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Understanding oxygen transfer on ceria with
Pt single atoms for surface reaction

Yunji Choi1,5, Seokhyun Choung 2,5, Jaebeom Han3,5, Jae-eon Hwang1,
Hyeon Jin1, Yunkyung Kim2, Jeongjin Kim4, Jeong Young Park 3 ,
Jeong Woo Han 2 & Hyunjoo Lee 1

Reducible metal oxides are widely used in surface reactions, primarily due to
their ability to activate and transfer oxygen. Ceria, known for its rapidCe3+/Ce4+

redox property, is well-known to followMars van Krevelen mechanism. In this
study, we prepare Pt/CeO2-Al2O3 catalysts with different ceria domain sizes of
3.7, 5.6, and 7.3 nm to understand oxygen transfer, mainly O2 activation and
lattice oxygen transfer. The ceria domains are isolated on the alumina, pre-
venting oxygen transfer between the ceria. Pt single atomic structures are
meticulously prepared to exclude O2 activation on Pt nanoparticles and pro-
vide uniform active sites. Interestingly, the activity trend for CO oxidation is
reversed inO2-rich andO2-deficient conditions. O2 activation occurs efficiently
in small ceria domains of 3.7 nm. In contrast, larger ceria domains exhibit less
O2 activation but significant lattice oxygen transfer. This behavior is also
modeled using large-scale molecular dynamics simulations with a neural net-
work potential trained on first-principles data. Based on these understanding,
the catalyst formethane oxidation is proposed by acceleratingO2 activation in
O2-rich condition. Thiswork provides an impactful platform for understanding
metal oxide catalysts.

A heterogeneous catalytic reaction involves adsorption of reactants,
surface reaction, and desorption of products. The lattice compo-
nents of the catalysts could be involved in the product formation,
which is widely acknowledged as Mars van Krevelen (MvK)
mechanism1,2. The reductive reactant is oxidized by the lattice oxy-
gen species and forms products, which are subsequently desorbed
from the surface. The generated oxygen vacancy sites are replen-
ished by the activation of gaseous O2 and lattice oxygen diffusion.
This mechanism indicates that understanding oxygen transfer in
metal oxide is crucial for accelerating the catalytic process.

Ceria (CeO2) has been evidenced to follow MvK mechanism, with
its ability to undergo a swift and reversible reduction and oxidation
process, coupled with its capacity to facilitate oxygen transfer. When

ceria is subjected to a reducing atmosphere, it forms oxygen-deficient
CeO2-x, maintaining its fluorite structure even after the loss of oxygen
from its lattice and the generation of oxygen vacancies3. Subsequently,
CeO2-x can be reoxidized to CeO2 upon exposure to an oxidizing
environment. This circular transformation of Ce3+/Ce4+ redox couple
allows ceria to store and release oxygen in a reversible manner4,5. This
distinctive redox behavior renders ceria attractive as both a catalyst
and a catalyst support for heterogeneous reactions.

The surface atomic arrangements and ceria domain sizes are
closely linked with the reducibility of ceria6–9. The ability of ceria to
form oxygen vacancies refers to its oxygen release and uptake ability
during reactions. In particular, the oxygen transfer from ceria plays a
decisive role in altering activity, as ceria is perceived to provide oxygen
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to drive the reaction10–12. The oxygen transfer ability of ceria can be
classified into twocategories:O2 activation and lattice oxygen transfer.
We denote the uptake of gaseous oxygen and the replenishment of the
oxygen vacancies at the surface as “O2 activation”, while the transfer of
oxygen from surface to subsurface or vice versa is denoted as “lattice
oxygen transfer”. It was reported that O2 activation depends on the
partial pressure of gaseous oxygen and the number of oxygen vacan-
cies on the ceria surface, and lattice oxygen transfer reflects the
exchange of surface oxygen species and subsurface oxygen species in
ceria13–15. However, these terms have often been used interchangeably
in heterogeneous catalysis without clear classification.

In this study, we prepared Pt single atomic catalysts on ceria of
various sizes deposited on alumina (Pt/CeO2-Al2O3). Since the ceria
domain was isolated on non-reducible alumina support, the effect of
ceria domain size could be evaluated on oxygen transfer. The single
atomic structure of Pt allowed us to exclude O2 activation by Pt
nanoparticles. Using CO oxidation as a probe reaction, we observed
that activity varied significantly depending on ceria domain size and
reactant compositions. BymeasuringO2 andCOuptakes, wewere able
to decouple O2 activation from lattice oxygen transfer, explaining the
observed activity changes. Ambient-pressure X-ray photoelectron
spectroscopy (AP-XPS)wasperformed to observe changes on the ceria
surface during the reaction. The models for molecular dynamics
simulationswere suggested to further elucidate oxygen transfer on the
ceria. Based on these findings, we could design a methane oxidation
catalyst with enhanced activity by accelerating O2 activation.

Results
Formation of single atomic Pt on CeO2 domains with
different sizes
Pt catalysts were deposited on CeO2-Al2O3 support (Pt 0.1wt% and
CeO2 10wt%) by dispersing cerium and Pt precursors in an alumina
suspension, drying, calcining, and reducing them at 300 °C. The Pt
single atomic structure was obtained by re-dispersion under N2 pur-
ging at 600 °C. The size of ceria domains was controlled by changing
the calcination temperature to 500, 600, and 700 °C. When the ceria
domain size was estimated fromX-ray diffraction pattern (XRD), it was
3.7 nm, 5.6 nm, and 7.3 nm, respectively (Supplementary Fig. 1). We
denote the Pt/CeO2-Al2O3 catalysts as XCAwith X representing the size
of ceria domain.When the catalyst was synthesizedwithout alumina, it
is denoted as Pt/CeO2 and the ceria domain size was 27.6 nm. Pt
nanoparticle catalyst was also prepared by depositing 0.1 wt% Pt on
alumina and it is denoted as Pt NP/Al2O3. The detailed synthesis pro-
cedure is described in “Methods” section.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images confirmed that different sizes of
ceria domains were isolated on alumina support in the CA catalysts,
whereas ceria domains were overlapped in Pt/CeO2 (Fig. 1). X-ray
photoelectron spectroscopy (XPS) Ce 3 d spectra showed that the
fraction of Ce3+ was 34.9%, 29.3%, 26.5%, and 24.8% in 3.7CA, 5.6CA,
7.3CA, and Pt/CeO2, respectively (Supplementary Fig. 2). As the ceria
domain size became larger, the surface defect sites decreased.

In order to analyze the effect of ceria domain size for surface
reaction and exclude the effect of various Pt surface structures, the Pt
structure was controlled to possess the single atomic configuration,
since precious metal nanoparticles can easily activate gaseous
oxygen16,17. Only 0.1 wt% of Pt was deposited and its content was con-
firmed through inductively coupled plasma (ICP) (Table 1). Pt L3-edge
spectra of extended X-ray absorption fine structure (EXAFS) revealed
no discernible Pt-Pt scattering peak while exhibiting a Pt-O scattering
peak, implying that these catalysts have single atomic Pt structure
(Supplementary Fig. 3a). The Pt-O coordination numberwas 4.38, 4.37,
4.37, and 5.16 for 3.7CA, 5.6CA, 7.3CA, and Pt/CeO2, respectively
(Supplementary Table 1). When Pt dispersion was estimated from H2

uptake, the Pt dispersion was nearly 100% in these four samples

(Table 1). CO-diffuse reflectance infrared Fourier-transform spectra
(CO-DRIFTS) exhibited a single peak at 2087 cm−1 for 3.7CA, 5.6CA, and
7.3CA, assigned to linear CO adsorbed on single atomic Pt18–20. Pt/CeO2

also presented the linear CO peak at 2090 cm−1, with much smaller
peak intensity (Supplementary Fig. 3b). These CO-DRIFTS results
confirmed that Pt single atomic structure was formed in 3.7CA, 5.6CA,
7.3CA, and Pt/CeO2 catalysts. The number of Pt atoms per one ceria
domain was estimated to be 2.7, 9.4, 20.8 for 3.7CA, 5.6CA, and 7.3CA,
respectively (Table 1).

Ceria domain size-dependent activity for CO oxidation
CO oxidation was conducted under various CO:O2 ratios to assess the
effect of ceriadomain size onoxidation. COoxidationwas selected as a
probe reaction because it is a relatively simple reaction with well-
established mechanisms21. When the reaction occurs in O2-deficient
condition (CO:O2 = 10:1), larger ceria domains exhibited better activity,
with the order of activity being 3.7CA < 5.6CA< 7.3CA (Fig. 2a, b). On
the other hand, when the reaction occurs in O2-rich condition
(CO:O2 = 1:1 or 1:10), the trend in activity reversed, with the order of
3.7CA > 5.6CA> 7.3CA (Fig. 2c–f). Pt/CeO2 and Pt NP/Al2O3 displayed at
most comparable or much lower activity in all the conditions. Clearly,
the activity of Pt/CeO2-Al2O3 catalysts depended on the size of the
ceria domain and reactant composition. CO-DRIFTSwas conducted for
3.7CA after the reaction under various CO:O2 ratios to exclude the
possibility that a change in the Pt structure might contribute to the
activity difference. The Pt structure remained as single atomic after the
reaction, indicated by no discernible peak shift (Supplementary Fig. 4).
When the shift of CO peak was alsomonitored by switching CO andO2

flow, the shift was hardly observed in all the catalysts (Supplementary
Fig. 5). To understand the underlying reasons of the reversal in activity
trend upon the change fromO2-deficient to O2-rich condition and how
the size of ceria domain exerts influence, further characterizations of
the catalysts were conducted.

Oxygen transfer in the ceria domain with various sizes
First, reaction kinetics study was performed on CO oxidation. The
reactionorders inCOwere found tobe 1.08, 1.08, 1.06, and 1.01 and the
reaction orders in O2 were 0.01, 0.02, 0.01, and 0.03 for 3.7CA, 5.6CA,
7.3CA, and Pt/CeO2, respectively, under O2-deficient condition (CO
partial pressure of 1.5 kPa and O2 partial pressure of 0.3-0.7 kPa;

2

Pt/CeO2

(a) (b)

(c) (d)

5.6CA3.7CA

7.3CA

5 nm 5 nm

5 nm 5 nm

Fig. 1 |Morphologyof singleatomicPt/CeO2-Al2O3withdifferent ceria sizes and
Pt/CeO2.ThePt contentwas0.1 wt% inall cases. a–dHAADF-STEM images of 3.7CA,
5.6CA, 7.3CA, and Pt/CeO2, respectively. The number represents the ceria domain
size in nm.
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Fig. 3a, b). This observationofpositive order inCOandzeroorder inO2

points to Mars-van Krevelen (MvK) mechanism, generally reported for
ceria-based catalysts22–25. In the MvK mechanism, CO adsorbed on Pt
site reacts with a surfaceoxygen of nearby ceria, formingCO2. TheCO2

desorbs, leaving oxygen vacancy. The oxygen vacancy can be replen-
ished by lattice oxygen transfer, which provides zero order in O2

26. In
the case of Pt NP/Al2O3, the reaction order in CO was −0.23 and the
order in O2 was 0.93, referring to the Langmuir-Hinshelwood
mechanism, in which both CO and O2 adsorb on the Pt surface to
formCO2.We additionallymeasured the reactionorder inO2 underO2-
rich condition (CO partial pressure of 1.5 kPa andO2 partial pressure of
3–3.4 kPa; Fig. 3c). The reaction order inO2 becamemore positive with
the values of 0.16, 0.24, 0.33, and 0.39 for 3.7CA, 5.6CA, 7.3CA, and Pt/
CeO2, respectively. The oxygen vacancy can be also replenished by
gaseous O2 in thisO2-rich condition. The larger ceria domain exhibited
the larger reaction order in O2, implying more difficult O2 activation.

The observed difference in the activity for various ceria domain
sizes (Fig. 2) could potentially be explained by the difference in their
oxygen transfer capabilities. O2-temperature programmed desorption
(O2-TPD) results show that 3.7CA had the largest amount of adsorbed
surface oxygen species, which presents the peaks at the temperatures
below 500 °C (Supplementary Fig. 6a). H2-temperature programmed
reduction (H2-TPR) results of Pt/CeO2-Al2O3 catalysts show two
reduction peaks at ~370 °C and ~630 °C, indicating the reduction of
surface oxygen and subsurface oxygen species, respectively (Supple-
mentary Fig. 6b). It was expected that surface oxygen vacancies would

be formed after H2 pretreatment at 550 °C while subsurface oxygen
vacancies would be formed after the treatment at 750 °C. In a case of
Pt/CeO2, the subsurfaceoxygenwas reduced athigher temperature, so
the reduction was performed at 900 °C instead of 750 °C. Then O2

uptakes were estimated by measuring the changes in O2 pulses to
observe how many O2 molecules were taken by the catalysts with
oxygen vacancies. TheO2 uptakes normalized by ceria surface area are
shown in themain text, while the rawdata and the value normalized by
total catalyst mass are shown in the supplementary information
(Supplementary Figs. 7–9).

Interestingly, the O2 uptakes for the catalysts reduced at two
different temperatures presented the opposite trend. As the ceria
domain size increased, the amount of O2 uptake decreased when the
ceria was reduced at 550 °C (1.5, 0.64, 0.57, and 0.1 μmol mceria

−2 for
3.7CA, 5.6CA, 7.3CA, and Pt/CeO2), but it increased when the ceria was
reduced at 750 °C (1.7, 4.6, 7.3, and 15.6 μmol mceria

-2 for 3.7CA, 5.6CA,
7.3CA, and Pt/CeO2) (Fig. 3d and e). The difference in the O2 uptakes,
which was denoted with patterned color in Fig. 3e, became larger for
larger ceria.We think that theO2 uptakesmeasured after the reduction
at 550 °C indicateO2 activation on the surface oxygen vacancies,which
is proportional to the Ce3+ fraction (Fig. 3d scheme). On the other
hand, the O2 uptakes measured after deeper reduction at 750 °C fur-
ther included both O2 activation and lattice oxygen transfer into the
sub-surface oxygen vacancies (Fig. 3g). Whereas O2 activation occur-
red more as the ceria domain size decreased, lattice oxygen transfer
occurredmore as the ceria domain size increased. XRD, HAADF-STEM,

Table 1 | Properties of single atomic Pt/CeO2-Al2O3 (CA) with various ceria domain sizes, Pt/CeO2, and Pt NP/Al2O3 catalysts

Ceria domain sizea (nm) BET surface area (m2 gcat
−1) Pt contentb (wt%) Pt dispersionc (%) Number of Pt atom per one ceria domaind

3.7CA 3.7 49.7 0.1 100.4 2.7

5.6CA 5.6 47.2 0.1 100.0 9.4

7.3CA 7.3 45.0 0.1 101.3 20.8

Pt/CeO2 27.6 22.0 0.1 100.7 112.4

Pt NP/Al2O3 - 51.3 0.1 54.8 -
aEstimated based on Scherrer equation from CeO2(111) peak at 28.5°.
bMeasured by ICP.
cMeasured by H2 uptake.
dThe detailed procedure for estimation was explained in the supplementary information.
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and CO-DRIFTS results obtained after the O2 uptake measurements
confirmed that the ceria domain size or Pt atomic configuration were
barely changed (Supplementary Figs. 10–12).

These differences in O2 uptakes explain the opposite activity
trends under different gas environments. In O2-rich condition of CO
oxidation (CO:O2 = 1:1 or 1:10; Fig. 2c-f), O2 activation occurs more
effectively on smaller ceria domain, and the abundant gaseous O2 feed
can facilitate the replenishment of surface oxygen vacancies. In O2-
deficient condition (CO:O2 = 10:1; Fig. 2a and b), the replenishment of
surface oxygen vacancies with gaseous O2 may be insufficient; instead
the diffusion of lattice oxygen from the inner layers to the surfacemay
exert more influence on the activity. Hence, larger ceria with more
transferrable subsurface oxygen can demonstrate higher activity.

To further validate these results, we performed oxygen isotope
experiments using CO and 18O2 at 200 °C under both O2-deficient (CO
7 kPa, 18O2 0.7 kPa) and O2-rich (CO 0.7 kPa, 18O2 0.7 kPa) conditions
(Fig. 4a and b). Mass spectrometry detected C16O16O, C16O18O, and
C18O18O, and the reaction pathways were schematically summarized.
CO first adsorbs on Pt and reacts with neighboring lattice 16O in ceria,
producingC16O16O and leaving behind anoxygen vacancy. The vacancy
can be replenished by lattice 16O transfer and form C16O16O more

(Fig. 4c). This vacancy can be also replenished by gaseous 18O2 acti-
vation or lattice 18O transfer, leading to the subsequent formation of
C16O18O (Fig. 4d). CO adsorbed on Pt can exchange oxygen with 18O,
and this C18O can react with neighboring 18O from ceria, forming
C18O18O (Fig. 4e). Under O2-deficient condition, 3.7CA showed a gra-
dual decrease in the production of C16O16O and increase in C16O18O,
because surface 16O in ceria was consumed and the surface oxygen
vacancy was replenished by 18O. In 7.3CA, however, C16O16O formation
initially increased because the lattice 16O was provided to the surface
more than 3.7CA. Under O2-rich condition, 3.7CA showed rapid decay
of C16O16O and growth of C16O18O, consistent with fast O2 activation at
abundant surface vacancies, whereas 7.3CA exhibited lower overall
CO2 formation. These isotope results also support that larger ceria
domains are more effective in supplying lattice oxygen under O2-
deficient condition, while smaller domains favor surface O2 activation
under O2-rich condition.

The CeO2-Al2O3 supports were synthesized without Pt single
atoms. When the supports were calcined without Pt precursor at 500,
600, and 700 °C, the ceria domain size was 7.1, 7.1, and 7.3 nm,
respectively. The absence of Pt caused ceria sintering20. The effect of Pt
single atom on O2 uptakes was evaluated for the 7.3 nm samples in the
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presence and absence of Pt single atoms (Supplementary Fig. 13). The
O2 uptakes were the same regardless of Pt, indicating that O2 uptakes
do not occur on the single atomic Pt sites.

COuptakes are often used to estimate oxygen storage capacity4,27,28.
After the catalysts were pre-treated with O2 at 550 °C, CO uptakes were
estimated by measuring the changes in CO pulses (Fig. 3f and Supple-
mentary Fig. 14). The CO would adsorb on Pt site, then react with
neighboring oxygen, leaving oxygen vacancy behind after CO2 desorbs.
Then, the oxygen vacancy would be replenished by lattice oxygen
transfer (Fig. 3g; right scheme). As the ceria domain size increased, the
CO uptake also increased except for Pt/CeO2. This is similar to the O2

uptake results obtained after the reduction at 750 °C, representing the
outward transfer of surface and lattice oxygen by CO oxidation. The CO
uptake of the Pt/CeO2 was lower than that of the 7.3CA. The Pt-O coor-
dination number is 5.16 in the Pt/CeO2, while the number is lower as ~4.4
in the CA catalysts. The higher coordination of Pt with neighboring
oxygenmay retard oxygen transfer slightly. The O2 and CO uptake were
also measured for the Pt NP/Al2O3, but the values were much smaller
than those of the ceria-based catalysts (Supplementary Fig. 9).

Ambient-pressure XPS measurements
In order to understand the oxygen transfer behavior by controlling
ceria domain size, it is imperative to monitor the catalytic surface
under reaction conditions with surface-sensitive techniques. In this
case, the nature of the alumina-based catalyst led to severe charging
shift, which were especially pronounced under oxidizing conditions.
Consequently, we chose a strategy focusingon theCO:O2 = 1:1 and 10:1,
rather than 1:10 conditions. The measurements under the O2-rich

condition (CO:O2 = 1:1) were conducted using lab-basedAP-XPSwith Al
K-α X-ray source by increasing the temperature from room tempera-
ture to 100, 200, and 300 °C (Supplementary Fig. 15). The Ce3+ area
ratio difference between three samples remains consistent with
increasing temperature. The increase in the Ce3+ area ratio with the
temperature under O2-rich conditions is attributed to the amount of
oxygen consumed for CO oxidation exceeding the rate at which sur-
face vacancies are healed. The 3.7CA presented the highest Ce3+ area
ratio in all the temperatures, ensuring its high O2 activation ability.

We conducted synchrotron-based AP-XPS measurement under
O2-deficient condition (CO:O2 = 10:1) to investigate oxygen transfer
ability more precisely (Fig. 5a-c). A photon energy of 1050 eV was used
to conduct surface-sensitive analysis, resulting in a probing depth of
~1.6 nm. The Ce3+ area ratio at room temperature was the highest at
41.6% for 3.7CA, 38.1% for 5.6CA, and 32.0% for 7.3CA. Interestingly,
under O2-deficient condition, the Ce3+ area ratio for 7.3CA increased
significantly as the temperature rose from 32.0% at room temperature
to 49.4% at 300 °C. For 3.7CA, the Ce³⁺ area ratio showed a subtle
increase from 41.6% at room temperature to 44.2% at 300 °C, leading
to a reversal of Ce³⁺ area ratios at 300 °C (Fig. 5d). This reversal in Ce³⁺
area ratio at higher temperatures is attributed to the CO oxidation
under conditions where O2 activation is constrained. These findings
suggest that substantial subsurface oxygen was consumed via lattice
oxygen transfer during CO oxidation, which aligns with the superior
CO oxidation activity of 7.3CA under O2-deficient condition. This
observation is also consistent with our uptake results: smaller ceria
domains favor surface O2 activation, while larger ceria domains
experience more lattice oxygen transfer.
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Molecular dynamics simulations of the ceria domains for
O2 uptake
To further understand the effect of ceria domain size on oxygen acti-
vation and diffusion kinetics observed in O2 uptake experiment, we
performed large scale molecular dynamics (MD) simulations using
three Pt/CeO2-Al2O3modelswith different ceria domain sizes. Classical
force field-based molecular dynamics (MD) simulations are not sui-
table for our model system due to their limited accuracy, while elec-
tronic structure methods such as density functional theory (DFT),
despite their accuracy, strugglewith scalability to extended length and
time scales. To overcome these limitations, we have employed a state-
of-the-art neural network potential (NNP) model. This computational
framework allows for a systematic exploration of large-scale ceria
domains through extensive MD simulations under experimental con-
ditions, without sacrificing precision.

The thermodynamically stable Pt/CeO2-Al2O3 models were con-
structedbyperforming annealingMDsimulations of three hemisphere
ceriamodels on Al2O3 slab, where eachmodel represents ceria domain
sizes of 3.7CA, 5.6CA, and 7.3CA. Followed by annealing MD simula-
tions, Pt single atoms were anchored on ceria domains, and surface
Ce3+ sites were generated by removing surface oxygen atoms to have
the Ce3+ ratio of 40%, 30%, and 30% for 3.7CA, 5.6CA, and 7.3CA,
respectively, reflecting XPS data (Supplementary Figs. 16–18). O2

uptake MD simulations were conducted using these three Pt/CeO2-
Al2O3 models in O2 gas randomly distributed in the simulation boxes
(Fig. 6a and Supplementary Fig. 19). To ensure a comprehensive
exploration of the configuration space, five O2 gas configurations were
used. All simulations reached thermodynamic equilibrium and exhib-
ited exothermic changes (Supplementary Fig. 20).

O2 uptake can be primarily divided into two sequential processes:
O2 activation and lattice oxygen transfer. O2 activation involves the

surface activation of gaseous oxygen, whereas lattice oxygen transfer
involves the sequential transfer of activated oxygen species from the
surface to the subsurface region of the ceria domain (Fig. 6b, c). In the
case of O2 activation, different types of activated oxygen species were
observed, including filling of surface Ce3+ sites, surface physisorption,
coordination with Pt, and chemisorption on the lattice oxygen (Sup-
plementary Fig. 21a and b). These configurations of activated oxygen
species on the surface were observed regardless of the ceria domain
sizes (Fig. 6b). Following O2 activation, we observed transfer of the
activated surface oxygen species into the subsurface region and fur-
ther transfer into the bulk region of the ceria domain (Supplementary
Fig. 21c and Fig. 6c).

To quantify the O2 uptake within the ceria domains, the change in
Ce-O coordination number of all Ce atoms in eachmodelwasmonitored
during the MD simulations. We classified all Ce atoms in the system as
either surface Ce atoms or bulk Ce atoms based on their oxygen coor-
dination (see Supplementary Information and Supplementary Fig. 22 for
details). The changes in Ce-O coordination of surface Ce atoms were
assigned toO2 activation, while those of bulk Ce atoms to lattice oxygen
transfer. The statistical uncertainties shown as error bars are relatively
small, indicating thatO2uptakeMDsimulationswere independentof the
initialO2gas configurations. In the 7.3CAmodel, a notabledecrease inO2

activation was observed from 1.39 µmol[O2]/mceria
2 at 25 ps to 1.18

µmol[O2]/mceria
2 at 100ps, indicating that activated gaseous oxygen is

diffused from the surface into the bulk region (Fig. 6d). In smaller ceria
domains, O2 uptake predominantly occurs at the surface (85% O2 acti-
vation vs. 15% lattice oxygen transfer for 3.7CA) (Fig. 6e). As the size of
the ceria domains increases, a greater proportion of lattice oxygen
transfer is observed (46% and 51% for 5.6CA and 7.3CA, respectively),
indicating a size-dependent trend in oxygen activation and lattice oxy-
gen transfer dynamics. These trends are consistent with experimental
observation of Fig. 3e.

The effect of undercoordinated surface Ce3+ sites density was fur-
ther investigated on the various ceria domain sizes. Experimentally, the
smaller ceria domain tends to have larger Ce3+ sites and it is very difficult
to distinguish the Ce3+ sites density effect from the size effect. To sys-
tematically analyze the effect of the surfaceCe3+ defect site densitywhile
isolating the effect of ceria domain size, we constructed additional six
theoretical models by adjusting the number of surface oxygen atoms.
This resulted in a total of nine models: 3.7CA, 5.6CA, and 7.3CAmodels,
each with the stoichiometric Ce3+ ratio of 20%, 30%, and 40% (Fig. 6f).
This approach allowed us to isolate the effects of Ce3+ sites density from
ceria domain size (Supplementary Figs. 23 and 24). The total O2 uptake
of 3.7CAmodel remained relatively constant regardless of the Ce3+ ratio,
exhibiting minimal variation with increasing Ce3+ defect sites density
(Fig. 6f). In contrast, larger ceria domains, the 5.6CA and 7.3CA models,
demonstrated a progressive increase in O2 uptake with the presence of
more Ce3+ defect sites. When O2 activation and lattice oxygen transfer
were separately evaluated (Supplementary Fig. 24), the O2 activation
occurs more at higher Ce3+ ratio regardless of the ceria domain size,
while large ceria domains facilitate the incorporationof activatedO2 into
the ceria lattice, allowingmore oxygen to be accommodated in the bulk
and subsurface regions.

To explicitly evaluate the role of Pt single atoms in O2 uptake, the
O2 uptake MD simulations were also performed using CeO2-Al2O3

models without Pt (Supplementary Figs. 25 and 26). Fig. 6g shows the
theoretical total O2 uptakes of Pt/CeO2-Al2O3models on the x-axis and
those of CeO2-Al2O3models on the y-axis. The total O2 uptake remains
largely unchanged regardless of the presence of Pt single atoms in the
system. Someof the data points arepositioned slightly to the right side
from theparity line, indicating a subtle increase inO2 uptakedue to the
presence of Pt single atom sites. However, the difference was negli-
gibly small compared to the effectofCe3+ site density and ceria domain
size. This effectively rules out the role of Pt single atom sites in influ-
encing the O2 uptake.
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Industrially relevant oxidations
In order to explore the industrial potential of ceria structure modula-
tion, the catalysts with different ceria domain sizeswere tested for CH4

oxidation (Fig. 7a). Because methane oxidation typically occurs at O2-
rich conditions, we can expect that smaller ceria would facilitate O2

activation based on our findings above. Truly, the activity of CH4 oxi-
dation showed the order of 3.7CA > 5.6CA > 7.3CA > Pt/CeO2 > Pt NP/
Al2O3 for 0.1 wt% Pt. PtPd bimetallic catalysts are generally known to
exhibit high activity for methane oxidation, because Pd behaves as
active sites via Pd-PdO redox cycles and Pt helps Pd to maintain its
electronic state29,30. The catalysts with 0.1 wt% Pt and 0.1 wt% Pd were
prepared using additional palladium (II) nitrate hydrate (Sigma-
Aldrich) without N2 re-dispersion and tested for methane oxidation
(Supplementary Fig. 27 and Fig. 7b). The CH4 conversion at 300 °Cwas
69.1%, 53.1%, 34.1%, 8.3%, and 0% in PtPd/3.7CA, PtPd/5.6CA, PtPd/
7.3CA, PtPd/CeO2, and PtPd/Al2O3, respectively. Clearly, the smaller
ceria domain accelerated CH4 conversion at low temperatures.

The loading of Pt and Pd in PtPd/CeO2 catalysts was varied to
enhance methane oxidation activity and compared with PtPd/3.7CA
containing 0.1wt% Pt and 0.1wt% Pd. Although the metal content
increased up to 1wt%, the CeO2 support presented less activity than

the 3.7CA with 0.1 wt%metals (Fig. 7c), demonstrating that controlling
the ceria domain size anchored on alumina can be powerful to facil-
itate O2 activation in O2-rich condition. The activity for methane oxi-
dation typically degrades in the presence of moisture. When the
methane oxidationwas repeated under additional 5%H2O at otherwise
the same condition, the PtPd/3.7CA still presented the highest activity
(Fig. 7d). The size of ceria domain was barely changed in the CA
samples, while the PtPd/CeO2 suffered from significant ceria sintering
(Supplementary Fig. 28). These findings illustrate that enhancing O2

activation by controlling the property of ceria support can be an effi-
cient way to promote methane oxidation in O2-rich condition, while
reducing the loading of precious metals.

Discussion
This work provides insights into oxygen transfer on ceria and its
impact on surface reactions. We synthesized Pt/CeO2-Al2O3 catalysts
with various ceria domain sizes of 3.7, 5.6, and 7.3 nm (denoted as
3.7CA, 5.6CA, and 7.3CA, respectively). Unlike Pt/CeO2, the ceria
domains were isolated on alumina, preventing oxygen transfer
between ceria domains and thus allowing an accurate assessment of
the effect of ceria domain size. Pt single atomic structures were
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meticulously prepared to exclude O2 activation on Pt nanoparticles.
When COoxidationwas performed on the Pt/CeO2-Al2O3 catalysts, the
activity was highly dependent on ceria domain size and reactant
composition. This variation was due to the distinct oxygen transfer
properties ofO2 activation and lattice oxygen transfer.We successfully
decoupled O2 activation on ceria from lattice oxygen transfer. The
smaller ceria facilitated surface O2 activation, resulting in high activity
under O2-rich conditions. Conversely, under O2-deficient conditions,
lattice oxygen transfer played a more important role, yielding higher
activity in larger ceria domain. Ambient-pressure XPS results showed
that under O2-rich conditions, 3.7CA exhibited the highest Ce³⁺ area
ratio at all temperatures. In contrast, under O2-deficient conditions,
larger ceria domains demonstrated a significant change in the Ce³⁺
area ratio as the temperature increased, which is attributed to lattice
oxygen transfer capabilities. The size-dependent oxygen kinetics of
ceria domains were systematically investigated using large-scale MD
simulations of realistic models with a neural network potential trained
on first-principles data. The activation of gaseous oxygen and oxygen
transfer weremonitored and quantified at the atomic level, confirming
the effect of ceria domain size and defect site density. PtPd catalyst
deposited on small ceria domain presented high activity for methane
oxidation due to facilitated O2 activation in O2-rich condition. This
work highlights the role of understanding oxygen transfer in metal
oxide support to enhance catalytic performance.

Methods
Synthesis of single atomic Pt/CeO2-Al2O3 catalysts
γ-Al2O3 (99.97%, Alfa Aesar) was calcined at 700 °C. The appropriate
amount of cerium nitrates (Kanto chemical, 99.99%) was dissolved in
deionized water to prepare 10wt% of CeO2 on alumina. The alumina
was introduced into the cerium precursor solution and stirred for 1 h.
Chloroplatinic acid (Sigma-Aldrich, ≤100%) was dissolved in deionized
water to prepare 0.1 wt% Pt and the solution was dropped into a sus-
pension of alumina and a cerium precursor solution. The resulting

solution was heated until completely evaporated, ground, and cal-
cined in air at 500, 600, or 700 °C for 5 h. Then the samples were
reduced at 300 °C for 1 h under 10% H2 (N2 balance), and purged with
N2 flow at 600 °C for 10 h for re-dispersion to prepare Pt single atomic
structure31. Pt/CeO2 was prepared using CeO2 (Sigma Aldrich) by the
same method without alumina and cerium precursor. Pt NP/Al2O3 was
synthesized using polyol method. NaOH (Samchun) 6.12mg and
sodium acetate (Sigma Aldrich) 0.64mg were dissolved per mL of
ethylene glycol (EG). Then, chloroplatinic acid solution was added to
the EG solution and reduced in an oil bath for 3 h at 150 °C while
refluxing under N2. After cooling to room temperature, alumina was
introduced into the flask and refluxed at 100 °C overnight. The solu-
tion waswashed in deionizedwater and dried in vacuumoven. Further
details about catalytic reactions and characterizations can be found in
Supplementary Information.

Ambient-pressure (AP) XPS measurements
AP-XPS experiments were conducted at the Pohang Accelerator
Laboratory (PAL) and KAIST. At the 8A2 beamline at PAL, AP-XPS
measurements were performed using a PHOIBOS 150 hemispherical
electron analyzer (SPECS). A photon energy of 1050 eV was used to
analyze the Ce 3 d region (923-877 eV). The sample temperature was
controlled with an IR laser and monitored via a thermocouple
embedded in the sample holder. Details of the lab-based AP-XPS setup
at KAIST can be found elsewhere32. The instrument at KAIST consisted
of a monochromated Al Kα X-ray source (hν = 1486.74 eV) and a HiPP3
hemispherical electron analyzer (Scienta Omicron). Temperature was
controlled using the resistive heating mode of HEAT3-PS equipment
(Prevac). CO(g) and O₂(g) were introduced into the analysis chamber
for the AP-XPS measurements. Peak analysis was carried out using
CasaXPS software with an L Shirley background subtraction. All peaks
were calibrated using the position of the Ce⁴⁺ 3 d₅/₂ component
(917.4 eV) as an internal reference. The Ce³⁺ area ratio was estimated
by dividing the area of the Ce³⁺ peaks by the total area of all peaks.
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O2 uptake MD simulations
Molecular dynamics (MD) simulations were performed using the
atomic simulation environment (ASE)33 with theNVT ensemble, using a
Berendsen thermostat with a temperature damping constant of 1 fs34.
The temperature was maintained at a constant temperature of 773K.
For each model, we performed five statistically independent simula-
tionswithfive different initial configurations of theO2 environment for
ensemble averaging to reduce statistical noise. All the results reported
in this work are ensemble-averaged values from five MD simulations
with uncertainties assessed by calculating the standard deviation from
the ensemble average. The velocities of the systemwere initiated using
the Maxwell-Boltzmann distribution and zeroed the total momentum
to prevent drift. The simulations were conducted over 100,000 steps
with a time step of 1 fs (100 ps in total). This duration was sufficient to
achieve energy equilibrium, indicated by a rate of change of less than
0.0002 eV/ps. Additionally, the complete oxidation of the ceria
domain was observed, confirming that the simulation time was ade-
quate (Fig. 6d). All structure optimization relaxations were performed
using the Broyden–Fletcher–Goldfarb–Shanno line search method35.
All MD simulations were performed using the pretrained universal
neural network potential (UNNP) software, preferred potential version
5.0.0 within the Matlantis distribution36. This UNNP was trained using
an ab-initio database, achieving state-of-the-art accuracy in the Mat-
bench benchmark37. Further details on the preparation of large-scale
ceria domain models, the MD analysis method, and UNNP evaluation
using density functional theory (DFT) calculations are presented in the
supplementary information.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Should any raw data files be needed in another format, they are
available from the corresponding author upon request.

Code availability
All code and data supporting this study are openly available in Zenodo
at https://doi.org/10.5281/zenodo.17446128. This includes computa-
tional scripts, input files, and processed data used to generate all fig-
ures and results presented in this manuscript.
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