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ABSTRACT

An understanding of nanoparticle (NP) melting is essential for both fundamental nanoscience and the design of high-temperature

catalytic systems. We investigate the melting behavior of truncated octahedral gold NPs, ranging in size from 2 to 4 nm, supported
on their edges, (100) or (111) facets, using molecular dynamics simulations, with a machine-learning force field trained on density
functional theory data. We systematically examine the effects of NP size, support interactions, and orientational dependence by

applying spring-like constraints to specific facets or edges. Our results show that NP melting follows the liquid nucleation and

growth model, with surface disorder preceding rapid melting at a critical temperature. Constraining the atoms to simulate contact

with a support consistently raises the melting temperature, with stronger effects for smaller clusters, and for (100) facets compared

with (111) facets, that is, there is an orientational effect. Importantly, the extent of the offset in melting temperature is quite
independent of the interaction strength, implying that all support interactions can significantly stabilize small NPs. These findings
provide a framework for more accurate predictions of nanoscale melting in practical catalytic environments.

1 | Introduction

Nanoparticles (NPs), and particularly Au NPs, have been the
focus of nanoscience for decades both as a model material,
but also due to their unique catalytic behavior [1]. The seminal
work of Haruta et al. on sub-5nm Au NPs [2] proved that the
smallest of NPs exhibited ‘boosted’ activity. Since catalytic devi-
ces usually operate at elevated temperatures, a thorough under-
standing of the behavior of these small particles at these
temperatures and the mechanisms governing their melting is
essential for the development, manufacturing, and processing
of new catalytic systems.

Since the early days of nanoscience, researchers have proposed
various models to predict NP melting. At the beginning of the
20th century, Pawlow [3] introduced a model based on the triple-
point equilibrium of spherical solid and liquid particles of the

same material and mass, surrounded by their vapor. This model
predicted a 1/r dependence of the melting temperature on the NP
radius r. Much later, Reiss and Wilson [4], Hanszen [5], Curzon
[6], and Sambles [7] developed the liquid shell model, which
posits a solid core surrounded by a liquid shell of constant thick-
ness near the melting temperature. Shortly after, Couchman and
Jesser [8], proposed the liquid nucleation and growth (LNG)
model, rooted in nucleation theory, in which melting begins with
the nucleation of a liquid shell at the NP surface. This shell then
grows inward until a critical radius is reached, at which point the
entire particle melts. This model thus predicts a melting region
characterized by solid-liquid coexistence. These theories, how-
ever, treat the particle as a continuum and therefore cannot
resolve atomic-level effects of shape, faceting, alloying, defects,
or support interactions.
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The 1/r dependence of the melting temperature and the exis-
tence of a liquid shell prior to melting has been experimentally
confirmed for both small and large Au NPs using in situ heating
stages and high-resolution transmission electron microscopes
(TEM) [9] or aberration-corrected scanning TEMs [10, 11]. In
the later study, the observed 1/r dependence of surface and
NP melting temperatures matched theoretical predictions, but
at significantly higher temperatures than those predicted by
existing models. Large-scale ab initio molecular dynamics (MD)
simulations, in which one of the NP facets was ‘frozen’ to account
for the influence of the support on NP melting, revealed that the
discrepancy arises from this previously overlooked effect. Other
recent MD simulations coupled with crystallinity analysis algo-
rithms reaffirmed that the LNG model can describe the melting
of monometallic NPs of large sizes [12].

Together with size, structure, and composition, NP-support inter-
actions are known to influence the behavior of nanocatalysts
[13]. A wealth of theoretical studies has shown that these inter-
actions are strong enough to dominate the morphology, kinetics,
and stability of small NPs [14]. While different metals will exhibit
different metal-support interactions with different supports, pre-
vious works on platinum group metals (PGMs) have yielded sup-
porting results. For example, melting was found to start at the
NP-support interface for Ag NPs on SiO, [15]. In Pt NPs on
MgO(100), the support caused NP wetting, determined crystal
structure and stabilized the NP against solid-liquid transition
[16]. NP morphology was also found to be support dependent
for Pt NPs on carbon supports [17, 18]. Importantly, in the former
work, the melting temperature was shown to depend strongly on
NP size, but weakly on the specific features of the support. The
melting temperature of ~6 nm Cu NPs on graphene was found
to decrease with an increasing NP-substrate interaction strength,
which was shown to destabilize the NP [19].

Hints of an orientational dependence of NP dynamics were
recently reported: small Pt particles were shown to prefer 3D
shapes on CeO,(111) facets, but 2D raft structures on CeO,(100)
facets, and were recorded in real time to undergo a 3D to 2D
dimensionality change when migrating from CeO,(111) to
Ce0,(100) [20]. Recently, graphene/Ni(111) supports were shown
to reshape Ag NPs between 1.5 and 6.5 nm [21]. The authors con-
cluded that widely used shape construction methods need to
updated for NPs below 5nm.

Au has exhibited unique catalytic properties, that differ from those
of other PGM NPs. The unique catalytic abilities of Au NPs
strongly depend on their size, and importantly, their interface with
the support [22]. Previously, a graphitic carbon support was shown
to rule the formation and breaking of synapses between large
Auy, s NPs at elevated temperature [23]. Experimentally, interac-
tions with the carbon support were shown to stabilize 2D struc-
tural motifs of small Au particles of way bigger sizes compared
to previous theoretical predictions for free NPs [24]. 2-3nm Au
NPs in the pores mesoporous silica showed high thermal stability,
even at ~700-800°C, leading to very active but also very stable
catalysts [25].

Various modeling methods, each with its own advantages and dis-
advantages, have been used to model NP melting. Mesoscopic
descriptions (e.g. phase-field models) can incorporate realistic
geometries and interfacial energetics but still rely on effective
parameters that must be obtained from experiment. Classical

MD with empirical potentials (Lennard-Jones, EAM/MEAM,
Sutton-Chen, Gupta, and so on) resolve the melting process at
the atomic scale, capturing surface premelting, solid-liquid coex-
istence, and nonspherical shapes, at the cost of a strong depen-
dence on the chosen interatomic potential and its accuracy.
Recent machine-learned interatomic potentials provide near
first-principles accuracy for NPs containing thousands of atoms,
at the expense of a more involved training and validation
procedure.

In this work, we present a more comprehensive computational
study of supported Au NPs than previously reported, that is, a
more sophisticated version of the ‘frozen facet’ approach first pre-
sented in Ref. [11]. Specifically, we constrain the cluster atoms in
contact with the support in a more subtle manner compared to
the previous work. We employ MD simulations to investigate
atomic-scale factors influencing the melting process, including
NP size, adhesion to the substrate, and landing orientation.
We use a recently developed machine-learning force field for
Au, trained on density functional theory (DFT) data, which accu-
rately reproduces the melting points of small NPs and captures
surface melting phenomena [26]. To model the NP-support
interactions, we constrain specific regions of the NP with springs
of varying stiffness. Our results thus elucidate the effects of the
cluster size, the strength of the NP-support interaction, and the
NP orientation (i.e which facet sits on the substrate support) on
the melting mechanism. The scale of these effects can be substan-
tial, raising the melting point by tens of degrees K.

2 | Theoretical Details

The simulations in this work were performed with the LAMMPS
[27] MD simulator using the FLARE [28] add-on. A machine
learning force fields (ML-FF) potential [26] trained on data gath-
ered from DFT calculations was used. Out of the three ML-FF
potentials created in Ref. [26], the hybrid version, which is a lin-
ear combination of the 2- and 3-body FFs of the ML-FFs derived
from DFT calculations using local density approximation [29]
and revised Perdew-Burke-Ernzerhof [30] functionals, was cho-
sen for this work. This hybrid version of the ML-FF showed a
cohesive energy in the bulk phase that matched the experimental
one and NP melting temperatures within 50 K from the melting
temperatures found experimentally [26].

The temperature of the system was controlled using a Nose-
Hoover thermostat with a 5 fs time step. The temperature contin-
uously increased at a rate of 20 K/ns, with starting temperatures at
300 K and ending temperatures that ranged between 1000 and
1400 K, depending on the size of the NPs. The simulation duration
ranged from 39 to 63 ns for the smallest and largest NPs, respec-
tively. The time step and heating rate were copied from Ref. [26].
In this work, the evolution of NPs ranging from 147 to 6266 atoms
between 400 and 1600 K was thoroughly sampled for different
heating rates, and no observable difference in the T,, was found
between 5, 10, and 20 K/ns. The authors concluded that any super-
heating effects are not strongly affecting the T, estimates.

The model NPs were created from truncations of face-centered
cubic (FCC) crystalline Au blocks. These crystalline NPs com-
prise both (100) and (111) facets of varying relative sizes. If a
is the number of atoms on the edges of the (100) facets and b is
the number of atoms on the edges of the (111) facets (Figure S1a),
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then a=1 results to no (100) facets, that is, octahedrons, and
a=>b results to (100) and (111) facets of equal dimensions, that
is, cuboctahedrons. To find the energetically preferable structural
motifs, we built and relaxed using the hybrid version of the ML-
FF potential from Ref. [26] octahedral NPs (a = 1), cuboctahedral
(a=b), and truncated octahedral NPs of various truncations
(b=a+2, b=a+4, b=a+6, and b=a+8). We found that
NPs that belong to the b=a+2 and b=a+4 families were of
the higher stability for the size regimes that were the focus of
this work (Figure S1b). We chose the b=a+2 family for our
MD simulations.

Our models consisted of NPs comprising 405, 711, 1139, and 1709
atoms, which correspond to NP diameters from 2.1 to 3.6 nm.
These truncated octahedral NPs comprise (100) and (111) facets
of tetragonal and convex irregular hexagonal shape, respectively.
The size of the (111) facets is always larger compared to the (100)
facets. We used two additional large NPs of 2441 and 4229 atoms
(4.1 and 5.0 nm in diameter) to extract the bulk melting temper-
ature of Au.

In an effort to investigate and quantify the effect of the support on
the melting of the NPs, the simulation approach we followed in
this work was based on two sets of MD simulations. In one set,
all the atoms of the NP were free to move (‘unsupported’ clusters).
In the other set, springs were applied independently to each of the
atoms of one (100) facet of the NP, one (111) facet of the NP and an
edge of the NP, to tether them to their initial positions. The three
different configurations are shown in Figure 1 and the number of
atoms under constraints for each case and size is given in Table S1.
This method is a workaround to adding support layers, in order to
(i) save computational time, since a realistic support model would
add thousands of atoms to the calculation and ML-FFs, if they
exist for the element combination under study, are still slow com-
pared to classic MD simulations (e.g. adding 4 graphitic layers for a
100 x 100 A box would result in simulations with ~14k atoms),
and (ii) provide the community with a more generalized result,
independent of the specifics of the support.

We simulated a soft-landing scenario, where the NPs would
only lay on the support and would not be embedded in it. By ‘soft
landing’ we mean a low-energy deposition where the NPs kinetic
energy is lower than the binding energy of its constituent atoms.
The NPs’ morphology is generally preserved in these low-energy
impacts. We applied the springs on the bottom layer of NP atoms
only, since we had evidence from our previous work on Au NP-
graphene support interactions [31] that the forces on the 2™
atomic layer are less than Y% of the forces acting on the 1** atomic
layer (Figure S3). A future, more thorough work may apply
springs of different k constants on each layer according to the
DFT data.

(a) (b)
TIT EQ%}
JO K N

We used three different values for the spring constant k (1, 5, and
10 eV/A) in order to simulate different bonding strengths
between the NP and the support. Figure S2 shows a comparison
between the forces on a single Au atom on a defected graphene
sheet derived from DFT calculations and the k constants chosen
for this work.

There are different ways for the determination of the melting
temperature of a NP. One would be to plot the potential energy-
temperature curve [32]. Another would be to look into the
pair-distance distribution function [33]. We choose to employ
a common neighbor analysis (CNA) [34] algorithm using an
adaptive cut-off radius [35] through the OVITO visualization
and data analysis program [36] in order to extract the degree
of crystallinity of the nanocluster as a qualitative measure of
the melting process. The melting temperature T,, of the NPs
was defined as the point at which the NP’s crystallinity becomes
zero and all atoms are recognized as amorphous. It should be noted
that we count atoms in an FCC arrangement only. The translation
between number of atoms and NP size is based on relaxations of
semi-spherical icosahedral NPs using the ML-FF potential. The
results of these relaxations are listed in Table S2. The diameter esti-
mations of the NPs in this work are given in Table S3.

Two simulations for each specific NP size/facet or edge con-
strained/k constant combination with slightly different initial
velocity distributions were performed. The average critical and
NP melting temperatures from the two runs were used for the
fitted curves.

3 | Results and Discussion
3.1 | Melting Mechanism

In general, the melting behavior of the NPs was consistent with the
predictions of the LNG model. A representative example is shown
in Figure 2 for an unsupported Au;;39 NP. The CNA algorithm
identified the outer-layer atoms as noncrystalline due to their insuf-
ficient number of nearest neighbors. For the 1139-atom NP, this
corresponded to 428 atoms, leaving an initial FCC crystalline count
of 711. Between 300 and ~600 K, the NP’s crystallinity decreased
linearly with increasing temperature. Although the atoms
remained largely in their cubic crystalline positions, their bond
lengths and angles became increasingly distorted. At this stage,
the NP would still be visually recognizable as crystalline octahedral.

Above ~600 K, an increasing number of atoms left their crystal-
line positions and were classified as amorphous by the CNA algo-
rithm, leading to a steeper decline in crystallinity. The surface
became progressively disordered, and by 800 K, the NP already
appeared semi-spherical to the eye, albeit having a still large

FIGURE1 | The different areas under constraints in a Au;99 nanoparticle: (a) (100) facet, (b) (111) facet, (c) an edge, and (d) a wider edge. Yellow

atoms are free to move. Springs are applied to blue atoms.
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crystalline core. Melting is a dynamic process. The crystalline core
was of an always decreasing but varying size as can be observed by
the crystallinity fluctuations in Figure 2. When a facet was con-
strained, the core was positioned toward this area. Internally,
the higher thermal energy caused some atoms to transform into
metastable structures, predominantly hexagonal close-packed
(HCP), and less frequently, body-centered cubic. In this case,
between ~500 K and the critical temperature, a group of ~20-80
atoms persisted in an HCP arrangement. We also observed brief,
localized recrystallizations that quickly disappeared.

When a critical temperature T, was reached—1118 K in this
case—the NP underwent a sudden, complete melting. All
remaining crystalline atoms became amorphous within a tem-
perature interval of less than ~10 K. The corresponding critical
radius r,, first extracted in number of crystalline atoms and then
translated to nm, was in this case 0.83 nm.

In Figure 3, a reel of a Au;,00 NP supported on its (100) facet near
the critical temperature are shown. Initially, a large portion of the
atoms of the NP are identified as crystalline. In this supported NP,
the solid core of the NPs is of larger size compared than that of an
unsupported NP of the same size and is positioned not at the geo-
metric center but shifted toward the restrained region (the bottom
atomic layer). However, after only 6 K, the NP is completely
amorphous.

3.2 | Size and Orientational Dependence

The melting temperatures T, of all our models versus the NP size
are shown in Figure 4. Extended Freundlich-like power functions
provide good fits to our data. We used

1142 K

b
Tm = Tm,bulk - NN

where Tppux Was the bulk melting temperature of Au and
N was the number of atoms in our NPs. By fitting on the free
NPs, we extracted the Ty, for Au, which was found to be
1400 = 32 K with the ML-FF potential, a slight overestima-
tion of the experimental melting temperature of 1337 K. For
consequent fittings, we set T,k at 1400 K and let the a and
b parameters free.

Constraining the movement of the facet or edge atoms always
hindered NP melting. In all cases, the melting temperature offset
was more pronounced in smaller size clusters and was reduced as
the NP size increased. For example, the melting of Auys and
Auy700 NPs were deferred by ~50K and ~15K on average,
respectively. The rise in melting temperature was projected to
be very significant for sub-1nm NPs, especially if they had a
(100) facet or one of their edges in contact with the support.
This suggested that these small NPs, which are of significant
interest since they lie in the catalytically very active regime,
might remain crystalline to temperatures more than 50 K higher
than previously expected.

Importantly, regardless of the k constant of the springs, which
represents the strength of the interaction with the support, the
cluster melting offset was more or less the same. The differences
were deemed to be within the statistical error. It appeared that
the result was determined only from the group of same atoms are
kinetically constrained, and not from the strength of the con-
straint itself. A similar result was reported in Ref. [37], where
the initial state (structures and relative orientations) of colliding
2nm Au NPs had a persistent influence on the final structure

1144 K 1146 K

FIGURE 3 | Images of an Au;s09 nanoparticle showing the rapid melting after the critical radius r, is reached.

4 of 8

Small Structures, 2026

95UB01 SUOLULIOD dA1I.1D) 3{cedl|dde au Ag peusenob ake sapiie O ‘8sn JO Sa|nJ 1oy Akeud18U1JUO AS]IAA UO (SUOTHPUOD-PUR-SULBYWI0D" A3 1M A.q 1[Bul [UO//:ScL) SUORIPUOD PUe SIS | 8L} 89S " [9202/T0/60] U ARIq1T8uluo A8|IM ‘uoliewioju] AVSIeAlun essuems Ad 065005202 1SS/Z00T 0T/I0p/uod™ A8 im Afe.d1eul uo//sciy woiy papeojumod ‘T ‘9202 ‘Z90v8892



NP radius (nm)
10 12 14 16 18 1.0 12

NP radius (nm)

NP radius (nm)
14 16 18 1.0 12 14 16 18

1150 4 (a)
)=
1100 4 1
- 2
3
@ 1050 4 X
2 L]
ol /
g p
£ 1000 // /
§ ’
L v/ /,/ o
/)
9504 /
T
/P s
9004/ / : 5P
T T T T T T T T T T T T : T . . .
250 500 750 1000 1250 1500 1750 500 750 1250 1500 1750 500 750 1000 1250 1500 1750 2000

NP size (atoms)

NP size (atoms)

NP size (atoms)

FIGURE 4 | Melting point depression in Au NPs. Springs of constant k are applied (a) to the atoms of a (100) facet, (b) to the atoms of a (111) facet,

and (c) to atoms of an edge of the Au NPs.

of the coalesced aggregates, due to a special type of ‘kinetic
trapping’. It is, hence, expected that the melting of the NP will
be hindered even when there are only weak interactions with the
support material. Similarly, in Ref. [17], melting temperature of
Pt NPs on carbon supports was shown to depend weakly on the
support morphology, that is, NP-support bonding configuration.

The orientational (i.e. facet) dependence of nanoscale melt-
ing is illustrated in Figure 5, where the melting offset
AT =T constrained — I'mfree 1S Shown for each case. Interestingly,
constraining the (100) facet produced a greater increase in melting
point than constraining the (111) facet, even though the (100) fac-
ets are smaller in these NPs. Additionally, atoms on the (111) facet
have a higher coordination number compared to ones on the (100)
facet. The more reactive (100) facet, with its higher number of dan-
gling bonds, is expected to generally anchor more strongly to the
support compared to the (111) facet, thereby elevating the Au NP’s
melting point. The difference between these two cases remains
at ~10K regardless of NP size.

NP radius (nm)

0.0 0.5 1.0 15 2.0
T ¥ T Y T X T
80
60
€
3
-
< 404
20
0 4 T T T . T i
0 500 1000 1500 2000
NP size (atoms)
FIGURE 5 | Orientational effects in nanoscale melting: the melting

temperature offset depending on the set of atoms interacting with the
support.

When the edge is in contact with a support, and for NP radii
larger than 1 nm, the melting temperatures show the smallest
offset. However, this geometry would only be expected in cluster
soft-landing scenarios. Moreover, especially for the larger NPs,
only a very small percentage of the atoms are constrained by
the support if the cluster binds to the surface edge-on. To test
how this holds for wider interactions, we performed additional
runs where we applied the constraints to more atoms in the vicin-
ity of the edge (50 vs. 26) to simulate deeper embedding of the NP
in the support. This retarded the melting by ~7-10 K more than
the original edge-constrained case, suggesting that (as expected)
the deeper the NP is embedded in the support, the more pro-
nounced the effect will be. A thorough investigation of embed-
ding depth and its relation to the melting temperature would be
of interest for follow-up studies.

3.3 | Critical Radius

The critical radii recorded in this work with the radii of the NPs
show a good linear relation (Figure S4). The LNG model critical
radius r, is given by [38]

209V Tmbuk _
L(Tmpux—T)

~ Trpui
Topuk =T

=

where 6y = 6 — 61, with o, the surface tension of the solid and o
the surface tension of the liquid, V is the molar volume of the
solid, L is the molar latent heat, and T, is the bulk melting
temperature. The values used for plotting the melting models are
noted in Table S4. A comparison between the theoretically pre-
dicted critical radii, the critical radii and critical temperatures
extracted from our calculations and the experimental measure-
ments of the smallest solid core sizes observed in Ref. [9] is
shown in Figure 6, where fits according to the above power
law are applied.

Both our calculated radii and the experimentally observed radii
lied in the region below the curve predicted by the model, which
corresponds to the liquid region. We noticed a good agreement of
our data with the experimental data, with the exception of the
odd point 1.4nm. The radii for both small and large particles
were either very close to our predictions for free NPs (1.1, 1.6,
and 2.3nm) validating the choice of the ML potential, or
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FIGURE 6 | The critical radius predicted by the LNG model compared to the critical radii extracted from the simulations and the experimentally
measured smallest solid core radii from Ref. [9]. The fitted curves of (100) and “edge” cases are almost indistinguishable.

close—even below—our predictions for constrained particles (1.2
and 2.1 nm). However, more experimental data of in situ melting
of small NPs are in dire need to complement theoretical predic-
tions such as the ones in this work.

4 | Conclusions

In this work, we employ MD simulations with a ML-FF to inves-
tigate the effect of the nanoparticle-support interaction including
azimuthal orientation on the particle melting. We find that apply-
ing constraints to facets or edges consistently hinders NP melting
to higher temperatures. This effect is more pronounced for smaller
NPs, whereas for larger NPs, the melting temperatures of free and
constrained particles are much closer. The landing orientation of
the supported NPs plays a significant role: constraining the (100)
facet results in a greater melting point depression than constrain-
ing the (111) facet, despite the (100) facet being smaller in these
NPs. Importantly, the degree of the melting increase is indepen-
dent of the interaction strength with the support. Thus, NP melting
is expected to be significantly hindered even under all kinds of
support interactions. We believe these results provide a framework
for more accurate predictions of the melting temperatures of sub-
4nm metal NPs in practical applications and under operational
conditions. Similar conclusions could be drawn for the other
PGM metals, which share the same crystal structure with Au.
An investigation following the same methodology but focusing
on NPs of other crystal structures and a comparison of the melting
mechanics would be of great interest. Future works could also
extend the methodology by applying springs of different k con-
stants on each atomic layer and/or by investigating scenarios
where the NPs are embedded deep in the support material.
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