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Abstract 

Antibacterial activity of silver nanoparticles with spherical or cubic shapes in 

medical science will render it attractive. Considering the physical 

characteristics like thermal features as crucial factors are essential for 

choosing nanospheres or nanocubes with respect to operating temperature 

and stability. Therefore, this research probes the melting process, the surface 

premelting points (Tsm), the complete melting point (Tm), the phase transition, 

and the specific heat capacity at a constant volume (Cv) of silver nanospheres 

and nanocubes via a molecular dynamics approach. Regarding these aims, 

different approaches have been employed to achieve high accuracy. The 

results indicate that the geometry of nanoparticles dramatically influences the 

Tsm and Tm, and nanocubes have lower Tsm and Tm than nanospheres. 

Moreover, the nanocubes are melted from corners toward the cube center 

while the nanospheres melt in the radius direction. In contrast, Cv of silver 

nanospheres and nanocubes is almost identical, demonstrating that the Cv is 

independent of geometry. In addition, the values of Cv for the nanoparticles 

are close to the bulk value, which indicates that by changing the dimension of 

silver from bulk to nanoparticles, the specific heat capacity will not change, 

and this value is an intensive property. 

Keywords: Melting process; Nanospheres; Nanocubes; Silver; Surface premelting; Specific heat 

capacity. 

1. Introduction 

The low-dimensional silver structures are mainly classified into three groups: nanoparticles (zero-dimensional) [1, 2], 

nanowires (one-dimensional) [3, 4], and nanofilms (two-dimensional) [5, 6]. These nanostructures, due to 

antimicrobial features [7], excellent optical [8] and electrical [9] characteristics, are utilized in the medical field [10], 

colorimetric sensors [11], and electronic devices [12]. In all of these applications, the morphology of the structure 

affected physical and chemical properties, specifically in the medical field. Hong et al. investigated the effect of silver 

nanostructures shape on the antibacterial activity [13]. They found out that the antibacterial activity is in the order of 
nanocubes > nanospheres > nanowires. Also, they expressed that these phenomena are observed because of effective 
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contact areas between silver and bacteria. Since the order of the contact surface area and antibacterial activity is 

similar. This study indicates that for antibacterial applications, the use of nanoparticles (nanospheres and nanocubes) 

is worthy than nanowires. Silver nanospheres (AgNSPs) and nanocubes (AgNCs), owing to diverse morphology, the 

surface-to-volume ratio, and reactive facets exhibit different antibacterial and catalytic activities, thermal features, 

optical and electrical characteristics. Among these attributes, thermal properties are key factors that determine the 

operating temperature and thermal stability of nanoparticles [13-16]. Consequently, the previous researches 

investigated the thermal properties of silver nanoparticles with experimental and theoretical methods. Asoro et al. [17, 

18], in experimental studies, probed the size effects of AgNSPs on melting temperature. They considered the diameter 

of AgNSPs between 5-50 nm and observed the melting point in the range of 723-993 K. It is evident that the melting 
point of AgNSPs is below the melting point of the silver bulk (1234 K) owing to their high surface-to-volume ratio 

and surface energy [19-22]. Yeshchenko et al. [23] in another experimental investigation, examined the melting point 

of AgNSPs with diameter 8-30 nm and obtained the Tm in the span of 383-640 K. They reported that the melting 

process firstly started with melting the outer silver atomic layer which is called surface premelting or surface melting 

(Tsm) and then the nanospheres completely was melted by raising the temperature; also, they revealed that the Tm > 

Tsm. However, the mechanism of this process was not obviously complete. Some theoretical models such as Shi’s 

model [24], Hanszen’s model [25], and liquid drop model [26] only are able to predicate Tm; however, cherneyshev’s 

model can only forecast the Tsm [27]. Therefore, an alternative approach is needed to calculate both melt points and 

elucidate the melting process. To trace the melting mechanism from the surface premelting stage to complete melting, 

computer experiments such as molecular dynamics (MD) simulations are a powerful and valuable technique and used 

by many researchers to probe the thermal features [28-32], mechanical and vibration characteristics [33-39], interfacial 
interactions [40-42], and ionic diffusion [43-45]. Alarifi et al. [29] probed the melting process of AgNSPs with a 

diameter of 4-20 nm with MD simulation. They observed that the nanosphere was divided into the silver core with 

solid-phase and quasi-liquid layer shell by starting surface premelting. Then, by increasing temperature, the liquid 

shell thickness raise and the diameter of the solid core decrease. This process continues up to complete melting. Cui 

et al. [31] by MD simulation demonstrated the silver nanosphere with 3 nm diameter has 815 K melting temperature. 

The current study's research emphasizes several significant aspects within the academic field, particularly in relation 

to nanoparticles. These include the understanding of distinct melting mechanisms, surface premelting and complete 

melting points, thermal stability for antibacterial applications, and the intensive property of specific heat capacity at a 

constant volume. These findings greatly contribute to the existing knowledge base and offer valuable insights for the 

efficient design and utilization of nanoparticles in medical and antibacterial settings. Furthermore, these findings have 

implications for optimizing performance and stability at different temperatures. Accordingly, in the present study, the 

melting process, the Tsm, the Tm, and Cv of AgNSPs and AgNCs have been probed via using MD simulation in similar 
conditions. It is worth mentioning that this research is one of the first investigations that reported the thermal properties 

of AgNCs. This paper is structured as follows: Section 2 comprehensively details the methodology of MD simulation. 

Subsequently, Section 3 presents the results and discussions related to data verification, the melting mechanism of 

nanospheres and nanocubes, the comparison of their melting temperatures, the calculations of specific heat capacity, 

and their implications. In Section 4, a summary and conclusion of the findings are provided, emphasizing the 

significance of nanoparticle morphology in high-temperature applications. 

 

2. Simulation and method 

2.1. Nanostructure modeling  

In computer experiments, molding of nanostructure due to their free surfaces is different from bulk structures. The 

free boundary conditions or periodic boundary conditions (PBCs) with enough vacuum distance from material surfaces 

can be used to consider these free surfaces. PBCs with creating the image of atoms in the up and down of simulation 

box walls lead to bulk behavior. However, by creating enough vacuum distance between material surface and 

simulation box walls, PBCs cannot affect structures and free surfaces can be made. In this research, to simulate silver 

bulk structure and nanoparticles, the PBCs have been applied in all directions, and the FCC lattice with a 4.09 Å lattice 

constant was utilized [46, 47]. In bulk structure, boundary conditions successfully created bulk manner. While, in 

nanoparticle structures, by locating the AgNSPs and AgNCs in the center of the simulation box and creating enough 

vacuum distance from simulation box walls, the free surfaces establish successfully. The details of the structures and 

simulation box are indicated in Table 1 and Fig. 1. To consider nanoparticles appropriate to their experimental 

morphologies, the AgNSPs and AgNCs have been fabricated under {111} and {100} facets, respectively [2, 13, 48, 



380                                                                                                                                                       Alireza Azizi et al. 

 

49].  In addition, to explore the size of nanoparticle's effects on thermal attributes under similar situations, the AgNSPs 

and AgNCs have been considered with the commensurate number of atoms in various sizes (Table 1). 

Table 1: The number of supercells (S), number of atoms (N), diameter (D), length of the cube (L), and facets directions (F.D) of bulk and 

nanospheres and nanocubes that used in the current research. 

(a) Bulk  

Sample S N  

Bulk10×10×10 10 × 10 × 10 4000  

 

(b) Silver nanospheres (AgNSPs)  

Sample D (nm) N F.D 

AgNSP3.27nm 3.27 1061 {111} 

AgNSP4.09nm 4.09 2123 {111} 

AgNSP4.90nm 4.90 3589 {111} 

AgNSP5.73nm 5.73 5759 {111} 

 

(c) Silver nanocubes (AgNCs)  

Sample L (nm) N F. D 

AgNC2.86nm 2.86 1372 {100} 

AgNC3.27nm 3.27 2048 {100} 

AgNC4.09nm 4.09 4000 {100} 

AgNC4.49nm 4.49 5324 {100} 

 

 

Fig 1: The initial structures and simulation box lengths of (a) silver bulk, (b) AgNSPs, and (c) AgNCs  

are considered in this research. The silver atoms have been demonstrated by gray color.  

The a is lattice constant equal to 4.09 Å.  
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2.2. Interaction potential 

The interaction between silver atoms has been modeled by the embedded-atom method (EAM) potential [47]. The 

equation below illustrates the relationship of the EAM potential. 

 

(1)  

𝑈𝐸𝐴𝑀(𝐹, 𝜌, 𝜑, 𝑟) = 𝐹𝛼 (∑𝜌𝛽(𝑟𝑖𝑗)

𝑖≠𝑗

)+
 

 
∑𝜑𝛼𝛽(𝑟𝑖𝑗)

𝑖≠𝑗

 

  

Here, 𝑈𝐸𝐴𝑀 is EAM potential function, 𝜌 depicts the atomic electron density, 𝐹𝛼 points to the energy to embed atom 

𝛼 into the background 𝜌 and will be taken from Hartree-Pock calculations, 𝑟𝑖𝑗  signifies the distance between atoms i 

and j, 𝜑 represent the core-core pair repulsion potential interaction, i and j are the atom counter. 𝛼 and 𝛽 show the 

element type which for silver is Ag. The embedding energy and the core-core pair repulsion interaction are related to 

the first and second terms of Eq. (1), respectively. The EAM potential as a semi-empirical method was firstly proposed 

by Daw and Baskes [50, 51] based on density functional ideas and can model the physical features of silver bulk and 

nanostructures successfully [29, 47, 52]. EAM potential with suitable simulation speed, low simulation cost, and an 

appropriate agreement with experiments is powerful potential for atomistic simulation of silver as a metallic system. 

 

2.3. MD simulation setups 

In the current investigation, to explore thermal characteristics of silver bulk and nanoparticles, all MD simulations 

performed by large-scale atomic/molecular massively parallel simulator (LAMMPS) package [53] and the structures 
visualized by open visualization tool (OVITO) [54]. All structures have been simulated with 1 femtosecond timestep 

and Nose`-Hoover thermostat (NVT). Also, the equation motions are solved by using the velocity-Verlet algorithm 

[55]. For simulations, first of all, the initial configurations were made based on section 2.1, then, at a room temperature 

(300 K), the initial velocities of atoms created via Maxwell-Boltzmann distribution [56]. In the following, the 

structures have simulated in the two stages: equilibrium and heating stages. In the equilibrium stage, the structures 

equilibrated under NVT ensemble at 300 K for 1 nanosecond. This time is long enough to achieve the thermodynamic 

equilibrium. In the heating stage, the temperature raised under NVT ensemble from 300 to 1500 K with a heating rate 

of 1.2 K/ps during 1 ns. The heating rate was chosen with respect to simulation accuracy and efficiency. The large 

and small heating rates lead to thermal shock and longtime simulation, respectively. The 1.2 K/ps for heating rate lead 

to converging bulk melt point with experimental data, elimination thermal shock, suitable simulation accuracy, and 

good performance [57]. 
 

3. Results and discussion 

3.1. Data verification 

Initially, the melting point of silver bulk probed to assess the simulation results. So, during the heating stage, the 

potential energy and temperature are calculated. Then the potential energy is divided into the number of atoms to 

calculate the potential energy per atom (PPA). By drawing PPA against temperature, each sharp jumping in this curve 

indicates the phase transition, and melting point can be measured. Fig. 2.a illustrates the melting process of silver bulk. 

It is clear from this curve that the PPA raised linearly by increasing temperature, and in the 1200 K, the sharp jumping 

observed in PPA means silver is going to be melted. Comparing the value of the bulk melting point from the present 

study and 1234 K from the experiment [19] display satisfactory agreement and validity of results. The difference 

between the experimental and calculated values can back to the limitation of calculation melting point of bulk materials 

by simulation methods. In the bulk simulation, there is no surface, and all atoms are heated by increasing temperature. 

In contrast, in the actual experiment, the melting process always began from the surface, and the atoms located on the 
surface heated firstly. This restriction causes the difference between calculated bulk melting points from experimental 

and computational methods. In addition to the melting point, the specific heat capacity at constant pressure (Cp) is 

obtained by calculating enthalpy splitting it to the mass of all atoms, and drawing it against temperature. The slope of 

this curve indicates the Cp is dependent on temperature and pressure [58]. To compare the Cp with experimental data 
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at room temperature, Cp has been obtained by calculating the slope of the enthalpy curve in the range of 300-320 K. 

The obtained Cp is 240 
𝐽

𝐾𝑔.𝐾
 that is in good agreement with experimental 236 

𝐽

𝐾𝑔.𝐾
 [59]. 

 

Fig 1: The potential energy per atoms (PPA) against the corresponding temperature during heating stage  

(a) silver bulk, (b) AgNCs, and (c) AgNSPs 
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3.2. Nanoparticles melting mechanism 

3.2.1. Nanospheres melting mechanism 

To elucidate the nanoparticles phase transition mechanism, Fig. 3 indicates the melting curves, the corresponding 

atomic arrangements, and corresponding radial distribution functions (RDF) curve at different temperatures for 

AgNSP5.73nm and AgNC4.49nm. The atomic arrangement indicates cutting a cross-section in the [001] direction at the 

center of nanoparticles with 1 nm thickness. This thickness is long enough to clarify the crystallographic planes of the 

nanoparticles. 

 

Fig 2: The melting curve, the corresponding atomic arrangements, and corresponding radial distribution function 

 (RDF) curve of AgNSP5.73nm (a, b, c), and AgNC4.49nm (d, e, f) at different temperatures. 

 

Fig. 3.a demonstrates the melting curve of AgNSP5.73nm. In this figure, six temperatures at different stages have been 

examined. Stage I is corresponding to 300 K temperature. Obviously, by enhancing temperature, the PPA raised 

linearly and reach stage II with 605 K. Between the I and II stages, the slope of the melting curve is almost the same; 

however, in stage III with 885 K, the slope of the curve changes (this temperature can be the Tsm, but to be sure, the 
corresponding atomic arrangements and RDF must be analyzed). This slope from stage III to V continues, and in stage 
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V with 963 K, the slope changes again. In stage V, it can be express that the nanosphere is melted completely. Between 

V and VI stages, the curve slope unchanged, and after stage VI continue to be the same. To analyze these six stages 

accurately, the atomic arrangement of AgNSP5.73nm corresponds to these stages demonstrated in Fig. 3.b. It is clear 

from this figure that in the I and II stages the outer ultra-thin shell is amorphous and the core is in FCC lattice. In stage 

III, the thickness of the amorphous shell is raised, which shows the surface premelting began from this stage. In stage 

IV the amorphous shell significantly has been raised, and the AgNSP5.73nm split into a solid core with FCC lattice and 

liquid amorphous shell. By tracing stages III to IV, it can be concluded that the nanosphere melted gradually in the 

direction of the nanosphere radius. In stage V all of the cross-sectional has amorphous phase, and the structure 

completely melted. This point indicates the Tm. Stage VI shows that after stage V, AgNSP5.73nm has the liquid phase 
with amorphous morphology. RDF is a valuable and reliable curve to assess the solid, liquid, or gas phases. The RDF 

curve shows how and probability of distribution of atoms as a function of distance from a reference atom, and can 

confirm the atomic arrangement data with high accuracy. If the RDF diagram includes several sharp peaks, the phase 

of a substance is solid, and the first peak shows the distance from the first neighbor in the crystal lattice, and so on. If 

RDF indicates one approximately sharp peak and the second average peak, the material phase is liquid. If RDF 

illustrates one small peak, it reveals the gas phase. Therefore, the RDF, which can be the appropriate equivalent of X-

ray spectra in numerical simulation, has been utilized as an effective indicator for distinguishing among different 

phases including solid, liquid, or gas [52]. Fig. 3.c demonstrates the RDF curve of the AgNSP5.73nm corresponding to 

the six stages mentioned earlier. In the I and II stages, the RDF curve indicates several regular sharp peaks, which 

describe that the phase of AgNSP5.73nm is completely solid.  In stage III, the high peaks decrease, which describes the 

surface premelting started from this stage. In stage IV, two peaks obtained, but around the second peak, two areas 
were observed. The curve conduct in this stage shows the solid and liquid phases exist together, and the dominant 

volume of AgNSP5.73nm is the liquid phase. In stage V, only one approximately sharp peak can be seen, and the curve 

reveals the liquid phase of the nanosphere. The temperature of this stage is Tm. In stage VI, the manner of stage V is 

repeated and shows that after the complete melting, the phase of the nanosphere is entirely liquid. In summary, based 

on Fig. 3(a-c), it can conclude that: from stages I to III the nanoparticles heated and the kinetic energy of atoms 

increases, in stage III the surface premelting began and the temperature of this stage is Tsm, in the range of stages III 

to V the material completely be melted and the temperature of stage V is the Tm, and after stage V the phase is liquid. 

For other AgNSPs, similar conduct at different temperatures is observed. 

 

3.2.2. Nanocubes melting mechanism 

Fig. 3(d-f) illustrate the melting curve, the corresponding atomic arrangements, and corresponding RDF curve at 

different temperatures of AgNC4.49nm, respectively. The analysis of these curves is similar to AgNSP5.73nm; however, 

AgNC4.49nm has lower Tsm and Tm than AgNSP5.73nm. Also, in AgNC4.49nm, the surface premelting commences from the 

corners of the cube. Simultaneously, with surface premelting, the amorphous shell formed and then enhanced toward 
the nanocube center by increasing temperature. For other AgNCs, the same behavior at various temperatures was 

observed. 

 

3.2.3. Comparison of Tsm and Tm of nanospheres and nanocubes 

Fig. 2(b-c) illustrate the melting process of AgNCs and AgNSPs, respectively. Based on these figures, unlike bulk 

behavior, the phase transition of nanoparticles from solid to liquid performs gradually. This manner is detected because 

of the surface premelting of nanoparticles. Like AgNSP5.73nm and AgNC4.49nm, the Tsm and Tm were obtained for other 

nanospheres and nanocubes and summarized in Table 2. This table indicates that between nanospheres and nanocubes 

with a similar number of atoms, nanocubes have lower Tsm and Tm than nanospheres due to the high surface free 

energy of planes and active planes in the [100] direction [60]. The high surface free energy cause that with enhancing 

temperature, the amplitude of atomic vibration increasing more than the lattice constant, which makes nanocubes 

melted earlier. The differences in melting points and thermal behavior of silver nanospheres and nanocubes can 

significantly affect their effectiveness in real-world scenarios for antibacterial applications and life in extreme 
environments [61, 62]. The research findings indicate that the geometry of nanoparticles plays a crucial role in 

determining their thermal stability. Nanocubes have lower Tsm and Tm compared to nanospheres. Additionally, the 

melting process of nanocubes starts from their corners and progresses towards the center of the cube, whereas 

nanospheres melt from the surface towards the core in the radial direction. This distinction in melting behavior implies 

that nanocubes are more susceptible to melting and losing their structural integrity at lower temperatures compared to 
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nanospheres. As a result, in applications where nanoparticles are exposed to elevated temperatures, nanospheres might 

be more suitable due to their higher thermal stability. 

 
Table 2: The comparison of a number of atoms (N), surface premelting, Tsm(K), complete melting point, Tm(K), and specific heat  

capacity at a constant volume, Cv(
𝐽

𝐾𝑔.𝐾
),  of silver nanospheres and nanocubes in the current investigation. 

 

Nanospheres 
AgNSP3.27nm  AgNSP4.09nm  AgNSP4.49nm  AgNSP5.73nm 

N Tsm Tm Cv  N Tsm Tm Cv  N Tsm Tm Cv  N Tsm Tm Cv 
1061 826 871 240  2123 850 903 242  3589 865 936 241  5759 885 963 242 

 

Nanocubes 
AgNC2.86nm  AgNC3.27nm  AgNC4.09nm  AgNC4.49nm 

N Tsm Tm Cv  N Tsm Tm Cv  N Tsm Tm Cv  N Tsm Tm Cv 
1372 783 864 240  2048 802 887 239  4000 827 927 240  5324 838 936 240 

3.2.4. Mean square displacement behavior of nanoparticles under a melting mechanism 

The displacement of atoms can be calculated over time with mean square displacement (MSD) [29]. In solid, liquid, 

and gas phases, the MSD of atoms is different, and the sequence of MSD in these phases are in the order of gas > 

liquid > solid. Therefore, during the heating stage, if MSD plots against temperature, then each shift in MSD reveals 

the phase transition. Fig. 4 demonstrates the MSD curve of AgNSPs and AgNCs against temperature during the 

melting process. In all these curves, it is apparent that the slope of MSD is the same up to Tsm. Then from Tsm to Tm 
the slope of the curve alters (this limited region is shown with red color on MSD curves), and after Tm, the slope 

remains the same. Changing MSD slope in the range of Tsm to Tm indicates the melting process occurs between these 

temperatures.  

 

Fig 3: The MSD curves of silver nanospheres and nanocubes against temperature during the heating stage. 

 The red color shows the limited region of the melting process.  
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3.3. The specific heat capacity at a constant volume of nanoparticles  

The specific heat capacity at a constant volume, Cv(T), by a unit of 
𝐽

𝐾𝑔.𝐾
 is defined as the amount of energy (heat) that 

transfers into or out of the unit of substance to increase or decrease the temperature at a constant volume. This 

parameter can be obtained by using the below thermodynamic relation [58, 59]: 

 

(2)  
𝐶𝑉(𝑇) = (

𝜕𝑈

𝜕𝑇
)𝑉 

 

Which U is the total energy split to the mass of atoms by unit of 
𝐽

𝐾𝑔
, and T is temperature by the unit of K. To use this 

relation to calculate Cv(T), during the heating stage, the total energy of nanoparticles must be calculated and split to 

the mass of silver atoms, and then this value should be plotted against temperature. The slope of this curve shows the 

Cv(T) and depends on the temperature at constant volume. In almost all medical antibacterial applications, the silver 

nanoparticles are utilized at room temperature because the antimicrobial activity decreases at high temperatures [63]. 

Thus, to obtain Cv(T) related to room temperature, this parameter was measured in the range of 300-320 K. Fig. 5 

illustrates the curve of AgNSP5.73nm total energy versus temperature and fitting region for calculation Cv(T). For other 

nanospheres and nanocubes, the Cv(T) was calculated similarly and summarized in Table 2. Comparison of Cv(T) 

values reveal that this parameter is independent of the shape and size of nanoparticles. Also, this parameter is close to 
the value of Cp in silver bulk. These results disclose that the Cv(T) and Cp have slight differences together [59]. 

Moreover, by decreasing the silver dimension from bulk to nanoparticles, the Cv remains the same, which shows that 

the Cv(T) is an intensive property. 

 

Fig 4: The curve of AgNSP5.73nm total energy against temperature. The region from 300 to 320 K has been demonstrated in the curve.  

The melting process also can be observed from the total energy curve like the melting curve in Fig 2. 

 

4. Summary and conclusion 

In this research, the melting process and the specific heat capacity at a constant volume of silver nanospheres and 

nanocubes, which have antibacterial applications, have been investigated via molecular dynamics simulation 

technique. The results indicate that the melting process begins from the surface of nanospheres toward the core in the 

radius direction; however, nanocubes melt from the corners toward the center of the cube.  Moreover, nanocubes 

owing to their high surface free energy of planes and active planes in the [100] direction, have lower surface premelting 
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and complete melting points than nanospheres. These represents that nanocubes have lower thermal stability in 

comparison with nanospheres. So, the nanospheres are more stable at high temperature for antibacterial applications. 

The specific heat capacity at a constant volume of nanospheres and nanoparticles are almost identical and are close to 

the bulk value, which shows this parameter as an intensive property independent of the size and shape of nanoparticles. 
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