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Conventional metal oxide sensors often suffer from limited long-term stability over an ultrabroad temperature
range, primarily due to their single-type active sites and a static electronic configuration. To overcome this
limitation, we constructed a dual local electric field (LEF) with a graded electron concentration profile by
precisely modulating the local chemical environment of CeO,. This design introduces a thermally activated
electric-field switching mechanism, which enables ultrafast and stable response value toward NO, detection
from —50 to 800 °C. We demonstrate that at low temperatures, the divergent hybridization between Pt
and Ce orbitals leads to a lower thermal activation energy for LEF-1 than for LEF-2. As temperature rises,
electron migration from the 4f orbitals of Ce¥*to adjacent Ce** weakens LEF-1, whereas thermal activation
promotes efficient electron transfer in LEF-2, allowing LEF-2 to dominate at high temperatures and ensuring
continuous activity. This relay sensing mechanism sustains rapid response (within 12 s) and long-term
stability (over 75 d) at both —50 and 800 °C. This work presents an adaptive sensing mechanism through
electron gradient differentiation and thermal-driven field switching, offering a new paradigm for the design
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of intelligent sensors under extreme conditions.

Introduction

Metal oxide (MO) gas sensors are widely used in smart environ-
mental monitoring, industrial internet of things, and aerospace
systems [1-4]. However, their performance is fundamentally
limited to single-type active sites and a static electronic structure.
This limitation leads to sluggish reaction kinetics, irreversible
surface passivation, sintering, phase transformation, and com-
petitive adsorption when exposed to an ultrabroad temperature
range [5-8]. Consequently, developing a sensor that delivers high
sensitivity, ultrafast response, and exceptional long-term stability
across such a wide thermal range remains a formidable challenge
in materials science.

Previous research indicates that conventional approaches such
as electronic compensation and dynamic thermal modulation
exhibit inherent limitations including model hysteresis, high
energy consumption, and slow response [9-11]. Breaking this
performance ceiling requires a paradigm shift from static to
dynamic sensing mechanisms. Inspired by biological systems that
adapt to environmental changes, the next generation of intelligent
sensors must feature self-regulated active sites capable of a func-
tional “hand-oft” across temperatures [12-14]. The performance
of MO gas sensors is governed by the intricate interplay between
surface chemical reactions and electronic properties [15-18].
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Achieving temperature-adaptive detection in these sensors can
be realized through dynamic modulation of local microstructures,
enabling synchronous migration of electron excitation centers and
gas adsorption sites [19-22]. Previous studies have demonstrated
that the introduction of single atoms can induce localized recon-
struction of the surface structure of MOs. Specifically, single-atom
catalysts utilize inherent defect sites on the oxide support to
anchor highly active individual atoms onto the oxide surface,
thereby creating localized electron-rich regions on the MO surface
[23-26]. However, randomly dispersed point defects are prone to
migration under high-temperature conditions, which can lead to
the aggregation of single atoms and result in instability of the
localized electron-rich regions on the MO surface [27-29]. The
strategic creation of ordered vacancy clusters offers a promising
pathway [30]. The introduction of vacancy clusters effectively
suppress defect migration, stabilize unusual coordination envi-
ronments, and generate spatially organized electron density dis-
tributions, providing precise anchoring sites for single atoms
[31-33]. Such an ordered defect structure underpins the estab-
lishment of active sites with divergent thermal activation energies,
ultimately enabling a seamless “relay” of sensing function across
temperatures without performance degradation.

In this study, we address this challenge by designing a model
system comprising Pt single atoms (Ptg,,) anchored on vacancy


mailto:bingwang@nudt.edu.cn
https://doi.org/10.34133/research.1138
https://doi.org/10.34133/research.1138
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Research

clusters in CeO, (v-CeO,). The novelty of this work lies in the
creation of a dynamic sensing interface through a synergistic
combination of ordered vacancy clusters and single atoms,
which establishes a dual local electric field (LEF) system with a
graded electron concentration profile. This unique configura-
tion enables a thermally activated electric-field switching mech-
anism, an adaptive “relay” between LEF-1 that dominates at low
temperatures and LEF-2 that dominates at high temperatures.
In situ spectroscopy and theoretical calculations reveal a mech-
anism that enables continuous and efficient NO, sensing. This
yields unprecedented sensor performance: an ultrabroad oper-
ating temperature range (—50 to 800 °C) rapid response under
12 s and remarkable long-term stability over 75 d at both tem-
perature extremes far surpassing conventional static sensors.

Results and Discussion

Structural characteristics

From the perspective of energy minimization and defect diffu-
sion dynamics, the presence of ion vacancies on the (100)CeO,
surface reduces the coordination number of Ce atoms, which
show higher mobility and increased surface energy. Moreover,
the atomic ordering on the (100)CeO, surface causes low-
coordination Ce atoms and ion vacancies to migrate and
form regular vacancy clusters at the atomic scale under high-
temperature annealing [34]. This process creates more stepped
edges and anchoring sites for Ptg, (Fig. S1). X-ray diffraction
(XRD) patterns confirm that the cubic phase structure remains
intact after annealing treatments in both vacuum and air atmo-
spheres (Fig. S2). Pt with a loading of 0.3 wt % is deposited on
the surface of cubic-phase CeO, (Fig. S3 and Table S1). In addi-
tion, the introduction of Ptg, onto v-CeQ, inhibits the decrease
in specific surface area caused by high-temperature treatment
and enhances the structural stability of v-CeO, (Figs. S4 and
S5). The aberration-corrected transmission electron micros-
copy (AC-TEM) and atomic-resolution monochromated elec-
tron energy loss spectrum (EELS) reveal an important lower
Ce™* concentration in the edge regions of v-CeO, compared to
pristine CeO, (Figs. S6 to S8). AC-TEM imaging of Ptg,/v-
CeO, confirmed the formation of ordered vacancy clusters
from thermally activated single-ion vacancies in CeO,. It fur-
ther revealed the preferential distribution of Ptg, at the edges
of these clusters and within defect-free crystalline regions (Fig.
1B and Fig. S9). The atomic-resolution monochromated EELS
confirms that the elemental state of Ce atoms in the center
regions of vacancy clusters is predominantly Ce’* and the edge
regions of vacancy clusters is }S)redominantly Ce**, which con-
firms that Ptg, forms Pty,~Ce’" at the edge of vacancy clusters
and Ptg,~Ce™" at the perfect surface site, respectively. The x-ray
absorption near-edge structure (XANES) and extended x-ray
absorption fine structure (EXAFS) measurements confirm that
the introduction of Ptg, on surface of CeO, results in a slightly
decreased valence of Ce compared with v-CeO,, which con-
firms that the Ptg, induced electron redistribution on CeO,
surface (Fig. 1C). The EXAFS fitting curves of the CeO,, v-CeO,
and Ptg,/v-CeO, at K space confirm the presence of Ce-O and
Ce-Ce bonding (Fig. 1D and Fig. S10). The wavelet transform
pattern from EXAFS fitting curves confirms the introduction
of Pty, on the surface of CeO, causing the formation of Ce-O-
Pt (S11). X-ray photoelectron spectroscopy (XPS) spectra con-
firm that the concentration of Ce’* and oxygen concentration
of CeQ, are similar to those in v-CeO, and Ptg,/v-CeO,. The
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Ptg, in Pt;,/v-CeO, exists primarily as Pt** with a minor frac-
tion of Pt*, indicating 2 distinct coordination environments
on the v-CeO, surface (Fig. 1F and Fig. S12). Raman spectra
of Ptg,/v-CeO, confirm the presence of oxygen vacancies, Pt-
Ce’* and Pt-Ce** (Fig. 1G and Fig. $13) [35].

High-sensitivity, low-energy ion scattering (HS-LEIS) results
show an important depletion of Ce atoms on the surface of
Pt,/v-CeO, and indicate that Pt is in contact with the outer-
most atomic layer (Fig. 2A). The exact structure of the Ptg, is
further explored via density functional theory (DFT), which
show that the vacancy cluster is more inclined to square shape.
The energy barrier for Ptg, to occupy a 4-fold hollow site at the
edge of a vacancy cluster is lower than that for adsorption on
the edge, indicating that Ptg, is more inclined to incorporate
into defect sites, forming Pt;,~Ce’" at the steps. Similarly, the
Pt,, is also occupying 4-fold hollow sites on the perfect surface
site to form Pty,~Ce** (Fig. 2B). The projected density of states
(PDOS) of Ptg,~Ce** and Pty,~Ce’* confirms that Pty,~Ce™*
exerts a markedly greater influence on the electronic structure
near the Fermi level compared to Pty,-Ce**, with a higher elec-
tron concentration observed at Ptg,~Ce’* sites (Fig. 2C). The
Bader charge transfer between Ptg, and CeO, further confirms
that the electron transfer between Pt and Ce’" is greater than
that between Pty, and Ce** (Fig. 2D and Fig. S14). Then, the
formation mechanism of LEF-1 and LEF-2 is shown in Fig. 2E.
The construction of vacancy clusters promotes the generation
of Ce**-Ce™" pairs, leading to strongly overlapping electron
densities at the center of the vacancy cluster. This accelerates
electron transfer from the bulk phase to the Pt;,~Ce’" interface,
resulting in the formation of LEF-1. Similarly, since the 4f orbit-
als of Ce** are unoccupied, while the 5d orbitals of Pt possess
high electron density, electron transfer occurs from the Ptg,—
Ce** to the Ce**-Ce™, resulting in the formation of LEF-2. The
differences in electron concentration and transfer mechanisms
between LEF-1 and LEF-2 result in a stronger LEF intensity for
LEF-1 and a lower thermal activation energy for reactions
occurring at its sites, compared to those of LEF-2.

Electron paramagnetic resonance (EPR) analysis confirms
that the transformation of single-point defects into vacancy clus-
ters promotes the conversion of high-coordination, low-activity
Ce’* on the CeO, surface into low-coordination, high-activity
Ce’. In addition, the peak intensities of g1, g4, and g7 of Pt /v-
CeQ, are stronger than those of v-CeO,, indicating that the
formation of LEF-1 enhances the concentration of free electron
in Ce™ (Fig. 2F). The excited-state dynamics of charges in CeQ,,
v-CeO,, and Pt;,/v-CeO, are explored via mid-infrared transient
absorption spectroscopy (MIR-TAS). The relaxation time of free
carriers varies in CeO,, v-CeQ,, and Pt;,/v-CeO, due to the
presence of trapped states. The lifetimes of multiexponential fit-
ting results confirm that the formation of LEF-1 and LEF-2 sub-
stantially enhances both the lifetime and transfer efficiency of
carriers (Fig. 2G). Similarly, diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) using CO as a probe molecule
confirmed that the difference in LEF strength results in a lower
energy requirement for molecular adsorption at Pt;,~Ce’" sites
compared to Ptg,~Ce™" sites (Fig. 21).

Gas performance

To further evaluate the practical applicability of Ptg,/v-CeO,
under extreme operational conditions, we systematically inves-
tigated its work temperature range, response-recovery time,
dynamic response characteristics, gas selectivity, and long-term
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Fig. 1. Structural characterization of Ptg,/v-CeO,. (A) Schematic diagram of temperature-activated electric-field switching. (B) AC-TEM and EELS analysis of Ptg,/v-CeO,.
(C) Ce L;-edge XANES spectra of CeO,, v-Ce0,, and Ptg,/v-Ce0,. (D) Experimental and fitting results of Fourier transformed EXAFS spectra. (E) Wavelet transform from EXAFS
signals at Ce L;-edge. (F) Pt 4f high-resolution XPS spectra. (G) Raman analysis of Pts,/v-CeO,.

stability performance. The sensing layers is authenticated to be
50 pm thick (Fig. S15). Figure 3A systematically compares the
gas sensing performance of CeO,, v-CeO, and Ptg,,/v-CeO, for
NO, detection across different operating temperatures. The
response values show 2 peaks, indicating that the surface reac-
tion mechanism of the sensitive layer changes correspondingly
during the process of reaction chamber warming. CeO, dem-
onstrated a functional temperature range of 20 to 530 °C with
dual optimal working temperatures at 110 and 370 °C. The
introduction of vacancy clusters in v-CeO, extended the opera-
tional range to 20 to 610 °C and substantially enhanced the
response values across all temperatures. Most remarkably, sub-
sequent Ptg, functionalization on v-CeO, further broadened
the temperature range expansion to —50 to 800 °C and lowered
the optimal working temperatures to 30 and 330 °C. In addition,
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the response values of Ptg,/v-CeO, are higher than those of
v-CeO,. The introduction of the dual LEF, combined with the
catalytic effect of Ptg,, substantially enhances the concentration
of surface free electrons and the adsorption and activation
capabilities for NO, and O,. This effectively reduces the reaction
energy barrier, thereby lowering the optimal operating tem-
perature. Figure 3B shows that the response-recovery times of
Ptg,/v-CeO, at =50 and 800 °C are 12 to 13 s and 11 to 13 s,
respectively. Ptg,/v-CeO, demonstrates superior performance
metrics compared to previously reported gas sensors, exhibiting
both an exceptionally broad operational temperature range and
substantially shorter response-recovery time under extreme
temperature conditions (Fig. 3C). Thus, simultaneously achiev-
ing fast and stable NO, detection in wide temperature range
has remained a challenging goal. The dynamic sensing response
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Fig. 2. The formation mechanism of dual electric fields. (A) HS-LEIS analysis of Ptg,/v-Ce0,. (B) Thermodynamics of the formation of dual electric fields. (C and D) DOS analysis
and Bader charge difference distributions of Pt-Ce®* and Pt-Ce**. (E-F) Electron transfer mechanism diagram. (G) EPR analysis of CeO,, v-Ce0,, and Ptg,/v-Ce0,. (H)
MIR-TAS of CeO,, v-Ce0,, and Ptg,/v-CeO,. (1) Insitu DRIFTS spectra of CO adsorption on Ptg,/v-Ce0,. OD, optical density.

of Pt,/v-CeO, toward various concentrations of NO, at 30 and
350 °C confirms that Pty,-Ce’*, Ce’*-Ce’", and Pty,-Ce*"
exhibit good stability. The response values of Ptg,/v-CeO,
toward 40-part per billion (ppb) NO, at 30 and 350 °C are 2.32
and 1.45, respectively. This performance indicates that the sen-
sor is capable of detecting below the Environmental Protection
Agency limit (53 ppb) (Fig. 3D). In addition, the Ptg,/v-CeO,
exhibits a positive linear response to NO, in the range of 40 ppb
to 5Sparts per million. On the basis of the root mean square
deviation method, the theoretical limit of detection of Ptg,/v-
CeO, is determined to be 0.04 and 27.54 ppb at 30 and 350 °C,
respectively (Fig. 3E).

To evaluate the practical deployment of Ptg,/v-CeO,, we
conduct 4 consecutive tests to measure its response values
during both ascending temperatures from —50 to 800 °C and
descending temperatures back to —50 °C. These assessments
consistently highlighted Ptg,/v-CeO, outstanding stability of
response values and response-recovery time (Figs. S16 and S17).
After 2 testing cycles, the CeO, and Ptg,/CeO, exhibited an
important decrease in response values and prolonged response-
recovery time, whereas the v-CeO, maintained stable gas
sensing performance throughout the cycling tests. This result
clearly demonstrates that the formation of vacancy clusters
enhances the stability of both surface Ce’* and oxygen vacancies
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(Figs. S18 to S20). Ptg,/v-CeO, also demonstrates excellent
cyclic stability, with Ptg,/v-CeO, showing a nearly fluctuation-
free baseline resistance when repeatedly tested for 10 cycles at
—50 and 800 °C (Fig. 3F). The introduction of Pty induces
reconstruction of the (100)CeO, support surface, forming spe-
cific 4-fold hollow sites. The Ptg, is firmly anchored to the support
through the formation of robust Pt-O-Ce bonds. Simultaneously,
the charge compensation effect resulting from the incorpora-
tion of Ptg, into the (100)CeO, lattice spontaneously generates
and stabilizes the surrounding oxygen vacancies and Ce’*.
Together, these factors constitute a thermodynamically stable
composite active center, thereby enabling it to withstand harsh
oxidative conditions. The XPS spectra and XRD pattern of
Pty,/v-CeQ, after reaction confirm the stability of Ce’" (Fig.
S21). Ptg,/v-CeO, also demonstrates excellent cyclic stability.
The gas sensing performance of Pt;,/v-CeO, under different rela-
tive humidities is shown in Fig. S22. In the low-temperature
region, the response value decreases markedly as the relative
humidity increases. This is mainly attributed to the physical
adsorption of water molecules on the CeO, surface, which com-
petes with NO, for active sites and severely interferes with the gas
sensing process. In contrast, in the high-temperature region, the
sensing performance is insensitive to changes in humidity. This
is because adsorbed water molecules are completely desorbed at


https://doi.org/10.34133/research.1138

Research

A 50 o PtL/V-CeO B 80 /™™ Response time c 61 000
> o 020, = Recovery time 000 ) pemn, e ‘
g 40 v—CeOz o 3 Carcwo 13 ZnONIOKGO This work
< 60 7 8007 ¢ &% oo v
; —_ o) 8 InodTiC, 16 %vlvvg, 20
530 < S 600 s P T wouworT
® [0 ot 9 rGO/SnO, 19 SnS,-Mos,
s 20 £ 40 = 0 InSs-In,0, 20 Ply/v-CeO.
@ = 8 400 17
5 = 1go 15 14 3
S 10 20 " E 200 N “ , .3
& ‘77: % 7777777 125135 118 1 g * 1‘6 13 ;:1)31093 JBJ 6‘:?‘
0l— . ; ; bt ; 3 . . . . .
0 150 300 450 600 750 0 = 150 100 50 0 -50
Operating temperature (°C) -50°C 30°C 350°C 800°C Minimum test temperature (°C)
D E F
107 &30 LOD _50 © 800 °C
2 & soee 091 | 300c o004 ppb 50°C
> 8{] °C 27.54 ppb 1540
s 84 06 » 350°C 27.54 ppl 10.8
i:) 6l ‘; 03 Y =0.36X +0.58 a l537
© - 2 > 510.6
s s g
(o2
8 4llshre. £ 350°C 00 . = {5.34
S PSS 2 © o © Y = 0.28X -0.0005 10.4
g 5 Ny NS NS J 03
2 NAAASRS 531
v : : : : : . 06 . 10.2 '
0 250 500 750 1,000 1,250 1,500 -1.5 -1.0 -0.5 0.0 0.5 0 140 280 420 0 140 280 420
Time (s) Log (c) Time (s)
G H |
10 ---50°C
S ~4.2
< 5 > | - 800°C
"
x 360 oo e o e o,
o o
S 6 350 og: ; 330
S 2 o &z . ]
(&) I =z T >
o 4 N ot P o 24
g £2 dddg §
=z o 1.8
g2 INQURVRTRVETS: : .
Q
& © 12
0 200 400 600 800
Time (s) SEPLPPL PO PP PO

Fig. 3. Gas sensing performance of Pts,/v-Ce0,. (A) Response value of Ce0,, v-Ce0,, and Pts,/v-CeO, toward NO, detection under different operating temperatures.
(B) Response-recovery time. (C) Reported operating temperature range of gas sensors in the literature. (D) Response values of Ptg,/v-CeO, toward low-concentration NO,.
(E) Response—-concentration correlation. (F) Ten-cycle dynamic sensing response of Ptg,/v-Ce0, at —50 and 800 °C. (G) Selectivity performance. (H) Long-term stability of

Ptsa/v-Ce0, at —50 and 800 °C. (1) Sensor device diagram.

high temperatures, greatly suppressing the competitive adsorp-
tion effect. Figure 3G shows the response values of Ptg,/v-CeO,
to interfering gases such as NO, CO, H,S, NH;, and H, at the
optimal operating temperature. While cross-sensitivity to inter-
fering gases exists across the operational temperature range,
their interfering influence is largely suppressed at the optimal
sensing temperature. Here, the low activity of LEF-2 sites mini-
mizes their direct response, whereas the NO, maintains an impor-
tant signal. This results in the high-selectivity pattern shown.
The slightly diminished NO, response compared to its value in
pure gas is attributed to the inherent competitive adsorption
and surface redox reactions common to MO-semiconductor-
based sensing in mixed atmospheres. Therefore, operating at the
LEF-2 stage effectively enhances selectivity by suppressing inter-
ferent signals. In addition, the long-term dynamic sensing
response monitoring over 75 d of NO, detection at —50 and
800 °C is shown Fig. 3H. It is found that the response value of
Ptg,/v-CeO, has hardly changed compared to the first day, indi-
cating excellent long-term stability of the Pty,/v-CeO, at harsh
temperature. To demonstrate the potential of Ptg,/v-CeO, in
extremely complex environments, we prepared a Ptg,/v-CeO,
sensor and transmitted the signal to the mobile phone via
Bluetooth. The rover appears bumpy in the process of grabbing
the sensor and moving, while the resistance of the sensor always
remains stable, and there is no noise signal. When the sensor
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approaches, the sensor generates an electrical signal and trans-
mits to the phone (Fig. 3I).

Reaction mechanism

The LEF transfer mechanism with the increase in operating
temperature is explored via MIR-TAS. The relaxation time of
free carriers varies in different LEFs at different temperatures
due to the presence of trapped states (Figs. S23 and S24). The
lifetimes of multiexponential fitting results confirm that the
excited-state absorbed signal has 3 attenuation times of Ptg,/v-
CeO,, which correspond to the electron trap, interface electron
transfer, and recombination process [36]. The attenuation times
for Ptg,/v-CeO, at 30 °C are 0.22 ps (t1), 0.22 ps (t2), and 3.72 ps
(73), indicating that electron transfer at the interface dominates
the dynamics and Ptg, rapidly captures electrons from the 4f
orbitals of Ce’*. With the temperature increased to 110 °C, the
decay lifetimes are measured to be 4.14 ps (t1), 1.73 ps (12),
and 1.73 ps (t3). The elevated temperature provides sufficient
energy for electrons localized in the Ce’* 4f orbitals to over-
come the energy barrier associated with lattice relaxation,
thereby facilitating their transfer from Ce’* sites to adjacent
Ce** sites. This redistribution leads to a reduction in electron
concentration at Ce’"-Ce’", resulting in a weakened electric
field intensity at the LEF-1 interface and consequently a
decrease in electron concentration and transfer efficiency. As
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the temperature further rises to 200 °C, the lifetimes become ~ higher binding energies in Ptg,/v-CeQ,. Then, the peaks of Ce’*
0.40 ps (t1), 0.81 ps (t2), and 2.56 ps (t3). The shortened 71 in Ptg,/v-CeO, shift to lower binding energy when NO, enters
and 72 suggest a shift of the electron transfer center from LEF-1  the reaction chamber, suggesting that the LEF-1 plays the main
to LEF-2. With the temperature increased to 350 °C, the attenu-  role in adsorption-activation target molecules at 30 °C. On the
ation times are 1.23 ps (t1), 0.41 ps (12), and 12.74 ps (t3),  contrary, with the operating temperature increased to 350 °C,
demonstrating that electron transfer at the LEF-2 interface  the peak position of Ce’* remains unchanged, while the peaks
again dominates the dynamics, with Ce*" rapidly capturing  of Ce** in Pt;,/v-CeO, shift to lower binding energies when

electrons from Ptg, (Fig. 4A and B). The temperature-pro-  NO, enters the reaction chamber, indicating a transition to
grammed desorption analysis confirms that Ptg,/v-CeO, has ~ LEF-2 as the primary active site. As shown in Fig. 4G, the varia-
more reaction sites and stronger gas molecule capacity com-  tion in peak area ratios of Ce’*/Ce** on the surfaces of CeO,

pared with CeO, (Fig. 4C). In situ EPR analysis shows that the ~ and Ptg,/v-CeO, exhibits a clear dependence on both tempera-
increase in temperature causes the conversion of Ce’* to Ce**, ture and reaction atmosphere. The generation of active oxygen
while the formation of vacancy cluster improves the stability  causes the peak area ratio of Ce’*/Ce** in CeO, decreased from
of Ce’* in v-CeO, compared with CeO, (Fig. $25). In addition, ~ 14.23% to 10.06%. Then, the peak area ratio of Ce’*/Ce**
the peak position of g3 in Ptg,/v-CeO, is shifted with the  increased from 10.06% to 11.98% when NO, enters the reaction

increase in temperature, further confirming the strong interac- ~ chamber. With the operating temperature increased to 350 °C,
tion between Ptg, and Ce’* (Fig. 4D). the peak area ratio of Ce’*/Ce** in CeO, decreased from

The dynamic transformation process of the reaction sitein ~ 11.98% to 10.28% under O, atmosphere, with NO, raising it to
CeO, and Pt,, /v-CeO, is explored via in situ near ambient pres- 11.02%. In contrast, the introduction of vacancy clusters and

sure (NAP)-XPS (Fig. 4E and F). The reaction of electrons with Pt,, substantially enhances the stability of Ce**. The peak area
0, in CeO, to produce active oxygen causes the peaks of Ce’*  ratio of Ce’*/Ce* in Pt;,/v-CeO, only decreases from 13.01% to
and Ce™* shift to higher binding energy. Then, the peaks of Ce’™*  12.06% under an O, atmosphere, and NO, marginally increases
and Ce** in CeO, shift to lower binding energy when NO, itto 12.26%. With the operating temperature increased to 350 °C,
enters the reaction chamber, indicating that Ce’*-Ce*" redox O, lowers the ratio to 11.91%, while NO, restores it to 12.17%.
couples dominate the adsorption and activation of target mol- ~ Hence, the surface adsorption schematic illustration of O, and
ecules at 30 °C. With the operating temperature increased to ~ NO, in Pty /v-CeO, at different operating temperatures is shown
350 °C, the peak positions of Ce’" and Ce*" also shift to lower  in Fig. 4H. The LEF-1 is the main adsorption sites toward NO,
binding energies when NO, enters the reaction chamber, con-  detection in the low-temperature region. With the increase in
firming that Ce**~Ce** redox couples continue to play a role  temperature, the adsorption site is transferred from LEF-1 to
in O, and NO, adsorption. Concurrently, the concentration of ~ LEF-2. The change of baseline resistance of all samples at differ-
oxygen vacancy is decrease from 15.65% to 5.67% (Fig. S26).  ent operating temperatures further confirms the phenomenon
The formation of active oxygen also shifts the Ce’* peak to  of LEF migration (Fig. $27). The baseline resistance detected by
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Ptg,/v-CeO, for NO, can be restored to the original state at
30 °C, while the baseline resistance detected by Ptg,/v-CeO, for
NO, cannot be restored to the original state at 200 °C. During
the electric field transition, the decrease in surface reactivity pre-
vents the conversion of NO, into stable products and leads to
secondary reactions during the recovery process, which causes
to baseline resistance drift.

Theoretical results

The molecular dynamics (MD) analysis also confirms that
the reaction center is transferred from LEF-1 to LEF-2 with the
increase in operating temperature (Fig. 5A). According to the
MD analysis, the adsorption-activation methods of LEF-1 and
LEF-2 toward O, and NO, are explored via DFT (Figs. $28 and
$29). The O, adsorptlon method in LEF-1 can be divided into
Pt,,—O- O Ce’", side-on Ptg,—-O, _end-on Ptg,-O,, and Ce’-
0-0-Ce’". The adsorptlon energy and the length of the O- O
bond confirm that O, is more inclined to Pt-O-0-Ce’*
adsorption mode. The O2 adsorption method in LEF-2 can be

divided into Pt;,~O-O-Ce*" and end-on Pt,~O,. The adsorp-
tion energy and change in the length of the O 0] bond indicate
that O, is more inclined to Pt;,~O-O-Ce*" adsorption mode
(Fig. 5B). In addition, PDOS of O, adsorption in Pts A/v-CeO,
at LEF-1 confirms that the formatlon of Pt;,~Ce’* in CeO,
causes the presence of Pt 5d electron states at the Fermi level
which promotes charge transfer from Ce to Pt, and further
reactlon w1th O, to produce active oxygen. The formation of
Ptg,~Ce*" also enhances the concentration of electrons and
reduces the energy required to excite electrons from the O 2p
state to the Ce 5d state, while the charges are transferred from
Ptg, to Ce** and further react with O, (Fig. $30). In addition,
the generation of pit can increase the local electron density and
promote the electron transfer between Ce’* and O,. S1m11ar1y,
the NO, adsorption energy and change in the length of N-O
bond in LEF-1 confirm that NO, is more inclined to Ptg,—~N-
0-0-Ce’" adsorption mode. The NO, adsorption methods in
LEF-2 are more inclined to O-Ptg, - O N. The PDOS of NO,
adsorption on Ptg,/v-CeQ, also confirms the otherness of the

B o || Cjcer jommet
- I “ | M
E PN / “\n
511 YR N \ o
@ 19 V f
c (@) \ A
® =1.2362 A o ! ’/ ﬂ\f} \,
) L — \ \A
B 2 PN
§ dyo = =1.3157 A | *\ M0
< % : \"\/\ : |
L N W VA
Step (ps) Step (ps) _3 dO -0 — 1 4477 A 0 s 4 6
E—Ef(eV)
Mono-NO;~ _NO.- ) 0 / ¢ N
C j/br NO, 350°C  bi-NO;- | ’ ! \ [ ICe[]
i 0 4508 I « ||—° m-mp
S 1] 1 / I\ MW
100s B N S
= MMWS > A Cama = -
Gl 11e'e 90s & 7] 2 \
= 60s b5 N-O — 1.2951 A 8 : /\»/\/\‘1
2 WW/\/WW'W_3O s c -3+ e / J\\
o 0, Recovery  30°C 75 -%_ [ J V
= 0, + NO, “bi- -NO,~ equilibrium 50's §_4. ' j | /Nm/x
i {
O, + NO response © i \A . ;
WMWM—/J\T\‘ZSS <_5- ﬁ dNO_12526A i /» P \_/
1,500 1,800 2,100 2,400 0 2 4 6
Wavelength (nm) =1.2970 A E — Ef (eV)
D | _350°C0O,+NO, E F
A
_NC o, ol § 08 01
= @] -@ . 0.
H : 110°C0,+NO, = 08 131 @ 3 . 0888
\ 2 /| ~ ~
110°C O, -2 2224 __omEES . 2]
%‘ i 3 5 2 b <7 % 0‘1(;2 § ‘ -2.64 o
g 20°C0,+NO, 5 267 es _ 5 N el -3.50
+ ! S (§< @0 . S o
) #NOZ o4 88 62® 452 g4 28 B S8
“\_Ptgp/v-CeO, 2 e : &’ @ T ~..-524
440 480 -6+ C8 8 o 577 61 C88 o ;
Raman shift cm™") Surface € +0,»20" NO,+0—=NO,” Suface € +0,20- NO,+0 N0,
Reaction coordinate Reaction coordinate
G

Ce3+

e3+ 802§ NOZOQQ —

NO;~ ©cf

ce> @ 802 Nozdg @

No3 ol

Ce4+Q 802 NO,"

NO3 I)8

Fig. 5. Theoretical calculation and analysis. (A) MD analysis. (B) Adsorption energy and DOS. (C) Insitu FTIR spectra. (D) Insitu Raman spectra. (E and F) Reaction energy (E.)
and reaction model for the reaction of NO, with active oxygen. (G) Reaction mechanism diagram.

Ou et al. 2026 | https://doi.org/10.34133/research.1138


https://doi.org/10.34133/research.1138

Research

electron transfer method between the NO, and different reac-
tion sites (Fig. S31). The in situ Fourier transform infrared
(FTIR) spectroscopy is conducted to analyze NO, reaction
process on the surface of CeO,, v-CeO,, and Ptg,/v-CeO, (Figs.
S32 and S33). At 30 °C, the O, can react with electrons to pro-
duce active oxygen, which subsequently reacts with NO, to
generation NO;~ during the reaction process. The peaks at
1,627 and 2,366 cm™" are indicative of the formation of biden-
tate nitrate (bi-NO, ") [37,38]. During the reaction equilibrium
process, the intensity of bi-NO,~ remains constant [39]. During
the recovery process, the absorbance intensity of bi-NO,™ at
2,366 cm™' substantially decreases because of the desorption
of NO,.

With the operating temperature increased to 110 °C, the
product on the Ptg,/v-CeO, surface remained bi-NO, ", but the
peak intensity is substantially lower compared to that at 30 °C.
This suggests a reduction in the electric field strength of LEF-1,
leading to decreased concentrations of surface free electrons
and active oxygen species. As the temperature is further raised
to 350 °C, a large amount of unstable monodentate nitrate
(mono-NO;") and bridge nitrate (br-NO;"), along with a small
amount of bi-NO,", is generated on the Ptg,/v-CeO, surface.
The in situ FTIR results demonstrate that the active sites shift
from LEF-1 to LEF-2 with increasing temperature. Although
the concentration of active oxygen generated by LEF-2 at high
temperatures is lower than that generated by LEF-1 at low tem-
peratures, it is sufficient to drive the sensing reaction at the
elevated optimal temperature. Then, the surface reaction mech-
anism in Ptg,/v-CeO, is deeply explored via in situ Raman (Fig.
5D). The peak at 464.49 cm™ " is typical F2g of Pty,/v-CeO,. The
blue shift of the F2g peak of Ptg,/v-CeO, occurs in O, atmo-
sphere due to lattice shrinkage and oxygen vacancy consump-
tion, resulting in 2 Ce*" ions (0.97 A) replacing 2 Ce’* ions
(ionic radius, 1.14 A). The peaks at 264 and 596 cm™ are linked
with the oxygen vacancies, which also confirm that the varia-
tion trend of oxygen vacancy concentration is consistent with
the shift of F2g. The peaks at 1,052 and 1,159 cm™" are linked
with the generation of O™ and O,~, confirming the presence of
surface reaction between O, and electrons [40]. Then, the intro-
duction of NO, into the reaction chamber caused a red shift in
the F2g peak, which confirmed that the reaction of NO, with
0, can produce electrons leading to the reduction of Ce** to
Ce’. In addition, the peak intensity of oxygen vacancies also
increases with the introduction of NO,. The peak position of
F2g exhibits a blue shift with the operating temperature
increased to 50 °C under O, atmosphere, and the peak intensity
of oxygen vacancies decreases. Then, the introduction of NO,
in the reaction chamber also caused the phenomenon of red
shift in F2g peak, and the peak intensity of oxygen vacancies
also increased. The peak intensities of oxygen vacancies and
active oxygen in Ptg,/v-CeO, substantially decrease when the
operating temperature reaches 350 °C, indicating that the con-
centration and reaction activity of Ce’* decrease. In particular,
the introduction of NO, in the reaction chamber at 350 °C does
not increase the oxygen vacancy concentration, indicating that
the reaction site in Ptg,/v-CeO, has changed from LEF-1 to
LEF-2. The generation of active oxygen in CeO, surface also
changes from O, to O~ with the operating temperature reach-
ing higher values (Figs. S34 and $35). In addition, in situ
Raman analysis confirms that the reaction sites of CeO, are
mainly concentrated at a single active site Ce’" in the high-
operating-temperature region.
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Activation barriers at different reaction sites and different
LEFs in Ptg,/v-CeO, are further explored via DFT (Fig. 5E and
F). First, the reaction process of O, on pit center in Ptg, /v-CeO,
is parallel adsorption at Ce’*~Ce’" site. Then, the adsorption
O, can react with electrons to spontaneously generate active
oxygen on the surface of pit center, and the reaction energy is
—0.49 eV. Then, the active oxygen can further react with NO,
to generate NO;~, and the reaction energy is —4.45 eV. Second,
the reaction process of O, on pit edge in Ptg,/v-CeO, can be
divided into the adsorption of O, at the site of Pty,~Ce’" to
form Ptg,—~O-O-Ce’* and the parallel adsorption of O, on the
surface of Ptg,. The reaction energies are —2.67 and —2.24 eV,
respectively. Similarly, the adsorption methods of NO, on pit
edge in Ptg,/v-CeO, can also be divided into the adsorption of
NO, at the site of Ptg,~Ce™* to form Ptg,~-N-O-O-Ce’* and
the parallel adsorption of NO, on the surface of Ptg,. The reac-
tion energies required for the reaction of Pt;,~O-O-Ce’* with
Pt,~N-O-0-Ce’* and N-O-Pt,,~O are —5.77 and —4.52 eV.
The reaction energies required for the reaction of O-Pt;,—O
with Ptg,~N-O-O-Ce’" and N-O-Pty,-O are —4.70 and
—2.93 eV. Third, the reaction process of O, in Ptg,/v-CeO, at
the site of Ptg,~Ce*" forms Pty,~O-O-Ce*", with a reaction
energy of —1.46 eV. Then, the active oxygen can react with NO,
to produce NO; ™, with a reaction energy of —3.50 eV. Therefore,
within the temperature range of —50 to 800 °C, the reaction
modes of O, and NO, transition from Pt;,~O-O-Ce’* and
Pt;,-N-0-0-Ce™* to Ce’*-0-0-Ce’* and Ce’*-O-N-O-
Ce’* in LEF-1 and ultimately revert to Pt;,~O-O-Ce** and
Pt;,—~O-N-O-Ce*" in LEF-2.

Conclusion

In summary, we have precisely modulated the local chemical
environment of CeO, by constructing ordered vacancy clusters
to anchor Ptg,, thereby establishing dual LEFs with a gradient
electron concentration distribution. This design enables rapid
and stable NO, detection across an ultrawide temperature range
from —50 to 800 °C. We demonstrate that distinct Pt-Ce orbital
hybridization results in a lower thermal activation energy
required for LEF-1 at low temperatures compared to LEF-2.
Within the range of —50 to 110 °C, LEF-1 dominates, leveraging
its high electron density and low activation energy barrier to
facilitate superior molecular adsorption and reaction kinetics.
As the temperature increases (110 to 200 °C), partial electron
transfer occurs from Ce’*~Ce’" pairs at the vacancy cluster
centers to adjacent Ce*" sites, weakening the Pt-Ce orbital
hybridization effect within LEF-1 and reducing electron trans-
fer efficiency. Nevertheless, the elevated temperature supplies
sufficient thermal energy to activate LEF-2, accelerating inter-
facial electron transfer and enabling LEF-2 to dominate above
200 up to 800 °C. Leveraging this electric-field relay mecha-
nism, Ptg,/v-CeO, exhibits remarkable long-term stability over
the entire temperature range from —50 to 800 °C and achieves
NO, detection within 12 s even at —50 and 800 °C. This work
provides a new strategy for designing advanced sensing systems
through atomic-scale manipulation of defect clusters and LEFs.

Materials and Methods

Synthesis of Ptg,/v-CeO,
v-CeO, (0.1 g) was dispersed in 30 ml of distilled water under
stirring. As the powder disperses evenly, 0.2 wt % of Pt solution
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(H,,N4O4Pt) was added. Then, the mixed solution was stirred
for 12 h, and the powder was collected and washed. Finally,
the powder was heat-treated at 800 °C for 10 h under flowing
dry air.

Fabrication and testing of a gas sensor and

experimental detail

Pty,/v-CeO, (5 mg) was mixed with 50 pl of deionized water to
obtain the corresponding slurry. Slurry (5 pl) was then dripped
onto Pt interdigitated electrodes (10 mm X 5 mm X 0.25 mm;
Aurora Technologies, China) to form a resistance-type sensor.
All the fabricated sensors were aged in air at 80 °C for 2 h. The
gas sensing performance of the fabricated sensors was evaluated
using an intelligent gas sensing analysis system (CGS-4TPs,
Beijing Elite Technology Co. Ltd.). To produce test gases with
the necessary concentrations, a dynamic gas and liquid distribu-
tion system (DGL-III, Beijing Elite Technology Co. Ltd., China)
having 3 mass flow controllers was used. We used nitrogen as
the carrier gas and controlled the gas flow of oxygen and nitro-
gen to achieve different oxygen concentrations in the reaction
chamber. The interference gas was injected into the reaction
chamber through a syringe.The room housing the gas-sensing
analysis system was equipped with a constant temperature and
humidity air-conditioning system, and the indoor humidity
could be artificially controlled by setting parameters. The
response value (Sg) is defined as the ratio of the resistance in air
(R,) to that in target gas (Rg). The response time and recovery
time are defined as the time for the sensor to reach 90% of the
final signal.

Characterization and measurements

XRD patterns were recorded on a Bruker D8 x-ray powder dif-
fractometer with Cu Ko radiation (A = 1.5418 A) at 30 kV and
10 mA with a scanning rate of 5°>-min~" in the 26 range of 10° to
80°. The high-resolution TEM images were taken on a Talos F200i
working at 200 kV and JEOL JEM-2100F field-emission TEM
with an accelerating voltage of 200 kV. The high-angle annular
dark-field scanning TEM images and x-ray energy-dispersive
spectroscopy (EDS) mapping were recorded on AC-TEM (FEI
Titan Cubed Themis G2 300) at an accelerating voltage of
300 kV. An EDS detector with a solid angle of 0.13 sr and a Fiori
number >4,000 was used. A spectral map of 460 pixels was
acquired with a dwell time of 1.85 s per pixel, resulting in a total
acquisition time of 851 s. The in situ FTIR spectra were recorded
on a Bruker Vertex 70 FTIR spectrometer equipped with in situ
reaction chamber. X-band EPR measurement was performed at
room temperature using a JEOL FA-200 EPR spectrometer. The
XPS (Axis Supra) measurements were operated with Al Ka radia-
tion (1,486.6 eV). Binding energies were calibrated by setting the
measured binding energy of C 1s to 284.8 eV. In situ DRIFTS
spectra were measured on a Nicolet-6700 FTIR spectrometer.
The N, adsorption—desorption isotherms were measured using
a BELSORP-max-II to estimate specific surface area and pore
size distribution by the Brunauer-Emmett-Teller and Barrett-
Joyner-Halenda methods. The process Raman system used in
this study was HORIBA. XAFS measurements were measured
on the B11 station in Shanghai Synchrotron Radiation Facility.
HS-LEIS spectra were acquired at room temperature using a
high-sensitivity analyzer (ION-TOF Qtac100). To minimize the
damage to the surface, helium was selected as the ion source with
a kinetic energy of 3 keV, an ion flux of 6,000 pA-m, and a spot
size of 2 mm X 2 mm.
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X-ray absorption data analysis

The obtained XAFS data were processed in Athena (version
0.9.26) for background, preedge line and postedge line calibra-
tions. Then, Fourier transformed fitting was carried out in
Artemis (version 0.9.26). k> weighting with a k range of 2 to
10 A" and an R range of 1 to 3 A was used for the fitting of
CeO, and the sample.

Mid-infrared transient absorption spectroscopy

TAS measurements were performed using a femtosecond ampli-
fier laser system (Spitfire Ace, Spectra-Physics), which generated
35-fs laser pulses centered at 800 nm with a repetition rate of
1 kHz. The output laser was split into 3 beams. The first beam was
used to pump an optical parametric amplifier (TOPAS, Spectra-
Physics) to generate pump pulses with tunable wavelengths from
visible to MIR range. The second beam was used to generate
MIR supercontinuum pulses as the MIR probe, by simultane-
ously focusing the 800-nm fundamental light and the second-
harmonic light at 400 nm into air. The MIR probe was detected
by a liquid-nitrogen-cooled 64-element mercury—-cadmium-
telluride-coupled spectrometer (FPAS-0144, Infrared Systems
Development). The TAS measurements were conducted with a
pump wavelength of 1.2 pm and a probe wavelength of 5 um.
Temperature change equipment is from the Linkam Scientific,
Temperature Control Stage TS1500.

DFT calculations

DFT calculations were carried out using the VASP code.
The projector augmented-wave method and Perdew-Burke-
Ernzerhof generalized gradient approximation were used for
the exchange correlation functionals. The energy cutoft of
400 eV was used. The MD simulations were carried out in
the canonical ensemble (NVT) with the Nose-Hoover ther-
mostat to generate amorphous models. The time step was set
to 1 fs. All initial amorphous structures were thermally
equilibrated at ambient temperature for 10 ps. The energy
and force on each ion were reduced below 10~ eV-atom ™'
and 0.01 eV-A~", respectively, and only the " point was sam-
pled from the Brillouin zone. The supercell system consists
of 96 O, 46 Ce, 2 Pt, and 1 N. The amorphous models were
obtained using a heat-up process: from 324 to 774 K within
10 ps to obtain the structural snapshots and total energy
distributions at the corresponding temperatures. The effect
of core electrons on the density of valence electrons was
described using the projector augmented-wave method. The
kinetic energy cutoft for the plane waves was set to 450 eV
for all the calculations. To consider the open-shell d elec-
trons, generalized gradient approximation plus Hubbard U
schemes were implemented, using effective U values of 5.0
for Ce. The convergence tolerances for energy and force
on each atom during structure relaxation were less than
107> eVand 0.03 eV-A™", respectively. A set of Monkhorst-
Pack K-point meshes of 2 X 2 X 1 and 4 X 4 X 1 was used to sample
the Brillouin zone for geometry optimization and electronic
structure calculations. A vacuum distance of 15 A was set
to ensure sufficient vacuum and avoid interactions between
2 periods. Further calculations were carried out to determine
the thermal and zero-point energy corrections at the I" point
of various intermediates adsorbed on the surface. The VASPKIT
code was used for postprocessing computational data obtained
from VASP.
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The adsorption energy, AG,4, can be evaluated, which is
defined as

AE,4s = E(System+gas) - E(System) = 1/2E 4

in which Egygem+ gas) a0 Esyiem) are the energies of all research
systems with and without gas adsorption, respectively. E, 4, rep-
resents the energy of adsorbed intermediates.
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