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Abstract:

We investigate the effect of the support on the structure and morphology of deposited metallic
nanoparticles via molecular simulations at zero temperature. We focus on silver clusters in
contact with a substrate which exhibits weak interactions, as amorphous silica, frequently used
in atomic deposition experiments. Three levels of approximation are used to describe the
substrate: (i) the smooth wall approximation where the support is modeled by a square-well
whose depth is related to the adhesion energy of the nanoparticle, (ii) an atomistic model of flat
amorphous silica obtained from Monte Carlo simulations with effective pair potentials, and (iii)
the same silica substrate partially melted in order to roughen the surface at the nanometric
scale. The metal-metal interactions are modeled using tight-binding semi-empirical potentials,
and the metal-silica interactions are modeled with Lennard-Jones potentials fitted to ab-initio or
experimental data. The icosahedron/decahedron/truncated octahedron sequence found for
free Ag nanoparticles is shown to be affected by the substrate (square-well), which favors
truncated octahedrons deposited on their (111) facets. The aspect ratio is shown to follow the
Wulff-Kaishew theorem for large clusters. The introduction of an atomistic description of the
flat SiO; surface does not change the results significantly, while the presence of a nanometric
roughness induces drastic changes. Vertex orientations of nanoparticles are possible in the
surface hollows, and decahedron structures are slightly favored for sizes smaller than 1200

atoms.



1. INTRODUCTION

Supported metallic nanoparticles on oxide substrates are the systems of choice to study model
catalysts'”7 using surface science experimental setups like grazing incidence X-ray scattering® or
(high resolution) transmission electron microscopy® to characterize the structure and
morphology of the nanoparticles. The nanoparticles are either grown directly on a surface in
ultrahigh vacuum conditions!® or produced in a molecular beam and then deposited on a
substrate!!. In both cases, an oxide support is chosen in order to minimize the interaction with
the metallic clusters in order to keep a three-dimensional morphology as much as comparable
to the one of the cluster free of interaction. Depending on the nature of the substrate, its effect
on the structure and morphology of the nanoparticles will be different. In the case of crystalline
substrates like MgO(100) surface, it has been shown that the substrate can modify the atomic
structure and morphology of the supported metal nanoparticles.® Whereas unsupported
nanoparticles can adopt non-periodic structures (icosahedral or decahedral symmetries)!, they
change their structure to the face centered cubic structure when grown on MgO(100) surface as
observed by x-ray scattering!> or by electron microscopy®3, and confirmed by numerical
simulations.’*1? In the case of amorphous substrates like silica or carbon, the interactions with
the deposited nanoparticles are much weaker and these supports are often used in experiments
to minimize surface effects in order to preserve the properties of the free nanoparticles. Even if
the interactions are weak, experiments suggest however some effects which have to be
considered to get a precise characterization of both the morphology and the structure of

nanoparticles.?%?! This has been the motivation of this study, also because from the theoretical



point of view, there is much less study concerning the simulation of nanoparticle in interaction

with amorphous support.

This weak interaction type is essentially characterized by van der Waals interactions, even
though some unsaturated surface atoms can induce strong interactions (specific sites). Indeed,
amorphous substrates, and especially hydroxylated silica surface, are complex systems where
both the chemistry and the disordered structure make it difficult to model.?%23 There are either
empirical potentials to describe crystalline or amorphous silica?*?” or ab initio density functional
theory (DFT) calculations on various silica crystals and surfaces,?®3! but much less DFT studies of

the amorphous silica.3>34

A quantitative analysis of substrate effect cannot be too general. We first focus on the structural
stability of the nanoparticle, as an important example of physical property. We also have to
choose a specific system, since the structural stability of free nanoparticles is highly dependent
on the metal, and possibly, for a given metal, on the choice of the potential. We focus on silver
deposited on amorphous silica because this system has already attracted interest in the past
and has been experimentally studied in our team. Silver nanoparticles present interesting properties
in optics thanks to a strong localized surface-plasmon resonance in the absorption spectra leading to
many applications in plasmonics,®*3® surface-enhanced spectroscopies®’ or bio-sensors®®. These
properties highly depend on the shape and size of the nanoparticles which are influenced themselves by

their support. In this work, we use well-known semi-empirical potentials for the metal cluster and
the amorphous silica, and a van der Waals like (Lennard-Jones) potential fitted to DFT and

experimental results for the metal-silica interaction.



Since we focus on the influence of the support, we first discard the temperature effects. We
thus compare only energies, and the obtained results are actually valid only for zero
temperature. As usual when comparing the tiny energy differences between nanoparticles of

different structure and similar sizes, we introduce the so-called excess energy A:

E—Ne
A=—7 (1)

where E is the nanoparticle energy, N its number of atoms, and e the bulk cohesion energy of
the metal at the same temperature (zero in our case). The determination of the nanoparticle’s
structure at equilibrium and at low temperature remains a challenging task, because the
number of energy minima increases exponentially with size.3® This is even more difficult in
presence of a substrate, even rigid, in particular if different adsorption sites have to be
considered. Our approach consists in considering that the equilibrium configurations of
supported nanoparticles on a weak substrate are most probably not so different from the well-
known equilibrium structures for free nanoparticles. It is then possible to guess reasonable
structures for supported nanoparticles which would derive from the free equilibrium
configurations (by removing atomic layers at the metal-substrate interface to change the aspect
ratio for instance). This avoids a time consuming systematic exploration. We may however miss

some exotic configurations.

This paper is structured as follows: we first present the numerical details associated with the
interatomic potentials used. Then we present the three support models used in this study: the
smooth wall approximation with a square-well potential, and two fully atomistic silica

substrates, flat and rough. They are characterized in terms of energetic profile. The third section



presents the energy minimizations for various deposited nanoparticles. The effect of interaction

intensity and surface roughness are considered and discussed.

2. METHODS

This work focuses on the determination of equilibrium configurations at zero temperature for
metallic nanoparticles comprising several thousands of atoms. Our molecular approach will thus
be limited to energy minimizations using semiempirical interatomic potentials. The most simple
and efficient enough algorithm in this case is the microcanonical quenched molecular dynamics
which consists in setting to zero any atomic velocity which verifies v;. f; < 0 where v; and f;
are the velocity and the force acting on atom j. We have also sometimes performed Monte
Carlo runs where the temperature was progressively reduced to zero. We used the Metropolis
algorithm® where the atomic displacements are accepted if the total energy of the system is lowered;
conversely, when the total energy increases, the displacement is accepted according to the Boltzmann
weight. This algorithm ensures to get a Boltzmann distribution of the equilibrium configuration. This
method is expected to be more efficient to explore all the metastable configurations in the
neighborhood of the initial one, i.e. accessible through simple atomic displacements. In practice,
no improvement was obtained for the structure of the nanoparticle itself, but some
improvement was sometimes possible in terms of nanoparticle position on the atomic silica

surface which presents inhomogeneity.



2.1. Metal-metal interaction

The metal-metal interactions are modeled by the semi-empirical many-body potential derived
from the tight binding scheme in the second moment approximation (TBSMA).*! The energy at
site “n” writes in two terms. An attractive many-body term coming from the band energy in the

form:

EP = —\/Z mzn E2exp|—2q (r:_om_ 1)] (2)

"mm<Tc

where “ram” is the interatomic distance between atom at site “n” and its neighbor at site “m”,
with ram<rc, the cutoff distance equivalent to the distance of the second neighbors in bulk Ag, ro

is the first-neighbor distance. The second term is a core-repulsion term of the Born-Mayer type:

EfL =) m#n A exp [—p (r'r‘—om - 1)] (3)

"mm<Tc

where p=10.790, q=3.190, A=0.10433 eV and £=1.19402 eV are four parameters fitted to the
bulk cohesive energy, lattice parameter and elastic constants.'”4? After the second neighbors,
the potential is continuously prolonged up to zero by a fifth order polynomial form to cancel the

interaction after the third neighbor distance.

2.2. Silica species interaction

The silica substrate is modeled with the m-TTAM potential.?#2¢ The TTAM?* potential developed

by Tsuneyuki, Tsukada, Aoki and Matsui is based on the idea that the local tetrahedral



structures present in silica can be reproduced with two-body spherically symmetric potentials
acting on Si** and 0% ions. The analytical form of the potential if of Born—Huggins—Mayer type,
including electrostatics, soft core and dispersion forces. This potential is very simple to
implement in a molecular dynamics simulation, and has proven to be accurate enough to
describe the various crystalline polymorphs of silica. At high temperature, the high kinetic
energy of the atoms allows them to occasionally override the atom-atom repulsion barrier at
very short range where the dispersive term spuriously dominates. Guissani and Guillot?® cured

18 repulsive term, and thus improved the potential at high

this problem by adding a 7~
temperature (up to 5000K). This potential is used to elaborate our amorphous silica support,
which is then kept rigid when the metallic nanoparticles are introduced. In principle, the
creation of a free surface creates highly reactive dangling bonds like Si-O°, which have to be
saturated with hydrogen to form hydroxyl groups Si-O-H. This procedure mimics a realistic silica
surface which has been put in contact with air, as is the case for metal deposition experiments.
This is also a way to compensate the polarity of the oxide surface*® induced by the charged ionic
species at the surface. The metal-silica interaction, to be described now, takes this point into

account in an effective approach, i.e. the hydrogen atom is not described explicitly: the hydroxyl

group is modeled as a point-like interaction site.

2.3. Metal-silica interaction

The silver-silica interaction is not so well documented. Experiments show that metallic

nanoparticles interact weakly with amorphous silica substrate. For instance, liquid drop



measurements performed by Eusthatopoulos and coworkers**> give a wetting angle of 142°.
Ab initio calculations performed on a similar system, silver on a silica crystal (a-quartz) also
show that interactions are weak.*® In order to complete these results we have done ab initio
calculations for silver deposited on another silica crystal, the B-cristobalite, whose density is
close to that of the amorphous silica. Such calculations were successfully used by Nagao et al.
for the Cu/SiO2 system.*” The choice of a crystal is imposed by the difficulty to model

amorphous silica with ab initio methods.

The DFT calculations are performed using the Vienna Ab initio Simulation Package (VASP) code
and the projector augmented wave (PAW)*49 interaction potential between the electrons and
the ions. The exchange and correlation functional is the generalized gradient approximation
(GGA-PBE).>% The Brillouin zone integration is performed with the Monkhorst-Pack scheme with
k-point mesh comprising 10 subdivisions along each reciprocal lattice vector and only one
subdivision in the direction perpendicular to the surface. The energy cutoff is taken equal to 450
eV for each type of atom. The lattice parameter of the B-cristobalite is found to be equal to 7.46
Angstroms (to be compared with the experimental value of 7.16 Angstroms). For the (001)
surface of B-cristobalite, we considered one initial slab of 8 Si atoms and 16 O atoms. The
surface is then fully hydroxylated by saturating Si with OH groups and O with H atoms. This
leads to add 4 H,O molecules to our slab. The corresponding surface density of hydroxyl groups
is 7.2 OH/nm?2. We also considered a partially hydroxylated surface corresponding to a coverage
of 3.6 OH/nm?, closer to experimental measurements,”® by removing 2 H and 2 OH
(silanisation). Then we considered three different metal deposits: one single Ag adatom (per

SiO2 mesh which means with a distance of 0.746 nm between the Ag atoms), one monolayer



(i.e. 8 Ag atoms per SiO; mesh) and four monolayers (i.e. 32 Ag atoms per SiO; mesh). The

results are given in the Table 1.

The calculations show that the energies involved are one order of magnitude less than covalent
interactions, as long as all surface oxygen are saturated. We also notice that the intensity of the
interaction varies with the degree of hydroxylation of the surface (i.e. the surface density of
hydroxyl groups), a result comparable to that obtained for the Cu/SiO2 system.*’ For a surface
hydroxyl density of 3.6 OH/nm?, corresponding to the experimental situation, we have obtained
an adhesion energy of -0.04 eV/atom. This is a weak adhesion without charge transfer. To take
into account the van der Waals character of the interaction, we have used a simple Lennard-
Jones interatomic potential to reproduce this adhesion energy. This potential is parameterized

by a distance (o) and an energy (&) as follows:

vey =4¢[(5) = ()] @

For silver-silicon and silver-oxygen we have found ongsi = 0.329 nm, &agsi = 0.003 eV, ong-0 =
0.278 nm, and &go0 = 0.015 eV. Note that the silver-hydrogen interaction is not described
explicitly, but taken into account as an effective interaction with the OH groups seen as points.
By definition, using these values for a silver slab deposited on cristobalite gives back the

adhesion energy of -0.04 eV/atom found in DFT calculations.

How do these data compare with experiments? The wetting angle measurements***> show that
the adhesion energy is closer to -0.08 eV/atom, a value twice larger than that found with DFT

calculations. The discrepancy may originate in the fact that the dispersion contributions to the
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interaction are not taken into account in the DFT calculations we have performed. Furthermore,
the systems are slightly different (crystal versus amorphous silica), and the silica surfaces used
in experiments most probably exhibit reactive defects not considered in our idealized system.
We thus propose to take into account these effects at a phenomenological level by considering
another set of Lennard-Jones parameters where &agsi and &ag.0 are simply multiplied by two.
With this set of parameters, the adhesion energy for a silver slab deposited on cristobalite
reproduces the wetting angle experiments value of -0.08 eV/atom. These two sets of

parameters will be used to evaluate the effect of the intensity of the Ag/SiO; interaction.

3. RESULTS AND DISCUSSION

3.1 Preparation and characterization of the substrates

Metal deposition experiments are generally performed on well characterized supports like
silicon wafers. These are known to exhibit a thin native oxide layer depending on its history.>?
The surface is also sensitive to the presence of water when it is exposed to the air: chemical
bonding of water molecules induces the formation of surface hydroxyl groups —OH. The process
is (partially) reversible, in particular in vacuum and at high temperature.>> The exact surface
state thus depends on the experimental conditions, and in the conditions used for metal
deposition the surface seen by the metal atoms is essentially made of hydroxylated silica. We

consider three levels of approximation to model this surface.
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The simplest consists in a simple square well with short range interactions. The nanoparticle
interacts only via its first layer in contact with the surface, through a uniform potential
corresponding to the average adhesion energy per atom at the interface (see Fig.1). This

parameter will be varied between zero and 0.2 eV/atom.

We then consider an atomistic model of amorphous silica. It is obtained by Monte Carlo
simulation using the m-TTAM potential?42® as follows: a silica melt initially at 2000 K is cooled
down to 300 K in few steps (1500 K, 1000 K and finally 300 K). This produces a solid which is cut
to form a lamella. It is then either relaxed at 300 K, or relaxed at 2000 K and cooled down to
300K. In the first case, the thermal agitation does not allow large amplitude relaxations. They
remain localized, even at the silica-vacuum interface. As a consequence, the lamella keeps its
initial shape, with flat surfaces (see Fig 2, upper panel). In the second case, the silica lamella is
allowed to melt, and the surface develops a nanometric roughness (see Fig 2 upper panel). At
this level of approximation, the Ag/SiO, interactions are described by the Lennard-Jones

interatomic potential given in the previous section (equation 4).

The two silica surfaces are now characterized by analyzing their interaction with an isolated
silver atom which is used as a test particle above the surfaces. This characterization has been
made with the potential determined from the wetting angle measurements (adhesion energy of
-0.08 eV/atom). The potential determined from DFT calculations give identical results where all
energies are divided by two. The potential felt by a silver atom is denoted V(x,y,z) where x, y is
its position parallel to the surface and z measures its height above a virtual plane passing
through the surface atoms of silica and corresponding to the line of cut of the initial piece of

bulk silica. Potential versus height for various imposed positions (xo,Yo), i.e. V(xo,Yo,2), are given
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in Fig. 2. As can be seen, the flat surface exhibits similar curves, meaning that the surface is
qguite homogeneous. The potential essentially presents a minimum in the vicinity of the surface,
with variations in its depth. On the other hand, for the rough surface, V(xo,yo,z) qualitatively
depends on (xo,Yyo), with eventually two minima. This behavior reveals the presence of cavities

or hollows close to the surface where silver atoms may (locally) be stable.

The curves V(xo,Yo,z) present an absolute minimum, denoted Vmin, for a particular height
denoted z*. Both Vmin and z* depend on xo and yo. Vmin(Xo,Yo) actually corresponds to an
adsorption energy for an imposed position (xo,yo) on the surface. Its distribution is given in
Fig. 2, lower panel, for both surfaces. The distribution for the rough surface is broader and
shifted to lower values: more attractive sites can be found on the rough surface. In order to
localize these sites, Vmin(Xo,Yo) is given in Fig. 3 as a color map. As can be seen, the surfaces
exhibit strongly attractive valleys separated by much less attractive regions. The size of these
regions corresponds to the atomic roughness for the flat surface, while they are associated with
larger structures for the rough surface (nanometric surface undulations). The correlation
between Vmin and z* is given in Fig. 4. For the flat surface, the adsorption energy is strongly
correlated with the depth z*. This correlation is reminiscent of the weak dependence of
V(xo0,Y0,z) on xo and yo. On the other hand, for the rough surface, Vmin and z* are much less

correlated, and the range of z* values is much larger due to the roughness.

This characterization is for an isolated silver atom adsorbed on the surface. In the case of a
deposited nanoparticle, the metallic atoms in contact with the substrate belong to the same
facet. The effective adhesion energy per atom is thus an average value of V(x,y,z) in a plane

roughly parallel to the surface. The minimum corresponds to the adhesion energy for an infinite
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silver plane. The calculations have been done for an atomistic slab of metal covering the whole
surface. The results are: -0.08 eV/atom for the flat surface, and -0.05 eV/atom for the rough
surface. As expected, on the flat, homogeneous surface, one recovers the adhesion energy
found on cristobalite. The reason is that the density of amorphous silica is close to that of
cristobalite, and the disorder associated with amorphous silica has no impact on the Ag/SiO;
interaction. Surprisingly, despite the fact that the rough surface exhibits highly attractive sites,
the adhesion energy is lower in intensity. These attractive sites are not necessarily accessible to
a silver slab due to the geometric constrains. Note however that the highly attractive sites of the

rough surface may be accessible to the smallest nanoparticles (to be discussed below).

3.2 Structural stability of supported nanoparticles

3.2.1. Nanoparticles deposited on a smooth surface with the square-well potential:

We first consider the case of a nanoparticle deposited on a smooth substrate described by the
square well (see Fig.1). If we suppose that the nanoparticle is rigid, the most favorable
configuration corresponds to its largest facet in close contact with the substrate: the gained

energy equals to the number of atoms of the facet times the square well depth.

Due to the surface contribution, one expects an aspect ratio of the nanoparticle different from
1. This can be seen from the Wulff-Kaishew theorem for the large nanoparticles. As a
consequence, besides the most favorable free nanoparticles with sizes corresponding to magic

numbers, it is important to consider also their various truncations, i.e. the removal of 1, 2 or
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more atomic layers localized at the nanoparticle-substrate interface (see snapshots in Fig. 5).
Two competing effects are at work: (i) removing layers induces an increase of the nanoparticle
excess energy A defined in the introduction, as illustrated in Fig. 5, lower panel, for eaq = 0; (ii)
removing layers also increases the size of the facet in contact with the substrate and thus
increases the (negative) adhesion contribution to the total energy, as shown on Fig. 5, lower
panel: the larger the metal-silica interface the lower the (negative) slope of the excess energy A.
Note that configurations on vertex may also become favorable after truncations. They were

thus also taken into account in this study.

The calculations have thus been done for the three most stable structures in vacuum
(icosahedron, lh, Mark’s decahedron, Dh, and Wulff fcc truncated octahedron, TOh),>3-> their
various orientations relative to the substrate, and their successive truncations. The intensity of
the metal-substrate adhesion energy per atom eaq has been varied between zero and 6 percent
of the cohesive energy of bulk silver, -2.95 eV/atom. The results are summarized in Fig. 6 in a
diagram where is reported the morphology of the stable nanoparticle as a function of its size

and the intensity of the metal-substrate adhesion energy per atom.

The case where eaq is small corresponds to free nanoparticles. The icosahedron structure is
shown to be the most stable for the smallest nanoparticles, followed by Mark’s decahedron
structure between N = 200 (~2 nm) and N = 20000 (~8 nm); above this size, the Wulff fcc
truncated octahedron structure is the most stable.?>°® Increasing the metal-substrate
interaction destabilizes the decahedron structure and favors the truncated octahedron

deposited on the (111) facet (largest facet). When the interaction intensity reaches the value
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obtained by DFT calculations on the hydroxylated surface (-0.04 eV/atom), the Dh/TOh
transition has shifted to N = 1000 atoms (~3 nm), significantly lower than for free nanoparticles.
Furthermore, favorable truncations (atomic layer removal) have appeared. On the other hand,
the Ih/Dh transition has not moved whereas favorable truncations for Dh have appeared. For a
larger interaction, more effects are visible: more truncations, and disappearance of Dh

structures. For large nanoparticles, one recovers the Wulff-Kaishew theorem (see Fig. 6).>”

3.2.2. Nanoparticles deposited on a flat atomistic silica surface:

The atomic silica surface model introduces a collection of interacting centers. With this model
we now have lateral and vertical forces: the deposited nanoparticle is now subjected to internal
constraints due to inhomogeneous forces at the nanoparticle-silica interface. The internal
energy of the relaxed nanoparticle differs from its free value. Furthermore, it also depends on
the exact position of the nanoparticle on the surface. We thus have to relax the nanoparticles
directly on the substrate, and at the same position for all nanoparticles. This position has to be
stable, i.e. corresponding to an attractive site or basin. All nanoparticles are positioned above
the attractive basin in the center of the surfaces (see Fig 3). In order to optimize their final
position, we first perform a Monte Carlo run at 100 K. This temperature allows nanoparticle
mobility above the surface without affecting its morphology. The temperature is then gradually
reduced to zero, and the energy minimized. We have made the approximation that the
substrate is not deformable, which allows to save computing time since the silica substrate is

quite large compared to the nanoparticle. This is justified by the fact that the metal-silica
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interaction is quite weak compared to silica-silica interactions: the deformations of the support

would thus be very small.

The minimizations have first been done for the weakest interaction intensity (-0.04 eV/atom),
the three nanoparticle structures (lh, Dh, TOh), their successive truncations, and various
orientations (face, edge, vertex). The excess surface energy A is given in Fig. 7 for the TOh
nanoparticle deposited on a (100) or (111) facet, and its successive truncations. The (111)
orientation is more favorable (largest number of atoms), and the removal of the first layer
allows to reduce the excess energy: the increase in energy of the nanoparticle is compensated

by the increase in metal-silica interaction associated with the larger interface.

Figure 8 gathers the most stable configurations, in terms of orientations and truncations, for the
three structures |h, Dh and TOh. The icosahedron structure seriously disfavors truncations, and
is the most favorable only for the smallest clusters. Above 150 atoms, the decahedron (which
exhibits truncations) is more stable. The Ih/Dh transition is barely affected by the presence of
the silica support. On the other hand, the TOh structure becomes favorable above 1000 atoms,
for particles deposited on the (111) facet. The Dh/TOh transition is significantly affected by the
metal-silica interaction. Inspection of the structural stability diagram (Fig. 6) shows a good
agreement between the results obtained on the flat atomistic silica surface and the idealized
square-well potential: the smooth wall approximation is meaningful and able to catch the main
physics of nanoparticle-support interaction. This approximation is expected to be even more
accurate for larger systems, and shows that even a weakly interacting atomistic support affects

the morphology of a deposited nanoparticle.
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3.2.3. Effect of the intensity of the nanoparticle-support interaction:

The results in previous sections were obtained with the potential fitted to the DFT calculations.
In order to study the effect of the interaction intensity, we now switch to the potential obtained
from the wetting angle experiments, which is twice larger. For the small icosahedral structures
(N<600), we observe that the first truncation is now more stable, for both vertex and facet
orientations: in each case the gain in energy due to a larger number of atoms in contact with the
substrate compensates the loss in cohesive energy due to the truncation. Calculations show that
the facet orientation is the most stable between both. For the decahedral nanoparticles of size
smaller than 1200 atoms, calculations show that the most favorable configurations correspond
to a (100) orientation, with the removal of two metal layers in contact with the substrate. For
the TOh structures of size less than 1500 atoms, the (111) orientation is favored, with removal
of one or more metal layers depending on the nanoparticle size (see Fig. 9). We have evaluated
the corresponding aspect ratio: H/D = 0.83, with 15% uncertainty for the smallest sizes, down to
7% for the largest. This value equals the expected one obtained from the Wulff-Kaishew

theorem and the adhesion energy of -0.08eV/at.

The excess energies obtained for the most favorable configurations in terms of orientation and
truncation are given in Fig. 10 for the three structures |h, Dh and TOh. The remarkable result is
that TOh configurations are dominantly stable, even for nanoparticles as small as 200 atoms.
Note however that the difference in excess energy with the Dh structures is tiny. Only the

smallest TOh structure (N = 31, one truncation) is disfavored. In this case, the truncated Dh (N =

18



58) and lh (N = 49) structures are the most stable. Inspection of the structural stability diagram
(Fig. 6) shows the same behavior for an adhesion energy of -0.08eV/at: except for the smallest
sizes, the stable nanoparticles are TOh structures with aspect ratio around 0.83. Note that for
larger nanoparticles, the smooth wall approximation is expected to be even more accurate, and

confirms this conclusion.

3.2.4. Nanoparticles deposited on a rough atomistic silica surface:

The effect of the surface roughness is now studied by considering the same metal-silica
interaction as before (based on wetting angle measurements) and replacing the flat silica
substrate by the rough one (see Fig. 2). As previously, the calculations are performed at zero
temperature (energy minimization), and the nanoparticles are deposited above the attractive

basin in the center.

The most remarkable feature is that vertex orientations are now sometimes favorable
compared to facet orientations. This is because the rough substrate presents surface hollows
able to accommodate the vertex orientations: these configurations maximize the number of
metal atoms in contact with the substrate. We have observed such favorable vertex orientations
for the lh and Dh structures. Furthermore, the non-truncated vertex-oriented configurations are
now more favorable than the truncated |h or Dh observed for the same potential on the flat
substrate. The corresponding excess energies for the most stable orientations and truncations
are shown for the three structures in Fig. 11. The results show a depression of the excess energy

for the smallest |h and Dh nanoparticles, due to the strongly favorable interaction between
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vertex orientation and surface cavities. This effect is not observed for the TOh structures, for
which the (111) facet orientation is favored. For nanoparticles with less than 1400 atoms, the
vertex-oriented Dh structure is the most stable, even for the smallest clusters where |h
structure could have been expected. The reason is that the Dh structure is slightly less spherical,

and fits better the shape of the surface hollows.

The effect of the surface roughness is clearly important. The most striking effect is that vertex-
oriented, Dh structures are favored, whereas (111)-oriented TOh structures were favored on
the flat surface. Note however that the effective adhesion energy on the rough surface is
slightly less intense (-0.05eV/atom) as explained in section lll. Even with this correction, the
observed stable structures on the rough surface are completely different from those given by
the stability diagram shown in Fig. 6. The effect is particularly visible for nanoparticles with
lateral dimensions comparable to or smaller than the roughness of the surface. For large
nanoparticles, we expect that the smooth wall approximation will tend to become more
accurate. For the smallest nanoparticles, where the interaction with the roughness of the
support is more crucial, further investigation in the optimized equilibrium shape and

temperature effects should be performed.

4. CONCLUSION

We have investigated the effect of a weakly interacting amorphous support on the structural

stability of silver nanoparticles. We have shown that the icosahedron/decahedron/truncated
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octahedron sequence found for free silver nanoparticles is affected by the substrate. For a
smooth surface (square-well or flat atomistic silica) the truncated octahedrons deposited on
their (111) facets are favored (the Dh/TOh transition is shifted to smaller clusters). Furthermore,
the removal of one or more metal layers at the interface with the substrate is shown to stabilize
the system. The corresponding aspect ratio has been shown to follow the Wulff-Kaishew
theorem for large clusters. The introduction of nanometric roughness induces drastic changes.
Vertex orientations are possible in hollows present at the surface, and decahedron structures
are favored for nanoparticles smaller than 1200 atoms. These results are expected to help the
interpretation of experimental data. They have been obtained for the particular silver/silica
system at zero temperature, but show that the effect of the support is most probably
underestimated in other similar systems. A natural perspective for this work is to investigate the
effect of the temperature which is known to play an important role on thermodynamics,

kinetics and nanoparticle growth.>%>°
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Table 1: DFT calculations of the adhesion energy found for isolated, single monolayer or 4 layers

of silver deposited on the two cristobalite surfaces considered in this work (see text).

SiO2-H (7.2 OH/nm?)

SiO2-H (3.6 OH/nm?)

Isolated atom -0.05eV/at -0.16eV/at
1 monolayer +0.01 eV/at -0.04eV/at
4 layers -0.04eV/at
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Figure 1
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Figure 1: Schematic representation of a supported nanoparticle in the smooth-wall
approximation: the substrate is modeled by a uniform square-well potential whose depth is
given by the adhesion energy per surface atom, and its range corresponds to the thickness of

the first atomic layer (highlighted in red).
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Figure 2
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Figure 2: Upper panel: atomistic configurations of amorphous silica supports used in this work,
cut from a piece of bulk amorphous silica. Left: the system is relaxed at 300 K (the surface
remains flat). Right: the system is first melted at 2000 K, and then cooled down to 300 K (the
surface develops a roughness). The potential felt by a silver atom versus its height z above the
substrate is given below the corresponding configurations, for various positions on the surface.

The distribution of the associated minima is given in the lower panel for both surfaces.
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Figure 3
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Figure 3: Two-dimensional cartography of the adsorption sites on both the flat and rough
surfaces. The adsorption intensity is given in color-scale in the inset in eV/at. The x and y axes

are in A.
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Figure 4
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Figure 4: Correlation diagram between the depth of the silver-silica potential and the

corresponding height above the surface (see text). Blue circles: flat surface. Red triangles: rough

surface.
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Figure 5
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Figure 5: Upper panel: excess energy A for the truncated octahedron supported on the smooth
surface (square well, see Fig. 1), with an adhesion energy of -0.04 eV/atom. Successive
truncations corresponding to the removal of 0 to 3 metal layers at the interface are considered
(labeled 0 to 3). The corresponding numbers of atoms are 1289, 1228, 1153 and 1063. The
arrow indicates that more truncations lead to higher energies (not shown). Lower panel:
variations of the excess energy A for the same nanoparticles labeled 0 to 3 as a function of the

square well depth (adhesion energy).
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Figure 6: Diagram giving the stable configurations found by energy minimization (T=0K) for

nanoparticles of size N supported on the smooth substrate (square-well potential of depth eaq,

given in percentage of the cohesive energy of bulk silver, -2.95 eV/atom). The three horizontal

lines correspond to the adhesion energies found in this work given in eV/atom. Blue diamonds:

icosahedron (Ih); green triangles: Marks’s decahedron (Dh); black circles and crosses: Wulff fcc

octahedron (TOh). Filled symbols: nanoparticles non-deformed by the surface; empty symbols:

truncated nanoparticles where atomic layers have been removed at the metal-substrate

interface. The lighter the symbol edge, the larger the number of removed layers (1 to 3). Above

three layers (for TOh only), we have used a single symbol: crosses. Dashed lines: stability regions

for the truncated TOh as given by the Wulff-Kaishew theorem. The number of removed layers is

given between parentheses.
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Figure 7
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Figure 7: Excess surface energy A for the TOh nanoparticles of sizes N = 1289, 1228, 1153 and
1063, deposited on the atomistic flat silica surface, on their (100) or (111) facet (squares and
circles respectively), and their successive truncations (removal of metal layers at the interface).
The Ag/SiO; potential is that fitted to the DFT calculations (giving an adhesion energy of -

0.04 eV/atom).

35



Figure 8
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Figure 8: Excess surface energy A for the most stable orientation and truncation of
nanoparticles supported on the atomistic flat silica surface, for a given size N and structure. Blue
diamonds: |h. Green triangles: truncated Dh (the number of removed layers is given between
parentheses). Black circles: truncated TOh (1 layer removed). The Ag/SiO2 potential is that fitted

to the DFT calculations (giving an adhesion energy of -0.04 eV/atom).

36



Figure 9
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Figure 9: Excess surface energy A for the TOh nanoparticles of sizes N = 1289, 1228, 1153 and
1063, deposited on the atomistic flat silica surface, on their (100) or (111) facet (squares and
circles respectively), and their successive truncations (removal of metal layers at the interface).
The Ag/SiO, potential is that fitted to the wetting angle measurements (giving an adhesion

energy of -0.08 eV/atom).
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Figure 10
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Figure 10: Excess surface energy A for the most stable orientation and truncation of
nanoparticles supported on the atomistic flat silica surface, for a given size N and structure. Blue
diamonds: Ih (1 layer removed). Green triangles: truncated Dh. Black circles: truncated TOh. For
Dh and TOh the number of removed layers is given between parentheses. The Ag/SiO; potential

is that fitted to the wetting angle measurements (giving an adhesion energy of -0.08 eV/atom).
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Figure 11
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Figure 11: Excess surface energy A for the most stable orientation and truncation of
nanoparticles supported on the atomistic rough silica surface, for a given size N and structure.
Blue diamonds: lh. Green triangles: Dh. Black circles: TOh. Empty symbols: truncated
nanoparticles (1 layer removed). The Ag/SiO, potential is that fitted to the wetting angle

measurements (giving an adhesion energy of -0.05 eV/atom).
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