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Abstract

Single-atom catalysts represent an essential and ever-growing family of
heterogeneous catalysts. Recent studies indicate that besides the valuable catalytic
properties provided by single-atom active sites, the presence of single-atom sites on
the catalyst substrates may significantly influence the population of supported metal
nanoparticles coexisting with metal single atoms. Treatment of ceria-based single-
atom catalysts in oxidizing or reducing atmospheres was proven to provide a precise
experimental control of the size of supported Pt nanoparticles and, correspondingly,
a control of catalyst activity and stability. Based on dedicated surface science
experiments, ab initio calculations, and kinetic Monte Carlo simulations, we
demonstrate that the morphology of Pt nanoparticle population on ceria surface is a
result of a competition for Pt atoms between Pt single-atom sites and Pt
nanoparticles. In an oxidizing atmosphere, Pt single-atom sites provide strong
bonding to single Pt atoms and Pt nanoparticles shrink. In reducing atmosphere, Pt
single-atom sites are depopulated and Pt nanoparticles grow. We formulate a
generic model of Pt redispersion and coarsening on ceria substrates. Our model
provides a unified atomic-level explanation for a variety of metal nanoparticle
dynamic processes observed in single-atom catalysts under stationary or alternating
oxidizing/reducing atmospheres and allows us to classify the conditions under
which nanoparticle ensembles on single-atom catalyst substrates can be stabilized
against Ostwald ripening.

Introduction

Activity, selectivity, and stability of most heterogeneous catalysts depend sensitively
on the size of supported metal nanoparticles. (1,2) Experimental techniques and
practical approaches have been developed, targeting the nanoparticle size during
catalyst activation, (3,4) operation, (5,6) and regeneration, (7,8) with the aim to
optimize the catalyst utilization and to improve understanding of nanoparticle
dynamic changes throughout the catalyst lifetime. With the realization of single-
atom catalysts, the range of controlled metal nanoparticle sizes has reached a limit
of one supported metal atom. (9,10) Single supported metal atoms do not represent
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a thermodynamically stable entity on their own. To prevent nucleation of metal
atoms to metal nanoparticles, single-atom catalyst substrates must be available,
providing sites with strong enough chemical bonding to single metal atoms to
overcome metal cohesion. (11,12) Still, the stabilization of single metal atoms on the
catalyst substrate does not guarantee a single-atom catalyst operation. Often, the
strong bonding of single atoms to the substrate compromises their catalytic activity
(13-15) or single atoms are destabilized by interaction with reactants during catalyst
operation and metal nanoparticles become the active phase instead. (16,17)

The highly dynamic behavior of metal load on a single-atom catalyst substrate has
been documented for platinum (Pt) on ceria (CeQz2). Ceria can provide strong
bonding to metal nanoparticles resulting in high metal dispersion and small
nanoparticle size. (18) Recently, it was proven that Pt nanoparticles on ceria/alumina
substrates are destabilized in oxidizing conditions and at high temperatures and
decompose to Pt single atoms bonded to O atoms at surface defects on ceria,
particularly at monoatomic surface steps. (19) Such Pt single atoms show small
activity toward CO oxidation. (20,21) Activation of Pt single atoms on ceria for low-
temperature CO oxidation can be achieved via treatment of the single-atom catalyst
under reducing conditions when, in turn, Pt single atom traps are destabilized and
three-dimensional Pt nanoparticles of an optimal size nucleate. (22,23) When Pt
nanoparticles further grow in size by Ostwald ripening and low-temperature CO
oxidation activity is suppressed, catalyst treatment under an oxidizing atmosphere
can reset the Pt single-atom dispersion and make the catalyst ready for a new
activation. (22) These results indicate exciting possibilities for activation,
regeneration, and long-time operation of metal nanoparticle catalysts supported on
single-atom catalyst substrates (24-27) and call for elucidating the mechanisms of
Pt redispersion and coarsening on ceria under oxidizing and reducing atmospheres.

We address the issues of Pt redispersion and coarsening in a model system of Pt
nanoparticles on Ce02(111) single crystalline substrate. (28) Flat Ce02(111) surfaces
can be investigated by microscopic and spectroscopic techniques of surface
science, obtaining direct quantitative information unavailable for real Pt-ceria
catalysts: density of surface defects or single-atom sites, (29) charge state of the
surface, (30) and occupation of single-atom sites by single Pt atoms. (31) Previously,
such quantitative information, combined with ab initio calculations, allowed
identifying Pt single-atom dispersion on Ce02(111) at monoatomic steps acting as
single-atom traps. (31) Configuration of the stable single Pt atom was identified as
Pt** ion bonded to four neighboring surface O atoms in a square-planar
configuration. (31) Capacity of monoatomic steps on Ce0Oz(111) was determined as
one Pt* single ion per one step Ce site. (31) Binding energy of Pt at the single-atom
sites was investigated as a function of the concentration of Pt and O atoms at
Ce02(111) step edges. (32) In the presence of excess O atoms at step edges (in
vacuum or in oxidizing atmosphere), Pt atoms are accommodated at step edges as
single Pt* ions with binding energy E** larger than Pt cohesive energy E-. In the
absence of excess or lattice O atoms at step edges (in vacuum or in reducing
atmosphere), single Pt atoms are accommodated at step edges as partially charged
Pt>* species with binding energy E' smaller than Pt cohesive energy E-.
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In the present work, we perform dedicated surface science experiments revealing the
dynamic character of Pt load on CeOz(111), particularly the thermally activated
nature of the redispersion of deposited Pt to single Pt* ions, (19,31-33) and Pt
coarsening and redispersion in alternating reducing and oxidizing conditions.
(22,23,34) With further support from ab initio calculations we formulate a generic
model of Pt redispersion and coarsening comprising Pt adatom diffusion on
Ce02(111) terraces, Pt adatom interaction with single-atom traps at Ce02(111) step
edges, and Pt adatom interaction with Pt nanoparticles on Ce0O2z(111) surface. We
show that thermal activation during Pt redispersion and coarsening is required for
breaking Pt—Pt bonds in Pt nanoparticles on the way toward minimization of the
total energy of the Pt/Ce02(111) system. Under oxidizing conditions, a capture of Pt
adatoms in single-atom traps is preferred (E'™ > Ec) and Pt nanoparticles shrink.
Under reducing conditions, single-atom traps are depopulated (E** < E) and Pt
nanoparticles grow by Ostwald ripening. Kinetic Monte Carlo simulations within the
proposed model allow us to identify general conditions under which metal
nanoparticle catalysts on single-atom catalyst substrates can be optimized and
operated in a stable, sinter-resistant manner.

Results

Thermally Activated Nature of Pt Redispersion on Ce0*(111)

To achieve an efficient redispersion of Pt deposit to supported Pt single atoms on
model and real CeOz2 substrates, thermal activation is required. (19,31-33) We
investigate this process in detail in a series of surface science ultra-high vacuum
(UHV) experiments in which Pt is deposited at 300 K on Ce02(111) samples prepared
with well-defined concentrations of surface monoatomic steps, providing single-
atom Pt adsorption sites. (19,27,31,32) Upon Pt deposition, the samples are
subjected to repeated flash annealing at gradually increasing temperatures and
characterized with synchrotron radiation photoelectron spectroscopy (SRPES). In the
SRPES of Pt 4f, the Pt* signal corresponds to the amount of occupied Pt single-atom
sites, whereas the Pt° signal represents partially charged Pt™* atoms and Pt nucleated
as metal nanoparticles (Figure S1a,e.i). (31-33) The fraction of Pt* signal in the total
Pt 4f signal thus allows us to determine the fraction of Pt deposit dispersed as single
atoms. No Pt* signal is observed by SRPES in the present experiments.

We repeat these experiments on four Ce02(111) samples prepared with step
densities 6, 11, 15, and 16% monolayer (ML), always depositing 7% ML Pt. 1 ML
represents the density of Ce atoms on the Ce02(111) surface (7.9 x 10" cm™or 7.9
nm~?). The results are summarized in Figure 1. For each sample, a progressive
redispersion of Pt is observed with increasing temperature. Three other effects can
be identified. At 300 K, the fraction of Pt deposit dispersed as single atoms is
increasing with increasing step concentration. Upon final annealing at 700 K, the
fraction of Pt deposit dispersed as single atoms adopts two values. For the samples
where the step density is higher than the amount of deposited Pt, the majority of Pt
is dispersed as single atoms. For the sample where the step density is lower than the
amount of deposited Pt, redispersion of Pt is incomplete. Finally, for the samples
showing almost complete redispersion, an accelerated transient to the redispersed
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state becomes apparent between 550 and 650 K, indicating a presence of an energy
barrier to redispersion.
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Figure 1. Redispersion of Pt deposited on Ce02(111) in UHV. Pt was deposited at 300
K and flash-annealed in UHV to gradually increasing temperatures. The final step of
the thermal treatment is annealing in UHV at 700 K for 5 min.

Redispersion and Coarsening of Pt Load on Ce0%(111) in Oxidizing and
Reducing Conditions

Redispersion of Pt load on ceria nanoparticles under oxidizing conditions and
subsequent coarsening under reducing conditions have been documented previously
by means of transmission electron microscopy (TEM). (19,22,35) Here, we perform
analogous experiments on model Ce02(111) surfaces by means of SRPES and
scanning tunneling microscopy (STM). On the Ce02(111) surface with 15% ML of
monoatomic steps, we deposit Pt at 300 K and anneal at 700 K in UHV to obtain Pt
redispersion. Afterward, we perform alternating cycles of sample reduction (in 1 x
10™° Pa CH:0H) and sample oxidation (in 1 x 107° Pa Oz, see Experimental
Procedures). In between the cycles, we characterize the chemical state of the
sample by SRPES. We chose CH3OH as a reducing agent because, in contrast to CO
or Hz, it strongly interacts with clean CeO2(111) surfaces and provides a reliable
reduction of the Ce02(111) surface under UHV conditions of surface science
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experiments. (36) Reduction with CH:OH does not change the density of
monoatomic steps on Ce02(111) surfaces. (32)

We repeat these experiments on four Ce02(111) samples prepared with Pt amounts
of 2,6, 16, and 26% ML (0.2-2.1 Pt atoms/nm?’, cf. ref (27)). The results are
summarized in Figure 2a. On all samples, we observe coarsening of the Pt deposit
(decrease of the Pt* signal, increase of the Pt’ signal) upon reduction treatments
(“red1”-"red5") and redispersion (increase of the Pt*" signal, decrease of the Pt°
signal) upon oxidation treatments (“ox1”-"0x5"). Coarsening and redispersion also
influence the total Pt 4f signal due to partial screening of the Pt’ signal from metallic
Pt nanoparticles. Screening is becoming more efficient for larger nanoparticles; the
total Pt 4f signal can thus serve as a qualitative indication of the Pt nanoparticle
size. For Pt amounts smaller than the step density (2 and 6% ML Pt), redispersion on
the as-prepared samples (“Pt as prep”) is almost complete, and subsequent
coarsening and redispersion of Pt in the five observed reduction/oxidation cycles is
very reversible. For Pt amounts larger than the step density (16 and 26% ML Pt),
redispersion on the as-prepared samples is incomplete. Subsequent coarsening and
redispersion cycles exhibit a progressive extinction of the Pt** signal accompanied
by a decrease of the total Pt 4f signal, indicating an overall growth of metallic Pt
nanoparticles at the expense of atomically dispersed Pt.

Figure 2
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Figure 2. Redispersion and coarsening of Pt load on Ce02(111) under
oxidizing/reducing conditions. Pt was deposited at 300 K and annealed at 700 K in
UHV (“Pt as prep”) followed by annealing at 600 K in alternating reducing (CH:0H,
“red”) and oxidizing (Oz, “ox”) conditions. Experiments were performed for Pt
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amounts between 2 and 26% ML deposited on Ce0O2z(111) substrates with 15% ML
monoatomic steps. (a) Pt* (single atoms), Pt° (metallic clusters), and total Pt 4f
signal in SRPES spectrum. (b) STM images for 12% ML Pt. Occupied state images,
45 x 45 nm? sample bias 7.5 V, tunneling current 45 pA.

Parallel to the Pt 4f signal, other SRPES signals were monitored to characterize the
chemical state of the samples during reduction and oxidation treatments. The
results are shown in Figures S1 and S2. Particularly, the reduction of the CeO2(111)
surface was determined by resonant photoelectron spectroscopy (RPES) via the so-
called resonant enhancement ratio (RER) of the Ce valence band (VB) signal. (37) A
complete coarsening (suppression of the Pt* signal) in the reduction cycles was
accomplished by reducing the samples to the values of RER >1.0. (32) Upon
oxidizing cycles, RER decreases to <0.1 corresponding to almost fully stoichiometric
Ce02(111). (32) Reduced Ce02x(111) surface is highly reactive toward water and
alcohols resulting in strong OH adsorption at the surface (Figure S1g,h). The use of
organic reductant (CH:0H) in the reduction cycles results in the presence of
carbonaceous adsorbates at the surface after both reducing and oxidizing cycles
(Figure S1d.h.l). This indicates that the redispersion of Pt on ceria-based single-atom
catalyst supports is robust with respect to organic and carbonaceous contaminants.

An STM experiment illustrating the morphology of the model Pt/Ce02(111) samples
was performed for 12% ML Pt (0.9 Pt atoms/nm?, cf. ref (27)) deposited on the
Ce02(111) surface with 15% ML steps. The results are summarized in Figure 2b. On
the as-prepared samples with fully redispersed Pt, only (111) terraces and
monolayer-high steps of Ce02(111) surface are apparent. Upon reduction treatment,
nanoparticles decorating ceria step edges appear. The observed nanoparticle
density corresponds to an average nanoparticle size of 120 Pt atoms. Upon
oxidation treatment, the nanoparticles disappear; however, the efficacy of this
process seems to be decreasing for the consecutive reduction/oxidation cycles. Pt
nanoparticles on the partially reduced Ce02(111) surfaces were best viewed by STM
in occupied states with tunneling voltage increased to 7-8 V. In empty states, STM
contrast of the Pt nanoparticles was lower and comparable to the contrast of the
OH-terminated, oxygen-deficient CeO2(111) (Figure S3). STM experiments also
confirm that upon both oxidation and reduction treatments the morphology and step
density of Ce02(111) substrates remain unchanged.

The experiments summarized in Figures 1 and 2 reveal a variety of dynamic
processes related to redispersion and coarsening of the Pt load on Ce02(111). A
common property of all observed processes is their thermally activated nature.
Performing the experiments on flat model Ce02(111) substrates using surface
science methods allowed quantification of the density of available single-atom sites.
Many observed processes are influenced by the capacity of the Ce02(111) surface to
accommodate Pt in single-atom traps, i.e., by the ratio of the density of the
monoatomic steps on Ce02(111) to the amount of deposited Pt. Some general
phenomena can be identified, e.g., coarsening of Pt nanoparticle populations for the
cases when metallic Pt nanoparticles prevail.

Activation Barriers for Filling Pt Single-Atom Traps on Ce0?(111)
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Understanding the thermally activated nature of the Pt redispersion on CeOz in
oxidizing conditions requires considering Pt transport processes on the Ce02(111)
surface at the atomic scale. Pt nanoparticle diffusion can be excluded because
single-atom traps at Ce02(111) step edges must be populated by diffusing species
containing single Pt atoms. In some studies, Pt mass transport through gas phase
via volatile PtO: is invoked. (27,38,39) On geometrically flat model CeO2(111)
substrates, however, a formation and desorption of PtO2 would lead to a fast removal
of Pt deposit, which is not observed. Ab initio calculations predict that due to the
small binding energy of the PtO2 molecule on Ce02(111), surface diffusion of PtO2
does not take place. (27) The presence of carbonaceous species on our samples
(Figure S1d,h,I) may invoke consideration of Pt transport via Pt carbonyls. (40) This
mechanism however cannot account for all observed phenomena, e.g., for the Pt
redispersion after deposition (Figures 1 and S1d). Moreover, monodispersed Pt*
ions at ceria step edges do not interact with CO. (31) It seems reasonable to assume
a mass transport of Pt on Ce02(111) surfaces via diffusion of Pt single
atoms—adatoms. Theoretical studies predict the binding energy of Pt adatom on
Ce02(111) surface 3.3 eV, (31) and the activation energy for Pt adatom hopping on
clean Ce02(111) surface 0.5 eV, rendering surface diffusion of Pt adatoms a fast and
efficient process. (41)

Single-atom traps for Pt adatoms are localized at the step edges of Ce02(111)
(19,27,31,32) and must be occupied by surface diffusion of Pt adatoms from upper
or lower Ce02(111) terraces adjacent to the step edges. This process may account
for the experimentally observed thermal activation of Pt redispersion provided that
energy barriers preventing adatom attachment at the step edge from the upper or the
lower terrace are present. (42,43) Here, we estimate such step-edge barriers for Pt
adatom capture at Ce02(111) monoatomic step edges based on density functional
theory (DFT) calculations. (44)

Following our previous works on Pt incorporation and reactivity at Ce02(111) step
edges, (31,32,45) we select two different low-energy step geometries, which we label
as Type | and Type Il. (46) For each step geometry, we consider both stoichiometric
step edges as well as step edges in the presence of excess oxygen atoms
decorating the steps (Figure S4). We have previously demonstrated that excess O
atoms bind preferentially at step edges leading to the formation of stable peroxide
species. (31,32) Peroxide species, in turn, determine the preferential binding of Pt
adatoms to the oxidized step edges and increase the Pt binding energy by 1.6 eV
with respect to stoichiometric step edges. This large increase in Pt binding energy
correlates with the formation of characteristic square-planar PtO+ units. (31) The
adsorption energy of Pt on all of the considered model steps is summarized in Table
S1.

To quantify the step-edge barrier for the Pt incorporation at Ce02(111) step edges via
surface diffusion, we have calculated the minimum energy path corresponding to the
diffusion of a Pt adatom from a CeO2(111) terrace to a step edge. This process has
been calculated considering diffusion paths from both sides of the step edge (i.e.,
from the upper and lower terraces), for both model step edges (Type | and Type II),
and for different degrees of step-edge oxidation (stoichiometric and with excess
oxygen). The minimum energy paths have been computed using the climbing image
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nudged elastic band (CI-NEB) method, which provided the activation energy for Pt
diffusion at the ceria step edge. A schematic illustration of the calculation for Step
Type Il with excess oxygen is in Figure 3, and all calculated configurations are
summarized in Figure S5.

Figure 3
(a) IS

Figure 3. Representative configurations of the calculated minimum energy path for
the Pt adatom diffusion and incorporation at Type Il Excess Oxygen step edge. (a—c)
Initial (IS), transition (TS), and final (FS) states of the process. Pt atom, red; Ce
atoms, yellow; O atoms, blue. Excess O atoms are indicated with *.

The resulting step-edge barriers are reported in Table 1. We compare the step edge
barriers to the activation energy E« for Pt diffusion on the stoichiometric CeO2(111)
terrace, E¢ = 0.50 eV. For most cases, the activation energies for Pt adatom capture
at Ce02(111) single-atom traps differ from the activation energy of Pt adatom
diffusion on the (111) terrace by 0.1 eV or less, where 0.1 eV is the estimated error of
the calculation. In one case (Step Type Il excess oxygen/lower terrace), Pt diffusion
toward the step edge is enhanced, and in another case (Step Type |


https://pubs.acs.org/doi/10.1021/acscatal.2c00291#fig3
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00291/suppl_file/cs2c00291_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00291#tbl1

stoichiometric/upper terrace), the diffusion requires an additional activation. Still,
Steps Type | stoichiometric can be easily occupied from the lower terrace. Overall,
we can conclude that the DFT calculations do not predict significant activation
barriers for Pt adatom capture in single-atom traps on Ce02(111).

Table 1. DFT Calculations of Activation Energies for Pt Adatom Capture in Single-
Atom Traps on CeOz(111)
from lower terrace (eV)

Step Type | stoichiometric 0.47
Step Type Il stoichiometric 0.59
Step Type | excess oxygen 0.60
Step Type Il excess oxygen 0.16

Generic Model of Metal Redispersion and Coarsening on Single-Atom
Catalyst Substrates

The absence of the step-edge barrier for Pt adatom capture in single-atom traps on
Ce02(111) step edges resulting from our DFT calculations (Figure 3, Table 1)
indicates that Pt adatom capture is a diffusion-limited process and the thermal
activation in the present (Figures 1 and 2) and previous experimental observations
(19,24,31-33) is rather required to increase the Pt adatom concentration on the
samples, and thus Pt adatom availability for a capture. The only source of Pt
adatoms on our samples can be Pt nanoparticles. In such a case, Pt distribution on
the sample surface must be a result of competition between adatom capture in
single-atom traps and adatom capture by Pt nanoparticles.

For the formulation of a model of Pt redispersion and coarsening on Ce02(111) a
suitable description of Pt cohesion in Pt nanoparticles is required. While ab initio
calculations of the stability of supported metal clusters and ab initio calculations of
the atom detachment from the clusters are available, (47-49) they are restricted to
specific cluster geometries and cannot effectively describe the broad range of
cluster configurations at elevated temperatures.

We aim at formulating a generic model, i.e., a model replicating the observed Pt
redispersion and coarsening phenomena based on a minimum amount of
assumptions. In such a case, it is favorable to describe Pt cohesion within the frame
of a bond-counting or bond-additivity model, when the energy cost of Pt adatom
detachment from a Pt nanoparticle is considered proportional to the number of
broken nearest-neighbor Pt—Pt bonds. (50-52) Kinetic Monte Carlo implementations
of bond-counting models correctly replicate nucleation and Ostwald ripening of
metal nanoparticles (53,54) and can be modified to account for additional kinetic
phenomena, e.g., in anisotropic or multicomponent systems. (55,56)

To describe Pt redispersion and coarsening on ceria, we perform kinetic Monte Carlo
(KMC) simulations within a bond-counting model on a plain cubic lattice. On the
plain cubic lattice, Pt cohesive energy is equal to 3 times the energy of the broken
Pt—Pt bond, E: = 3 x En. (57) Ceria substrate is considered immobile and containing
single-atom steps. Steps type | and Il on CeO2(111) are represented by {110} steps
on the plain cubic lattice. {110} steps correctly replicate the capacity of steps Type |
and Il to accommodate up to 1 Pt single atom per 1 step site without creating Pt—Pt
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bonds, see Figures S6 and S7. The binding energy of the Pt atom at step-edge site
can be switched between that corresponding to oxidized step edge E** (Figure S6a)
and reduced step edge E*" (Figure S6b). All Pt adatom hops in the model are
assigned the same activation energy E¢, and no additional energy barrier is
associated with Pt attachment or detachment to and from the step edges and Pt
nanoparticles. Energy parameters of the model are selected in the way that they
obey the relationship E** > E: > E1* identified in previous ab initio calculations. (31,32)
Parameters of the KMC simulation are summarized in Table 2, while the relation of
binding energies in the KMC simulation to the results of ab initio calculations is
illustrated and discussed in Figure S8.

Table 2. Activation and Binding Energies of Pt Adatom in the KMC Simulations®
activation energy

Pt adatom diffusion Eq
binding energy

Pt—Pt nearest-neighbor E,
Pt cohesive E.
Pt at oxidized step Euox
Pt at reduced step Eure

Binding energies are relative to the binding energy of Pt adatom on the oxide
surface.

KMC simulations performed within the proposed generic model qualitatively
replicate and allow to interpret the experimental data. For the experiment on thermal
activation of Pt redispersion presented in Figure 1, we perform KMC simulation
depositing 5% ML Pt at 300 K on substrates containing 6, 10, or 17% monoatomic
steps. Ceria substrates before Pt deposition are considered partly oxidized, with
oxidized and reduced steps each representing 50% of the step-edge sites (Figure
S6c). Upon Pt deposition, we simulate 30 s annealing cycles at temperatures 350,
400, ..., 700 K and evaluate the Pt dispersion on the samples at the end of each
annealing cycle. In analogy to previous experimental and theoretical studies, (31-33)
the intensity of the simulated Pt** SRPES signal is considered proportional to the
amount of isolated Pt adatoms at oxidized steps. All other Pt atoms in the
simulation contribute to the intensity of the simulated Pt° SRPES signal (Figure S7).
For the evaluation of the simulated Pt° SRPES signal, the exponential attenuation of
the signal from subsurface Pt atoms is taken into account (Figure S7).

The results of the simulation are summarized in Figure 4. At 300 K, E< of Pt on ceria
(0.5 eV) is sufficient for all deposited atoms to reach step edges. With increasing
step density and decreasing distance between the steps the probability for the
adatom to reach the oxidized step is increasing, resulting in the growing fraction of
Pt atoms dispersed as Pt* ions. Other deposited adatoms reach reduced steps or
nucleate small metallic Pt aggregates at step edges (Figure 4b, panels (1) and (3)).
The resulting morphology at 300 K is kinetically limited and a subsequent annealing
at progressively higher temperatures brings the system to more energetically
favorable configurations, increasing the occupancy of oxidized steps. Upon
annealing at 700 K, the dispersion of Pt as Pt* ions is complete for the samples with
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the density of oxidized steps exceeding the amount of deposited Pt (Figure 4b, panel
(2)), and maximized for the sample with the density of oxidized steps lower than the
amount of deposited Pt (Figure 4b, panel (4)). At temperatures between 400 and 550
K, an accelerated transient to the Pt* state is observed that can be attributed to
thermal activation of characteristic system configurations, particularly Pt atoms with
two nearest neighbors, and Pt atoms in shallow single-atom traps (cf. Figure 4b,

panel (3)).
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Figure 4. KMC simulation of Pt redispersion in single-atom traps. (a) Pt deposition at
300 K and intermittent annealing to gradually increasing temperatures. (b) KMC
morphologies corresponding to the points (1)—-(4) in (a). Color coding: red, Pt* ions;
blue, metallic Pt; pink, oxidized step; cyan, reduced step.

The KMC simulations clearly illustrate that the thermal activation required for
redispersion of the Pt load on Ce02(111) is due to kinetic limitations preventing Pt
adatoms from reaching oxidized step edges rather than due to the microscopic
nature of the interactions between Pt adatoms and steps (cf. Table 1). Assuming a
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sufficient thermal activation, we now attempt at simulating Pt coarsening and
redispersion in reducing and oxidizing conditions (Figure 2). On Ce02(111), changes
in the oxygen content at monolayer step edges result in the changes of binding
energy of Pt single atoms—from low E"™ at oxygen deficiency to high E:** at oxygen
surplus and vice versa (Tables S1 and 2). (31,32)

The results of the KMC simulation are summarized in Figure 5. Simulations were
performed on substrates containing 10% of monolayer-high steps and Pt deposit
amounts 10% ML (Figure 5a,b) and 20% ML (Figure 5¢,d). Pt was deposited at 300 K
and redispersed at temperature 550 K for 200 s under oxidizing conditions (all steps
oxidized, Figure S6b). Afterward, the temperature was kept at 550 K and the
substrate condition was alternated in 200 s time intervals between reduced (Figure
S6a) and oxidized (Figure Séb). At the end of each time interval, simulated Pt signals
(Pt*, Pt°) and system morphology were evaluated.
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Figure 5. KMC simulation of redispersion and coarsening of Pt load. Redispersion
and coarsening are induced by alternatingly switching the step edges from oxidized
to reduced. Step density 10% ML, Pt amount (a, b) 10% ML, (c, d) 20% ML. (a, c)
Single-atom (Pt*), metallic (Pt°), and Pt total (“sum”) simulated SRPES signal. (b, d)
KMC morphologies. Color coding: red, Pt* ions; blue, metallic Pt; pink, oxidized step;
cyan, reduced step.

In both calculations, we observe a qualitative replication of the dynamic phenomena
identified in the experiment (Figure 2a): coarsening and redispersion of the Pt
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deposit upon reduction (“red1”-"red5") and oxidation treatments (“ox1”"-"o0x4"), and
corresponding changes of the Pt°, Pt*, and total Pt 4f signals. For a Pt amount
comparable to the step density (10% ML Pt), Pt redispersion on the as-prepared
samples (“Pt as prep”) is almost complete, and subsequent coarsening is very
reversible. For Pt amount larger than the step density (20% ML Pt), Pt redispersion
on the as-prepared samples is incomplete and subsequent coarsening and
redispersion cycles exhibit progressive growth of metallic Pt nanoparticles at the
expense of atomically dispersed Pt. Simulated morphologies correspond to the
morphology observed in STM (Figure 2b) and provide a real space illustration of the
observed dynamic phenomena.

Stable and Unstable Nanoparticle Distributions within the Generic Model

Obtaining a qualitative agreement between experimental and simulated data on
adatom and nanoparticle dynamics allows us to investigate conditions for stable and
unstable nanoparticle populations within the proposed generic model. Under
stationary oxidizing conditions, the parameter determining stability or instability of
the resulting Pt population is the density of the oxidized steps po. A trivial stable
solution is obtained for Pt amount prt < pox when, ultimately, all Pt is redispersed as
single atoms. A nontrivial stable solution is obtained for Pt amount slightly
exceeding po, prt = pox + €. This solution is illustrated in Figure 6a. We simulate
redispersion of Pt clusters of average size ~80 atoms under oxidizing conditions
and at 550 K. Redispersion is complete after 400 s. Afterward, Pt population remains
stable until 3600 s. Pt atoms exceeding the capacity of oxidized steps remain highly
dispersed, forming subcritical 2D Pt° clusters with a prevailing size of 3 Pt atoms

(see Figure 6b).
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Figure 6. KMC simulations of stable (a, b) and unstable (c, d) nanoparticle
populations upon redispersion of 3D Pt clusters at stationary oxidizing conditions.
Step density 10% ML, Pt amount (a, b) (10 + €)% ML, € = 0.15% ML, (c, d) 15% ML. (a,


https://pubs.acs.org/doi/10.1021/acscatal.2c00291#fig2
https://pubs.acs.org/doi/10.1021/acscatal.2c00291#fig6
https://pubs.acs.org/doi/10.1021/acscatal.2c00291#fig6

c) Time evolution of density of Pt* single atoms, subcritical 2D Pt° clusters, 3D Pt°
clusters, and average 3D Pt° cluster size. (b, d) KMC morphologies at 3600 s.

In the present discussion, and in Figures 6 and 7, we evaluate the density of the
subcritical 2D Pt° clusters separately from the density and average size of the 3D Pt°
clusters. Subcritical clusters originate from an attachment of Pt adatoms to oxidized
steps decorated by Pt*, and, given the density of subcritical clusters, the size
distribution of metallic Pt nanoparticles in the model (3D clusters + 2D subcritical
clusters) must be considered bimodal. The existence, morphology, and metallic
character of the subcritical clusters are rationalized by previous DFT studies of Pt
structures on ceria step edges. (31,32) The density of subcritical clusters on the
surface reflects in part the intensity of Pt surface mass transport, cf. the correlated
character of the fluctuations of the average nanoparticle size and the density of
subcritical clusters in Figure 6a. Subcritical clusters can be generally considered to
provide different chemical reactivity compared to Pt single atoms in deep traps or to
3D Pt nanoparticles. (26)
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Figure 7. KMC simulations of stable (a) and unstable (b) nanoparticle populations
during alternating oxidizing/reducing conditions. Step density 17% ML, Pt amount
10% ML. Cycle times: (a) 2 s reduction, 4 s oxidation (b) 3 s reduction, 4 s oxidation.
Reduction cycles are highlighted in light blue. Inset in (b): KMC morphology at 1470
S.

Unstable nanoparticle distributions at stationary oxidizing conditions are obtained
for prt > pox + €. The situation is illustrated in Figure 6¢,d. We simulate redispersion of
Pt nanoparticles of average size ~500 atoms under oxidizing conditions and at 550
K. After 400 s, the Pt*" population at oxidized steps is maximized. The redispersion is
however incomplete since Pt exceeding the capacity of single-atom traps remains on
the surface in the form of 3D clusters (Figure 6d). The 3D clusters undergo Ostwald
ripening and cause the unstable character of the Pt population with nanoparticle
density and mean nanoparticle size changing at times of 3600 s (Figure 6¢) and
beyond.
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At stationary reducing conditions, only an unstable solution is available. The 3D
clusters undergo Ostwald ripening which is, in the absence of additional constraints
on characteristic system sizes, (58,59) a nonstationary process. (60)

In alternating oxidizing/reducing conditions, the stability of the nanoparticle
populations requires, in addition to sufficient pex, a suitable timing. We perform KMC
simulations of the nanoparticle population for pr = 10% ML, and pex = 17% ML (prt <
p>), and at simulation temperature 650 K, when the redispersion and coarsening
times are reduced to an order of single seconds, comparable to, e.g., alternating
oxidizing/reducing conditions in three-way automotive catalytic converters. (61,62)
Oxidizing and reducing conditions are simulated as in the calculations presented in
Figure 5—all step-edge traps are set oxidized (Figure S6b) or reduced (Figure S6a).

A stable nanoparticle population can be obtained for alternating 2 s reduction cycles
and 4 s oxidation cycles as illustrated in Figure 7a for simulation times up to 3600 s.
Within each oxidation cycle, a complete redispersion of Pt deposit at oxidized steps

is obtained. Within reduction cycles, Pt nanoparticles are formed via nucleation and

coarsening of Pt adatoms released upon the change from oxidized steps to reduced
steps.

Increasing the duration of the reduction cycles to 3 s while keeping the oxidation
cycles at 4 s leads to an unstable nanoparticle population, as illustrated in Figure 7b.
The breakdown of the stable nanoparticle population is triggered by an incomplete
redispersion of Pt in one particular oxidation cycle. This has a consequence of Pt
nanoparticles remaining on the surface at the beginning of the next reduction cycle
(cf. Figure 5d). Pt adatoms released upon the change from oxidized steps to reduced
steps are then preferentially captured at the remaining Pt nanoparticles, resulting in
their fast coarsening (see the inset of Figure 7b) and the breakdown of the
nanoparticle population, within the spatial limits of KMC simulations, toward the
fastest growing single Pt particle. Once this process has started, it cannot be
reverted by the intermittent 4 s oxidation cycles. For restoring the complete
redispersion, oxidation/reduction cycling must be interrupted and a sufficiently long
treatment in oxidizing conditions applied.

Implications of the Generic Model for Real Pt/Ceria Catalysts

The presented view of Pt redispersion and coarsening on ceria as a competition for
Pt adatoms between single-atom traps at ceria step edges and Pt nanoparticles can
be, in many cases, applied to real ceria catalysts. Monoatomic step edges are
ubiquitous on well-annealed nanoparticulate and nanoporous ceria supports,
(19,27.63,64) strong bonding of Pt** has been reported also on (001) nanofacets of
ceria nanoparticles. (33) Excess O atoms at ceria step edges required for strong
bonding of single Pt ions are present already under the conditions of model UHV
experiments. (31,32) Excess O in the form of peroxo and superoxo species is readily
observed and available for Pt* stabilization also on real ceria catalysts in air or in
lean, oxygen-containing reaction mixtures. (65-67) As is the case of model
experiments, monoatomic step edges on real Pt/ceria catalysts exhibit limited
capacity to accommodate single Pt* species during high-temperature treatment in
air. Full Pt dispersion to Pt* species was observed for pox> prt. For pox < pr, saturation
of step edges was observed, resulting in the coexistence of isolated Pt*" species and
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Pt nanoparticles. (27) Data from ref (27) indicate that pex in the real Pt/ceria catalyst
is approximately 1 nm™ or 13% ML, closely matching the presented model
experiments (Figures 1, 2, 4, and 5). In real Pt/ceria catalysts, mass transport of Pt
on ceria surface via Pt adatom diffusion can be efficient at lower temperatures and
within the surface of individual ceria nanoparticles as observed e.g., by TEM. (22) At
higher temperatures, or for Pt transport among the ceria nanoparticles, a sublimation
of PtOz species and Pt mass transport through gas phase may be invoked. (27,38)
The efficacy of mass transport via volatile PtOz in real catalysts may however need
verification by further experiments, e.g., to determine its substrate dependence when
Pt load seems unstable on alumina (68) and stable on ceria. (59,61)

The change from oxidizing conditions to reducing conditions in the presented model
is considered instantaneous (Figure S6). In real catalysts, a chemical reaction in
oxygen-deficient rich reducing reaction mixture must proceed via the removal of O
atoms (excess O or lattice O) from Pt* complexes at step edges. This reaction is
expected to proceed fastest at the Pt* complexes, and at superoxo, peroxo, and
lattice O sites at ceria step edges, since the binding energies of O at these sites are
smaller than on the facets of ceria nanoparticles. (31,69) The amount of removed
oxygen atoms required to deactivate all Pt* traps at ceria step edges and to initiate
nucleation and growth of Pt nanoparticles is on the order of monoatomic step
density, i.e., 10% of surface Ce atoms. (32) With bulk sensitive experimental methods
employed for characterization of Pt/ceria catalysts under reaction conditions, such
amounts of removed O or reduced Ce* may be difficult to detect and the
deactivation of Pt* traps under reducing conditions can happen before the reduction
of ceria bulk is observed. (23)

Apart from single Pt atoms in Pt* chemical state and metallic Pt nanoparticles,
some studies on real Pt/ceria catalysts report one-dimensional (1D) and two-
dimensional (2D) Pt objects of oxidized or mixed oxidized/metallic chemical state
and a specific catalytic activity different from single Pt* ions or metallic Pt
nanoparticles. (26) Our model suggests that such objects may be related to ceria
step edges densely populated with Pt* ions or to 2D Pt objects at step edges (Figure
6b). 2D decoration of ceria step edges with Pt in a mixed oxidized/metallic chemical
state has been proposed earlier based on ab initio calculations. (32)

The generic model of Pt redispersion and coarsening introduced in this work defines
and considers a minimal set of kinetic processes required for a qualitative
replication of nanoparticle dynamics phenomena on single-atom catalyst substrates
and for a general classification of stability of nanoparticle population under
stationary or alternating oxidation and reduction conditions. For future quantitative
predictions of the evolution of supported nanoparticle size in real catalysts and
reaction mixtures, further details of the involved kinetic processes must be clarified
at atomic scale. A prerequisite would be an implementation of the KMC simulation
on an FCC lattice including kinetic processes relevant to FCC Pt nanoparticle
equilibration. (54,57) In the present model, the interaction of the catalyst with
oxidizing or reducing atmospheres is influencing only the properties of the single-
atom traps. In reality, Pt mass transport across the ceria surface, nucleation of Pt
nanoparticles, and the rate of Pt nanoparticle growth or disintegration may vary
substantially as a function of concentration of O vacancies, reactants, intermediates,
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or products on ceria and Pt nanoparticle surfaces. (70-72) This is corroborated by
recent experiments on real Pt/ceria catalysts that reveal a strong influence of the
composition of rich reaction mixtures on the activation of Pt/ceria catalysts by
redispersion. (22,23) Sensitivity of the redispersion and coarsening processes to the
composition of reaction mixtures provides a broad range of topics for further
dedicated studies of adatom and nanoparticle dynamics on single-atom catalyst
substrates. Further dedicated studies will be also required to investigate the
dynamics of activation and deactivation of single-atom traps in alternating oxidizing
and reducing atmospheres, and the resulting surface inhomogeneity when oxidized
and reduced traps coexist.

Conclusions

Based on surface science studies and DFT analysis of Pt adatom and nanoparticle
dynamics on Ce02(111) surface, we have formulated a generic model of metal
redispersion and coarsening on single-atom catalyst substrates. The model
comprises fast Pt adatom diffusion and adatom interaction with single-atom traps at
Ce02(111) monoatomic step edges, and with Pt nanoparticles on the catalyst
substrate. Activation barriers inherent to Pt redispersion and coarsening on ceria-
based single-atom catalyst substrates are associated with transitions of the
morphology of supported Pt to energetically favorable configurations—Pt clusters for
reducing conditions when single-atom traps on ceria are inefficient, and redispersed
Pt single atoms for oxidizing conditions when single-atom traps provide strong
bonding to Pt atoms. Besides surface science experiments, our generic model
provides atomic-level insight into many nanoparticle dynamics phenomena observed
in real Pt/ceria catalysts.

We have delimited the conditions, in terms of the Pt loading and the density of
single-atom traps, under which oxidation and reduction treatments of metal deposits
on single-atom catalyst substrates can be efficiently utilized in tailoring the
morphology of both highly dispersed metal single atoms and metal nanoparticles on
demand of a particular catalytic application. We have shown that for long-term
activity in catalytic applications, single-atom catalyst substrates provide the
possibility of efficient redispersion of supported metal nanoparticles upon activation
of single-atom traps under oxidizing conditions. This represents a particularly
appealing strategy for catalysts operating in alternating oxidation/reduction
atmospheres, such as three-way automotive catalysts. To stabilize the nanoparticle
population on a long-term basis, redispersion must be complete in each oxidation
cycle. This requires providing sufficient density of single-atom traps to
accommodate the metal load and proper timing for the redispersion to complete.

Methods

Experimental Procedures

Experiments were performed at the Materials Science Beamline at the Elettra
Synchtrotron in Trieste, Italy (XPS, SRPES, RPES), and in the laboratories of
Department of Surface and Plasma Science at Charles University in Prague, Czech
Republic (XPS, STM). Experiments were performed at UHV apparatuses using
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procedures described in detail in our previous publications. (31,32) Particularly,
Ce02(111) thin films were prepared by evaporation of Ce metal (Goodfellow, 99.95%)
from Mo or Ta crucible on Cu(111) surfaces (MaTecK) in 5 x 107° Pa Oz (Linde, SIAD,
4.7). The density of monoatomic steps was controlled via deposition temperature,
reduction/oxidation procedures, or postdeposition annealing as summarized in
Table S2. The density of monoatomic steps was determined from STM images via
superimposing a manual outline of step edges onto a properly scaled and oriented
mesh of surface Ce atoms on Ce02(111), and counting the number of Ce atoms at
lower step edges. (31,32) Pt (Safina, Goodfellow, 99.95%) was deposited at 300 K,
and the amount of deposited Pt was controlled via a combination of quartz crystal
microbalance (QCM) and XPS measurements of the attenuation of Ce 3d or Cu 2ps2

signals. (31,32)

Upon Pt deposition, redispersion to Pt** was performed by annealing in UHV at 700 K
or lower as described in the text (Figure 1). Reduction treatments of the samples
were performed via 1 min annealing of the samples in 1 x 107° Pa CH:OH at 600 K.
Reduction treatments were repeated, eventually, until the ceria reduction indicated by
RER (Figure S1b.fj) increased above 1.0. Oxidation treatments of the samples were
performed via 10 min exposure to 1 x 10™° Pa Oz at 300 K followed by flash annealing
at 600 K in the same 02 background. Oxidation treatments were repeated, eventually,
until RER decreased below 0.1. After the oxidation, the samples were flash-annealed
at 700 Kin UHV.

In between the redispersion/reduction/oxidation steps, the oxidation state of Pt
deposit and ceria support was characterized at 300 K by XPS, SRPES, and RPES. An
overview of the evaluated data and the corresponding fitting and background
subtraction are presented in Figures S1 and S2. STM experiments were performed at
300 K using a mechanically cut Pt—Ir STM tip. Complementary images of occupied
states and empty states were obtained (Figures 2b and S3).

DFT Calculations

All calculations were based on the DFT employing ultrasoft pseudopotentials and the
Perdew, Burke, and Ernzerhof (PBE) generalized gradient-corrected approximation
for the exchange and correlation functional. (73,74) The electronic wave function

and density were described with a plane-wave basis set employing energy cutoffs of
40 and 320 Ry, correspondingly. Following the established practice, we use the
PBE+U approach to describe the electronic structure of ceria-based materials,
employing the implementation of Cococcioni and de Gironcoli (75) which includes an
additional Hubbard-U term to the Kohn—Sham functional that disfavors fractional
occupancies of the Ce 4f states. The value of the parameter U was set to 4.5 eV. (76)
All calculations have been performed using the Quantum-ESPRESSO computer
package. (77) The minimum energy paths at 0 K have been computed using the CI-
NEB algorithm using a Broyden scheme as implemented in the Quantum-ESPRESSO
package. The reaction path was sampled with 8—12 intermediate images.

The adsorption of Pt atoms at ceria step edges was modeled with periodic
supercells describing vicinal surfaces. Two of the lowest energy model steps
proposed in ref (46) have been selected. Following this work, we label our two model
step surfaces as Step Type | and Step Type Il. In both models, the step edge exposes
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three independent O atoms. The step edge is separated by two (111) terraces and is
oriented along the [110] direction. The lateral dimensions for the supercells are
17.97 Ax11.67 A and 15.72 A x 11.67 A for Steps Type | and II, respectively, along
the [112] and [110] directions. The supercell slabs comprised nine atomic layers and
their surfaces were separated by more than 11 A of vacuum in the direction
perpendicular to the (111) terrace. During the structural relaxation, the lowest three
atomic O—Ce-0 layers were constrained to their bulk equilibrium coordinates, as
well as the Ce atoms in the central 0—Ce-0 trilayers far from the step edge.

KMC Simulation

We adapt a solid-on-solid (no vacancies, no overhangs) KMC model on a cubic
lattice with a periodic boundary condition. (51) The model is implemented within the
Bortz—Kalos—Lebowitz algorithm (78) allowing us to set the simulation temperature
and evaluate the simulation time. We consider mobile adatoms of the deposit (Pt) on
substrates with fixed stepped geometry (ceria). Lattice parameters of the substrate
and deposit are the same, i.e., no strain is considered. Pt—Pt interactions are
approximated by a bond-counting scheme. (50) To account for the 3D character of
Pt nucleation, both lateral and vertical Pt—Pt bonds are considered. Pt nucleation in
the model is spontaneous, without defining a critical nucleus. (79) Geometry and
bonding properties of monoatomic steps on the substrates in the simulation (Figure
S6) are defined in a way that the interaction of Pt adatoms with adatom traps at
lower step edges corresponds to the experimentally and theoretically determined
interaction of Pt adatoms with monoatomic steps on Ce02(111). (31,32) Activation
and binding energies in the model are summarized in Table 2. Binding energies in the
model are scaled with respect to binding energies predicted by ab initio calculations
(Figure S8 and Supporting Discussion). This results in an effective shifting of the
temperature scale of the simulation to lower values compared to the experiment.
Rescaling the activation energies in KMC allowed to obtain manageable computing
times in the range of weeks for a 3600 s simulation (Figures 6 and 7) on a single
core.

The activation energy of Pt adatom hopping in the model is defined for four different
situations: E"™, B, E=* 7%, and E=*", depending on the type of the underlying
atom to the Pt adatom before and after the hop. The 3D character of Pt growth is
obtained by assigning the E="" hops one more broken bond—the vertical one.
Activation energies for Pt hopping in the model are determined as follows: ™ = Eq
+n En, B = Ea+ (n+ 1) En, E*7°° = %™ = Ea + n En + &7E"™ + 6261, where Eu is the
activation energy for Pt adatom diffusion both on ceria and on Pt, En is the energy
associated with breaking a Pt—Pt nearest-neighbor bond, n is the number of lateral
Pt—Pt nearest neighbors before the hop (n =0, ..., 4), and i is the type of the step
edge underlying the Pt adatom before the hop (i = 0, 1, 2 for none, oxidized and
reduced step, respectively). Hopping frequencies are evaluated in a standard way, vx
= voexp(-E="/keT), where vo = 10" s, ke is the Boltzmann constant, and E=" is the
activation energy of an x-th process.

The charge state of Pt in the simulation, and the simulated Pt** and Pt’ SRPES
signals are determined based on the local geometry of Pt atoms in the simulation
according to previous experimental and theoretical findings (31,32) as described in
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Figure S7. Experimental cycles of annealing in UHV, reducing, and oxidizing
conditions are simulated by instantaneous switching of the binding energy of the
step-edge traps in the model from deep to shallow or vice versa (cf. Figure S6).
Evaluation of KMC configurations is performed at the end of particular simulation
cycles without simulating the cooldown to 300 K and a subsequent heating up for
the next cycle. Initial KMC configurations for the presented calculations are obtained
in analogy to the experimental treatments by simulated deposition and annealing
cycles. Parameters of the presented KMC simulations are summarized in Table S3.

Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.2c00291.

e Acquisition and processing of experimental data, step-edge geometries
considered in DFT, and energy scale and geometry of the KMC model (PDF)
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