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The redox capacity of Pt—CeO, catalysts for low-temperature CO oxidation has been investigated by means
of near-ambient pressure X-ray photoelectron spectroscopy, synchrotron radiation photoelectron
spectroscopy, and resonant photoemission spectroscopy. The well-defined model Pt-CeO, systems
containing specific Pt species which differ with respect to the oxidation state, chemical environment,
and nuclearity, including atomically dispersed Pt>* and Pt** species, metallic Pt° nanoparticles, ultra-
small Pt* aggregates, and PtO, clusters were prepared by physical vapor co-deposition of Pt and Ce
metals in an oxygen atmosphere onto a CeO,(111) buffer layer on Ru(0001) and subsequent annealing
under reducing or oxidizing conditions. The oxidation states of Pt species and Ce cations were
monitored upon CO exposure as a function of temperature. We found that metallic Pt° nanoparticles,
ultra-small Pt*/PtO, clusters, and Pt** species serve as CO adsorption sites at low temperature.
Exclusively, the redox capacity for the low-temperature CO oxidation (below the room temperature) was
observed only for the Pt—CeQ, catalyst containing metallic Pt° nanoparticles. The corresponding redox
pathway is associated with CO spillover and the formation of bidentate carbonate species. Above 400 K,
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Introduction

Strict regulations of emission standards® stimulated the devel-
opment of CO oxidation catalysts operating under low-
temperature conditions.”” Besides emission control, low-
temperature oxidation (LTO) of CO attracts great interest due
to its high relevance for many industrial processes, particularly
in the petrochemical industry, for the synthesis of pure gases,
and for clean hydrogen production.>” Also, from a fundamental
point of view, CO oxidation is of great interest as it is a prototype
reaction for determining the activity of oxidation catalysts.®
Multicomponent systems which contain platinum-group metals
as the active phase and reducible oxides as supports show high
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regardless of the nature of the Pt species.

activity for LTO of CO.*™ In these materials, metallic Pt is found
in the form of nanoparticles (Pt° NPs) or clusters, oxidized NPs
or clusters, and atomically dispersed species. It is known that
the Pt undergoes dynamic structural transformations between
these forms depending on the reaction conditions.""****

In recent studies by Boronin et al.,'**® Pt-doped cerium oxide
(Pt-CeO,) showed exceptionally high catalytic activity for CO
oxidation at temperatures below 273 K. The authors proposed
an associative (concerted) mechanism that involves the reaction
of weakly adsorbed O, and CO molecules at PtO, clusters on Pt-
doped CeO,. The latter contained atomically dispersed Pt>* and
Pt** species.’® It was discussed that the Pt** and Pt** species do
not contribute directly to the LTO of CO but are essential for the
formation of ultra-small PtO, clusters. Earlier, we investigated
the transformation of Pt species in model Pt-CeO, catalysts as
a function of Pt loading and thickness.**?* We found that
annealing triggers the segregation of ionic Pt species to the
surface of the Pt-CeO, film. During this process, ionic Pt species
can be trapped at the surface in the form of Pt** species
anchored in a square planar oxygen coordination environment
at {100} nano-pocket sites. If the number of ionic Pt species
exceeds the number of available {100} nano-pocket sites,
a fraction of ionic Pt species undergoes reduction and sintering
yielding ultra-small Pt* aggregates and Pt NPs. This process is
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particularly favorable upon annealing in reducing gas atmo-
sphere, e.g., in CO, CH30H, etc.”*** The density of the Pt*
aggregates and the Pt° NPs depends strongly on the Pt loading
and the degree of reduction of the CeO, support.

Based on this detailed understanding of the electronic
structure of the model Pt-CeO, catalyst and its structural
dynamics, we are now able to probe the CO interaction with
specific Pt species and to obtain insight into the mechanism of
low-temperature CO oxidation. In the present paper, we inves-
tigate the redox capacity of the Pt-CeO, catalysts containing
different forms of platinum species, including Pt® NPs, ultra-
small Pt* aggregates and PtO, clusters, and atomically
dispersed Pt** and Pt** species. We monitor the oxidation states
of platinum and ceria using near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS), synchrotron radiation
photoelectron spectroscopy (SRPES), and resonant photoemis-
sion spectroscopy (RPES) methods. We found that in the low-
temperature region below 400 K, the Pt-CeO, catalysts show
redox activity exclusively in the presence of Pt NPs. The
changes in the oxidation state of the Pt-CeO, catalysts con-
taining oxidized Pt species are the most prominent above 400 K
and are related to a Mars-van Krevelen mechanism channel
involving the CeO, support.

Experimental

Near ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS)

NAP-XPS was performed at Charles University in Prague, Czech
Republic. The NAP-XPS setup (Specs GmbH, Germany) was
equipped with a monochromatized Al Ko (1486.6 eV) X-ray
source, a multichannel electron energy analyzer (Phoibos 150)
coupled with a differentially pumped electrostatic prelens
system, a flood gun, a high-resolution CCD camera, and two
ports fitted with gate valves separating the NAP chamber and
vertical ultra-high vacuum (UHV) manipulators, respectively.
The basic setup included a sputter gun (Ar’), low energy elec-
tron diffraction (LEED) optics, a gas dosing system, and two
electron beam evaporators for the deposition of Ce and Pt
metals. The NAP cell was installed on a manipulator inside the
XPS analysis chamber. During the measurement, the NAP cell
was docked at the entrance aperture of the analyzer. The base
pressure in the analysis chamber was 5 x 10 '° mbar. The
working pressure in the NAP cell was 1 mbar. The gases were
dosed without additional purification. The sample was heated
by electron bombardment at the back of the sample holder and
at the back of the sample stage in thermal contact with the
sample holder while mounted on the UHV and NAP manipu-
lators, respectively. The temperature was monitored by a K-type
thermocouple spot-welded to the side of the sample.

The model Pt-Ce0,/Ce0,(111) catalyst was prepared on
a Ru(0001) single crystal (MaTecK, 99.99%). First, the
Ru(0001) single crystal was cleaned by several cycles of Ar’
sputtering (300 K, 40 min) with consecutive flash annealing in
UHV (750 K) until no traces of contaminants were found in
the photoelectron spectra. Subsequently, a CeO,(111) buffer
layer was grown by physical vapor deposition (PVD) of Ce
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metal (Goodfellow, 99.99%) onto the Ru(0001) surface in an
oxygen atmosphere (2 x 10”7 mbar, Linde, 99.999%) at 523 K
for 40 minutes, followed by flash annealing in oxygen (2 X
107 mbar) at 700 K. The corresponding procedure was based
on earlier studies of the growth, structure, and crystallinity of
the CeO,(111) films prepared on Ru(0001).>*>” The prepara-
tion method yielded a continuous, stoichiometric CeO,(111)
film with a thickness of 2.5 nm as determined from the
attenuation of the Ru 3d core level intensity. The structure,
surface, orientation, and continuity of the CeO,(111) film
were verified by LEED (see ESI, Section S17).

In the next step, Pt metal (Goodfellow, 99.99%) was co-
deposited with Ce by PVD in 5 x 1077 mbar of O, at 300 K
with a deposition rate ratio of Pt/CeO, = 1/7 onto the CeO,(111)
buffer layer in a single deposition step. Note, that the purpose of
the buffer layer was to prevent direct interaction between Pt and
Ru(0001). The nominal thickness of the Pt-CeO, film was
1.0 nm. The prepared 12% Pt-CeO,/CeO,(111) sample was
inserted into the NAP cell and annealed at different tempera-
tures with 50 K step in a range from 300 to 550 K, first in 1 mbar
of O, and then, subsequently, in UHV.

The Pt 4f, Ru 3d, C 1s, O 1s, and Ce 3d core level spectra were
acquired at constant pass energy and emission angle of the
photoelectrons of 0° with respect to the sample normal. The
instrumental resolution of the NAP-XPS system was determined
from the full width at half-maximum (FWHM) of the Ag 3d core
level spectrum of 0.8 eV obtained from the Ag film at pass
energy of 20 eV.

The data were processed, and spectra were fitted using the
KolXPD fitting software.”® All spectral components were fitted by
a Voigt function after subtraction of the Shirley background. Pt
4f core level spectra were fitted with a fixed branching ratio of
1.33 and a spin-orbit splitting of 3.3 eV. All series of spectra are
presented after normalization of the total peak areas to unity.

Synchrotron radiation photoelectron spectroscopy (SRPES)
and resonant photoemission spectroscopy (RPES)

SRPES and RPES experiments were performed at the Material
Science Beamline (MSB) at the Elettra synchrotron light facility
in Trieste, Italy. The MSB was equipped with a bending magnet
source and provides synchrotron light in the energy range of 22-
1000 V. The UHV end-station (base pressure 2 x 10~ '° mbar)
was equipped with a delay line electron energy analyzer (Specs
Phoibos 150), a dual Mg/Al X-ray source, a rear-view LEED
optics, a sputter gun (Ar'), and a gas inlet system. Additionally,
two electron-beam evaporators for the deposition of Ce and Pt
metals were installed. The sample temperature was controlled
by a DC power supply passing a current through Ta wires
holding the sample. The temperature was monitored by a K-type
thermocouple spot-welded to the side of the sample.

Two samples containing 12% of Pt in the co-deposited Pt-
CeO, oxide film with a nominal thickness of 1.7 nm, one sample
of 0.4 nm 12% Pt-CeO,, and one 0.4 nm 8% Pt-CeO, were
prepared on Ru(0001) following the procedure described in the
NAP-XPS section with minor alterations. The Ru(0001) single
crystal (MaTecK, 99.99%) was cleaned by Ar" sputtering (300 K,
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75 min), followed by annealing in UHV (1000 K, 5 min) until no
traces of contaminants were found in the photoelectron spectra.
Then an epitaxial buffer CeO,(111) film was deposited onto the
Ru(0001) surface by PVD of Ce metal (Goodfellow, 99.99%) in an
oxygen atmosphere (5 x 10”7 mbar, Linde, 99.999%) at 700 K
for 60 min followed by annealing in oxygen (5 x 10”7 mbar) at
800 K for 5 min, and then annealed in UHV at 700 K for 3 min.
The preparation method yielded a continuous, stoichiometric
CeO,(111) film with a thickness of 1.5-2.0 nm, as determined
from the attenuation of the Ru 3d core level intensity. LEED
observations on the prepared buffer layers confirmed epitaxial
growth of CeO,(111).

The mixed Pt-CeO, films were prepared using simultaneous
PVD of Ce and Pt (Goodfellow, 99.99%) metals in an oxygen
atmosphere (5 x 1077 mbar) onto the CeO,(111)/Ru(0001) at
100 K. The Pt concentration of 8% and 12% in the volume of the
mixed layers was achieved by using Pt/CeO, deposition rate
ratios of 1/12 and 1/7, respectively. The deposition rate ratios
were determined from the ratios of the nominal thickness of Pt
to CeO, deposited separately for the same period.

The nominal thickness of 0.4 and 1.7 nm of the Pt-CeO,
oxide film was achieved by regulating the time of the co-
deposition of Ce and Pt metals to 20 and 90 min, respectively.
In the next step, the as-prepared samples were treated by
annealing at different temperatures in UHV, in 10~ ® mbar O, in
situ, or in 1.6 mbar O, in the preparation chamber with a base
pressure of 5 x 10”7 mbar.

During the experiment, the samples were exposed to 1 X
10~° mbar of CO (Linde, 99.98%) at different temperatures with
25 K steps in a range from 100 to 400 K and with 50 K steps in
a range from 400 to 700 K for 3 min in each step. After each
exposure, the gas inlet valve was closed, then the annealing was
switched off and the sample was cooled down in UHV. After-
wards, the valence band of Pt-CeO, and the core level spectra of
Pt 4f, Ru 3d, C 1s, and O 1s were measured.

Core level spectra were acquired with photon energies of 180
(Pt 4f), 380 (Ru 3d, C 1s), and 650 eV (O 1s). Additionally, Al Ka
radiation (1486.6 eV) was used to measure Ce 3d core levels. The
binding energies in the spectra were calibrated with respect to
the Fermi level. All spectra were acquired at constant pass
energy and emission angle of the photoelectrons of 0° or 20°
with respect to the sample normal while using synchrotron
radiation or the X-ray source, respectively.

Valence band spectra were acquired at three different photon
energies of 115.0, 121.4, and 124.8 eV. Analysis of the spectra
obtained with these photon energies forms the basis of RPES on
ceria-based materials.’>**** Briefly, RPES is based on
measuring the valence band photoemission spectra at photon
energies corresponding to the 4d — 4f resonance in Ce** and
Ce*" ions. The Ce** resonance at a photon energy of 121.4 eV is
caused by a super Coster-Kronig decay involving electron
emission from Ce 4f states located at about 1.4 eV. The Ce*'
resonance at a photon energy of 124.8 eV involves the emission
of O 2p electrons (hybridized with Ce states) from the valence
band around 4.0 eV. The valence band spectrum obtained with
a photon energy of 115 eV corresponds to the ‘off-resonance’
condition. The resonant enhancements for Ce** and Ce*',

This journal is © The Royal Society of Chemistry 2023
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denoted as D(Ce**) and D(Ce""), respectively, are quantified by
calculating the intensity difference between the corresponding
features on- and off-resonance. The ratio between the corre-
sponding resonant intensities, D(Ce*")/D(Ce*"), denoted as
a resonant enhancement ratio (RER), is a direct measure of the
degree of reduction of ceria and can be used to quantify the
relative content of Ce®" ions in the films.'>?*3-3 In particular,
the RER scales with the Ce**/Ce** concentration ratio by a factor
Of 5‘5‘19,20,32

The values of the total spectral resolution were 200 (photon
energy 115-180 eV), 360 (380 eV), 650 meV (650 eV), and 1 eV (Al
Ka). To process the obtained SRPES data and analyze the
spectra, the KolXPD fitting software was used.”® The spectral
components in the Pt 4f core level spectra were fitted the same
way as in the NAP-XPS method. All series of spectra are pre-
sented after normalization of the total peak areas to unity.

Results and discussion
The nature of Pt species under oxidizing conditions

To investigate the nature of Pt species formed under strongly
oxidizing conditions in the Pt-CeO, model catalyst, we applied
the method of NAP-XPS. The experiment involved annealing of
the as-prepared 12% Pt-CeO, model catalyst in 1 mbar O,
between 300 and 550 K. The evolution of Pt 4f spectra is shown
in Fig. 1a. Before annealing, the Pt 4f core level spectrum ob-
tained from the as-prepared Pt-CeO, model catalyst (top spec-
trum in Fig. 1a) comprises of two doublet peaks at 72.8 eV (Pt
4f,,) and 71.7 eV (Pt 4f,,) associated with Pt>" species®”1%222
and Pt° NPs,”2%2232 regpectively. Typically, the most stable Pt>*
species anchored in square planar oxygen coordination at {100}
nano-pocket sites of the CeO, give rise to a spectral contribution
at 73.0 ev.»71920223331 However, the slightly lower binding
energy of the Pt>* contribution in the Pt-CeO, model catalyst
prepared at 300 K suggests that a fraction of Pt>* species exist in
different chemical environments. The less stable Pt species
and Pt° NPs result from a shortage of {100} nano-pocket sites on
Pt-CeO, model catalysts.**°

Upon exposure of the as-prepared Pt-CeO, model catalyst to
oxygen, the binding energy of Pt>" contribution gradually shif-
ted to 72.3 eV at 550 K. The Pt° contribution decreased until it
completely vanished at 350 K. In parallel, a new peak emerged at
74.3 eV, which corresponds to highly oxidized Pt** species.?**
During annealing in the oxygen atmosphere, the binding energy
of the Pt** contribution also shifts towards lower binding
energies (73.8 eV).

In the next step, we cooled the sample in 1 mbar O, from 550
to 300 K and evacuated the NAP cell. The corresponding Pt 4f
core level spectrum is shown in Fig. 1b. Evacuation of the NAP
cell resulted in a slight increase of the Pt contribution at the
expense of Pt*", while the binding energies of the Pt>" and Pt*"
components shifted to 72.6 and 74.2 eV, respectively. The shifts
of the Pt 4f contributions correlate with the shifts of O 1s
contributions (data not shown) and result from band bending
in the oxide film in the presence of O, gas under NAP
conditions.>®
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300 K, UHV
oxygen injection
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550 K, 1 mbar O,
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evacuation
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Fig.1 Pt 4f core level spectra obtained from 1.0 nm 12% Pt—CeO, model catalyst by means of NAP-XPS as a function of temperature in 1 mbar
O, (a) and subsequent annealing in UHV (b). The Pt 4f spectra were acquired with Al Ko radiation (1486.6 eV).

The following annealing in UHV resulted in the emergence
of Pt° and Pt* components at 71.7 (Pt 4f,,) and 72.0 eV (Pt 4f,,)
at 400 and 450 K, respectively, and the disappearance of the Pt**
species at 450 K. Above 400 K, the Pt* and Pt° contributions
continue to grow at the expense of Pt>*. The decrease of the Pt**
contribution is accompanied by a shift to 73.0 eV. The observed
behavior suggests that the reduction of Pt** species yields Pt**
species, while the reduction of Pt*" species yields Pt NPs and
Pt* aggregates.

The overall thermal stability and transitions of the Pt species
are in good agreement with the behavior of radio frequency
(RF)-sputtered highly oxidized platinum NPs as reported by
Svintsitskiy et al.*”

Overview of Pt species in Pt-CeO, model catalysts

The redox properties of the Pt-CeO, model catalyst were
investigated as a function of the nature of the Pt species by
means of SRPES and RPES. The morphology and composition of
the samples is schematically illustrated in Fig. 2.

Three types of as-prepared Pt-CeO, model catalysts,
denoted as samples 1.0, 2.0, and 3.0, were prepared at 100 K,
which differ with respect to the thickness and Pt loading (see
Fig. 2, left column). The sample with a nominal thickness of
the Pt-CeO, film of 1.7 nm (sample 1.0) allows us to repro-
duce the effect of Pt segregation observed in the real catalysts
under operation conditions.'®* In contrast, this effect is
minimized in the samples with a nominal thickness of the Pt-
CeO, film of 0.4 nm (samples 2.0 and 3.0). The purpose of
samples 2.0 and 3.0 with different Pt loadings was to address
the effect of the shortage of {100} nano-pocket sites on the
redox properties of the Pt-CeO, model catalysts. Typically, the
density of {100} nano-pocket sites depends on the degree of

16662 | J. Mater. Chem. A, 2023, 11, 16659-16670

nanostructuring of the Pt-CeO, catalyst, which is a function
of preparation temperature.*® Thus, the Pt-CeO, catalyst
prepared at 100 K has higher amount of {100} nano-pocket
sites as compared to the one prepared at 300 K. Annealing
of the Pt-CeO, catalyst reduces the amount of {100} nano-
pocket sites due to temperature-driven coarsening of the
films.?* Shortage of {100} nano-pocket sites results in the
formation of less stable Pt species prone to reduction or
oxidation depending on the experimental conditions.

Based on samples 1.0, 2.0, and 3.0, we prepared three sets of
model Pt-CeO, catalysts containing Pt species typically found
under reducing and oxidizing conditions. For this purpose, we
annealed the as-prepared samples 1.0-3.0 in UHV and at two
different oxygen pressures, i.e., 1.6 mbar and 1 x 10~° mbar O,.
The Pt 4f spectra obtained before and after the treatments of the
as-prepared samples 1.0 to 3.0 specified in Fig. 2 are shown in
Fig. 3a and b.

In all cases, the as-prepared samples predominantly con-
tained Pt** (72.5-72.9 eV) species accompanied by a minor
amount of Pt** (73.9-74.3 eV) species (Fig. 3a). Note that the
Pt** species in the as-prepared Pt-CeO, films deposited at 100
K are located in the bulk.” Upon annealing, these species
segregate to the surface and are stabilized in the form of Pt**
ions in {100} nano-pocket sites if available.** The annealing of
thick Pt-CeO, films (sample 1.0) under reducing (700 K in
UHYV) and strongly oxidizing (550 K in 1.6 mbar O,) conditions
yielded samples 1.1 and 1.2. The corresponding treatments
triggered the Pt segregation leading to Pt enrichment at the
surface (both for samples 1.1 and 1.2).*° Note that based on
our earlier study,' we exclude diffusion and accumulation of
Pt at the CeO,(111)/Ru(0001) interface. To quantify the
enrichment of Pt at the surface, we estimated the density of Pt

This journal is © The Royal Society of Chemistry 2023
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As-prepared samples

N

After treatment

m @W ®

1.7 nm 12% Pt-CeO, UHV

Pt

0.4 nm 12% Pt-CeO,

10° O,

Pt*+
Pt*/PtO,

CO, T

——— 1.6 mbar O,

0.4 nm 8% Pt-CeO,

10° O,

CO, T

——. 1.6 mbar O,

Fig. 2 Schematic representation of the morphology and composition of the Pt—CeO, model catalysts before and after the treatment under
different experimental conditions. The most abundant Pt species are shown in the insets.

atoms in the co-deposited films for samples 1.0 and 2.0 (12%
Pt loading, nominal thicknesses of 1.7 nm and 0.4 nm,
respectively). Based on the thickness ratio, we found that the
concentration of Pt at the surface of sample 1.0 is higher than
on sample 2.0 by a factor of 4.25. Upon annealing in UHV
(sample 1.1), segregation of Pt and partial reduction of Pt**
species yield mainly Pt° NPs accompanied by a small number

of Pt* aggregates and Pt>" species in {100} nano-pocket sites.*®
The corresponding contributions appear in the spectra at
71.0 eV (Pt°), 72.0 eV (Pt*), and 72.8 eV (Pt*") (see Fig. 3b). In
contrast, the main species formed under strongly oxidizing
conditions upon annealing in 1.6 mbar O, (sample 1.2) are
Pt>" species in {100} nano-pockets and other less favorable
sites accompanied by a small amount of Pt** species and only
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Fig. 3 Pt 4f (aandb), Ru 3d and C 1s (c), and Ce 3d (d) core level spectra obtained from the Pt—-CeO, model catalysts before (a) and after (b—d)
the treatments specified in Fig. 2; the spectra in (c and d) were obtained before (lower spectra in (d)) and after CO exposure at 100 K ((c), upper
spectra in (d)). The Pt 4f and Ru 3d + C 1s spectra were acquired with photon energies of 180 and 380 eV, respectively. The Ce 3d spectra were

acquired with Al Ka radiation (hy = 1486.6 eV).
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traces of Pt° NPs. The corresponding contributions were
observed at 72.4 eV (Pt*"), 74.1 eV (Pt*"), and 71.5 eV (Pt°) (see
Fig. 3b).

The nature of the Pt species formed under mild oxidizing
conditions was investigated on model Pt-CeO, catalysts with
a nominal thickness of 0.4 nm prepared with two different Pt
loadings, i.e., 12% and 8% (samples 2.0 and 3.0). Both samples
were annealed at 700 K in 10~® mbar of O,. The resulting
samples are denoted as 2.1 and 3.1, respectively. The corre-
sponding treatment yielded predominantly Pt** species in {100}
nano-pockets accompanied by a fraction of less favorable sites.
Based on the binding energies, we propose that the fraction of
stable Pt species in the {100} nano-pockets is higher on
sample 3.1 than on sample 2.1.

Finally, we annealed samples 2.1 and 3.1 in CO at 700 K and,
subsequently, at 550 K in 1.6 mbar of O, (obtaining samples 2.2
and 3.2, respectively). This procedure resulted in formation of
Pt** species in {100} nano-pockets accompanied by a fraction of
Pt in less favorable sites. Since the initial samples 2.1 and 3.1
contain large amounts of Pt° and Pt*, it is likely that after the
treatment under strongly oxidizing conditions, these species are
converted to less stable Pt** species and PtO, clusters. Still, both
samples 2.2 and 3.2 contain trace amounts of Pt* aggregates
and Pt NPs. Note that the spectral features of the Pt* contri-
bution (72.0 eV) overlap with these of the PtO compound (72.3
eV).* As a result, the two contributions cannot be resolved
spectroscopically. We assume that the amount of less stable Pt**
species and PtO, clusters is higher in the samples 2.2 and 3.2 as
compared to 2.1 and 3.1, respectively.

Based on the comparison of the Pt species identified in the Pt
4f spectra in Fig. 3b, we conclude that the Pt*" species and Pt°
NPs on samples 1.1 and 1.2 are formed exclusively by Pt
segregation to the surface of the Pt-CeO, model catalysts.

Additionally, we probed the CO adsorption sites on all
samples at 100 K. The Ru 3d + C 1s spectra are compared in
Fig. 3c. The nature of the CO-derived species and the corre-
sponding chemical environment of the adsorption sites can be
assigned based on our earlier study.”* We identify the peaks in
the Ru 3d + C 1s region as follows: peak A (289.0-289.4 eV) and
peak B (290.9-291.2 eV) are tridentate and bidentate carbonate
species on the nanostructured stoichiometric CeO, film,
respectively. Peak E (284.2-284.3 eV) represents adventitious
carbon on the ceria surface formed during the treatment of the
samples in the preparation chamber (see Experimental
section).** The origin of the adventitious carbon is not related to
the interaction of CO with the samples. Peak F (286.5 eV)
indicates CO adsorption on Pt® NPs in on-top configuration. In
addition to these peaks, we observed a component G (285.5 €V)
in samples 1.2, 2.2, and 3.2. The binding energy of this
component is lower than the value typically observed for CO in
the bridge-bonded configuration (286.1 V) on flat** and rough™*
Pt(111) surfaces. The species characterized by a low binding
energy (285.6 eV) has been earlier assigned to CO adsorbed at
the Pt-ceria interface.”” Considering the low amount of metallic
Pt in treated samples 1.2, 2.2, and 3.2, we assign the peak G to
CO adsorbed at the low-coordinated Pt sites in direct contact
with CeO,. Surprisingly, we resolved ruthenium oxide (280.8 eV)
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along with metallic ruthenium (280.1 eV) in the Pt-CeO,
samples with a thickness of 0.4 nm upon treatment in oxygen
and CO. The appearance of RuO, indicates the presence of
exposed spots of Ru(0001) single crystal on the surface and their
oxidation upon the oxygen treatment.

The most important observation is the occurrence of the
peak D (287.8-288.3 eV) associated with CO adsorption at
cationic sites. Earlier, we assigned peak D to CO adsorbed at
Ce*" cations. On samples prepared under strongly oxidizing
conditions, such cationic sites are Pt*" sites (sample 1.2) and
Ru”" sites (samples 2.2 and 3.2). Therefore, we note that Pt° NPs
and Pt**/Ru*" cations serve as adsorption sites for CO.

The Ce 3d spectra obtained from the treated samples before
and after the first exposure to CO at 100 K are shown in Fig. 3d
(except for sample 3.1). The bottom spectra were fitted with a set
of contributions from Ce*" (doublet peaks 1, 1/, 2, and 3) and
Ce*" (doublet peaks 4 and 5) cations. For more details about the
fitting procedure, we refer to our earlier study.*” The exposure of
the samples to CO caused a slight increase of the contributions
4 and 5 associated with a partial conversion of Ce*" cations to
Ce*". More detailed analysis of the reduction degree of the
samples is given below.

CO reaction with Pt-CeO,: role of segregation

The Pt 4f spectra obtained from samples 1.1 and 1.2 after
annealing in CO are plotted in Fig. 4.

Exposure of sample 1.1 to CO at 100 K resulted in a decrease
of Pt° and an increase of the Pt* contribution. Typically, CO
adsorption in on-top configuration gives rise to a new compo-
nent in Pt 4f spectra at about 72.0 eV which overlaps with the
contribution from Pt* aggregates and cannot be resolved
spectroscopically.®® The evolution of the Pt 4f partial contribu-
tions is plotted in Fig. 4c as a function of temperature. The data
obtained prior to CO exposure are shown in circles. We observe
that only contributions from Pt® and Pt* are influenced at 100 K,
while the contribution from Pt** species is not significantly
affected. Note that the adsorption of CO on Pt® NPs correlates
with the presence of the peak F in the C 1s spectra observed on
sample 1.1 (see Fig. 3c). In contrast, we did not observe any
major changes in the oxidation state of Pt species for sample 1.2
after the exposure to CO at 100 K. Upon exposure to CO, both
samples remained stable below 450 K. At higher temperature,
for sample 1.1, we observed the increase of the Pt® contribution
at the expense of the Pt**. For sample 1.2, we observed the
reduction of the Pt*" species yielding Pt” and Pt* at 450 K.
However, this behavior results from the limited thermal
stability of Pt*" species and is not related to the reaction with CO
(compare with Fig. 1b). In parallel, the reduction of Pt*" species
above 400 K yields Pt° and Pt*. The final oxidation state and
composition of samples 1.1 and 1.2 are almost identical. Similar
results were obtained by Boronin et al.,'® who observed reduc-
tion of Pt*" at 423 K (150 °C) simultaneously with a growth of
metallic Pt followed by a decrease of the Pt>* contribution at 573
K (300 °C).

This journal is © The Royal Society of Chemistry 2023
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CO reaction with Pt-CeO,: role of Pt loading in the absence of
Pt segregation

The Pt 4f spectra from samples 2.1 and 3.1 after exposure to
CO at different temperatures are shown in Fig. 5. Below 400 K,
CO exposure does not influence the oxidation state of the Pt**
species on both samples. However, we observed a gradual
shift of the binding energies of the Pt>" species from 72.5 eV
to 72.9 eV and from 72.7 eV to 72.9 eV in samples 2.1 and 3.1,
respectively. These shifts are caused by the desorption of
water, which condensed on the surfaces of both samples.
Above 400 K, a Pt* contribution emerges at 450 K on sample
2.1 and grows at the expense of Pt>* species. Above 500 K, the
Pt* contribution is accompanied by the Pt° contribution. In
contrast, sample 3.1 shows superior stability of the Pt**
species up to 500 K. Above 500 K, both Pt* and Pt° contribu-
tions emerge on sample 3.1. These results show that lower
thickness and Pt loading in the Pt-CeO, catalyst leads to
minimized segregation and improved stability of the Pt>*
species upon exposure to CO. We attribute the increased
stability to the lower platinum content which ensures that
there is a sufficient density of {100} nano-pocket sites at the

This journal is © The Royal Society of Chemistry 2023

surface for anchoring the Pt>* species. However, based on the
evolution of integrated contributions of Pt species, we
observed no redox activity below 400 K for samples 2.1 and
3.1.

CO reaction with Pt-CeO,: role of ultra-small Pt*/PtO, species

The Pt 4f spectra obtained from samples 2.2 and 3.2 exposed to
CO at different temperatures are shown in Fig. 6.

Note that samples 2.2 and 3.2 were prepared by annealing of
samples 2.1 and 3.1 in 1.6 mbar O, at 550 K. As mentioned
above, we assume that oxidation of the samples containing high
amounts of Pt* and Pt° yields a fraction of less stable Pt**
species and ultra-small Pt* and/or PtO, clusters similar to those
reported by Wang et al.** The amount of less stable Pt** species
and ultra-small Pt*/PtO, clusters is higher on sample 2.2 than
on sample 3.2. Based on the attenuation of Pt*/PtO, contribu-
tion after CO exposure at 100 K, we assume that ultra-small Pt*/
PtO, clusters also serve as adsorption sites for CO. However, the
reaction of CO with these sites does not result in significant
changes in the oxidation state of Pt species below 400 K. For
sample 2.2, the reduction started above ~400 K, yielding ~55%
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of Pt® at 700 K. Meanwhile, in sample 3.2, the Pt** contribution
continues to decrease slowly, but even at 700 K the amount of
Pt>" species on the surface is still 60% (compared to 15% on
sample 2.2). We speculate that for sample 3.2, the density of
{100} nano-pocket sites remained sufficient to anchor the
majority of Pt** species.

Involvement of CeO, in CO oxidation reaction

The evolution of the Ce*" relative content during exposure to CO
is plotted in Fig. 7a as a function of temperature. Prior to CO
exposure, the Ce®* relative content in the samples is below 5%,
except for sample 1.2 (see circled data in Fig. 7a). The relatively
high initial Ce** relative content in sample 1.2 (~15%) results
from contaminations of Pt-CeO, film, which could not be
removed completely during sample treatment. Upon the first
exposure of the samples to CO at 100 K, we observed a minor
increase of the Ce®" content due to a slight reduction caused by
the formation of carbonates. The onset of more pronounced
ceria reduction strongly depends on the nature of Pt species. In

16666 | J Mater. Chem. A, 2023, 11, 16659-16670

particular, progressive reduction starts at ~200 K for sample
1.1, at ~350 K for sample 1.2, and above 400 K for the other
samples. At temperatures above 500 K, we additionally observe
partial re-oxidation of ceria.

It is well known that dopants in CeO, lead to higher oxygen
storage capacity.'”'***® A recent study by Boronin et al'®
showed that with increasing Pt loading in CeO,, the onset of the
CO, evolution shifts dramatically to lower temperatures. In
particular, the authors reported an onset of CO, formation in
the absence of an external oxygen supply at 270 K (—3 °C) for
20 wt% Pt-CeO,. For comparison, on pristine CeO,, CO oxida-
tion starts above ~473 K only (200 °C).** The observed low-
temperature activity of the 20 wt% Pt-CeO, catalyst was
explained by the presence of various forms of reactive oxygen on
the Pt-CeO, catalyst, including some form of PtO, clusters.
Interestingly, in the presence of an external oxygen supply, the
20 wt% Pt-CeO, catalyst was found to be active in low-
temperature CO oxidation at temperatures as low as 223 K
(=50 °C). In a more recent study,'® the authors proposed a low-
temperature mechanism which involves the formation of

This journal is © The Royal Society of Chemistry 2023
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weakly bound (CO),0, complexes on PtO, clusters. The
decomposition of these complexes yields CO, without the
formation of oxygen vacancies. In this respect, our studies do
not indicate any redox interaction between CO and the Pt-CeO,
catalyst containing PtO, clusters in the low-temperature region
below 400 K.

Also, the low-temperature ceria reduction (<400 K) observed
for sample 1.1 cannot be explained in terms of CO interaction
with PtO, clusters. In order to establish the cause of this
reduction, we investigated the evolution of the integrated C 1s
intensities associated with CO-derived species A, B, and F on
sample 1.1 (Fig. 7b). We found a significant increase of the
contribution from species B with respect to species A and F
between 150 and 275 K. We assume that the corresponding
bidentate carbonates form by means of CO spillover from Pt°
NPs to CeO,.*” Earlier we reported that bidentate carbonate
species on nanostructured Pt-free CeO, have low thermal
stability. These species decompose above 150 K and do not lead
to the formation of oxygen vacancies.”* The initial decrease of
the C 1s contribution from species B in Fig. 7b is consistent with

This journal is © The Royal Society of Chemistry 2023

this behavior. However, a new more stable bidentate carbonate
species B reappears in the spectra above 150 K and resides on
the surface up to 275 K. This enhanced stability of the carbonate
species B could be related to the increasing degree of reduction
of Ce0,.** We may speculate that these bidentate carbonates
will decompose at lower temperatures once oxygen is added to
the feed. For instance, Hilaire et al** demonstrated that
strongly bonded carbonates on Pd/CeO, are easily decomposed
by re-oxidation in O, or H,O.

We note that with the increasing temperature of the catalyst
during CO oxidation, additional channels of CO, formation will
be opened, including the Mars-van Krevelen mechanism'**
and the formation and decomposition of more stable tridentate
carbonates A. These channels operate mostly above 400 K and
may potentially trigger the reduction of ionic Pt species yielding
Pt* aggregates and metallic Pt NPs. The corresponding effects
are coupled with partial re-oxidation of ceria above 500 K
(Fig. 7a).

Since metallic Pt° NPs are not fully oxidized under realistic
CO oxidation conditions,'” we assume that the redox channel
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associated with CO spillover and formation of bidentate
carbonates will play an important role in low-temperature CO
oxidation.

Conclusions

We studied the redox capacity of Pt-CeO, catalysts containing
different forms of platinum species for low-temperature CO
oxidation by means of NAP-XPS, SRPES, and RPES. Model Pt-
CeO, catalysts containing Pt® NPs, ultra-small Pt* aggregates,
PtO, clusters, atomically dispersed Pt>*, and Pt*" species were
prepared by PVD on a well-ordered CeO,(111) buffer layer on
Ru(0001), followed by treatment under reducing and oxidizing
conditions. The as-prepared Pt-CeO, films differ with respect to
the thickness and Pt loading. These parameters have a major
influence on the stability of atomically dispersed Pt>* species.

Pt segregation upon annealing of the Pt-CeO, films with
a nominal thickness of 1.7 nm leads to the formation of Pt’ NPs
under reducing conditions (annealing in UHV) and Pt*" species
under strongly oxidizing conditions (annealing at NAP in O,).
The effect of segregation is minimized in the Pt-CeO, catalysts
with a nominal thickness of 0.4 nm. Accordingly, the formation
of Pt° NPs and Pt*" species under reducing and oxidizing
conditions, respectively, is largely suppressed. By varying the Pt
loading, we prepared model Pt-CeO, catalysts with different
stability of Pt** species associated with a shortage of anchoring
sites — {100} nano-pockets. Additionally, we prepared model
Pt-CeO, catalysts containing a fraction of Pt>* species in
combination with ultra-small Pt*/PtO, clusters.

16668 | J Mater. Chem. A, 2023, 11, 16659-16670

Among the studied Pt species, the cationic Pt** sites formed
under strongly oxidizing conditions, Pt NPs, and ultra-small
Pt*/PtO, aggregates serve as adsorption sites for CO at low
temperatures. The oxidation states of the Pt species upon
annealing in CO do not change below 400 K. Importantly, CO
interaction with the Pt-CeO, model catalyst containing Pt® NPs
triggers the partial reduction of Ce*" cations to Ce*" above 200
K. The partial reduction of CeO, is associated with bidentate
carbonate species formed by means of CO spillover from the Pt°
NPs to the support. The formation of CO, by decomposition of
bidentate carbonates establishes a redox channel for low-
temperature CO oxidation on the Pt-CeO, catalysts in the
presence of Pt’ NPs.

Above 400 K, the CO oxidation proceeds for all studied
samples according to the Mars-van Krevelen mechanism asso-
ciated with formation of oxygen vacancies. Above 500 K,
subsequent partial re-oxidation of ceria results from the
reduction of Pt*" species yielding metallic Pt NPs and Pt*
aggregates.

Our study demonstrates that the nature of the Pt species in
the Pt-CeO, catalysts controls the mechanisms of low-
temperature CO oxidation. The rational design of the corre-
sponding active sites should allow us to maximize the noble
metal efficiency of the catalyst.
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