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Abstract: This study deals with the impact of the heating rate (HR), temperature (T), and the number of
atoms (N) on the structural features of amorphous nanoparticles (ANPs) of Ni by molecular dynamics
simulation (MDS) with the Pak–Doyama pair interaction potential field (PD). The obtained results
showed that the structural features of ANPs of Ni are significantly affected by the studied factors.
The correlation between the size (D) and the N was determined to be D~N−1/3. The energy (E) was
proportional to N−1, and the Ni-Ni link length was 2.55 Å. The glass transition temperature (Tg) derived
from the E-T graph was estimated to be 630 K. An increase in the HR induced a change in the shape of
the ANPs of Ni. Furthermore, raising the HR caused an enhancement in the D and a decrement in the
density of atoms. The obtained results are expected to contribute to future empirical studies.

Keywords: amorphous Ni nanoparticles; number of atoms; glass temperature; heating rate; molecular
dynamics; structural properties

1. Introduction

Nanoparticles (NPs) are very small particles ranging in size from 1 nm to 100 nm [1–4].
They exhibit unique and novel chemical and physical properties compared to their bulk
materials [4–7]. Therefore, researchers have focused on new studies to decrease the size
of bulk materials to the nanoscale. For this purpose, many theoretical (mean-field theory,
etc.), experimental (electrodeposition, etc.), and simulation (molecular dynamics (MD), etc.)
methods have been developed to fabricate NPs and nanomaterials and investigate their
characteristic properties in detail [2,8–11]. In particular, the simulation methods have enabled
the detailed analysis of the microstructure of ANPs at the atomistic level [12]. Among the
simulation methods, MD is widely used to examine the crystallization process of Ni NPs [13].
In the studies, the nucleation and evolution of defects in Fe NPs [14], the separation of Fe
crystal from amorphous FeB NPs [15], the local structure of the liquid and amorphous states
of Al materials [16], and the effect of amorphous surface layers on the deformation process
and mechanical features of Ni NPs [6] have been studied by means of the MDS method. In
recent years, ANPs have received great attention for science and technology because of their
exceptional properties [6,12,17]. Among them, Ni ANPs have found important applications in
a wide variety of scientific and technological areas and functional devices [4,13,17–24].

Therefore, many studies have been focused on the structure of ANPs of Ni materi-
als [25,26]. A study investigated the size (D) dependence of the Curie phase transition
temperature (Tc) in Ni NPs using a theoretical model [27]. It was found that increasing the
D of the Ni NPs from 24 to 200 nm leads to a gradual enhancement in the Tc from 593 K to
627 K [27]. Studies showed that Tc of Ni NPs is lower than that of bulk Ni (631 K) [27,28],
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and a nonmetal–metal transition occurs with the increase in the density of Ni atoms [29],
revealing a strong size effect. Ni NPs exhibit a large crystalline capacity and a high melting
point, which enables them to be used as glucose-detecting electrodes [30]. In the studies,
the shape and size of the NPs have been tuned using heterogeneous catalysts [31–34]. The
studies showed that NPs can be obtained in sizes smaller than 3 nm [35,36] and 2 nm [37].
The melting temperature (Tm) of amorphous Ni material is 1728 K [26]. It was reported
that Ni nanowires exhibit a much lower Tm compared to the Tm of bulk Ni [38]. In some
studies, the correlation between the D and the number of atoms (N) was found to be
D~N−1/3 [39,40]. The studies also showed that D is proportional to N−1/3 [38,41–47], and
the Tm is proportional to N−1/3 and D−1 [38,41,42,45–47].

It was found that increasing N from 336 to 8007 caused an enhancement in the Tm
of the Ni nanoclusters from 980 to 1380 K [41]. It was shown that the Tm is affected not
only by the size of the metal nanocrystals but also by their shape and dimension [48]. The
glass transition temperature (Tg) for a bulk material is believed to be less than 1/2 Tm, and
thus for bulk Ni material it is expected to be around 600 K [41]. The Tg was determined
to be 800 K for glassy Ni with N = 4000 atoms using the MDS method [45]. Studies on
the structural features of Ni NPs indicated that the closest interconnection distances of
bulk Ni, crystallized Ni NPs, and Ni ANPs are 2.43 Å [49], 2.45 Å [40], and 2.52 Å [50],
respectively. Considering the structural properties of Ni NPs summarized above and
our recent published works on Fe [37,51], Al [52,53], Ag [54], Cu [55], Ni [17,40], and the
mechanical properties of Ni nanomaterials [56], the effects of factors on the structural
features of Ni ANPs have continued to be examined using the MDS method [57,58]. Based
on the previously obtained results, amorphous Ni nanoparticles [40] have been successfully
studied by scientists in correlation with the number of atoms, temperature, annealing time
on the structure, crystallization process, and crystallization temperature. In addition, in
a new study, scientists also examined new influencing factors (such as the heating rate,
number of atoms, and temperature) on the characteristics of the structure of amorphous Ni
nanoparticles [17,40,50]. The obtained results show that when increasing the heating rate
the nanoparticles are broken at the heating rate of 108 K/s, which leads to an increase in the
size (D) with small values. The E also decreases with small values and increases suddenly
at a heating rate of 108 K/s. Furthermore, when increasing the number of atoms leads to
D increasing, E decreases; when there is an increase in the temperature (T), D and r have
constant values, E increases, and the glass temperature (Tg) has a value of Tg = 630 K. The
obtained results will be the basis for experimental studies on amorphous Ni nanoparticles
in the future, with aims to create useful materials for application in life.

2. Method of Calculation

Initially, to model the Ni NPs, the atoms were randomly seeded into a sphere. Then, it
was placed the model in the Pak–Doyama pair interaction potential field (PD) with the free
boundary condition [15,50,59], in accordance with Equation (1):

U(r) = A(r + B)4+C(r + D)2+E (1)

where, U(r) represents the interaction potential, r is the distance between atoms, and A,
B, C, D, and E are the constants of Ni NPs. The values applied in the model are given in
Table 1.

Table 1. The values of model for the Ni NPs.

Values Ni Values Ni

A −0.12929 D −2.50849

B −1.82709 E −0.135705

C 1.16473
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The D values of the NPs were estimated using Equation (2):

ρ =
N
V
→ D = 2

(
3N
4πρ

) 1
3

(2)

where, N is the number of NPs and ρ is the density, with ρ = 7.81 g·cm−3.
First, the ANPs of Ni2048, Ni2916, Ni4000, Ni5324, Ni6912, Ni8788 at T = 300 K with a

106 K/s heating rate (HR) were formed. In addition, the time simulation for each simulation
step of MDS was 0.46 fs. Then, the HR was increased from 5 × 105 to 108 K/s with the
nanoparticle Ni5324 at temperature (T), T = 300 K, and T was raised from 300 to 1100 K with
Ni5324 at a constant HR of 106 K/s.

The structural features were examined by the MDS method with the embedded
Pak–Doyama potential, which was combined with the Verlet algorithm and the average

coordination number (CN), CN = 4πρ
r1∫
0

g(r)r2dr.

During the simulation, it was applied the heating process based on the laws by Nosé [60],
the equation by Hoover [61], and the defined radial distribution function (RDF) [62–65].

The first peak height of the RDF is g(r) = n(r)
4πr2drρ0

, and r shows the first position of
the RDF. The n and ρ0 represent the number of atoms and the atomic density, respectively.

The Tg was determined from the correlation between the E and the T. The centrosym-
metric parameter [46,66], the bond angle method [67], the bond order method [68], and
the approach method for amorphous materials [69] were used to check the accuracy of the
obtained data.

3. Results and Discussions
3.1. Structural Characteristic Quantities

To study the specific quantities for the structure of the Ni ANPs, we chose Ni5324 ANPs
with a heating rate of 106 K/s at T = 300 K. The obtained results are shown in Figure 1.
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Figure 1. The shape (a), CNs (b), and RDF (c) of Ni5324 ANPs with heating rate of 106 K/s at
T = 300 K.

The results from Figure 1 show that the shape of the Ni ANPs was spherical, and they
were distributed quite uniformly (Figure 1a). The average coordination number (CN) was 13,
and the average coordination number density (CNm) was 34.9% (Figure 1b). The link length (r)
and the height of the RDF (g(r)) were determined to be 2.55 Å and 3.69 (Figure 1c), respectively.
The particle size (D) was 5.023 nm, and the binding energy (E) was −0.684 eV. The obtained r
value (2.55 Å) was in full agreement with the r value reported in previous studies (2.52 Å) [50].
Crystalline Ni was reported to have an r value of 2.45 Å [17,40] and 2.43 Å [49], implying that
amorphous Ni always has a link length greater than the link length of crystalline Ni. This is a
new finding for experimentalists doing research as well as those conducting research on the
influencing factors in the following sections.
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3.2. Factors Affecting the Structural Characteristic Quantities
3.2.1. Influence of the Heating Rate

The influence of the HR on the ANPs of Ni5324 is demonstrated in Figure 2, and the
obtained results are summarized in Table 2.

The obtained results revealed the shape of the ANPs of Ni5324 at the HR of 5 × 105 K/s
to be spherical (Figure 2a1) with D = 5.022 nm and E = −0.695 eV (Table 2). The CN was 13,
and the CNm was 33.82% (Figure 2b1). In addition, r was 2.55 Å, and g(r) was 3.69
(Figure 2c1). As clearly seen in Figure 2, raising the HR from 5 × 105 to 108 K/s caused a
change in the shape of the ANPs of Ni5324 (Figure 2a1–a6). The CN was 13 and remained
constant. However, the CNm changed from 33.82 to 35.6% with the HR (Figure 2b1–b6).
The r was r = 2.55 Å. However, the g(r) changed from 3.69 to 5.20 (Figure 2c1–c6). The D
value increased from D = 5.022 to 16.04 nm, and the density of the atoms decreased with
the increasing HR. When the HR increased from 5 × 105 to 5 × 107 K/s, the value of E
increased from E = −0.695 eV to E = −0.615 eV. Finally, at 108 K/s, a sharp increase up
to D = 16.04 nm and E = 169.119 eV (more than two orders of magnitude) was recorded
(Table 2). The reason is that when the heating rate increased, the transition of the material’s
state accelerated (to the heating speed of 108 K/s). The transition of the material’s state does
not change in time, leading the structure break (this is also the threshold of the structural
phase transition) and causing the atoms to fly out and appear empty in the materials.
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Figure 2. The shape (a1–a6), CNs (b1–b6), and RDF (c1–c6) of ANPs of Ni5324 with different HRs.

Table 2. D and E values for ANPs of Ni5324 with different HRs.

HR (K/s) D (nm) E (eV) HR (K/s) D (nm) E (eV)

5 × 105 5.022 −0.695 107 5.024 −0.659

106 5.023 −0.684 5 × 107 5.024 −0.615

5 × 106 5.023 −0.673 108 16.04 169.119

3.2.2. Effect of N

The influence of N on the ANPs of Ni2048 is demonstrated in Figure 3.
The obtained results indicated that the shape of the ANPs of Ni2048 was spherical and

the atoms were uniformly distributed (Figure 3a). Here, the r was 2.55 Å, g(r) was 4.65; CN
was 13, and CNm was 28.13%. An increment in the N from 2048 atoms to 8788 atoms gave
rise to a gradual increase in the D from 3.74 to 5.91 nm and a gradual decrease in the E
from −0.657 to −0.710 eV. The r was 2.55 Å, which was consistent with the value of the
ANPs of Ni obtained by the MDS method (2.52 Å) [50]. The results also revealed that the
r value of the ANPs was always higher than that of the bulk material determined by the
experimental method (2.43 Å) [49], and it led to a crystallization of Ni material determined
by the MDS method (2.45 Å) [40]. This is because the E of the system is smaller in the
crystalline or bulk material compared to the amorphous state, such that a decrease in the E
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of the system causes a decrement in the bonding length. In addition, the g(r) decreased
from 4.65 to 3.97, 3.83, 3.71, 3.59, and 3.70 (Figure 3b), and the CNm decreased from 28.13 to
27.44% (Figure 3c) with increasing N values.

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW  6  of  11 
 

 

reason  is that when  the heating rate  increased, the  transition of  the material’s state ac‐

celerated (to the heating speed of 108 K/s). The transition of the material’s state does not 

change  in  time,  leading  the  structure break  (this  is also  the  threshold of  the structural 

phase transition) and causing the atoms to fly out and appear empty in the materials. 

3.2.2. Effect of N 

The influence of N on the ANPs of Ni2048 is demonstrated in Figure 3. 

 

Figure 3. The shape (a), RDF (b), and CN (c) of the ANPs of Ni2048 with respect to the N. 

The obtained results indicated that the shape of the ANPs of Ni2048 was spherical and 

the atoms were uniformly distributed (Figure 3a). Here, the r was 2.55 Å, g(r) was 4.65; 

CN was 13, and CNm was 28.13%. An increment in the N from 2048 atoms to 8788 atoms 

gave rise to a gradual increase in the D from 3.74 to 5.91 nm and a gradual decrease in the 

E from −0.657 to −0.710 eV. The r was 2.55 Å, which was consistent with the value of the 

ANPs of Ni obtained by the MDS method (2.52 Å) [50]. The results also revealed that the r 

value of the ANPs was always higher than that of the bulk material determined by the 

experimental method  (2.43 Å)  [49], and  it  led  to a crystallization of Ni material deter‐

mined by the MDS method (2.45 Å) [40]. This is because the E of the system is smaller in 

the crystalline or bulk material compared to the amorphous state, such that a decrease in 

the E of the system causes a decrement  in the bonding  length. In addition, the g(r) de‐

creased  from 4.65 to 3.97, 3.83, 3.71, 3.59, and 3.70 (Figure 3b), and  the CNm decreased 

from 28.13 to 27.44% (Figure 3c) with increasing N values. 

This confirms that an increment  in the N not only leads to an enhancement in the 

density of atoms but also the major effect of the D on the structure of the ANPs of Ni. 

Furthermore,  the g(r)  reached  its maximum point  (4.65) when D was 3.74 nm  and  its 

minimum point (3.59) when D was 5.42 nm. In addition, as clearly shown in Figure 4, the 

D increased linearly, while the E decreased linearly with increasing N values. 

Figure 3. The shape (a), RDF (b), and CN (c) of the ANPs of Ni2048 with respect to the N.

This confirms that an increment in the N not only leads to an enhancement in the
density of atoms but also the major effect of the D on the structure of the ANPs of Ni.
Furthermore, the g(r) reached its maximum point (4.65) when D was 3.74 nm and its
minimum point (3.59) when D was 5.42 nm. In addition, as clearly shown in Figure 4, the
D increased linearly, while the E decreased linearly with increasing N values.
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The correlations between the D and the N and between the E and the N were obtained
using the equations of size where D = 9.117 – 69.993·N−1/3 (Figure 4a) and the energy of
the Ni nanoparticle is E = 0.748 + 240·N−1 (Figure 4b), respectively, revealing that the size,
D, is proportional with N−1/3 and the energy, E, of the Ni nanoparticle is proportional with
N−1, respectively, as also reported in former studies [38–47].

To study the factors affecting the structure of amorphous Ni nanomaterials, we chose
Ni5324 amorphous nanomaterials with D = 5.023 nm and E = −0.684 eV for the following steps.

3.2.3. Effect of Temperature

Figure 5 shows the impact of T on the structural features of the ANPs of Ni5324.
The findings showed that the shape of the ANPs of Ni5324 was spherical. D = 5.023 nm

and E = −0.684 eV at T = 300 K. The atoms were uniformly distributed (Figure 5a). The r of
RDF was 2.55 Å, the g(r) was 3.71, the CN was 13, and the CNm was 33.3% at T = 300 K.
D and r had constant values of 5.023 nm and 2.55 Å, respectively. The E value increased
gradually from E = −0.684 to E = −0.361 eV, but the g(r) value decreased gradually from
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3.71 to 2.66 with the increase in T (Figure 5b). As clearly seen in Figure 5c, the CN was 13
in the range between 300 and 900 K, while it was 12 at 1100 K. The CNm decreased from
33.3% to 29.2% with the increase in T (Figure 5c). This proved that increasing T causes a
decrement in the density of atoms.
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To determine the Tg value of the ANPs of Ni5324, the dependence of the E on the T
was examined (Figure 6).
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As distinctly noticed in Figure 6, the E-T graph consists of two regions. It can be
seen that, in both regions, there is a linear increase in the E value with increasing T. In the
first region, represented by the blue line (300 K < T < 600 K), there is a weak increase in
the E value with increasing T. However, in the second region, represented by the red line
(T > 700 K), there is a strong increase in the E with increasing T. The red and blue lines
intersect each other at T = 630 K, corresponding to E = −0.614 eV. This confirms that the
Tg is 630 K, which is consistent with the Tg values reported in previous experimental and
simulation studies, where Tg = 631 K [17,27,28]. The results also show that the Tg of the
ANPs of Ni (630 K) revealed in this study is smaller than that of Ni NPs in the crystalline
state (800 K) [45], indicating that the structure has a significant effect on the Tg of Ni NPs.

4. Conclusions

The effects of factors such as HR, N, and T on Ni ANPs were studied using the MDS
method with the Pak–Doyama pair interaction potential field (PD). The investigated factors
considerably affected the structural features of the ANPs of Ni. The correlations between D
and E and N were determined to be D~N−1/3 and E~N−1. The Tg value of the ANPs of Ni,
obtained from the E-T graph, was estimated to be 630 K.

The results are consistent with the Tg values reported in previous experimental and
simulation studies, where Tg = 631 K. This Tg value, obtained for the ANPs of Ni (630 K), is
lower than that reported for crystalline Ni NPs (800 K), revealing that the structure is one
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of the key factors for the Tg. The E was proportional to N−1, and the Ni-Ni link length was
found to be r = 2.55 Å. This r value, obtained for the ANPs of Ni (2.55 Å), was higher than
both r value of experimentally obtained bulk Ni (2.43 Å) and the r value of crystallized
Ni material derived using the MDS method (2.45 Å). Concerning the role of the HR on
the ANPs of Ni, it was revealed that the increase in the HR from 5 × 105 to 1 × 108 K/s
induced not only a change in the shape of the Ni ANPs but also an enhancement in the D
and a decrement in the density of atoms. The obtained results are expected to contribute to
future empirical studies.
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