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ABSTRACT: We successfully prepared Au@ZnO core−shell
nanoparticles (CSNPs) by a facile low-temperature solution
route and studied its gas-sensing properties. The obtained
Au@ZnO CSNPs were carefully characterized by X-ray
diffraction, transmission electron microscopy (TEM), high-
resolution TEM, and UV−visible spectroscopy. Mostly
spherical-shaped Au@ZnO CSNPs were formed by 10−15
nm Au NPs in the center and by 40−45 nm smooth ZnO shell
outside. After the heat-treatment process at 500 °C, the
crystallinity of ZnO shell was increased without any significant
change in morphology of Au@ZnO CSNPs. The gas-sensing
test of Au@ZnO CSNPs was examined at 300 °C for various gases including H2 and compared with pure ZnO NPs. The sensor
Au@ZnO CSNPs showed the high sensitivity and selectivity to H2 at 300 °C. The response values of Au@ZnO CSNPs and pure
ZnO NPs sensors to 100 ppm of H2 at 300 °C were 103.9 and 12.7, respectively. The improved response of Au@ZnO CSNPs
was related to the electronic sensitization of Au NPs due to Schottky barrier formation. The high selectivity of Au@ZnO CSNPs
sensor toward H2 gas might be due to the chemical as well as catalytic effect of Au NPs.
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■ INTRODUCTION

Owing to the serious concern over the growing environmental
pollution and related health effects, considerable research
attention has been paid to develop high-performance gas
sensors.1−3 Among various gas sensors, metal oxide semi-
conductors (MOSs) have been widely researched as promising
sensing materials, since they were first proposed by Seiyama et
al.4 in 1962 and a commercial breakthrough was achieved by
Naoyoshi Taguchi.5 These MOSs gas sensors, also known as
chemiresistors, are extensively used for monitoring several
kinds of hazardous and toxic gases due to their advantages such
as simple sensing mechanism, lower maintenance costs, better
stability, and facile fabrication.3,6−8 However, a number of
problems, such as high operating temperature and poor
selectivity, are also associated with such type of sensors,
which needed to be solved to further expand in the fields of gas
sensor application. Therefore, it is urgent to find the way to
design and engineer novel sensing materials to circumvent
these issues.
It is reported that two important key properties of

semiconductor device involved in the performance of gas
sensors are receptor and transducer functions.8−10 Hence, it
would be an effective way to enhance the performance of gas
sensor, especially selectivity, by improving the recognition
properties. As a result, several attempts have been made to
improve the sensor performance using doping or loading of

noble metals. Among them, loading of noble metals over the
sensor surface has been recognized as an effective method
because the performance of sensors can be enhanced due to
their excellent catalytic properties.11−13 However, noble metals
deposited on the surface of the MOSs passivates the surface
area involved in gas sensing, and also its use is limited at high
working temperature. Because the operation of sensing devices
at high working temperatures, these noble metal NPs tend to
coagulate and sinter, which leads to the loss of catalytic activity
of noble metals.14 To overcome these problems, a new strategy
of core (metal)@shell (oxide semiconductor) nanostructure
has been exploited for gas sensors due to their several
interesting properties. One of them, in this core−shell
nanostructure, the core is isolated from the shell and prevents
it from aggregation during sintering at harsh conditions while
retaining their individual distinct chemical and physical
properties.15−18 In addition, this core−shell nanostructure
exhibits unique and improved functionality as compared to
their single-component counterparts.19 As a result, a number of
articles have been reported on such core−shell nanostructures
for many potential applications.20−27 Recently, X. Li et al.
reported about the core−shell structured Au@In2O3 nano-
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composite for the detection of formaldehyde gas. They have
used Au@C core−shell NPs as template to deposit the In2O3
shell.27 However, such types of template method require a
multistep procedure at high temperature to synthesize the
template, and they require high energy consumption. On the
other hand, the template-free solution-based methods at lower
temperature are facile; therefore, much attention has been paid
by many researchers. Thus, one of the specific aims of this work
is to synthesize highly sensitive metal@metal-oxide semi-
conductor core−shell nanostructure materials in a facile and
cost-effective way.
Among various semiconductors, zinc oxide (ZnO), which is a

well-known n-type semiconductor with a direct wide band gap
of 3.37 eV, has been extensively investigated in many potential
applications including photocatalytic, field effect transistor,
solar cells, chemical sensor, and so on.28−31 Although a few
papers have reported on the gas-sensing performances of ZnO
based core−shell nanostructure, a detailed investigation of the
role of core metal on sensing property of ZnO is necessary.32,33

In this work, we present a facile strategy followed by the heat-
treatment process to synthesize Au@ZnO core−shell NPs, and
their gas-sensing properties are studied. The effect of Au NPs
on the sensing performance of Au@ZnO core−shell nano-
particles (CSNPs) was investigated and compared with that of
pure ZnO NPs. It was found that the Au@ZnO CSNPs sensor
exhibited high H2 sensitivity and selectivity against other
interfering gases (ethanol, acetaldehyde, CO). The detailed
experimental results, gas-sensing characteristics, and mechanism
of both sensors based on pure ZnO NPs and Au@ZnO CSNPs
are explained herein.

■ EXPERIMENTAL DETAILS
Chemicals and Materials. Chloroauric acid (HAuCl4·4H2O,), L-

ascorbic acid (AA), and trisodium citrate dihydrate were obtained
from Showa Chemicals. Hexamethylenetetramine (HMT), hexadecyl-
trimethylammonium bromide (CTAB), and zinc nitrate hexahydrate
(Zn (NO3)2·6H2O) were procured from Sigma-Aldrich. All these
above chemicals were received as such without any further purification.
Preparation of Au@ZnO Core−Shell Nanoparticles. For the

synthesis of Au@ZnO CSNPs, a previous literature method was
followed but with some modifications.34 Typically, calculated amounts
of CTAB (6 mM) and AA (3 mM) were added into 60 mL of water
and stirred properly for mixing. To this CTAB−AA mixed solution, an
equal molar (1:1) amount of ZnNO3 and HMT was added with
stirring. The molar ratio of Zn2+/CTAB and AA/Zn2+ were taken as 1
and 0.5, respectively. Finally, ∼3 mL of as-prepared 10−15 nm sized
Au NPs (see Supporting Information for the synthesis of Au NPs) was
dropped into the above mixture solution and stirred for another 5 min
before being heated at 85 °C for 8 h in an oven. After that the desired
product was centrifuged and washed before being dried at 60 °C for 12
h. After that, the dried powder was collected and heat-treated for 2 h at
500 °C in air. The synthesis of pure ZnO NPs was done according to
the same procedure without adding Au colloid.
Characterization. The morphology and microstructural studies of

prepared samples were characterized by a TEM (JEM-2010, JEOL)
and an HRTEM (Zeiss EM-912, Omega). The selected area electron
diffraction (SAED) pattern, high-angle annular dark field scanning
TEM (HAADF-STEM) and high-resolution real-time line scan
analysis were performed in the HRTEM. The X-ray diffraction
(XRD) patterns of all samples were recorded with the help of an X-ray
diffractometer (D/Max-2005, Rigaku) having a Cu Kα source (λ
=1.541 78 Å). A UV−visible spectroscope (UV-2550, Shimadzu) was
used to record the UV−visible spectra.
Sensing Device Fabrication and Measurement. For the sensor

device fabrication, ∼0.01g of each sensing material such as pure ZnO
NPs and Au@ZnO CSNPs was mixed and ground evenly with one

drop of α-terpineol to form a paste, which was painted on the surface
of alumina substrates (area: 15 × 15 mm) and then dried at 60 °C.
The as-obtained sensor devices were heated at 450 °C for 2 h in air for
stabilization and to remove the solvent, before the gas sensing test
(Supporting Information, Figure S1: photograph of sensor devices).
Both the prepared sensor devices were tested under a temperature-
controlled environment at 150−400 °C for different gases such as H2
(4−100 ppm), ethanol, acetaldehyde, and CO (100 ppm). The total
gas flow rate in mass flow controller (MFC) was 100 cm3·min−1,
where the target gas was mixed with nitrogen (background gas) and air
(10.5% of oxygen). An Agilent-34970A source meter was used to
measure the resistance of the device during the sensor testing. Initially,
the resistance of sensor device based on Au@ZnO CSNPs exceeds its
limit, that is, above 100 MΩ; therefore, a 10 MΩ resistor was attached
to sensor to obtain the actual resistance. The sensor response (Rs) was
calculated using (Ra/Rg), where Ra is the sensor resistance in air, and
Rg is the resistance measured during the exposure of target gas.

■ RESULTS AND DISCUSSION
Figure 1a is the TEM image of as-synthesized citrate stabilized,
spherical-shaped Au NPs having total size ranging from 10 to

15 nm. Figure 1b shows the TEM image of Au@ZnO CSNPs
after the ZnO shell coated over Au NPs. Mostly spherical-
shaped Au@ZnO CSNPs are formed, and their total sizes are
∼100 ± 10 nm.
The thickness of ZnO shell in Au@ZnO CSNPs is measured

to be ∼50 ± 5 nm around the 10−15 nm Au NPs. Figure 1c
shows the HAADF-STEM image, which was obtained to get a
clear picture of the core−shell structure formation. It reveals
that Au@ZnO CSNPs are clearly formed by the encapsulation
of 10−15 nm Au NPs in the center of 50 ± 5 nm of ZnO shell.
In the absence of Au NPs, spherical-shaped ZnO NPs are
formed. However, from Figure 1, it was not possible to know
the primary particle size of ZnO in prepared nanomaterials
because the surface of ZnO shell is very smooth without any
granular or crystalline appearance. Since the preparation of
sensor devices involved heat-treatment process at 500 °C, the
TEM analysis of Au@ZnO CSNPs is therefore also taken after
heat-treatment to examine any structural or morphological
changes (Figure 2).
Figure 2a depicts the typical TEM image of Au@ZnO

CSNPs showing no change in morphology after the heat
treatment. The Au NPs are present in the center of core−shell
NPs and marked as red color dotted circles and there is no
agglomeration and grain growth of Au metal in the Au@ZnO

Figure 1. TEM and HAADF-STEM images of (a) Au, (b, c) Au@ZnO
core−shell, and (d) pure ZnO NPs.
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CSNPs after heat treatment at 500 °C. From Figure 1, clearly,
the shape, total size (100 ± 10 nm), and ZnO shell thickness
(50 ± 5 nm) of Au@ZnO CSNPs remain unchanged after heat
treatment at such high temperature. However, heat treatment
resulted in the increase of crystallinity of ZnO shell, which is
composed of ∼15 ± 3 nm primary ZnO NPs. Figure 2b is a
high magnification image of Au@ZnO CSNPs, which shows
that Au NPs are located in the center of the core−shell
nanostructure and looking more contrast and clear as compared
to TEM image of Figure 2a. The HAADF image in Figure 2c
also confirm about the formation of CSNPs with increased
crystallintiy of ZnO shell. The HRTEM image displayed in
Figure 2d (taken from the white rectangle area of the single
Au@ZnO CSNP in the inset of Figure 2b) is the interface of
Au NP and ZnO shell. It shows that the interplanar spacing of
ZnO shell is ∼2.8 Å, which is consistent with (100) lattice
plane of ZnO. Furthermore, SAED pattern (taken from the
single Au@ZnO CSNP present in Figure 2b (inset)) in Figure
2d shows that ZnO shells are polycrystalline in nature. These
results indicate the advantage of formation of core−shell NPs,
where heat treatment does not result in any morphological
change except an increase in crystallinity of ZnO. Figure S2
(Supporting Information) represents a high-resolution real-
time line scanning image of Au@ZnO CSNPs, which is
analyzed to clarify further the formation of core−shell
nanostructure. Figure S2a shows a HAADF-STEM image of
two individual Au@ZnO CSNPs from which line-scan is
performed. This analysis confirms that all the elements such as
Au, Zn, and O are present (Figure S2b−d) in the Au@ZnO
CSNPs. It is found that two Au peaks are separated by ∼90 nm,
which is equal to ZnO shell thickness (∼45 nm) in two Au@
ZnO core−shell NPs (Figure S2b). However, Zn and oxygen
peaks are present throughout the spectrum suggesting the
continuous presence of ZnO shell (Figure S2b,c). The above
study concludes that Au NPs are present inside the center of
Au@ZnO CSNPs.
Figure 3a is the TEM image of pure ZnO NPs after heat

treatment at 500 °C. It can be observed that such ZnO NPs are
also spherical in shape and that the total size is ∼100 ± 40 nm,
which consists of 18 ± 4 nm primary ZnO NPs (Figure 3a).
Figure 3b shows the SAED pattern of ZnO nanospheres taken
from the inset of Figure 3a, and the concentric ring pattern
indicates the polycrystalline nature of ZnO NPs.

XRD study was conducted to examine the crystal structure of
prepared materials such as pure ZnO and Au@ZnO CSNPs
after heat treatment (Figure 4). From the diffraction pattern of

Au@ZnO CSNPs, a small diffraction peak at 38° is indexed to
the metallic Au (111) crystal plane (JCPDS 98−000−0230).
The remaining peaks in both the specimens are indexed to be
wurtzite structure of ZnO (JCPSD 36−1451). However, the
inset shows the magnified diffraction pattern of Au diffraction
peaks ranging from the angle 37° to 45°, which clearly indicates
the Au (111) and Au (222) crystal planes are present at angle
38° and 44.2°, respectively. The XRD study does not indicate
any extra phases or impurity peaks in the whole spectrum;
therefore, the final obtained products such as pure ZnO and
Au@ZnO CSNPs are of high-purity materials. The average
crystallite size of the primary ZnO particles in Au@ZnO
CSNPs and pure ZnO NPs was calculated to be ∼18.04 and
21.7 nm, respectively, using the Debye−Scherer formula (D =
kλ/ (β cos θ), where D is the main crystallite size, λ is the
wavelength of the X-ray radiation (1.54 Å), k is a constant to be
taken as 0.9, β is the full width at half-maximum (fwhm) of the
peak, and θ is the diffraction angle.
Figure 5 shows the UV−visible absorption spectra of all the

prepared nonmaterial such as Au NPs, pure ZnO NPs, and
Au@ZnO CSNPs, respectively. An absorption peak at 522 nm
is observed for the 10−15 nm sized Au NPs, which is red-
shifted to 584 nm after the ZnO shell formation. This red shift
was ascribed to larger refractive index of ZnO shells (2.004)
compared to that of water (1.33) indicating the formation of
ZnO shells on Au NPs cores. It is interesting to note that the
red shift in the absorption peak of Au NPs is increased after the
heat treatment. For example, an absorption peak at 534 nm is
recorded for as-synthesized Au@ZnO CSNPs sample (Figure

Figure 2. TEM images (a, b); HAADF image (c), and corresponding
HRTEM image along with SAED pattern (inset) (d) of Au@ZnO
CSNPs after heat treatment at 500 °C for 2h.

Figure 3. (a) TEM image and (b) corresponding SAED pattern of
pure ZnO NPs after heat treatment at 500 °C for 2 h.

Figure 4. XRD patterns of Au@ZnO CSNPs and ZnO NPs after heat
treatment at 500 °C for 2 h.
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S3, Supporting Information), which is red-shifted to 584 nm
after the heat treatment. This is possibly related to increase of
crystallinity as well as refractive index of ZnO shells after the
heat-treatment process.35

However, the weaker absorption intensity observed for Au
NPs in Au@ZnO CSNPs may be due to the thick ZnO shell
formation. Furthermore, the ZnO characteristic peak at 365 nm
is recorded for Au@ZnO CSNPs, which is broadened and also
blue-shifted compared to pure ZnO NPs (374 nm). The
calculated band gap of ZnO in pure ZnO and Au@ZnO CSNPs
was 3.31 and 3.39 eV, respectively. The reason for the blue shift
of ZnO peak in Au@ZnO CSNPs may be due to the
interaction of Au core and ZnO shell.36 Furthermore, the
primary ZnO particle size in Au@ZnO CSNPs is smaller
compared to pure ZnO NPs, which may also be one of the
reasons behind the blue shift in absorption band of ZnO in
Au@ZnO CSNPs.

■ GAS-SENSING POPERTIES
The response of metal oxide semiconductor gas sensors usually
depend on the operating temperature. Therefore, as an
important factor, it is necessary to examine the optimum
operating temperature of all the prepared sensor devices. Both
the sensors such as pure ZnO NPs and Au@ZnO CSNPs were
tested at different temperatures from 150 to 400 °C for 100
ppm of H2 gas, the results of which are shown in Figure 6a.
Initially, as the operating temperature was raised the response
of both sensors increased and reached maximum at 300 °C to
100 ppm of H2. However, when the operating temperature was
increased further to 400 °C, the responses decreased gradually
for both sensors. The response values of Au@ZnO CSNPs
sensor (Rs = 103.9) was 8 times higher than that of pure ZnO
NPs (Rs = 12.7) at 300 °C for 100 ppm of H2. Hence, 300 °C is
the optimum working temperature in this work, and further
gas-sensing measurements were performed at this temperature.
The response-recovery transients of sensors based on pure

ZnO NPs and Au@ZnO CSNPs for H2 target gas (4−100
ppm) at 300 °C is shown in Figure 6b. Usually, n-type
semiconductor gas sensors, when exposed to reducing gases
environment, the resistance amplitude of the sensor decreases
and increases again when exposed to air atmosphere. In Figure
6b, both of the sensors show similar kind of characteristics, that
is, decrease of the resistances when they are exposed to H2.
However, the baseline resistance of Au@ZnO CSNPs sensor is
higher as compared to that of pure ZnO NPs sensor, and the

reason for this was discussed in the Gas-Sensing Mechanism
Section. The response and recovery times are also considered
as important parameters for any gas-sensing devices. The
response time is the time needed for a sensing device to reach
90% of total resistance change after the supply of H2 gas
(adsorption), whereas the recovery time is the 90% of
resistance change to return to its original position after H2
gas stopped followed by the supply of air (desorption). The

Figure 5. UV−visible absorption spectra of Au, pure ZnO NPs, and
Au@ZnO CSNPs.

Figure 6. (a) Responses vs operating temperature of pure ZnO and
Au@ZnO CSNPs sensors to 100 ppm of H2. (b) Dynamic H2
response-recovery transients of both the sensors at 300 °C. (c)
Responses vs H2 concentrations plot of pure ZnO NPs and Au@ZnO
CSNPs sensors at 300 °C.
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response time of the Au@ZnO CSNPs sensor to 100 ppm of
H2 was calculated to be 75 s (Figure 6b), whereas the recovery
time was relatively longer, that is, 600 s. The response time of
pure ZnO NPs sensor (Figure 6b) for 100 ppm of H2 was 121
s, whereas recovery time was too long. Figure 6c shows the H2
gas concentration versus response graph of the sensors such as
pure ZnO NPs and Au@ZnO CSNPs measured at 300 °C.
From the graph, it is found that Au@ZnO CSNPs sensor
exhibits higher response value at each concentration as
compared to pure ZnO NPs. Starting from the lower to higher
concentrations of H2, the responses of pure ZnO NPs and Au@
ZnO CSNPs sensor were calculated and plotted in Figure 6c.
The response values of Au@ZnO CSNPs to 4, 10, 20, 40, 60,
80, and 100 ppm of H2 were 2.43, 4.6, 8.7, 23, 30.5, 49, and
103.9, respectively, whereas the response values of pure ZnO
NPs were 1.4, 2.28, 2.8, 3.9, 4.1, 4.5, and 12.7, respectively.
Also, the sensing performances of both the sensors were tested
at parts per billion level of H2 concentration, which is shown in
Figure S4 (see Supporting Information). The H2 responses of
Au@ZnO CSNPs and pure ZnO NPs to 500 ppb were ∼1.12
and 1.0, respectively. However, below 500 ppb of H2 gas none
of the sensors shows any response. Figure S5 (see Supporting
Information) shows the reproducibility test of pure ZnO NPs
and Au@ZnO CSNPs sensors at 400 °C. Response of both
sensors was examined by conducting the sensing test for
repeating three cycles to 100 ppm of H2, and it was found that
both devices show good reproducibility and stability when
alternatively exposed to air and H2.
Selectivity in gas sensing is another important parameter that

is needed for a real-time practical application. Figure 7 displays

the selectivity test of both the sensing devices such as pure ZnO
NPs and Au@ZnO CSNPs. Their responses were evaluated by
testing with other interfering gases such as H2, ethanol,
acetaldehyde, and CO with a concentration of 100 ppm at 300
°C. It is shown from Figure 7 that, for all gases, the Au@ZnO
CSNPs sensor exhibited enhanced responses as compared to
pure ZnO NPs. However, Au@ZnO CSNPs shows high
selectivity to H2 among other interfering gases indicating that
the Au@ZnO CSNPs has a better ability to discriminate H2 gas.
The above results confirmed the role of Au NPs in gas sensor in
terms of improvement of sensitivity and selectivity.

■ GAS-SENSING MECHANISM
The mechanism behind the H2 sensing performances of both
the sensors such as pure ZnO NPs and Au@ZnO CSNPs can

be explained on the basis of well-established sensing
mechanism of n-type semiconducting gas sensors, which is
reported in many previous papers.37−39 Initially when the air is
supplied to pure ZnO sensor, the oxygen molecules in air
adsorb on the surface of ZnO semiconductor and capture its
conduction-band electrons to form ionic species of oxygen
(O2

−, O−, O2−). Therefore, a depletion layer (ΔL) is formed on
the ZnO sensor surface (as shown in Figure 8a-1), which

eventually causes an increase of resistance in ZnO sensor
(Figure 6b).38 As soon as the target gas (H2) is supplied, the
chemisorbed oxygen ions react with H2 gas and return the
trapped electrons to ZnO sensor. As a result, the resistance of
ZnO sensor decreases. The relevant reactions are written as
follows:39

↔H H2(gas) 2(ads) (1)

+ ↔ +− −H O H O e2(ads) (ads) 2 (gas) (2)

+ ↔ + −−
H O H O 2e2(ads)

2
(ads) 2 (gas) (3)

Mainly two sensitization effects such as electronic and
chemical sensitization are involved for the improved gas-
sensing performance of Au@ZnO CSNPs compared to that of
pure ZnO NPs.40−43 Au NPs played a significant role in
enhancing the gas-sensing performance and was involved in
both the mechanisms. The electronic sensitization mechanism
is responsible for the high response (sensitivity) of Au@ZnO
CSNPs sensor as compared to that of pure ZnO NPs. The
presence of Au NPs in this Au@ZnO core−shell composite will
form a typical metal−semiconductor Schottky junction
between Au NPs and ZnO shells.43,44 As Au metal (5.1 eV)
has greater work function than ZnO (4.65 eV), more electrons
will be transferred from the conduction band of ZnO shell to
Au core than to the pure ZnO NPs. Therefore, the energy band
of ZnO results In a greater bending at the Au@ZnO interface
with a broad depletion layer (Figure 8a-2).42 This is also
supported from the high baseline resistance of Au@ZnO
CSNPs as compared to that of ZnO NPs. When the Au@ZnO
CSNPs sensor tested under the target gas, the H2 gas molecules
get oxidized by reacting with adsorbed oxygen ions and resulted
in free electrons (eqs 2 and 3), which returned to ZnO. This

Figure 7. Responses vs different reducing gases plot for pure ZnO and
Au@ZnO CSNPs to 100 ppm of various gases at 300 °C.

Figure 8. A schematic illustration of (a) energy-band diagram of ZnO
and Au@ZnO CSNPs; (b) gas-sensing reaction of Au@ZnO CSNPs
sensor under the air and target gas condition.
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leads to the lowering of width of electron depletion layer, and
hence the resistance decreases in Au@ZnO core−shell NPs,
improving the response. Since the response (Rs) is measured by
Ra/Rg for reducing gases, with higher Ra value for Au@ZnO
CSNPs there will be higher response.
However, the chemical sensitization mechanism is respon-

sible for the high selectivity of Au@ZnO CSNPs toward H2 gas.
It is known that Au NP is a good catalyst and serves as specific
absorption site to dissociate molecular oxygen (O2) as well as
dissociation and ionization of H2 molecules into H atoms due
to spillover effect (as shown in Figure 8b-2).37,41−43,45−47

Therefore, more oxygen gets adsorbed and captures free
electrons to form oxygen ionic species. Also adsorption of H2
molecules via Au catalyst is faster and readily oxidized by
reacting with the oxygen ionic species (O−), which release
water and free electron (e−) as products. As a result, the
resistance of Au@ZnO CSNPs sensor decreases, and response
increases. The H2 and O2 spillover reactions on Au surfaces are
presented below:

+ →2Au H 2Au/H2(gas) (4)

+ → +− −2H O H O e(ads) 2 (vap) (5)

+ →2Au O 2Au/O2(gas) (6)

+ →− −O e O (ads) (7)

Thus, it is clear from the results obtained in this work that
the Au NPs are reliable sensitizers and good catalyst for
enhancing the sensing reactions, resulting high sensitivity,
selectivity, and response/recovery time in Au@ZnO core−shell
NPs. However, the decrease of responses at higher temper-
atures (above 300 °C) is attributed to dominating desorption
process of H2 molecules rather than faster adsorption.48 On the
other hand, at lower temperatures sensor shows low responses,
which may be due to less thermal energy, sluggish diffusion, and
surface reactions of H2 gas molecules with oxygen ionic
species.49,50

■ CONCLUSIONS

In summary, the Au@ZnO CSNPs sensor was prepared via a
facile solution approach and demonstrated its gas-sensing
performance against pure ZnO NPs sensor. The formation of a
typical core@shell structure was confirmed by different studies
such as TEM, HAADF-STEM, and UV−visible optical
spectroscope. The Au@ZnO CSNPs sensor exhibited signifi-
cantly improved gas-sensing performances as compared to that
of pure ZnO NPs for all interfering gases. Here, Au NPs
catalyst plays the determining role for improving the perform-
ance of Au@ZnO CSNPs sensor. The Au@ZnO CSNPs sensor
showed the high response (Rs = 103.9), rapid response time
(75 s), and high selectivity to H2 at 300 °C. Also, both pure
ZnO NPs and Au@ZnO CSNPs sensors were able to detect H2
even at sub-parts per million level (500 ppb) with responses of
1.0 and 1.12, respectively. The improved sensing performances
with regard to sensitivity and selectivity of Au@ZnO CSNPs
sensor were attributed to both electronic and chemical
sensitization effects of Au NPs. Thus, it is believed that the
developed Au@ZnO CSNPs hybrid structure might be further
used as a promising gas-sensing material.
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