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Figure. TOF of catalysts with different Pt oxidation states in the CO oxidation reaction.

This study reveals that the metallic state of Pt, rather than its dispersion alone, dictates the catalytic activity for CO oxidation on
Pt/CeO: catalysts, with metallic Pt nanoparticles exhibiting the highest turnover frequency via a Mars-van Krevelen pathway. In
contrast, isolated Pt?* atoms show weak CO binding and significantly lower activity, highlighting that preserving the metallic
character is key for designing high- performance Pt/CeO; catalysts.
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ABSTRACT: Pt/CeO is a typical catalyst for CO oxidation, whose understanding of the structure-performance relationship and the
factors dictating the activity remains to be fully elucidated. In this work, three Pt/CeO: catalysts with distinct Pt architectures, namely
single atoms (denoted as Pt;), nanoclusters (~1.0 nm, denoted as Ptc.), and nanoparticles (~3.5 nm, denoted as Ptnp), were
investigated using aberration-corrected scanning transmission electron microscopy (STEM), X-ray photoelectron spectroscopy (XPS),
X-ray absorption fine structure (XAFS), CO pulse chemisorption, and in situ diffuse reflectance infrared Fourier transform
spectroscopy (in situ-DRIFTS). The results show that Pt nanoparticles exhibit the lowest oxidation state, strongest CO adsorption, and
highest turnover frequency (TOF), substantially outperforming Pt clusters and single atoms. According to kinetic analysis, metallic Pt
favors a Mars-van Krevelen pathway featuring efficient CO activation and carbonate-mediated turnover. In contrast, isolated Pt?*
atoms show weak CO binding and a distinct but less active regime. It is revealed that the metallic state of Pt, rather than dispersion
alone, dictates the catalytic activity for CO oxidation on Pt/CeO2, which offers guidance for designing the next generation of high-

performance Pt/CeO; catalysts.

KEYWORDS: Pt/Ce0; catalyst, CO oxidation, metallic state, size effect, catalytic activity

Introduction

As one of the most famous rare earth oxides, CeO: is known
for its facile Ce3*/Ce* redox couple and abundance of
oxygen vacancies [1-4]. These properties enable CeO2 to
conduct efficient activation of O-containing molecules.
Moreover, the unique metal-CeO: interaction facilitates high
dispersion of metal sites on CeO2 support [5,6]. Therefore,
supported metal/CeO: catalysts have exhibited outstanding
catalytic activity in numerous reactions [7-19]. Among them,
Pt/Ce0: catalysts for CO oxidation have been extensively
studied [20-25]. Recent advances in catalytic and functional
materials highlight the importance of electronic structure,
metal-support interaction, and structure-activity
relationship in materials design [26-30]. The structural
modulation, improvement of catalytic performance, and
cognition of the structure-performance relationship are
crucial, considering the significance of Pt/CeO: catalysts in
both fundamental research and application in automobile
exhaust purification.

The size of the Pt sites plays a key role in determining the
catalytic activity of Pt/CeO; catalysts [31-34]. On the one

hand, the metal utilization dramatically increases when Pt
nanoparticles transform into single atoms. On the other
hand, the following dominant Pt-O coordination weakens
the metallic state of Pt sites. Previous studies of CeOa-
supported noble metal sites with varied dispersion have
shown that small-sized metal nanoparticles exhibit the best
activity for CO oxidation [35-38]. However, the core factor
of the size effect that influences the catalytic activity for CO
oxidation on Pt/CeO: catalysts remains ambiguous. Future
design of highly active Pt/CeO: catalysts for CO oxidation
requires clear directional guidance.

Herein, we report that the metallic state of Pt sites plays a
key role in determining the catalytic activity for CO
oxidation. Pt single atoms, pre-synthesized clusters (1.0 nm),
and nanoparticles (3.5 nm) were supported on CeO2,
respectively. The structure of the Pt sites was characterized
using a combination of aberration-corrected scanning
transmission  electron  microscopy (STEM), X-ray
photoelectron spectroscopy (XPS), and X-ray fine structure
(XAFS). Pt nanoparticles on CeO; exhibit the lowest
oxidation state and the correspondingly highest catalytic
activity for CO oxidation. The metallic state of Pt sites is
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crucial for CO activation, evidenced by the tested reaction
orders and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS). Strategies to balance the Pt
dispersion and metallic state are very likely to benefit the
development of the next-generation Pt/CeO: catalysts for CO
oxidation.

Results and discussion

CeO2 supports were synthesized using a simple precipitation
method following a reported procedure [39]. Ce(NO3)3-6H20
and ammonia solution were mixed and stirred. The
precipitates were collected, dried, and calcined. As shown in
Fig. S1, the transmission electron microscope (TEM) images
reveal that the CeO; supports consist of nanoparticles with
sizes ranging from 4.5 to 10.9 nm, exhibiting a uniform and
well-dispersed morphology. We determined the specific
surface area of the CeO; support from nitrogen sorption
isotherms (Fig. S2a). The value obtained using the Brunauer-
Emmett-Teller (BET) method is 91.4 m? g~1. Meanwhile, the
X-ray diffraction (XRD) pattern (Fig. S2b) shows
characteristic diffraction peaks that match the typical
fluorite phase of CeO; (JCPDS No. 34-0394). This confirms
the successful formation of a crystallized CeO, support. No
additional impurity peaks are observed, indicating the high
phase purity of the synthesized material.

To obtain Pt/CeO; catalysts with distinct Pt architectures
and varied metallic states, Pt species with different sizes
were loaded onto the CeO; support using distinct synthetic
synthesized via the colloidal

routes. Ptxp/CeO; was
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deposition method using pre-synthesized Pt nanoparticles
as the Pt source. These Pt nanoparticles (~3.5 nm, Fig. S3)
were prepared via an ethylene glycol reduction method
[9,40,41] and then impregnated onto CeO2 support, followed
by rotary evaporation at 60 °C, calcination at 400 °C for 4 h,
and reduction in 10% Hz/Ar at 300 °C for 1 h. Ptc./CeO2 was
prepared similarly, except that pre-synthesized Pt
nanoclusters (~1.0 nm, Fig. S4) prepared via a NaOH-
assisted ethylene glycol reduction method were used
instead [42]. In contrast, Pt;/CeO2 was synthesized by a
conventional wet impregnation method using H2PtCls-6H20
as the precursor, followed by rotary evaporation and air
calcination at 400 °C for 4 h, without a subsequent reduction
step. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES) suggested the Pt loading constant at
0.6 wt.% for all three Pt/CeO> catalysts.

XRD patterns of the three catalysts exhibit only diffraction
peaks attributed to the fluorite phase of CeO; with no
detectable Pt-related reflections. This is due to the low Pt
loading and the small size of the Pt species (Fig. S5). N2
adsorption isotherms show that the specific surface areas
remain comparable among the three catalysts (97.1 m? g~!
for Ptnp/Ce02, 82.7 m? g~ for Ptc./Ce02, and 77.5 m? g~! for
Pt1/Ce02, Fig. S6). According to Raman spectroscopy (Fig.
S7), all three catalysts exhibit the typical F2g vibration of
fluorite CeO2 at 465 cm™. In addition, the Pt;/CeOQ; catalyst
shows a vibration at 690 cm ™! that is characteristic of the
Pt-0-Ce structure [43].
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Figure 1 (a) AC-HAADF-STEM image of Ptxp/CeO; with low magnification. (b) AC-HAADF-STEM image of Ptnp/CeO2 with high magnification. (c)
Elemental mapping results of Ptxp/CeO:. (d) Size distribution of Pt species and schematic diagrams of the Ptxp/CeO: catalyst structure. (e) AC-HAADF-
STEM image of Ptc./CeO; with low magnification. (f) AC-HAADF-STEM image of Ptc./CeO2 with high magnification. (g) Elemental mapping results of
PtcL/CeOz. (h) Size distribution of Pt species and schematic diagrams of the Ptc./CeO2 catalyst structure. (i) AC-HAADF-STEM image of Pt1/Ce0; with
low magnification. (j) AC-HAADF-STEM image of Pti1/CeO2 with high magnification. (k) Line scan intensity profiles of Pt atoms as a function of

distance. (1) Size distribution of Pt species and schematic diagrams of the Pt1/Ce02 catalyst structure.
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We used aberration-corrected high-angle-annular-dark-
field scanning transmission electron microscopy (AC-
HAADF-STEM) to directly visualize the Pt species on CeOs..
This technique takes advantage of atomic-resolution Z-
contrast imaging. For Ptnp/CeO2, well-dispersed Pt
nanoparticles with an average size of 3.5 * 0.4 nm were
observed on the CeO: surface, as shown in Fig. 1a-d and Fig.
S8. The size of these Pt nanoparticles is similar to that of the
pre-synthesized ones, which measured approximately 3.5
nm (Fig. S3). Moreover, these nanoparticles exhibit well-
defined polyhedral morphologies with distinct facets and
clear lattice fringes (Fig. 1b). Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping confirmed the
colocalization of Pt nanoparticles with the CeO2 support (Fig.
1c). For PtcL/CeOq, smaller Pt clusters with an average size
of 1.0 * 0.3 nm were uniformly distributed on the CeO:
surface (Fig. 1e-h and Fig. S9), which is also similar to that
of the original Pt nanoclusters (~1.0 nm, Fig. S4). These
clusters show irregular or elongated shapes without clear
facets. EDS elemental mapping also demonstrated the
presence of Pt clusters (Fig. 1g). For Pt1/CeO2, the STEM
images show no Pt aggregates. Instead, isolated Pt atoms
were clearly resolved as individual bright spots on the CeO2
surface (Fig. 1i-1 and Fig. S10). EDS elemental mapping
further confirmed the presence of Pt single atoms (Fig. S11).
The intensity of the bright spots was quantified by line-scan
analysis of intensity profiles across selected atomic columns.
As shown in Fig. 1k, due to the different atomic masses, the
intensities of isolated Pt sites (Z = 78) were higher than
those of the surrounding Ce adatoms (Z = 58). The single-
location emergence of sites with higher intensity further
demonstrated the presence of isolated Pt atoms.

The Pt 4f XPS spectra (Fig. 2a) reveal distinct oxidation
states for the three Pt/CeO: catalysts. For Ptxp/CeOz, two
groups of doublet peaks are observed. The peaks located at
71.2 and 74.5 eV come from metallic Pt°, whereas the peaks
at 72.6 and 75.9 eV come from Pt?*. Based on calibrated peak
area estimation, the ratio of Pt**:Pt® is 0.78:1. Based on this
ratio, weighting the two oxidation states yields an average
oxidation state of 0.88. The Pt?* in Ptyp/CeO> originates from
reverse oxygen spillover, a phenomenon typical for
metal/CeO, catalysts [12,44-46]. For Ptc/Ce0O2, the
proportion of Pt® decreases to 25.6%, and the average
oxidation state increases to 1.49. The coexistence of Pt** and
Pt® is frequently observed in CeOz-supported Pt clusters,
which can be attributed to dynamic charge transfer at the
Pt-CeO: interface, promoted by phonon-assisted metal-
support interaction [43,47]. In stark contrast, Pti/CeO:
exhibits primarily Pt** and Pt** signals, with almost no
detectable Pt° and an average oxidation state of 2.18. The
Pt* species observed in Pt;/Ce0, originating from residual
Pt* in the H2PtCls:6H20 precursor, are catalytically inert for
low-temperature CO oxidation [48]. The observed trend in
Pt oxidation state that decreases from Pt; to PtcL to Ptyp can
be rationalized by considering the degree of metal-support
electronic interaction. Isolated Pt atoms are anchored to the
Ce0; surface through multiple Pt-O bonds, resulting in a
strong electron withdrawal from Pt to the support, thereby
stabilizing Pt in a cationic state (Pt?**/Pt*"). As the Pt
ensemble size increases, the fraction of interfacial Pt atoms
decreases, and metallic Pt-Pt bonding becomes dominant,
which screens the electron transfer from the support.
Consequently, Pt nanoparticles preserve a substantial
metallic character.
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Figure 2 (a) Pt 4f XPS results of the Pt/CeO; catalysts. (b) XANES spectra of the Pt/CeO; catalysts at Pt L, -edge. (c) Wavelet transform of the k3-

weighted Pt L;;-edge EXAFS of the Pt/CeO; catalysts.

The O 1s XPS results of the three catalysts are similar to
each other (Fig. S12), ruling out the presence of unique
oxygen species such as increased surface hydroxyls. Ce 3d
XPS results (Fig. S13) show that the oxidation state of Ce is
comparable across the three catalysts, being 3.72 for

Ptnp/Ce02, 3.71 for Ptc/CeO2, and 3.70 for Pti/CeO.. This
similarity suggests that the oxygen vacancy concentration
on the CeO2 support does not change significantly among the
catalysts. Consequently, the density of oxygen vacancy and
reducibility of the support are not the primary factors that
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differentiate these catalysts. The real distinguishing feature
is the electronic state of Pt, which is governed by the Pt

We performed X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopy at the Pt L -edge to obtain deeper
information about the local coordination environment of Pt.
The XANES spectra are shown in Fig. 2b. They reveal that the
white line intensity, which is related to the oxidation state,
increases in the order of Ptyp/CeO2 < Ptc./Ce02 < Pt1/CeOs.
This trend agrees well with the XPS results. We then carried
out wavelet transform analysis on the k3-weighted EXAFS
spectra (Fig. 2c). This analysis clearly separates the Pt-O
and Pt-Pt scattering contributions. For Ptyp/CeO2, a strong
Pt-Pt contribution appears at a distance of about 2.75 A,
with a coordination number (CN) of 7.1 # 1.1. This finding
indicates the presence of metallic Pt nanoparticles. For
Ptci/Ce02, both Pt-0 (CN = 3.3 + 0.9 at 1.96 A) and Pt-Pt (CN
= 1.7 + 0.8 at 2.53 A) contributions are present, suggesting
partially oxidized Pt clusters. This shortened Pt-Pt bond
distance in Pt clusters indicates bond contraction, which is
commonly observed in ultrasmall metal clusters due to
undercoordinated surface atoms [49]. For Pt;/CeO;, only Pt-
O contributions were detected, with a CN of 5.5 + 0.7 at 1.99
A. This confirms that the Pt species are atomically dispersed
as isolated cations bonded to oxygen atoms of the CeO:
support. All EXAFS fitting parameters are summarized in
Table S1, and the corresponding fitting curves can be found

ensemble size.

in Fig. S14.

The catalysts were tested toward low-temperature CO
oxidation. In a typical test, 60 mg of catalyst was loaded into
a fixed-bed reactor, and a gas mixture of 1% CO and 4% O
balanced with Ar was fed at a total flow rate of 100 mL minl
(gas hourly space velocity = 100 L geat ~ ' h = 1). The
temperature was ramped from 30 to 300 °C at 2 °C min~". Fig.
3a shows the temperature-dependent CO conversion curves,
where the temperature for 50% CO conversion is denoted as
Tso. Ptnp/Ce02 exhibits the highest activity with a Tso of 163
°C, which is significantly lower than that of Ptc./CeO2 (Tso =
184 °C) and Pti1/Ce0: (Tso = 223 °C). Notably, Pti/CeO:
shows negligible activity below 150 °C, consistent with the
difficulty of activating CO on isolated Pt?* sites [10]. Cycling
stability tests (Fig. 3b) demonstrate that Ptc./CeO:
maintains stable performance over five consecutive cycles,
whereas Ptyp/Ce02 shows slight deactivation and Pti/CeO:
remains poorly active. For Ptyp/CeO, this slight deactivation
is ascribed to partial oxidation of the Pt nanoparticles under
the CO oxidation reaction conditions. As shown in Fig. 3¢, the
apparent activation energies (E.) derived from Arrhenius
plots are 58.2 k] mol ! for Ptxp/Ce0O2, 62.5 k] mol =1 for
Ptc./Ce02, and 86.7 k] mol ~! for Pti/CeO2. The lowest E.
value of Ptyp/Ce0: indicates its most favorable kinetics for
CO oxidation.
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Figure 3 (a) Temperature-dependent CO oxidation activities of the Pt/CeO; catalysts. (b) Cycling stability tests of the Pt/CeO; catalysts. (c) Arrhenius
plots of the Pt/Ce02 catalysts. (d) Effect of CO or O; pressure on the reaction rate of the Pt/Ce02 catalysts for CO oxidation. The pressure of CO was set

from 0.5 to 2 kPa, and 02 from 1 to 6 kPa. The total pressure was 0.1 MPa.

To gain deeper insight into the reaction mechanism and
the role of Pt metallic states in CO oxidation, we determined
the reaction orders of CO and O for the three Pt/CeO:
catalysts within the kinetically controlled regime, as shown
in Fig. 3d. For Ptyp/Ce0;, the CO reaction order (nco) was
0.44, indicating strong CO adsorption on metallic Pt surfaces.
The 02 reaction order (no.) was 0.34, suggesting that O
activation plays a significant kinetic role, consistent with the
Mars-van Krevelen (MvK) mechanism in which lattice

oxygen from ceria participates in CO oxidation and gas-
phase O replenishes oxygen vacancies [22,50,51]. As the Pt
size decreases, the CO poisoning effect is alleviated.
PtcL/Ce0: exhibited a less negative nco of 0.25 and a lower
no. of 0.23, reflecting a mixed regime with partial retention
of metallic character but increased contribution from Pt-O
interfacial sites. Remarkably, Pt1/CeO; exhibited a positive
CO reaction order of +0.68, indicating weak CO adsorption
on isolated Pt?* sites, where the surface is predominantly
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CO-deficient under reaction conditions. In parallel, its O:
reaction order drops to 0.22. Together, this positive CO
order and lowered Oz order signify that the rate-limiting
step shifts from Oz activation to CO activation, in stark
contrast to the behavior on metallic Pt nanoparticles.

These Kkinetic fingerprints collectively demonstrate that
the metallic state of Pt not only governs CO adsorption
strength but also dictates the rate-determining steps.
Metallic Pt nanoparticles enable strong CO adsorption and
efficient Oz activation via the MvK pathway. On the other
hand, isolated Pt atoms suffer from weak CO binding,
severely limiting the formation of reactive CO*
intermediates and shifting the rate limitation to CO
activation rather than O: dissociation. This correlation
directly aligns with the metallic fraction of Pt derived from
XPS and XANES (Fig. 2), reinforcing that a metallic Pt state is
essential for facilitating the efficient MvK pathway for CO
oxidation.

The metallic fraction of Pt was further quantified by linear

combination fitting of the XANES spectra (Fig. 4a), which
progressively decreases from Ptxp/CeO: to Pti/CeO2. The
derived average oxidation states are 0.97, 1.70, and 3.39 for
Ptyp/Ce02, Ptc/CeOz, and Pt1/Ce02, respectively, following
the same trend as the XPS results (Fig. 2a). Notably, the
oxidation states obtained from linear combination fitting of
the XANES spectra are systematically higher than those from
XPS. This discrepancy arises from the different
measurement conditions. XPS measurements must be
conducted under high vacuum to ensure accurate electron
signal detection and prevent surface contamination.
However, under such ultrahigh vacuum conditions and
prolonged X-ray or ion beam exposure, surface Pt species
may undergo partial reduction, leading to an artificially
lower oxidation state [52]. In contrast, XANES spectra were
collected under ambient air, preserving the original
oxidation state of Pt in the as-prepared catalysts. This
difference has been observed, and the above explanation has
been validated in our previous work [48].
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Figure 4 (a) Linear combination fitting of Pt L;-edge XANES. (b) CO pulse and the corresponding Pt dispersion of the Pt/CeO; catalysts. (c) Turnover
frequency (TOF) of the Pt/CeO; catalysts. (d) Adsorption mode of in situ-DRIFTS for Ptxp/CeO>. (e) Adsorption mode of in situ-DRIFTS for Ptc./Ce0.. (f)

Adsorption mode of in situ-DRIFTS for Pt;/CeOs..

CO pulse chemisorption was then conducted to determine
the dispersion and number of accessible Pt sites. The
potential impact of CeO2 on absorbing CO was excluded by
following the reported protocol [53]. As shown in Fig. 4b, the
CO uptake and the corresponding Pt dispersion increase in
the order: Ptnp/Ce0O2 (37.6%) < Ptc/CeO2 (85.1%) <
Pt;1/Ce02 (100%). It should be noted that for Pt;/Ce0O, CO
pulse chemisorption cannot accurately measure the
dispersion because of negligible CO uptake. The nominal
100% dispersion is therefore based on the assumption,
supported by AC-STEM observations (Fig. 1i), that all Pt
atoms are atomically dispersed without any aggregates.
However, when the turnover frequency (TOF) is calculated
based on the number of surface Pt atoms (Fig. 4c), Ptnp/CeO2
exhibits the highest TOF (2.3 s~! at 210 °C), approximately
three times that of Ptc./Ce0Oz (0.7 s~1 at 210 °C) and more
than an order of magnitude higher than that of Pt;/CeO;

(0.17 s~1 at 210 °C). These results clearly demonstrate that
the intrinsic activity per surface Pt site is maximized for
nanoparticles, rather than for nanoclusters or single atoms.
The stark contrast in TOF points to fundamental differences
in the electronic states of Pt species. For Pt single atoms, the
predominant Pt** and Pt** species arise from direct bonding
with surface oxygen atoms of CeOz, which stabilizes the Pt in
an oxidized state. This strong electronic perturbation, while
beneficial for anchoring isolated atoms, severely suppresses
the chemisorption of CO. In contrast, Pt nanoparticles retain
a metallic state with only a partially oxidized interface,
preserving the electronic structure necessary for efficient
CO activation.

To directly verify the adsorption behavior and reaction
pathway of CO oxidation over these Pt/CeO; catalysts, in situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was performed at 180 °C under a flow of 1%
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CO0/4% O: (Fig. 4d-f and Fig. S15), followed by a He purge to
monitor desorption (Fig. S16). Distinct differences in CO
adsorption strength were observed among the three
catalysts. For Ptxp/CeO: (Fig. 4d and Fig. S15a), intense IR
bands appeared at ~2086 c¢cm ™1, characteristic of linearly
adsorbed CO on metallic Pt° sites [54]. For Ptc./CeO: (Fig. 4e,
Fig. S15b), the CO adsorption bands at ~2077 cm ™! were
notably weaker, indicating a reduced capacity for CO
adsorption on Pt clusters [55]. Under our experimental
conditions, neither Ptyp/CeOz nor Ptc./CeO2 showed clear
bridge-bonded CO bands below 1900 cm ™. This absence is
probably because strong linear CO adsorption under high CO
coverage overwhelms and suppresses the bridge-bonded
signals [54,55]. It is noteworthy that the CO adsorption on
cationic Pt single-atomic sites also appears at ~2098 cm ™1
[10]. As shown in Fig. 4f and Fig. S15¢, Pt;/CeO2 shows very
weak CO adsorption, due to its higher oxidation state. This
discovery explains why Pti/CeO; did not display high
catalytic activity (Fig. 3a).

Specifically, two characteristic peaks located at ~1332
and ~1566 cm~! were observed for all three catalysts (Fig.
4d-f, Fig. S16), which are assigned to carbonate-type species
formed on the CeO; support [56,57]. The presence of these
carbonate bands indicates that CO oxidation on Pt/CeO;
proceeds via a carbonate-mediated pathway, wherein CO
reacts with oxygen species (e.g., lattice oxygen) on ceria to
generate carbonate intermediates. This pathway is
consistent with the MvK mechanism inferred from the
reaction order analysis. The intensity of the carbonate peaks
varied drastically among the three catalysts. Ptnp/CeO2
exhibited the strongest carbonate signals, followed by
PtcL/Ce02, while Pt;/Ce0; showed only very weak carbonate
peaks (Fig. 4d-f and Fig. S16). This trend correlates perfectly
with the catalytic activity (Fig. 3a) and TOF (Fig. 4c). During
the subsequent He purge (desorption mode, Fig. S16), the
carbonate bands on Ptyp/CeO2 and Ptc./CeO: persisted for
an extended period, indicating relatively stable carbonate
intermediates. In contrast, the carbonate signals on Pt;/Ce0;
decayed rapidly, further confirming that isolated Pt atoms
cannot efficiently generate or stabilize carbonate species.

The strong carbonate signals observed on Ptxp/CeO2 are
intimately linked to the metallic Pt state. Metallic Pt
provides abundant sites for CO adsorption and activation,
generating a high local concentration of CO* at the Pt-CeO:
interface [58]. These activated CO species readily react with
surface oxygen or oxygen vacancies of CeO: to form
carbonate intermediates. In contrast, isolated Pt?* ions on
Pt1/Ce02 are incapable of stabilizing CO*, thereby starving
the carbonate formation pathway. Consequently, the
metallic state of Pt is the key enabler for efficient carbonate-
mediated CO oxidation on Pt/CeOx.

Our results highlight a critical trade-off in Pt/Ce0; catalyst
optimization. While single atoms maximize Pt dispersion
and atom economy, they suffer from an overly oxidized state
that suppresses CO activation and carbonate turnover.
Conversely, large Pt nanoparticles exhibit superior intrinsic
activity but lower Pt utilization. Therefore, an optimal
catalyst architecture for CO oxidation should balance
metallic character and dispersion. Our work establishes the
metallic state of Pt as a key descriptor for CO oxidation on

Pt/Ce0:, providing a clear rationale for moving beyond the
simplistic pursuit of full dispersion. The following efforts
may focus on precisely tuning the Pt oxidation state via
controlled reduction protocols or support facet engineering
to achieve the optimum compromise between Pt utilization
and intrinsic activity. For instance, the development of
strategies toward lowering the oxidation state of Pt single
atoms while maintaining the dispersion is very likely to
achieve the breakthrough in the future.

Conclusion

In summary, we systematically investigated Pt/CeO;
catalysts featuring three distinct Pt architectures, namely Pt
single atoms (Pti), nanoclusters (Ptc, ~1.0 nm), and
nanoparticles (Ptyp, ~3.5 nm), for CO oxidation. Using
multiple techniques such as AC-HAADF-STEM, XPS, XAFS, CO
chemisorption, and in situ-DRIFTS, we found that the
metallic state of Pt, not simply its dispersion, determines the
catalytic activity. Pt nanoparticles exhibit the lowest
oxidation state, the strongest CO uptake, and the highest
intrinsic activity, thus greatly outperforming Pt clusters and
Pt single atoms. Kinetic analysis shows that metallic Pt
favors a MvK pathway with efficient CO activation and
carbonate-mediated turnover. In contrast, isolated Pt?* sites
bind CO only weakly and operate in a distinct but less active
regime. Therefore, we establish the metallic state as a crucial
descriptor for CO oxidation on Pt/CeO; providing clear
guidance for future catalyst design. Optimizing the metallic
character of Pt is essential to achieve high-performance
Pt/CeO, catalysts for low-temperature CO oxidation and
related reactions.

Electronic Supplementary Material: Supplementary
material (Figures S1-S16, and Table S1) is available in the
online version of this article at
https://doi.org/10.26599/NR.2026.94908891.
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S1. METHODS

Preparation of the catalysts

Chemicals and materials. The precursors used in this work were Cerium(III) nitrate hexahydrate (Shanghai Chemical Reagent
Co, 99%), ammonium hydroxide solution (Shanghai Chemical Reagent Co, 25%), hydrogen Chloroplatinic(IV) acid (Sigma-
Aldrich, 99%), NaOH (Shanghai Chemical Reagent Co, 99%), ethylene glycol (Shanghai Chemical Reagent Co, 99%), ethanol
(Shanghai Chemical Reagent Co, 99%), poly(vinylpyrrolidone) (Sigma-Aldrich, M,~55,000), acetone (Shanghai Chemical
Reagent Co, 99%), hexane (Shanghai Chemical Reagent Co, 99%), hydrochloric acid solution (Shanghai Chemical Reagent Co,
36%). All chemical reagents were used as received without further purification. All aqueous solutions were prepared using
deionized water with a resistivity of 18.2 MQ-cm.

Synthesis of Ce0: support. CeO; nanoparticles were synthesized using the precipitation method. In a typical synthesis using
the precipitation method, 2.0 g of Ce(NO3)3-6H,0 were dissolved in 100 mL of Millipore water. Then 1 mL of NH3 H20 was
added and stirred for 24 h. Next, the precipitation was washed several times and separated by centrifugation (10 krpm, 5 min).
The collected powders were dried at 60 °C overnight and went through air calcination at 400 °C for 4 h.

Synthesis of Pt nanoparticle (Ptnp) suspension solution. A solution of poly(vinylpyrrolidone) (PVP, 400 mg) in ethylene
glycol (30 mL) was prepared directly in the reaction vessel and brought to 150 °C with stirring. Subsequently, 2 mL of
chloroplatinic(IV) acid solution (H2PtCls-6H20, 10 mgp: mL™1) was introduced into the heated system. The color of the solution
rapidly turned black. The mixture was kept stirring for 30 min at 150 °C. The reaction was then cooled rapidly by transferring
the reactor vessel to an ice-water bath. The Pt nanoparticles were precipitated by adding acetone (60 mL) to give a black
suspension, which was sonicated for 1 min. The precipitate was then isolated by ultracentrifugation (10 krpm, 5 min), and the
yellow supernatant was decanted away to leave a black solid. This was further purified to remove excess PVP and ethylene
glycol by 3-5 cycles of dissolution in ethanol (15 mL) followed by precipitation with hexane (75 mL) and isolation by
centrifugation. The final products were redispersed in 10 mL ethanol and stored at room temperature.

Preparation of Ptyp/Ce02. Ptyp/CeO2 was prepared by using an incipient wetness impregnation method. Typically, 400 mg of
CeO2 support was dispersed in 40 mL of deionized water. Then, a certain volume of Ptyp suspension solution was added to the
mixture. After stirring at room temperature for 1 h, ethanol was removed by rotary evaporation at 60 °C. Then, the powder was
calcined at 400 °C for 4 h. After calcination, the powder was reduced in 10% Hz/Ar with a flow rate of 50 mL min~! at 300 °C
for 1 h. The Ptloading was set as 0.6 wt.%.

Synthesis of Pt cluster (Ptc.) suspension solution. Chloroplatinic(IV) acid (40.0 mg) and NaOH (220 mg) were dissolved in
20 mL ethylene glycol (EG) with an appropriate amount of deionized water in a 100 mL three-necked flask and stirred at room
temperature for 1 h to completely dissolve NaOH. Then the mixed solution was rapidly heated to 90 °C with N as protective gas
for 2 h. When the color of the solution changed from yellow to dark brown without any precipitation, the Pt nanoclusters were
formed. The platinum nanoclusters were extracted by adding a certain amount of 0.3 mol L~! HCI solution and isolated by
centrifugation (10 krpm, 5 min). The final products were redispersed in 5 mL ethanol containing 400 mg of PVP and stored at
room temperature.

Preparation of Ptc./Ce02. Ptc./CeO2 was prepared by using an incipient wetness impregnation method. Typically, 400 mg of
Ce0: support was dispersed in 40 mL of deionized water. Then, a certain volume of Ptc. suspension solution was added to the
mixture. After stirring at room temperature for 1 h, ethanol was removed by rotary evaporation at 60 °C. Then, the powder was
calcined at 400 °C for 4 h. After calcination, the powder was reduced in 10% Hz/Ar with a flow rate of 50 mL min~! at 300 °C
for 1 h. The Pt loading was set as 0.6 wt.%.

Preparation of Pt;/CeO2. The Pt;/Ce0; catalysts were prepared via the impregnation method. Typically, a certain amount of
aqueous HzPtCle:6H20 solution was mixed with CeO2 support (400 mg) in 40 mL of Millipore water. After stirring for 2 h, the
sample was collected in a rotary evaporator at 60 °C. The catalysts were acquired after air calcination at 400 °C for 4 h. The Pt

loading was set as 0.6 wt.%.
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$2. Materials characterization

ICP-AES experiments. Inductively coupled plasma-atomic emission spectrometry (ICP-AES, Atomscan Advantage, Thermo
Jarrell Ash, USA) was used to determine the loadings of metal species. The samples were dissolved by using a mixture of 3mL
30% H20: and aqua regia (volume ratio of 2:1) solution. Then, the solution volume was diluted to 10 mL.

Electron microscope experiments. The transmission electron microscopy (TEM) image was taken on a HT-7700 Exalens
Transmission electron microscope operating at an acceleration voltage of 100 kV. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), and energy dispersive spectrometer (EDS) element mapping images were
collected on a Thermo scientific Themis Z (3.2) field-emission transmission electron microscope operating at an acceleration
voltage of 300 kV.

Surface area measurements. TriStar II Plus Builder surface area analyzer was used for the nitrogen sorption measurements
at 77 K. The samples were degassed at 100 °C for 6 h under vacuum. The calculation of specific surface area was based on the
Brunauer-Emmett-Teller (BET) method.

XRD measurements. X-ray diffraction (XRD) patterns were recorded by using a Philips X’'Pert Pro Super diffractometer (Cu-Kx
radiation, A = 1.54178 A). The scanning 26 range was 15-85° and the scanning speed was 15° min™’.

Raman measurements. Raman spectra were measured on a LabRAM HR Evolution Raman spectrometer (Horiba Jobin Yvon),
with the range from 200 to 1000 cm™ in a spectral resolution of 1 cm™ (532 nm excitation laser).

XPS measurements. X-ray photoelectron spectroscopy (XPS) measurements were conducted on an ESCALAB 250 (Thermo-VG
Scientific, USA). An Al K. X-ray source (1,486.6 eV) in Constant Analyzer Energy (CAE) mode with a pass energy of 30 eV was
applied for all spectra. The values of binding energies were calibrated with the C 1s peak of contaminant carbon at 284.8 eV.
XAFS measurements. The X-ray absorption fine structure (XAFS) measurements were carried out at the 1W1B station at the
Beijing Synchrotron Radiation Facility (BSRF). Pt foil and PtO: spectra were recorded in transmission mode using an ionization
chamber. The Pt L,;-edge spectra of the samples were collected in fluorescent mode. Data processing was based on procedures
using ATHENA in the Demeter 0.9.25 software package.

CO pulse chemisorption experiments. CO pulse chemisorption experiments were conducted on a Micromeritics AutoChem II
2920 instrument. The Pt;/Ce02 sample (100 mg) was pretreated in 20% O2/Ar with a total flow rate of 30 mL min~! at 300 °C
for 1 h. The Ptc.,/Ce0; and Ptxp/Ce0O2 samples were pretreated in 10% Hz/Ar with a total flow rate of 50 mL min~! at 300 °C for
1 h before measurement, followed by cooling down to 50 °C and purging with He for 0.5 h. Subsequently, the sample was
purged in He, 20% 02/Ar, 10% CO2/He, and 10% H:/Ar sequentially with a flow rate of 70 mL min~? for 5 min. The catalysts
(100 mg) were then treated in He at 50 °C with a flow rate of 70 mL min™! for 20 min before measurement. After cooling down
to 50 °C for 1 h, 10% CO/Ar was repeatedly introduced into the reactor until the CO adsorption was saturated. The loop volume
was 0.450 mL.

In situ-DRIFTS measurements. The diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements
were accomplished on Thermo Scientific Nicolet iS50 with a resolution of 8 cm™ equipped with an in-situ cell (HT-DRIFTS-800)
from Beijing Scistar Technology Co. Ltd. Before in situ-DRIFTS measurements, the Pt;/CeO, sample was pretreated in 20%
02/Ar with a total flow rate of 30 mL min~! at 300 °C for 1 h. The Ptc./CeO2 and Ptnp/CeQ2 samples were treated in He with a
total flow rate of 30 mL min~! at 300 °C for 1 h. Each sample was cooled down to 180 °C. Subsequently, the sample was purged
in He with a flow rate of 30 mL min~! for 0.5 h. The spectrum was recorded as the background. 30 mL min~! of 1% C0/4% O
stream was fed to the cell for 20 min. The adsorption spectra were then collected every 60 seconds. Followed by He purge at a
flow rate of 30 mL min™}, the desorption spectra were recorded every 60 seconds.

Evaluation of the catalytic performance

CO oxidation activity was tested using a fixed-bed reactor (d = 0.5 cm). The catalysts (60 mg) were loaded in a quartz tube
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and pre-treated with 8% 02/Ar or 10% Hz/Ar at 300 °C for 0.5 h. A 1% C0/4% O stream was balanced with Ar (20 mL min™)

and fed into the reactor. The total gas hourly space velocity (GHSV) was 100 L geae ! h™'. The reactor was heated from 30 °C to
300 °C (2 °C min™). All the outlet gases were analyzed online by the Gasboard-3100 flue gas analyzer (Cubic Instruments). The
CO conversion was derived from the equation:
COconversion = COconverted / COmmput
The cycling catalytic stability was examined by continuously performing activity tests 5 times (GHSV = 100 L geac™* h™1).
The apparent activation energy (E.) and reaction order were obtained by regulating the reaction temperature, gas flow rate,
gas ratio, and the loading of the catalysts within the kinetic region. The reaction rates (r) of the catalysts were calculated with
the expression below:
r = F x COconverted/W, (umol gear * s71)
where F, COconverted, and W refer to the gas flow rate (mol s~ 1), the converted CO concentration and the catalyst mass (g),
respectively.
The turnover frequency (TOF) was calculated with the expression below:
TOF=rxM/(10°x w x D), (s)

where M, w, and D refer to the molar mass of Pt (g mol™), loading of Pt and the dispersion of Pt, respectively.
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Figure S1 (a, b) TEM images of the CeO2 support.
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Figure S2 (a) Nitrogen adsorption isotherm and surface area of the CeO; support. (b) XRD pattern of the CeO; support.
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Figure S3 (a) TEM images of Pt nanoparticles. (b) Size distribution of Pt nanoparticles.
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Figure S4 (a) TEM images of Pt nanoclusters. (b) Size distribution of Pt nanoclusters.
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Figure S6 (a-c) Nitrogen adsorption isotherms and surface areas of Ptxp/CeO2, Ptc./CeO2, and Pt;/CeO; catalysts.
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Figure S7 Raman spectra of Ptxp/CeO2, PtcL/Ce0O2, and Pt1/CeO; catalysts.
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a

Figure S8 (a, b) AC-HAADF-STEM images of Ptyp/CeO; with low magnifications.
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Figure S9 (a-d) AC-HAADF-STEM images of Ptc./CeO; with low and high magnifications.
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Figure S10 (a-d) AC-HAADF-STEM images of Pt;/CeO; with high magnifications.
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Figure S11 (a-d) Elemental mapping results of Pt;/CeOs.
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Figure S12 O 1s XPS results of Ptxp/CeO2, Ptc./Ce0O2, and Pt1/CeO: catalysts.
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Figure S13 Ce 3d XPS results of Ptxp/CeO2, Ptc./CeO;, and Pt1/CeO; catalysts.
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Figure S14 EXAFS fitting curves of (a) the real part, and (b) imaginary part for Ptxp/CeO2, Ptc./CeO2, and Pt1/CeO; catalysts.
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Figure S15 (a-c) Adsorption mode of in situ-DRIFTS for Ptnp/CeOz, Ptc./CeO2, and Pt;/CeO: catalysts.
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Figure S16 (a-c) Desorption mode of in situ-DRIFTS for Ptxp/CeO2, PtcL/CeO;, and Pt1/CeO; catalysts.

28 /30



Nano Research | Vol. XX, No. XX

Sunpei Hu et al.

Table S1 Curve-fit parameters for Pt L-edge EXAFS of Pt/CeO samples.

Samples Path CN? R (A)® o2 AE (eV)? R-factor
Pt-0 1.2+0.5 1.99+0.03 0.007 9.9

Ptnp/CeO:2 0.016
Pt-Pt 7.1+1.1 2.75%0.01 0.006 7.1
Pt-0 3.3209 1.96+0.02 0.004 5.2

PtcL/CeO2 0.046
Pt-Pt 1.7+£0.8 2.53+0.05 0.004 0.7

Pt1/Ce02 Pt-0 5.5+0.7 1.99+0.01 0.003 13.5 0.018

aCN, coordination numbers;
bR, bonding distance;
o2, Debye-Waller factor;

4AEy, inner potential shift.
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