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Computational understanding of the coalescence
of metallic nanoparticles: a mini review

Liang Jiang,†a Yongxin Guo,†a Zhihui Liub and Shuai Chen *b,c

Metallic nanoparticles exhibit extraordinary properties that differ from those of bulk materials due to their

large surface area to volume ratios. Coalescence of metallic nanoparticles has a huge impact on their pro-

perties. Remarkable progress has been made by using computational methods for understanding nano-

particle coalescence. This work aims to provide a mini review on the state-of-the-art modelling and

simulation of nanoparticle coalescence. First, we will discuss the outstanding performances and coalesc-

ence behaviors of metallic nanoparticles, and list some challenges in the coalescence of metallic nano-

particles. Next, we will introduce the applications of molecular dynamics and the Monte Carlo method in

nanoparticle coalescence. Furthermore, we will discuss the coalescence kinetics and mechanisms of

metal nanoparticles with the same element and different elements, alloy nanoparticles and metal oxide

nanoparticles. Finally, we will present our perspective and conclusion.

1. Introduction
1.1. Properties of metallic nanoparticles

Metallic nanoparticles exhibit extraordinary electronic,1

optical,2 catalytic,3 thermal,4 and magnetic properties5 that

differ from those of bulk materials due to their large surface
area to volume ratios. With these peculiar properties, metallic
nanoparticles have been widely used in applications of solar
cells,6 photodetectors,7,8 sensing,9,10 drug delivery,11 etc. The
properties of metallic nanoparticles are highly dependent on
their shapes and size distributions, and can be modulated at
the nanoscale level by tuning the nanostructures.12–15

Monodisperse Pt, Pd, Au and Co particles with 10 nm dia-
meter are stable at a temperature of more than 600 °C and
have been uniformly distributed onto mixed-conducting oxide
electrodes as model electrochemical cells by self-assembled
nanopatterning.1 The metal catalysts activated hydrogen
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electrooxidation on the ceria-based electrode surface,
suggesting an ideal electrode design for high-temperature
electrochemical applications. A junction with an intimate
interface consisting of plasmonic Ag nanoparticles and the Ag-
node matrix has been synthesized via a facile one-step
approach.3 The system demonstrated highly efficient visible-
light photocatalytic H2 generation, outperforming most
reported metal–organic framework-based photocatalytic
systems.16,17

A quantitative investigation of magnetic fields generated by
a cluster composed of spherical Fe3O4 nanoparticles with dia-
meters of 30 nm ± 5 nm assembled on a dielectric non-mag-
netic surface has been performed.5 The results indicated that
the magnetic stray field does not increase proportionally with
the number of nanoparticles in the cluster, highlighting the
great importance of the exact spatial arrangement of nano-
particles. The seed-mediated synthesis strategy involves adding
small nanoparticle precursors into a growth solution to initiate
heterogeneous nucleation. This strategy is one of the simplest
and productive methodologies for synthesizing well-defined
colloidal anisotropic nanostructures. Using this strategy, atom-
ically precise gold nanoclusters, consisting of a 32-atom Au
core with 8 halide ligands and 12 neutral ligands, have been
generated, showing narrower size distributions and fewer
impurity particle shapes.13

Based on experimental analysis and molecular dynamics
simulation, monodisperse Ag nanoparticle decorated graphitic
carbon nitride has been demonstrated as a decent lubricating
additive of poly(phthalazinone ether sulfone ketone), which
possesses reasonable friction-reducing and wear-resistant pro-
perties.18 The effects of Cu nanoparticles on frictional heating
and tribological properties at various temperatures have been
studied via molecular dynamics simulations.19 The results
indicate that temperature distribution and surface abrasion

are significantly improved by the presence of Cu nanoparticles,
leading to the improvements in tribological properties. The tri-
bological properties of Ni nanoparticles in situ prepared in
rapeseed oil have been evaluated with a four-ball tribometer,
and their tribomechanism has been investigated based on the
characterization of the tribofilm on rubbed steel surfaces.20

The results show that Ni nanoparticles with a mass fraction of
0.3% can reduce the wear scar diameter of the steel ball by
36%.

1.2. Coalescence behaviors of nanoparticles

In practical applications, metallic nanoparticles are easily
heated by the effects of electricity, light, chemical reaction,
pressure, etc. It has been reported that Au nanoparticles with
∼9.6 nm radius have a strong tendency to approach and
coalesce when heated to 873 K, even below their melting temp-
erature.21 Besides, Au nanoparticles with an average diameter
of 4–5 nm and a face-centered cubic (FCC) structure can form
hybrid films with polystyrene, where the nanoparticle content
varies from 0 to 1 wt%.4 The Au nanoparticle agglomeration
deteriorates as the content increases and the interparticle dis-
tance decreases. The developed hybrid films exhibited desir-
able photothermal healing behavior with a photon energy
source, which requires more energy with the size of defects
increasing, demonstrating potential applications in functional
devices with high flexibility in photothermal self-healing.

Using gas-phase magnetron-sputtering aggregation experi-
ments, Pt and Pd nanoparticles can be tuned from a growth
regime with negligible nanoparticle coalescence to a coalesc-
ence regime dominated by nanoparticle-coalescence events.22

This transition has been achieved by varying both the length
of the aggregation zone and the pressure difference between
the aggregation and the deposition chamber. The coalescence
process of the metallic glassy nanoparticles has been investi-
gated at the atomic scale, where the viscosity of the nano-
particles through the coalescence process was measured by an
in situ method.23 The results indicated that the nanoparticles
possess fast dynamics at room temperature, and their viscosity
exhibits a power law relationship with their size.

Coalescence of two Au nanoparticles has been observed at
room temperature under a transmission electron microscope
(TEM) as induced by electron beam irradiation.24 It was shown
that, during irradiation, adjacent Au nanoparticles migrated
close to each other. Once they came into contact, fast and
massive atom transportation occurred with the creation of a
neck region. On further irradiation, the two contacted nano-
particles rotated to align their crystal orientations and merged
into a larger single-crystalline nanoparticle gradually. The
rotation and coalescence process demonstrated an intriguing
surface nanowetting ability and soft mode of atomic vibration
at room temperature as driven by the beam-induced instability
on non-uniformly contacted nanoparticles, which have been
neglected in many existing theoretical and experimental
studies.

Making good use of the coalescence and growth of metallic
nanoparticles is a decent approach for bottom-up fabrication
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(i.e., self-assembly) of micro- and nano-sized devices.25–27 For
example, the phenomenon that plasmon excitation can
convert isotropic nanoparticles into anisotropic nanoprisms
has already been developed into a general synthetic technique
since its discovery in 2001.28 Plasmon-driven high yield conver-
sion of Au nanoparticles into nanoplates with iodine as the
inducer has been achieved.25 Interestingly, the morphology
conversion has been proved as a hot hole-controlled coalesc-
ence-dominated growth process. Their results indicated that a
controllable plasmon-driven nanoparticle coalescence is able
to produce well-defined anisotropic metal nanostructures.

Large-scale self-assembly of monocrystalline Au nano-
islands with a tunable size and separation has been achieved,
paving their way for applications as efficient localized surface
plasmon resonance devices.26 In their work, highly homo-
geneous centimeter-sized Au metasurfaces have been fabri-
cated by one-step deposition and in situ coalescence of hot
nanoparticle aerosols into a discontinuous monolayer of
highly faceted monocrystals. Using a liquid cell transmission
electron microscope, CoO nanoparticle rings formed via
nucleation and growth tracing the perimeter of liquid droplets
on the SiNx solid substrate.27 It was found that the junction of
liquid droplets with a solid substrate is an attractive site for
nanoparticles. Besides, coalescing droplets pushed the nano-
particles to the perimeter of the new droplet, and nano-
particles on top of the droplets rolled off toward the perimeter.

1.3. Motivation for this review on the coalescence of
nanoparticles

It is obvious that metallic nanoparticles tend to coalesce when
treated with electricity, light, chemical reaction, pressure, etc.
in practical applications, resulting in the variation of nano-
particle distribution and morphology. It is well known that the
distribution and morphology of nanoparticles have a huge
impact on their electronic, optical, catalytic, and thermal pro-
perties, hence affecting their practical applications. Having a
good knowledge of the coalescence of nanoparticles will
undoubtedly guide the design and synthesis of metallic nano-
particles. Hence, the coalescence kinetics and mechanism of
metallic nanoparticles are of great significance for both aca-
demic and industrial research and development. This is the
motivation for this review to summarize the state-of-the-art
research studies on the computational understanding of the
coalescence of metallic nanoparticles.

2. Computational methods

Direct experimental observations and measurements of
coalescence of metallic nanoparticles at the nanoscale are
challenging. Therefore, simulation methods at the nanoscale
or atomic scale are essential to understand the coalescence
kinetics and mechanisms of metallic nanoparticles. Atomistic
simulations can not only capture the structural features of
metallic nanoparticles but also reveal the coalescence mecha-
nisms in detail. Molecular dynamics (MD) and Monte Carlo

(MC) methods are typical atomistic simulation approaches for
investigating the coalescence of metallic nanoparticles.

2.1. Molecular dynamics simulations

Both MD simulation and density functional theory (DFT) cal-
culations are computational approaches capable of simulating
the movements of atoms or molecules. As compared with DFT
calculations,29–32 MD simulation is suitable for longer times
and larger-size scales.18,19,21 In MD simulation of metallic
nanoparticles, the metal atoms in the nanoparticles interact
with each other and move to energetically favorable sites,
which is able to reproduce the dynamic evolution of the metal-
lic system according to experimental conditions. The forces
exerted on the metal atoms and the system energies are calcu-
lated according to the interatomic potentials. The trajectories
of metal atoms are updated via solving Newton’s equations of
motion for each atom numerically.

In MD simulation, the initial modelling of nanoparticles
normally consists of the configuration of a single nanoparticle
and the contact state setup between the nanoparticles. A
spherical structure is considered to be a straightforward way to
characterize the nanoparticles, since most of the nanoparticles
are presented with a spherical feature in practice and the dia-
meter change of the spherical nanoparticles could be utilized to
depict the evolving process of the nanoparticles.21 At certain
temperatures, surface atoms of the spherical nanoparticles are
found to flow toward the neighbouring nanoparticles, which
finally results in the approach and coalescence of nanoparticles.
A polyhedral structure was also found to be adopted to simulate
the evolution of the coalescence between nanoparticles.22 With
the large scale of the atomic amount and long scale of the simu-
lation time, the coalescence behavior of two truncated octa-
hedral nanoparticles was clearly captured. Given the fact that
the displacement of surface and subsurface atoms is easier to
achieve than the occurrence of diffusion events in the inner part
of the aggregate, the shape equilibrium of the coalescing aggre-
gate can be well attained, while the chemical ordering is quite
slow even at very high temperatures.

It has been acknowledged that the interatomic potential
plays an important role in MD simulation, since the trajectory
and the physical properties of atoms depend entirely on how
the interaction between atoms are incorporated. Accordingly,
great efforts have been made to develop the interatomic poten-
tials to interpret the sophisticated interactions among atoms,
and a series of models have been proposed, including two-body
potentials, embedded-atom models for metals and bond-order
potentials for covalently bonded systems. The Lennard-Jones
potential,33 i.e., the L-J potential, is a classical pair potential to
describe the interactions between atoms with a closed valence
shell. This potential simplifies the statistical mechanical formal-
ism regarding the calculation of thermodynamic properties, and
it is supposedly the most used one in MD simulations. The
expression of the L-J potential could be written as follows:

UðrÞ ¼ 4ε
σ

r

� �12
� σ

r

� �6
� �

ð1Þ
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where ε is the binding energy, σ is the equilibrium bond
length, and r is the distance between the atoms. Other two-
body potentials, such as the Morse potential34 and Johnson
potential,35 also have been frequently mentioned and used in
practical MD simulations. Considering the two-body potentials
being incapable of adequately predicting the force fields in
multi-atom systems, the embedded-atom method, i.e., the
EAM, potential was originally developed for metallic systems.36

The EAM potential recognizes each atom as an impurity
embedded in a host consisting of all other atoms, and the
simple generalized form of the EAM potential is expressed as
follows:

UðrÞ ¼
X

FðρiÞ þ
1
2

X
j=i

ϕijðrijÞ ð2Þ

where the first term on the right represents the embedded
energy of all atoms, ρi is the background electronic charge
density near atom i, and the second term on the right is the
addition of pair potentials caused by neighbouring atoms. On
the condition that only the interactions among the first
nearest-neighbouring atoms were considered, the modified
EAM (MEAM) was proposed to include the directionality of
bonding.37,38 Thereafter, plenty of efforts were made to
improve the performance of MEAM in MD simulation.39,40

Based on the concept of bond strength dependence on the
local environment, the bond order was introduced to construct
the interatomic potentials for transition metal element and
covalent bonding systems. The Tersoff potential is one of the
typical examples of bond order potentials developed from the
Morse potential, incorporated with functions that can measure
the coordination numbers and the bond order.41 The
expression for the Tersoff potential can be written as follows:

UðrÞ ¼ 1
2

X
i;j=i

fCðrijÞ½fRðrij þ bijfAðrijÞÞ� ð3Þ

where fC is the cut-off function, fR is the two-body and repul-
sion term and fA includes three-body and attraction inter-
actions. The ReaxFF potential has also been proposed and uti-
lized in simulations related with bond breaking and
formation.42

Besides the above empirical potentials, machine learning
(ML) potentials have also been developed with the rapid devel-
opment of artificial intelligence technology.43–46 For example,
neural network ML potentials developed from the DeepMD-kit
package (deep potentials), which are trained from a database
constructed with first-principles calculations, have been
demonstrated to be accurate in predicting the structural and
dynamic properties of Au,47 Ti,48 and Fe49 metals, and the
AgAu50 alloy. Besides, ML potentials trained using the
Gaussian approximation potential framework or the spectral
neighbor analysis potential approach have also proven to
possess excellent accuracy.

Common integration methods to solve Newton’s equations
of motion are the Verlet integrator,51 Leapfrog integrator,52

and Velocity-Verlet integrator.53 The Verlet integrator only con-

siders the position information and does not require the vel-
ocities. Only a single force evaluation per integration cycle is
taken in the Verlet integrator, providing good numerical stabi-
lity, as well as other properties that are important in physical
systems. The Leapfrog integrator evaluates velocities at the
midpoint of the position evaluations; hence it reduces the
numerical error problem of the Verlet algorithm. The Velocity-
Verlet integrator is similar to the Leapfrog integrator, except
that the velocity and position are calculated at the same value
of the time variable.

The thermodynamic ensembles are a specific variety of stat-
istical ensembles that describe the thermodynamic equili-
brium, where the macroscopic properties can be calculated
from the average of every possible microscopic state. There are
several different thermodynamic ensembles and one could
choose an ensemble based on the desired imposed conditions
along with the corresponding desired simulation output. In a
microcanonical ensemble (NVE), the system maintains a con-
stant number of atoms (N), volume (V) and energy (E). It
corresponds to an adiabatic process with no heat exchange. A
microcanonical MD trajectory can be viewed as an internal
exchange of potential and kinetic energies, with the total
energy being conserved. In an isothermal-isobaric ensemble
(NPT ), the number of atoms (N), pressure (P) and temperature
(T ) are kept constant. In this ensemble, the thermostat and
barostat algorithms are required to maintain the temperature
(T ) and pressure (P) at a specified value, respectively. Such an
ensemble corresponds to laboratory conditions open to
ambient temperature and pressure. In a canonical ensemble
(NVT ), the number of atoms (N), volume (V) and temperature
(T ) are fixed. It is also called the constant temperature MD.
Here, only a thermostat algorithm is required, which could
maintain the constant average temperature of the simulated
system.

2.2. Monte Carlo simulations

The Monte Carlo method is another commonly used approach
to simulate many physical and chemical processes, such as the
mixing or demixing of metallic nanoparticles which can be the
end product of the diffusion and coalescence of different
atomic clusters.54,55 Hybrid MC and MD simulations are
always implemented by performing MC swaps of atoms follow-
ing the Metropolis algorithm56 after short sequences of MD
steps in the canonical ensemble, where the MD temperature is
also employed in the Metropolis algorithm to determine the
occurrence probability of the MC swap. The occurrence prob-
ability is calculated as:54

P ¼ νe�
Eiþ1�Ei

kT ð4Þ
where Ei+1 and Ei are the total energies of the system after MC
swap, i + 1, and before MC swap, i, k is the Boltzmann con-
stant, T is the temperature, and v is the frequency of atomic
vibrations. A uniform random number, R, ∈(0,1) is generated;
if R ≤ P, the MC swap is accepted. Otherwise, it is rejected.
This is called Metropolis Monte Carlo (MMC), which is able to
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complement MD simulation to sample the landscape of the
potential energies and find the equilibrium structures of
metallic nanoparticles more efficiently.

Kinetic Monte Carlo (kMC) is also able to simulate the time
evolution of nanoparticles.57 The kMC algorithms are typically
classified into two categories: one is rejection-kMC (rkMC),
and the other one is rejection-free-kMC (rfkMC).58,59 A rfkMC
algorithm, often called kMC, is normally utilized to simulate a
process that occurs among states with calculated transition
rates.60 Therefore, it is of great importance to determine the
transition states and formulate the associated rates, serving as
the inputs for the kMC model. At each given state, i, kMC
simulation has to identify all the possible states, j, that may be
transited into at the next step. The transition rate is calculated
as:61

ri!j ¼ νe�
Ei!j
kT ð5Þ

where Ei→j is the energy barrier for the transition from the
current state, i, to the next new state, j. The sum of all the tran-
sition rates corresponds to the total rate of leaving from all the
current states to the new states, that is:

Ri ¼
Xn

j¼1ð=iÞ
ri!j ð6Þ

To determine which next state, j, is to be chosen for the
transition from the current state, i, a random number U1 in
the range (0,1) is generated. The state, j, that satisfies the fol-
lowing condition is selected:

Xj�1

k¼1ð=iÞ
ri!k , U1 � Ri ,

Xj

k¼1ð=iÞ
ri!k ð7Þ

Meanwhile, the time of this transition can be calculated by
using

Δt ¼ � 1
Ri

� �
ln U2 ð8Þ

where U2 is the second random number U2∈(0,1).
As compared with MD simulation, kMC simulation is

capable of studying the process in a longer-time and larger-
size scales. For example, MD simulation is only able to study
the coalescence of several metallic nanoparticles, while kMC
simulation is able to reproduce the deposition, diffusion and
coalescence of many metallic nanoparticles to grow into nano-
particle films.62

3. Coalescence kinetics and
mechanisms

Whether trying to prevent or exploit the coalescence of metal-
lic nanoparticles, it is essential to have a good understanding
of the kinetics and mechanisms of nanoparticle coalescence.
In recent years, substantial research has been conducted to
study the coalescence of metallic nanoparticles. Generally,

there are three categories of coalescence according to the
element type of metallic nanoparticles: (1) the coalescence of
metal nanoparticles with the same element; (2) the coalesc-
ence of metal nanoparticles with different elements; (3) the
coalescence of alloy nanoparticles or metal oxide
nanoparticles.

3.1. Coalescence of metal nanoparticles with the same
element

Below the melting temperature, Au nanoparticles tend to
approach and coalesce. For example, Ingham et al. reported a
real-time in situ observation on the coalescence of Au nano-
particles at 250 °C and presented the aggregation and sub-
sequent grain growth of Au nanoparticles using synchrotron
small-angle X-ray scattering (SAXS) and X-ray diffraction
(XRD).63 They also elucidated a more complete picture of the
coalescence mechanism of metal nanocrystals by following
both the particle and crystallite size dynamics (Fig. 1a and b).
The results show that the grain growth stage takes significantly
longer time than the particle aggregation stage.

Lim et al. observed the growth rate of the neck that joined
two Au nanoparticles during coalescence (Fig. 1c) and made a
comparison with both continuum theory and atomistic kMC
simulations (Fig. 1d).64 Eventually, they found good agreement
between the observations and the simulations but not with the
classical continuum model due to the faceted nature of the
particles. A power law fit in Fig. 1d demonstrates that the
experimentally observed late-stage neck growth process has an
exponent equal to 0.31 in one case (observation 1) and 0.37 in
the other (observation 2), while the simulated process has an
exponent of 0.32. For faceted particles, the ability of the neck
to capture diffusing material is dependent on parameters (the
size, composition, and roughness) that change discontinu-
ously. This implied that the faceted structure of nanoparticles
plays a crucial role in their stability to agglomeration and
coalescence.

Arcidiacono et al. investigated the influence of initial temp-
eratures and starting radii on the coalescence process of two
Au nanoparticles in vacuum, with the help of MD simu-
lations.65 They found that classical ‘neck’ theories can predict
the first stage of the sintering process, when taking into
account the size dependence of the melting temperature. For
particles that are larger than ≈20 Å, the grain boundary
diffusion was dominant in the coalescence of two nano-
particles. The MD simulations and the predictions of a macro-
scopic phenomenological model showed good agreement at
initial temperatures near the corresponding melting point,
except for the lower temperature case.

Since typical sintering of Au nanoparticles requires heating
of the substrate to overcome the activation barrier for gold
atom movement, Grys et al. developed a room temperature
chemical process to efficiently construct Au nanoparticle films
with uniform nanogaps that can be used to sequester and
detect small molecules with high levels of specificity.66 In this
novel sintering method, a multilayer aggregate of Au nano-
particles was prepared with a two-phase chloroform–water
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system, and was deposited onto substrates as needed. With a
three-step process, including the definition of the nanogap
size with an initial scaffolding, stripping of the scaffold mole-
cules and stabilization of the gaps with scaffolding ligands,
the nanogap spacing and facet chemistry can be fully con-
trolled and fine-tuned. The results revealed that this
method gives a reconfigurable and sensitive SERS substrate
with excellent sensing capability for compounds in solution
and vapors.

To understand the dominant factors of the catalytic activity
and product selectivity of Au nanoparticles, Yue et al.
employed in situ TEM to explore the evolution of Au nano-
particle catalysts during CO2 hydrogenation to methanol at
260 °C under ambient pressure.67 During the catalytic reac-
tions, the surface reconstruction and shape oscillation
occurred in the Au nanoparticles. The first-principles calcu-
lations indicated that the adsorption of CO2 is the main factor
inducing the coalescence of Au nanoparticles, and CO and/or
H2O adsorption generated by the CO2 hydrogenation cause the
oscillation of the nanoparticle shape. With in situ TEM,
Bekarevich et al. studied gold loading phenomena in carbon
nanotubes, supposedly caused by the coalescence of gold
nanoparticles.68 They found that large nanoparticles always
absorb smaller nanoparticles, leading to the elongation of the
encapsulated nanowire in the absence of a strong thermal gra-

dient. In addition, the elongation process is governed by the
volume ratio of encapsulated to unloaded Au.

Guo et al. proposed a new mechanism for the coalescence
of Au nanoparticles in water without ligand detachment, i.e.,
the aggregation of the nanoparticles is induced by the twined
hydrophobic chains of the ligands rather than the hydrophilic
carboxyl tails.69 During coalescence, the exposed surface
atoms attached to form the neck, and extended with the
atomic rearrangement of the contact interface to merge the
nanoparticles. Lange et al. studied the dislocation-mediated
alignment processes and deformation twinning during the Au
nanoparticle coalescence at low and high temperatures using
MD simulations and TEM.70 They observed that rigid body
rotations immediately occurred following attachment during
low-temperature (500 K) simulations and low-temperature
(∼315 K) TEM beam heating experiments. However, minimal
rigid body rotations were observed during or immediately fol-
lowing attachment in high-temperature (1100 K) simulations
due to the enhanced diffusion at the particles’ interface. The
rotation was eventually induced by the {111} slip on planes
parallel to the neck groove.

Palasantzas et al. studied the coalescence of Co nano-
particles on carbon-coated (10 nm thick) Cu grids and found
that Co nanoparticles that contact with the substrate are
immobile, whereas those on top of other Co particles

Fig. 1 (a) TEM image of Au nanoparticles. (b) Schematic diagram showing the mechanisms of coalescence.63 These figures have been adapted from
ref. 63 with permission from American Chemical Society, Copyright 2011. (c) Coalescence of two Au decahedral nanoparticles in different time. (d)
Evolution of the neck diameter with time, where the experimental data are shown by blue, open symbols with time scale on the lower horizontal
axis (observation 1 on diamonds, observation 2 in triangles), and the simulation data are in red solid dots with time scale on the upper horizontal
axis.64 These figures have been adapted from ref. 64 with permission from American Chemical Society, Copyright 2009.
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rearrange themselves during high-temperature annealing and
further coalesce.71 Lümmen et al. investigated the coalescence
of Fe clusters over the course of their growth under an inert-
gas atmosphere by MD simulations.72 It was found that the
relaxation of the cluster shape shows an exponential decay at
elevated temperatures and exhibits a regular atomic structure
at lower temperatures. The transitions of the shapes are
affected by the heat removal and therefore slower in the pres-
ence of a carrier gas than in a constant-energy ensemble. Ding
et al. reported that the coalescence of Fe nanoclusters occurs
at the temperatures lower than the cluster melting point.73

They found that the difference between coalescence and
melting temperatures increases with decreasing cluster size.

Yeadon et al. explored the sintering of Cu nanoparticles on
{001} copper substrate using an in situ ultrahigh vacuum TEM
and demonstrated that Cu nanoparticles reorient to the same
orientation as the substrate by a classical mechanism involving
neck growth by surface diffusion and migration of the grain
boundary upon annealing.74 Liu et al. studied the coalescence
kinetics and microstructure evolution of Cu nanoparticles sin-
tering on substrates at low temperature on a special model
containing two substrate and multiple particles in between.75

It was found that, at low temperature, the dominating sinter-
ing mechanism is plastic flow caused by dislocation pro-
duction and motion. They found that the dislocation-mediated
alignment process is pronounced due to the pinning effect of
upper and lower substrates. Furthermore, smaller-size models
usually contain higher shrinkage ratio, smaller pores, more
drastic crystal transformation and dislocation evolution in
each stage. Buesser et al. studied the coalescence of Ag nano-
particles with various morphologies in vacuo between 400 and
1000 K by MD simulations using the EAM potential and
demonstrated the formation of new crystal domains during Ag
particle sintering for the first time.76 They found that the
coalescence of nanoparticles is dominated by surface diffusion
whereas it transitions toward plastic flow sintering near their
melting point and the sintering rate of straight nanoparticle
chains is much slower than that of more compact structures.

Grammatikopoulos et al. reported the MD studies on the
coalescence of two or more Ta nanoparticles and obtained the
parameters that influence the sintering according to their
importance.77 A qualitative understanding of the mechanisms
that dominate Ta nanoparticle coalescence is obtained, from
simple nanoparticle reorientation in order to achieve epitaxial
configuration, to atomic adsorption, neck formation, twinning
within the nanoparticles and full consolidation into a single,
larger nanoparticle. Temperature is identified as a dominant
factor for the resultant configuration, and relative orientation
(degree of crystallinity) can also have a strong impact in a
more stochastic manner. Therefore, the data acquired can be
used as the input for the creation of a general, element-insen-
sitive, theoretical model of nanoparticle coalescence.
Grammatikopoulos et al. also studied the mechanisms that
govern Pb nanoparticle coalescence with the support of high-
resolution TEM.78 The driving force for coalescence was con-
firmed to be surface energy minimisation, associated with

dangling bond density and distribution. They also found that
atomic rearrangements triggered a crystallisation wave propa-
gating through the amorphous nanoparticles, leading to
mono- or polycrystalline FCC structures.

This section reviewed the research works on the coalesc-
ence of metal nanoparticles with the same element in litera-
ture. Most research studies have focused on the coalescence of
Au nanoparticles, which have been discussed initially.
Interestingly, coalescence of Au nanoparticles also occurs in
CO2 or water. Subsequently, research performed on other
metals is summarized, including Co, Fe, Cu, Ag, Ta, Pb, etc.
Below the melting temperature, surface diffusion is the domi-
nant mass transport mechanism for nanoparticle coalescence.
Typically, the surface atoms diffuse and nanoparticles form a
neck initially, followed by relaxation to energetically favorable
shapes. Neck formation and growth are typical features during
the coalescence, which are affected by the nanoparticle size
and roughness.

3.2. Coalescence of metal nanoparticles with different
elements

Among a wide range of bimetallic nanoparticles, Au–Ag nano-
particles have shown great potential in the field of optics, bio-
sensors and catalysis. Jia et al. studied the structural and
thermal stability of single Au@Ag nanoparticles with different
sizes and their arrays by MD simulations.79 They found that
the pre-melting processes start from the surface region for
both the single nanoparticles and their arrays. The melting
points of Au@Ag core–shell bimetallic nanoparticles showed a
feature of non-monotonicity with increasing core size at a fixed
nanoparticle size. José-Yacamán et al. considered the contri-
butions to the nanoparticle coalescence process from three
points of view: these include the factors influencing nano-
particle diffusion, the nanoparticle properties relevant to
diffusion, and the overall coalescence mechanism.80 The
experimental evidence demonstrated the significant role of the
nanoparticle liquid-like surface layer in the coalescence
process based on HRTEM analysis.

Goudeli et al. investigated the effects of temperature and
initial particle morphology on the sintering rate, aggregation,
and structure of coalescing Au–Ag nanoparticles by MD simu-
lations.81 They observed that the sintering characteristic time
is not affected by the facet orientation (Fig. 2a). It was also
found that sintering equally sized Ag and Au nanoparticles
results in segregated nanostructures with an Ag-enriched
surface, and that the Ag surface fraction is increased with the
increase of temperature (Fig. 2b). When Au nanoparticles
coalesce with smaller (i.e., Ag diameter, dp,0,Ag, = 2 nm, and Au
diameter, dp,0,Au = 4 nm) or larger (i.e., Ag diameter, dp,0,Ag, =
4 nm, and Au diameter, dp,0,Au, = 2 nm) Ag particles, Au
embeds into Ag or a patchy Ag layer forms at the Au particle
surface (Fig. 2c). Most importantly, XRD patterns during par-
ticle sintering or coalescence of Ag and Au were obtained by
MD, which offer a possibility for distinction of the alloyed
state of bimetallic particles (Fig. 2d).
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Chandross et al. developed a phenomenological model to
understand the formation of a core–shell structure from the
energetics of formation by MD and MMC simulations, particu-
larly with the radii of the initial particles taken into account.82

This model indicated that relatively smaller particles of Cu
and larger particles of Ag are the most energetically favorable
to form a core–shell structure. This model can be used for
directing synthesis routes for nanoparticles, as well as for
choosing specific metallic species which are more or less likely
to form such core–shell structures.

By scanning transmission electron microscopy (STEM) and
electron energy-loss spectroscopy (EELS), Grammatikopoulos
et al. investigated the coalescence of Ag−Cu nanoparticles and
observed a remarkable difference in the shape of nanoparticles
belonging to Ag- and Cu-rich samples.83 Furthermore, they
employed MD and MMC simulations to demonstrate that
Janus or Ag@Cu core/shell metastable structures cannot occur
as a result of nanoalloy segregation. As shown in Fig. 3a,
Cu@Ag core/shell structures were formed in the Cu-rich nano-

particles. However, the formation of Cu precipitates led to
onion-type multi-shell structures, i.e., Ag@Cu@Ag, in the Ag-
rich nanoparticles. They also found that Ag-rich configurations
experienced faster or more pronounced coalescence than the
Cu-rich counterparts (Fig. 3b). Besides, the heteroepitaxial
diffusivity along various surfaces of both Ag and Cu nano-
particles was compared (Fig. 3c), and the differences between
the sintering mechanisms of Ag- and Cu-rich nanoparticle
compositions were examined. They then proposed controlled
nanoparticle coalescence as a method to design unique, pat-
terned core@partial-shell structures of mixed nanoparticles.

Singh et al. explored the synthesis and growth of Si−Ag
hybrid nanoparticles using gas-aggregated co-sputtering
experiments and MD simulations.84 The simulation results
showed that Si and Ag nanoclusters nucleate separately from
the corresponding supersaturated vapors, then grow and
coalesce into larger nanoparticles with 15 ± 8 nm diameter,
and form stable conjoined ensembles once the temperatures
have reduced sufficiently to allow the formation of a stable

Fig. 2 (a) Evolution of normalized surface area by coalescence of two segregated Ag−Au nanoparticles with diameter (dp,0) = 3 nm at temperature
(T ) = 800 K. (b) Evolution of the surface Ag fraction of coalescing Ag–Au segregated nanoparticles with dp,0 = 4 nm at T = 600 (blue line), 700
(green line), and 800 K (red line). (c) Cross-section of unequally sized Ag (blue) and Au (yellow) nanoparticles of (i) dp,0,Ag = 2 and dp,0,Au = 4 nm and
(ii) dp,0,Ag = 4 and dp,0,Au = 2 nm coalescing at T = 800 K and t = 0, 0.1, 1, and 10 ns. (d) Evolution of the XRD diameter of Ag (gray lines), Au (orange
lines), Ag–Au segregated (black lines), and alloyed (blue lines) nanoparticles with dp,0 = 4 nm coalescing at 600 K.81 These figures have been
adapted from ref. 81 with permission from American Chemical Society, Copyright 2017.
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structure. Henz et al. studied the energetic reaction of Ni and
Al particles at the nanometer scale via MD simulations.85 The
simulation results indicated that the reaction time is inversely
related to nanoparticle size but the adiabatic temperature
decreases with decreasing nanoparticle size. Besides, nano-
particle size and surface energy are important factors in deter-
mining the adiabatic reaction temperature for both systems at
nanoparticle sizes of less than 10 nm diameter.

Li et al. studied the thermodynamic evolution of Ni and Au
nanoparticles with different ratios of Au and Ni, as listed in
Fig. 4a, through MD simulations.86 The coalescence processes
of Au atoms strongly determine the final morphology of the
particles, which can be used to design core–shell structure
Au@Ni nanoparticles. As shown in Fig. 4b, Au atoms diffused
along the surface of Ni for NP1, NP2, NP3. For NP4, NP5, NP6,
and eventually Au and Ni formed alloy nanoparticles (Fig. 4bi).
For larger Au particles (NP7, NP8), Au atoms encapsulated
completely due to Au atom segregation (Fig. 4bi). The pair dis-
tribution function, denoted as g(r), of Au atoms (Fig. 4bii) and
Ni atoms (Fig. 4biii) suggested that diverse melting modes
occur during the continuous heating of Au-Ni nanoparticles.

Langlois et al. generated the bimetallic Cu@Ag core–shell
nanoparticles via pulsed laser ablation with various chemical

compositions and observed that the structure transformed to
Janus-like or quasi-Janus when the amount of Ag in a particle
was large.87 They reported two types of segregated configur-
ations: a core–shell configuration for shell thicknesses under
3–4 nm, and a quasi-Janus configuration beyond a critical Ag
shell thickness of 3–4 nm. Farigliano et al. studied the coalesc-
ence between small Au and Co clusters via well-tempered
metadynamics to yield a core–shell structure, choosing the
center of mass distance and gyration radius as their collective
variables.88 It was reported that the coalescence most likely
proceeds via the deformation of the core material, which is
manifested by the system residing in regions with large gyra-
tion radii.

Pressure-assisted sintering (PAS) has recently gained con-
siderable attention, since it can generate nanoparticle struc-
tures with improved mechanical properties and increased
density. Using Ag-coated Cu material as a representative
system, Kim and Chung conducted a detailed comparative
investigation on the normal thermal sintering and PAS pro-
cesses of the coalescence of nanoparticles by MD simulation.89

The results showed that the void fraction of the nanoparticle
structures converges to the lower bound with the increase in
sintering temperature and the coalescence of the nanoparticles

Fig. 3 Cross-section of (a) Cu-rich (i and iii) and (b) Ag-rich nanoparticles (ii and iv), 3 nm in diameter, before and after annealing at 700 K for 70 ns.
Red and blue spheres represent Cu and Ag atoms, respectively. (b) Final configurations after 180 ns of MD runs of pairs of nanoparticles sintering at
600 K. (c) Time evolution of the coalescence process at 800 K of systems comprising a 9 nm Cu nanoparticle and a 3 nm Ag nanoparticle adjacent
to (100), (110) and (111) facets (i–iii, respectively) and a 9 nm Ag nanoparticle with a 3 nm Cu nanoparticle adjacent to a (100) facet (iv).83 These
figures have been adapted from ref. 83 with permission from Royal Society of Chemistry, Copyright 2016.

Nanoscale Minireview

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 5521–5536 | 5529

Pu
bl

is
he

d 
on

 0
7 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 4

:4
2:

35
 P

M
. 

View Article Online

https://doi.org/10.1039/d3nr06133g


is found to be more effective when pressure is applied.
However, the amount of coalescence promoted by external
pressure decreases substantially after a certain level and was
rapidly saturated. Moreover, it was found that the surface
diffusion at high temperature dominantly contributes to sin-
tering, while both core and shell atoms contribute actively in
the sintering regardless of pressure. By comparing the atomic
trajectories of the core and shell materials during coalescence,
it is indicated that the sintering mechanisms promoted by
heat and pressure are clearly different.

In another work based on MD simulation, Zhang et al.
investigated the sintering mechanisms of Cu–Ag core–shell
nanoparticles, as well as the effects of shell thickness on sin-
tering behavior.90 It was found that, compared to the sintering
of Ag nanoparticles, the interface of Cu atoms plays an impor-
tant role for the evolution of dislocation and stacking faults in
the coalescence of Cu–Ag core–shell nanoparticles, and the
surface diffusion can be activated and gradually dominates the
sintering process as the temperature increases. Besides, the
change of shell thickness severely affects the sintered struc-
ture. The shell with amorphous structures actively participates
in the sintering process when the shell thickness is 0.5 nm. As
for nanoparticles with 1 nm and 1.5 nm shells, the dislocation
loops inside were involved in the sintering process. And if the
nanoparticles were covered with a thicker shell, the defect on
the interface brought by Cu core does not contribute to the
sintering process directly.

Baletto et al. proposed a three-shell A–B–A structures (Ni/
Ag, Cu/Ag, and Pd/Ag) by inverse deposition of B atoms above
A cores.91 The A–B–A structures can be grown depending on
the structure of the initial A core and on temperature. The
growth of the intermediate B shell was triggered as the most
favorable position for isolated B impurities inside A clusters,

which was located one layer below the cluster surface. It pro-
vided novel possibility for controlling the chemical ordering in
structures at the nanoscale level.

This section summarized the research works on the coalesc-
ence of metal nanoparticles with different elements in the lit-
erature. Most research studies have concentrated on the
coalescence of Au–Ag nanoparticles or those composed of Au/
Ag for the potential applications in the field of optics, bio-
sensors and catalysis. Using the coalescence of metal nano-
particles with different elements to synthesize bimetallic nano-
particles is the typical objective of these research studies, such
as A–B or A–B–A core–shell structures. Even though bimetallic
core–shell structure with nanoparticles is thermodynamically
unstable, sintering at relatively low temperatures can give rise
to metastable structures, which eventually can be stabilized by
subsequent quenching.

3.3. Coalescence of alloy nanoparticles or metal oxide
nanoparticles

By adding Au during Ag nanoparticle synthesis, Sotiriou et al.
systematically studied the plasmonic performance of the AgAu
nanoalloy, including the effect of plasmonic resonance,
release of Ag+ ions and cytotoxicity.92 They found that, unlike
the mechanically mixed AgAu samples, the presence of Au in
the AgAu alloy nanoparticles minimizes oxidation, which even-
tually decreases the antibacterial activity and toxicity of Ag.
Akbarzadeh et al. studied the coalescence process of AgAu
alloy nanoparticles in vacuum and on different carbon-based
supports (Fig. 5a).93 The simulated results revealed that the
interaction between the metallic cluster and the support
surface (Fig. 5b) is relatively small, as compared to the metal–
metal interactions (Fig. 5c), and the metal–metal energy of
nanoalloys decreases drastically at the beginning of the

Fig. 4 (a) Initial configurations of Ni-Au nanoparticle structures with different atomic ratios. (b) Cross sections through the Au-Ni nanoparticles at
temperature 1173 K (i) and pair distribution function of Au atoms (ii) and Ni atoms (iii) at temperatures 1173 K, Au and Ni atoms are colored in yellow
and gray respectively.86 These figures have been adapted from ref. 86 with permission from Springer Nature, Copyright 2021.
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coalescence and almost remains the same as the coalescence
proceeds. Besides, it has been suggested that the support
greatly affects the energy of clusters during the coalescence
process, because the supported clusters have less energy and
are stable than the clusters in vacuum.

Lu et al. studied the thermal interactions of Cu and Ag
nanoparticles using in situ STEM analysis and found that the
Cu and Ag nanoparticles tend to form a Cu-core and Ag-shell
structure with temperature between 150 and 300 °C, with Ag
nanoparticle wetting the Cu nanoparticle on the Cu {111}
surface at multiple locations followed by the diffusion of Ag
atoms on the Cu surface.94 Calculations performed with the
MMC algorithm, together with the experimental observations,
indicated that the surface energy of Cu is much higher than
that of Ag, while that of the Cu atoms is smaller, leading to
their preferential location inside the core. Williams et al. devel-
oped an EAM potential for pure Ag by fitting to experimental
and first-principles data, with impressive accuracy describing
the properties of Ag.95 Combining with an existing EAM poten-
tial for Cu, they reconstructed the entire Cu–Ag phase diagram
with MC simulations, which demonstrated satisfactory quanti-
tative agreement with experiments. This concluded that an

EAM potential fit accurately to experimental and first-prin-
ciples data at 0 K can be transferable to high temperatures and
can predict a simple binary phase diagram in reasonable
agreement with experiments.

With an atomistic model developed within the second-
moment approximation to the tight-binding model,
Bochicchio et al. investigated the relation between geometry
and chemical ordering in determining the nanoparticle con-
figuration for a series of weakly miscible systems, including
AgCu, AgNi, AgCo, and AuCo.96 They demonstrated that the
shape and the placement of the core in the core–shell nano-
particles are strictly correlated to the overall geometric struc-
ture of the nanoparticle itself, and off-center asymmetric cores
are dominant as lowest-energy structures in crystalline and
decahedral motifs, while centered cores are considered for
metastable configuration in icosahedral nanoparticles strongly
depending on temperature. Using nanothermodynamics,
Guisbiers et al. studied the phase diagrams of various poly-
hedral nanoparticles at sizes of 4 and 10 nm, revealing that
the congruent melting point of the nanoparticles is shifted
with respect to both size and composition (Fig. 6a–c).97 They
suggested that segregation reveals Au enrichment at the

Fig. 5 (a) The snapshots of the icosahedral AgAu nanoalloys supported on graphite after 100 ps, 200 ps, 500 ps, 1 ns, and 10 ns. (b) The metal–
support and (c) The metal–metal energies of AgAu nanoalloys supported on the different surfaces during the coalescence process.93 These figures
have been adapted from ref. 93 with permission from Elsevier, Copyright 2017.

Nanoscale Minireview

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 5521–5536 | 5531

Pu
bl

is
he

d 
on

 0
7 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 4

:4
2:

35
 P

M
. 

View Article Online

https://doi.org/10.1039/d3nr06133g


surface of the nanoparticles (Fig. 6d), and the Cu-core/Au-shell
decahedron is predicted to be the most stable structure for
AuCu nanoparticles for the lowest formation energy, which
was confirmed with TEM observations and MD simulations.

Sluiter et al. carried out the ab initio calculations to study
the phase stability of superstructures based on the FCC lattice
in the AuPd and AgPt alloy systems.98 They declared that, in
the AuPd alloy system, compounds with the UPb prototype (Nr
40) structure are predicted to be the most stable phase, even
though the experimental verification for this structure is still
lacking. In the AgPt alloy system, the ground state analysis
suggested that the L11 structure is predicted as the only stable
compound at ambient temperature, while at very low tempera-
ture there may be a marginally stable Ag3Pt phase. Using a
modified magnetron-sputtering system, Bohra et al. syn-
thesized the NiCr alloy nanoparticles and investigated the cor-
relation between the structures and magnetic properties of
these nanoparticles.99 Direct in situ TEM and EDX analysis
showed the occurrence of Cr surface segregation and precipi-
tation into Cr satellites in the NiCr nanoparticles upon anneal-
ing. They found that the segregation of nonmagnetic Cr upon

annealing can decouple magnetic nanoalloys and hence
weaken their magnetic properties. Both the MD and MMC
simulations revealed that it is energetically favourable for the
Cr atoms to stay on the surface, resulting in the Cr segregation,
and the internal stress could be released upon the Cr
segregation.

Nelli et al. tuned the coalescence of PtPd alloy nano-
particles with ∼5 nm diameter from a growth regime with neg-
ligible coalescence to a coalescence-dominated regime using
gas-phase magnetron-sputtering aggregation experiments.22

Furthermore, they interpreted their experimental results with
MD simulations on similar-sized nanoparticles at different
temperatures (500 K–700 K) and identified four different pro-
cedures when coalescence proceeds to equilibrium. These pro-
cedures occurred on a hierarchy of clearly separated time
scales: (1) alignment of atomic columns; (2) alignment of
close-packed atomic planes; (3) equilibration of shape; (4)
equilibration of chemical ordering.

Ogata et al. investigated the stability of surface structure
and space-charge distribution in free anatase and rutile nano-
particles using a variable-charge interaction potential in which

Fig. 6 (a) Congruent melting point versus size for all the investigated shapes. (b) Congruent melting point versus composition for all the investigated
shapes. (c) Phase diagram of an AuCu decahedron having 4 nm side length with and without segregation. The inset indicates a schematic cross-side
view of the segregation effect into the AuCu decahedron particle. (d) Surface composition versus core composition for a AuCu decahedron having
4 nm as length side without/with segregation.97 These figures have been adapted from ref. 97 with permission from American Chemical Society,
Copyright 2014.
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atomic charges vary dynamically depending on their environ-
ment.100 It was found that the dynamic charge transfer
enhances atomic diffusion in surface regions of nanoparticles
at 1400 K, whereas it creates additional repulsive interparticle
force through formation of a double-charge surface layer in
each nanoparticle. Besides, the MD simulations also suggested
that the sintering of two anatase nanoparticles is significantly
promoted by the enhanced surface diffusion due to dynamic
charge transfer at high temperature. Alimohammadi et al. per-
formed MD simulations to study the sintering of nanocrystal-
line TiO2 with symmetric and asymmetric Wulff shapes in
vacuum.101 They demonstrated that anatase nanocrystals
aggregate with certain preferred orientations in vacuum, which
is driven by the electrostatic forces between under-coordinated
atoms on the edges between nanocrystal facet. Nevertheless,
the aggregation of anatase nanocrystals rarely occurs along the
direction of dipole even when the permanent dipole moment
is as large as 250D, implying that higher order multipole
moments are the driving force for the preferential alignment.

Buesser et al. conducted a series of MD simulations to
study the sintering of 2–4 nm rutile TiO2 nanoparticles to full
coalescence at 1500–2000 K.102 The simulations showed that
highly mobile ions from the particle surface fill in the initially
concave space between nanoparticles via surface diffusion and
the final, fully coalesced, spherical-like particle with minimal
displacement of inner Ti and O ions forming via grain bound-
ary diffusion. They also revealed the significance and sequence
of these two sintering mechanisms (surface diffusion and
grain boundary diffusion) of TiO2. Furthermore, a faster sinter-
ing rate was present than that in the literature and nicely con-
verged to the literature ones for increasing particle size.

This section discussed the research works on the coalesc-
ence of alloy nanoparticles and metal oxide nanoparticles in
literature. Similar to section 3.2, most research studies are
focused on the coalescence of alloy nanoparticles consisting of
Au and Ag. Since the interactions between different metallic
elements vary, surface segregation and precipitation occur
during the coalescence process of alloy nanoparticles. This
trend also leads to the formation of core–shell structure. For
metal oxide nanoparticles, TiO2 nanoparticle is typical in sin-
tering since it is one of the fundamental ceramics with appli-
cations in photocatalysts, capacitors, and pigments. The
coalescence of TiO2 nanoparticles is mainly caused by the
mobile surface ions, which is similar to the surface diffusion
of atoms in the metal/alloy nanoparticles.

4. Perspective and conclusion

This work is dedicated to providing a mini review of compu-
tational approaches and applications for studying the coalesc-
ence of metallic nanoparticles. Toward this goal, we started by
discussing the outstanding performances and coalescence
behaviors of metallic nanoparticles, and proposing some chal-
lenges in the coalescence of metallic nanoparticles.
Subsequently, we introduced the applications of molecular

dynamics and the Monte Carlo method in nanoparticle
coalescence. Furthermore, we summarized the coalescence
kinetics and mechanisms of metal nanoparticles with the
same element and different elements, alloy nanoparticles and
metal oxide nanoparticles. In this section, we will present our
perspective and conclusion.

4.1. Coalescence of medium- and high-entropy-alloy
nanoparticles

There has been an explosion of interest in the field of
medium-entropy alloys (MEAs) and high-entropy alloys (HEAs)
since they were first introduced in 2004, which are a novel cat-
egory of multi-principal component alloys consisting of metal-
lic elements in equal/near-equal atomic concentrations.103,104

Cantor-like HEAs, made of Al, Co, Cr, Cu, Fe, Ni, Pd, Mn, etc.
and in an FCC lattice, tend to coalesce at a similar temperature
to that of the conventional binary alloys. Refractory HEAs, one
prominent class of HEAs consisting of refractory elements
(Mo, Nb, Ta, Ti, V, W, Zr, etc.) and in a body-centered-cubic
lattice, possess higher temperature resistance.

The widespread interest in these materials stems from both
the novelty of the concept as well as their outstanding mechani-
cal (among other) properties, such as the uncommon balance
between strength and ductility in AlCoCrFeNi2.1 and
CoCuFeNiPd,105,106 ideal plasticity in AlxCoCuFeNi,

107 and
exceptional high temperature strength in MoNbTi and
MoTaTiWZr.108,109 It has also been reported that nanoparticles
play a significant role in the deformation mechanism of
(FeCoNi)86-Al7Ti7, (FeCoNi)86-Al8Ti6, and Ni30Co30Fe13Cr15Al6Ti6
MEAs/HEAs.110,111 However, the coalescence kinetics/mecha-
nism of MEA/HEA nanoparticles is rarely reported.

4.2. Coalescence of nanoparticles studied by machine
learning

Although there are abundant studies focusing on the nano-
particle coalescence in recent years, current exploration on the
coalescence kinetics and mechanism of metallic nanoparticles
is only at the tip of an iceberg. More aspects on computational
understanding of the coalescence of metallic nanoparticles
still call for ML and other approaches to provide more insights.
For example, using deep learning assisted atomic electron
tomography,112 a full 3D atomic structure of a dumbbell-
shaped Pt nanoparticle formed by a coalescence of two nano-
clusters can be determined.113 The results indicated that the
diffusion of interfacial atoms mainly governed the coalescence
process, but other dynamic processes such as surface restruc-
turing and plastic deformation were also involved.

X-ray absorption near-edge structure (XANES) spectroscopy,
SAXS, and ab initio simulations, could also be combined with
ML (artificial neural network) techniques to investigate the
coalescence of Cu cluster for formation of complex materials.
Significant differences have been between the sizes of particle
agglomerates, as probed by SAXS, and the sizes of locally
ordered regions, as seen by XANES. These differences have
been interpreted as evidence for the fractal, grape-cluster-like
structure of the agglomerates. The huge compositional space
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of metals and alloys offers unlimited opportunities for aca-
demic and industrial research and development, where ML
can be integrated with experimental and simulation methods
to deepen the understanding of the coalescence of metallic
nanoparticles.

A strong development in ML came from the rapid growth of
databases, starting in the early 2000s.114 Advances in ML algor-
ithms and data generation have created a fertile ground for
computational materials science. Data-driven ML has proved
to be particularly instrumental in pushing progress in a wide
variety of metallic materials, including catalysts, superalloys,
shape-memory alloys, metallic glasses, and high-entropy
alloys. Combining high-throughput experimental techniques
with high-throughput calculation/simulation approaches,
massive amounts of data have been generated. Currently, the
Materials Project,115 AFLOW,116 OQMD,117 and NOMAD118

repositories contain millions of calculations/simulations with
hundreds of millions of structural features and extracted pro-
perties. These databases were useful to study the coalescence
of metallic nanoparticles.
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