
Article https://doi.org/10.1038/s41467-025-58709-2

Revealing the structure-activity relationship
of Pt1/CeO2 with 17O solid-state NMR
spectroscopy and DFT calculations

Yujie Wen 1,14, Fang Wang1,14, Jie Zhu2,3, Qian Wen4, Xiaoli Xia1, Juan Wen1,
Changshun Deng1, Jia-Huan Du5, Xiaokang Ke1, Zhen Zhang4,6, Hanxi Guan7,
Lei Nie 8,9, Meng Wang 10, Wenhua Hou1, Wei Li 1, Weiping Tang11,
Weiping Ding 1, Junchao Chen 11 & Luming Peng 1,12,13

Single-atom catalysts (SACs) have attracted significant interest due to their
exceptional and tunable performance, enabled by diverse coordination
environments achieved through innovative synthetic strategies. However,
various local structures of active sites pose significant challenges for precise
characterization, a prerequisite for developing structure-activity relationships.
Here, we combine 17O solid-state NMR spectroscopy and DFT calculations to
elucidate the detailed structural information of Pt/CeO2 SACs and their cata-
lytic behaviors. The NMR data reveal that single Pt atoms, dispersed from
clusterswithwater vapor, exhibit a square planar geometry embedded inCeO2

(111) surface, distinct from the original clusters and other conventionally
generated Pt single atoms. The square planar Pt/CeO2 SAC demonstrates
improved CO oxidation performance compared to Pt/CeO2 SAC with octahe-
dral coordination, due to moderately strong CO adsorption and low energy
barriers. This approach can be extended to other oxide-supported SACs,
enabling spatially resolved characterization and offering comprehensive
insights into their structure-activity relationships.

Single-atom catalysts (SACs) are increasingly recognized for their
pivotal role in catalysis due to their maximized atomic economy
(especially for noble metals), superior catalytic activity, and
selectivity1–6. By employing tailored synthesis strategies7, oxide-
supported SACs can achieve tunable active sites resulting from the

distinct spatial and coordination environments of metal atoms8–12, as
well as specially engineered anchoring sites and various defects in the
metal oxide support13–17. Therefore, these catalysts provide significant
potential for addressing amyriad of challenges in catalysis. At the same
time, the significant structural diversity of these catalysts poses
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substantial characterization challenges, creating difficulties in estab-
lishing structure-activity relationships, which are the basis for the
rational design of better catalysts. For example, in single-atomPt/CeO2

catalysts, which often serve as model systems18–20 and are widely stu-
died for their applications in environmental contaminant removal and
energy conversion21–24, Pt sites can undergo dynamic transformations,
maintaining their single-atom status while evolving into diverse
structures with distinct catalytic properties under controlled atmo-
spheres and/or annealing temperatures21,25–27. Current characterization
techniques, such as aberration-corrected scanning transmission elec-
tron microscopy and X-ray absorption fine structure (XAFS)28,29, pri-
marily focuson themetal sites, probing the isolated states of individual
metal atoms, their oxidation states and coordination numbers, while
falling short of capturing the detailed local coordination environment
around the metal atoms30. This environment, which includes not only
the metal sites but also the surrounding atoms (e.g., coordinating
species and coordination geometry), fundamentally dictates catalytic
performance yet remains ambiguous6,31. Therefore, in order to fully
elucidate the structure-activity relationship of oxide-supported SACs,
developing high-resolution analytical techniques is urgently required.

Solid-state nuclear magnetic resonance (NMR) plays an indis-
pensable role in investigating the structure and properties of materials
across awide variety of applications32–35. In particular, rich information has
been obtained by applying 17O NMR spectroscopy for oxygen-containing
catalysts, taking advantage of the large 17O chemical shift range
(>1000ppm)36–39. More recently, with the assistance of surface-selective
17O labeling and DFT calculations, 17O NMR has been successfully
employed to distinguish oxygen sites at different surface layers and facets
of oxide nanomaterials, and explore gas adsorption sites and gas-surface

interactions40–43. However, there have been very few 17O NMR studies on
the structure of the supported catalysts44,45, especially the important
noble-metal-based catalysts, a key category of catalystswhere single-atom
dispersion is desired to reduce costs, not to mention structure-activity
relationships. Here, we developed an approach based on 17O solid-state
NMR spectroscopy and DFT calculations, to reveal the detailed local
structures of oxide-supported SACs, using Pt1/CeO2 as a model system.
The precise structural information and reaction mechanisms obtained
shed light on the factors responsible for the different CO oxidation per-
formances of two Pt/CeO2 SACs.

Results
Traditional characterization
An impregnation method (see Methods for details) was used to pre-
pare the parent oxidized Pt cluster catalyst (denoted as PtnOx/CeO2,
vide infra) using CeO2 nanoparticles as the support which expose the
thermodynamically stable (111) facets as determined by high-
resolution transmission electron microscopy (HRTEM) (Supplemen-
tary Fig. 1a) and 17O solid-state NMR (Supplementary Fig. 2). The high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image shows obvious Pt clusters (blue circles) on the
surface with a diameter of approximately 5 nm (Fig. 1a). PtnOx/CeO2

was treated with 8.4 vol.% H2O(g)/Ar at 750 °C for 9 h, during which no
further sintering occurred (Supplementary Figs. 1c and 3). Only iso-
lated Pt atoms (orange circles) areobserved in theHAADF-STEM image
of the resulting material (Fig. 1a). The Pt single atoms turn out to be
embedded in the CeO2 lattice with a low-coordination number and the
material is therefore denoted as PtLC/CeO2 (LC for low-coordinated,
vide infra). For a clearer illustration of the structure-activity

Fig. 1 | Electron microscopy and Structural characterization. a HAADF-STEM
images for PtnOx/CeO2, PtLC/CeO2 and PtHC/CeO2. Blue circles highlight the PtnOx

cluster, while orange and green circles highlight single-atom Pt species in the SACs.

b k2-weighted Fourier-transformed EXAFS and c normalized Pt L3-edge XANES
spectra of PtnOx/CeO2, PtLC/CeO2, PtHC/CeO2, Pt foil and PtO2.
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relationship of SACs, we prepared PtHC/CeO2 (HC for high-coordi-
nated, vide infra), a CeO2-nanoparticles-supported single atom Pt
catalyst with a higher coordination number, by using a conventional
atom trapping method, as reported previously15,46.

For PtnOx/CeO2, the extended X-ray absorption fine structure
(EXAFS) spectrumexhibits contributions fromPt-O at 1.6Å aswell as Pt-Pt
environments ranging from2.4 to 3.0Å (Fig. 1b, Supplementary Fig. 4 and
SupplementaryTable 1). NormalizedX-ray absorptionnear-edge structure
(XANES) results indicate that the oxidation state of Pt in this material is
higher than that in Pt foil (Fig. 1c)47. The two peaks at 72.9 and 72.0eV in
the Pt 4f X-ray photoelectron spectroscopy (XPS) data can be attributed
to Pt2+ and Pt+, respectively (Supplementary Fig. 5 and Supplementary
Table 2)48. X-band electron paramagnetic resonance (EPR) spectra further
confirm the presence of Pt+ (Supplementary Fig. 6)49. In addition, diffuse
reflectance infrared Fourier-transform spectroscopy (DRIFTS) data shows
only a CO adsorption band at 2093cm−1, which is typically associatedwith
CO adsorption on ionic Pt species, in addition to a weaker band at
2170cm−1 owing to CO in the gas phase (Supplementary Fig. 7). Similar
CO-DRIFTS results have been previously observed on oxidized Pt
clusters50. Therefore, thepresenceofoxidizedPt clusters on the surfaceof
the sample can be confirmed.

The absence of the peak related to Pt-Pt in the EXAFS spectrum of
PtLC/CeO2 in Fig. 1b substantiates the primary presence of single Pt
atoms, confirming the formation of a SAC along with the results of
HAADF-STEM (Fig. 1a). Therefore, this water vapor treatment disperses
the cluster catalyst into a single-atomPt catalyst, which is similar to the
dispersion ofCunanoparticles intoCu single atomswith the assistance

of water in a very recent study by Fan et al. 51. The structural change
from PtnOx to Pt single atoms was observed using EXAFS (Supple-
mentary Fig. 8). Notably, the EXAFS spectra of both PtLC/CeO2 and
PtHC/CeO2 show exclusively Pt-O scattering (Fig. 1b), with PtLC/CeO2

exhibiting a lower coordination number of 4.0 ±0.3 and PtHC/CeO2 a
higher coordination number of 6.0 ±0.5 (Supplementary Fig. 4 and
Supplementary Table 1). XANES data shows that Pt in PtLC/CeO2 has a
significantly higher oxidation state than PtnOx/CeO2, but is slightly
lower than PtHC/CeO2 (Fig. 1c). Similar XPS and EPR spectra are
observed for both SACs, which suggest the presence of only Pt2+ and
higher oxidation states than PtnOx/CeO2 (Supplementary Figs. 5, 6,
and Supplementary Table 2) as well as the low concentrations of Ov
on their surface (Supplementary Figs. 6 and 9, and related discussion
in Supplementary Information). Bands at 2093 cm−1 are observed in
DRIFTS data, again corresponding to CO on the top of ionic Pt species
(Supplementary Fig. 7)12,21. These results indicate that two SACs with
different coordination numbers have been obtained.

Precise local environment determined by 17O solid-state NMR
Since the precise local environment of these Pt/CeO2 catalysts is cru-
cial for their catalytic performances, we combine 17O solid-state NMR
spectroscopy and DFT calculations to extract detailed structural
information. Strong resonances ranging from 790 to 1080ppm can
be observed for all three samples, which are attributed to the oxygen
ions at the first, second, third surface layers and in the bulk part
of CeO2 (111) (Fig. 2)

40. This confirms that the predominantly exposed
crystal facets of CeO2 remained unchanged after thermal treatment in
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Fig. 2 | 17O NMRdata and surface structure. 17O solid-stateNMR spectra of (a) PtnOx/
CeO2, (b) PtLC/CeO2, and (c) PtHC/CeO2 and the summary of calculated NMR shifts
(center of gravities) of O atoms connected directly to Pt, as well as the corresponding

structures. The spectrawere recorded at a spinning speed of 53kHzwith a recycle delay
of 0.2 s at 14.1T. A rotor synchronized Hahn-echo pulse sequence (π/6-τ-π/3-τ-acquisi-
tion) with 1H decoupling was applied. Asterisks denote spinning sidebands.
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air or steam, consistent with observations in Supplementary Fig. 1. The
major difference in NMR spectra is the signals at lower frequencies,
which is expected considering the lower resonant frequencies of
PtO2 compared to CeO2 (Supplementary Fig. 10). For PtnOx/CeO2

(Fig. 2a), three different sets of peaks are observed, centered at
approximately 500, 300, and 50ppm, respectively. The wide dis-
tribution of chemical shifts implies multiple binding modes between
oxygen and the various Pt atoms in PtnOx clusters. In contrast, the
distribution of the 17O NMR shifts in PtLC/CeO2 and PtHC/CeO2 is much
narrower, suggesting more uniform oxygen environment in Pt-related
sites in the two SACs (Fig. 2b, c). One relatively broad peak centered at
490ppm, and two peaks centered at 500 and 655 ppm are observed
for PtLC/CeO2 and PtHC/CeO2, respectively. At the same time, very
different structures are expected for PtLC/CeO2 and PtHC/CeO2 due to
their distinct NMR shifts.

DFT calculations of NMR parameters (i.e., isotropic chemical shift
(δiso), quadrupolar coupling constant (CQ), asymmetry parameter (ηQ),
and center of gravity (δCG)) were performed to assist the spectral
assignments and extract more structural information of these cata-
lysts. We use a model of adsorbed Pt4O5 cluster on CeO2 (111) surface
(denoted as A-Pt4O5) to represent PtnOx/CeO2 catalyst (see Supple-
mentary Fig. 11 and additional discussion in the Supplementary Infor-
mation). Oxygen ions connected to one, two and three Pt ions are
associated with different NMR shifts and their calculated center of
gravities (δCGs) follow the order: OPt1 >OPt2 >OPt3 (see Fig. 2a, Sup-
plementary Figs. 12–14, and Supplementary Tables 3–5). Thus, the
signals centered at 500, 300, and 50 ppm obtained at 14.1 T can be
assigned to OPt1, OPt2, and OPt3, respectively. For SACs, several

different structure models were developed, including the following
possible Pt single atom structures (Fig. 3): different Pt1 species adsor-
bed on CeO2 (111) surface (denoted as A-Pt1, A-Pt1O2, and A-Pt1(OH)2),
Pt ion trapped into the CeO2 (111) surface with steps (denoted as
S-Pt1)

14,46,52, and Pt ion embedded into the CeO2 (111) surface with dif-
ferent coordination numbers (denoted as E-Pt1(4c)

13, E-Pt1(4c’)
27,52,

E-Pt1(6c)
12,27,52). Comparing the calculated NMR shifts (δCGs) for the

oxygen ions directly connected to Pt (see Fig. 3, Supplementary
Figs. 15–21 and Supplementary Tables 6–12, and related discussion in
the Supplementary Information) to the experimental NMR spectrum
of PtLC/CeO2, only the models E-Pt1(4c) and S-Pt1 give rise to the peaks
close to 490ppm without additional peaks at other frequencies (also
see Supplementary Figs. 22–27 and Supplementary Tables 13–18, and
related discussion in the Supplementary Information). However,
according to calculations, resonances with a relatively wide shift dis-
tribution in the range of 655–745 ppm are expected for oxygen ions
(not connected to Pt) at the first and second layers in the model S-Pt1
(Supplementary Fig. 28). The absence of such signals in the experi-
mental NMR data confirms that PtLC/CeO2 should be associated with
the model E-Pt1(4c). In this structure, a single Pt atom is trapped into
the CeO2 (111) surface, connecting to two O ions each from the first
(δCGs ~ 478 ppm) and second surface layers (δCGs ~ 506 ppm), forming
a square planar structure (Fig. 2b, Supplementary Fig. 19, and Sup-
plementary Table 10). Furthermore, the experimental data obtained at
three different external magnetic fields cannot be fitted with a single
site (Supplementary Fig. 29, Supplementary Table 19 and related dis-
cussion in the Supplementary Information). Instead, two sites must be
included in the fitting, further supporting the spectral assignments
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Fig. 3 | The summary of calculated NMR shifts ofO atoms connected to Pt (left)
using the potential models (right) of SACs. The light orange-marked area indi-
cates the region where the new NMR signal corresponds to PtLC/CeO2. The models

include adsorbed Pt1 species on the CeO2 surface (A-Pt1, A-Pt1O2 and A-Pt1(OH)2), Pt
ions trapped in the steps of CeO2 surface (S-Pt1) and embedded Pt ions in the CeO2

surface (E-Pt1(4c), E-Pt1(4c’), and E-Pt1(6c)).
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(Supplementary Fig. 30 and Supplementary Table 20 and related dis-
cussion in the Supplementary Information). The embedded Pt atoms
are expected to contribute to the excellent thermal stability of PtLC/
CeO2. Similarly, only the calculated shifts from the model E-Pt1(6c) are
in agreement with the experimental NMR spectrum of PtHC/CeO2,
indicating a 6-coordinated Pt environment in this sample. The peaks at
655 and 500ppm can be attributed to oxygen ions directly connected
Pt (Pt-O-Ce) at the first and second layers, respectively (Fig. 2c, Sup-
plementary Fig. 21 and Supplementary Table 12). The capability of 17O
NMR spectroscopy to distinguish a variety of different structures
around Pt single atoms (Fig. 3) can be attributed to the fact that 17O
chemical shifts are dependent on atoms at the third coordination
shell42. Therefore, the precise local environment, including coordina-
tion geometries, can be elucidated by combining 17O NMR with DFT
calculations, based on which an energetically feasible pathway for the
dispersion process by water molecules was proposed (Supplementary
Figs. 31 and 32, and related discussion in the Supplementary Infor-
mation). Water molecules play a crucial role in dispersing platinum
oxide clusters into single atoms on the support and in the final for-
mation of the square planar structure of Pt species.

Structure-activity relationship
The Pt/CeO2 catalysts were evaluated for CO oxidation and the light-
off curves show that PtLC/CeO2 demonstrates a marked improvement
in catalysis compared to PtHC/CeO2 (Fig. 4a). Notably, the onset tem-
perature decreases from ~205 °C (PtHC/CeO2, green line) to ~120 °C
(PtLC/CeO2, orange line) and the apparent activation energy becomes
lower (Fig. 4b). A long-term duration test for PtLC/CeO2 was also con-
ducted at 200 and 230 °C, with CO conversion maintained at 23% and

100%, respectively, for at least 18 h (Fig. 4c, d). Furthermore, to
investigate the thermal stability of PtLC/CeO2, the catalyst was aged at
800 °C for an additional 24 h (denoted as PtLC/CeO2-a, see Supple-
mentary Figs. 3, 33, 34 and Supplementary Table 21, and related dis-
cussion in the Supplementary Information) and the catalytic
performance for CO oxidation does not change much (Fig. 4a). These
results indicate that the newly formed PtLC/CeO2 possesses both high
activity and thermal stability.

With detailed structures of the two SACs, the structure-activity
relationship of the catalysts is explored. The CO oxidation process on
Pt/CeO2 is widely recognized to follow a Mars-van Krevelen (MvK)
reaction mechanism53. Calculations show a CO adsorption energy of
−2.09 eV at 4-coordinated Pt site in PtLC/CeO2, and the following
reactionbetween adsorbedCOand the vicinalbridgingOonly requires
a minimal energy barrier of 0.10 eV (Fig. 5a). In contrast, the
6-coordinated Pt (PtHC/CeO2) is associated with a much higher CO
adsorption energy (−2.75 eV) (Fig. 5b). The difference in calculated CO
adsorption energies for the two SACs is consistent with the in-situ CO-
DRIFTS results (Supplementary Fig. 35), whereCOmolecules are found
to be completely desorbed from PtLC/CeO2 at 150 °C, whereas the
PtHC/CeO2 catalyst still exhibits strong adsorption at this temperature,
suggesting the excessively strong bonding of CO on the PtHC/CeO2

surface. Furthermore, a relatively high activation barrier of 1.10 eV
needs to be overcome for adsorbed CO to react with the nearby sur-
face lattice oxygen ion. This indicates that the surface of PtHC/CeO2 is
susceptible to poisoning by CO at low temperatures. Subsequently, an
O2 molecule fills the oxygen vacancy and the second CO molecule
interacts with the adsorbed O2 species, resulting in the formation of
CO2, which similar barriers are found in both catalysts. These data
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show that the low-coordinated embedded single atoms in PtLC/CeO2

are more effective as a CO oxidation catalyst than those with a higher
coordination number in PtHC/CeO2.

Discussion
Wecombine high-resolution 17O solid-stateNMR spectroscopy, alongwith
DFT calculation, to reveal the precise local structure of ceria-supported Pt
SACs, including coordination species and geometries, which is evidenced
by characteristic 17O NMR shifts. Owing to its very fine resolution, this
method can resolve different Pt species including Pt clusters, and 4-and
6-coordinated Pt ions with unique geometries, thereby enabling the
development of significantly improved structural models for DFT calcu-
lationsof reactionmechanisms.On this basis, the enhancedperformances
of PtLC/CeO2 can be ascribed to the square planar geometry of the Pt
single atoms embedded into the ordered CeO2 (111) surface, which is
associated with moderately strong CO adsorption and low energy bar-
riers. Our results demonstrate the establishment of structure-activity
relationship of oxide-supported Pt SACs, highlighting the importance of
extracting key local environment around single atoms for a better
understanding of the properties of the catalysts and emphasizing that
SACs require more detailed structural characterization. This method can
also be extended to study other oxide-supported SACs, which have
potential in solving critical challenges in sustainable development3,4,54.

Methods
Synthesis of CeO2 nanoparticles
Ce(NO3)3·6H2O (99%; Sigma-Aldrich) was heated in air at 300 °C for 3 h
to obtain CeO2 nanoparticles (NPs).

Synthesis of PtnOx/CeO2

PtnOx/CeO2 was prepared by incipient wetness impregnation with
H2PtCl6·6H2O (≥37.50% Pt basis; Sigma-Aldrich) as the precursor. In a
typical procedure, 1.0 g of CeO2 NPs was slowly immersed in 0.5mL of
H2PtCl6 solution with a concentration of 0.02 g/mL, drop by drop.
After drying overnight at 80 °C, the sample was calcined at 800 °C for
12 h in a tube furnace in dry air with a flow rate of 50mL/min. The Pt

content in the sample was determined by inductively coupled plasma
atomic emission spectrometer (ICP-OES) to be 0.94wt.%.

Synthesis of PtLC/CeO2

The treatment was carried out in a fixed-bed reactor. 0.34 g of
PtnOx/CeO2 sample (40–60 mesh) was packed into a U-type quartz
tube and heated by programmable tube furnace from room tem-
perature to 750 °C in Ar atmospherewith a flow rate of 50mL/min. The
whole stainless-steel gas path was kept at 90 °C. The sample was
treated by 8.4 vol.% H2O(g)/Ar at 750 °C for 9 h and then cooled down
to 300 °C. Steam flow was discontinued and the sample was dried for
an additional 2 h before cooling down to room temperature naturally.
The obtained sample was denoted as PtLC/CeO2. The Pt content in the
sample was determined by ICP to be 0.92wt.%.

Synthesis of PtHC/CeO2

PtHC/CeO2 was prepared using the conventional atom trapping method
according to the literature15,21. In a typical procedure, 1.0g of CeO2

nanoparticle was immersed in 0.5mL of H2PtCl6 solution with a con-
centration of 0.02g/mL and the mixture was ground in a mortar. After
drying overnight at 80°C, the sample was calcined at 800°C for 12h in
the muffle furnace. The Pt content in the sample was determined by ICP
to be 0.97wt.%.

Synthesis of CeO2 Nanorods
The CeO2 nanorods (NRs) were synthesized using the hydrothermal
method. First, 0.868g of Ce(NO3)3·6H2O (Sigma-Aldrich, 99%) was dis-
solved in 10mL of deionized water and stirred for 10min. The solution
was then mixed with 70mL of aqueous NaOH (9M), stirred for an addi-
tional 30min, and transferred into a Teflon bottle. Subsequently, it was
placed in a stainless-steel vessel autoclave and heated at 100°C for 24h in
an oven. After cooling down to room temperature, a purple milky slurry
was obtained. The precipitates were collected by centrifugation, washed
three times with deionized water and ethanol, and then dried at 60 °C
overnight. Finally, the powderwas calcined in a tube furnace at 700 °C for
5h in flowing air to obtain CeO2 NRs.
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Synthesis of Pt/CeO2_S
Pt/CeO2_S was prepared according to literature21.

Basic characterization
The mass loading of Pt ions was determined by ICP-OES on an Optima
4300 DV spectrometer. X-ray photoelectron spectra (XPS) were
recorded on a Thermo ESCALAB 250Xi instrument with Al Kα radiator
(hν = 1486.6 eV). The binding energies were calibrated using C1s at
284.8 eV. X-band EPR spectra were obtained at 107 K using a Bruker
EMXplus spectrometer with the sample mass of 150mg. Brunaure
−Emmet−Teller (BET) specific surface area was measured by nitrogen
adsorption at 77 K on a Micromeritics Tristar 2020 apparatus.

Electron microscopy
HRTEM images were acquired on a Talos F200X G2 TEM with an
acceleration voltage of 200 kV. The aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images were acquired on a FEI Titan G2 60–300 STEM
equipped with a probe corrector and HF5000.

X-ray absorption fine structure (XAFS) spectroscopy
XANES and EXAFS data were conducted at the Pt L3-edge on BL11B
beamline at Shanghai Synchrotron Radiation Facility (SSRF), China,
operated at 3.5 GeV with injection currents of 140–210mA. A Si (111)
double-crystalmonochromator was used for the energy selection. The
energy was calibrated by Pt foil (E0 = 11564 eV). Pt foil and PtO2 were
used as reference samples and measured in the transmission mode.
Other samples were measured in the fluorescence mode using a Lytle
detector. XAS data were processed and analyzed using the Demeter
software package55.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS)
In-situ DRIFTS data of CO on catalysts were conducted on a VERTEX
70 spectrometer equipped with an in-situ Praying Mantis diffuse
reflection reaction cell (Harrick Scientific) and a liquid nitrogen cooled
mercury–cadmium–telluride (MCT) narrow-band detector with a
resolution of 4 cm−1. For each sample, about 30mg Pt/CeO2 was
packed smoothly in the reaction cell and then pretreated with air for
1 h at 200 °C. After cooling to room temperature, the atmosphere was
switched to argon for 10min and the background spectra were
recorded. Subsequently, the atmosphere was switched to 5 vol.%
CO/Ar and CO-DRIFTS data were collected after allowing CO adsorp-
tion for 20min. Then, the sample was purged with argon at room
temperature for CO desorption until no further change could be
observed in the spectra. Finally, while continuing the argon purge, the
temperature was gradually increased to 160 °C at a rate of 2 °C/min.
During the progress, spectra were collected to observe the
temperature-dependent CO desorption behaviors from the catalysts.

17O Isotopic Labeling
Samples (typically 150mg) were put into a glass tube and heated at
120 °C under vacuum for 1 h to remove physically adsorbed water on
the surface, then cooled to room temperature before 17O2 gas (90%

17O,
Cambridge Isotope Laboratories) was introduced. The tubewas sealed
and heated at 270 °C for 24 h. This labeling temperature was carefully
chosen such that surface enrichment of the interface sites (Pt-17O-Ce)
was optimized, balancing efficient labeling with minimal oxygen dif-
fusion to ensure high 17O concentration at the catalyst surface.

Solid-State NMR Measurement
17O magic angle spinning nuclear magnetic resonance (MAS NMR)
spectra were collected on a 9.4 T Bruker Avance III spectrometer at a
Larmor frequency of 54.2MHz with 1.3mm HX and 3.2mm HX MAS
probes, a 14.1 T Bruker Avance III spectrometer at a Larmor frequency

of 81.3MHz with a 1.3mm HXMAS probe, and a 20.0 T Bruker Avance
NEO spectrometer at a Larmor frequency of 115.2MHz with a 1.6mm
HXMASprobe. 1HMASNMR spectrawereperformedon a 9.4T Bruker
Avance III spectrometer at a Larmor frequency of 400MHz with a
3.2mm HX MAS probe. 17O and 1H chemical shifts are referenced to
H2O at 0.0 ppmand adamantane at 1.92 ppm, respectively. All samples
were packed into laser marked rotors in a N2 glove box. Dmfit package
was used to simulate the 17O NMR spectra.

CO Oxidation Performance
TheCOoxidation reactionwas performed in afixed-bed reactor,with a
gas mixture of 1 vol% CO and 8 vol% O2 balanced with Ar at a total flow
rate of 100mL/min. Thirtymilligramsof the catalyst with a particle size
of 40–60 mesh, was diluted with inert SiC powder (0.3 g) to prevent
the temperature gradients, was packed into a U-type quartz tube and
pretreated with 10 vol% O2/Ar at 300 °C for 1 h. After cooling down to
room temperature, reactant gas was introduced with the temperature
ramped at 2 °C/min until 450 °C. The concentration of outlet gas
composition was monitored by on-line MS and the conversion of CO
was determined by the concentration of outlet CO2. The turnover
frequency is calculated by using formula reported in ref. 46.

Flow rate of CO: 100mL/min× 1 vol.%= 1mL /min=6.82× 10−7mol/s

TOF s�1� �
=

XCO ×VCO

mcatalyst ×
wPt
MPt

ð1Þ

where XCO and VCO are the CO conversion and the flow rate of CO
(6.82 × 10−7 mol/s), respectively. mcatalyst is the mass of catalysts
(0.03 g). wPt is the weight percentage of Pt in catalysts determined by
ICP-OES. MPt is the molar mass of Pt (195 g/mol).

DFT Calculation
Spin-polarized calculations were performed by using the Vienna Ab
initio Simulation Package (VASP)56, applying the generalized gradient
approximationwith the Perdew-Burke-Ernzerhof (PBE) functional57. To
account for strong correlation effects, we implemented a Hubbard U
correction58, applying an effective U value of 5.0 eV to the localized Ce
4f orbitals. For all calculations, plane-wave kinetic energy cutoff was
set at 500 eV59. Geometry optimizations were finished when the
Hellman-Feynman force on each relaxed ion fell below0.02 eV·Å−1. The
convergence thresholds were set at 10−5 eV for geometric optimiza-
tions and 10−8 eV for calculating chemical shifts and electric field
gradients40. The van der Waals (vdW) interactions were incorporated
by using Grimme et al.’s DFT-D3 method60. The optimized lattice
parameter for cerium oxide is 5.448 Å, which is in agreement with the
experimental value of 5.411 Å61.

We used the CeO2 (111) surface to model the CeO2 substrate,
consisting of six O−Ce−O trilayers with a (4 × 4) surface cell used in
A-Pt4O5, A-Pt9O4, A-Pt6O7, S-Pt1, E-Pt1(4c), E-Pt1(4c’), E-Pt1(6c), E-Pt1H2

and A-Pt3O3, and a (3 × 3) surface cell used in A-Pt1, A-Pt1O2, A-Pt1(OH)2,
and A-Pt3. A 2 × 2 × 1 Monkhorst-Pack grid was used to sample the k-
point mesh. To eliminate slab-slab interactions, a 15 Å vacuum gap was
introduced along the [111] direction.

The 17O NMR parameter calculations were carried out in accor-
dance with the methodology outlined in our previous work40. To cal-
culate the quadrupolar parameters (CQ and ηQ) for 17O, the
experimental quadrupole moment (Q) of −0.02558 barns62 was used.
The isotropic chemical shift (δiso) is defined as δiso = δref + δcal, where
δref is the reference chemical shift and δcal is the chemical shift value
calculated using VASP. The δref for each model was determined by
aligning the average δcal of middle layers (O layers 4–9) to the
experimental value of 877 ppm. All determined δref values are in the
range of 50–60ppm (given in title of Supplementary Tables 3–13,
16 and 17).
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For calculations of CO oxidation and Pt4O5 cluster decomposi-
tion, a (4 × 4) CeO2 (111) surface with three O−Ce−O trilayers was used
to model the substrate and the bottom CeO2 trilayers were fixed for
the geometric optimizations. The transition states for the CO oxida-
tion reaction over E-Pt1(4c) and E-Pt1(6c) models were determined by
employing the climbing-image nudged elastic band technique63. Fur-
ther frequency calculations were performed to confirm the obtained
TS structures.

The adsorption energies (Eads) of H2O and CO were calculated as
follows:

Eads = Eadsorbate=slab � Eadsorbate � Eslab ð2Þ

where Eadsorbate/slab is the total energy of the adsorption complex, Eslab
is the energy of the Pt/CeO2 substrate, and Eadsorbate is the energy of the
gas-phase molecule.

The Gibbs free energy change for the dissociative water adsorp-
tion process of Pt4O5/CeO2 were calculated as follows:

ΔG= Eabs +ΔEZPE � TΔS+ΔUð0 ! TÞ ð3Þ

where Eabs, ΔEZPE, and ΔS are the adsorption energy of intermediate,
change in zero-point energy and entropy change of the reaction,
respectively. ΔU is the internal energy difference between 0K and T.
The thermal correction for adsorbate was calculated by using the
VASPKIT package64.

Data availability
The authors declare that the data generated in this study are provided
in the Supplementary Information/Source Data files. Source data are
provided with this paper.
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