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ABSTRACT: Controlling the size of metallic nanoclusters
supported on an oxide support such as y-alumina represents a
challenging but important task in the case of noble metals such as
platinum. By using density functional theory (DFT), we
investigate the thermodynamic, structural and electronic proper-
ties of small nanometer-sized Pt, clusters (n < 13) interacting with
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four relevant y-alumina surfaces exhibiting various hydroxylation and chlorination states. The presence of chlorine on the (110)
surface of y-alumina implies a thermodynamic stabilization of small platinum clusters. This stabilization originates from the
simultaneous migrations of chlorine atoms and protons from the support toward the Pt clusters. The migration of H and Cl from
the support induces a stronger interaction of the Pt, cluster with the available Aly; site, associated with strong H—Pt,—Cl
interaction. In particular, this trend leads to a local energy minimum, as a function of cluster size, for the Pt; cluster. This atomic-
scale stabilization of subnanometer clusters is thus proposed to be at the origin of the formation of highly dispersed platinum
particles and to prevent their sintering into supranano ones. A detailed energetic and electronic analysis is provided to rationalize
this effect of chlorine. A rational interpretation of experimental data is finally given.
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B INTRODUCTION

The control of the size of metallic particles is a fundamental
question with a large array of applications in catalysis,
nanoscience, information storage, and magnetism.l_6 Small,
bare metallic particles naturally tend to sinter into larger ones
to increase the coordination number of the metal atoms.
Hence, their stabilization at a given size is highly challenging
but fundamental for applications. In particular, subnanometer-
sized metal particles present very specific electronic and
chemical properties.”® They also present the advantage of an
optimal dispersion, nearly all the atoms being present at the
surface, which is important for economical reasons in the case
of rare transition metals such as Pt or Rh. Hence, the
understanding of the mechanisms that allow the stabilization of
small particles is a key aspect for many application fields."”
There are several ways to reach this goal. One is to use ligand
molecules, which allows the control of the growth of the
particles, such as in colloid science.'® Another common
approach is to use a high-surface-area solid support, such as a
metal oxide, to kinetically favor small particles. This approach is
used in heterogeneous catalysis, in which the optimal
stabilization of small particles by the support is of major
importance to slow down the unavoidable sintering in larger
particles and the loss of catalytic activity. Understanding how
the support and its chemical nature control the particle stability
as a function of size is, hence, of key importance for the rational
design of well controlled, monodispersed, supported catalysts.
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In particular, platinum supported on y-alumina (y-ALO;) is a
prominent catalyst involved in rnany different fields, such as the
treatment of automobile exhaust,"" reformmg in the petroleum
industry,12 fuel cell technologies, and biomass conversion.'*
The y polymorph of alumina is the most widely used in
industry because of its advantageous porosity, surface area, and
chemical properties.'> Catalytic reforming is one of the
applications of interest in which subnanometer-sized particles
are of great importance.'* In this case, Pt is usually highly
dispersed (content slightly lower than 1 wt %). Regarding the
chemical nature of the alumina support, at least two synthesis
and pretreatment parameters play a major role. The temper-
ature is a key factor to monitor the remaining hydroxylation
content of the alumina surface, and additives such as chlorine
are strongly suspected to influence the particle size distribution.
Chlorine can be either directly added on the alumina support
or introduced by impregnation of H,PtCls acidic precursors in
the Pt particle synthesis step. A typical Cl content of the
alumina support is around 1 wt %. Chlorination treatments
increase the acidity of the support but are also known to help
maintain a high dispersion by decreasing the sintering effect
observed during reaction. 121617 However, the role of Cl in the
stability of the subnanometer particles as well as the
interactions between Cl species and the metallic aggre-
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Figure 1. Top views of the y-ALO; supercell models of (a) dehydrated (100) surface, (b) hydrated (110) surface, (c) slightly chlorinated (110)
surface (1.5 Clam™), and (d) highly chlorinated surface (5.9 Cl nm™2). Optimal adsorption sites of Pt, clusters: Pt,_ without migration in orange
disks, Pt;3 without migration in blue disks, Pt, with migration in pink disks. Relevant surface species involved in migration are marked with arrows
(black, H atoms from surface hydroxyl groups; green, hydroxyl or chlorine group). Pink arrows mark the Al atom on the (110) surfaces. Dashed
black lines delimit the irreducible unit cells while calculations are performed on (3 X 2) and (2 X 2) supercells, respectively, for the (100) and the

(110) surfaces.

16,1820 . .
gates remain mostly unknown. Hence, a better atomic

scale characterization of these systems is required.

Regarding the metallic phase, microscopic techniques
provide an accurate characterization of two-dimensional
projections of supported small clusters. For the investigation
of the tridimensional atomic arrangement of small clusters, X-
ray adsorption spectroscopy (XAS)'*'7**7%% js a technique of
choice and provides accurate data on Pt coordination numbers
and distances to nearest neighbors. For example, in the case of
1 wt % Pt dispersed on y-Al,O;, the coordination number of
platinum (i.e., the average number of Pt neighbors) is 7.4, with
a Cl loading of 1.1 wt %, whereas it decreases to 4 with 2.2 CI
wt % loading catalyst.'” Even if particles as small as 0.6—1 nm,
tentatively assigned to Pts particles, were characterized by such
techniques on y-Al,O,;,'" XAS does not provide an
unambiguous resolution of the particle 3D morphologies or a
molecular-scale description of the chemical environment of the
metallic clusters (interaction with the support and with
adsorbed species). In particular, the precise location of chlorine
remains a matter of debate: whereas some authors, on the basis
of EXAFS measurements, argue that reduced Pt particles are
not directly bound to chlorine,'®'? some chlorinated Pt species
were observed on reduced catalysts by TOF—SIMS (time-of-
flight secondary ion mass spectrometry).*’

The stabilization of small metal particles on a support is
governed by the interaction with the oxide surface, hence partly
compensating the bond insaturation at the edge of the cluster.
Hence, the metal—support interactions were investigated at the

19,2123
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molecular scale from first-principles calculations by several
groups dealing with the adsorption of transition metals (TM)
clusters such as Pt and Pd on a-Al,O; and y-AlL,O,
supports.”*>® Recently, we provided an atomic picture for
Pt;y and Pd,; clusters supported on the dehydrated (100) and
on the hydroxylated (110) surfaces of y-ALO;>® The
importance of the hydroxylation level of the surface was
pointed out. For TM clusters adsorbed on dehydrated surfaces,
the metal—support interaction is ensured by formation of TM—
O and TM—Al bonds, whereas on hydrated surfaces, TM atoms
bond with O atoms from surface hydroxyl groups.

The challenging question we address in the present
contribution is whether surface additives, such as chlorine,
may improve the stability of small metallic particles and, if yes,
by which mechanism. To our knowledge, the experimentally
observed impact of surface chlorine doping on the dispersed
metal has never been unambiguously demonstrated at a
molecular scale. The aim of the present paper is thus to
highlight and elucidate the role of chlorine for the size-
dependent stability of Pt particles on alumina. For that purpose,
we used density functional theory (DFT). From our previous
study on hydroxylated and chlorinated surfaces, four relevant y-
alumina surfaces were selected for the adsorption of Pt,, clusters
(1 £ n <S5 and n = 13): the dehydrated (100) surface, the
partially hydrated (110) y-ALO; surface,>””® and two
chlorinated (110) surfaces with different Cl concentrations.*
A careful energetic and electronic analysis is then furnished,
which helps for a rational interpretation. The results are
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Figure 2. Binding energies for the supported and isolated Pt, clusters as a function of the particle size for various surface terminations of the alumina
support: (a) stable configurations, including potential migration of species from the support toward the cluster and (b) configurations excluding
migration (note: Ey, of isolated clusters and clusters on the dehydrated (100) surface do not change between a and b).

discussed in comparison with experimental data from the
literature.

B RESULTS AND DISCUSSION

The dehydrated (100) and partially hydrated ((110), 11.8 OH
nm™?2) y-AL,O; surfaces are used in the continuity of ref 26 and
represented in Figure la and b, respectively (see also the
Methods section). Addressing the question of the impact of
chlorine on the acidity of y-Al,O;, some of us® studied from
quantum simulations the chlorination of alumina surfaces by
substituting chlorine ions for hydroxyl groups. We showed that
a hydroxyl group monocoordinated to an Al atom (also labeled
u-OH)—in particular, Al atoms located on the (110)
surface—are preferentially substituted by Cl and we demon-
strated the influence of chlorine on the hydrogen bond network
between hydroxyl groups.

Chlorination of the (100) surface is not considered due to
the absence of exchangeable OH groups after usual pretreat-
ment conditions; hence, two chlorinated (110) surfaces were
considered in the present work. The first one called “slightly
chlorinated” contains a low chlorine coverage of 1.5 Cl nm™
(Figure 1c). Assuming a specific area of 200 m* g™* for the y-
AL, O5 support, as usually found for reforming catalyst,”" and a
proportion of 70 and 30% of (110) and (100) surfaces,
respectively, this corresponds to an overall value of 1.7 Cl wt %,
which is close to the optimal value for reforming catalysts.

The second surface contains 5.9 Cl nm™2 (i.e., 6—7 wt %)
and is referred as the “highly chlorinated” one (Figure 1d). This
surface will serve as a reference case to explore the effect of Cl
coverage. Using these models, we evaluated the impact of
chlorine on the metal—support interaction and on the stability
of Pt,, clusters. Figure 1 summarizes also the optimal adsorption
sites for Pt, (1<n<5andn-=13 respectively) with and
without migration of surface species (H, OH, and Cl, which can
migrate on the particle, as we show later). The tricoordinated
Aly; atoms on the (110) surface play a major role in the case of
species migration, as will be discussed later. Most labile surface
species involved in migrations toward the cluster are also
represented by arrows in Figure 1 (see also the Methods
section).

Size Dependence for the Thermodynamic Stability of
Pt, Clusters Supported on y-Al,O; Surfaces. The
adsorption of Pt, clusters (1 < n < S and n = 13) on the
four alumina surfaces was carried out to study their stability as a
function of particle’s size. The binding energies (E,, eq 1; see
Methods) corresponding to the most stable systems for each
cluster size are reported in Figure 2a. Binding energies of
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optimal isolated Pt, clusters (eq 2; see Methods) are also
reported for comparison. The driving force for the sintering of
the metallic particles is clearly illustrated here by the stronger
(more negative) binding energy with increasing size. As
expected, this trend is more pronounced for the isolated
clusters, illustrating the stronger tendency to sinter that is
expected in such a case. As a matter of reference, the most
stable system is the Pt bulk with a E, value of —511 kJ mol™
(not reported in Figure 2 for the sake of clarity).

The most stable clusters on the (110) surfaces (hydroxylated,
eventually chlorinated) reported in Figure 2a include
migrations of surface species (OH, Cl, H) from the support
toward the cluster allowing a better anchoring onto the surface,
as will be detailed in the next parts. On one hand, the bond
between the migrated species and the alumina surface is
broken. On the other hand, this energy cost is more than
compensated by the better binding between the cluster and the
unsaturated surface and by the interaction between the species
and the supported cluster. Hence, the Pt cluster modifies the
alumina surface to improve its adhesion with the support.
When an OH group (respectively Cl) migrates, the cluster
induces a local dehydration (respectively, a dechlorination) of
alumina. The nature of these migrations will be explained in
more detail in what follows. To illustrate the impact of the
migration on the stability, the binding energies of the most
stable systems excluding migration are reported in Figure 2b.
Note that migrations on the dehydrated (100) surface are not
possible due to the absence of any labile surface groups in the
experimental conditions of catalytic reforming. Therefore, the
binding energy of the dehydrated (100) surface remains
unchanged between parts a and b of Figure 2.

The interaction with the support strongly stabilizes the
particle with respect to the isolated case. The smaller the
particle, the stronger the stabilization per atom. For small
particles, the adhesion on the support involves a greater fraction
of the atoms, and hence, its normalized effect is simply larger.
Except for an initial increase between one and two atoms, the
profile excluding migration is mainly downhill with cluster size.
The migration of surface species from the (110) surface to the
cluster affects essentially the very small sizes and can
significantly overstabilize the clusters. As a consequence, the
clusters become more stable on the (110) surface of y-alumina
compared with the (100) one. More importantly, the binding
energy profiles become nonmonotonic for the two chlorinated
surfaces, yielding a local minimum for clusters containing three
atoms. After migration, Pt; clusters are, indeed, more stable
than clusters with 5 or 13 atoms so that sintering becomes

dx.doi.org/10.1021/cs300178y | ACS Catal. 2012, 2, 1346—1357
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endothermic. This minimum is local, since the larger clusters
are again favored in the limit of large size. This result
demonstrates the effect of chlorine in improving the stability of
small size clusters and in reducing sintering effects.

At this stage, the key result is that on hydrated and
chlorinated (110) surfaces, the surface interacts even more
strongly with the metallic clusters than in the case of the
dehydrated (100) surface, but only upon the migration of
surface species toward the cluster. The effect is enhanced by the
presence of surface Cl species.

Experimentally, the influence of chlorination is already
observed for chlorine content as low as 1 wt % Cl .'>'¢"
According to our results, this effect can only be explained by
taking into account the migration of surface species toward the
metallic phase: this is the first atomic-scale evidence elucidating
the effect of chlorination observed in experiments. In what
follows, we achieve a careful energetic, structural, and electronic
analysis to explain the origin of the stabilization process of the
Pt, clusters on each surface.

Pt Clusters on the Dehydrated y-Alumina (100)
Surface. In the case of the dehydrated (100) surface, the
formation of Pt—Al and Pt—O bonds®® with the support
strongly stabilizes the clusters (orange curves in Figure 2). The
adsorption structures are illustrated in Figure 3 for Pt;, Pt;, and
Pty

©Al @0 @OPt
Figure 3. Top views of the most stable structures for Pt, clusters on

the (100) dehydrated surface of y-alumina with n = (a) 1, (b) 3, and
(c) 13.

The most stable geometries result from optimizing the
interactions with the O and Al atoms of the support while
conserving good cohesion energy between Pt atoms. The
evolution of the binding energy in Figure 2 shows a maximum
for Pt, before decreasing continuously, in agreement with Mei
et al.*” The single atom Pt, is a metastable state, implying an
associated barrier for the nucleation of Pt,.

The comparison with the interaction of Pt; on the
dehydrated (0001) a-AlL,O; surface reveals that less exoener-
getic values (close to —200 k] mol™") are generally found on a-
Al,0,>%*"* This may be explained by the higher coordination
of Al and O surface atoms and, thus, a lower intrinsic surface
reactivity. A similar behavior is observed by Nasluzov et al.*® for
Pt; in an upright configuration on a dehydrated (0001) a-AL O,
surface with a binding energy close to —250 kJ mol ™', whereas
we found a value of —328 kJ mol™" for a configuration in which
Pt; is oriented parallel to the surface (the perpendicular mode
in our model leads to less stable systems). This effect is thus
driven by the accessibility of Al atoms on y-alumina, which
explains its superior ability to stabilize highly dispersed
transition metal clusters.

It can be noticed that for Pd, clusters®® on the same surface,
the binding energies were found smaller (between —166 and
—220 kJ mol™) than for Pt,, which can be explained by the less
diffuse 4d orbitals (versus Sd for Pt), leading to weaker
interactions of Pd atoms with their neighbors (Pd, Al, or O).
The stronger Pt—support interaction may also explain why it is
experimentally easier to synthesize highly dispersed Pt particles
than Pd ones.

Pt clusters on the Hydrated and Chlorinated y-
Alumina (110) Surface without Migration of Surface
Species. Examples of optimal structures of Pt, and Pt; clusters
on the hydrated and chlorinated y-alumina (110) surfaces,
without migrations of surface species toward the cluster, are
shown in Figure 4a—c and Sa—c (equivalent structures for Pt;;
are shown in Supporting Information S3). Compared with the
case of the dehydrated (100) surface, the geometry of the
adsorbed clusters is generally closer to that of the gas phase due
to weaker cluster—surface interaction and cluster or surface
deformation, as shown for Pt;5 in ref 26.

Hydroxylated (110) surface

Chlorinated (110) surface
(1.5 Cl/nm?)

Chlorinated (110) surface
(5.9 ClV/nm?)

chflorinati

(e)

migration

cHlorinat

| A1 @0 CH @ OPt

Figure 4. Top views (except f: perspective view) of the optimal structures for the Pt cluster on the hydrated and chlorinated (110) surfaces of y-
alumina. (a—c) Excluding migration of surface species and (d—f) including migration toward the cluster of (d) one H, (e) 1 H+ 1 Cl,and (f) 1 H +
1 Cl. Pink, green, and black arrows mark the Aly; atom and the OH, Cl, and H species involved in the migration, respectively.
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Figure S. Top (a—c) and perspective (d—f) views of the optimal structures for the Pt; cluster on the hydrated and chlorinated (110) surfaces of y-
alumina. (a—c) Excluding migration of surface species and (d—f) including migration toward the cluster of (d) 1H+ 1 OH, (e) I1H+1Cl (f) 1 H
+ 1 CL Pink, green, and black arrows mark the Aly; atom and the OH, Cl, and H speices involved in the migration, respectively.
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Figure 6. Binding energies of Pt, clusters on the hydrated and chlorinated (110) y-Al, O, surface as a function of cluster size, including the migration
of surface species toward the cluster. The optimal number of migrated species is also given.

The surface with low chlorine content (1.5 Cl nm™2) exhibits
cluster binding energies close to the hydrated (110) surface
(Figure 2b) in the absence of migration phenomena. By
contrast, the surface with a high chlorine content (5.9 Cl nm™2)
induces a stronger stabilization of small Pt clusters (n = 1-3,
green curve in Figure 2b). Since the adsorption configurations
are very similar to those found on a hydrated (110) surface for
the two chlorinated surfaces, the intrinsic reactivity of chlorine
sites must be invoked to justify this enhancement. At this stage,
we must recall that the stability of adsorbed OH groups was
stronger than most of the Cl species (except for Aly—Cl), as
revealed by our earlier study.”® This induces a metastable
character of the y-alumina surface at high chlorination degree.
The chlorinated surface thus interacts more strongly with Pt
clusters. We will also show later that the Pt—Cl interaction is
stronger than the Pt—OH interaction. Thus, the cluster binding
energy calculated on the highly chlorinated surface is as strong
as or even stronger than the one obtained on the dehydrated
(100) surface. This trend appears to be the first consequence of
the chlorination, which increases the reactivity of the surface
and, thus, increases the stability of the supported Pt,_; clusters.
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Note that the comparison with Pd, clusters adsorbed on the
hydrated (110) surface without any migration36 follows the
same trends as previously discussed on the (100) surface. The
binding energies are stronger for Pt, and a different local
minimum is found (Pt instead of Pd,). This highlights again
the different strength of metal—support interaction for the two
metals.

Pt Clusters on the Hydrated and Chlorinated y-
Alumina (110) Surface with Migration of H Atoms. The
migration of H atoms from surface hydroxyl groups located on
the hydrated (110) alumina surface (shows as black arrows in
Figure 1b), to the metallic particles results in a stabilization of
the system compared with the adsorption without migration
(Figure 6a; see also the structures in Figure 4d and Supporting
Information S3). This is due to the combined effect of (i) the
affinity between the migrated H atoms and small Pt, clusters*'
and (ii) the new interaction between the Pt, cluster and the
deprotonated O atom belonging to the OH group involved in
H migration. This trend is particularly true for the smallest
clusters. This second parameter explains why protons

dx.doi.org/10.1021/cs300178y | ACS Catal. 2012, 2, 1346—1357
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preferentially come from OH groups in close vicinity of the
adsorbed cluster (Figure 1b).

As a consequence of the creation of new Pt—O bonds,
combined with the amount of H atoms hosted on small
clusters, the optimal numbers of migrated H atoms are one for
Pt, and Pt,, two for Pt; and Pt, and three for Pt;. One
migrated H atom is also found for Pt,; as being the most stable:
the energy is very close to the two migrated H atoms, as found
in our previous work.”® The small number of H atoms per
surface Pt involved in reverse spillover observed for clusters
such as Pt is likely due to the reduced structural deformation
capability. Indeed, significant cluster deformation is required to
interact with several O atoms coming from OH groups. The
total energy stabilization associated with H migration is nAE,
where n is the number of platinum atoms. It varies in a
nonmonotonic way between —23 kJ mol™! for Pt; and —156 kJ
mol™! for Pt,,.

Previous theoretical studies showed that the migration of one
H atom from a surface hydroxyl group stabilizes a single Pt
atom on hydrated (0001) a-Al,O;.*" The stabilization values
of —29 and —27 kJ mol™" obtained by Briquet et al.** and Xiao
and Schneider,® respectively, are comparable with our value of
—23 kJ mol ™. Note that in our earlier work,”® the position of
the Pt,; cluster was kept identical to the most stable one found
without migration, yielding a binding energy stabilization due
to H migration of —5 kJ mol™" per Pt atom (total stabilization
of —65 kJ per mole of cluster). A more stable situation was
found in the present work by shifting the cluster to a new
location in the vicinity of the O atoms from the OH groups
involved in the H migration and also in the vicinity of the Aly,
atom (see additional explanations in the Supporting Informa-
tion, S3). This allows the cluster to interact with the support
through Pt—O bonds; hence, stabilizing the system.

On the slightly chlorinated (110) surface, the most stable
adsorption geometries for clusters after H migration are
obtained by the interaction of Pt with the O atoms of the
OH groups having transferred their proton. However, contrary
to the hydroxylated surface, the migration of H atoms is not
always a factor of stabilization (Figure 6b, c), in particular, for
Pt,. Actually, the Pt—O distance (where O is the deprotonated
atom), increases from 2.36 (hydroxylated surface) A to 2.52 A
(slightly chlorinated surface). This is due to the fact that the Cl
atom interacting with Pt; exhibits a distance to Al that is longer
than the AlI-OH bond before Cl substitution. Hence, Pt, is
shifted away from the surface, which reduces its interaction with
the alumina surface. This phenomenon is even reinforced on
the highly chlorinated surface because two Cl atoms (instead of
one) are interacting with Pt;, which is pushed even farther from
the surface: the Pt—O distance growths to 2.78 A .

Pt Clusters on the y-Alumina (110) Surface with
Migration of OH or Cl Groups. The migration of one OH or
Cl group from the alumina surface toward the platinum clusters
allows the clusters to interact with the coordinatively
unsaturated Al Lewis acid site originally bonded to the OH/
Cl group. The stronger Lewis acidic site is the Aly; atom (pink
arrow in Figure 1b—d). The associated y;-OH or Cl group
(green arrow in Figure 1b—d), despite its strong interaction
with the Al atom, is found to be the most prone to migration.
To stabilize the system, the energy loss induced by the
departure of the OH or Cl group must be compensated by new
Pt—Al interactions.

In the case of OH migration on the hydroxylated surface, the
most stable systems found often exhibit hydrogen bonding
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between the migrated OH and nearby surface hydroxyls. The
stabilizing impact of OH migration on the binding energy is far
less pronounced than the one of H migration (Figure 6a). At
best, only one OH group can migrate for each studied cluster.
The migration slightly stabilizes Pt, and Pt; but slightly
destabilizes Pt,, Pt;, and Pt;; compared with the absence of
migration. By contrast, the OH migration on Pt; strongly
destabilizes the system (+61 kJ mol™'), a part of it being
assigned to the lack of hydrogen bond between the Pt—OH
group and other hydroxyls on alumina (see Supporting
Information S4 for a more detailed explanation).

This destabilization trend differs from the observations by
Xiao and Schneider®' on the hydrated a-ALO; (0001) surface,
where the migration of hydroxyl group weakly stabilizes the
adsorption of Pt;. This different trend is mainly explained by
the different hydroxyl contents found on the two supports
models: it is lower on the hydrated y-AL,O; (110) surface than
on the hydrated a-ALO, (0001) surface. On y-ALO; (110),
following the analysis reported in Supporting Information $4,
the migrated OH group cannot be stabilized by the formation
of hydrogen bonds with a nearby hydroxyl group, whereas this
H-bonding is possible on the a-ALO; (0001) surface. In
addition, the lower hydroxyl content of y-alumina enables the
stabilization of Pt; without any OH migration, being inserted in
a bridging position between one Al atom and two OH groups
(Figure 4a): this situation is possible on hydroxylated a-
alumina only after OH migration. Finally, the different nature of
the alumina polymorph infers a lower coordination for some Al
atoms on the y-Al,O; surface. Thus, the migration might also
be constrained by the higher stability of the Al;;—OH bond on
7-AL,O;.

By contrast, the migration of one chlorine atom from the
alumina support to the cluster is overall stabilizing on both
chlorinated surfaces (see green curves in Figures 6b, c) up to 50
kJ mol™" per Pt atom. Top and bridge sites are the most stable
adsorption sites of chlorine on Pt, clusters, depending on the
particle’s morphology and size (bridge adsorption sites were
found most stable for palladium clusters*?). On the slightly
chlorinated (110) surface, this stabilization occurs for every
particle size studied, in particular, for Pt;, with an energy gain
of =9 kJ mol™" per Pt atom (i.e., a total stabilization of —117 kJ
mol™"). Regarding the highly chlorinated surface (green curve
in Figure 6¢), the single exception is Pt; (+18 kJ mol™"). In
particular, for Pt;, a gain in stability of —26 kJ mol™' per Pt
atom is calculated. The stabilization is generally higher than on
the slightly chlorinated (110) surface for similar adsorption
structures.

The binding energy is significantly lower (more exothermic
adsorption) than on the hydroxylated surface (particularly for
Pt,). Comparing the local structures of Pt; and Pt; after OH
and Cl migrations (Pt—Al and Pt—O bond distances), we did
not notice significant differences; hence, the enhanced
exothermicity cannot be explained by these structural
parameters. To carefully explain this trend, we made a detailed
energy decomposition. We propose to come back to this
discussion in the forthcoming paragraphs (“energy decom-
position”).

Pt Clusters on the y-Alumina (110) Surface with
Simultaneous Migration of H Atoms with OH or CI
Species. To our knowledge, the simultaneous migration of H
with OH or CI species has never been considered. With the
exception of Pt; on the hydroxylated surface, the simultaneous
migration of H with OH or Cl species always results in a

dx.doi.org/10.1021/cs300178y | ACS Catal. 2012, 2, 1346—1357
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stabilization of the systems with respect to the nonmigration
cases (Figure 6).

On the hydroxylated surface, for most cluster sizes, the H
migration bears the major energy gain (see also Supporting
Information Table S1). For the Pt, and Pt; clusters only, one
(H + OH) migration is slightly more stable than the H
migration. This slight energy gain can be assigned to the
favorable bonding with three surface sites: the Aly; and the two
nearby O atoms located in the pink disk in Figure 1b. The
adsorption of Pt; on the surface always favors the formation of
a Pt; triangle with each Pt atom involved in one Pt—Al;; bond
(Figure Sd).

On the chlorinated surfaces, the simultaneous migrations of
H and Cl atoms is significantly more favorable than Cl
migration alone, and it gives the most stable structures for all
cluster sizes on both chlorinated surfaces. In several cases, a
synergy effect is observed between Cl and H migration because
a stronger energy gain is obtained for the simultaneous (H, CI)
migrations than the cumulated energy gains for Cl and H
migration alone. For Pt, clusters (1 < n < 3), each Pt atom
interacts with the Al atom (see Figures 4e, f, Se, f). In the case
of larger clusters such as Pt only two Pt atoms are directly
bonded to the Aly site (see Supporting Information S3). This
trend is also true for the hydroxylated surface. This explains the
relatively larger stabilization effect of H + Cl migration for the
smallest clusters as compared with bigger ones. The
stabilization effect of (H + Cl) migration is quantitatively
very similar on both chlorinated (110) surfaces. This reveals
that the stabilization observed after the chlorination treatment
is already effective for the lowest chlorine content used in
reforming catalysts.

It is worth noting that for Pt, and Pt;, flat clusters are more
stable than 3D morphologies, in contrast with systems
excluding migration. The migration of a single H and a single
Cl atom facilitates the access of metal atoms to the alumina
surface and induces a maximization of the metal—support
interaction with the Aly; and oxygen atoms, thus leading to
more stable systems after cluster flattening. Note also that for
the Pt ; cluster adsorbed on the highly chlorinated surface, the
most stable geometry (taking into account H and CI
migrations) was investigated by molecular dynamics, leading
to a flattening of the cluster and strong interaction of the
support due to the migration of several surface groups. The
approach and the results are detailed in Supporting Information
Ss.

Energy Decomposition: Origin of the Stabilization of
Subnanometer Clusters on Chlorinated Surfaces. The
calculations reveal more exothermic binding energies for the
migration of H and Cl on the chlorinated (110) surface than in
the case of the simultaneous migration of H and OH groups on
the hydrated surface: this is a strong evidence of the impact of
chlorination on the stability of small Pt, clusters. Moreover, a
peculiar stability of supported Pt; clusters on chlorinated
surfaces appears after migration of surface species (in particular,
Cl and H). To explain these striking results, we have
undertaken a detailed analysis with a decomposition of the
energy. For that, we chose three relevant cluster sizes: Pt;, Pt;,
and Pt; clusters. An analysis for isolated clusters (Supporting
Information S6) reveals that the interaction energy of Pt,
clusters with dissociated HCI species is significantly stronger
than with the dissociated H,O molecule, by more than 80 kJ
mol™". This suggests that intrinsically, the higher affinity of
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platinum for H + Cl compared with H + OH is one of the
driving forces of the effect of chlorine.

Then, we considered H + X migration on the hydrated (X =
OH) and the slightly chlorinated (X = Cl) (110) surfaces. We
decomposed the binding energy, E,, into three terms, as shown
in Figure 7. The first term (A,U;) represents the energy cost

(a)
H X n AU,(HX)
W +nPt, — W +nPt, +HX
7 7
n Eb(HX)l n AU,(HX)
H X
\Pt/
W" n A U;(HX) | H\P /X
«— + t
Z % '
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Pt,

Figure 7. Decomposition of the binding energy of the adsorbed Pt,
cluster on which a H + X (X = OH or Cl) pair has migrated. (a)
Born—Haber cycle used for the decomposition and definition of
energy terms and (b) values calculated for Pt;, Pt;, and Pt;; clusters on
the hydrated (H + OH) and slightly chlorinated (H + Cl) surface.

for the loss of the H=X pair from the support, that is, the
inverse of the affinity of H—X for the support. The second term
(A,U,) contains two contributions: the binding energy of the
isolated Pt, cluster and the adsorption energy of the HX
molecule on the isolated Pt, (in a similar geometry as in the
adsorbed state). The third term (A,U;) quantifies the
interaction of the {X—Pt,—H} fragment with the surface.
Figure 7b depicts the values of each term for both surfaces and
for the three clusters sizes considered.

It appears that the A U; and A Uj; terms are not significantly
different from H,O to HCl. On the contrary, the AU, term is
determining. The interaction of HCI with Pt, contributes an
additional 75—95 kJ/mole of cluster to the stabilizing effect
with respect to the interaction of H,O (differences are more
apparent for the smallest clusters in Figure 7 because of the
normalization by n). It is interesting to recall that the stronger
bond strength of chlorine compared with oxygenate ligand was
also calculated for Pt mononuclear species.*’ This contribution
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Figure 8. (a) Bader charge analysis of the supported Pt, clusters (mean charge per Pt atom) as a function of sizes. For the chorinated surfaces, the
most stable configurations are reported (including migration of Cl and H species); for the hydrated surface, two competitive configurations are
reported. Note: a negative (respectively, positive) value means anionic (respectively, cationic) species. (b) Schematic description of the charge
transfers induced by migration of surface species toward the Pt clusters. Electron donations to the cluster are in blue, and electron withdrawing is in

red.

is the main explanation for the specific behavior of chlorine
migration.

In addition, Figure 7b shows that the metal—support
interaction energy counterbalances the energy loss induced by
the HCl departure from the surface and by the surface
relaxation. The metal—support interaction (A,U;) is predom-
inant for very small clusters (n < 3) interacting with three
surface sites: 1 Aly; and 2 O atoms invoved in the migration of
the H and Cl atoms. For a larger cluster, such as Pt3; the
stabilizing factor results mainly from the contribution of the
cluster binding energy in A U,. For Pt;, the metal—support
interaction energy A.U; is close to the AU, contribution.
There is thus a compensation effect that is at the origin of the
minimal binding energy found for Pt; supported on chlorinated
surfaces.

Structural Analysis and Comparison with Experimen-
tal Results. Interatomic distances are cluster size and surface-
dependent (Table S2 in the Supporting Information). The
mean Pt—Pt distance generally increases from Pt, to Pt;; (from
2.52 to 2.67 A). This is a well-known behavior for small
clusters®*****™* and the associated low coordination metal
atoms. Migration of surface species on the smallest clusters
induces some variations to this rule: for example, the Pt—Pt
distance in the Pt, cluster increases from 2.46 A without
migration to 2.56 A after migration of 1 H and 1 Cl on the
slightly chlorinated surface. Migrating groups thus tend to
expand the clusters, which is consistent with the effects of
adsorbates (in particular, hydrogen*"**%).

Pt—Cl distances after migration of chlorine on clusters are
mostly measured around 2.3 A, which is consistent with
experimental evaluations by EXAFS.'®'® Note that these
experimental measurements were performed on samples
exhibiting oxidized forms of platinum, whereas no Pt—Cl
bonds were ever observed on reduced samples. This could be
due to the lack of sensitivity of the technique regarding the
small number of Cl atoms per Pt in the systems, which is
consistent with our prediction for Pt, clusters with n > 3 of
mean Pt—Cl coordination number as low as 0.1-0.3 per
platinum. For Pt; and Pt, on the highly chlorinated surface,
mean Pt—Cl bonds reached 2.5 A as a result of the existence of
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Cl atoms located at around 2.6—2.7 A in addition to smaller
distances with migrating Cl groups (2.3 A).

Pt—O distances are generally measured around 2.1-2.3 A, in
line with experiments.”* Some very short distances (2.05 and
2.02 A) are measured for Pt, and Pt, clusters on the dehydrated
(100) surface. This can be explained by the interstitial hole
located on the (100) surface, which favors the stabilization of
the Pt; (Figure 3a) and Pt, clusters (to a lower extent).>* When
the cluster’s size increases, the Pt atom initially located in this
hole is extracted to establish the Pt—Pt interactions. Hence, for
larger clusters, the interfacial Pt atoms prefer to interact with
more numerous—even if more distant—atoms of the surface.

A final structural analysis can be made on the Pt—Al bonds
revealed by our calculations. According to EXAFS experi-
ments,”* it was proposed that the insertion of H atoms at the
metal—support interface may explain the observation of longer
Pt—O distances, in particular, after reduction at 573 K (dp,_o =
2.66 A). Our calculations on chlorinated systems do not reveal
such “long” Pt—O distances. As already discussed in our
previous work for Pt;; on a nonchlorinated surface,*' our
models studied here in the presence of Cl confirm the presence
of Pt—Al bonds with distances varying between 2.3 and 2.7 A,
which may also account for the long metal—support distance
suggested by Vaarkamp et al.*' In addition, we show that some
Pt—Cl distances can reach 2.6—2.7 A for very small clusters
(see previously, Pt; and Pt,) on the highly chlorinated surface.
They are not the migrating Cl atoms, which are closer to the CI
atoms, but additional Cl atoms. Thus, we can assign the “long”
Pt—X distance either to X = Al, or X = Cl.

Interestingly, we notice that Pt; clusters were also observed
by experimental Z-STEM analysis on y-ALO;.>***** According
to the preparation process, the presence of residual chlorine
atoms on the surface cannot be excluded. Finally, Stakheev et
al.¥’ showed by EXAFS that the particles tend to flatten upon
chlorination of the alumina support. From our work, we can
assign this observation to the improved metal—support
interaction due to migration of H and Cl species from the
support to the particle, with enhanced formation of Pt—O and
Pt—Al bonds. Our calculations also recover this behavior for Pt,
and Pt; as aforementioned.

dx.doi.org/10.1021/cs300178y | ACS Catal. 2012, 2, 1346—1357



ACS Catalysis

Research Article

Electronic Analysis. The atomic charge was evaluated with
the Bader approach on the most stable systems with and
without migration. The results for the most stable clusters,
regarding the Pt, moieties, are reported in Figure 8a. Extended
results are reported in Supporting Information S7, as a function
of H, OH, or Cl and H + OH or H + CI migrations, and for
various components of the system (Pt,, H, OH, Cl species).

On the dehydrated (100) surface, the Pt, clusters are
negatively charged (from —0.29 to —0.08 ¢/Pt atom), in line
with previous theoretical suggestions.26’28’29 In a previous
work,”® we showed for Pt,; that this charge transfer from the
support corresponds to an electron transfer from O atoms to Pt
through Al atoms interacting with Pt clusters.

On the hydrated and the chlorinated (110) surfaces, the
electrostatic charge of the Pt, cluster directly depends on the
migration involved. Without migration (Supporting Informa-
tion S7.1), the hydroxyl or chlorine interface reduces the charge
transfer via the Al atoms, as previously described for the
dehydrated (100) surface. The H migration favors the Pt—O
interaction, leading to an oxidized state of the Pt clusters
bearing a positive charge. Migrated H atoms adsorbed on the
clusters are generally rather neutral (Supporting Information
§7.2) and are thus not negatively charged (no hydride nature).
As a matter of reference, the mean charge of protons located on
the OH species of the surface not in interaction with the cluster
is +0.67¢. Hence, Pt clusters are electronically depleted by the ¢
Pt—O bond formation allowed by the migrated H protons,
which simultaneously gains electrons. Single migrations of OH
or Cl from (110) surfaces to the Pt, clusters induce opposite
effects: the charge of the cluster gets more negative, since
migration favors the Pt—Al interaction responsible for the
transfer of electrons toward the Pt cluster. The resulting charge
of the clusters is then closer to the values found on the
dehydrated (100) surface (Supporting Information S7.3).

The increased electronic population on the Pt, cluster is
accompanied by a reduced charge on the OH or CI fragments.
Pt clusters are thus clearly enriched in electrons due to charge
transfers from both Al surface atoms and migrated OH or Cl
species. As a global result, the most stable clusters on each
surface exhibit the charge depicted in Figure 8a. They are
negatively charged on the (100) surface, whereas on the
hydrated (110) surface, they are positively charged when only
H migration occurs. However, the simultaneous (H + OH or H
+ Cl) migrations reveal a compensating effect on the cluster
electronic population. This charge compensation of effects
implies that the charge of Pt, is more or less neutral,
particularly in the case of the chlorinated surfaces. These
variations of the electronic population of the particle as a
function of the acidity of the support will clearly have an
incidence on the reactivity of the metallic aggregates. The
counterbalancing contributions of the different atoms and
species interacting with Pt, clusters are summarized and
schematized in Figure 8b, illustrating the various charge flows.

Considering (Pt, + H + OH or Pt, + H + Cl) fragments
formed after migration, their overall electronic charges are
negative (Figure 9) and increase (decrease in absolute value)
with the particle size (when normalized per Pt atom). As a
consequence, the hydrated and chlorinated surfaces become
positively charged, which confirms that the overall electron
transfer occurs from the surface to the fragment. Interestingly,
the variation of the (Pt, + H + OH or Pt, + H + Cl) charges as
a function of size follow a very similar quantitative trend for all
systems, including the dehydrated (100) surface, especially for
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Figure 9. Bader charge analysis of the supported (Pt, + migrated
species) fragment normalized by the number of Pt atoms (mean
charge per Pt atom) with simultaneous migrations of (H and OH) or
(H and ClI). OH migrations are considered for the hydrated surface
and Cl migration for the chlorinated ones. The (100) surface is
recalled for comparison, even if no migration obviously occurs.

small sizes (n < 5). This is a manifestation of the intrinsic
property of alumina regarding the metal/support interaction,
independently of the surface groups present.

We finally performed density of states (DOS) analysis for the
Pt; system supported on the (110) alumina surface, either
hydrated (H and OH migration) or slightly chlorinated (H and
Cl migration). These systems are those considered for the
energy decomposition (Figure 7). Figure 10 depicts the DOS
projected on the platinum atom bearing the migrated OH or Cl
species, as well as projections on migrated species themselves.

Figure 10 shows the overlap between Pt orbitals (essentially
of d character for energies higher than —8 V) and p orbitals of
O or Cl atoms. However, the ClI p orbitals are higher in energy,
and they reveal a better mixing with the Pt d orbitals in the
region [—4 eV, 0 eV], whereas a nonnegligible contribution of
O p states is localized at the bottom of the d band. Thus, the
orbital interaction is, hence, more favorable for Cl. This
corroborates the stronger affinity of Pt for Cl rather than for
OH and helps to rationalize the higher stability of Pt, clusters
on the chlorinated surface than on the hydrated one once
migration of H and Cl is taken into account.

B CONCLUSIONS

The structural, stability, and electronic properties of platinum
clusters containing 1—5 and 13 atoms deposited on the (100)
and (110) y-ALO; surfaces were investigated by periodic
density functional theory calculations. The surface state of the
alumina support (dehydrated (100) surface, hydrated, and
chlorinated (110) surfaces) was taken into account to elucidate
its effect on the stability of the metallic phase. Calculations
demonstrate a strong influence of surface species’ rearrange-
ment to stabilize Pt clusters. The migration phenomenon of
surface species (H, OH, Cl) toward Pt clusters is shown as a
key factor to stabilize subnanometer size clusters on alumina.
This effect is particularly strong in the case of chlorinated
surfaces where simultaneous migration of chlorine and proton
drastically impacts the clusters’ binding energy. After Cl and H
migration on the particle, the stability of Pt, clusters on the
chlorinated (110) surface is higher than that on the hydrated
(110) surface. An energy decomposition scheme highlights that
the gain from increased metal—support interaction energy is
larger than the cost to detach the chlorine and proton from the
surface. This stabilization is mainly explained by the anchoring
of the clusters to the surface by the formation of Pt—O and Pt—
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Figure 10. Density of states projected on the Pt atom bearing the migrated OH or Cl group and on migrated species for the Pt; clusters supported
on y-AL,05(110) with H + X migration. (a) X = OH, hydrated surface, and (b) X = Cl, slightly chlorinated surface. The energy is referenced to the

Fermi level.

Aly; bonds. OH and Cl species stabilize the low coordinated
Alp; on the (110) ALO; surface, temporarily passivating it, but
the small clusters are able to displace these “protecting groups”
to establish a strong bond with Aly;. Moreover, the platinum—
chlorine interaction energy is stronger than the platinum—
hydroxyl interaction energy. As a consequence, chlorine acts as
a capping surface ligand, which is at the origin of a greater
stabilization of small Pt clusters on the chlorinated (110)
surfaces.

The role of chlorine to limit the sintering of metallic particles
is thus rationalized: chlorination is therefore of prior interest for
the stabilization of highly dispersed catalysts. Indeed, on
chlorinated surfaces, Pt; is found as a local minimum for the
binding energy; thus, the sintering into larger particles would
require overcoming a significant activation barrier (Pt; being
more stable than Pt;; on this surface).

These results shed new light on the impact of chlorine acting
as a surface ligand, thus limiting the sintering of the metallic
phase and helping for its optimal dispersion. This phenomenon
was empirically invoked in previous experimental works,'®'”
reporting the drastic impact of chlorine loading on Pt
dispersion. Moreover, we show that the chlorinated alumina
(110) surface can thus be considered as a “reservoir” of small Pt
clusters anchored on the Aly; site.

Chlorination is also shown to impact the electronic state of
the particle, which can be expected to modulate its reactivity.
However, the question of the accessibility of the “chlorine-
capped” platinum atoms remains open.'®'® The operating
conditions (O, or H, atmospheres) could further tune this
accessibility.
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B METHODS

Total Energy Calculations. Periodic DFT calculations
were carried out with the PW91°' exchange-correlation
functional as implemented in VASP 4.6.°>>* The projector-
augmented wave (PAW)** method was used to describe the
electron—nuclei interactions. The one-electron functions were
developed on a basis set of plane waves that was limited to a
cutoff energy of 400 eV. Spin-polarized calculations were
performed with the interpolation formula of Vosko, Wilk, and
Nusair.>® Partial occupancies were determined with a Gaussian
smearing with a width of 0.02 eV. Atomic charges were
calculated by Bader charge analysis.*®

Models. Regarding the bulk structure of y-alumina, former
theoretical studies based on DFT calculations showed that a
model with occupied nonspinel sites is the most stable
structure.”’ > Moreover, some of us®”3¥%°7%% established the
evolution of the hydroxyl (OH) coverage as a function of
pretreatment temperature for the most representative alumina
(100) and (110) surfaces (accounting for 90% of the exposed
surface area of alumina samples'®) and validated the model
from the simulation of the infrared spectra or of the adsorption
of probe molecules. We also showed that after a high
temperature pretreatment (above 600 K), the (100) surface is
totally dehydrated, whereas the (110) surface is still partially
hydrated, notably due to its highly reactive Al sites.>”**>

The corresponding dehydrated (100) and partially hydrated
((110), 11.8 OH nm™) y-ALO; surfaces are used in the
continuity of ref 26 and represented in Figure la and b,
respectively. All y-ALO; surfaces (including the chlorinated
one) were modeled by four alumina layers separated by vacuum
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thicknesses of 15.5—18.5, depending on the surface, which
ensures a good convergence of binding energies. Compared
with previous works,>”® a (3 X 2) and a (2 X 2) supercell
(with respect to the irreducible unit cell) were used to model
the adsorption of Pt, clusters on the (100) and the (110)
surfaces respectively (Figure 1a, b). This corresponds to surface
cells of 16.14 X 16.78 A* and 16.71 X 16.78 A%, respectively.
The supercell of the hydrated surface was also used for the
chlorinated ones. Because of the large size of the unit cell,
calculations were performed at the I' point. The platinum
clusters were adsorbed on the top side of the alumina slab, and
a dipolar correction was applied to remove the spurious
interaction of surface dipoles between slabs. The two bottom
alumina layers were fixed, and the rest of the system was
optimized until the forces were lower than 0.05 eV A™!, which
was found to provide satisfactory accuracy on binding energy
and geometries.

Energetic Analysis. To analyze the evolution of the
stability of the clusters on each of the four surfaces, the
normalized cluster binding energy, E, in the presence of the
surface was calculated, with the isolated Pt atoms and the bare
surface as a reference, following eq 1:

1

E, = ;(EPtn/Surf = Egur — nEPtl) (1)

where 7 is the number of Pt atoms per cluster, Ep /g, is the

energy of the Pt, cluster supported on the various surfaces,
either dehydrated (100) or hydrated (110) or slightly or highly
chlorinated (110). Eg,is the energy of the bare surface and Ep,

is the energy of one isolated platinum atom.
For isolated Pt, clusters, an analogous definition for binding
energy is used, according to eq 2:

E, = %(EPtn - ”EPtl)

@)

where Ep, is the energy of the isolated Pt, cluster.

According to these definitions, the binding energy of the
supported system takes into account both the binding energy of
isolated Pt, and its adsorption energy, as already explained in
ref 26. Following our definitions, the more negative the binding
energy is, the more stable the cluster on the surface.

The adsorption structure of platinum clusters containing 1—5
atoms was studied starting from the most stable positions
investigated in the work of Corral Valero et al.*® for Pd clusters.
Similar positions were found stable with Pt, even if new ones
were also identified (particularly after migration of OH and Cl).
For Pt;3, we also used the previous models proposed by C. H.
Hu et al.>*%* In particular, the starting geometries are a biplanar
structure on the (100) surface and a three-dimensional one on
the (110) surfaces.?***

In addition, we investigated in detail the migration of various
species from the (110) surface to the platinum clusters: H, OH
(independently and concomitantly), Cl (independently and
concomitantly with H atoms). Migration phenomena on the
dehydrated (100) surface were not considered due to the
absence of OH or Cl surface species. For some specific cases,
we also used ab initio molecular dynamics to better explore the
various configurations (Supporting Information S5). The
barriers for the migration of surface species toward the cluster
were not evaluated.

Density of States Analysis. For DOS calculations, the
wave function is projected onto spherical harmonics in a sphere
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around each ion of a specified Wigner—Seitz radius (Al 1.089
A; O, 1485 A; Pt, 1.695 A; H, 0495 A; Cl, 2.040 A).
Aluminum and oxygen Wigner—Seitz radii were optimized on
the bare alumina slab, and the platinum Wigner—Seitz radius
was optimized on the bare Pt;; cluster supported on an alumina
model. The hydrogen Wigner—Seitz radius was optimized on
the most stable Pt;/y-Al,05(110) (hydrated) system (H and
OH migration). Finally, the chlorine Wigner—Seitz radius was
optimized on the most stable Pt;/y-Al,05(110) (slightly
chlorinated) system (H and Cl migration).

B ASSOCIATED CONTENT
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S1: Binding energies of Pt, clusters on the alumina surfaces. S2:
Interatomic distances. S3: Complementary structures; Pt;;
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