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Abstract

CO molecules can be efficiently oxidized over Pt/CeO, catalysts, but the stability and reactivity of
different states of Pt in the catalysts are still unclear. Here we combine experimental and
computational methods to characterize Pt/CeO, catalysts subjected to reductive and oxidative pre-
treatments and exposed to CO oxidation reaction conditions. Particles of metallic Pt, known to be
catalytically active at elevated temperature, are shown to be precursors for the formation, under
operando conditions, of more stable PtO, particles that enable CO oxidation below room
temperature. These PtOy particles are also similarly stable to — but more active than — atomically
dispersed Pt*" species. The results and approaches presented in this study illustrate the complex
response of catalytic materials to reaction conditions and pave the way for future efforts to improve

Pt/CeO; and similar catalysts using dedicated pre-treatment strategies.
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1. Introduction

Efficient oxidation of CO by catalysts at room and lower temperatures is indispensable, e.g.
for solving the challenge of purifying indoor air and exhaust gases of vehicles in cold environ-
ments. Among the catalysts active toward CO oxidation at such low temperatures are those based
on Co304 [1-3] and on oxide-supported noble metals Ir [4], Au [5-7], Pt [8-10], and Pd [11]. The
catalytic activity and stability of supported noble metals in such materials are strongly affected
by the metal-support interactions and by the nuclearity and oxidation state of the metal species.
Pt/CeO; is one of the most stable systems, where Pt can form different oxidation states of both
particles and single-atoms (Pt-SA), anchored to the CeO, support by strong Pt-O-Ce bonds. This
strong interaction prevents aggregation and maintains high Pt dispersion even at elevated
temperatures [12-15]. It is however one of the reasons for the relatively low activity of the Pt-SA
sites in oxygen-rich environments, which over-stabilize Pt atoms. In turn, oxidation of Pt
forming sub-nanometer PtO, clusters on CeO, substantially enhances the low-temperature
activity of Pt/CeQO, catalysts [16].

Pretreatments of Pt/CeO, catalysts and their exposure to reactants can modify the nuclearity
and state of the Pt species. These transformations have been characterized in recent studies, but
the debate on the identity and oxidation state of the sites active at low temperatures is still not
settled. Pt/CeO, catalysts pre-oxidized at 800°C exhibited a higher reduction temperature in the
temperature-programmed reaction with hydrogen (TPR-H,) than catalysts pre-oxidized at 500°C
[17], indicating that Pt-O-Ce bonds are strengthened and more resistant to reduction by H, in
catalysts pre-oxidized at higher temperatures.

Several studies show that reductive treatments improve the low-temperature CO oxidative
activity of Pt/CeQO, catalysts with respect to the unreduced catalysts. For example, the activity of
Pt/CeO, catalysts reductively treated in an enriched synthetic exhaust mixture, increased both for
the oxidation of CO and hydrocarbons and for the reduction of NO [18]. An enhancement of the
catalytic activity at near-room temperature after the treatment of the catalyst in CO at 275°C was
also observed by Pereira-Herndndez et al. [19]. These authors attributed the enhanced activity to
the restructuring of CeO,, which increases its reducibility, and to the partial transformation of Pt-
SA centers into metallic Pt particles. The activity at near-room temperature of the Pt/CeO,
catalysts also depends on the reducing agent employed, increasing in the order C3Hg < H, < CO
[20, 21]. According to Grunwaldt and co-workers [20, 21], one of the key factors determining
the maximum CO oxidative activity is the formation of Pt particles with the optimal size of ca.
1.4 nm. This agrees with the findings by Ding et al. that only Pt particles (on oxide supports) are
active toward CO oxidation, whereas Pt single atoms behave as spectators [22].

Improvements in catalytic activity caused by Pt/CeO, treatment in H, at 200-300°C almost
disappeared after a mild re-oxidation at room temperature [23]. Pereira-Herndndez et al.
suggested [24] that a highly active state of the catalyst is induced by transforming atomic Pt into
sub-nanometer Pt particles during the reductive treatment. At low Pt loadings, such Pt particles
transform back into the stable (and less active) Pt-SA state under oxidizing conditions.
Reduction of Pt-SA in H; can also create partially reduced Pt species active at room temperature
[8, 25]. In the reaction medium, such species transform into a less active state below 100°C and
fully re-oxidize at 150°C. A beneficial effect of the treatment by H, was also reported for a
Pt/Ceg 64Z10.16B19 200190 catalyst with 10 wt.% Pt mediating virtually complete CO conversion at
0°C [10]. Unfortunately, that catalyst was not examined in several cycles of CO oxidation, which
as we show in this work is crucial to understand the response of the catalyst to pre-treatments
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and reaction conditions. We note that although the content of Pt in the Pt/Ce ¢4Z1¢ 16B19.2001.90
catalyst was fourfold greater than that of the Pt/CeO, catalyst used in [8], the low-temperature
performance of the higher-loaded catalyst exceeds that of the lower-loaded one in terms of
specific activity (i.e. activity normalized by the platinum loading).

Despite the pre-treatment of Pt/CeO, catalysts in H,, some studies report the presence and
CO oxidative activity of partially oxidized Pt species [26-29]. According to Hong and Sun [27],
Pt is initially present as slightly negatively charged species after reduction by H,. However, the
resulting increased activity of the reduced catalyst was attributed to its capacity to adsorb larger
amounts of oxygen (and become more oxidized) than the unreduced catalyst. Qu and co-workers
proposed that the thermal treatment by H, leads to the formation of isolated PtCe bimetallic sites
that serve as new surface active sites of CO oxidation [26]. Such PtCe sites were also partially
re-oxidized to Pt-O-Ce sites under reaction conditions, with low-coordinated oxygen seemingly
facilitating an enhanced catalytic activity. These data [26, 27] are in line with the finding of Fu et
al. that oxidized noble metal species can be more active than the completely reduced ones [28].
Following this study, Wang et al. activated a Pt/CeQ, catalyst containing Pt-SA sites using H,
and the CO+0O, reaction medium, resulting in the formation of PtOy clusters on CeO, [29]. It was
concluded that although Pt-O-Ce sites in the Pt-SA/CeO, catalyst mediate the oxidation of CO
via the Mars-van Krevelen (MvK) mechanism, the oxidation is more efficient on the oxidized
PtO,/CeO, catalyst, where Pt-O-Pt sites are involved.

The low-temperature activity can also be triggered by increasing the concentration of Pt on
the CeO, surface. For example, activation of Pt/CeO, samples synthesized by laser ablation in
liquid resulted in a catalyst with high CO oxidation activity at room temperature and below —
10°C [9]. Pt loading increase to >8 wt.% sharply improved the low-temperature CO oxidation
activity of Pt/CeQO, catalysts [30]. As in some of the afore-mentioned studies, the high activity at
very low temperature was tentatively attributed to the emergence of PtOy clusters, which enable
the catalytic CO oxidation on Pt-O-Pt sites. In addition, although the appearance of mobile and
reactive oxygen due to the interplay between Pt** and Pt*" ions in bulk-like positions of ceria
made the MvK mechanism operative already at room temperature, the high CO conversion
observed below 0°C did not involve such lattice oxygen atoms [30].

In summary, different studies generally agree that reductive pre-treatments in H, lead to
more active Pt/CeO, catalysts for the low-temperature oxidation of CO. There are, however,
contradicting views on which state of Pt mediates such high activity: either reduced Pt particles
resulting from the pre-treatments or oxidized states of such particles emerging under CO
oxidation reaction conditions. Notably, the effects of the combined pre-treatment in H, of
Pt/CeO, catalysts and their exposure to the reaction media on the CO oxidative activity
depending on the Pt content are scarcely studied in the literature.

To advance the debate outlined above, we systematically study effects of the reductive and
oxidative treatments of Pt/CeQ, catalysts on their state and activity. We monitor the oxidation
state and nuclearity of the Pt species after reduction in H,, and their oxidation upon exposure to
the reaction medium of CO oxidation. Combining catalytic, spectroscopic and microscopy
experimental methods with density-functional theory (DFT) calculations, we characterize the
transformation of reduced Pt species into PtO, clusters and analyze the implications for a very
high activity of these catalysts below room temperature. We thus identify the conditions at which
the oxidation to PtOy clusters occurs and quantify strong differences in the redox behavior of the
catalysts with high and low Pt loadings.



2. Experimental
2.1. Sample preparation

Pt/CeO, catalysts were synthesized by co-precipitation as detailed elsewhere [30, 31]. A
series of catalysts containing 1.1, 7.5 and 14.6 wt.% of Pt and calcined at 600 °C were studied
after a pre-treatment in either 20%0,/He at 450 °C (oxidation) or 40%H,/He at 300 °C
(reduction). The corresponding oxidized and reduced samples are nominally designated as
1Pt/Ce0,-0x, 8Pt/Ce0,-Ox, 15Pt/Ce0,-Ox and 1Pt/CeO,-Red, 8Pt/Ce0,-Red, 15Pt/CeO,-Red.
The choice of temperature during the pretreatments is motivated as follows. The as-prepared
catalysts (after calcination at 600°C and subsequent contact with air at room temperature) contain
adsorbed water that deactivates the samples [30]. Heating the catalyst samples at 450°C under
20% O, in helium removes adsorbed water without altering the oxidation states and particle size
of Pt or PtO, species. This oxidative pretreatment has a similar effect to exposure to reaction
conditions at 450 °C, which also removes water and activates the catalyst. For the reductive
pretreatment, we chose a temperature of 300 °C because it recovers reduced forms of the Pt
species without noticeable sintering. Exposure at higher temperatures was found to be
detrimental to the CO oxidation activity [32].
2.2. Methods

Transmission electron microscopy. The morphology and microstructure of particles were
studied by transmission electron microscopy (TEM) using aberration-corrected electron micro-
scopes JEOL JEM-2200FS (at “VTAN” resource center, Novosibirsk State University) and
Thermo Fisher Scientific Themis Z (at Boreskov Institute of Catalysis). Both microscopes ope-
rated at an accelerating voltage of 200 kV, with the spatial resolution 1.0 A and 0.7 A, respect-
ively. Images with a high atomic number contrast were acquired using a high angle annular dark
field (HAADF) detector in the scanning-TEM (STEM) mode. The samples for the TEM study
were dispersed ultrasonically and deposited on a holey carbon film mounted on a copper grid.

X-ray photoelectron spectroscopy. To characterize the initial (as-prepared) samples, X-ray
photoelectron spectra (XPS) were recorded on a KRATOS ES-300 electron spectrometer using
MgKa radiation (hv = 1253.6 eV) with 70 W. No sample reduction was observed during the
spectra acquisition. The Ce3d line at 916.7 eV was used as a reference for spectra calibration
[33]. To determine the level of surface contamination, high-sensitivity survey spectra were reco-
rded. The chemical composition was calculated from XPS data taking into account atomic sensi-
tivity factors [34]. The original XPSCalc software was employed for the deconvolution of expe-
rimental spectra into individual components [35-37]. The spectral background of the Pt4f line
was subtracted by the Shirley method, and an approximation of the Pt4f and Ce3d doublets was
made using Lorentzian and Gaussian functions. /n situ XPS measurements were performed using
the laboratory near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) system
(SPECS Surface Nano Analysis GmbH, Germany). A special “chamber-in-chamber” design
consisted of a NAP cell that allowed studies at pressures from 10~ to 20 mbar, and temperatures
from 200 to 773 K (for a detailed description of the setup see [38, 39]). NAP-XPS experiments
were performed using monochromatic AlKa X-ray radiation. Powder catalysts were pressed into
stainless steel wire meshes attached to the sample holder by spot welding. The samples were
heated conductively during measurement by electron bombardment of the rear (vacuum) side of
the NAP cell, to which the sample holder was attached. The temperature was monitored by a K-
type thermocouple welded near the mesh and the pressed sample. The quadrupole mass
spectrometer was connected to the first pumping stage to measure the reaction products.
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Catalytic activity measurements. The synthesized CO oxidation catalysts were tested in a
flow reactor using the temperature-programmed reaction (TPR-CO+0,;) method. The volume of
the catalyst samples in the reaction was 0.6 cm?, and the grains sizes were 0.14-0.25 mm. The
samples were heated at a rate 10°C/min from —10 or —40°C to 450°C. These two starting
temperatures were chosen depending on the cryostats employed. The reaction mixture of 0.6%
vol. CO, 1.0% vol. O,, 0.5% vol. Ne in flowing He was fed at a rate of 500 cm3/min, i.e. the gas
hourly space velocity (GHSV) of 50 000 h™!. Neon was added as the inert reference for precise
calculation of the component concentrations in the reaction mixtures. The concentrations of CO
(M/Q =12, 28), CO, (M/Q =12, 28, 44), O, (M/Q =32), H, (M/Q =2) and H,O (M/Q =18) were
measured with a quadrupole mass spectrometer RGA 200 (SRS). The partial pressure of each
determined M/Q of ions was normalized to the partial pressure of Ne (M/Q =20). The
concentrations of CO, CO, and O, were monitored using a mass-spectrometer at a frequency of
0.35 Hz. When studying the initial stage of reaction ignition, the admission of the reaction
medium was accompanied by measurements of CO, O, and CO, partial pressures and recording
the catalyst temperature using a thermocouple mounted directly in the catalyst bed. The
experimental conditions similar to those employed in [8, 32] (GHSV = 50000 h!; CO = 0.6
vol.% and O, = 1.0 vol.%) ensure reliable comparison of the present and literature data. From the

catalytic data obtained at CO conversion below 100%, the reaction rate was estimated using the
mmol CO _ Clo X X X Vgy
mol Pt x s) -

formula W( , where C2, is the initial concentration of CO (mmol/cm?), X

v

is the CO conversion, Vyy is the reaction mixture rate (cm3/sec), v is the molar content of

ng XX X Vpm

platinum (mol). The TOF was calculated as , where Y is the fraction of active Pt

determined from XPS.

For the steady-state experiments the 8Pt/CeQ, catalyst was diluted to eliminate the heat and
mass transfer limitations. The diluted catalyst 8Pt/CeO,T was prepared by grinding, pressing and
sieving the mixture of 0.2 g of the 8Pt/CeO, catalyst and of 0.3 g of CeO, powder. The
8Pt/CeO,T catalyst contained 0.082 mmol of Pt in 0.25 cm? of the 0.14-0.25 mm fraction. The
speed of the reaction mixture of 0.6 vol.% CO, 1.0 vol.% O,, 0.5 vol.% Ne, He-balance was 100
cm?/min with the CO flow 0.027 mmol CO/min.

X-ray diffraction, Raman spectroscopy, TPR-H,, analytical and morphological data for the
addressed here Pt/CeQ, catalysts with different Pt contents were reported by us earlier [30, 31].

Computational. Spin-polarized DFT calculations were performed using the periodic plane-
wave code VASP [40, 41]. The generalized-gradient approximation (GGA) type PWO91
exchange-correlation functional [42, 43] was used. CeO, (ceria) can be satisfactorily described
using GGA functionals corrected by the on-site Coulombic interaction U of Ce 4f electrons.
Here, the GGA+U scheme [44] with U = 4 eV [45-47] (PW91+4) was applied. Interactions
between core and valence electrons were accounted for via the projector-augmented wave
(PAW) method [48]. The Brillouin zone was sampled using only the I" point. Local positions of
atoms were optimized until forces acting on them became smaller than 0.02 eV/A. The energy
difference threshold controlling the convergence of the self-consistent field was set to 10 eV.

The oxide support was represented by CeO,(111) slabs formed of two CeO, tri-layers and

vxY

4x4 surface supercells, with 12 A of vacuum between the neighboring slabs. Stronger support

effects of CeO, are expected when more active (110) or (100) surfaces of it are considered

instead of the most stable (111) surface modelled here. Positions of Ce and O atoms in the upper

CeOy(111) tri-layer in contact with the Pt-containing clusters were allowed to relax, while all
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atoms of the bottom tri-layer remained fixed at the positions defined by the PW91+4 optimized
ceria bulk lattice parameter 5.40 A [47]. Positions of atoms in the Pt;O, (n = 0 — 12) clusters
supported on CeO,(111) were obtained by the GOFEE global optimization method [49] as
detailed elsewhere [50]. The GOFEE approach uses an algorithm assisted by machine-learning to
efficiently explore the configurational space and search for the global minimum (GM) structure.
To ensure the quality of the predicted GM, hand-made structures were added to the pool of
structures examined by GOFEE. Once the putative GM structures have been calculated for all
targeted PtcO, stoichiometries, their Gibbs free energies of formation were evaluated by means
of ab initio thermodynamics (AITD) [51, 52] as specified in [50] at 300 K and oxygen pressure
0.01 atm, mimicking experimental conditions of the present study.

3. Results and Discussion
3.1. Catalytic properties of the oxidized and reduced samples

Fig. 1 displays the evolution of CO conversion with temperature for the 1Pt/CeO,, 8Pt/CeO,
and 15Pt/CeO, catalysts after 2-hour pre-treatments either in 20%0,/He at 450°C (oxidative, Ox)
or in 40%H,/He at 300°C (reductive, Red). After completing the first heating (up-1) temperature
is decreased (down) to the starting point and the second heating cycle (up-2) showed how the
exposure of the sample to reactants has affected its activity. The second heating was started after
reaching a quasi-stationary regime upon exposure to reactants at the starting temperature. Ty,
Tso, Too temperature values at which 10, 50 and 90%, respectively, of CO converted to CO, and
reaction rates for 1Pt/CeO,, 8Pt/CeO, and 15Pt/CeO, catalysts after treatment in O, or H, during
the first and second heating phases in the reaction medium are listed in Table S1.

a) b) 8PtCeO, C)  15PtiCeO,
1.0 = 1.0 - r";-————
0.9 y 0.9 - I <
19 ] 5
0.8 —- .l :‘4 0.8 —- :
0.7 {34 ; 0.7 4 j
- 4 -
065 1 0.6 -
¢ 44 3 i
A 0.5F ; 0.5 -
1 E 4 -
8 oPup-1 04 § o oripi 0.4 1
- Ox-down 0.3 - Ox-down 0.3 —=— Ox-up-1
# —4—Ox-up-2 {1 { —4—Ox-up-2 1 Ox-down
# —«—Red-up-1 0.2 4 —<—Red-up-1 0.2 —<«— Red-up-1
£ —v—Red-down 0.1 —v— Red-down 0.1 ] —v—Red-down
—e— Red-up-2 4 —e— Red-up-2 i —&— Red-up-2
T I T I T I 1 0-0 I T I T I T I T I T i‘“ T I 0'0 T I T I T i“.l T I
0 100 200 300 400 -50 0 50 100 150 400 450 -50 0 50 400 450

Temperature, °C

Fig. 1. Temperature dependences of CO conversion for (a) 1Pt/CeO,, (b) 8Pt/CeO, and (c)
15Pt/CeO, catalysts after pretreatments in 20%O,/He at 450°C for 2 hours (Ox) and in
40%H,/He at 300°C for 2 hours (Red) in the temperature-programmed regime in CO oxidation
during the heating up-1, the cooling down and the second heating up-2.

Fig. 1a shows that the oxidized 1Pt/CeO,-Ox catalyst is inactive below 100°C. Heating it to
450°C in the reaction medium virtually does not change the activity and the temperature
dependences of CO conversion after the heating/cooling/heating steps up-1, down, up-2 coincide.
On the contrary, the reduced 1Pt/CeO,-Red catalyst is active already below 0°C with a high
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room-temperature activity in agreement with literature [8, 32]. Fig. 1a and Table S1 demonstrate
significantly growing activity of the 1Pt/CeO, catalyst after its pre-reduction (1Pt/CeO,-Red).

At variance with 1Pt/Ce0,-Ox, CO conversion over the catalyst 8Pt/CeO,-Ox is high already
at —40°C in the first cycle (Fig. 1b), wherein the catalyst 8Pt/CeO,-Red is much less active (Fig.
1b, Table S1). After the up-1 heating, CO conversion over 8Pt/CeO,-Red reaches 100% and
remains unchanged over the studied temperature range after the steps down and up-2. We note
that the catalyst ignition (sudden increase of CO conversion) is observed on the reduced catalysts
but not on the oxidized ones. The latter are therefore already in their active state at -40°C and a
high conversion is immediately observed when the reaction medium is admitted.

The 15Pt/Ce0,-Ox catalyst (Fig. 1c) shows the initial conversion of virtually 100% at —7°C,
which remains constant upon heating to 450°C and the next cooling/heating cycles. Initial low-
temperature CO conversion of the reduced catalyst 15Pt/CeO,-Red is lower, but it grows rapidly
with temperature elevation. Cooling down and heating up-2 cause complete conversion of CO
over the studied entire temperature range, preventing estimates of the reaction rates.

The TPR-CO+0O, data in Fig. 1 and Table S1 reveal that 1) the catalyst activity sharply
increases as the platinum content is raised from 1 to 8%,; 2) pre-reduction in H, of the low
platinum content catalyst (1 wt.%) increases the CO oxidation activity at room temperature and
below; 3) pre-oxidation of the catalysts with increased platinum contents (8 and 15 wt.%) is a
more efficient treatment for increasing the catalytic activity than their pre-reduction.

Thus, the pre-reduction of the catalysts is important for directly increasing the activity at 0°C
and lower temperatures, although this does not mean that the reduced states of Pt serve as the
active sites at such low temperatures. The CO oxidation activity increase of Pt/CeO, catalysts
upon reduction agrees with literature [8, 18-24, 53, 54]. The latter studies assign an enhancement
of the catalytic activity after reductive treatment in CO or H, mainly to the formation of Pt
metallic clusters and increased amount of oxygen vacancies. It is commonly accepted that
metallic Pt species serve for CO adsorption, whereas O, adsorbs on oxygen vacancies and
interacts with CO to yield CO, [53]. However, the CO oxidation mechanism derived from these
published catalytic data is operative only above room temperature. Notably, the reported
increased activity of the reduced catalysts was not stationary, not accounting for the
heating/cooling cycles and possible re-oxidation of the catalyst by exposure to the reaction
mixture [8, 32]. This may explain the disagreements between the results of the present work and
the literature data on the states of platinum and the sites active in the low-temperature oxidation.

The state of platinum in the catalysts after oxidation and reduction was studied by XPS.

3.2. Oxidation states of the catalysts after the reductive or oxidative treatments

Fig. 2 displays Pt4f and Ce3d spectra of 1Pt/CeO, and 15Pt/CeO, catalysts after oxidative
and reductive treatments.

Pt4f spectrum of the 1Pt/CeO,-Ox catalyst calcined at 600°C (Fig. 2a, curve 2) features a
single doublet with Ey(Pt4f;,) = 73.1 €V of ions of the single-atom sites [Pt>"-Og4] [15, 19, 30,
55, 56]. Pt4f spectrum of the 15Pt/CeO,-Ox catalyst (Fig. 2a, curve 4) consists of two doublets
with Ey(Pt4f;,)=72.7 and 74.3 ¢V corresponding to Pt>* and Pt*" ions, respectively [37, 57, 58].
For the catalysts reduced in H,, a doublet with Ey(Pt4f;,) = 71.3-71.4 eV (curves 1,3) manifests
metallic platinum. These Ey(Pt4f;,,) values are slightly higher than for bulk Pt (71.1 eV [34, 59])
in line with small positive charge on Pt clusters interacting with ceria [26, 60]. According to the
data in Fig. 2a the reduction degree of platinum in the 1Pt/CeO, catalyst, calculated as the ratio
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of areas for the metallic and ionic Pt components, is much lower (<20%) than that in the
15Pt/CeO, catalyst (>70%). The shift of the Pt4f doublet for Pt** ions in the 1Pt/CeO, sample
from 73.1 to 72.7 eV after catalyst reduction reflects association of Pt>*-SA ions into PtOy
clusters, which have characteristically lower Ey(Pt4f;,) [37]. The measured small shift of the
Pt4f doublet for Pt** state to higher E,(Pt4f;,) in the 15Pt/CeQ, catalyst after pre-reduction is
due to increased relative contributions of Pt2*-SA centers versus PtO, clusters. In addition, the
oxidized catalyst with high Pt content contains Pt** ions, all reduced by the interactions with H,.
Thus, the redox treatments of the Pt/CeO, catalysts enable transitions between the oxidized
(curves 2,4) and reduced (curves 1,3) states of platinum.

Ce3d spectra of 1Pt/CeO, and 15Pt/CeO, catalysts pre-treated in H, and O, are compared in
Fig. 2b. The oxidation and reduction degrees of CeO, in catalysts can be estimated from Ce3d
spectra by the concentration of Ce3" ions with respect to all Ce ions (Ce3" + Ce*") [33].
Reduction of the 1Pt/CeQ, catalyst results in a minor increase of the Ce**/(Ce3*+Ce*") ratio,
from 16% (curve 2) to 18% (curve 1). Unlike, the Ce*" concentration notably increased in the
reduced 15Pt/CeO, catalyst (curve 3), where the Ce’*/(Ce**+Ce*") ratio 40% should be
compared with 12% in the oxidized catalyst (curve 4). The increase of Ce** concentration after
H, treatment correlates with the Pt loading indicating active participation of Pt in O vacancy
formation in ceria. Pt particles facilitate the migration of O atoms from ceria to supported Pt
particles (reverse spillover) [46]. Overall, the Pt4f and Ce3d spectra in Fig. 2 suggest that the
studied redox processes involve the participation of PtY/Pt®*, Pt>*, Pt** and Ce?*, Ce** centers.

1Pt/CeO,-Red

1Pt/Ce0,-Ox

15Pt/CeO,-Red

15Pt/Ce0,-Ox

70 72 74 76 78 80 880 890 900 910 920
Binding energy, eV Binding energy, eV



Fig. 2. Pt4f (a) and Ce3d (b) fitted XPS spectra of 1Pt/CeO, (curves 1,2) and 15Pt/CeO, (curves
3,4) catalysts either after pre-reduction in H, at 300°C (curves 1,3) or after pre-oxidation in O, at
450°C (curves 2,4). The spectra were recorded ex situ at room temperature without contact of the
catalysts with air. All Pt4f and Ce3d spectra were calibrated against the peak with E, =916.7 eV.

Arrhenius dependences of the CO oxidation reaction rate W (decimal logarithm of W versus
1/T) using the 1Pt/Ce0,-Ox, 1Pt/CeO,-Red, 8Pt/CeO,-Ox and 8Pt/CeO,-Red catalysts obtained
by their heating up-1 and up-2 are presented in Fig. 3a.

The relative content of different Pt species derived from XPS and the activity measurements
allow quantifying the catalytic activity associated to each state of platinum. Fig. 3b shows the
CO oxidation reaction rates normalized to the content of each type of active sites (TOF) at —25°C
and at 0°C. We have used the 1Pt/CeO, catalyst as an example because the three relevant active
species (Pt*" single atoms, metallic Pt particles, and oxidized PtOy particles) could be formed in
it by means of different treatments. The oxidative pre-treatment by O, generated Pt** single
atoms only. The reduction by H, resulted in the transformation of 20% of Pt>*-SA to metallic Pt
clusters (fraction Y of Pt used for TOF calculations is 0.2). All such metallic Pt clusters were
further re-oxidized by the reaction mixture giving rise to the formation of PtO, clusters. Since
PtO, and Pt particles are significantly more active than Pt*>*-SA at —25°C and at 0°C (see below),
the contributions of the single-atom species to the turn-over frequencies for the reduced and re-
oxidized clusters were neglected.

After the first oxidative treatment, CO conversion at —25°C and at 0°C is too low to be
measured directly. The reaction rate value for the Pt?*-SA centers was therefore extrapolated
from the reaction rates at higher temperatures (Fig. 3a), resulting in TOF = 1x10° and 4x10¢
sec! at —25 and 0°C, respectively. After the treatment in H,, the 1Pt/CeO, catalyst contains Pt°
active sites, which notably increase the reaction rate compared to the Pt>*-SA sites (TOF =
1.1x103 and 1.19x10-2 sec! at —25 and 0°C, respectively). After re-oxidation of the Pt? species
to PtO4 by exposure to the reaction mixture at 450°C, the reaction rate dramatically increases
(TOF =4.72x102 and 5.94x10-2 sec’! at —25 and 0°C, respectively).

The strong dependence of the TOF on the Pt species present in different states of the
1Pt/CeO, catalyst (Fig. 3b) is related to different activation energies (see Table S1). Pt>*-SA and
Pt0 sites are characterized by activation energies of 10 and 13 kcal/mol, respectively, whereas the
calculated activation energy for PtOj sites is. 1.3 kcal/mol. This low value is consistent with the
very high activity at sub-ambient temperatures and indicates that the reaction on Pt>*-SA and Pt°
sites operates through a different mechanism than on PtO, particles.We note that the activation
energy for the 1Pt/CeQO, catalysts exposing PtOy particles is identical to the energy previously
obtained for oxidized 8Pt/CeO, and 20Pt/CeO, catalysts [30]. This further indicates that PtOy
clusters provide the main sites for the low-temperature CO oxidation and that the corresponding
activity below 0°C is related to the amount of oxidized PtOy particles.
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Fig. 3. a) Arrhenius dependences of the CO oxidation reaction rate W (decimal logarithmic W
versus 1/T) using the 1Pt/Ce0O,-O,, 1Pt/CeO,-H,, 8Pt/Ce0,-O, and 8Pt/CeO,-H, catalysts
obtained by their heating treatments up-1 and up-2. Straight lines for the 1Pt/CeO, catalysts
indicate extrapolated values; b) Log(TOF) at —25 and 0°C for the 1Pt/CeO, catalysts O,-up-1,
H,-up-1 and H-up-2 containing Pt>*-SA, Pt%, and PtOy active forms after pre-treatments by O,,
H,, and the CO+0O, reaction mixture, respectively.

Isothermal experiments at —37°C allow evaluating the activity and stability of the catalyst
under steady state conditions and confirming that the formation of CO, below 0°C occurs
because of a catalytic reaction and not through the reduction of the catalysts (Fig. S1). We note
that the internal and external diffusion limitations and the heat transfer limitation were negligible
in this kinetic experiment (see Supplementary Material).

3.3. Interaction of reaction medium with the catalysts

3.3.1. Peculiarities of the catalysts reoxidation during CO oxidation

To elucidate the action of oxidized and reduced states of platinum in the Pt/CeO, catalysts
for CO oxidation, we examined the temperature genesis of the effect exerted by the reaction
medium on the pre-oxidized and pre-reduced states of the catalysts starting from —40°C. For that,
the concentrations of the reactants and product of the CO+0O, — CO, reaction were analyzed
depending on time upon admission of the reaction medium to the oxidized and reduced Pt/CeO,
catalysts. The admission to pure CeO, support (without Pt) is shown in Fig. S2. This kinetic
experiment for pure CeO, reveals a) no formation of CO, at low temperature, with its start only
after heating above 100°C; b) virtually inappreciable temperature jump after the admission of the
reactants; ¢) no improvements in the catalytic activity of the pure CeO, sample after its pre-
reduction in H, at 300°C.

The interaction of CO and O, was studied with catalysts oxidized in 20%0O,/He at 450°C.
Panels a, c, e in Fig. S3 show the dependence of CO, CO, and O, concentrations and temperature
on time after admission of CO+0O, flow to the reactor (0 point on the time axes) for the oxidized
1Pt/Ce0,-0x, 8Pt/Ce0,-Ox and 15Pt/CeO,-Ox catalysts. Heating of each catalyst began after
achieving (pseudo-)stationary concentrations of reactants and products.
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Practically no change of CO, CO, and O, concentrations upon feeding the reaction mixture to

the 1Pt/Ce0,-Ox catalyst at —10°C and subsequent heating documents absent reaction below
120°C. The reactants admission to the 8Pt/Ce0,-Ox catalyst caused at —40°C a decrease of CO
and O, concentrations along with CO, concentration increase revealing CO conversion of ca.
70%. For the 15Pt/CeO,-Ox catalyst, the concentrations of reactants upon their admission at —
10°C and of CO, change similarly as for the catalyst 8Pt/CeO,-Ox.
The interaction of CO and O, was studied for the 8Pt/CeO,-Red catalyst (pre-reduced in
40%H,/He at 300°C). Fig. 4 shows the evolution of CO, CO, and O, concentrations and
temperature after admission of CO+O, flow to the reactor (see Fig. S3 for the dependencies for
all studied reduced catalysts).
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Fig. 4. Evolution with time of CO, CO, and O, concentrations and temperature upon switching
on feeding of the reaction mixture to the reactor (zero on the time axes) for the reduced
8Pt/CeO,-Red catalyst. Vertical lines designated as “heating” show the onset of catalyst heating
started at achieving a quasi-stationary regime after the reactants admission at low temperature.
Arrows indicate the temperature maximum due to the catalyst overheating; the expected curve
without the overheating is shown in pink.

The reactants admission to the reduced catalysts 1Pt/CeO,-Red, 8Pt/CeO,-Red and
15Pt/CeO,-Red causes a pronounced temperature jump (Fig. 4, Fig. S4) mainly due to CO and
O, adsorption, indicating initial partial oxidation of the catalysts. No formation of CO, was
observed in the low-temperature range. The reaction is initiated only after starting the reactor
heating, as evidenced by a simultaneous decrease of CO and O, concentrations and a
concomitant growth of CO, concentration. Also, there is a deviation of temperature from the
linear dependence of the heating rate in the interval 25 - 50°C (see Fig. S5). This temperature
maximum is accompanied by strong O, consumption and CO, formation above the
stoichiometric value. Both the temperature deviation from the expected values and the abrupt
changes in the O, and CO, concentrations are related to oxygen consumption by Pt species pre-
reduced with H,. The calculated amounts of consumed O, and released CO, for 8Pt/CeO,-Red
catalyst are similar, 39 and 42 pmol/g, respectively. For 15Pt/CeO,-Red catalyst the calculated
amounts of consumed O,, 157 pmol/g, and of CO, released during this sharp O, consumption,
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159 umol/g, are essentially the same. Thus, the amount of consumed O atoms is twice as large as
the amount of released CO, molecules, suggesting that for every O atom consumed for the
reaction with CO, a second O atom is consumed for the re-oxidation of the Pt species. During
this step, the calculated ratios of consumed O, to total amount of Pt, O,/Pt, are ca. 0.1 for
8Pt/Ce0O,-Red and 0.2 for 15Pt/CeO,-Red catalysts. The simultaneously occurring oxidation of
CO and partial re-oxidation of the reduced platinum suggest that these processes involve the
same intermediate, possibly of the (O,-CO)* type.
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Fig. 5. a) Temperature dependence of the O, amount consumed for oxidizing the catalysts
1Pt/CeO,-Red, 8Pt/Ce0,-Red and 15Pt/CeO,-Red upon admission of the reaction mixture; b)
Dependences of the O, consumption at —40°C and in the interval 25 - 50°C on Pt loading in the
catalysts; c) Temperature jump (response) of the reduced catalysts upon CO+O, admission
followed by heating of the reactor. These data were calculated from the time dependencies of the
O, consumption and of the CO; evolution shown in Fig. S3.

Major interactions of the reactants with the pre-reduced catalysts at low temperatures appear
to occur in two steps, at —40°C and in the interval 25 - 50°C (Fig. S3). Fig. 5 shows that both the
O, consumption and the temperature response are more significant during the initial reactants
admission at/below —10°C. Thus, in the initial step the catalyst is intensely re-oxidized with
pronounced exothermicity due to forming strong chemical bonds. Because the pre-reduced
catalysts have higher concentrations of Ce*" and O vacancies than the oxidized ones (see Fig. 2),
interaction of Pt/CeO,-Red with oxygen initially results in the formation of Ce-O-Ce and Ce-O-
Pt bonds upon healing O vacancies. Then, heating of the catalyst in the reaction mixture at 25 -
50°C leads to further oxidation of (metallic) platinum, with the formation of Pt-O-Pt bonds.
Results of these two steps are hereafter referred to as the first and second oxidation stages.

From the data in Fig. 5, we can estimate the amounts of O used for healing vacancies or for
oxidizing metallic Pt. We assume that at -40°C most O is used for healing vacancies. The
fractions of vacancies healed at -40°C would therefore be 24, 37 and 67% for 1Pt/CeO,,
8Pt/Ce0O,, 15Pt/CeO,, respectively. Note that this corresponds to molar O/Pt ratios of 12.4, 2.8,
and 2.6, respectively. Thus, the O content increased from 1Pt/CeOy to 1Pt/CeOy.ig1,, from
8Pt/CeOy to 8Pt/CeOy+q.13, and from 15Pt/CeO, to 15Pt/CeO,4033. The oxygen uptake at ~30°C
was, in turn, assumed to oxidize mostly Pt, and the calculated molar ratios of consumed O, to
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total amount of Pt, are ca. 0, 0.1, and 0.2 for the 1Pt/CeO,, 8Pt/CeO,-Red, and 15Pt/CeO,-Red
catalysts, respectively.

3.3.2. Partial and complete reoxidation of pre-reduced catalysts

Besides the two re-oxidation stages underwent by the reduced catalysts at —40°C and in the
interval 25 - 50°C (Fig. 5) these catalysts undergo further transformations upon heating to higher
temperatures. The fraction of re-oxidized platinum beyond the second re-oxidation stage at 25 -
50°C and the effect on catalytic activity were estimated from TPR-CO-O, experiments
performed with freshly prepared 8Pt/CeO,-Red samples in a similar way as the experiment
whose results are shown in Figs. 1 and 4. This time, however, one 8Pt/CeO,-Red sample was
heated to ~60°C, with subsequent cooling to —40°C and heating to ~60°C. Another freshly
prepared 8Pt/CeO,-Red sample was heated to 450°C, cooled to —30°C and again heated to
450°C. The obtained temperature dependencies of CO and O, conversions are shown in Fig. 6.

The CO conversion dependence for the catalyst reduced in hydrogen (Fig. 6) is consistent
with the data in Fig. 1 obtained during the first heating of the catalyst to 60°C. Cooling and
subsequent heating led to a slight decrease in CO conversion and the anomalously high activity
at very low temperatures was no longer observed. The similar dependences of CO, CO, and O,
concentrations in this experiment (see Fig. S6) with the data in Fig. 4 indicate that at temperature
below 50°C, the catalyst heating and cooling in the reaction mixture are accompanied by the
partial, rather than complete, oxidation of platinum.

Fig. 6b displays the dependences of CO conversion for the heating/cooling cycle in the —30
to 450°C range. The concentration and temperature dependences obtained upon heating are
shown in Fig. S7. These data match the data in Fig. 1 illustrating again that heating to 450°C
transforms the catalysts to exhibit exceptionally high activity below 0°C. Namely, the complete
conversion of CO is observed at —30°C upon cooling and repeated heating of the catalyst.

Relating the transformations of the catalyst to its O, uptake, Figs. 6 ¢, d show the oxygen
conversion during the first heating of the 8Pt/CeO,-Red catalyst to 60 and 450°C. The clearly
over-stoichiometric oxygen conversion in the temperature range 10 - 60°C manifests the second
re-oxidation stage of the pre-reduced catalyst. Upon heating to 450°C, another over-
stoichiometric O, conversion takes place at 145 - 345°C with a maximum at 265°C. Here, the
molar ratio between consumed O, and Pt is 0.34. This is the third and final re-oxidation step,
upon which all reduced platinum becomes oxidized.

According to XPS data (Fig. 6 e, f), the second re-oxidation stage at 10 - 60°C does not cause
complete platinum oxidation. The first observed state Ey(Pt4f;,) = 71.7 eV can be attributed to
Pt — atoms of metallic platinum contacting with oxygen of the oxide support or oxidized
platinum. The second state E,(Pt4f;,) = 73.0 eV is often assigned to single-atom platinum
species (Pt-SA) in a Pt**-like state. Because clusters of reduced platinum can be oxidized, these
species may correspond to Pt*>" ions located along the cluster perimeter, for which the oxygen
environment is similar to that of single platinum ions in the O4 pockets on the CeO, surface.

Heating of the reduced sample to 450°C leads to the complete re-oxidation of platinum. The
main species with E, = 72.8 eV corresponds to Pt>* ions in PtO, clusters. The second species
characterized by E, = 74.8 ¢V and lower intensity corresponds to Pt*". Importantly, these states
of platinum are the same as the states present in the as-prepared catalyst after its calcination.
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Fig. 6. Temperature dependences of CO conversion (a, b) and O, conversion (c, d) for the
8Pt/CeO,-Red catalyst during TPR-CO-O, upon heating to 60°C (a, c) and 450°C (b, d); curve-
fitted Pt4f XPS spectra of the 8Pt/CeO,-Red sample after heating to 60°C (e) and 450°C (f), see
color coding in Fig. 2a.

3.3.3. Pt states after re-oxidation of reduced catalysts: XPS and HRTEM studies

To establish how the uptake of O, affects oxidation states of Pt, differently treated 8Pt/CeO,
catalysts were studied by XPS and high-resolution transmission electron microscopy (HRTEM)
(see Figs. 7-8). In particular, we compared the 8Pt/CeQO, catalyst i) as-prepared (calcined at
600°C), ii) after two heating/cooling runs of CO+0O, reaction to 450°C (see also Figs. 1, 2, and
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6), and 1i11) after reduction in 40%H,/He at 300°C and re-oxidation i 20%0O,/He at room
temperature (the treatment is hereafter designated as Red-Ox-RT). The latter state represents the
state of the catalyst formed after the first two re-oxidation stages (occurring at —40°C and at
30°C).

The Pt4f spectrum of the as-prepared catalyst contains two doublets with Ey(Pt4f;,) = 73.0
and 74.6 eV, which correspond to Pt** and Pt** ions in the ceria lattice (Fig. 7, curve 1) [30, 56].
The catalyst state after TPR-CO+O, cycles up to 450°C does not change significantly (Fig. 7,
curve 2), with only slight abundance increase of the Pt>* species relative to Pt** ones. However,
the Red-Ox-RT treatment changes the composition of surface platinum species both
quantitatively and qualitatively (Fig. 7, curve 3), exhibiting three states of platinum characterized
by Ey(Ptdf;,) = 71.4, 72.7, and 74.1 eV. The last two peaks can be attributed, similar to the as-
prepared catalyst, to Pt>* and Pt** ions, respectively. These peaks are slightly shifted towards
lower E,(Pt4f;,) values with respect to those of the Pt?>" and Pt*" species in the as-prepared
catalyst. The binding energy decrease by 0.3 eV for the Pt** species may be caused by the
assembly of Pt>* ions (grouping of [Pt>*-O,] fragments). The decrease of E(Pt4f;,) for Pt*'may
be related to lowering the coordination of Pt** cations by O atoms, likely due to creating nearby
O vacancies [30].

as-prepared
8Pt/CeQ, catalyst

after heating/cooling
in reaction conditions

after Red-ox-RT
treatment

72 76 80
Binding energy, eV

Fig. 7. Fitted Pt4f spectra of the 8Pt/CeO, catalyst: (1) as-prepared; (2) after two heating/cooling
runs of CO+O,; reaction to 450°C (see also Figs. 1, 2, and 6); (3) after Red-Ox-RT treatment.
Integrated Pt%/Pt®*, Pt>" and Pt*' peaks are colored in blue, green and red, respectively.

Finally, E,(Pt4f;,) = 71.4 eV of the third state of platinum is slightly higher than E,(Pt4f;),)
= 71.1 eV of the metallic state in the bulk phase with 12-coordinated Pt atoms [34, 59]. Such
slightly shifted E,(Pt4f;,) peak has been assigned to Pt®* atoms of Pt clusters with a small
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positive charge due to interactions with O atoms of ceria [60-63]. Note that particle size effects
alone would lead instead to E,(Pt4f;),) shifts in the opposite direction with the peaks at 70-71 eV
depending on the coordination of atoms and the size and shape of clusters [64].

Thus, the Pt4f spectra reveal that due to the re-oxidation of reduced platinum between —40°C
and 25-30°C, a half of Pt atoms becomes ionic in three different states Pt%", Pt>" and Pt*".

Ce3d spectra of the 8Pt/CeO, catalyst recorded after its calcination or exposure to the
reaction mixture estimate the Ce3*/(Ce**+Ce*") ratio as 15-16% (Fig. S8). The ratio remains
basically unchanged after the Red-Ox-RT treatment indicating that the oxidation of Ce’" ions
occurs below room temperature.

The nature of highly dispersed forms of platinum in the Pt/CeQO, catalysts was studied using
high-resolution TEM and HAADF-STEM. Isolated Pt atoms in the 1Pt/CeO, catalyst were
observed on HAADF-STEM images as bright dots with a higher contrast against the background
of ceria (Fig. 8a). The initial catalyst contains Pt only as single atoms; no evidence of Pt particles
was obtained. The Red-Ox-RT treatment led to spatial redistribution and coalescence of Pt atoms
in the catalyst (Fig. 8b). In addition to single Pt atoms, the HAADF-STEM monitored one- and
two-dimensional species consisting of several Pt atoms. Larger Pt species with the size of 0.3-0.8
nm were also observed, which can be considered as quasi-two-dimensional Pt rafts and three-
dimensional few-layer Pt clusters. Notably, platinum clusters were predominantly located on
defects of ceria support, such as steps and inter-crystalline boundaries.

/a) 1Pt/Ce0, c) 8Pt/Ce0, e) 8PyCeO,
initial initial

: first scan

| =8pA

Fig. 8. (a) HAADF-STEM image of the initial 1Pt/CeO, catalyst; (b) HAADF-STEM image of
the 1Pt/CeO, catalyst after Red-Ox-RT treatment; (¢c) HRTEM image of initial 8Pt/CeO, with no
evidence for Pt clusters; HRTEM image of 8Pt/CeO, catalyst after Red-Ox-RT treatment
showing numerous Pt clusters; (¢) HAADF-STEM image of the initial 8Pt/CeO, catalyst: first
scan with a low beam current, where most of platinum is present in atomically-dispersed state.
Yellow circles — single Pt atoms, red circles — several agglomerated Pt atoms, red arrows — flat Pt
species consisting of several Pt atoms, white arrows — Pt clusters.

The Red-Ox-RT treatment similarly affects the state of platinum in catalysts with a high Pt
content of 8% or more. Multiple Pt clusters can be easily detected using conventional HRTEM
method, but they are absent in the HRTEM images of the initial catalysts (Fig. 8 c-d, Fig. S9).
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The introduction of 8 - 15wt.%Pt in Pt/CeO, catalysts negatively affects the stability of
atomically dispersed forms of platinum under the action of the electron beam, which makes it
difficult to study them in HAADF-STEM mode. Under normal imaging conditions, the Pt atoms
migrate rapidly agglomerating in sub-nano clusters [30]. To examine the initial atomically-
dispersed state, the beam current was noticeably reduced and the studied samples areas were
those not illuminated by electron beam before. At the beam current held below 10 pA, the
8Pt/CeO, catalyst was rather stable during several consecutive scans, only a slight movement of
Pt atoms occurred (Fig. S10). In the HAADF-STEM image obtained by the first scan with low
beam current (Fig. 8e) there are numerous bright dots standing out against the ceria background
which evidence the presence of Pt single atoms (see yellow circles). In some areas of the sample
one can also see small species consisting of several agglomerated Pt atoms on the ceria surface
(marked with red circles). Unfortunately, it cannot be determined whether such clusters were
present initially in the catalyst, or formed under the action of the electron beam (despite the low
current used). Increased beam current led to the rearrangement of Pt atoms with agglomeration
on ceria surface into 2D raft-like structures and 3D-sub-nano clusters located on the defects of
the support, especially at the inter-crystalline boundaries (Fig. S10). Such in-situ observation of
changes in the location of Pt atoms and structures enables investigation of the processes which
can occur under the reductive action of the reaction medium. The size of the Pt clusters formed
in 8Pt/CeO, and 15Pt/CeO, after Red-Ox-RT treatment does not exceed 1.5 nm, and therefore
large Pt-containing structures are not formed in the catalysts. This indicates the strong metal-
support interaction in the studied system, which stabilizes platinum in a highly dispersed state.
However, we rule out that the metal-support interaction results in a partial encapsulation of Pt
particles by ceria upon the reductive pretreatment. Such encapsulation can occur above 530°C
[65], significantly higher than temperatures employed in the present study; accordingly, the TEM
images do not reveal formation of ceria overlayers on Pt particles.

3.3.4. Steps of re-oxidation of metallic platinum species during CO+O, reaction

The re-oxidation of 1Pt/CeO,-Red, 8Pt/CeO,-Red and 15Pt/CeO,-Red catalysts depends on
the contents of different states of platinum. Fig. 9 illustrates the re-oxidation of Pt starting with
metallic species analyzed using XPS in Fig. 2. The 1Pt/CeO,-Red catalyst contains 20% of
metallic Pt (primarily as very small [Pt,]° clusters and single Pt® atoms) and 80% of Pt as Pt>*-SA
centers (Fig. 2). This catalyst is re-oxidized essentially in a single step (Fig. 9a), mainly forming
more Pt>*-SA sites relevant for the catalytic activity only above 100°C. A minor fraction of [Pt,]°
clusters is likely transformed into partially oxidized clusters. CO oxidation at low temperatures is
related to the presence of thus formed PtO, sites. However, concentration of the latter in the
catalyst with so low Pt loading is insufficient for a noticeable low-temperature CO conversion.

Re-oxidation of the high Pt-loaded catalysts is more complex. Unlike the 1Pt/CeO,-Red
catalyst the 15Pt/CeO,-Red catalyst contains >70% of metallic Pt and <30% of Pt as Pt>*-SA
centers (Fig. 2). The re-oxidation of the high Pt-loaded catalysts at —40°C begins with filling O
vacancies occurring when the metallic clusters are covered by CO. The latter CO,q/[Pt,]° state
(second image in Fig. 9b) inhibits CO oxidation by self-poisoning below 30°C. Above this
temperature competitive adsorption of oxygen and CO enables CO oxidation accompanied by
partial oxidation of [Pt,]° clusters with the formation of Pt-O-Pt bonds (third image in Fig. 9b).

The suggested partial oxidation of Pt particles is in line with the formation of PtOy species
with Pt-O-Pt sites reported by Wang et al. [29]. It is also consistent with the results of the present
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work showing the consumption of an amount of O, able to oxidize 10% and 20% of metallic
platinum in the 8Pt/CeO,-Red and 15Pt/CeO,-Red catalysts, respectively.

The second oxidation of the Pt content in the 8Pt/CeO,-Red and 15Pt/CeO,-Red catalysts
takes place at a temperature of ca. 30°C in the presence of the reaction mixture. An intense O,
consumption is observed at these conditions, accompanied by the formation of CO,, sharp
elevation of temperature and growth of CO conversion to 100%. Our experiments reveal that ca.
one half of the gas-phase O, is consumed for the formation of CO,, while the other half of O, is
consumed for the oxidation of reduced Pt species.

The experimental data on the second oxidation of metallic platinum clusters by the reaction
mixture CO+0O, can be interpreted as proposed by Iglesia and co-workers and by Beniya and
Higashi [66, 67]. In particular, the O, activation step can include the participation of CO via the
formation of an OO-CO* intermediate. The latter decomposes to CO, and releases atomic
oxygen that oxidizes platinum to PtO,. Such CO-assisted O, dissociation pathway lowers the
activation barrier compared to the unassisted O, dissociation on Pt nanoparticles [66, 67].

The present work shows that despite the active oxygen consumption at 30°C the reaction
mixture does not completely re-oxidize platinum clusters of the reduced high-loading catalysts at
temperatures from —40 to 30°C. The complete oxidation by the reaction medium with the
formation of PtOy clusters essentially without Pt-Pt bonds requires notably higher temperature
and finishes at ca. 350°C, as shown in Fig. 6d. This point corresponds to the formation of Pt,0O,
clusters, in which the m:n ratio reaches a maximum below 2.

The present study suggests that the action of H, is related to the transformation of single Pt>*
atoms and similar cationic species into clusters of metallic platinum [Pt,]°, whose subsequent re-
oxidation produces Pt,O,, clusters featuring very different adsorption and reaction properties.
Thus, in line with [19-22], H, does not only reduce platinum ions, but also induces their
aggregation into metallic clusters serving as precursors for the catalytically active Pt,O,, clusters
formed upon admission of CO oxidation reactants.
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Fig. 9. Schematic re-oxidation of different platinum metallic species on ceria during CO+O,
reaction as a function of temperature: a) Pt>*-SA and [Pt,]° clusters, very small n values; b) [Pt,]°
clusters, larger n. Color coding: metallic Pt atoms — blue; Pt cations Pt>*-SA in the pristine or O-
defective square-planar coordination by lattice O anions — turquoise; cationic Pt atoms in PtOy
clusters — green; ceria support — grey. Left panel in b) shows the initial [Pt,]° cluster anchored to
reduced ceria. At T > 30°C CO,q layers covering Pt, clusters transform into O, layers
accompanied by partial oxidation of the clusters. At T > 150°C the Pt clusters start to transform
into fully oxidized Pt,O,, structures with the oxidation process completed around 350°C.
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3.4. In situ near-ambient pressure XPS study of CO+O; reaction

NAP-XPS can directly trace the evolution of Pt species under conditions mimicking the
experimental reaction conditions. For that the 15Pt/CeO, catalyst exposed to the CO+O, reaction
gas mixture was studied by NAP-XPS. The initial 15Pt/CeO, catalyst was pre-treated in oxygen
at 450°C (Fig. Slla, curve 1), revealing after that only the oxidized Pt species — Pt*" and Pt**
ions characterized by Ey(Pt4f;,) = 72.6 and 74.1 eV, respectively.

Thus, the NAP-XPS data corroborate that under the steady-state CO oxidation conditions,
active states of platinum are Pt>" and Pt*" cations in the form of single atoms and PtOy clusters in
line with TEM data (Fig. 8). The composition of the platinum species is adjusted under the
action of the reaction medium and temperature. Importantly, no state of metallic Pt was observed
in the entire scrutinized temperature range, when the ignition and development of the reaction
occurred. These data strongly suggest that the key active sites for the ignition and achieving
maximum conversion of CO oxidation are provided by oxide PtOy clusters.

3.5. Ceria-supported PtOy clusters and CO adsorption on them: results of DFT calculations

Despite indications that Pt particles can be oxidized under various conditions [16, 25, 29-31,
46], their geometry, stability, electronic structure and reactivity are still unclear. Thus, we
globally optimized the structure of supported on CeO, PtOy clusters with varying stoichiometry
and compared their stability with respect to the corresponding metallic Pt clusters and atomically
dispersed Pt>*-SA species.

a)

Formation energy (eV)

Formation energy (eV/Pt atom)
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Number m of O atoms in PtgO0,,/CeO;

Fig. 10. a) Calculated formation energies of ceria-supported PtcO,, clusters taking the reduced
ceria-supported Ptg cluster and free O, molecules as references, i.e. according to the reaction:
Pts/CeO, + m(}20,) — Pts0,,/CeO,, m = 0 - 12. The green line shows adhesion (deposition)
energies of PtcO,, on CeO,(111), according to the reaction: PtsO,, + CeO, — Pt;0,,,/CeO,. b)
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Calculated formation energies of the ceria-supported PtsO,, clusters per Pt atom taking gas-phase
Pt atoms, the CeO,(111) surface, and O, as references, i.e. according to the reaction: 6Pt + CeO,
+ m(20,) — Pts0,,/CeO,. These values represent the energy gain, per Pt atom, of forming a
PtsO,, cluster, which can be directly compared to the adsorption energies (from -5.0 to -7.3 eV,
grey-shaded area) of strongly bound Pt** cations on (100)-like facets of ceria [55, 68, 69]. Blue
bars are DFT energies AE at 0 K; orange bars are Gibbs free energies AG corresponding to
conditions of the present experiments, temperature 300 K and O, pressure 0.01 atm (1 vol.% O,).

The global optimization of the structure of Pt;O,, (m = 0 — 12) clusters supported on CeO,
was performed using the GOFEE code as outlined in section 2.2. Formation energies of the
obtained global minimum (GM) structures are shown in Fig. 10. We present these data using
different references to illustrate the relative stability of the three relevant types of species.

Fig. 10a displays the reaction energies of the Pt¢ cluster supported on CeO,(111) with gas-
phase O, (Pts/CeO, + m(’20,) — Pt;0,,/Ce0,) at 0 K (DFT energies, blue bars) as well as at 300
K and pp, = 0.01 atm (Gibbs free energies, orange bars). This clearly shows that small Pt clusters

anchored on ceria are thermodynamically unstable and undergo oxidation already at very low O,
pressures. We note that Pt clusters can dissociate O, molecules with essentially vanishing
activation barriers, partly due to the flexibility of Pt atoms [70]. Therefore, adsorbed O, readily
dissociates into O atoms, oxidizing the Pt clusters. The stability trends revealed by both DFT
energies and Gibbs free energies of the oxidative reactions are similar and indicate that Pts/CeO,
clusters are considerably stabilized by interactions with oxygen until reaching the PtsOq
stoichiometry. After that, the addition of O atoms becomes unstable with respect to O, in the gas
phase reservoir.

Fig. 10b illustrates the energy gain per Pt atom of forming a Pt;0,,/CeO,(111) cluster from
gas-phase Pt atoms, the CeO,(111) surface, and gas-phase O, (the reaction 6Pt + CeO, +
m(20;) — Ptc0,,/Ce0;). This allows comparing the average stability of each Pt atom to
adsorption energies calculated for Pt>*-SA species strongly anchored on (100)-like facets of
ceria. Such adsorption energy of Pt>* on Qy sites of ceria nanoparticles and surfaces ranges from
-5.0to -7.3 eV [55, 68, 69], indicated by the shaded area in Fig. 10b. According to these energies
the stability of Pt atoms is similar in the PtO,/CeO, clusters and the Pt>*-SA species. This
explains why the oxidation of metallic Pt clusters on ceria upon exposure to O, can result in both
dispersed Pt**-SA species and PtO, clusters. However, since the re-dispersion of Pt clusters as
the Pt?>*-SA species requires relatively scarce surface Oy sites, the formation of PtOy clusters is
more likely, especially for catalysts with high Pt loadings.

Details on the evolution of the structure and atomic charges of PtsO,, clusters supported on
CeO,(111) for m = 0 to 12 are given in the Supplementary Material. O atoms on the supported
PtsO,, clusters preferentially adsorb in bridge sites of Pt-Pt bonds formed by the least electron-
depleted Pt atoms and break the bonds by creating quasi-linear -O-Pt-O- fragments. The
consecutive addition of O atoms increases the Bader charge of the involved Pt atoms until
reaching ca. 1.2 |e| (see Fig. S12) in the PtOy/CeO, system, where all Pt-Pt bonds are
transformed into Pt-O-Pt ones. This system is the most stable with respect to oxygen content
variations and also corresponds to the most strongly anchored particle (see adhesion energies in
Fig. 10a), suggesting its lower volatility compared to other PtcO,, clusters. The predominant
structural motif in these oxidized PtOy clusters is that of d® Pt(I[) complexes, with Pt cations in a
square-planar coordination environment bonded to four O anions.

Regarding the catalytic properties of these systems, it should be noted both CO and O,

interact strongly with bare metallic Pt clusters, with an almost barrier-less dissociation of
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molecular O, [70]. However, the low-temperature oxidation of CO on metallic Pt clusters is
hindered by poisoning with CO, which is adsorbed 0.1 — 0.3 eV more strongly than O, [71], thus
blocking adsorption (and dissociation) of the latter. Elevated temperatures are required to reduce
the CO coverage on metallic Pt, make the adsorption of O, possible, and thus facilitate CO
oxidation. In turn, CO adsorption on atomically dispersed Pt*" species seems to depend on the
ceria support, with either very weak (calculated adsorption energy of -0.1 [68], 0.1 [71] and 0.2
eV [55]) or moderate (calculated adsorption energy of 0.8-0.9 eV [29]) bonding. The weak
bonding is hardly sufficient for noticeable CO surface residence even at sub-ambient
temperatures, and the moderate bonding was associated with a quite high activation barrier of
0.8-0.9 eV for the rate-limiting O, dissociation step [29].

On the PtgOy/CeO, model, we have identified two CO adsorption modes. The first contains
molecular CO bound to a Pt atom in a terminal way by 0.5 - 0.8 eV (upper panels in Fig. S13).
The second adsorption mode features CO,- or COs;-like moieties bound by 1.5 - 2.1 eV with
respect to free CO plus PtsOy/CeO, (lower panels in Fig. S13). CO, desorption from these
structures resulting in PtsOg/CeO, requires as little as 0.2 - 0.5 eV and is energetically favored
with respect to free CO plus PtsOy/CeO, by over 1.5 eV. Such nearly spontaneous CO, formation
is due to the strongly activated CO forming one or two extra O-CO bonds with the oxidized PtOy
clusters. These computational findings shed light on the role of ceria-supported oxidized PtOy
clusters in the observed CO oxidation activity at sub-ambient temperatures. A forthcoming in-
depth DFT study of the multiple mechanisms is required to elucidate details of the catalytic
activity of these systems. Such study will also address low-temperature CO oxidation
mechanisms beyond those proposed for Au-containing catalysts [72] or the Pts04,/CeO, model
[29], the latter of which already provided an explanation of more facile CO oxidation over PtOy
particles than Pt>*-SA species.

We also note that the adsorption energy of CO on the reduced Pts/CeO; system (2.45 eV) is
comparable to those calculated for the PtOo/CeO, system. Interaction with CO therefore does
not significantly destabilize PtOy clusters with respect to Pt clusters. The DFT data discussed in
this section thus explain the transformations between different states of ceria-supported Pt
catalysts under varying conditions, and describe the stability and chemical properties of the
states involved in these transformations.
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Fig. 11. Scheme summarizing the nature and activity of Pt species in Pt/CeQO, catalysts as a
function of Pt content (low 1%wt.Pt; high 8%wt.Pt), pretreatment, and exposure to CO oxidation
conditions at low (-40 to 60°C) and high (150 to 450°C) temperature. Majority Pt species are
mentioned inside each box, whose background is colored according to the temperature at which
20% CO conversion is reached (Ty). Pt?>*-SA refers to atomically dispersed Pt** species, i.e.
Pt>*-O,4, which for low Pt loadings are found mainly in surface positions of ceria. For high Pt
loadings Pt**-SA and Pt*"-SA species also occupy bulk-like positions in ceria under reducing and
oxidizing conditions, respectively. Pt refers to metallic Pt, either in the form of particles or
clusters, and PtO,/Pt refers to partially oxidized Pt particles where a fraction of Pt-Pt bonds still
preserved. PtO, refers to fully oxidized Pt particles or clusters without Pt-Pt bonds.

4. Conclusions

This work addressed the redox properties and performance of Pt/CeO, catalysts that are
highly active towards the oxidation of CO at sub-ambient temperatures, even below 0°C. We
demonstrate how Pt-loading, pre-treatments, and exposure to reaction conditions affect the
structure, oxidation state, and resulting activity of these catalysts, as schematically summarized
in Fig. 11.

Depending on the Pt loading, oxidative and reductive pre-treatments of the catalyst samples
have opposite effects on their low-temperature CO oxidation activity. For catalysts with high Pt
content (8%Pt and 15%Pt), pre-oxidation enhanced the activity more than pre-reduction. In turn,
the reductive pre-treatment enhanced the activity of the catalyst with low Pt loading (1%Pt) more
significantly. However, pre-reduced catalysts for all Pt loadings were further transformed after
exposure to the CO+0O, reaction medium, with activities surpassing those of the corresponding
pre-oxidized catalysts.

These trends in the activity can be traced back to changes in the nuclearity and oxidation
states of the Pt species, as revealed by in sifu and ex situ XPS. In the pre-oxidized 1Pt/CeO,
catalyst, platinum mainly forms Pt>* single atoms. This state is highly stable and active in the CO
oxidation only at T>100°C via a MvK mechanism involving O atoms from CeQO,. Pre-oxidized
catalysts with high Pt loadings, in turn, contain platinum as Pt>** and Pt** cations, forming PtO,
particles. The latter trigger the CO oxidation activity below 0°C, involving CO and oxygen
adsorbed directly on the PtOy particles. Pre-treatment of the catalysts in H, leads to the presence
of both Pt>* and metallic Pt species (in the form of Pt clusters and nanoparticles). However, the
fraction of metallic Pt is significantly lower for the catalyst with low Pt loading. Thus generated
metallic Pt particles are more active at sub-ambient temperatures than the atomically dispersed
Pt?* species, but less active than the PtO, species in the corresponding oxidized catalysts.

Crucially, operando-induced changes appear because metallic Pt particles are prone to re-
oxidation when exposed to the CO+O, reaction mixture, resulting in the corresponding increase
of the CO oxidative activity below 0°C. Heating the high-loading 8Pt/CeO, and 15Pt/CeO,
catalysts in the reaction mixture to 30°C initiates a partial oxidation of Pt clusters with the
formation of first Pt-O-Pt bonds. Finally, completely oxidized PtOy clusters are formed at/above
350°C, where basically all Pt-Pt bonds are transformed into Pt-O-Pt bonds. For the low-loading
1Pt/Ce0,, the re-oxidation of the reduced catalyst in the reaction mixture mainly restores [Pt*'-
0,] sites with atomically dispersed Pt atoms embedded in CeO,, but also leads to the formation
of a small amount of PtO, clusters.

Pt particles are transformed to PtO, because these oxidized states are notably more stable,
according to the formation energies of our globally optimized models calculated with DFT-based
approaches. In fact, PtO, clusters also compete in stability with the Pt**-SA species, the
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formation of which requires the presence of square-planar O, surface sites. The similar stability
of Pt species and relatively low concentration of the Oy sites can explain why PtOy particles are
the dominant species for oxidized catalysts with high Pt loadings.

To summarize, this study has demonstrated the key role of oxidized PtO, particles for the
catalytic oxidation of CO at very low temperature. Metallic Pt particles, often considered as the
most active state in such catalysts, are in fact precursors for the formation, under operando
conditions, of more active PtO, particles. This highlights the need to understand the complex
response of catalytic materials to both pre-treatments and operando conditions in order to design
catalyst preparation strategies that maximize the abundance of active species.
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Highlights

Oxidation states and CO oxidation activity of Pt/CeO, catalysts are affected by

pretreatments, Pt loading, and exposure to reaction conditions.

Atomically dispersed Pt>* species are reduced to Pt, clusters under reductive pretreatments,

and Pt, clusters are oxidized to stable PtO, clusters during CO oxidation reaction

PtO, particles are more active than Pt particles at sub-ambient temperatures, and Pt particles
are more active than atomically dispersed Pt*" species.
e PtO, particles are more stable than Pt particles, and as stable as atomically dispersed Pt>*

species.

Pt, reoxidation steps during the reaction of CO oxidation
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