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Carbon substrates such as graphite or epitaxial graphene can be employed to support metal nanoparticles
for applications in diverse areas of surface science. In this paper, we address the computational modeling of
such systems by means of semiempirical potentials, and in particular the possible role of long-range London
dispersion forces. Following the Grimme (D2) strategy often used in combination with density-functional theory
calculations, we propose some analytical extensions taking into account the crystalline and semi-infinite natures
of the substrate and, in the case of epitaxial graphene, the possible screening of the van der Waals interaction
by the bulk underlying metal. These ideas are tested in the specific case of platinum nanoparticles deposited
on graphene, graphite, and graphene epitaxially grown on Pt(111) modeled using a many-body Brenner-type
potential, and validated against available electronic-structure calculations. Systematic optimizations carried out
at zero temperature indicate the relative stability of various nanoparticle shapes on their support, for adsorbates
containing several thousand atoms. Using molecular dynamics simulations, we shed light on the thermal behavior
and emphasize the key role of dispersion forces on the stabilization of the adsorbates at finite temperature. The
vibrational properties of graphene layers in contact with a Pt nanoparticle or epitaxially grown on Pt(111) also
reveal some clear sensitivity on temperature and strain.
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I. INTRODUCTION

The use of nanoparticles (NPs) for practical applications
requires stabilizing them against thermal motion and pro-
tecting them against possible degradation and reactions due
to the external medium, e.g., through appropriate coating
with surfactant molecules. In surface science, the particles
are either grown in situ from the atoms or deposited after
their initial formation in the gas phase [1–3]. Owing to their
high versatility, relative chemical inertness, and reasonable
production costs, carbon materials are often employed as
substrates for NP deposition [4–10].

Platinum nanoparticles interacting with carbon substrates
have become an active field of research due to numerous
potential applications in catalysis [8–11] or in hydrogen-based
technologies [12]. One motivation is clearly to exploit the high
surface/volume of nanoparticles in order to reduce the amount
needed of this expensive metal. Platinum NPs have thus been
used in fuel cells as catalysts for oxygen reduction but also for
promoting hydrogen oxidation at low temperature [8,9,13]. Pt
nanoparticles have also been shown to enhance the hydrogen
storage capacity of carbon porous nanomaterials such as
zeolites [12]. By favoring dissociative chemisorption of
hydrogen at their surface, nanoparticles contribute to diffuse
hydrogen toward adjacent surfaces, a process commonly
referred to as hydrogen spillover. The selective permeability
of graphene toward thermal protons but not to molecular
hydrogen has recently been found to be further increased
by platinum adsorbates [14]. All these applications need
well-distributed and stable assemblies of Pt clusters, which in
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turn requires that the mechanisms of formation and adsorption
of such nanomaterials are fully understood.

One important contribution to the interaction of adsorbates
with bulk or semi-infinite substrates is that of long-range
dispersion forces [15–24]. Although conceptually London
dispersion interactions are already treated naturally by first-
principles methods such as density-functional theory (DFT),
long-range electron correlations are not taken into account
within local and semilocal exchange correlation functionals.
This issue is particularly critical in the case of adsorbates
interacting weakly with their substrate via physisorption, for
which dispersion is the dominant binding force. To overcome
this shortcoming, several dedicated approaches have recently
been developed [25], relying either on electronic density-
based corrections or on empirical pairwise approximations.
The former class of methods includes both truly nonlocal
functionals [26,27] and the highly parametrized forms of
metahybrid approximations [28,29]. The second class of
methods, which includes DFT-D, uses in its most basic form a
pairwise atomistic additive correction of dispersion with a C6

coefficient and a damping function [30,31] for which several
parametrizations and expressions have been proposed [32–36].

Among the conclusions of those recent developments,
dispersion forces were found to be significantly influenced
by the local environment, appropriate C6 coefficients possibly
varying by one order of magnitude depending on the size and
shape of the structure [21,37,38]. If the substrate is metallic
or semiconducting, electron delocalization can also screen
dispersion forces, which introduces some dependence on tem-
perature and on the range, notably through retardation effects
at longmost distances [39]. Such effects have been investigated
also experimentally in the case of organic molecules in contact
with a metal surface [40].
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Dispersion forces are of course essential in describing the
adsorption of molecules on extended substrates, not only in
the context of physisorption for which they are the cause,
but also in their alteration of chemisorption interactions. The
magnitude of long-range van der Waals forces has notably
been quantified in an increasing number of electronic-structure
investigations of complex substrates [15,16,41], individual
adsorbates [15], or molecular self-assemblies [24,42]. In
the case of small Pt clusters adsorbed on graphite, recent
DFT calculations have confirmed their significance on the
binding energy [43] in the static, 0-K limit. While the DFT
approach currently stands as the most realistic way of treating
atomic and molecular interactions in complex systems, it is
computationally limited in terms of size and time scales. The
alternative description by semiempirical analytical potentials
does not suffer from such limitations, but of course to
the price of chemical accuracy. Interestingly enough, force
fields to model covalent or metallic materials also typically
neglect dispersion forces altogether rather similarly to the
way DFT approaches were neglecting those corrections until
the last decade (and still often do). Dispersion interactions
between metal adsorbates and extended substrates have been
explicitly taken into account in some empirical models based
on the Lennard-Jones (LJ) potential [44] but otherwise lacking
chemical consistency.

The description of physisorption phenomena on semi-
infinite substrates by analytical potentials has been conve-
niently described by Steele [45] who integrated the Lennard-
Jones potential over a succession of crystallographic planes.
In this paper, we propose an extension of this approach to
the case of platinum adsorbates on carbon substrates, taking
into account the possibility of chemisorption as well. Our
strategy is based on a Brenner-type potential [46] that is able to
model both covalent and metallic parts of the system, and also
mixtures of the two elements after appropriate parametriza-
tion [47]. We have enriched this potential with dispersion
corrections in order to gain the ability of modeling correctly
physisorption phenomena that are potentially essential for
nanoparticles in contact with extended environments. Those
corrections follow the Grimme D2 model [31] employed for
DFT calculations, as well as the Steele approach for integrating
the van der Waals energy over the entire support. The Brenner
force field has been further extended to include noncovalent
interactions in the case of electronically delocalized substrates,
as present, e.g., in epitaxial graphene on metals.

The purpose of this work is to critically discuss the
importance of dispersion interactions on the physical behavior
of platinum nanoparticles on a variety of ordered carbon
substrates ranging from graphene to multilayer graphite and
epitaxial graphene on Pt(111). The various coarse-grained
models we are proposing here are adapted to these different
situations, and compared against all-atom calculations at zero
and finite temperature on various observables such as adsorp-
tion energies, dynamical indicators, or vibrational spectra.
One main conclusion is that dispersion forces contribute
significantly to the adsorption energy and that the uppermost
layers of the substrate dominate this contribution.

In the following section, we present the atomistic potential
which additively combines covalent and dispersion interac-
tions, and we derive a coarse-grained implicit model in the case

of adsorbates deposited on semi-infinite carbonated substrates.
Different variants of the dispersion model are compared
on simple test cases and for more realistic adsorbates on
graphite at finite temperature in Sec. III. The model is further
extended in Sec. IV to describe the specific interactions of
epitaxial graphene on Pt(111) possibly acting as a substrate
for Pt nanoparticles, and again at zero and finite temperatures.
Our results here emphasize the importance of screening and
nonadditivity of the van der Waals interactions on the resulting
dynamical behavior. Finally, in Sec. V we summarize and
suggest other applications of the present methodology to
related systems.

II. BOND-ORDER POTENTIAL AND DISPERSION
CORRECTIONS

Since their introduction for covalent systems [48,49] and
their unification [50] with embedded-atom models [51,52],
bond-order potentials have been routinely used to model a
broad variety of materials. Their ability to describe at once
metallic and covalent systems in contact has motivated us
to choose such a potential to model platinum nanoparticles
on carbon substrates. However, in their original form such
potentials lack long-range dispersion forces and it is the
purpose of this section to make this extension, especially in
the case of semi-infinite substrates.

The generic system we consider is one metallic adsorbates
or nanoparticles deposited on purely graphitic substrates
ranging from a graphene monolayer to multilayer graphite,
or on graphene epitaxially grown on the same metal.

A. Covalent and metallic contributions

We first assume that the entire system is explicitly described
as a set of atoms located at the collective position R = {�ri}.
The covalent and metallic parts of the total binding energy are
expressed under the following form [46,49]:

E =
∑

i

∑
j<i

f ij (rij )(VR − b̄ijVB) (1)

with rij the distance between atoms i and j , VR and VB

two exponential functions corresponding to the repulsive and
binding contributions

VR = D
ij

0

Sij − 1
e−βij

√
2Sij

(rij −r
ij
0 )

,

VB = SijD
ij

0

Sij − 1
e−βij

√
2/Sij

(rij −r
ij
0 )

,

D
ij

0 , Sij , βij , and r
ij

0 being four sets of three parameters that
depend on the nature of the two elements involved. In Eq. (1),
b̄ij is the bond order associated with pair (i,j ) of atoms:

b̄ij = 1

2
(bij + bji), (2)

bij =
⎧⎨⎩1 +

∑
k �=i,j

f ik(rik)g(�)e2μ
[(rij −r

ij
0 )−(rik−rik0 )]

ijk

⎫⎬⎭
− 1

2

, (3)
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where the additional π conjugation terms required to better
describe hydrocarbon molecules [46] were not taken into
account here [47].

In this expression, � = ĵ ik is the bending angle between
atoms i, j , and k and g(�) has the explicit form

g(�) = γijk

[
1 +

(
c2
ijk

d2
ijk

− c2
ijk

d2
ijk + (1 + cos �)2

)]
, (4)

where μijk , γijk , cijk , and dijk are additional parameters.
Finally, a pairwise cutoff function f ij is introduced so
interactions are limited to the range of chemical bonding:

f ij (r) =

⎧⎪⎪⎨⎪⎪⎩
1, r < R

(1)
ij

1
2

[
1 + cos

(
π

r−R
(1)
ij

R
(2)
ij −R

(1)
ij

)]
, R

(1)
ij � r � R

(2)
ij

0, r > R
(2)
ij

(5)

with R
(1)
ij and R

(2)
ij the inner and outer cutoff radii. The various

parameters of the potential have been specifically optimized
for the Pt-C system by Albe and co-workers [47], and we use
those parameters here without any modification.

B. Explicit Grimme-type dispersion models

Long-range dispersion forces are missing from the previous
Pt-C bond-order potential, and as such the model cannot
properly describe physisorption phenomena that can be im-
portant especially for adsorbates on semi-infinite substrates.
The approach we follow to solve this shortcoming is similar
to the Grimme approach in DFT [31], and consists of adding
a posteriori some dispersion energy to the covalent, metallic,
and ionic contributions. In the fully atomistic Grimme D2
approach [31], the dispersion correction reads as

ED2
disp = −s6

∑
i

∑
j �=i

C
ij

6

r6
ij

f
ij

dmp(rij ), (6)

where C
ij

6 = (Ci
6C

j

6 )1/2 are the parameters of the dominant
van der Waals (vdW) contributions, f

ij

dmp being a Fermi-type
damping function so that dispersion only acts at long range
and does not alter the covalent part:

f
ij

dmp(rij ) = 1

1 + exp
[ − 20

( rij

R
ij
r

− 1
)] , (7)

R
ij
r being the sum of van der Waals atomic radii Ri

r . In Eq. (6),
s6 is a prefactor to be adjusted depending on the functional.
We adopt here the value s6 = 1.05 as indicated for the purely
dispersionless functional BP86 [31].

For the present problem of Pt nanoparticles on carbonated
substrates, the values of the other coefficients were taken
straight from the Grimme source code [31] and read as

CC
6 = 18.1376 eV Å

6
, CPt

6 = 842.0014 eV Å
6
, RC

r = 1.452 Å,
and RPt

r = 1.7721 Å. Finally, and in contrast to Grimme’s
original formulation, we consider dispersion interactions only
up to the size of the simulation box, neglecting interactions of
the system with itself.

We have also tried the more recent and more realistic D3
version of Grimme’s dispersion correction scheme [32,33],
in which the short-range damping takes another form and

additional C8 terms are considered and the van der Waals
coefficients are given further flexibility with some dependence
on the local coordination number (CN) of individual atoms,
taken as in Refs. [32,33] as an interpolation between tabulated
values at discrete numbers and using the same functional form
as in those references. The coordination number of atom i in
the D3 model is expressed as [32]

CNi =
∑
j �=i

1

1 + exp
[−16

(
4
3

Ri
cov+R

j
cov

rij
− 1

)] (8)

with Rcov the covalent radius of the corresponding atom [53].
The parameters for the D3 dispersion model were taken from
Refs. [32,33], the covalent radii from Ref. [53]. However, this
added complexity produces a much less favorable scaling with
increasing number of atoms [in O(n3)], even compromising
the use of the bond-order potential in the first place. The D3
dispersion model was thus used occasionally for comparison
with the explicit D2 model and only for static properties, with
explicit dispersion interactions being evaluated only up to the
first periodic images of the system.

C. Implicit dispersion corrections for adsorption on pure
carbonated substrates

Next, we consider the semi-infinite extension of the carbon
substrate, assuming for notations that the surface of the
substrate lies perpendicular to the z axis. When using periodic
boundary conditions, only the immediate contributions to
the dispersion energy are explicitly included, and it may be
necessary to integrate the missing contribution away from
the primitive cell. These ideas were originally developed by
Steele [45] who integrated the Lennard-Jones potential for
adsorption over an infinite stack of flat crystalline layers. One
additional subtlety here is the presence of a short-range cutoff
in the dispersion correction, which must be taken into account
when carrying out the integration.

Aiming for a similar coarse-grained (implicit) model of
the adsorbate-substrate dispersion interaction, we thus assume
that the support can be described by a succession of flat layers
with surface density σ . In the case of epitaxial graphene, σ

will denote the density of the topmost graphene layer, all
Pt(111) layers underneath having a possibly different surface
density σ ′. Although the following coarse-graining procedure
can be used for integrating the many-body (but short-ranged)
component of the interactions [54], we use it here only for
the long-range dispersion forces that are more sensitive to the
infinite nature of the environment.

The interaction of the adsorbate with the first layer can be
integrated as follows. We denote by di = zi − z̄ the separation
along the z axis of atom i of the adsorbate to the average layer
position z̄. For integration purposes, we temporarily replace
the Fermi-type damping function of the Grimme D2 model by
a sharp short-distance cutoff placed where the original f

ij

dmp

equals 1
2 , namely, at the position rij = R

ij
r :

f
ij

dmp(rij ) ≈
{

0, rij � R
ij
r

1, otherwise.
(9)
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The dispersion interaction of an adsorbate (ads) with a single substrate layer is then integrated as

Ẽ
(1)
disp = −s6σC6π

2

∑
i∈ads

{
R−4

r , |di | < Rr

d−4
i , otherwise

(10)

where C6 is chosen appropriately to the substrate atom under consideration (Pt-C) and Rr denotes the cutoff of the dispersion
interaction also chosen for Pt-C.

Due to the introduction of a sharp cutoff in fdmp, this expression is not differentiable at di = Rr , hence, we replace the
constant part by an expression of the form adn

i + b, set to match the original expression at di = 0 and to produce a continuously
differentiable function:

Ẽ
(1)
disp = −s6σC6π

2

∑
i∈ads

{
− 4

n

[(
1 + 4

n

) 1
4 Rr

]−4−n
dn

i + R−4
r , |di | < Rr

(
1 + 4

n

) 1
4

d−4
i , otherwise.

(11)

For n → ∞, the original form is recovered. Choosing n = 50
is a good compromise between an acceptable approximation
and a sufficiently low curvature.

Equation (11) is appropriate for describing the van der
Waals contribution from the single graphene monolayer, but
requires further summation for graphite. We thus sum the
dispersion energy between the adsorbate and the infinite stack
of layers of the substrate that we assume are distant from
one another by a fixed quantity dL. In summing up the above
expression of Eq. (11), the condition |di | < Rr (1 + 4/n)1/4

is satisfied only up to a finite number of uppermost layers,
as depicted in Fig. 1. In practice, this concerns the first two
layers, for which Eq. (11) has to be explicitly used. For the
remaining layers, the summation leads to

Ẽ
(∞)
disp = − s6σC6π

2

∑
i∈ ads

∞∑
j=0

(jdL + di3)−4 (12)

= − s6σC6π

2d4
L

∑
i∈ ads

ζ

(
4,

di3

dL

)
, (13)

where di3 = zi − z̄ + d1
L + dL is the distance between an

adsorbate atom and the third substrate layer and d1
L the

spacing between the first two substrate layers. For graphite,
d1

L = dL. In the previous equation, ζ denotes the Hurwitz zeta

FIG. 1. (Color online) Interaction between an adsorbate atom i

and a succession of planar layers, smoothly excluding regions within
cutoff distances. See text for notations.

function, which in practice was numerically evaluated using
the gsl sf hzeta function of the GNU Scientific Library.

In the case of the substrates considered here, the first layer
is always a graphene sheet with an atomic surface density
of σ = 4/(

√
3a2) of carbon atoms, where a = 2.51 Å is the

graphene lattice parameter at 0 K (as computed with the present
Brenner potential). The same surface density is used for all
other layers in the case of the graphite substrate. For epitaxial
graphene on fcc platinum oriented on the (111) surface and
in a (9 × 9)C/(8 × 8) Pt arrangement, the platinum layers all
have the surface density σm = 2/(

√
3a2

m) with am = 2.83 Å
the first-neighbor distance of Pt atoms in the fcc lattice.

As a final comment for this section, it should be emphasized
that the coarse-grained model for dispersion corrections lacks
lateral corrugations, in contrast with the original Steele
potentials where binding is purely of the van der Waals
type [45]. In the present models, lateral corrugation over
the carbonated substrates is included through the bond-order
contribution, which is always explicit. Lateral corrugation due
to the periodic nature of the crystalline substrate is assumed
to be much lower than the integrated contribution from the
semi-infinite medium, and is therefore neglected.

D. Intragraphite dispersion interactions

The previously described coarse-grained implicit model
for dispersion interactions has to be benchmarked against
fully atomistic treatments. However, the original Brenner
potential is not able to bind graphite layers together, and adding
dispersion corrections would not suffice because the covalent
part does not operate at the experimental interlayer distance
due to a too short cutoff. It is thus necessary to also modify the
repulsive component of the potential, and following Che and
co-workers [55] we address these two issues simply by adding
a Lennard-Jones potential between atoms of different layers,

ELJ
i =

∑
j

′ ε

2

[(
ξ

rij

)12

− 2

(
ξ

rij

)6
]
, (14)

where the primed sum indicates that the j atoms belong to
a different layer than i. For this contribution, we adopt the
same parameters as in Ref. [55], namely, ε = 3 meV and
ξ = 3.805 Å. The LJ interaction is included in explicit models
of graphite.
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In order to derive a fully implicit model, we integrate
Eq. (14) above over the flat monolayer to get the well-known
result [45]

E
(1)
LJ,i = πσε

2

(
ξ 12

5d10
i

− ξ 6

d4
i

)
(15)

in which di is the average distance between atom i and the
layer. E

(1)
LJ is minimal for di = dmin

C = 2−1/6ξ = 3.390 Å at
25 meV/atom, which corresponds to the equilibrium spacing
and binding energy a graphene bilayer. This has to be compared
to the binding energy of 22 meV/atom at a bilayer separation of
3.32 Å computed by Gould and co-workers [56] with DFT in
the local-density approximation with dispersion corrections.
Using a similar calculation, but with an infinite number of
layers, we obtain for the equilibrium spacing a value of
dC = 2079−1/6πξ . With the values for ξ and ε of Che and
co-workers [55], the interlayer distance and binding energy
of graphite reported by Gould and co-workers are reasonably
recovered (3.346 Å versus 3.34 Å and 57 meV/atom versus
48 meV/atom, respectively). The difference between dmin

C (for
the bilayer) and dC (for infinite graphite) is only of 1.3%,
therefore, the spacing of the uppermost layers of a half-space
of graphite is expected to be close to the value in bulk graphite.

The summation of Eq. (15) over a semi-infinite number of
layers leads to the noncovalent interaction energy between one
carbon atom and a half-space of graphitic layers distant by dC,

E
(∞)
LJ,i = πσε

2

[
ξ 12

5d10
C

ζ

(
10,

di

dC

)
− ξ 6

d4
C

ζ

(
4,

di

dC

)]
, (16)

thereby recovering again the results first obtained by
Steele [45]. This expression represents an external potential
on the only graphitic layer that is explicitly present in the
implicit model.

E. Screening of dispersion forces on metal substrates

Dispersion forces on a metal substrate are screened at
long distance owing to electron delocalization [57]. Such
nonadditive effects can be empirically accounted for by
introducing an additional Thomas-Fermi (TF) screening factor
into the Grimme D2 model in the case of the interaction with
the metal part of the substrate [58–60]:

E
(D2,scr.)
disp =

∑
i

∑
j �=i

−s6fscr(di)

1 + exp
[ − 20

( rij

R
ij
r

− 1
)] C

ij

6

r6
ij

, (17)

fscr(di) = exp [−2(di/rTF)], (18)

where rTF is the screening length. In the previous equation,
the layered structure of the substrate was explicitly taken into
account through the additional and translationally invariant
dependence on the distance di between atom i and the layer to
which j belongs. Approximating the substrate by a series of
equidistant uniform atomic monolayers with density σ ′ allows
summing over entire layers as before, and the result reads as

Ẽ
(scr)
disp = − s6σ

′C6π

2d4
L

∑
i∈ads

e
−2di
rTF L

(
e

−2dL
rTF ,4,

di

dL

)
, (19)

where L(z,s,a) denotes the Lerch zeta function

L(z,s,a) =
∞∑

k=0

zk

(k + a)s
. (20)

The case without screening of dispersion is recovered for
rTF → ∞, whereas taking rTF = 0 corresponds to removing
the dispersion correction entirely. As was the case before,
the two uppermost layers must be dealt with separately
owing to distances shorter than the cutoff, and Eq. (11) with
the additional screening factor has to be used instead. In
this expression, the C6 and Rr parameters must be chosen
appropriately for the pair of subsystems in consideration,
which can be adsorbate-graphene, adsorbate-metal substrate,
or graphene-metal substrate. In addition, σ needs to be
replaced be σ ′ for the second layer. In practice, the Lerch
zeta function was evaluated with the lerch function of the
POLPAK library [61].

As a side note, we emphasize that Eq. (19) applies to the
dispersion interactions exerted by the semi-infinite metallic
substrate on both the metal adsorbate and the epitaxial
graphene layer (even in absence of any adsorbate).

F. Computational details

The different dispersion models presented in the previous
section have been compared against each other for various
adsorbates on several substrates. All simulations employed
periodic boundary conditions along the two lateral dimensions.
In the static limit, Pt nanoparticles containing between one and
several thousand atoms were locally optimized starting from
high-symmetry morphologies such as multilayer icosahedra
or truncated octahedra (Wulff shapes). For both types, the
nanoparticles were initially deposited in epitaxy on the
graphite substrate, exposing their (111) facets to the honey-
comb lattice. From those structural optimizations, adsorption
energies and geometry relaxations could be quantified.

In addition to these static investigations, molecular dynam-
ics simulations at finite temperature were conducted to assess
the thermal stability and dynamical properties of adsorbates
on their carbonated substrates. Here, we used a combination
of methods to simulate the real-time dynamics, essentially
molecular dynamics (MD) at finite temperature imposed by
coupling a Nosé-Hoover thermostat to the substrate. In order
not to alter the time-dependent properties, the thermostatting
procedure was not applied to the subsystem of interest
(adsorbate or upper layer in the case of epitaxial graphene),
but to the remaining substrate only.

MD trajectories for 64-atom NPs on substrates kept at a
fixed temperature were initiated from locally relaxed structures
occupying a two-layer configuration similar to experimentally
observed nanoparticles formed in situ on epitaxial graphene
on (111) metal surfaces [4,7,62,63]. Various observables
were calculated in order to probe the intrinsic mobility of
the nanoparticles, their possible diffusion on the substrate
as well as their spontaneous rearrangement toward lower-
energy structures. Vibrational spectra were also evaluated
from the Fourier transform of the velocity time autocorrelation
function. Unless otherwise mentioned, all molecular dynamics
trajectories employed a time step of 1 fs and were carried out
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over 5.5 ns, the first 500 ps being discarded from the averages
for equilibration purposes.

For the static computations of the smaller Pt adsorbates on
graphite, the periodic boundaries contained 15 × 15 graphene
unit cells, unless otherwise mentioned, and for the larger Pt
adsorbates (from 923 atoms on) 30 × 30 unit cells. In the case
of the MD simulations of Pt64 clusters on (possibly defective)
graphite, a simulation box of 10 × 10 graphene unit cells was
chosen. It was made sure that these simulation boxes are large
enough that the adsorbates do not interact with their periodic
images, i.e., the cell width is larger than the diameter of the
adsorbate plus the cutoff of the covalent interatomic potential.
Regarding epitaxial graphene on Pt(111), the size of the
simulation cell is imposed by the periodicity of the moiré and
varies as a function of the in-plane angle between the graphene
and the Pt lattice, as discussed in Sec. IV. At large in-plane
angles, larger sizes were simulated in order to circumvent the
problem of small primitive cells. All calculations using explicit
dispersion models such as Grimme D2 and D3 employed
three graphene slabs in the case of graphite (ABA fashion),
and three metallic slabs in the case of epitaxial graphene on
Pt(111) (ABC fashion) independently of the dispersion model.
Rigid boundary conditions were applied to the bottom layer
in the MD simulations and local optimizations. In the implicit
description of graphite, the rigid boundaries were released
and only the uppermost graphene layer was included as it
contributes to possible covalent interactions.

In order to determine the ability of the present dispersion
models to describe the interaction of such particles on pristine
graphite, we define the adsorption energy Eads of a general
adsorbate or nanoparticle (np) on its substrate (sub) through
Eads = Etotal − Esub − Enp, where Etotal is the energy of the
entire system after relaxation, Esub and Enp the potential
energies of the relaxed substrate and nanoparticle, respectively.

III. PLATINUM NANOPARTICLES ON PURE
CARBONATED SUBSTRATES

The methodology of the previous section was applied and
tested for platinum adsorbates on different extended substrates.
In this section, we discuss the most straightforward case of
purely graphitic supports containing one (graphene) or an
infinite number (graphite) of monolayers.

A. Comparison of dispersion models: The adatom case

The performance of the different interaction models intro-
duced above was first assessed on static properties involving
the local relaxation of adsorbates on the substrates. In the
simplest case of single Pt adatoms adsorbed on graphene and
graphite, various interaction sites are illustrated in Fig. 2. The
alpha and beta sites are found on top of a carbon atom and
differ from each other only once multiple graphene layers are
taken into account. Such differences are only relevant in the
explicit models, however, they were found to be negligibly
small and the two sites will be considered as equivalent here.
The bridge and hollow positions lie above the midpoint of
a C-C bond and the center of a six-membered carbon ring,
respectively.

hollow
bridge

alpha
beta

1st layer
2nd layer

FIG. 2. (Color online) High-symmetry adsorption sites of
adatoms on graphite: The atoms of the uppermost graphitic layer
are represented as black rings, the atoms of the layer below as gray
circles. In the implicit models, the alpha and beta sites are equivalent.

Energy profiles were calculated for Pt adatoms approaching
perfectly flat graphene and graphite surfaces containing later-
ally 10 × 10 graphene unit cells vertically at these various sites.
Here, the substrate atoms where kept fixed to their optimized
positions without adatom. It should be noted that the distance
of the adatom to the graphitic layer differs from the smallest
Pt-C separation in the case of the bridge and hollow sites.

The variations of the energy profiles with atom-substrate
distance are represented in Fig. 3 for the three relevant
adsorption sites and for the graphene and graphite substrates,
with a reference energy assigned at infinite separation.

For both substrates, correcting for dispersion forces further
binds the adatom by 0.5–1 eV depending on the model, and
introduces a shallow long-distance van der Waals minimum
close to the cutoff of the covalent part of the potential, which is
at 2.8 Å. This minimum should be considered as a physisorbed
state.

Comparing the curves obtained with the Grimme D2
model and the implicit dispersion model, the implicit model
appears to work particularly well in this simple test case
where the assumption of an uncorrugated substrate surface
is strictly satisfied. The minor discrepancies between the
Grimme D2 and D3 models can be explained based on
the varying coordination of the adatom as it approaches the
substrate: adsorption on an alpha/beta site produces a singly
coordinated Pt atom, whereas the adatom is twofold and sixfold
coordinated at the bridge and hollow sites, respectively. Within
the D3 model, higher coordinations tend to decrease the C6

coefficients accordingly, which explains the slight attenuation
of the van der Waals energy at short distances for hollow sites
with respect to the D2 model. Those observations are valid for
both substrates, and unsurprisingly the profiles obtained for
graphene and graphite look very similar. Further inspection
indicates that, as they should, the chemisorbed minima are
slightly more bound in graphite by 86, 107, and 130 meV for
the alpha, bridge, and hollow sites, respectively, as the result
of additional dispersion forces. Those values for the implicit
model are consistent with those obtained with the Grimme D2
model (namely, 66, 88, and 111 meV), the 20-meV difference
arising from the neglect of van der Waals forces beyond the
simulation supercell in the Grimme approach.
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FIG. 3. (Color online) Energy profiles of a Pt adatom approaching flat graphitic surfaces along various sites, as obtained from the bond-order
potential corrected with different dispersion models. Upper panels (a)–(c): single-layer graphene; lower panels (d)–(f): semi-infinite graphite.

The main conclusion of Fig. 3 is the very satisfactory
performance of the implicit dispersion model to describe
the global long-range London forces for Pt atoms on both
graphene and semi-infinite graphite, as well as the clear
presence of chimisorbed and physisorbed minima separated
by well-defined barriers.

B. Pt adatoms on defective graphite

Defects on surfaces can have a significant influence on the
structural and dynamical properties of adsorbates and can be
tailored to trap them and even promote self-assembly [64].
The role of defects on the adsorption of a Pt adatom on
a graphitic surface has been investigated with the present
explicit (Grimme D2 and D3) and implicit dispersion cor-
rection models, as well as without any such correction. Two
defects were considered here, namely, a single vacancy and a
topological Stone-Wales (5775) defect. For both defects, the
graphitic surfaces were locally reoptimized, and the adsorption
of a Pt adatom above the defective substrate was monitored
as a function of its lateral position, the distance of the adatom
perpendicular to the surface being optimized in the process (but
at fixed substrate geometry). For the static computations of Pt
adatoms on defective graphite, a simulation box containing
5 × 5 graphene unit cells was employed.

The resulting energy maps obtained with the explicit D2
and the implicit dispersion models are shown in Fig. 4 for both
defects. In the case of the vacancy, a strong minimum is found
away from the uppermost graphitic layer, originating from the
longer Pt-C bond compared to C-C bonds. For the Stone-Wales
defect, four equivalent energy minima denoted A in Fig. 4(c)
are found at a bridge position of the seven-membered rings
connecting to hexagons, and four other equivalent minima
denoted B can be defined at the alternative bridges connecting
to pentagons.

To better evaluate the relative energies of the various
adsorption sites, full relaxations of the substrate and adatom
were carried out with the D2, D3, and implicit dispersion

corrections. The results of these optimizations for the ad-
sorption energy and lowest Pt-C distance are summarized in
Table I.

Regarding the Stone-Wales defect, site B turns out to be the
most stable for all dispersion correction models. As was the
case for adsorption on perfect substrates, additional dispersion
in graphite relative to graphene further strengthens the interac-
tion energies in presence of defects, by about 0.1 eV according
to the implicit dispersion model. Based on those results, defects
of both types at the uppermost graphite layer are expected to
bind Pt adsorbates more strongly than pristine graphite.

FIG. 4. (Color online) Potential energy of a Pt adatom on a
graphite surface with a single vacancy (upper panel) or a 5775
Stone-Wales defect (lower panel) as obtained with the explicit D2 and
implicit dispersion models. The defective carbon lattice is explicitly
shown for the D2 model. For the Stones-Wales defect, two adsorption
sites A and B are highlighted as defined in the text.
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TABLE I. Adsorption of a Pt adatom on defective graphite:
adsorption energy Eads and closest distance dC,Pt between the Pt atom
and a C atom. In the case of the Stones-Wales defect, adsorption sites
A and B are indicated in Fig. 4(c).

Single Stone-Wales Stone-Wales
vacancy site A site B

No dispersion
Eads (eV) −6.46 −2.61 −2.63
dC,Pt (Å) 1.97 2.04 2.05

Grimme D2
Eads (eV) −7.10 −2.92 −3.06
dC,Pt (Å) 1.98 2.05 2.06

Grimme D3
Eads (eV) −7.18 −2.76 −2.91
dC,Pt (Å) 1.97 2.05 2.05

Implicit model
Eads (eV) −7.44 −3.33 −3.38
dC,Pt (Å) 1.97 2.04 2.05

C. Interaction of larger adsorbates

Metal nanoparticles can be prepared in the gas phase before
their subsequent transfer on substrates [65–68]. Such particles
can be quite large, and sustain a much more significant binding
to the substrate than single adatoms. Regular icosahedral and
truncated octahedral (Wulff) nanoparticles display (111) facets
that make them highly stable [69] and compatible with epitax-
ial deposition on ordered graphite substrates, although such a
deposition involves some notable strain owing to the different
lattice constants in platinum (bond distance of 2.8 Å) and in
carbon (2.5 Å). Figure 5 shows the adsorption energy of such
nanoparticles deposited on graphene and graphite and locally
optimized from an initial configuration with the metal atoms
lying on top of the most stable bridge sites, using different dis-
persion models. Adsorbates containing between 13 and 3871
atoms, or between 1 and 11 icosahedral shells and as many as 6
truncated octahedral shells (2406 atoms) were considered here.
In the original bond-order potential without any dispersion
correction, only the single adatom and the 13-atom icosahe-
dron appear stable. The chemical interaction with the substrate
distorts Pt13 significantly, the mutual distances between the
three atoms in contact with the uppermost graphitic layer
being increased from 2.7 Å for the free Pt13 to 3.3 Å
upon deposition. Similar deformations are found if deposition
occurs on alpha/beta sites, however, no major distortion
occurs at the hollow site. Those conclusions are essentially
unchanged once dispersion corrections are accounted for. For
this small 13-atom cluster, the rather large distortion leads to
a relatively small adsorption energy when compared to the
larger nanoparticles because most of the interaction energy is
consumed for deformation (about 42% for the Grimme D2 and
55% for the implicit model as compared to an average of 13%
and 14% for larger icosahedra). The closest distance between
the adsorbate and the substrate is in the 2.0–2.1 Å range in
the case of the adatom and Pt13. This distance increases up
to slightly below the cutoff of the Pt-C Brenner potential for
the larger adsorbates, as a response to the repulsive part of the
covalent potential close to the cutoff.
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FIG. 5. (Color online) Adsorption energies of Pt nanoparticles on
graphene and graphite, computed for different treatments of London
dispersion forces, and normalized by the number of metal atoms in
contact with the substrate. (a) No dispersion correction; (b) explicit
correction of the Grimme D2 type; (c) implicit dispersion model. The
adsorption energies, as defined in the text, for graphene and graphite
are denoted by full and empty symbols, respectively. Icosahedral
(ico) and truncated octahedral (toct) adsorbates are indicated by
circles and squares, respectively. DFT data from Ref. [43] have been
superimposed in panel (b).

Epitaxial alignment on the bridge sites is essentially lost for
the larger clusters, with a slight preference for the hollow site
in the case of the 55-atom icosahedron. As the nanoparticles
become larger, the mismatch in the lattice constants between
Pt(111) and graphite (0001) results in some excessive strain
that the nanoparticles cannot accommodate. For these larger
clusters, the adsorption energy is roughly proportional to the
number of atoms at the facet in contact with the substrate. The
slight weakening in adsorption seen in Figs. 5(b) and 5(c) is
due to the decreasing fraction of less coordinated atoms at the
edge of the facet in contact. We attribute the weaker interaction
per interface atom in truncated icosahedra to their higher area
exposed in contact with the substrate. If the implicit dispersion
model uses the average position z̄ from the carbon atoms in
the simulation cell, the planar approximation may break down
for large adsorbates due to excessively large deformations
and the tendency to minimize the global interaction. This
in turns introduces some dependence of the results on the
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size of the simulation supercell. For this reason, a large
box of 30 × 30 graphene unit cells has been used for the
implicit dispersion model. This issue, which is illustrated
in the inset of Fig. 5(c), can be tackled by fixing vertically
the graphene layer during the minimizations. Repeating the
minimizations with the implicit model under this constraint
leads to better behaved adsorption energies also shown in
Fig. 5(c), however, the need for this trick clearly indicates that
the implicit models should be reworked for large nanoparticles
on graphene, despite their correct behavior for graphite owing
to the interlayer repulsion. One straightforward correction
specific to graphene could be to have the implicit model
only act beyond the simulation box (i.e., to account for the
nonprimitive cells only), and keep an explicit description
within the primitive cell, which incidentally would not cause a
large computational overhead since the relevant distances are
needed for the covalent/metallic contributions anyway.

For graphite, good agreement between Figs. 5(b) and 5(c) is
reached independently of adsorbate size, indicating that the ap-
proximations underlying the implicit model are well fulfilled.
In particular, the substrate corrugation due to the interaction
with the deposited nanoparticle remains moderate enough for
the assumption of a planar upper layer to remain valid. For the
adsorption on graphene, the agreement between the implicit
and the Grimme D2 dispersion model is not as good due to
high corrugation. As will be seen in the following from our
dynamical simulations, significant structural rearrangements
take place already in small adsorbates, and it is rather unclear
as to what the optimal shape of the nanoparticles should be in
such large systems deposited on nonrigid substrates.

D. Comparison with DFT calculations

The predictions of the present semiempirical models can be
compared against available electronic-structure reference data
obtained at the level of density-functional theory calculations.
Ramos-Sanchez and Balbuena [43] investigated the interaction
of a Pt adatom and small Pt adsorbates deposited on various
sites of graphite by means of dispersion-corrected DFT
(RPBE-D2). The adsorption energy for the adatom found
by these authors amounts to −2.18 eV at the bridge site
with a shortest Pt-C bond of 2.03 Å, both quantities being
in satisfactory agreement with the present calculations where
values of −2.74 eV (implicit model) and −2.75 eV (Grimme
D2) are, respectively, obtained at a common closest Pt-C
distance of 2.06 Å.

In the case of graphene, several other DFT data without
dispersion corrections have been reported for the adatom,
but the values are significantly spread out. The adsorption
energies for a Pt adatom at the most stable bridge position thus
range from −0.37 [70] to −1.5 [71], −1.57 [72], −2.03 [73],
−2.17 [74], and −3.2 eV [75], with equilibrium distances that
always exceed the values obtained with dispersion corrections,
although the variations among the different authors are
much smaller (2.148, 2.101, 2.10, 2.12, 2.08, and 2.15 Å,
respectively).

Results for the icosahedral Pt13 adsorbate are much
more scarce, however, Ramos-Sanchez and Balbuena [43]
reported an adsorption energy of −6.97 eV at the bridge site,
which is noticeably larger than the values obtained here of

−4.27 eV and −3.40 eV in the explicit and implicit dispersion
models. Using a finite cluster model of the graphene substrate,
Okamoto [76] computed an adsorption energy of −1.08 and
−2.08 eV at two other adsorption sites, but with the same
orientation of Pt13 on a graphene sheet. Additional density-
functional results are available in the case of Pt adatoms on
defective graphene [72,77]. Our values for the adsorption of
a Pt adatom on a vacancy in graphite reported in Table I are
comparable to the adsorption energy of a Pt atom on a vacancy
in graphene of −7.45 eV at a Pt-C distance of 1.94 Å calculated
at the DFT level without dispersion correction by Fampiou and
co-workers [72]. These authors further reported an adsorption
energy of −6.68 eV obtained with the Albe potential at
1.98 Å Pt-C separation, which is in good agreement with
our own values for graphite. Repeating the calculations for
defective graphene yields an adsorption energy of −7.37 eV
at 1.98 Å separation. The difference with the aforementioned
semiempirical energy of Fampiou et al. thus measures the
additional dispersion interaction beyond the simulation cell.

Other adsorption energies for larger Pt adsorbates con-
taining up to 27 atoms have been reported by Qi et al.
from DFT calculations without dispersion corrections [77].
Unfortunately, comparison with those results is not straight-
forward because the structures considered by those authors
differ significantly from ours.

E. Dynamics of adsorbates on graphite

One essential advantage of analytical potentials over meth-
ods based on an explicit description of electronic structure is
their ability to address physical properties on much stronger
statistical grounds. Here, we discuss the thermal stability of
two-layered Pt64 nanoparticles on graphitic substrates, using
molecular dynamics trajectories spanning the nanosecond
regime. Two indices were defined to monitor the dynamical
evolution of the adsorbates as a function of increasing tempera-
ture, based on the root-mean-square bond length fluctuation of
selected atomic pairs. The intrinsic rigidity within the particles
can be measured by

δintra = 1

N (N − 1)

∑
i∈ads

∑
j ∈ ads
j �= i

√〈
r2
ij

〉 − 〈rij 〉2

〈rij 〉 , (21)

where N is the number of atoms in the adsorbate and 〈. . .〉 a
time average. Similarly, the global mobility of the adsorbate
relative to its substrate (subst) can be evaluated by the index

δinter = 1

N × M1

∑
i∈ads

∑
j ∈ subst
1stlayer

√〈
r2
ij

〉 − 〈rij 〉2

〈rij 〉 , (22)

M1 denoting the number of atoms in the upper layer of the
substrate.

At low temperature, where both the substrate and adsorbate
vibrate around their equilibrium positions, the interatomic
distances only exhibit some minor fluctuations and the two
indices keep low values, typically below a few percent.
Conversely, an index exceeding approximately 10%–15%
indicates some qualitative motion of the atoms within the
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FIG. 6. (Color online) Temperature variations of the root-mean-
square bond length fluctuation indices measuring the internal rigidity
of the Pt64 adsorbate (δintra) and the mobility of the adsorbate relative
to the graphite substrate (δinter), and average adsorbate thickness σ

as obtained from the explicit (Grimme D2) and implicit dispersion
models.

adsorbate (fluxional or liquid state detected on δintra) or relative
to the substrate (global diffusion detected on δinter).

Figures 6(a) and 6(b) show the variations of these order
parameters with increasing temperature for the example of
the Pt64 adsorbate assumed to initially occupy a bilayer
shape in near epitaxy with the graphite substrate at low
temperature. The simulations were performed using the
explicit (D2) and implicit models of dispersion corrections.
Simulations neglecting dispersion corrections altogether were
also performed, but produced unphysical results with the
spontaneous desorption of the adsorbate already below room
temperature. This behavior was actually anticipated as it is
consistent with the vanishing adsorption energy of clusters
larger than 13 atoms unless dispersion forces are accounted
for [see Fig. 5(a)]. For both dispersive correction models, the
adsorbed nanoparticles undergo increasingly large vibrations
as temperature is increased, and a progressive but clearly
visible transition to a more disordered state with δintra > 0.15

near 1000–1200 K. However, the other index δinter reveals
that the dynamics of the adsorbate on the substrate depends
very sensitively on the model. In the explicit D2 description,
the nanoparticle moves relative to the substrate already above
200 K, whereas 750 K are necessary for such a motion to
take place in the implicit model. These qualitative differences
are quite significant, and reveal some contrasted energetic
behaviors between the two approaches. We have examined
the structural evolution of the adsorbate by calculating its
geometrical extension (or thickness) σ perpendicular to the
substrate. Starting from a bilayer particle with σ ≈ 2.7–4.1 Å,
the variations of 〈σ 〉(T ) with temperature are shown in
Fig. 6(c).

The different thermodynamical behaviors can now be
related to different variations in the shape of the adsorbate,
which becomes more spherical in the explicit D2 description
(〈σ 〉 ∼ 8 Å), but conversely much flatter (〈σ 〉 ∼ 1 Å) if the
dispersion correction is coarse grained in the implicit model.
The structural transitions here simply originate from the lower
energy of those structures in their respective models, and the
different temperatures of their onsets found in the variations
of 〈σ 〉(T ) roughly match the regions where δintra increases
in Fig. 6(a), albeit more smoothly due to the more regular
one-layer structure of the adsorbate. Local minimization of
the high-temperature structures confirms that the ellipsoidal
isomer is much more stable in the explicit D2 model, by
5.6 eV, the flat isomer conversely lying 14.5 eV below the
initial structure in the implicit dispersion model. These results
motivate more systematic work on global optimization, which
would shed more light onto the wetting behavior of the
different dispersion models but lie beyond the present effort.

Although the present trajectories were carried out of
equilibrium from a metastable state, they were able to locate
low-energy minima shedding light onto different binding
properties of the present dispersion models. The greater extent
of wetting obtained with the implicit model thus reflects
a stronger London interaction that is even comparable in
magnitude to the metallic contribution holding the adsorbate
together. From the purely energetic perspective, the dispersion
corrections in the implicit model were indeed expected to
be stronger, simply because the explicit approach neglects
the contributions from the semi-infinite substrate beyond the
atoms from the simulation cell. What Fig. 6(b) further shows
is that this stronger pinning of the adsorbate to the substrate
also has dynamical consequences, the ability to diffuse being
significantly suppressed. That the most stable structures of
Pt adsorbates are so significantly affected by the nature and
magnitude of dispersion interactions was itself not so obvious
a priori, and constitutes one major finding of this work that
confirms the importance of those “corrections” on the global
potential energy surface.

The imperfect nature of the epitaxial contact between
the metal adsorbate and the substrate causes some jiggling
motion that was further investigated in details by following
not only the center of mass, but also the global orientation
of the adsorbate relative to the substrate. More precisely,
we evaluated the angle θ between the substrate and some
reference axes of the adsorbate, defined by symmetry in
the reduced range 0 � θ � 30◦, as a measure of alignment
between the two lattices. A value θ = 0 corresponds to perfect
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FIG. 7. (Color online) Short-time average angle between the Pt64

adsorbate and substrate lattices, and center-of-mass velocity of the
adsorbate, as obtained from a MD trajectory at 900 K using the
implicit model for dispersion corrections. Adsorbates under maximal
(left) and minimal (right) alignment are also depicted.

epitaxial alignment, whereas maximal orientational mismatch
is attained for θ = 30◦. In the MD simulations, snapshots were
taken every picosecond and the time series θ (t) was analyzed.

At low temperature, the particle is stable on the substrate
and vibrates. At sufficiently high temperature, the diffusion
motion starts to take place through some occasional jumps and
jiggling. Figure 7 illustrates the origin of this jiggling motion
on a typical time series θ (t) obtained for a trajectory at 900 K,
together with the corresponding effective velocity of the center
of mass of the adsorbate. The simulations were performed here
with the implicit dispersion model. At this temperature, most
of the time is spent in good alignment between the adsorbate
and the substrate, but misalignment occurs on short time
scales and in correlation with sudden increases in the velocity
modulus. Crossing these energy barriers gives the adsorbate
enough velocity to travel rather long distances, the diffusion
process showing properties similar to those of a (truncated)
Lévy flight [78] with long residences between shorter jumps.
Such processes have already been identified for nanoparticle
diffusion on surfaces [79–81].

Defects on surfaces can significantly alter the diffusion
properties of adsorbates [82]. The influence of the vacancy
and Stone-Wales defects in the uppermost graphitic layer on
the diffusion propensity of Pt64 adsorbates was also addressed
by MD simulations, using the implicit dispersion correction
model. The results (not shown) indicate only a modest slowing
down in the dynamics that amounts to a few percent reduction
in the diffusion constant.

In addition to the long-time diffusion dynamics, the MD tra-
jectories provide a wealth of information about the vibrational
dynamics occurring on shorter time scales. The vibrational
spectrum was calculated from the Fourier transform of the
velocity time autocorrelation function Cvv(t) = 〈�v(t) · �v(0)〉
accumulated over windows of 4 ps from 1-ns-long trajectories.
While the formula for Cvv(t) involves a further average over all
atoms, the specific contributions of the adsorbate and substrate
can also be evaluated separately.

At low temperature, the system should behave as a col-
lection of harmonic oscillators combining the phonons of the
substrate and the normal modes of the adsorbate. The harmonic
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FIG. 8. (Color online) Vibrational spectra for a two-layer Pt64

adsorbate on graphite obtained from the velocity time correlation
function at finite temperatures (continuous lines) and in the harmonic
limit (histograms pointing downward). (a) Spectra of isolated sub-
strate (upper part) and adsorbate (lower part); (b) global spectra of
the entire system (upper part) and of adsorbate alone (lower part) but
interacting with the substrate. The calculations were performed with
the implicit dispersion correction model.

vibrational frequencies of the global system were calculated
from the diagonalization of the mass-weighted Hessian matrix
at the locally relaxed position. Here, the second derivatives
were obtained by numerical differentiation of the analytical
gradient. The harmonic spectrum is expected to resemble the
vibrational spectrum determined from the MD simulations
only at low temperature, hence the comparison between
the two types of calculations provides direct insight into
anharmonicities and their manifestations at finite temperature
in terms of band shifting and broadening.

The implicit dispersion model was again used for those
static and dynamical calculations, the simulations at finite
temperature being performed at 300 and 1000 K. Figure 8(a)
shows the vibrational spectra of the free graphitic surface and
the free two-layered Pt64 at these temperatures as well as the
normal mode frequencies of these two systems. All spectra
exhibit similar features, with intense lines corresponding
to grouped modes at low frequencies and reaching about
1700 cm−1. The far-IR range corresponds to the frequencies
of the metal adsorbate, which fall into a rather continuous
range below 350 cm−1. For the adsorbate itself, deposition
on graphite does not alter the vibrational properties very
markedly. In contrast, the graphite substrate undergoes a more
significant perturbation due to the adsorbate with clear band
broadening and even merging of many small peaks up to
700 cm−1. As expected, the spectral features corresponding to
stretching C-C modes at higher frequencies are less affected.
The perturbation exerted by the adsorbate on the vibrations of
the graphitic layers appears more clearly at finite temperature,
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FIG. 9. (Color online) Inventory of moiré sites of the
graphene/Pt(111) system with a vanishing in-plane angle (ξ
structure).

and we speculate that the extended range of these perturbations
results from hot and combination bands.

Anharmonicities are also evident on the highest frequency
band near 1600 cm−1, which displays some slight broadening
but more importantly some red-shifting as temperature varies
from 0 to 300 K and finally 1000 K. This peak, which
dominates the G band of graphite, has been further quantified
below in the case of epitaxial graphene.

IV. NANOPARTICLES ON GRAPHENE SUPPORTED
ON METAL

The implicit dispersion correction model has been extended
to describe epitaxial graphene on Pt(111), and Pt adsorbates
on such substrates. Epitaxial graphene [83] on platinum
has been studied by atomic force microscopy [84] and by
scanning tunneling microscopy [85,86] possibly coupled to
other techniques such as local tunneling barrier height [87]
or low-energy electron diffraction [88,89]. Although usually
synthesized by chemical vapor deposition, epitaxial graphene
on Pt(111) has also been produced by colliding carbonated
molecules such as methane [90] or C60 [91], by subsurface
segregation [92], and by liquid phase deposition [93].

Epitaxial graphene on metal forms moiré structures with
large periodicities resulting from the lattice mismatch between
graphene and the underlying metal [83,94]. Such nanomeshes
could be used as templates for depositing nanoparticles in a
stable fashion [4,68,95].

A. Modeling of supported graphene

The lattice constant of graphene is about 1
8 smaller than the

equilateral triangular surface lattice of Pt(111) and therefore a
moiré pattern can be produced if the two lattices are superim-
posed under the commensurate 9

8 size ratio. In comparison to
other transition metals such as nickel, graphene interacts with
platinum rather weakly, which further allows additional moiré
patterns with different periodicities to be formed by varying
the in-plane angle � between the two lattices [83].

Figure 9 depicts the geometry of a typical moiré structure
formed by epitaxial graphene and the relevant adsorption sites
resulting from these two commensurate lattices in contact with
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FIG. 10. (Color online) Edge length of moiré structures obtained
for graphene on Pt(111) by varying the in-plane angle between the two
lattices obtained by geometric construction (red circles) and observed
in experiments (green circles, see also Table II for the assignment
of the different structures). Full and empty circles refer to simple
commensurate lattices and to commensurate lattices of twice the size
of the apparent moiré periodicity, respectively.

each other. In addition to the aforementioned alpha, bridge,
and hollow adsorption sites on bare graphene, there are several
regions of alignment or misalignment between the two lattices.
In the fcc region, the carbon atoms are on top of Pt atoms of
either the first or second Pt layer. In the top region, the center
of the six-membered carbon rings is on top of the Pt atoms
of the uppermost layer. Finally, the hcp region has those rings
aligned with the atoms of the second Pt layer.

The nature and properties of moiré structures largely depend
on geometrical factors, periodicity being intimately related to
commensurability. Several authors have addressed these issues
in the specific case of epitaxial graphene [96,97]. A dedicated
procedure was implemented here to systematically determine
possible moiré structures as a function of the in-plane angle,
by looking numerically for close concordances between the
two lattices. Again, owing to the symmetry of the problem
� was varied between 0◦ and 30◦ only. In practice, once
such a close concordance was detected, the in-plane angle
was precisely adjusted and the graphene layer was stretched
or squeezed in order to match the Pt(111) lattice. This way,
all possible moiré structures up to a certain predefined size
can be listed. The edge length of the supercell obtained by
this purely geometrical procedure is illustrated in Fig. 10. The
general decrease in the edge length of the moiré supercell with
increasing � is equivalent to an increase in periodicity (full
circles in Fig. 10), except at low angles where the monotonic
relation does not hold and where the periodicity is better
represented by an approximate half-value (empty circles in
Fig. 10). The minor deviations from monotonic behavior arise
from the slight adjustment made to graphene to match the
common cell size.

A similar numerical approach for the determination of
moirés was followed earlier by Merino and co-workers [91].
The names assigned by these authors to some specific
structures are detailed in Table II and are also indicated in
Fig. 10. Near the angle of 1.71◦ a structure very similar to the
λ moiré reported by Merino et al. was found but with twice
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TABLE II. Moiré patterns obtained from geometrical consid-
erations, referred to using Wood’s notation for the geometry with
respect to graphene and ordered with increasing in-plane angle �.
When applicable, the name assigned to the structure by Merino and
co-workers [91] is also reported. References where the corresponding
structures have been studied for graphene on Pt(111) are given in the
last column.

Moiré in Wood’s notation � (◦) Name [91] References

(9 × 9) R0.00◦ 0.00 ξ [85,88,91,93]
(
√

244 × √
244) R26.33◦ 0.46

(
√

73 × √
73) R5.82◦ 0.77 μ [84,91]

(
√

84 × √
84) R10.89◦ 1.32 o [91]

(
√

229 × √
229) R16.63◦ 1.71 “λ”

(
√

79 × √
79) R17.00◦ 2.11 ν [91]

(
√

63 × √
63) R19.11◦ 2.68 κ [84,91]

(
√

76 × √
76) R23.41◦ 2.92

(
√

199 × √
199) R7.05◦ 3.09

(
√

61 × √
61) R26.33◦ 3.67 ι [84,87,91]

(
√

61 × √
61) R26.33◦ 4.54

(
√

157 × √
157) R3.96◦ 4.99

(7 × 7) R21.79◦ 5.69 θ [91]
(
√

39 × √
39) R16.10◦ 7.15 ζ [91]

(
√

31 × √
31) R8.95◦ 8.95 ε [84,91]

(
√

21 × √
21) R10.89◦ 10.89 δ [91]

(4 × 4) R0.00◦ 13.90 γ [88,91]
(3 × 3) R0.00◦ 19.11 β [84,86,88–92]
(2 × 2) R0.00◦ 30.00 α [85,88,91,98]

the size of the super cell. This structure is denoted as “λ” in
Table II.

Using the present potentials, the moiré structures were
locally optimized in order to determine the magnitude of
corrugation �z of the graphene layer and its separation
with the metal. The adsorption energies averaged over
all moiré structures and obtained with the Grimme D2
model (334 meV/carbon atom) or the implicit dispersion
model (355 meV/carbon atom) are very similar to each
other but significantly overestimate the recent predictions of
43 meV/carbon atom by Vanin and co-workers [99] based on
vdW–DFT calculations, which satisfactorily agree with earlier
computations by Khomyakov and co-workers (38 meV/carbon
atom for the α moiré [98]) and by Gao et al. (38.6 and
39.8 meV/carbon atom for the ξ and α moirés, respec-
tively [88]).

The overestimation with the present models is due to the
absence of screening in both explicit and implicit dispersion
models, which is important owing to the delocalized nature
of the electron cloud in the bulk metal. One empirical way of
accounting for these screening effects consists of considering
the contributions to the London interactions of the uppermost
layer only [16,100]. Repeating the calculations under such
conditions leads to a significantly reduced adsorption energy
of 273 meV/carbon atom, still off by a factor 6 with respect
to the reference data of Vanin et al. [99], the uppermost metal
layer alone contributing to about 77% of the total dispersion
energy.

−0.4

−0.2

0

A
ds

or
pt

io
n 

en
er

gy
(e

V
/C

 a
to

m
)

Vanin and coworkers

top layer dispersion

screened (rTF=2.9 Å)

unscreened dispersion

Grimme D2

(a)

0.1

0.2

0.3

0.4

0.5

1 10 100

C
or

ru
ga

tio
n 

(Å
)

rTF (Å)

Θ = 0° (ξ)
Θ = 13.9° (γ)
Θ = 19.1° (β)

(b)

FIG. 11. (Color online) Variations of (a) adsorption energy and
(b) corrugation of the graphene monolayer in epitaxial contact with
Pt(111), as obtained from the implicit dispersion model as a function
of the screening length rTF. The curves were obtained for various
moiré structures corresponding to different in-plane angles � = 0◦

(ξ ), 13.9◦ (γ ), and 19.1◦ (β) and based on local relaxations. In panel
(a), the adsorption energies predicted by other dispersion models are
also indicated as horizontal lines.

Alternatively, introducing a Thomas-Fermi screening factor
as in Eq. (18) can achieve a similar effect, but to an even
greater extent. Figure 11(a) shows the variations of the
adsorption energy of the graphene layer in epitaxial contact
with Pt(111), as a function of the screening length rTF and
for three different in-plane angles � corresponding to the
structures denoted as ξ , γ , and β in Table II. The damping
of the global London attraction is particularly prominent, and
the vdW–DFT reference value of 43 meV/carbon atom is
recovered approximately for rTF = 2.9 Å. The adsorption of
epitaxial graphene is also found not to depend significantly
on the type of moiré pattern, which is also true for the other
dispersion models considered in this work (results not shown).

The natural corrugation of the graphene layer was evaluated
from the locally relaxed structures and as a function of the
screening length rTF. Its variations, shown in Fig. 11(b), are
found to be correlated to those of the magnitude of the ad-
sorption energy, which is the expected behavior since stronger
binding also tends to increase the natural corrugation due to
incommensurability and corrugate the carbon monolayer.

The interplay between corrugation and the strain exerted
by the two materials in contact was further investigated by
considering not only the magnitude �z of the graphene
corrugation, but also the average separation δz between the
carbon sheet and the uppermost metal layer. Those properties
were evaluated at 0 K from local minimizations of structures
that were obtained via MD simulations at 300 K. The variations
of these geometric properties with increasing in-plane angle
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FIG. 12. (Color online) (a) Corrugation �z and (b) interlayer
separation δz of a graphene layer epitaxied on Pt(111) as a function
of the in-plane angle �, as obtained from different dispersion models
at zero temperature. The values predicted by the model with screened
dispersion forces lie beyond the respective upper values of the graphs
at � = 30◦ (see text for discussion).

are represented in Fig. 12. As a general trend, corrugation
decreases with increasing in-plane angle, which can be
understood from the natural increase of the moiré periodicity
with the in-plane angle. The average distance δz is fairly
independent of the in-plane angle and lies near the 2.8-Å cutoff
of the covalent part of the bond-order potential. Dispersion
interactions affect the corrugation magnitude in a rather similar
way as the adsorption energies in Fig. 10, where stronger
dispersion leads to larger corrugations. This relation may
be reversed, however, when the graphene layer experiences
comparably high compressive strain, which is the case for the
δ structure at � = 10.9◦, and especially in the ξ moiré at � =
30◦ where the unscreened models yield extreme values for the
corrugation (�z = 2.7 Å) and separation (δz = 3.5 Å) due to
excessive lateral compression that cannot be compensated by
the attraction to the metal. Limiting the dispersion forces from
the uppermost metal layer attenuates this problem but does not
solve it entirely. This effect is essentially geometric and arises
due to slight squeezing or stretching of the graphene sheet
necessary for matching the moiré within a common periodic
simulation box also for the other moiré structures. Although
we took care to perform all simulations with sufficiently large
system sizes, size effects could still affect the corrugation
of the graphene when it is highly subjected to compressive
strain. Since graphene is a very stiff material [101], minor
adjustments in the geometry produce relatively large effects
especially when dispersion forces are weak or absent, as
precisely occurs for the unscreened or top-layer dispersion
models.
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FIG. 13. (Color online) Thermally averaged corrugation �z (up-
per panels) and graphene-metal separation δz (lower panels) of a
graphene layer epitaxied on Pt(111) as a function of temperature, as
obtained from different dispersion models for the ξ moiré (in-plane
angle � = 0◦, left panels) and the γ moiré (in-plane angle � = 13.9◦,
right panels).

Thermal effects were investigated for two specific moiré
structures, namely, the ξ and γ patterns at � = 0◦ and 13.9◦,
respectively. MD simulations were carried out at increasing
temperatures, and the average magnitudes of the corrugation
and graphene-metal separation were both evaluated. They
are reported in Fig. 13 for the four dispersion models.
Once thermal effects are taken into account, the vibrational
fluctuations make the graphene layer slightly shift away from
the metal substrate for all models. According to Fig. 13,
this shift amounts to approximately 0.1–0.3 × 10−3 Å K−1.
Thermal fluctuations also tend to increase the corrugation by
about 0.3–1.4 × 10−3 Å K−1 depending on the model. The
four descriptions of dispersion forces agree well with each
other for the ξ moiré, but differ more sensitively for the other
γ structure, the top-layer dispersion model predicting some
early increasing in both geometric properties but also some
saturation already near room temperature.

For both values of the in-plane angles, the graphene
layer experiences no compressive strain, and thermal effects
are rather similar. Notable differences are found in moirés
characterized by high compressive strain such as the δ or α

structures, with stronger slopes and greater variations among
models (data not shown). It should also be kept in mind that
the simulation results presented in Fig. 13 were obtained
at constant density. However, the two materials in contact
have different thermal expansion coefficients and in practice
simulations at finite pressure would be more appropriate.
However, even then it would be rather difficult to find a
common box size that is ideal for both materials, especially
when their thermal expansion coefficients differ. While those
refinements lie beyond the scope of this work, our results
indicate how structural properties as basic as corrugation
magnitude or interlayer separation are sensitive to the details
of the interactions for such complex materials.
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Some comparison between the present results and available
experimental measurements and electronic-structure calcula-
tions can also be attempted. Corrugations of epitaxial graphene
accessed through STM height profiles have been reported to
lie in the 0.3–0.8 Å range [88]. Those values are in good
agreement with our calculations at 300 K. Similar measure-
ments carried by Land and co-workers [85] specifically for
the ξ structure have found that corrugation amounts to 0.8 Å,
however, the authors indicate that part of this corrugation could
be due to the tunneling current. In their density-functional
study of the ξ structure at 0 K (without dispersion corrections),
Gao and co-workers [88] reported a buckling magnitude of
0.53 Å, which agrees with our calculation only in the extreme
case of unscreened dispersion.

The graphene-metal separation has been experimentally
determined by Sutter et al. [92] using LEED who found a value
of about 3.3 Å. Similar values of 3.3 Å [98] and 3.1 Å [88]
have been obtained in DFT calculations at 0 K and neglecting
dispersion corrections, and surprisingly in their dispersion
corrected DFT calculation Vanin and co-workers reported a
significantly higher separation of 3.67 Å [99], all these values
again for the ξ moiré structure. Those values are thus slightly
higher than those obtained in the present model calculations,
even at finite temperature, but it is clear that separations
much larger than the 2.8-Å cutoff of the covalent potential
cannot be reached since the dispersion interaction is purely
attractive.

The vibrational properties of epitaxial graphene can be
straightforwardly evaluated from molecular dynamics simu-
lations, allowing to demonstrate the potential of the present
models to fully capture anharmonic properties as a function
of temperature. The implicit dispersion model with screening
length rTF = 2.9 Å was employed for moiré structures of the
ξ and γ types, and for comparison additional simulations
were performed for freestanding graphene under the same
density and lateral strain. From the 1-ns-long MD trajecto-
ries, the vibrational spectra were again obtained by Fourier
transformation of the velocity time autocorrelation function.
Similar to Fig. 8, one peak dominates the spectrum near
1600 cm−1 which we attribute to the G band in the Raman
spectrum of graphite [102]. This attribution is supported from
normal mode analysis for increasingly strained structures,
which indicate a dependence of the corresponding frequency
of about −71.2 cm−1 per percent of strain. Very similar values
of −63 cm−1/% [103] and −70 ± 3 cm−1/% [104] have been
reported at 300 K. Having assigned the calculated peak to
the Raman G band, we have evaluated its robustness against
finite-size effects by evaluating its variations with increasing
size of the periodic cell in the simulation. Normal mode
analysis indicates that convergence is reached already at 3 × 3
unit cells, as expected for such strong in-plane modes.

Because the moiré pattern sensitively depends on the lateral
strain experienced by the epitaxial layer, it is expected that
the vibrational signature of the G band should depend on
the in-plane angle. This speculation is confirmed from our
numerical results, which have been represented in Fig. 14
as a function of temperature. For the three systems, the
peak positions exhibit some nearly linear red-shifting with
increasing temperature, which is the behavior known for pure
graphite [105–107]. For pristine graphene, the variations show
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FIG. 14. (Color online) Position of the intense G peak as a
function of temperature, as obtained from MD simulations of
freestanding graphene and epitaxial graphene on Pt(111) forming
ξ and γ moiré patterns. The simulations of epitaxial graphene used
the implicit dispersion correction model with a screening length of
rTF = 2.9 Å.

a slope of approximately −0.050 cm−1 K−1, in good agree-
ment with Raman spectroscopy measurements [108–110].

In the case of epitaxial graphene, the G peak is not much
altered in the ξ moiré structure with no in-plane angle, whereas
the γ moiré exerts some rather high stretching strain leading
to a significant red-shift of about 80 wave numbers already at
low temperatures. As temperature is increased, the additional
red-shift caused by anharmonicities is again manifested by
nearly linear variations and slopes of −0.039 cm−1 K−1

and − 0.028 cm−1 K−1 for the ξ and γ moirés, respectively.
These results obtained for the ξ moiré are in agreement with
the only Raman measurements that we know of, namely, by
Kang and co-workers [86] who reported some blue-shift of
the G band of epitaxial graphene on platinum relative to the
bulk graphite due to compressive strain. In contrast to the ξ

structure which undergoes some compressive strain at finite
temperature, strain in the γ moiré is of the stretching type. Its
manifestation as a red-shift in the vibrational spectrum is thus
also consistent with the measurements of Kang et al. [86].

B. Nanoparticles on moiré substrates

The atomistic models developed so far are now applied
to an even more complex situation of Pt adsorbates on
epitaxial graphene on Pt(111). The two-layer Pt64 adsorbate
was deposited onto the ξ moiré structure initially at the
fcc region and in the bridge epitaxial position and locally
relaxed. We compare the predictions of the different dispersion
correction models, namely, the fully explicit (Grimme D2)
approach and the implicit model without any screening or with
rTF = 2.9 Å. From the trajectories, the Lindemann indices of
internal and adsorbate-substrate mobilities were calculated, as
well as the adsorbate thickness used to monitor the possible
structural transitions.

The variations of those indicators δintra, δinter, and σ with
increasing temperature, as obtained with the three models,
have been represented in Figs. 15(a)–15(c). Interestingly, the
fluxionality in the adsorbate as measured by δintra shows
similar variations among the three models, with a rather
flat behavior until 1000 K where sudden jumps occur. The
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FIG. 15. (Color online) Lindemann indices of intra-adsorbate
mobility and adsorbate-support and thickness of Pt64 on
graphene/Pt(111) in the ξ moiré structure as a function of temperature
for different dispersion correction models.

adsorbate-substrate mobility index δinter is also similar between
the explicit and unscreened implicit models, however, adsor-
bate mobility is clearly found with the screened implicit model
already above 550 K.

Inspection of the shape indicator σ reveals notable differ-
ences that are reminiscent of similar conclusions obtained in
the case of the graphite substrate in Fig. 6, with a tendency
of the explicit model to produce more spherical shapes, and
conversely flatter shapes with the unscreened implicit model.
At temperatures exceeding 1100 K, the adsorbate is highly
disordered and no longer thermally stable. In addition, due
to its low adsorption energy, the graphene sheet itself begins
to thermally desorb above this temperature with the weakly
binding screened dispersion model.

The diffusion dynamics can be probed from the mean-
square displacement of the adsorbate more quantitatively than
the index δinter. Visual inspection indicates that even on this
moiré substrate diffusion proceeds by a stick-slip mecha-
nism with its Lévy flight properties. However, an additional

mechanism is discernible in which the graphene layer slightly
slides over the metal substrate (data not shown). This sliding
process is found with all dispersion models, including the fully
corrugated explicit treatment. Its contribution to the global
diffusion is not obvious, nor its physical significance as such
global motions could be markedly affected by size effects. In
addition, the present approximation of a fixed density could
also produce excessive strain in the substrate. Releasing this
strain in constant-pressure simulations could well modify the
diffusion behavior, although the problem of strain due to
forcing the two subsystems in a common simulation box would
remain.

V. CONCLUSIONS

London dispersion forces are an essential ingredient of
sorption phenomena, and are expected to play a particularly
important role for adsorbates on semi-infinite substrates.
The contribution of long-range van der Waals attraction in
density-functional theory is one of the most active topics in
this field, and to a large extent this issue is also problematic
in atomistic simulations relying on explicit potentials that
model the metallic and covalent parts of chemical bonding.
In this work, we have addressed this issue in the case of
metallic nanoparticles deposited on pure carbonated substrates
such as graphene or graphite, or epitaxial graphene on a
bulk metal. Our approach is similar to the explicit Grimme
scheme that considers atom-atom van der Waals interactions
that add up to the covalent and metallic parts. However,
in the same spirit as the Steele potential for substrate-atom
interactions, we have also considered further the possibility
of coarse graining this long-range contribution by integrating
them rigorously over the layered semi-infinite substrate. This
correction for a bulk substrate is especially relevant for the
noncovalent contribution to binding because the bond-order
potential ignores those contributions that lie beyond its cutoff.
In the case of epitaxial graphene, the model was modified to
account for possible screening effects that convey empirically
the nonadditive nature of the van der Waals interaction over
an electronically delocalized bulk medium.

The model was implemented and tested for platinum
nanoparticles on carbonated substrates and epitaxial graphene
on Pt(111), using the bond-order potential for the Pt-C system
developed and parametrized by Albe and co-workers [47]. In
the static limit for adsorption on graphite we find a good agree-
ment between the explicit (Grimme D2) and coarse-grained
implicit models for the adsorption energy of nanoparticles
containing up to several thousand atoms, and comparison
with available DFT data for the smaller adsorbates is also
satisfactory. When used at finite temperature under molecular
dynamics simulations, the explicit and coarse-grained models
exhibit some dissimilarities, with a stronger tendency for
wetting in the latter case and less diffusion over the substrate.
This behavior was interpreted as due to a slightly stronger
physisorption in the implicit model, whereas interactions are
neglected in the explicit approach beyond the simulation cell.
The resulting difference between the models, which amounts
to approximately 20 meV/atom, should obviously decrease in
larger simulation supercells and bring the predictions of the
explicit model closer to those of the coarse-grained model.
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The rate at which the two models converge would be worth
investigating in the future, as it would also provide useful
information for the DFT community about the importance of
those corrections that are no longer minor once integrated
over the (true) infinite substrate. Diffusion mechanisms on the
graphite substrate were found to proceed via truncated Lévy
flights, as previously identified in the literature [79–81].

The model was also extended to describe epitaxial graphene
on fcc platinum, and notably the moiré patterns that such two
lattices produce when in contact with one another due to their
incommensurability. In the case where the moiré is altered by
some in-plane angle, the geometrical and finite-temperature
properties of those patterned substrates were found to depend
nontrivially on this angle. The corrugation of the graphene
layer and its separation to the uppermost metal layer were
found to be comparable to existing reference data, provided
that the dispersion interactions are properly screened: An
optimal screening length was evaluated to be as low as
2.9 Å. The vibrational spectra in the region of the Raman
G peak of graphite, as obtained with a complete account of
anharmonicities through the velocity time correlation function,
were found to display also notable shifts and variations with
temperature and the in-plane angle. Those predictions, which
should be amenable to comparison with experiment, highlight
the importance of compressive or stretching strain exerted at
the metal/carbon contact in the moiré pattern. The dynamics
of Pt adsorbates on epitaxial graphene was also investigated
and shown to be similar to that on graphite, again with
sensible dynamical differences arising from the nature of the
dispersion correction employed in the modeling. In particular,
only the most realistic dispersion model that accounts for
nonadditive screening effects suggests that the graphene layer
with the adsorbates should thermally desorb above 1000 K, the
adsorbates being excessively pulled to the substrate in absence
of screening.

Some limitations in our modeling could be noted in the
case of graphene, where for large adsorbed nanoparticles
the deformation of the carbon monolayer compromises the
planar approximation employed in the integrated dispersion
correction. Although large nanoparticles deposited on pristine
graphene may be more of academic interest, one possibly
general way of addressing this issue could be to use the
implicit model only beyond the simulation cell box, and
keeping an atomistic description within. Under such hybrid
models, and as with other boundary problems in multiscale
approaches, the transition between the atomistic and coarse-
grained contributions should be carefully chosen. In the case
of bulk substrates, the implicit model seems to be generally
valid, although ultimately the accuracy of its predictions
should be evaluated against experiment rather than electronic-
structure calculations (especially those lacking screening), the

underlying model being semiempirical instead of ab initio
based.

The physical properties of Pt nanoparticles on carbonated
substrates were found here to depend quite sensitively on
dispersion forces. Those conclusions may convey to other
metals that are also weakly bound to carbon such as iridium [4],
but we do not expect such a great role in the case of other
transition metals such as nickel [111] or ruthenium [112], for
which sorption is more of the chemical type. Extension of the
present model to those metals is currently under way.

It would also be worth extending the Pt-C model to treat
additional hydrogen atoms, which would imply some further
parametrization for terms involving hydrogen and platinum
atoms (the Brenner model can be readily used for C-H atoms).
Such an extension would pave the way to model hydrocarbon
molecules on metal surfaces, for which the concerted effects
of covalent and van der Waals forces have been discussed
at length [113], including the specific issue of screening. It
could then become necessary to account for charge transfer
and polarization effects more explicitly (at least those leading
to the multipolar nature of the adsorbed molecules), which
would also imply considering the possible effects of image
charges.

One immediate application of the coarse-grained model
would be the determination of optimal shapes for nanoparticles
containing typically a hundred atoms and placed on the
deformable carbonated substrates discussed in this work.
Global optimization would be useful notably for particles on
epitaxial graphene, owing to promises in magnetic storage of
such materials [4,114,115]. One other important application
of the model could be to treat larger 2D assemblies of
many adsorbates. At equilibrium, the stable patterns adopted
by the assemblies should not only depend on the substrate
(and the possible presence of a moiré nanomesh) but also
on the adsorbate itself, as well as other external factors
such as diffusion, adsorption, or thermal desorption [116].
Long-range forces could also contribute to stabilizing the
assemblies and should be incorporated in the model as well.
Assemblies of nanoparticles on surfaces could be described at
a fully atomistic level, but also in a more global fashion by
extracting the effective interactions between the nanoparticles
at finite temperature and plugging those into a coarse-grained
model whose evolution is ruled, e.g., by dissipative particle
dynamics [117].
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Rohlfing, A. Tkatchenko, R. Temirov, and F. S. Tautz, Non-
additivity of molecule-surface van der Waals potentials from
force measurements, Nat. Commun. 5, 5568 (2014).

[41] B. Chilukuri, U. Mazur, and K. W. Hipps, Effect of dispersion
on surface interactions of cobalt(II) octaethylporphyrin mono-
layer on Au(111) and HOPG(0001) substrates: A comparative
first principles study, Phys. Chem. Chem. Phys. 16, 14096
(2014).

[42] R. A. Boto, J. Contreras-Garcı́a, and M. Calatayud, The
role of dispersion forces in metal-supported self-assembled
monolayers, Comput. Theor. Chem. 1053, 322 (2015).

[43] G. Ramos-Sanchez and P. B. Balbuena, Interactions of plat-
inum clusters with a graphite substrate, Phys. Chem. Chem.
Phys. 15, 11950 (2013).

[44] K. Saitoh and H. Hayakawa, Simulation of depositions of a
Lennard-Jones cluster on a crystalline surface, Prog. Theor.
Phys. 122, 1081 (2009).

[45] W. A. Steele, The physical interaction of gases with crystalline
solids: I. Gas-solid energies and properties of isolated adsorbed
atoms, Surf. Sci. 36, 317 (1973).

[46] D. W. Brenner, Empirical potential for hydrocarbons for use
in simulating the chemical vapor deposition of diamond films,
Phys. Rev. B 42, 9458 (1990).

[47] K. Albe, K. Nordlund, and R. S. Averback, Modeling the metal-
semiconductor interaction: Analytical bond-order potential for
platinum-carbon, Phys. Rev. B 65, 195124 (2002).

[48] G. C. Abell, Empirical chemical pseudopotential theory of
molecular and metallic bonding, Phys. Rev. B 31, 6184 (1985).

[49] J. Tersoff, New empirical model for the structural properties of
silicon, Phys. Rev. Lett. 56, 632 (1986).

[50] D. W. Brenner, Relationship between the embedded-atom
method and Tersoff potentials, Phys. Rev. Lett. 63, 1022 (1989).

[51] M. S. Daw and M. I. Baskes, Semiempirical, quantum
mechanical calculation of hydrogen embrittlement in metals,
Phys. Rev. Lett. 50, 1285 (1983).

[52] M. S. Daw and M. I. Baskes, Embedded-atom method:
Derivation and application to impurities, surfaces, and other
defects in metals, Phys. Rev. B 29, 6443 (1984).
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