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Abstract: Supported platinum-based sub-nanometric particles play a central role in many catalytic applications. In particular, platinum-tin
active phases supported on y-Al,O3; are largely employed for dehydrogenation of alkanes and catalytic reforming of naphta cuts, although
geometric and electronic effects of the active phase in the presence of hydrogen still remains highly debated. Thanks to periodic density
functional theory (DFT), we propose structural models of such systems containing thirteen metal atoms (Pt,Sniz« with 0 < x < 13) deposited
on the (100) y-Al,O3 surface. We thus unravel the intricate effects of the composition (Pt/Sn ratio), of the support (y-Al,O3) and the hydrogen
coverage on the stability of platinum-tin sub-nanometric clusters, in the case where tin is reduced (Sn°. A detailed investigation of the
interaction of the supported Pt;,Sn; cluster with hydrogen by velocity-scaled molecular dynamics provides a mapping of the hydrogen
coverage as a function of the operating conditions (T, P(H>)). Our study highlights significant differences between Pt;3 and Pt,Snis clusters in
terms of ductility and dilution (also called ensemble) effects which may be at the origin of the different reactivities usually reported for Pt and
PtSn supported catalysts.

Introduction

The Pt/y-Al,Os-like systems, where platinum is in a highly dispersed form (sub-nanometric particles), are of paramount important in
heterogeneous catalysis,™™ ? in particular in the presence of H,. For some important — often at the industrial scale — applications like
hydrogenation of unsaturated hydrocarbons,® dehydrogenation of light alcanes*® or catalytic reforming of naphta,™ tin is added to
improve the selectivity, stability and regeneration properties of the catalysts.’? Yet these effects remain poorly understood at the
molecular scale due to some resolution limitations of characterization techniques when undertaken operando.

To make progress in this area and allow a better control of the active phase, the elaboration of structural models for bimetallic
platinum-tin subnanometric particles supported on ¥ -alumina, is of fundamental and practical importance. Density functional theory
(DFT) calculations are useful in that respect, due to the challenging characterization of supported clusters, that are often sub-
nanometric and non-regular in shape.®™ ™% Significant amount of work has been devoted so far for the proposal of relevant
dispersed monometallic Pt/Al,Os models,*” in particular by some of us in the case of the gamma polymorph of alumina.*®*! The
ductility of small platinum clusters (typically, Ptis) appears to be very strong,*® ? in particular in the presence of hydrogen,?* !
oxygen®? and hydrocarbons®®>?"! despite the presence of a support. Moreover, it was shown that Ptys cluster exhibit a higher
adsorption capacity than the infinite Pt(111) surface.”* %! Experimental findings support these theoretical observations.® 2® However,
only a few theoretical studies deal with bimetallic PtSn nanoclusters,** 2% 32 despite their high practical interest. None of these
studies includes at the same time support and environment effects. To the best of our knowledge, with the exception of an earlier
study of H interaction with isolated Pt-Sn dimers,®® hydrogen adsorption has been studied on ideal and infinite alloyed Pt.Sn
surfaces only.4*%

The surface properties of bimetallic systems with respect to pure compounds were extensively discussed in terms of electronic
(ligand) versus dilution (also called ensemble or geometric) effect.®” %! The former corresponds to the change induced by electronic
transfers between metals of different electronegativities, whereas the later means that the dilution of one metal by the other affects
the adsorption modes and coverage, in the case where one metal interacts more strongly than the other with a given molecule. In
what follows, we will preferentially use the expression dilution (or ensemble) instead of geometric effect which may stand for a
broader range of structural phenomena. For extended surfaces, both kinds of effects lead to a lower affinity of platinum-tin for
hydrogen as compared to platinum.®* **% |t remains thus of crucial interest to combining this effect of Pt-Sn alloying with the nano-
size effect as previously studied for Ptys clusters,?> ® to predict how the structural, electronic, and hydrogen adsorption properties
will be affected in the case of a “ductile” cluster, different from a “rigid” extended surface.

The present work proposes a theoretical investigation of the Pt,Sny/y-Al,O3 system, in the case where tin in formally reduced (sn°).
These species are likely to exist for PtSn/y-Al,Os catalysts, in particular when synthesized by surface organometallic chemistry.® %
14,3941 Models for platinum-tin sub-nanometric clusters, for thirteen metal atoms, are proposed (Pt,Snisx With 0 < x < 13). This
particle size (close to 0.9 nm as shown in our previous work devoted to Pt13?%) is relevant with respect to experimental dispersions.®
13,1542, 431 Moreover, 13 is the smallest number of atoms needed to build an icosahedron or a cuboctahedron. Isolated clusters are
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simulated thanks to a simulated annealing method, as well as clusters supported on y-Al,O3, thanks to the support model established
in ref.®¥ A detailed investigation of the interaction of the supported PtiSns cluster with hydrogen is then reported, providing a
mapping of the hydrogen coverage as a function of the operating conditions (T, P(H>)), and giving first insights into the understanding
of the reactivities of platinum-tin and platinum catalysts, in terms of geometric and electronic effects.

Computational Methods

Periodic density functional theory (DFT) calculations were performed using a plane-wave method as implemented in the Vienna Ab initio Simulation
Package.” The exchange-correlation functional was treated within the generalized gradient approximation (GGA) parameterized by Perdew, Burke
and Ernzerhof*! (PBE) and the electron-ion interaction was described by the projector augmented wave (PAW) schemel*” with an energy cutoff of 400
eV. Note that corrections for dispersion forces were not included in the present work for two reasons: i) for the sake of consistency with previous
studies that we want to make comparison with,"*® 22 ji) and because such refinements to the PBE energies and forces were shown to be rather low in
the case of PtSn surfaces in interaction with hydrogen.®® The situation might be more critical for the quantification of the interaction with
hydrocarbons,?” % %8l which we do not consider here, or for the description of the metal-support adhesion in some cases.*® Spin-polarized calculations
were performed for non-supported clusters and used the interpolation formula of Vosko, Wilk and Nusair.®® For isolated metallic clusters, order 1
Methfessel-Paxton smearing with o = 0.1 eV was applied.®!! Gaussian smearing with o = 0.02 eV was used for clusters supported on gamma-
alumina models. The criterion for the convergence of the self-consistent cycles was set to 107 eV. Bader charges®? were calculated at the same level
of theory. Geometry optimizations were run until forces on relaxed atoms were lower than 2.102 eV.A™. Dipolar correction was added for non-
symmetric slabs in the direction perpendicular to the slab.

Isolated Pt,Snhiax clusters (0 < x < 13) were optimized in a 20x20x20 A® cubic cell and the corresponding Brillouin-zone k-point mesh sampling was
restricted to the gamma point. In the same spirit as our previous works on monometallic clusters,?? 2% %% g simulated annealing method was applied to
find the most stable Pt,Snis.« clusters by scanning a large structural configuration space. This simulated annealing method is based on first-principles
NVT velocity scaled molecular dynamics (MD) followed by quenches at 0 K. The whole simulation time was at least 20 ps and the time for each step
was set to 10 fs. Several simulation temperatures were tried (between 400 and 1200 K), as well as several starting geometries (Pt cuboctahedron or
biplanar structure, in which 0 to 13 atoms of Pt were substituted by Sn). The binding energy of isolated Pt«Snis« clusters (per metallic atom) is defined
by equation (1).

E,(Pt,Sn,; ) = [E(Pt,Sn,, ) - XE(PY)- (13- X)E(Sn)}/13 @
where E(PtSnis.), E(Pt) and E(Sn) are the energies of the Pt,Snis« cluster and of a free Pt/Sn atom, respectively. According to this definition, the
more negative the binding energy, the more stable the cluster. The formation energy per metallic atom AE(Pt,Snis) is defined by equation (2), by
analogy with the definition of the standard enthalpy of formation of solid Pt-Sn alloys. The Pt;3 and Sns clusters are used as references, while for solid
state thermodynamics the references are the stable states of the elements in standard conditions at 25°C.">*
BERLSN ) =55 RSN, ) EP)- B 0 En,) | @
Supported Pt,Snys Clusters (0 < x < 13) were modeled, using the dehydrated 7 -Al,Os (100) surface model described previously.** Indeed, from
previous studies about monometallic or bimetallic catalysts,™> 222* % models involving the ¥ -Al,05(100) dehydrated surface already provided fruitful
detailed information. Moreover, this surface exhibits pentacoordinated AI** ions, which were experimentally suggested to stabilize Pt-Sn clusters
efficient for propane dehydrogenation./”® Periodic slabs consist of four alumina layers separated by a vacuum thickness corresponding to more than
two equivalent empty layers. The two topmost alumina layers were relaxed, as well as all metallic atoms, whereas the two other ones were frozen. For
the investigation of the supported Pt,Shis, in the absence of hydrogen, the dimensions of the cells are 11.14x16.79x21.80 A® (see supporting
information S1), and a 2x1x1 k-points mesh was used. Two strategies were adopted to obtain models for the Pt,Snis.«/ v -Al,03(100) systems: (i) the
most stable Pt,Sni3«x non supported structures found after simulated annealing were deposited on the ¥ -Al,O3(100) surface model, close to the most
stable cluster location found for the Ptys cluster in reference %, and geometry optimizations were performed; (i) ~ starting from the most stable
morphology of the biplanar Pt;3 cluster supported on 7 -Al,O3(100), 1 to 13 Pt atoms were replaced by Sn, studying several locations for substituted Sn
atoms, and geometry optimizations were performed. The binding energy of supported Pt,Snis.« clusters, given per metallic atom, is defined by equation

©)2

E,(Pt,Sn,, ,/ALO,) = (3
[E(Pt, SN, /ALO,)-XE(Pt)- (13- X)E(Sh)- E(AL,0,)]/13
Where E(Pt,Sn13,/Al,03) and E(Al,Os) are the energies of the supported clusters and of the alumina slab, respectively. Similarly to the isolated clusters,
we also define the formation energy per metallic atom AE(Pt,Sni3.«/Al,03) by equation (4).

AE(PL SN, /ALO,) = 4)
1 X 13-X
E{E(PtXSnB,x/AIZOS)-EE(PtB/AIQOa) N 3 ) E(Sn,/AlL0;)- E(AIZOB)}
The metal-support interaction energy of a PtSni3« cluster on the ¥ -Al,O3 support is calculated by equation (5).
EMemI-Suppon (PtXSnB?X/AleS) = 5)

[E(Pt,Sn,, ,/ALO,)-E'(Pt,Sn,, ) - E'(AL,0,)]/13

E’(PtiSni3x) and E’(Al,O3) are respectively the energies of the cluster and the alumina slab with their respective geometry when they are interacting
with each other. They differ from their most stable geometry when they are separated.

The structure of the supported Pt;oSns system was further refined before investigating hydrogen adsorption, by extending the cell to 16.71 A in the x
direction, by adding new initial states before geometry optimization, and adding velocity scaled MD steps (similar as for non-supported clusters), as
shown in supporting information S1. The most stable structure found and reported in the following, results from two of these independent MD (the first
one starting from the non-doped supported cluster in which 3 atoms were substituted by tin, the second one starting from the non-doped isolated
cluster in which 3 atoms were substituted by tin, then supported) runs followed by a quench at 0 K.

Hydrogen adsorption was modeled on the Pt;oSna/ v -Al,03(100) system. We did not consider in detail the adsorption of H, on the alumina support, as
it was shown that the (100) surface orientation only weakly interacts with hydrogen.®® The H coverage on the cluster was varied between 2 to 20
hydrogen atoms per cluster, which appeared to be sufficient to saturate the cluster, contrary to the case of the monometallic Pt system which required
to simulate up to 36 atoms (see section 3.4.). In a first approach, and in the same spirit as ref. ??, the most stable Pt;oSns/ v -Al,O3(100) system was
used as a starting structure, on which hydrogen atoms were adsorbed, and the system was subjected to a velocity scaled MD study. The cluster



morphology showing strong modifications at H coverage higher than 10 atoms per cluster, other investigations were made on a cuboctahedral cluster
morphology (see Supporting Information S2) saturated by hydrogen atoms, and then with decreasing hydrogen loading. The cuboctahedron was put in
contact with the alumina support, at a similar location as that of the optimal Pt;0Sn; cluster in the absence of hydrogen. At each coverage, velocity
scaled MD runs followed by quench steps were undertaken. The average adsorption energy A,qsE for the adsorption of n hydrogen atoms is given by
H, molecule and calculated thanks to equation (6). It includes the possible contribution of the reconstruction of the cluster upon H; adsorption.

%AadSE = E(H, Pt,,Sn,/Al,0,) - E(Pt,,Sn /Al,0,) -%E(Hz)

The phase diagram depicting the stability of the system in terms of hydrogen coverage as a function of the temperature and the hydrogen partial
pressure, was built by the same method as the one used in references ?% %, The evaluation of the chemical potential for H,, assuming an ideal gas
behaviour, leads to the estimation of the temperature - pressure domains where each system at a given hydrogen coverage is the most stable.

Results and Discussion

1. Non-supported Pt,Snis4 cluster models

The simulated annealing sequence described in the methods section leads to a large set of structures, the most stable one for each
composition are shown in Figure 1. All clusters exhibit distorted 3D morphologies and only low coordination metal atoms (no central
atom contrary to a cuboctahedron or an icosahedron) thus resulting in cage-like structures. Up to 7 tin atoms in the Pt,Snis cluster
(6 < x < 13), the intercalation of Sn atoms in Pt-Pt bonds is favored, without any segregation of tin. The same holds true for platinum,
intercalated in Sn-Sn bonds for 1 < x < 6. Some analogy can be seen with the bulk platinum-tin compounds (supporting information
S3). In particular, the bulk Pt,Sns structure exhibits cage-like sub-structures similar to the PtsSn; and PtsSng clusters, whereas the
PtSns bulk structure reveals layers of platinum atoms between Sn layers, as for the Sn-richer clusters (see supporting information S3
for the extraction of cages and layers from the bulk alloy structures). These observations are compatible with previous works for
some of the compositions addressed here.- 57

ey

Figure 1. Most stable geometry found for Pt,Sn;s. isolated clusters, after simulated annealing and quenches. x is equal to: (a) 13, (b) 12, (c) 11, (d) 10, (e) 9, (f) 8,
(9) 7, (h) 6, () 5, () 4, (k) 3, () 2, (m) 1, (n) 0. Blue: Pt; Grey: Sn.
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Figure 2. (a) Binding energies for non-supported and supported Pt,Snis, (b) formation energies of the bimetallic clusters with monometallic clusters as reference,
together with standard formation enthalpy from the literature (in green) for bulk alloys. Thermodynamic calculations from ref. ®4, experimental data from ref. 54 ¢!

The binding energy (equation (1)) and the formation energy (equation (2)) are reported in Figure 2. The sharp increase of the binding
energy starting from 7 tin atoms reveals the low Sn-Sn cohesion as compared to the Pt-Pt one. A shallow minimum in binding energy
is however observed close to 5 tin atoms, corresponding to maximal cohesion, indicating the existence of a driving force for the
formation of an alloy from isolated atoms. This is confirmed by the evolution of the formation energy (Figure 2-(b)), taking Pt;; and
Sny3 clusters as references. It is minimal close to 50% Sn, following the same trend as bulk alloys.

Bader charges for the non-supported clusters are reported in section S4. The trends being similar to the one calculated in section 2
for the supported clusters, the reader is referred to the next section for a detailed description. In line with previous reports,2® 3059
we find that Pt holds a negative charge in the alloy, making the platinum atoms being in repulsive coulomb interaction one with
respect to the other, which likely explains why they do not aggregate in the alloy.

2. PtySniszx / y-Al;03(100) models
Starting either from the most stable supported Pt13 geometry (by Sn substitution) or from the most stable Pt,Snis. structures reported
in section 1, we obtained the most stable supported structures reported in Figure 3. Their binding energy follows roughly the same
trend as the isolated clusters (Figure 2-(a)), except for the lowest tin loading, for which the systems are significantly more stable
thanks to the support. This suggests a significantly weaker Sn°-support interaction with respect to the Pt>-support interaction. Indeed,
for 13-x < 6, the cluster exhibits a biplanar-like morphology, which is thus strongly reminiscent of the monometallic Pt;3 cluster
morphology, whereas at higher Sn loading, the cluster shape is 3D-like, inherited from the simulation of non-supported clusters.
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Figure 3. Most stable geometry found for supported Pt,Snys« clusters. x is equal to: (a) 13, (b) 12, (c) 11, (d) 10 (before molecular dynamics investigations), (e) 9,
®8,(@7 (6 1504 K3 12 Mm1 Mo

For all these models except the tin richer ones, tin atoms are well intercalated between the Pt atoms, and prefer to be far away from
the support, as compared to platinum, in line with MD reported for supported Pt1oSnio and PtysSns clusters.F? From a structural point
of view, the shortest Pt-O and Pt-Al bonds follows three regimes (Figure 4-(a)): up to 6 tin atom per cluster, the values of these
minimal distances are close to the one measured in the case of the pure supported platinum cluster (2.1 — 2.2 A and 2.5 - 2.7 A for
the Pt-O and Pt-Al distance, respectively). These become slightly longer (up to 2.4 A for Pt-O and 3.3 A for Pt-Al) for tin richer
supported clusters. Indeed, from 7 to 11 Sn in the cluster, the morphology is inherited from the gas phase one, and although a
platinum atom is pointing towards the support, a disconnection of the cluster with respect to the support starts to take place.
Caballero et al. reported long Pt-O bonds (2.24 A) for supported PtSn alloys on gamma-alumina,? which do not appear for the
related monometallic Pt system. One may propose that such a contribution is related to the increased metal-support distance due to
tin. For the supported Pt;Sni, cluster, the platinum atom is occluded inside the cluster by the surrounding Sn atoms so that the
distance to the support sharply increases.
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Figure 4. (a) Shortest Pt-O and Pt-Al distances and (b) Metal-Support interaction energy in the models of supported Pt,Snis clusters. The plain squares
correspond to the supported Pt;oSn; cluster after molecular dynamics.

The weakening of the metal-support interaction upon increasing tin loading is further quantified by the metal-support interaction
energy, reported in Figure 4-(b), with a nearly zero-interaction starting from 8 tin atoms in the cluster. This can also be seen in Figure
2-(b), where the formation energy of the supported cluster is lower than that of the isolated cluster for low tin loading, the reverse
trend being observed at high tin loading. Despite these differences, the formation energy roughly follows the same trend than for
other types of alloys.

From an electronic point of view (Figure 5), the clusters are negatively or very slightly positively charged over the whole composition
range, which indicates that the support gives electrons to the cluster through the y-Al,O3(100) facet, as this was already the case for
pure platinum."® *°! pt atoms are negatively charged, tin atoms are positively charged, which indicates a charge transfer from Sn
atoms to Pt atoms, consistently with the respective electronegativity values of the atomic species (1.8 for Sn and 2.2 for Pt in the
Pauling scale®), with previous computational studies for clusters and surfaces,”® 3* % %% and with XANES experiments.? Our
results also shows that tin tends to be partially oxidized in the nano-alloy. When the tin loading increases, Pt atoms are individually
more and more negatively charged, contrary to tin atoms which are less and less positively charged. In other words, the maximal
oxidation state per Sn atom is found when one single Sn atom is present in the cluster. The trend is of course symmetrical in the case
of Pt for which the maximal charge gain per Pt atom occurs when the cluster contains only one Pt atom. For 13-x > 8, the cluster
tends to a neutral state. This can be seen as a consequence of the loss of the metal-support interaction for high loading of tin.
Notably, the cumulated charge of Pt and Sn atoms together reaches a minimum, respectively maximum for 7 tin atoms in the cluster,
meaning that the overall intensity of the charge transfer is maximal for the close to stoichiometric alloy.
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Figure 5. Bader charges on the supported Pt,Sni3.4/y-Al,03(100) models. The bigger plain squares depict the Bader charge of the supported Pt;oSn; cluster after
molecular dynamics.

3. Refinement of the Pt1Sns/y-Al,03(100) model
Often, during the catalysts synthesis, the Sn and Pt loading are of the same order of magnitude. Nevertheless, previous works
suggest that a lower amount of tin is conjectured to be present in the reduced nano-alloy.” *** %! We thus chose the supported
Pt10Sns cluster, whose stoichiometry is the closest one to the bulk PtsSn one, to simulate hydrogen adsorption. The structure of this
system was thus refined (see methods), generalizing the MD procedure to each step of the calculation, whereas preliminary models
(section 2) were obtained by geometry optimization only for the supported states. From this approach, one particular cluster
morphology showed a superior stability (Figure 6), with a binding energy lowered by 10 kJ.mol™ with respect to the previous
geometry optimization (Figure 2-(a)). The resulting refined morphology is closer to the one of the Pti; cluster optimized in gas phase
(Figure 1-(a)). Compared with the biplanar geometry of the monometallic supported particle (Figure 3-(a)) and that of the Pt;oSns
supported cluster before MD investigation (Figure 3-(d)), the bimetallic one is more three-dimensional and exhibits 3 stacked atomic
layers (5-6-2) instead of the initial bilayer (7-6). The 3 tin atoms are located on the two upmost layers (further from the support) and
are surrounded by platinum atoms.
The cluster exhibits 6 Pt-Sn bonds below 2.7 A, corresponding to an average of 2.66 A and an average Pt-Sn coordination number of
0.6 (by platinum atom, supporting information S5). Six additional Pt-Sn bonds exist between 2.7 and 3 A, if we include these in the
average calculation, the Pt-Sn bond length becomes 2.71 A for a coordination number (CN) of 1.2. From EXAFS, Siri et al.*
reported Pt-Sn length of the order of 2.6-2.7 A for CN between 2.1 and 2.7. Iglesias-Juez et al.”! report Pt-Sn length of 2.8 A for a CN
(per platinum) of 0.7, which appears to be compatible with our calculations. Caballero et al.' fitted longer (2.9 A) Pt-Sn bonds with
lower (1.2) CN, which could be related to the presence of Sn" species. Regarding Pt-Pt bonds, focusing on the 17 bonds shorter than
3 A (thus an average CN of 1.7), the model exhibits an average length of 2.67 A, in excellent agreement with several sets of EXAFS
experiments.™ *? Note however that EXAFS was fitted in ref. ! without invoking Pt-O nor Pt-Al bonds, which we have in the model.
This may be explained by their amount by platinum atoms (average CN lower than one, see supporting information S5). Other
authors need Pt-O bonds to be introduced in the fitting of EXAFS data,™ with Pt-O length close to 2.24 A, in agreement with our
average value of 2.22 A. The absence of Sn-Sn bonds below 3 A (the shortest in the model is at 3.7 A) is compatible with EXAFS
recorded at the K edge of Sn.[%?
These structural features result in a higher (lower in terms of absolute value) metal-support interaction (Figure 4-(b)) as compared to
the cluster obtained before MD. The enhanced stability of this new model is thus not due to the metal-support interaction, but to a
lower deformation energy (85 instead of 246 kJ.mol™ for the refined and non-refined supported Pt;oSn; models respectively, both
referenced to the isolated Pt;oSns cluster). In both cases, the interaction between the cluster and the support remains strong to keep
the the shortest Pt-O and Pt-Al bond lengths almost unchanged (Figure 4-(a)). The difference in Bader charges before and after the
MD procedure is also negligible (Figure 5), suggesting that the main driving force for the charges of Pt and Sn is the alloying effect
rather than the support effect.



Figure 6. Most stable morphology obtained for Pt;oSns/y-Al,03(100) cluster after the simulated annealing sequence: (a) top view; (b) side view. Same color code
as in figure 3.

4. Simulation of hydrogen adsorption on the Pt1oSnaly-Al,O3(100) cluster
The hydrogen adsorption study was undertaken on the refined structure of the Pt1oSns/y-Al,O3(100) cluster obtained previously. For
that, we chose various starting configurations for the MD simulations for each hydrogen coverage, as explained in the computational
section. The most stable structures are reported exhaustively in Supporting information S6, a selection of these being shown in
Figure 7. It systematically appears that tin atoms are not favorable sites for hydrogen adsorption, in line with results obtained on flat
alloyed surfaces. ¥ For the system investigated here (in particular, with the (100) alumina surface orientation), H spillover from the
cluster to the support was not found to take place spontaneously.

[ ert ©s1 oA €0 cH |

Figure 7. Selected most stable structures found for increasing hydrogen coverage on the Pt;oSns/y-Al,03(100) cluster. Side (along x and y) and top (along z,
bottom) views.

The cluster morphology evolved significantly with H adsorption, and is close to the one of a cuboctaedron for 20H. It is remarkable
that such a cuboactahedron morphology appeared for Pt;s in the same range of H atom number adsorbed per cluster.?® %! For a
hydrogen coverage from 2H to 16H, tin atoms are always diluted between Pt atoms, and stay at a significant distance from the
support, the shortest Metal-O or Metal-Al bonds always being Pt-O and Pt-Al bonds (Figure 8-a). Thus, the whole cluster keeps
connected to the support thanks to Pt-Al (close to 2.4 A) and Pt-O (close to 2.1 A) bonds. For 20 H, the distance between the cluster
and the support become larger (Figure 8-a).
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Figure 8. (a) Shortest Pt-O and Pt-Al distances and (b) H adsorption mode, function of the number of H atoms adsorbed on the Pt;oSna/ v -Al,03(100) bimetallic
cluster, in comparison with the monometallic Pt;3 cluster (data from [22]). Hollow sites are omitted because they are absent from the Pt;oSn; cluster and almost
absent from the Pty3 cluster.

The number of top and bridge sites occupied on the most stable systems for a given H coverage are depicted on Figure 8-(b). At low
H coverage, excepted for a single hydrogen atom which is preferably adsorbed on top position, the bridge position is largely preferred.
For more than 16H adsorbed, there are no bridge sites left due to the intercalation of Sn atoms, then H atoms occupy top sites. For
monometallic Pt;s clusters,®? the trend was different with competing top and bridge sites at hydrogen coverages inferior to 20 H, and
with predominant bridge sites at higher hydrogen coverages. However, these high coverages are never reached on the bimetallic
cluster simulated here, which is a clear effect of nano-alloying. The lack of bridge sites reveals the geometric effect of tin in the
evolution of the properties from pure Pt to Pt alloyed with Sn. Notably, the cuboctaedron obtained at 20 H (Figure 7) contains 12 Pt-
Pt edges accessible to hydrogen (symmetrically 12 Sn-Pt edges, i.e. 4 edges per Sn atom). So in principle 12 H atoms can be
adsorbed at Pt-Pt bridge sites for the Pt10Sn; cuboctaedron, versus 24 H for the Pt13 cuboctaedron. These Sn-Pt bridge position are
actually inactive sites for H adsorption. This is also the case for 3 top sites located on Sn. Thus the saturation level is reached for
about 20 H atoms, where it was about 36 H atoms. For H coverages higher than 20 H, we observed hydrogen desorption in the
course of the MD run (which was not the case for Pty3), which also justifies the lower saturation level found for Pt;0Sns.

Considering the important role of bridge sites for both types of clusters, this is likely a key feature to explain the difference between
them.

The electrostatic charges were calculated with a Bader analysis for the hydrogenated Pt1oSns/y-Al,03(100) (Figure 9). The bimetallic
cluster (plus hydrogen atoms) is slightly negatively charged, which shows that it receives electron density from the support. This
charge (in absolute value) decreases with increasing the H coverage, so that the whole cluster becomes almost neutral for 20H. This
general evolution is similar to that of the Pt;a/y-Al,O3(100) cluster,*® **! which corresponds to the gradual loss of the covalent metal-
support interaction. However, the monometallic cluster (plus H atoms) was intrinsically more negatively charged (-1.1 and -0.7 on the
same interval of H) due to the presence of tin which is positively charged. Pt atoms are negatively charged, much more strongly than



in the monometallic cluster, which corresponds to the charge transfer from tin atoms, as a consequence of the respective
electronegativity values of platinum and tin (already seen in Figure 5). The charge of platinum atoms is decreasing with the H
coverage. H atoms exhibit a weak hydridic nature, with a small negative charge. This result was found also for the biplanar
morphology of Ptys clusters, in the “low” coverage regime.?? As Sn atoms are positively charged with increasing H coverage, we can
deduce that a charge transfer takes place, concomitantly from the support and Sn atoms to Pt and H atoms.
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Figure 9. Bader charges on the H,Pt;0Sns/y-Al,O3(100) models. All data are drawn for the most stable cluster structures for a given n value.

A phase diagram was built according to the method described in the computational section, which depicts the evolution of the optimal
H coverage as a function of the hydrogen partial pressure and of the temperature (Figure 10). It is compared with the one obtained
for the monometallic system,?® and for the Pt,Sn/Pt(111) extended surface as modeled by Gautier and Sautet.*® The maximal
number of hydrogen atom appearing in the diagram is 16 H by cluster, meaning that the cluster will likely not be disconnected from
the support, contrary to what was calculated for Ptis supported clusters.?? 2% This could be related to the redispersion role of Sn seen
experimentally, although a role of oxidic forms of Sn (not simulated here) can also be thought of in that respect. ©

Comparing the PtSn cluster and the extended surface (Figure 10 (a) and (c) respectively), higher loadings of the clusters are
described for given thermodynamics conditions. The zero coverage domain is much larger for the surface, while its maximal loading
above 200 K is 0.67 ML (6/9 on the figure). If we define the monolayer on the cluster as the number of hydrogen atom per metallic
atom (Pt+Sn), the maximal coverage appearing on the diagram is 1.23 ML.
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Comparing the pure platinum and alloyed clusters, for the high temperature (above 500 K) / low H, pressure (below 1 bar) domain,
the number of hydrogen atoms on Pt;0Sn; is generally higher than that of Pt13. For example, the zero coverage domain is larger in the
case of platinum. This may be linked with the experimental observation according to which small amount of tin increase the uptake in
H, titration experiments.'®® This can already be seen from the respective ranking of average adsorption energies between both
cluster compositions (Supporting information S7), demonstrating a stronger adsorption of hydrogen for low coverage on Pt1Sns than
on Ptys. This is in contradiction with the electronic effect observed for extended surfaces, which makes the interaction lower for PtSn
with respect to Pt.* %38 Moreover at low coverage the dilution effect does not apply.

The explanation may raise from the larger structural ductility of the Pt1oSns with respect to Ptis. Indeed, the geometries of the
supported Pt10Sns clusters after adsorption of 0, 2 and 8 hydrogen atoms are very different one to another (Figure 7), while for Pti3
the cluster remains biplanar in this range of hydrogen coverage.?? Such a reconstruction cannot take place on infinite surface which
may explain why this trend was not observed on Pt,Sn surface. 9

However, when lowering the temperature or increasing the hydrogen pressure, the presence of tin drastically reduces the amount of
adsorbed hydrogen on the cluster, as compared to pure supported platinum clusters. For example, under T = 300 K and P(Hz) = 1
bar, the H/Pt is at most 1.6 (H/(Pt+Sn) = 1.2) for the bimetallic cluster against 2.6 for the monometallic one. This limitation can be
directly linked with the dilution of platinum by tin mentioned above. This behavior is compatible several chemisorption and
microcalorimetry experiments made for Pt and PtSn systems on various supports.['> 3 83 64 63 pagarding hydrogen adsorption
energies (Supporting information S7), a crossing of the curves between Ptz and Pt;0Sn; indeed takes place.

The two effects (ductility and dilution effects by PtSn) may have some consequences on the catalytic properties of the cluters. The
ductility effect has been recently invoked to be involved in the dehydrogenation mechanisms of Pt;5 clusters supported on alumina.®
27 The formation of the PtSn nano-alloy thus further enhances this ductile character of the cluster with a potential impact on the
dehydrogenation reactivity thanks to the stabilization of H atoms at low coverages. On the one hand, the stronger affinity at low
coverage may enhance the dehydrogenation steps. On the other hand, since the maximal number of H atoms is diminished (with
respect to monometallic cluster) by dilution effect, it is expected that the reverse hydrogenation reaction is limited. Although this
qualitative interpretation must be further quantified by dedicated theoretical investigations, we may understand better why alumina
supported PtSn catalysts are preferentially used in dehydrogenation and dehydrocyclisation reactions.?®

To compare the calculated amounts of hydrogen with experiments, let us focus on the total amount of chemisorbed hydrogen
measured evaluated by Singh et al.*® for dispersed Pt and PtSn catalysts supported on alumina. The authors start chemisorption
after in situ reduction under H,. Prior adsorption of hydrogen, the samples were evacuated under vacuum at 473 K and then cooled
down at 303 K. In these conditions, estimating the initial hydrogen coverage is very difficult, as for both catalysts compositions, the
phase diagrams suggest a very high sensitivity of the hydrogen coverage upon temperature and pressure. This means that the initial
coverage will depend on the vacuum level, and probably also on the duration of the thermal treatments. Let us take the coverage
given on the diagram at T = 473 K and 10 bar of pressure. The expected coverage are close to 20 H for Pt (Figure 10-(b)) and 8 H
for PtSn (Figure 10-(a)). The adsorption is then performed at 303 K. In these conditions, the maximal number of H atom per cluster
is expected to be 36 for Pt and 16 for PtSn. Differentially, this means that Pti; and Pt;o0Sn; clusters will host close to 16 and 8 H
atoms, corresponding to H/Pt ratios of 1.23 and 0.8, in remarkable agreement with the experimental values of 1.25 and 0.75.1*"
Similar ranking was obtained by Merlen et al.,® although the absolute values differ a little bit probably due to variations in the
treatment conditions before hydrogen chemisorption. Although the evaluation from ab initio calculations is made after several sets of
hypotheses, the fact that the order of magnitude is right means that we have captured the main feature leading to the drop of
hydrogen adsorption capacity after alloying with tin.

Conclusions

Thanks to ab initio calculations consisting of geometry optimizations and simulated annealing sequences, we have established a set
of Pt,Sn1zx and PtSnysx/y-Al,Os models (with 0 < x < 13), in the case where tin in formally reduced (Sn°). A considerable diversity of
morphologies are described, dependent on the composition of the cluster (Sn/Pt), the effect of the support, and on the hydrogen
coverage (investigated for the Pt;oSns stoichiometry). This illustrates the ductility of such sub-nanometer objects. Sn® is reluctant to
undertake interactions with the alumina support, and does not aggregate for moderate Sn/Pt ratios, giving rise to alloyed systems. A
charge transfer results from the formation of the alloy, from Sn to Pt, reinforced on alumina by electron transfer from the support, and
electron withdrawing by hydrogen atoms adsorbed on the cluster.

The analysis of hydrogen adsorption geometries and of the adsorption thermodynamic diagram lead us to conclude that at high
hydrogen coverage, the availability of bridge adsorption sites is key to explain the lower adsorption capacity of PtSn nano-alloy with
respect to Pt. By contrast, at low hydrogen coverage, the higher ductility of the Platinum-Tin cluster is playing a key-role, making
PtSn more prone to adsorb hydrogen than Pt. This effect is specific to sub-nanometric particles. These combined effects open the
route to the interpretation of the beneficial role of tin in PtSn catalyzed reactions, providing the right balance in terms of Pt/Sn ratio
and hydrogen coverage is found. In any case, the behavior of PtSn nano-alloy with respect to H is different from the one of extend
surface particularly at low H coverages. As a first perspective, it may be relevant to investigate how this modulation of the nano-alloy
cluster affinity for H adsorption may impact the reactivity and mechanisms of dehydrogenation reactions.

Moreover, one should also underline that oxidized forms of tin (Sn" and Sn') are known to be present on such catalysts, depending
on synthesis parameters such as platinum and tin content and precursors nature, activation/reaction conditions or the presence of
heteroatoms. 57 11-14.40. 41,43, 62,65, 66 gy gpacies remaining isolated at the surface support are indeed suspected to play a role in PtSn
particles (re)dispersion.®! Our charge analysis reveals that tin is indeed partially oxidized in the alloy, but stronger oxidation may be



reached by considering the interaction of additional oxygen with tin. As a second perspective to this work, accounting for the
presence of these species will be necessary in the future to provide a more realistic description of the system. The reduced systems
simulated here can be a good starting point for such investigation, in the spirit of previous work done for the description of oxidized
forms of supported platinum.?*
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