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ABSTRACT: The atomic mechanisms of the melting process of
gold nanoparticles were investigated by molecular dynamics
simulations. Melting under a high heating rate is found to be
much different from the near equilibrium melting and is a typical
overheating process. The melting begins with the formation of a
premelting layer near the surface, and the interface of the solid and
premelting layer drives the nucleation of the liquid into the interior
of nanoparticles. The high heating rate causes solid—liquid
coexistence in a large temperature interval. These imply that the
melting process can be controlled effectively by different heating
ways.

B INTRODUCTION

Metallic nanoparticles are of particular interest due to their
broad application areas, including industrial catalysis, medicine,
and optoelectronic devices.'" Metallic nanoparticles have
properties different from their bulk counterparts. These
include localized surface plasmons, enhanced catalytic activity,
and Raman scattering enhancement due to the localized
electric field. A fundamental understanding of their thermody-
namic properties, such as melting process and temperature, is
important especially for high-temperature applications, includ-
ing high-temperature catalysis.” In fact, there exists a body of
research on the thermodynamic properties of nanoparticles.”™”
It is established that metal nanostructures generally have
depressed melting temperature relative to bulk and that the
melting temperature decreases with decreasing particle size.
However, the underlying melting mechanisms of nanoparticles
are less understood.

Au nanoparticles have been regarded as a representative
model system. As such, their thermodynamic properties have
been studied for many years. In the previous experimental
research of Buffat and Borel,' the melting points of gold
nanoparticles were found to be depressed with decreasing size
as anticipated. However, the melting temperature does not
vary near linearly with the reciprocal of size in the range of 2—
22 nm. Meanwhile, theoretical studies were performed in
efforts to elucidate the melting mechanism. In a perfect
crystalline metal, there is homogeneous melting aided by
thermal fluctuations in the absence of preferential nucleation
sites.'"" The nucleation of liquid is usually initiated under
sufficient superheating above the melting point.'”'” In the
actual melting process of metals, melting is initiated at surface
or at crystal defects.'*'® It means the existence, quantity, and
nature of the surfaces and/or defects determine the melting
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process. For nanoparticles, melting has been proposed to
initiate from surfaces. This is motivated by the idea that in
general the surface atoms are less well bonded than bulk atoms
and have higher energy, making them more likely to be mobile
at a given temperature.'®'” Then, the interface between solid
and liquid sweeps quickly through the solid core from the
surface under continuous heating,

Several theoretical models were proposed to describe the
size dependence of the melting process and the meltin§
temperature. These include the Pawlow model,'® Rie model,’
and Reiss—Wilson model® with more recent discussion and
developments by Xue et al,”' Cui et al.,”* Fu et al,” and Dai
et al”* These theoretical models explain the experimental
observations with suitable parameters and make predictions.
An important one is the linear dependency of melting
temperature on the inverse particle size in most cases over a
range of not too small particle size. These models generally fail
to predict the melting temperature of very small particles with
size less than 5 nm. Experiments in this size range are often
difficult. In these regards, molecular dynamics (MD)
simulations can play an important role in analyzing the
melting temperature and in exploring the changes of structures
in the dynamic process of melting. Lewis et al.”> carried out
MD simulations to study the melting of unsupported gold
nanoclusters within 1.6—5.1 nm. Shim et al.*® investigated the
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thermal stability of unsupported gold nanoparticles within
1.6—6 nm. Koga et al.>’ found that gold nanoparticles over a
wide size range of 3—14 nm undergo a structural trans-
formation from icosahedral to decahedral morphology just
below the melting point. Qiao et al.*® employed MD
simulations to study the melting of gold nanoparticles with
2.5—5.3 nm. Dai et al.”* simulated the premelting phenomena
in gold nanoparticles with sizes of 8, 10, and 12 nm. There is
also a body of work on Au clusters.”” ™" All of these studies on
smaller particles show that the melting process for gold
nanoparticles begins with surface premelting.

Turning to experiments, Schlexer et al.>* very recently used
high-resolution transmission electron microscopy on nano-
particles with size less than 10 nm combined with MD
simulations to confirm the linear dependence of melting
temperature on inverse particle size. Although a lot of
simulation work has been done, the exploration of detailed
kinetic melting processes is still lacking, especially for relatively
large nanoparticles at reasonably high heating rates. High
heating rates are increasingly of interest due to advances in
experimental observation under these conditions with laser or
electron beam heating. In addition, they can be relevant to
developing technologies such as certain types of additive
manufacturing.”

Here, we reported MD simulations on unsupported
spherical Au nanoparticles with diameters in the range 6—24
nm to explore the melting process. The changes of atomic
structures near melting point were analyzed by the polyhedral
template matching (PTM)** and the centrosymmetry
parameter (CSP).” We found that the melting of these
nanoparticles was a process with the coexistence of solid and
liquid over a large range of temperature under a high heating
rate, in additional to the surface premelting. The width of
liquid region increased continually with temperature far from
the melting point. Furthermore, we found that with the
increase of particle size and with increase of heating rate, the
range of melting temperature became larger .

B COMPUTATIONAL METHODS

The large-scale atomic/molecular massively parallel simula-
tor’® was used to perform the MD simulations reported here.
The interactions were modeled in the embedded-atom method
(EAM). This consists of a pairwise potential and a many-body
embedding energy with the formula

1

E. = Z Gi Eﬂ,(”g) + z Z “ij(”ij)

i \i# Bj(i#1) (1)
where ; is the embedding energy of atom i, p; is the spherically
averaged atomic density, and u; is the sum over atom pairs.
Here, the EAM potential of gold is the form proposed by
Foiles et al.”” This potential predicts the properties of gold
well, including equilibrium lattice constants, bulk modulus,
elastic constants, sublimation energy, and formation energy of
single vacancy. The atomistic configurations were visualized by
the structure identification software, OVITO.>® The simulation
time step was set to 1 fs.

Particle sizes in the range 6—24 nm were investigated. This
corresponds to between 6689 and 542,788 atoms. We started
with face-centered cubic (fcc) gold and lattice parameter of
4,078 A, which was consistent with bulk Au. In small
nanoparticles (size less than S nm), the atoms are usually
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arranged as a fcc-truncated Marks decahedra. Although the
smaller particles possibly have different morphology, such as
the icosahedral and decahedral, the morphology of larger
particles generally is taken as spherical. Here, we use this as the
initial structure, with particles constructed by removing atoms
outside a specified radius while keeping free boundary
conditions. Before the heating, all systems were relaxed at
300 K for 20 ps to reach the steady state. Then, a continuous
heating process was imposed with a constant heating rate.

The heating rate was set to 1 K/ps.”> The melting
temperature of bulk gold was found to be 1372 K, based on
the model potential. This is consistent with the experimental
value 1337 K, especially if some overheating due to the rapid
heating is considered. We also considered different heating
rates, including 3, 2, 0.5, and 0.1 K/ps, as well as stepwise
heating to explore effect of heating rate on the melting process.
The simulations were performed in the NVT ensemble with
the temperature maintained using Nosé —Hoover thermo-
stats.”

The phase transition from solid to liquid can be identified
using the average potential energy as a function of temperature.
Under isobaric condition, the heat capacity is the first
derivative of enthalpy with respect to temperature. In vacuum
or normal atmospheric pressure, the Py term in enthalpy can
be ignored and the heat capacity can be expressed as

Cy = dEP/ oT + %kB, where ky is Boltzmann constant and

E, is the potential energy. The melting point for bulk can be
decided unambiguously. However, melting is a process over a
range of temperatures for nanoparticles.

B RESULTS AND DISCUSSION

The Lindemann index is a typical indicator to analyze the
melting from solid to liquid and can decide the melting
temperature with a critical ratio, such as 8, = 0.22 for single
crystal gold.”” In the single crystal, melting is initialized when
the Lindemann stability criteria of randomly localized atoms is
exceeded. For nanoparticles, surface premelting has been
widely accepted and investigated extensively. The surface
premelting is mainly due to vacancies around the surface atoms
or/and the under-coordination of surface atoms with surface
lattice softening or surface phonon instabilities. The high
amplitude of the resulting thermal vibrations results in surface
atoms and atoms near the surface, satisfying the Lindemann
instability criteria at temperatures well below the bulk melting
tem4perature. Related to this, we noticed that the work of Dai et
al.>* indicated that surfaces on different crystal directions could
have significantly different premelting widths, for example,
under certain conditions 1.1 nm in the [100] and [110]
directions and 0.45 nm in the [111] direction.

We observe that the coexistence of solid and liquid is
common at a high heating rate in larger nanoparticles. This is
in addition to the phenomenon of premelting in smaller
particles under a slow heating rate (verified by step-by-step
heating simulations). As shown in Figure 1, with a particle size
of 20 nm, as an example, melting becomes a continuous
process that occurs over a large range of temperature. The
atomic structural modulation of the surface begins mainly from
1000 K and a liquidized layer at the surface is formed as
temperature increases. At the lower heating rate, when the
temperature is 1090 K or higher, the melting of the whole
particle happens and the interface between liquid and solid
sweeps quickly inward from the surface (Figure S1 of the
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Figure 1. Snapshots of cross-section at different temperatures for a
representative 20 nm Au particle. The atoms colored by green
represent the local fcc crystalline structure as determined by PTM;
the others that have non-fcc structural environment are colored red.

Supporting Information). Thus, for 20 nm gold particles, the
premelting region is from 1000 to 1090 K and the melting
point is approximately 1090 K.

For ultrafast heating rates, the concepts of a premelting layer
and a single melting point should disappear.”’ As shown in
Figure 2a, the melting begins at 1000 K and finishes at 1300 K
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Figure 2. (a) Variations of potential energy (dark blue line) and heat
capacity (red dotted line) with temperature for a representative 20 nm
Au particle at the heating rate of 1 K/ps, and variation of potential
energy (black circle) under stepwise heating, and (b) fraction of
atoms that have local fcc crystalline structure as a function of
temperature for the above Au nanoparticle, based on PTM.

at the heating rate of 1 K/ps based on the heat capacity curve.
This is different from the melting point of about 1090 K
observed from the curve of potential energy under the slow
heating rate. With stepwise heating, there is a sharp step with
the temperature, whereas the curve from the heating rate of 1
K/ps has a slow step.

A linear increase of potential energy implies a constant heat
capacity consistent with Dulong—Petit behavior at high
temperature. At the temperature of phase transition, the heat
capacity will have a strong increase due to latent heat, which is
spread out over a temperature range in nanoparticles. Under
ultrafast heating rates, the slow nonlinear increase of potential
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energy at about 1000 K with the increase of heat capacity
implies the beginning of phase transition from solid to liquid.
As seen in Figure 2, the peak in the heat capacity is
asymmetric. The tail at the low temperature end of the peak
indicates premelting near the surface.

The phase transition from solid to liquid can be also
identified by the change of local atomic structure. PTM is a
robust method for identifying the local crystalline structure of
condensed phases.’® It can separate the liquid atoms from the
solid atoms with an fec lattice according to the topology of
local atomic environment. Here, this method was adopted to
obtain the fraction of solid-like atoms. It is noticed that the
atomic fraction of the surface layer does not change with
temperature below 800 K and is approximately 7.6%. Based on
the relation of AN/N = 3AR/R, where N is the number of gold
atoms and R is the radius of nanoparticles, the width of the
surface layer for 20 nm nanoparticles is approximately 2.5 A.

Another effect is the fact that with the increase of
temperature, the formation of defects in the interior of
nanoparticles may occur. Below the premelting temperature,
the probability of defect formation is small. Thus, the
contribution of defects in the interior to the fraction of non-
fcc atoms is small. Therefore, the increase of the fraction of
non-fcc atoms is mainly from the contribution of near-surface
layer melting. In Figure 2b, at 1000 K, the width of the surface
layer obtained from the fraction of non-fcc atoms (8.65%) is
about 4.5 A. This value is similar to the lattice constant of bulk
gold. With the increase of temperature to the premelting
temperature of 1080 K, the width of surface layer becomes
~8.7 A. The surface layer with liquid-like atoms at this
temperature is called as premelting layer and the averaged
width of 8.7 A obtained here is similar to that in the report of
Dai et al.** Above the premelting temperature, such as at 1090
K, the fraction of fcc atoms becomes very small at 0.084. This
indicates melting of the full nanoparticle. In Figure S2 of the
Supporting Information, from the change of fcc atomic fraction
with time, the melting process at 1090 K is fast and the melting
time is about 1.6 ns. However, if we adopt a high heating rate,
such as 1 K/ps, the fraction of fcc atoms decreases slowly with
the increase of temperature from 1080 K (Figure 2b),
indicating melting over a large range of temperature, consistent
with the heat capacity.

In order to analyze the local change of atomic structure in
the melting process under a high heating rate, the CSP is
useful. CSP is an effective way of measuring local ordering to
interpret the nucleation of liquids.”> The CSP of each atom is
calculated through the formula, CSP = Y., 4IR; + R 4/, where
R; and R, 4 are the vectors from the central atom to a pair of
neighboring atoms with opposite directions corresponding to
the six pairs of opposite nearest neighbors in the fcc lattice. It
gives a measure of how far a structure is from being locally
centrosymmetric. For an atom located in a perfect lattice, the
value of CSP is zero or at finite temperature, near zero,
reflecting small thermal fluctuations of the perfect lattice.
Surfaces and defects generate large CSP values. This parameter
can also distinguish the liquid atoms from solid atoms. For fcc
gold, if the CSP value of one atom in the lattice is more than
8—10 A2 this atom is considered to be in a liquid-like
environment.”*

For analysis, it is helpful to separate a nanoparticle into a
series of shells. We calculated the averaged CSP values of
atoms in each shell. We plot the changes of CSP at fixed
temperature point in Figure 3a as a function of distance based
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Figure 3. (a) CSP profile at different temperatures as a function of the
distance from the center of 20 nm Au particle, and (b) width of liquid
shell as a function of temperature. In (a), the upper flat black dotted
line shows the cutoff, which is used to distinguish between solid and
liquid atoms.

Diameter (nm)

Figure 4. (a) Potential energies of six selected Au nanoparticles as the
functions of temperature with continuous rapid heating at 1 K/ps, and
(b) size-dependence of effective melting temperature, and fwhm from
heat capacity curve.

on shells. At 1100 K, the averaged CSP value of the interior
solid atoms is about 4.6 A> and the averaged width of the
liquid-like layer defined by CSP = 8 A? is about 4 A. It is clear
from the CSP values at different temperatures that the liquid
region begins from the surface and expands to the inner region
and that the width of the liquid shell increases with increasing
temperature. In Figure 3b, we show the evolution of the width
of the liquid shell with increasing temperature. The width
increases nonlinearly with temperature and shows a slow
increase at low temperature. From the peak position in heat
capacity in Figure 2, the effective melting point is
approximately 1195 K with a heating rate of 1 K/ps. At this
temperature, the width of the liquid shell is about 2.6 nm,
which is considerably larger than that (0.87 nm) of the
premelting layer.

The melting of nanoparticles with different sizes from 6 to
24 nm was simulated with a heating rate of 1 K/ps. In Figure
4a, the average potential energy as the function of temperature
for different particle sizes is shown. The potential energy per
atom decreases with particle size at fixed temperature because
of the decrease of surface/volume ratio. Correspondingly, the
melting region is shifted to higher temperature with increasing
particle size. This is related to the fact that the atomic
coordination number reduction fosters the size dependency of
the remelting and melting. Following the decrease of particle
size, the atomic cohesive energy of surface atoms decreases due
to the coordination number reduction, although the strengths
of bonds between atoms near the surface gain because these
bonds underwent spontaneous contraction. The specific heat is
the first-order differentiation of the cohesive energy of the
system and thus the melting temperature depends on the
atomic cohesive energy. Therefore, it increases, following the
decrease of surface/volume atomic ratio.
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As mentioned, the peak of the heat capacity can reveal the
coexistence of solid and liquid in the melting process. Thus,
the peak can identify the effective melting point, whereas the
full width at half maximum (fwhm) can show the size of the
coexistence region.”” In Figure 4b, the effective melting point
and fwhm are shown as functions of particle size. The increase
of melting point with the particle size is well known. It is
interesting and somewhat unexpected that the fwhm value also
increases with size in this size range. This no doubt reflects the
fast heating rate and the finite time for the melted zone to
propagate into the interior of the particle. Melting under a high
heating rate is a thermokinetical process from the surface into
the interior of the particle with the temperature increase. With
increase of particle size, the process becomes slower and thus
the temperature interval of solid—liquid coexistence becomes
larger, as the fwhm indicates.

Because the melting process and effective melting temper-
ature are sensitive to the heating rate,* melting under different
heating rates was performed. The heat capacity for a particle
size of 10 nm is shown in Figure Sa. With the increase of the
heating rate, the peak for effective melting temperature is
shifted to a higher temperature, whereas the fwhm value is
increased noticeably. This is consistent with the discussion
above. It is clear that the effective melting temperature under
ultrafast heating rate is higher than the equilibrium melting
point (1060 K for the size of 10 nm). Thus, with increasing
heating rate, the fwhm increases as does the effective melting
temperature.

In Figure 5b, the effective melting temperatures and fwhm
values for three typical particle sizes (8, 10, and 12 nm) are
shown. At the same heating rate, the fwhm value increases with
particle size, similar to the behavior with heating rate of 1 K/
ps. Regardless of the particle size, the effective melting
temperature increases with the heating rate. In Figure 6, we
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Figure 6. Simulated melting temperatures of Au nanoparticles with
the inverse particle diameter, compared with previous simulations and
experimental results for Au particles. The liquid drop model proposed
by Nanda et al.** is also shown.

plot the effective melting temperature at heating rates of 1, 2,
and 3 K/ps and the equilibrium melting temperature from
stepwise heating as functions of the reciprocal of particle
diameter (1/D), with the previous simulated results and
experimental results as the reference. It is noticed that
equilibrium melting temperature from our stepwise heating
and from the work of Dai et al.** is clearly different from the
change of melting temperature with 1/D and also from the
existing experiment. The difference is mainly for particles with
large size. From the discussion above, for larger particle size,
the melting temperature is sensitive to the melting rate. Thus,
we propose that the deviation of the melting temperature from
the experiment for larger size is due to differences in the
amount overheating because of different rates of temperature
change. At the smaller particle size, the effect of overheating is
not noticeable. Thus, it can be observed that the simulated
results from the smaller size, such as 5—3.3 nm, including that
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of our stepwise heating and from the works of Qiao et al.** and
Lewis et al.” are similar to that of the experiment.

The effective melting temperature at the high heating rate
follows approximately the rule of linearly decreasing relation of
inverse diameter, similar to the experimental results for particle
sizes larger than S nm. With the liquid drop model, the melting
temperature of nanoparticles is connected to that of the bulk
single crystal by the formula, T,, = T,,(1 — /d), where the
parameter /3 is related to the surface energy of the nanoparticle.
With the value (1.1281 nm) of  from Nanda et al,** the fit is
shown as a dotted green line. All these are similar, although the
melting temperature simulated by MD for a fixed particle size
is a little less than that from the experiment. It is possible that
the aggregation of particles and the substrate® in the
experiment increase the measured melting temperature a little.
It is also possible that the potential of gold in our simulation
does not describe the surface atoms as well as the bulk. In
addition, the effective melting temperature as we define may
not exactly be the same as the way it is measured
experimentally.

B CONCLUSIONS

In summary, we explored the melting process and atomic
mechanisms of nanoparticle gold at different heating rates by
MD simulations with particle size from 6 to 24 nm. As in prior
reports, there is a premelting layer near the surface. The width
of the premelting layer in size of 20 nm is about 0.87 nm,
similar to the observation of 8—12 nm in the report by Dai et
al.”* With ultrafast heating rates, the melting of nanoparticles
becomes a process with solid—liquid coexistence in a large
temperature interval, in addition to the premelting layer.
Generally, as temperature increases, the interface between solid
and liquid begins from the premelting layer and sweeps into
the interior of the particle.

The melting point as defined by the heat capacity curve
increases with particle size, whereas the width of the
temperature interval is enlarged. From the changes with
particle size and heating rate, it is inferred that the overheating
effects in ultrafast heating conditions become more important
for larger particles. The nucleation kinetics are mainly from the
interface of solid and liquid which is initialized at the surface. It
is also suggested that the melting point of nanoparticle gold in
prior experiments is affected by overheating, as the change of
melting temperature has a similar trend to that seen with high
heating rates in the MD. From these results, the melting
process of nanoparticles can be controlled by the heating rate
and thus by the power density of lasers or/and electron beams.
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