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Nitrogen dioxide (NO2), as a typical threatening atmospheric pollutant, is hazardous to the environment
and human health. Thus, the development of a gas sensor with high response and low detection limit for
NO2 detection is highly important. The highly ordered mesoporous indium trioxide (In2O3) prepared by
simple nanocasting method using mesoporous silica as template and decorated with Au nanoparticles
was investigated for NO2 detection. The prepared materials were characterized by X-ray diffraction,
transmission electron microscopy, and X-ray photoelectron spectroscopy. Characterization results
showed that the samples exhibited ordered mesostructure and were successfully decorated with Au.
The gas sensing performance of the sensors based on a series of Au-loaded mesoporous In2O3 were
systematically investigated. The Au loading level strongly affected the sensing performance toward
NO2. The optimal sensor, which was based on 0.5 wt% Au-loaded In2O3, displayed high sensor response
and low detection limit of 10 ppb at low operating temperature of 65 �C. The excellent sensing properties
were mainly attributed to the ordered mesoporous structure and the catalytic performance of Au. We
believe that the Au-loaded mesoporous In2O3 can provide a promising platform for NO2 gas sensors with
excellent performance.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

NO2 is mainly produced in industrial emissions and automobile
exhaust. This gas is one of the main environmental pollutants and
the leading cause of acid rain and photochemical smog [1–5].
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NO2 is not only detrimental to the environment but also has haz-
ardous effects on human health even at extremely low concentra-
tion. In fact, people will feel physical discomfort when exposed to
15 ppb of NO2 [6]. Moreover, continuous exposure to even 53 ppb
NO2 may cause damage to the respiratory system, especially seri-
ous for children [7]. Therefore, the development of the NO2 sensor
with high response and low detection limit is imperative.

Many gas sensors based on semiconductor oxides have been
reported to monitor NO2. Several popular sensitive materials are
SnO2, ZnO, WO3, and In2O3 [8–11]. These NO2 gas sensors usually
have good response at a high working temperature (�100 �C),
which can provide adequate thermal energy for the reaction or
desorption of gas molecules. However, the high operating temper-
ature may cause high power consumption and several safety issues
in practical application. In addition, carbon-based materials or
hybrids have been implemented to reduce operating temperature
because of the good electronic conductivity and carrier mobility
of carbon, but their inherent relative low response should be fur-
ther improved [12,13]. Consequently, high response detection of
NO2 at operating temperature below 100 �C is still a challenge.

The morphology, chemical composition, and structure of the
semiconductor metal-oxide material are the main factors that
affect the sensitive properties of gas sensors. Compared with other
nanostructures, mesoporous metal oxides have large specific sur-
face area and porous structure with pore size of 2–50 nm. These
features can favor the diffusion of the target gas in their pore chan-
nels and simultaneously provide a large number of surface active
sites for the host–guest interactions [14–19]. In particular, Zhang
et al. synthesized WO3 mesoporous hollow nanospheres doped
with Fe and achieved a wide detection range for NO2 detection at
120 �C [5]. Wang et al. successfully prepared mesoporous and
ultrathin In2O3 nanosheets, which exhibited excellent gas sensing
performance toward NOx gas. The response of the sensor reached
213 toward 10 ppm NOx under a relatively low operating temper-
ature (120 �C) [20]. In addition, loading noble metals on metal
oxide was confirmed to be effective in enhancing the sensitivity
and reducing the operating temperature. Sui et al. decorated
MoO3 hollow spheres with Au and effectively improved the sensi-
tivity of gas sensor for benzene, toluene, and xylene detection.
Their optimumworking temperature decreased by 40 �C compared
with pure MoO3 hollow spheres [21]. Fu et al. enhanced the sens-
ing performance by adding Au nanoparticles (NPs) on rod-like
In2O3 in detecting CO at room temperature. However, pure In2O3

had no response to CO at the same conditions [22]. Ying et al. syn-
thesized mesoporous WO3 with 0.5 wt.% Ag using three-
dimensional cubic KIT-6 as a hard template. The response was 44
for 1 ppm NO2 at 75 �C [15]. However, the effect of Au decoration
on the NO2 sensing properties of mesoporous In2O3 is rarely
reported.

In this paper, we prepared mesoporous In2O3 with SBA-15
mesoporous silica as a template by simple nanocasting method
and then employed Au as catalyst to decorate mesoporous In2O3

to improve the sensor response and further reduce the operating
temperature. The nanostructural and componential information
of the prepared ordered mesoporous materials were characterized,
and their sensing properties were investigated in detail.
2. Experimental

2.1. Preparation of mesoporous materials

In(NO3)3�4.5H2O (�99.5%), ethanol (�99.9%), and sodium
hydroxide (�96%) were purchased from Beijing Chemical industry.
Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4�3H2O, �99.9%)
was purchased from Sigma Aldrich. All reagents were used as
received without further purification. The water used in all exper-
iments had a resistivity higher than 18.2 MO�cm.

Highly ordered two-dimensional mesoporous SBA-15, one kind
of the most common mesoporous silica with a hexagonal array of
pores, was synthesized according to a method described elsewhere
[18]. Mesoporous In2O3 was prepared with the nanocasting
method using mesoporous silica SBA-15 as a template. The
detailed synthesis procedure is given below. Typically, 1.72 g of
In(NO3)3�4.5H2O was dissolved in 10 ml of ethanol and continu-
ously stirred to form a homogeneous solution. Then, 0.5 g of SBA-
15 was added into the precursor solution, which was stirred at
40 �C, until all ethanol had totally evaporated. The obtained precip-
itate was calcined at 300 �C for 3 h. This process was repeated
twice with the dosage of metal salts reduced by half at each time
to fully impregnate the template. At the last calcined treatment,
the products were calcined at 500 �C for 3 h. During several times
of calcined treatments, the indium nitrate decomposed to synthe-
size indium oxide. The excess NaOH (2 mol/L) solution was used to
etch the silica template. The etching process was repeated thrice.
Finally, the mesoporous In2O3 was obtained.

A series of Au-loaded mesoporous In2O3 materials (Au-In2O3)
with different Au mass ratios (0.25 wt%, 0.5 wt%, and 0.75 wt%)
were prepared using an established impregnation method [19].
HAuCl4 with different weight percentages to In2O3 (0.5 wt%, 1.0
wt%, and 1.5 wt%) were added into and mixed uniformly with
the mesoporous In2O3 (0.1 g) dispersion in 10 ml of ethanol. The
dispersion was continuously stirred at 40 �C, until ethanol evapo-
rated completely. After calcination at 300 �C for 2 h, the corre-
sponding products were obtained and marked as S1, S2, S3, and
S4. During the calcined process, hydrogen tetrachloroaurate
decomposed to synthesize Au.

2.2. Characterization

The X-ray diffraction (XRD) pattern was carried out by a Rigaku
D/Max-2550 diffractometer employing Cu-Ka radiation (k =
1.54178 Å). Thermogravimetric analysis (TG, Netzsch, STA449 F3
jupiter) was used to testify the thermal behaviors of the meso-
porous materials. The heating rate was 10 �C/min in air from
50 �C to 900 �C. Nitrogen adsorption isotherm was recorded with
a Micromeritics Gemini VII apparatus and the samples were
degassed under vacuum at 77 K for 22 h. Brunauer-Emmett-
Teller (BJT) equation was used to estimate the specific surface area.
The pore size distribution was performed on the Barrett-Joyner-
Halenda method. The scanning electron microscopy (SEM) images
were recorded on JEOL JSM-7500F microscope operating at 15 kV.
The images of Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM) and ele-
ment distribution analysis were obtained by using a JEOL JEM-
2100 microscope operated. The substrate that supports detected
materials is the carbon-coated Cu grid. X-ray photoelectron spec-
troscopy (XPS) measurements were recorded on a Thermo ESCA-
LAB 250 spectrometer. The adventitious carbon C 1s peak at
284.8 eV was used as the reference for calibration the binding
energy.

2.3. Fabrication and measurement of gas sensor

The schematics of the fabricated gas sensor and sensor static
testing system are shown in Fig. 1. The as-obtained powder mate-
rials were mixed with some deionized water to form a paste. Then,
the homogeneous paste was coated onto the external surface of an
alumina ceramic tube. The ceramic tube had a pair of Au electrodes
with Pt lead wires, which connected to the measuring system.
After the sensing devices were sintered at 400 �C for 2 h, a Ni-Cr
alloy coil as a heater was inserted into the ceramic tube to control



Fig. 1. (a) Schematic structure of the gas sensor; (b) Schematic illustration of sensor static testing system.
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the operating temperature. The gas sensing properties were mea-
sured as follows. The sensor was put into the chamber, and a given
amount of the tested gas was injected into the chamber. After
obtaining a stable response, the test gas was removed and replaced
by air using an air pump. The real-time resistances of the device
were recorded using a digital multimeter (Fluke 8846A). The test
data were displayed on a computer. The operating temperature
was controlled by adjusting the constant-current power. The sen-
sor response was defined as Response = Ra/Rg (reducing gas) and
Response = Rg/Ra (oxidizing gas). Ra means the sensor resistance
in air while Rg is the resistance in the target gas. The response
and recovery time were defined as the time taken to achieve 90%
of the total resistance change after the sensor to expose to the
tested gas and air case, respectively.

3. Results and discussion

3.1. Material characterization

X-ray diffraction patterns were recorded to investigate the
long-range order of pores and the crystal structure of the samples.
The low-angle XRD patterns of all samples are shown in Fig. 2(a).
Each pattern of the mesoporous materials exhibited a sharp strong
diffraction peak that can be indexed to (1 0 0) and two unobtru-
sively weak peaks corresponding to (1 1 0) and (2 2 0). These
results matched well with the XRD patterns of SBA-15 in the liter-
ature [18,23]. Thus, the as-made samples had successfully repli-
cated mesoporous structure from the SBA-15 template. However,
the diffraction peaks of these replicas had lower intensity com-
pared with that of SBA-15. This phenomenon indicated that the
mesoporous structure of the samples was partially destroyed,
although a certain order remained [23]. The wide-angle XRD pat-
terns of S1–S4 are shown in Fig. 2(b). All diffraction peaks of
In2O3 presented a good match with the typical cubic structure of
In2O3 (JCPDS card 06-0416). No obvious diffraction peaks were
attributable to Au in S2–S4 probably because of the low amount
of Au loaded in the mesoporous In2O3 or the homogenous distribu-
tion of Au particles [15]. The thermogravimetric (TG) analysis of
the materials was investigated as shown in Fig. S1 (see supplemen-
tary information).

The morphologies of samples were further investigated by SEM
and TEM. The SEM images of S1 and S3 were provided in the Fig. S2
(see supplementary information), which shows fiber-like aggre-
gates of mesoporous nanostructure. Fig. 3(a) and (b) present the
TEM images of S1 and S3. The obtained materials showed a highly
ordered pore structure before and after modification by Au parti-
cles, and the measured pore widths of S1 and S3 were approxi-
mately 3.5 nm and 3.2 nm, respectively. Fig. 3(b) and (c)
illustrate the mesoporous structure with several Au particles. The
mean diameters of Au were 26.1 nm and 28.8 nm in S3 (Fig. 3b)
and S4 (Fig. 3c), respectively. Comparative results illustrated that
the size of Au NPs decorated on the mesoporous In2O3 slightly
increased with increase in Au dosage. This phenomenon supported
the hypothesis that Au tends to nucleate and aggregate during
deposition. The HRTEM image in Fig. 3(d) clearly illustrates that
the region involved a single Au particle and presents two different
lattice fringes spacing of 0.29 nm and 0.23 nm which corresponded
to the (2 2 2) planes of In2O3 and (1 1 1) planes of Au, respectively.
To clarify the distribution of Au in the sample, elemental mapping
analysis of S3 [Fig. 3(b)] was performed, and the results are shown
in Fig. 4a–c. Elements In and O exhibited high density as the main
components of the sample. In Fig. 4(c), some Au particles were dis-
persed uniformly in the mesoporous In2O3 and others aggregated
on the surface of the sample. Earlier studies by Jiang et al. showed
that the interaction energies of Ag, Pt, or Pd deposited on a-Fe2O3

were much higher with a porous/rough surface than with a smooth
one [24,25] Similarly, Au deposited on In2O3 surface needed lower
total potential energy of the Au particles. Hence, Au particles
tended to aggregate and grow on the surface of mesopores rather
than be entirely dispersed into mesoporous In2O3.



Fig. 2. (a) Low-angle XRD patterns of all mesoporous materials (b) XRD patterns of S1–S4.

Fig. 3. TEM images of S1 sample (a), TEM images of S3 sample (b), TEM images of S4 sample (c), HRTEM image of the selected area of S3 sample (d).

Fig. 4. Elemental mapping of mesoporous S3 sample (b): distribution of O elemental (a), In elemental (b), and Au elemental (c).
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Table 1
The textural properties of the mesostructured material.

Sample Surface area (m2/g) Pore size (nm) Pore volume (cm3/g)

S1 42.32 3.84 0.12
S2 48.87 3.81 0.13
S3 46.74 3.77 0.13
S4 45.45 3.74 0.13
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The nitrogen adsorption/desorption isotherms and pore size
distribution curves of all composites are shown in Fig. 5. All curves
show typical IV type isotherm, indicating the mesoporous struc-
tures of all prepared materials. The pore size distribution is shown
in the insets, which illustrated one sharp peak at approximately
3.8 nm in each inset. The specific surface area, pore size, and pore
volume of the samples are summarized in Table 1. The mesoporous
materials had large surface areas in the range of 42.3–48.9 m2/g.
Particularly, Au-In2O3 (S2–S3) possessed larger specific surface
and higher pore volume than pure In2O3 (S1) probably because
the incorporated Au adhered onto the In2O3 skeleton, which
affected the integrity and mesoporous structure [19]. However,
increasing the Au load resulted in a slight decrease in the surface
area and reduced pore width. This phenomenon is probably due
to the blocking of the pores and formation of larger Au NPs because
of the increased Au particles [26].

To obtain more information on the chemical states of surface
composition, the as-synthesized S1–S4 were further characterized
by X-ray photoelectron spectroscopy. Fig. 6(a) shows that the spec-
tra of the surface composition mainly consisted of In and O ele-
ments. The spectrum in Fig. 6(b) shows two significant binding
energy peaks at 83.2 eV and 86.9 eV corresponding to the elec-
tronic states of Au 4f7/2 and Au 4f5/2. According to the literature,
binding energies of 84 eV and 87.7 eV belonged to the spin-orbit
splitting component of Au 4f7/2 level in metallic Au, confirming
that the Au element was in a single metallic state [27]. The binding
energy of Au showed a negative shift of 0.8 eV compared with bulk
Au, which is probably due to the strong electronic interaction
Fig. 5. Nitrogen adsorption/desorption isotherms and the pore size distrib
between Au NPs and In2O3 [28]. The intensity of the peak was evi-
dently enhanced by increasing the Au content [Fig. 6(c)]. The real
loading results of Au in S3 and S4 are calculated as 0.44 wt%,
0.79 wt% from XPS spectra. We did not detect Au from XPS spectra
of S2 because its concentration in S2 might be lower than the low-
est detect limitation of the instrument.

The high-resolution X-ray photoelectron spectra of O 1s of S1
and S3 are shown in Fig. 6(d) and (e). The spectrum of O 1s could
be resolved to two Gaussian function peaks with energies of 529.7
eV and 531.5 eV. The peak at 529.7 eV could be assigned to the lat-
tice oxygen, while that at 531.5 eV was due to the existence of
adsorbed oxygen species [29]. The surface-absorbed oxygen spe-
cies play a significant role in gas sensing, because they can react
with the detected gas [30]. We estimated the Oads percentage of
two as-prepared samples and found that Oads percentage of S3
was superior to that of S1. Given the intensive interaction of elec-
tronic with oxygen with the Au particle on the surface, the content
of Oads in Au-In2O3 samples were obviously superior to that before
decoration.
utions of S1 sample (a), S2 sample (b), S3 sample (c), S4 sample (d).



Fig. 6. (a) XPS spectra of the obtained materials, (b) Au spectrum of S3 sample, (c) Au spectrum of S2-S4 samples, (d) O 1s spectrum of S1 sample, (e) O 1s spectrum of S3
sample.
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3.2. Sensing properties

To explore the effect of Au loading on the mesoporous In2O3 on
the gas sensor performance, we evaluated the sensing properties of
a series of prepared gas sensors. We first investigated the operating
temperature, which is important to determine the sensor perfor-
mance. Fig. 7 presents the response of the S1–S4 gas sensors to
500 ppb NO2 within the operating temperature range of 50–115
�C. Except for the curve of the S4 sensor, most curves first rose to
maximum values and then fell as the temperature increased. The
response of S4 at temperature below 50 �C cannot be detected
because of its overloaded resistance to 500 ppb NO2. The low
responses at low temperature were responsible for the insufficient
thermal energy for NO2 molecules to overcome the activation
energy barrier of the surface reaction. As the temperature
increased, adequate thermal energy obtained contributed greatly
to the increased sensitivity. Then, the response was reduced
beyond the optimum operating temperature, because gas adsorp-
tion was inhibited at high temperature [31–33]. The response of
S1 gas sensor to 500 ppb NO2 was much lower than the responses



Fig. 7. The response of sensors based on S1–S4 towards 500 ppb of NO2 as a
function of operating temperature. The error bars were estimated by three
measurements.

Fig. 9. The response-recovery curves of the all samples to 500 ppb NO2 at their
optimum operating temperature.
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of the other sensors, with maximum value of 66.5 at 75 �C, while
the responses of the S2, S3, and S4 gas sensors were 277.1 at
65 �C, 472.4 at 65 �C, and 184.5 at 50 �C, respectively. The latter
sensors had obvious corresponding sensor response enhancement
of 4.2, 7.1, and 2.8 times that of S1. Moreover, the optimum
operating temperature displayed a decreasing tendency with
increase in Au load. This result was due to the fact that addition
of Au effectively reduced the activation energy. The S4 gas sensor
had the lowest optimum operating temperature, but its response
was inferior to S2 and S3 samples.

Gas responses to different NO2 concentrations at specific opti-
mal operating temperatures of the gas sensors were investigated,
and the results are shown in Fig. 8. The response of the S1 gas sen-
sor showed the lowest value toward different concentrations of
NO2 among materials. The results indicated that introducing Au
NPs had a great effect on improving the sensing performance of
the sensor based on mesoporous In2O3. The detection limit of the
S3 gas sensor even reached 10 ppb NO2, with response of 2.28
[Fig. 8(b)]. However, when the loading amount of Au was over
0.5 wt%, the response of the gas sensor decreased probably because
of the reduced interfacial sites between Au and mesoporous In2O3

and decreased catalytic efficiency of Au. These phenomena are the
consequences of the overloading of Au [19].
Fig. 8. (a) The response of sensors based on mesoporous samples to different concentra
response in the NO2 concentration range of 10 ppb–100 ppb. The error bars were estim
The response and recovery characteristics are also important
parameters of gas sensor for detecting NO2 at low temperature.
Moreover, low temperature detection generally indicates the sacri-
ficing response or recovery speed [31]. As shown in Fig. 9, the time
of response and recovery of the S2–S4 gas sensors to 500 ppb NO2

were obviously shorter than those of the S1 sensor at their respec-
tive optimal operating temperatures. Especially, the response and
recovery times of the S3 sensor were much lower than the others.
The results demonstrated that S3 contributed to the optimal Au
catalytic activity to improve NO2 sensing properties.

Hence, 0.5 wt% Au was considered as the optimum loading
amount for NO2 gas sensor. Fig. 10(a) shows the dynamic response
and recovery curve of S3 sensor in the range of NO2 concentrations
from 10 ppb to 1 ppm at its optimum operating temperature of
65 �C. In addition, the response did not appear to level off in the
tested concentration range, indicating that the sensor possessed
a wide concentration range of NO2 detection with upper limit of
over 1 ppm. Fig. 10(b) displays the logarithmic plots of the sensing
response (S = Rg/Ra) and NO2 concentration (C, ppm). The response
of the S3 sensor showed a nearly linear relationship (R2 = 0.971) to
NO2 concentration in the range of 10 ppb–1 ppm. The sensing
properties (working temperature, response to a certain NO2

concentration, and detection limit) of several NO2 sensors are
tion NO2 at each optimum operating temperature, (b) The magnification of sensor
ated by three measurements.



Fig. 10. (a) The dynamic response curve of the S3 sensor to 500 ppb NO2 at optimum operating temperature, (b) Calibration curves for the S3 sensor.
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compared in Table 2. The S3 sensor was evidently superior in
sensor response, working temperature, and detection limit.

We also studied the selectivity of S3 sensor towards various
gases, such as NH3, Cl2, CH4, H2S, CO, SO2, and O3 and volatile
organic compounds (VOCs). The results are shown in Fig. 11(a),
which revealed that the response of the S3 sensor was the highest
even toward lower concentration of NO2 compared with other
ppm-level concentrations of the target gas. Almost no response
to VOCs, such as ethanol, acetone, and benzene, was observed,
Table 2
Comparison of the sensing performances of various mesoporous metal-oxide sensors for N

Material Operating temperature NO2 c

Mesoporous WO3 nanoparticles 200 �C 500 p
Fe doped mesoporous WO3 120 �C 500 p
Ag-loaded mesoporous WO3 75 �C 1 ppm
mesoporous ZnO@Au microspheres 250 �C 1 ppm
In2O3 decorated mesoporous NiO Room temperature 15 pp
In2O3 Microspheres 80 �C 500 p
Porous corundum In2O3 nanosheet 250 �C 50 pp
Mesoporous In2O3 150 �C 250 p
Au loaded mesoporous In2O3 65 �C 500 p

Fig. 11. (a) The sensitivity of the S3 sensor toward various gases at 65 �C, (
demonstrating the excellent selectivity of the S3 sensor to NO2.
This phenomenon may be caused by the excellent sensitivity of
In2O3 material for oxidizing gases, such as NO2 and O3, at low tem-
perature [34]. Although the sensor exhibited an obvious response
to O3 at the same concentration as NO2, the response to NO2 was
still superior by 10-fold. Moreover, the sensor response was
recorded for the coexisting gases of 500 ppb NO2 with other
high-concentration interfering gases, such as NH3, CH4, Cl2, SO2,
CO, and O3. The results are shown in Fig. 11(b). The sensor response
O2.

oncentration Response Detection limit Ref.

pb 50.7 200 ppb [42]
pb 2.7 10 ppb [5]

44 100 ppb [15]
10.71 500 ppb [43]

m 3 5 ppm [44]
pb 320 50 ppb [45]
m 164 1 ppm [46]
pb 10.5 50 ppb [47]
pb 472.4 10 ppb This work

b) Response of the S3 sensor toward various coexisting gases at 65 �C.



Fig. 12. Schematic illustration of the gas-sensing mechanism of the sensors towards NO2.
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to coexisting gases varied in the range of 70.4–120% compared
with that to individual 500 ppb NO2. This result demonstrated that
the S3 sensor had good selectivity to NO2. Consequently, the results
clearly showed that the S3 sensor has superior selectivity to NO2

among other gases at the same conditions.

3.3. Gas sensing mechanism

The sensing mechanism of oxide semiconductors is widely con-
sidered as follows. When the sensors are exposed to gas, the resis-
tance of the sensing materials is changed because of the chemical
adsorption and the reaction of the gas on the surface of the sensing
materials [35]. In2O3 is a typical n-type metal oxide semiconductor
whose conductivity mainly due to the concentration of free elec-
trons. The gas-sensing mechanism of the sensors is illustrated in
Fig. 12. When mesoporous In2O3 is placed in the air, some oxygen
molecules are adsorbed on the mesoporous surface, and capture
free electrons from the conduction band of In2O3 material to form
chemisorbed oxygen species (O2

�, O�, or O2�). The decrease in the
concentration of free electrons further creates electronic depletion
layer on the In2O3 surface. When the operating temperature is
below 150 �C, the oxygen species primarily exist in the form of
O2
�. Once the sensor is placed under a NO2 environment, NO2 will

move to the interface and not only capture the electron from con-
duction band of In2O3 but also combine with O2

� as the following
equation [36,37].

NO2+e�!NO2
� ð1Þ

NO2+O2
�!NO2

�+O2 ð2Þ
More electrons travel from the conduction band of In2O3 to the

interface, and the depletion width is further increased, resulting in
an increase in resistance.

The excellent sensing performance of sensors based on Au-
loaded mesoporous In2O3 can be attributed to the following
aspects. First, the merits of mesoporous nanostructure of materials
with well-ordered porous structures and high specific surface area
contributed to enhance the sensitivity [15]. The well-ordered por-
ous structures with connected pathway are conducive to gas diffu-
sion. The high specific surface area with numerous active sites
facilitates the gas-semiconductor interaction. Second, the decora-
tion of Au further improves the NO2 sensor performance. Chemical
and electronic sensitization effects are the main reasons for the role
of Au in improving the NO2 sensing properties [24,38], As a chem-
ical sensitizing agent, Au particles, as effective oxygen dissociation
catalyst, could reduce the reaction activation energy and expedite
the diffusion of adsorbed oxygen to the surface vacancies to yield
oxygen ions. The quantity of the adsorbed oxygen and the conver-
sion rate of the oxygen ions cloud increased in the presence of Au
on the surface [39]. The other factor was electronic sensitization.
Because of the work function difference between Au (5.1 eV) and
In2O3 (4.8 eV), a Schottky junction was formed between the Au
and In2O3, and electron transferred from In2O3 to Au. This phe-
nomenon resulted in the extended electron depletion on the
In2O3 surface and enhancement in NO2 response [40,41]. However,
the specific surface area between a series of Au-In2O3 showed slight
decreasing trend, because the increasing content of Au particles
blocked the pores and formed larger Au NPs. Hence, although the
surface area is one of the important factors that determine the sens-
ing performance, it is speculated that the catalysis of Au particle is
the determining factor for the enhancement of the sensing response
of Au-In2O3. Nonetheless, overloading of Aumay cause awide range
of agglomeration to larger particles and the diminishing of active
sites at the interfaces, leading to weakened Au catalytic efficiency.
This even eventually resulted in the recession in sensing properties
[19,48]. Consequently, the sensor based on 0.5 wt% Au loaded In2O3

exhibited the highest sensitivity among all fabricated sensors.
4. Conclusions

In summary, periodically ordered mesoporous Au-loaded In2O3

were successfully prepared via a simple hard-template method fol-
lowed by an impregnation process. The low-angle XRD patterns
and TEM images demonstrated the ordered mesoporous nanos-
tructure of samples. The elemental mapping analysis and XPS
results confirmed the distribution and content of Au. The sensing
properties of the gas sensors based on mesoporous In2O3 and Au-
In2O3 samples were investigated. The results indicated that the
sensors based on Au-In2O3 exhibited higher response than pure
In2O3. Among the series of Au-In2O3 samples, 0.5 wt% Au-In2O3 is
optimal for NO2 sensor with the highest response at low operating
temperature of 65 �C, which sensor response enhanced 7.1 times
than that of pure In2O3 towards 500 ppb NO2. The linear calcula-
tion curve of 0.5 wt% Au-In2O3 were established in the NO2 concen-
tration range of 10 ppb–1 ppm, and the detection limit of 10 ppb
was realized. These excellent properties can be attributed to the
unique mesoporous structure and the catalytic effect of Au
nanoparticles. The modification strategy of Au-loading effectively
enhanced the sensor response and reduced detection limit. Thus,
mesoporous In2O3 with optimized Au decorations is a highly
promising candidate for NO2 sensor with high response, low detec-
tion limit, and excellent selectivity at low operating temperature.
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