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ABSTRACT: Nanomaterials based on Pt and ceria (CeO2) that are sub-
jected to oxidative pretreatments can catalyze the CO oxidation reaction
at temperatures below 0 °C, which is relevant for the conversion of low-
temperature combustion emissions. However, the mechanisms by which
such systems catalyze the low-temperature CO oxidation reaction remain
unclear; the apparent activation energies measured experimentally for Pt/
CeO2 catalysts active below 0 °C are low and inconsistent with the activa-
tion barriers calculated using density-functional theory (DFT) on various
oxidized or reduced ceria-supported Pt models. This study demonstrates,
by means of DFT modeling and kinetic Monte Carlo simulations, CO oxi-
dation pathways on stable ceria-supported PtOx clusters involving activa-
tion energies, turnover frequencies, and reaction temperature onsets
consistent with low-temperature experimental catalytic data. These reac-O
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tion pathways involve the oxidation of CO with O atoms of the supported PO
L

s 
on
 tOx clusters instead of those from the CeO2 support often

suggested for Mars van Krevelen mechanisms on ceria-supported metal catalysts. In contrast to the often-assumed higher reactivity of
interface sites, the low-temperature CO oxidation mechanism via top-layer O atoms of the Pt6O9 cluster distant from the support
exhibits higher turnover frequencies than the mechanism involving interface O atoms of the cluster. These mechanistic insights pave
the way for designing very low-temperature oxidation catalysts based on stable supported metal-oxide clusters.
KEYWORDS: Pt/CeO2 catalysts, low-temperature CO oxidation, PtOx clusters, DFT calculations, kinetic monte carlo
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1. INTRODUCTION PtO species,37−44 whose presence was related to CO oxidation
026
6
6
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Oxidation reactions are important for the conversion of toxic
exhaust gases.1,2 CO oxidation is also an important probe reac-
tion for obtaining fundamental insights into heterogeneous
catalysis.3,4 Significant efforts have been devoted to developing
efficient CO oxidation catalysts with materials ranging from
noble metals5,6 to oxide-based formulations.7,8 Among the lat-
ter, cerium dioxide (CeO2, ceria)

9 has been widely used as a
supporting material for more active metal components due to
its capacity to store oxygen and enable prominent metal-
support interactions that affect the chemical properties of sup-
ported metal particles and clusters.10−15

An important challenge is to lower the temperature required
for CO oxidation light-off down to very low-temperature
regimes.16 Pt is a common active component of efficient low-
temperature oxidation catalysts, which, when supported on
CeO2, can form such diverse structures as single atoms,17−21

small clusters,22−25 and nanoparticles.26,27 This structural diver-
sity contributes to the multiple factors controlling the catalytic
activity of Pt, including the oxidation states of Pt atoms,28−31

the geometry of CeO2 surface facets,
32 the modification of the

CeO2 support by dopants,33,34 or the mixing with other
oxides.35,36 Pt deposited on ceria can also easily form oxidized
x
catalytic activity at temperatures as low as –40 °C and measured
apparent activation energies of ∼0.1 to 0.4 eV.38,43,45

Langmuir-Hinshelwood (LH)46,47 mechanisms involving
adsorbed oxygen or Mars van Krevelen (MvK)48−50 mecha-
nisms involving instead oxygen in the catalyst structure are
commonly invoked to explain how the CO oxidation activity
depends on numerous electronic and structural features of Pt/
CeO2 catalysts under varying reaction conditions.26,51,52

However, as was demonstrated in the exhaustive Density
Functional Theory (DFT) study from Koleva et al.,22 either
LH or MvK mechanisms proposed in the literature for both
reduced46−48,50 and oxidized40,53 Pt particles and atoms involve
rate limiting elementary steps with higher activation barriers
than those consistent with CO oxidation activity below 0 °C.
https://doi.org/10.1021/acscatal.6c01003
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For example, an activation energy of ∼0.9 eV such as that
reported by Koleva et al.,22 Bosio et al.,52 and others,46,48,53

for the MvK mechanism on ceria-supported reduced Pt parti-
cles results in noticeable catalytic activity only well above room
temperature in kinetic Monte Carlo (kMC) simulations.52

Somewhat lower barriers for the CO oxidation step ranging
from ∼0.4 to 0.7 eV were reported on models with high CO
coverage on ceria-supported Pt particles27,48,50,54 and for atom-
ically dispersed Pt cations27,45,48,53,55−58 on ceria surfaces and
nanoparticles. In fact, the barrier for the CO oxidation step in
such systems depends strongly on the nature of the oxidant,
with the Ce4+ oxidants within ceria resulting in higher barriers
than Ptδ+ cations or [Ptn]

δ+ clusters.22 This observation is con-
sistent with the low-temperature oxidation occurring over oxi-
dized PtOx clusters on ceria and, indeed, mechanisms
calculated by means of DFT by Wang et al.38 for such systems
involve low barriers of ∼0.3 eV for the elementary step where
CO is oxidized with an O atom of the PtOx cluster. However,
Wang et al. calculated that O2 activation on PtOx and O mobil-
ity within the cluster become rate determining steps with bar-
riers >0.9 eV. Steps related to the activation and dissociation
of O2 also become rate-determining on the atomically dispersed
Pt cations and Pt particles under high CO coverages, except for
cases in which the CeO2 support is already reduced and exhibits
(endothermically formed) O vacancies that can activate O2.

22

Given the discrepancy between these quite large barriers and
the experimentally measured activity at temperatures below
0 °C of oxidized ceria-supported PtOxnew mechanistic insights
on ceria-supported PtOx catalysts are required for an atomic-
level understanding of such remarkable low-temperature
activity.

In this work, DFT calculations and kMC simulations are
performed to evaluate the activity of ceria-supported PtOx
clusters towards CO oxidation. Different reaction mecha-
nisms on a CeO2(111)-supported Pt6O9/CeO2 structural
model are proposed to rationalize activity of this catalyst at
very low temperature. Several explored catalytic paths show
that the reaction proceeds by CO oxidation steps, where O
is provided by the ceria-supported Pt6O9 cluster or adsorbed
and activated O2 molecules. The resulting activation barriers
are notably lower than those requiring direct involvement of
O atoms from the CeO2 support. Activity data from the kMC
simulations provide turnover frequencies consistent with the
experimentally observed CO oxidation activity at tempera-
tures lower than 0 °C attributed to ceria-supported PtOx
particles.
2. COMPUTATIONAL DETAILS

2.1. Computational Methods

Spin-polarized DFT calculations were performed with the
Vienna Ab-initio Simulation Package (VASP).59−61 The
valence electrons-2s and 2p of C and O atoms, 5d and 6s of
Pt atoms and 5s, 5p, 6s, 5d and 4f of Ce atoms-were described
explicitly by a plane wave basis set with a cutoff energy of 415
eV. Interactions between valence and core electrons were
accounted for using the projector augmented wave (PAW)
method.62 The PW9163 generalized gradient approximation
exchange-correlation functional was used corrected with a
Hubbard U-term64 for Ce4f electrons, with U = 4.0 eV.65

The Brillouin zone was sampled using only the Γ point.
1201
Electronic structure convergence criterion was 5.0 × 10−6 eV
and geometry optimizations were considered converged, when
forces acting on each relaxed atom became smaller than 0.05
eV/Å. Transition state structures were calculated using the
climbing image nudge elastic band method.66 Vibrational fre-
quencies were calculated to confirm that the identified minima
and saddle points were stationary points of the potential energy
surface and to calculate zero-point energy corrections and
Gibbs energies.

2.2. Structural Model of Ceria-Supported PtOx

We use a Pt6O9 cluster supported on the CeO2(111) surface
(Figure 1) as the structural model for ceria-supported PtOx.
In previous work,37 this supported cluster model was identi-
fied as the most stable state of cluster structures comprising
6 Pt atoms under a wide range of conditions (including very
slightly oxidizing conditions and temperatures up to
500 K) by means of an exhaustive global optimization and
ab initio thermodynamics. This cluster is characterized by a
network of [PtO4] structural motifs, where each Pt atom
exhibits a square-planar coordination environment. We note
that for the Pt atoms in interface positions, the [PtO4] motif
is completed with O atoms of the ceria lattice. The
CeO2(111) support was represented by a periodic slab with
2 O–Ce–O tri-layers and a 4 × 4 surface supercell with 12 Å
of vacuum between neighboring slabs. In all DFT calculations,
atoms of the O–Ce–O tri-layer in contact with the Pt6O9 clus-
ter were allowed to relax while keeping the bottom tri-layer
atoms fixed in their bulk positions corresponding to the exper-
imental lattice parameter of 5.40 Å. Using a thicker
CeO2(111) slab with structural relaxation of more O–Ce–O
tri-layers in contact with Pt6O9 may slightly affect the energy
of the cluster-support interaction, but no significant changes
of the individual Pt–O bonds are expected from such model
extension.

2.3. Kinetic Simulations

Kinetic Monte Carlo (kMC) simulations were performed
using the first reaction method (FRM)67 as implemented in
the MonteCoffee package.68 Within the FRM, the time
at which an event connects two states α and β of a given sys-
tem is:

tαβ = t −
1

Wβα
ln rð Þ (1)

where t is the simulation time, Wβα is the rate constant of a
specific event and r is a uniform random number on the unit
interval. Events are stored in an event list and when the first
event of the list is executed, the state of the system is updated
along with the simulation time. Following the execution of an
event, some events in the event list are disabled, while other
new events are enabled.
For adsorption events, the rate constant Wads is calculated

using collision theory:

W ads =
PA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πmkBT
p (2)

Here, P is the partial pressure of the adsorbate, A is the
area of the adsorption site, m is the mass of the adsorbate,
https://doi.org/10.1021/acscatal.6c01003
ACS Catal. 2026, 16, 12009−12020
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Figure 1. Globally optimized structure of Pt6O9 cluster supported on CeO2(111) surface: top view − left panel, side view − right panel. Color cod-
ing of atoms: Pt-grey, O of Pt6O9 − dark red, O of CeO2 − light red, Ce − beige. In the Pt6O9 cluster Pt atoms are labeled with capital letters and O
atoms with digits. The dashed line displays a symmetry plane of the cluster, which makes the corresponding atoms with primed and not primed labels
equivalent.
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kB is Boltzmann constant and T is the temperature. For acti-
vated reactive events such as formation of intermediates or
activated desorptions (e.g. some CO2 desorption steps as
shown below), the expression used is the following:

Wj =
kBT
h

e
− Ej
kBT (3)

where h is Planck constant and Ej is the activation energy of
the process j. If j corresponds to a non-activated desorption
event, Ej is the adsorption energy.

kMC simulations allow us to account for the spatial distri-
bution and connectivity of different sites. While the active sites
of Pt on the Pt6O9 cluster are considered to be independent
from each other (i.e. diffusion of adsorbates between active
sites is neglected) in our simulations, we define a list of neigh-
bors for every Pt atom from surrounding O atoms and the
possible reactive or diffusive events involving these Pt and O
sites for every given state. The simulations were carried out
for a total simulation time of 0.1 s, which is long enough to
ensure convergence of the turnover frequency (TOF) in the
range of –100 to 100 °C. Given the stochastic nature of the
kMC approach, 10 simulations were run for each temperature
with different random initialization seeds to ensure statistical
accuracy and significance.

3. RESULTS AND DISCUSSION

3.1. CO Adsorption

The reactivity of the Pt6O9 cluster on CeO2(111) has been
probed through the adsorption of a CO molecule on various
sites of the cluster calculated from different initial positions
of CO. These local-minimum adsorption structures corre-
spond to CO bound to the cluster via Pt atoms. Some geom-
etry relaxations of CO on O sites of the PtOx cluster
converged directly to the CO2-like structures described
below. However, the formation of such complexes involves
the breaking of a Pt–O bond and is therefore activated pro-
cess (as shown by the corresponding calculated barriers
1201
reported below). The resulting adsorption energies
Eads(CO) (see Table 1) were calculated as.

EadsðCOÞ= EðCOtop − Pt6O9=CeO2Þ− EðPt6O9=CeO2Þ
− EðCOÞ
1

where E(COtop–Pt6O9/CeO2) and E(Pt6O9/CeO2) are the
total energies of the CeO2-supported Pt6O9 with and with-
out CO adsorbed in on-top positions of Pt atoms, respec-
tively. E(CO) is the total energy of the gas-phase CO
molecule. Negative values therefore correspond to thermo-
dynamically favorable adsorption. The results in Table 1
show that adsorption is stronger on atoms C and D, i.e. those
which form square planar [PtO4] motifs with O atoms only
of the PtOx cluster. Adsorption on Pt atoms that use one O
atom of the ceria lattice to form such motifs is less favorable.

3.2. O Vacancy Formation

After the adsorption of a CO molecule on a Pt site, oxidation
could occur through a MvK mechanism by consuming an oxy-
gen atom provided by the reducible CeO2 support

22,52 or the
oxygen-rich Pt6O9 cluster. To evaluate reactivity of the O atoms
of the supported PtOx cluster, the O vacancy formation energy
E(Ov) for O atoms of the Pt6O9 cluster on CeO2(111) was cal-
culated (see Table 2).
As shown in Figure 1, the O1 and O2 atoms have no direct

bonds to the CeO2 support and are therefore hitherto referred
to as top-layer O atoms, while O3, O4 and O5 atoms, which
form bonds with the support, are referred to as bottom-layer
or interface O atoms. The top-layer O atoms are thermodynam-
ically easier to remove than the bottom-layer ones (i.e., they
have lower E(Ov), see Table 2), indicating that it is more favor-
able to distort/reduce the [PtO4] motifs that do not include any
O from the ceria support. Importantly, E(Ov) in the Pt6O9 clus-
ter is lower than in the CeO2(111) support near or distant from
Pt6O9, as calculated in previous work for CeO2(111)-supported
Pt clusters,69 which indicates that O atoms from the PtOx clus-
ter are more reactive than those of the CeO2(111) surface.
Notably, the deposited Pt6O9 cluster does not decrease the cal-
culated O vacancy formation energy of the support compared
https://doi.org/10.1021/acscatal.6c01003
ACS Catal. 2026, 16, 12009−12020
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Table 1. Adsorption Energy Eads(CO) of One CO Molecule
in On-Top Sites of Different Pt Atoms of the Pt6O9 Cluster
on the CeO2(111) Surface (See Figure 1 for Labels of the Pt
Atoms)a

Pt atom Eads(CO), eV

C −0.86
D −0.83
A (A’) −0.69
B (B’) −0.19

aGiven the symmetry of the cluster, Eads(CO) for each pair of the
primed and non-primed Pt atoms are equal. The resulting optimized
structures for each site are shown in Figure S5.

Table 2. O Vacancy Formation Energy E(Ov) for the Pt6O9
Cluster on the CeO2(111) Surface (see Figure 1 for Labels of
the O Atoms)a

O atom E(Ov), eV

2 (2’) 1.71
1 (1’) 1.76
5 (5’) 1.92
4 2.17
3 (3’) 2.23

aThese E(Ov) are notably lower than 3.02 eV calculated using our
model for removal of a surface O atom of CeO2(111) closest to the
PtA atom, which is representative of E(Ov) values for the interface O
atoms of CeO2(111). The optimized structures for each vacancy site
are shown in Figure S5.

ACS Catalysis pubs.acs.org/acscatalysis Research Article
to that of the bare CeO2(111) surface.
69 Furthermore, creating

an O vacancy in the PtOx/CeO2(111) system does not lead to
the formation of Ce3+ centers, neither by removing an O atom
from the ceria surface nor from the PtOx. The two electrons left
behind by the removed O atom are therefore shared by various
Pt atoms of the cluster, as evidenced by the extra electron
charge of ca. 0.8 |e| (in terms of the Bader charges,
Figure S4) being distributed over Pt atoms near the created O
vacancy in the PtOx cluster. Interestingly, the –0.8 |e| Bader
charge of O atoms of the PtOx cluster is less negative than that
of O atoms in the CeO2 surface, indicating a less pronounced
ionicity of Pt–O bonds compared to Ce–O bonds. This less
ionic character of O in PtOx cluster is directly related to the
higher reducibility of the PtOx cluster with respect to the
CeO2 surface.

3.3. 1st O–CO Complex Formation and CO2 Desorption

We therefore explore reaction paths for oxidation of the
adsorbed CO molecule by the O atoms of the Pt6O9 cluster,
leading to the activated O–CO complexes as illustrated in
Figure 2, which exhibit a bent structure typical of carbonite-
like structures.

The reaction energies from adsorbed CO to bent O–CO are
calculated as.

ΔErðO−COÞ= EðO−CO− Pt6O8=CeO2Þ
− EðCO − Pt O =CeO Þ
top 6 9 2
where E(O–CO–Pt6O8/CeO2) is the total energy of the O–
CO complex on Pt6O8/CeO2 and E(COtop–Pt6O9/CeO2) is
the total energy of CO adsorbed on top of a Pt atom in
1201
Pt6O9/CeO2. The COtop–Pt6O9/CeO2 and O–CO–Pt6O8/
CeO2 states are separated by an energy barrier E≠, which has
been characterized with transition state search calculations for
different combinations of Pt and O atoms. The energy of the
subsequent CO2 desorption is calculated as.

ΔEdesðCO2Þ= EðPt6O8ðv#Þ=CeO2Þ+ EðCO2Þ
− EðO−CO− Pt6O8=CeO2Þ
2

where E(Pt6O8(v#)/CeO2) is the total energy of a Pt6O8/CeO2
complex with # specifying the O atom removed from the cluster
when desorbing CO2. E(CO2) is the total energy of a gas-phase
CO2 molecule. The calculated energies related to several O–
CO and CO2-desorbed states along with the associated reaction
and transition state energies separating CO and O–CO struc-
tures (ΔEr(O–CO), E≠(CO→O–CO)) and O–CO and CO2
desorbed structures (ΔEdes(CO2), E

≠(CO2 des)) are collected
in Table 3.
The formation of the O–CO complexes from adsorbed

CO on Pt is an energetically favorable process stabilizing
the system by 1.0–1.8 eV. Activation barriers for this process
are from 0.1 to 0.5 eV. Notably, using Pt6O9 as the source of
oxygen atoms for CO oxidation results in much lower activa-
tion energies compared to the 0.9−1.0 eV activation energies
calculated for ceria-supported Pt particles22,52 and PtOx
clusters38 in previous studies. The present CO2 desorption
energies ΔEdes(CO2), –0.38 to 0.24 eV, show that CO2
desorption from this activated state O–CO is energetically
feasible, but may involve an energy barrier. We have there-
fore calculated the transition state for CO2 desorption from
the 1D O–CO complex structure (the state following the
lowest-barrier O–CO formation) and obtained an energy
barrier of 0.36 eV.
Our calculations also reveal that the adsorption of CO can

lead to carbonate-like CO3 species involving two O atoms
(2 and 2’) of the Pt6O9 cluster, and which are by 0.16 eV more
stable than the O–CO complex on the 2D site (see Table 3).
However, the calculated reaction barriers (see Figure S1) from
CO on site D to O–CO on site 2D (0.52 eV) and subsequently
to the CO3 complex (0.77 eV) are significantly higher than
those starting from the same CO on site D to form O–CO
on site 1D (0.30 eV) and subsequently to desorb into gas-
phase CO2 (0.36 eV). The desorption energy of CO2 from
the CO3-like complex is low (0.42 eV), indicating that temper-
atures able to overcome the 0.77 eV barrier to form the CO3
species will also be able to eliminate them by desorbing gas-
phase CO2.

3.4. 2nd O–CO Complex Formation and CO2 Desorption

The oxidation of the first CO molecule and desorption of CO2
result in the formation of a partially reduced Pt6O8/CeO2 with
a vacancy in the top-layer O1 or the bottom-layer O3 atom sites,
given the low activation barriers for CO2 release from these
sites.
Two main reaction paths are conceivable starting from

these Pt6O8/CeO2 structures given that the reoxidation or fur-
ther reduction processes of the Pt6O8 cluster are competitive
events. The first path (Path #1) involves first the re-
oxidation of the cluster by an O2 molecule adsorbed at the
vacancy site, which results in a Pt6O10 cluster with an “extra”
O atom available for oxidation of the next adsorbed CO mol-
ecule. The sequence in which reactants adsorb for this path is
https://doi.org/10.1021/acscatal.6c01003
ACS Catal. 2026, 16, 12009−12020
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Figure 2. Schematic representation of CO oxidation via the formation of an O–CO complex. The left-hand side panel show s CO adsorbed on- top
of a Pt atom, in the central panel the O–CO complex has been formed, while in the right-hand panel CO2 has desorbed creating a vacancy in the
Pt6O9 cluster. Color coding of atoms: Pt-grey, O of Pt6O9 and CO − dark red, O of CeO2 − light red, Ce − beige.

Table 3. Energies (in eV) Characterizing Activated O–CO Complexes on Pt6O9/CeO2
a

O–CO/Pt ΔEf(O–CO) E≠(CO→O–CO) ΔEr(O–CO) E≠(CO2 des) ΔEdes(CO2)

1A −1.23 0.32 −0.54 −0.30
1C −1.15 0.45 −0.29 −0.38
1D −1.38 0.30 −0.55 0.36 −0.14
2D −1.82 0.52 −0.99 0.24
3A −1.24 0.10 −0.55 0.19
5A −1.03 0.43 −0.34 −0.33
5C −1.49 0.39 −0.63 0.13
CO3 −1.99 −1.16 0.41

aThe O–CO/Pt sites are coded by the labels of the O atom reacting with CO and of the Pt atom on which CO is adsorbed (see Figure 1). E.g., the
notation 1A means that the O1 and PtA atoms form the O–CO complex. ΔEf(O–CO) is the formation energy of O–CO/Pt from gas-phase CO and
clean Pt6O9. ΔEr(O–CO) is the formation energy of O–CO/Pt from the on-top adsorbed CO and O atom of Pt6O9, E

≠(CO→O–CO) is the acti-
vation energy for this reaction, and ΔEdes(CO2) is the desorption energy of CO2 with respect to O–CO/Pt with the corresponding activation barrier
E≠(CO2 des). All adsorption structures are shown in Figure S5. See more calculated activation barriers in Table S3.

Table 4. Adsorption Energy Eads(CO) of a Second CO
Molecule on Pt Atoms near O Vacancies V1 And V3 of the
Pt6O8 Cluster Formed after Oxidation of a First CO
Moleculea

site Eads(CO), eV

PtAv1 −1.26
PtCv1 −0.64
Pt2Dv1 −1.50
PtC–PtDv1 −1.50
PtAv3 −2.39

aThe resulting optimized structures for each site are shown in
Figure S5.

ACS Catalysis pubs.acs.org/acscatalysis Research Article
therefore CO→O2→CO. The second path, termed
CO→CO→O2 or Path #2 (Figure S2), involves adsorption
of a second CO molecule on the Pt6O8 cluster after the
desorption of the first formed CO2, the further reduction of
Pt6O8 to Pt6O7 after desorbing a second CO2 molecule, and
the final re-oxidation of the remaining Pt6O7 to Pt6O9 by
adsorption and dissociation of an O2 molecule, completing
the catalytic cycle.

In both reaction paths #1 and #2, the adsorptions of CO and
O2 at/near the created v1 and v3 vacancy sites of the Pt6O8
cluster are competitive events. Adsorption energies for CO on
these sites are shown in Table 4 (see the structures in
Figure S5). Adsorption on such vacancy sites can lead to
adsorption complexes where the CO molecules are located
on-top of a Pt atom (PtAv1, PtCv1, and PtAv3), forming a
O–CO type complex (Pt2Dv1), or on bridging positions
between two Pt atoms (PtC–PtDv1). Here, v1 and v3 indicate
the location of the I vacancy. Adsorption energies of an O2 mol-
ecule on the v1 and v3 vacancies of the Pt6O8 cluster are
–1.67 eV and –1.84 eV, respectively. Adsorption of O2 is there-
fore stronger than CO adsorption on all sites except PtAv3,
which exhibits a strong interaction with CO and could therefore
become poisoned. The adsorbed O2 molecule acquires –0.84 |e|
(according to Bader charges), becoming activated and with an
elongated O–O bond of length 1.44 Å, close to that of the
O–O bond in an H2O2 molecule (1.45 Å).
1201
3.5. Path #1

For path #1 (CO→O2→CO), we evaluate the adsorption of
CO on different sites of the Pt6O8 cluster with an already
adsorbed O2 molecule (i.e. on O2–Pt6O8 or Pt6O10).
Calculated adsorption energies on Pt sites adjacent to the
adsorbed O2 of the O2–Pt6O8(v1) and O2–Pt6O8(v3) struc-
tures (where v1 and v3 indicate the location of the O vacancy
that the O2 molecule is adsorbed on) are given in Table 5,
together with reaction energies to form the activated O–CO
complexes, CO2 desorption energies, and the corresponding
energy barriers. On the PtAv3 site, the adsorption energy of
https://doi.org/10.1021/acscatal.6c01003
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Table 5. Adsorption Energies and Activation Barriers (in eV) Characterizing the Formation of Activated O–CO Complexes on
Pt6O8/CeO2 (i.e., Exhibiting an O Vacancy) with an Adsorbed O2 Moleculea

site Eads(CO) E≠(CO→O–CO) ΔEr(O–CO) E≠(CO2 des) ΔEdes(CO2)

PtAv1 −0.49 0.76b −2.88
PtCv1 −0.43 0.99 −0.88 2.06
PtDv1 −0.51 0.17 −1.10 0.33 −1.76
PtAv3 −0.52 0.56 −3.16

aAdsorption energies Eads(CO) of CO on Pt sites of Pt6O10 (i.e. O2–Pt6O8) near an O2 molecule adsorbed on v1 or v3 vacancy sites. E≠ is the acti-
vation energy for the O–CO formation, ΔEdes(CO2) is the energy of CO2 desorption with respect to O–CO/Pt6O9. The resulting optimized struc-
tures for each site are shown in Figure S5. bThe transition state structures corresponding to these relatively high activation barriers were optimized
with a lower accuracy.
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CO is slightly smaller in magnitude than the activation energy
for O–CO formation on the same site, implying that CO
desorption and O–CO complex formation are competitive.
For PtAv1 and PtCv1 sites, desorption of CO would be kineti-
cally favored with respect to O–CO formation. At variance,
on the PtDv1 site the activation barrier for O–CO formation
is noticeably smaller (of just 0.17 eV) than the energy for CO
desorption from this site (0.51 eV), indicating that this site is
involved in the low-temperature oxidation of CO.
Furthermore, the transition state for CO2 desorption from the
PtDv1 O–CO complex (0.36 eV) is also lower than the desorp-
tion energy of CO.

We note that CO adsorption is generally weaker in the pres-
ence of the adsorbed O2 (i.e., on Pt sites of the O2–Pt6O8
cluster) than on the original Pt6O9 cluster (see Table 1).
This is probably due to the strong interaction of the O2 mol-
ecule with the vacancy site (which involves such Pt atoms)
and other coordination and steric effects that weaken co-
adsorption of CO and O2.

3.6. Path #2

As mentioned above, path #2 (Figure S2) involves adsorption
of a second CO molecule on the Pt6O8 cluster after the
desorption of the first formed CO2, the further reduction of
Pt6O8 to Pt6O7 after desorbing a second CO2 molecule, and
the final re-oxidation of the remaining Pt6O7 to Pt6O9 by
adsorption and dissociation of an O2 molecule, completing
the catalytic cycle. The second CO oxidation proceeds by
the adsorption of the second CO molecule on the Pt2Dv1
(see Table 4). The adsorbed CO molecules can then react
with an O atom in position 2 with a barrier of 0.63 eV, which
directly produces the desorbed CO2 molecule instead of the
activated O–CO complex. An O2 molecule can then very
favorably adsorb on the vacancy sites, Eads = –1.94 eV, spon-
taneously leading to the dissociation of O2 and healing of both
O vacancies. The highest barrier 0.63 eV for this path (oxida-
tion of the second CO molecule) seems inconsistent with the
very low-temperature catalytic activity. The fact that this path
#2, which reduces Pt6O9 to Pt6O7 before reoxidation, involves
significantly larger barriers than path #1, which reduces Pt6O9
only to Pt6O8 before reoxidation, indicates the kinetic stability
of the Pt6O9 cluster to reduction beyond Pt6O8. Furthermore,
O2 binds very strongly (with Eads ranging from –1.6 to –3.6
eV) to single or double O vacancies formed on the Pt6O9 clus-
ter, which disfavors the weaker adsorption of CO on these
sites required for further cluster reduction. Thus, more signif-
icant reduction of the PtOx cluster is less kinetically favored
than the moderate O removal along the reaction path.
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3.7. Path #3

Finally, one can define a third path #3 analogous to path #1,
with a CO→O2→CO reactant sequence, but where the first
adsorbed CO is oxidized instead of an O atom from the top
layer of Pt6O9 by an O atom from the bottom layer of Pt6O9
(i.e., by an interface O atom). The catalytic cycles involving O
atoms from the top or bottom O-layers of the Pt6O9 cluster
are also referred to as top-layer (see Figure 3) and bottom-
layer (see Figure 4) cycles, respectively. The elementary step
with the highest barrier for the top-layer cycle is the desorption
of the first CO2 from the formed O–CO complex, with an
energy barrier of 0.36 eV, while the second O–CO complex for-
mation and CO2 desorption have lower barriers of 0.17 and
0.33 eV, respectively. For the bottom-layer cycle, oxidation of
the first CO molecule to form the O–CO complex has a barrier
of 0.10 eV, followed by a 0.19 eV CO2 desorption energy in a
barrierless process. In turn, the highest barrier for the oxidation
of the second CO molecule, which directly results in desorbed
CO2 instead of activated O–CO, is 0.56 eV. Thus, reactions at
the interface are less kinetically favored than those at layers of
the PtOx particle not in direct contact with the ceria surface.
This indicates that MvK mechanisms at the PtOx/ceria interface
are less kinetically favored, not only due to the high activation
barriers reported for the MvK mechanism on metallic Pt parti-
cles supported on CeO2 using O atoms of the ceria lattice but
also for MvK mechanisms involving O atoms in the oxidized
Pt cluster.22,52

For an overview, all elementary reaction steps studied in the
present work for paths #1, #2 and #3, along with the corre-
sponding structures and reaction energies are summarized as a
reaction network in Figure 5.

3.8. KMC Simulations

In order to connect the calculated kinetic parameters with quan-
titative turnover frequencies, we use the calculated data as input
for kinetic Monte Carlo (kMC) simulations as outlined in
Section 2.3. Two additional system-specific approximations
are assumed in the present kMC simulations: (i) interactions
between adsorbates not explicitly considered in the DFT calcu-
lations are ignored and (ii) only low CO coverages (one CO
molecule per ceria-supported Pt6O9 cluster) are considered
independently of the CO pressure. The average adsorption
energy of a single CO molecule adsorbed on either the A, A’,
C and D sites of the Pt6O9 cluster is –0.77 eV (Table 1).
When these four sites are simultaneously occupied by four
adsorbed CO molecules (high-coverage CO adsorption), the
average adsorption energy per CO molecule strongly decreases
https://doi.org/10.1021/acscatal.6c01003
ACS Catal. 2026, 16, 12009−12020

4

https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c01003/suppl_file/cs6c01003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c01003/suppl_file/cs6c01003_si_001.pdf
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c01003


Figure 3. Calculated energies and structures of path #1 for CO oxidation on the Pt6O9/CeO2(111) model, with the reactants sequence
CO→O2→CO, beginning with removing O atoms from the top layer of the Pt6O9 cluster. The shown energy corresponds to the energy change with
respect to the previous step in the reaction coordinate; the values displayed in green are the activation energies.

Figure 4. Calculated energies and structures of path #3 for CO oxidation on the Pt6O9/CeO2(111) model, with the reactants sequence
CO→O2→CO and which begins removing an O atom from the bottom (interface) layer of the Pt6O9 cluster. The energy values correspond to
the energy change with respect to the previous step in the reaction coordinate; the values displayed in green are the activation energies.
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Figure 5. Calculated activation barriers (in eV) of the reaction network studied for the low-temperature CO oxidation catalyzed by Pt6O9/CeO2.
Forward barriers are in green while backward barriers are in blue. The catalytic cycle with the lowest barriers along the reaction path is highlighted.

Figure 6. Calculated turnover frequencies (TOF) derived from kMC
simulations at –70 to 80 °C for CO oxidation over the Pt6O9/
CeO2(111) model in the top-layer and bottom-layer catalytic cycles
described in Figures 3 and 4, respectively. The shaded area in each curve
corresponds to the standard deviation calculated from data shown in
Table S5 (Top Layer mechanism) and Table S6 (Bottom Layer mecha-
nism). The partial pressures of CO and O2 are 6 × 10−3 and 1 × 10−2

atm, respectively, to mimic the experimental conditions.43

ACS Catalysis pubs.acs.org/acscatalysis Research Article
in magnitude to –0.21 eV, which justifies neglecting the high-
coverage situation in the kMC simulations.

The considered reactions for the kMC simulations are:

Pt6O9 +CO↔COðDÞ–Pt6O9 (R1� TL)

Pt6O9 +CO↔COðAÞ–Pt6O9 (R1� BL)

COðDÞ � Pt6O9↔Oð1Þ � COðDÞ � Pt6O9 (R2� TL)

COðAÞ � Pt6O9↔Oð3Þ � COðAÞ � Pt6O9 (R2� BL)

Oð1Þ � COðDÞ � Pt6O8→Pt6O8ðv1Þ+CO2 (R3� TL)

Oð3Þ � COðAÞ � Pt6O8→Pt6O8ðv3Þ+CO2 (R3� BL)

Pt6O8ðv1Þ+O2↔Pt6O10ðv1Þ (R4� TL)

Pt6O8ðv3Þ+O2↔Pt6O10ðv3Þ (R4� BL)

Pt6O10ðv1Þ+CO↔COðDÞ � Pt6O10ðv1Þ (R5� TL)

Pt6O10ðv3Þ+CO↔COðAÞ � Pt6O10ðv3Þ (R5� BL)

COðDÞ � Pt6O10ðv1Þ↔O� COðDÞ
� Pt6O9ðv1Þ (R5:5� TL)

O� COðDÞ � Pt6O9ðv1Þ→CO2 + Pt6O9 (R6� TL)

O� COðAÞ � Pt6O9ðv3Þ→CO2 + Pt6O9 (R6� BL)

R1–R6 are steps of the catalytic cycles with the
CO→O2→CO reactant sequence. TL and BL labels indicate
catalytic cycles involving the top layer (distant from the sup-
port) and bottom layer (nearest to the support or interface) O
atoms of the Pt6O9 cluster, respectively. R1 and R5 are CO
adsorption steps, R2 and R5.5 (for the top layer cycle) are
CO activation steps forming O–CO complexes. R3 and R6
1201
are CO2 desorption steps. R4 is O2 adsorption on the vacancy
site created by the CO2 desorption R3.
From the kMC simulations as a function of temperature

(using zero-point energy corrected DFT data shown in
Table S3 obtained from vibrational frequency contributions),
we obtain the turnover frequency (TOF) per Pt site from –70
to 80 °C as shown in Figure 6. These simulations reveal that
CO oxidation becomes active for the top layer cycle at
–70 °C. Notably, for this reaction pathway, the TOF of ca.
104 s−1 at –40 °C is close to that calculated at ca. 200 °C for
CO oxidation on the catalytically active small metallic Pt parti-
cles supported on CeO2(111).

52 The TOF values of the bottom
layer cycle are consistently smaller by 2–3 orders of magnitude
than the values of the top layer cycle in the studied temperature
range.
https://doi.org/10.1021/acscatal.6c01003
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To further relate the kMC simulations results to the experi-
mental data, apparent activation energies are calculated for each
mechanism in the temperature range from –40 to 40 °C, where
the Arrhenius plots for both mechanisms exhibit a linear corre-
lation between ln(k) and 1/T (Figure S3). The calculated
apparent activation energy is 0.40 eV for the more efficient
top layer and 0.54 eV for the bottom layer. Apparent activation
energies at this temperature range follow well, as expected, the
highest barriers of the two mechanisms (0.41 and 0.56 eV for
the top -layer and bottom- layer cycles respectively, as corrected
with the ZPE values shown in Table S3).

4. CONCLUSIONS

The CO oxidation activity of ceria-supported PtOx particles
below room temperature has been studied using DFT calcula-
tions and kinetic Monte Carlo simulations of a Pt6O9/
CeO2(111) model system. The Pt6O9 cluster contains reactive
oxygen atoms with smaller O vacancy formation energies than
those of the CeO2(111) support at the interface with the clus-
ter. The high CO oxidation activity at remarkably low tempera-
tures results from interactions of such mobile O atoms of the
Pt6O9 cluster with CO molecules adsorbed on it, forming, with
low reaction barriers of ≥0.10 eV, weakly bound CO2 species
that thereafter easily desorb. The activation of O2 molecules,
which is often reported as the rate-determining step in catalysts
based on oxidized Pt catalysts on ceria,38 also proceeds through
low barriers by healing the created O vacancies in the cluster
and providing an extra O atom for the oxidation of an additional
CO molecule with activation energies starting from 0.17 eV.

The mechanism involving O atoms from the top layer of the
Pt6O9 cluster exhibits lower barriers than the mechanism
involving O atoms of the Pt6O9 cluster located at the PtOx/
ceria interface in direct contact with the support. This is in con-
trast to the often-assumed higher reactivity of interface sites in
ceria-supported metal catalysts.

Our kinetic Monte Carlo simulations demonstrate that the dis-
covered paths are consistent with high TOF at temperatures as
low as –40 °C. The obtained TOF values are close to those
obtained at ca. 200 °C higher temperatures in kMC simulations
of CO oxidation on metallic (not oxidized) Pt particles supported
on CeO2(111).

52 Therefore, the remarkable CO oxidation activ-
ity measured for some Pt/CeO2 catalysts below room tempera-
ture is attributed to the presence of PtOx particles, whose O
atoms can efficiently be consumed to produce CO2 with the sub-
sequent healing of the oxygen vacancies by molecular O2. Unlike
conventional MvK mechanisms, in which the oxide support
CeO2 provides reactive oxygen, in the present very-low tempera-
ture mechanism (also of a MvK kind, but with reactive O from
PtOx), the CeO2 support appears to be merely a spectator.

The key prerequisite for high activity of the studied here Pt/
CeO2 catalysts in CO oxidation at very low temperature is the
PtOx species moderately weakly adsorbing CO molecules with-
out poisoning of active sites while offering reactive oxygen near
adsorbed CO. The main findings of this study are generalizable
to conventional Pt/CeO2 catalysts, which can potentially
exhibit PtOx clusters and the resulting low-temperature CO oxi-
dation activity when subjected to well-designed preparation and
redox pretreatment strategies.43,45 If PtOx particles exhibiting
[PtO4] motifs can be anchored to other less reactive supports,
they are expected to also mediate the low-temperature CO oxi-
dation. Other transition metals, which are less electronegative
1201
than noble metal Pt, easily form metal-oxide MOx species
containing reactive oxygen required for the low-
temperature CO oxidation. For instance, noble metal-free
catalysts based on cobalt-oxide Co3O4 are active in CO oxi-
dation at the extraordinarily low temperature below –70 °
C.70,71 These similarities in the low-temperature oxidation
activity mediated by noble and not noble metal-oxide species
imply a general character of the insights provided in this
study about the underlying catalytic mechanisms. Thus, the
present study can open new ways for designing efficient cat-
alysts for oxidation reactions occurring at very low tempera-
tures, which are not necessarily based on scarce precious
noble metals.
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