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DFT Atomic-Scale Insight into Pt/Cu Single Atom Alloy
Clusters Supported on γ-Al2O3: The Effect of Hydrogen
Environment
Masoud Shahrokhi,*[a] Tzonka Mineva,[a] Abdennour Benabbas,[b] Catherine Especel,[b]

Anthony Le Valant,[b] Christian Ricolleau,[c] Guillaume Wang,[c] Jaysen Nelayah,[c]

Florence Epron,[b] and Hazar Guesmi*[a]

Single atom alloy (SAA) clusters formed by anchoring single
atoms in small supported host clusters are emerging as
catalysts with high performance. In this work, density functional
theory (DFT) calculations and ab-initio molecular dynamics
(AIMD) simulations are performed to study the stability and the
structure evolution of γ-alumina-supported platinum/copper
SAA clusters of sub-nanometer size in hydrogen environment.
Due to the strong dynamic nature of both Cu cluster and
anchored Pt single atom and their evolving interaction with the
support, different isomers with different geometric and ener-
getic properties are predicted. Extensive sampling through
AIMD simulations reveals strong effect of hydrogen on the

location of Pt single atom and strong variation of the cluster
shape, evolving from 3D to concave and planar shapes wetting
the alumina support. Interfacial site location of Pt single atom is
found to be hydrogen coverage dependent. When the hydro-
gen coverage increases, the Pt single atom located preferen-
tially at the interfacial site is pulled up by hydrogen atoms
toward the upper surface Cu layers. The interaction of Pt/Cu
cluster with alumina is predicted to decrease with increasing
hydrogen coverage. Finally, electronic structure analysis reveals
dramatic effect of hydrogen on the metallic nature of the
catalysts.

Introduction

Sub-nanometer transition-metal (TM) clusters composed of few
atoms have received significant attention because of their unique
electronic, physical, and chemical properties that are different
from their bulk analogues.[1] In heterogeneous catalysis, thanks to
their specific molecular-like electronic structure and the high
accessibility of their low coordinated surface atoms, several TM
clusters are reported to exhibit exceptional catalytic activity in
many reactions.[2,3] For instance, improved catalytic performance
of sub-nanometer Cu clusters are found in the chemo-selective
hydrogenation of olefins and carbonyl groups[4] and in C� C, C� N,

C� O, C� S, and C� P bond forming reactions.[5] For Pt clusters of
sub-nanometer size, superior activity is shown in the oxygen
reduction reaction[6] and in the oxidative dehydrogenation
reaction of alkanes.[7] Vajda et al. reported that Pt clusters of 8–10
atoms supported on high-surface-area alumina are 40–100 times
more active for the oxidative dehydrogenation of propane than
conventional Pt particles catalysts.[7] From DFT results, these
authors explained the observed superior C� H activation originat-
ing from under-coordinated surface Pt sites. However, Pt suffers
from low selectivity towards propylene and it is well known that
the presence of Pt surface ensembles or at least two neighboring
Pt surface sites may induce undesired side reactions such as
hydrogenolysis, isomerization and coke formation.[8]

In order to overcome this problem and to achieve high
selectivity while maintaining high activity during hydrogenation
or dehydrogenation reactions, isolated Pt atoms were anchored
in the surface layer of more inert host metals to form Pt single
atom alloys (SAAs)[9–10] such as Pt/Ni,[9] Pt/Cu,[10] Pt/Sn,[11] Pt/Zn,[12]

Pt/Ga[13] and Pt/In.[14] Among these systems, Pt/Cu SAAs are
reported to achieve the desired high activity and selectivity for
propane dehydrogenation reaction (PDH).[10] Sykes and co-
workers[15] are the first to demonstrate how single Pt atom in Pt/
Cu SAA catalysts may activate C� H bonds while the presence of
Cu atoms prevents C� C cracking. Regarding the selectivity, the
introduction of Cu downshifts the d-band center of surface Pt
atoms which lowers the binding strength of propylene, promotes
its desorption and results in higher propylene selectivity.[16]

Moreover, based on DFT calculations on extended surface
models[17] and Kinetic Monte Carlo (KMC) simulations,[10] Gong
and coworkers suggested that the Pt/Cu SAA catalysts can break
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the scaling relationship by promoting the selectivity of propene,
while maintaining reasonable PDH activity. However, questions
remain open regarding these debated scaling relationships as
quantum-molecular level investigations and analysis of these
materials are still limited to simplified model extended surfaces
and/or unsupported, gas-phase nanoparticles.[15,18] Furthermore,
the interactions with the gas environment and oxide supports
are scarcely considered. It is widely recognized that exposure to
reductive[19,20] or oxidative atmospheres[21,22] can significantly alter
the stability[23] and morphology of supported clusters, including
atomic segregation and atomic diffusion behaviors.[24,25] Thus,
ignoring these changes may lead to inaccuracies in predicted
properties.[26] To gain atomic-scale insight into Pt/Cu SAA clusters,
we investigate in this work the stability and reactivity of Cu12Pt1
clusters supported on alumina. In addition, as hydrogen is
ubiquitous in many de/hydrogenation reactions, the effect of
adsorbed hydrogen atoms on the geometric, energetic and
electronic structures of SAA clusters, supported on γ-Al2O3(100)
surface, is analyzed. Finally, the thermodynamic phase diagram
of Pt/Cu/γ-Al2O3(100) SAA cluster toward hydrogen pressure is
evaluated and the electronic structure analysis is undertaken for
the critical domains.

Results and Discussion

Structure and Stability of Cu13 and Cu12Pt1 Clusters Supported
on γ-Alumina Surface

Computational studies based on classical interatomic potentials
indicate that 3D geometries are the preferred ground state
structures of free Cu13 clusters,[27,28] while ab-initio calculations
predict the stability of bilayered structures.[29,30] As a first
structural investigation, we performed DFT optimization calcu-
lations of these two competitive Cu cluster structures of 13
atoms deposited on γ-Al2O3(100) surface. The results indicate a
superior stability by ~0.3 eV for the 3D compact structure
(Figure S1), where copper atoms are arranged in a tight
triangular bonding network with an average Cu� Cu bond length
of 2.43 Å. This length is 5% shorter than the distance between
first neighbors in the bulk Cu structure.[31] The calculated
interaction energies with the alumina support (Eq. (4), see
theoretical details) predict stronger chemical bonding of the
compact cluster (� 6.65 eV) compared to the bilayered one
(� 4.35 eV). This predicted favorable configuration was used as an
initial structure in the velocity-scaled AIMD simulation, using the
Born-Oppenheimer MD approach, at temperature (T) of 723 K,
and 4000 steps (20 ps) trajectory length for an efficient sampling
of the configurational space. Eight competitive structures at the
lowest potential energy (Figure S2) were selected from AIMD
trajectory and then quenched at 0 K by performing DFT
geometry optimization calculations. Finally, the most energeti-
cally favorable quenched structure of γ-Al2O3 supported Cu13 was
used to study the stability and the preferable location of
anchored Pt single atom.

Figure 1a shows the three considered locations of Pt single
atom in the Cu supported cluster: the top position (Cu12Pt1@top),

the interfacial position in direct connection with the alumina
support (Cu12Pt1@interface), and at the second layer position in
between the top and interfacial positions (Cu12Pt1@2

ndlayer). The
DFT optimization calculations of the three supported Cu12Pt1
structures show the preference of Pt atom to be located close to
the oxide support, Cu12Pt1@2

ndlayer (0.0 eV) and
Cu12Pt1@interface (+0.02 eV). The Cu12Pt1@top configuration is
found to be less favorable by about +0.24 eV. To examine the
impact of temperature on the structure of the catalyst and to
explore the configurational space more thoroughly, the three
minimum energy configurations were employed as initial
guesses in further AIMD simulations at 723 K.

Figures 1b, 1c and 1d report the potential energy evolution
during the AIMD simulations of the three supported
Cu12Pt1clusters. Fourteen configurations of isomers selected at
the lowest potential energies were again quenched at 0 K by
means of DFT optimizations. This explorative study reveals a
competitive stability of supported Cu12Pt1@interface (0.00 eV)
and Cu12Pt1@2

ndlayer (+0.13 eV) clusters with slight preference
to the structures with Pt single atom located at the interfacial
position, directly interacting with alumina support. The minimum
energy configurations selected for Cu12Pt1@top clusters were
predicted to be less stable by more than +0.3 eV. The analysis of
the projected density of states (PDOSs) for the 5-d band of Pt
atoms in the three investigated positions (Figure 2a) reveals
notable disparities in the positions of the d-band centers relative
to the Fermi level. Specifically, the d-band centers of Pt at the
interfacial (� 1.95 eV) and 2nd layer (� 2.04 eV) positions exhibit
significant shifts away from the Fermi level in comparison to the
d-band center of Pt situated at the top site (� 1.36 eV). This result
suggests that the proximity of the Pt single atom to the alumina
support might decrease its affinity towards the adsorbates.
Notably, the d-band model indicates that, as the distance
between the d-band center and the Fermi level increases, there
is a decrease in the proportion of empty antibonding states. This
phenomenon weakens the metal‘s propensity to bind with
adsorbates.[32,33]

Moreover, the comparison of the PDOSs of Cu in Cu13 and in
Cu12Pt1@interface shows a significant shift of the 3-d band center
toward the Fermi level (+0.58 eV) when Pt is anchored in the
cluster (see Figure 2a). Bader charge analysis also shows charge
transfer from the positively charged Cu atoms to the negatively
charged Pt atom. The charge transfer toward Pt can be
rationalized in view of the Pauling electronegativity (ӽ) scale as
Pt is the more electronegative atom with ӽ=2.28 compared to
ӽ=1.90 for Cu. These results reveal the strong effect of alloying
Cu cluster by Pt and predict an enhancement of the reactivity of
the copper cluster.

The energetic analyses of the predicted most stable
configuration, Cu12Pt1@interface (structure that will be consid-
ered subsequently in this study), shows an increase in the
interaction energy between the metallic cluster and the support
by about 11 eV compared to the pure Cu cluster. This increased
interaction is concomitant with a pronounced accumulation of
electron charge at the Pt interface site, as depicted in the
density charge difference plot presented in Figure 2b. Bader
charge analysis indicates a small charge transfer (0.012e) from
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Figure 1. a) Lateral view of the three considered positions of Pt anchored in Cu13/γ-Al2O3(100). b), c) and d) Potential energy evolution as a function of time
steps during velocity-scaled molecular dynamics calculations for Cu12Pt1/Al2O3 system for the three-considered positions of Pt. The simulation was conducted
at a temperature of 723 K, and the total duration of the simulation was 20 ps. Fourteen lowest potential energy structures (PES) were extracted and quenched
at 0 K by performing DFT optimizations. These structures are depicted in the figure along with their corresponding total energies after geometry optimization.
Dark blue, light blue, red and white balls represent Cu, Al, O and Pt atoms, respectively.
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the Cu12Pt1@interface cluster to the support. The transfer of
charge to Al atoms of the support is nearly negligible,
consistent with the weak Lewis acid character of Al3+ on the γ-
Al2O3(100) surface. In their recent investigation, Sautet et al.[34]

thoroughly examined the electronic structure of interactions
within small Pt clusters containing 8 atoms, supported on both
α-Al2O3(0001) and γ-Al2O3(100) surfaces. They revealed bonding
interactions between Pt and Lewis acidic Al3+ sites, alongside
the Pt� O interaction. This phenomenon was notably pro-
nounced on α-Al2O3(0001) surfaces but inexistent on γ-
Al2O3(100) surfaces, which is in line with our analysis.

Adsorption of Hydrogen at Low Coverage

In contrast to symmetrical extended surfaces, small metallic
clusters, especially alloyed clusters, may exhibit a diverse array of
adsorption sites. Figure 3 reports seven configurations of γ-
alumina supported Cu12Pt1@interface refined structure where

hydrogen is adsorbed in different surface sites (top Cu, top Pt,
bridge Cu� Pt, bridge Cu� Cu etc..). Considering the structures,
one can expect, that the sharp-corner Cu atom, characterized by
poor overlap between its 4 s orbital and the orbitals of
neighboring atoms, would be more prone to hydrogen atom
adsorption. However, contrary to this expectation, the adsorption
on the top of the sharp-corner Cu atom is predicted to be highly
endothermic (see Table S1). Moreover, the adsorption on Cu
four-fold and three-fold sites that may offer a maximum of
interactions to the hydrogen atom with the surface, are also
found to be highly endothermic (see Table S1). The most
favorable sites for hydrogen atom adsorption are identified as
the bridge sites, where hydrogen adsorbs over two Cu� Cu
atoms, and over an interfacial Pt and Al atoms. This is illustrated
by configurations (e) and (f) in Figure 3a, respectively. Slight
superiority is found for the adsorption on Cu sites, which may be
linked to the d-band center analysis detailed in the previous
section.

To evaluate the effect of temperature on the structure of the
cluster and the adsorption site of H atom, the configuration (e)
was used as a guess for molecular dynamics simulation. After
10 ps of simulation time, several low potential energy structures
were quenched and optimized, leading to a minimum energy
configuration with hydrogen adsorbed over Cu� Cu bridge site. In
this configuration (Figure 3b), Cu� H bond was found to be of
1.64 Å and adsorption energy of � 0.35 eV. This chemisorption
gives rise to considerable structural change for the small Cu12Pt1
cluster, which again evidences the importance of this theoretical
calculation procedure to identify refined structures.

The recently published work by K. Gu et al.[35] reported
calculated adsorption energies per hydrogen atom on various H-
adsorbed Pt/Cu(111) surfaces. According to their findings, the
most stable configuration for the adsorption of a single H atom
is at the top site of Pt, exhibiting an adsorption energy of
� 0.30 eV. This value is 0.05 eV lower than the calculated value
on the Pt/Cu cluster in this study.

Furthermore, utilizing machine-learning accelerated molec-
ular dynamics calculations grounded in density functional theory,
these authors conclude that the adsorbed H atom that tends to
be primarily located near the top site of the single Pt atom,
potentially leads to its deactivation.[35] Consequently, the fact that
hydrogen does not persist on the Pt interfacial site in the
investigated Cu12Pt1@interface may suggest that the cluster is
less susceptible to deactivation under low hydrogen coverage.
This result will be further explored under conditions of high
hydrogen coverage.

Adsorption of Hydrogen at High Coverage

The refined structure of alumina supported Cu12Pt1@interface
cluster with one hydrogen atom was used as initial guess to
study the adsorption of increasing number of hydrogen atoms.
The same AIMD procedure was used to identify the stable
configuration for a given hydrogen coverage (see Figure S3). The
hydrogen coverage was calculated by defining the number of
hydrogen atoms normalized by 13, which corresponds to the

Figure 2. a) Projected density of state (PDOS) of (top) 5d-bands of Pt single
atom anchored in different positions of the supported Cu12Pt1 clusters: top,
2nd layer and interfacial sites and (down) 3d-bands of Cu in supported Cu13
and in Cu12Pt1@interface clusters (the 5d-band of Pt atom (red curve) is also
reported for comparison). The dashed lines represent the Fermi energy level
and the straight lines with indicated values correspond to the position of the
d-band centers. b) Charge density difference Δρ=ρ (cluster/γ-Al2O3) � ρ (γ-
Al2O3) – ρ (cluster). Δρ is illustrated by iso-surfaces bounding regions of
electron accumulation at +0.0035 e/Å3 (yellow) and electron depletion at
� 0.0035 e/Å3 (cyan). Dark blue, light blue, red and white balls represent Cu,
Al, O and Pt atoms, respectively.
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number of atoms in the cluster. Therefore, Cu12Pt1H14 represents
the cluster fully covered by hydrogen (1.08 ML). In Figure 4 the
identified minimum energy structures and their energetic and
electronic features are reported.

The results indicate that hydrogen binding significantly
influences the morphology and properties of the metallic cluster
(Figure 4a). Typically, hydrogen atoms adsorb on the cluster‘s
surface, with a preference for the bridge Cu� Cu and Cu� Pt sites.
Adsorption on the top site is observed exclusively over the single
Pt atom. The adsorption of hydrogen on the (100) alumina
support and the formation of hydroxyl groups are found to be
unfavorable. Furthermore, our molecular dynamics (MD) simu-
lations indicate that no hydrogen spillover from the cluster to
the support occurs across the range of hydrogen coverages
studied. This observation aligns with the findings of Feng et al.,[36]

who reported a hydrogen spillover process from hydroxylated γ-
Al2O3(110) surface to Cu cluster, while observing the absence of
the reversed process.

To determine the average adsorption energy per H2 molecule
on γ-Al2O3 supported Cu12Pt1 clusters, we defined the simulta-
neous dissociative adsorptions of several H2 molecules following
Eq. (2) (See theoretical details). In Figure 4b, the evolution of the
computed adsorption energies as a function of the hydrogen
coverage are reported and compared to those on flat Cu(111),
Pt(111) and PtCu(111) surfaces. As expected, the average
adsorption energy on supported small clusters is predicted to be
more exothermic compared to flat pure and alloyed Cu surfaces,

and even surpasses that on pure Pt surfaces. This is attributed to
the inherent metastability of these small-sized clusters compared
to infinite surfaces. Additionally, their strong fluxionality allows
them to adapt their shape upon adsorption. This behavior has
been previously demonstrated in the context of H adsorption on
various transition metal clusters, such as Pt/Al2O3,

[37] Pt� Sn/
Al2O3,

[19,38] CuAu,[19,20] and Cu[36] clusters.
The computed adsorption energy depicted in Figure 4b

reveals several evolution behaviors.Thus, fromtwo up to six
adsorbed hydrogen atoms, the adsorption energy curve shows
sharp fluctuations, which diminish with increasing the H-cover-
age. Then, monotonous decrease in adsorption energy is
predicted for hydrogen coverage above 0.5 ML. The significant
energy variation (� 0.7 eV, � 1.23 eV, � 0.95 eV, and � 1.2 eV for
one, two, four, and six adsorbed H atoms, respectively) is likely a
result of more pronounced morphological changes in the cluster,
particularly with moderate hydrogen coverage.

As illustrated by the snapshots depicted in Figure 4a, four
phase transitions of the supported Cu12Pt1 cluster occurred as the
hydrogen coverage increases. After the initial phase leading to
the bilayered structure, the cluster experiences significant
elongation by more than 2 Å in the presence of hydrogen.
During this second phase, exemplified by the Cu12Pt1H4 and
Cu12Pt1H6 structures corresponding to coverages of 0.30 ML and
0.46 ML, respectively, the clusters are observed to wet the oxide
support. The Cu12Pt1H6 structure occupies an ellipsoidal-like space
with a long side of 8.2 Å and a short side of 4.88 Å,

Figure 3. (a) Side views of the most stable structures for an atomic hydrogen adsorption on Cu12Pt1/γ-Al2O3 system in different positions. The adsorption
energy values are calculated following the Eq. (1). (b) The configuration (e) showing a weak adsorption of H atom, was used as a guess for molecular dynamics
simulation. After 10 ps of simulation time at T=723 K, the minimum energy structure in the PES was quenched at 0 K giving the optimised structure with
EadsH=-0.35 eV. Dark blue, light blue, red and white balls represent Cu, Al, O and Pt atoms, respectively. The small white ball represents adsorbed H.
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corresponding to an occupied area of approximately 30 Å2. This
area is almost twice as high as the occupied space of the pristine
3D cluster structure. In the meanwhile, the distance of the Pt
atom to the support is found to increase compared to the free-
hydrogen cluster. Specifically, the Pt� O and Pt� Al bindings
increase from 2.12 Å and 2.45 Å to 2.99 Å and 2.66 Å in the
Cu12Pt1@interface and Cu12Pt1H6 structures, respectively. More-
over, as the hydrogen coverage increases, the single Pt atom
diffuses from the interface site to the underside of the cluster
and binds six Cu atoms with an average bonding length of
2.55 Å.

The third phase of morphological changes occurs within a
coverage range between 0.61 ML and 1.08 ML. During this phase,
the cluster undergoes shape evolution and adopts a concave-like
structure, with one hydrogenated Cu atom formed on the top of
the bell. Throughout the dynamics, the single Pt atom is
observed to progressively move away from the oxide support,
while remaining positioned beneath the Cu cluster. In the
Cu12Pt1H12 structure, the Pt atom is situated at a distance of 3 Å
from the support. Subsequently, the concave structure is
achieved at a coverage of 1.08 ML (14 H atoms), with the Pt
single atom located on the upper layer of the cluster, interacting
with five hydrogen atoms (one on top and four on the Cu� Pt

bridge sites). The binding lengths of Pt� O and Pt� Al in this
structure are found to be 4.16 Å and 4.12 Å, respectively.

In the fourth phase with hydrogen coverage above 1.08 ML,
the cluster undergoes a transition toward a planar-like hydro-
genated Cu structure. The dimensions of the planar Cu12Pt1H18

structure (coverage of 1.38 ML) are 5.56 Å in width and 9.32 Å in
length. In this highly hydrogenated cluster, the Pt atom interacts
with six hydrogen atoms (four on the bridge Pt� Cu sites with dPt-
H=1.68 Å and two on the top site with dPt-H=1.59 Å).

Effect of Hydrogen on the Cu12Pt1 interaction with the
Support

Figure 4c reports the evolution of the interaction energy
between the Cu12Pt1Hn clusters and the alumina support, as well
as the Bader charge transfers. A decrease in overall interaction
energy with increasing hydrogen coverage is revealed, indicating
a gradual weakening of the covalent metal-support interaction.
The most significant evolution occurs between 0 and 0.15 ML of
hydrogen coverage, where the interaction energy of the hydro-
genated cluster decreases by more than 40% compared to the
bare cluster. The Bader charge analysis predicts a charge transfer
from the alumina surface to the Cu12Pt1Hn cluster increasing with

Figure 4. (a) Illustration of the morphological changes of the Cu12Pt1/γ-Al2O3 system in presence of increasing number of hydrogen atoms. Dark blue, light
blue, red and white balls represent Cu, Al, O and Pt atoms, respectively. The small white balls represent adsorbed H atoms. (b) DFT calculated average
adsorption energy values (in eV), plotted against hydrogen coverage (in ML) on Cu12Pt1/γ-Al2O3. The calculated adsorption energies of hydrogen on Pt(111),
PtCu(111) and Cu(111) are also presented. (c) Evolution of the interaction energy between the alumina support and the hydrogenated Cu12Pt1 clusters and the
Bader charge transfer from alumina surface to Cu12Pt1Hn cluster. (d) Charge density difference Δρ=ρ(Cu12Pt1Hn/γ-Al2O3) � ρ(γ-Al2O3) � ρ(Cu12Pt1Hn) for n=2,
n=6 and n=14. Δρ is illustrated by iso-surfaces bounding regions of electron accumulation at +0.0035 e/Å3 (yellow) and electron depletion at � 0.0035 e/Å3

(cyan). Positive Δρ means that the cluster has gained some electrons.
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higher hydrogen coverage. Interestingly, while the Cu12Pt1 and
Cu12Pt1H2 clusters are negatively charged, indicating electron
density transfer to the support, the direction of charge transfer
shifts with increasing hydrogen coverage. At hydrogen coverages
of 0.30 ML and 0.46 ML, the entire cluster approaches a state of
near neutrality, but then the charge difference becomes positive
for increasing hydrogen coverage.

Finally, the charge density difference, illustrated in Figure 4d,
reveals two significant peaks of electron accumulation at the
cluster-alumina interface. Simultaneously, a more pronounced
depletion of charge is observed in the cluster, particularly well
above the interface, and this depletion intensifies with the
increasing hydrogen coverage in line with the weakening of the
cluster-support interaction.

Thermodynamics and Predicted Reactivity

Figure 5 depicts the (pH2, T) phase diagram for Cu12Pt1Hn/Al2O3

(100), encompassing a pressure range from 1×10� 16 to 1 bar and
a temperature range from 0 to 1000 K. The phase diagram of the
supported Cu12Pt1 cluster reveals limited ranges of stable hydro-
gen coverages, suggesting abrupt transitions from zero coverage
to 1.08 ML. At the experimental temperature of 723 K for PDH
reactions, and under pressure lower than10� 3 bar, the free
hydrogen Cu12Pt1/Al2O3 (100) system is predicted to be stable. As
the pressure increases, the system evolves from bare surface to a
bilayer structure (0.15 ML) and then, to a concave-like structure
at 0.77 ML of hydrogen coverage. This indicates the cluster
propensity to form hydride at lower temperature and/or when
exposed to high hydrogen pressure.

The dominant features of the thermodynamic phase diagram
for hydrogen adsorption on the supported Cu12Pt1 cluster
indicate five stable phases at: 0 ML (0H), 0.15 ML (2H), 0.46 ML
(6H), 0.77 ML (10H), and 1.08 ML (14H). Note that the stable

phase at 0.46 ML only appears within a small window of
temperature (215 K–245 K) and for pressure lower than 10� 6 bar.
Under laboratory pressure conditions of 10� 2 bar, the stability of
these five distinct phases can be described as follows: (i) at low
temperatures up to approximately 350 K, the most stable phase
is the concave structure with a coverage of 1.08 ML of atomic
hydrogen; (ii) within the temperature range of 350 K to 600 K,
the stable phase is a concave like structure with hydrogen
coverage of 0.77 ML; (iii) in the temperature range between
600 K and 850 K, the stable phase is the bilayered structure
covered by 0.15 ML of atomic hydrogen; (iv) finally, above 850 K,
the clean Cu12Pt1 cluster becomes thermodynamically stable.

Figure 5 also shows PDOS of various elements for hydrogen
adsorption on supported Cu12Pt1 cluster at coverages of 0.15 ML,
0.46 ML and 1.08 ML. The results indicate that the occupancy of
the Cu 3d valence states close to the Fermi level remains
significant, which suggests a heightened intrinsic reactivity of the
metallic sites. Interestingly, the adsorption of hydrogen induces a
gap opening, which increases from 0.52 eV for 2 adsorbed
hydrogen (0.15 ML) to 0.93 eV and 0.99 eV for 6 (0.46 ML) and 14
(1.08 ML) adsorbed hydrogen, respectively.The appearance of the
band gap at the Fermi level is associated with a more localized
nature of the electronic states, which may alter the catalytic
performance of the Pt� Cu cluster. This trend is consistent with
the DFT results of Pt13Hn clusters supported on γ-Al2O3 (100)
surface[37] and recent resonant inelastic X-ray scattering (RIXS)
experiments.[38]

Conclusions

In conclusion, this study offers valuable insights into the stability,
reactivity, and morphological evolution of Cu12Pt1 single atom
alloy (SAA) clusters supported on alumina surfaces. Through a
combination of density functional theory calculations and ab-
initio molecular dynamics simulations, we have explored the
dynamic interactions between Pt single atoms, Cu clusters,
hydrogen, and the alumina support. Our findings reveal the
significant influence of hydrogen coverage on the cluster‘s
structural evolution, charge transfer, and metal-support inter-
action. Notably, we observed a gradual weakening of the
covalent metal-support interaction with increasing hydrogen
coverage, alongside a shift in the direction of charge transfer.
Furthermore, we highlight the importance of considering
environmental factors, such as gas environments and oxide
supports, which can significantly affect the stability and reactivity
of supported clusters. By providing atomic-scale insights, this
work contributes to the fundamental understanding of Pt/Cu
SAA cluster structural and electronic property evolution and
paves the way for the design of novel catalysts with enhanced
performance for various catalytic applications.

Theoretical Details

DFT calculations within periodic boundary conditions were
performed with the Vienna Ab initio Simulation Package

Figure 5. Thermodynamic phase diagram of the stability and the projected
density of states (PDOS) of different elements for 0 ML, 0.15 ML (2H), 0.46 ML
(6H), 0.77 ML (10H) and 1.08 ML (14H) of H coverage.
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(VASP),[39,40] using plane waves to solve the Kohn–Sham equa-
tions and the generalized gradient approximation as proposed
by Perdew-Burke-Ernzerhof (PBE) for the exchange-correlation
functional.[41] A kinetic energy cut-off of 400 eV was employed for
expanding the plane waves, and the representation of core
electrons was accomplished using the projected augmented
wave method (PAW).[42] The van der Waals contributions were
described with the semi-empirical Grimme DFT� D3 approach.[43]

The convergence threshold for the total electronic energy was
set to10� 6 eV, and all structural configurations were iteratively
optimized until atomic forces enabling relaxation were below
0.02 eV/Å. A Gaussian broadening technique with a σ value of
0.02 eV was applied to the Cu12Pt1Hn clusters on the support. The
evaluation of charge transfer was conducted using Bader charge
analysis[44,45] at the same theoretical level.

To achieve the most stable configurations for various forms
of Cu13/Al2O3, Cu12Pt1/Al2O3, and hydrogen adsorption, a theoret-
ical method consisted of a two-phase procedure was employed.
In the initial phase, sets of geometries were fine-tuned using
static DFT calculations to establish the optimal structures.
Following this, the refined structures underwent equilibration
using velocity-scaled AIMD simulations with the Born-Oppen-
heimer MD approach at 723 K (the standard reaction temper-
ature for PDH reaction). This process was executed with a time-
step of 5 fs and repeated over 2000 iterations. In the case of pure
Cu13/Al2O3 system (Figure S1), AIMD trajectories were prolonged
to 4000 steps. As depicted in Figure S2, competitive arrange-
ments were derived from the AIMD simulations with the lowest
potential energy and subsequently cooled to 0 K through
standard DFT geometry. The most stable quenched structures
acquired from the AIMD simulations were employed to forecast
the thermodynamic diagram, as elaborated in Reference.[21] This
method, which integrates velocity-scaled molecular dynamics,
quenching, and subsequent thermodynamic calculations using
the harmonic approximation, has proven to be effective and
resilient in studies involving platinum and platinum-tin clusters
supported on alumina, encompassing diverse adsorbates.[10,20,45–47]

The structures of Cu13 and Cu12Pt1 clusters supported on
alumina surface were constructed using the γ-Al2O3(100) surface
model developed by Digne et al..[48,49] This model represents the
dehydrated surface under a wide array of significant operational
conditions, encompassing various temperatures and partial
pressures of water. The cell dimensions measure
16.71×16.79×25.80 Å3, with γ-Al2O3 slab of 7.2 Å thickness along
the z-axis. Each repetitively identical slab is adequately spaced
from one another by a vacuum region of 20 Å. Let us note that
according to Digne et al. [49] the considered alumina (100)
surface is totally dehydrated above temperature of 600 K.

To study these systems, the sampling of Brillouin zones was
executed using the Monkhorst-Pack approach[50] at the Γ point.
In all calculations, a dipole correction was introduced to the
overall electronic energy along the direction perpendicular to
the slabs. During all processes of geometry optimization and
AIMD simulations, complete relaxation was applied to the two
uppermost alumina layers as well as all the cluster atoms, while
the two lower alumina layers were held fixed.

The adsorption energy of one hydrogen atom on Cu12Pt
clusters, is defined by Eq.(1):

Eads ¼ ½ECu12Pt1Hn=Al2O3� ECu12Pt1=Al2O3� 1=2ðEH2Þ� (1)

When considering Cu12Pt1 clusters adorned with multiple
hydrogen atoms, the mean co-adsorption energy per H2

molecule is determined using Eq. (2) linked to the concurrent
dissociative adsorption of several hydrogen molecules.

Ecoads ¼ 2=n ½ECu12Pt1Hn=Al2O3� ECu12Pt1=Al2O3� n=2ðEH2Þ� (2)

In accordance with the chemical equation provided in Eq. (3):

Cu12Pt1=Al2O3 þ n=2H2 ¼ Cu12Pt1Hn=Al2O3 (3)

Here, n indicates the quantity of hydrogen atoms adsorbed
within each cell of the Cu12Pt1/γ-Al2O3 system. The terms ECu12Pt1Hn/
Al2O3 and ECu12Pt1/Al2O3 represent the total electronic energies of the
studied system with and without adsorbed n hydrogen atoms,
respectively. The energy of H2 (EH2) was computed by introducing
an H2 molecule into a symmetric box of size 12×12×12 Å3 and
subsequently conducting non-spin-polarized calculations.

The interaction energy between the support and the Cu12Pt1
cluster was calculated using Eq. (4):

Einter ¼ ECu12Pt1Hn=Al2O3� E*Cu12Pt1Hn� E*Al2O3 (4)

Here, ECu12Pt1Hn/Al2O3 represents the overall electronic energy of
the supported configurations obtained through geometry opti-
mization computations. E*Cu12Pt1Hn and E*Al2O3 represent the total
electronic energies achieved via single-point calculations for the
individual cluster and support systems, considering the geo-
metries of the supported configuration. This energy pertains to
the chemical bonding in the absence of any deformation
energies of the individual components.

Constructing the (PH2, T) phase diagram involves deriving
adsorption entropies and enthalpies from DFT-optimized struc-
tures and conducting harmonic frequency calculations accord-
ingly. The most stable structure achieved for each coverage
underwent harmonic vibrational analysis with a displacement of
�0.01 Å in every direction for all relaxed atoms within the cell.
Subsequently, the Hessian matrix was computed using the finite-
difference technique and subjected to diagonalization to antici-
pate harmonic normal modes and their corresponding vibrations.
In the case of condensed phases, a total of 3 N� 3 real vibrational
frequencies were considered to assess the thermal and entropy
contributions. Comprehensive explanations of the free energy
calculations for every system can be found in ref. [38]. The
construction of the thermodynamic diagrams relies on the
hydrogen-adsorption free energy ΔG adsorption, as outlined in
Eq. (5). The coverage domains depicted on the different
thermodynamic diagrams correspond to the lowest obtained
free energy values at (PH2, T), as determined by:
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DGads ðPH2, T, qH2Þ ¼

GCu12Pt1HnðT, qH2Þ � GCu12Pt1ðTÞ � n=2 GH2 ðPH2, TÞ
(5)

Supporting Information

Structures of supported clusters, potential energy evolution
along AIMD trajectories, and DFT H-adsorption energies. Link to
the SI file
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