
UCLA
UCLA Previously Published Works

Title
Pt8 cluster on alumina under a pressure of hydrogen: Support-dependent reconstruction 
from first-principles global optimization.

Permalink
https://escholarship.org/uc/item/0zs8c4x7

Journal
The Journal of chemical physics, 151(19)

ISSN
0021-9606

Authors
Sun, Geng
Alexandrova, Anastassia N
Sautet, Philippe

Publication Date
2019-11-01

DOI
10.1063/1.5129296

Supplemental Material
https://escholarship.org/uc/item/0zs8c4x7#supplemental
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0zs8c4x7
https://escholarship.org/uc/item/0zs8c4x7#supplemental
https://escholarship.org
http://www.cdlib.org/


Pt8 Cluster on Alumina under a Pressure of Hydrogen: Support-dependent

Reconstruction from First-principles Global Optimization

Geng Sun,1 Anastassia N. Alexandrova*,2, 3, a) and Philippe Sautet*1, 3, b)

1)Department of Chemical and Biomolecular Engineering,

University of California, Los Angeles, Los Angeles, California 90095,

United States

2)Department of Chemistry & Biochemistry, University of California, Los Angeles,

Los Angeles, California 90095, United States

3)California NanoSystems Institute, Los Angeles, California 90095,

United States

(Dated: 28 October 2019)

1



Alumina supported Pt nano clusters under hydrogen environment play a crucial role

for many heterogeneous catalysis applications. We conducted grand canonical ge-

netic algorithm (GCGA) simulations for supported Pt8 clusters in hydrogen gas en-

vironment to study the intra-cluster, cluster-support, and cluster-adsorbate interac-

tions. Two alumina surfaces, α-Al2O3(0001) and γ-Al2O3(100), and two conditions

T=600 ◦C, pH2=0.1 bar and T=25 ◦C, pH2=1.0 bar were considered corresponding to

low and high hydrogen chemical potential µH, respectively. The low free energy en-

semble of Pt8 is decorated by a medium (2 ∼ 12 H), resp. high (20 ∼ 30 H), number

of hydrogen atoms under equilibrium at low µH, resp. high µH, and undergoes dif-

ferent morphology transformations on the two surfaces. On α-Al2O3(0001), Pt8 is

mostly 3D but very fluxional in structure at low µH and converts to open one-layer

2D structures with minimal fluxionality at high µH, whereas on γ-Al2O3(100), the

exact opposite occurs, and Pt8 clusters present one-layer 2D shapes at low µH and

switch into compact 3D shapes under high µH, during which the Pt8 cluster preserves

moderate fluxionality. Further analysis reveals similar Pt–Pt bond length increase

when switching from low µH to high µH on both surfaces, though morphology trans-

formations are different. Electronic structure analysis shows the existence of bonding

interactions between Pt and Lewis acidic Al3+ sites along with the Pt–O interaction,

which implies the necessity to include Al neighbors to discuss the electronic structure

of small Pt clusters.

Keywords: Global optimization, Pt cluster, alumina, cluster fluxionality
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I. INTRODUCTION

Heterogeneous catalysis plays critical roles in many important industrial processes, which

produce valuable chemicals. In several of these processes, supported metal clusters and

nanoparticles are used as catalysts, where the clusters/nanoparticles are the active compo-

nents, and high surface area materials are used as supports.1–3 Usual support materials are

metal oxides, such as alumina or silica. Oxide supports are primarily used for stabilizing

metal clusters, but extensive studies also show that the oxide can influence the catalytic

properties of metal clusters4. On the other hand, the catalyst is interacting with the reac-

tants at operating temperatures. The reactant can adsorb on the metal clusters and modify

their geometrical and electronic structures, forming the real active phase which can be dif-

ferent from the initial material placed in the reactor, and such a structure transition usually

takes place at the reaction induction period.5,6 Therefore, the metal clusters, the oxide sup-

ports, and the reactants constitute the basic components for the formation of the catalytic

active site, and understanding their mutual interactions is required.

The supports play particularly an important role in governing the catalytic properties

when subnanometer size metal clusters are considered.7–9 In general, metal oxides used as

supports in catalysis can be classified as non-reducible ( e.g. Al2O3 and SiO2) and reducible

oxides like (e.g. CeO2 and TiO2). Reducible oxides are characterized by easily accessible

changes in the surface stoichiometry, forming oxygen vacancies, and then interact differently

with supported metal clusters. For example, it is known that in reducing conditions, metal

clusters can even be buried by the reduced TiO2–x .10 This phenomenon is referred to as

the strong metal-support interaction.11–13 The non-reducible metal oxide are more stable at

catalytic conditions, though that does not mean they are inert in catalytic reactions. Firstly,

the unsaturated Al cations on alumina show strong Lewis acidity14 which is important for

many catalytic reactions such as hydrocarbon cracking, biomass reformation15 etc. Secondly,

the alumina prepared under different temperatures shows different crystalline phases as well

as various levels of surface hydration, that also provides different properties.16.

Under reaction conditions, metal clusters react with reactants forming the cluster-

adsorbate complexes, which are the catalytically active species at steady-state conditions.17

The cluster-adsorbates complex could be substantially different from the precursors. Since

the morphology and properties of metal clusters can be altered by the adsorbate binding,
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it is crucial to characterize and understand the adsorbate induced reconstructions. For

example, under a CO environment, supported Rh clusters can be disintegrated into small

fragments (such as Rh-(CO)n)18,19 and the process is also reversible when CO is removed.

This process can be completed within several seconds, which is very fast compared with the

time scale in real world experiments. This means that the actual catalytic species can not

be identified if the experimental characterization is conducted under vacuum and ex-situ

conditions.

Sub nano Pt clusters supported on alumina in a hydrogen environment are important cat-

alysts for many important catalytic reactions, including hydrogenation20–22, NOx removal23,

CO oxidation24,25, dehydrogenation26, and reforming27,28. However, these are challenging

systems, because the catalytic properties of Pt@Al2O3 are sensitive to the environment, and

the optimal performance requires a careful setting of reaction conditions. The chemical envi-

ronment exerts a strong influence on the catalytic properties of the Pt clusters. For example,

in the alkane dehydrogenation reaction, the partial pressure of the H2 gas has a vital impact

on the lifetime of the catalyst, by avoiding coking.26 The property of the alumina support

also impacts the catalytic reactions. For example, He and Wang et al. showed that the pore

size distribution and the inherent acidity of Al2O3 change the lifetime of the catalysts.29.

The acidity of the Al2O3 surface can be modified by SiO2 or Cs2O doping, which in turn

alters the selectivity toward hydrogenolysis byproducts.30.

Several theoretical studies investigated the effect of hydrogen adsorption on the structure

and electronic properties of small Pt clusters. Those studies underlined the phenomenon of

morphology transition when the environment is switched. Mager-Maury et al. investigated

the morphology of Pt13 clusters in a wide range of hydrogen coverage. In this theoretical

work, the Pt13 cluster is supported on the γ-Al2O3(100) surface and the structure of Pt13Hx

is explored by molecular dynamics.31 The results show that at low hydrogen coverage, the

Pt13 cluster presents a biplanar shape, but the shape converts to a cuboctahedron at high

hydrogen coverage. C.H. Hu et al showed that the structure of the cluster is also affected by

the choice of the alumina support. The biplanar shape of Pt13 on γ-Al2O3(100), with both

Pt–O and Pt–Al bonds, is transformed to a 3D shape, which is hydroxylated after standard

temperature treatment, and the cluster only weakly interacts with the surface hydroxyl

groups.32 Another study by G.S. Erfani et al. also show that the morphology of Pt clusters

on γ-Al2O3(110) is inter-convertible by varying the surface hydroxyl coverage,33 which alters
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the strength of Pt-surface interaction. The Pt22 cluster shows a strong adhesion on the γ-

Al2O3(110) surface and a 2D shape at low hydroxyl coverage, while it transforms to a 3D

structure when the hydroxyl coverage is greater than 0.325 ML. However, they showed that

such morphological transition only takes place for the small Pt22 cluster and is not observed

for a larger Pt44 cluster.33 At finite temperature in catalytic conditions, thermal fluctuations

induce cluster isomerization and formation of meta-stable structures, which are minor in the

population but still accessible, and could have properties that are distinct from those of the

global minimum structure.34 Alexandrova and Anderson showed that in other applications,

in the absence of added hydrogen, H-free Pt7 and Pt8 on α-Al2O3 feature 3D global minima,

while Pt7 additionally has a thermal acess to flatter isomers that wet the support, and

those flat isomers (rather than the global minimum) in fact govern the catalytic activity of

the system.34,35 The shape transition is also demonstrated by experimental results from in-

situ HERFD-XANES (high energy resolution fluorescence detection X-ray absorption near

edge structure).36 H. Mistry and B. R. Cuenya et al studied the electronic and structural

properties of Pt clusters on γ-Al2O3(100) under different hydrogen pressure. They found

that when the partial pressure of H2 increased from 1 to 21 bar, the H/Pt ratio changes

from 1.9 to about 2.5 with a morphology transition from 2D to 3D.37

The present contribution follows such efforts to understand and rationalize the effect of

supports and hydrogen environment on the electronic and morphological properties of Pt

nano-clusters. Small Pt clusters are very flexible in geometry35,38–43 and their global min-

imum and other lowest-energy accessible isomers can not be simply guessed. Additionally,

hydrogen adsorption also alters the cluster’ geometries, further complicating the structure

identification. Therefore, we exploited a grand canonical genetic algorithm method, which

optimizes the geometry and adsorbate coverage simultaneously for supported Pt8 clusters.

These simulations produce structures that are quasi-free energy minima, in the sense that

they take into account the internal electronic energies of the systems, and the change of

the chemical potential of hydrogen upon adsorption. For simplicity, the vibrational en-

tropy is not accounted. We furthermore characterize the cluster systems not in terms of

just one global minimum, but as ensembles of many thermally-accessible structural states.

It has been shown recently that these higher-energy states are critical in determining the

properties of cluster catalysts.34,35,41–44

In order to investigate the influence of the hydrogen environment, two different conditions
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were considered in this work. The first one (T=600 ◦C and pH2=0.1 bar) corresponds to the

standard propane dehydrogenation condition, in which hydrogen is co-fed with propane to

prevent coke formation. We refer to it as the low µH because of the high T and low pH2 .

The second one (T=25 ◦C and pH2=1 bar) is close to a typical hydrogenation reaction and

we refer to it as high µH in the text. In addition, two different surfaces are modeled, e.g.

γ-Al2O3(100) and α-Al2O3(0001), and they are examples of surfaces with different activities

due to the different Lewis acidity and basicity.

This manuscript is organized as follows. In section II, we present calculation details

and the grand canonical genetic algorithm (GCGA) used in this work. Then in section III,

we discuss the structures obtained with GCGA and the influence of the support surface

and the hydrogen reactant on the cluster structure. Finally, In section IV, we discussed

the geometry transitions and the electronic structures of supported Pt8Hx clusters under

different conditions.

II. METHODS AND MODELS

A. Grand canonical genetic algorithm

Since the hydrogen coverage of small Pt cluster varies strongly upon temperature and

hydrogen pressure, determining the structure of the PtnHx cluster in specific conditions

is challenging. The standard approach is to explore each coverage x independently and

then evaluate the phase diagram based on the optimal geometry at different composition.

This approach has two major limitations. First, it is based on a single global minimum

structure, whereas we now know that this representation is far from the reality at catalytic

temperatures. In fact, more realistic “hot” phase diagrams based on ensembles of many

accessible states have been recently introduced.45 Secondly, one needs to perform all x global

optimizations for every n in PtnHx , i.e. tens of costly simulations for every single system.

Considering the large system size, this approach is not practical. Therefore, we investigated

the structures of supported Pt8Hx clusters in the presence of a hydrogen reservoir by grand

canonical genetic algorithm (GCGA). GCGA is a global optimization method designed for

structural exploration at a fixed chemical potential rather than a fixed composition. Similar

methods have been applied to explore the Zr–Cu–Al alloy with an empirical force field, 2D
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materials, etc.46

The GCGA algorithm works similarly to the conventional GA47,48(or evolutionary algo-

rithm) but aims at optimizing the free energy of the target system rather than the potential

energy, i.e. minimizing ∆G in Eq. 1.

∆G = E(Pt8Hx + slab) − E(slab) − 8Eatom
Pt − xµH (1)

where, E(Pt8Hx + slab) is the electronic energy of optimized structure, E(slab) is the energy

of the optimized slab model, Eatom
Pt is the energy of free Pt atom and µH is the chemical

potential of the hydrogen in the gas phase. µH is then calculated by Eq. 231

µH(T, p) =
1

2

[
G0

H2
(T ) − h0K + kBT ln

(
p

p0

)]
(2)

where, T and p are the temperature and partial pressure of hydrogen. G0
H2

(T ) is the standard

free energy of H2 at T . h0K is the enthalpy correction of H2 at 0 K, and kB is the Boltzmann

constant.

GCGA consists of several components, some of which are the same as conventional GA

and others are altered for the current grand canonical (GC) approaches. The first element is

the structure evolution algorithms, which includes two categories of operations: the mating

(or heredity) and mutation. The mating operation generates one offspring structure from

two parent structures. A detailed technical implementation of the mating operation with

fixed composition can be found elsewhere.47 In the GC approach, the algorithm needs to be

modified, because the two parents may have different stoichiometries (i.e. different numbers

of hydrogen atoms). In our implementation, an offspring structure is first generated from

two parents as if there were no hydrogen atoms in the system. Secondly, according to the

original connectivity matrix of the parent structure, hydrogen atom is also inherited to the

offspring structure if one of the H binding sites (Pt atoms) was inherited. In some cases, the

inherited hydrogen atoms will overlap with other H or Pt atoms in the generated structures.

These overlapping hydrogen atoms are removed before optimizations. In this way, the final

offspring candidate may have different coverage from its two parents. However, the bonds

between H atoms and their anchoring Pt atoms are still conserved and inherited from the

parents.

The mutation operation in GA usually consists in several methods to change the positions

of atoms, including a) random displacement, and b) reflection with mirror symmetry. Two
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additional operations are introduced in the current GCGA method. They are c) adding and

d) removing one adsorbate (hydrogen in this case). The Adding operation is completed by

inserting an additional hydrogen atom in the vicinity of a randomly selected Pt atom while

avoiding the overlap with other atoms within 0.7× (ri +rj) (ri is the covalent radius of atom

i). The removing operation consists in randomly deleting a hydrogen atom from the system.

Some other elements of GA, such as the evaluation of the fitness and the determination

of identical structures, follow the algorithm similar to the one introduced by Vilhelmsen et

al.47 The method exploited in this contribution is developed based on the atomic simulation

environment (ASE) package. A blueprint of the GCGA is shown in the Fig. S1. Initially,

structures (called seeds) are randomly generated on the slab support; typically they have

high free energies (defined in Equ. 1). Hydrogen coverage is also randomly selected and

hence not expected to be optimal. During the GCGA optimization, the number of hydrogen

atoms, and the free energy of the system evolve simultaneously until convergence.

B. Models and DFT methods

We exploit two different crystalline alumina surfaces: α-Al2O3(0001) and γ-Al2O3(100),

which have different surface structures. The Al3+ terminated α-Al2O3(0001) contains only

one type of Al site, a 3-coordinated Al cation. It is known to be the most stable surface

termination in a wide range of oxygen chemical potentials (µO), ,and hence is used as the

first model in this work. A 4 × 4 supercell of the α-Al2O3(0001) with 4 Al-O-Al trilayers

(total 12 atomic layers) is extracted from bulk, and optimized. During the optimization of

the bare surface, the top-most layer Al3+ cations relax inward significantly (the inter-layer

distance between Al and O becomes only 0.127 Å). The bottom two layers are then fixed

at the optimized positions(from previous slab optimization) in all the following structure

optimizations. The chemical formula of our α-Al2O3(0001) slab model is Al128O192 and its

structure is shown in Fig. S2(a).

The second surface is γ-Al2O3(100), which is built from the crystalline structure reported

by Digne et al.49,50 γ-Al2O3(100) contains two types of Al3+ sites, a saturated subsurface

tetrahedral Al cation and a 5-coordinated and unsaturated Al cations, originating from

octahedral Al in the bulk. In order to reduce the lateral interaction between different

supported clusters, we used a 2 × 2 supercell of γ-Al2O3(100) with the dimensions of 16.761
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Å× 16.826 Å (shown in Fig. S2(b)).

During the global optimization, we exploited two density functional theory (DFT) ap-

proaches. In the first stage, the PBE functional51 with moderate size (double-zeta) atomic

basis sets (implemented in CP2K package52) is used. DFT with this basis set is very efficient

in computation, and therefore it enables GCGA to quickly approach an approximate ensem-

ble of lowest-energy structures and hydrogen coverages. However, the downside of the small

basis sets is the basis sets superposition error (BSSE), which biased the predicted coverage

and favors compact geometries. To mitigate the impact of BSSE, the molecularly optimized

basis sets (MOLOPT) were used within CP2K53. The MOLOPT basis sets are optimized

to minimize the BSSE down to ∼ 0.2 kcal/mol.

Finally, we resume and complete every GCGA run using plane waves based DFT calcu-

lations implemented in VASP. The VASP calculations exploit plane waves basis sets up to

an energy cutoff of 400 eV, the PAW pseudopotentials, and the PBE exchange-correlation

functional.51 Because we use a rather large supercell, only Γ point is sampled in the recip-

rocal space for Brillouin zone integration. Structure optimizations are conducted with the

ASE (https://wiki.fysik.dtu.dk/ase/) package using the BFGS algorithm until the maximum

residual force is below 0.02 eV/Å in each local optimization.

III. RESULTS AND DISCUSSION

A. Structures of Pt8Hx@α-Al2O3(0001) at low µH

In the first two sections, we explore the structure of Pt8Hx at low µH. In total, we have

obtained 2756 unique structures for the Pt8Hx@α-Al2O3(0001) system and 1330 unique

structures for the Pt8Hx@γ-Al2O3(100) case. The two global minimum (GM) structures for

these two systems are shown in Fig. 1 and many other structures in the low free energy

ensemble (LFEE), defined as the all the sampled unique structures within 0.5 eV free energy

interval from the the GM, are given in the supporting information (Fig. S4). The hydrogen

coverages of the GMs are Pt8H4@α-Al2O3(0001) and Pt8H5@γ-Al2O3(100) respectively.

Figure 1a and 1c show the GM structure of Pt8H4@α-Al2O3(0001), which has a pseudo

2-layer geometry. Two of the four hydrogen atoms adsorb on the bridge sites and the other

two are on the top sites. The Pt8H4 cluster interacts with the α-Al2O3(0001) surface through
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(a) Pt8H4@α-Al2O3(0001) sideview (b) Pt8H5@γ-Al2O3(100) sideview

(c) Pt8H4@α-Al2O3(0001) topview (d) Pt8H5@γ-Al2O3(100) topview

FIG. 1: The two global minimum structures of Pt8Hx cluster under a pressure of hydrogen

at low µH (600 ◦C and 0.1 bar of H2). (1a) and (1c) are Pt8H4 supported on α-Al2O3(0001).

(1b) and (1d) are Pt8H5 supported on γ-Al2O3(100). Red: oxygen atoms, blue: alumina

atoms, gray: platinum atoms, pink: hydrogen atoms.

Pt-O bonds with 9 oxygen atoms within 2.5 Å of the cluster, and the cluster is also closely

contacting at short distance (∼ 2.5 Å) with 4 surface Al cations (shown in Fig. S7(a)).

To understand the interaction between the support and the cluster, the free energy of

the Pt8Hx -alumina system is decomposed into three terms including the free energy of the

Pt8Hx clusters in the absence of the substrate, the (free) energy change of support upon

Pt8Hx adsorption in the absence of the cluster and the interaction between the Pt8Hx cluster

and the deformed support. The results are shown in Fig. S8. The α-Al2O3(0001) of the GM

structure Pt8H4@α-Al2O3(0001) undergoes rather strong deformation. Four Al3+ cations

underneath the Pt8H4 cluster, which are close to Pt, stretch outward from the surface by ∼
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(b) Pt8Hx@γ-Al2O3(100) low µH
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(c) Pt8Hx@α-Al2O3(0001) high µH
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(d) Pt8Hx@γ-Al2O3(100) high µH

FIG. 2: Structural and energetic analysis of the low free energy ensemble for Pt8 on

alumina under a pressure of hydrogen. In each subfigure, the top panel shows the relative

stability and population estimated by a Boltzmann distribution at a specific temperature.

The left axis of the bottom panel shows the numbers of hydrogen atoms, which are

decomposed into different types (i.e. top, bridge, hollow on Pt and hydroxyl on surface

oxygen). The right axis of the bottom panel gives the RMSD of the 8 Pt atoms’ heights,

which is used for indicating the thickness of the cluster.

0.5 Å. This deformed structure of the surface presents, in the absence of the Pt8H4 cluster,

an energy of 4.48 eV higher than its minimum energy. These so-called deformation energies

of support in other LFEE structures are in the range of 3∼ 5 eV (without hydroxyls) and

5∼7 eV(with hydroxyls, shown in Fig. S8(a)).

At low µH and hence low H coverage, the Pt8Hx cluster possesses a large number of low
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free energy metastable isomers, as shown on Fig. 2a. In total, 57 unique structures are found

for Pt8Hx@α-Al2O3(0001) within 0.5 eV from the GM. Considering the high temperature

(∼ 600 ◦C), all isomers in LFEE present reasonable populations estimated by a free-energy

based Boltzmann probabilities, which are larger than 0.1 % as shown in Fig. 2a, while

5 metalstable isomers show a probability higher than 10 %. The density of minima (the

number of unique structures within a free energy range) is moderate around the global

minimum, and it becomes larger at higher free energies. This phenomenon is similar to that

of the ensemble with fixed composition. The hydrogen coverage shows large variations on

the LFEE, from 1 to 12 H atoms on the cluster, and generally hydrogen atoms prefer to

adsorb on either the top or bridge sites (Fig. 2c), and we did not observe any hydrogen at

hollow sites. In some cases, a maximum of two hydrogen atoms can spillover to the surface

forming hydroxyl. It is known that the bare α-Al2O3(0001) surface does not adsorb H atoms

even at very high µH.54,55 Therefore, as we will see later from the electronic analysis, the

observed hydroxyl formation is facilitated and stabilized by the Pt8Hx clusters. The root-

mean-squired deviation (RMSD) of the eight Pt atoms’ heights are analyzed to determine

the shape ratio of the Pt8Hx clusters on the support. Fig 2a shows that the RMSDs are very

diverse within the LFEE, and range from 0.4 Å (flat morphology) to 1.0 Å (pseudo 2-layer

shape) shown in Fig. S4. Interestingly, the planar isomers in the LFEE only appear at higher

coverage(x > 8), being accompanied with formation of surface hydroxyls. The first single

layer isomer is however only 0.24 eV less stable than the GM (shown as the 8th structure

in in Fig. S4), and the Boltzmann factor predicts a significant population corresponding to

7.0 % of that of the GM at 600 ◦C. There hence exist different morphologies for the cluster: a

bilayer with low H coverage (majority shape) and a monolayer with the medium H coverage

(minority shape). Distinct geometries in metastable isomers for the bare alumina supported

Pt7 cluster were previously reported by E. Baxter et al.35

B. Structures of Pt8Hx@γ-Al2O3(100) at low µH

The GM structure of Pt8Hx on γ-Al2O3(100) surface shows a similar hydrogen coverage

(Pt8H5@γ-Al2O3(100)) compared to that on the α-Al2O3(0001), but a different geometry

(Fig. 1b and 1d), which is an one-layer compact morphology. All five hydrogen atoms adsorb

on top sites of edge Pt atoms. The Pt atoms form eight Pt–O bonds and five Pt–Al bonds

12



with the γ-Al2O3(100) surface, which is similar to the previous α-Al2O3(0001) surface (Fig.

S7b). The GM of the Pt8H5 cluster however induced weaker deformation of the γ-Al2O3(100)

than that of α-Al2O3(0001) surface and the γ-Al2O3(100) only slightly relaxed upon Pt8H5

adsorption. The calculated deformation energy of the γ-Al2O3(100) surface is 3.04 eV for

GM structure (Fig. S8(b)). The stability of the isolated cluster Pt8H5 (indicated by its free

energy), is very similar to that of isolated Pt8H4 on α-Al2O3(0001) surface, though they have

different geometries and coverage. However, the interaction energy between the clusters and

surfaces are much smaller on γ-Al2O3(100) surface (-8∼-14 eV Fig. S8(b)) than that on α-

Al2O3(0001) surface (-12 ∼ -20 eV shown in Fig. S8(a)). The different response of the two

alumina surfaces to the cluster adsorption may originate from different surface structures

and reactivity. The α-Al2O3(0001) contains many 3-coordinated unsaturated Al3+ cations,

which are very Lewis acidic. However, the γ-Al2O3(100) surface contains only 5-coordinated

unsaturated cations, which are less Lewis acidic than those of the α-Al2O3(0001) surface.

We calculated the surface energies of the current α-Al2O3(0001) and γ-Al2O3(100) slabs

(without testing the convergence of its thickness), and they are 0.118 eV/Å
2

and 0.075 eV/Å
2

respectively. The larger surface energy of α-Al2O3(0001) also implies its higher activity of

α-Al2O3(0001).

The Pt8Hx clusters on γ-Al2O3(100) are also fluxional at the considered low µH. 27

unique structures are found within the LFEE, and their relative free energies are shown in

Fig. 2b. Three metastable isomers have populations larger than 10 % at the considered

temperature (600 ◦C). The RMSDs of Pt atoms’ heights show that nearly all the minima

have one-layer morphologies except for just one isomer, who is a bilayer and appears at

0.46 eV above the GM (Fig. S3). The hydrogen coordination analysis shows that all the

hydrogen atoms adsorb on the top or the bridge sites, and we did not observe the formation

of hydroxyls in this ensemble. The distribution of H coverage is also more narrow (from 4

to 8 hydrogen atoms).

Our simulation results can be compared with the experimental work by W. Sinkler and

S. Sanchez et al.56 They studied small Pt clusters supported on γ-Al2O3 with aberration-

corrected transmission electron microscopy. They find that the Pt clusters present a one-

layer and two-dimensional morphology with a diameter around 0.88 nm after reduction at

around 700 ◦C by H2.
56 The clusters in this work are supposed to consist of 7-13 Pt atoms,

i.e. the sizes are very similar to our calculations. The conclusions from experiments are
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hence consistent with our computational results.

C. Structures of Pt8Hx@α-Al2O3(0001) at high µH

In the case of high µH, we obtained 1269 unique structures for Pt8Hx@α-Al2O3(0001)

and 1325 unique structures for Pt8Hx@γ-Al2O3(100). The GM structures are shown in Fig.

3. Both of them contain 24 H atoms.

The GM structure of Pt8H24@α-Al2O3(0001) is shown in Fig. 3a and 3c. The Pt8H24

cluster adheres very strongly to the α-Al2O3(0001) surface, resulting in a one-layer, 2-

dimensional and open morphology. One Pt atom has only one neighbor Pt, and four of

them have only two Pt neighbors, with hydrogen atoms appearing at the bridge sites. The

formation of hydroxyl group is also observed in the GM structure, and that is similar to

some cases in the ensemble at low µH on α-Al2O3(0001).

The size of LFEE in this case of high H coverage is only 2, which is much smaller than

that at low µH case on α-Al2O3(0001). We already observed in our previous study of isolated

Pt13 clusters that high coverage of H adsorption was decreasing the cluster fluxionality.34

Here, in addition, the cluster experiences a strong interaction with the supoort, freezing

it even more. Though the two structures are very similar in the morphology (Fig. S6),

the metastable structure is 0.48 eV higher than the GM. Considering the low temperature

(25 ◦C) in this case, we can expect that the GM is the only observable structure. The

deformation energies of the supports among these LFEE structures are about 3.9 eV (Fig.

S8), which are smaller than that of the α-Al2O3(0001) and low µH case, especially when

compared with structures containing hydroxyls.(Fig. S8(a)) The 2-dimensional Pt8H24, if

standing alone without support, is not a preferable structure in terms of the free energy due

to the small number of Pt–Pt bonds (Fig. S8(c)). However, the flat geometry facilitates a

large cluster-support interaction (∼ −15 eV), which finally stabilizes the system.

D. Structures of Pt8Hx@γ-Al2O3(100) at high µH

The GM of Pt8Hx@γ-Al2O3(100) is shown in Fig. 3b and Fig. 3d. The morphology

of Pt8H24@γ-Al2O3(100) is very different from that of the GM of Pt8H24@α-Al2O3(0001).

The Pt8H24 cluster only weakly adheres to the surface forming a compact and hydrogen
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(a) Pt8H24@α-Al2O3(0001) sideview (b) Pt8H24@γ-Al2O3(100) sideview

(c) Pt8H24@α-Al2O3(0001) topview (d) Pt8H24@γ-Al2O3(100) topview

FIG. 3: The two GM structures of Pt8Hx cluster. 3a and 3c are side and top view of

clusters supported on α-Al2O3(0001). 3b and 3d are side and top view of clusters

supported on γ-Al2O3(100). The condition refers to 25 ◦C and 1 bar of H2 and the chemical

formula of the clusters are Pt8H24 on both surfaces. Red: oxygen atoms, blue: alumina

atoms, gray: platinum atoms, pink: hydrogen atoms.

covered 3-D cluster. A single Pt atom at the bottom of the cluster interacts with a surface

hollow site formed by two oxygen atoms and one Al atom. Because of the small adhesion

between the cluster and γ-Al2O3(100), the deformation energies of γ-Al2O3(100) among the

LFEE structures are very small (below 1.0 eV in most cases, shown in Fig. S8(d)). However,

the Pt8Hx clusters, if standalone, are much more stable than those with flat geometry on

α-Al2O3(0001) (by more than 5.0 eV when comparing Fig. S8(c) and Fig. S8(d)).

There are 8 unique structures found in the LFEE, and all of them show a 3D morphology

similar to the GM structures shown in FIG. 3b and FIG. 3d. All of them have an even count
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of H adsorbates. The larger size of LFEE, compared with that of Pt8Hx on α-Al2O3(0001)

at high µH, implies the cluster’s fluxionality is only partially decreased by the H adsorbates

due to the weak interaction between the cluster and the support(Fig. S8(d)). The hydrogen

atoms still preferentially adsorb on the top or bridge sites, but some hollow sites are also

occupied on the 3D clusters.

The shape transition of the Pt8/γ-Al2O3(100) cluster with increasing hydrogen coverage

is similar to that of the Pt13 cluster studied by C. Mager-Maury et al.31. With low hydrogen

coverage, both Pt13 and Pt8 preferentially form compact shapes that develop a large interface

with the support. With a high hydrogen coverage, both of them tend to form compact 3-D

shapes with a reduced interfacial area with the support, hence maximizing the number of

Pt–H bonds. The hydrogen coverage for both cluster size is also similar under the considered

µH (θ ∼ 3 H/Pt at 25 ◦C and 1.0 bar).31

The support and hydrogen adsorbates hence compete for the interaction with Pt atoms,

and on γ-Al2O3(100), H atoms win. This is not the case on α-Al2O3(0001). The energy

decomposition analysis in Fig. S8 shows different driving forces to stabilize the system

on each alumina surface, which result in two different reconstruction phenomena. On the

α-Al2O3(0001) surface, the interactions between the α-Al2O3(0001) and Pt8 clusters are

overall strong, especially when the clusters present flat geometry. Under the high µH, the

deformation of the α-Al2O3(0001) surfaces are weakened even with flat Pt8Hx clusters, hence

the Pt8Hx clusters prefer to retain a flat geometry under high µH. On the γ-Al2O3(100),

the interactions between cluster and support are generally smaller, hence dewetting and

compact geometry formation prevail.

IV. DISCUSSION

A. Radial Distribution Function and Bond Lengths Relaxations

The radial distribution functions (RDFs) of Pt–Al, Pt–O and Pt–Pt are shown in FIG.

4. For each system, we compare the GM based RDF with the LFEE averaged RDF. The

LFEE averaged RDF is generally similar to GM based RDF, though the former filters out

some detailed RDF features. FIG. 4a shows the results of Pt8Hx@α-Al2O3(0001) under

low µH hence low H coverage. Some short O–Pt distances are seen (d ∼ 2.1 Å), which is
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(a) Pt8Hx@α-Al2O3(0001) at low µH
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(b) Pt8Hx@γ-Al2O3(100) at low µH
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(c) Pt8Hx@α-Al2O3(0001) at high µH
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(d) Pt8Hx@γ-Al2O3(100) at high µH

FIG. 4: Radial distribution functions for Pt–Al, Pt–O and Pt–Pt bonds respectively, in

different LFEE. In each subfigure, the solid line shows the radial distribution function

(RDF) evaluated only from GM structure (GM set) and the shaded area shows the RDF

from averaging on the LFEE structures (ES set), with the relative weights from the

Boltzmann distribution. Each RDF is Gaussian-smoothed with σ = 0.05.

;

very close to the Pt–O distance in PtO bulk (d = 2.02 Å). However, the averaged first-

neighbor Pt–O distance in this system is 2.30 Å (counting all Pt–O pairs within 3.0 Å)

being significantly longer than that from the bulk. The long Pt–O distance implies a

weaker Pt–O interaction than that of bulk PtO. The averaged first-neighbor Al and Pt

atoms are located at around 2.65 Å. This Pt–Al distance is very close to some Pt–Al

alloys57 and molecular complexes58, but significant longer than the sum of covalent radius of
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Pt and ionic radius of Al (1.9 Å). The first-neighbor Pt-Pt bond is significantly strained with

smaller distance (2.57 Å) than that in Pt bulk (2.78 Å). The RDFs of Pt8Hx@γ-Al2O3(100)

under low µH show that the shortest Pt–O bonds are slightly longer than that of Pt8Hx@α-

Al2O3(0001), but the averaged first-neighbor distance is almost the same (∼ 2.32 Å). The

averaged first-neighbor Pt–Al (2.68 Å) and Pt–Pt (2.61 Å) distances are also very close to

that of Pt8Hx@α-Al2O3(0001).

The RDFs of structures under high µH cases, hence where each Pt atoms interact with

several H atoms, are shown in FIG. 4c and 4d. For Pt8Hx@α-Al2O3(0001), the averaged first-

neighbor Pt–O bond length becomes longer (2.43 Å) than that of Pt8Hx@α-Al2O3(0001)

under low µH implying a decreased interaction between Pt and O. The Pt–Pt bonds also

become longer and more diverse. The averaged first-neighbor Pt–Pt bond length is around

2.79 Å, which is almost 0.2 Å longer than that of the Pt8Hx@α-Al2O3(0001) under low µH.

In contrast to the Pt–O and Pt–Pt bonds, the first-neighbor Pt–Al bonds do not change a

lot and the averaged first-neighbor Pt–Al is 2.59 Å. Some Pt–Al distances slightly decrease

below 2.5 Å and others slightly increase. For Pt8Hx@γ-Al2O3(100), it is recalled that the

Pt8Hx clusters form very compact geometries and only weakly adhere to the γ-Al2O3(100)

surface with a few Pt–Al and Pt–O bonds. The Pt–Pt bond length for this system is

around 2.84 Å, which is similar to that of Pt8Hx@α-Al2O3(0001) under high µH but much

longer than those clusters under low µH. Under the high µH with low low temperature T = 25

◦C, GM play the dominating role in the LFEE averaged RDF, and metastable isomers have

very small probabilities, therefore, the GM based RDF and the LFEFF averaged RDF are

basically identical in the FIG. 4c and FIG. 4d. The contraction of Pt–Pt bond lengths with

increasing temperature for small supported Pt clusters has been reported in the experiments

of Kang, J.H. et al.59 They find that in the presence of H2, the Pt–Pt bond lengths of

Pt clusters (d=0.9 nm) will decrease at higher temperature (e.g. at a lower µH). This

phenomenon is also verified from our simulation results. In addition, our results reveal

that the changes of the bond lengths take place with different cluster reconstructions. On

the α-Al2O3(0001) and with increased hydrogen coverage (higher µH and lower T ), Pt8Hx

cluster prefers to strengthen its interaction with the α-Al2O3(0001) surface and wet the

surface. The first-neighbor Pt–Pt becomes longer during this reconstruction. On the other

hand, γ-Al2O3(100) supported Pt8Hx clusters are flat at low µH with contracted Pt–Pt

bond lengths. With high µH, the clusters become compact 3D morphology and Pt–Pt bond
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lengths become longer during the reconstruction. Although the reconstruction processes are

surface dependent, the variation trend of first neighbor Pt–Pt bond lengths is common, and

naturally linked with bond order conservation principle.

B. Bader charges and charge differences

The Bader charges analysis of the LFEE is shown in Fig. 5 with different conditions

and surfaces. The Bader charges of hydrogen atoms (q(Hx )), Pt clusters (q(Pt8)) and the

Bader charges changes of surface Al (∆ q(Aln)) and O (∆ q(Om)) atoms are shown for each

structure as a function of its stability order in the specific LFEE.

Fig. 5a shows the Bader charges for LEFE under low µH on α-Al2O3(0001). The Pt8

clusters in this LFEE are always negatively charged holding 0.8 e to 1.8 e in total, resulting

from electronic donation by the support. The amount of charge transfer has a strong cor-

relation with the formation of surface hydroxyls. When surface hydroxyls are present, the

Pt8 cluster plays the role as an electron, withdrawing electrons released by the formation

of the proton spillover. This explains the reasonable stability of a few OH groups in the

presence of the cluster. If reducible oxides, such as TiO2, are used as support, the support

reduction could be an alternative mechanism to accommodate the transferred electrons.60

The hydroxyl formation increases the surface deformation energy slightly (around 1 ∼ 2

eV larger than that of unhydroxlated surface), but strengthens the interaction between the

Pt8Hx –1 (or Pt8Hx –2) clusters and the hydroxylated surface (∼ 5 eV stronger than others

shown in Fig. S8(a)). In contrast to the negatively charged Pt8, the hydrogen atoms (ex-

cluding those from hydroxyl groups) are overall neutral. The surface (i.e. α-Al2O3(0001))

overall donates electrons to the Pt8Hx clusters, and these electrons mainly come from the

O atoms of the supports. The Al3+ cations in contrast receive electronic charge from the Pt

atoms, as a result of the Lewis-base/Lewis-acid interaction. This partial electron transfer

towards surface Al3+ cations is also accompanied by the surface relaxation upon cluster

adsorption. Compared with the bare surface, Al3+ cations relax outward by 0.5 Å forming

longer Al–O bonds.

At low µH and on γ-Al2O3(100) surface (Fig 5b), the charge transfer between the surface

and Pt8Hx clusters is less significant than that of Pt8Hx@α-Al2O3(0001). The total amount

of negative charge that Pt8 clusters accept is almost constant for all the structures in LFEE,
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(a) α-Al2O3(0001) low µH (b) γ-Al2O3(100) low µH

(c) α-Al2O3(0001) high µH (d) γ-Al2O3(100) high µH

FIG. 5: Bader charges analysis on the low free energy ensemble of Pt8Hx cluster at high

and low µH conditions, on α-Al2O3(0001) and γ-Al2O3(100) surfaces. q(Hx ) is the total

charges of all the hydrogen atoms (except for those forming hydroxyls), q(Pt8) is the total

charges of eight Pt atoms. ∆ q(On) and ∆ q(Alm) indicate the changes of the O and Al

Bader charges upon Pt8Hx adsorption on the support, and only the first neighbor O or Al

atoms are considered. q(OH) is the Bader charges of those H atoms from hydroxyl groups.

Since different clusters may contain a different number of hydrogen atoms, the per

hydrogen Bader charge (excluding H in hydroxyl groups) is also shown.

ranging from −0.5 to −0.75. Again, H atoms only show a very small negative charge,

smaller than 0.2 e in total. The surface is also less affected than α-Al2O3(0001). Oxygen

atoms donate a fraction of electronic charge to the Pt8Hx clusters, but the charge transferred
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to Al3+ cations is almost zero for all the LFEE structures. This is indicative of the weaker

Lewis acid character of the γ-Al2O3(100) surface compared to α-Al2O3(0001) surface.

At high µH and hence high H coverage (θ ∼ 3.0) on the α-Al2O3(0001) surface, although

the negative charge per H atom remains small (0.06 e), the total charge present in the 23 H

atoms (excluding H in hydroyxl) becomes significant (1.4 e). As a results, the Pt part of the

cluster becomes nearly neutral, despite the electronic donation from the surface O atoms and

from the presence of a spilled over proton. Similarly to the case at low µH on α-Al2O3(0001),

electronic charge is transferred to the first-neighbour Al3+ cations. The electronic charge

transfers at high µH on the γ-Al2O3(100) surface are very different because the cluster de-

wets from the oxide and forms only one Pt–Al and/or one Pt–O bond depending on isomers.

As a result, the electronic donation from O atoms is much smaller. Surface Al cations are

not affected, as it was already the case at low H coverage on that support. Hence the charge

transfers take place only among the Pt atoms and hydrogen atoms in most of the isomers,

the Pt cluster becomes partially positively charged (up to 0.4 in the LFEE), except in one

case where a H atom spills over to the support and transfers electronic charge to the cluster.

The charge transfers between the Pt8Hx clusters and alumina surfaces are also analyzed

by the electronic density difference plots(∆ρ), from the difference between the sum of isolated

Pt8Hx and surface (ρPtH + ρS), and the whole supported system (ρPtH−S). The results are

shown in FIG. 6. The interactions between the Pt8Hx cluster and the alumina surface induce

significant electronic charge density accumulation between nearly all the neighboring Pt–Al

pairs, while the change of the charge density between close Pt-O pairs are subtle, the Pt–O

bond resulting instead in a polarization of the Pt and O atoms. For the GMs of Pt8H4@α-

Al2O3(0001), Pt8H5@γ-Al2O3(100) and Pt8H24@α-Al2O3(0001), we also demonstrated two

sliced charge difference plots for each structure. One of the two slices shows the electronic

density differences between selected Pt–O pairs and another one shows the electronic density

difference between selected Pt–Al pairs. The results are shown in Fig. S10-S12. The sliced

electronic density difference plots show that the electronic density between Pt–O is only

weakly increased (Fig. S12(f)) or even decreased (Fig. S10(f)) between Pt–O atoms on α-

Al2O3(0001) surface, while the electronic charge density is moderately increased between the

Pt–O atoms on γ-Al2O3(100) surface (Fig. S11(f)) although the increasing is less sound than

that of Pt–Al bonds (Fig. S10(e), Fig. S11(e) and Fig. S12(e)). The electron localization
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(a) Pt8H24@α-Al2O3(0001) (b) Pt8H4@α-Al2O3(0001)

(c) Pt8H24@γ-Al2O3(100) (d) Pt8H5@γ-Al2O3(100)

FIG. 6: The isosurface (δ = 0.005) plot for the charge difference analysis of the four GM

structures. The charge difference is defined as ρPtH + ρS − ρPtH−S, where ρPtH, ρS and

ρPtH−S are charge densities of separated cluster, separated support and all system

respectively. The regions with blue (yellow) color indicates the electron density is increased

(decreased) in this region.

functions are also plotted alongside with the sliced charge differences, and they are shown in

Fig. S10(b-c), Fig. S11(b-c) and Fig. S12(b-c). The results demonstrate similar the bond

formation between Pt–Al pairs.

C. Crystal Orbital Hamilton Population and Projected Density of States

To provide additional insight on the interactions between the Pt8Hx clusters and the two

alumina surfaces, the Crystal Orbital Hamilton Population (COHP) analysis is carried out

with the LOBSTER61–63 package. The COHP analysis is carried out for pairs of Pt–Al or

Pt–O atoms when their distances are smaller than 3.5 Å. Afterwards, the COHP is plotted

by accumulating all the pairs with the same elements. The projected density of states

(PDOS) plots are also shown alongside with the COHP to demonstrate the contributions of

different elements. The results are shown in FIG. 7 for clusters on α-Al2O3(0001) and FIG.

8 for clusters on γ-Al2O3(100).
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(a) Pt8H4@α-Al2O3(0001)
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(b) Pt8H24@α-Al2O3(0001)

FIG. 7: COHP analysis of two GMs on α-Al2O3(0001) surface. FIG. 7a shows the results

for GM Pt8H4@α-Al2O3(0001) and FIG. 7b shows the results for GM

Pt8H24@α-Al2O3(0001).

The COHP plots of Pt8H4@α-Al2O3(0001) (FIG. 7a) show a bonding interaction between

Pt and O in the first part of the occupied band (−9 to −4 eV) but the interaction then

becomes antibonding in the rest of the occupied band until the Fermi level. Such a case,

characteristic of an interaction between most occupied states64 results in a decreased overall

Pt–O overlap population, and hence weakened covalent component of the bond. Note that

the interaction is still favorable since most of the antibonding states are push above the

Fermi level. In contrast the Al–Pt interaction remains bonding on the whole range of the

occupied band, in a mixing between majority Pt and minority Al orbitals. Al orbitals are

indeed mainly located in the vacant part of the band (Fig. S9). The conclusion from COHP

is consistent with the increased electronic charge density between Pt and Al shown in FIG.
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(a) Pt8H5@γ-Al2O3(100)
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(b) Pt8H24@γ-Al2O3(100)

FIG. 8: COHP analysis for the Al–Pt and O–Pt interactions of two GMs on

α-Al2O3(0001) surface. FIG. 8a shows the results for GM Pt8H5@γ-Al2O3(100) and FIG.

8b shows the results for GM Pt8H24@γ-Al2O3(100).

6b. The COHP plots for the GM of Pt8H24@α-Al2O3(0001) surface are shown in FIG. 7b.

Note that the high H coverage open a gap at the Fermi level. The overall conclusion is

similar to that of Pt8H4@α-Al2O3(0001).

The COHP and PDOS of the GM Pt8H5 cluster on γ-Al2O3(100) surface are shown in FIG

8a. Again, a bonding interaction is seen between the neighboring Pt–Al pairs on the whole

occupied energy range, while both bonding and antibonding energy ranges exist for Pt–O

pairs. For the Pt8H24@γ-Al2O3(100), the population of Al orbitals in bonding interactions

is minimal, which results from the rather small adhesion of the cluster on γ-Al2O3(100)

surface. The − COHP of each case is integrated for all the occupied orbitals, including both

bonding and antibonding populations, and shown in Fig. S13. The integrated numbers

24



provide similar insight that Pt–Al contributes to the surface-cluster interaction alongside

with Pt–O.

On both surfaces, it is found that Pt8 clusters with small hydrogen coverage retain the

metallic nature with reasonable density of states around the Ef , this is a indication of their

potential good catalytic activity. Therefore, the small Pt clusters can be used for reactions at

high temperature, such as propane dehydrogenation.65 However, the large hydrogen coverage

(θ ∼ 3.0) under the high µH results in a closed-shell electronic structure with a rather large

band gap (∼ 1.5 eV) on both surfaces (shown in Fig. S9(b) and Fig. S9(d)). This implies

that the considered GM Pt8H24 cluster could be potentially not active in such a hydrogen

environment. The potential activity can be achieved by dynamically detaching hydrogen

atoms to create metastable structures,34 which will be addressed in our further studies.

V. CONCLUSION

In this manuscript, we exploited density functional theory based grand canonical genetic

algorithm to explore the ensemble of low free energy structures for hydrogenated Pt8 clusters

on two surfaces, α-Al2O3(0001) and γ-Al2O3(100), and in two different hydrogen chemical

potentials, i.e. low µH (T=600 ◦C, pH2=0.1 bar) and high µH (T=25 ◦C, pH2=1.0 bar). We

find that the different supports do not significantly change optimal hydrogen coverage on the

cluster, but induce different morphology transitions. On α-Al2O3(0001) surface, the Pt8Hx

cluster switches from a pseudo bilayer shape at low µH (low H coverage) to a completely flat

and open structure at high µH (high H coverage). The strong interaction with the support is

kept even at high H coverage. On the γ-Al2O3(100) surface, in contrast, Pt8Hx cluster shows

a compact one-layer shape under low µH and converts to a complete globular 3D structure,

in weak interaction with the support, at high µH and high H coverage. These morphology

transitions are not only valid for GMs, but are preserved for all the low free energy clusters

of the ensemble, except for the case of Pt8Hx@α-Al2O3(0001) at low µH condition, where

the Pt8Hx@α-Al2O3(0001) shows diverse morphologies. Although Pt8Hx undergoes different

reconstructions on each support, it demonstrates on both of them a Pt-Pt bond contraction

when µH is switched from high to low values, corresponding to a increased temperature.

This observation renders a non-unique and surface dependent explanation to experimental

observed Pt bond lengths contraction under H2 when temperature is increased. Electronic
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analysis explains the origin of the distinct morphology change. α-Al2O3(0001) support

develops a stronger interaction with the Pt cluster than γ-Al2O3(100), as seen from the

amplitude of charge transfer, of oxide surface relaxation at the interface, from the interfacial

bond-length and overlap populations. The analysis also evidences Metal-Lewis acidic (M-

LA) bond formation between Pt and Al cations, in addition to well characterized Pt-O bonds,

which influences the electronic structure of small Pt clusters on alumina surface. This study

hence provides detailed insights on the origin and strength of alumina support-Pt cluster

interactions, and the consequences on the structure and coverage of small Pt clusters under

a pressure of hydrogen. It can also be helpful to rationalize experiments with characterize

the valence orbitals in alumina supported Pt clusters, such as X-ray absorption near edge

structure.
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