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Abstract: The sintering dynamics of nickel nanoparticles (Ni NPs) were investigated through a
comprehensive approach that included in situ transmission electron microscopy annealing and
molecular dynamics simulations. This study systematically examines the transformation behaviors
of Ni NP agglomerates over a temperature spectrum from room temperature to 850 °C. Experimental
observations, supported by molecular dynamics simulations, revealed the essential influence of
rotational and translational motions of particles, especially at lower temperatures, on sintering
outcomes. The effect of the orientation of particles on the sintering process was confirmed, with
initial configurations markedly determining sintering efficiency and dynamics. Calculated activation
energies from this investigation follow those reported in the literature, confirming surface diffusion
as the predominant mechanism driving the sintering of Ni NPs.

Keywords: nickel nanoparticles; sintering dynamics; molecular dynamics simulations; in situ TEM
annealing; surface diffusion; particle orientation

1. Introduction

The characteristics of nanomaterials fundamentally differ from those of their bulk
counterparts due to the pronounced influence of their surface areas. This difference is
primarily attributed to their substantial surface-to-volume ratio, which ensures that the
surface properties significantly shape the overall behavior of nanomaterials. The decrease
in all sizes to tens of nanometers leads to the formation of monocrystalline particles with
unique properties. Several metals, such as Au, Ag, Co, Ni, Cu, and Pd, or alloys, such as
Fe-Cu, Co-Cu, Fe-Ag, or Ni-Ag, have been investigated in nanoparticle form and found
use in a variety of applications [1-4]. Whether it is the magnetic properties of Fe-Co-Ni
particles [5], the luminescence properties of ZnO nanoparticles [6], catalytic properties of
Au [7], Pd [8], or CdS NPs [9], the size of the particles plays a crucial role.

A broad range of applications was found for nickel nanoparticles (Ni NPs), which can
be used in electrocatalysis, photocatalysis, or biomedicine [10,11]. These unique properties
of NPs as catalysts derive from the large percentage of coordinatively unsaturated atoms
located at the surface, edges, and corners of the NPs compared to the total number of
atoms [12]. The unsaturated atoms have the highest catalytic activity because they tend to
increase their coordination number by coordinating with their surroundings. Furthermore,
potential applications in magnetic sensors [13], memory devices [14,15], and conducting
materials [16] have been examined. For the particles below a critical size, a single magnetic
domain is energetically more stable, which results in their supermagnetic properties [17,18].

The synthesis of Ni NPs is achievable through various methods categorized into physical,
chemical, and biological techniques, each with distinct advantages [19]. Chemical synthesis
includes processes such as chemical reduction [20], electrochemical techniques [21], and thermal
decomposition [22]. Biological synthesis uses biological sources like plants, bacteria, fungi, and
other microorganisms for the synthesis [23]. Physical approaches, including mechanical milling
and arc discharge [24], offer robust solutions for achieving precise control over particle size and
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morphology through top-down strategies. Notably, gas aggregation stands out for producing
highly uniform and pure NiNPs with controlled size and shape [25].

Consolidation of individual nanoparticles occurs through the elevation of temperature,
pressure, or application of electric fields [26]. This consolidation of individual monocrystalline
particles to a dense microstructure causes a deterioration of the desired properties originating
from the nano-size of the particles. When sintering nickel nanoparticles, the process differs
significantly from that in bulk recrystallization [27] due to the large surface-to-volume ratio of
nanoparticles. Studies of the sintering of Ni gas nanoparticles have been used to calculate dif-
fusion coefficients [28]. However, there is a lack of studies that allow for the direct observation
of the behavior of agglomerates of Ni nanocrystals at elevated temperatures.

The literature reveals a few key findings in molecular dynamics (MD) simulations for
nickel nanoparticle sintering. Studies have focused on the effects of particle size and tem-
perature on the melting and sintering processes, providing insights into the size-dependent
melting phenomena and surface melting of nickel nanoparticles [29]. Additionally, research
has explored the sintering mechanisms, particularly looking into nanoscale materials, which
can offer a broader understanding applicable to nickel nanoparticles [30]. Another critical
area of investigation involves using specific interatomic potentials, like Morse parameters
and EAM functions, to accurately simulate the behavior of nickel nanoparticles and their
interactions with other materials [31]. These studies collectively contribute to a deeper un-
derstanding of the sintering behavior of nickel nanoparticles at the atomic level. Crucially,
for a comprehensive understanding, these simulations should be rigorously compared
with experimental data to validate the accuracy and relevance of the theoretical models.
Most molecular dynamics studies have predominantly concentrated on the sintering of
two particles, not examining the effects that arise from the interaction of multiple particles.

In this work, pure Ni nanoparticles were prepared using magnetron sputtering. In
situ annealing in the transmission electron microscope is used to monitor the coalescence
of these particles in temperature ranges from room temperature to 800 °C. Experimental
observations are complemented with MD simulations.

2. Materials and Methods

Pure Ni nanoparticles were prepared by DC magnetron sputtering at the following
deposition conditions: pressure of Ar 13 Pa, current of 500 mA, and voltage of 335 V. The
nanoparticles were sputtered from a 1.5 mm thick Ni target with a purity of at least 99%.
The maximum amount of impurities is presented in Table 1. Details of the used geometry
and procedure can be found in [32].

Table 1. Composition of the sputtering target.

Ni Fe Mn Si Cu S C
99.0 min 0.40 max 0.35 max 0.35 max 0.25 max 0.01 max 0.02 max

The samples for TEM were prepared by mixing the particles with methanol and drop-
ping the solution on silicon dioxide ultrathin-film TEM window grids. The particles were
characterized on a Jeol 2200FS electron microscope operated at 200 keV using conventional,
scanning, and high-resolution transmission electron microscopy (TEM, STEM, and HRTEM,
respectively). Bright-field (BF), high-angle annular dark-field (HAADF), and secondary
electron (SE) detectors were used in the scanning mode. The annealing of particles was
performed in situ up to 900 °C with the same microscope using a Gatan double-tilt heat-
ing holder. The calibration of the holder was performed using the phase transformation
temperature of alpha to beta titanium at high temperatures and phase transformations in
the Al-Sn system at low temperatures. The statistical evaluation of the number and size of
nanoparticles was performed with Image] 1.45 software [33].

A pair and a pile of randomly oriented Ni nanoparticles with a radius of 3.5 nm for
the molecular dynamics simulation were created in Atomsk [34]. The LAMMPS software
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23 June 2022 version [35] with MEAM potential [36] was used for MD simulations. The
particles were held at constant temperatures with a Nose-Hoover thermostat [37] for one
ns, using a one fs time step. Simulated atomic configurations were visualized and analyzed
using Ovito 3.2.1. [38].

3. Results
3.1. Experimental TEM Observations
3.1.1. Characterization of Initial State

In Figure 1, the TEM images reveal an agglomeration of nickel particles, predominantly
of a spherical shape. A detailed view in Figure 1b shows the atomic distances within some
of these particles. Fourier transformation analysis of these images confirms the presence of
fcc nickel, evidenced by the matching interatomic distances to nickel 111 and 200 planes.
The fcc structure of nickel is further confirmed by the selected area diffraction pattern
(Figure 1c). No signs of surface oxidation were detected.

20 30 40
Diameter [nm]

Figure 1. TEM images of the initial state of an agglomerate of Ni nanoparticles—(a) TEM BF showing
a representative agglomerate at room temperature, (b) detailed HRSTEM view with a confirmation of
fec Ni structure by Fourier transformation image in the inset, (¢) STEM BF—diffraction contrast with
selected area diffraction pattern (SAED) overlaid by fcc Ni diffraction pattern, (d) STEM HAADF—
mass thickness contrast, (e) SE—surface contrast of the agglomerate detail, and (f) histogram of
particles size distribution.

Images in the HAADF (Figure 1d) and SE (Figure 1e) detectors provide additional
information about the thickness and surface morphology. The total number of particles of
the agglomerate exceeding 2000 can be roughly estimated from these images. Regarding
the size distribution of these nanoparticles, as depicted in Figure 1f, their diameters range
from 4 to 14 nm, with an average value of 8 nm and a standard deviation of 2 nm.
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3.1.2. In Situ TEM Annealing

The particles were annealed up to 100 °C, 300 °C, and 500 °C, then in 50 °C steps up
to 850 °C. Each temperature was held for 5 min for the stabilization. The annealing process
of the isolated nanoparticle agglomerate is shown in Figure 2. Initially, up to a temperature
of 300 °C, the nanoparticles exhibit minimal changes in shape. However, upon reaching
500 °C, the particles begin to sinter, coalescing into larger entities that are two to three times
their original size while approximately retaining the overall form of the agglomerate. The
particles undergo progressive reshaping as temperatures increase between 500 °C and 800 °C.
The process culminates at 850 °C, where the nanoparticles merge to form a single large particle.

(a) RT (b) 300 °C (c) 500 °C
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Figure 2. In situ annealing of the nanoparticle agglomerate. STEM BF images in the tempera-
ture range of 25-850 °C: (a,b) initial stages of sintering, (c—h) coalescence of smaller particles, and
(i) coalescence of the whole agglomerate into a single particle.
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Figure 3 presents the changes in the size distribution of nanoparticles within an
agglomerate across different temperatures. These statistical distributions were derived by
measuring diameters for 120 distinct particles at room temperature (RT) and 300 °C. As
temperatures escalate, there is a noticeable reduction in the total number of particles, and
the distributions at 500 °C and 700 °C measured on 80 and 70 particles, respectively. The
data reveal a significant increase in the mean diameter of the nanoparticles: from 8 nm at
room temperature, it enlarges to 12 nm at 500 °C and expands further to 19 nm at 700 °C.
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Figure 3. Histograms of the size distribution of particles in the agglomerate in Figure 2 at chosen
temperatures: (a) 300 °C, (b) 500 °C, (c) 700 °C, and (d) 850 °C compared to the room temperature.
The total number of particles decreases with increasing temperature.

The characteristic sintering time (T) of nickel particles is defined as the time required
for the length of the sintered neck between two particles to reach 83% of the initial radius
of the particles. The formula of characteristic sintering time as a function of the radius of
the primary particles can be derived from macroscopic continuum theories of sintering via
surface diffusion [28,39]:

T=kg x T/(25 x D x v x a*) x R, 1)
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where R represents the radius of the primary particles, D denotes the diffusion constant, y
signifies the surface free energy, and a corresponds to the diameter of the atoms. The model
incorporates the temperature-dependent diffusion coefficient, D, which follows the Arrhenius
relationship D = Dy x exp(—Ea/kgT), where Dy is the pre-exponential factor, E, is the activation
energy, kg is the Boltzmann constant, and T is the sintering temperature in Kelvin.

Additional information from HAADF detectors (Figure 4a—d) allows for the distinction
of thickness contrast from the diffraction contrast visible in BE. Compared to images of the
surface from the SE detector (Figure 4e-h), all the dark parts corresponding to the holes
in the SE images align well with dark parts in the HAADF detector corresponding to a
reduced thickness. A conclusion that can be drawn from these observations is that the
surface inhomogeneities are primarily attributable to the perspective of the agglomerates,
as seen from above. The lack of significant cavities on the lower side suggests the adhesion
of the particles to the SiO; membrane. Furthermore, while the HAADF detector images
suggest that particles appear as individual entities, the necking process—signifying the
onset of sintering among these particles—is distinctly observed through the SE detector.

Figure 4. Annealing of the nanoparticle agglomerate at temperatures with the most prominent
shape changes, comparison of mass thickness contrast in STEM HAADF images (a—d), and surface
morphology contrast in SE detector images (e-h).

The information from the HAADF, BF, and SE detectors and size distribution for
temperatures of 300, 500, 700, and 850 °C (Figure 4) allow for estimating the surface area
change. Implementing the modified phenomenological model of Koch and Friedlander,
described by Tsyganov et al. [28], enables a quantitative analysis of this dependence.
Initially, the volume of the two individual particles at 850 °C and the volume of the
aggregate of particles at 800 °C were computed. In the case of non-spherical particles, the
volume estimation employed a spherical model using the average radii obtained from
measurements. With volume conservation validated between these temperatures, this
principle of volume consistency was extrapolated across all examined temperatures. The
particle count was estimated, adhering to their empirically measured distribution, enabling
the subsequent surface area calculation, which was predicted using the spherical particle
assumption. Area changes as a function of temperature are plotted in Figure 5a.
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Figure 5. Analysis of the surface area of the annealed agglomerate: (a) change in the estimated surface
as a function of temperature, the ranges where no coalescence, coalescence of smaller particles, and
coalescence of the whole agglomerate are indicated in the plot; (b) Arrhenius plot according to
Equation (2). The solid line represents the linear regression of the measured data (empty circles). The
initial and final areas (points marked as a single particle) were not used in the fit.

Employing Equation (1), combined with the principle of conserved volume, and
integration of the Koch—Friedlander equation as well as diffusion coefficient D = Dy x
exp(—Ea/kgT), the formulation of Equation (2) follows (detailed derivation in [28]):

T x f(A) = C x exp(—Ea/kgT), (2)

where T is temperature, E, is the activation energy, kg is the Boltzmann constant, C is a
constant associated with sintering conditions, and f(A) is a function solely dependent on
the agglomerate surface area before sintering (Ag), during sintering (A), and in the fully
sintered state (Ag). If we denote Ag/Ag as «, As/A as 3, and Ag/A asy, then

f(A) = f(aBy) =t - | —a(r-1) 32 (P = 1) 3P -1) @)

o
-5

By plotting the logarithm of T - f(A) as a function of inverse temperature (Figure 5b), the
activation energy was determined as 0.75 eV/atom for a temperature range of 300-800 °C.
The value is much smaller than volume diffusion, comparable to some values of the grain
boundary and surface diffusion [40,41]. At 850 °C, when the nanoparticles merge into a
larger single particle, there is a noticeable deviation from the linear fit in Figure 5b. This
indicates a change in the sintering mechanism.

3.1.3. Initial Stages of Annealing

The details of the initial phases of sintering under 450 °C are depicted in Figure 6.
Figure 6a—d capture the merging of particles of various sizes, forming larger aggregates, specif-
ically a 7 nm, and a 6 nm particle with a larger 10 nm particle at a temperature of 300 °C. The
increase in temperature to 400 °C facilitates the merging of slightly larger particles between
13 and 15 nm, as shown in Figure 6e-h. Both particle size and temperature significantly influ-
ence the initial stages of particle coalescence, forming larger, more consolidated structures.

Beyond the primary coalescence process, subtle positional adjustments among individ-
ual particles within the agglomerate are noticeable (Figure 7). These adjustments illustrate
a tendency towards reducing inter-particle distances, contributing to the densification and
overall compaction of the agglomerate.
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(a) 100 °C (b) 200 °C (c) 300 °C (d) 400 °C

200 °C (g) 300 °C (h)

Figure 6. Annealing of different agglomerates of Ni nanoparticles at a temperature range of
100400 °C; detail of initial stages of sintering. STEM BF image sequences of two different areas:
(a—d) first area and (e-h) the second area. Blue rectangles mark the coalescing particles.

Figure 7. Initial stages of annealing of a smaller agglomerate of Ni nanoparticles; STEM BF images at
different temperatures. Yellow arrows and rectangles mark position changes between individual particles.

3.2. Characterization by Molecular Dynamics Simulations
3.2.1. Annealing Simulations of a Four-Particle Agglomerate: Particle Motion Analysis
The molecular dynamics simulation of the sintering process of the four nickel nanopar-

ticles with the initial configuration shown in Figure 8 was run for two different temperatures
(273 and 1100 K).

Figure 8. Ovito visualization of the initial configuration of a pile of nanoparticles used in
MD simulations: (a) front, (b) up, (c) down, and (d) back views.
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The dynamics of a four-particle agglomerate over a 1 ns timescale at room temperature
is illustrated in Figure 9. The whole body motion of all the particles can be observed to make
contact between non-touching particles, causing a decrease in their distance (Figure 9e,f)
and contact (Figure 9g). The small rotations between crystalline lattices of individual
particles accompany this translational motion. Their behavior is similar to that observed at
lower temperatures in the in situ TEM experiment. The contact area between two particles
expands minimally, extending only a few interatomic distances. The translational and small
rotational motion of individual particles in the agglomerate results from minimizing the
surface energy and the boundary energy between two lattices.

Figure 9. Ovito visualization of results of MD simulations of the nanoparticles annealing at 273 K.
(a—c) A 1 ps of simulation: (a) front view, (b) how the pile was sliced for a better view, (c) top view, and
(d-h) top view sliced at different timesteps. White arrows mark the distance between individual particles.

Aside from the whole body motion at a high temperature of 1100 K (Figure 10), the
traveling of individual atoms from the surface of the particles through the interspace
between two particles can be detected. By combining these mechanisms, particles meet and
coalesce into a single mass (Figure 10d). The initial contact and neck formation between
initially non-touching particles occur in a shorter time (100 ps) than during the room
temperature annealing (350 ps). This is a result of particle motion and rotations caused by
attractive van der Waals forces [42] and energy minimization by lattice rotations between
all four particles in the pile. After the contact, the neck growth continues, and the sintering
time obeys predictions based on diffusion mechanisms.

Figure 10. Ovito visualization of results of annealing of nanoparticles at a temperature of 1100 K.
Top view sliced at different timesteps (25 ps—1 ns): (a) 25 ps, (b) 50 ps, (c) 100 ps, and (d) 1 ns.
White arrows mark the distance between individual particles, and white circles mark the motion of
individual atoms through the void.
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3.2.2. Motion of Individual Atoms

A selection of atoms from the vicinity of the neck of two joined particles was made at
one ns of simulation (Figure 11d,h). Images of this particle selection at lower simulation
times (Figure 11a-h) indicate the original position of atoms contributing to the necking.
Most of these atoms are close to the contact area (the distance is lower than four lattice
parameters—Figure 11a). Surface atoms are the only ones traveling more considerable dis-
tances (Figure 11f). Thus, the maximum final displacement of inner atoms is approximately
1.4 nm, while the final displacement of surface atoms can reach 4 nm.

Figure 11. Detail of necking of nanoparticles annealing at 1100 K at different time steps. The selection
is colored according to the particle index: yellow, blue, and green atoms correspond to the selection
in each particle; red atoms are outside of the selection. (a-d) Front view, a cross-section through the
interior of particles, and (e-h) back view of the surface.

The motion of inner atoms unaffected by necking at 1100 K is visualized in Figure 12.
A truncated conical volume was selected at the beginning of the simulation time, cutting
through both particle surfaces (Figure 12a-d). The images of the selection at 1 ns show that
only surface atoms shift and the inner ones remain stationary.

Figure 12. Selection of atoms cutting through the nanoparticle. The selection was made manually
at 1 ps of simulation: (a—d) front and side views at RT; (e-h) the corresponding views at 1 ns. The
simulation was made at 1100 K.
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3.2.3. Diffusion Coefficients

The diffusion coefficient was calculated from the sintering of two particles (Figure 12)
with a radius of 3.5 nm at 1100 K from the initial slope of the atomic mean-square displace-
ment, MSD, using the Einstein relation:

1 d
b= mtlg?oa<2i1 (ri(t) — 13t = 0))) (4)

where N is the number of atoms in a particle, d is the dimensionality, and rj is the position
of each atom. The calculated values for the same and different orientations of particles
are 3.4 x 10712 m?/s and 1.1 x 1071 m?/s, respectively. The values match well with
the diffusion coefficient for 1100 K that Rahbar et al. [40] obtained from calculations
with different interatomic potentials. The increase in the total diffusion coefficient in
misoriented particles is related to the formation of an additional non-crystalline area at the
interface. The images of the nanoparticles with the same and different orientations at three
simulation timesteps (Figure 13) confirm a lower sintering time for differently oriented
particles. This phenomenon aligns with observations made in simulations of Al and Au
nanoparticles [43,44], where a slower sintering evolution of particles with initially larger
areas was reported.

Figure 13. Sintering of two particles at 1100 K for two different particle orientations: (a—c) same
initial orientation of particles; (d—f) differently oriented nanoparticles ([100], [010], [001], and [1-10],
[001], [110] directions parallel to X, y, and z axes). The atoms are colored according to the common
neighbor analysis: green—fcc, red—hcp, and gray—not defined lattice structure. The final length of
the sintered particles is marked by a blue arrow.
The diffusion coefficient value, 7.4 x 10712 m?2 /s, of individual particles in the nanopar-
ticle pile with the same initial orientation (Figure 13) was computed at 1100 K. This is
between the values of diffusion coefficients of two nanoparticles at the same temperature.
The value indicates variations in the area of the disoriented lattice at the particle boundary
due to mutual rotations of a many-body system.

4. Discussion

The diffusion in MD simulations occurs mainly through the diffusion of surface
atoms. The mechanism matches the mechanism predicted in the experimental part, where
the calculated activation energy corresponds to surface and grain boundary diffusion
values. For nanoparticles, boundaries can be excluded or considered as the surfaces of two
particles in contact. This result is expected and corresponds well to other experimental and
simulation findings of nanoparticle sintering [28,43,44].
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The TEM observations indicate a noticeable change in particle shapes at given tem-
peratures. The images were captured within a few seconds, a time range resulting from
the time required to acquire an STEM image. Consequently, this timeframe restricted the
ability to detect processes that occurred faster. Each temperature was held for several
minutes, allowing slower processes to come into play. When taking the values of gamma
and D as constants from the established literature values, the characteristic sintering time
as a function of temperature for different values of particle radii can be computed from
Equation (1). For the sintering of particles with a diameter under 10 nm, a characteristic sin-
tering time of 100 s is expected at room temperature, while it decreases to several seconds at
300 °C. The estimated characteristic sintering time ranges from seconds to hundreds of
seconds for particles with diameters under 20 nm and temperatures over 500 °C. Sintering
time estimates obtained from molecular dynamics simulations [29,40] cannot be directly
applied to match the experimental results due to the significantly smaller particle sizes and
higher temperatures involved in the simulations.

This estimation fits the temperature scale when the sintering of individual particles
was observed with a microscope. The coalescence of smaller particles to ones with larger
diameters was observed for the temperatures when characteristic sintering times were close
to seconds. However, after the quick transformation after each temperature step, the newly
formed structures remained unchanged for the ten-minute step, where they were held at
a constant temperature. The necking of particles might have occurred. However, it did
not result in coalescence, even after a longer time. Monte Carlo simulations [45] show that
the increase in the sintering time is linked to the presence of faceted elongated particles.
A more isotropic equilibrium shape is formed more slowly than expected for spherical
particles because crystal growth on the facets requires the nucleation of new islands.

The influence of particle orientation on the sintering rate was shown in MD simula-
tions, where the lattice mismatch between two particles resulted in lower sintering times.
Similar results were reported in MD simulation studies of the sintering of Au and Al
nanoparticles [43,44]. Many random orientations exist in our experiments using nanoparti-
cle agglomerates without a preferred initial-contact-area orientation. Consequently, this
influence should neutralize across the sample and not significantly impact the results.

Within the context of molecular dynamics simulations, nanoparticles exhibit rotational
and translational motions when they are part of agglomerates. Small rotations of particles in
MD simulations have been reported by Zhu and Averback [46] on two-particle simulations.
They observed an elastic deformation during the early sintering stages, after which a relative
rotation between the two particles begins until a low minimum energy grain boundary
is achieved. The rotation effect was also observed in experimental Au nanoparticles [47]
and numerical Au/Cu nanoparticles [48]. Generally, it is considered to be a process of
boundary elimination.

However, the motion in our simulation appears to be unrelated to the alignment of
lattice planes, but contributes to accelerating surface minimization. This fact could be the
result of complications caused by the presence of several particles. Notably, this effect has
not been accounted for in the calculated diffusion coefficients or the subsequently estimated
time rates, thus representing an overlooked factor that speeds up the sintering process.

5. Conclusions

In situ TEM observations were used to study the coalescence and sintering of fcc Ni
nanoparticles with an initial mean diameter of 8 nm from room temperature to 850 °C.
The analysis of the images allowed the measurement of the particle size from which the
activation energy of diffusion was determined for temperatures up to 800 °C. The activation
energy of diffusion calculated during the direct in situ annealing observation aligns with the
existing literature, reinforcing the dominance of surface diffusion as the primary mechanism
driving these sintering phenomena through previously unexplored temperature ranges. The
phenomena observed in the experimental findings, including rotational and translational
movements during sintering at lower temperatures and sintering via surface diffusion, align



Crystals 2024, 14, 321 13 of 14

with molecular dynamics simulations, validating the use of MD simulations for calculations
in the temperature range of RI—800 °C. Between 800 and 850 °C, well under the melting
temperature predicted for nanoparticles by molecular dynamics simulations, the coalescence
of a nanoparticle agglomerate to one single particle was observed, indicating a change in the
sintering mechanism. Direct experimental observations of fcc Ni nanoparticle sintering offer
valuable data for validating the findings via various MD simulations.
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