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Morphologies of gold nanoparticles play an important role in determining their chemical and physical
(catalytic, electronic, optical, etc.) properties. Therefore, a fundamental understanding of the
morphological stability is of crucial importance to their applications. In this article, we employed
atomistic simulations to systematically investigate the structural and thermal stabilities of gold particles
with eight representative nanoshapes, including single-crystalline and multiple-twinned structures. Our
investigation has revealed that the truncated octahedron and the octahedron possessed the best
structural stability, while the tetrahedron and the icosahedron did the worst. Further analyses have
discovered different thermal stabilities and diverse melting behaviors in these particles. Especially, an
inhomogeneous melting of the icosahedron was disclosed, and the relevant mechanism was elucidated.
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1. Introduction

Gold (Au), as one of the very first metals known, has fascinated
people for five thousand years. Besides its widespread monetary
and symbolic functions, gold has many practical applications in
biomedicine, electronics, catalysis and other fields. In the past
two decades, the rapid advances in nanotechnology have made
it possible to construct matter with sufficient degree of control
over the material size, shape, composition, and morphology.* At
nanometer size, materials may exhibit exceptional physical and
chemical properties not observed in their bulk counterpart. A
confirmable fact is that gold has long been regarded as a poorly
active catalyst, whereas Au nano-sized particles display
surprisingly high catalytic activity for CO oxidation at a
temperature as low as 200 K.” Beyond the potential applications
for catalytic reactions,®® Au nanoparticles have attracted
persistently tremendous attention also for their remarkable
properties, including intense surface plasmon resonances® and
tailorable surface-enhancing spectroscopic effects.” These
excellent performances have greatly extended their utility in
fields such as drug delivery, biomedical imaging, heating,
chemical and biological sensing, and catalysis.
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but also into the design of gold nanostructures with both high catalytic activity and excellent stability.

As is well-known, the unique physical and chemical prop-
erties of metallic nanoparticles are determined not only by the
portion of surface atoms but also by surface structures of the
particles. The former is directly associated with the particle size,
and the latter depends strongly on the particle shape. Espe-
cially, the catalytic reactions preferentially take place on
surfaces, and the catalytic functionality of metallic nano-
particles is highly related to the structure of facets enclosing the
particles. Therefore, the shape-controlled synthesis of metallic
nanoparticles becomes a promising direction for precisely
tuning their chemical activity, selectivity, and stability. After the
pioneering work of El-Sayed and co-workers for the synthesis of
cubic and tetrahedral platinum nanoparticles,® many efforts
have been devoted to prepare metallic nanoparticles with
different shapes such as cube, tetrahedron, octahedron,
cuboctahedron, decahedron, and icosahedron, which are
usually enclosed by low-index facets of {100} and {111}.>*°
Recently, metallic nanoparticles with high-index facets have
been successfully prepared by wet chemistry routes.”*® These
nanoparticles exhibit much higher catalytic activity than those
enclosed by low-index facets because of a large density of low-
coordinated atoms situated on steps, ledges and kinks. These
works have stimulated great interest in synthesis, character-
ization and chemical properties of high-index faceted
nanoparticles.

As is aforementioned, the catalytic performance of nano-
particles depends highly on the surface structure of facets
enclosing the particles. As a crystal grows, different planes grow
with different rates. Crystal growth rates in the direction perpen-
dicular to a high-index plane are usually much faster than those

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3ra46631k
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA004015

Published on 17 January 2014. Downloaded by Xiamen University on 12/07/2015 10:31:30.

Paper

along the normal direction of a low-index plane. Hence, high-
index planes are rapidly eliminated during particle formation and
the final particle shape is dominated by the low-index planes.
Resultantly, low-index facets with lower surface energies are
absolutely predominant in the surface structures of the synthe-
sized metallic nanoparticles, while very few of them are bound
with high-index facets.' Recently, decahedral and icosahedral Au
nanoparticles with five-fold (pentagonal) twinned structures have
been successfully prepared by N,N-dimethylformamide (DMF).>***
Such multiple twinned nanoparticles may be stable because they
adopted {111} terminated facets to minimize the total surface
energy. These twinned nanoparticles are particularly interesting
due to their unusual and crystallographically forbidden pentag-
onal symmetry and concomitant lattice strain.”

Although there are extensive studies on synthesis and char-
acterization of polyhedral Au nanoparticles with different sizes
and shapes, to the best of our knowledge, not much work has
been performed for a thorough study of their surface structures
and stabilities.”*** The importance of particle stability lies in
two aspects. On one hand, the particle shape is determined by
its surface structures and therefore is fundamentally linked to
the important properties (especially reactivity and surface
plasmon resonance) of Au nanoparticles. These Au nano-
particles will lose their unique properties once their shapes
cannot be retained, or the surface structures are destroyed.
Whether they can reserve their initial shapes and surface
structures when they are subjected to heating or used in high
temperature conditions is crucial for their industrial applica-
tions. On the other hand, there are different polymorphs
adoptable for Au nanoparticles, as stated above, which
morphology they will finally crystallize into is generally depen-
dent upon the thermodynamic conditions during the growth
process. Since the temperature is an important factor in the
chemical equilibrium of synthesis, a fundamental under-
standing of the shape and thermal stabilities can facilitate the
development of shape-controlled synthesis of Au nanoparticles.

In view that the previous studies on stabilities of Au nano-
clusters generally focused on particles with specific shape under
different sizes,” in this article, we present a systematic study of
stability analysis of various Au nanoparticles bound with low-
index facets by using atomistic simulations. Both single-crystalline
and multiple-twinned nanoparticles were considered. The size-
dependent structural stability of different shaped nanoparticles
was first discussed. Subsequently, these nanoparticles were heated
for the examination of their thermal and shape stabilities. An
elaborate investigation was performed for both thermally driven
shape evolution and melting behavior of the nanoparticles. This
article is structured as follows: Section 2 briefly describes the
simulation methods. Section 3 presents the calculated results,
discussion and comparisons with available results. The main
conclusions are summarized in the fourth section.

2. Simulation methodology

As mentioned above, Au nanoparticles, enclosed by low-index
facets, have been more frequently observed compared with
those by high-index facets in preparation. Therefore, we have

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

first constructed five polyhedral shapes of single-crystalline Au
nanoparticles, namely cube bound by six {100} facets, rhombic
dodecahedron by twelve {110} ones, tetrahedron by four {111}
ones, octahedron by eight {111} ones, and truncated octahedron
by six {100} and eight {111} ones, from a large cubic face-centred
cubic (fec) single crystal, respectively. Particularly, the freezing
of Au clusters into multiply twinned structures has been
discovered.”®* Due to the importance of multiple-twinned Au
particles at nanoscale science, decahedral and icosahedral Au
nanoparticles with five-fold twinned structures, respectively
enclosed by ten and twenty {111} facets, have also been inves-
tigated in this article. Note that the decahedron and the icosa-
hedron can be formed by joining five and twenty tetrahedra,
respectively. Additionally, spherical single-crystalline Au nano-
particles have also been constructed for comparison with the
polyhedral ones. These Au nanoparticles of eight shapes have
been illustrated schematically in Fig. 1. Similarly, a series of
these Au nanoparticles with different sizes were modeled. Due
to the limitation of present computer facilities available, the
total number of atoms varies between 200 and 550 000.

Based on our previous works,”*?' the quantum corrected
Sutton-Chen (Q-SC) type potential has been adopted to describe
the interatomic interactions of the nanoparticles. These poten-
tials represent many-body interactions, and their parameters
are optimized to describe the lattice parameter, cohesive energy,
bulk modulus, elastic constants, phonon dispersion, vacancy
formation energy, and surface energy, leading to an accurate
description of many properties of metals and their alloys.***
Generally good agreement was found with all properties of nine
fcc metals (Al, Ni, Cu, Rh, Pd, Ag, Ir, Pt and Au).** The total
potential energy for a system of atoms can be written as

U:ZM:Z{;ZV(R”)_C‘/’J—’}’ (1)

in which V(R;) is a pair interaction function defined by the
following equation:

vw) = (7). ©)

(h) IH

Fig. 1 Schematic illustration of eight shapes of Au single-crystalline
particles (a) sphere (SP), (b) cube (CU), (c) rhombic dodecahedron (RD),
(d) tetrahedron (TH), (e) octahedron (OH), (f) truncated octahedron
(TO); and multiple-twined particles (g) decahedron (DH), (h) icosahe-
dron (IH).
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accounting for the repulsion between the 7 and j atomic cores; p;
is a local electron density accounting for cohesion associated
with atom 7 defined by

=Y (5 ®)

i R;

In eqn (1)(3), Ry is the distance between atoms 7 and j; a is a
length parameter scaling all spacings (leading to dimensionless
V and p); ¢ is a dimensionless parameter scaling the attractive
terms; ¢ sets the overall energy scale; n and m are integer
parameters such that n > m. Given the exponents (n, m), ¢ is
determined by the equilibrium lattice parameter, and ¢ is
determined by the total cohesive energy. The model parameters
for Au are given as follows: n = 11, m = 8, ¢ = 7.8052 meV,
¢ = 53.581, and a = 4.0651 A.>*

Upon starting the molecular dynamics (MD) simulations, the
total energy minimization process of all Au nanoparticles has
been first preformed through the conjugate gradient methods.*
The total energy could be obtained by summing the potential
energy of each atom in the nanoparticles. After full relaxation,
all the eight types of nanoparticles with size of about 6 nm were
subjected to a continuous heating. To make the simulations
more reliable, we employed constant volume and temperature
molecular dynamics (NVIT-MD) to allow energy fluctuations,
which may be critical to the resulting dynamics. The nano-
particles have undergone the heating process consisting of a
series of NVI-MD simulations from 0 to 1500 K with a
temperature increment of 50 K. However, a smaller step of 10 K
has been adopted to investigate the melting behavior more
accurately when the temperature went up to around the melting
point. The simulations were carried out for 200 ps of the
relaxation time at each temperature. Meanwhile, the statistical
quantities were obtained in the last 25 ps. The desired
temperature and ambient pressure were maintained by Nose-
Hoover thermostat®® and Berendsen approach,’” respectively.
The equations of atomic motion were integrated by the Verlet-
Velocity algorithm® with a time step of 1.0 fs.

3. Results and discussion
3.1 Structural stability

The energetic stability of different structures for materials can
be determined by the total energy which is equal to the
summation of the potential energy of each atom at ground state
since the kinetic energies are actually zero at absolute zero. The
criterion indicates that the structure with lower energy tends to
be more stable. In order to facilitate the comparison of Au
nanoparticles with different shapes, a common definition of
particle size, based on equivalent volume, has been introduced

as follows:
3N
d = Za07 (4)

where N is the total number of atoms in the particle, and a, =
4.0651 A is the lattice constant of bulk Au. Since there are four
atoms in each unit cell for fcc metals, the volume of each atom
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could be regarded as a,’/4. Note that not all of the eight shapes
can be well formed when the particle size is less than 1 nm.
Fig. 2 presents the size dependent energy for the fully relaxed
Au nanoparticles at ground state, where the particle size is from
1 to 22 nm. In this figure, the lower-energy particles possess
better structural stability. In order to extrapolate the size effects
on structural stability to larger particles, we proposed an
analytic expression of the total energy according to particle
constitution: considered that a polyhedral particle consists of
atoms located in its interior, facets, edges, and vertices, the
average energy per atom in the particle can be formulated as

E= - (VE A NE+ NEANE) = A+ 0+ S0 B
where N, Nj, Ng, N, and N, is the atomic number of the system,
interior, facets, edges, and vertices, respectively; E, E;, Ey, E., and
E, is the average energy per atom of the system, interior, facets,
edges, and vertices, respectively. The polynomial function above
was hence adopted to fit the data of atomistic simulations with
the framework of the least square method. The fitted curves are
also depicted in Fig. 2, showing the excellent accordance with
the simulated data. Also, these curves were further extrapolated
to 100 nm to examine the stability of larger particles, as
demonstrated in the inset figure.

As seen in Fig. 2, all the particle energies are significantly
decreased with rising size, indicating a strong size effect. In
addition, the energy differences between shapes illustrate a
prominent surface effect in these nanoparticles. This
phenomenon has already been observed in the previous studies
on nanoscale materials.”* Fig. 2 also reveals that for d < 10 nm,
the tetrahedron exhibits the worst stability. However, beyond
10 nm, the least stable shape is icosahedron, which has
remarkably higher energy than the other seven shapes. Mean-
while, the instability of the cube respectively ranks the second
and the third among all the shapes demarcated by 7.8 nm or so.
Interestingly, the sphere is not the most stable shape although
its surface area is theoretically the smallest in all particles of the
same size. Instead, the truncated octahedron and octahedron
invariably display the best and the second best stability,
respectively. The sphere is the third most stable shape when d
falls into the range from 3.2 to 57 nm. Otherwise, the third place
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Fig. 2 Size-dependent ground-state energies of eight types of Au
particles with size from (a) 1.0 to 4.0 nm and (b) 4.0 to 22 nm. Inserted
picture: the results of Au particles with large size between 22 and
100 nm predicted from the fitted curves.
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is replaced by the icosahedron for the particle size smaller than
3.2 nm or by the rhombic dodecahedron for the particle size
above 57 nm. Besides, by comparing the total energy of the two
twinned nanoparticles, the icosahedron is more stable than the
decahedron for the particle size below 4 nm.

On account of a high surface-to-volume ratio, the surface
contribution to the total energy of a nanoparticle becomes
pronounced, and the surface effects will play dominant roles in
determining the structural stability of the nanoparticle since
there is no discernible difference in the energies of interior
atoms for single-crystalline particles. As is known, the surface
energy of low-index planes that determine the shapes of these
nanoparticles is generally increased in the order of y{111} < Y{100}
< vp10p>"" Therefore, it is not surprising to find that the
octahedron, enclosed by {111} facets, and the truncated octa-
hedron, enclosed by eight {111} facets and six {100} facets, are
both more stable than the cube and the rhombic dodecahedron
which are respectively terminated by {100} and {110} facets.
Nevertheless, the surface energy is not the only deciding factor
in the evaluation of structural stability since the surface-to-
volume ratio also has a contribution to determining the struc-
tural stability. This is why the tetrahedron is more unstable than
the octahedron and even the cube and rhombic dodecahedron,
although it is enclosed by {111} planes. Similarly, this can be
used to explain why the cube and octahedron has a worse
stability compared with the rhombic dodecahedron and the
truncated octahedron, respectively. The same tendency has also
been observed in our previous study on Pt nanoparticles.*®
Essentially, the fundamental reason should be associated with
the relative ratios of surface energies of the three low-index
crystallographic planes.*

For the five-fold twinned structures, namely the decahedral
and the icosahedral particles, the case is more complicated than
that in the single-crystalline particles due to the existence of
twin boundaries. As is described in Section 2, the decahedral
nanoparticle consists of five juxtaposed tetrahedral crystallites
bound by {111} facets (see Fig. 1g). Theoretically, the angle
between two adjacent {111} planes is 70.53°. Hence, a gap of
7.35° is generated when joining five tetrahedra.*® In this case,
the space cannot be filled simply by joining five tetrahedra and
some form of internal strain is hence required to close the gap.**
Similarly, the icosahedron is formed by the junction of twenty
tetrahedra with twinning on their {111} planes (see Fig. 1h), and
the internal strain is necessary because of the multiple twinned
nature of the structure.** Therefore, the existence of twin
boundaries will introduce the extra energy into the twinned
particle compared with the single-crystalline structures,
providing a significant contribution to the total energy. It
explains why the twinned particles exhibit worse stability than
most of the single-crystalline ones, especially as the size of the
particle increases. Exceptionally, the decahedral twinned
particles exhibit better stability than the tetrahedral single-
crystalline ones for the particle size within 100 nm although
they are both enclosed by {111} facets. This is mainly originated
from higher surface energy induced by the relatively large
surface area of the tetrahedron. For example, the surface-to-
volume ratio is 0.1105, 0.0953, and 0.0736 A™! at the particle
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size of 6 nm for the tetrahedron, decahedron and icosahedron,
respectively. It also indicates that in the twinned particles, the
excessive energy, associated with the internal strain and stack-
ing faults, can be compensated partly by reducing their surface
area. However, as the particle further grows, the surface energy
decreased by pure exposure of {111} facets is not capable of
exceeding the extra energy required to retain the multiple-
twinned structures and the particle will progress into single-
crystalline structures.*” Accordingly, the twinned particles are
favored at small sizes and single-crystalline ones are preferred
at large sizes, which has been experimentally verified by trans-
mission electron microscopy characterization for synthesized
fce Fe nanoparticles.****

3.2 Thermal stability

Understanding of thermal stability of Au nanoparticles is
particularly acute for both their chemical synthesis and ulti-
mate application. Due to the low Tammann temperature of Au
(395 °C), Au nanoparticles are easily sintered under heating,
which limits their operating temperatures.”® When they are
used for catalytic reactions at elevated temperatures,” the
nanoparticles tend to aggregate into large particles, thus
requiring reasonable control of the synthesis temperature to
prevent their sintering and coarsening. Therefore, the investi-
gation of the thermal stability of Au nanoparticles is of tech-
nological importance for their industrial applications. In this
article, MD simulations of a continuous heating process were
performed on the eight types of Au nanoparticles with around
13 000 atoms (corresponding to a particle size of 6 nm) to
examine their thermal stabilities.

MD simulations can provide elaborate information con-
cerning the thermodynamic properties, the characteristics and
progress of melting during heating process. The phase transi-
tion temperature from solid to liquid is usually identified by
monitoring the variation in the thermodynamic quantities such
as potential energy and heat capacity. The melting point is
defined as a temperature at which the heat capacity reaches its
maximum. The potential energy can be obtained from MD
simulations of the heating process and the specific heat
capacity can hence be induced from the following equation

~dU '3
~ar 2
where U is potential energy, and Ry, = 8.314 ] mol ' K.

Fig. 3 illustrates the temperature dependence of potential
energy as well as specific heat capacity for the eight types of Au
nanoparticles. Note that the horizontal axis is broken at 900 K to
highlight the phase transition region. Evidently, the potential
energy exhibits a steady and linear increase below 900 K,
leading to a constant heat capacity. Afterwards, sharp rises of
the potential energy and accordingly abrupt peaks of the heat
capacity emerge in the range from 1050 to 1100 K, indicating
the occurrence of solid to liquid phase transition. As the
nanoparticles completely melted into liquid, the potential
energy would resume the linear dependence of temperature
(not displayed here). The melting temperature Ty, is 1070, 1060,

G(T) Ree, (6)
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Fig. 3 Temperature-dependent potential energies (solid lines) and
specific heat capacities (dashed lines) of eight Au nanoparticles with
different shapes during the continuous heating.

1080, 1060, 1090, 1090, 1070, and 1060 K for the sphere, cube,
rhombic dodecahedron, tetrahedron, octahedron, truncated
octahedron, decahedron, and icosahedron, respectively. These
temperatures are all remarkably lower than the melting point of
bulk Au (1338 K for experimental value and 1380 K for theo-
retical calculations).” This reduction should be attributed to
the high surface-volume ratio in nano-sized particles and low
surface premelting temperature associated with the weak bonds
among the low-coordinated surface atoms, which have been
verified in the previous research.*®**** Moreover, it can be seen
from the melting points that the octahedron and truncated
octahedron exhibit the best thermal stability, while the cube,
tetrahedron and icosahedron the worst. Analogous to the
structural stability, the thermal stability also seems to rely on
various factors. The highest T}, of the octahedron and truncated
octahedron can be attributed to the lowest-energy {111}
surfaces. Meanwhile, the worst thermal stability may stems
from the large surface-to-volume ratio for the tetrahedron and
low-coordinated surface atoms on {100} facets for the cube. As
for the decahedron and icosahedron, their stabilities should be
related to the existence of numerous twin boundary atoms that
introduce relatively high interfacial energy.

Despite the determination of melting points, a natural
anticipation is to further explore the nature of thermal stabilities
of these nanoparticles and to elucidate the stability-associated
phenomena. Generally, the melting mechanism can be clarified
by analysis of the structural changes, diffusion coefficients, root-
mean-squared displacement of atoms and so on. Among all the
methods currently available, the Lindemann index, as a simple
but effective measurement, is frequently used to characterize the
thermal evolution of a system. It provides a good description of
the thermally driven disorder. For a system of N atoms, the local
Lindemann index for the ith atom is defined as the root-mean-
squared (RMS) bond length fluctuation as*

(w7}~ ()

1 ij
61’ = ) (7)
N-1 ; (Ry)
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and the system-averaged Lindemann index is calculated by
1
b= Z &, )

where R;; is the distance between the ith and jth atoms. The
Lindemann index was originally developed to study the melting
behavior of bulk crystals.

The Lindemann criterion suggests that the melting occurs
when the index is in the range of 0.1-0.15, depending on
materials, while a small critical index of about 0.03 was nor-
mally adopted in clusters and homopolymers due to the relaxed
constraint of the surface atoms.*® The temperature dependent
Lindemann indices during the heating process for the eight
types of Au nanoparticles are illustrated in Fig. 4.

In accord with the potential energy curves in Fig. 3, the
Lindemann indices basically exhibit a similar variation. In the
initial stage, they increase slowly and linearly with rising
temperature. At around 1000 K, they begin to deviate from the
linear increase and show sharp jumps around the melting
points, precisely corresponding to the abrupt rise of potential
energy. Subsequently, the Lindemann indices continue to
increase linearly (not presented here). Generally, the critical
value of the Lindemann index is dependent on the constituent
elements and their structures. In this work, it could be appro-
priately ascertained to be 0.038 for Au nanoparticles, as indi-
cated by the dashed line in Fig. 4.

In order to visualize the melting process and to shed light on
the melting mechanism, we have examined microscopic struc-
tural evolution of Au nanoparticles during continuous heating.
Analogous to the study of melting of a surface-free Lennard-
Jones crystal,> the concept of the Lindemann atom has been
introduced into the current work. In the Lindemann melting
criterion, an atom whose Lindemann index is larger than the
critical value is defined as a Lindemann atom. The atomistic
snapshots of these nanoparticles taken at representative
temperatures have been extracted from the data records of the
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Fig. 4 Temperature-dependent Lindemann index for eight Au nano-
particles during the heating process. Dashed line indicates the critical
Lindemann index of 0.038.
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MD simulations, as depicted in Fig. 5 for single-crystalline
particles and Fig. 6 for five-fold twinned ones.

Fig. 5 displays the thermal evolution of single-crystalline
cube, rhombic dodecahedron, tetrahedron, octahedron, and
truncated octahedron from polyhedral to sphere-like
morphology prior to the overall melting. Note that the sphere is
not demonstrated here because of its commonly homogeneous
melting mode from surface into core.*® It can be observed from
Fig. 5 that all the nanoparticles were capable of maintaining
their initial shapes and ordered surface structures at room
temperature of 300 K. With the rising temperature, different
thermal evolutions appeared among the polymorphs, although
the melting proceeded gradually from the surface into the
interior. For the cube, atoms located at the vertices have moved
firstly at 600 K. They migrated inward and pushed against their
coordinated atoms, resulting in the formation of {111} facets, as
marked by the blue triangle (see Fig. 5a). The emergence of
{111} facets is beneficial to minimizing the surface energy of the
nanoparticle to a certain extent. At this temperature, only a few
atoms at the edges have turned into Lindemann atoms. As the
temperature was further elevated to 900 K, the number of Lin-
demann atoms distinctly increased, and they were basically
distributed at the vertices and the edges. In contrast, most of
the atoms on {100} facets retained their fcc arrangements.
Additionally, the {111} facets at the vertices were enlarged to

A
300K 1070K

h

300K 1060K 1080K

1010K 1080K 1090K

Fig. 5 Snapshots of the single-crystalline Au nanoparticles taken at
four representative temperatures during the heating process,
respectively. (a) cube, (b) rhombic dodecahedron, (c) tetrahedron, (d)
octahedron, and (e) truncated octahedron. Coloring denotes type of
atom: gold, Au non-Lindemann atom; red, Au Lindemann atom.
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Fig. 6 Snapshots of the five-fold twinned Au nanoparticles and their
twin boundaries taken at four representative temperatures during the
heating process, respectively. (a) Decahedron, and (b) Icosahedron.
Coloring denotes type of atom: gold, Au non-Lindemann atom; red,
Au Lindemann atom; green, non-Lindemann boundary atom; light
green, Lindemann boundary atom.

some extent, forming a truncated-cube-like particle. Hereafter,
at 1050 K, the cube has transformed into a sphere-like shape
and the initial surface structures have been completely
destroyed. Similarly, the premelting in the other four polyhedral
Au nanoparticles was preferentially nucleated at the active sites
of the vertices. With the progress of melting, the vertices grad-
ually disappeared and the edges became obtuse and undis-
tinguishable, finally leading to an overall surface melting. As we
know, the binding energy of an atom is mainly contributed by
its first nearest-neighbors and is much less relevant with their
second nearest-neighbors, while other atoms almost make no
contribution. Consequently, the low-coordinated atoms are less
confined and movable. For example, the numbers of the first
and second nearest-neighbors of vertex atoms are 3 and 0 for
tetrahedron, while 4 and 1 for octahedron. Therefore, the
vertices in the tetrahedron are less stable than those in the
octahedron although the two polyhedra are both bound by {111}
facets, which can be verified by comparing their snapshots at
1000 K (Fig. 5¢ and d). On the other hand, the better thermal
stability of {111} facets than {100} ones is clearly demonstrated
by the snapshot of truncated octahedron at 1080 K, in which the
majority of Lindemann atoms have concentrated on the {100}
facets while only a small portion of them are distributed on the
{111} facets (see Fig. 5e). This phenomenon is in accordance
with the conclusions of previous studies: at a temperature close
to the particle melting point, most of the solid-like surface
atoms are found belonging to {111} planes.*® The better stability
of {111} facets can be attributed to the fact that surface atoms
are eight-coordinated for {100} planes while nine-coordinated
for {111} ones. Therefore, it is comprehensible that in single-
crystalline structures, the best thermal stability occurs at the
purely {111} faceted octahedron and the truncated octahedron
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in which vertex atoms are also highly coordinated (the number
of their first and second nearest-neighbors is 6 and 2, respec-
tively). In contrast, the tetrahedron and the cube consequently
possess the worst thermal stability. As for the rhombic
dodecahedron, although it is enclosed by the most unstable
{110} facets among the three low-index facets, its medium
thermal stability may be originated from the moderate coordi-
nation of vertex atoms: the number of their first nearest-
neighbors can take values of 3, 4 or 7, depending on the vertex
position.

Fig. 6 presents the representative snapshots of five-fold
twinned decahedron and icosahedron during the heating
process. To perform a detailed analysis, the movements of those
atoms initially situated at twin boundaries were particularly
traced. Probably due to the relatively small size of the two
nanoparticles, no stacking fault was observed in characteriza-
tion of the local crystal structures by the common neighbor
analysis (CNA).*® As illustrated in Fig. 6a, the melting progress in
the decahedron is generally similar to what happened in the
single-crystalline nanoparticles: the disorder was gradually
expanded from the five vertices to the five horizontal adjacent
edges then to the entire surface, finally leading to the overall
melting of the particle. The better stability of the top and bottom
apexes is aroused from their higher coordination number
compared with that of the remaining five vertex atoms: the
number of the first and second nearest-neighbors is 6 and 0 for
the former, respectively; while 4 and 0 for the latter, respectively.
By comparison, the icosahedron distinctly exhibited a typical
inhomogeneous melting different from the decahedron (see
Fig. 6b). At 900 K, a few Lindemann atoms have emerged on the
surfaces and primarily concentrated on one of twenty facets.
Meanwhile, the twin boundaries near this facet have accordingly
been destroyed to some extent, where some of atoms have even
melted. However, the ordered structure was roughly maintained
in other region, displaying an inhomogeneous characteristic.
Afterwards, the melting has penetrated from the facet into the
interior with increased temperature, and further extended to the
neighboring tetrahedron. It can be deduced that this inhomo-
geneity comes from the existence of twin boundaries. As is
known, the thermal vibrations of atoms in the particle would be
intensified with rising temperature, and the solid-liquid phase
transition is determined by their diffusive behaviors. Neverthe-
less, the diffusion of these thermally vibrated atoms in each
tetrahedron was hindered by the twin boundaries. Those atoms
located at twin boundaries possess high driving forces due to the
lattice mismatch and internal strain. With the temperature
increasing to a sufficiently high value, they will be easily diffusive
and become disorder, resulting in the destruction and the pre-
melting of twin boundaries. Meanwhile, since the simultaneous
thermal activation of the premelting in all the twenty tetrahedra
requires relatively high input of energy, therefore the melting
preferentially started in one or two of these tetrahedra. It should
also be noticed that owing to the different geometry in the
decahedron and the icosahedron, the twin boundaries in the
former were not able to effectively hinder the movements of
atoms at five apices since they may easily diffuse to the region
outside the twin boundaries. Consequently, the disorder at the
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apices will not necessarily induce a large area destruction of twin
boundary. As a result, the similar inhomogeneous melting was
not observed in the decahedron, as seen in Fig. 6a. Besides,
some studies has found that facets on the surface of icosahedral
Au nanoparticles ‘softened’ but remained ordered and did not
premelt below the particle melting temperature.® In their
analysis, the authors quantified their findings by computing the
curvature distribution of the surface using the average position
of the surface in a given solid angle and its nearest neighbors. By
defining the normal to this plane as the z-axis, they determined
the paraboloid-of-best-fit to approximate the two principal
curvatures of the surface at the given solid angle. However, we
believe that surface premelting (including homogeneous® and
nonhomogeneous®) or structural disordering prior to the
melting of the whole nanoparticle happens more frequently in
most observations.

3.3 Shape evolution

As is known, surface structures of nanoparticles are crucial for
their chemical and physical properties. However, it is rather
difficult to precisely determine whether and when the surface
structures of particles become destroyed under heating process.
Note that the particle shape is highly dependent on its surface
structures (i.e. the Miller index of surface). Therefore, the shape
change is a mirror of surface transformation. Based on this
consideration, we have quantitatively obtained information
concerning the shape evolution of the eight particles during the
continuous heating by introducing a shape factor S as follows:**

in which r; is the distance of atom 7 from the particle center of
mass and R is the RMS of r;:

(10)

According to this definition, S is independent on atomic
number N and is only associated with particle shape for all the
fce structures. Fig. 7 illustrates the calculated results for all the
eight types of Au nanoparticles. Evidently, different particle
morphologies possess different values of S, although there is no
distinct discrepancy between those of certain shapes (for
examples, cube and octahedron, truncated octahedron and
icosahedron). At the low temperature region, each particle can
maintain its initial shape. In this region, no observable change
of the surfaces could be identified from the corresponding
snapshots. With further increased temperature, all the shape
factors, except for that of the sphere, drop down to different
extents and are finally close to 0.44, which is slightly higher than
the initial shape factor of the sphere. The deviation of the shape
factors from their initial values is mainly attributed to the
diffusive behavior of atoms.

According to Fig. 7, the startup temperature of the deviation
is ascertained to be 800, 850, 800, 950, 1150, 850, 950 K for the
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Fig. 7 Shape factors of the eight Au nanoparticles at different
temperatures. Dashed lines indicate the corresponding initial values.

cube, rhombic dodecahedron, tetrahedron, octahedron, trun-
cated octahedron, decahedron and icosahedron, respectively.
These starting temperatures, at which a noticeable migration of
surface atoms occurs, are partly consistent with the melting
points of the particles: the tetrahedron with the lowest T, also
firstly initiated its shape transformation, and the most stable
truncated octahedron did lastly. Nevertheless, the icosahedron
which exhibited the least thermal stability retained its shape
until a relative high temperature. This may be associated with
its approximately spherical shape compared with the other six
polyhedra. Similarly, the octahedron changed earlier than the
truncated octahedron because of its “sharper” shape, though
the T, is almost equal for the two particles. Moreover, the shape
factors of different structures converge to the same value at high
temperatures, indicating all the particles finally evolved into the
same shape after overall melting.

As is aforementioned, there is no correlation between the
shape factor and the atomic number of particle. However, the
statistical radius, related to the atomic number and the particle
size, can also provide indication of surface destruction and
shape change from the other hand. The concept of statistical
radius is adopted by the following equation®

RN:

[SSIRV))

¥ 2 (R - R (1)

where (R; — Rcm) is the distance of atom j from the particle
center of mass. Due to the fact that the number of atoms in each
nanoparticle is different, the statistical radius was normalized
with respect to the atomic number N by the equation®”

R = Ry/N'3, (12)

As is shown in Fig. 8, for an fcc system, the statistical radii
are larger for the particles of polyhedral shapes than that of the
spherical one with the same atomic number. All the statistical
radii are linearly increased when the temperature is below
700 K. This result is definitely originated from the lattice
thermal expansion in the particles, indicating no noticeable
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Fig. 8 Temperature dependence of normalized statistical radii of the
eight Au nanoparticles during the heating process. Dashed lines indi-
cate the corresponding linear extrapolation values.

change in both shape and surface structures. The average linear
coefficient of thermal expansion, derived from the data in Fig. 8,
is about 2.4 x 107° K™, significantly higher than that of bulk Au
(1.4 x 107" K~ ").*® The enhanced thermal expansion coefficient
of Au nanoparticles has also been verified experimentally.>
Furthermore, as the heating proceeded, the deviation of R from
the initial linear increase occurred: the statistic radii of the
cube, rhombic dodecahedron, tetrahedron, octahedron, and
decahedron were continuously decreased in different degrees
and reached their minimum, which can be consistently
explained by the shape transformation induced by surface
melting. However, the spherical nanoparticle exhibits a
behavior different from the five nanoparticles above. The radius
of spherical particle continually increases with rising tempera-
ture, and no shape change can be found before it melts entirely.
For the truncated octahedron and icosahedron, the sphere-like
shape makes them exhibit the similar behavior as the sphere.
Finally, after the overall melting, all the statistic radii resume
their linear increases, suggesting invariable shapes.

4. Conclusions

In this article, morphology and stability of Au NPs with both
single-crystalline and multiple-twinned structures have been
systematically examined by atomic simulations. Structural
stability of Au particles with sizes below 100 nm was firstly
investigated for eight diverse shapes. Subsequently, different
thermal stabilities were identified for these particles, and the
measurements of Lindemann index, shape factor, and statistic
radius were employed to shed light on their melting behaviors
and shape evolutions during continuous heating. The major
conclusions are summarized as follows:

(1) The truncated octahedron and octahedron display best
structural stability among all the shapes. By contrast, the most
unstable shape is the tetrahedron for the particle size below
10 nm and the icosahedron for the particle size above 10 nm.
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(2) The tetrahedron possesses the worst thermal and shape
stabilities, while the truncated octahedron does the best.

(3) An inhomogenous melting behavior in the icosahedron is
disclosed, which should be attributed to the existence of twin
boundaries hindering the atomic diffusion.

(4) The coordination number is a decisive factor in deter-
mining where the premelting initiates: those low-coordinated
atoms at apices are generally easier to be thermally activated in
heating process.

These results, as mentioned above, suggest that the stability
property of Au nanoparticles could be tunable by adjusting their
shapes. The implications of these conclusions are not just
limited to the Au system and can be broadened to other fcc
metallic nanoparticles. The current study not only provides
theoretical basis for the synthesis and application of polyhedral
metallic nanoparticles but also is expected to motivate the
further design of metallic nanostructures with both excellent
performance and outstanding stability.
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