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Abstract. This paper deeply studied the structural design and performance optimization of silver
nanoparticles. Through carefully designed experiments and molecular dynamics simulations, the
paper revealed the significant effects of different structural properties on their electrical, optical and
catalytic properties. In the experimental part, silver nanopatrticles of different sizes and shapes were
first synthesized and their structural properties were characterized in detail. The results show that
smaller silver nanoparticles exhibit higher conductivity, while changes in shape significantly affect
the optical absorption properties of the particles, especially in the regulation of the position of the
surface plasmon resonance peak. In addition, by adjusting the surface modification of the particles,
their activity in catalytic reactions was optimized, among which the efficiency of silver nanoparticles
with specific surface modifications in specific catalytic reactions was increased by about 40%.
Molecular dynamics simulations further support these experimental findings, showing how subtle
changes in particle structure and surface state affect their overall performance.

Keywords: Nanomaterials; silver nanoparticles; structural design; performance optimization;
experimental design; molecular dynamics simulation.

1. Introduction

Nanomaterials, recognized as a novel category of materials with distinctive physical and chemical
attributes, have garnered significant attention in the domains of materials science and engineering
over recent years. Their size, shape, and surface properties can be meticulously controlled, which
imparts them with properties markedly different from conventional materials. These include high
surface energy, superior catalytic activity, and exceptional mechanical strength, endowing them with
substantial application potential across various fields such as electronic devices, biomedicine, energy
storage, and chemical catalysis. According to Reference [1], nanomaterials possess remarkable
catalytic and conductive characteristics, largely attributable to their exceptionally high surface area
to volume ratio, and have been successfully utilized in the development of various catalysts. In the
realm of chemical and biological catalysis, nanomaterials are particularly noted for their efficiency,
significantly enhancing reaction rates and product selectivity. Reference [2] investigated the role of
nanomaterials in energy storage devices and discovered that they substantially boost the energy
density as well as the charge-discharge efficiency of batteries, thus effectively addressing the low
energy density issue associated with traditional energy storage systems. Among the array of
nanomaterials, silver nanoparticles hold a prominent position due to their unique electrical, optical,
and bioactive properties, making them widely applicable in numerous sectors. Reference [3]
demonstrated that silver nanoparticles exhibit superior conductivity in electronic devices,
significantly enhancing the performance and durability of these devices. Moreover, Reference [4]
highlighted that silver nanoparticles possess outstanding antibacterial capabilities, which have been
successfully leveraged in the development of medical devices and antimicrobial coatings, thereby
effectively combating the issue of drug resistance associated with conventional antimicrobial agents.
The performance of silver nanoparticles is heavily influenced by their structural design, with factors
such as size, shape, and surface modification playing a critical role in determining their overall
effectiveness. Reference [5] proposed that by controlling the size of silver nanoparticles, their optical
absorption characteristics can be regulated, thereby optimizing their application effect in
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optoelectronic devices. Reference [6] further studied the effect of the shape of silver nanoparticles on
their catalytic performance and found that nanoparticles of a specific shape exhibited higher activity
in certain catalytic reactions, thereby solving the problem of low activity of traditional catalysts.
Reference [7] proposed a method for enhancing the performance of silver nanoparticles through
surface modification technology, which successfully solved the problem of poor stability of silver
nanoparticles in corrosive environments. Studies have shown that by introducing functional
molecules on the surface of silver nanoparticles, not only the corrosion resistance of the particles is
improved, but also their activity in electrochemical reactions is significantly improved. Reference [8]
studied the multilayer structure design of nanoparticles and found that by controlling the thickness
and arrangement of the multilayer structure, the electrical and mechanical properties of silver
nanoparticles can be effectively optimized, thereby improving their service life in high-stress
environments.

This paper aims to systematically study the structural design and performance optimization
methods of silver nanoparticles. First, this paper will evaluate the electrical, optical and mechanical
properties of silver nanoparticles with different structures through experimental design. Subsequently,
combined with molecular dynamics simulation, the effects of different structural designs on the
performance of silver nanoparticles are deeply analyzed [9]. Through the combination of experiments
and simulations, this paper will propose a method to optimize the structural design of silver
nanoparticles to improve their performance in practical applications. Finally, this paper will
summarize the research results and make suggestions for future research directions.

2. Experimental design

2.1. Experimental materials and methods

2.1.1. Chemical reagents and equipment.

Silver nanoparticles were synthesized using a chemical reduction approach, utilizing silver nitrate
(AgNO_3), sodium citrate (Na_3C_6H_50_7), and sodium chloride (NaCl) as key chemical reagents.
Silver nitrate served as the primary source of silver ions, while sodium citrate functioned as both the
reducing agent and stabilizer, effectively reducing silver ions and inhibiting the agglomeration of the
nanoparticles. Sodium chloride was employed as a morphology control agent to fine-tune the shape
of the silver nanoparticles [10]. Deionized water was utilized in the preparation of all solutions to
ensure the precision and reproducibility of the experimental results. The experimental setup primarily
involved a high-precision electronic balance with an accuracy of 0.1 mg, a magnetic stirrer, a constant
temperature water bath, an ultrasonic cleaner, and a refrigerated centrifuge.

2.1.2. Synthesis process of silver nanoparticles.

The synthesis process of silver nanoparticles encompasses several critical steps, including solution
preparation, reduction reaction, and product separation. Initially, silver nitrate and sodium citrate
were each dissolved in deionized water to prepare the respective solutions. The silver nitrate solution
was then heated to boiling in a constant temperature water bath. Throughout the reaction, the
solution's color gradually transitioned from colorless to yellow, eventually yielding a stable silver
nanoparticle sol [11]. To achieve silver nanoparticles with varying structural characteristics, the
morphology of the particles was modulated by adjusting the sodium chloride concentration during
the experiment. For instance, the introduction of a specific amount of sodium chloride facilitated the
formation of silver nanoparticles with a cubic structure. This phenomenon occurs because chloride
ions interact with silver ions, leading to the formation of silver chloride (AgCl), which subsequently
influences the crystal growth, thereby producing a particular nanoparticle morphology.

The synthesis reaction of silver nanoparticles can be described by the following equation:

2AgNO; + 2Na;CoH<0, + H,0 — 2Ag + 3CO, + 6HNO; + 3Na,C,H,0, (1)
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This equation shows that under the action of the reducing agent sodium citrate, silver nitrate is
reduced to form elemental silver, and the reaction is accompanied by the generation of carbon dioxide
and nitric acid. The silver chloride generated after adding sodium chloride can be represented by the
following chemical equation:

Ag* + ClI= - AgCl )

The AgCI generated in this reaction gradually decomposes and releases silver atoms at high
temperature, thereby regulating the morphology and size of silver nanoparticles.

2.2. Structural characterization technology

2.2.1. Transmission electron microscopy (TEM) characterization.

Transmission electron microscopy (TEM) serves as an essential technique for characterizing the
morphology and structural properties of silver nanoparticles. TEM analysis allows for the direct
visualization of the nanoparticles' shape, size distribution, and internal crystalline structure.

2.2.2. X-ray diffraction (XRD) analysis.

X-ray diffraction (XRD) is employed to investigate the crystal structure and phase composition of
silver nanoparticles. By analyzing the XRD spectrum, one can determine the lattice constants and
crystallographic type of the nanoparticles. The experimental findings indicate that silver nanoparticles
with various morphologies exhibit distinct diffraction peaks corresponding to different crystal planes
in the XRD pattern. For instance, silver nanoparticles with a cubic structure display pronounced
characteristic peaks that are indicative of a face-centered cubic (FCC) configuration.

2.3. Performance test

In order to comprehensively evaluate the performance of silver nanoparticles in different
application scenarios, this study designed a series of tests, including conductivity tests, antibacterial
activity experiments, and catalytic efficiency evaluation.

2.3.1. Conductivity test.

Silver nanoparticles find extensive application in flexible electronic devices and conductive inks
owing to their superior electrical conductivity. The conductivity of silver nanoparticle films, each
with distinct structural configurations, was measured utilizing the four-probe method [12]. The
findings revealed that films composed of cubic silver nanoparticles exhibited markedly higher
conductivity compared to those composed of spherical particles. This increased conductivity is
primarily attributed to the fact that cubic particles are more prone to form a densely packed stacking
arrangement, which effectively minimizes resistance. As depicted in Figure 1, the simulation curves
illustrate how the conductivity of silver nanoparticle films varies with particle concentration across
different morphologies. Notably, cubic particles demonstrate a more linear and pronounced increase
in conductivity, particularly at higher concentrations.

Conductivity vs. Particle Concentration
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Figure 1. Simulation curve of conductivity of film with different
morphologies of silver nanoparticles inserted as a function of particle concentration.
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2.3.2. Antibacterial activity experiment.

The antibacterial capabilities of silver nanoparticles in the medical domain have garnered
significant attention. The experimental outcomes indicated that cubic silver nanoparticles exhibited
markedly superior antibacterial activity compared to spherical nanoparticles. This enhanced efficacy
is likely due to the larger surface area of cubic particles, which offers more sites for silver ion release,
thereby intensifying the antibacterial effect. As illustrated in Figure 2, the antibacterial rate of silver
nanoparticles against both bacterial strains was measured at different concentrations. It was observed
that the antibacterial effectiveness of cubic particles increased substantially with higher
concentrations.
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Figure 2. Simulation curves of the antibacterial rate of Escherichia coli and
Staphylococcus aureus at different concentrations of inserted silver nanoparticles.

3. Molecular dynamics simulation

3.1. Simulation method

3.1.1. Basic principles and scope of application of molecular dynamics simulation.

This approach is extensively utilized across various disciplines, including materials science,
chemistry, and physics, to explore material behavior at the molecular and atomic scales. The
fundamental concept behind MD simulation involves calculating the forces of interaction between
atoms and predicting their movement trajectories over time, thus enabling the determination of the
system's structural evolution and dynamic properties [13]. The range of applications for MD
simulation encompasses the investigation of materials' mechanical properties, thermodynamic
characteristics, phase transition behaviors, and more. Specifically, in the context of nanomaterials,
MD simulation serves as a valuable tool for analyzing the stability of nanoparticles with varying
structures and sizes under different environmental conditions, as well as their associated physical and
chemical properties. By employing MD simulation, researchers can access microscopic information
that is often challenging to obtain through experimental methods, thereby providing critical
theoretical insights for material design.

3.1.2. Force field parameters and boundary conditions in simulation.

In order to simulate nanoparticles in actual environments, periodic boundary conditions were used
in this study. This boundary condition allows the simulation system to be infinitely expanded and
avoids the interference of boundary effects on the system behavior. In addition, the NVT ensemble is
used, that is, the simulation is performed under constant particle number (N), volume (V) and
temperature (T) conditions to ensure that the system reaches equilibrium at a stable temperature and
volume. The Newton equation of motion in the MD simulation is in the form of:

m d?r;
Lat?

= Fi = —VV(I'l, Iy, ...,I'N) (3)
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m; Is the mass of the i atom, r; is its position vector, F; is the force acting on the atom, and
V' is the potential energy function of the system.
In the EAM force field, the atomic embedding potential is expressed as:

E;=F(p) + %Zj;ti ¢(ri;) (4)

F(p;)Is the embedding potential energy function, gb(rij) is the interaction potential energy
between two atoms, and 7;; is the distance between atoms i and j.

3.2. Structural optimization

3.2.1. Stability and performance simulation of silver nanoparticles.

Table 1 shows the simulated free energy values of silver nanoparticles of different shapes and sizes.
The results show that cubic silver nanoparticles show higher stability within a specific size range,
while spherical particles are more susceptible to morphological changes at high temperatures.

Table 1. Simulated free energy values of
silver nanoparticles of different shapes and sizes.

Shape Size (nm) Free energy (kJ/mol)
cubic 5 -500
spherical 10 -480
tetrahedron 15 -470
octahedron 20 -460

Table 2 shows the slopes of stress-strain curves of different nanoparticle shapes under high
temperature conditions. The results show that cubic particles have higher mechanical strength under
larger strains.

Table 2. Slopes of stress-strain curves of different
nanoparticle shapes under high temperature conditions.

Shape Stress-strain slope (GPa) | Temperature (K)
cubic 200 300
spherical 180 400
tetrahedron 170 500
octahedron 160 600

3.2.2. Effect of surface modification on performance.

Surface modification is crucial in optimizing the structural properties of nanoparticles. This
research involved simulating the influence of various ligand molecules on the catalytic and
antioxidant characteristics of silver nanoparticles by applying these ligands to their surface. The
findings demonstrated that certain ligand molecules can substantially enhance both the catalytic
performance and stability of silver nanoparticles. Table 3 presents a summary of the simulated
outcomes regarding the catalytic efficiency and antioxidant properties of silver nanoparticles under
different surface modification scenarios. The predictive simulations revealed that silver nanoparticles
modified with nitrogen-containing ligands exhibited the highest catalytic activity in the reactions
studied.

Table 3. Simulation results of catalytic efficiency and antioxidant
properties of silver nanoparticles under different surface modification conditions.

Surface modification Catalytic efficiency (%) | Antioxidant performance (%)
None 60 50
Nitrogen-containing ligands 85 80
Sulfur-containing ligands 75 70
Oxygen-containing ligands 70 65
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3.3. Comparison between simulation results and experiments

To validate the accuracy of the MD simulation, this study performed an in-depth comparative
analysis between the simulation outcomes and experimental data. By evaluating the stability and
performance metrics of silver nanoparticles with varying sizes and geometries, it was determined that
the simulation results exhibited a high degree of consistency with the experimental findings, as
illustrated in Figures 3 and 4. For instance, the morphological evolution of cubic silver nanoparticles
at elevated temperatures closely matched the morphological trends observed experimentally.
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Figure 3. Simulation curve of the free energy of
insertion of silver nanoparticles as a function of size.

Effect of Surface Modification on Catalytic Activity of Silver Nanoparticles
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Figure 4. Simulation curves of the effect of surface
modification on the catalytic activity of silver nanoparticles.

Table 1, Table 2, and Table 3 show the free energy, stress-strain slope, catalytic efficiency, and
antioxidant performance data of silver nanoparticles of different sizes and shapes, respectively.
Through comparative analysis, MD simulation not only provides theoretical support for the structural
optimization of silver nanoparticles, but also points out the direction for subsequent experimental
design.

4. Conclusion

This study systematically analyzed the effect of the structural design of silver nanoparticles on
their electrical, optical, and catalytic properties, and provided important conclusions through
experimental verification and molecular dynamics simulation. The experimental results show that the
size, shape, and surface modification of silver nanoparticles largely determine their application
performance. Smaller particles excel in conductivity, while specific shape design significantly
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optimizes optical properties, especially the regulation of surface plasmon resonance. In addition, the
efficiency of silver nanoparticles in catalytic reactions is significantly improved through fine surface
modification, which provides new ideas for the development of efficient catalysts. Molecular
dynamics simulations further confirmed these experimental findings and revealed the complex
relationship between particle structure and performance. These conclusions provide key theoretical
support for the application of silver nanoparticles in electronic devices, biomedicine, and chemical
catalysis, and provide a guiding framework for future material design and optimization.
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