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We report the excellent sensing performance of Pt-decorated Al-doped ZnO (Pt-AZO) nanoparticles (NPs) for the
detection of the hazardous gas, acetone. The Pt NPs were uniformly deposited on the surface of the Al-doped ZnO
(AZO) NPs via magnetron sputtering under agitation. The Pt-AZO NPs show remarkably enhanced sensing
properties with a sensing response and response time of 421 and 2.9s, respectively, under exposure to 10 ppm
acetone at 450 °C, as compared with those of pure ZnO NPs (17 and 51 s, respectively), AZO NPs (56 and 15,
respectively), and Pt-decorated ZnO (Pt-ZnO) NPs (261 and 7s, respectively) under the same conditions.
Furthermore, the Pt-AZO NPs showed the highest sensing response to 10 ppm acetone compared to those re-
ported so far for metal-oxide sensing materials. Pt NPs played a crucial role in improving the gas sensing per-
formance of AZO NPs. The catalytic effect of Pt NPs led to a greater number of absorbed oxygen ion species on
the surface of the Pt-AZO NPs, as indicated by the increased number of oxygen vacancies, higher carrier con-
centration, larger specific surface area, and enhanced reaction kinetics. The outstanding sensing performance of
the Pt-AZO NPs as compared to those of pure ZnO, AZO, and Pt-ZnO NPs is attributed to these synergic effects.

Acetone
Spillover effect
Catalytic effect
Gas sensor

1. Introduction

Large amounts of hazardous gases, such as acetone, benzene, to-
luene, ammonia, and so on, are released into the atmosphere as by-
products of industrialization, causing environmental pollution and
posing risks to human health. In particular, acetone, which is very
volatile, is used extensively in laboratories and industrial applications
[1]. At concentrations higher than 173 ppm, acetone can cause irrita-
tion to the eyes, nose, throat, skin, and central nervous system [1,2].
Moreover, it has been known that accidental intake of large amounts of
acetone might lead to unconsciousness and death [3]. In addition,
acetone is found in the exhaled breath of diabetes patients and can thus
be used as a biomarker to determine diabetes [4,5]. The acetone con-
centration in the exhaled breath of diabetes patients is found to exceed
1.8 ppm, which is higher than that (0.3-0.9 ppm) of healthy people
[6,7]. Therefore, the development of gas sensors for the rapid and se-
lective detection of acetone has attracted substantial interest in recent
years.

To detect acetone in air, several techniques such as gas chromato-
graphy and mass spectrometry have been used. However, these

instruments are bulky, expensive, and cannot be used to perform in situ
and continuous measurements. Therefore, use of sensors based on
semiconducting metal-oxides, such as SnO,, WO3, and TiO,, has re-
cently been considered as an alternative approach for detecting acetone
[8]. Among various sensing materials, ZnO has been extensively in-
vestigated as a particularly promising candidate owing to its special
characteristics such as low cost, simplicity of preparation, high che-
mical and thermal stability, and favorable sensing properties. Many
experimental studies have been focused on improving the sensing
properties of ZnO by designing various structures such as thin films [9],
nanorods [10], nanowires [11], nanosheets [12], nanotubes [13], and
nanoparticles [14]. However, these structurally modulated ZnO mate-
rials exhibit insufficient sensing properties such as a low response, long
response time, and lack of selectivity.

To overcome these shortcomings, loading of noble metal (Au [15]
and Pt [16]) and doping of transition metals (Cd, Cr, Mn, Fe, Co, and Ni
[17-19]) was carried out to enhance the sensing properties of ZnO for
acetone detection. Loading of a noble metal loading improves the
sensing properties by allowing its catalytic effect to lower the activation
energy of the sensing material (ZnO) so that it reacts better with
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Fig. 1. (a) Schematic of the apparatus used for decorating Pt nanoparticles on AZO particles, (b) schematic of an actual sensor device composed of Pt electrodes on a
SiO, substrate, (c) high-resolution TEM image of Pt-AZO, and (d) STEM-HAADF image with EDS line profile of an isolated Pt-AZO NP.

acetone. However, according to a previous study [20], using a deposi-
tion method to prepare a catalyst does not maximize its efficiency be-
cause the noble metal is deposited only onto one side of the sensing
material. Further, doping with a third element is another effective way
to enhance the gas-sensing properties of the hybrid ZnO material by
increasing the number of defects in the crystal structure or changing the
electrical properties of the semiconducting metal-oxide. In our previous
studies, we improved the acetone-sensing properties of ZnO by doping
with transition metals (Al, Co, Cu, Mn) [21,22]. However, further im-
provement of the performance of acetone gas sensors is required to
achieve high sensitivity, short response times, and good selectivity.

In this study, we developed an acetone sensor by decorating Pt NPs
on the surface of Al-doped ZnO NPs, to realize improved sensing
properties such as high sensing response, rapid response time, and good
selectivity. The considerable improvement in the performance was
derived from both the inclusion of catalytic particles (a noble metal
loading) and doping of a transition metal. Specifically, to maximize the
catalytic effect, the Pt NPs were homogeneously decorated over a
maximum possible area of the surface of Al-doped ZnO NPs via a new
synthetic method (sputtering in an agitated vessel). The acetone-gas-
sensing mechanism is discussed in detail using the results of physical
and chemical analyses.
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2. Experimental
2.1. Synthesis of Pt-decorated Al-doped ZnO NPs

Undoped ZnO NPs and Al-doped ZnO (AZO) NPs were synthesized
by a hydrothermal method described in our previous reports [21,22]. In
the synthesis of AZO NPs, the concentration of doped Al was main-
tained at 1 at.%. After the hydrothermal reaction, the synthetic product
was collected by centrifugation and washed with methanol. Then, it
was dried at 90 °C for 60 min and annealed at 350 °C for 30 min in a Hy
atmosphere. To synthesize the Pt-decorated Al-doped ZnO (Pt-AZO)
NPs, platinum was coated on the surface of the as-synthesized AZO NPs
in an agitated vessel for 2min at a deposition rate of 6 — 7 nm/min
using a DC magnetron sputtering system, as illustrated in Fig. 1(a). The
AZO powder was continuously stirred with the help of a rotating im-
peller and the Pt NPs could be homogenously decorated on the surface
of the AZO NPs. Pt-decorated ZnO (Pt-ZnO) NPs also were prepared by
the same method to confirm the catalytic effect of Pt.

2.2. Structural characterization

The structural and elemental characterization of the as-synthesized
NPs were carried out using a field-emission transmission electron mi-
croscope (FE-TEM, JEOL JEM ARM 200 F) equipped with an energy-
dispersive X-ray spectroscope (EDS). The crystal structure was
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Fig. 2. (a) XRD patterns of pure ZnO, AZO, Pt-ZnO, and Pt-AZO. The standard XRD pattern of hexagonal wurtzite-type ZnO (ICDD: # 98-000-0483) is shown as
vertical lines at the bottom, (b) magnified (111) and (200) peaks of the face-centered cubic structures of Pt (ICDD: # 01-087-0636), (c) magnified (101) peak of ZnO.

investigated by X-ray diffraction (XRD, Ultima IV/ME 200DX, Rigaku)
using Cu Ka radiation. Surface elemental analysis was conducted by X-
ray photoelectron spectroscopy (XPS, K-alpha Thermo VG) using Al Ka
radiation (1486.6 eV) from an X-ray source operating at 12kV with a
current of 3 mA. The optical properties of the ZnO NPs were examined
by UV-vis spectroscopy (UV-vis, V-650 JASCO) in the wavelength re-
gion of 250-800 nm.

2.3. Fabrication of gas sensor devices and the evaluation of their sensing
performance

The sensor devices (8.5mm X 8.5 mm) were fabricated on an in-
terdigitated Pt electrode, 10 mm wide and 10 mm long separated by a
gap of 10 pm, as shown in Fig. 1(b). Cr (20 nm) and Pt (100 nm) layers
were deposited on the patterned SiO, substrate via a DC magnetic
sputtering process. The Cr layer was used as an interlayer to achieve
good contact between the Pt layer and the SiO, substrate. The syn-
thesized powder was mixed with a-terpineol to form a paste, and the
mixture was spread on the interdigitated Pt electrode to serve as the
sensing layer. To remove the binding agent and enhance the stability of
the sensor, the sensor was dried at 300 °C for 1 h and annealed at 600 °C
for another hour.

For the gas-sensing measurements, the sensors were mounted on a
chamber and placed in a flow system equipped with gas cylinders and
mass flow controllers (MFCs). A mixing of acetone gas and air was
controlled by varying the gas flow rates produced by the MFCs. To
evaluate the sensing properties, a combination of a current source
(Keithley 6220) and a nanovoltmeter (Keithley 2182) was used, and a
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constant current of 10 nA was applied for a time interval of 0.1s. The
gas sensing measurements were conducted at operating temperatures
between 300 and 500 °C. The sensing response of the sensor for acetone
gas is defined as (R, — R,)/Rg, where R, and R, are the resistances of
the sensors in air and in an environment containing acetone, respec-
tively.

3. Results and discussion

Fig. 1(a) and (b) schematically illustrate the apparatus used for
decorating Pt NPs on AZO NPs and a sensor device based on the syn-
thesized particles, respectively. Fig. 1(c) shows a TEM image of the as-
synthesized Pt-AZO NPs, revealing that the Pt-AZO NPs are spherical
with a diameter of ~20nm. Fig. 1(d) shows the STEM-HAADF image
and EDS line profile corresponding to an isolated Pt-AZO NP marked
with a yellow line on the surface of the particle, which reveal the ex-
istence of Pt on the AZO NPs and confirm that ~2 nm-sized Pt NPs are
uniformly distributed on the surface of the AZO NPs.

The phase structure of the ZnO, AZO, Pt-ZnO, and Pt-AZO NPs was
characterized by XRD (Fig. 2). The diffraction peaks of all the samples
could be indexed to the hexagonal wurtzite ZnO phase (ICDD: #98-000-
0483) (Fig. 2(a)). Further, the (111) and (200) reflections of the face-
centered cubic structure of the Pt crystals (ICDD: # 01-087-0636) are
observed in the XRD patterns of Pt-ZnO and Pt-AZO NPs (Fig. 2(b)). No
other secondary phases or impurity peaks are observed in any of the
XRD patterns. The main (101) peak of ZnO is located at the same po-
sition in the XRD patterns of both the AZO and Pt-AZO samples, with a
slight shift to higher angles by ~0.04° compared to those of the
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Fig. 3. (a) Variation in the sensing response of Pt-AZO to 10 ppm acetone in the
operating temperature range of 300-500 °C, (b) maximum sensing response of
Zn0, AZO, Pt-ZnO, and Pt-AZO at 10 ppm acetone as a function of the operating
temperature, and (c) the response times of ZnO, AZO, Pt-ZnO, and Pt-AZO.
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undoped ZnO and Pt-ZnO NPs (Fig. 2(c)). This shift in the main peak to
a higher angle is attributed to the reduction in the interlayer spacing of
ZnO along the (101) axis owing to the replacement of Zn%" (atomic
radius, 0.74 A) with A1®*, which has a smaller atomic radius of 0.53 A.
The diffraction peak of Pt-AZO is shifted to the same extent as that of
AZO, indicating that the Al dopant is well integrated into the ZnO
lattice sites. More importantly, the similar shift implies that Pt is not
incorporated into the ZnO lattice but is attached to the surface of AZO
in the form of NPs, which is consistent with the NP morphology ob-
served in Fig. 1(c).

The sensing properties of the ZnO, AZO, Pt-ZnO, and Pt-AZO NPs
were evaluated under exposure to 10 ppm acetone at different oper-
ating temperatures. Fig. 3(a) presents the variations in the responses of
the Pt-AZO NPs at different operating temperatures over the 300-550 °C
temperature range, and Fig. 3(b) presents the maximum sensing re-
sponses of the samples. As shown in Fig. 3(b), the optimal working
temperature is 500 °C for ZnO and AZO NPs and 450 °C for Pt-ZnO and
Pt-AZO NPs. Above these temperatures, the sensing response decreases,
which is attributed to the competing desorption of the chemisorbed
oxygen atoms on the surface of the nanoparticles [23]. Further, it is
apparent from Fig. 3(b) that the sensing responses of the AZO NPs
(~56) and Pt-AZO NPs (~421) are correspondingly higher than those
of the ZnO NPs (~17) and Pt-ZnO (~261), respectively. This result
implies that Al doping induces an improvement in the sensing response.
However, the responses of the Pt-decorated samples are significantly
higher than those of the corresponding samples without Pt, indicating
that the remarkable enhancement in the sensing response arises due to
Pt decoration rather than Al doping. Thus, the sensor based on Pt-AZO
NPs shows the highest sensing response among the sensors based on the
fabricated samples, at the optimal working temperature of 450 °C.

The response time of the sensors based on ZnO, AZO, Pt-ZnO, and
Pt-AZO NPs for 10 ppm acetone is defined as the time required to reach
90% of the total resistance change upon exposure to the test gas and it
was estimated from the plots of the response variation as a function of
time (Fig. 3(c)). The response times determined thus are 51, 15, 7, and
2.9s for the ZnO, AZO, Pt-ZnO, and Pt-AZO NPs, respectively, in-
dicating that the response time decreases due to Al doping as well as the
incorporation of Pt NPs. The recovery times of the sensors based on
ZnO, AZO, Pt-ZnO, and Pt-AZO NPs estimated as the time necessary for
the resistance change to reach 90% of the original baseline signal upon
the removal the target gas are approximately 55, 276, 357, and 440,
respectively. In contrast to the decrease in the response time with Al
doping and Pt catalyst incorporation, the recovery times increased. This
is attributed to the remaining gas molecules remaining on the detecting
surface of the sensing materials after the chemical adsorption reaction
of the gas molecules during the sensing procedure. Therefore, a long
resting time is required for all these molecules to desorb from the de-
tecting surface. However, further detailed study is required to under-
stand the reason for the slow recovery times of AZO, Pt-ZnO, and Pt-
AZO NPs compared to that of ZnO NPs.

Meanwhile, we also investigated the effect of Pt content on the
sensing performance of AZO NPs by comparing the sensing responses of
sensors based on Pt-AZO NPs prepared with different Pt deposition
times, for example, 2 and 4 min. The Pt-AZO, prepared with 2min
deposition time, showed a uniform distribution of Pt NPs with a size of
~2nm on the surface of AZO (See Fig. 1), whereas the sample prepared
with 4 min showed an aggregation and non-uniform distribution of Pt
NPs (See Fig. S1). Furthermore, as shown in Fig. S2, the best sensing
response was observed for the sensor based on Pt-AZO NPs prepared
using a Pt-deposition time of 2 min rather than 4 min, implying that the
Pt content on the ZnO surface is a critical parameter determining the
sensing performance of such a sensor. The relationship between the Pt
coating time and Pt content of the Pt-AZO NPs and additional in-depth
studies on the optimal Pt content for achieving the highest sensing
performance of AZO NPs to acetone will be carried out in the future.

Fig. 4(a) shows the dynamic response of the sensor based on Pt-AZO
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Fig. 4. (a) Variation in the resistance of Pt-AZO during the detection of acetone at different concentrations in the range of 0.05-10 ppm at 450 °C, (b) sensing
responses of Pt-AZO to different concentrations of acetone in the range of 0.1-10 ppm at 450 °C. (Inset: sensitivity of ZnO, AZO, Pt-ZnO, and Pt-AZO NPs with

calibration curves in the range of 0.1-5 ppm).

NPs for different concentrations of acetone ranging from 0.05 to
10 ppm at 450 °C. The resistance of the Pt-AZO NP sensor decreased
with a reduction in the acetone concentration, indicating that the ZnO
particles retain their n-type semiconducting properties after Pt dec-
oration and Al doping. Fig. 4(b) shows the response of the Pt-AZO NP
sensor at various acetone concentrations in the range of 0.1-10 ppm at
450 °C. The sensing response increases with increasing acetone con-
centration. The inset of Fig. 4(b) shows that the responses of the sensors
based on ZnO, AZO, Pt-ZnO, and Pt-AZO NPs increase linearly as a
function of acetone concentration in the range of 0.1-5 ppm, at their
optimal operating temperatures. The linear correlation coefficient R* in
Fig. 4(b) is close to 1, implying good linearity. The estimated
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sensitivities of the sensors in the range of 0.1-5 ppm acetone are 0.2,
0.7, 8.4, and 11.8 corresponding to the ZnO, AZO, Pt-ZnO, and Pt-AZO
NPs, respectively. Thus, the sensor based on Pt-AZO NPs shows the
highest sensitivity among the sensors studied.

The chemical characteristics of the initial state of the ZnO, AZO, Pt-
ZnO, and Pt-AZO NPs were investigated by XPS. The XPS O 1 s spectra
of the samples are shown in Fig. 5. The peaks of O 1s level could be
deconvoluted into three quasi-Gaussian peaks centered at approxi-
mately 530, 531, and 532 eV. The peak at ~530 eV (red line) is asso-
ciated with the O?~ ions of the Zn-O bonds in the wurtzite structure of
ZnO, which are thought to be stable and do not contribute to the gas
response [24]. The peak at ~531 eV (orange line) is attributed to the
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Fig. 5. XPS O 1 spectra of (a)ZnO, (b) AZO, (c¢) Pt-ZnO, and (d) Pt-AZO.

adsorbed oxygen ions (O~ and O?~), which significantly influence the
gas-sensing properties in the oxygen-deficient regions, such as oxygen
vacancies and oxygen interstices, within ZnO [24]. The peak intensities
partially indicate the variation in the concentration of the oxygen de-
ficiencies. The peak at ~532 eV (green line) is assigned to chemisorbed
oxygen species, such as the adsorbed H,0, O,, and —COs5 on the surface
of ZnO [24]. The concentration of oxygen deficiencies was estimated by
calculating the area fraction of the oxygen-deficient peak in the de-
convoluted O 1s peaks. The percentages of adsorbed oxygen ions are
thus ~15.8, 20.4, 26, and 30.5% for ZnO NPs, AZO NPs, Pt-ZnO NPs,
and Pt-AZO NPs, respectively.

The electronic states of the ZnO, AZO, Pt-ZnO, and Pt-AZO NPs were
characterized by UV-vis spectroscopy. Fig. 6(a) shows the band gap
energies of the ZnO, AZO, Pt-ZnO, and Pt-AZO NPs, determined from
the UV-vis absorbance spectra shown in the inset of Fig. 6(a). The inset
of Fig. 6(a) shows that the absorption peaks of the AZO and Pt-AZO NPs
appear at ~355 and ~365nm, respectively, which are blue-shifted
compared to the peak of pure ZnO located at ~371 nm. The blue shift
in the absorption peak arises from the Burstein-Moss (BM) effect [25].
Based on the BM model, the Fermi level rises toward the conduction
band owing to an increase in the electron carrier concentration and the
broadening of the optical band gap. The optical band gap energy (E,)
was determined using the Tauc relation [26]: ahv Cthv — EQ)",
where, a is the absorption coefficient, hvis the energy of the incident
photons, C is a constant, n = 1/2 for direct-band-gap semiconductors,
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and E, is the optical band gap. The band gap energies of the ZnO, AZO,
Pt-ZnO, and Pt-AZO NPs were determined as the photon energy when
(ahv) = 0 by extrapolating the [F(ahv)?] versus hv curve [27] as shown
in Fig. 6(a). The optical band gap of the pure ZnO NPs is estimated to be
3.01 eV, whereas those of the AZO, Pt-ZnO, and Pt-AZO NPs are higher
at 3.13, 3.35, and 3.57 eV, respectively. Therefore, it can be concluded
that the doped Al and decorated Pt NPs provide additional electrons,
thus broadening the band gap.

The specific surface areas of the nanoparticles were estimated from
N, adsorption-desorption analysis. Fig. 6(b) shows the adsorption-des-
orption isotherms of the ZnO, AZO, Pt-ZnO, and Pt-AZO NPs. The
Brunauer-Emmett-Teller (BET) specific surface areas of the nano-
particles were calculated from the N, adsorption branches to be ~33.6,
34.7, 41.2, and 43.4 m?/g for the ZnO, AZO, Pt-ZnO, and Pt-AZO NPs.
The surface area of the AZO NPs is higher than that of the pure ZnO NPs
owing to the decrease in the lattice volume of the AZO NPs when a Zn
atom is replaced with a smaller Al atom, as discussed with regard to the
XRD data in Fig. 2. In particular, the surface area of the Pt-AZO (Pt-
ZnO) NPs increased considerably in comparison to that of the AZO
(ZnO) NPs. This can be attributed to the attachment of the small Pt NPs
with a high surface area on the AZO (ZnO) NP surface.

The activation energies (E,) for the sensing responses of the sensors
based on ZnO, AZO, Pt-ZnO, and Pt-AZO NPs in the operating tem-
perature range of 350-450 °C were calculated. Fig. 6(c) shows the Ar-
rhenius plots of the sensor responses for the ZnO, AZO, Pt-ZnO, and Pt-
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AZO NPs using the data in Fig. 3(b). The activation energies were es-
timated from the slopes of the best fits of the In S versus 1/T plots in
accordance with the Arrhenius’ equation: S = exp(—E,/(kgT)), where
kg is the Boltzmann constant. As shown in Fig. 6(c), the activation
energies are 27.6, 19.4, 17.9, and 17.0 meV for the ZnO, AZO, Pt-ZnO,
and Pt-AZO NPs, respectively. The E, values decrease with Al-doping
and also Pt NP decoration. The Pt-AZO NP thus has the lowest activa-
tion energy, which leads to faster surface chemical reactions, resulting
in the best sensing properties.

Further, we analyze the effect of Pt on the sensing performance
(observed in Figs. 3 and 4) of ZnO NPs by comparing the physical and
chemical characteristics of the various particles (shown in Figs. 5 and
6). The sensing responses and response times are presented in Fig. 7(a)
and (b), respectively. The activation energy, oxygen vacancies, band
gap, and BET specific surface areas of the ZnO, AZO, Pt-ZnO, and Pt-
AZO NPs are summarized in Fig. 7(c)—(f). The comparison between NPs
without Pt, pure ZnO and AZO NPs, and those with Pt, Pt-ZnO and Pt-
AZO NPs, reveals that both Al doping and the incorporation of Pt NPs
on the surface increase the number of oxygen vacancies (Fig. 7(d)),
optical band gap (Fig. 7(e)), and specific surface area (Fig. 7(f)) with
respect to the initial state of materials. The improved properties (lower
activation energy, Fig. 7(c)) lead to faster chemical reactions during the
sensing procedure. Thus, a higher sensing response (Fig. 7(a)) and
shorter response time (Fig. 7(b)) to acetone are observed with AZO NPs
and Pt-AZO NPs compared to pure ZnO NPs and Pt-ZnO NPs, respec-
tively. However, a noteworthy feature is that the significant enhance-
ment in the sensing performance of ZnO NPs is due to the Pt catalyst on
the surface rather than Al doping.

The sensing mechanism for acetone detection with various NPs is
illustrated in Fig. 8. When the AZO NPs are exposed to air, which re-
presents the initial state of the sensor, the oxygen molecules in air are
adsorbed on the surface of the AZO NPs (Fig. 8(a), left; Eq. (1)). The
adsorbed oxygen molecules trap the electrons from the conduction
band of the AZO NPs and form anionic chemisorbed oxygen species
(e.g., 027,07, 0or 0%7), depending on the operating temperature, ac-
cording to Eq. (2)-(4) [28]:

02 (gas) = O2 (ads) )
03 (ads) + € < 03 (aasy™s T <100°C @
O3 (ads) + €~ © 205", 100°C < T < 300°C 3)
Ods)” + € < Ogags”™, T > 300°C @

This leads to the formation of an electron depletion layer on the
surface of the AZO NPs, which increases the resistance of the sensor.
However, when the AZO NPs are exposed to acetone (CH;COCHj3), the
surface oxygen ion species react with acetone molecules, thus oxidizing
it and releasing electrons back to the conduction band of the AZO NPs,
as shown Fig. 8(a), right. At the working temperature of the AZO NPs of
500 °C, the O~ species mainly interact with acetone, according to the
following equation:

CH;COCH; (ads) + SO(ads)Z_ - 3C02(gas) + 3H, O(gas) + 16e~ 5)

Consequently, a large number of electrons return back to the con-
duction band of AZO, resulting in a decrease in the thickness of the
depletion layer, and therefore a decrease in the resistance of the AZO
NPs.

Similarly, when the Pt-AZO NPs are exposed to air in the initial state
(Fig. 8(b), left), adsorbed oxygen species are also formed on the surface
of the NPs. In this case, oxygen molecules can also be adsorbed on the
surface of the Pt NPs and be easily dissociated into ionic oxygen species
due to the spillover effect of the Pt metal (Fig. 8(b), left) [16]. Owing to
the higher work function of the Pt metal than that of the AZO semi-
conductor, the electrons belonging to AZO are transferred to Pt [16].
This leads to enhanced dissociation of oxygen molecules into oxygen
ions on the surface of the Pt NPs, which then easily diffuse to the
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Fig. 7. Summary of the (a) sensing responses, (b) response times, (c) activation energies, (d) oxygen vacancies, (e) optical band gaps, and (f) BET surface areas of

ZnO, AZO, Pt-ZnO, and Pt-AZO.

surface vacancies of the AZO NPs. Thus, the number of chemisorbed
oxygen ion species is significantly increased, and additional active sites
are created along with a thicker electron depletion layer at the interface
between the Pt NPs and the AZO NPs. Thus, more reactive sites for
acetone oxidation are created when the Pt-AZO NPs are exposed to
acetone (Eq. (5); Fig. 8(b), right). In addition, the acetone molecules
can efficiently adsorb on the Pt surface owing to the catalytic effect and
can be easily transported to the adjacent AZO surface. Consequently,
the oxidation of acetone occurs rather easily. Therefore, the sig-
nificantly improved sensing performance of the Pt-AZO NPs can be
attributed to the spillover effect and catalytic effect of the Pt NPs.
According to the sensing mechanism, the higher sensing perfor-
mance is closely related to an increase in the thickness of the depletion
layer in the initial state, resulting in a large number of adsorbed oxygen
ions, thereby leading to a greater number of reactive sites for the target
gas. More absorbed oxygen ions are observed on the Pt-AZO NPs (Pt-
ZnO) than on the AZO (ZnO) NPs (Fig. 7(d)), as indicated by the de-
convoluted O 1s peaks in the XPS spectra (Fig. 5). The increased
thickness of the electron depletion layer is caused by the increased
number of electrons trapped in the oxygen molecules of the ZO NPs and
AZO NPs at the surface of the materials. The donor Al atoms in the AZO
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NPs can provide additional carriers compared to pure ZnO NPs. The Pt
NPs in the Pt-ZO and Pt-AZO NPs can trap more electrons from the ZO
and AZO NPs, respectively, owing to the higher work function of Pt
compared to ZO and AZO. Therefore, both Al atoms and Pt NPs in Pt-
AZO NPs supply more electrons to form a thicker depletion layer
compared to Pt-ZO, AZO, and ZO, as confirmed by the increased band
gap energies (Fig. 7(e)). In addition, when the Pt-AZO NPs are exposed
to acetone, the acetone molecules can efficiently adsorb on the Pt sur-
face of Pt-AZO NPs owing to the catalytic effect of Pt NPs and can be
easily transported to the adjacent AZO surface. This is demonstrated in
terms of two phenomena: the shortened response time (inset of
Fig. 7(b)) and the enhanced kinetics of the surface reactions, as the
activation energies of the Pt-ZnO and Pt-AZO NPs are lower than their
counterparts without Pt (Fig. 7(c)). Thus, the significantly enhanced
sensing performance of the Pt-AZO NPs can be attributed to the sy-
nergistic physical and chemical effects originating from the increase in
the number of oxygen vacancies, optical band gap, specific surface area,
and the enhanced reaction kinetics. Those increases arose from (i) the
thicker depletion layer provided by the doping effect of Al donor and
the spillover effect of Pt, and (ii) the catalytic effect of the Pt NPs during
the acetone sensing reaction. However, Pt catalyst rather than Al
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Fig. 9. (a) Responses of ZO, AZO, Pt-ZO, and Pt-AZO for 10 ppm of various target

gases such as acetone, methanol, toluene, benzene, NO, and NO, at 450 °C, (b)

selectivity of the ZnO NP-based sensor to detect acetone gas using a miniaturized gas chromatographic column [29]), (c) reliability of Pt-AZO in sensing 10 ppm
acetone over 20 cycles at 450 °C, (d) stability of Pt-AZO exposed to 10 ppm acetone at 450 °C determined at an interval of 2-3 days, and (e) variation in the response

of Pt-AZO for 10 ppm acetone as a function of relative humidity at 450 °C.

doping mainly contributes to the significant enhancement in the sen-
sing performance of Pt-AZO NPs, as observed in our results.

Fig. 9 presents the sensing performance (selectivity, reproducibility,
long-term stability, and humidity interference) of the Pt-AZO NPs to

10 ppm acetone at the optimal working temperature of 450 °C. Fig. 9(a)
shows the response of the samples towards 10 ppm each of various
gases, acetone, methanol, toluene, benzene, NO, and NO, gases at
450 °C. The insets of Fig. 9(a) show the magnified response plots for
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Table 1

Comparison of the acetone-sensing properties of various types of metal-oxide-based sensors decorated with Pt.
Sensing materials Operating Concentration Response Sensitivity® Response Recovery time[s] Ref.

Temperature [°C] [ppm] (Ra/Rg) [ppm 1] time [s]

Pt-decorated Al-doped ZnO NPs 450 10 421 421 2.9 440 This work
Pt-loaded porous WO3 NFs 350 5 121.5 24.1 < 32 - [30]
Pt-loaded SnO, NTs 350 93 18.4 > 120 - [31]
Pt-decorated In,O3 NPs 150 1.56 20 12.2 13 > 30 [32]
Pt-decorated SnO, Fibers 300 3.5 0.83 15 < 6 [33]
Pt-decorated CuFe,O, NTs 300 100 17.5 0.16 - 350 [34]
Pt-functionalized NiO NTs 200 100 10 0.09 - - [35]
Pt-decorated SnO, nanoflowers 100 50 3 0.04 - - [36]

@ sensitivity = response/concentration.

toluene, benzene, NO, and NO,. The results indicate that all samples of
70, AZO, Pt-ZO, and Pt-AZO NPs show a very high response for acetone
compared to the other gases. Among the samples, the Pt-AZO NPs show
the best sensing response to all gases. Recently, the selective sensing of
acetone gas by a ZnO NP-based sensor was tested by a custom-made gas
analyzing system, a miniaturized gas chromatographic column [29].
Fig. 9(b) shows the sensor responses of our ZnO NP-based sensor to-
wards different target gases such as H,, CO,, and acetone. In the
chromatograms, the peaks corresponding to the detection of H,
(5000 ppm in synthetic air) and CO, (99.99%) appear close to 13 s. For
10 ppm acetone in nitrogen, two peaks are observed at 13s and 42s,
corresponding to nitrogen and acetone gas, respectively. Thus, we
confirmed that 10 ppm acetone can be separately detected using ZnO
NP-based sensors.

Fig. 9(c) shows the reproducibility of Pt-AZO for sensing 10 ppm
acetone over 20 cycles at 450 °C. The sensing resistance is almost
constant for 20 cycles of gas input and release, which implies the good
repeatability of the response of Pt-AZO NPs for 10 ppm acetone. Fur-
ther, Fig. 9(d) shows the stability of Pt-AZO sensor with time under
exposure to 10 ppm acetone, which was determined at an interval of
2-3 days for 54 days. The result indicates that during long-time con-
tinuous measurements, the sensor response remained almost stable,
thus demonstrating the good stability of the Pt-AZO NPs. Fig. 9(e)
shows the variation in the sensor response to 10 ppm acetone as a
function of the relative humidity (RH) at 450 °C. The response decreases
with an increase in the RH. However, at 50% RH, the sensing response
of the Pt-AZO NPs to 10 ppm acetone is ~192, which is still higher
compared to those of other materials. This implies that the Pt-AZO NPs
are highly stable in humid conditions.

Further, we compare the acetone-sensing performance of Pt-AZO
NPs with those of previously reported metal-oxide-based gas sensors
incorporated with Pt [30-36]. The sensitivity of each sensing material
is compared in terms of the ratio of the estimated response to the
acetone concentration, as listed in Table 1. It is obvious that our sensor
based on Pt-AZO NPs shows superior sensing performance both in terms
of the sensitivity and response time

4. Conclusions

We carried out a comparative investigation on the acetone-sensing
properties of pure ZnO, AZO, Pt-ZnO, and Pt-AZO NPs. The ZnO and
AZO NPs were synthesized by a hydrothermal method and Pt NPs were
homogeneously coated on their surfaces in an agitated vessel via a
sputtering method. The sensor based on Pt-AZO NPs showed the best
sensing response of ~421 and response time of ~2.9s at the optimal
working temperature of 450 °C under exposure to 10 ppm acetone.
These sensing characteristics are remarkably better than those of sen-
sors based on ZnO NPs (~17 and ~ 51 s, respectively), AZO NPs (~ 56
and ~15s, respectively), and Pt-ZnO NPs (~261 and ~7s, respec-
tively). Significantly, the sensors based on Pt-decorated samples
showed remarkably enhanced sensing performance for 10 ppm acetone
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compared to the un-decorated samples. In particular, the significant
improvement in the sensing properties is due to Pt decoration rather
than Al doping. The Pt NPs on the surface of AZO NPs play a crucial role
in improving the acetone-sensing performance. The spillover effect as
the catalytic effect of the Pt NPs can be ascribed to the greater number
of oxygen vacancies, higher carrier concentration, and larger specific
surface area of the Pt-AZO NPs as compared to the bare AZO NPs, which
provide more active adsorption sites and enhance the kinetics of the
surface reactions. Furthermore, the sensing response of the sensor based
on Pt-AZO NPs to 10 ppm acetone is superior to those of other pre-
viously reported acetone sensors based on semiconducting metal
oxides. Therefore, the superior sensing performance of Pt-AZO NPs
renders it suitable for practical application as an acetone-sensing ma-
terial in environmental and industrial monitoring systems.
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