In,O3 NPs in the In,O;@WO; nanocomposites increase from ~15 nm to ~36 nm,
and the number density also increases. The EDS spectrum of the In,O;@WOs(In/W=0.8)
composite in Fig. 2f indicates that the sample consists of elemental W, In and O, agreeing
with the XRD result (Fig. 1b).

Fig. 3.

Fig. 3 shows the typical TEM images of the In,O;@WOs;(In/W=0.8) sample. The
low-magnification TEM image shown in Fig. 3a indicates that the In,O; NPs are uniformly
and tightly immobilized on the surface of WO; nanoplates, and their particle size is about
10-20 nm, similar to the SEM observation. The high-resolution TEM image is shown in Fig.
3b. The crystalline interplanar spacing of 0.376 nm and 0.292 nm are corresponding to the
(020) planes of WO; and (222) planes of In,O3, respectively, indicating that the In,O; NPs are
formed directly on the crystal plane of the WO; nanoplates.

Fig. 4.

The chemical composition of the In,O;@WO;sample was determined by XPS spectra.
Fig. 4 shows the typical XPS spectra of the In,O;@WO;(In/W=0.8) nanocomposite. Fig. 4a
shows the survey spectrum, suggesting that the sample consists of W, In, O and C. the
elements of W, In and O belong to the In,0s@WO;sample, and the elemental C can be due to
the carbon tape used to attach the sample powders during the XPS measurement. The W 4f
spectrum shown in Fig. 4b has two obvious peaks at 35.3 and 37.4 eV, belonging to WA4f;,
and W4fs, of WO, respectively.”® The In 3d spectrum is shown in Fig. 4c, consisting of a
single doublet at binding energies of 452.2 eV for In 3dg, and 444.6 eV for In 3ds,."” Fig. 4d
shows the O 1s spectrum. There are two peaks at 530.3 and 532.1 eV. The intense peak at
530.3 eV can be assigned to lattice oxygen in WOz and In,O5 species, and the weak peak at
532.1 eV should due to the adsorbed oxygen.*® Taking the results of XRD patterns (Fig. 1),
SEM (Fig. 2) and TEM images (Fig. 3) and XPS spectra (Fig. 4) into account, we can safely
conclude that the In,03@WO3;nanocomposite consists of cubic In,O3 NPs and triclinic WO,
nanoplates, and that the In,O; NPs are uniformly anchored on the surfaces of the WO,
nanoplates.

Fig. 5.
9/23
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Nitrogen adsorption—desorption analysis was conducted to check the specific surface
areas of the samples. Fig. 5 shows the typical the nitrogen (N,) adsorption—desorption
isotherms as well as the pore-size-distribution curves of the WO; nanoplate and
In,0;@WO5(In/W=0.8) composite. One can see that the WO; nanoplates and In,0;@WO;
(Inf'W=0.8) composite show a similar type Il isotherm with no obvious hysteresis, suggesting
that the samples obtained are a non-porous or macroporous adsorbents.* The BET surface
areas of the WOj; nanoplates and In,0;@WOs5 (In/W=0.8) composite are 202 m*g™* and 224
m?g™, respectively. The BET surface area of the In,0;@WO; composite is higher than that of

the WO; nanoplates, which is useful to improve the gas-sensing performance.
3.2. Gas-sensing performance
Fig. 6.

We firstly investigated the H,S-sensing properties of the WO; nanoplates and the
In,O;@WO; nanocomposites with various amounts of In,O; contents (In/W=0.5-1). Fig. 6a
shows the typical H,S-sensing (U-t) profiles of the In,0;@WOs; sensors operating at 150 °C
upon exposure to the H,S gases with concentrations of 0.5, 1, 2, 5 and 10 ppm. One can find
there are sharp rises and drops in U values when the H,S gas are injected and discharged,
respectively, indicating that the 1n,0;@WO;3sensors are highly sensitive to low-concentration
H,S gases and the resistances of the sensors decrease upon exposure to H,S gases. The plots
of the response (R./ Ry) of the sensors dependent on the concentration of H,S gases ([H.S] /
ppm) are shown in Fig. 6b. When the H,S concentration increases from 0.5 ppm to 10 ppm,
the responses of the In,0s@WO; sensors sharply increase. For a given [H,S] value, the
responses of the In,O0;@WO; sensors increase with the increase in the In,O;amounts from 0
to In/W=0.8, and then decrease when the In,O; NPs amount reaches to In/W=1. The
In,0,@WO5(In/W=0.8) sensor presents the highest response upon exposure to H,S gases with
varies concentrations operating at 150 °C. Typically, the response of 1n,0;@WO;(In/W=0.8)
sensor upon exposure to 10 ppm H,S gas can reach more than 143, which is 4 times higher
than that (36) of the WO; nanoplate sensor. The In,Os-dependent gas-sensing performance
may be due to the difference in particle sizes and amounts of In,O3; NPs.

Fig. 7.
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To better understand the gas sensing property of the In,0;@WO; composites, we have
also synthesized In,O3 nanoparticles and investigated its gas-sensing performance to H,S. The
H,S-sensing responses of the sensors derived from the WO; nanoplates,
In,0:@WO5(In/W=0.8) composite and In,0; nanocrystals are comparatively investigated.
Fig. 7 shows the plots of the response versus operation temperatures upon exposure to 10 ppm
H.,S gases at a temperature range of 100-250 °C. One can see that the WO, nanoplates and
In,O;@WO; sensors have maximum responses for H,S gas at around 150 °C, and their
responses are 36 and 143, respectively. The pure In,O3 sensor shows a sensitivity of 14 to 10
ppm H,S at 100 °C, and its response decreases with the increase in operating temperatures
from 100 to 250 °C. The responses of the In,O;@WO; nanocomposite sensors are much
higher than those of the WO3; nanoplate and In,O3 nanocrystal sensors, indicating that there is
a synergistic effect in improving the H,S-sensing performance. The In,0;@WO; (In/W=0.8)
sensor has a higher response than those of the other In,O;@WO;sensors tested from 100 to
250 °C. When the operation temperature decreases to 100 °C, the In,0;@WOj; sensors show a
sharply drop response. The WQO; nanoplates and In,O;@WO; sensors therefore have an
optimum operating temperature at about 150 °C, and too low or too high operation
temperature is unfavorable in H,S-sensing performance of the In,O;@WO; sensors.

Fig. 8.

Fig. 8 shows the response and recovery times of the WO; nanoplate,
In,O:@WO5(Inf'W=0.8) and In,O3; nanoparticle sensors upon exposure to 5 ppm H,S at
various operating temperatures (100-250 °C). One can easily find that high operating
temperatures are helpful to shorten the response and recovery times. The response and
recovery times of the In,0;@WOj; sensor at 100 °C are 5.5 and 16 min, respectively, whereas
the response and recovery times decrease to below 95 s when the operation temperature is 250
°C. At the same operating temperature, the response speed of the In,0;@WO; sensor is much
faster than that of the WO; nanoplate sensor (Fig. 8a). The existence of In,0; NPs is useful
for rapid response, indicating that the hierarchical In,O;@WO; nanostructure sensor can
provide efficient diffusion paths and adsorption sites for the target gas molecules. However,

the recovery time of In,O;@WO; sensor is longer than that of the WO; nanoplate sensor, and
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the different change trends in recovery times may be due to the special hierarchical
microstructure of the In,0;@WO; composites.
Fig. 9.

To further confirm the selectivity of the In,0;@WO; sensors, we choose H,, CH,4, CO,
S0O,, acetone, ethanol, isopropanol, methanol, methanol and benzene as the target gases or
vapors to conduct the selective gas-sensing tests (Fig. 9). As Fig. 9 shows, one can find that
the WO; nanoplates and In,0;@WO; sensors show high responses to H,S gas at 150 °C,
whereas the responses to other gases or vapors are very low. The In,0;@WO;sensor has a
higher response than that of the WO3; nanoplate sensor upon exposure to H,S under the same
test conditions. Whereas the WO; nanoplate sensor has a higher response than that of the
In,O;@WO; sensor for the cases of ethanol, isopropanol, methanol, methanol, acetone,
benzene and SO, under the similar test conditions. To the gases and organic vapors except
H,S, both the WO; nanoplate and In,O0;@WO; sensors have low responses (e.g., 1-13).
Therefore, the In,0:@WO; sensor is suitable for H,S detection at low operating temperature
(e.g., less than 150 °C) due to its high response and selectivity to H,S gas. The enhanced
response and selectivity to H,S gas make the In,0;@WO; nanocomposites potential materials

in practical gas-detection applications.

3.3 Possible H,S-sensing mechanism
Fig. 10.

WO; and In,O; are resistive-type gas-sensing materials, and the surface interaction
between adsorbed oxygen and the target gas is a key factor influencing their gas-sensing
performance.2 In air, oxygen molecules are adsorbed onto the surfaces of the WO; and In,0Os,
and then transferred to O", 0% or O, ions by gaining electrons from the conductive bands of
WOQO; and In,03, forming electron depletion layers with a high-resistance state (process 1 in
Fig. 10). When the In,0;@WO; sensor is exposed to H,S gas, H,S reacts with the oxygen
adsorbates (O', O%or O, ions), decreasing the oxygen concentration (Eqgs. 1-2). These
reactions release electrons that decrease the resistance of the In,0;@WO; sensor, shown as
process 2 and 3 in Fig. 10, forming a low-resistance state. As the operating temperature

increases, a higher response is observed because of the enhanced activity of adsorbed
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molecular oxygen and lattice oxygen in process 1. This phenomenon continues up to a certain
optimum temperature, beyond which exothermic gas adsorption becomes difficult and gas
molecules begin to desorb in large quantities, leading to a drop in sensor response.* Thus, the
optimum temperature is a balance point between the two conflicting aspects of adsorption and
activity.

H,S + 30" (ads) — H,0 + SO, + 3¢’ (1)

H,S + 307 (ads) — H,0 + SO, + 6 (2)

The enhancement of H,S-sensing performance of the In,0;@WO; sensor can be
attributed to the synergistic effect of two-dimensional WO; nanoplates and zero-dimensional
In,O3; NPs. On the one hand, the hierarchical configuration of In,O3 NPs on WO; nanoplates
can prevent the aggregation of the In,O; NPs and increase efficient paths for diffusion and
adsorption of the target gas molecules. On the other hand, the hetero-junctions at the interface
of In,0; and WO; can generate a special electron donor-acceptor system.** Upon exposure to
reducing H,S gas, the conductivity of the In,Os@WO; sensor increases, and thus more
electrons migrate to accelerate the formation of electron depletion regions that improve the
gas-sensing performance. Although the exact mechanism for H,S-sensing enhancement in the
In,O;@WO; system is not available to date, the synergistic effect of the In,O; and WO;
species with different dimensions can be essential factors to improve the low-temperature

gas-sensing performance of the WOs-based materials.
Conclusions

The In,0s-modified WO; nanoplate nanocomposites have been synthesized via a
microwave-assisted method. The In,O3; NPs uniformly immobilized on the surface of WO,
nanoplates. The In,0;@WO; nanocomposite is particularly active and selective toward H,S.
The sensor derived from In,O;@WO; nanocomposites with a molar In/W ratio of 0.8 shows a
high response of 143 upon exposure to 10 ppm H,S operating at a low temperature of 150 °C,
and its sensitivity is 4 times higher than that of the WO; nanoplates sensor. The improved
selectively sensitive of In,0;@WO;sensors to H,S gas at low temperature is mainly own to

the synergistic effect of the In,05; and WO; species.
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List of Figure Captions

. 1. (a—c) XRD patterns of (a) In,Os; nanoparticles, (b) IN,O;@WO3(In/W=0.8)

nanocomposite and (c) WO; nanoplates; (d) the standard pattern of In,O3; (JCPDS no.

06-0416), (e) the standard pattern of WO; (JCPDS no. 32-1395).

2. Typical SEM images of (a) WO; nanoplates, (b) In,O; nanoparticles, (c)
In,0;@WO5(In/W=0.5), (d) In,0;:@WO;(In/'W=0.8) and (e) In,0:@WO3(In/W=1); (f)

EDS spectrum of In,0;@WO3(In/W=0.8) (The inset is the corresponding SEM image).

3. TEM observation of the In,0;@WO;(Inf/W=0.8) nanocomposite: (a)
low-magnification TEM image and (b) high-resolution TEM image. The inset is the

corresponding FFT pattern.

4. XPS spectra of the In,0;@WO;(In/W=0.8) nanocomposite: (a) a survey scan, (b) W
4f, (c) In 3d and (d) Ols.

5 Nitrogen (N,) adsorption—desorption isotherms of (A) WO; nanoplates and (B)
In,O;:@WO; (In/W=0.8) composite (Inset: the corresponding BJH pore-size-distribution

curves).

6. (a) Typical response profiles operating at 150 °C upon exposure to H,S gases with
various concentrations and (b) plots of the response dependent on H,S concentration: (A)
WOz, (B) In,0:@WO3(In/W=0.5), (C) In,0;@WO5(In/W=0.8), and (D)
In,0;@WOs(In/W=1).

7. Plots of the response dependent on operating temperature (100250 °C) upon exposure
to 10 ppm H,S gas: (A) In,O; nanoparticles, (B) WO; nanoplates and (C)
In,0;@WO5(In/W=0.8).

8. Response and recovery times of the sensors derived from WO; nanoplates,
In,O;:@WO5(InfW=0.8) and In,O3 nanoparticles upon exposure to 5 ppm H,S gas at

various operating temperatures (100-250 °C).

9. Selective response of the WO; nanoplates and In,O;@WO;(In/W=0.8) composite

upon exposure to various gases and vapors operating at 150 °C.
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Fig. 10. A schematic demonstration of the adsorption and reaction process of O, and H,S

molecules at the interface of the hierarchical In,O;@WO; nanostructure.
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Fig. 3. By L. Yin, D. Chen, and et al..
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