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ABSTRACT 

The metal-support interaction (MSI) effect of different supports, namely, N-doped graphene (N-graphene) and CeO2 (111), on the 
properties of the planar 2D and 3D isomers of copper clusters of atomicity five was computationally studied at the PBE level ( + U 

for Ce). For graphene-based systems, both pristine and defective sheets were considered. The stability, geometry and electronic 
properties of the supported Cu5 clusters are discussed, and the dissociation of O2 is studied on the most stable systems for both 
isomers. As expected, the interaction between Cu5 and clean graphene or N-graphene is weak, and although adding nitrogen to 
graphene enhances the interaction, proper chemical adsorption is only achieved on the defects explored. In contrast, both Cu5 
isomers interact strongly with CeO2 (111). The weaker MSI with N-graphene materials allows the deformation of the Cu5 cluster 
upon O2 adsorption, whereas CeO2 (111) supported structures are more robust. O2 dissociation on N-graphene-supported Cu5 is 
consistent with our previous results on gas-phase clusters, i.e. the 2D isomer is more resistant to oxidation than the 3D one but 
the latter is more easily reducible, while on CeO2 (111) this trend is reversed due to the strong MSI. 
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1 Introduction 

Copper is an available and cheap material that has generated great
interest in recent years as potential substitute of noble metals in
different catalytic applications [ 1, 2 ]. In the form of nanoparticles
supported on metal oxides, copper is a promising catalyst for
CO/CO2 hydrogenation to methanol [ 3–9 ], CO oxidation [ 10–16 ]
or the water gas shift reaction [ 17–19 ], among others [ 20–22 ],
while graphene-based materials are preferentially selected as
support for electrocatalysis and photocatalysis [ 23–25 ]. 

The catalytic activity and selectivity of copper nanoparticles
depends largely on geometrical properties like particle size,
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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shape, and degree of dispersion on the support, as well as
on electronic features as the oxidation state, with irreversible
oxidation to Cu2 + being the principal cause of deactivation in
copper-based catalysts [ 1 ]. Decreasing the metal particle size to
less than one nanometer produces small clusters composed by
just a few atoms that exhibit new geometric, optical, and catalytic
properties associated to their molecular-like electronic structure 
[ 2, 26–32 ]. Copper clusters in particular become more resistant
to oxidation and also more easily reducible after oxidation than
bigger nanoparticles [ 33–35 ]. Indeed, in previous studies from the
group, we have computationally shown that copper clusters with
5 or less atoms favor planar morphologies, which are not able
to activate O as efficiently as 3D ones. As a result, the smallest
its use, distribution and reproduction in any medium, provided the original work is properly 
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copper clusters are the most resistant to oxidation and the most
prone to be reduced [ 33, 34 ]. These features are potentially useful
to catalyze oxidation reactions, as we also reported with gas phase
theoretical studies on CO oxidation [ 36 ], propene epoxidation [ 37 ]
and partial methane oxidation to methanol [ 38 ]. 

However, going smaller has also the consequence of clusters
being generally less stable: they tend to sinter into larger particles
or decompose upon interaction with reactants, making size-
specif ic clusters diff icult to synthesize and apply, and even for
a fixed atomicity they typically present a fluxionality that can
similarly affect their activity [ 32, 39, 40 ]. To avoid these issues,
different strategies to stabilize atomically precise clusters are
tried, typically using ligands or solid supports, but also including
confinement within metal-organic frameworks (MOFs) or zeo-
lites [ 27, 28, 31, 41–43 ]. Inevitably, the interaction between the
cluster and the stabilizers affects the metal particle properties to
a certain degree, potentially changing the overall behavior of the
material. As a result, this needed metal-support interaction (MSI)
can also be regarded as an opportunity to tune the material toward
optimal catalytic performance. 

In this work, included as chapter five in Fernandez, E. PhD
thesis [ 44 ] ( https://doi.org/10.4995/Thesis/10251/135277 ), we
explore and compare the metal-support interaction (MSI) in
Cu5 clusters stabilized on two very different materials: N-doped
graphene with an expected minor influence on the properties
of the supported clusters, and ceria (CeO2 ) from which we do
anticipate a larger MSI. 

It is known that the band structure of graphene can be modified
to suit many optical, electrochemical, or catalytic applications,
either through the deformation of the sheet into nanoribbons or
graphene quantum dots, or through dopants [ 25, 45–48 ]. In our
case, as also pointed out by others [ 49 ], the N-doping of graphene
was pursued to enhance the interaction between the sheet and
the copper clusters, to avoid both the sintering of the latter and
the modification of their properties. When nitrogen is introduced
in graphene, a number of species can be formed, among which
those known as graphitic N and pyridinic N are common [ 47, 48 ].
We decided to model sheets with both, since the latter involves a
carbon vacancy defect that will likely act as a better anchor site for
the clusters, much like it happens in undoped graphene [ 50, 51 ]. 

CeO2 is a widely used support material for metal nanoparticles
and clusters, as well as a catalyst itself due to its oxygen storage
capacity [ 52–60 ]. The easy change in oxidation state of cerium
ions between Ce4 + and Ce3 + not only facilitates the formation
and healing of oxygen vacancies on its surface, but also the
transfer of electrons from the supported metal species, generating
new active sites on the partly cationic supported particles or
at the metal-support interface [ 61 ]. Ceria is thus a reducible
oxide far from inert, and there are many examples in the recent
literature of optimized catalytic performance via tailored copper-
ceria interactions. In particular, Cu/CeO2 electrocatalysts with
specifically designed Cu(II)-oxygen vacancy pair sites [ 62 ] and
Cu-doped CeO2 catalyst with frustrated Lewis pairs [ 63 ] have
been reported to accelerate the slow water dissociation kinetics
that limits the effective supply of protons during electrocatalytic
CO2 reduction, thus enhancing significantly their activity and
selectivity to methane. Besides, Cu/CeO2 catalysts have also
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shown improved selectivity to CO2 in the preferential oxidation of
CO in H2 -rich streams (CO-PROX) reaction [ 64 ] and to methanol
in the CO2 hydrogenation [ 65 ] thanks to a controlled MSI. In
the field of pollution control, the abatement of volatile organic
compounds (VOCs) using CeO2 -based catalysts requires a strong
interaction between Cu(II) sites in CuO and Ce3 + ions in the
CeO2 support to achieve high activity, as illustrated for toluene
oxidation by Zeng et al., [ 66 ]. And the strong MSI between highly
dispersed Cu and CeO2 nanostructures as hollow spheres or 
nanorods promoted again the generation of oxygen vacancies and
ordered interfacial sites responsible for outstanding catalytic per- 
formance in low temperature WGS [ 67 ] or RWGS [ 68 ] reactions.
It is clear, then, that the different types of MSI existing in each
of these catalysts are crucial for their activity, but also that they
are complex systems where support and metal are present in
different forms and the effect of each of their features is not so
easily disentangled. To take a first step toward this goal, we aim to
understand how relevant is the influence of the support on some
apparently simple structure-activity relationships. 

Thus, in the present work, we model the 2D and 3D isomers of
Cu5 supported on representative graphene-based sheets and on 
the CeO2 (111) surface, the usually predominant facet in ceria
catalysts. Their structure, charge distribution and interaction 
with O2 when supported on N-graphene and CeO2 (111) are 
discussed and compared to previous gas phase results, showing
that only the MSI on CeO2 (111) is strong enough to reverse the
relationship between cluster morphology and reactivity. 

2 Methods 

All calculations in this work are based on Density Functional
Theory (DFT), spin-polarized and using the functional of Perdew,
Burke, and Ernzerhof (PBE) [ 69 ], and were carried out with
the Vienna Ab-initio Simulation Package (VASP) [ 70, 71 ]. To
partially remedy the self-interaction error (SIE) of the functional,
which prevents electrons to correctly localize in Ce atoms when
Ce3 + cations are formed, the 4f orbitals of the Ce atoms are
treated using the rotationally invariant approach to the DFT + U
method, introduced by Dudarev et al., [ 72 ], with a Hubbard-type
parameter of Ueff = 4.5 calculated by Fabris et al., [ 73 ]. using
a linear response approach [ 74 ]. Note that no U value fits all
properties accurately, but values in the 4.5-5.5 eV range provide
a good qualitative electronic description of the ceria surface [ 52,
75 ]. The valence density was expanded in a plane wave basis
set with a kinetic energy cutoff of 600 eV, and the effect of the
core electrons in the valence electron density was considered by
means of the projector augmented wave (PAW) formalism [ 76 ].
The electrons included in the valence space were 3p6 3d10 4s1 for
Cu, 2s2 2p2 for C, 2s2 2p3 for N, 5s2 5p6 6s2 5d14 f1 for Ce and 2s2 2p4 for
O. The convergence criteria were 10− 5 eV for the SCF energy and
0.02 eV/Å in the maximal forces per atom. 

All graphene sheets were modelled by 8x8 supercells built from
a graphene unit cell of a = b = 2.468, α = β = 90◦, and γ = 120◦
used previously in the group [ 77 ], reoptimized at the PBE level.
C and N atoms were removed and substituted, respectively, to
create the corresponding defective and N-doped sheets, which 
were later reoptimized (allowing no changes to the cell). For the
CeO2 (111) surface, a 3x3 supercell slab model was employed to
ChemCatChem, 2026
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FIGURE 1 a-b) N-graphene and c) CeO2 (111) surface models 
employed (see also Figure S1 ) and d) Cu5 isomers considered. Periodic 
cells are indicated by straight lines. Interatomic distances at the C vacancy 
are indicated in Å. Atom color labeling shown in legend. Surface Ce atoms 
are numbered for reference. 
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support Cu5 , generated from a bulk model of a = b = c = 5.490
and α = β = γ = 90◦ (a larger 4x4 supercell was used to study
alternative Ce3 + positions). The slabs contained 9 atomic layers
(three O- Ce- O stacks), of which the top 6 were allowed to relax
during optimizations. In all slabs periodic images were separated
by a vacuum layer sufficiently large (20 Å for graphene sheets
and about 14 Å for ceria). Isolated clusters and the O2 molecule
were optimized in a 15x15x15 Å3 cubic box and integration in
the reciprocal space was carried out at the Γ k-point of the
Brillouin zone. The Γ k-point was also enough for graphene
and 4x4 ceria slabs, whereas a 2x2x1 k-points mesh generated
with the Γ–centered Monkhorst-Pack algorithm [ 78 ] was used for
the 3x3 slabs. The Gaussian smearing method was employed to
determine electron occupancies with a smearing parameter of σ
= 0.02 eV, which was increased to 0.05 eV to evaluate the band
structure of graphene sheets, together with an increased 12x12x1
k-points mesh. 

Vibrational frequencies were calculated numerically through
central differences of analytically calculated forces, as imple-
mented in VASP, in partial hessian calculations where the
whole slab was fixed. Atomic charges were obtained through
the Bader charge analysis [ 79–81 ], whereas magnetization, spin
densities, and density of states (DOS) data were obtained through
the projection of the wavefunctions onto spherical harmonics
centered at the position of the ions. Dispersion interactions were
taken into account by adding atom pair 1/R6 terms as parame-
terized by Grimme (DFT + D2) [ 82 ] throughout the optimization
for graphene systems, whereas only single-point calculations
were done at the PBE + U structures on ceria. For the C and
R0 parameters, values of 20.00 and 1.860 were chosen for Ce,
which were previously calculated and tested [ 83 ], and default
parameters were adopted for the other atoms (10.80 and 1.562
for Cu, 0.70 and 1.342 for O, 1.75 and 1.452 for C and 1.23 and
1.397 for N). Transition states were located using the Improved
DIMER [ 84, 85 ] or CI-NEB [ 86 ] algorithms. In addition, the Jmol
[ 87 ] and p4vasp [ 88 ] programs were used to build and visualize
the systems and their frequencies throughout the work, whereas
VESTA [ 89 ] and QtGrace [ 90 ] were employed to obtain the images
of structures and DOS, respectively. 

3 Results and Discussion 

3.1 Supported Cu5 Clusters 

3.1.1 Cu5 on Graphene-Based Supports 

The planar 2D and 3D isomers of Cu5 known from previous
works [ 33, 34 ] (Figure 1d ) were placed on four different graphene-
based sheets. Both pristine and one-carbon-defective sheets were
considered, labelled G and GV for graphene, and NG and NGV for
N-graphene (Figures 1a,b , and S1 ). To compare with the previous
experimental results [ 34 ], a 10% amount of nitrogen was targeted
for N-doped models. Thus, NG is a clean sheet with graphitic N
atoms only (NGr ), while NGV additionally contains three pyridinic
N atoms neighboring the C vacancy (NPy ). Note that G and Gv
were studied in this section only, to assess the enhanced cluster
stability expected from the employment of N-graphene in the
experimental samples. 
ChemCatChem, 2026 3 of 14
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FIGURE 2 Most stable structures of 2D Cu5 (top) and 3D Cu5 
(bottom) clusters supported on a) NG, b) NGV , and c) CeO2 (111). Top and 
side views are shown. Atom color labeling shown in legend. Bader charges 
on some copper atoms are specified. 
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The differences between these graphene sheets are reflected in
their PDOS (Figure S2 ) and their Bader charges (Figure S3 and
Table S1 ). NGr are saturated, and since nitrogen has one more
electron than carbon, they start to fill the π* band, introducing
n-type doping in the system. C vacancies imply one less electron
in the π band but, more importantly, the atoms neighboring it
(such as NPy ) become unsaturated. As a result, they have both
the geometrical and electronic space to undergo sp3 hybridization
and form bonds. Consistent with this description of the graphene
sheets, copper clusters avoid the graphitic N atoms of N-graphene
upon adsorption (Figures 2 , S4 and S5 ) and adsorb more strongly
on the vacancies of defective sheets (Figures 2 and S6 ). Thus,
clusters adsorbed in GV , the most unstable system due to its
unsaturated C atoms, present the largest adsorption energies (-
107.7 and -113.3 kcal mol− 1 , Table S4 ) followed by NGV (-73.8 and
-82.2, Tables 1 and S5 ). The adsorption energy for structures on
G or NG are at least 50 kcal mol− 1 higher, ranging from -27.2 to
-38.5 kcal mol− 1 and being 6-11 kcal mol− 1 better in the N-doped
sheet (Tables 1 , S2 and S3 ). 
4 of 14
The adsorption is also reflected in the charge transferred between
the cluster and the support. In many structures the Bader analysis
reveals that the copper atoms at the interface are positively
charged, whereas atoms in the external surface of the cluster
exhibit up to -0.3e negative charge (Figures 2 and S4–S6 ). In most
cases the net effect is for the cluster to give charge to the support,
between 0.1 and 0.4e for clean sheets and significantly larger,
between 0.3 and 1.0e, for defective ones (Tables 1 and S2, S3 ). How-
ever, in a few isomers and on clean sheets only, small negative
charges are found on the clusters, i.e. the support loses charge in
favor of the cluster. The most remarkable cases would be those of
3D Cu5 on G and NG (structures S11 and 2 ), which present -0.2
and -0.1e total charge, respectively, and that are, in addition, the
most stable structures found for that isomer in those supports. 

Deformations on the clusters upon optimization are larger on the
defects due to the higher interaction strength, which overcomes
the cluster resistance to deformation. Structure 4 on NGV , for
instance, exhibits a 3D-like isomer that resembles a tetrahedral
Cu4 with an additional atom on one edge, and it was obtained
from an initially planar cluster that deforms during the optimiza-
tion (Figure 2 ). In most other cases, Cu5 isomers largely retain
their characteristic 2D or 3D geometries (Figures S4–S6 ). Planar
Cu5 clusters preferentially adsorb vertically by the two atoms edge
opposite to the three atoms edge, and 3D Cu5 clusters interact
through one or more of the central atoms of its bipyramidal shape,
regardless of the type of graphene sheet. This correlates with
the shape of the HOMO and LUMO for 2D Cu5 and 3D Cu5 ,
which are highly localized in those areas (Figure S7 ), and also
with the charge transfer from the cluster to the support found.
The reversed charge transfer exceptionally found for structures
S11 and 2 of 3D Cu5 is also explained by the lower energy of the
LUMO of the 3D isomer, which facilitates the interaction, and its
localized shape on top of one central atom, which is consistent
with the fact that in those structures the cluster binds to graphene
through one copper atom only. 

Among the two isomers, 2D Cu5 presents the highest adsorption
energy only on the NG sheet, but given that the gas phase 3D
isomer is 6 kcal mol− 1 less stable than the planar one, 2D Cu5 is
still thermodynamically favored over all but the pyridinic NGV 
sheet (Table 1 ). Even there it remains close, 2.4 kcal mol− 1 below.
The largest difference lies in the NG sheet, where the most stable
planar cluster is 8.2 kcal mol− 1 more stable than the most stable 3D
structure. Therefore, while not clearly dominating, planar clus- 
ters are favored on NG, whereas pyridinic defects favor 3D clusters
and may moreover deform the planar isomer into the 3D one. 

3.1.2 Cu5 on the CeO2 (111) Surface 

In this case, the strength of the metal-support interaction induces
structures where the copper clusters match the high symmetry
of the CeO2 (111) surface, and we found very few isomers close
in energy to the lowest energy structures (Figures 2 and S8 and
Tables 1 and S6 ). 

The geometry of the cluster in structure 5 (Figure 2c ) is very
similar to that of the most stable planar structure for Cu5 found
in gas phase, but it lies now flat with all its atoms in contact with
the surface, and with one of the less-coordinated copper atoms
ChemCatChem, 2026

 C
om

m
ons L

icense



TABLE 1 Adsorption energies with respect to each isomer of Cu5 clusters on NG, NGV, and CeO2 (111) ( ΔEads ), relative energies ( ΔErel ), Bader 
charges on the cluster (qCu5 ), and Ce3 + positions. PBE + D2 energies in kcal mol− 1 . 

Support Isomer Struc. (Figure 2 ) ΔErel ΔEads qCu5 (e–) Ce3 + pos. 

Gas phasea 2D Cu5 0.0 
3D Cu5 6.3 

NG 2D Cu5 1 0.0 − 38.5 0.11 
3D Cu5 2 8.2 − 36.3 − 0.11 

NGV 2D Cu5 3 2.4 − 73.8 0.47 
3D Cu5 4 0.0 − 82.2 0.45 

CeO2 (111) 2D Cu5 5 0.0 − 142.6 1.53 4, 5, 6 
3D Cu5 6 1.4 − 147.2 1.38 1, 5, 9 

a From our previous work [ 33 ]. 
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slightly bent inwards, from where an oxygen atom also moves to
provide a better Cu-O interaction. In structure 6 the geometry is
that of the open 3D Cu5 already seen on graphene, with one of the
Cu-Cu bonds broken. These constitute the largest deformations
found on ceria. Indeed, the deformation of the copper isomers on
metal oxides is influenced by the matching between the surface
oxygen atoms and the copper atoms. For instance, the more inert
γ-Al2 O3 (110) breaks 2D Cu5 into two Cu3 -Cu3 that share a copper
atom [ 91 ], and both γ-Al2 O3 (110) and TiO2 (110) preserve the gas
phase 3D Cu5 morphology due to their more corrugated surface
[ 91, 92 ]. 

The strong metal-support interaction on ceria is reflected in high
adsorption energies, about 65 kcal mol− 1 higher than those on
NGV (Table 1 ). The 5 kcal mol− 1 larger adsorption energy of 3D
Cu5 with respect to planar Cu5 is remarkable considering it has
one less Cu-O bond, but the two structures are still practically
equally stable thermodynamically (within 2 kcal mol− 1 , Table 1 ). 

In addition, the reduction of some Ce4 + to Ce3 + is expected
from the oxidation of the cluster. We find that the MSI is strong
enough to break the closed shell electronic structure after the
loss of the first unpaired electron, so that another two electrons
can be transferred to the surface. This way, we find that on
the most stable structures three Ce3 + ions are produced, with a
corresponding Bader charge of around 1.5e (Table 1 ). Regarding
charge distribution within the clusters, again atoms in contact
with the surface are in general more positively charged, whereas
the external ones tend to preserve their neutral metallic character
or even become slightly negatively charged ( < 0.1e). This is
especially evident in what one could call the bi-layered structure
that constitutes the most stable structure of 3D Cu5 , where the
atoms of the first layer are averagely charged by 0.34e, while the
one on top presents a Bader charge of 0.03e. 

The specific position of the reduced cerium cations can be
detected by inspection of the spin density, looking for the singly
occupied 4f states (Figure S9 ). It was found that the specific
position of a Ce3 + can change the energy of the system by as much
as 0.5 eV, and that bigger cells may be needed to properly explore
all possibilities. Nevertheless, our 3x3 and 4x4 tests show that the
planar and 3D isomers of Cu5 are close in energy, and a more or
less even distribution of them should be expected (Figure S10 ). 
ChemCatChem, 2026
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These Ce3 + can also be found in PDOS as defects in the former
surface gap of ceria, constituting now the highest energy occupied
bands (Figure S11 ). Copper 3d states can also be seen, and bands
corresponding to the 3D Cu5 cluster are significantly deeper 
below the Fermi level than those of the planar isomer, indicating
a higher resistance to further oxidation. By the same token, the
empty 3d states of 3D Cu5 are much closer to the Fermi level,
which should translate in a higher reducibility for this isomer. 

3.1.3 O2 adsorption on Supported Cu5 Clusters 

We modelled the adsorption of O2 in the most stable structures
for 2D and 3D Cu5 on the two N-doped sheets and CeO2 (111), i.e.
in those shown in Figure 2 . 

In agreement with previous studies [ 58, 93, 94 ], modelling
molecular oxygen on the bare support surfaces shows very small
adsorption energies, ranging from -0.3 to -8.8 kcal mol− 1 (Figure
S12 and Table S7 ). Consistent with this weak interaction, the
O2 molecule preferentially adsorbs on the copper cluster in all
supported Cu5 structures (Figures 3 and S13–S16 and Tables 2 and
S8–S1 1), and those built with O2 at the metal-support interface
either evolve to other structures or are unstable (structures S96
and S120 ). 

Adsorption modes studied in gas phase copper clusters in our
previous work [ 33 ] are found again here in all supports (Figures 3,
4 and S13–S16 ). Thus, we have mono modes when only one
bond is formed between one of the O atoms of O2 and a Cu
atom (structure S75 , for instance); top , when the two O atoms
of O2 are directly attached to the same low coordinated Cu atom
(as in structure S74 ); bridge , when each of the two O atoms in
the molecule is directly attached to one Cu atom in the cluster
(structure 7 ) and h-111 when the O2 occupies the hollow position
on a {111} facet (structure 9 ). An additional mode was obtained,
which we labelled mono-bridge because the O atom bonded to
copper in what would be a mono structure bridges two Cu atoms
instead (structure S73 ). 

The relationships between charge transferred to the oxygen 
molecule and its O-O distance and frequency vibration follow
the expected trends reported previously [ 33 ] (Figure 4 ). Thus,
5 of 14
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FIGURE 3 The two most stable structures found for the O2 
molecule adsorbed on 2D Cu5 (left) and 3D Cu5 (right) supported on a) 
NG b) NGV , and c) CeO2 (111). Top and side views are shown. Atom color 
labeling shown in legend. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 18673899, 2026, 2, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202501598 by U
niversitaet Politecnica D

e V
alencia, W

iley O
nline L

ibrary on [03/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative
h-111 modes present the highest activation of the O2 molecule,
with bond distances in the 1.45-1.58 Å range and corresponding
vibrational frequencies from 589 to 785 cm− 1 and -(0.81, 1.12)e
Bader charges, followed by bridge modes (1.35-1.46 Å, 733-
985 cm− 1 and -(0.54, 0.95e)), and then by mono modes (1.29-1.33 Å,
1115-1214 cm− 1 and -(0.43, 0.57)e). The new mono-bridge structures
lie precisely between the bridge and mono modes, with 1.34-1.39
Å bond distances, 920-1045 cm− 1 vibrational frequencies and -
(0.65, 0.86)e Bader charges, much like the few top modes found
(1.31-1.43 Å, 895-1182 cm− 1 and -(0.41, 0.87)e). 

In other words, the activation of the O2 molecule is determined by
its adsorption mode: it stabilizes as a superoxo species ( 𝑂− 

2 
, Bader

charges in the -(0.5-0.9)e range) in all but the more activated h-
111 modes, where it can become a peroxo ( 𝑂2 − 

2 
, Bader charges

around -1e). Then, the activation of the superoxo species follows
the adsorption trend mono < mono-bridge ≤ top < bridge < h-111 . 

On NG and NGV , we find that the planar cluster preferentially
adsorbs O2 as bridge modes at its edges, whereas the 3D cluster
additionally stabilizes h-111 adsorption modes (Figure 3a,b ). This
result is qualitatively equivalent to our previous results on gas
phase clusters. In fact, note that the 2D geometry evolves to
6 of 14
interact with the O2 molecule, as in gas phase, through the two
Cu atoms edge, which previously was facing the surface. 

On CeO2 (111), however, since the planar cluster is now flat, the
bridge modes along the edges are now unstable (as in structure
S112 , Figure S15 ). Instead, the planar isomer favors now the
adsorption of O2 on its {111} facets, a feature impossible in gas
phase planar Cu5 , and with a large adsorption energy (structures
15 - 16 and S106-S107 ). This critical change in the preferred
adsorption mode and site is explained by looking at the highest
occupied defect of mainly Cu 3d character observed in the PDOS
of 2D Cu5 /CeO2 (111), which spreads upwards and along one of
the internal Cu-Cu bonds (Figure S17 ). In addition, this type of
adsorption facilitates the formation of O- Cu- O quasilinear bonds
that are typically favored by Cu+ , which probably contributes
to the stabilization of the structure (see also Figure S15 and its
discussion for details). The charge transferred to O2 in these most
stable planar Cu5 structures comes from the cluster, and the same
amount of pre-existing Ce3 + are found (Tables 2 and S10 ). For 3D
Cu5 , however, one Ce3 + is always reoxidized (Tables 1 and S11 ).
For N-graphene supports, in general, the charge gained by the
molecule does not match the charge lost by the cluster either,
i.e. the support participates: both the cluster and the support
lose charge upon the adsorption of O2 (Tables 2 , S8 and S9 ). The
degree of activation of the oxygen molecule still responds to the
adsorption mode it is in regardless of the type of support, but to
achieve it the cluster gets considerably more oxidized on the NGV 
sheet for the same adsorption modes (Figure S18 ). 

Another difference between the supports is that on N-graphene-
based surfaces the interaction is weaker but stabilizing enough to
facilitate deformations of the cluster upon O2 adsorption. Some 
planar structures evolved upon optimization into 3D isomers
and vice versa (see Figures S13 and S14 for details), which
indicates that such conversions are likely affordable for the
system. Thermodynamically, on the one hand, the adsorption of
O2 is stronger in the 3D clusters on NGV , and ultimately produces
lower relative energy values, favoring this isomer over the planar
cluster (Table 2 ). On the other hand, the most stable planar
structure over NG was 8.2 kcal mol− 1 more stable than the 3D most
stable structure (Table 1 ) and after O2 adsorption the structures
differ by 5 kcal mol− 1 only (Table 2 ). 

All in all, we can point out that: i) the planar isomer is more
favored (thermodynamically) than the 3D one on all supports
but the NGV sheet, and the difference is largest on NG, ii) upon
O2 adsorption, 3D structures become more favored, especially on 
NGV , and iii) interconversion of isomers seems to be affordable in
both directions for N-graphene supports, but not on ceria due to
the strong MSI. 

As a result of this, and given that the isolated 3D isomer is 6 kcal
mol− 1 higher in energy than the planar one, neither isomer is
expected to obtain a very high predominance over the other on
N-graphene sheets. The data suggests that NG is the surface of
choice in order to favor the planar isomer as much as possible
but, given the low adsorption energies of all copper clusters on
NG, very low loadings would still be needed to favor dispersion
and avoid sintering, as it was precisely done for the samples
in the experiments of our collaborators [ 34 ]. Then, since the
planar isomer does not adsorb molecular oxygen in the more
ChemCatChem, 2026
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TABLE 2 Adsorption energies of O2 on NG/NGV - and ceria-supported clusters ( ΔEads ), relative energies ( ΔErel ), O-O distances (rOO ), O-O 

vibrational frequencies ( νOO ), Bader charges on the molecule (qO2 ), cluster charge increase ( ΔqCu5 ) and Ce3 + atomic positions (numbering in Figure 1 ) 
for the structures in Figure 3 . PBE + D2 energies in kcal mol− 1 . 

Support Isomer 
Struc. 

(Figure 3 ) 
Ads. 
mode ΔErel ΔEads 

rOO a 
(Å) 

νOO a 
(cm− 1 ) 

qO2 
(e–) 

ΔqCu5 
(e–) 

Ce3 + 
pos. 

Gas phaseb 2D Cu5 bridge 0.0 − 49.4 1.393 939 − 0.75 0.75 
3D Cu5 h–111 16.2 − 39.5 1.504 674 − 1.03 1.03 

NG 2D Cu5 7 bridge 5.2 − 39.9 1.437 768 − 0.95 0.53 
8 bridge 5.7 − 39.4 1.389 942 − 0.67 0.46 

3D Cu5 9 h–111 0.0 − 53.3 1.559 654 − 0.94 0.92 
10 bridge 8.6 − 44.7 1.459 733 − 0.73 0.43 

NGV 2D Cu5 11 bridge 12.7 − 37.0 1.377 935 − 0.70 0.45 
12 bridge 24.4 − 25.3 1.361 971 − 0.63 0.45 

3D Cu5 13 h–111 0.0 − 47.2 1.578 589 − 1.03 1.05 
14 h–111 6.6 − 40.7 1.527 618 − 0.94 0.72 

CeO2 (111) 2D Cu5 15 h–111 0.0 − 56.8 1.540 625 − 1.09 1.04 3, 4, 6 
16 h–111 4.1 − 52.7 1.544 629 − 1.08 1.06 3, 4, 7 

3D Cu5 17 bridge 13.4 − 44.8 1.369 985 − 0.73 0.39 5, 9 
18 h–111 13.8 − 44.4 1.451 785 − 0.87 0.36 5, 9 

a For the gas phase O2 molecule: rOO = 1.233 Å, νOO = 1566 cm− 1 . 
b From our previous work [ 33 ]. 
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activated h-111 mode, the Cu5 /N-graphene system should be
more resistant to oxidation. In contrast, planar clusters adsorb
stretched out over ceria, adsorbing O2 in highly activated h-111
modes, whereas 3D clusters are deformed upon adsorption and
favor less activated bridge adsorption modes, precisely reversing
the results obtained for gas phase and N-graphene-supported
clusters. 

3.1.4 O2 dissociation on Supported Cu5 Clusters 

The most stable structures of 2D and 3D Cu5 with O2 adsorbed in
bridge and h-111 modes were tested for O2 dissociation (Figure 5
and Table 3 ). Structures 7 and 8 were selected for the planar
isomer on NG. Both present O2 adsorbed in a bridge mode and
are very close in energy, but the comparison is interesting because
while the former seems to activate O2 a bit more, the latter has
less contact with the surface. For the 3D isomer on NG, structures
9 ( h-111 ) and 10 ( bridge ) were selected and, in the case of NGV ,
we studied structures 11 and 13 for the planar and 3D isomers,
respectively (also structure S88 for its singularity, see Figure S19 ).
Finally, on ceria, for planar Cu5 structure 15 was considered, and
for 3D Cu5 , the close in energy bridge and h-111 modes of structures
17 and 18 were both explored. 

From structure 7 , a TS with the two oxygen atoms separated
and stabilized by the support was readily found, leading to a
product where such stabilization produces actual bonds between
the oxygen atoms and the carbon atoms of the surface (structure
19 ), which clearly become sp3 hybridized and move upwards with
respect to the plane of the sheet. The activation energy from
structure 7 is moderately high (25.9 kcal mol− 1 ), consistent with
ChemCatChem, 2026
the lower activation of the bridge mode (Table 3 ). The fact that the
cluster lies down on its face in principle maximizing the copper-
surface interactions and yet standing a bit apart (resembling to
float), raised the question of whether the addition of dispersion
forces in the optimization was key to stabilize the structure.
However, the reoptimization of the structures without dispersion
forces was achievable and lead to a very similar activation energy
(23.7 kcal mol− 1 ), even though the separation of the cluster from
the surface is immediately visible by how it becomes tilted, with
the O2 still facing the surface but at a 0.25 Å larger separation
(Figure S20 ). 

From structure 8 , we did not succeed in converging a structure
with the two oxygen atoms separated as before, but a TS where
they move toward more stable bridge positions, much like for gas
phase clusters, was achieved ( TS8→20 ). The activation energy is
similar but slightly higher (28.3 kcal mol− 1 ), consistent with the
absence of stabilization from the interaction of the O with the
support that the 7→9 path had, and fully in agreement with the
result obtained for the gas phase 2D Cu5 , which showed precisely
the same geometries for the initial state and TS structures
(Table 3 ). 

Regarding the 3D isomer on NG, although in structure 9 the O2 
molecule is adsorbed in the {111} facet of the cluster, it is easy to
see that it is oriented so that it creates four O-Cu interactions.
As a result, the activation of the molecule is a bit higher than in
other h-111 modes, becoming closer to what would be obtained in
a proper h-100 mode [ 33 ] (Table 2 and Figures 3 and 4 ). Consistent
with this, the activation energy from this structure is much lower
than from the bridge mode of 3D structure 10 (1.9 vs 18.7 kcal
mol− 1 , Table 3 ). 
7 of 14
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FIGURE 4 Relationship between the bond length variation, ΔrOO , 
and the charge transferred, qO2 , (a,c) and between the shift in the 
vibrational frequency, ΔυOO , and the bond length variation, ΔrOO , (b,d) 
per adsorption mode on NG/NGV (a,b) and CeO2 (111) (c,d): mono (black 
lines) top (blue circles) bridge (yellow diamonds) h-111 (green triangles) 
and mono-bridge (red crosses). The h-100 mode has been added to the 
legend scheme for clarity, although no such modes are reported here. Data 
from Tables S8 and S9 (top) and S10 and S11 (bottom). 
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On NGV , in TS11→23 the planar cluster slightly deforms to produce
more Cu-C interactions and the oxygen atoms are monocoordi-
nated to one Cu atom each, like in TS7→19 . The activation energy is
more similar to that of TS8→20 , which is higher, definitely showing
that the interaction of the O atoms with the graphene surface in
TS7→19 is what lowers the barrier, not the O atoms being placed at
the shared Cu-Cu edge ( TS8→20 ). 

From structure 13 , as expected again from its similarity to
an h-100 mode [ 33 ], the barrier is much lower (2 kcal mol− 1 ,
Table 3 ). Indeed, both the initial and TS structures present an
almost detached Cu atom that bonds to the rest of the cluster
mainly through the two O atoms, exhibiting a total of four O-
Cu interactions. Thus, the O2 is initially more activated but also
the TS is quite stable, both facts contributing to a lower activation
energy. 

Similarly, on ceria, the high activation of the O2 molecule in the
h-111 modes on the planar cluster causes a low activation energy
for O2 dissociation (structure 15 , 9.6 kcal mol− 1 , Figure 5e and
Table 2 ), whereas that from the less activated bridge mode is
higher (structure 17 , 25.1 kcal mol− 1 ). TSs from structures 17 and
18 were difficult to find, presumably because the oxygen atoms do
not find enough Cu-O interactions to be stable, but also because
O2 and the copper atom on top allow the displacement of the
copper atoms below. Eventually, the TS from structure 17 evolved
toward an h-111 mode ( TS17→26 ), much like for the bridge mode
of 3D Cu5 in gas phase [ 33 ]. The TS18→26 obtained from structure
18 is similar, with one of the O atoms monocoordinated and the
other on a Cu-Cu bridge. However, this second O atom does not
achieve the same stabilization as in TS17→26 , where a third Cu-
O interaction was observed. This is reflected in barriers of 25.1
and 20.6 kcal mol− 1 , respectively (Table 2 ), and it explains why the
activation energy from structure 18 is still high for an O2 molecule
adsorbed in an h-111 mode, even in spite of the high activation of
the O-O bond. With that exception, the values are in the range
found for the same adsorption modes on N-graphene-supported
clusters and further confirm that the activation of the O2 molecule
largely depends on its adsorption mode, now regardless of the
copper cluster isomer it is achieved through. However, it also
shows that the reactivity of the cluster for a given morphology can
be severely changed via the MSI, for in Cu5 /CeO2 (111) systems the
planar cluster is more active for the dissociation of O2 than the 3D
isomer; exactly the opposite result to what is found for gas phase
and N-graphene-supported clusters. 

Regarding the final state structures, in gas phase, oxygen atoms
generally preferred to adsorb bi-coordinately to the copper atoms
occupying bridge sites on 2D structures, and both bridge and h-
111 tri-coordinated facet sites on 3D Cu5 [ 33 ]. On N-graphene,
the oxygen atoms generally prefer bridge sites for both isomers,
because the 3D cluster deforms a bit into structures that favor
this type of adsorption (structures 21, 22 and 24 ). In planar
structures, tri-coordinated O atoms almost within the cluster are
also observed (structure 20 and 23 ), a geometry already found in
previous works on gas phase [ 36, 37 ] or within zeolites [ 38, 41, 42 ].
In spite of these small differences, reaction energies are clearly
negative, showing that the process is exothermic, in agreement
with gas phase results. Furthermore, we observe again that, as in
gas phase, the recombination of O2 from two O atoms, that is, the
reduction of the cluster, is easier for the 3D cluster (Table 3 and
ChemCatChem, 2026
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FIGURE 5 O2 dissociation by the most stable structures on the 2D (a,c,e) and 3D (b,d,f) isomers of Cu5 on NG, NGV and CeO2 (111), respectively. 
Top and side views are shown. Atom color labeling shown in legend. 

TABLE 3 O2 adsorption energies on supported Cu5 clusters ( ΔEads ), O2 dissociation activation energies ( ΔEact ), O-O distances in TS (rOO (TS), in 
Å), reaction energies ( ΔEreac ) and recombination energies ( ΔEreco ). PBE + D2 energies in kcal mol− 1 . 

Support Isomer Path ΔEads ΔEact rOO (TS) ΔEreac ΔEreco 

Gas phasea 2D Cu5 − 49.4 30.8 1.969 − 42.3 73.1 
3D Cu5 − 39.5 6.2 1.874 − 55.6 61.8 

NG 2D Cu5 7→19 − 39.9 25.9 2.643 − 47.2 73.1 
8→20 − 39.4 28.3 1.913 − 59.2 87.5 

3D Cu5 9→21 − 53.3 1.9 1.827 − 58.0 59.9 
10→22 − 44.7 18.7 2.471 − 58.1 76.8 

NGV 2D Cu5 11→23 − 37.0 28.3 2.394 − 63.4 91.4 
3D Cu5 13→24 − 47.2 2.0 1.817 − 45.7 47.7 

CeO2 (111) 2D Cu5 15→25 − 56.8 9.6 1.777 − 20.8 30.4 
3D Cu5 17→26 − 44.8 25.1 2.000 − 77.5 102.6 

18→26 − 44.4 20.6 2.336 − 77.8 98.5 
a From our previous work [ 33 ]. 
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Figure 6 ). Given the deformations shown throughout this work
and the energetic proximity of the minima for a given surface
(Figure 6 ), it is not unreasonable to think that the result obtained
in gas phase regarding the interconversion of 2O-Cu5 structures
ChemCatChem, 2026
[ 33, 34 ] is similarly achievable here, and therefore we can venture
that both 2D and 3D clusters are probably reducible through the
3D isomer along the same lowest energy path. Interestingly, the
activation energies for the recombination on NG are very similar
9 of 14
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FIGURE 6 Energy profiles for the O2 dissociation over 2D (purple) 
or 3D (orange) Cu5 clusters in Gas Phase (GP, no markers), and deposited 
on NG (full dots), NGV (empty triangles) or CeO2 (111) (full squares). The 
zero of energy for each surface is: E(2D Cu5 ) + E(surface) + E(O2 ). 
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to the ones obtained in gas phase at the PW91 level [ 33 ] (73.1 vs
73.1 and 61.8 vs 59.9 kcal mol− 1 for 2D and 3D Cu5 , respectively,
Table 3 ), whereas for NGV recombination from 2D and 3D clusters
they increase and decrease, respectively, by around 15-20 kcal
mol− 1 . As a result, the NGV surface favors 3D structures more
easily oxidizable, but it is remarkable that even when it does, the
3D isomers are also at least more easily reducible, also in line with
the experimental results [ 34 ]. 

On ceria, the tri-coordination of the O atoms on {111} facets in the
final state structures is possible and favored (structures 25 and
26 ). Indeed, the production of strong O- Cu- O linear interactions
with the separate O atoms prevails again, and the clusters are
deformed. Reaction energies are again clearly negative, but now
the recombination of O2 from two O atoms, that is, the reduction
of the cluster, is not easier in the 3D cluster, but in the planar one
(Table 3 and Figure 6 ). Since the 3D cluster is severely deformed
upon dissociation (structure 26 ), it is difficult to state whether it
would recover the original structure or if the recombination of the
molecule may be more easily produced via other geometries for
the cluster. Nevertheless, we find again that the isomer that more
easily dissociates O2 , planar Cu5 , which is also the more favored
thermodynamically, is also the more easily reducible species
(Figure 6 ). Besides, the recombination energy from structure 25
is of 30.4 kcal mol− 1 only, as opposed to the 73.1 of isolated 2D
clusters. Thus, the recombination of 2O atoms back to O2 may
be possible for planar Cu5 /CeO2 (111), but it is unlikely on 3D
Cu5 /CeO2 (111). 

In summary, N-graphene results confirm that its effect on the
copper clusters oxidative performance is low, but even though the
MSI is improved with respect to graphene, the material may still
suffer from sintering [ 51 ], impeding successful industrial applica-
tion as is. On the other hand, we obtain much higher adsorption
energies for the copper clusters on ceria, potentially diminishing
the sintering threat. Besides, not only do we find that its strong
MSI reverses the behavior of 2D and 3D cluster morphologies, but
also that the isomer with the lowest O2 dissociation barrier, in this
case the planar one, is also the more easily reducible. While it
10 of 14
is true that there are also other important variables to consider
(ceria surface exposed and O vacancies [ 58 ], O2 coverage and
dynamics [ 40, 51, 92 ]), this reducibility is precisely a key point for
the successful catalysis of oxidation reactions, and this conclusion
already provides positive evidence for the potential application of
Cu5 /CeO2 catalysts to these reactions. 

The practical significance of this for application also depends on
how suitable each isomer is for the specific oxidation reaction.
In principle, both isomers seem applicable in general: one is
more resistant to O2 dissociation, thus potentially intervening 
with O2 in its molecular form, whereas the other easily dissociates
O2 but also easily recombines the molecule, which means it
has potential to catalyze oxidation reactions through O* atoms
(oxidation is not irreversible). However, the basicity of these O*
atoms may still favor competitive reactions, lowering selectivity. 
This is for instance what we concluded for 3D Cu5 gas phase
clusters regarding propene epoxidation. And this is where the
differences between the isomers matter: the 2D cluster showed
a viable complete Cu5 -O2 -propene→ Cu5 -O*-propene epoxide→
Cu5 -2(propene epoxide) catalytic cycle [ 37 ]. 

The opposite structure-activity trend found for ceria is thus
relevant because all our previous works pointed to 2D Cu5 as the
more desirable isomer to be stabilized, whereas our 3D Cu5 ceria
results open the door to the applicability of tuned 3D Cu5 as well.
This is still subject to the feasibility of synthesizing clusters of
atomicity five and of a specific geometry, but this result further
implies that other supported Cu5 catalysts may be designed to
overcome the current limitations for application. 

4 Conclusion 

Firstly, we show that the interaction between Cu5 clusters and
clean graphene and N-graphene is weak. Adding nitrogen to
graphene enhances the interaction, but proper chemical adsorp-
tion is only achieved on the defects explored, namely, C vacancies
and three pyridinic N atoms sites. The weak physisorption never-
theless grants Cu5 clusters a certain stabilization that facilitates 
their deformation upon the adsorption of a molecule such as
O2 . Given this and the energetical proximity of their planar and
3D isomers, interconversion of isomers is commonly observed 
during calculations, reflecting their fluxionality. In spite of this,
the conclusions on N-graphene are very similar to the results
obtained in previous works on gas phase clusters, i.e. planar
clusters are favored, adsorb O2 in bridge modes and hence are
less active towards its dissociation. The three pyridinic N atoms
site somewhat favors the 3D isomers thermodynamically, but 
interconversion from 3D to planar clusters has also been produced
at this site. 

Regarding CeO2 (111), it is found that the hexagonal symmetry
of the surface almost matches the geometry of planar Cu5 ,
which adds to the strong O-Cu interaction. When clusters are
adsorbed on ceria, they get oxidized and produce Ce3 + atoms
on the surface, whose positions can greatly change the energy
of the structure. Nevertheless, the strong interaction and the
symmetry matching produces very few geometries close in energy
for the Cu5 clusters, which do not deform into one another in
the calculations. Planar clusters adsorb parallel to the surface,
ChemCatChem, 2026
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interacting with all five atoms, and the 3D cluster breaks one
of its Cu-Cu bonds to interact with four atoms in a rhombus
shape, leaving the remaining Cu atom on top of one of the facets.
Since planar clusters are not in an upright position anymore, the
adsorption of O2 at its edges is highly impeded. Instead, O2 is
able now to strongly adsorb at the planar Cu5 h-111 facets, getting
highly activated in the process. In contrast, the molecule prefers
a bridge site on the opened 3D cluster, and even when a h-111
mode is close in energy, the copper atoms are not close enough to
stabilize both O atoms at the TS, thus yielding a higher activation
energy. 

Therefore, while on clean N-graphene the properties of the Cu5 
clusters observed from gas phase are kept, supporting them on
ceria produces a material with reversed morphology results:
2D Cu5 clusters are more resistant to oxidation on N-graphene
and gas phase, whereas 3D Cu5 clusters are more resistant on
CeO2 (111). Similarly, on N-graphene and gas phase, Cu5 clusters
are more likely to reduce through 3D structures, whereas for
ceria the planar structure is the one more easily reducible. The
activation of the O2 molecule still depends on its adsorption
mode, but this work shows how the reactivity of copper clusters of
a given morphology can be severely changed via the MSI, opening
the door to the design of copper catalysts of fine-tuned optimal
features. 
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