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nanoparticles of the catalytic material over supports, aiming to increase the surface area and
decrease the loading of the catalytic material and therefore the overall cost. Here, we employ

large-scale DFT calculations to simulate platinum clusters with up to 309 atoms interacting with
single layer graphene supports with up to 880 carbon atoms. We compute the adsorption, cohe-
sion and formation energies of two and three-dimensional Pt clusters interacting with the support,
including dispersion interactions via a semi-empirical dispersion correction and a vdW functional.
We find that three-dimensional Pt clusters are more stable than the two-dimensional when inter-
acting with the support, and that the difference between their stabilities increases with the system
size. Also, the dispersion interactions are more pronounced as we increase the nanoparticle size,
being essential to a reliable description of larger systems. We observe inter-atomic expansion
(contraction) on the closest (farthest) Pt facets from the graphene sheet and charge redistribution
with overall charge being transferred from the platinum clusters to the support. The Pt-Pt expan-
sion, which is related to the charge transfer in the system, correlates with the adsorption energy
per Pt atom in contact with the graphene. These, and other electronic and structural observations
show that the effect of the support cannot be neglected. Our study provides for the first time, to
the best of our knowledge, quantitative results on the non-trivial combination of size and support
effects for nanoparticles sizes which are relevant to catalyst design.

1 Introduction

During the last decades, the interest in more powerful and flexible
ways to generate electricity is bringing special attention to fuel
cell technology. First of all, fuel cells may help to reduce the
dependence on fossil fuels and lower the emission of poisonous
products into the atmosphere!. Secondly, they are capable of
producing electrical energy with higher efficiency and autonomy,
allowing small fuel compartments to act as decentralized power
plants. Among several options, the direct methanol and ethanol
fuel cells, DMFCs and DEFCS, are emerging technologies with
several possible applications due to the easiness of handling these
fuels, their high energy densities, low pollutant emissions, and
low working temperatures2.

One of the main challenges on DEFCs is the search for effi-
cient catalysts for the ethanol oxidation reaction in the anode,
EOR3,and the oxygen reduction reaction in the cathode, ORR*.
Platinum and platinum based alloys, are widely studied as excel-
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lent catalysts for both reactions, but due to the high cost of Pt,
its inadequate global supply, and the slow kinetics of the ORR in
pure Pt catalysts, it is necessary to search for different approaches
to construct Pt based catalysts. Aiming to solve these problems,
most of the catalyst researchers choose to disperse nanoparticles
or monolayers of the catalyst material over supports as recently
pointed in some review papers3>°. Another interesting approach
to design efficient catalysts is the usage of Pt monolayers as the
external layer of core-shell structures®7-8 In both techniques, the
main goal is to decrease the platinum loading, increase its surface
area and decrease the overall cost of the catalyst.

Recently, studies regarding the stability of free and supported
platinum clusters and its catalytic and electronic properties have
increased considerably. From a theoretical point of view we can
cite, for example, the work by Xiao and Wang®, which treated iso-
lated platinum clusters with up to 55 atoms in several 1D, 2D and
3D configurations. They constructed platinum clusters as open
and closed structures and compared their stabilities via ab-initio
quantum mechanics simulations. In general, their results exhibit
the existence of a wide number of Pt clusters isomers, showing
similar binding energies for 2D and 3D structures in Pt systems
with up to 9 atoms and an unequivocal preference for 3D struc-
tures in larger systems.

Even with the difficulties of growing large two-dimensional
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clusters of platinum, some of their unique characteristics make
them very attractive for practical applications. As previously said,
the usage of monolayers reduces the problem of high Pt load-
ing. Moreover, the catalytic activity of platinum monolayers can
be controlled by using different supports, enabling these catalysts
to provide remarkable success for both anodic and cathodic reac-
tions 7-8:10-12_

Despite some advantages associated with metallic or oxidic
supports, such as the easiness of growing Pt monolayers, the car-
bonaceous materials such as graphene, graphite, carbon black
and carbon nanotubes are commonly used as catalysts supports
on fuel cells applications. Among these materials, graphene is re-
ceiving special attention in these last few years due to some inher-
ent advantages of its structure. First of all, the two-dimensional
shape of graphene enables a surface area higher than other forms
of carbon. Secondly, some of its characteristics, such as high elec-
trical conductivity, good thermal stability, and electronic config-
uration with 7 orbitals able to interact with the d orbitals of the
catalytic materials, makes graphene a promising material for fuel
cell applications. ©

Unfortunately, the adsorption energy between platinum clus-
ters and pristine graphene is relatively weak, which can cause
loss of catalyst surface, due to the agglomeration of Pt parti-
cles13. Also, as the number of the atoms on platinum nanopar-
ticles increases the interactions per Pt atom in contact with the
graphene support decrease, leading to difficulties on growing
large Pt monolayers over graphene supports 14,

Studies aiming to understand the interaction between metal-
lic systems and carbon-based supports and the efficiency of these
catalysts for fuel cell applications are widely present in the liter-
ature®13-26_ QOne interesting example is the work by Maiti and
Ricca2®, where Au, Pt and Pd atoms, monolayers, multilayers,
and clusters interacting with graphene supports were studied via
DFT simulations. According to their results, only small Pt sub-
nanoclusters are able to wet a graphene surface. Okazaki-Maeda
et al.2> also investigated the interaction between Pt, clusters
with (n < 13) and graphene supports using ab-initio simulations,
achieving similar conclusions to Maiti and Ricca, and showed that
3D clusters are unequivocally more stable over graphene when
the Pt cluster has more than 10 Pt atoms. Furthermore, other
studies such as the work of Schneider et al. > and Ramos-Sanchez
and Balbuena?® showed that the interaction between platinum
clusters and carbonaceous supports have a major contribution
from van der Waals interactions.

Recently, graphene supports with point defects have also at-
tracted attention from the scientific community. From a theo-
retical point of view, Fampiou and Ramasubramaniam 7 studied
Pt, (n < 13) clusters interacting with pristine graphene and other
types of defective graphene sheets using density functional the-
ory and empirical potential simulations. They demonstrated that
point defects can act as binding traps for Pt clusters, increasing
the strength of the interaction. This work can not only help to
elucidate the graphene-metal interaction, due to the natural de-
fects present in experimental graphene, but can also be used to
guide defect engineering in supports for fuel cells.

In addition to the support effects in the catalytic activity, the op-
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timum size of Pt nanoparticles for EOR and ORR catalysts is still
an unsolved problem. According to the experimental research, we
expect great size dependence in the catalytic properties of metal-
lic clusters with a diameter of 1-3 nm, which can be related not
only with the size of the Pt nanoparticles but also with the pos-
sible structures that can be obtained in different sizes of these
clusters2’. Moreover, both theoretical and experimental works
show that the maximum mass activity for EOR and ORR tends to
happen when the platinum cluster has a diameter between 2 and
2.5 nm 2832, Nevertheless, some recent experimental works33-3%
have been able to show promising results using metallic subnan-
oclusters ( < 1nm) as catalysts, reaching high surface areas, good
CO tolerance and high catalytic activity depending on the Pt clus-
ter structure.

The study of catalysts and their reactions can largely benefit
from quantum mechanical simulations. Conventionally, the re-
cent works using quantum mechanical simulations have focused
on studying small Pt clusters ( < 1nm) and extended Pt sur-
faces15-23:25.26  leaving some unanswered questions related to
this subject, such as the effects of the metallic nanoparticle size
in the interaction with the support. Therefore, in this paper
we present our calculations treating large platinum clusters over
graphene with the ONETEP code for linear scaling DFT calcula-
tions.

First of all, we validate our calculations with the literature, sim-
ulating Pt, clusters with (n = 1 - 4) and comparing with the work
of Fampiou and Ramasubramaniam!”. Secondly, we simulated
Pt, systems (n = 1 - 55) constructed as two and three dimen-
sional structures on graphene supports, aiming to check when
a platinum monolayer differs significantly in stability from a Pt
nanoparticle. Additionally, we simulated cuboctahedral Pt, with
(n = 147, 309), which represents Pt nanoparticles with diame-
ters close to 1.7 nm and 2.2 nm respectively, enabling us to see
how the support and size effects can act to change the properties
of platinum nanoparticles. The calculations were performed with
and without dispersion interactions, which were included via the
semi-empirical dispersion correction proposed by Grimme3¢ and
by using a vdW exchange correlation functional, rVV1037-38, We
finish with discussions and conclusions highlighting the relevance
of our results to catalyst design.

2 Methods

The calculations were carried out using the ONETEP code3?,
which performs linear scaling DFT calculations. In our case,
we use the ensemble DFT method, implemented by Serrano and
Skylaris40, which allows simulations on metallic structures with
thousand of atoms. In ONETEP the density matrix is constructed
from non-orthogonal generalised Wannier functions (NGWFs) 4
and a matrix called density kernel. The NGWFs are localised func-
tions which are expressed by a basis set of psinc functions*2. The
radius of the NGWFs is an input parameter and the completeness
of the basis set can be controlled by the psinc kinetic energy cutoff
input parameter.

Both the density kernel and the NGWFs are optimised self-
consistently using a variational method for the total energy. The
NGWFs can be optimised in situ, allowing the same variational
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freedom as regular plane waves approaches thus eliminating
transferability problems that tend to occur with the usage of fixed
local orbitals.

The projector augmented wave (PAW) method*3 was used to
describe the interaction of the core with the valence electrons. We
adopted the generalised gradient approximation with the PBE44,
RPBE#*, and one vdW functional, the rVV1037-38, as our ex-
change correlation functionals. We also included the empiri-
cal dispersion correction proposed by Grimme36 in the PBE and
RPBE functionals, generating two variations here called PBE-D2
and RPBE-D2. The parameters used in the empirical dispersion
correction were the same as the values proposed by Grimme for
the carbon atoms3®, while for platinum atoms, the dispersion co-
efficient C¢ and the van der Walls radius Ry were taken from the
literature?3. The universal scaling factor Sy, was also obtained
from the literature being equal to 0.75 for the PBE functional3®
and 1.25 for the RPBE functional. 23

We set the kinetic energy cutoff to 550 €V for geometry optimi-
sations and 850 eV for total energy and properties calculations.
For each Pt (C) atom we assigned 12 (4) NGWFs with 9.0 ag radii.
The NGWF conjugated gradient optimisation preconditioning pa-
rameter ky*® used in our simulations was equal to 2.5 ay~!, and
the geometry optimisations were performed until the forces on all
atoms being below 0.005 Eh/ay.

The nanoparticles (monolayers) were constructed with an ini-
tial Pt-Pt distance of 2.80 A (2.60 A) ¢ in the configurations shown
in Figure 1, where the cuboctahedral shape was used for Ptis,
Ptss, Pti47, and Pt3g9. Orthorhombic simulation boxes were built
allowing periodicity to the graphene sheet and a minimum gap
of 10 A between the borders and Pt atoms, making sure that the
images would not affect the system we are studying. Two dimen-
sional clusters were studied up to 55 Pt atoms.

N

@

NN NN,

Fig. 1 Initial geometries used for a) Pt, b) Pt;3, and c) Ptss, clusters
constructed as monolayers; d) Tetrahedral Pt,, €) Icosahedral Pt;3, and
f) Cuboctahedral Ptss. Cuboctahedral shapes were used on Pty3, Ptss,
Pt147, and Pt3g9 clusters.
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We computed: i) the adsorption energies E,p; ii) the forma-
tion energy Erog; and iii) the cohesive energy of a free Pt cluster
Econ, which are defined as follows:

EAD = EPtn/graph - (Egmph + EP)/‘,I) (1)
Eror = Epy, /graph — (Egraph +1* Ept) 2
Econ = Epy, —n*Ep; 3)

where, n is the number of Pt atoms, Ep; is the energy of a sin-
gle Pt atom, E,,,,; is the energy of the graphene sheet, Ep,, is the
energy of the Pt cluster and Ep;, /orqp; is the energy of the plat-
inum cluster bound to the graphene sheet. E,.,, and Ep,, are
obtained, respectively, after geometry optimisations from the iso-
lated graphene and Pt cluster, while Ep, /,,,,, is obtained through
the geometry optimisation of the interacting system.

3 Results

3.1 Two and three dimensional Pt clusters

In this section we present our calculations in order to compare
two and three dimensional Pt clusters interacting with a graphene
support. Initially, we validated our calculations by reproducing
results from Okazaki-Maeda et.al2°, and Fampiou and Ramasub-
ramaniam 7 on Pt, with (n = 1 - 4) subnanoclusters interacting
with graphene, using the PBE exchange correlation functional.
Despite the amount of theoretical work which highlights the suc-
cess of PBE based functionals to deal with transition metals, the
lack of dispersion interactions from this functional, intrinsically
important to carbon-based materials, can be considered a prob-
lem that hinders the description of the entire system within this
approach.

To address this problem, we decided to use the PBE, and
RPBE functionals with two variations here called PBE-D2, RPBE-
D2, which are constructed using the D2 empirical approach of
Grimme to include dispersion interactions. We also simulated our
systems with the rVV10 exchange correlation functional, which
is one of the the so-called vdW density functionals designed to
include the dispersion interactions via a fully non-local term de-
pending on the electronic density.

Figure 2 shows the formation energy per Pt atom for the simu-
lated systems up to Pt55, aiming to compare the stability of differ-
ent clusters in contact with a pristine graphene. We can see that
for any three and two dimensional clusters, with the same num-
ber of Pt atoms, the three-dimensional structures present lower
formation energies, i.e. for all the simulated cases the closed Pt
symmetries are more stable over the Pt monolayers when sup-
ported on graphene.

As the system size increases the difference in the formation en-
ergy between two and three dimensional clusters is enhanced.
This effect is evidenced in Figure 2 by comparing the two plateaus
formed for Pt; and Pt;3 clusters and the decrease observed for
Pts5 systems, especially if we take into account that in all the
sizes the formation energy is being divided by the number of Pt
atoms. We can see the same trend for all the simulated func-
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tionals. Obviously, the inclusion of dispersion interactions acts to
decrease the formation energy for all the systems, and this effect
increases with the cluster size, i.e., the difference in the formation
energy between PBE and PBE-D2 is higher for Ptss clusters than
the observed for Pty clusters.
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Fig. 2 Formation energy per Pt atom, Epog/n, for different Pt clus-
ters interacting with the graphene support. Ih (Oh) refers to Icosahedral
(Cuboctahedral) symmetries. The cuboctahedral facet in contact with the
graphene is indicated between brackets. Simulations containing disper-
sion interactions are represented by dashed lines. Vertical dashed lines
were plotted to delimit the number of Pt atoms in the systems.

One of the reasons for higher stability of three-dimensional
clusters can be understood through the cohesive energy of free
Pt systems. In Figure 3 we plotted the cohesive energies per Pt
atom of Pt, clusters (n = 4 - 55) obtained with different func-
tionals. The trends obtained in Figure 2 and Figure 3 are very
similar, showing that the stability of the Pt-graphene systems is
determined to a great extent by the Pt-Pt interactions.
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Fig. 3 Cohesive energies, Ecoy /n for different Pt clusters. Ih (Oh) refers
to Icosahedral (Cuboctahedral) symmetries. Simulations containing dis-
persion interactions are represented by dashed lines. Vertical dashed
lines were plotted to delimit the number of Pt atoms in the systems.
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It is also interesting to notice in Figure 3 that the results ob-
tained with the rVV10 functional are extremely close to the ones
obtained with PBE. This trend can be seen as a favourable result
of the rVV10 functional, as Figure 3 treats isolated Pt clusters,
which should not have large dispersion contributions. In large
platinum clusters, the dispersion interactions obtained with the
D2 method start to dominate, showing that maybe D2 overesti-
mates the dispersion interactions in these systems.

As previously said, several experimental and theoretical stud-
ies have shown that as the number of Pt atoms in contact with
the graphene increases the binding energy per contact atom de-
creases ®1420:22 VMoreover, Figure 2 shows that the dispersion in-
teraction increases with the cluster size, even for the rVV10 func-
tional which showed minor effects in isolated clusters, therefore it
is expected that for larger clusters the interactions between metal
clusters and carbon-based supports will be dominated by the dis-
persion interactions.

To illustrate both effects, the decrease in the binding energy
per contact atom associated with the increase of Pt atoms in the
interface region, and the importance of dispersion interactions
to describe large systems, we plotted in Figure 4 the adsorption
energy per contact Pt atom for all the simulated functionals, or-
dering the systems according to the number of Pt atoms in the
interface with the graphene support. We can observe that the
adsorption energy per contact atom weakens as we increase the
system size, being almost negligible for larger systems. It is also
interesting to notice that the adsorption energy per contact atom
strengthens for cuboctahedral clusters when the triangular (111)
facet is close to the graphene. This decrease in Pt-C interaction
associated with the increase of the number of Pt atoms in contact
with the graphene can also lead to more difficulties on growing
large Pt monolayers over graphene supports.
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Fig. 4 Adsorption energy per Pt atom in contact with the graphene sup-
port. The systems were ordered according to the number of Pt atoms in
contact with the graphene. |h (Oh) refers to Icosahedral (Cuboctahedral)
symmetries, the cuboctahedral facet in contact with the graphene is indi-
cated between brackets. Simulations containing dispersion interactions
are represented by dashed lines.
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The dispersion interactions strengthen the adsorption energy
per contact atom in all the systems. It is important to empha-
size that the inclusion of dispersion was able to provide negative
adsorptions energies for systems such as Ptss, Ptj47, which are
nanoparticles with diameter close to 1.1nm and 1.7nm respec-
tively, and commonly seen over carbonaceous supports in experi-
mental results 32354748 but have shown a highly positive (repul-
sive) adsorption energy when simulated without the dispersion
interactions. This result shows that the Pt-C interaction in large
platinum nanoparticles is dominated by dispersion, confirming
the importance of dispersion for a reliable description of these
systems.

Presently, no optimum functional to describe the dispersion in-
teractions for all types of systems exists and it is difficult to clearly
state which one has better accuracy without developing bench-
marking tests with reliable experimental data. Still, it is pleasing
to observe that we obtained similar qualitative behaviour with the
three functionals that include dispersion interactions, even for the
adsorption energy, which is a sensitive quantity.

Moreover, Bjérkman et al.4? recently simulated 74 different
compounds from magnetic metals to wide-gap insulators with
several types of functionals with vdW description. In their stud-
ies, they concluded that all the studied functionals were unable
to give good results for all the properties simultaneously. Even
though, in their results the rVV10 functional was capable of pro-
viding excellent geometries with the drawback of a stiff but con-
sistent overestimation for the binding energies in layered com-
pounds. From our results the rVV10 functional also appears to
be one interesting option to include the dispersion interactions,
as its physical description for fully metallic clusters (isolated Pt
nanoparticles) is similar to what is obtained with the PBE and
RPBE functionals, also rVV10 does not depend on parametriza-
tions. There are also variations of rVV10, such as the r'VV10-sol 5,
which presented a good performance for graphite and similar sys-
tems, being interesting for further studies.

3.2 Analysis of geometrical and electronic effects of the
graphene support on the platinum clusters

So far we have investigated the stability of different Pt clusters
over a graphene support through the formation energies, and con-
firmed the importance of dispersion interactions through the ad-
sorption energies results. We can now, explore the support effects
on Pt clusters. The results presented in this section were obtained
with rVV10. Simulations with RPBE-D2 are qualitatively similar,
resulting in the same overall analysis, as can be seen by looking
at the supplementary information. }

The final structure after a geometry optimisation can provide a
visual representation of the difficulties of growing monolayers on
graphene. Figure 5, shows the final geometries of Pt;3 and Ptz
clusters interacting with the graphene support. It is possible to
see that the interaction causes deformations on both geometries.
For the Pt;3 monolayer a repulsion between the support and the
cluster appears, which is illustrated in Figure 5 (a), through the
direction which the graphene support bends.

In Figures 5 (b) and (c) we can observe the average Pt-Pt bond
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Fig. 5 Optimised geometries for (a) Pt;3 monolayer (b) Cuboctahedral
Pt;3 with the (100) facet and (c) the (111) facet interacting with graphene,
and (d) Cuboctahedral Ptsg9 with the (111) facet in contact with the sup-
port. The numbers in the picture are the average Pt-Pt bond lengths in
each Pt layer, while numbers between brackets representing the average
bond lengths in the unsupported nanoparticles. Gray (green) spheres
represent platinum (carbon) atoms.

length for different layers in a Pt|3 cuboctahedral when (100) and
(111) facets are optimised in contact with the graphene support.
The Pt-Pt bond lengths in the closest (farthest) facets increase
(decrease) in the supported cluster, as compared with the 2.70 A
Pt-Pt average bond lengths obtained after geometry optimisation
in an isolated Pt;3 cuboctahedron, which are presented between
brackets. Figures 5 (d) illustrates the same effect for cuboctahe-
dral Pts3g9, with almost no difference in the bond length averages
of Pt layers far from the graphene support.

Structural changes are also observed in the graphene sheet with
C-C bond length expanding to values up to 1.45 A from the iso-
lated graphene value 1.43 A in the closest regions to the metallic
nanoparticle. The comparison with the smaller clusters in contact
with the support shows that for larger clusters the changes in the
Pt-Pt bond length are diminished. Such effect is expected once
the Pt-graphene interaction weakens as the number of Pt atoms
in the interface increase, moreover, the enhancement in the num-
ber of intermediate layers helps to dilute the contractions of Pt-Pt
bond lengths in the farthest facets. Pt-Pt bond lenght averages
per Pt layer for all the cuboctahedral clusters can be found in the
supplementary information. {

Figure 6 provides an analysis based on the average Pt-Pt strain
for the platinum facet in the interface with the graphene support,
showing a relation between the Pt-Pt strain and the adsorption
energy per Pt atom in contact with the graphene support. Systems
with a larger Pt-Pt strain have stronger adsorption per contact
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atom, and larger deformations are present when the triangular

facet (111) is in contact with the graphene system.
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Fig. 6 Adsorption energy per Pt atom in contact with the graphene sup-
port versus the average percentage of Pt-Pt bond length expansion in the
nanoparticle facet in contact with the graphene sheet.

To understand the causes of the Pt-Pt deformations we have in-
vestigated the electronic changes in the graphene support and in
the platinum cluster caused by the interaction. Figure 7 a) and
b) show charge rearrangements through electronic density differ-
ences plots of Ptss cuboctahedral with the (100) and (111) facets
interacting with graphene, providing a visual representation of
the charge transfer between Pt and C atoms in the cluster/support
interface. The cuboctahedral with the (111) facet in contact with
the graphene, which has a stronger adsorption energy per con-
tact atom, shows larger charges redistributions. Moreover, Figure
7 ¢), and d) show the Mulliken charges for each atom within a
colour scale for the same systems, evidencing the interaction of
the bottom facet with the graphene, with charge transfer from
the metallic cluster to the support

A deeper analysis of the charge transfer is performed in Fig-
ure 8, where the charge difference per atom in the nearest Pt
facet was calculated via Mulliken population analysis and plot-
ted against the average Pt-Pt strain. As also reported in other
studies 1417:23,25,26,51 qalactrons moved from the Pt cluster to the
support for small clusters interacting with the support. Moreover,
a clear relation between the average Pt-Pt strain and the charge
transferred per Pt atom in the Pt/graphene interface can be ob-
served.

We also plotted in Figure 9 the density of states normalised by
the occupancies and projected on the d (p) angular momenta of
Pt (C) atoms. Changes in the d-band centre are commonly used
as a descriptor of the catalytic activity of metallic clusters, down-
shifts (upshifts) of the d-band centre in catalysts are usually as-
sociated with catalysts more efficient for bond making (breaking)
reactions. Moreover, previous studies have discussed that bond
lengths strain and ligand effects can change the d-band centre of
metallic clusters and their catalytic activities >2

The density of states was projected onto chosen Pt and C atoms.
The p-band of carbon atoms in the interacting region of the
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Fig. 7 Electronic density difference plots a) and b) (Isosurface at
0.O1e/A3), where blue (red) represents accumulation (depletion) of elec-
trons, while c) and d) are Mulliken charges for each atom plotted as a
colour scale. Figures a) and c) represent a cuboctahedral Ptss with the
(100) facet in contact with the graphene, while b) and d) represent the
same system with the (111) facet interacting with the support. Green
(gray) spheres represent carbon (platinum) atoms.

graphene sheet were plotted considering the system before and
after the interaction in Figure 9 (a), (c), (e), and (g) which rep-
resents respectively, the interaction with the Pt;3, Ptss, Pty47, and
Pt3g9 cuboctahedral nanoparticles. Meanwhile, Figure 9 (b), (d),
(f), and (h) represents the d-band of Pty3, Ptss, Ptj47, and Ptzgg
cuboctahedral nanoparticles in closest and farthest facets from
the graphene support. The projected densities of states were anal-
ysed only for nanoparticles with (111) facet interacting with the
support.

The relation between changes in the d-band centre and the
Pt-Pt bond lengths strain is explained in the literature with the
Ngrskov d-band centre model®2%3, According to this model,
the changes in the d-band centre are related to the changes in
the bandwidth induced by the bond length strain, i.e., consid-
ering that the number of electrons in the d-band remains con-
stant, a expansive (compressive) strain would lead to a narrow
(wider) bandwidth which consequently should generate an up-
shift (downshift) in the d-band centre to preserve the band filling.

Meanwhile, ligand effects are related to the electronic changes
caused by the interaction between catalytic material and support.
In practice it is difficult to separate ligand and strain effects, but it
is possible to find in the literature publications exploiting both ef-
fects to explain changes in the d-band centre. One good example
is the work developed by Tsai et al. 19, which showed changes in
the catalytic activity of Core-Shell Os/Pt catalysts with different
number of Pt monolayers, that the strain effects were not capable
of explaining.

As previously said, we are presenting the density of states

This journal is © The Royal Society of Chemistry [year]
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per Pt atom in the same nanoparticle facet.

weighted by the occupancies, meaning that the states with higher
energy in Figure 9 represent states close to the Fermi level. In
the density of states, we observed a lowering in the peaks for the
higher energy states in the interface Pt facet after the interaction
with the support, while similar states in the graphene p-band in-
creased, as shown in the insets in Figure 9 (a), (c), (e), and (g).
This effect, coupled with the electron density differences and the
Mulliken population analysis, shows the existence of interaction
between the p-band of the carbon atoms with the d-band of the
Pt atoms, with charge redistribution from the Pt to the carbon
atoms, followed by a C-C bond length expansion in the interface
region of the graphene support. These effects are consistent with
the Dewar-Chatt-Duncanson model>#58  as previously shown by
Mahmoodinia et al.>7 in the interaction of a Pt cluster and a pol-
yaromatic hydrocarbon.

The d-band of the farthest Pt facet from the support shows dif-
ferent trends when compared with the isolated Pt and with the
closest Pt facet, showing that the support effect changes each Pt
facet differently. As we grow the system size, the differences be-
tween supported and isolated systems for the top facet starts to
be negligible, as a direct result of the decrease in the Pt/support
interaction per atom, and the increase in the number of Pt layers
between this facet and the support. Figure 9 also shows down-
shifts in the d-band centre of the Pt facets close to the graphene,
indicated by vertical dashed lines.

A more detailed analysis of the support effect on the d-band
centre of Pt nanoparticles is presented in Figure 10 and Figure
11, which show the d-band centre from closest (C) and farthest
(F) Pt facets from the graphene sheet considering, respectively,
the interaction of (100) and (111) Pt facets with the support.
Aiming to separate the electronic and geometrical effects caused
by the interaction with the support, we calculate the projected
density of states using three different configurations: i) isolated Pt
clusters with the structure obtained after geometry optimisations
in vacuum, here called isolated Pt; ii) isolated Pt clusters using the
structure obtained via geometry optimisations of the Pt/graphene

This journal is © The Royal Society of Chemistry [year]

systems, here called deformed Pt and; iii) the whole Pt/graphene
system, here called interacting Pt.

The comparison between the isolated Pt and the deformed Pt
configurations enables us to compute the effects of geometrical
changes on the d-band centre, while, the interacting Pt config-
uration includes all the support effects. In general, the interac-
tion with the support leads to downshifts (upshifts) in the d-band
centre of closest (farthest) Pt facets from the graphene surface,
which is the opposite effect expected, if we consider the changes
in the d-band centre generated only due to the Pt-Pt bond lengths
strains.

In fact, the comparisons with the deformed Pt configuration
show the existence of two concurrent effects, the first one is the
change in the d-band centre due to the Pt-Pt strain. This effect can
be observed by comparing the d-band centre of deformed Pt and
isolated Pt systems in Figure 10 and Figure 11 with the Pt-Pt bond
lengths expansions from Figure 6. For all the studied sizes and
different facets in contact with the graphene, larger expansions
lead to greater upshifts in the d-band centre.

The second effect is related to the electron loss from the high
energy occupied states from the d-band of Pt due to the Pt-C in-
teractions, which lowers the weight of high energy levels in the
d-band centre calculation, generating the observed downshifts.
This effect can be clearly shown comparing the d-band centre of
interacting Pt and deformed Pt systems in Figure 10 and Figure
11 with the charge transfer previously presented in Figure 8, sys-
tems with larger charge transfer per number of Pt contact atoms
present larger downshifts in the d-band centre.

The analysis of isolated systems also shows upshifts in the d-
band centre with the decrease in the system size. Similar size
effects were already reported as a result of stronger CO adsorp-
tion in platinum cuboctahedral clusters due to the decrease in the
nanoparticle size>®. As shown in the Figures 10 and 11, the sup-
port effects in the d-band centre are size-dependent, being more
pronounced in smaller clusters, once the Pt-C interaction weakens
with the number of Pt in contact. Therefore, the size effect trend
for d-band centres of platinum nanoparticles interacting with a
graphene support is no longer the same as those obtained for iso-
lated systems, which indicates that it may be possible to search
for optimum catalysts for specific reactions by linking support and
size effects.

4 Conclusions

We presented a DFT study of support and size effects of Pt
nanoparticles on graphene, where we have simulated systems
ranging from Pt; on 308 carbon atoms to Pt3p9 on 880 carbon
atoms. We compared two-dimensional and three-dimensional
Pt clusters interacting with the graphene support, and we have
found that nanoparticles are generally more stable than monolay-
ers when supported by a graphene sheet. The differences between
their stabilities increase with the size of the system, and the Pt-Pt
interactions, as represented by the cohesive energies, control to a
great extent the formation energies of such systems.

The dispersion interactions were included in our simulations
via a semi-empirical dispersion correction and a vdW functional.
Our results show that the adsorption energy per Pt contact atom
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Fig. 10 d-band centre from the closest (C) and farthest (F) Pt facets
from the graphene support, considering Pt cuboctahedral nanoparticles
with the (100) facet in contact with the support. The results are pre-
sented for: i) isolated Pt systems: isolated Pt cluster with the geometry
obtained during the optimisation in vacuum; ii) Deformed Pt systems: iso-
lated Pt clusters with the geometry obtained after the interaction with the
graphene support and; iii) Interacting Pt systems: the whole Pt/graphene
system.

decreases with the number of Pt atoms in contact with the
graphene. Meanwhile, the formation energies show that the dis-
persion interaction grows with the system size. The combination
of these two effects make the inclusion of dispersion interactions
important for an accurate description, especially for large sys-
tems. We also found that the vdW functional gives a more reliable
description of these systems.

Furthermore, we studied the effects of the graphene support
over the geometries and electronic properties of Pt clusters. The
Pt-Pt distances increase (decrease) in the closest (farthest) Pt
facets from the graphene sheet, as a result of the electron redistri-
bution between Pt and graphene. We were also able to correlate
the Pt-Pt expansion in the closest facet with the adsorption energy
per number of Pt atoms in contact with the graphene support, i.e.,
Pt systems with larger expansions showed more intense interac-
tions with the graphene sheet.

In terms of electronic effects, analysed by electronic density
difference plots, charge differences obtained via Mulliken pop-
ulations and densities of states projected on the d-band of Pt
atoms and p-band of carbon atoms, we found considerable elec-
tron redistributions, with overall charge being transferred from
the platinum cluster to the graphene support. Moreover, the Pt-Pt
bond length strain and electron transfer from Pt to the graphene
changes the d-band centre, which is one descriptor for the cat-
alytic activity of the metallic surfaces, indicating that is possible
to modify the catalytic activity by combining support and size ef-
fects. As Pt nanoparticles supported on carbon are commonly
used as catalysts in important technological applications such as
fuel cells, we expect that the results of this study will be useful to
the development of new catalysts.
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Fig. 11 d-band centre from the closest (C) and farthest (F) Pt facets
from the graphene support, considering Pt cuboctahedral nanoparticles
with the (111) facet in contact with the support. The results are pre-
sented for: i) isolated Pt systems: isolated Pt cluster with the geometry
obtained during the optimisation in vacuum; ii) Deformed Pt systems: iso-
lated Pt clusters with the geometry obtained after the interaction with the
graphene support and; iii) Interacting Pt systems: the whole Pt/graphene
system.
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