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The poor sensitivity of metal-oxide (MO) sensing material at room temperature can be enhanced by the modi-
fication of noble metal catalysts. However, the large size and uncontrollable morphology of metal nanoparticles
(NPs) compromise the catalytic activity and selectivity. Downsizing metal NPs to the atomic level is a promising

EOIYdOPémme solution because it offers high activity and selectivity. Nevertheless, a facile and universal approach for stable

as sensin, . . . . . . . .

NO. & loading atomic-level metal on MO-based sensing materials is still challenging. Herein, we present a strategy to
2

construct synergetic coordination interface for uniform loading of atomic-level metal catalysts on MO-based gas-
sensing materials using a difunctional mediator layer. In this work, atomically dispersed Pt catalysts are coor-
dinately anchored on ZnO nanorods (NRs) using polydopamine (PDA) as a mediator. As a result, compared with
pristine ZnO NRs, a six-fold enhanced response of 18,489% is achieved toward 100 ppm NO> on 0.20 wt%
Pt-ZnO@PDA-1.5 nm, and the selectivity is also promoted. Such sensitivity is higher than that of most reported
noble metal-modified MO NO,-sensing materials. This work provides a simple and general strategy for building

highly sensitive and selective gas-sensing materials using atomic-level noble metal catalyst.

1. Introduction

Gas-sensing technologies have attracted great attention in real-time
air monitoring and healthcare [1-3]. The increased need for minimiza-
tion and integration of gas sensors in smart systems requires the devel-
opment of high-performance gas-sensing materials working at room
temperature (RT) [4-8]. MO sensing materials have been widely
researched and used for gas detection over the past several decades
[9-13]. The gas-sensing performance of MOs usually relies on a high
working temperature (100-400 °C), which is crucial for the generation of
sufficient active oxygen species (0% and 0") [14-16]. However, high
working temperature degrades the stability of sensing materials while
increasing device complexity and manufacturing cost [17,18]. The
development of MO-based gas sensors with satisfactory sensitivity and
selectivity at RT is important and challenging [15].

The atomic-level (single atom, dual atoms, and subnano-clusters)
noble-metal catalysts with unsaturated coordination environment,
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unique electronic properties, and sufficient atomic utilization [19-22]
can increase the sensitivity of MOs [20,21,23]. In addition, the selec-
tivity of MO-based sensing material can be improved by atomic-level
metal catalysts with highly uniform size and shape [24-26]. The re-
ported strategies for dispersion of atomic-level metal catalysts on
gas-sensing materials mainly focus on atomic layer deposition [27],
pyrolysis [28], photochemical process [25], heteroatoms doping [29],
sacrificial template [30], and defect engineering [31]. These strategies
typically involve complicated procedures and high manufacturing cost
and are limited to specific supporting materials. Therefore, a general,
simple, and low-cost anchoring strategy for stable loading of
atomic-level metal catalysts must be developed to achieve superior
gas-sensing performance at RT.

An alternative method is to anchor atomic-level catalysts onto the
surface of MO-based sensing materials through a mediator between
them, which fundamentally offers diversity for the choice of metals and
gas-sensing materials [32]. To achieve superior gas-sensing performance,
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an ideal mediator should have large specific surface area, universal
adhesivity, and abundant surface-anchoring sites. Such excellent medi-
ator materials were rarely reported. The design and preparation of
atomic-level metal catalysts loaded on MOs for gas-sensing remain
challenging. PDA is a porous polymer with abundant catechol and amino
groups, which can easily adhere to the surface of various materials to
form a thin film with controllable thickness [33-35]. It provides a ver-
satile platform for loading other species and facilitates the adsorption of
gas molecules on the supporting material surface [36,37]. In addition,
PDA can directly reduce various metal species to a lower valence state
since they are anchored and dispersed by plentiful organic functional
groups [38,39].

In this work, we report for the first time the construction of synergetic
coordination interface using a difunctional mediator to anchor atomic-
level catalysts on MO and improve RT gas-sensing performance. Dopa-
mine molecules were self-assembled on the surface of ZnO NRs to form an
ultra-thin PDA layer. The obtained ZnO@PDA-1.5 nm showed a response
that is 2.6 times that of pristine ZnO toward NO; at RT under visible-light
irradiation. Then, with the introduction of atomic-level Pt catalysts,
0.20 wt%Pt-ZnO@PDA-1.5 nm exhibited a six-fold improved response
value compared with pristine ZnO under the same condition. Such sensi-
tivity is higher than that of most reported noble metal-modified MO NO-
sensing materials. The possible mechanism for the prominent sensitivity
enhancement of Pt-ZnO@PDA-1.5 nm was revealed. We found that the
ultra-thin PDA layer on ZnO NRs facilitated the adsorption of NOo, and the
anchored atomic-level Pt catalysts generated rich active oxygen species on
ZnO owing to the high reactive activity and excellent spill-over effect of Pt.
As a result, the synergetic effect of the PDA thin layer and atomic-level Pt
catalysts enhanced the sensitivity of ZnO NRs to NO5 at RT. This work
offers a general approach for designing new high-performance gas-sensing
materials, which are highly needed for environmental monitoring,
healthcare, and the internet of things.

(a)

ZnO@PDA-1 nm

(b)

ZnO@PDA-1.5 nm
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2. Results and discussion
2.1. Structural and morphological characterization of the samples

An ultrathin PDA layer was first grown on ZnO NRs (ZnO@PDA) by
self-assembly of dopamine (details see experimental section). The core-
shell structure was confirmed by TEM and energy dispersive spectros-
copy (EDS) mapping. The thickness of PDA can be precisely controlled
from 1 to 8 nm by adjusting the amount of added dopamine (Fig. 1a—e). In
addition, N mapping in the EDS mapping covered the contour of Zn
mapping, which suggested the successful coating of PDA layers on ZnO
NRs (Fig. 1f).

After PDA coating, Pt was anchored onto ZnO@PDA NRs. The X-ray
photoelectron spectroscopy (PXRD) pattern showed that the structures of
ZnO NRs were maintained after PDA coating and Pt loading (Fig. 2a). No
diffraction peaks of Pt NPs were found in the PXRD pattern of Pt-
ZnO@PDA-1.5 nm, which indicated the low Pt contents and uniform
dispersion of Pt species with ultra-small size. High-resolution TEM (HR-
TEM) and high-angle annular dark-field scanning TEM (HAADF-STEM)
were used to further confirm the atomical dispersion of Pt on 0.20 wt%
Pt-ZnO@PDA-1.5 nm. As shown in Fig. S1, no Pt NPs were found in
0.20 wt%Pt-ZnO@PDA-1.5 nm. Meanwhile, EDS mapping (Fig. 2b) sug-
gested that Pt was uniformly distributed throughout the ZnO NRs,
revealing the successful loading of Pt catalysts. Furthermore, the AC-
HAADF-STEM images (Figs. S2a and b) depicted that numerous single Pt
atoms and several small clusters were uniformly dispersed, which suggest
that Pt species were anchored at the atomic level onto ZnO NRs coated
with PDA thin layer. By contrast, without the PDA mediating layer, Pt
appeared as ununiformly distributed and unevenly sized NPs on ZnO
nanorods as indicated by HR-TEM images (Figs. S2c¢ and d). These results
revealed that ZnO NRs with atomic-level Pt of controllable loading were
successfully prepared via the assistance of the PDA thin layer.
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Fig. 1. (a-d) TEM images of ZnO@PDA with different PDA thicknesses. (c) Relationship of PDA thickness and dopamine added to the solution. (f) The STEM-EDS

mapping images of ZnO@PDA-1.5 nm.
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Fig. 2. (a) The PXRD patterns of all samples. (b) STEM-EDS mapping images of 0.20 wt%Pt-ZnO@PDA-1.5 nm. (c¢) AC-HAADF-STEM image of 0.20 wt%
Pt-ZnO@PDA-1.5 nm. (d-f) XPS spectra of 0.20 wt%Pt-ZnO@PDA-1.5 nm. (d) C 1s spectrum, (e) N 1s spectrum and (f) Pt 4f spectrum.

X-ray photoelectron spectroscopy (XPS) was used to study the
chemical composition of samples and the chemical state of elements.
Notably, N 1s and Pt 4f peaks in the XPS survey spectra of 0.20 wt%
Pt-ZnO@PDA-1.5 nm proved the presence of PDA mediator and Pt
catalyst (Fig. S3). Typical binding energies for C 1s of C-C, C-O, and
C=0/C=N-C bonds were found at 284.8, 286.1, and 288.4 eV, respec-
tively (Fig. 2a) [40]. The N 1s spectrum (Fig. 2b) showed two fitted peaks
at 398.5 and 399.9 eV, which were attributed to C=N-C and N-H of PDA
coating, respectively [40]. The Pt 4f spectrum of XPS (Fig. 2c) was
divided into two peaks, corresponding to Pt 4fs /5 and Pt 4f;,, orbitals,
respectively. The two fitted peaks (72.8 and 75.7 eV) indicated the
valence of Pt is between +2 and +4, and closer to Pt(II) [26]. Such
positive valence Pt should exhibit unique physical and chemical prop-
erties of atomic-level metals [19,22,32,41].

2.2. Gas sensing performance

To demonstrate the improvement of gas-sensing performance by
coating PDA thin layer and introducing atomic-level Pt catalysts, the
performance of pristine ZnO and ZnO@PDA control samples was also
evaluated on our homemade test system [42]. PDA thickness and Pt
loading were optimized to achieve the best overall performance. The
ZnO@PDA-1.5 nm with 1.5 nm PDA thin-layer sensor showed the highest
response toward NO, among the devices based on ZnO@PDA with
different PDA layer thickness (Fig. 3a and S5b-e). Although the PDA
powders showed no response to NO5 (Figs. 3a and S5a), the PDA thin
layer on ZnO@PDA-1.5 nm may facilitate the adsorption and accumu-
lation of NO5 molecules due to higher BET specific surface area than
pristine ZnO, from 14.5 to 25.5 m? g~! (Fig. S6). Different Pt metal
feedings were then used to load different amounts of Pt on ZnO@PDA-1.5
nm, where 0.20 wt% (data acquired from the ICP-AES test) Pt loading
delivered the highest response (Fig. S7). The 0.20 wt%
Pt-ZnO@PDA-1.5 nm sensor exhibited much higher responses than the
devices based on Pt NPs-ZnO. This demonstrated the unique advantage of
atomic-level metal catalysts with the assistance of the PDA thin layer.

As shown in Fig. 3c, upon cyclic exposure to NO, with a concentration
ranging from 1 to 100 ppm, the resistance of 0.20 wt%Pt-ZnO@PDA-
1.5 nm sensors quickly exhibited prominent and reversible changes. Upon
exposure to 100 ppm NO,, the 0.20 wt%Pt-ZnO@PDA-1.5 nm sensor
showed a response value of 18,489%, which was 6 and 2.6 times higher
than that of the device based on pristine ZnO and ZnO@PDA-1.5 nm,
respectively. The sensor also responded to NO5 very quickly. The 0.20 wt%
Pt-ZnO@PDA-1.5 nm sensor reached 90% of the response value after 22 s
when exposed to 10 ppm NO, (Fig. 3d). By linear fitting the response-
concentration relationship (Fig. 3e), a low limit of detection (LOD) of
108 ppb was extrapolated (the response threshold is set as 10%). Notably,
the NO; sensitivity of 0.20 wt%Pt-ZnO@PDA-1.5 nm sensor surpassed
that of most reported metal-modified MO gas sensors (Fig. 3e and
Table S1). The selectivity of 0.20 wt%Pt-ZnO@PDA-1.5 nm sensor was
evaluated by exposure to 13 typical interfering gaseous analytes with the
same concentration of 100 ppm. 0.20 wt%Pt-ZnO@PDA-1.5 nm sensor
showed considerably better selectivity than pristine ZnO. As shown in
Figs. 3f and S6, 0.20 wt%Pt-ZnO@PDA-1.5 nm sensor exhibited negligible
responses to interference analytes with high selectivity coefficient
(S = Rno2/Rother gas) ranging from 250 to 18,489. Cycling and long-term
stability tests were also performed on 0.20 wt%Pt-ZnO@PDA-1.5 nm
sensor. The devices showed an ultralow coefficient of variation
(CV = 0.57%) after four successive exposures to 10 ppm NO,, which
suggests an excellent repeatability. As shown in Fig. S9, no evident sensi-
tivity decay was observed for over 9 days, which indicates good stability of
the material. To verify the interference of humidity, the response of
0.20 wt%Pt-ZnO@PDA-1.5 nm sensors to 10 ppm NO, was tested at
different relative humidity (RH). The results (Fig. S10) show that the
response value of 0.20 wt%Pt-ZnO@PDA-1.5 nm to 10 ppm NO; is 2043%
at 10% RH, and the response value does not change significantly at
different RH. The decrease in the response value at different RH may be
due to the partial dissolution of NO, in water, which reduces the con-
centration of NO,. Although the material showed a reduced response to
NO; under humidity conditions, there was still a high response at different
humidity levels, and NO, was detected under high humidity conditions.
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Fig. 3. Gas sensing performance of 0.20 wt%Pt-ZnO@PDA-1.5 nm and control samples at RT under visible light irradiation. (a) Responses of ZnO@PDA with different
PDA thickness toward 100 ppm NO,. (b) Responses of Pt-ZnO@PDA-1.5 nm with different Pt loading toward 100 ppm NO,. (c) Typical response-recovery curve of the
0.20 wt%Pt—ZnO@PDA-1.5 nm sensor to NO, with different concentrations (1-100 ppm). (d) Response-recovery curves to 10 ppm NO,. (e) Response concentration
relationship of 0.20 wt%Pt-ZnO@PDA-1.5 nm to NO,, and responses of representative NO, sensing materials based on noble metal nanoparticles modified metal oxide
reported previously ((1) ZnO/SNO,/Pt, (2) Pt-ZnO/PRGO, (3) Pt-decorated Bi,Os-branched SNO; NWs, (4) Au@Cu,0 core-shell NPs, (5) Pd/ZnO nanoparticles, (6)
ZnO/Pd hybrids, (7) Au/ZnO films, (8) Au NPs/ZnO rods arrays, (9) Au nanoparticle-ZnO nanorods, (10) ZnO nanosheets/Au, (11) ZnO-Ag heterostructure nano-
particles, (12) WS,/Au/ZnO nanorods, (13) Au-ZnO nanorod array thin films, (14) 0.1% Pt ZnO NWs Au nanoparticle-ZnO nanorods, (15) Pt NPs-ZnO, (16) Pt/ZnO/g-
C3Ny, (17) Hybrid ZnO@Au core-shell nanorods, (18) Pd-embedded SnO,-x-decorated SnO, nanowires, (19) 1%-Ga-Pt@ZnO, (20) Pt Nanoparticles on ZnO-Branched
SnO, Nanowires, (21) Au-functionalized CuO NWs, (22) Au/ZnO nanorods; see details in Table S1). (f) Response of 0.20 wt%Pt-ZnO@PDA-1.5 nm and ZnO sensor to

different interfering gas with a concentration of 100 ppm.

2.3. Sensing mechanism

The sensing mechanism of 0.20 wt%Pt-ZnO@PDA-1.5 nm toward
NO; can be primarily explained by the change in surface electron density,
which was ascribed to the sensitive interaction between NO» and surface
oxygen ion (O2") of ZnO. The NO, adsorption test performed on MEMS
cantilever chip demonstrated that the adsorption quantity of ZnO@PDA-
1.5 nm (10.9 pg/ng) was higher than that of pristine ZnO (3.1 pg/ng)
(Fig. S11). This result was attributed to the porous PDA film with rich
catechol and amino groups, which increased the specific surface area and
facilitated the adsorption and enrichment of NO, molecules on the ZnO
surface. Under light irradiation with sufficient photon energy, electrons
in the valence band of ZnO can be excited to the conduction band, which
created photoelectron-hole pairs. Then, the photoinduced electrons
reacted with the surrounding oxygen to form Oy~ (hv). Oy~ (hv) was
weakly bound to ZnO and had a stronger reactivity than Oy~ (ads.),
beneficial to RT gas sensing according to the reactions in Egs. (1)-(3)
[43]. Originally, the amount of Oy~ (hv) on pristine ZnO was insufficient
for RT gas sensing. With the introduced high-activity Pt catalysts, more
oxygen from the air can be absorbed to generate more Oz~ (hv).

hv & h' +e” (€}
0, (ads.) +e~ <0, (ads.) (2)
0, (ads.) + e (w) < O, (hv) 3

To prove our speculation, we conducted XPS to reveal the change of O
species before and after PDA thin-layer and Pt modification. The O 1s
spectra of ZnO were deconvoluted to three peaks corresponding to lattice
oxygen (Op), adsorbed oxygen ion (O,gs, that is, O2~ in this work), and

surface oxygen (Ogyf.) which were located at 530.3, 530.7, and 531.9 eV,
respectively (Fig. S12a) [44]. With the PDA thin-layer coating,
ZnO@PDA-1.5 nm and 0.20 wt%Pt-ZnO@PDA-1.5 nm showed an extra
peak corresponding to C-O (533.0 eV) (Figs. S12b and c) [45,46].
Notably, the result showed that the content ratio of Oy4s/OL was almost
unchanged after PDA thin layer coating while it significantly increased
from 0.66 to 1.81 after Pt loading (Fig. 4a). The atomic-level Pt catalysts
with highly active sites can greatly promote the adsorption and dissoci-
ation of oxygen molecules, which can diffuse to the surface of ZnO
through the spill-over effect and capture electrons from its conduction
band to form Oy (hv) [14,47]. Given that abundant highly active Pt
catalytic sites were introduced to the 0.20 wt%Pt-ZnO@PDA-1.5 nm
sensor, the amount of Oy~ on the surface was largely increased. In
addition, the atomic-level Pt can accelerate the transfer of electrons be-
tween molecules and the surface of ZnO, thus partially improving the
sensor response [15]. In general, uniformly dispersive atomic-level Pt
catalysts significantly enhanced the sensitivity of the ZnO-based gas
sensor to NOs.

To gain more insights into the interaction of sensing material and gas
molecules, in-situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) was performed to monitor the sensing process of
0.20 wt%Pt-ZnO@PDA-1.5 nm when exposed to NO;, (Fig. 4b). The time-
resolved DRIFT spectra clearly showed the presence of adsorption peaks
ascribed to NO5 (1685 and 1634 cm ™) and N2O4 (1779 cm’l), whose
intensity continuously increased upon extending the exposure time [48].
Meanwhile, other peaks attributed to monodentate nitrate (1322 cm’l),
bridging nitrate (1354 and 1031 cm™!), and monodentate nitrite (1478
and 1053 cm 1) were also observed [48-50]. We presume that in the
interaction between NO5 and 0.20 wt%Pt—ZnO@PDA-1.5 nm, NO5 not
only directly gained electrons from the conduction band of ZnO to form
NO, ™ but also interacted with O3 (hv) and generated NO3. According to
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the above results, the chemical process after injection of NOy can be
represented by Egs. (4)—(6).

2NO, < Nz0a4 4
NO, + ¢~ (hv) < NO; (5)
2NO, + ¢~ (hv) 4+ 05 (hv) < 2NO; (6)

Based on the above evidence, we believe the sensitivity of Pt-ZnO@PDA-
1.5 nm sensing material was enhanced by two main influencing factors: (1)
PDA thin-layer coating on the ZnO surface which is beneficial to NO,
adsorption and enrichment; (2) An increase in Oy~ (hv) due to the atomic-
level Pt catalyst modification. As shown in Fig. 4c, the overall gas-sensing
mechanism was proposed as follows. When Pt-ZnO@PDA-1.5 nm sensors
were subjected to light irradiation in the air, the amount of Oz~ (hv) was
increased after the modification of atomic-level Pt catalysts which have high
reactive activity and spill-over effect (Fig. 4c (I)). When Pt-ZnO@PDA-1.5
nm sensor was exposed to NO,, through synergistic coordination inter-
face, a large number of NO, molecules were enriched by the PDA thin layer
and reacted with sufficient active oxygen ions originating from atomic-level
Pt catalysts and electrons. This process widened the electron depletion layer
(EDL) of ZnO (Fig. 4c (I)) and caused the dramatic change in electron
density which ultimately led to ultra-high sensing response.

3. Conclusion

In conclusion, to improve the RT gas-sensitive performance of MOs,
we constructed synergetic coordination interface where a difunctional
mediator was used to anchor an atomic-level catalyst onto MOs. Using in-
situ polymerized PDA as a mediate coating, atomic-level Pt catalysts can
be stably anchored and uniformly distributed on ZnO NRs. The Pt-loaded
ZnO@PDA NRs showed an almost six-fold enhanced response of up to
18,489% to 100 ppm NO, compared with pristine ZnO NRs. A short
response time of 22 s, an ultra-low LOD of 108 ppb and excellent selec-
tivity were also realized. The superior performance was mainly ascribed
to the synergetic effect of atomic-level Pt and PDA thin layer which offers

sufficient highly active sites and enrichment of target molecules,
respectively. This work may open a general way for the design of high-
performance MOs-based gas-sensing materials at RT and inspire the
application of atomic-level catalysts in gas-sensing.

4. Experimental
4.1. Materials

Chloroplatinic acid hexahydrate (H2PtCle-6H20), zinc acetate dihy-
drate (Zn(CH3COO)2-2H50), and sodium hydroxide (NaOH) were pur-
chased from Sigma-Aldrich. Dopamine hydrochloride and tris(hydroxy
methyl)aminomethane (tris) were bought from Alfa Aesar (China). Urea
was acquired from Aladdin Industrial Corporation. Ethanol was secured
from Xinweicheng Co., Ltd. (Fuzhou, China). Unless otherwise noted,
materials obtained from commercial suppliers were used without further
purification. All aqueous solutions were prepared with Milli-Q water
(18.2 MQ). Ag-Pd interdigital electrode plates with a channel of 200 pm
were obtained from Hangzhou Jinbo Tech. Co., Ltd., China.

4.2. Synthesis of ZnO NRs

ZnO NRs were prepared according to the reported literature with a
modified synthetic method [51]. Briefly, Zn(Ac)2-H20 (0.22 g) and NaOH
(0.4 g) were dissolved in 10 and 20 mL ethanol, respectively. Then, the
above solutions were mixed, transferred to a Teflon-lined stainless-steel
autoclave, and allowed to react at 150 °C for 24 h before the mixture was
cooled to RT for 6 h. The mixture was then centrifuged and rinsed with
water and ethanol thoroughly. After drying at 60 °C for 12 h, ZnO NRs
were obtained and collected for characterization and further experiments.

4.3. Preparation of ZnO@PDA-thickness

ZnO@PDA-thickness NRs were prepared in accordance with a pre-
vious report using a modified synthesis method [52]. First, ZnO NRs were
calcined at 200 °C in Hy (5% in Ar) atmosphere for 1 h in a tube furnace
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at a ramp rate of 2 °C min ! and formed more oxygen vacancies. Then,
0.1 g calcined ZnO (C-ZnO) NRs was dispersed in 20 mL tris buffer so-
lution (10 mM solution, pH 8.5) by ultrasonication. Then, x mg dopamine
hydrochloride (x represents 1, 4, 10, and 50) was added to the ZnO
suspension under stirring. The suspension was stirred for 6 h at RT. The
products were washed with deionized water and ethanol for three times
each and collected by centrifugation. After vacuum drying at 60 °C for
12 h, ZnO@PDA-thickness was obtained.

4.4. Preparation of Pt-ZnO@PDA-1.5 nm

A total of 6, 10, and 16 mg urea were dissolved in 50 mL deionized
water. Then, the as-prepared ZnO@PDA-1.5 nm was added to the solu-
tion and ultrasonicated for 30 min. Subsequently, y pL (y is 15, 25, and
40) of HyPtClg aqueous solution (25 mg mL 1) was added and stirred for
3 h at RT. The mixture was then centrifuged and rinsed with deionized
water and ethanol three times. After drying at 60 °C for 12 h, Pt-
ZnO@PDA-1.5 nm with different amounts of Pt was obtained.

Pt NPs-ZnO was prepared by a simple method. A total of 0.1 g C~ZnO
NRs were dispersed in 150 mL deionized water. Then, 200 mL H,PtClg
aqueous solution (25 mg mL ') was added. Subsequently, 20 mL sodium
borohydride in methanol (2.5 mg mL ™) was added, and the mixture was
stirred for 2 h at 60 °C. The mixture was then centrifuged and rinsed with
deionized water and ethanol for three times each.

4.5. Characterization

Morphological details were examined using transmission electron
microscopy (TEM, Tecnai F20). HAADF-STEM images were collected on
a JEOL JEM-2100F. The nitrogen adsorption/desorption measurement
was performed using a Micromeritics ASAP2020 gas-sorption system.
PXRD was conducted on a Rigaku Smartlab X-ray diffractometer with
Cu Ka radiation (1 = 1.5406 A) at a scanning speed of 10 ° min™".
Aberration-corrected HAADF-STEM (AC-HAADF-STEM) images were
collected on STEM equipment with a CEOS probe corrector. The data of
XPS were collected on a thermos scientific ESCALAN 250 Xi XPS system
(monochromatic Al Ka X-rays (1486.6 eV) operating at 15 kV; base
pressure: 5.0 x 108 Pa). Weight percentage of loaded noble metal was
measured using inductively coupled plasma atomic emission spec-
trometer (ICP-AES). The gas adsorption was measured by the MEMS
cantilever (LoC-TGA 3000) chips connecting the computer to collect
frequency signals and Molecular Adsorption Analyzer purchased from
High-End MEMS Technology Co., Ltd. The in-situ DRIFTS experiments
were performed on a Nicolet 6700 Fourier transform IR spectrometer
equipped with stainless-steel in-situ IR flow cell and set up for diffuse
reflectance sampling.

4.6. Gas sensing measurement

Gas sensors were fabricated by a drop-casting method. The prepared
samples were dispersed in isopropanol. Subsequently, the dispersion
containing an appropriate amount of sample was drop-casted on the
Ag-Pd interdigital electrode. As shown in Fig. S4, the sensor testing
performance was evaluated by a homemade system reported in our
early work [42]. The flow for injection of synthetic air and analyte gas
was 600 mL min~'. A constant bias of 5 V was applied to the sensor, and
the current was measured using a Keithley 2602B source meter. Gases
with different concentrations were generated by mixing the standard
analyte gas with synthetic air at different ratios. The gas-sensing per-
formance of all samples toward poisonous NO, was evaluated at RT
with the assistance of visible light (450 nm). The sensor was placed in a
quartz tube with a flat window for light irradiation. A xenon lamp was
mounted at 5 cm, and light was shed directly onto the sensor surface.
The sensor response was defined as (|Rg — Ra|/Ra) x 100% or |Rg -
Ra|/R,, where R, and R, are the device resistance under synthetic air
and during exposure to analyte gases, respectively. The
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response/recovery time was defined as the time required to reach 90%
resistance changes in the response/recovery curves, respectively.
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