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ABSTRACT: Heterogeneous catalysts based on Pt nanoparticles supported on
oxides are used in a number of important catalytic processes, including oxidation
of hydrocarbons and redox reactions in PEM fuel cells. The interaction with gas-
phase oxygen is often a key component of the target chemistry and can affect the
reactivity of the clusters because of their oxidation. Recent experiments have
shown that the oxidation of Pt nanoparticles is influenced by a number of factors,
including the clusters size and the interaction with the support, leading to
properties that can differ substantially from those of larger samples. Here we
combine density functional theory, the genetic algorithm, and ab initio
thermodynamics to investigate the structure and the oxidizability of small Pt,
(x = 1—8) nanoparticles. We find that the interaction of oxygen with Pt depends
strongly on the size of the clusters, leading to facile oxidation of Pt nanoparticles. %0 00 60 00 500 1000
The interaction with the oxide supports studied in this work, brookite TiO, and emperature(to
Co;0,, hinders the oxidizability compared to the gas phase. At conditions of

temperature and pressure typically encountered in catalytic oxidation reactions, Pt nanoparticles are predicted to be oxidized, at
variance with the bulk counterpart. Our results highlight the importance of low Pt—Pt coordination in the interaction with oxygen
and the role of the interaction with oxide supports.
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B INTRODUCTION the support on the oxidation of Pt NPs has not yet been

Heterogeneous catalysts, often in the form of metal particles
supported on oxides, play an important role in many industrial
chemical processes and in environmental protection.”
Platinum supported on transition-metal oxides, in particular,
is employed to promote a variety of chemical processes, such
as oxidation and reduction reactions in proton-exchange
membrane fuel cells,”* oxidation of hydrocarbons,S and the
treatment of exhaust gases.”” The interaction of gas-phase
oxygen with bulk Pt has been studied in great detail, both
experimentally®’ and theoretically.'”"" Pt, however, is often
used in the form of nanoparticles (NPs) to take advantage of
their high surface-to-volume ratio and to optimize the use of
this rare and expensive element. Similar to bulk Pt, there have
been works investigating the oxidation of Pt NPs in catalytic
conditions.'>'® Because the oxidation state of Pt NPs has a
strong impact on their catalytic properties,M‘15 it is crucial to
understand how different factors such as size of NPs,
interaction of NPs with the support, and conditions of the
gas-phase atmosphere affect the propensity of Pt NPs to be
oxidized. Theoretical studies have shown that the oxidation of
Pt NPs in the gas phase is strongly influenced by the size of the
clusters."®'” Experimental and theoretical studies have shown
that the oxidizability of NPs not only is a function of the size of
the system, temperature, and pressure of the gas-phase
environment but also depends on the nature of metal oxide
support.'®~*' Despite the importance of the topic, the role of
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investigated in detail.

One of the challenges in modeling the supported oxidized
clusters is the structural complexity of these systems,
preventing the use of simple structural optimization
approaches and requiring the use of advanced global
optimization algorithms. To this end, here we employ the
genetic algorithm (GA) coupled with density functional theory
(DFT)* to explore and predict the most stable structures of
metallic and oxidized Pt clusters of different sizes and
stoichiometries, both in the gas phase and supported on
oxide surfaces. Brookite TiO, and Co;0,, two reducible metal
oxides, are selected as supporting surfaces. We focus on the
thermodynamic properties of these systems to predict
temperature and pressure conditions for the formation of
oxide clusters, trends as a function of the size, and discussing
the role of the interaction with the support in oxidation of Pt
clusters.
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B COMPUTATIONAL DETAILS

The DFT calculations were performed with the Quantum
ESPRESSO code,” employing a plane-wave basis set and
pseudopotentials. We adopted the Perdew—Burke-Ernzerhof
(PBE) approximation for the exchange and correlation
functional.” To model Co;0,, we used the DFT+U approach,
adding a Hubbard term on the d states of Co atoms. Following
previous works,”> we used U = 3.0 eV for Co. In the case of
stoichiometric TiO,, we verified that the effect of addinga U =
3.5 eV Hubbard term on the formation energy of Pt oxide
clusters is negligible, and we therefore performed a PBE
calculation. Whereas in the presence of oxygen vacancies (i.e.,
reduction of Ti*" to Ti**) on the brookite surface, the addition
of the Hubbard term (U = 3.5 eV) is necessary to calculate the
formation energy of oxygen vacancy. We employed ultrasoft
pseudopotentials to describe Pt, Ti, and Co ions, while a
projector augmented wave pseudopotential was used for
oxygen. For all the clusters simulations, k-point sampling of
the Brillouin zone was performed at the gamma point and a
Marzari—Vanderbilt scheme with a width of 0.136 eV was used
to smear the electronic occupations.

To find the structural global minima (GM) of Pt and PtO,
clusters, we used the genetic algorithm (GA) as implemented
in Atomic Simulation Environment (ASE) package.22 This
algorithm is applicable in structural optimization of both gas-
phase and supported clusters.”®”” For details regarding the
implementation of GA in ASE and its performance, we refer
the reader to the original work of Vilhelmsen and
Hammer.”>*® For details regarding the setup of the GA
calculations in the present work, we refer the reader to the
Supporting Information, where we also report the input files to
run GA with ASE in combination with Quantum ESPRESSO
on a parallel machine using communication via sockets.

Gas-phase Pt and Pt oxide clusters are simulated in a large
20 X 20 X 20 A’ cubic cell. To model the oxidation of Pt
clusters, we considered five different stoichiometries, namely,
Pt,O, clusters with y/x = 0, 0.5, 1, 1.5, and 2, and consider
clusters containing up to eight Pt atoms. The search for the
GM of gas-phase clusters is performed in three steps: First, the
GA algorithm was used in combination with the LAMMPS
program to exploit the efficient reactive force field developed
for the Pt—O system by Fantauzzi and co-workers.”” The 20
most stable structures found from this step were then used as
initial candidates for GA calculations at DFT level.

To perform the structural relaxation within the GA
calculations, we used loose criteria for the plane wave cutoff
and forces: The Kohn—Sham orbitals are expanded up to a
kinetic energy of 25 Ry for the wave function and 200 Ry for
the charge density, and the maximum convergence force
criterion for geometry optimization is 0.0S eV/A per atom.
The GM is then further optimized by a more stringent cutoff
energy of 50/500 Ry and a force threshold of 0.026 eV/A.

The cohesive energy of gas-phase metallic clusters,
normalized per Pt atom, is calculated as

Ecoh = (E(Ptx) - E(Ptiso))/x (1)

where E(Pt,)is the total energy of the gas-phase cluster,
E(Pt;,)is the total energy of an isolated Pt atom, and « is the
number of Pt atoms in the cluster. Using the total energy of Pt
atom in the bulk form instead of isolated Pt would result in
positive cohesive energy. To investigate the oxidation of

metallic clusters, we computed their formation energy (Egym),
normalized per O atom, defined as

1 1
Fum(P10,) = S{EPLO) ~ ER) = 19E0)]

Here, E(Pt,0,) is the total energy of the oxidized cluster,
E(0O,)is the total energy of the molecular oxygen, and y is the
number of oxygen atoms in the system.

Also in the case of supported clusters we adopted a two-step
procedure. We first performed GA calculations with a cutoff of
25/200 Ry and a maximum force threshold of 0.05—0.2 eV/A,
depending on the size of the system. We then optimized the
most stable structure with the same parameters of gas phase
clusters (a cutoff of 50/500 Ry and a force threshold of 0.026
eV/A).

Periodic slabs of brookite TiO,(210) and Co;04(111) were
modeled by using (1 X 2) and (2 X 2) supercells, respectively.
When modeling the TiO,/Ptg and the Co;0,/Ptg or Co30,/
Pt;Oq systems, to avoid the interaction between periodic
replicas of the clusters, the size of the cells were doubled; that
is, we employed (1 X 4) and (2 X 4) supercells, respectively. In
all the calculations, the bottom two layers of the slabs were
fixed, while the rest of the layers were allowed to relax. To
avoid spurious interactions among periodic replicas of the
slabs, we included 12 A of vacuum in the direction normal to
the surface. All calculations are spin polarized, with the
exception of supported clusters on TiO,, where we found
negligible effects (<0.1 eV) of spin polarization on the
formation energy of the supported clusters. To model the
TiO, (210) surface, we considered a stoichiometric slab,
consisting of four Ti layers. To model the polar Co;04(111)
surface, we employ a symmetric, nonstoichiometric slab, as
done in one of our previous works on this system.25 Here we
use a slab that includes a total of 11 layers, the same model
used by Yan and Sautet.”” In the Supporting Information we
display the structural models adopted in our study, for the case
of Pts supported on the two oxides.

The adsorption energy of metallic clusters on the TiO, and
Co;0, surface is calculated as®'

Ey = (E(Ptx@slab) — E(slab) — E(Ptx)) (3)

Here, E(Pt,@slab)is the total energy of the supported Pt
cluster, E(slab)is the total energy of the clean surface, and
E(Pt,)is the total energy of the metallic cluster where all
systems have been relaxed. The formation energy of supported
Pt oxide clusters was defined in analogy with gas-phase species.

Additional calculations for bulk platinum, PtO (tetragonal,
P42/mmc), and p-PtO, (orthorhombic, Pnnm) were per-
formed as reference by using the primitive unit cells, a 8 X 8 X
8 k-point mesh, and a cutoff of 410 eV. The lattice parameter
of optimized bulk Pt was found to be 3.96 A, overestimated by
1% with respect to the experimental value of 3.92 A.** The
structural parameters of PtO (a = 3.14, b = 5.33 A) and f-PtO,
(a =443, b =453 c=3.13 A) compare favorablg with the
experimental measurements (a = 3.08, b = 5.34 A)* and (a =
4.48, b = 4.53, ¢ = 3.13 A)** for PtO and S-PtO,, respectively.

The cohesive energy of Pt bulk system was calculated to be
—5.58 eV, in good agreement with the experimental value of
—5.85 V.*® The calculated heat of formation for bulk PtO and
B-PtO, with respect to the total energy of bulk Pt and
molecular oxygen, is —0.48 eV/Pt and —1.44 eV/Pt,
respectively. These values are consistent with previous
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theoretical works, — 0.68 eV/—1.42 eV'” and —0.55 €V/—1.57 papers
eV,'? and are in good agreement with the experimental —20 =7 BulkPt
measurements, —0.71 eV/—1.38 eV.*° This good agreement T R oo
happens in spite of the severe overestimation of the binding % e o < ®
energy of the oxygen molecule, largely due to the PBE =30 I3
functional (—6.66 eV against the experimental —5.23 eV), 2 3s e,
which suggests a large error cancellation when computing the S ao “1{; .« ° °
heat of formation via eq 2. o R.v.8 . o o
Vibrational frequencies were calculated based on a finite @—45 .kﬁt
o
O

difference scheme in which atoms are shifted with 0.01 A
displacement along three dimensions. The contribution of ZPE
in the total energy of the clusters is less than 0.05 eV/O for all
the systems; hence, it is not included in thermodynamics
calculations. To compute atomic charges, we used the Bader
partitioning scheme employing Henkelman et al.’s code.””

To investigate the thermodynamic stability of both gas phase
and supported clusters in an oxidizing atmosphere, we
employed the ab initio thermodynamics framework.”® We
treated the gas-phase oxygen as an ideal gas, whose chemical
potential (4o) depends on temperature and pressure according
to

_ oy Ll 2
ﬂO(T) P) —”O(TJP ) + 2kBT1 {po] (4)

where p° is the standard pressure, 1 bar, and ky is the
Boltzmann constant. The temperature dependence of yig at p°
is obtained from the JANAF thermochemical tables.”” We
define the change in the chemical potential of oxygen relative
to its zero-temperature value as

Buo(T, ) = holT, ) = E(0,) ©

To compute the Gibbs free energy of formation as a function
of the oxygen chemical potential, we write

AG(T, p) = G(Pt,0,) — G(Pt) — yyio (T, p) ©
1

= BP0, - B(R) - {150 + Aio(T, )]

= yEform(PtxO)’) - yAﬂO(T’ p) (8)

Here we have approximated the free energy of metal and oxide
clusters with their DFT total energy. While this approximation
is reasonable for supported clusters, gas-phase clusters have
large contributions from translational and rotational entropy,
which cannot be ignored. We therefore checked explicitly the
effects of such contributions. We found that the entropic
contributions in gas-phase clusters do not affect significantly
the Gibbs free energy of formation. The reason is that the
entropic contribution in metallic and oxidized clusters are
quantitatively very similar and enter in eq 8 with an opposite
sign. For example, in the case of Pt,Og such effect at 600 K is
of the order of 10 meV, which is negligibly small.

B RESULTS AND DISCUSSION

Morphological Studies. Gas-Phase Clusters. The GA
algorithm was applied to search for the most stable structures
of Pt and Pt,O, clusters in the gas phase. The lowest energy
configurations for pure Pt, clusters (x = 2, 4, 6, 7, 8, and 10)
are shown in Figure 1. The computed bond length of the Pt,
dimer is 2.31 A. Pt, is an equilateral triangle in agreement with

. - 17,40,41 :
previous studies. Our calculations suggest that the most

0 2 4 6 8 fo 30 40 50 60 70 80
Number of Pt atoms

Figure 1. Cohesive energy of gas-phase Pt clusters.

stable structure for Pt, is planar, even though the 3D
tetrahedron structure is only 0.1 eV higher in energy. This
result is in line with other studies'”**" where the lowest
energy Pt, structure is found to be either the planar or the 3D
one, depending on the details of the calculation, suggesting
that these two structures are indeed very close in energy. The
calculations show that a 2D to 3D transition occurs from Pt to
Pt,. Pts exhibits a 2D planar triangular structure, whereas Pt,
has a 3D structure. The structure of Pt; has the same planar
geometry of Pts with an additional Pt atom at one corner
which forms a triangle vertical to the rest planar atoms. A
similar structure was predicted for Pt, in a recent study.**

Pty and Pt) clusters exhibit a pyramid-like tetrahedral
structure. The computed average Pt—Pt bond length of all the
Pt clusters is found to be 2.53 A. Our morphological studies
are comparable with previous theoretical works.'”**

Figure 1 shows a plot of the cohesive energy of the gas-phase
Pt metallic clusters as a function of the cluster size, computed
according to eq 1. We considered also larger Pt NPs,
containing 19—79 atoms, to partially bridge the gap between
small Pt clusters and Pt bulk. In this case, we did not optimize
the NPs by using the GA, but we simply built the structures
from bulk coordinates using the NanoCrystal tool*® and then
performed a structural optimization.

Our calculations clearly show that the cohesive energy
decreases monotonically with increasing cluster size. As
reported by previous studies,’”*>*” the tendency of larger
Pt, (x > 6) clusters to adopt a 3D structure is related to the
strong interaction between Pt atoms.

Having investigated the structure and stability of gas-phase
Pt clusters, we now focus our attention to the study of the
oxidation of Pt metallic clusters. Figure 2 shows the lowest
energy configurations of Pt,O, clusters. The Pt,0, and Pt,0,
oxide clusters adopt a linear and almost symmetric
configuration. Larger Pt oxide clusters, Pt,O, (x > 6), exhibit
a ring shape structure, in agreement with previous studies.'” O
atoms of the oxidized clusters, in most of the cases, prefer to
bind to two Pt atoms, minimizing the number of O—O bonds.
The exceptions are large clusters with the Pt,O,, stoichiometry
(ie, PtsOy,, Pt,0,, and Pt;O,4) where several O—O bonds
are present.

The computed formation energies of Pt,O,, Pt O, and
Pt,O,, clusters are shown in Figure 3 and compared to the PtO
and PtO, bulk ones (horizontal green and dark green dashed
lines, respectively). It is clear form Figure 3 that Pt,0,
nanoclusters have much lower formation energies than bulk
PtO or PtO, and that, as the size of the clusters increases, the
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Figure 2. Global minima structures of Pt oxide clusters in the gas
phase.

0.0
—— POy ~-- Bulk PtO
S g5~ PbOus = BUKPO
ST —— Pt0x
3 LT PO i
>
5-1.0
[
C
o //\
5-15 //
2
©
g /
520
w
=255 3 5 7 8

Number of Pt atoms

Figure 3. Formation energy of Pt oxide clusters in the gas phase.

formation energy tends to approach the bulk levels, in
agreement with the work of Xu et al.'” The affinity for oxygen
is therefore larger for smaller Pt clusters.

Upon comparison of the formation energies of Pt,O, and
Pt,O,, clusters, Figure 3 shows that at the DFT level the
formation energy of Pt O, is more negative, in line with a
previous report.'® Though this is the opposite of what
happens in the bulk, where the formation energy of PtO, is
lower than that of PtO.

Comparing the formation energy per oxygen atom of Pt,O,
and Pt,O,, clusters, Figure 3 shows that the formation energy
of Pt,O, is more negative, in line with a previous report.
This, however, is the opposite of what happens in the bulk,
where the formation energy of PtO, is lower than that of
ptO." Interestingly, we find that the formation energy of
clusters with fractional Pt,O,;, stoichiometry has an
intermediate value between those of the other two oxides.
This suggests that the oxidation of Pt clusters proceeds
according to the sequence Pt, — Pt,O, — Pt, O, — Pt,O,,,
while in the bulk the PtO phase is not thermodynamically
stable, as already reported in previous works."'

Supported Clusters. In this section we focus on the
interaction of metallic and oxidized Pt clusters with
Co30,(111) and brookite Ti0,(210) surfaces. To this end,
as in the case of gas-phase Pt clusters, we employ the GA
algorithm to identify low-energy structures of Pt and Pt,O,
clusters supported on the metal/oxide surfaces (see the
Computational Details section). Figure 4 shows the lowest
energy structures of Pt metallic and oxidized clusters adsorbed
on Co;0,(111) and TiO,(210) surfaces.

OﬁJQ Pt, Pt402% » Pt404 Pt406f Pt,O4 *’7

el oty 4 At s
ji Pt QCﬁQ'YPtst ’ &7 pt,0, I ‘Q)Pt .
frdeddests ooty e lhay oo
3}8 wf:)) Ptg %\:{O%L Pt0
e - Sedlssdedts

Figure 4. Supported Pt and Pt-oxide clusters on (a) Co;0,(111) and
(b) TiO,(210) metal oxide supports. Gray and red spheres represent
Pt and O atoms, respectively.

;ﬁfg&fﬁf

The metallic Pt, cluster has an almost planar structure on
both supports that is similar to the gas-phase case. Instead, the
Pty and Pty metallic clusters adopt a bilayer structure in
agreement with a previous theoretical study.”® This is in
contrast with the results reported in an experimental study”
where it is shown that Pt, and Pt; metallic clusters supported
on a rutile TiO, (110) surface are flat and bilayer structures are
observed for larger Pt clusters. The oxidized Pt,O, clusters
exhibit 3D structures when adsorbed on both the supports.
When adsorbed on the TiO,(210) surface, the Pt;O4 cluster
presents a ringlike shape, similarly to the gas-phase case,
whereas it assumes a 3D shape on the Co;0,(111) support.
On both the supports, the oxidized Pt;Oy and PtzOy clusters
have a ringlike structure.

The adsorption energies of the Pt metallic clusters supported
on the on Ti0,(210) and Co,0,(111) surfaces are reported in
Figure Sa as a function of the cluster size. The Pt metallic
clusters adsorb more strongly on Co;04(111) compared to
TiO,(210), and the larger the Pt cluster, the stronger the
interaction with the support, with the exception of the Pt; on
Ti0,(210).

In a similar study,”® Wanbayor and Ruangpornvisuti have
shown that the Pt adatom binds strongly on the anatase
TiO,(001) surface (the adsorption energy being —2.6 eV),
whereas other metal adatoms such as Au and Pd adsorb more
weakly on the same surface (with adsorption energies of —1.51

https://doi.org/10.1021/acs.jpcc.2c02176
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Figure 5. (a) Adsorption energy of supported Pt clusters. (b)
Formation energy of Pt,O, and Pt;O, clusters supported on TiO, and
Co;0,.

and —1.39 €V, respectively). In the work of Wang et al. the
computed adsorption energies of a single Pt atom and a dimer
Pt, on the same anatase TiO,(001) support are found to be
—2.5 and —1.6 eV, respectively.

When considering larger Pt clusters, it has been shown that
the adsorption energy (using the total energy of the Pt cluster
as reference) of a Pt; nanocluster supported on the
C030,(220) surface is —4.75 eV.>' The corresponding
quantities in our study for Pt, and Pt; on Co;0,(111) are
—5.47 and —5.65 eV.

Figure Sb shows a plot of the formation energies (FEs) of
the supported oxidized Pt,O, and Pt;O, clusters as a function
of the number of O atoms (y). Our calculations show that the
formation energies of clusters supported on the Co;0,(111)
and TiO,(210) surfaces are higher than those in the gas phase,
suggesting that it is easier to oxidize gas-phase Pt clusters with
respect to supported Pt clusters. Moreover, the oxidation of
supported Pt clusters follows a trend similar to the gas-phase
case: Smaller Pt clusters are easier to oxidize compared to
larger ones. Interestingly, for Cu clusters a reverse size
dependency of oxidation was found upon adsorption on the
support:'® the smaller the clusters, the more difficult it is to
oxidize them in the gas phase, while the opposite happens
when supported.

A significant finding of this investigation is the comparison
displayed in Figure 5b between the formation energy of oxide
nanoclusters and bulk phases. For both gas-phase and
supported clusters, the FEs are significantly lower (by at
least a factor 2) than the corresponding formation energy
values of bulk PtO and PtO,. This indicates that small gas-
phase or supported Pt clusters are much easier to oxidize
compared to Pt bulk. This finding can help rationalizing the
recent experimental evidence of the oxidation of Pt clusters
supported on Co;04(111) at conditions of temperature and
pressure where oxidation of bulk Pt could be excluded.*

Another interesting finding is that the effect of the type of
support depend on size, too: The FE of the clusters with a high
oxygen content (Pt,O4 Pt,Og Pt;O4 and PtOg) is very
weakly affected by the type of support, whereas some
significant differences can be detected at low oxygen content.

The atoms included in the GA optimization comprise both
the atoms of the clusters and the oxygen atoms of the first layer
of the support. The lowest energy structures, however, never
result in the oxidation of the Pt clusters via the creation of
oxygen vacancies. To rationalize this finding, we computed the
formation energy of an oxygen vacancy on the pristine brookite
surface as well at the interface between the brookite surface
and the Pty cluster, obtaining values of 3.52 and 3.14 eV,
respectively. The formation energy per oxygen atom of Pt;O,,
however, is never lower than —2 eV, as shown in Figure 5. This
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Figure 6. Gibbs free energy of formation of clusters in the gas phase (a—c), supported on TiO, (d—f), and supported on Co;0, (g—i). The three
panels on the left refer to Pt,O,, the three central panels to Pt,O,, and the three panels on the right to Pt;O, clusters. The shaded area represents

the region of stability of bulk §-PtO,.
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Figure 7. T—P,, phase diagram of Pt oxide clusters (a—c) in the gas phase (d—f) supported on TiO, and (g—i) supported on Co;0,.

implies that oxidizing Pt clusters via oxygen from the support is
thermodynamically not favorable. Further support for this
conclusion comes from a calculation where we created a
surface oxygen vacancy in the proximity of the TiO,/Ptg
interface and adsorbed the oxygen atom on the Ptg cluster.
The energy cost with respect to the pristine case is 1.18 eV, in
line with the previous estimate. This explains why in the global
optimization via the GA we never found structures where the
Pt clusters were oxidized via the formation of oxygen vacancies
on the support.

Ab Initio Thermodynamics. Let us now focus on the
thermodynamic stability of the oxidized Pt clusters both in the
gas phase and supported on Co;04(111) and TiO,(210)
surfaces. The phase diagrams showing the Gibbs free energy of
formation as a function of the chemical potential of oxygen,
Apg (see eq 8), are reported in Figure 6.

Lower values of Apg correspond to more reducing
conditions, that is, a lower partial pressure of oxygen and/or
higher temperatures (see eqs 4 and S). For sufficiently low
values of Ay, the most stable phase of the three clusters sizes
examined is the metallic phase, indicated as Pt,. In all cases,
however, this happens at values of Ay lower than —1.5 eV,
which are not of practical use: UHV conditions, 10™'* bar,
correspond to Auo = —0.62 eV at room temperature and
—1.32 eV at 600 K.

As the chemical potential of oxygen is increased, oxidized
forms of the clusters become thermodynamically stable, with
an increasing fraction of oxygen as Ap, increases. The
transition to the Pt,O,, stoichiometry takes place in all cases at
negative values of Ay, suggesting that at ambient conditions
(1 bar and room temperature, corresponding to Ay = —0.27
eV) the clusters can be fully oxidized.

Comparing clusters of different sizes, we can see that the
transition to the fully oxidized form, Pt,O,,, requires higher
values of Apg for larger clusters. This is consistent with the
results displayed in Figure 3 because the affinity for oxygen is
larger for smaller clusters. Furthermore, the range of stability of
the Pt,O, stoichiometry grows for larger clusters.

Comparing gas-phase to supported clusters, we can see that
the trends are in all cases similar. The largest difference can be
seen for the Pty case, where the formation energy per oxygen
atom is considerably lower in the gas phase compared to the
supported clusters. Upon comparison of the two supports,
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TiO, and Co;30,, the differences are minor. These findings are
just another representation of the same effects already
highlighted in the previous section when discussing the FE
in Figure S.

An interesting finding is that the range of stability of both
the Pt, Oy, and Pt,O,, phases is considerably smaller than
the Pt,O, and Pt,O,, phases. This is evident also in Figure 7,
where we show the stable phases as a function of temperature
and pressure for the same nine systems discussed in Figure 6.
From these phase diagrams, we predict that both at room
temperature and at 600 K Pt nanoclusters are oxidized in the
full range of pressures examined, down to UHV conditions.
For Pt, and Pt,, the Pt,O,, phase prevails at room temperature,
while the Pt,O, phase dominates at 600 K. For the larger Pt
on the other hand, only the Pt,O, phase appears in the 300—
600 K temperature range. The metallic phase of Pt
nanoclusters is thermodynamically stable only at very reducing
conditions. In UHV the transition of Pt;O, clusters to the
metallic phase takes place around 900 K in the gas phase and
around 700 K on TiO,.

Similar phase diagrams have been reported by Xu et al. for
the gas-phase and stationary small Pt nanoclusters (Pt,, x = 1,
2, and 3), whose findings agree with the ones reported here.'®
Nair et al. reported a similar oxidation trend for Pt,.**

Our predictions compare favorably with experiments on
these systems. Ono and co-workers”* reported the reduction of
PtO, NPs supported on TiO, to metallic Pt above 550 K in
UHYV, while some of the Pt NPs supported on SiO, remained
oxidized up to 750 K in UHV. The same authors also observed
a higher temperature for oxygen desorption on NPs compared
to Pt(111) and a higher oxygen desorption temperature for
smaller nanoparticles compared to larger ones.” Moreover, the
formation of interfacial PtO, was observed on Pt NPs at
temperatures higher than 400 K for low oxygen pressure (107
bar) on Co;0,.””

On the basis of the above discussion, at industrially relevant
conditions for catalytic oxidation (T ~ 300—600 K, Py~ 0.1—

1 bar), we predict supported nanoclusters to be in an oxidized
state, on both supports studied in this work. Small clusters
such as Pt,0, are found in a fully oxidized state (i.e., Pt*"). As
the size of the clusters increases, Pt clusters are predicted to be
in both Pt*" and Pt** oxidation states (higher oxidation state at
lower temperatures). As for the largest clusters (Pt;O,), these
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J. Phys. Chem. C 2022, 126, 10880—10888


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02176?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02176?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02176?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c02176?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c02176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Table 1. Average Positive Bader Charge for Each Pt Atom and Total Magnetization (Number of Up Minus Down Electrons) of

Gas-Phase Clusters

Pt,0, spin Aq (e) Pt,0,
P4,0, 0 +0.59 Pt,0,
Pt,0, 0 +0.64 Pt,04
P4,0, 0 +0.88 PtO,
Pt,0, 2 +0.56 PO,
Pt,0, 0 +0.69 Pt,0,,

spin

o O ©O © ©

Aq (e) Pt,O, spin Aq (e)
+0.77 Pt,0, 0 +0.68
+1.22 Pt,0,, 2 +1.05
+0.69 Pt,O4 0 +0.69
+0.89 Pt,Op, 1 +0.70
+0.98 PtgOy4 0 +1.17

are mostly found in the Pt** oxidation state only, indicating an
effect of the size on the oxidation state.

Even though in the present work we assumed the system to
be in contact with an atmosphere containing only oxygen, in
realistic conditions water can also be present and can adsorb
and dissociate on the oxide surfaces. In the case of the Co;0,
(111) surface, considering oxygen chemical potentials down to
—0.5 eV, the surface is partially hydroxylated even in ultrahigh-
vacuum (UHV) conditions at 423 K.”* The hydroxylation of
the brookite TiO,(210) surface has been investigated in a
recent work.”®> While surface hydroxylation can have significant
effects on the structural and catalytic properties of supported
clusters, we did not investigate these effects in the present
work.

Charge Transfer. The Bader analysis has been employed
to investigate the charge rearrangement at the Pt clusters/oxide
interface. First, we have computed the Bader charge of Pt and
O atoms of the Pt oxide nanoclusters in the gas phase. This
analysis shows that the amount of charge transferred from Pt to
O atoms within the clusters varies from +0.5 to +1.2 e per Pt
atom. To help assigning the oxidation states, we computed the
difference between the Bader charge of Pt bulk (Pt°) and the
Bader charges in bulk Pt*" and Pt*" oxides (Aq). In PtO (Pt*"),
Ag on Pt is 0.99 ¢, in a-PtO, (Pt*) 1.69 ¢, in S-PtO, (Pt*)
1.73 ¢, and in f'-PtO, (Pt*") 1.81 e. The fingerprint for the
Pt** oxidation state is therefore a value of Aq around 1 ¢, while
for Pt*" it is 1.7—1.8 e. It is clear from Table 1 that for clusters
with a fixed number of Pt, atoms (x = 2, 4, and 6) Ag, and thus
the oxidation state of Pt, increases with increasing the number
of O atoms. Because Aq assumes values in between 0.56 and
1.22 per Pt atom, Pt atoms never reach the formal oxidation
state of Pt** found in bulk of PtO, oxides. These values for the
Bader charges are in agreement with previous studies where
some of the same clusters have been considered.”

Let us now focus on the interaction between the Pt clusters
and the Co;0, and TiO, supports. The Bader analysis shows
that the binding of the clusters on both supports lead to small
charge rearrangements at the Pt cluster/oxides interface
(maximum +0.07 ¢/Pt on TiO, and —0.23 ¢/Pt on Co;0,).
Therefore, the values of Ag of the Pt atoms of the supported
clusters follow a trend similar to the one observed in the gas-
phase case.

As an example, we have considered the case of the metallic
Pt, cluster adsorbed on the Co;0, and TiO, oxides (see Figure
8). Also in this case a small amount of charge is transferred
from the metallic cluster to the supports. Here, the values of
Aq per Pt atom are 0.16 and 0.04 ¢ in the case of Co;0, and
TiO,, respectively. Similar trends have been reported in
previous studies: Ammal and co-workers reported Bader
charge differences of +0.1 ¢/Pt for a Pt; cluster supported on
rutile TiO,;*° the same behavior has also been observed for a
Pt, cluster on the C0;0,(220) surface.”’ Our results therefore
suggest that the supports have little influence on the electronic
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Figure 8. Charge distribution on Pt, cluster adsorbed on (a) Co;0,
and (b) TiO,.

properties of the supported metallic and oxidized Pt clusters.
Similar small charsge transfer was predicted on TiO,(110) for
Ag single atoms.”” In the Supporting Information we also
provide an analysis of the electronic structure of gas—phase and
supported clusters based on the d-band model.**~%

Bl CONCLUSIONS

In this work we have combined genetic algorithm optimiza-
tions with DFT calculations to investigate the structural and
thermodynamic properties of Pt nanoparticles, both in the gas
phase and supported on oxide surfaces. We considered the
interaction of Pt nanoparticles with an oxygen atmosphere,
exploring how the size of the clusters and the interaction with
the support influence their oxidizability. We found that size has
a huge effect on the formation energy of the oxide
nanoparticles. The interaction of oxygen with small clusters
is much stronger compared to bulk samples, suggesting that
nanoparticles can be oxidized at conditions where large
samples would still be metallic.

We also found that the interaction with the support hinders,
to some extent, the oxidation process compared to gas-phase
particles. In spite of this, we predict that at conditions where
several catalytic oxidation processes take place (300—600 K,
Po, 0.1—1 bar) Pt nanoparticles are in fact oxidized. Moreover,

the tendency of the interaction with oxygen to be stronger for
smaller nanoparticles is preserved upon adsorption on oxide
surfaces.

The interaction with the two supports examined, brookite
TiO,(210) and Co0;0,(111), leads to a fairly small charge
transfer between the clusters and the support, indicating that
the electronic properties of the nanoparticles are not strongly
affected by the interaction with the support. Wu and co-
workers reported a size-dependent charge transfer between Pt
systems and rutile surface, while Pt nanoparticles (1.2 nm)
showed considerable interaction with the support; subnan-
ometer Pt clusters (<1 nm) did not interact with the surface.’’
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