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Abstract: In this work, we realized a room-temperature nitrogen dioxide (NO,) gas sensor based on a platinum (Pt)-loaded nanoporous
gallium nitride (NP-GaN) sensing material using the thermal reduction method and coreduction with the catalysis of polyols. The gas
sensor gained excellent sensitivity to NO, at a concentration range of 200 ppm to 100 ppb, benefiting from the loading of Pt nanoparticles,
and exhibited a short response time (22 s) and recovery time (170 s) to 100 ppm of NO, at room temperature with excellent selectivity to
NO, compared with other gases. This phenomenon was attributed to the spillover effect and the synergic electronic interaction with semi-
conductor materials of Pt, which not only provided more electrons for the adsorption of NO, molecules but also occupied effective sites,
causing poor sites for other gases. The low detection limit of Pt/NP-GaN was 100 ppb, and the gas sensor still had a fast response 70 d
after fabrication. Besides, the gas-sensing mechanism of the gas sensor was further elaborated to determine the reason leading to its im-
proved properties. The significant spillover impact and oxygen dissociation of Pt provided advantages to its synergic electronic interac-

tion with semiconductor materials, leading to the improvement of the gas properties of gas sensors.

Keywords: nanoporous gallium nitride; platinum; nitrogen dioxide; gas sensor

1. Introduction

Nitrogen dioxide (NO,) is one of the most critical gaseous
pollutants affecting human health, global ecology, and cli-
mate change and is a typical atmospheric nitrogen gas mark-
er [1]. Once the oxidation reaction of NO, occurs, its reac-
tion products (nitrite and nitrate) pollute the environment,
causing a reduction in crop yield and eutrophication [2]. The
particulate matter produced by the reaction between NO, and
volatile organic compounds is a severe pollutant [3].
Moreover, NO, commonly induces human respiratory dis-
eases and is one of the marker gases in human disease detec-
tion. Studies have shown that long-term exposure to NO, can
increase the risk of high blood pressure, and prolonged NO,
irritation can cause olfactory damage [4]. Therefore, the de-
tection of NO, in the environment and the human body is of
great significance, and the development of a NO, gas sensor
with high selectivity, wide detection range, and high re-
sponse is highly anticipated.

In recent years, semiconductor gas sensors have attracted
increased attention because of their flexible operating tem-
perature, high sensitivity, rapid response/recovery, and re-
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peatability, such as in atmospheric monitoring [5], wearable
devices for gas pollutant monitoring [6], and human disease
monitoring [7]. Silicon (Si) field-effect transistors represent
conventional gas sensors with their well-established tech-
niques and properties [8]. However, because of the inad-
equate chemical stability and the narrow band gap (=1.4 eV)
of Si, the potential risk of sensor failure arises. In contrast,
wide-band-gap semiconductors (>2 eV) show better chemic-
al properties, such as Si carbide and gallium nitride (GaN).
GaN has been widely used in new energy industries because
of its wide band gap (0.7-6.1 eV) and excellent temperature
stability.

Nowadays, the application of GaN to gas sensing is also
anticipated. GaN grown on sapphire and Si through
metal-organic chemical vapor deposition not only guaran-
tees excellent gas-sensing characteristics but also demon-
strates potential applications for integrated circuits. For ex-
ample, our group successfully synthesized Au—GaN nano-
films with controllable morphology and gained a low theor-
etical limit of detection (72 ppb) of ammonia (NH;). Further,
we designed an integration application for gas sensors [9].
Meanwhile, P-type GaN prepared through pulsed-laser abla-
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tion in a liquid was deposited onto a porous Si substrate for a
NO, gas sensor [10]. It showed a response time of 13.5 s with
the limit of detection of 2 ppm at 250°C. Although the sensor
exhibited a fast response, the theoretical limit was not enough
to satisfy the current requirement. Thus, a NO, gas sensor
with a lower limit of detection is needed.

As one of the most effective ways to improve the gas-
sensing properties of various detectors, precious metal decor-
ations, such as aurum (Au) [11], argentum (Ag) [12], and
platinum (Pt), have been widely used in selective detection of
gases. Among these materials, Pt has a synergic electronic in-
teraction with semiconductor materials, resulting from its
significant spillover impact and oxygen dissociation. Thus, it
has been proven to promote the NO, gas-sensing perform-
ance of composites, even reducing the optimized operating
temperature [13—15]. In this regard, Zhao et al. [16] fabric-
ated MoS, flakes with Pt doping. Their results showed that
their gas sensor had a low detection limit of 0.1 ppm and a
fast response/recovery time of 35 s/210 s to 32 ppm NO, at
157°C. Meanwhile, Shin ez al. [17] demonstrated a NO, gas
sensor based on 2D-WS, nanofilms with Pt nanoparticles.
The gas sensor had a response rate of 47% to 100-ppb NO,
and showed almost complete recovery (~93.2%) and remark-
able repeatability.

In this study, we realized a Pt-loaded nanoporous gallium
nitride (P/NP-GaN) gas sensor with high selectivity and fast
response to NO, through the successful doping of Pt nano-
particles [15]. The method included the thermal reduction
method to obtain NP-GaN and composite reaction between
NP-GaN and Pt with the catalysis of polyols. As anticipated,
the limit of detection reached 100 ppb at room temperature
(RT) and exhibited a fast response to NO, of different con-
centrations. The morphology, structure, and composition
were characterized, and the influence of the loading of Pt on
sensing performance was discussed. Moreover, the mechan-
ism of the NO, gas sensor was studied on the basis of the po-
tential barrier and electron depletion layer model.

2. Experimental
2.1. Synthesis of NP-GaN and Pt/NP-GaN

Chemicals for the preparation and composite of gas-sens-
ing materials were obtained from Shanghai Macklin Bio-
chemical Technology Co., Ltd: gallium oxide (Ga,0s,
99.999%, Shanghai Aladdin Biochemical Technology Co.,
Ltd), chloroplatinic acid hexahydrate (H,PtCls, 99.9%),
polyvinylpyrrolidone (PVP, (C¢HyNO),, average molecular
weight: 1300000), and triethylene glycol (C¢H4,0,). The
measurement unit of the gas flow rate was the gas passing
volume through the path per minute, simplified as sccm.

The NP-GaN used for the composite was synthesized us-
ing the thermal reduction method. The Ga,0; powder was
placed into the central temperature zone of a tubular Muffle
furnace. The tubular furnace was heated at 10°C/s to 900°C.
Then, 40 sccm of N, was piped in the zone with the temper-
ature kept at 900°C for 20 min. Thereafter, the furnace was
heated at 10°C/s to 1050°C and kept for 120 min. When the

temperature reached 1050°C, 150 sccm of NH; was piped in.
During this process, 40 sccm of N, was maintained until the
reaction finished. Finally, the furnace was naturally annealed
to RT. So far, the NP-GaN has been successfully synthesized.

Pt/NP-GaN microblocks were synthesized using the core-
duction method with the catalysis of polyols [18]. Before pre-
paring the composite, we dissolved 50 mg of H,PtCly in
50 mL of deionized water to obtain 1 mg/mL of a H,PtCl,
solution. Then, 50 mg of PVP and 10 mL of CsH,,0, were
mixed in a beaker as a reaction environment. After being
stirred evenly, the mixture was heated to 200°C in an oil bath.
Then, 2 ml of the H,PtCl solution and 50 mg of NP-GaN
were mixed and poured into the reaction solution when the
temperature of the reaction solution reached 200°C. The
solution was stirred and kept at 200°C for 1 h. After cooling
to RT, acetone was added to the mixture, which was then
centrifuged to remove the chemical residue. This step was re-
peated after replacing acetone with ethanol and deionized
water separately. Finally, the sediment was dried to obtain the
target material. The amounts of the H,PtCls solution were
varied (5 and 10 mL) to synthesize Pt/NP-GaN with different
Pt loads. The Pt/NP-GaN composites with 2, 5 and 10 mL of
the H,PtCl; solution were labeled as Pt/NP-GaN-1, Pt/NP-
GaN-2, and Pt/NP-GaN-3, respectively.

The Pt/NP-GaN synthesized through these steps was
powdery, and the material was dispersed in deionized water
through ultrasonication for 20 min. Then, the mixture was
dropped onto a silver electrode and dried at 60°C. Thus, a
simple gas sensor was fabricated.

2.2. Measurement of gas sensing

In this test, the CGS-MT probe station combined with the
SA3102 source and measurement unit was used for gas de-
tection, and the applied voltage of the tests was 1000 mV. All
measurements were taken at 101 kPa. The standard NO, gas
(>99.99%) was the target gas made through the vaporization
of liquid NO,. The concentration of the target gas (C) was
calculated using the following formula:

VXCxM

=——" x10”°
Vo= rawaxpy <10

where V, is the solution volume of the target gas, V' is the
volume of the chamber, M is the molecular weight of the tar-
get gas, d is the density of the solution, and p is the concen-
tration of the solution. A certain amount of NO, mixed with
pure air was injected into the gas chamber; therefore, the gas-
sensing properties could be detected. In the test of selectivity,
ethanol, n-butanol, NHj;, and acetone were injected into the
microheater using Microliter Syringes and evaporated into
gas.

The response of the gas-sensing material was defined as
the ratio of the resistance change after the target gas was in-
jected to the original resistance, expressed by the following
formula:

AR
S(%):|R|

x 100%,

a

where AR is the change in resistance after the gas sensor is
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exposed to the target gas, and R, is the resistance of the sensor
in clean air. The response time is defined as the time required
to reach 90% of the stable value after the response, whereas
the recovery time is defined as the time to reach 10% of the
stable baseline response value during desorption.

2.3. Characterizations

X-ray diffraction (XRD) was used to determine the crys-
tal composition of pure GaN and Pt/GaN (Aeris, A =1.5418 A
and 26 = 20°-80°). Scanning electron microscopy (SEM)
equipped with an energy-dispersive spectrometer (EDS) was
performed using a JSM-IT500 instrument at an accelerating
voltage of 15 kV. Transmission electron microscopy (TEM,
JEOL JEM-F200) with an acceleration voltage of 200 kV
was also used for further morphological studies. X-ray pho-
toelectron spectroscopy (XPS, Thermo Scientific ESCAL-
AB Xit+) was conducted to analyze the valence state, ele-
ment composition, and content on the material surface. The
test results of the binding energy were corrected and ana-
lyzed with carbon at 284.8 eV as the standard.

3. Results and discussion

3.1. Structure, morphology, and composition of Pt/NP-
GaN

The phase identification of the samples was determined
using XRD, and the results are shown in Fig. 1. Curve a is the
XRD pattern of the NP-GaN microblock, whereas curves b,
¢, and d represent the XRD patterns of Pt/NP-GaN contain-
ing different loading amounts of Pt. Apparently, the reflec-
tions of all patterns were identified as the reflections of GaN
(JCPDS No. 50-0792). Comparing with the others, a new
peak centered at 40.04° appeared because of the addition of
H,PtClg. It could be assigned to the (111) reflection of Pt
(JCPDS No. 01-1194), as shown in Fig. S1 (see the Supple-
mentary Information). The intensity of this peak increased
with the increase in loading amount, indicating the effective
loading of Pt. Meanwhile, there were no other diffraction
peaks in the XRD spectrum, indicating the high purity of the
samples.

(100)
(002)
(101)
(102)
(110)
Z
T
9
Z,

Pt/NP-GaN-2

Intensity / a.u.

~(111)

d PUNP-GaN-3

e | GaN JCPDS No. 50-0792
L ‘ | L P R T L
Pt JCPDS No. 01-1194
. . . l.
20 30 40 50 60 70 80
20/ (°)

Fig. 1. XRD patterns of NP-GaN and Pt/NP-GaN.
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Fig. 2(a) and (b) shows SEM images of Ga,O; and pure
NP-GaN, respectively. In contrast to Ga,0;, more nanopores
can provide sites for adsorption and desorption of gas sens-
ing. The morphology of Pt/NP-GaN-1 and Pt/NP-GaN-2 are
shown in Fig. 2(c) and (d), and many nanoparticles are at-
tached to the surface of NP-GaN after catalysis, indicating
the successful loading of Pt. Fig. 2(e) depicts the partially en-
larged morphology of Pt/NP-GaN-2.

EDS was used to analyze the elements of materials in
Fig. 2(f)—(h). As shown in Fig. 2(i) and Fig. S2, the atomic
ratios of Pt loaded GaN were 0.585%, 0.434%, and 1.46%,
corresponding to Pt/NP-GaN-2, Pt/NP-GaN-1, and Pt/NP-
GaN-3, respectively, which satisfied the increase in load ca-
pacity. Above all, Pt was successfully loaded on NP-GaN,
and we can infer that the nanoporous structure of NP-GaN
contributed to the improvement of its gas-sensing properties.

The morphology of the Pt/NP-GaN-2 microblock was ex-
amined using TEM, as shown in Fig. 3(a). The microparticle
of NP-GaN showed heterogeneous transparency resulting
from the nanopores on the surface, which contributed to the
increase in the specific surface area in contact with the gas. In
Fig. 3(b), the interplanar spacing distance (d) of 2.275 A cor-
responded to the (111) plane of cubic-phase Pt, whereas the d
of 2.769 A fits well with the (1010) planes of the hexagonal
GaN [19]. As demonstrated in Fig. 3(c) and (d), the corres-
ponding fast Fourier transform (FFT) pattern verified the
high consistency of the NP-GaN and Pt lattice fringes.

The results of the Brunauer—Emmett-Teller (BET) ana-
lysis are shown in Table 1 and Fig. S3. The specific surface
area of pure NP-GaN and Pt/NP-GaN-2 were 9.672 and
27.539 m’/g, respectively. Apparently, the specific surface
area increased after the loading of Pt nanoparticles, and pores
in these two materials existed in the form of mesoporous
pores (pore size range from 2 to 50 nm). In this case, the dis-
persion of Pt on the surface of NP-GaN micro-particles and
the increase in specific surface area accelerated the adsorp-
tion and desorption processes, thus improve the gas-sensing
properties of the tested materials.

The elemental composition and chemical states of the
samples were confirmed by XPS spectra. Obviously, Ga, N,
C, O, and Pt were clearly analyzed, as shown in Fig. 4(a). Be-
cause of the small amount of Pt loading, the characteristic
peaks of Pt 4f in the Pt/NP-GaN microblocks were not espe-
cially high, whereas the other main peaks of Pt/NP-GaN cor-
responded to NP-GaN. As shown in Fig. 4(b)—~(d), there were
no significant deviations between the main peaks of the
samples with Pt at different loading concentrations. The Ga
3d peaks of Pt/NP-GaN-1 could be convoluted into three
binding energy peak positions of 18.99, 19.99, and 20.99 eV
in Fig. 4(b), corresponding to Ga—Ga, Ga—N, and Ga-O, re-
spectively. The N 1s spectrum could be fitted to Ga—LMM
and N—Ga at around 396.64 and 397.67 ¢V in Fig. 4(c) [20].
The XPS spectrum of Pt 4f is shown in Fig. 4(d). The bind-
ing energy of Pt 4f;, in the XPS spectra of Pt/GaN-1,
Pt/GaN-2, and Pt/GaN-3 were 70.73, 70.69, and 70.80 eV,
respectively [21]. Meanwhile, the Pt 4f;, peak at around
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Fig. 2. SEM images of (a) Ga,0s, (b) pure NP-GaN, (c) Pt/NP-GaN-1, and (d) Pt/NP-GaN-2. (e) Partially enlarged image and (f-i)

the corresponding EDS energy spectrum of Pt/NP-GaN-2.

P i .
1 i B B B B |
1 | : 1 |
e 2 i1 i W
// 005 10 15 20 25 30 35 40 45
it

Fig. 3. (a) TEM and (b) high-resolution TEM images of Pt/NP-GaN-2. (c) FFT images and (d) corresponding profiles of FFT to dif-

ferent regions of Pt/NP-GaN-2.
Table 1. BET results of pure NP-GaN and Pt/NP-GaN-2

Surface area/ Pore volume / Pore size /

Materials

(m*g™) (em’g™) nm
NP-GaN 9.672 0.0227 9.382
PUNP-GaN-2  27.539 0.0551 8.004

73.99 eV contributed to the experimental Pt 4f, thus making
the fitted curve conform to the spectra. The binding energy of
XPS spectra had varying degrees of shifts because of the
transfer of electrons from GaN to Pt through the heterojunc-
tion between them. These results conform to previous re-
ports about Pt and confirm the successful loading of Pt in
Pt/NP-GaN microblocks.

3.2. Gas-sensing performance

The gas-sensing performances of all samples were tested
in our experiments. Because of the insignificant response and
unsteadiness of Pt/NP-GaN-1 and Pt/NP-GaN-3, our follow-

ing research was focused on Pt/NP-GaN-2, and the gas-sens-
ing properties of pure NP-GaN were shown for comparison.
The operating temperature plays an important role in
semiconductor gas sensors. At appropriate operating temper-
atures, the capacity of oxygen absorbed on the surface and
the carrier concentration are increased, and the sensing mem-
brane is activated because of the lower activation energy.
Therefore, it is crucial to find the optimum operating temper-
ature of gas sensors [22—-23]. As depicted in Fig. 5(a), the res-
istance of Pt/NP-GaN-1 is higher than that of NP-GaN,
whereas the resistance of Pt/NP-GaN-2 and Pt/NP-GaN-3
decreased after the loading of Pt nanoparticles. While the
loading amount of Pt was in excess, the Pt nanoparticle ag-
glomerated on the surface and formed an independent elec-
tron transmission, which caused an intuitionistic decrease in
the resistance of Pt/NP-GaN-3 compared with Pt/NP-GaN-2.
Moreover, the resistance of Pt/NP-GAN-2 decreased with an
increase in operating temperature. This might be attributed to
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Fig. 5.
Pt/NP-GaN-2; (c) repeatability curve of Pt/NP-GaN-2 at RT.

an increased number of electrons excited from the valence
band to the conduction band of NP-GaN microblocks as the
temperature increased. Thus, the resistance of the gas sensors
decreased.

To investigate the influence of the operating temperature
on the gas sensors, the response curves of Pt/NP-GaN-2 to
100 ppm of NO, at different temperatures are demonstrated
in Fig. 5(b). The gas sensor was stable at low temperatures,
but its response began to decrease when the temperature
reached 160°C. To find the optimum operating temperature
of the gas sensor, the repeatability curves to 100 ppm of NO,
at 25, 80, and 120°C are shown in Fig. 5(c) and Fig. S4. Al-
though the response to 100 ppm of NO, at 80°C was initially
higher than the others, the response decreased with the in-
crease in the number of tests, which was also at 120°C. The
sensor to 100 ppm of NO, at 25°C was tested for five cycles,
and the change in response between each cycle was negli-

Temperature / °C

Time /s

Dynamic curves: (a) I-V characteristic of the four samples; (b) temperature-dependent response to 100 ppm of NO, of

gible with a stable baseline, as shown in Fig. 5(c). As men-
tioned above, the number of active electrons increased with
the increasing temperature. This led to the unstable state of
electrons, which meant that the effects of the testing environ-
ment, such as the intensity of pressure and vibration, were in-
creased at higher temperatures. Above all, the gas sensor
presented the most excellent performance at RT (25°C).

Fig. 6(a) shows the dynamic response of Pt/NP-GaN-2
under NO, at various concentrations at RT, and the corres-
ponding curve of resistance change is depicted in Fig. S5. It
was found that the response decreased with lower concentra-
tions and fitted the Langmuir fitting curve shown in Fig. 6(b).
Notably, the gas sensor had 100 ppb of NO, as the lowest de-
tected concentration, with a response of 2.37%.

As important parameters of the performance evaluation,
the response time and recovery time were also studied.
Fig. 6(c) and (d) depicts the response and recovery curves of
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(a) Dynamic response curve of Pt/NP-GaN-2 to various NO, concentrations at 25°C and (b) corresponding Langmuir fitting

curve; response curve of the Pt/NP-GaN-2 gas sensor to (c) 100 ppm of NO, and (d) 200 ppb of NO,; (e) curves of the response time
and recovery time of Pt/NP-GaN-2 gas sensor for different concentrations of NO,; (f) response curve of Pt/NP-GaN-2 after 70 d.

Pt/NP-GaN-2 exposed to 100 ppm and 200 ppb of NO, at
RT, respectively. The Pt/NP-GaN-2 sensor displayed a quick
response to NO, of different concentrations.

Fig. 6(e) shows the response and recovery trends with the
decreasing concentrations of NO,. Apparently, the response
decelerated with the lower concentrations of the gas, where-
as the recovery had no significant trend.

To measure the stability of the sensor, the response of
Pt/NP-GaN-2 to NO, at different concentrations was tested
70 d after synthesis [24]. In Fig. 6(f), the response to 100, 50,
20, 10, and 2 ppm of NO, still demonstrated linear change,
but the low limit of detection was 5 ppm, which resulted from
the long-term adsorption of gas molecules in environments
on the surface of the materials, causing less adsorbed sites.
As shown in Fig. S6, we tested the repeatability of Pt/NP-
GaN-2 for another two samples. Each sample showed great
repeatability, which also proved the stability of Pt/NP-GaN to
NO..
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Fig. 7.
gas sensor to 100 ppm of NO, at RT.

Response / %

and NO, were detected to investigate the selectivity of NP-
GaN and Pt/NP-GaN-2 at RT. Fig. 7(a) shows their response
under acetone, C,H;OH, NH;, TMA, and NO, at a concen-
tration of 200 ppm, respectively. Obviously, NP-GaN had a
high response to both NH; and TMA. Pt/NP-GaN-2 had a
higher response to NO, compared with the other gases. In
Fig. S7(a), PYNP-GaN-2 had a faster response and recovery
to NO, compared with the others. This could be attributed to
the existence of Pt nanoparticles in the pores of NP-GaN,
which provided sites for adsorbed oxygen molecules but pre-
vented the adsorption of other molecules at the same time,
thus improving the selectivity of the gas sensors. Besides, the
oxygen molecules adsorbed on the Pt nanoparticles were de-
composed to ionized oxygen and diffused to the surface of
NP-GaN on account of the spillover effect. In this case, the
gas-sensing performance was optimized after the loading of
Pt nanoparticles.

Environmental relative humidity (RH), another critical
factor that influences the response of gas sensors, was further

50 b
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(a) Response of samples to various gases at 200 ppm and (b) effect of relative humidity on the resistance and response of the
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studied. Fig. 7(b) shows the dynamic resistance and response
curve of Pt/NP-GaN-2 at 10%, 20%, 30%, 40%, 50%, 65%,
75%, and 85% RH, and the corresponding resistance curve is
displayed in Fig. S7(b). We also repeated the test, and the
results are shown in Fig. S7(c). The responses to 100 ppm of
NO, were 40.11%, 24.04%, 24.24%, 26.71%, 19.9%,
19.33%, 7.71%, and 0.2% as the RH increased. The de-
creased resistance with the increase in RH slowed down
above 70% RH, resulting from the saturation adsorption of
water molecules on the surface. Meanwhile, the adsorption of
NO, molecules was difficult because the more water mo-
lecules were absorbed, the less adsorbed sites could be
provided for the reaction between chemisorbed oxygen and
NO, molecules. Thus, the performance of the gas sensor de-
teriorated [25-26].

Table 2 compares various NO, gas sensors. 7 and T are
the response time and recovery time to NO, of the concentra-
tions listed in the table, respectively. It can be seen that
Pt/NP-GaN-2 exhibited a fast response and recovery com-
pared with the others, indicating the effective loading of Pt
nanoparticles.

3.3. Gas-sensing mechanism

The gas-sensing properties of the sensors were analyzed in
the section above. The gas reaction mechanism of Pt/NP-
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GaN to NO, is elaborated below.

Because of the higher work function of Pt (4.90 eV) com-
pared with that of GaN (4.2 eV), partial free electrons would
transfer from GaN to Pt upon contact between them, forming
a new equilibrium of the Fermi energy level and a Schottky
junction, as shown in Fig. 8(a) and (b) [23].

Because of the unpaired electrons of the nitrogen atom,
NO, manifested an electron receptor nature as a strong oxid-
izing agent [32]. The chemoresistance gas sensor detected the
target gas molecules using its sensing layer. Fig. 8(c) and (d)
shows the depletion region change of the NP-GaN microb-
lock with and without Pt nanoparticles under different atmo-
spheres. Generally, the adsorption of oxygen molecules
(Oy(gas)) happens on the surface of gas-sensing materials.
Then, there is a reaction between the adsorbed oxygen mo-
lecules (O,(ads)) and the electron (e") attached to the surface,
which produces the adsorbed oxygen ions (Oj; (ads)) on the
surface of the gas-sensing materials [33—-34]. These steps
above are indicated by Egs. (1) and (2):

0, (gas) — O, (ads) (1)
0O, (ads) +e~ — O; (ads) 2)

On this basis, the NO, molecules were absorbed on the
surface of the gas-sensing materials after they were injected
into the air chamber. Because of the existence of O; (ads) and

Table 2. Comparison of reported NO, gas sensors

Materials Work temperature / °C  Concentration / ppm  Response /%  (Tie/Twec) /s Limit of detection ~ Ref.
SnO,/graphene  RT 5 8 180/1800 3 ppm [27]
MoS, 150 100 40.3 79/225 500 ppb [28]
GaN/WO;, 300 5 1.8 132/113 1 ppm [29]
Ti;C,T.~ZnO RT 100 41.93 54/103 5 ppm [30]
MoS,/Ti;C,T, RT 20 40 525/155 1 ppm [31]
Pt/NP-GaN RT 100 32.6 22/170 100 ppb This work
(a) Before contact (b) After contact (©)
E, f T E,
- (@)
! ! Oz(abs) / 2(gas)
W=4.90 eVi i W=420eV o o
. H Depletion layer
P
E; t ' E NP-GaN
GaN
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-------------- E,
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. (6] NO 2(gas)
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O 9) © O

Fig. 8. Energy band diagram of (a) NP-GaN and (b) Pt/NP-GaN; depletion layers of (c) NP-GaN in air and (d) NO,; Pt/NP-GaN in

(e) air and (f) NO,.
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e on the surface, the NO, molecules reacted with them, as re-
spectively shown in Egs. (3) and (4) [35-36]:

NO, (gas) + e~ — NO; (ads) 3)
NO, (gas) + O; (ads) +2e~ — NO; (ads) + 20~ (ads) 4

The reaction accelerated the extraction of electrons on the
surface, leading to a thicker depletion region in the NP-GaN
microblock. As shown in Fig. 8(e), more electrons were pro-
duced on the surface because of the metal spillover effect
after the loading of Pt nanoparticles. Then, the surface poten-
tial and barrier height were changed [37]. In that case, more
electrons reacted with the O; (ads) on the surface, as shown
in Fig. 8(f). Therefore, Pt/NP-GaN had a thicker depletion re-
gion than that of pure NP-GaN [38-39]. However, the ex-
cessive Pt nanoparticles dominated the resistance of the com-
posites; thus, the resistance of the composites was lower than
that of pure NP-GaN. Furthermore, the reactions stated in
Eqgs. (3) and (4) were intensified after the injection of NO,,
and it caused electrons to be extracted from the surface,
which thickened the depletion region. The resistance change
of the gas sensors increased, resulting from the thicker deple-
tion layer. In other words, the responses of the gas sensors
were increased.

Moreover, the nanoporous structures devoted advantages
to the gas-sensing performance by increasing the specific
surface area. The nanoporous surfaces provided more sites
for the loading of Pt nanoparticles and the contact with NO,
molecules. In other words, it encouraged the loading of Pt
nanoparticles and resulted in better gas-sensing performance.

4. Conclusion

In this paper, Pt-loaded NP-GaN microblocks were suc-
cessfully synthesized using the thermal reduction method and
coreduction method with the catalysis of polyols. Compared
with pure NP-GaN, excellent selectivity to NO, was realized
through the loading of Pt nanoparticles. The Pt/NP-GaN gas
sensor demonstrated a stable response (40%) to 100 ppm of
NO, with a fast response time (<22 s) at RT. The low limit
ofdetection was 100 ppb. Combined with the elaboration of
the gas-sensing mechanism, the successful loading of Pt not
only provided more electrons for materials to react with NO,
but also occupied effective sites for adsorption, leading to a
special selectivity to NO,. Meanwhile, the operating temper-
ature ranged from 25 to 140°C with an optimum operating
temperature of 25°C, which is of great significance in the fur-
ther exploration of gas sensors. Above all, this study provides
a practicable method for RT and fast response NO, gas
Sensors.
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