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Understanding Mono- and Bi-Metallic Au and Ni Nanoparticle
Responses to Fast Heating

Tatiana E. Itina*®

Nanoparticle assembly, alloying and fragmentation are fundamental processes with significant implications in various fields
such as catalysis, materials science, and nanotechnology. Understanding these processes under fast heating conditions is
crucial for tailoring nanoparticle properties and optimizing their applications. For this, we employ molecular dynamics
simulations to obtain atomc-level insights into nanoparticle behavior. The performed simulations reveal intricate details of
sintering, alloying and fragmentation mechanisms shedding light on the underlying physical phenomena governing these
processes. The calculation results help to visialize nanoparticle evolution upon undercritical and supercritical heating
elucidating not only the role of temperature, but also of nanoparticle sizes and composition. In particular, it is shown that
surface tension and surface energy play important roles not only in nanoparticle melting but also in its fragmentation. When
the added energy exceeds a critical threshold, the nanoparticle begins to experience alternating compression and expansion.
If the tensile stress surpasses the material's strength limit, fragmentation becomes prominent. For very small particles (with
radius smaller than ~10 nm), this occurs more rapidly, whereas sub-nano-cavitation precedes the final fragmentation in
larger particles, which behave more like droplets. Interestingly, this effect depends on composition in the case of AuNi alloy
nanoparticles, as expected from the phase diagrams and excess energy. The heating level required to overcome the mixing
barrier is also determined and is shown to play an important role in the evolution of AuNi nanoparticles, in addition to their
size. Furthermore, our findings provide insights into controlling nanoparticle synthesis for various applications in numerous
nanotechnological domains, such as catalysis, sensors, material analysis, as well as deseas diagnostics and treatment. This
study bridges the gap between experimental observations and theoretical predictions paving the way for designing

advanced nanomaterials with enhanced functionalities.

1. Introduction

Nanoparticle (NP) assembly, mixing and fragmentation represent
fundamental phenomena with profound implications across diverse
scientific and technological domains (1-3). The ability to understand,
to alter and to control the behavior of nanoparticles under varying
thermal conditions is paramount for advancing numerous fields of
modern nanotechnology in various domains such as chemistry,
optics and photonics, energy storage, catalysis and medicine (4-12).
Nanoparticles are also promising candidates for environmental
remediation applications, such as pollutant removal and wastewater
treatment. In fact, high surface area-to-volume ratio (13) and unique
chemical, optical, magnetic and/or electronic properties make
nanomaterials particularly attractive (1-3). Additionally, nano-
objects are known to be efficient photo-thermal converters (14) and
color modifiers (15). Particularly, the extraordinary capacities of
plasmonic nanomaterials to locally enhance electromagnetic field
(16) were extensively studied during last decades.

In modern nanotechnology, nanoparticles often serve as building
blocks for synthesizing advanced materials with tailored properties.
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In fact, sintering and controllable assembly of nanoparticles (17)
enable not only the three-dimensional (3D) fabrication of
nanostructured materials with enhanced properties, but also provide
possibilities of numerous combinations, or so-called “smart”
materials (18). Particularly, two or multi-material complexes can
create, such as Janus nanoparticles (19), core-satellites structures
(20), alloys (21), nanoparticle chains, lattices, etc. By changing the
fabrication conditions, such as temperature, pressure and ambient
medium, the properties of the fabricated nanomaterials can be
adjusted, but it is still difficult to efficiently control over engineering
new functional materials. Sintering and fragmentation processes are
strongly material-dependent (22, 23). These processes not only
affect properties of nanoparticles, but can constantly and profoundly
impact the fabrication process. In addition to traditional chemical
fabrication methods, efforts were focused on the development of
physical or even biological synthesis of nanomaterials (24). Many of
the recent achievements in the experimental research have
showcased the potential of pulsed heating techniques to engineer
nanoparticle morphology and structure with unprecedented
precision, demonstrating their utility across various applications.
Thus, many investigations revealed the capacities and versatilities of
laser systems ranging from continuous wave (CW) to nanosecond,
picosecond and even femtosecond pulsed lasers (25-27).
Additionally, plasma discharges, such as corona, spark, RF,
magnetron, as well as plasma jets and sprays also lead to
nanoparticle formation and growth (28-30). These studies
elucidated the effects of rapid heating on various materials and



offered valuable insights into the mechanisms governing particle
melting, evaporation, sintering, etc.

In recent years, molecular dynamics (MD) simulations have emerged
as a powerful numerical approach for unraveling the intrinsic atomic-
scale processes underlying nanoparticle behavior (31-33). Namely,
MD simulations have significantly contributed to our understanding
of nanoparticle behavior under rapidly changing thermal conditions.
By faithfully replicating atomic interactions, MD simulations have
already provided numerous insights into the mechanisms driving
nanoparticle melting, aggregation and fragmentation (23,34-41).
These simulations not only helped to better understand
experimental results, but also uncovered intricate details of
nanoparticle dynamics, shedding light on phenomena that are
challenging to observe experimentally. Notably, recent MD studies
have elucidated the role of nanoparticle properties, environment,
heating rate, surface interactions, and diffusion kinetics in governing
nanoparticle evolution under pulsed heating, paving the way for
predictive modeling and design of nanomaterials with tailored
properties (35-41). On one hand, the phenomenon of nanoparticle
sintering, wherein adjacent nanoparticles merge due to diffusion and
surface energy minimization, plays a key role in determining material
properties and functionality. On the other hand, nanoparticle
fragmentation, characterized by the breaking apart of nanoparticles
into smaller entities, influences nanoparticle stability, reactivity, and
assembly.

Experimentally, effects, such as spectral changes or bleaching in
optical measurements, as well as changes in X ray scattering
indicated that either reversible or irreversible changes could be
induced by laser heating of nanoparticles at different fluences
(37,42-45). In experiments, such as laser ablation for instance,
commonly two distinguished nanoparticle populations are observed
with diameters smaller than ~10 nm and around 20-50 nm requiring
additional targeted fragmentation to remove to larger population.
For this, nanoparticles are often rapidly heated and exploded by an
additional laser irradiation (46). Thus, instead of slow evaporation,
they may experience rapid and non-equilibrium phase
transformations and breakage. Similar effects are known to occur in
wire explosion and in fast and ultra-fast laser ablation when super-
critical heating of materials is achieved followed by the formation of
a metastable super-heated liquid phases, phase explosion and
spinodal decomposition (47-49). These effects remain not enough
understood, particularly in the case of such small objects as
nanoparticles. Fast and strong heating, furthermore, leads to new
structures and phase formation enhancing atomic diffusion and
mixing of even immiscible elements, creating irreversible sintering,
dislocations or amorphous phases, complete or partial alloying, or
leading to Janus nanocomposite formation. Contrary to the long and
slow annealing, fast cooling helps freezing such structures.

Despite tremendous interest, most of the above-mentioned non-
equilibrium phenomena are still far from being understood. This
knowledge is, however, essential for both theoretical and applicative
developments. That is why, herein we present the results of several
MD simulations that are focused on the nuanced dynamics of
nanoparticle fragmentation and assembly upon fast and rather
strong heating during only 20 ps followed by a rather fast cooling.
We consider monoatomic Au and bi-atomic Au-Ni nanoparticles. The
choice of the material is based on the important catalytic
applications. Thus, Au-Ni nanoparticles can serve as catalysts in
hydrogenation reactions, where they help in the selective addition of
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hydrogen to various substrates. These nanoparticles are used in fuel
cells and electrochemical sensors, enhancing the efficiency and
performance of reactions like the oxygen reduction reaction (ORR)
and hydrogen evolution reaction (HER). Catalysis impacts numerous
industries, including energy, pharmaceuticals, and environmental
technology, making it a critical area of research and application for
Au-Ni nanoparticles. Not only alloy, but also Janus nanoparticles
offer unique advantages for catalytic applications due to their dual
functionality, enhanced catalytic activity, improved stability, and
versatility. For Au-Ni nanoparticles, the Janus structure can be
particularly advantageous in multiphase reactions and in applications
where different catalytic processes need to be optimized
simultaneously. This makes Janus Au-Ni nanoparticles a promising
candidate for advanced catalytic systems, potentially outperforming
traditional alloy or core-shell configurations in specific scenarios. The
fabrication procedures of such structures, however, remain
challenging. To better understand the effect of picosecond heating,
both near-critical and supercritical conditions are considered. By
probing these processes at the atomic level, we aim to elucidate the
underlying mechanisms governing nanoparticle evolution and
morphology in response to intense thermal stimuli.

2. Methodology and simulation details

The study is based on classical molecular dynamics simulations to
investigate nanoparticle dynamics under pulsed heating conditions.
In these simulations, the behaviour of atoms within the nanoparticle
system is simulated over time based on Newton's equations of
motion. Interatomic interactions are described using a suitable force
field, allowing for the calculation of forces between atoms and the
determination of particle trajectories (50).

In the present model, the initial nanoparticles may consist either of
one type of atoms (Au, Ni) or a mixture of these metallic atoms with
various atomic fractions. They are modelled as spherical entities with
the corresponding lattice structure. The interatomic interactions
between metal atoms are modelled by using the Embedded Atom
(EAM) potential (51):

u =%Zi$j§0(rji) + 2 F(p), (1)

where the first item is the two-body potential, F represents the
embedded function, p; = X; p;; is the electron density of the atom
i, pij is the electron density function. For the interaction of different
metallic atoms, we use specifically built EAM potentials that were
previously verified to give reasonable values of material elastic
constant, equilibrium lattice constant, bulk modulus, and vacancy
formation energy (52-54). The equations of motion are integrated
using the velocity Verlet algorithm (55) available in LAMMPS (56),
which is known for its numerical stability and conservation of energy.
This algorithm allows for the efficient propagation of the system
dynamics over time. In the third simulation model, two or several
different metallic particles are placed in a close vicinity. They are
allowed to stick together during heating and then cooled down to
room temperature. Then, the sample is heated and cooled again
following the same procedure as for a single nanoparticle. We start
each simulation by a sample preparation procedure. Initially, atoms
are placed in the positions according to the structure of the
corresponding components forming one or several spherical
particles with centers at the pre-defined positions. The initial center
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to mass velocity is zero in the presented simulations. Before each
simulation, the initially built samples are firstly pre-heated above the
corresponding melting point, then quenched to 0.1 K, heated to
room temperature and equilibrated. This procedure allows us to be
sure that particles have a correct atomic structure and surface
energy (surface tension). The typical time step is as short as 1fs to
insure the correct energy of the system which is systematically
monitored. Commonly, open boundary conditions are used.
Simulations are then performed by increasing system temperature
during a short time of several picoseconds (20 ps here) simulating the
temperature rise from 300 K to Tpnex that can be higher that the
thermodynamic critical temperature through the canonical Nose
Hoover NVT procedure (57). After the heating, the system is slowly
cooled back to room temperature during a much longer time (200 ps
here). For the cooling stage, the NVT procedure is also used. The
simulation parameters and techniques are tailored to accurately
represent the system of interest while minimizing computational
overhead. High performance computing using MPI (The Message
Passing Interface) was used.

3. Modeling results and discussion

Nanoparticle behaviour is known to depend on their sizes. Thus, their
melting temperature is often described by the Gibbs-Thomson

. 2 .
equation: Ty, = Ty + %, where vy is the surface energy of the

nanoparticle material, k is Boltzmann constant; and Tmp is bulk
melting temperature (58-60).
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Figure 1. Size-dependent melting temperature of gold and nickel
nanoparticles (59-60).

Nanoparticles possess high surface energy due to the large fraction
of atoms residing at the surface, this effect being more pronounced
for particles with diameter smaller than D*~20 nm (radius R~10 nm).
Size-dependent melting temperatures of single mono-metallic
nanoparticles composed of Au or Ni are shown in Figure 1. The
theoretical predictions were compared with the results of the MD
simulations and a good agreement was obtained in the range of D
between 5 and 100 nm (59-60).

The high surface-to-volume ratio means that surface atoms, which
are less tightly bound than those in the interior, play a crucial role in
determining the nanoparticle’s mechanical properties. Commonly,
the relationship between melting point and pressure is described by
the Clapeyron equation. The melting point of a metal generally
increases under high compression. This is because increased
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pressure reduces the volume, making it harder for the atoms to move
into a liquid state. Under tensile stress or high extension, the melting
point of a metal typically decreases. This effect is attributed to the
reduced cohesive forces between atoms when the material is under
tension, making it easier for the atoms to break free from the solid
structure. The melting point of nanoparticles also depends on
pressure, but the effect is more complex. For nanoparticles, the
surface energy plays a significant role, and under compression, the
melting point may increase, but not as significantly as in bulk
materials.
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Figure 2. (a) - Temperature—density phase diagram of gold with phase states
(61): s—solid; I—liquid; g—gas; | + g—liquid—gas mixture; s + |—melting; (s)—
metastable solid; (s + I)—metastable melting; (I)—metastable liquid; (g)—
metastable gas. bn and sp are binodal and spinodal curves, respectively. (b)-
Binary Au-Ni phase diagram (63,64,65).

To get more information about material properties, thermodynamic
phase diagrams are commonly used (49, 61,62). An example of
previously calculated phase diagram of gold in temperature—density
coordinates is presented in Figure 2a. The presence of metastable
states, such as superheated liquid region and saturated gas is
particularly important for fast and strong heating. The life time of the
of metastable liquid state [region (l) in Fig. 1a] drops to zero when
approaching the spinodal, whereas it tends to infinity in the vicinity
of the binodal line. In the case of small nanoparticles, this diagram
should be corrected. The primary change for nanoparticles smaller
than 10-20 nm is observed in the melting curve (asin Figure 1), where
the melting temperature decreases with smaller nanoparticle sizes
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(as indicated by the dash-dotted black line in Figure 2a). The behavior
of other curves remains an open question. However, because surface
tension decreases with rising temperature, the surface effects on the
main lines defining the metastable and unstable regions (binodal and
spinodal lines) are significantly less pronounced at higher
temperatures. Noticeable differences can be, nevertheless, observed
in nanoparticle behavior due to their small size. To clarify, Figure 2a
presents a sketch of two typical temperature-density trajectories:
one for a slice of a bulk target heated by an ultra-short laser pulse
(blue line) and another for a nanoparticle with a radius of 20 nm
(yellow line). While a slice of a bulk target can be heated almost at
constant density in a vacuum, its trajectory enters the metastable
superheated liquid region with negative pressure only once, during
cooling. In contrast, for nanoparticles, the pressure and radius
oscillate during heating, causing the corresponding curve to
repeatedly enter and exit the metastable superheated liquid zone
with negative pressure, then return to positive pressure during the
heating process. To characterize binary systems, Au-Ni phase
diagrams the corrections corresponding to the changes in properties
for nanoparticles (Figure 2b) were also calculated (63,64,65).

Under rapid heating, the system reaches strongly non-equilibrium
conditions, and many mechanisms governing nanoparticle responses
under such conditions remain insufficiently studied. Depending on
the energy input, as well as the rates of heating and cooling,
nanoparticles may undergo a range of transformations (Figure 3)
such as partial or complete melting, evaporation, fragmentation,
aggregation, coalescence, and mixing.

(@ (b)
s o
. N
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- 3 °
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Figure 3. Schematics of nanoparticle transformations under fast
heating: (a)-(b) -evaporation, (c)-(d) -fragmentation, (d) —(e)
sintering, (e)-(f) and (d) —(f) -alloying, (e) —(h) aggregation, (h)-(f) -
fragmentation of an aggregate.

A series of molecular dynamic simulations are performed to
investigate the behavior of nanoparticles under rapid heating, with
particular emphasis on mono- and bi-atomic metallic systems. As we
will demonstrate, rapid heating can induce not only nanoparticle
melting and evaporation but also fragmentation into smaller pieces.
Additionally, sintering and mixing processes can be significantly
enhanced.

4| J. Name., 2012, 00, 1-3

3.1 Fast heating and decay of a single mono-metallic
nanoparticle

Firstly, we consider the rapid heating of single metallic nanoparticles
(Au) of varying sizes. A series of all-atom three-dimensional
simulations were conducted with a heating rate as high as
3.85 x 10™K/s during 20ps. The considered heating rate and
temperature ranges well above material boiling point can be easily
obtained in experiments with ultra-short (femtosecond) laser pulses,
as can be understood based on a well-known two-temperature
model for metals. In this model, two coupled heat equations are

commonly written for small nanoparticles as follows
dr,

Ce(Te)E = _g(Te - Tl) +S(t) (1)
€ 5t=g(T.—T) (2)

where T, is the electron temperature; Tj is the lattice temperature;
C,.(T,) is the electronic heat capacity, typically linear with T,; C; is
the lattice heat capacity, usually assumed constant, g is the electron-
phonon coupling constant and S(t) is the source term describing the
energy input from the laser. Here, the free electron subsystem
absorbs the energy of the laser pulse. Subsequently, electron-
phonon coupling occurs within 1-100 ps, during which the excited
electrons transfer their energy to the lattice. For femtosecond lasers
with wavelengths resonant with the plasmonic properties of gold
nanoparticles and fluences typically used in laser fragmentation, the
electron temperature can reach extremely high levels (on the order
of several hundred kK). As a result, the lattice temperature often
exceeds the material's critical temperature within electron-phonon
relaxation time, leading to the formation of a metastable
superheated liquid state and the onset of critical phenomena such as
phase explosion and dynamic fragmentation (49). Similar extreme
overheating and critical effects can be observed in electric explosions
by certain plasma discharges, such as sparks.

Figure 4. Snapshots from MD simulations showing the time evolution
of Au nanocluster with radius R=20 uc (1uc = 4.07 A for Au), N=1959
atoms, and maximum temperature Tpyax = 8000 K obtained at t=0.1,
5, 10 ps (upper row), 20, 50, 100 ps (bottom row) from left to right.

Itis interesting to examine the role of nanoparticle size under heating
well above melting point. Upon such rapid and intense heating,
surface pre-melting occurs within the first few picoseconds for the
smaller particle (R = 20 uc). This causes significant surface instability,
leading to rapid disintegration and irreversible nanoparticle
fragmentation (Figs. 4-5).

An important observation is that to achieve even partial nanoparticle
decay, the temperatures must exceed the thermodynamic critical
temperature of bulk material. One can see in Figures 4-5 that while
the smaller cluster is evaporated, the bigger cluster starts

This journal is © The Royal Society of Chemistry 20xx
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experiencing expansion, followed by multiple nanocavitation that
finally leads to the particle decomposition into a number of smaller
clusters. In addition, a large number of atoms and very small clusters
are ejected in the form of monomers. Both the atoms and the
daughter clusters expand rapidly outward from the cluster
center. This result with the fact that nanoparticle formation and
fragmentation by short heat sources often results in a bimodal
fragment size distribution, producing bigger particles along with
many smaller clusters and monomers (66,67).

Figure 5. Snapshots obtained in MD simulations showing the time
evolution of Au nanocluster with radius R=50 uc (uc is unit cells
length, 0.407 nm for Au), N=30845 atoms and maximum
temperature Tmax =8000K obtained at time delays t=0.1, 5, 10 ps
(first row), 20, 30, 40ps, (second row) , 50, 60, 70ps (third row), 80,
100, 150 ps (bottom row) after the beginning of strong and short
(20ps) heating (from left to right).

Complete nanoparticle melting is achieved within ~2-10 ps
depending on nanoparticle size. The difference between
uncompleted and compete melting is evident in the radial
distribution function (Figure 6 for R=20 au, and Figure 1S in
Supplementary materials for R=50 au), where Figure 6(a) reveals a
mixture of liquid and solid phases at 01.ps, while Figure 6(b)
corresponds to a complete melting of the same nanoparticles at t=10
ps. The subsequent dynamics are characterized by intensive bond
breaking and atomic expansion, occurring not only at the surface but
also deeper within the nanoparticle.

Because particle melting take place, surface instabilities can be
observed like in liquid droplets, where a competition exists between
forces driving expansion and those attempting to retain the droplet's
shape. As for particle decay, which generally occurs due to a
combination of both thermal and mechanical effects, several criteria
were proposed mostly for bulk material. It is clear that particle
fragmentation leads to the formation of new surfaces, so that the
system energy should be high enough for this. Again, it is important
to note that the fraction of surface energy in the energy balance is
larger for smaller nanoparticles (smaller than 10 nm). Upon heating,
the absolute value of the potential energy decreases, while the part

This journal is © The Royal Society of Chemistry 20xx
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of kinetic energy in total energy rises. During cooling, the inverse
process is observed (Figure 7). From thermodynamic point of view
fragmentation can enter into play if the formation of new surfaces is
energetically profitable, so that the corresponding potential energy
AE; = ¥ vpAy is smaller than the one the system would have without
fragmentation, where y, is the interfacial energy per unit area of the
particle p; Ak is the area of the new surface k formed (68,69).
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Figure 6. Calculated radial distribution function (RDF) for Au cluster
with R=20 uc, (a) at t=0.1 ps and (b) -the same at t=10 ps.

Therefore, depending on particle size and material, rapid heating can
lead to not only fast melting, surface instabilities, dynamic
fragmentation, but also the formation of growing nanopores inside
the heated material. This phenomenon is similar to the well-known
sub-surface boiling and cavitation observed in ultra-fast ablation or
explosive boiling, arising from tensile stresses, thermal nucleation,
and defect diffusion and aggregation.

When a gold nanoparticle is subjected to thermal stress, the stress is
concentrated intensely due to its limited volume, leading to a regime
of stress confinement. As the tensile stress increases, it can
overcome the cohesive forces that hold the surface atoms together,
resulting in the initiation of cracks or voids. For a gold nanoparticle,
the radius can be expressed in terms of the number of unit cells. The
lattice constant of gold, a, is approximately 0.407 nm. If the radius
of the nanoparticle is 50 uc, the actual radius R = 20.4 nm. The

. . 4
volume of a spherical nanoparticle can be calculated as V = EnR3.

The onset of fracture can be estimated by comparing the tensile
stress o (or, a negative pressure, P) with the material’s cohesive
strength a.. For a gold nanoparticle under tensile stress: P > g5 =
%, where Y is the surface energy (approximately 1.51/m? for gold),
and r is the radius of the nanoparticle. Substituting the values, we
obtain a5 = 73.5 MPa. Thus, when the applied tensile stress exceeds
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approximately 73.5 MPa, it can overcome the cohesive forces in a
gold nanoparticle with a radius of 50 uc, leading to fracture or the
formation of cracks and voids.
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Figure 7. Calculated temperature and NP energies vs time for
Tmax=8000 K. Here, simulations are performed for a single Au NP with
radius (a) R=20uc, and (b) R= 50 uc. Energy units are cal/mol.

The calculated pressure-temperature dependencies are shown in
Figure 8. The calculated pressure oscillates, as shown in Figure 8, due
to the fact that rapid heating induces pressure waves or even shock
waves, which are known to form under such conditions. In the case
of a nanoparticle, these waves propagate toward the center and then
return to the surface, with energy being dissipated in the processes
of particle deformation and bond breaking. The period of such

. . . 2R . .
dumped oscillations can be estimated as t; = - where R is particle
S

radius and c; is sound velocity. An estimation of a gold nanoparticle
with of 20 nm gives a value of ~16 ps at ¢; = 2.4x103 m/s. This period
decreases with size. More precisely, it is also possible to describe
such oscillations by using Lamb Rayleigh theory, where different
modes can be considered. Considering breathing mode, again
oscillations frequencies close to the one obtained in MD calculations
are obtains. For particles with radius smaller than 10 nm, the
frequency stays constant since such objects do not obey to classical
mechanical description anymore. In a simplified approach, one can
consider the balance between internal pressure and surface
pressure, which is especially significant for small nanoparticles. The
internal pressure P,,; due to thermal expansion can be expressed as

av(t) AR(t)
P = —K B —K -——=, and the surface pressure
2y(T)

= where r is nanoparticle radius, and K is the bulk modulus of

Pours =

gold. The total pressure P(t) is:

P(t) = Pt + Psus = —K - %Ft) + ZYIET)I (3)
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where the radius R(t) can be modeled as a damped harmonic
oscillator. The basic equation for the oscillations of the radius R(t)
is:
d?R(t)
dat?

dR(t)
dt

+ 24w, + w§(R(®) —Ry) =0, (4)

K . —
where wg = [—; is the natural angular frequency of oscillation,
PRy

with K being the bulk modulus and p the density of the nanoparticle
material. { is the damping coefficient, which accounts for energy loss
due to internal friction and other dissipative processes; R, is the
equilibrium radius of the nanoparticle. The solution to this equation
depends on the damping coefficient {. If the damping is small ({ <
1), the solution represents underdamped oscillations:

R(t) = Ry + Ae~$@otcos(w t + @), (5)

where A is the amplitude of oscillation, w; = wg/1 — {? is the
damped angular frequency, ¢ is the phase angle.
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Figure 8. Calculated pressure-temperature dependencies (a) for Au
nanoparticle with radius R=20 uc ; (b) - the same for radius R=50 uc.
The heating-cooling conditions are the same as in Fig. 4-7.

Both the frequency and the damping coefficient are influenced by
the size of the nanoparticle, as evidenced by the calculation results.
The frequency typically increases as nanoparticle size decreases until
~10 nm, and then remains constant. On the contrary, for smaller
nanoparticles, the damping effect often increases due to enhanced

surface. The surface tension y(T) = y,(0K) (1—?) and the
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temperature-dependent strength limit o4(T)  decrease with

temperature o4(T) = g5(300K) (1 - TL), at T<Tn,. If P(t) =

0,(T), stress exceeds strength limit and voids and crack may appear.
The maximum strength strongly depends on the heating rate. Given

. . . dar
that the temperature increases linearly with time at a rate e the

temperature change is AT (t) = %- t.

The time t,, at which the temperature reaches the melting point,
. . . . d
given the maximum temperature is 8000 K and the heating rate d—: =

3.85 X 1014K/s depends on nanoparticle size, and is between ~1.3
and ~2.6 ps for gold nanoparticles. Then additional time is required
for a complete melting is required when size-dependent additional
heat is required for bond breaking corresponding to the particle
melting enthalpy Hn,. So, the complete melting time rises with size
from ~2 to ~8 ps. Beyond these time delays, the models of liquid
nanodroplet oscillations become justified. In particular, several
instabilities may occur. For instance, Rayleigh Instability may take
place when a liquid droplet (or a larger molten nanoparticle)
becomes unstable due to the minimization of surface energy. This
instability may cause the particle to break into smaller droplets.
Given that the most unstable mode corresponds to a wavelength of
approximately the circumference of the original droplet, the droplet
typically breaks into two fragments (for n = 2). Thus, the expected

radius of fragments r ~ % =0.79 R. For a gold nanoparticle with a

radius R = 20nm, the resulting fragments would each have a radius
of approximately 16.1 nm, which basically agrees with the MD
simulation results. This is a simplified estimation that assumes equal-
sized fragments. Note that a distribution of bigger fragments and
smaller clusters is obtained in both MD simulations and in common
experiments.

Furthermore, at very high energy levels and ultra-fast heating, phase
explosion is known to take place. For bulk material, this limit was
defined as T~0.9 Tc, where Tc is thermodynamic critical temperature
of the material (70). For a nanoparticle, this would give E*~
0.9(3kTene N), where Tenp is thermodynamic critical temperature of
nanoparticles N= (4/3) nR3p/M and S=2rR?; R is the nanoparticle
radius; and M is the atomic weight. The present simulation shows
that super-critical energy per atom is commonly required for phase
explosion of a nanoparticle. This result can be attributed to the facts
that nanoparticle expand, vibrate, move, their structure and shape
change. All these processes consume energy. When nanoparticle
material becomes sufficiently overheated, bonds get broken, strong
tensile stress leads to the expansion and nanopores nucleation due
to explosive boiling and dynamic fragmentation.

3.2 Fast heating of bimetallic alloy nanoparticles

In the case of a bi-metallic particle, the above-derived criterion
depends not only on the nanoparticle size, but also on its
composition, as we show in the next section. In general, it should also
depend on nanoparticle shape, but this is beyond the scope of this
paper. In addition to monometallic nanoparticles, it is also
interesting to examine the effect of atomic fractions in bimetallic
alloys on the nanoparticle decay process. In this study, nanoparticles
were heated to temperatures just above the fragmentation
threshold. For this, we consider an intense and fast heating of AuNi
nanoparticles with different initial compositions (Figure 9). The
obtained calculation results show that, at the considered border-line
heating level, in some cases (small or high Ni atomic fraction) mostly

This journal is © The Royal Society of Chemistry 20xx

surface evaporation can be observed, whereas partial particle
fragmentation takes place in other cases (near equal Ni and Au
atomic fractions). Therefore, the calculation results indicate that the
nanoparticle is particularly stable when the Ni fraction is either small
or large. However, it is easier to fragment the nanoparticle when it
contains approximately 50%-60% of Ni element. We note, however,
that if heating level is increased, it is also possible to fragment all the
particles.

Figure 9. Snapshots obtained in MD simulations for AuNi
nanoparticle (R~40 uc, N~15820 atoms) heated up to 9000K and
cooled down to 300K, showing the role of composition for time
delays of 0, 50, and 160 ps for three Ni fractions (top - 20%, middle
row - 50%, bottom - 80% ).
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Figure 10. Excess energy, as depicted in Fig. X, is calculated using the
following equation for AuNi alloy (63-65), eq. (S1). Energy units are
J/K mol.

To understand such effects, thermodynamic phase diagrams are
often employed. Detailed mono- and bi-metallic phase diagrams for
nanoparticles were measured and calculated in several studies,
either taking into account metastable phases, or neglecting them
(63-65). We note, however, these diagrams are only suitable for
equilibrium conditions (71,72,73) and are hardly applicable for fast
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and strong heatings. Even though fragmentation is a strongly out-of-
equilibrium process, mixing or so-called "excess" energy can still
provide valuable insights, particularly regarding the composition
dependency for the bi-metallic systems. For Au Ni nanoparticles, the
“excess energy” was calculated (Figure 10) based on the model
presented in (63-65).

3.3 Rapid heating of AuNi Janus nanoparticles and nanosatellites

In this section, attention is focused on sintered or Janus
nanoparticles. They are firstly obtained in a preliminary simulation
and then heated back to room temperature before the second fast
and strong heating. Such nanoparticle sintering is known to be driven
by minimization of the total Gibbs free energy of the system, G.
However, it is still unclear how the sintered bi-metallic nanoparticles
would response to an additional fast heating: Will they be separated,
destroyed or mix together? To bring more light on such processes, a
series of calculations are carried out for Ni-Au Janus nanoparticles
(74,75) with the same sizes and rapidly heated to the same
temperature following the same heating algorithm as in previous
sections.

Figure 11. Snapshots obtained in the heating of Janus AuNi
nanoparticles (6125 atoms, where 3061 atom of Au and 3064 of Ni)
with heating shown in Figure 3S. Tmax=2700K, time delays are 0, 10,
20ps (upper row) , 50, 70, and 90 ps (bottom row), from left to right.

The snapshots obtained in MD calculations at this maximum
temperature calculation are shown in Figure 11. The corresponding
temperature evolution, potential, kinetic and total energy curves are
shown in Fig and the calculated radial correlation functions are
demonstrated in Figure 12. One can see that during the heating Au
and Ni nanoparticle parts start approaching, particles start to melt.
The surface diffusion enters into play, so that Ni atoms start covering
Au core forming one larger particle at the end of the heating stage
(at 20 ps).

We note that when nanoparticles stay solid inside, the inner
interatomic diffusion remains low. The final effect depends on the
maximum temperature, as we will show in what follows.
Furthermore, with the increase in T, kinetic energy rises here again
while the value of potential energy decreases (and inversely during
the cooling stage). The particle is molten at the end of the heating
stage, but it remains Janus so that only partial mixing is observed
(Figure 2S Supp. Mat.).

Fast heating at sufficient energy level helps to efficiently mix Au and
Ni compounds. For this, diffusion should be promoted, so that
temperature should reach or overcome a certain value ~2700K,
based on the calculated excess energy (Figure 10). By reaching or
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surpassing this temperature, the increased atomic mobility allows Au
and Ni atoms to interdiffuse more rapidly, leading to a more uniform
alloy.

The calculated energy difference can be also used to characterize
atomic mixing that can be reached (Figure 3S in Supp. Mat.) and to
indicate when the mixing barrier can be overcome.
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Figure 12. RDF calculated for the AuNi Janus nanoparticle shown in
Figure 11 at time delays (a) Ops, (b)-10ps, and (b) -20 ps. Here, the
maximum temperature Tmax =2700K.

A series of calculations are then performed for higher maximum
temperatures (4000K and 8000K). As shown in Figures 13-14, these
elevated temperatures significantly enhance the mixing process.
However, the mixing remains incomplete. In fact, rapid heating and
the following cooling may freeze the system before complete mixing
occurs, trapping the elements in a partially mixed state. Finally, the
formation of stable phases or intermetallic compounds during
heating could also inhibit full mixing by creating regions where
further diffusion is energetically unfavorable. To balance effective
alloying with structural integrity, it is crucial to identify an optimal
temperature range where diffusion and mixing are maximized
without causing significant particle degradation.

This journal is © The Royal Society of Chemistry 20xx
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Figure 13. Simulation snapshots for AuNi obtained at time delays
t=0, 10, 20, 50, 70 and 90 ps for Tmax= 4000K.

Figure 14 clearly demonstrates that at high temperatures, the
particle starts experiencing strong deformation. Additionally, it is
partially evaporated and partly destroyed. Such high heating should
be, therefore, avoided if alloying is the main objective. Thus, to
enhance the nanoparticle mixing, there is a temperature window
that can be chosen. In fact, temperature should be high enough to
overcome diffusion and mixing barriers, but lower than the one at
with nanoparticle starts to decay.

E

® | @

Figure 14. Simulation snapshots for AuNi Janus NP and Tmax=8000K,
at time t=10, 20, 30, 50, 70, 90 ps.

The most favorable conditions are to be determined based on the
excess energy calculations and on the potential energy curves. When
Tmax is larger than 2700 K as expected from the diagram shown in
Figure 8, mixing barrier vanishes. Additionally, jumps that are
observed in potential energy indicate phase transitions and sintering,
while energy difference is also influenced by the excess energy that
is either released or consumed. Furthermore, the importance of
particle sizes, and in particular, of their ratio, was previously
emphasized. However, it was generally noticed that comparable
sizes are more favorable for alloying. Here we have chosen such
configurations because we are more interested by mixing and
alloying. The other sizes and atomic fractions can be more favorable
for core-shell formation and will be considered elsewhere.

In addition to Janus structures, nanoparticles often form more
complex aggregates or core-satellite structures (76,77) (Figure 15) if
their sizes are different. Addition fast heating of such complexes can
modify them considerably promoting either alloying or core-shell
formation at different energy levels, as show our MD results. If,
however, only one kind of particles is heated (as in some well-
targeted laser interactions), on the contrary satellite removal
becomes possible. Thus, the presented results clearly demonstrate

This journal is © The Royal Society of Chemistry 20xx

exciting possibilities that fast heating of nanoparticles provides. In
this paper we did not consider surface chemistry, solvent effects,
and/or molecular attachments. These processes are to be
considered in separate studies.

Figure 15. Simulation snapshots for AuNi core-satellite NP and time
delay of 0, 15, and 160 ps (6500K), where gold nanoparticle R=40 uc,
and Ni R=10 uc, symmetric Ni NP’s distribution, and for T=3500K
where gold nanoparticle R=40 uc, and Ni R=14 uc (1 uc=0.352 nm for
Ni), non-symmetric Ni NP’s distribution.

We note, finally, that catalytic properties of small Au-Ni
nanoparticles were extensively studied (78-84). Recently, in catalytic
characterization by the probe reaction of semi-hydrogenation of
butadiene showed that the nickel-based nanocatalysts containing a
small amount of gold exhibited higher selectivity to butenes than
pure nickel catalysts and a high level of activity, closer to that of pure
nickel catalysts than to that of pure gold catalysts (78). It was
particularly emphasized that these improved catalytic performances
could come from the incorporation of Ni within the gold surface
and/or from surface lattice relaxation and subsurface misfit defects.
Therefore, the results of our study open particularly interesting
routes for such catalytic applications. Au and Ni nanoparticles can
also form core—shell bimetallic Au-Ni particles (85-86), that could be
reshaped by heating, which is also promising for such applications.

4. Summary and conclusions

In conclusion, this study provides atomistic insights into the non-
equilibrium dynamics of nanoparticle sintering and fragmentation
under rapid and intense heating conditions through molecular
dynamics (MD) simulations. The methodologies and simulation
setups used offer a framework for investigating the dynamic
behavior of single nanoparticles or multiple nanoparticles under fast
heating conditions, enabling exploration of sintering and
fragmentation processes at a detailed atomic scale.

The main findings reveal distinct morphological transformations in
metallic nanoparticles. Particularly, it is confirmed that partial
melting of nanoparticles starts from the surface. When the added
energy exceeds a critical threshold, nanoparticle fragmentation
becomes prominent. The energy per atom required for this process
corresponds to the superheating and the required heating rate is
such that the maximum temperature is supercritical. In addition, our
simulations revealed that the fragmentation threshold is highly
sensitive to nanoparticle size, with smaller nanoparticles exhibiting
faster fragmentation rates and more pronounced morphological
changes. The study also explained the critical heating rates required
to initiate these processes. Furthermore, our results demonstrated
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that bimetallic nanoparticles exhibit unique fragmentation behaviors
compared to monometallic ones, due to the interplay between their
distinct melting points and surface energies. Specifically, Au-Ni
nanoparticles showed enhanced mixing and alloying under rapid
heating, leading to the formation of complex, metastable structures
prior to fragmentation.

We have furthermore numerically examined and analyzed the effects
of fast heating on nanoparticle mixing. Specifically, diffusion, mixing
and alloying are significantly enhanced in the considered regimes
due to the required changes in the excess energy. Unlike the subtle
morphological changes observed at slow and weak heating, the
results presented here illustrate extremely pronounced non-
equilibrium transformations. These findings demonstrate the
capacities of molecular dynamics (MD) simulations as a powerful tool
for exploring nanoscale phenomena with atomic-level detail. By
accurately capturing the dynamics of nanoparticle systems under
various heating conditions, MD simulations offer critical insights into
the mechanisms driving sintering and fragmentation processes. This
study also provides valuable information for the design and
optimization of nanoparticle-based materials and devices.
Understanding the dynamics of nanoparticle sintering and
fragmentation is essential for controlling material properties,
optimizing fabrication processes, and developing novel
nanomaterials with tailored characteristics for diverse applications.
The insights gained from MD simulations can also aid in analyzing
experimental studies, optimizing synthesis protocols, and designing
nanomaterials with enhanced performance and functionality.
Commonly, in addition to thermodynamic factors, the behavior of
bimetallic materials is affected by their composition, temperature
dependence of key mechanical properties, such as elastic-plastic and
brittle-ductile  characteristics. Chemical activities, including
segregation, evaporation of the more volatile component, and the
formation of chemical barriers, also play a significant role. We
emphasize, finally, that in the presence of an ambient medium, such
as a liquid solvent or a solid matrix, significant cooling, substantial
drag force, ambient pressure, damage, bubble formation, and
chemical reactions may influence the energy transfer from the
particle to the medium, as well as subsequent dissipation and
dynamics. During multi-pulse heating, both growth and
fragmentation may occur cyclically, with fragmentation prevailing at
very high supercritical fast heating. Multi-pulsed heating is also
commonly used in experiments, when created atoms can nucleate
into clusters again, fragments or daughter nanoparticles may
coalesce or aggregate, and the process can become cyclic. These
effects become significant if nanoparticle concentration is
sufficiently high. All these phenomena are beyond the scope of the
present study and will be addressed elsewhere.
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Figure 2S. Snapshots obtained in the heating of Janus AuNi
nanoparticles with heating shown above. Slice view calculated at 5,
. 80, and 100 ps, the left column is for Tmax=400 and the right one is
for Tmax=2700K.
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where Xni and Xa, are Ni and Au molar fractions, respectively
(63-65).
Figure 1S. Calculated radial distribution function (RDF) for Au cluster
with R=20uc, (a) -at t=0.1 ps and (b) — at t=10 ps. In figure (a) all the
results correspond to Au cluster with R=50uc showing partial melting
that is then completed in (b). Calculated radial distribution function
(RDF) (50) for Au cluster with radius R=50uc obtained at t= 10 ps.
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Figure 3S. Calculated temperature and NP energies vs time for AuNi
Janus NP and Tmax =2700K (a) , 4000 K (b), and 8000 K (c). Energy
units are cal/mol.
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