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A B S T R A C T

Single-Atom Catalysts (SACs) are a new class of solid catalysts with potential applications in a wide spectrum of
chemical reactions. The family of Single Atom Alloys (SAAs) is promising for hydrogen-related reactions. One
interesting aspect of SACs is that their chemistry is reminiscent of coordination chemistry, and a pertinent
example is the formation of dihydrogen complexes in hydrogen-related reactions with similarities to coordina-
tion compounds. The formation of these hydrogen complexes has been suggested also for SAAs, based on density
functional theory (DFT) calculations. In this work, we conducted a study combining DFT with Kinetic Monte
Carlo (KMC) to investigate the formation of hydrogen complexes on a set of SAAs. We scrutinized 14 SAAs with
DFT and performed KMC simulations on three relevant cases. Our study considers explicitly the kinetic barriers
for the formation and decomposition of these complexes to elucidate the kinetics of the adsorption of molecular
H2 on SAAs. The results indicate that the new species can be relevant depending both on their stability and the
reaction barriers involved. In particular, we focused on three test cases, Co@Rh(111), Pd@Rh(111) and Co@Au
(111) showing that the formation of dihydrogen species, H2*, where * indicates an adsorbed complex, can affect
the formation of the complex from molecular H2.

1. Introduction

The attention toward catalysis is steadily increasing, because of the
need for improving the activity for key reactions and the overall sus-
tainability of chemical processes [1]. Among key reactions, those
involving hydrogen, such as hydrogenations, play a crucial role in
various synthesis processes [2–4]. At the same time, the electrochemical
evolution of hydrogen from water is attracting significant focus, because
it opens the way to produce an energy vector with, in principle, green
energy [5–7]. The catalysts for hydrogen-related reactions typically
consist of noble and critical metals, such as Pd and Pt [8–13].

Single-Atom Catalysis is emerging as a bridge between homogeneous
and heterogeneous catalysis [14,15], with promising applications
encompassing, among others, hydrogen related reactions [16–19]. A
single-atom catalyst (SAC) is a paradigm of single-site isolation, where a
transition metal atom is atomically dispersed in a solid matrix [20–24].
Single-Atom Alloys (SAAs) are a specific family, where transition metal
atoms are atomically dispersed on the surface of a host metal [25–29].

They have been introduced about one decade ago with the pioneering
work of Sykes and co-workers [27,30–33]. They were successfully
applied for hydrogenations, and a large number of studies is proposing
SAAs for hydrogen evolution as well [34–36].

On some metals, the interaction of molecular hydrogen with the
surface is associated with the breaking of the H–H bond, leading to
adsorbed hydrogen atoms (H*) with a mobility that depends on the
diffusion barrier [13,37]. However, in analogy with organometallic
compounds, SACs can form dihydrogen complexes (H2*) where the
molecule binds to the metal atom and gets activated to some extent, with
an elongation of the H–H bond [38–44]. Depending on the extent of the
H–H bond activation, the resulting species are classified as dihydrogen,
H2*, or dihydride, H*H*, complexes. Recently, we have adopted density
functional theory (DFT) calculations to show that hydrogen complexes
can form on SAAs [45]. An important aspect, still not addressed in the
literature, is the role of these species on the kinetics of hydrogen ad-
sorptions with formation of complexes on SAA surfaces, a process that is
influenced by the reaction barriers of H2* formation and decomposition
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towards H*, as well as the possible spillover of these species from the
dopant to the host sites.

To address this point, we designed a study where DFT calculations
are combined with the Kinetic Monte Carlo (KMC) approach [46–50],
and elucidated the aforementioned processes in 14 SAAs made by seven
transition metals (Co, Ni, Cu, Pd, Ag, Ir, Pt) supported on two bulk metal
surfaces, Rh(111) and Au(111). The different transition metal atoms
were chosen in order to show a broad spectrum of reactivity with
hydrogen [45], while the two surfaces have completely different
chemical reactivity: Rh(111) is reactive towards H2 decomposition, and
Au(111) is nearly inert [13,37] For comparison, we also investigated H2
adsorption on the pristine metal surfaces.

Our results showed that on Rh(111) H2* is a transient species. We
selected three relevant test cases, Co@Rh(111), Pd@Rh(111), and
Co@Au(111), and performed KMC simulations out of the simulation of
hydrogen adsorption, complexes formation and bond breaking with DFT
of all 14 SAAs. The results provide different scenarios for H2 adsorption
and evolution.

This study provides an atomistic description of the interaction of H2
with SAAs, providing further evidence of the relevance of H2 complexes
when considering both thermodynamics (DFT) and kinetics (KMC). The
results also provide an example of the complexity of the chemistry of H2
on single-site catalysts, in which H2* and H* species can interact with
both the dopant as well as the surrounding (host) metal, and there may
be competition between the pertinent adsorption and spillover
pathways.

2. Computational details

DFT calculations were performed by means of the VASP package
[51–53], with the Perdew-Burke-Ernzherof (PBE) functional [54]. The
core electrons were described by Plane AugmentedWave (PAW) [55,56]
potentials and the valence electrons were described by plane waves with
a kinetic energy cut-off of 400 eV. The convergence criteria for elec-
tronic and ionic loops were set to 10− 5 eV and 10− 2 eV/Å respectively.
The sampling of the reciprocal space was done by adopting a grid ac-
cording to the size of the simulation cell, as done in a previous work by
some of us [45] We used the Nudged Elastic Band (NEB) method with
the Climbing Image implementation to locate transition states [57]. For
the NEB calculations, four images were generated to search for the
transition state, and the convergence setup is consistent with that
selected for the optimization calculations. Vibrational analysis was
performed to check for the existence of only one imaginary frequency to

verify that the transition states calculated were indeed first-order saddle
points in the potential energy surface. Dispersion terms were included
by means of the Grimme’s scheme [58]. Indeed, the neglection of
dispersion interactions is small but not negligible to the formation of H2
complexes, as can be appreciated by looking at Table S5. Dispersion
interactions are of the order of 0.3 eV causing a stabilization of the
complex.

Bulk Rh and Au metals were optimized starting from the experi-
mental face centered cubic crystal structures [59] The calculated lattice
parameter a was 3.793 Å for Rh and 4.103 Å for Au, in good agreement
with the experimental values of 3.796 Å and 4.070 Å, respectively [59].
Five-layers-thick slab models were created from the bulk structures by
cleaving along the (111) direction. The atomic coordinates were relaxed
by fixing the bottom two layers. The a, b, and γ lattice vectors of each
system are reported in Table S1 of the Supplementary Information (SI).
A vacuum layer of 40 Å was added along the non-periodic direction to
avoid spurious effects arising from the interaction between periodic
replicas of the system. 14 SAAs models were then created by replacing
one atom of Rh or Au with seven different host species, Co, Ni, Cu, Pd,
Ag, Ir, Pt. Fig. 1 shows a representative model structure. The binding
energy of the metal atoms to the support can be used as a proxy of the
stability of the system. However, one must consider that the determi-
nation of the catalyst in working conditions is a complex task as it re-
quires to include several aspects such as dissolution of the active phase
in the reaction environment, aggregation of the dopant metal atoms and
migration to the bulk of the support [60]. These aspects are not inves-
tigated in this work as their assessment goes beyond the purpose of this
study. The calculated binding energies are in line with those of other
systems made by transition metal atoms embedded in carbonaceous
materials [61].

Ab-initio thermodynamics was used to evaluate free energy dia-
grams, where entropic and zero-point energy (ΔEZPE) contributions were
added to the DFT reaction energies (ΔEads). The entropy of gas phase
species was taken from the NIST database and that of solids was
neglected. Adsorption energies (ΔEads) were calculated with respect to
the isolated H2 molecule and the SAA.

KMC simulations were performed bymeans of the Zacros code, which
implements the graph-theoretical KMC framework [48,62] Rate con-
stants (kTST) for adsorption, desorption and surface diffusion were
calculated according to transition state theory (TST), Eq. (1).

kTST = κ
kb⋅T
h

⋅
q‡

qreact
⋅exp

(

−
E‡

kB⋅T

)

(1)

Fig. 1. Graphical representation of the DFT calculation cells used in this study for the pristine Rh(111) surface and for the Co@Rh(111) SAA.
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Where kB is the Boltzmann constant, h is Planck’s constant, T the tem-
perature, q‡ and qreact are the molecular quasi-partition functions for the
transition state and the initial state (reactants), respectively. E‡ is the
activation barrier. κ is the transmission coefficient, which is considered
equal 1 for the simulations [63]. We accounted for lateral interactions
by employing the Cluster Expansion Hamiltonian (CEH) model imple-
mented in Zacros, which decomposes lattice energy into single-body,
two-body, and possibly many-body interactions. This approach allows
to calculate activation energies while considering the influence of
neighbouring adsorbed species through Brønsted− Evans− Polanyi (BEP)
relations, ensuring an accurate representation of the local reaction en-
vironment’s effects on reaction rates [49].

The calculation of rate constants is done considering the set of
equations reported in Section S2 which specify the calculation of
translational, rotational and vibrational quasi-partition functions. For
all the KMC simulations, we generated large supercells containing 1600
metal atoms. Temperature and pressure conditions were set at 573.15 K
and H2 partial pressure of 2.00 bar respectively, that are compatible
with previous experimental studies of hydrogenation on SAAs [64,65].
The number of dentates of the surface species, specifying the number of
sites each species binds to for each surface species is set to 1. The max
simulation time is chosen differently for each system considering the
nature of the catalyst; however, each system was simulated long enough
so as to reach stable coverage of the H* species adsorbed on the lattice.

3. Results

3.1. H2 adsorption on pristine metal surfaces

We start from the adsorption of H2 on the pristine Rh(111) and Au
(111) metal surfaces. It is known that the two systems show a very
different affinity for hydrogen, where the former can activate the
molecule [66], while the latter is quite inert [67–69].

Fig. 2a shows the free energy diagrams of hydrogen adsorption on Rh
(111). The adsorption/dissociation process is exergonic (ΔG = − 0.27
eV) and nearly barrierless. A metastable state forms, corresponding to a
dihydrogen intermediate (H2*) on top of the Rh metal (Fig. 2a). The
vibrational analysis confirmed that this structure is indeed a minimum
with a H–H stretching frequency equal to 2280 cm− 1, which is much
lower than the corresponding frequency value in the isolated (gas phase)
molecule, 4401 cm− 1. A previous study indicated that there is correla-
tion between the decrease in the stretching frequency and the H–H
bond elongation [42]. Indeed, the calculated H–H distance is 0.94 Å,
much larger than in the free molecule, 0.74 Å. The breaking of the H–H
bond and the formation of two separated adsorbed hydrogen atoms
(2H*) is energetically favourable and requires a negligible activation
energy. This implies that H2* is a transient species on Rh(111).

The two adsorbed hydrogen atoms in the final state can adopt
different possible configurations. Here, we considered three site-type

combinations (Fig. 2a); the 2H*fcc-fcc and the 2H*hcp-hcp ones are
nearly isoenergetic while the 2H*hcp-fcc is less stable by about 0.2 eV,
due to a repulsive effect between the two hydrogen atoms that are closer
in this configuration. Different is the case of Au(111) (Fig. 2b), where
the adsorption of H2 leads to a physisorped species, and the H–H bond
breaking has a very large activation energy (1.14 eV). Again, there are
three possible configurations for the 2H* intermediates with same en-
ergetic ordering reported for Rh (111), but a very positive free energy of
formation (Fig. 2b).

We conducted KMC simulations to unveil the role of dihydrogen
intermediate (H2*) on the kinetics of the hydrogen adsorption process
on Rh(111) and on Au(111), but the latter catalyst is inert for this pro-
cess and will not be further discussed. More interesting is the case of Rh
(111), for which we set up three different KMC simulations including
different levels of approximation for the H2 adsorption, which leads to
different possible pathways for the adsorption mechanism. First, we
neglected the formation of the H2* intermediate, so that hydrogen can
directly go from the gas phase, (H2), to the 2H*fcc-fcc, 2H*fcc-hcp or
2H*hcp-hcp structures. Second, the formation of adsorbed hydrogen
atoms, 2H*fcc-fcc, 2H*fcc-hcp or 2H*hcp-hcp from the H2 molecule can
proceed via formation of the H2* intermediate. In this second case, H2 is
forced to go through H2* before dissociating on the surface. In the third
and last simulation setup, we considered the possibility for the catalytic
model to freely adopt both mechanisms.

The results obtained from the KMC simulations are summarized in
Fig. 3. Starting from the first simulation, the adsorption mechanism
favours the 2H*fcc-fcc combination of sites. The average coverage (Θ) for
the simulation is 0.45 at the steady state, which means that almost half
of the adsorption sites are occupied by H*. In the second simulation,
which considers the formation of H2*, Θ decreases to ~ 0.29. Comparing
the coverage of these two simulations with the third case, one can
observe that the latter simulation leads to unchanged coverage, Θ ~
0.30.

3.2. Atomic H* on SAAs

For each SAA, we first studied the adsorption of atomic H* in the
proximity of the dopant metal atom, Section S3. For comparison pur-
poses, Table S3 reports the adsorption energy of H* on pristine Rh(111)
and Au(111) metal surfaces, while the same adsorption energies, but
calculated on host sites of SAAs, are reported in Table S4. The results
show that the presence of the guest metal atom affects the energetics of
H* adsorption both on the first and the second nearest-neighbor sites of
the host metal, in line with a previous study [70]. This clearly indicates
that the effect of the guest metal is not restricted to the first neighbors.

In the case of M@Rh(111), the adsorption of H* atoms can occur in
different sites. We explored adsorption on top of the dopant atom, in
hollow sites between the dopant and the first nearest neighbors, and
related structures on the second nearest neighbor host metal atoms,

Fig. 2. Free energy diagram of H2 adsorption on (a) Rh(111), and (b) Au(111). When nearly isoenergetic transition states are present, a single energy value
is reported.

E.C. Manzi et al. Surface Science 754 (2025) 122688 

3 



Table S4. H* can be adsorbed on top of the metal atom (M), and this
configuration is the most stable one for Ir@Rh(111). In the most stable
adsorption configuration for Co@Rh(111) H* is bound to a hollow site.
In the rest of the cases, there are different minimum structures which are
nearly isoenergetic, and involve adsorption close to the dopant or in the
second nearest neighbor sites. In all cases, the global minimum structure
is more stable than the catalyst and 1/2H2, and therefore the adsorption
is exergonic. In the case of Au-based SAAs, the adsorption close to the
metal dopant is always more favorable than on Au(111). The formation
of H* on Co@Au(111) is favorable, with a ΔG = -0.11 eV, while in the
rest of the cases the adsorption of H* is characterized by a positive ΔG.

3.3. Dihydrogen species, H2* or H*H*, on SAAs

We subsequently investigated the adsorption of H2 on the SAAs
under consideration. The formation of the H2* intermediate was
observed on Co@Rh(111), Pd@Rh(111), Co@Au(111) and Ni@Au
(111). In the other cases, we observed the formation of a dihydride
species, H*H*. All the calculated adsorption free energies of adducts and
structural information are reported in Table 1.

We start by discussing Co@Rh(111). The adsorption of H2 leads to
the formation of a dihydrogen intermediate (ΔG = − 0.20 eV) with an
activation barrier of 0.44 eV, Fig. 4a. Another possible minimum, which
is the global minimum energy structure, consists of two separated

Fig. 3. KMC results for the three simulations performed to model hydrogen adsorption on Rh(111). (a) and (b) are related to the simulation performed considering
the mechanism: H2(g) → 2H*. (c) and (d) show the KMC simulation results obtained for the mechanism which considers explicitly the formation of the dihydrogen
intermediate: H2(g) → H2* → 2H*. (e) and (f) show the results of similar simulations, which, however, consider that the system can adopt both mechanisms proposed
for the first two simulations.
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adsorbed H atoms, 2H*, where each H* is adsorbed on a hollow site,
with a ΔG = − 0.75 eV. The migration of H* species to Rh sites leads to
different minima very similar in energy. In all cases, the diffusion bar-
riers are rather small, always below 0.2 eV. On Pd@Rh(111), at variance
with the previous case, the dihydrogen complex is less stable than the
non-interacting moieties, H2 and the catalyst, Fig. 4b. Also, the breaking
of H–H bond is an activated process with a barrier of 0.41 eV, leading to
the formation of a stable dihydride H*H* intermediate that is nearly
isoergonic with other adducts resulting from the spillover of hydrogen to
the host surface with negligible activation energies. Moving to Co@Au
(111) (Fig. 4c), it is not surprising that Co binds hydrogen and that the
resulting structure corresponds to the most stable configuration of the
adduct. Indeed, we observe the formation of a dihydrogen H2* species
on Co with ΔG = − 0.17 eV. The formation of a dihydride H*H* inter-
mediate is less favourable by 0.23 eV, and is associated to a barrier of
0.29 eV. The spillover process is achieved by overcoming a relatively
large activation energy of 0.50 eV. Finally, we discuss Ni@Au(111). The
hydrogen adsorption on Ni leads to a less stable H2* intermediate with
respect to Co@Au(111), akin to the case of Rh-based SAAs. The mo-
lecular adsorption of H2 as H2* is endergonic with respect to H2 and the
catalyst, ΔG=+0.24 eV, Fig. 4d. The breaking of the H–H bond to form
the H*H* dihydride intermediate is an activated process with a barrier of
about 0.4 eV. Also, the spillover process is activated. Since H2* forma-
tion is endergonic on Ni@Au(111), we focused our subsequent calcu-
lations to the first three cases, Co@Rh(111), Pd@Rh(111) and Co@Au
(111).

For these SAA systems we conducted KMC simulations to study in
detail the kinetics of hydrogen adsorption and analyse the role of the
dopant atoms on the mechanism of adsorption/desorption of hydrogen,
as well as that of the Rh(111) and Au(111) host metal surfaces.

The lattice of Rh(111) based SAAs is modelled by assuming that from
the second nearest-neighbor hollow sites onward, the reactivity is
equivalent to that of the pure Rh(111) surface sites (labelled as “fcc” and
“hcp” sites), since sizeable changes occur only for the first neighboring
region, see Fig. 5a. In the case of the Au(111) surface the energetics of
adsorption is sensitive up to the second neighbors. For this reason, the
lattice incorporates site types appropriate for the 1st and 2nd nearest-
neighbor sites, so as to explicitly model the DFT-calculated binding
energies of hydrogen species on these sites, which are different than
those of the bulk Au surface, Fig. 5b.

Starting from Co@Rh(111), the most probable event, Fig. 6a, is the
migration of an adsorbed H atom, H*, on various surface sites, indicating
a high mobility of the species. If we compare the occurrence frequency
(i.e. the number of events occurred divided by the duration of the
simulation) for hydrogen adsorption from the gas phase to the H2* with
the dopant or with the host metal, we see that H2 preferentially binds the
surface on Rh sites. In fact, H2 binds to the Co atomwith ΔG= − 0.20 eV,
and to the Rh atoms of the (111) surface with ΔG = − 0.27 eV. The
formation of the dihydrogen complex, H2*, on Co@Rh(111) is activated,
with a barrier of 0.44 eV, while H2* formation on Rh(111) is barrierless.
This is an example where the catalytic event occurs on the host metal
surface rather than on the metal atom dopant.

Moving to Pd@Rh(111), the adsorption of H2 on the metal dopant is
thermodynamically less favourable than on Co@Rh(111), with a ΔGH2
= 0.11 eV. However, on Pd@Rh(111) the process is barrierless, at
variance with Co@Rh(111), as previously discussed. This explains why
in the occurrence plot, Fig. 6b, the adsorption of H2, or alternatively its
evolution, the host and guest metals are competitive. Similar with the
previous case, once H2 is adsorbed it becomes very mobile on the surface
after dissociation.

The last case is Co@Au(111). As discussed above, Au(111) is nearly
inert towards molecular hydrogen, and no adsorption events are
observed in KMC simulation. The adsorption of H2 is therefore
comparatively more frequent on the dopant site via formation of a
dihydrogen complex, Fig. 6c. Once formed, H2* can evolve to dihydride,
H*H*, with a small barrier of 0.12 eV. Co@Au(111) is an example of a
catalyst where H2 adsorption or evolution is expected to occur on the
dopant species.

4. Conclusions

In this work we performed a combined DFT and KMC study on a set
of single-atom alloys. We focused on the formation of hydrogen com-
plexes and their impact on the kinetics of the process. We first tested the
role of hydrogen complexes on the adsorption process on two pristine
metal surfaces, Rh(111) and Au(111). On Rh(111), we found that a
metastable transient species corresponding to a dihydrogen complex
forms. Au(111), on the contrary, is inert towards hydrogen. Then, we
considered a set of 14 SAAs, made by seven transition metals atoms (Ir,
Co, Ni, Pd, Pt, Cu, Ag) embedded in Rh(111) and Au(111) surfaces.
Except for Ni@Rh(111), the remaining systems exhibit minimum energy
structures corresponding to a dihydrogen (H2*) or a dihydride (H*H*)
complex. In four cases, Co@Rh(111), Pd@Rh(111), Co@Au(111) and
Ni@Au(111), the dihydrogen complex has a formation free energy lower
than that of two hydrogen atoms (2H*) adsorbed on the transition metal
dopant. Except for Ni@Au(111), the formation of the dihydrogen com-
plex is exergonic. Results for Co@Rh(111), Pd@Rh(111), Co@Au(111)
show a wide spectrum of possible effects. In the first case, the dihy-
drogen complex has a marginal role to the kinetic of the adsorption, that
is dominated by adsorption on the host metal. On Pd@Rh(111), the
affinity of the guest atom for hydrogen is higher, and the formation of
the complex is competitive with the formation of chemisorbed hydrogen
species H* on the host metal surface.

In conclusion, the formation of dihydrogen species, H2*, affects the
kinetics of hydrogen adsorption on SAAs. The results provide further
insights on the importance of considering the formation of dihydrogen
complexes when dealing with hydrogen-related reactions on SAAs.
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Table 1
Calculated adsorption and free energies, H–H and dopant-H distances, for the
various adducts formed after H2 adsorption to the SAA.

System Intermediatea ΔE / eV ΔG / eV dH–H / Å dM-H / Å

Rh(111)     
Co@Rh(111) H2* − 0.61 − 0.20 0.93 1.57

2H* − 1.16 − 0.75 2.59 1.79
Ir@Rh(111) H*H* − 1.14 − 0.73 2.21 1.69
Ni@Rh(111) 2H* − 1.13 − 0.72 2.59 1.77
Pd@Rh(111) H2* − 0.30 0.11 0.84 1.81
 2H* − 0.99 − 0.58 2.99 1.95
Pt@Rh(111) 2H* − 0.89 − 0.48 2.72 1.83
Cu@Rh(111) 2H* − 1.03 − 0.62 2.98 1.96
Ag@Rh(111) 2H* − 1.00 − 0.59 3.68 2.29
Au(111)     
Co@Au(111) H2* − 0.58 − 0.17 0.91 1.57

H*H* − 0.42 0.06 2.01 1.56
Ir@Au(111) H*H* − 1.07 − 0.66 1.71 1.60
Ni@Au(111) H2* − 0.17 +0.24 0.75 1.66

H*H* − 0.10 +0.31 2.49 1.69
Pd@Au(111) H*H* +0.13 +0.54 2.85 1.85
Pt@Au(111) H*H* − 0.18 +0.23 2.34 1.66
Cu@Au(111) H*H* +0.18 +0.59 2.86 1.90
Ag@Au(111) 2H* +0.52 +0.93 3.30 1.98

2H* +0.29 +0.70 3.64 2.34

a H2* = adsorbed dihydrogen complex; H*H*: adsorbed dihydride complex;
2H*: two separated adsorbed H atoms.
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Fig. 4. Free energy diagrams of hydrogen adsorption on a) Co@Rh(111), b) Pd@Rh(111), c) Co@Au(111), d) Ni@Au(111) obtained from DFT calculations. Black:
gas-phase H2; light blue: dihydrogen intermediates (H2*); red: dihydride intermediates (H*H*); yellow: 2H* intermediates. In gray the transition states (activation
energy in brackets).
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Fig. 5. Kinetic Monte Carlo lattice representation of the surface lattice of SAAs, panel (a) is for M@Rh(111) and panel (b) is for M@Au(111). Panel (a) represents the
model for M@Rh(111) Single-Atom Alloys in which the adsorption sites are differentiated in “hol” for the first nearest-neighbor sites around the dopant metal with
energetics obtained from DFT calculations on SAAs; “fcc” and “hcp” sites are related to the energetics of pure Rh(111) surface. In the lattice of panel b the M@Au
(111) lattice considers explicitly not only the “hol” sites, but also for the second nearest-neighbor sites (“fcc” and “hcp” in purple and green respectively) and the
energetics come from DFT calculations of each SAA; for the remaining sites, the energetic parameters are defined from DFT calculations on the pure Au(111) surface.

Fig. 6. KMC simulation results obtained for a) Co@Rh(111), b) Pd@Rh(111), c) Co@Au(111).

E.C. Manzi et al. Surface Science 754 (2025) 122688 

7 



Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

GDL has received funding through the PRIN PNRR project “SAC-
toH2” (project code P2022AZETB) by the Italian Ministry for Univer-
sities and Research (MUR), in the context of the National Recovery and
Resilience Plan and co-financed by the Next Generation EU. We also
thank the COST Action 18234 supported by COST (European Coopera-
tion in Science and Technology). We acknowledge EuroHPC Joint Un-
dertaking for awarding us access to LEONARDO at CINECA under the
project EHPC-REG-2024R01-071.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.susc.2024.122688.

Data availability

The data supporting this work can be obtained upon reasonable
request to the authors.

References
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[15] C. Copéret, M. Chabanas, R.Petroff Saint-Arroman, J.-M. Basset, Homogeneous and
Heterogeneous Catalysis: bridging the Gap through Surface Organometallic
Chemistry, Angewandte Chemie International Edition 42 (2003) 156–181, https://
doi.org/10.1002/anie.200390072.

[16] A. Wang, J. Li, T. Zhang, Heterogeneous single-atom catalysis, Nat. Rev. Chem. 2
(2018) 65–81, https://doi.org/10.1038/s41570-018-0010-1.

[17] F. Kraushofer, G.S. Parkinson, Single-atom catalysis: insights from model systems,
Chem. Rev. 122 (2022) 14911–14939, https://doi.org/10.1021/acs.
chemrev.2c00259.

[18] S.K. Kaiser, Z. Chen, D. Faust Akl, S. Mitchell, J. Pérez-Ramírez, Single-atom
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[55] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50 (1994)
17953–17979, https://doi.org/10.1103/PhysRevB.50.17953.

[56] G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-
wave method, Phys. Rev. B 59 (1999) 1758–1775, https://doi.org/10.1103/
PhysRevB.59.1758.

[57] G. Henkelman, B.P. Uberuaga, H. Jónsson, A climbing image nudged elastic band
method for finding saddle points and minimum energy paths, J. Chem. Phys. 113
(2000) 9901–9904, https://doi.org/10.1063/1.1329672.

[58] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94
elements H-Pu, J. Chem. Phys. 132 (2010) 154104, https://doi.org/10.1063/
1.3382344.

[59] R.W.G. Wyckoff, Crystal Structures, Wiley, 1963.
[60] M.T. Darby, E.C.H. Sykes, A. Michaelides, M. Stamatakis, Carbon Monoxide

Poisoning Resistance and Structural Stability of Single Atom Alloys, Top. Catal. 61
(2018) 428–438, https://doi.org/10.1007/s11244-017-0882-1.

[61] I. Barlocco, L.A. Cipriano, G. Di Liberto, G. Pacchioni, Does the Oxygen Evolution
Reaction follow the classical OH*, O*, OOH* path on single atom catalysts?
J. Catal. 417 (2023) 351–359, https://doi.org/10.1016/j.jcat.2022.12.014.

[62] S. Ravipati, G.D. Savva, I.-A. Christidi, R. Guichard, J. Nielsen, R. Réocreux,
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