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      In this work, the thermal reaction of aluminum (Al) and nickel oxide (NiO) was investigated by molecular dynamics simulations. Some 
effective features of reaction such as reaction temperature, reaction mechanism, and diffusion rate of oxygen into aluminum structure were 
studied. ReaxFF force field was performed to study the Al/NiO thermite reaction behavior at five different temperatures (500, 900, 1100, 
1200 and 1400 K). The results obtained from the molecular dynamics simulation predict that the reaction temperature for aluminum metal 
and nickel oxide mixture would be 1141 K, which is in a good agreement with that of the experimental value (i.e. 1148.8 K). In addition, 
the mean square displacement analysis suggests that the movement of aluminum atoms is less than that of oxygen and nickel atoms. The 
estimated diffusion coefficient of oxygen in the aluminum/nickel oxide thermite mixtures was 4.53  10-8 m2 s-1. The results show that the 
diffusion coefficients significantly increase with increasing temperature. 
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INTRODUCTION 
 
      Energetic materials or reactive materials are assumed as 
materials with high enthalpies of formation, which can 
release the chemical energy stored within their molecular 
structures in a reproducible manner upon stimulus through 
heat, impact, shock, spark, etc., generally with the release of 
large quantities of hot gaseous products. Reactive materials 
include three major categories: thermites [1,2], 
intermetallics [3,4] and metal-polymer mixtures [5]. Among 
these categories, thermites are of great consideration due to 
the fact that they are widely used as civilian and military 
applications needed large and rapid heating, including 
welding [6,7], alloying [8,9], gas generators [10,11], 
material synthesis [12,13], micro-heaters (or thrusters, 
detonators, and initiators) [14-17], igniters [18], and lead 
free gun primers [19]. In particular,  thermite  reactions  can  
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be described as an exothermic heterogeneous mixture of 
metal (fuel) and oxidizer particles where a metal powder 
and a metallic oxide (oxidizer) interact in an oxidation- 
reduction reaction manner with the evolution of a large 
amount of heat [20,21]. 
      Goldschmidt [22] introduced the concept of “thermite” 
in the 1895s while planning to come up with very pure 
metals. Among various metals such as aluminum, 
magnesium, titanium, zinc, silicon and boron, aluminum is 
the most commonly used fuel in thermites due to its high 
affinity for oxygen, easy handling, high reactivity, the 
abundance, and high boiling temperature [23]. Many of the 
metal oxides including Fe2O3 [24-26], CuO [27-29], MoO3 
[30,31], WO3 [32] Bi2O3 [33,34], NiO [35-37], etc. can be 
used as a oxidizer in the thermite reactions. 
      From the experimental perspective, much research has 
been conducted so far to explore the thermal behavior of 
thermite reactions [2,24,27,31,33,37]. In the literature, there 
are very few theoretical studies available as compared with 
experimental studies aimed at demonstrating the behavioral  
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parameters of the thermite reactions [3,25]. Using several 
characterization techniques such as scanning electron 
microscopy, electro-thermal analysis and differential 
scanning calorimetry, can be used to obtain knowledge on 
the thermite reaction including reaction temperature, 
mechanism of reaction, energy release, and etc. [29,38].  
      Complementing experimental effort on the energetic 
properties of the thermite reactions, molecular simulations 
have provided insight into the atomistic mechanisms driving 
the reaction progress. Nevertheless, computer simulation, 
especially molecular dynamics (MD) simulation, can 
provide an efficient method on atomic level to study the 
various properties of thermite reactions such as migration 
behavior of oxygen atom and estimate the reaction 
temperature, without the need of any other experiment 
apparatus. The choice of a suitable force field is an 
important factor in the calculations using MD simulations. 
As bonds are broken and formed in the thermite reaction, 
the special force field must be chosen. Among different  
available force fields, the ReaxFF force field for interatomic 
potentials is a powerful computational tool for exploring, 
developing, and optimizing thermite material properties 
[39]. The important advantage of the ReaxFF approach is to 
model the formation and breaking of bonds through several 
orders of magnitude which are faster as compared with the 
traditional quantum mechanical models. There are only few 
MD investigations conducted using ReaxFF on the thermite 
reactions. Quite recently, Zhu and coworkers [25]  
investigated the MD simulation on Al (nanosphere)/Fe2O3 
(nanotube) thermite reaction using ReaxFF. They measured 
the variations in chemical bonds to elaborate the reaction 
process and characterize the ignition performance as well. 
Furthermore, they found that under the temperature of 1450 
K, oxygen is directly released from hematite nanotube, 
thermite reaction is deemed as a multiphase process. Jin-
Ping and coworkers [40] studied the behavior of Al/SiO2 
thermite reaction through MD simulation using ReaxFF. 
Their results demonstrated that by increasing the initial 
temperature, the effective reaction time decreases.  
      To the best of our knowledge, however, the effects of 
the temperature and oxygen diffusion coefficients estimated 
for the Al/NiO thermite reaction behavior are not fully 
understood. In this case, we could refer to the work 
performed by Wen and coworkers [37].  

 
 
 In this work, the following stoichiometric reaction can be 
considered: 
 
      

32332 OAlNiNiOAl                                               (1) 

 
In the final phases, Al2O3 and Ni components are formed 
through a situ chemical reaction in which Al reduces the 
nickel oxidize. 
      The main focus of the present study is to characterize 
the MD simulation results such as reaction mechanism 
involved the formation and breaking of chemical bonds, 
structure evolution during reaction process, mean square 
displacement parameter, diffusion coefficient, and radial 
distribution function analysis for Al/NiO thermites reaction 
at different temperatures.  
 
Simulation Details 
      All the calculations for MD simulation of thermal 
reaction between Al and NiO compounds were performed 
using LAMMPS software [3,25,40,41]. The conjugate 
gradient (CG) algorithm were used as molecular dynamics 
algorithm for either of the energy minimization and the MD 
steps. The assigned tolerance for energy and force was   6-
10 and 4-10, respectively. The 12.5 angstrom was used for 
van der Waals forces cutoff.   
      To model the interactions between aluminum and nickel 
oxide structure, the Reaxff force field and NVE ensemble 
were used. All simulations were divided into two stages in 
the canonical ensemble (NVT) with time steps set to 1 fs for 
all simulation cases. 
      Step 1: Molecular dynamics relaxation. The NVT-MD 
simulations on Al/NiO thermite mixture were performed to 
reach thermal equilibrium after 10 ps. A Nose-Hover 
thermostat with a temperature-damping constant was used 
to control the temperature of system [3,25].  
      Step 2: Reaction simulation. Then, to evaluate thermite 
reaction characteristics, NVE simulations were carried out 
for 300 ps.  
 
Reaxff Force Field 
      The total interaction energy expression of  ReaxFF is 
divided into several energy terms as given in the following 
Eq. (2) [41]. 
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                                                                                            (2) 
 
The partial contributions in Eq. (1) consist of bond energies 
(Ebond), energy contributions to penalize overcoordination 
and (optionally) stabilize under-coordination of atoms (Eover 
and Eunder), valence angle energies (Eval), angle torsion 
(Etorsion), terms to handle nonbonded Coulomb (Ecoulomb) and 
van der Waals (EvdWaals) interaction energies. As mentioned 
above, a fundamental difference between ReaxFF and 
unreactive force fields is that ReaxFF does not use fixed 
connectivity assignments for the chemical bonds. Therefore, 
ReaxFF is based on a bond order/bond distance relationship, 
a concept developed by Tersoff [42] and first employed to 
carbon chemistry by Brenner [43]. Momently bond orders 
(BOij), including contributions from sigma, π, and π-π bonds 
are calculated from the interatomic distances using Eq. (3). 
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                                                                                            (3) 
 
where BO is the bond order between atoms i and j, rij is 
interatomic distance, ro terms are equilibrium bond lengths, 
and pbo terms are empirical parameters. Particularly, Reaxff 
force field has been successfully used for a variety of solid 
structures [44,45]. However, it is worth mentioning that 
three interaction types need to be taken into account while 
exploring the thermal reaction for the Al/NiO compound: 
interaction of NiO atoms with each other, Al atoms with 
each other, and Al atoms with Ni and O atoms present in the 
NiO structure. In this way, we attempted to use the reported 
information from previous studies. For doing so, all the 
parameters required for Reaxff force field interaction 
functions were extracted from previous studies in this field, 
such as Shine et al. [46] for the interaction between Al-Ni, 
Navaro et al. [47] for Ni-Ni and Ni-O interaction, and Hong 
et al. [44] for Al-Al and Al-O interaction. 
 
Simulation Box 
      Simulation  box  was  built  on three separate layers; two 

 
 
aluminum layers and one NiO structure layer in between. A 
schematic of this box can be seen in Fig. 1. 
      It should be noted that aluminum layer has a distance of 
4 Å from NiO layer and the simulation box has dimensions 
equal to 32.860 × 29.176 × 29.176 Å3. The simulation box 
involves 764 aluminum, 588 oxygen and 588 nickel atoms. 
 
RESULTS AND DISCUSSION 
 
      To examine the accuracy of results, before elaborating 
the thermal behavior of Al/NiO thermite system, the pure 
aluminum and nickel oxide structures should be considered 
separately.  
 
Pure Structures 
      To investigate the accuracy of the results, we first 
investigated the structural properties of pure Al and NiO 
given the obtained output data of Reaxff force field. To do 
so, two simulation boxes were built; one containing 
aluminum with dimensions equal to 40.50 × 20.25 × 20.25 
Å3 and the other containing nickel oxide with dimensions 
equal to 62.5 × 20.8 × 20.8 Å3. Afterwards, aluminum and 
nickel oxide structures reached the structural equilibrium at 
300 K and the pressure of 1 atm using MD method under 
NPT ensemble. In this simulation, the time step was 1 
femtosecond (fs) while total simulation time was 100 
picosecond (ps). 
      Whenever the coefficients used in the Reaxff force field 
are appropriate for the MD simulation, it is possible to fully 
predict the crystal structure properties of aluminum and 
nickel oxide at ambient temperature and pressure. 
Therefore, radial distribution function (RDF) analysis was 
used for investigating their crystal structure and verifying 
the accuracy of the simulation results. 
      The pair correlation function (RDF) diagrams related to 
Al-Al atoms for the aluminum structure and Ni-O atoms for 
nickel oxide atoms obtained from simulation were 
compared with their original structures before simulation, 
which can be seen in Figs. 2 and 3, respectively. A 
comparison between the position of first Al-Al peak before 
and after the simulation at the RDF diagram shows that this 
peak is located at 2.85 Å without any shift (Fig. 3). 
      RDF diagram of Ni-O bond for nickel oxide structure 
before and after simulation is displayed in Fig. 3. As  shown 
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in this figure, the first characteristic Ni-O peak is located 
exactly at 2.05 A before and after simulation without any 
change. This observation indicates that the simulation 
results show very good agreement for the structural 
properties of nickel oxide. According to the observed results  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
from RDF diagram, the choice of Reaxff force field is 
suitable for describing the present thermite system and 
could correctly reproduce the trend of this system. 
      For a better view, the charts of Figs. 2 and 3 are 
smoothed for after simulation  process.  The  present  peaks  

 

Fig. 1. The initial simulation box. 
 

 
Fig. 2. The pair correlation function calculated for  Al-Al before and after simulation. 
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Fig. 3. The pair correlation function calculated for  Ni-O before and after simulation. 
 

 

Fig. 4. Changes in the volume of the simulation box by increasing the temperature. 
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indicate that the system is in solid state. Also, since the RDF 
diagram was drown based on 100 frames of the present 
structure in the different times, low fluctuations are 
expected for the atoms in solid structures. In the other word, 
peak intensity is less compared to before the simulation. 
 
Al/NiO Thermite Reaction 
      To gain further understanding of the phase changing 
processes and reaction occurring temperature, the 
simulations were conducted and Al/NiO thermite system 
with varying temperatures (i.e., 300 K, 400 K, 500 K, 600 
K, 700 K and 900 K) were observed. In this regard, a MD 
simulation with NPT ensemble was performed in the 
temperature range of 200-300 K with a time step of 1 fs 
within a period of 100 ps. It should be mentioned that the 
simulation box reached equilibrium through NVT ensemble 
and 10 ps prior to this step. As the energy and volume 
changes frequently occur in the reaction temperature, these 
two parameters were used to obtain the reaction 
temperature. 
      According to Fig. 4, the volume of the simulation box 
changes by increasing the temperature. As the results 
suggest, the simulation box changes are not high for the 
temperatures below 900 K; however, these changes increase 
with a constant slope. Since the melting point of aluminum 
is 933 K, the aluminum structure starts to melt at 
temperatures higher than 900 K, and it causes a rapid 
change in the system at 1000 K. This value is not 
necessarily the reaction temperature. The results also show 
that for the temperatures higher than 1200 K, changes in the 
volume of the simulation box have a complete linear trend 
in temperature increase when the system is in its 
equilibrium state. Therefore, phase changes and/or reaction 
occurred within the range of 900-1200 K, and since 900-
1000 K range is related to the melting of aluminum the 
reaction occurred within the range of 1100-1200 K. 
      The potential energy (PE) changes in the system resulted 
from simulation is displayed in Fig. 5. As the results show, 
the PE of simulation box increases with a completely linear 
trend through an increase in the temperature. In this sense, 
the results indicate that the PE changes do not follow the 
previous linear trend for the temperatures higher than 900 
K. As the melting point of aluminum    is   993   K,   this   
trend   is   expected   for  the 

 
 
temperatures higher than 900 K. The simulation results 
prove that for the temperatures higher than 1200 K, the 
trend of PE changing, based on temperature, is a decreasing 
trend with a constant slope. Therefore, these results 
demonstrate that the increasing trend of PE shifts to a 
decreasing trend by increasing the temperature with a 
constant slope. That is, there must be a reaction occurring in 
between. Therefore, this reaction occurs at the temperature 
range of 1100-1200 K. So, if we draw lines between the 
energy points before 1100 K and the temperatures higher 
than 1200 K, the intersection of these lines will be located 
approximately at 1141 K, that is, the reaction temperature. 
The reaction temperature of experimental results offered in 
this case is 1148.8 K [48], showing a good agreement with 
the results of this study. 
      The MD simulation using NVE ensemble was 
performed at five different temperatures, including 500, 
900, 1100, 1200 and 1400 K with a time step of 1 fs in a 
period of 300 ps. It should be noted that the box d reached a 
thermal equilibrium in 10 ps with NVT ensemble prior to 
performing the simulation. 
      In Fig. 6, the temperature diagram of the simulation box 
is displayed as a function of time. As the results show, the 
temperature of the simulation box increases with time, that 
if it reaches a desirable temperature, a significant change in 
the reaction occurs. This will cause a rapid temperature rise, 
which will increase with a soft slope to reach the thermal 
equilibrium.  
      The closer the initial equilibrium temperature is to the 
thermite reactions occurring temperature, the increasing 
temperature has less time. 
Moreover, the results show no sharp increase in temperature 
at 500 K, indicating that the thermite reactions occur above 
this temperature.  
      Since the reaction temperature is 1141 K, to deeply 
investigate the present thermite reaction process, the 
simulation box will be carefully studied at 1200 K before 
and after the MD simulation at NVE ensemble.  In this case, 
Fig. 7 shows snapshots of the MD simulation for the initial 
temperature of 1200 K. As the MD simulation starts, the 
temperature of the atoms inside the box reaches an 
equilibrium at 1200 K, in which the atom movements are 
very high and the atoms lose their molecular structures with 
the time evolution and thus approach to each other. 
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      When time approaches to 100 ps, the aluminum atoms 
come in contact with the NiO structure. Since there is a 
strong attraction between Al and O atoms, a few O atoms 
exit from the NiO structure and come in contact with Al 
surface;  this  is  the  beginning  point  of  the collapse of the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NiO structure. When the reaction time is greater than 100 ps 
and reaches to 200 ps, almost all oxygen atoms of the NiO 
structure diffuse between the Al atoms and the AlO 
structure starts to take shape as well. The simulation box 
does  not  obviously  change  with  time  while  oxygen  and  

 

Fig. 5. Variation of potential energy (kcal mol-1) with temperature for the present thermite reaction. 
 

 

Fig. 6. Temperature profiles predicted for the Al/NiO thermite system with different initial temperatures. 
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Fig. 7. Snapshots of the MD simulation for the initial temperature of 1200 (50 to 300 ps). 
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Fig. 8. The pair correlation function calculated for Ni-O, Ni-Ni, Al-O, and Al-Al at 500 K. 
 
 
 

 

Fig. 9. The pair correlation function calculated for the Ni-O, Ni-Ni, Al-O, and Al-Al bonds before  
              and after the simulation at 1200 K. 
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Fig. 10. The pair correlation function calculated for the Ni-O, Ni-Ni, Al-O, and Al-Al bonds at different  
                      simulation times (a) 50, (b) 100, (c) 150, (d) 200, (e) 250 and (f) 300 ps. 
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aluminum atoms are making the best structure of AlO and 
Ni atoms move toward a pure nickel metal structure. RDF 
analysis was used for a more accurate study of thermal 
reaction in this case. In Fig. 8, the results related to RDF at 
500 K are displayed for Ni-O, Ni-Ni, Al-O, and Al-Al atom 
pairs. In this figure, the solid lines show the RDF data 
before the MD simulation and dotted lines are attributed to 
the RDF data after 300 ps of MD simulation. 
      The RDF diagram related to the Al/NiO system of Ni-O, 
Ni-Ni, Al-O, and Al-Al bonds at 1200 K before and after 
the MD simulation through NVE ensemble is displayed in 
Fig. 9. 
      The solid lines are attributed to the state before the 
simulation while the dotted lines are related to the state after 
the simulation. As the results show, the first and highest 
peaks before the simulation belong to Ni-O bond while Al-
O has no link with each other. On the other hand, the RDF 
results obtained after the simulation show that the first and 
the highest peaks belong to Al-O bond. The red line in this 
diagram indicates the presence of Ni atoms along with O 
atoms. As can be seen, this red dotted line moves toward 1 
with a low slope, suggesting a great distance between Ni 
and O atoms in the molecular structure of the simulation 
box at 1200 K. Therefore, we can claim that the NiO 
structure has been destroyed. The first and sharp peak 
belongs to the Ni-O bond located at 2.05 angstrom and the 
Ni-Ni and Al-Al peaks are set at 2.75 and 2.85 angstrom, 
respectively. As observed in Fig. 9, the Ni-Ni bond distance 
has shifted toward the lower value after the simulation, 
indicating that Ni atoms  approach to each other to form a 
pure nickel metal. 
      Also, from Fig. 9 we concluded that after simulation, the 
Al-O peak were observed and indicate that the aluminum 
oxide is being formed. To have a more precise investigation 
of the thermal reaction process at 1200 K, RDF analysis was 
performed in different times. The results related to RDF 
obtained from the MD simulation through NVE ensemble 
for Ni-O, Ni-Ni, Al-O, Al-Al atom pairs at different times 
are displayed in Fig. 10.  
      The results show that after 50 ps, the first and highest 
peak of RDF diagram still belongs to Ni-O bond, and these 
diagrams are similar to the state before the simulation. 
However, Ni atoms approach to each other with time and 
the intensity of the peak related to this bond is increased. As 

 
 
Ni atoms approach to each other, O atoms exit the NiO 
structure and diffuse into the Al structure. Until 100 ps, no 
peaks are observed for the Ni-O bond. However, the first 
peak related to the Al-O bond is observed after 150 ps of the 
simulation, which indicates the formation of this bond. 
Furthermore, it shows that the intensity of RDF diagram 
related to Ni-O decreases as well. Therefore, at this time 
aluminum oxide and nickel oxide exist simultaneously in 
the simulation box. The results suggest that the oxygen 
atoms in nickel oxide structure migrate into the aluminum 
metal to form aluminum oxide, which means that our 
simulation successfully reproduces the thermite reaction in 
the Al/NiO system consisting initially of thin NiO and 
aluminum layers. For a deeper understanding, RDF diagram 
related to Al-O and Ni-O at different times are compared to 
each other. The results obtained for Al-O bond in Fig. 11 
show that the tendency of O atoms to be placed near Al 
atoms increases with time so that the structure can reach an 
equilibrium and aluminum oxide can be formed as such. 
      Figurre 12 displays the RDF diagram for Ni-O bond for 
1200 K at different times. The comparison of RDF diagrams 
shows that the crystal structure of NiO collapses with time. 
In addition, the tendency of O atoms to be near Ni atoms 
decreases, whereas Ni atoms show more tendency toward 
each other and this trend continues until the nickel metal 
structure is formed and the equilibrium is reached. 
      Figure 13 shows the RDF diagram related to the Al-O 
bond at different temperatures. The comparison of the RDF 
diagrams suggests that the crystal structure of NiO collapses 
by increasing temperature, whereas the tendency of O atoms 
to be near Al atoms increases. Therefore, no Al-O bond is 
formed at 500 K because no characteristic peak is observed 
in RDF diagram. For the temperatures higher than 900 K, 
the Al-O bond is formed in the simulation box gradually, 
and more oxygen atoms formed Al-O bonds by increasing 
the temperature. Difference in the height of the peaks is 
observed at lower temperatures due to the fact that some 
oxygen atoms are located at the NiO structure. 
      Mean square displacement (MSD) analysis can be used 
for analyzing the movement and permeation of atoms in the 
simulation box. Einstein showed that the mean square of the 
distance travelled by the particle following a random motion 
is proportional to the time elapsed [49]. The MSD is defined 
as the following Eq. 
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                                                      (4) 

where  r(t)  and   r(0)  represent  the  position  vector  of  the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
center of the mass of compound i at initial and at time t. The 
average <…> designates a time-average over t. If the 
system is solid, the MSD saturates to a finite value  while  if 

 

Fig. 11. The pair correlation function calculated for Al-O at different simulation times. 
 
 

 
Fig. 12. The pair correlation function calculated for Ni-O at different simulation times. 
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the system is liquid, the MSD linearly grows with time. 
      Figure 14 shows the MSD related to oxygen, aluminum, 
and nickel atoms at 500 and 1200 K.  The  figure  at  500 K  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
shows that the displacement of all atoms is close to zero 
except very low value for aluminum atom at the time step 
higher than 250 ps (consider the MSD scale axis  at  the 500  

 

Fig. 13. The pair correlation function calculated for Al-O at different temperatures. 
 
 

  

Fig. 14. The MSD plot of Al, Ni, and O atoms at 500 and 1200 K. 
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and 1200 K). The results at 1200 K suggest that the MSD 
for Ni is higher than O and Al atmos.  Since at the time step 
higher than 150 ps and 1200 K the thermite reaction occurs,  
Al and O atoms get close to each other to form the Al-O 
bond, and consequently the displacement decreases .   
      The MSD contains information on self-diffusion 
coefficient, D: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                            (5)                                                                                                 
 
The importance of this relation is that it relates the 
macroscopic transport coefficient D to the microscopic 
information on the MSD of molecular motion. 
      The   self-diffusion   coefficients   of   oxygen   atom   at 

 

Fig. 15. The MSD plot change as a function of temperature. 
 

 
                                       Table 1. Self-diffusion Coefficients of Oxygen Atom  
                                                      at Various Temperatures 
 

D  

(10-8 m2 s-1) 

T 

 (K) 

4.09 900 

4.23 1100 

4.84 1200 

5.24 1400 
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various temperatures were obtained from the slope of MSD 
plots (see Fig. 15); the results are summarized in Table 1. 
This figure shows that as the initial temperature increases, 
the effective time within which the thermite reaction occurs 
decreases. As shown in Table 1, the self-diffusion 
coefficient increases as the temperature increases, because 
the diffusion coefficient is the measure of the mobility of 
molecules. 
 
CONCLUSIONS 
 
      The MD simulation was employed to investigate the 
behavior of the Al/NiO thermite reaction. Theoretically, the 
MD results show that 1142 K as a reaction temperature is in 
good agreement with the experimental 1148.8 K value. The 
RDF and MSD analyses were used to investigate the 
reaction mechanism and also the process of the 
broken/formed bonds. The RDF results show that no 
reaction occurs at 500 K, whereas at 1200 K the reaction 
was completely performed. Finally, the findings of the study 
indicate that as temperature increases, diffusion coefficient 
significantly increases as well. 
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