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In search of the smoothest nanoparticle surface:
diffusion and mobility on Ag clusters

Nicolo Canestrari, Riccardo Ferrando ‘2 and Diana Nelli 2 *

Surface diffusion is the key atomic process in nanoparticle growth. Regular shapes and low-defect sur-
faces can only be obtained if the deposited atoms are able to move over the entire surface of the nano-
particle—something that may be hindered by the presence of edges separating adjacent facets. Edge
crossing is the rate-limiting step for adatom diffusion on nanoparticle surfaces and, consequently, edges
of different sharpness are expected to affect diffusion processes differently. Here, we investigate this
problem in the case of a silver adatom diffusing on top of nanoparticles with different geometric shapes:
tetrahedron, octahedron, Mackay icosahedron, and chiral icosahedron. All structures have close-packed
(111) facets—on which diffusion is very fast—separated by edges of different types. Using molecular
dynamics simulations, we identify the most relevant edge-crossing processes and estimate their activation
barriers. Our results clearly show that the geometrical shape of the nanoparticle strongly influences the
inter-facet diffusion of atoms, affecting the energy barriers associated with edge-crossing processes.
Jump and exchange diffusion barriers depend on the edge sharpness in opposite ways, so that—interest-
ingly—the smoothest surfaces for adatom diffusion are both the sharpest (the tetrahedron) and the most
rounded (the chiral icosahedron). Our results for Ag clusters are expected to hold for other fcc metals as

rsc.li/nanoscale well.

1 Introduction

Diffusion of adatoms on metal surfaces is the elementary
process underlying the growth of metallic materials. The
characteristic time scales of adatom diffusion strongly influ-
ence the quality of the growth process and of the resulting
product. If deposited adatoms can diffuse rather freely, growth
proceeds regularly and smooth final surfaces are obtained;
otherwise, metal surfaces tend to be irregular and disordered."
A paradigmatic example of a metallic object grown by atom
deposition is the thin film.> A thin film consists of a few flat
atomic layers grown on top of each other in a highly controlled
manner. The elementary atomic mechanism underlying such a
growth process is the diffusion of individual adatoms on the
metal surface. Other processes may occur, such as the
diffusion of small clusters or the concerted displacement of
fully developed islands, but these are expected, in many cases,
to be less relevant compared to single-atom motion.* As such,
the diffusion of individual adatoms on metal surfaces has
been widely investigated in the last decades, through both
experimental and theoretical/computational techniques.*™°
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Different kinds of diffusion processes have been studied:
diffusion on defect-free flat surfaces with well-defined
crystallographic orientations ((111), (100), and (110) are the
most relevant for fcc and bee metals);> > diffusion on sur-
faces with defects or imperfections, such as steps, kinks,
or vacancies;'”"*>™* homo-diffusion, in which the diffusing
adatom and the metal surface belong to the same
species;”'>'? hetero-diffusion, in which the adatom and
the surface belong to different species;>**' jump diffusion,
where the adatom moves from one adsorption site to a
nearby one;*®"> and exchange diffusion, in which the adatom
enters the metal surface by exchanging positions with a
surface atom, which then moves to a nearby adsorption
site.”>1%1213:1%16 piffugion coefficients and activation barriers
have been estimated,'>>* allowing researchers to identify the
conditions under which smooth, layer-by-layer growth can be
achieved.

Nanoparticles are another type of metallic object that can
be grown by atom deposition.* > Again, a regular overall
shape and a smooth surface can be achieved provided that the
diffusion of the deposited atoms is sufficiently fast—i.e., if the
adatoms can move over the entire surface of the nanoparticle
without getting stuck in trap sites.>*° In this case, the situ-
ation is considerably more complex than in thin film growth,
due to the presence of edges separating adjacent flat facets of
the nanoparticle.
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The presence of edges renders the diffusion problem truly
three-dimensional. When an atom diffuses within a facet, the
behavior closely resembles that observed on an infinite planar
surface. However, when the atom moves from one facet to
another, the edge between them introduces an additional
energy barrier, typically much higher than that associated with
diffusion within the same facet.>®*”3°>3* Therefore, even when
intra-facet diffusion is fully activated, the adatom may be
unable to easily cross the edge, and may remain confined to a
single facet for extended periods. Edge crossing thus becomes
a rate-limiting step in surface diffusion on nanoparticles, and
a key factor limiting the regularity and smoothness of nano-
particle growth.

Here, we study the diffusion of an Ag adatom on the
surface of nanoparticles with Ag close-packed facets, i.e., with
(111) crystallographic orientation. Diffusion on the (111)
surface is very fast, due to the low adsorption energy at three-
fold adsorption sites and the small corrugation of the surface.
This fast intra-facet diffusion allows us to isolate the effect of
edges on overall surface diffusion. Specifically, we aim to inves-
tigate how different types of edges separating adjacent (111)
facets affect diffusion pathways and the corresponding acti-
vation barriers. To this end, we employ molecular dynamics
(MD) simulations to reproduce the diffusion of a single Ag
atom on the surface of nanoparticles of similar size but
different geometric shapes, and we evaluate both static and
dynamic energy barriers for the most relevant edge-crossing
processes. In Fig. 1, we show the nanoparticle shapes con-
sidered in our work. These are the three regular polyhedra
(also known as Platonic solids) with triangular faces: the tetra-
hedron, the octahedron, and the icosahedron. As shown in Fig. 1
(d-g), atoms can be assembled into nanoparticles with these
symmetries, exposing close-packed facets with (111) orien-
tation. For the icosahedron, different atomic assemblies are
possible, as discussed in detail in ref. 35. Here, we consider
the well-known Mackay icosahedron®® (Fig. 1(f)) and an icosa-
hedron in which the surface atoms have a chiral arrangement
(Fig. 1(e)). As explained in ref. 35, chiral icosahedral surfaces
are stabilized by the presence of atoms with smaller atomic
radius in the inner shells, with an appropriate size mismatch.
In this case, the icosahedron consists of four inner Mackay
shells of Ni atoms, surrounded by two chiral Ag shells.

The dihedral angles (angles between two adjacent facets) of
the tetrahedron, octahedron, and icosahedron are70.5°,
109.5°, and138.2°, respectively. These values give an indication
of the sharpness of the nanoparticle edges: the tetrahedron
has the sharpest edges, followed by the octahedron, and then
the Mackay icosahedron. The chiral icosahedron differs signifi-
cantly in this respect, as well-defined edges cannot be clearly
identified. In the other structures, the nanoparticle edges
correspond exactly to the geometric edges—i.e., straight lines
connecting nearby vertices; in other words, adjacent vertices
are joined by straight rows of atoms (see Fig. 1(h-1)). In con-
trast, in the chiral icosahedral surface, atoms are located
either on one side or the other of the geometric edge, so that a
true nanoparticle edge does not exist (see Fig. 1(m)). As we will
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show, this peculiar feature strongly affects adatom diffusion
on the nanoparticle surface.

Nanoparticles with the geometric shapes shown in Fig. 1
have been experimentally observed for several fcc metals,
including silver. Computer simulations have demonstrated
that these shapes are stable over a wide range of temperatures
and, although they may not correspond to the lowest-energy
configuration, they can dynamically form during synthesis as a
result of specific growth processes.

In the following, we compare the diffusion processes and
time scales on the surface of the four different nanoparticles
shown in Fig. 1(d-g). Nanoparticle sizes are in the range
of1.5-2.3 nm, corresponding to 560, 670, 923, and 833 atoms
in the tetrahedron, octahedron, Mackay icosahedron, and
chiral icosahedron, respectively. Our ultimate goal is to classify
the nanoparticle structures in terms of smoothness—i.e., to
determine which nanoparticle shape is associated with the
lowest diffusion barriers and, consequently, with the fastest
diffusion of deposited atoms.

2 Methods

The interactions between atoms are modeled using an atomis-
tic potential developed by Gupta and Rosato et al.,*”*® based
on the second-moment approximation of the tight-binding
model. The interaction parameters are taken from previous
studies on Ag and core-shell Ni@Ag nanoparticles.>**° This
model has been successfully employed in the study of adatom
self-diffusion on Ag surfaces of different crystallographic
orientations.">*' The calculated energy barrier for jump
diffusion on the (100) surface is 0.43 eV, in very good agree-
ment with experimental data (0.40 eV (ref. 42) and 0.38 eV (ref.
43)). For other diffusion processes—such as exchange
diffusion on the (100) surface and jump or exchange diffusion
on the (110) surface—experimental data are not available. In
these cases, the calculated energy barriers have been compared
to those obtained from other computational methods
(Embedded Atom Model and Density Functional Theory'>*%),
with good agreement in all cases. For example, the energy
barrier for in-channel jump diffusion on the (110) surface is
0.28 eV according to our model, in excellent agreement with
the result of recent DFT calculations (0.29 €V).** As for jump
diffusion on the (111) surface, the calculated energy barrier is
0.068 eV, in good agreement with the Embedded Atom
Model result (0.055 eV (ref. 45)), and only slightly lower than
both the experimental estimate (0.097 + 0.010 eV (ref. 46)) and
the DFT calculation (0.081 eV (ref. 47)).

MD simulations are performed using our own code: the
equations of motion are integrated using the velocity-
Verlet algorithm with a time step of 5 fs, while temperature is
kept constant using an Andersen thermostat. This protocol is
the same as that used in previous studies to interpret gas-
phase growth experiments.>****° In all MD simulations, a
single Ag atom is placed on the surface of a magic-size, defect-
free Ag or Ni@Ag nanoparticle and allowed to diffuse freely.
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Fig. 1 Nanoparticle structures with closed-packed surface. Platonic solids with triangular faces: (a) tetrahedron; (b) octahedron; and (c) icosahe-
dron. Nanoparticle structures corresponding to the Platonic solids considered in this work: (d) tetrahedral nanoparticle made of 560 Ag atoms; (e)
octahedral nanoparticle made of 670 Ag atoms; (f) icosahedral nanoparticle made of 923 Ag atoms with Mackay arrangement; (g) icosahedral nano-
particle made of 309 Ni atoms with Mackay arrangement, surrounded by to chiral shells made of 524 Ag atoms. (h) Tetrahedral, (i) octahedral and (j)
Mackay icosahedral edge. (k) Two adjacent facets of the chiral icosahedral surface. In this case, the geometric edge does not correspond to a nano-
particle edge, i.e. adjacent vertices are not connected by a straight row of atoms. In (d—k) atoms are colored according to their local symmetry,
identified by the Common Neighbour Analysis (CNA). In (d—f), dark/light red, yellow and green identify atoms in tetrahedral, octahedral and icosahe-
dral vertices/edges, respectively, whereas atoms in (111) triangular facets are coloured in grey. For the chiral icosahedron in (g), the CNA map is more
complex, as four types of non-equivalent surface sites can be identified: vertices (dark green), edge-like (light green), (111) (grey) and bridges

between edge-like sites (light blue).

The temperature range considered depends on the size and
shape of the nanoparticle, and is chosen so that a large
number of diffusion events can be observed while preserving
the nanoparticle’s perfect original symmetry (i.e., no displace-
ment of vertex or near-vertex atoms).

Potential energy barriers for the most relevant elementary
diffusion processes observed during constant-temperature MD
simulations are evaluated using the drag method.*® This
method is widely used for estimating energy barriers in simple
processes where the transition path can be reasonably
guessed. A drag coordinate connecting the initial and final
states of the process is defined and incrementally increased to
drag the system from the initial to the final configuration. At
each step, the drag coordinate is held fixed while the other
degrees of freedom are relaxed using an energy minimization
procedure. The energy profile along the drag coordinate is
then used to identify the saddle point and the corresponding

16786 | Nanoscale, 2025, 17,16784-16795

energy barrier. In our case, the drag coordinate is the straight
line connecting the two adsorption sites before and after Ag
adatom diffusion. The adatom is moved stepwise along this
line, and the entire nanoparticle is relaxed at each step. In
addition to constraining the drag coordinate, we fix a number
of atoms in the nanoparticle during relaxation to prevent the
system from rotating or relaxing into one of the potential
energy minima (i.e., configurations with the adatom in either
of the two adsorption sites). Fixed atoms are chosen far from
the diffusing adatom to avoid perturbing the diffusion
process. Specifically, we fix a small group of atoms near the
geometric center of the nanoparticle (13, 6, and 4 atoms for
the icosahedron, octahedron, and tetrahedron, respectively), as
well as all vertex atoms except those closest to the diffusing
atom. We tested different configurations and verified that the
resulting energy barriers do not depend on the specific choice
of fixed atoms.

This journal is © The Royal Society of Chemistry 2025
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Relaxation is performed using quenched molecular
dynamics (gMD),’" a variant of the traditional technique in
which the dynamics are altered to bring the system to the
nearest local minimum. Specifically, velocities that point oppo-
site to the forces (i.e., away from the minimum) are set to zero.
The initial temperature of the qMD simulations is 300 K, and
it gradually decreases during the simulation due to velocity
damping as the system approaches the minimum. Compared
to other local minimization algorithms commonly used in
similar systems (such as the BFGS algorithm®®), qMD is
slower, but it offers significant advantages for our specific
application. Most notably, it is straightforward to implement
and naturally allows for constrained minimization, where
selected degrees of freedom can be fixed during the relaxation.
In our case, the constrained coordinate is the drag coordinate.

3 Adsorption sites on nanoparticle
facets and intra-facet diffusion

In perfect 2D flat surfaces with (111) crystallographic orien-
tation, all adsorption sites are equivalent, and therefore the
same activation barrier is associated with adatom diffusion
between any pair of neighboring sites. As a result, a deposited
adatom diffuses randomly on the metal surface without any
preferential direction, with the diffusion rate depending on
the activation barrier and the surface temperature. The pres-
ence of defects, such as steps and vacancies, modifies this
simple picture, as inequivalent sites and diffusion barriers
come into play. In 3D nanoparticles, the finite size of the (111)
facets introduces inequivalences between three-fold adsorp-
tion sites even in the absence of defects. Adsorption site ener-
gies vary depending on their position within the facet, particu-
larly with respect to their proximity to edges and vertices.

We have mapped all possible adsorption sites on the tri-
angular facets of the nanoparticles shown in Fig. 1(d-g). The
results are presented in Fig. 2, where the sites are colored
according to the total potential energy of the system (nano-
particle + adatom).

In all cases, adsorption sites are three-fold hollow sites, in
either fcc or hcp stacking with respect to the underlying
atomic layers. Bridge and top sites, where the adatom is co-
ordinated with two and on surface atoms, respectively, are not
stable adsorption sites. As we will see, bridge sites are
occasionally encountered along diffusion pathways, whereas
top sites are never encountered due to their very high energy,
consistently with previous studies on adatom diffusion on Ag
(111) surfaces.*'

The lowest-energy sites are located near the nanoparticle
vertices, and the energy increases as one moves toward the
center of the facets. This is due to a better relaxation of surface
atoms near the edges and vertices, where atomic coordination
is lower than at the facet center.”®> We note that the energy
difference between the highest- and lowest-energy adsorption
sites varies across the four structures. The chiral and Mackay
icosahedra both exhibit a small energy variation of 0.02-0.03

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Energy differences between different adatom positions. In order
from the up and left: chiral icosahedron, Mackay icosahedron, tetra-
hedron and octahedron. In the tetrahedron, the four vertices are
removed, as in the MD simulations. For each structure, we show the
inequivalent adsorption sites (small spheres on the nanoparticle
surface), coloured according to their energy difference from the most
favourable site on that structure.

eV, while the octahedron and tetrahedron show larger differ-
ences, of 0.10 and 0.06 eV, respectively.

Our results show that diffusion within a (111) nanoparticle
facet is not random as in its 2D counterpart, since the adatom
is expected to spend more time in the most thermo-
dynamically stable sites—i.e., those of lowest energy. This be-
havior is consistent with our MD simulations. When the
adatom diffuses on the surface of the octahedron and tetra-
hedron, we observe a strong preference for sites near the ver-
tices and edges, while sites near the facet center are disfa-
vored. In the case of the chiral and Mackay icosahedra, where
adsorption sites are closer in energy, our simulations show
that adatom positioning near the vertices or edges is only
slightly more favorable than at the facet center.

The occupancy behavior observed in MD simulations can
also be interpreted from a kinetic perspective, by analyzing the
asymmetry in the diffusion energy barriers between neighbor-
ing sites. Due to the inequivalence of adsorption sites across
the surface, the diffusion barrier for moving from an inner
facet site to an edge site is typically lower than that for the
reverse process. As a result, once the adatom reaches an edge
or vertex region, it tends to become transiently trapped there,
spending more time before overcoming the higher barrier
required to return toward the facet center.

Barriers for moving from the center of a facet toward the
edges are quite low—in the range of 0.04-0.06 eV—which is

Nanoscale, 2025,17,16784-16795 | 16787
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compatible with the energy barrier for diffusion on the 2D
(111) silver surface, as evaluated using the same model and
method.*!

4 MD simulations of adatom
diffusion

The diffusion of the Ag adatom on the nanoparticle surfaces is
simulated using MD. Simulation temperatures are high
enough to ensure that the adatom diffuses over the entire
nanoparticle surface, i.e., that a significant number of edge-
crossing events can be observed within a simulation time of a
few hundred nanoseconds. However, if the temperature is too
high, we observe some events that may interfere with the
adatom’s diffusion. The most common is the detachment of
low-coordinated vertex atoms, which become adatoms them-
selves and begin to diffuse on the nanoparticle surface. These
atoms may interact with the initial adatom, forming small
islands on the surface and thereby hindering diffusion; more-
over, the adatom may reach an empty vertex site and become
trapped there. To avoid such events, we impose an upper limit
on the simulation temperature.

The temperature range depends on the nanoparticle
structure: it is 275-400 K for the chiral icosahedron,
350-450 K for the Mackay icosahedron, 275-350 K for the
octahedron, and 75-150 K for the tetrahedron. In the case of
the tetrahedron, vertex atoms are very poorly coordinated,
having only three first-neighbor bonds—the same as an iso-
lated atom on a (111) surface. As a result, in our simulations,
they detach at any temperature, making it impossible to
study the diffusion of a single adatom. Therefore, we simu-
late adatom diffusion on a tetrahedral nanoparticle in which
the four vertex atoms have been removed (see Fig. 2). Some
edge atoms also detach if the simulation temperature is too
high. For this reason, we had to run simulations at much
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lower temperatures compared to the other structures.
Nonetheless, we were able to collect enough events for stat-
istical analysis.

Our simulations reveal different types of inter-facet
diffusion pathways and edge-crossing processes. In the octa-
hedron and tetrahedron, edge crossing always occurs via an
exchange mechanism. Two atoms are involved in the process:
the adatom and one of the edge atoms. The adatom enters the
edge and displaces the edge atom, which then becomes an
adatom on the adjacent facet.

In the Mackay icosahedron, jump processes are the most
common. Only the adatom is involved: it moves from one facet
to an adjacent one by “climbing” the edge that separates them.
Exchange processes are sometimes observed, but they are only
activated at the highest simulation temperatures within our
time scales.

As expected from its peculiar surface structure, diffusion on
the chiral icosahedron occurs via non-trivial pathways, which
are markedly different from those observed in the other struc-
tures. As previously discussed, there are no true edges on the
chiral surface (see Fig. 1(m)), but rather what can be described
as “broken” edges, since the atomic row connecting neighbor-
ing vertices contains a kink. To move from one facet to
another, the adatom must slide through the broken edge via a
sequence of multiple jump diffusion events, which will be dis-
cussed in detail below. Exchange diffusion mechanisms are
never observed.

As for diffusion rates, our simulations clearly show that
inter-facet diffusion by jump is faster in the chiral icosahedron
than in the Mackay icosahedron, as many more diffusion
events are observed within the same simulation time. On the
other hand, inter-facet diffusion by exchange is faster in the
tetrahedron than in the octahedron. In the following, we will
quantify these differences in diffusion rates by calculating the
activation barriers for jump and exchange processes on the
four nanoparticle surfaces.

0

05 0 05
Position(A)

Fig. 3 Edge crossing by jump on the Mackay icosahedron. (a) Adsorption sites before and after the crossing of the edge by jump diffusion. (b)
Energy profile of the diffusion process, estimated by the drag method. The energy barrier is 0.27 eV.
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5 Inter-facet diffusion: edge crossing
by jump

Here, we estimate the energy barriers for edge-crossing processes
by jump diffusion on the different nanoparticle surfaces using
the drag method. We begin by considering the Mackay icosahe-
dron. The adatom moves from site A to site B in Fig. 3(a), cross-
ing the edge with a single jump. Sites A and B are the three-fold
hcep adsorption sites closest to the edge, located on the two adja-
cent facets. The saddle point corresponds to a bridge site, in
which the adatom is coordinated with two edge atoms. The
energy profile is shown in Fig. 3(b). The barrier is regular and
symmetric, and has a height of 0.27 eV.

The inter-facet diffusion process on the chiral surface is
much more complex. In Fig. 4(a), we show the diffusion
pathway observed in our MD simulations, which connects five

0.16
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locally stable adsorption sites. At the beginning of the process,
the adatom is located near the vertex on the left, on the top
facet in the figure. It then progressively moves rightward, par-
allel to the broken edge. At the end of the process, the atom
reaches the bottom facet, near the right vertex. From there, it
can easily diffuse within the facet. This is the only inter-facet
diffusion process observed in our simulations. Other pathways
—for example, those in which the adatom moves nearly per-
pendicular to the edge—are never observed, and are therefore
expected to be associated with higher energy barriers.

The energy profile of the multi-step process shown in
Fig. 4(a) is presented in Fig. 4(b). Local minima are separated
by energy barriers in the range of 0.12-0.15 eV. The highest of
these barriers—located in the middle of the pathway, at the
breach—is 0.15 eV, which is significantly lower than the
energy barrier for the single-step edge-crossing diffusion on
the Mackay icosahedral surface.

=3 =)
=] = =
— N B
T T T

Energy(eV)

2 0 2
Position(A)

Fig. 4 Edge crossing by jump on the chiral icosahedron. (a) Locally stable adsorption sites along the inter-facet diffusion process. (b) Energy profile
of the diffusion process, estimated by the drag method. The energy barrier for inter-facet diffusion is the highest among the barriers of the sub-

sequent jump diffusion steps, i.e. 0.15 eV.

035 T T T T T T T

04 T T T T T T T T T

03] 03s| WW i
025 03} \ ]
e 3 ’ [ PN %
> > 025) |
O o2f ER) Ai
N N
5 2l |
5 oast 15
= S 0I5t 1
m m
0.1}
01} i
005 | 005 | 1
(a) (b)
0 . w . 0 .
2 -15 1 05 0 05 1 15 2 25 2 s - 05 0 s 1 15 2 25
Position(A) Position(A

Fig. 5 Edge crossing by jump on the octahedron and tetrahedron. Energy profiles for edge crossing diffusion by jump on the (a) octahedron and (b)
tetrahedron, estimated by the drag method. The energy barriers are 0.33 and 0.38 eV, respectively.
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We note that, differently from the other structures, the
chiral icosahedron is not purely made of Ag, but contains a Ni
core, is essential to stabilize the chiral Ag surface.’® To mini-
mize the influence of the Ni core on surface properties, we
deliberately included two full Ag layers. This ensures that Ag
atoms in the outermost layer are coordinated only with other
Ag atoms—thus mimicking the surface environment of a pure
Ag nanoparticle. To verify that the presence of the Ni core does
not affect adatom diffusion, we have calculated static diffusion
barriers on a Ni@Ag structure with one more chiral Ag layer,
finding the same values.

Even though inter-facet diffusion by jump is never observed
on the octahedron and tetrahedron in our MD simulations, we
calculate the energy barriers for such processes, which turn
out to be 0.33 and 0.38 eV, respectively (see Fig. 5).

In summary, our results show that the energy barrier for
inter-facet diffusion by jump strongly depends on the geo-
metric shape of the nanoparticle: it is highest for the structure
with the sharpest edge (the tetrahedron), and decreases for
structures with increasingly wider edges (in order: the octa-
hedron and the Mackay icosahedron), which can be climbed
more easily by the diffusing adatom. The lowest barrier is
found for the chiral icosahedron, where no true edge is
present—thus representing the smoothest surface for jump
diffusion.

6 Edge crossing by exchange

Here, we consider the other possible mechanism for diffusion
between adjacent facets observed in our MD simulations: the
exchange process. In this case, we can no longer refer to
adatom diffusion, since the atom diffusing on the second facet
is not the same as the one diffusing on the first. However,
exchange processes enable mass diffusion, which is dynami-
cally equivalent to adatom diffusion, provided that the nano-
particle surface and the diffusing atom are of the same
species.

We do not consider the chiral icosahedron in this case, as
exchange processes are never observed in the simulations and
are difficult to predict due to the absence of well-defined
edges.

On the Mackay icosahedron, exchange diffusion occurs via
two different mechanisms, as shown in Fig. 6. In the first case
(Fig. 6(a)), a single substitution occurs at the edge of the nano-
particle. In the second case, the process is more complex,
involving two different edges and a chain of atoms in
between® (Fig. 6(b)). The energy barrier is calculated to be
0.46 eV in the first case and 0.54 eV in the second. These
values are significantly higher than the barrier for edge cross-
ing by jump on the same surface. Indeed, jump processes are
much more frequent in MD simulations, while exchange pro-
cesses are only observed at the highest simulation
temperatures.

Energy barriers for edge crossing by exchange are also cal-
culated for the octahedron and the tetrahedron. In the MD

16790 | Nanoscale, 2025, 17, 16784-16795
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Fig. 6 Mass diffusion by exchange on the Mackay icosahedron. (a)
Simple process, with two atoms involved: the adatom (in red in the
figure) and one atom initially belonging to the edge (in yellow). The
adatom takes the place of the edge atom, which becomes an adatom on
the adjacent facet. (b) More complex process, involving many atoms: the
adatom (in red), an edge atom in the opposite edge of the adjacent facet
(in yellow) and a row of atoms between them (in orange). Orange atoms
are pushed away by the red atom, and the yellow atom becomes and
adatom on the bottom left icosahedral facet.

simulations, we observe that exchange processes often occur
near the vertices (or near the missing vertices, in the case of
the tetrahedron), suggesting that exchange is more favorable at
these positions than elsewhere along the edge. Indeed, the
barrier for exchange near the vertex is 0.13 eV for the octa-
hedron, while it is much higher (0.31 eV) when the exchange
takes place at other edge sites. We note that, when moving
from the vertex toward the center of the edge, the diffusion
barrier increases sharply toward its maximum value.

On the tetrahedron, all calculated barriers are very low and
comparable to those for jump diffusion on the nanoparticle
facet. Diffusion near the (missing) vertex is slightly more favor-
able than at other positions along the edge, with energy bar-
riers of 0.04 and 0.06 eV, respectively. Snapshots of edge cross-

Fig. 7 Mass diffusion by exchange on the octahedron and tetrahedron.
Adatom on the facet of the (a) octahedron and (b) tetrahedron is
coloured in red. The adatom takes the place of one of the edge atoms
(in yellow), which becomes an adatom on the adjacent facet.

This journal is © The Royal Society of Chemistry 2025
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ing by exchange on the octahedron and tetrahedron are shown
in Fig. 7.

As with inter-facet adatom diffusion by jump, we find that
the energetics of mass diffusion by exchange strongly depend
on the nanoparticle shape. However, in this case, the process
is more favorable in nanoparticles with sharper edges, where
atoms are more weakly coordinated and can be more easily
displaced and replaced by the diffusing atom. Accordingly, the
most favorable structure is the tetrahedron, followed by the
octahedron; in the icosahedron, exchange diffusion is much
less favorable than in the other structures.

Here we want to shortly comment on the values of the
energy barrier calculated by the drag method. This method
provides highly precise numerical values within the framework
of the chosen potential; therefore, the absolute accuracy of
these barriers is limited by the reliability of the Gupta poten-
tial itself. However, this model has been extensively validated
and is known to produce results in good agreement with both
experimental data and more advanced calculations, particu-
larly for silver.>® In addition, we note that our study does not
aim to provide absolute energy barriers with high precision.
Rather, our goal is to compare diffusion barriers across

Table 1 Inter-facet diffusion events in constant temperature MD simu-
lations. Number of inter-facet diffusion events by jump on the chiral and
Mackay icosahedral surface, in constant temperature MD simulations

f(events/200 ns)

View Article Online
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different processes and nanoparticle geometries in order to
identify systematic trends and establish a relative ranking.

7 Dynamical energy barriers

To validate our findings, we estimate the energy barriers for
inter-facet diffusion and edge crossing using an Arrhenius
plot. We assume that the rate (f) of edge-crossing events
depends on the temperature (T) via the Arrhenius law, ie.,
f=Aexp (— kAB—i), where AE is the energy barrier and A is a
temperature-independent pre-exponential factor. For each
nanoparticle shape, we perform MD simulations at different
temperatures and count the number of edge-crossing events
occurring within a fixed time interval of 200 ns, from which we
estimate the temperature-dependent rate of such events.

If a disruptive event occurs during a simulation (e.g., the
detachment of a vertex atom that binds to the adatom to form
a dimer), the simulation is stopped and a new one is launched,
until a total simulation time of 200 ns is accumulated.

First, we compare jump diffusion mobility on the chiral
and Mackay icosahedra. Our results, summarized in Table 1,
show that adatom mobility is much higher on the chiral
surface. For example, 82 diffusion events are recorded at 350 K
on the chiral icosahedron, whereas at the same temperature,
only 6 diffusion events occur on the Mackay icosahedron. At
lower temperatures (275-325 K), no edge-crossing events are
observed on the Mackay surface within the simulation time,
with the adatom remaining trapped in the initial facet; at

T (K) Chiral Mackay these same temperatures, inter-facet diffusion is already acti-
vated on the chiral surface. The data in Table 1 are used to
275 25 — . .
300 28 _ construct the Arrhenius plot (In(f)vs.1/T), as shown in the
325 48 — graphs in Fig. 8. The linear fit matches our data well, especially
350 82 6 for diffusion on the chiral surface, where many events are
375 117 17 s . L .
400 153 29, observed within the simulation time. Energy barriers extracted
425 — 43 from the fits are AE = (0.16 = 0.01) eV for jump diffusion on
450 - 53 the chiral icosahedron, and AE = (0.28 + 0.03) eV for the
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Fig. 8 Arrhenius plot for inter-facet diffusion by jump on the Mackay and chiral icosahedron. (a) Mackay icosahedron. Energy barrier and pre-expo-
nential factor are AE = (0.28 + 0.03) eV and A = 3.6 x 10, (b) Chiral icosahedron. Energy barrier and pre-exponential factor are AE = (0.16 + 0.01)

eVand A = 9 x 10%°. Frequencies fare in s™.
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Mackay icosahedron—both in good agreement with the static
energy barriers calculated using the drag method.

Using the same approach, we evaluate energy barriers for
inter-facet diffusion by exchange on the Mackay icosahedron
(see Fig. 9(a and b)). The results are AE = (0.49 + 0.02) eV when
only simple processes are considered (see Fig. 6(a)), and AE =
(0.53 + 0.03) eV when more complex exchanges involving mul-
tiple atoms are also included. Again, the agreement with the
static energy barriers is good.

In the case of the octahedron and tetrahedron, only
exchange processes occur in our MD simulations, as inter-
facet diffusion by jump is highly unfavorable. Therefore, only
exchange energy barriers can be estimated using the Arrhenius
plot. The energy barrier for edge crossing on the octahedral
surface is slightly lower than that calculated by the drag
method (0.09 eV compared to 0.13 eV). This discrepancy
between the two methods can be explained by closely examin-
ing the inter-facet diffusion process. To move from one facet to
another, the adatom must first reach the edge via a sequence
of intra-facet jump diffusion events; then, it crosses the edge
through a single inter-facet diffusion step.

In the cases analyzed so far, edge-crossing energy barriers
are much higher than those associated with intra-facet
diffusion, so the inter-facet diffusion rate is dominated by a
single step with the highest energy barrier—namely, edge
crossing. The low-barrier diffusion steps preceding the cross-

16792 | Nanoscale, 2025, 17,16784-16795

ing mainly influence the pre-exponential factor in the
Arrhenius relation. However, on the octahedral surface, this
approximation no longer holds, as the energy barriers for edge
crossing by exchange are very close to those for jump diffusion
on the (111) surface. Therefore, even though our data are well
fitted by a linear interpolation (see Fig. 9(c)), the estimated
energy barrier represents an effective barrier for the entire
diffusion process, which includes both edge-approach and
edge-crossing events. The value lies between the barriers of the
two distinct steps (0.06 and 0.13 eV, as estimated by the drag
method).

The same considerations apply to inter-facet diffusion on
the tetrahedral surface. However, in this case, intra-facet jump
diffusion and edge crossing by exchange have almost the same
energy barriers (0.04-0.06 eV, as estimated by the drag
method). The effective energy barrier obtained from the
Arrhenius plot is also AE = (0.06 + 0.01) eV.

8 Conclusions

In this work, we have studied the mobility of a silver adatom
on nanoparticles with silver surface and with different geo-
metric shapes—namely, the tetrahedron, octahedron, Mackay
icosahedron, and chiral icosahedron. All considered nano-
particles expose close-packed (111) surfaces and differ only in

This journal is © The Royal Society of Chemistry 2025
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the types of edges that separate adjacent facets. Our results
demonstrate that the nanoparticle shape strongly affects
adatom mobility and, specifically, that the edge type deter-
mines which inter-facet diffusion processes are more favorable
and what the associated activation barriers are.

The estimated energy barriers for the various edge-crossing
processes on the different nanoparticle surfaces are summar-
ized in Table 2. These values allow us to establish a “ranking”
of nanoparticle shapes in terms of smoothness, i.e., the ease
with which an adatom of the same chemical species diffuses
over their surface.

If we consider only jump processes—where the adatom
moves from one facet to an adjacent one by climbing the sep-
arating edge—the smoothest shape is the chiral icosahedron,
followed by the Mackay icosahedron, the octahedron, and the
tetrahedron. In this case, the ranking reflects the sharpness of
the edges: mobility is more hindered when the edge is
sharper. The chiral icosahedron, in which no true edge exists,
is the smoothest structure for jump diffusion.

The energy barriers for exchange processes—where the
adatom enters the edge, replacing another atom that is then
pushed onto the adjacent facet—show the opposite trend.
Exchange is facilitated when the edge is sharper, i.e., when
edge atoms are less coordinated and can therefore be more
easily displaced. As such, the smoothest surface for exchange
diffusion is that of the tetrahedron, followed by the octahedron
and the Mackay icosahedron. Exchange processes are never
observed in the chiral icosahedron, where all surface atoms
are highly coordinated.

When considering both diffusion mechanisms, the nano-
particle shapes can be ranked in terms of smoothness as
follows: tetrahedron, chiral icosahedron, octahedron, and
Mackay icosahedron. This result agrees with recent compu-
tational studies on metal nanoparticle growth, which show
that tetrahedra and chiral icosahedra grow particularly well,

Table 2 Energy barriers for inter-facet diffusion on Ag nanoparticles.
Summary of our results for inter-facet diffusion barriers on Ag nano-
particles with closed-packed (111) surface. Energy barriers in the
Table have been calculated by the drag method, but are in agreement
with dynamical barriers estimated by the Arrhenius plot

Energy barrier

Structure Edge-crossing process (ev)
Mackay Jump 0.28
icosahedron Exchange 2 atoms 0.46
Many atoms 0.52-0.54
Chiral Jump 0.15
icosahedron
Octahedron Jump 0.33
Exchange Edge center 0.31
Near vertices 0.13
Tetrahedron Jump 0.38
Exchange Edge center 0.06
Near (removed) 0.04

vertices

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

forming structures with very few surface defects even at rela-
tively large sizes.>**> In other words, tetrahedra and chiral ico-
sahedra behave more similarly to extended 2D surfaces during
growth. Very smooth shell-by-shell growth is expected when
atoms are deposited on nanoparticles with these shapes, ana-
logous to the layer-by-layer growth observed in thin films.

Adatom mobility on nanoparticles is primarily influenced
by the geometric features of their surfaces. We therefore expect
our results to hold for other fcc metals as well (such as Au, Cu,
Pt, and Pd), which exhibit the same types of nanoparticle
structures as Ag. Specifically, we expect that the relative order-
ing of energy barriers for jump and exchange inter-facet
diffusion across the different nanoparticle shapes would be
similar to what we observed for Ag, while of course the magni-
tude of the barriers would be affected by the bond strength of
the different metals.

We note that, in the case of homo-diffusion (where the
surface and the diffusing atom are of the same species), jump
and exchange processes are equivalent, as both result in mass
transport from one facet to another. This is not the case for
hetero-diffusion, where the surface atoms and the adatom
belong to different chemical species. In this case, jump and
exchange processes have different outcomes: if edge crossing
occurs via a jump, the adatom retains its original chemical
identity; by contrast, an exchange process results in the incor-
poration of a surface atom as the new adatom, initiating a
homo-diffusion process. Therefore, in hetero-diffusion, only
jump processes contribute to the migration of the foreign
species, making the icosahedral shapes—especially the chiral
icosahedron—the smoothest surfaces for diffusion.

This work contributes to the broader understanding of
nanoparticle growth. Nanoparticle growth is a highly complex
phenomenon, influenced by a wide range of additional factors.
These include the diffusion of small atomic clusters—gener-
ally less mobile than single adatoms—the formation of surface
defects during growth, which may act as trapping sites, and
the presence of facets with different crystallographic orien-
tations, such as (100) or (110).>® All these effects are essential
for a complete modeling of growth dynamics. Here, we have
deliberately focused on defect-free nanoparticles with only
(111) facets, for a clean and controlled comparison of edge
types across different polyhedral shapes. By clarifying the
specific role of edge geometry in adatom diffusion, our work
offers insights that can inform more comprehensive growth
models and may help to interpret shape selection mechanisms
observed in experiments.

A natural perspective of this work is to apply the same
methodology to investigate the effect of nanoparticle geo-
metric shape on hetero-diffusion, which is particularly relevant
for the growth of bimetallic nanoparticles. Besides the already
cited case in which the nanoparticle and the diffusing adatom
belong to two different chemical species, an equally interesting
class of systems involves nanoparticles whose surfaces are
composed of two atomic species—for instance, with different
species preferentially occupying inequivalent surface sites.>®
These systems offer exciting possibilities for tuning surface
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diffusion and growth mechanisms through compositional
design.
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