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Abstract

Nanoparticles are referred to as those particles with at least one dimension less than 100

nm. Their small sizes lead to high surface area to volume ratios, which results in physi-

cal and chemical properties different from their respective larger sized particles and bulk

substances. Because of their unique and extraordinary properties, nanoparticles are synthe-

sized and used in a wide range of industrial processes such as biomedicine, energy systems,

environmental technologies, and water treatment. Meanwhile, these nanoparticles may

become airborne, inhalable and cause air pollution. Therefore, removal of the dispersed

nanoparticles from ambient air is essential to protect the public health. The collision of

these nanoparticles with a surface needs to be addressed in developing such processes.

Accordingly, understanding the collision dynamics and associated characteristics between

nanoparticles and substrate surfaces is essential for the design of high-efficiency aerosol

nanoparticle filters, as well as fabricating self-assembled nanoparticles, and developing ad-

vanced coating technologies, to name a few.

Laboratory equipment is inaccurate in quantifying the effects of different parameters

on collision properties of nanoparticles with diameters less than 10 nm on solid surfaces.

Additionally, it is impractical to describe for the adhesion behavior based on the dynamic

equations of the particle motion because of a lack of information on the material properties.

Meanwhile, numerical simulation can help provide a better understanding of the effects of

various parameters at molecular scales on the nanoparticle-surface collision properties.

Among various simulation techniques, molecular dynamics is especially powerful for the

study of collision of nanoparticles because it allows a user to modify system conditions

that may not be possible in experiments.

The main objective of this thesis is to investigate the effects of various parameters
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affecting the adhesion of nanoparticles on a solid surface. The effects of nanoparticle

size and relative humidity of the ambient air are examined using molecular dynamics

simulation. Air humidity can intervene in a particle-surface collision by forming a layer

of water molecules on the surface. These water molecules act as a buffer layer that alter

the collision condition. In this work, we study the effects of condensed water layer on

the collision of 5-nm silver particles on a silver substrate. The coefficient of restitution

is used to characterize the collision. Results indicate that the effects of air humidity on

the collisional dynamics depend on the water layer thickness and the surface energy of

the substrate. Air humidity can either increase or decrease the coefficient of restitution

in the studied nanoparticle collisions. For a high surface energy substrate, the coefficient

of restitution first increases then decreases by increasing the water layer thickness on the

substrate when the impact velocity changes from 20 to 500 m/s. For a low surface energy

substrate, the coefficient of restitution decreases because of a condensed water layer on

the substrate at impact velocities less than 300 m/s. For higher impact velocities, the

coefficient of restitution first increases, then decreases, with the condensed water layer

thickness. Therefore, the air humidity reduces the adhesion between the nanoparticles

and the substrate for a high surface energy substrate. For a low surface energy substrate,

however, air humidity may increase or decrease the adhesion between the nanoparticle and

the substrate, depending on the impact velocity.

In addition, the effects of adhesivity of particles to a surface on the nanoparticle-

surface collisional dynamics are also investigated by changing the degree of particle-surface

adhesion strength. Results show that particles accelerate because of the attraction force

applied by the adhesive surface when the particles enter the interaction range of the surface.

As a result, the particle velocity increases from its initial value to a higher impact velocity.

However, the acceleration changes inversely with the particle size. A particle smaller than
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2 nm in diameter accelerates and results in an impact velocity higher than its yield velocity

even when the initial particle velocity is much lower than the yield velocity. During the

collision, part of the total energy contributes to the plastic deformation of the sub-2nm

particles, reducing the coefficient of restitution (CoR). For a particle larger than 2 nm

in diameter, however, the impact velocity remains lower than the yield velocity when the

initial velocity is lower than its yield velocity, resulting in elastic collision. Furthermore,

this size dependent behavior of CoR intensifies with increasing adhesivity of the collision

and becomes less significant for lower adhesivity. This work indicates that a sub-2 nm

particle with a velocity lower than the yield velocity can collide the surface in its plastic

deformation regime and adhere to the surface.
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Chapter 1

Introduction

1.1 Problem Statement

Nanoparticles are referred to as those particles with at least one dimension less than 100

nm. Their small sizes lead to high surface area to volume ratios, which results in different

properties from bulk substances. Because of their unique and extraordinary chemical and

physical properties, nanoparticles are synthesized and used in a wide range of industrial

processes such as biomedicine [1], energy systems [2], environmental technologies [3], and

water treatment [4].

In lots of these industrial processes, the interaction and collision of nanoparticles with

a surface plays a crucial role. Therefore, understanding the collision of nanoparticles on a

solid surface is important to several industrial processes such as nanoparticle filtration [5],

antimicrobial surface treatment [6], agglomeration of nanoparticles [7], surface coating [8],

and water purification [9], etc. Thus, the collision of nanoparticles on surfaces has become

a subject of intense research in the past few decades [10, 11, 12, 13]. Depending on the
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kinetic energy of a colliding nanoparticle, its collision characteristics can be categorized into

different regimes, including implantation [14], fragmentation [15], and adhesion/rebound

[16].

The transition from adhesion to rebound of nanoparticles in their collision on surfaces

is important to various processes. For example, the transition from adhesion to reflection

of nanoparticles colliding on a surface was utilized in nanowire fabrication industries [17].

Moreover, the collision of energetic nanoparticles with high initial kinetic energy on a

substrate could be used in surface coating technologies to provide a cover for the materials

that both improve already existing properties of the material and add new properties to

the material [18]. Moreover, the collision of energetic nanoparticles with high initial kinetic

energy on a substrate could be used in surface coating technologies to provide a cover for

the materials that both improve already existing properties of the material and add new

properties to the material.

On the other hand, the widespread use of nanoparticles in industry causes the dispersal

of unwanted nanoparticles in the air. Due to their small size, if inhaled, nanoparticles

are hard to remove from the upper respiratory tract, and they can penetrate deep into

the body. Long-time exposure to nanoparticles can cause pulmonary disease, fibrosis, and

lung cancer [19, 5]. As a result, the dispersed nanoparticles in ambient air are considered

as a major source of public health concern. Filtration is an effective method that removes

aerosol particles from the air stream [20]. In a filtration process, particles are deposited

and adhered upon collision with the filter media. Therefore, nanoparticle removal from the

air stream takes place upon collision of nanoparticles on the surface of the filter media. As

a result, the collision of nanoparticles with surfaces has been the subject of intense research

in the past few years [5].

Nanoparticles, distinguishing themselves from micron-scale particles demonstrating continuum-

2



regime characteristics [21], are of the utmost interest in investigating their collision and

adhesion behavior. Adhesion of nanoparticles on a substrate is a complex physical process

that depends greatly on several parameters, such as the size of these nanoparticles, the

relative humidity of the ambient air, the surface characteristics of the substrate besides

other geometrical and material properties [22].

Despite the large body of literature on the MD simulation of nanoparticle-surface colli-

sion dynamics (see Chapter 2), there is still lack of understanding on the effects of various

parameters such as air moisture, particle size, chemical reactivity, etc. affect the collision

process.

A comprehensive study on the collision of nanoparticles on a wet substrate should

be performed. Air moisture or humidity, as an inevitable ingredient of ambient air, can

intervene in the particle-surface collision by forming a condensed layer of water on their

surfaces. This layer possesses a variable thickness under ambient conditions and acts as a

buffer layer, which alters the collision condition. How humidity affects the collision depends

strongly on the structural behavior of water molecules near the surface, which is mainly

determined by the surface energy (or wettability) of the substrate [23, 24]. Therefore,

research is also needed to investigate the structural water behavior as a function of the

surface energy (or wettability) of the substrate.

Nanoparticle size is another parameter that affects the dynamics of the collision. The

mechanical properties of nanoparticles such as stiffness and hardness are size-dependent,

although the mechanical properties of microparticles are size-independent and are deter-

mined mainly by the bulk material properties [25]. Moreover, nanoparticles accelerate as

they approach the surface due to the attractive force between the particle and the surface

[26]. This particle acceleration affects the collision properties by increasing the impact

velocity. Since the particle-surface attractive force depends on the particle size, the accel-
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eration is size-dependent [26]. As a result, a comprehensive study on the effects of particle

size on the collision dynamics of nanoparticles on surfaces is essential.

Due to challenges associated with their small size, it is difficult to experimentally in-

vestigate the effects of various parameters on the nanoparticle-surface collision dynamics.

One of the challenges associated with the experimental methods is the accurate sizing of

the nanoparticles. To study the collision dynamics of nanoparticles on surfaces, the size

distribution of colliding nanoparticles should be accurately determined. However, it was

shown that instrumental errors in determining the size of the nanoparticles may lead to

misleading results in collision studies [27]. Another challenge is the generation of very small

nanoprticles (sub-2 nm) using available experimental equipment. Only few experimental

studies have reported on the collision properties of sub-2 nm particles [28, 29]. Moreover,

due to the lack of a comprehensive information on the material properties, it is challenging

to derive expressions for the adhesion energy between nanoparticle and surfaces based on

dynamic equations of the particle motion. Therefore, all the theoretical studies on the

particle-surface contact are based on the static adhesion energy calculations. Numerical

simulations, on the other hand, can provide a detailed and reliable understanding of how

varying parameters at molecular scales affects the nanoscales collisions. Among various

simulation techniques, molecular dynamics (MD) is especially well suited to study the

nanoparticle collision dynamics. MD is a deterministic method that allows tracking the

atomic motions of the system and modifying the conditions that may not be readily varied

experimentally. The movement of every single atom is monitored by solving the Newtonian

equations of motion, and hence the dynamics of the simulated system can be revealed.

Research on collision dynamics of nanoparticles and solid surfaces is of great interest

in developing many industrial applications such as aerosol nanoparticle filtration [5], fabri-

cation of antibacterial surfaces [6], nanowire synthesis from self-assembly of nanoparticles
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on template surfaces [7], advanced coating technology [8], etc. Appropriately addressing

of particle-surface interactions will help not only design suitable filtration and fabrication

systems with the optimal interfacial properties but choose the proper operating parameters

to improve the process efficiency.

1.2 Research Objectives

This research aims to provide a fundamental insight into nanoparticle-surface collision

process using MD simulations in a range of parameters that are not observable by current

laboratory equipment. To achieve this goal, a fundamental research is carried out on the

interfacial behavior between the nanoparticles and a surface. A simulation framework is

designed to model the nanoparticle-surface collision. A validated dataset is used to model

the potential interaction between all the atom types used in the simulations. The results of

the research could provide a deep insight into any industry processes that the nanoparticle-

surface collision plays a role. The following objectives are determined to fulfill the main

purpose of this project:

• Designing a simulation setup to model a collision process at the nanoscale

• Validating the potential functions and parameters for silver (Ag), oxygen (O), and

hydrogen (H)

• Investigating the effects of air humidity on the collision dynamics of a silver nanopar-

ticle on a silver substrate

– Studying the effects of surface energy (or wettability) of a substrate on the

structure of the condensed water molecules on that substrate
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– Investigating the effects of condensed water layer on the nanoparticle-surface

collision dynamics

– Investigating the effects of surface energy of the substrate on the collision of the

nanoparticle on the wet substrate

• Investigating the effects of particle size on the coefficient of restitution of silver

nanoparticles on silver a substrate

– Calculating the yield velocity, the velocity at which the collision transforms from

elastic to plastic regime, for sub-10 nm particles

– Investigating the collision dynamics for adhesive collisions of sub-10 nm particles

– Investigating the effects of different levels of particle-surface adhesivity on the

collision dynamics

1.3 Thesis Structure and Research Approach

Figure 1.1 displays the overall structure of this thesis, which is organized into six chapters.

Chapter 1 presents an overview of the research topic and describes the motivation,

opportunities, and objectives of the research. The information provided in Chapter 1

forms the basis of a comprehensive literature review, which is presented in Chapter 2.

The review covers background knowledge about the fundamental concepts of the parame-

ters affecting the nanoparticle-surface collision process, how the collision process has been

modeled using MD simulations in the literature, water behavior near a surface ranged from

superhydrophobic to superhydrophilic.
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Chapter 1
Introduction

Chapter 2
Literature Review

Chapter 3
Methodology and Validation of Developed

Molecular Dynamics Codes

Chapter 4
Coefficient of Restitution for Silver Nanoparticles

Colliding on a Wet Silver Substrate

Chapter 5
Coefficient of Restitution for sub-10nm Silver

Particles Colliding on Adhesive Silver Surfaces

Chapter 6
Conclusion and Future Work

Fundamental Approach

Figure 1.1: The big picture of the thesis structure.

Chapter 3 presents the model validation for the interatomic potentials used to model

the interaction between all the atom types in this study. Validation of the models is the

first and the most important step in performing molecular dynamics simulations with the

ultimate goal of producing accurate and reliable results. In MD simulations, all the atoms

interact for a while, where their interatomic interactions are often calculated using some

prescribed potential functions. However, the validity of these functions and the force fields
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from which the parameters used in these functions are extracted should be proved first.

To simulate a collision process using MD, it is first necessary to prove the validity of the

potential functions, as well as the potential parameters used to calculate the interactions

between all the atoms in the simulation box. The model is validated by several independent

steps. At first, it is proven that the model has the ability to simulate a collision process

at the nanoscale. After that, for each atom type, the model is validated by reproducing

a specific property of the molecular and atomic structures containing that kind of atom.

For silver atoms, the anisotropic stiffness constants (C11 and C22) are calculated using MD

simulations and the results are compared with the available experimental and numerical

data in the literature. For the water molecules, the density of water is calculated using MD

simulations and the results are compared with the previous experimental and numerical

studies.

Chapter 4 explains the effects of air humidity on particle-surface collision using molec-

ular dynamics simulations. Air humidity can intervene in a particle–surface collision by

forming a layer of water molecules on the surface. These water molecules act as a buffer

layer that alters the collision condition. The effects of condensed water layer on the colli-

sion of 5-nm Ag particles on an Ag substrate are investigated. The coefficient of restitution

that is inversely proportional to the adhesion between the nanoparticle and the surface is

used to characterize the collision. Results indicate that air humidity can either increase or

decrease the coefficient of restitution in the studied nanoparticle collisions, depending on

the condensed water layer thickness and the surface energy of the substrate. The surface

energy of the substrate varies with its Lennard-Jones potential. For a high surface energy

substrate (superhydrophilic and hydrophilic), the coefficient of restitution first increases

then decreases by increasing the water layer thickness on the substrate when the impact

velocity changes from 20 to 500 m/s. For a low surface energy substrate (superhydropho-
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bic and hydrophobic), the coefficient of restitution decreases because of a condensed water

layer on the substrate at impact velocities less than 300 m/s. For higher impact velocities,

the coefficient of restitution first increases, then decreases, with the condensed water layer

thickness.

Chapter 5 presents a molecular dynamics study on the collision of sub-10 nm silver

(Ag) particles on a silver surface. The effects of adhesivity of collision on the nanoparticle-

surface collisional dynamics are also investigated by changing the degree of particle-surface

adhesion strength. Results show that particles accelerate because of the attraction force

applied by the adhesive surface when the particles enter the interaction range of the surface.

As a result, the particle velocity increases from its initial value to a higher impact velocity.

The acceleration changes inversely with the particle size. A particle smaller than 2 nm

in diameter accelerates and results in an impact velocity higher than its yield velocity

even when the initial particle velocity is much lower than the yield velocity. During the

collision, part of the total energy contributes to the plastic deformation of the sub-2nm

particles, reducing the coefficient of restitution (CoR). For a particle larger than 2 nm

in diameter, however, the impact velocity remains lower than the yield velocity when the

initial velocities are lower than its yield velocity, resulting in elastic collision. Furthermore,

this size dependent behavior of CoR intensifies with increasing adhesivity of the collision

and becomes less significant for lower adhesivity. The results indicate that a sub-2 nm

particle with a velocity lower than the yield velocity can collide the surface in its plastic

deformation regime and adhere to the surface.

Chapter 6 summarizes the major findings of this research and discusses the future

directions of the work.

9



Chapter 2

Literature Review

This chapter begins with an introduction to the basic concepts of nanoparticle-surface

collision process. An overview of how the collision process could be investigated using

MD simulations of nanoparticle-surface collision is presented afterwards. Then, all the

parameters affecting the collision of nanoparticles on a solid surface are discussed from the

literature. Finally, the limitations of the existing knowledge on MD studies of nanoparticle-

surface collision are discussed. Based on these limitations, the effects of air humidity and

nanoparticle size on nanoparticle collisions are introduced as the potential research gaps

of this field.

2.1 Nanoparticle-Surface Collision

Nanoparticles are used in many industrial applications such as catalyst synthesis [30, 31],

chemical detection [32], photo-electrical device fabrication [33], and advanced manufactur-

ing [34]. Meanwhile, these nanoparticles may become airborne and inhalable, resulting
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in air pollution. Accordingly, understanding the collision between nanoparticles and sub-

strate surfaces is important to high-efficiency aerosol nanoparticle filtration [5], effective

antibacterial devices [6], self-assembly of nanoparticles [7], advanced coating technologies

[8], and among others.

A particle-substrate collision can be quantified by Newton’s coefficient of restitution

(CoR), which is defined as the ratio of the rebound velocity (vr) and the impact velocity

(vi):

CoR =

∣∣∣∣vrvi
∣∣∣∣ =

√
KEr

KEi

=

√
1− Eloss

KEi

(2.1)

where KEr and KEi are the kinetic energy of the particle after and before the collision,

respectively. The CoR represents the rate of velocity reduction of the particle in the

collision process. The reason for this velocity reduction is the initial kinetic energy loss of

the colliding particle. A smaller CoR indicates a greater velocity reduction or a greater

kinetic energy loss of the incident nanoparticle. Therefore, CoR is inversely related to the

energy loss of the particle.

The initial kinetic energy of a colliding nanoparticle dissipates through several mecha-

nisms, including plastic deformation, rotation, vibration, thermal dissipation, and transfer

energy to the substrate [35]. The energy loss, and as a result, the CoR of a collision de-

pends on particle and surface properties, ambient conditions, etc. In order to investigate

the particle-surface collision, it is first necessary to investigate the energy loss of a collision

under different conditions, and consequently, the CoR of the nanoparticle colliding on a

substrate.

Due to challenges associated with the small size of nanoparticles, it is challenging
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to experimentally investigate the effects of different parameters on nanoparticle-surface

collision dynamics. Moreover, due to the lack of a comprehensive information on the

material properties, it is challenging to derive expressions for the adhesion energy between

nanoparticle and surfaces based on dynamic equations of the particle motion. Therefore,

all the theoretical studies on the particle-surface contact are based on the static adhesion

energy calculations. Numerical simulations can provide a better understanding of how

varying parameters affects the nanoparticle collision process.

For micron or micro size systems, system behavior is studied based on the continuum

assumption, while these assumptions are no longer valid for nanosized systems. Knudsen

number (Kn) is the characteristic that checks for the type of system in terms of continuity.

In general, the mean-free path (λ) is the average distance that each particle travels to

reach other particles. Knudsen number is the ratio of the mean free path to the system

characteristic length (Ls).

Kn =
λ

Ls
(2.2)

If Kn < 0.01, the Navier-Stokes equations are solved based on the continuum assump-

tion. For 0.01 < Kn < 0.1, Navier-Stokes equations can be applied if the tangential

component of the velocity at the boundaries are considered. If Kn > 0.1, the continuum

assumption starts to break down, and finally, for Kn > 10, the continuum assumption com-

pletely breaks down, and the system follows a free molecular regime, at which the particles

travel a considerable distance compared to the system’s characteristic length before collid-

ing the other particles [36]. For nanoscale systems, the mean free path of the system has

the same order of magnitude of the characteristic length of the system, and the assumption

of continuity is no longer valid. Therefore, to study the behavior of nano-sized systems,
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the use of continuity equations results in significant errors in the calculations. As a result,

since the Knudsen number for nanoscale systems is around 10 or larger, the free-molecular

assumption that the nanoparticle does not interact with other gas molecules is valid. In

the field of sub-micron research, the Schrödinger equation is applicable to be applied to all

systems of any scale and workspace. Although the Schrödinger equation is theoretically

correct for nanoscale systems, due to high computational cost and complexity, it is only

applicable for very small-scale systems. Therefore, a new strategy is needed for modeling

nano-scale systems to predict the behavior of the system. Molecular dynamics is a promis-

ing method to numerically analyze the movements of atoms and molecules in a nanoscale

system. The interaction between the atoms and molecules is modeled in this method, and

their trajectories are predicted by solving Newton’s equations of motion. MD is a determin-

istic method that allows tracking the atomic motions of the system and modifying system

conditions that may not be readily varied experimentally. The motion of every single atom

is monitored by solving the Newtonian equations of motion, and hence the dynamics of the

system can be revealed. Therefore, MD simulation of the nanoparticle-substrate collision

has been the subject of numerous recent research. Several studies have been performed on

the effects of several parameters on the collision dynamics of a nanoparticle on a surface.

The following section, discusses all the factors affecting the nanoparticle collision from MD

simulations in the literature.

2.2 Factors Affecting Collision - MD Studies

Several factors affect the collision dynamics of nanoparticles on surfaces. These factors are

summarized as follows:

• Dynamic characteristics of the nanoparticle
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– Impact velocity

– Initial angular velocity

– Angle of incidence

• Physio-chemical properties of particle and surface

– Particle size

– particle material (mechanical properties such as hardness)

– Particle shape

– Surface energy

– Chemical reactivity

• Ambient conditions

– Humidity

First, the dynamic characteristics of the moving particle affect the collision. Second,

physical and chemical properties of the particle and substrate may also affect the collision.

Last, ambient air conditions at which the collision takes place can affect the collision

dynamics.

2.2.1 Effects of Dynamic Characteristics of Particle on Collision

Impact velocity

Impact velocity is one of the most important factors affecting the collision. The impact

velocity is equal to thermal velocity of the particle, which follows a Maxwell-Boltzmann
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distribution. Awasthi et al. [22] found that the particle-surface adhesion probability is a

bimodal function of the impact velocity (see Figure 2.1). Particles adhere to the surface at

very low velocities but start to rebound from the surface at intermediate velocities. Further

increasing the impact velocity increases, then decreases the probability of adhesion. This

behavior was explained by the amount of energy loss in two collision regimes [37]. First,

elastic regime with negligible deformation of the particle. Second, plastic regime, which the

nanoparticle experiences plastic deformation. The adhesion energy depends on the contact

area between the colliding nanoparticle and the surface. For low impact velocities, at which

the deformation is negligible, the contact area and hence the adhesion energy, depends

weakly on the impact velocity. As a result, the adhesion energy remains unchanged while

the kinetic energy increases with increasing the impact velocity in the elastic regime. At

higher impact velocities, the deformation grows substantially, which increases the contact

area and adhesion energy. In this strong deformation regime, the adhesion energy initially

dominates the kinetic energy of the nanoparticle as the deformation produces a large

contact area. Eventually, the kinetic energy of the nanoparticle dominates the adhesion

energy, which decreases the probability of adhesion [38].

Angular velocity of rotation

Prior to collision, nanoparticles in the air stream may collide with each other and gain

rotational angular velocity. After revealing the effects of translational impact velocity,

Awasthi et al. [39] also examined the effects of initial angular velocity of the particle

on the collision dynamics. They found that the adhesion probability for nanoparticles

with initial angular velocity increases compared to adhesion probability of non-rotating

nanoparticles. It was also reported that the adhesion probability increases with increasing

the initial angular velocity of the nanoparticles. The reason is that the degree of plastic

15



Figure 2.1: Sticking probability as a function of impact velocity for three particles with

the number of atoms 147, 309, 561. The minimum and maximum in sticking probability

are distinguished with arrows number 1 and 2, respectively. Adapted with permission from

Ref. [22] Copyright 2006 Physical Review Letters.

deformation increases as the angular velocity increases. Therefore, the energy loss due to

plastic deformation increases, resulting in higher adhesion probability.

Angle of collision

Since aerosol nanoparticles move randomly in air, they may obliquely collide the surface.

Therefore, the nanoparticles may collide the surface with different angles. Angle of collision

was investigated by Awasthi et al. [40]. They found that the adhesion probability is the

same for oblique collisions with equal normal velocity component. This indicates that

the adhesion probability is mainly determined by the normal component of the impact
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velocity. Therefore, for an oblique impact, the CoR is defined as the ratio of normal

velocity components after and before collision. The fact that the rotational kinetic energy

of the particles after rebound is negligible, is also consistent with these results. This

suggests that the transnational kinetic energy is not transferred to the rotational motion

for oblique collisions. Therefore, the tangential component of velocity is approximately

maintained after the rebound. It has recently been shown that the oblique collision of

conductive nanoparticles on the V-shaped grooves etched on a silicon surface can be used

in nanowire fabrication technology [7].

2.2.2 Effects of Physio-chemical Properties of Particle and Sur-

face on Collision

Particle size

Due to high surface area to volume ratio, nanoparticles usually show size-dependent phys-

ical properties distinctly different from those of bulk materials. Takato et al. [25] studied

the size and the impact velocity (vi) dependence of the coefficient of restitution (CoR) for

two identical argon nanoparticles using MD simulations. In their simulations, only the

repulsive interaction between the particles is considered, to make sure that the only energy

loss mechanism that can change the CoR is the plastic deformation. Figure 2.2a shows

the CoR for different particle sizes and impact velocities. As shown, a sharp crossover

is recognized between elastic and plastic deformation regimes, where the impact velocity

reaches yield velocity (vY ). When the impact velocity is lower than the yield velocity,

the energy loss is negligible since the collision is mainly elastic, and the CoR remains

close to unity. However, by increasing the impact velocity to values higher than the yield

velocity, the energy of the moving particles dissipates through plastic deformation, and

17



a) b)

Figure 2.2: (a) Coefficient of restitution as a function of impact velocity for nanoparticles

with different sizes. The change in slope, which shows the onset of plastic deformation,

occurs at the yield velocity. (b) Yield velocity as a function of particle size. Adapted with

permission from Ref. [25] Copyright 2014 Physical Review E.

consequently, the CoR decreases roughly. Figure 2.2b displays the yield velocity for each

particle size. The results show that the physical properties of nanoparticles, such as hard-

ness, is size-dependent. The yield velocity decreases by increasing the particle size, which

indicates that the hardness of the particles decreases with increasing their size until it

approaches its macroscopic value. The results of this study provide valuable information

of size-dependent CoR for purely repulsive nanoparticles. However, there is a different

scenario for the collision between adhesive nanoparticles. The attractive force between

adhesive nanoparticles accelerates the nanoparticles [26]. This acceleration increases the

impact velocity, which affects the collision dynamics. Therefore, a comprehensive study on

the collision between nanoparticles with different levels of adhesivity is required.

Sato et al. [41] also found that the energy loss of a nanoparticle colliding on a surface
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depends on particle size. The reason is that the mechanical properties of nanoparticles,

which affects the CoR are size-dependent. It was found that the energy loss of the small

particles is largely due to the energy transfer to the surface. It is probably due to the

fact that small particles do not have many internal degrees of freedom compared to bigger

particles. To explain the reason for this phenomenon, they modeled both the particle and

the substrate with an imaginary spring, and each of them was assigned a spring constant.

Due to the low internal degrees of freedom, small particles have a high spring constant

compared to the substrate with higher internal degrees of freedom. In fact, the initial

kinetic energy of the particle that is mainly stored as the elastic energy of the substrate

with a smaller spring constant, cannot be completely recovered in the rebound phase, sine

the spring constants are not compatible. In this study, the energy loss mechanisms for

particles with different sizes are discussed; however, the effects of particle size and the

degree of adhesivity of the collision on the CoR is still unclear. Therefore, further research

is needed to fully investigate the adhesive collision of nanoparticles with different sizes.

Particle hardness

The imaginary spring can also be considered to study the effect of the particle material on

the collision dynamics [41]. According to the imaginary spring explanation presented in the

preceding section, the imaginary spring constant increases with increasing the hardness of

the nanoparticle. Therefore, the stored energy in the particle cannot be effectively retrieved

after collision. As a result, the energy lose increases with increasing the nanoparticle

harness. Therefore, the CoR decreases with increasing the particle material hardness.
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2.2.3 Particle orientation

Due to their atomic structures, nanoparticles are not perfect spheres. The nanoparticles

usually have various shapes with lots of asperities on their surfaces. Therefore, the CoR

of a moving particle depends on its orientation prior to the collision. It was shown by

Schoner et al. [42] that the main properties of the collision such as coefficient of restitution,

contact force, plastic deformation of the particle, and adhesion probability depend on the

orientation of the nanoparticle prior to collision. Therefore, for each numerical study

on nanoparticle-surface collision, the orientation of the nanoparticle should be changed

randomly, and the average value should be reported as the final result. This eliminates the

effects of particle orientation on the results.

Surface energy

Awasthi [38] showed that for a dry collision the sticking probability increases with in-

creasing the attraction strength between the particle and substrate. In their study, the

attraction strength between the particle and the surface atoms was modeled using the

modified LJ potential:

ELJ
i = 4ε

[(
σ

rij

)12

− C
(
σ

rij

)6
]

(2.3)

The constant C is applied to the attractive part of the LJ potential to modify the

particle-surface attraction force, although the atoms inside the particle and inside the

substrate interact via the standard LJ potential with C = 1. The adhesion probability

strongly depends on the attraction energy of the substrate, and the transition from adhesion

to rebound of the particle is observed as the factor C decreases from 0.7 to 0.2. Figure
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Figure 2.3: The particle-substrate adhesion probability versus impact velocity for different

C values. Adapted with permission from Ref. [38] Copyright 2007 Physical Review B.

2.3 shows that the bimodal behavior of adhesion probability, which was observed in their

previous study, disappears outside the range of 0.3 < C < 0.4. The reason is that the

kinetic energy of the rebounding particle dominates the attraction energy when the surface

attraction is low (C is low), and the attraction energy dominates the kinetic energy of the

particle when the surface attraction is high (C is high). When either the kinetic energy of

the rebounding particle or the attraction energy dominates, it suppresses the effect of the

other one and causes the bimodal behavior, which is a result of the balance of these two

energies, no longer be observed.

The attraction force between the particle and the surface increases the impact velocity

of the particle. This velocity increase affects the collision dynamics. However, as mentioned

in Section 2.2.2 this velocity increase is size-dependent. Therefore, the effects of attraction

strength between the particle and surface should studied for particles with different sizes.
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Chemical reactions between particle and surface

Most studies assume that the collision properties at the nanoscale are mainly determined

by the van der Waals (vdW) or electrostatic interactions between nanoparticle and surface.

However, in some cases, the chemical reactivity between the particles and the surface also

plays an important role in determining the collision characteristics.

Quadery et al. [43] studied the collision of two silica (SiO2) nanoparticles to examine

the effects of chemical reactivity on their adhesion behavior. According to their results,

the sticking probability is lower for hydroxylated nanoparticles compared to the nonhy-

droxylated ones. The presence of dangling bonds belong to the unsaturated Si atoms on

the surface of the nanoparticle results in chemical bond formation between nanoparticle

and surface. The strong bond formation increases the kinetic energy dissipation and, con-

sequently, the adhesion efficiency between the nanoparticles. Since the energy dissipation

increment was attributed to the chemical bond formation due to the dangling bonds, ef-

fective passivation their using hydroxylation agents reduces the probability of the particle

adhesion. It was shown that surface hydroxylation could reduce the adhesive forces and,

consequently, the energy dissipation upon collision. The results indicate that the proba-

bility of adhesion depends on whether the surface is hydroxylated.

It was also revealed by Sure et al. [44] that the adhesion dynamics of a nanoparticle

on a substrate depends on the level of chemical reactivity between them. The collision

between a 10-nm Si particle and a Si substrate was examined. The presence of dangling

bonds on the surface of both particle and substrate leads to the formation of covalent

bonds and increases the energy dissipation upon collision. To reduce the surface reactivity,

the surface of the particle or substrate was fully coated by hydrogen atoms. The hydrogen

atoms saturate the dangling bonds on the surface of the nanoparticle. As a result, the
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Si-Si bond formation is hindered during the collision. Therefore, the poor reactivity of the

H-passivated particles prevents the adhesion of colliding Si nanoparticles on the substrate.

Quadery et al. [43] and Sure et al. [44] reported that the strong chemical bond for-

mation between two SiO2 or Si nanoparticles increases the kinetic energy loss, and as a

result, affects the CoR during the collision. Both studies considered dry collisions between

nanoparticles, however, if nanoparticles with dangling bonds on their surfaces become in

close contact with water molecules, bond formation may also occur between the unsatu-

rated surface atoms and the water molecules. It was reported by Cicero et al. [23] that

when a silicon carbide (SiC) nanoparticle, containing unsaturated surface atoms, gets in

close contact with water molecules, chemical bonds are formed between the dangling bonds

and the oxygen atoms of water molecules. As a result, the water molecules dissociate, and

proton transfer due to this chemical reaction leads to the formation of H3O+ ions. Similar

results were reported by Ma et al. [45] about the formation of chemical bonds between

the unsaturated Si atoms and the water molecules. Covalent bond formation applies an

adverse force against the detachment of the nanoparticle from the surface and acts as an

energy dissipation mechanism. Therefore, the effects of the chemical reaction on the colli-

sion must be considered when dealing with a particle, which contains unsaturated surface

atoms on a wet substrate.

2.2.4 Effects of Ambient Conditions on CoR

Humidity

Water moisture or humidity, as an inevitable ingredient of ambient air, can intervene in

the particle-surface collision and affect the adhesion of the particle on the surface. The

humidity effects on the particle-surface interfacial behavior are clearly determined for mi-
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croparticles in the literature. Many studies have shown that the adhesion of microparticles

to a surface increases with increasing moisture content of the ambient air [46]. The in-

crease in adhesion is attributed to the capillary force caused by the condensed water layer

on the surface. Although the effects of humidity for microparticles is straightforward and

always results in adhesion increment, uncertainties still remain about the nanosized parti-

cles. Some experimental studies reported on the effects of humidity on the particle-surface

adhesion. Kim et al. [29] studied the effects of humidity on the impact of 3-70 nm particles

on glass fibers. They showed that unlike microparticles, the adhesion of the nanoparticles

to the surface is independent of the humidity. Bateman et al. [47] reported that the ad-

hesion energy increases for particles with the size range of 90 to 370 nm at high relative

humidity levels, while its effect is not considerable at low relative humidity. Similarly, Stein

et al. [48] showed that for a 250 nm particle, the adhesion energy increases at high relative

humidity and remains unaffected at low humidity levels. Therefore, despite the straightfor-

ward effects of humidity on microparticle collisions, its effects on the nanoparticle collisions

are complicated and controversial. The humidity always increases the adhesion energy be-

tween particle and surface at the microscale. However, at the nanoscale, the humidity

effects could be different depending on various parameters.

Accordingly, the effects of humidity on the nanoparticle-surface adhesion varies at high

and low relative humidity. Therefore, relative humidity (RH) is one of the parameters

that affect the nanoparticle-surface adhesion under the wet conditions. Depending on the

relative humidity, the thickness of the condensed water layer on the surface changes [49].

Surface material is another parameter that is important in studying the effects of humidity

on the nanoparticle-surface interfacial behavior. Different materials have different surface

energies that can affect the dynamics of the collision by affecting the water structure near

the surface. In fact, how the condensed layer affects the interfacial behavior between the
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nanoparticle and surface depends on the water’s structural behavior near the substrate,

which strongly depends on the surface energy or surface wettability of the substrate [24].

Therefore, studying the wettability of the surface is another importance parameter in

studying the effects of humidity on the nanoparticle-surface collision.

Surface wettability is a property of surfaces that shows how a water droplet behaves on

that surface. Modifying the wettability of surfaces is of great interest in developing many

industrial applications such as antibacterial surfaces [6], airborne nanoparticle filtration [5],

printing, clothing, painting, lubrication, and semiconductor [50, 51, 52]. As reported by

Shafrin and Zisman [53], the surface wettability mainly depends on the outermost chemical

groups of the substrate. Usually, atoms more than a few atomic layers below the surface

have negligible effects on wettability. Difference in wettability between surfaces with a

similar structure is due to differences in the outermost layer covering the surface of the

substrate. Changing the outermost chemical groups transforms a high-energy surface into

a low-energy surface of the same substrate material.

A typical approach to evaluate the surface wettability of a substrate is by the water

contact angle measurement. Figure 2.4 shows the water contact angle (θ) is the angle

between the exterior of a droplet and the surface of a substrate. For a droplet on a surface,

the balance between cohesive and adhesive forces determines the contact angle. Adhesive

forces are the attraction forces between the water molecules and the surface atoms, and

the cohesive forces are the attraction forces between the water molecules their selves. The

attraction forces between the water molecules and the surface increases with increasing

the degree of surface wettability. Therefore, the water molecules tend to spread out over

the surface, and the contact angle decreases. Therefore, the contact angle is inversely

proportional to the surface wettability or surface energy [53].
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Figure 2.4: Water contact angle (θ) on a surface.

2.3 Surface Classification Based on Wettability

A solid-liquid interface forms when a water droplet comes in contact with a surface. The

final shape of the droplet is determined by the competition between the cohesive and

adhesive forces. Cohesive forces within the liquid sticks the water molecules together.

Adhesive forces are the attraction forces between the droplet and the surface. Cohesive

forces are determined by the liquid-liquid interaction strength, and adhesive forces are

determined by the solid-liquid interaction strength. Assuming that the liquid is always

water, the cohesive force is constant. The solid-liquid attraction strength is also determined

by the surface energy of the surface.

A surface could be classified into four main categories shown in Figure 2.5. Surface

wettability is determined by the surface energy level of the substrate. The energy content of

a solid depends on the nature of the solid itself. Since hard solids such as metals, ceramics,

and glasses are held together with strong interatomic interactions (metallic, covalent, and

ionic), a large amount of energy is needed to break the bulk of the solid, and, the term

“high energy” is used for these solid types. The wettability of these surfaces is high

for most liquids, including water. The degree of wetting changes depending on the level

of the surface energy. The adhesive force strength increases with increasing the surface

energy of the substrate, resulting in a contact angle of less than 10°. In this case, the
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Figure 2.5: Surface classification based on wettability.

surface is called “superhydrophilic”. By decreasing the surface energy of the substrate,

the adhesive interactions, and consequently, the wettability of the surface decreases. As

a result, the drop balls up, and the contact angle increases. Such surfaces fall in the

category of “hydrophilic”, and the contact angle is in the range of 10° to 90°. In this case,

the surface energy is high enough that the fluid spreads over a large area of the surface.

Weak molecular crystals such as hydrocarbons and fluorocarbons are the type of solids,

where the molecules are held together by weak physical forces of vdW and hydrogen bonds.

Since the molecular structures of these solids are held together by weak interactions, a low

amount of energy is required to break them; thus, they are named ”low energy” surfaces.

Depending on the surface energy, the contact angle of a water droplet on a low energy

surface ranges from 90° to 180°. For the contact angle in the range of 90° to 150°, the

surface wetting is low, that the fluid minimizes contact area with the surface and compact

droplet is formed. Superhydrophobic surfaces (lotus effect) have contact angles higher than

150°, resulting in almost no contact between the water droplet and the surface. Contact

angles and the strength of their liquid-liquid and solid-liquid interactions are described in

Table 2.1.

The control of the interfacial behavior between a liquid and a surface is essential in
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Table 2.1: Surface properties associated with its degree of wettability.

Surface type Contact angel Degree of wettability Adhesive to cohesive interaction ratio

A 150°< θ <180° Superhydrophobic Very weak

B 90°< θ <150° Hydrophobic Weak

C 10°< θ <90° hydrophilic Strong

C θ <10° Superhydrophilic Very strong

many technological processes. In the contact of a liquid droplet on a surface, three cases

of completely wetting, partially wetting, and non-wetting may occur. As reported by

Shafrin and Zisman [53], the surface wettability is mainly determined by the outermost

chemical groups of the solid. Usually, atoms more than a few atom diameters below the

surface do not influence wettability. Differences in wettability between surfaces with a

similar structure are due to differences in the outermost layer covering the surface of the

substrate. Changing the outermost chemical groups transforms a high-energy surface into

one with the wetting properties characteristic of a low-energy surface of the same surface

composition and packing.

2.4 Water Structure at a Solid Interface

Research on solid-liquid interfacial behavior is of great interest in the development of

several industry processes. In particular, for any kind of technological process that the

nanoparticle-surface comes in contact in a humid environment, the water structural behaves

near the surface is important. Therefore, in order to investigate the effects of humidity

on the collision of a nanoparticle on a substrate, the structure of water molecules near

the surface should be studied. The water structure near a surface highly depends on
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the surface wettability. On both hydrophobic [54, 55] and hydrophilic [55, 56] surfaces,

interfacial layers of water with properties different from those of bulk water have been

reported.

Cicero et al. [23] presented a microscopic model for the interfacial behavior between

liquid water and a hydrophilic surface. The surface material used in their simulations is

silicon as a proper semiconductor for biocompatible devices. Figure 2.6 shows that a thin

water layer with a density higher than the bulk water is formed near a hydrophilic substrate.

The structure and dynamics of this layer have been compared to those of amorphous ice

[57] and supercooled water [54]. For a hydrophilic substrate (with high surface energy),

the attraction force between the substrate and the water molecules is strong, and the

tendency of the surface to absorb water molecules is high. As a result, the water molecules

adjacent to the substrate adhere strongly to the surface. Normal hydrogen bonds between

the water molecules break down and are replaced by new hydrogen bonds, forming a dense

water layer next to the surface. In other words, due to the strong attraction force between

the water molecules and the surface atoms, the water molecules tend to stay close to the

surface and a high-density water layer is formed near the surface. Only molecules with

a distance less than 3 Å from the surface are strongly affected, and the thickness of this

dense water layer is around 3 Å.

Instead, weakening of the attraction force between water molecules and the substrate

results in weakening of H-bonds [58] between the water molecules in the dense layer on

hydrophobic surfaces. Therefore, a water-vapor interfacial region is formed near the sur-

face. By decreasing the surface energy of the substrate, the attraction energy between

the substrate atoms and the water molecules decreases. Therefore, the attraction between

the water molecules and the surface decreases, and the density of the adjacent water layer

decreases. Jensen et al. [55] investigated the water structure near a hydrophobic and hy-
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Figure 2.6: Water density as a function of vertical distance z from the hydrophilic substrate.

Adapted with permission from Ref. [23] Copyright 2005 Journal of American Chemical

Society.

drophilic surface and provided a comparison between them. Figure 2.9 shows the structure

of the water molecules near a hydrophobic and hydrophilic surface. For the hydrophilic

surface, the water molecules are absorbed strongly by the surface, and a thin dense water

layer is created near the surface. However, for a hydrophobic surface, the water-surface

interaction is weak and there is an interfacial vapor phase in the water-surface connection.

2.5 Knowledge Gap and Research Needed

Despite a relatively large body of literature, more research on the collision dynamics of

nanoparticles on the surface of the filter media is still needed. The accuracy of the avail-

able equipment to determine the size of the nanoparticles and the difficulty to produce

sub-2 nm particles makes experimental approaches challenging to study the collision of

30



a) b)

Figure 2.7: Water structure near (a) hydrophobic and (b) hydrophilic substrate. Adapted

with permission from Ref. [55] Copyright 2014 Journal of Chemical Physics.

nanoparticles on a surface. Theoretical studies are also challenging due to the lack of data

of material properties of nanoparticles. Therefore, numerical studies could be helpful to

provide complementary data in particle-surface collision. The numerical studies based on

continuum theory fails to study nanoparticle collision because the continuum assumption

is no longer valid at nanoscales. Among all the simulation techniques, molecular dynamics

simulations are the most promising approach to study a nanoscale system. The effects

of several parameters such as impact velocity, particle orientation, angular velocity of the

particle, etc. on the particle-surface collision dynamics are addressed in earlier MD studies.

However, the effects of several parameters such as air humidity, particle size, surface energy

of the colliding objects are still unclear.

All the earlier MD studies on the particle-surface collision dynamics are exclusively for

dry surfaces, and little research has been focused on the effects of air humidity on the

nanoparticle collisions. In reality, a water film may be formed at the particle-substrate

interface, and it may interfere the collision between the particle and the surface. The

water film can affect the quality of the products in material synthesis or the efficiency

of air filtration. It is well-known in the literature that the adhesion of micron or larger
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particles to a surface always increases with relative humidity (RH) or water content in the

air.

However, the effects of relative humidity on the adhesion of nanoparticles on a surface

is still controversial. For example, Miguel et al. [46] found that the adhesion of micron

particles to a surface is enhanced by increasing the moisture content of ambient air. This

effect was attributed to the capillary force of the condensed water layer on the surface.

Wang et al. [59] however investigated the effects of relative humidity on the deposition rate

of aerosolized SiO2 nanoparticles in a test chamber. Their study shows a size-dependent

effect of RH: for particles smaller than 70 nm in diameter, the deposition rate decreases as

the RH increases; for larger ones, the deposition rate increases with rising RH. Kim et al.

[29] found that RH had little impact on the collection efficiency of nanosized NaCl particles

in the range of 3-70 nm in diameter. Thus, the effects of RH on the nanoparticle-substrate

collision deserves further investigations.

Moreover, there is limited information on the dependence of particle-surface collision

dynamics on nanoparticle size and adhesion force for nanoparticle collisions, especially for

those involving sub-10 nm particles. Jung et al. [26] reported that the particle-surface

adhesion force increased the impact velocities of sub-10 nm particles, depending on the

particle size and the surface energy of the colliding objects. Nonetheless, the effects of

the velocity increase on the nanoparticle collisions deserve further investigation. Thus,

more research is needed to understand the effects of particle-surface adhesion force on the

adhesive collisions of sub-10 nm particles on surfaces with different surface energies.
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Chapter 3

Methodology and Validation of

Developed Molecular Dynamics

Codes

Validation of the computer models is the first and the most important step in development

of a model with the purpose of producing accurate and reliable results. In MD simulations,

all the atoms interact for a while, where their interatomic interactions are often calculated

using some prescribed potential functions. However, the validity of these functions and

the force fields from which the parameters used in these functions are extracted should

be proved first. This research aims to investigate the effects of several parameters such

as relative humidity, particle size, etc. on the collision of a nanoparticle on a substrate

utilizing MD simulations. To simulate a collision process using MD, it is first necessary

to prove the validity of the potential functions, as well as the potential parameters used

to calculate the interactions between all the atoms in the simulation box. The model
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validation is achieved through several independent steps. At first, it is proved that our

model has the ability to simulate a collision process at the nanoscale. After that, for each

atom type, the model is validated by reproducing a specific property of the molecular and

atomic structures containing that kind of atom. Besides, for water molecules, the results

of a relevant study are also reproduced.

3.1 MD Simulation of nanoparticle collisions

As discussed in Chapter 2, Knudsen number is the main characteristic which determines

whether the free-molecular regime is valid (see Eq. 2.2). The mean free path of air,

at an atmospheric condition and relative humidity of 0-100 %, is in the range of 67.8-

68.03 nm [60]. The diameter of the nanoparticles in this study is in the range of 1.6-7.6

nm. Therefore, for the particles considered in this study, the Knudsen number would

take a value between 8.94 to 42.44. As a result, since the Knudsen number is around 10 or

larger, the free-molecular assumption that the nanoparticle does not interact with other gas

molecules is valid. Therefore, the interactions between the particle and the surrounding

air molecules are not considered in this work. In an actual collision process, multiple

nanoparticles may approach the surface at the same time. The approaching nanoparticles

may collide to each other prior to collision, which may alter their impact velocity and their

orientation prior to collision. The collision of each nanoparticle is modeled over a wide

range of impact velocities to make sure that each nanoparticle’s velocity (which is altered

after the collision with other nanoparticles) is effectively covered. Moreover, nanoparticles

which are not perfect spheres, collide the surface with different orientations. The actual

collision outcome is the statistical average of the nanoparticles colliding on the surface with

different orientations. In order to eliminate the effects of nanoparticle orientation prior to
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collision and improve the statistical accuracy of the results, up to 12 trials are performed.

The nanoparticle is re-oriented prior to collision between each trial. Therefore, although

the collision of a single nanoparticle on a surface is modeled, the reported results for each

system condition is averaged over up to 12 distinct collisions. Therefore, it is reasonable

to not model the collision of multiple nanoparticles on the surface. However, multiple

collisions of nanoparticles on a surface or collision of nanoparticles on previously deposited

nanoparticles on a surface could be studied as a future work.

The general simulation framework to model a collision process is depicted in Figure

3.1. For each simulation, it is first necessary to create an empty box with dimensions

of Lb,x, Lb,y, and Lb,z. All the atoms needed for the simulation should be placed in this

box. A substrate with dimensions of Ls,x, Ls,y, and Ls,z is used to model the collision. A

nanoparticle with the radius of rp is also located at the distance of d above the substrate.

Silver is chosen as the material of the particle and substrate. Silver is chosen as the

material of the particle and substrate. Physical and optical properties of a material can

be considerably altered by collision and deposition of nanoparticles on that material. In

this content, the physical properties of silver substrates appear to be tunable using the

collision and deposition of silver nanoparticles on the surface of that silver substrate [61].

Therefore, the silver-on-silver collision of nanoparticles on surfaces is considered in this

study. The details about the size of the particle and substrate, which depends on the

system conditions, are provided in each chapter. At the beginning of the simulation, the

nanoparticle should be placed outside the interaction field of the substrate.

Usually, the size of MD systems is around several hundred nanometers. Since MD

simulations are very time-consuming, it is impossible to simulate such a big system. This

problem can be solved by applying periodic boundary conditions. To eliminate the finite-

size effects of the simulation box, periodic boundary conditions are applied to the x and y
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Figure 3.1: Schematic representation of the general simulation framework to model a

nanoparticle-surface collision process.

directions. Figure 3.2 shows that by applying the periodic boundary condition, the central

cell A (which is the simulated cell in Figure 3.1) is repeated indefinitely in the x and y

directions. Each atom in cell A has its own image in the adjacent cells. When an atom

crosses cell C from cell A, its image enters from cell H to cell A. In addition, the atoms

in a cell interact with the image of adjacent cell atoms. Therefore, the periodic boundary

condition enables modeling of an infinite system by modeling the interaction between the

atoms inside a single cell (see Figure 3.2).

The length of the substrate in the x - and y-directions should be large enough that the

picture of the particle in the nearby cells won’t affect the particle behavior. The length

of the substrate in the z direction (Ls,z) should be high enough to ensure that the energy
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Figure 3.2: Periodic boundary conditions for a two-dimensional MD system. The Simula-

tion cell A, with the size of L × L is replicated in the x and y directions. The circles show

the cut-off area around each circle. Each arrow represents the atoms crossing between two

cells.

from the cluster impact is absorbed by the substrate properly. The outermost layer of the

substrate should be fixed to prevent the movement of the substrate while the rest of the

substrate is left to vibrate normally.

All the simulations should start from the Maxwell-Boltzmann velocity distribution at

temperature of T. At first, the system should be equilibrated under the NVT (constant

number, volume, and temperature) ensemble at a contact temperature of T. The duration

of the NVT ensemble should be long enough to ensure that the system reaches isothermal

steady state. Then, to initiate the collision process, the desired initial velocity should

be applied to the particle. Since the duration of the collision process is usually around
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few picoseconds, and also the interaction between the particle and the surrounding air

molecules is not considered, it is reasonable to assume that the energy of the system is

conserved during the collision. Therefore, Newtonian dynamics under the NVE (constant

number, volume, and energy) ensemble should be used to model the collision process.

However, since the substrate is connected to the nearby atoms through periodic boundary

conditions, its heat conduction should not be ignored. Therefore, the temperature of the

few atomic layers on top of the fixed part of the substrate should be regulated. Therefore,

during the NVE ensemble, Langevin dynamics, [62] which controls the temperature of the

system like a thermostat at a temperature of T, is applied to these layers. This block

of Langevin atoms regulates the temperature of the rest of atoms in the simulation box,

which follows a Newtonian dynamics. Both the Newton and Langevin equations of motion

are integrated with a velocity Verlet algorithm.

3.2 Validation of a nanoparticle collision

First of all, we need to develop a MD simulation model which is able to accurately model

a nanoparticle collision process. The developed model should be able to repeat the results

of previous studies in MD simulation of nanoparticle collisions. For this purpose, the

results reported by Takato et al. [63] are repeated. They studied the impact velocity (vi)

dependence of the coefficient of restitution (CoR) of two identical nanoparticles using MD

simulations. The diameter of both nanoparticles is equal to 3.2 nm. The system setup is

depicted in inside of Figure 3.3. The interatomic potential between all the atoms in the

simulation box is modeled using standard (6,12) LJ potential.

U = 4ε

[(σ
r

)12
−
(σ
r

)6]
+ ε1 (3.1)
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where ε = 1.654× 10−21J is the potential energy depth, and σ = 3.405 Å is the zero-across

distance potential [63]. For the interaction between the atoms that reside inside each

nanoparticle, the cut-off radius of r1 = 2.5σ is considered. For the interaction between the

atoms in different nanoparticles the cut-off radius of r2 = 21/6σ is considered to exclude

the adhesion part of the potential at rij > r2. The LJ potential is shifted to zero by adding

the constant energy of ε1 to Equation 3.1. The impact velocity of viε [2.6− 517] m.s−1 is

considered. Figure 3.3 compares the results of the under validation MD simulations with

the results reported by Takato. As shown, the CoR reported by Takato et al. is accurately

reproduced using the developed MD code, which shows the ability of the developed model

to simulate a nanoparticle collision process.

3.3 Validation of Water Interaction Potential

Despite the simple molecular structure, water exhibits complex and unusual behaviors.

Numerous molecular models have been proposed to justify the properties of water under

various conditions. The development of molecular water models has a long history. The

first attempts in this regard relate to Bernal and Fowler’s study in 1933 [64]. The modern

development of molecular water models in computer simulations began in 1970, and many

of the models used today were developed in 1980. In 1981, Berendsen et al. [65] proposed

the SPC model. The more sophisticated TIP3P and TIP4P models were also introduced

in 1983 [66]. In the SPC/E model [67], which is an extended SPC model, the polarization

effects of water are also taken into account.

Each molecular model of water is capable of reproducing one or more physical properties

of water, such as density, radial distribution function (RDF), dipole moment, and so on.
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Figure 3.3: Coefficient of restitution versus impact velocity for two colliding nanoparticles.

The red circles show the results reported by Takato et al. [63], and the blue curve shows

the results from MD simulations.

In fact, none of the models are able to reproduce all the physical properties of water. In

this project, the modified TIP3P water model is used to simulate the water molecules [68].

This water model is selected due to its low computational cost and its ability to accurately

reproduce physical properties of bulk water. The first step is to validate the simulation

results based on this model. One procedure is to check whether the model can reproduce

the correct water density. The water density based on the modified TIP3P at P = 1 atm

and T = 298 K is reported to be 1.009 kg.m−3 in the literature [68]. To calculate the water

density, the reservoir shown in Figure 3.4a with initial volume of V = 70 × 70 × 70 Å3

was filled with water. The number of water molecules in the reservoir was chosen in a way

that the initial density becomes 0.95 Å3. This way, the initial water density differs from
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its standard value. If we equilibrate the system under the constant Number, Pressure, and

Temperature (NPT) ensemble, the volume of the box will change. If the density reaches its

standard value, the model can reproduce the water properties correctly. The system was

equilibrated under the NPT ensemble, and the water density profile is plotted in Figure

3.4b. It shows that the density reaches its standard value after a while. The average water

density is calculated using Eq. 3.2

ρ =
NH2O × 18.0154

0.602× Vfill
≈ 1.00861 kg.m−3 (3.2)

The calculated water density is in agreement with the number reported in the literature

1.009 kg.m−3 (0.04 % error), which shows the validity of the developed code for the TIP3P

water model.

The validity of the model is also checked for the other water model, TIP4P2005 [69].

A reservoir similar to that shown in Figure 3.4a is filled with water with the same initial

density. The system was equilibrated under the NPT ensemble at P = 1 atm and T =

283− 373 K, and the density was calculated. The results are plotted in Figure 3.5 and are

compared with the results reported in literature. There is an agreement with the results

from MD simulations and the results reported by Ma et al. [70]. Therefore, the validity of

the model for TIP4P-2005 model is also proved.

The validity of the TIP3P model is double-checked with a second procedure. The results

reported by Liu et al. [71] are reproduced to show the validity of the simulations to model

the water molecules based on the modified TIP3P model. They studied pressure-driven

water transport inside a nanochannel formed by two graphene layers. The simulation

system is shown in Figure 3.6a. The nanochannel thickness and length are d = 10 Å and

L = 51 Å respectively. Both water reservoirs are 40, 37, and 38 Å in the x, y, and z
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Figure 3.4: (a) Water box with dimensions of 7×7×7 nm3. (b) Water density profile based

on the modified CHARMM TIP3P water model [68].

directions, respectively. Each reservoir contains 1880 water molecules to produce a mass

density of 1 g.cm−3. The modified TIP3P model was adopted to construct water molecules.

In our simulations, the system setup was selected exactly based on the values reported by

the paper. All the simulations were performed under the NVT ensemble, at a constant

temperature of 300 K. Initially, the water molecules are equilibrated for 50 ps with a time

step of 0.5 fs. Subsequently, a pressure difference is applied on the system to create flow

through the nanochannel. With the pressure gradient imposed, the simulation is conducted

for 250 ps to obtain a steady condition. Then, the simulation is performed for another

250 ps for data collection. The dependence of water flow rate, Q, on the applied pressure

gradient ∆P, for both the results of the paper and the simulation results. As shown in

Figure 3.6b, there is an agreement between the results reported by Liu et al. and the
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Figure 3.5: Water density profile as a function of temperature. TIP4P-2005 is used to

model water molecules. The results from MD simulations (blue line) is compared to the

results reported by Ma et al. [70].

results of the developed MD code.

3.4 Validation of Silver Interaction Potential

In this project, silver is considered as the material of both particle and substrate because

it is frequently used in experimental studies of nanoparticle collision. In addition, the

interatomic potential parameters for silver are fully developed in the literature [72]. The

interaction potential between the atoms of the particle and substrate is modeled using an

embedded atom model, EAM potential [73]. To validate the EAM potential interaction

between silver atoms, the results of the study published by Mousavi et al. [74] are repro-
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Figure 3.6: (a) Configuration of the system setup. (b) Water flow rate, Q, versus pressure

difference, ∆P. The blue circles represent the simulation results, and the dashed red line

stands for the results of the paper [71].

duced. In their study, the anisotropic elastic stiffness constants, C11 and C12, of silver are

reported at different temperatures using EAM potential. The elastic stiffness constant is a

characteristic to quantify the strain rate in a material as a function of stress that is applied

to that material. Their simulations are repeated exactly with the same procedure reported

in their paper, to reproduce the anisotropic elastic stiffness constants of silver.

Figure 3.7 displays the simulation framework to calculate the anisotropic stiffness con-

stants of a silver substrate. To calculate the anisotropic elastic stiffness constants, C11 and

C12, a cube made of silver atoms is considered. The silver substrate is 50 Å in all three

directions. Applying a uniaxial tensile strain rate of 10−3 ps−1 in the x direction leads to

stress components of σxx, σyy, σzz [75]. The relationship between (εxx, εyy, εzz), (σxx, σyy,

σzz), and elastic stiffness constants of (C11, C12) could be quantified using the stress-strain

equation series as follows:

σxx = C11εxx + C12 (εyy + εzz) (3.3)
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Figure 3.7: Simulation framework showing the silver substrate for calculation of the

anisotropic elastic stiffness constants C11 and C12.

σyy = C11εyy + C12 (εxx + εzz) (3.4)

σzz = C11εzz + C12 (εxx + εyy) (3.5)

The strain in the y- and z -directions is controlled to be zero under the NVT ensemble

to have εyy = εzz = 0. Therefore, the stress-strain equations could be simplified as:

σxx = C11εxx (3.6)

σyy = C12εxx (3.7)
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Figure 3.8: Anisotropic elastic stiffness constants of (a) C11 and (b) C12 of silver [74].

By plotting the stress-strain curves, C11 and C12 can be calculated from Equations 3.6

and 3.7. The parameters of σxx and σyy could be obtained from the MD simulations and

having the value of εxx, C11 and C22 could be calculated. As shown in Figure 3.8, the MD

simulation results are consistent (∼ 1.5 % error) with the results reported by Mousavi et

al. [74].

3.5 Summary

A simulation setup to study the aerosol filtration process using MD simulations was de-

veloped in this chapter. Because modeling of a real filtration process is not possible using

MD simulations, several assumptions were considered to simplify the system. Therefore,

the aerosol filtration process was simplified as the collision of a single nanoparticle on a
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flat rigid substrate. The potential parameters for the interaction between all the types

presented in the simulation box (Ag, O, H) were validated by repeating the results of

previous experimental and numerical studied. The embedded atom model (EAM) for the

interaction energy between the silver atoms was validated. The water-water interaction

energy was also validated using TIP3P and TIP4P water models.
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Chapter 4

Coefficient of restitution for silver

nanoparticles colliding on a wet silver

substrate

Air humidity can intervene in a particle-surface collision by forming a layer of water

molecules on the surface. These water molecules act as a buffer layer that alters the

collision condition. In this chapter, we study the effects of condensed water layer on the

collision of 5-nm silver particles on a silver substrate by molecular dynamics simulations.

The coefficient of restitution is used to characterize the collision. Results indicate that

the effects of air humidity on the collisional dynamics depend on the water layer thickness

and the surface energy of the substrate. The surface energy of the substrate varies with

its Lennard-Jones potential that is used to describe the particle-water, particle-substrate,

and water-substrate interaction energies. Air humidity can either increase or decrease the

coefficient of restitution in the studied nanoparticle collisions. For a high surface energy
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substrate, the coefficient of restitution first increases then decreases by increasing the wa-

ter layer thickness on the substrate when the impact velocity changes from 20 to 500 m/s.

For a low surface energy substrate, the coefficient of restitution decreases because of a

condensed water layer on the substrate at impact velocities less than 300 m/s. For higher

impact velocities, the coefficient of restitution first increases, then decreases, with the con-

densed water layer thickness. Therefore, the air humidity reduces the adhesion between

the nanoparticles and the substrate for a high surface energy substrate. For a low surface

energy substrate, however, air humidity may increase or decrease the adhesion between the

nanoparticle and the substrate, depending on the impact velocity.

The results presented in this chapter are published in the Journal of Applied Surface

Science [76].

4.1 Problem Statement

Nanoparticles are used in many industrial applications such as catalyst synthesis, chemical

detection, photo-electrical device fabrication, and advanced manufacturing. Meanwhile,

these nanoparticles may become airborne and inhalable, resulting in air pollution. Accord-

ingly, understanding the interaction energies between nanoparticles and substrate surfaces

is important to high-efficiency aerosol nanoparticle filtration [5], effective antibacterial de-

vices [6], self-assembly of nanoparticles [7], advanced coating technologies [8], and among

others.

A particle-substrate collision can be quantified by Newton’s coefficient of restitution

(CoR), which is defined as the ratio of the rebound velocity and the impact velocity (see

Eq. 2.1). A small CoR indicates a great velocity reduction or energy dissipation over the

collision. Adhesion occurs when CoR is nearly zero, indicating a complete conversion of
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incident kinetic energy to dissipated energy. Thus, highly accurate and sensitive analytical

and numerical approaches are needed for characterizing changes of the kinetic and potential

energy of molecules and atoms at interested lattices and on the interface.

CoR for micron particles can be calculated using the velocity terms that depend on the

bulk properties of the incident particle, substrate, and surrounding fluid. This approach,

however, fails for nanoparticles [77]. When the incident kinetic energy (or impact velocity)

is small, part of the thermal energy of the colliding nanoparticles is transformable into the

translational kinetic energy; this should be taken into account [78]. There are numerous

analytical studies on the collision dynamics of nanoparticles on surfaces. Sato et al. [41],

using molecular dynamics (MD) simulation, studied the effects of particle size and material

properties on energy dissipation for particles colliding on a substrate. They found that the

hardness of the particle relative to that of the substrate affects energy dissipation and CoR.

Alternatively, Ayesh et al. [17] studied the collision of bismuth particles on the silicon

substrate, and they found that liquid deformed more than that of solid particles, which

led to a small CoR of liquid particles. In addition, Suri et al. [44] carried out large-scale

atomistic simulations focusing on 5-nm pristine and hydrogen passivated Si nanospheres.

They found that hydrogen passivation of each particle prevents the formation of Si-Si

covalent bonds and decreases the energy dissipation during collision, although the collision

of two pristine Si nanoparticles results in the formation of such bonds in the contact

region. Other studies [35, 26] focused on energy transfer during collision by analyzing the

contributions of particle size, velocity, and angle of incidence to the adhesion probability. In

general, the impact velocity affects the CoR by influencing energy dissipation and incident

energy. The significance of the critical velocity, however, varies with the size of incidental

nanoparticles.

Despite a relatively large body of literature on the collision between nanoparticles and
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substrate surfaces, all these earlier works are exclusively for dry surfaces, and little research

has been focused on water content in the air [10]. In reality, a water film may be formed

at the particle-substrate interface, and it may interfere the collision between the particle

and the surface. The water film can affect the quality of the products in material synthesis

or the efficiency of air filtration. It is well-known in the literature that the adhesion of

micron or larger particles to a surface always increases with relative humidity (RH) or

water content in the air. However, the effects of relative humidity on the adhesion of

nanoparticles on a surface is still controversial. For example, Miguel et al. [46] found that

the adhesion of micron particles to a surface is enhanced by increasing the moisture content

of ambient air. This effect was attributed to the capillary force of the condensed water

layer on the surface. Wang et al. [59] also investigated the effects of relative humidity on

the deposition rate of aerosolized SiO2 nanoparticles in a test chamber. Their study showed

a size-dependent effect of RH: for particles smaller than 70 nm in diameter, the deposition

rate decreases as the RH increases; for larger ones, the deposition rate increases with rising

RH. In contrary, Kim et al. [29] found that RH had little impact on the collection efficiency

of nanosized NaCl particles in the range of 3-70 nm in diameter. Thus, the effects of RH

on the nanoparticle-substrate collision deserves further investigations.

To address the role of air humidity, water-surface interfacial behaviors can be studied

using MD simulation by integrating the parameters which were obtained empirically. An

accurate description of nanoparticle-substrate interaction energy requires a valid database

of inter- and intra-molecular forces. Recently, nanoparticles and substrates made of silver

were used as a model system to study interfacial phenomena [41, 42].

The main objective of this chapter is to understand how a water layer on the surface

affects the CoR of incident nanoparticles, with impact energies between soft-landing and

fragmentation regimes, in which the nanoparticle hits the surface elastically, or experiences
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a severe plastic deformation but is not fragments into pieces, respectively. First, this

work reveals the properties of the water layer on the silver surface through implementing

the validated silver-silver and silver-water molecular potential data via MD simulation.

Then, we investigate the energy dissipation mechanisms and examined how the water film

affects the CoR of the incident nanoparticles. Additionally, the surface hydrophobicity

is investigated by varying the surface energy of the silver substrate to change so that

the surface changes from hydrophilic to hydrophobic. Although the second objective is

achieved using a method reported in literature, which requires manual adjustment of the

surface molecular potentials, the model predictions and result analyses are expected to

provide a general guidance on modifying the wettability of silver surfaces via mechanical

or chemical approaches.

4.2 Model Description

4.2.1 Numerical Simulation Method

The collision of a nanoparticle on a dry or wet substrate is investigated using MD sim-

ulations, which were experimentally validated for coefficient of restitution in a collision

process [79]. Figure 4.2 presents the simulation framework, which is 130 Å in the x - and

y-directions and 392 Å in the z -direction. The box contains 55588 to 88855 atoms, de-

pending on the thickness of the water layer. Such a simulation box size is large enough to

avoid its finite-size effects on the results.

Silver is chosen as the particle and substrate materials because it is frequently used

in experimental studies of nanoparticle collision. In addition, the interatomic potential

parameters for silver are fully developed in the literature [72]. The substrate and the

52



nanoparticles are cut out from a grid of a face centered cubic (FCC) structure. The radius

of the nanoparticles is rp = 25 Å and the size of the substrate is 130 Å, 130 Å, and 50 Å

along the x -, y-, and z - directions, respectively. This size of substrate is large enough to

ensure that simulation results are not distorted by artificial boundaries of the substrate,

and the energy from the collision is absorbed by and propagated through the substrate. We

checked the results for the collision of nanoparticles with the impact velocity of 500 m/s

for a larger substrate with dimensions 1.5 times larger in all three directions (see Figure

4.4a). No significant difference were observed between the results. The thickness of the

condensed water layer on the surface changes in the range of 0 to 21 Å for relative humidity

changing from 0 to 100 % [49]. The initial thickness of the water layer on the substrate

(Lw) is in between 0 and 21 Å [49]. The minimum water-layer thickness is 5 Å to form a

uniform water layer. A Python code was developed to generate the water molecules on the

substrate. To place the water layer on the substrate, a prespecified domain was considered

on top of the substrate (see Figure 4.1a). The size of the domain in the x - and y-directions

is equal to the size of the substrate in that directions (130 Å). The size of the domain.

in the z -direction is equal to the initial thickness of the water layer (Lw). A distance of

2.5 Å was considered between the box and the substrate to prevent the overlap of water

molecules and the silver atoms of the substrate. The number of water molecules inside the

box was chosen such that the water density inside the occupied volume be equal to 0.997

gr/cm3. To generate the water molecules, the oxygen atom of each water molecule was

placed randomly inside the box. A minimum distance of 4.4 Å was considered between

each pair of oxygen atoms to prevent the overlap of water molecules. After generating all

the oxygen atoms inside the box, the hydrogen atoms were bonded to each oxygen atom

with the O-H bond length and H-O-H bond angle based on the m-TIP3P [68] water model

[68]. Based on the m-TIP3P water model, the O-H bond length is 0.9572 Å and the H-O-H
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Figure 4.1: (a) Schematic representation of the prespecified domain used to generate water

molecules using the Python code. (b) bond and angle values for a water molecule based

on the TIP3P model [68].

bond angle is 104.52° (see Figure 4.1b). Therefore, the first hydrogen atom is attached to

each oxygen atom with a bond length of 0.9572 Å, and the other hydrogen atom is attached

to the same oxygen atom in a way that the H-o-H bond angle is 104.52°. It should also be

noted that both O-H bonds of each water molecule should be in the same plane.

The interaction energy between the nanoparticle and the surrounding air molecules

is ignored in this model. This simplification is reasonable because the diameter of the

nanoparticles (50 Å) is much smaller than the mean free path of the air, which is in the

range of 678-683 Å under normal conditions [60].

The silver atoms of both nanoparticle and substrate are bonded together inside an FCC

crystalline structure; their metallic interatomic potential interaction is modeled using the

embedded atom method (EAM) [73], which gives the potential energy Ui of atom i
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Figure 4.2: Simulation geometry and molecular interaction energy modes for a silver

nanoparticle colliding on a wet silver substrate.

UEAM
i = F

(∑
j 6=i

ρ (rij)

)
+

1

2

∑
j 6=i

φ (rij) (4.1)

where F is an embedding energy function, ρ denotes the electron charge density function,

and φ is a pair-wise potential function, with an interatomic distance of rij. The material

parameters for silver reported by Foiles et al. [72] are used for the modeling of silver atoms.
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The standard Lennard-Jones (LJ) relationship (see Eq. 3.1) is used for the van der

Waals (vdW) interaction energy between particle-substrate, particle-water, and water-

substrate atoms. The cut-off distance is 10 Å for LJ potential interaction. The Columbic

potential is used to calculate the electrostatic interaction energy between oxygen and hy-

drogen atoms,

UC
i =

kqiqj
rij

(4.2)

where k is the Coulomb’s constant, and q is the atomic partial charges. Long-range elec-

trostatic interaction energies are calculated using a particle-particle particle-mesh (PPPM)

method, with a cut-off distance of 12 Å and a root-mean-square accuracy of 10−4.

Table 4.1 summarizes all LJ pair interaction energies and the partial charges for all

atoms in the simulation box. Mix arithmetic [80] is used to calculate the values of ε and

σ for O-H, O-Ag, H-Ag, and Ag-Ag pairs on water-water, water-particle, water-substrate,

and particle-substrate interaction energies. Same as in an earlier work [9], the potential

parameters for water molecules are chosen based on the modified TIP3P model [68]. In

addition, the SHAKE algorithm is used to fix the internal geometry of each water molecule.

Table 4.1: Lennard-Jones potential and Columbic parameters for all atoms in the simula-

tion box [68, 81].

Atom type ε (kcal.mol−1) σ Å q (e)

Oxygen 0.1521 3.150 -0.834

Hydrogen 0.0461 0.400 +0.417

Silver 7.9466 2.644 0.000
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The surface attraction energy of the nanoparticle or substrate is controlled by manip-

ulating the LJ parameter, ε, of their silver atoms. For the particle, the LJ parameter of

εp = 0.3178 kcal.mol−1 is considered to enable weak adhesive collisions. Two values of

7.9466 and 1.2714 kcal.mol−1 for the LJ parameter of the substrate, εs, stand for the sub-

strates with high and low surface energy (or wettability), respectively. The first value of

7.9466 is from literature [81]; while the second value of 1.2714 was determined by changing

the surface from a high-energy to a low-energy one until reaching a hydrophobic surface.

The surface hydrophobicity is determined by the relative value of the adhesive and cohe-

sive forces, which are the water-water and water-surface interaction energies, respectively.

Decreasing the surface energy of the substrate by decreasing its εs parameter reduces the

attraction energy between the substrate and the water molecules. As a result, the water-

surface adhesive forces are reduced compared to the water-water cohesive forces. Therefore,

the water molecules tend to be sticked to each other, leading to a more hydrophobic sub-

strate. Figure 4.3 displays the water contact angle for both surfaces, which is calculated

using MD simulations. For the substrate with εs = 7.9466 kcal.mol−1, which is from liter-

ature [81], the water contact angle is approximately 9.6°, which is in agreement with the

experimental measurement for water contact angle on a pristine silver surface [82]. The

water contact angle for the substrate with εs = 1.2714 kcal.mol−1 is 24°, which produces a

more hydrophobic surface.

The interaction energy strength of the nanoparticle or substrate is reduced by assuming

that a partial oxide layer created on their surface weakening the surface interaction energy

[53]. As reported by Shafrin and Zisman [53], atoms below the surface do not influence

surface energy. Differences in surface energy between substrates that are similar in the bulk

structure result from the varying outermost layer that covers the surface of the substrate.

Modifying the outermost layer can transform a high-energy surface into one with the
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 ≈9.6° 
 ≈24° 
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Figure 4.3: Water contact angle for surfaces with (a) εs = 7.9466 kcal.mol−1, and (b)

εs = 1.2714 kcal.mol−1.

wetting characteristics of a low-energy surface of the same material. Therefore, the surface

energy of the particle or substrate is modified by controlling the ε parameter of its atoms.

All equations are solved using the LAMMPS package [83]. At the initial condition of

each simulation, the nanoparticles are located outside the interaction energy range of the

substrate and water molecules above the substrate. All the simulations begin with the

Maxwell-Boltzmann velocity distribution for all atoms at 300 K. Two outermost atomic

layers of the substrate are fixed to prevent the movement of the substrate while the other

layers are left to vibrate normally. The NVT ensemble with a Nose-Hoover thermostat was

initially used, which maintains the system temperature at 300 K. The time duration of the

NVT ensemble is 100 ps to ensure that the system reaches an isothermal steady state.

At thermal equilibrium, a desired impact velocity in the range vi ε [20, 500] m.s−1 (to

cover both elastic and plastic regimes) is applied to the z component of each atom that

the particle consists of. Therefore, the particle impacts the plane at vi with the atoms

fluctuating because of thermal noise. During collision, the bottom two layers remain fixed

in time, and Langevin dynamics [62] is applied to the next eight atomic layers to control

the substrate temperature. All other atoms are followed by Newtonian dynamics. The
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Figure 4.4: Coefficient of restitution (CoR) for the collision of nanoparticles with impact

velocity of 500 m/s to show the independency of the results of (a) time-step, and (b) size

of the substrate.

block of Langevin atoms controls the temperature of the rest of atoms in the simulation

box that follows Newtonian dynamics. Both Newton and Langevin equations of motion

are integrated with a velocity Verlet algorithm with a time step of 1 fs. Additionally, the

CoR of nanoparticles colliding on the substrate with the impact velocity of 500 m/s are

modeled with a smaller timestep of 0.5 fs (see Figure 4.4b). No considerable difference was

observed between the results for the small (0.5 fs) and large (1fs) time steps.
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4.2.2 Dynamics of the System

The coefficient of restitution (CoR) is defined as the ratio of the rebound velocity to the

impact velocity. Equation 4.3 shows that the CoR represents the energy dissipation during

the collision. The mechanisms of energy dissipation during the collision is analyzed based

on the energy balance for the particle before and after a collision. During the collision,

KEi + Ui = KEr + Ur + Ec + Eth (4.3)

where KEi, Ui, KEr, Ur, Ec, and Eth are kinetic energy before collision, potential energy

before collision, kinetic energy after collision, potential energy after collision, and the

potential energy arising from the particle-substrate contact between the particle and the

surface of the substrate, and the thermal energy dissipation into the block of Langevin

atoms substrate due to vibration of atoms, respectively. There is a change in the internal

potential energy of the particle because of its plastic deformation. The interaction energy

between the particle and the surface of the substrate accounts for the attractive molecular

forces. Therefore, the kinetic energy dissipation is mainly due to the contact interaction

energy between the particle and surface, the plastic deformation of the particle, and the

thermal dissipation (see Equation 4.4)

Ediss = KEi −KEr = (Ui − Ur) + Ec + Eth (4.4)

The dissipation mechanisms are illustrated in Figure 4.5. It is crucial to examine the

effects of all the parameters on the dissipation mechanisms for nanoparticle collisions.

Air humidity is one of the parameters that affect the collision dynamics by affecting Ec,
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Figure 4.5: Schematic of the dissipation mechanisms when a nanoparticle collides on a

substrate.

(Ui − Ur), and Eth. For wet collisions, the plastic deformation and the thermal dissipa-

tion changes because the particle is in contact with the water molecules rather than the

solid substrate. The contact interaction energy (Ec) also changes, since in addition to the

particle-substrate interaction energy (Eps), it also results from the particle-water interac-

tion energy (Epw)

EC = Eps + Epw (4.5)

With this model, we first studied the water-substrate interfacial behavior, followed by

the effects of water layer thickness on the collision behavior of a nanoparticle on a silver

substrate. Finally, the effects of surface energy of the substrate on the collision behavior

is reported.
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4.3 Results

4.3.1 Water Density Profile at a Solid Interface

The water layer on the substrate is initially relaxed to reach equilibrium state prior to

applying the impact velocity to the particle. Figure 4.6a shows the snapshots of the simu-

lation framework of the water-substrate interface at equilibrium, when the water molecules

tend to form a layered structure on the substrate. For Lw = 5 Å, only one dominant water

layer is formed on the substrate. With increasing Lw, the water molecules above the first

layer form another layer, resulting in a double layer structure on the substrate. Above this

double layer, the water molecules form no specific arrangement other than bulk-like water

structure. This is similar to the double-layer structure of water molecules near a graphene

surface [24].

Figure 4.6b shows the distribution of the water density as a function of the distance

from the surface (z ). There are two peaks in the density profile, one being at z = 2.5 Å and

another at 5.5 Å, which indicates that the water molecules form a double-layer structure

on the silver substrate. For Lw = 5 Å, there is only one dominant peak at z = 2.5 Å,

and increasing the number of water molecules (increasing Lw) results in the second peak

at z = 5.5 Å. These characteristic peaks of the water molecules remain unchanged even

as the number of water molecules increases, implying that the double-layer structure of

water is maintained at the silver/water interface. There is no clear peak observed when z

is greater than 8 Å, and the water density gradually reaches to its bulk value of 1 g.cm−3

or so.

The double-layer structure of water molecules on the substrate is attributed to the

surface energy of the substrate. The pristine silver substrate has a high surface energy
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Figure 4.6: Water density profile near the high-energy substrate: (a) snapshots of MD

simulations of a water layer with the initial thickness of Lw on a silver substrate; (b) water

density profile near a silver substrate at different water layer thicknesses.

that absorbs the water molecules nearby and forms a compact water layer (the first layer)

with a great density [24]. The orientation of hydrogen bonds in the first and second layers

of water is plotted in the Figure 4.7. The orientation of O-H bonds in the first layer is
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Dangling H-bonds

Figure 4.7: Orientation of hydrogen bonds in the first and second layers of water near the

silver substrate.

parallel or normal to the silver substrate, hydrogen atoms in the first layer is arranged

in such way that some hydrogen bonds dangle outside of this layer [24]. These dangling

hydrogen bonds, interacting with other water molecules, form the second water layer on

top of the substrate. The orientation of O-H bonds in the second layer is parallel or normal

to the silver substrate such that some hydrogen bonds dangle toward the first layer with no

hydrogen bonds dangling outside of the second layer. This means that the hydrogen bonds

in the second layer are saturated with the hydrogen bonds in the first layer; therefore, there

is no dangling H-bond beyond the second layer [24]. Consequently, the water molecules

above the second layer are normally arranged in a bulk-like water structure, and no clear

peaks present beyond the second layer.

As shown in Equation 3.1, the attractive term of LJ potential decays with interatomic

distance to the inverse power of six, indicating that the LJ attraction decays considerably

with increasing interatomic distance. As a result, the attraction applied to the water
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molecules in the second layer is lower than that applied to those in the first layer because

the distance between the second layer and the substrate is greater than that between the

first layer and the same substrate. Therefore, the density of the second layer is lower

compared to that of the first layer, which the density of the first layer is so high that it

behaves like a solid layer at a room temperature [57]. The LJ interaction energy between

the substrate and the water molecules decreases considerably for z greater than 8 Å. As a

result, the water molecules above the second layer are weakly affected by the substrate.

4.3.2 Effects of Condensed Water Layer on Particle-surface Col-

lision

Coefficient of restitution for high-energy substrate

Figure 4.8 shows the coefficient of restitution (CoR) for the collision of a 5-nm particle

on a silver substrate. Figure 4(a) displays the CoR as a function of water layer thickness.

According to Figure 4.8a, the CoR for dry collisions (i.e., Lw = 0) is zero for all impact

velocities, which indicates that the particle always adheres to the dry substrate. When

Lw > 0, however, the CoR is greater than zero. This means that the collision can result

in particle rebound when there exists a water layer on the substrate. By increasing the

water layer thickness on the substrate, the CoR first increases and then decreases until the

particle adheres to the substrate again when CoR approaches 0.

The impact velocity affects the CoR and the water layer thickness at which the particles

re-adhere to the substrate. The CoR is also depicted in Figure 4.8b as a function of the

impact velocity to illustrate the dependency of CoR on impact velocity. The CoR displays

a bimodal behavior as a function of the impact velocity. The CoR increases with the
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Figure 4.8: Coefficient of restitution (CoR) of the 5-nm particle colliding on the silver

substrate as a function of (a) water layer thickness, and (b) impact velocity.

impact velocity in the range of 20-100 m.s−1. It decreases for the impact velocities of 200

and 300 m.s−1, and it increases again for the impact velocities of 400 and 500 m.s−1. This

bimodal behavior was also reported previously in the study of collision of nanoparticles on

a dry substrate [22].

To better understand the effects of water layer thickness on CoR, the dependence of

the dissipation mechanisms on water layer thickness are discussed below because according

to Equation 2.1 the CoR depends on energy dissipation.
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Dissipation mechanisms for high-energy substrate

(a) Particle-substrate interaction energy. Figure 4.9 shows how the particle-substrate

interaction energy (Eps) changes as a result of the condensed water layer on the substrate.

Figure 4.9a displays the average potential interaction energy between the particle and silver

substrate as a function of the water layer thickness (Lw). The particle-substrate interaction

energy drops quickly as a water layer is formed near the substrate with Lw = 5 Å. However,

it becomes saturated for the water layer thickness beyond 5 Å. As shown in Figure 4.9a,

when Lw changes from 0 to 5 Å, the interaction energy decreases from -7.58 to -0.32 eV for

the impact velocity of 20 m.s−1, and from -70.80 to -5.35 eV for the impact velocity of 500

m.s−1. The values of Eps for other velocities fall into these two ranges. Further increasing

the water layer thickness does not considerable change the particle-substrate interaction

energy.

The reduction in particle-substrate interaction energy could be attributed to the for-

mation of the dense water layer near the surface, which separate the nanoparticle from the

substrate (see Figure 4.9b). Figure 4.9c displays the closest distance between the parti-

cle and substrate as a function of Lw, for different values of impact velocity. The closest

distance between the particle and substrate increases and saturates with increasing the

water layer thickness on the substrate. As discussed in Section 4.3.1, the water molecules

form a layered structure near the substrate. The first layer has such a high density that

it behaves like a solid layer even at a room temperature. On the contrary, the second

layer has a density that is much lower than the first layer, although it is higher than the

bulk water density. During the collision, the nanoparticle penetrates through the bulk-like

layer and the second layer before reaching the first layer of water molecules. However, it

cannot breakthrough the strong hydrogen bonds between the water molecules in the first
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Figure 4.9: Effects of condensed water layer on the particle-substrate interaction energy

(Eps): (a) average particle-substrate interaction energy versus water layer thickness at

different impact velocities for a high-energy substrate; (b) schematic of the layered water

molecules separating the nanoparticle from the substrate during the collision. (c) The

shortest distance between the particle and the high-energy substrate as a function of the

condensed water layer thickness for different impact velocities.

layer near the substrate. Therefore, the closest distance between the particle and substrate

increases then saturates with increasing the water layer thickness.

For dry collisions, because the particle directly contacts with the high-energy silver

substrate, there is a strong interaction energy between them. As discussed in Section

4.3.1, the water molecules form a layered structure near the substrate. The first layer has

such a high density that it behaves like a solid layer even at room temperature. On the

contrary, the second layer has a density that is much lower than the first layer, although it

is higher than the bulk water density. When Lw = 5 Å, only the first layer is formed. But

the second layer and the bulk-like water layer may be formed with increasing Lw. During
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the collision, the nanoparticle penetrates through the bulk-like layer and the second layer

before reaching the first layer of water molecules. However, it cannot breakthrough the

strong hydrogen bonds between the water molecules in the first layer near the substrate.

As illustrated in Figure 4.9b, the dense water layer adjacent to the substrate behaves like

a buffer, separating the nanoparticle from the substrate. Therefore, the distance between

the nanoparticle and the substrate increases, which decreases their interatomic interaction

energy. Note that the increment of the distance between the particle and the substrate is

around 1.5 Å. Such a slight increment in distance between the particle and the substrate

greatly reduces their interatomic interaction energy because LJ potential is a short-range

interaction energy. Therefore, the energy dissipation through particle-substrate interaction

energy decreases considerably in the presence of a water layer on the substrate (see Figure

4.9a).

It should also be noted that Eps increases with increasing impact velocity for both dry

and wet contacts. The particle deformation increases at the deepest contact point as the

impact velocity increases. As a result, the contact area between the particle and substrate

increases, increasing their interatomic interaction energy. However, due to the short-range

of the LJ potential interaction, the effect of velocity on the particle-substrate interaction

energy (Eps) is much stronger for dry than for wet collisions when the particle is not in

direct contact with the substrate. Therefore, by increasing impact velocity from 20 to 500

m.s−1, Eps changes from -7.58 to -70.80 eV for dry collisions, and from -0.07 to -1.86 eV

for wet collisions at Lw = 21 Å. The particle-substrate interaction for other values of water

layer thicknesses falls into these two ranges.

(b) Particle-water interaction energy. The particle-water interaction energy (Epw)

during a collision consists of viscous and capillary interaction energies, which are applied

to the nanoparticle during the colliding and rebounding stages, respectively. Figure 4.10
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shows the particle-water interaction energy for different values of water layer thickness.

The particle-water interaction energy is zero before the collision because the particle is

not in contact with the water molecules. The particle-water interaction energy increases

gradually when the particle approaches the surface until reaching its maximum value at

the deepest particle-surface contact point. If the collision results in rebound, the particle

gradually detaches from the water molecules. Therefore, the particle-water interaction

energy decreases after the deepest contact point and approaches to zero again. However, if

the collision results in adhesion, the particle remains in contact with the water molecules.

Therefore, the particle-water interaction energy remains unchanged or decreases slightly

until approaching a non-zero value for a collision which results in adhesion. It should be

noted that for impact velocity of 20 m/s the particle-water interaction energy remains

unchanged when the water layer thickness changes from 15 to 21 Å. The reason is that the

particle’s kinetic energy is not high enough to overcome the capillary force. Therefore, the

particle sticks to the water molecules on the surface and cannot rebound from the surface

and as a result, the particle-water interaction energy remains unchanged. As shown in

Figure 4.10, the magnitude of Epw increases by increasing the water layer thickness for all

the impact velocities. Increasing the water layer thickness (Lw) increases the number of

water molecules on the substrate. Then the particle is in contact with more water molecules

during the collision, which increases the interaction energy applied to the particle during

both colliding and rebounding stages. As a result, both viscous and capillary interaction

energy increase with Lw. Since the interaction energy applied to the particle by the water

molecules dissipates the initial collision energy of the particle, the thicker water layer, the

more energy dissipation. Similar results were reported by Xiao et al. [49] that the capillary

force increases by the ambient relative humidity or the condensed water layer thickness.
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Figure 4.10: Particle-water interaction energy (Epw) at different water layer thicknesses

for a high-energy substrate. The impact velocity is (a) vi = 20 m.s−1, (b) vi = 100 m.s−1,

(c) vi = 300 m.s−1, and (d) vi = 500 m.s−1. When the collisions result in adhesion, there

is a subsequent relaxation of Epw as the nanoparticle begins to equilibrate with the water

layer.
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(c) Plastic deformation of the nanoparticle. In this study, plastic deformation

of the nanoparticle is characterized by its radius of gyration (see Figure 4.11). Figure

4.11a shows the radius of gyration of the nanoparticles versus water layer thickness for

different impact velocities. Both elastic and plastic collision regimes are observed for the

range of velocities presented. The particle collides on the surface elastically at vi < 200

m/s, and plastically at vi > 300 m/s. Although the velocity above which the particle

undergoes an elastic to plastic deformation depends on the particle size and material, the

same transition from elastic to plastic deformation has been reported in previous studies

[25, 63]. For example, Takato et al. [25] have reported that the transition from elastic to

plastic regime occurs at the velocity of 155 m/s to 25 m/s for argon particles with radius

ranging from 1.73 to 21.5 nm, respectively. The deformation of the particle for a low-speed

impact (vi = 200 m.s−1) is reversible, and the shape of the nanoparticle is retrieved after

the collision. In this elastic collision regime, the collision remains elastic for all water layer

thicknesses. In contrary, the deformation of the particle for a high-speed impact (vi = 300

m.s−1) is irreversible, and it experiences a permanent structural change. In this plastic

collision regime, the collision energy of the particle is high enough to change the atomic

structure in the particle. In the plastic deformation regime, however, the degree of plastic

deformation may decrease with increasing water layer thickness.
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Figure 4.11: Radius of gyration of the colliding nanoparticle on a high-energy substrate

as a function of (a) water layer thickness for wet collisions, and (b) impact velocity for

dry collisions. Three types - (c) elastic, (d) plastic ”slip”, and (e) plastic ”twinning” -

deformation regimes are recognized according to the radius of gyration of the colliding

nanoparticles.

We investigated the deformation modes of the colliding nanoparticles on a dry substrate

73



to understand the effects of condensed water layer thickness on the radius of gyration.

Figure 4.11b shows the radius of gyration versus impact velocity for nanoparticles colliding

on a dry substrate. In the elastic collision regime for the impact velocity lower than 200

m.s−1, the nanoparticle returns to its original shape (see Figure 4.11c). The nanoparticles

undergo plastic deformation for higher impact velocities. Depending on the impact velocity,

the nanoparticles experience two types of plastic deformation, slip or twining [25]. The

energy dissipation of colliding nanoparticles in the plastic collision regime depends on both

the degree of permanent deformation and the corresponding deformation mode [25].

A nanoparticle with an impact velocity in the range of 200-243 m.s−1 undergoes a slip

plastic deformation (see Figure 4.11d), where the atoms of the nanoparticle move along

the slip planes. Depending on the impact velocity, two types of slip deformation may

take place: slip with preserving the crystalline structure (left side of Figure 4.11d) and

slip with partial amorphization (right side of Figure 4.11d). For impact velocities between

200 and 225 m.s−1, the crystalline structure of the nanoparticle is preserved, although the

nanoparticle is deformed along the slip plane(s). When the impact velocity increases to

237-240 m.s−1, the crystalline structure of some parts of the nanoparticle is distorted and

the structure becomes partially amorphous on multiple slip planes. The radius of gyration

gradually changes in each velocity range, but it quickly jumps when the impact velocity

increases from 225 to 237 m.s−1. The reason is that the type of slip deformation changes

and the crystalline structure of the nanoparticle is no longer preserved when the impact

velocity increases from 225 to 237 m.s−1.

A nanoparticle undergoes twinning deformation for vi = 243 m.s−1. The nanoparticle

is compressed along the collision axis and elongated along the direction perpendicular to

the collision direction (see Figure 4.11e). Consequently, the nanoparticle is flattened, and

the strong impact alters the crystal structure of the nanoparticle. The radius of gyration
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increases quickly when the impact velocity changes from 240 to 243 m.s−1 because the

deformation shifts from slip plastic to twinning plastic. However, the degree of plastic

deformation increment slows down in twinning deformation (vi = 243 m.s−1). The reason

is that the crystalline structure of the whole nanoparticle is distorted at the impact velocity

of 243 m.s−1; further increase in impact velocity flattens the nanoparticle more.

In the presence of a water layer on the substrate, the viscous force between the water

molecules and the nanoparticle reduces the velocity of the nanoparticle. As a result, the

particle velocity before reaching the solid substrate (v′i) becomes lower than its initial value

(vi). The thicker the water layer, the great reduction in the velocity, and the lower v′i. For

a wet collision, the degree of plastic deformation depends not on vi but v′i. Since v′i < vi

the degree of plastic deformation may decrease with a water layer on the substrate.

The collision for vi ≤ 200 m.s−1 is elastic in dry condition. Since the dry collision is in

elastic regime for this velocity range, the collision still results in elastic deformation in the

wet condition, although v′i is lower than vi. The kinetic energy of the particle is insufficient

to make permanent structural changes in the particle. Therefore, the plastic deformation

and the resultant energy dissipation through this mechanism is negligible regardless of

the condensed water layer. In this elastic collision regime, energy loss mainly arises from

contact interaction energy (Ec).

The collision energy becomes high enough to permanently change the atomic structure

of the nanoparticle when the impact velocity reaches 300 m.s−1. As a result, the deforma-

tion of the nanoparticle changes from elastic to plastic when the impact velocity increases

from 200 to 300 m.s−1. Figure 4.11b shows that a dry collision at 300 m.s−1 results in

twinning deformation and that the deformation type remains twinning even the impact

velocity drops to 243 m.s−1. This result indicates that the radius of gyration drops slightly

as long as the deformation type remains twinning. With a water layer on the substrate,
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although, v′i continuously decreases with the water layer thickness, v′i remains higher than

the velocity that enables twinning deformation when Lw ≤ 9 Å. Consequently, the degree

of plastic deformation decreases slightly as the water layer thickness changes from 0 to 9

Å. When the water layer thickness increases from 9 to 11 Å, v′i becomes low enough that

the type of deformation changes from twinning to slip, with amorphization occurring in

some parts of the nanoparticle, as illustrated in the left side of Figure 4.11d. Therefore, the

radius of gyration drops quickly when the water layer thickness changes from 9 to 11 Å.

Further increasing Lw from 11 to 15 Å, v′i continues decreasing, but the type of deformation

is still slip with partial amorphization. Therefore, the radius of gyration remains the same

when Lw increases from 11 to 15 Å. Finally, increasing the water layer thickness to values

higher than 15 Å, no amorphization occurs in the nanoparticle and the slip deformation

occurs while the crystalline structure of the nanoparticle is preserved. Therefore, the radius

of gyration quickly drops again when Lw increases from 15 to 17 Å.

For vi = 400 m.s−1, v′i remains higher than 332 m.s−1, which is higher than the threshold

for twinning deformation. Therefore, the reduction rate of radius of gyration remains low

since the type of deformation is the same (twinning) regardless of water layer thickness,

although v′i decreases because of the water layer on the substrate.

It is worth mentioning that there are slight fluctuations in some points in the Figure

4.11a, for example, at impact velocities of vi = 200, 300 and 400 m.s−1 combined with water

layer thicknesses of Lw = 9, 21 and 15 Å, respectively. The reason is that the nanoparticle

is not a perfect sphere and there are some asperities at the surface of the nanoparticle.

Therefore, a slight rotation of the nanoparticle prior to the collision may affect the collision

behavior slightly, as indicated by the fluctuations in the diagram. Moreover, the persistent

movement of water molecules changes the instantaneous thickness of water layer at each

position on top of the substrate. Therefore, the thickness of the water layer where the
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collision takes place may be slightly higher or lower than the average value of water layer

thickness, which can also slightly affect the CoR.

(d) Vibrational thermal dissipation. The vibrational movement of all the atoms

inside the system increases because of the collision (see Figure 4.12a). As a result, the

temperature of the system increases and leads to the thermal dissipation of the impact

energy of the nanoparticle. Figure 4.12b shows the temperature profile of the system

after the collision as a function of the water layer thickness for different values of impact

velocity. The system temperature decreases with the condensed water layer thickness until

it saturates. The reason is that, in wet collisions, the nanoparticle gets in contact with the

soft surface of the water molecules instead of contacting the hard surface of the substrate.

As a result, Figure 4.11a shows that plastic deformation of the particle decreases, which

also decreases the vibrational movement of its atoms. Moreover, for high values of impact

energy, more energy is transferred to the vibrational movement of atoms in the system,

and as a result, the system temperature and the resultant energy dissipation increases with

the impact velocity.

4.3.3 Effects of Surface Energy of Substrate on Particle-surface

Collision

To this point, the collision of a 5-nm particle on an ideal silver substrate was modelled

under dry and wet conditions. The ideal silver substrate is treated as a flat surface without

asperity, contamination, or functional group on the surface. In reality, however, a real

silver substrate may have asperities, contaminations, or functional groups, which affect its

surface energy [53]. The surface energy of the substrate affects the behavior of water near

the substrate and the particle-substrate interaction energy. Therefore, surface energy of
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Figure 4.12: (a) Schematic of atomic thermal vibration; (b) Temperature profile of the

system after collision of the nanoparticle on a high-energy substrate as a function of water

layer thickness for different values of impact velocity.

the substrate is a dominating factor in particle-substrate collision, with or without water

layer. It is, therefore, crucial to examine the case in which the substrate is replaced by one

with a low surface energy, for example, εs = 1.2714 kcal.mol−1 (see Section 4.2.1).

Coefficient of restitution for low-energy substrate

Figure 4.13 shows the coefficient of restitution of colliding nanoparticles on a low-energy

substrate as a function of water layer thickness. Depending on the impact velocity, the

coefficient of restitution may increase or decrease with increasing the water layer thickness.
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Figure 4.13: Coefficient of restitution of a nanoparticle colliding on a low-energy substrate

versus water layer thickness, at different impact velocities.

For collisions with an impact velocity vi ≤ 300 m.s−1, the particle rebounds from the

substrate in dry collisions, as indicated by the non-zero coefficients of restitution, but the

particle-surface contact becomes more adhesive in wet condition. For the impact velocity

vi ≥ 400 m.s−1, however, the particle adheres to the dry substrate. With increasing the

water layer thickness on the substrate, the coefficient of restitution first increases then

decrease. This result implies that the presence of a water layer on the substrate may

reduce the adhesion of the particle to the substrate for high-speed impacts. Similar to

results presented for the high-energy substrate, it is necessary to investigate the dependence

of the dissipation mechanisms on the water layer thickness on the low-energy substrate

to understand the relationship between water layer thickness and the CoR for colliding

nanoparticles on a low-energy substrate.
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Dissipation mechanisms for low-energy substrate

(a) Particle-substrate interaction energy. Figure 4.14a displays the average potential

interaction energy, between the particle and low-energy substrate, as a function of the

water layer thickness (Lw). Similar to the particle-substrate interaction for a high-energy

substrate, the particle-substrate interaction energy experiences a quick drop at the point

of Lw = 5 Å, then reaches saturation by continuing to increase the water layer thickness to

values higher than 5 Å. For dry collisions, the particle comes into direct contact with the

low-energy substrate. Therefore, the interatomic interaction energy between the particle

and substrate is applied from a short distance. As shown in Figure 4.14a, for dry collisions,

the average particle-substrate interaction energy changes from -0.99 to -17.46 eV, when the

impact velocity changes from 20 to 500 m.s−1. The thin water layer near the substrate

(Lw = 5 Å) considerably weakens the particle-substrate interaction energy. Figure 4.14a

shows that when Lw changes from 0 to 5 Å, the magnitude of interaction energy decreases

from -0.99 to -0.17 eV for the impact velocity of 20 m.s−1, and from -17.46 to -4.09 eV for

the impact velocity of 500 m.s−1. The values for other velocities fall into these two ranges.

Figure 4.14b displays the water density profile versus vertical distance z from the

substrate. The density distribution shows two major peaks at z = 2.5 and 5.5 Å, indicating

that similar to the high-energy substrate, the water molecules form a double-layer structure

near the substrate. Both peaks are less sharp compared to the high-energy substrate.

Although, the substrate is a low-energy one, the double-layer structure is formed in this case

but with lower density compared to the high-energy substrate. In fact, the water-substrate

interaction energy is still stronger than the water-water interaction energy, leading to

the formation of the layered structure near the surface of the substrate. The first layer

with density higher than that of bulk water that it behaves like a solid layer at room
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Figure 4.14: The dependence of particle-substrate interaction energy on the water layer

thickness. (a) Average particle-substrate interaction energy as a function of the water layer

thickness at different impact velocities for the low-energy substrate. (b) Water density

profile near the low-energy substrate at different water layer thicknesses. (c) The shortest

distance between the particle and the low-energy substrate as a function of the condensed

water layer thickness for different impact velocities.

temperature. Independent of the initial thickness of the water layer, the thickness of

this dense layer is always around 1.5 Å. This dense layer prevents the particle to get in

direct contact with the substrate. Therefore, the interatomic interaction energy between

particle and substrate decreases since their interatomic distance increases. Since LJ is a

short-range potential interaction, such a slight distance increment is enough to reduce the

particle-substrate interaction energy. Therefore, in the presence of a water layer on the

substrate, the particle-substrate interaction energy decreases considerably.

Same as the high-energy substrate, the particle-substrate interaction energy is also a

function of the impact velocity. By increasing the impact velocity from 20 to 500 m.s−1, the
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particle-substrate interaction energy increases from -0.99 to -17.46 eV for dry collisions, and

from -0.02 to -0.96 eV for wet collisions at Lw = 19 Å. The particle-substrate interaction

energy for other values of water layer thickness falls into these two ranges. The reason is

the same as what discussed in Section 4.3.2.

It is also worth mentioning that the particle-substrate interaction energy for both low-

and high-energy substrates differs considerably in dry collisions while they are almost the

same in wet collisions (see Figures 4.9a and 4.14a).

(b) Particle-water interaction energy. Figure 4.15 displays the time evolution

of the Particle-water interaction energy at different values of water layer thickness and

impact velocity. Both the viscose and capillary interaction energies increase by increasing

the water layer thickness for all values of impact velocity. Therefore, the particle-water

interaction energy and the resultant energy dissipation increases with increasing the water

layer thickness.
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Figure 4.15: Particle-water interaction energy (Epw) at different water layer thicknesses

for a low-energy substrate. The impact velocity is (a) vi = 20 m.s−1, (b) vi = 100 m.s−1,

(c) vi = 300 m.s−1, and (d) vi = 500 m.s−1. When the collisions result in adhesion, there

is a subsequent relaxation of Epw as the nanoparticle begins to equilibrate with the water

layer.
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Figure 4.16: Radius of gyration of colliding nanoparticles on the low-energy substrate

versus water layer thickness at different impact velocities.

(c) Plastic deformation of the nanoparticle. Figure 4.16 shows the radius of gyra-

tion (Rg) of colliding nanoparticles on a low-energy substrate versus water layer thickness

at different impact velocities. Similar to the radius of gyration for a high-energy substrate,

two elastic and plastic collision regimes are observed for the studied impact velocities.

For an impact at vi ≤ 200 m.s−1, the collision results in elastic deformation for any

water layer thickness because the dry collision is in elastic regime. Regardless of the water

layer, the plastic deformation and the resultant energy dissipation is negligible. In this

elastic collision regime, energy loss mainly arises from contact interaction energies (Ec).

The deformation regime of the nanoparticle changes from elastic to plastic when the

impact velocity increases to 300 m.s−1. In this plastic deformation regime, the degree

of plastic deformation decreases with increasing the water layer thickness. Similar to
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the deformation on a high-energy substrate (see Figure 4.11b), a dry collision at vi = 300

m.s−1 results in twinning deformation. In wet collisions, however, the plastic deformation is

determined by v′i, which decreases by increasing the water layer thickness on the substrate.

Specifically, the radius of gyration remains almost constant when the water layer thickness

is less than 7 Å because v′i is still higher than the velocity required to enable twinning

deformation. However, by increasing Lw from 7 to 9 Å, the radius of gyration drops

quickly, because v′i becomes low enough to change the type of deformation from twinning

to slip, with amorphization occurring in some parts of the nanoparticle. Further increasing

Lw from 9 to 13 Å, the radius of gyration decreases slightly because the type of deformation

remains slip with partial amorphization. On the contrary, when Lw is thicker than 13 Å,

the radius of gyration drops quickly, since no amorphization occurs in the nanoparticle and

slip deformation occurs where the crystalline structure of the nanoparticle is preserved.

For vi ≥ 400 m.s−1, the dependence of the radius of gyration on Lw is exactly the same

as the high-energy substrate, where the radius of gyration decreases slightly with Lw. The

reason is that, for all the values of studied water layer thickness, the velocity of the particle

prior to reaching the substrate (v′i) always remains higher than 295 m.s−1 which is higher

than the velocity above which the particle experiences twinning deformation.

(d) Vibrational thermal dissipation. Figure 4.17 shows the temperature profile

of the system after the collision as a function of the water layer thickness for different

values of impact velocity. Like the temperature profile for the high-energy substrate, the

system temperature decreases with the condensed water layer thickness until it saturates.

Moreover, the system temperature and the resultant energy dissipation increases with the

impact velocity.
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Figure 4.17: Temperature profile of the system after collision of the nanoparticle on a

low-energy substrate, as a function of water layer thickness for different values of impact

velocity.

4.4 Discussion

For a high-energy substrate, the CoR first increases then decreases with Lw for all values

of impact velocity. As shown in Figure 4.8a, the CoR of a nanoparticle colliding on a

high-energy substrate first increases, then decreases, with increasing water layer thickness

(Lw) on the substrate. As CoR is a representative of the kinetic energy dissipation of the

nanoparticle, how CoR changes with the water layer thickness can be explained by the

mechanisms of kinetic energy dissipation of the nanoparticle. The collision energy of the

nanoparticle dissipates through 1) particle-substrate interaction energy, 2) particle-water

interaction energy, 3) plastic deformation, and 4) thermal dissipation. A water layer on
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the substrate affects all these three mechanisms.

For a dry collision where the nanoparticle comes into direct contact with the high-

energy substrate, the energy dissipation through particle-substrate interaction energy is

very strong (see Figure 4.9a) that it dissipates all the kinetic energy of the colliding

nanoparticle and causes its adhesion to the substrate. Therefore, particles with different

impact velocities up to 500 m/s colliding on a high-energy surface under dry conditions

stick onto the surface (CoR = 0) meaning that all the kinetic energy of the particle is lost

to dissipation.

For low values of water layer thickness, the particle-substrate interaction energy and

the resultant energy dissipation decreases considerably. Depending on impact velocity, en-

ergy dissipation through plastic deformation of the nanoparticle and the thermal vibration

either decreases or remains unchanged in the presence of a water layer on the substrate

(see Figure 4.11a and Figure 4.12b). The energy dissipation through plastic deformation

decreases slightly for impact velocities higher than 400 m/s. The water molecules on the

substrate exert an interaction energy to the particle in wet collisions, which dissipates the

initial kinetic energy of the colliding nanoparticle. Although, the particle-water interac-

tion energy is applied to the nanoparticle, the energy dissipation through this mechanism is

considerably lower than the reduction in the energy dissipation through particle-substrate

interaction energy. Therefore, among four mechanisms of energy dissipation, Eps decreases

considerably, plastic deformation and thermal vibration decrease slightly or remain un-

changed, and Upw increases slightly. Since the dissipation reduction through the first three

mechanisms is more severe than its increment through Epw, the overall energy dissipation

decreases and consequently, the coefficient of restitution increases.

Continuing to increase the water layer thickness (Lw) does not further reduce the

particle-substrate interaction energy. Therefore, the energy dissipation through this mech-
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anism which has been decreased dramatically at Lw = 5 Å saturates for higher values of Lw.

Plastic deformation of the particle also remains unchanged for vi ≤ 200 m/s, it decreases

for the case of vi = 300 m/s, and it saturates for higher values of impact velocity. However,

according to Figure 4.10, the particle-water interaction energy increases continuously with

the water layer thickness. Since the energy dissipation through two other mechanisms are

almost saturated, and it increases continuously through particle-water interaction energy,

the total energy dissipation increases continuously with Lw. This goes on until the total

energy dissipation exceeds the collision energy, and as a result, the particle adheres to the

substrate again.

The effects of condensed water layer on the CoR for colliding nanoparticles depends on

the surface energy of the substrate. For the high-energy substrate, CoR first increases then

decreases with Lw for all the impact velocities. However, for the low-energy substrate, how

the CoR changes with Lw depends on the impact velocity. For impact velocities lower than

300 ms−1, the CoR decreases with Lw. On the other hand, for higher values of impact

velocity, the CoR first increases, then decreases with Lw.

Surface energy of the substrate affects the CoR of a colliding nanoparticle by affecting

the particle-substrate interaction energy. According to Figure 4.9 and Figure 4.14, the

particle-substrate interaction energy for high-energy substrate is much higher than that

for the low-energy one in dry collisions. However, the particle-substrate interaction energy

for both surfaces almost equals in wet collisions.

First, the results for dry collisions are discussed. According to Figure 4.13, in dry

collisions, the particle rebounds when vi ≤ 300 m.s−1, and it adheres to the substrate for

impact velocities of vi = 400 m.s−1 and 500 m.s−1. According to Figure 4.16, the dry

collision is mainly elastic for low-speed impacts at vi ≤ 200 m.s−1, while, for higher values

of impact velocity, the impact energy of the nanoparticle is high enough to make permanent

88



structural changes in the nanoparticle. As a result, the degree of plastic deformation and

the resultant energy dissipation of the colliding nanoparticle increases with the impact

velocity. Moreover, the nanoparticle gets more squeezed at the deepest contact point as

the impact velocity increases. Therefore, the contact area between the particle and the dry

substrate increases, which increases the particle-substrate interaction energy. Therefore, as

shown in Figure 4.14a, the average particle-substrate interaction energy increases from -0.99

to -17.46 eV when the impact velocity increases from 20 to 500 m.s−1 in dry collisions. The

thermal energy dissipation also increases with the impact velocity (see Figure 4.12b). As

a result, the total energy dissipation through mechanisms of plastic deformation, particle-

substrate interaction energy, and thermal vibrations increases by increasing the impact

velocity. Increasing the energy dissipation results in adhesion of the nanoparticle to the

dry substrate for high- speed impacts at vi ≥ 400 m.s−1. Since, for a low-energy substrate,

the dry collision results in two distinct regimes of rebound (vi ≤ 300 m.s−1) and adhesion

(vi ≥ 400 m.s−1), each regime should be discussed separately at the presence of a water

layer on the substrate.

For impact velocities in the range of vi ≤ 300 m.s−1, by increasing the water layer

thickness from 0 to 5 Å, the particle-substrate interaction energy decreases from -0.99

to -0.17 eV and from -4.99 to -0.97 eV for impact velocities of 20 m.s−1 and 300 m.s−1,

respectively. The value for other impact velocities falls into these two ranges. The particle-

substrate interaction energy becomes saturated for water layer thicknesses beyond Lw = 5

Å. Therefore, energy dissipation through particle-substrate interaction energy decreases

while Lw changes from 0 to 5 Å, and it saturates for higher values of water layer thickness.

Similarly, the energy dissipation through plastic deformation of the particle and thermal

vibration; it either remains unchanged or decreases first then saturates with increasing the

water layer thickness. However, for wet collisions, the water molecules on the substrate
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also apply an additional interaction energy to the nanoparticle during the loading stage

(viscous interaction energy) and unloading stage (capillary interaction energy). Since the

substrate is a low-energy one, the reduction in the particle-substrate interaction energy

in wet collisions is much lower compared to a high-energy substrate. Therefore, when a

water layer with the thickness of Lw = 5 Å is formed on the substrate, although the energy

dissipation through the first three mechanisms decreases, the energy dissipation through

the particle-water interaction energy compensates for its reduction. Therefore, according

to Figure 4.13, for low values of Lw, particle adhesion to the substrate remains constant

(or increases slightly for vi = 200 m.s−1). However, as the water layer thickness increases,

the particle-water interaction energy increases continuously. Therefore, the energy dis-

sipation increases through this mechanism continuously and the coefficient of restitution

decreases until the CoR drops to zero which indicates the adhesion of the nanoparticle to

the substrate.

For high-impact velocities at vi = 400 m.s−1 and 500 m.s−1, the presence of a 5 Å thick

water layer on the substrate decreases the average particle-substrate interaction energy

from -13.58 to -2.30 eV and from -17.46 to -4.09 eV, respectively. The particle-substrate

interaction energy almost saturates for higher values of Lw. According to Figure 4.14a

and Figure 4.15, by changing Lw from 0 to 5 Å, the reduction in the particle-substrate

interaction energy is much higher than the particle-water interaction energy. Besides,

for this velocity range, plastic deformation of the nanoparticle and the thermal energy

dissipation also decrease in wet collisions. As a result, for low values of water layer thickness

around Lw = 5 Å, the overall energy dissipation decreases, which increases the CoR of

the colliding nanoparticle. By increasing Lw, the particle-substrate interaction energy,

the plastic deformation, and the thermal dissipation saturate, while the particle-water

interaction energy increases continuously. Therefore, the total energy dissipation of the
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nanoparticle increases, which decreases the CoR until the nanoparticle adheres to the

substrate again.

Finally, it could be concluded that the effects of air humidity on the adhesion of

nanoparticles on a substrate depends on the substrate material. The nanoparticle adhe-

sion to a high-energy substrate decreases under wet conditions. However, for a low-energy

substrate, the effects of humidity on the nanoparticle adhesion on the substrate depends

on the impact velocity. The adhesion of nanoparticle to a low-energy substrate increases

with humidity for low-speed impacts, and it decreases for high-speed impacts. Because the

movement velocity of nanoparticles in an airstream falls into a velocity range determined

by the Maxwell-Boltzmann distribution, the overall effect of humidity on the nanoparticle-

surface adhesion is determined over the velocity range of the nanoparticles colliding on the

surface. If the adhesion reduction for high-speed impact dominates the adhesion incre-

ment for low-speed impact, the overall particle-surface adhesion decreases, and vice versa.

That’s why the nanoparticle-surface adhesion increases, decreases, or remains unaffected

as a result of air humidity in experimental studies [59, 29].

4.5 Summary

In summary, our MD simulations show that, depending on the ambient conditions and sur-

face properties of the substrate, condensed water layer can either increase or decrease the

nanoparticle adhesion on the substrate. It was shown that the coefficient of restitution of

5-nm particles on a wet substrate depends on the thickness of the condensed water layer on

the substrate, surface energy of the substrate, and impact velocity. Depending on the sur-

face energy of the substrate and impact velocity, the coefficient of restitution for nanopar-

ticles colliding on a substrate either increases or decreases with increasing the thickness of
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the condensed water layer on the substrate. For a high-energy substrate, the coefficient of

restitution of the colliding nanoparticles first increases, then decreases by increasing the

water layer thickness on the substrate. This kind of behavior was observed for the whole

range of studied velocity vi ∈ [20− 500] m.s−1. However, for a low-energy substrate, the

effects of condensed water layer thickness on the coefficient of restitution depend on the

impact velocity. The nanoparticle rebounds from a low-energy and dry substrate for im-

pact velocities lower than 300 m.s−1. The coefficient of restitution decreases by increasing

the thickness of the condensed water layer until the nanoparticle adheres to the substrate.

The water layer thickness at which the nanoparticle adheres to the low-energy substrate

depends on the impact velocity. For higher impact velocities, the nanoparticle adheres to

the low-energy dry substrate. The coefficient of restitution first increases with the con-

densed water layer thickness, then decreases until the nanoparticle adheres to the substrate

again. The change of the coefficient of restitution with respect to water layer thickness for

both high- and low-energy substrates was explained by three mechanisms of translational

kinetic energy dissipation of the colliding nanoparticles: particle-substrate interaction en-

ergy, particle-water interaction energy, and plastic deformation of the nanoparticle. The

particle-substrate interaction energy decreases on a wet substrate because of the forma-

tion of a dense water layer near the substrate: the water layer acts as a buffer separating

the nanoparticle from the substrate. The particle-water interaction energy continuously

increases with increasing water layer thickness on the substrate. Plastic deformation of the

nanoparticle also decreases or remains unaffected in wet conditions.
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Chapter 5

Coefficient of restitution for sub-10

nm silver particles colliding on

adhesive silver surfaces

This chapter presents a molecular dynamics (MD) study on the collisional dynamics of sub-

10 nm silver (Ag) particles on a silver surface. The effects of adhesivity of particles to a

surface on the nanoparticle-surface collisional dynamics are also investigated by changing

the degree of particle-surface adhesion strength. Results show that particles accelerate

because of the attraction force applied by the adhesive surface when the particles enter

the interaction range of the surface. As a result, the particle velocity increases from its

initial value to a higher impact velocity. However, the acceleration changes inversely with

the particle size. A particle smaller than 2 nm in diameter accelerates and results in an

impact velocity higher than its yield velocity even when the initial particle velocity is much

lower than the yield velocity. During the collision, part of the total energy contributes to
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the plastic deformation of the sub-2nm particles, reducing the coefficient of restitution

(CoR). For a particle larger than 2 nm in diameter, however, the impact velocity remains

lower than the yield velocity when the initial velocities are lower than its yield velocity,

resulting in elastic collision. Furthermore, this size dependent behavior of CoR intensifies

with increasing adhesivity of the collision and becomes less significant for lower adhesivity.

This work indicates that a sub-2 nm particle with a velocity lower than the yield velocity

can collide the surface in its plastic deformation regime and adhere to the surface.

5.1 Problem Statement

The coefficient of restitution (CoR) for macroscale collisions is often considered constant,

and it is determined using the bulk properties of the particle and the surface. However,

nanoscale CoR depends on impact velocity, particle size, and the degree of adhesion be-

tween the nanosized solid objects [84]. The impact velocity can affect the CoR of nanopar-

ticles by changing the deformation regime. Elastic or plastic deformation occurs at a low

or high impact velocity, respectively. The yield velocity (vY ), defined as a critical velocity

above which the particle undergoes plastic deformation, separates these two regimes of

deformation. As one of the kinetic energy loss mechanisms, plastic deformation reduces

the CoR (see Eq. 2.1). This suggests that CoR rapidly decreases when the impact velocity

exceeds the yield velocity [25].

The yield velocity also indicates the strength of a nanoparticle, and it increases with

decreasing nanoparticle size [63]. The yield velocity for the nanoparticles is size-dependent

and its value is much higher than that for macroscopic particles [85], although the yield

velocity for a macroscopic collision mainly depends on the material of the colliding particle.

A small nanoparticle may withstand a large impact velocity before yielding.
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Adhesive force is another factor that affects the CoR for a nanoparticle collision because

of the large surface area to volume ratio of nanoparticles. Adhesive force primarily depends

on the contact area and surface energy of the contacting objects, where the contact area

may increase with increasing impact velocity by flattening the nanoparticles [86, 26].

In addition, the adhesion force affects the impact velocity of the colliding nanoparticle

[26]. An attraction force is applied to the particle when it enters the van der Waals (vdW)

interaction range of the surface [38]. The attractive force increases the impact velocity

while the nanoparticle is approaching the surface [26]. This increase in velocity affects the

CoR by changing the energy loss due to plastic deformation of the colliding nanoparticle.

Additionally, this increase in impact velocity also increases the contact area between the

colliding objects because the colliding particle undergoes a plastic deformation.

There is limited information on the dependence of CoR on impact velocity, nanoparticle

size, and adhesion force for nanoparticle collisions, especially for those involving sub-10 nm

particles. Jung et al. [26] reported that the particle-surface adhesion force increased the

impact velocities of sub-10 nm particles, depending on the particle size and the surface

energy of the colliding objects. Nonetheless, the effects of the velocity increase on the CoR

of nanoparticle collisions deserve further investigation.

Thus, the objective of this study is to understand the effects of particle-surface adhesion

force on the CoR of adhesive collisions of sub-10 nm particles on surfaces with different

surface energies. We first study the CoR of a repulsive collision of silver nanoparticles on

a silver surface to determine the yield velocity as a function of particle diameter (1 to 10

nm). Then, we study the effects of particle-surface adhesion force on the CoR for adhesive

collisions. The adhesivity of the collision is changed by changing the attraction part of the

Lennard-Jones potential between the particle and surface.

95



The rest of this paper is organized as follows. Section 5.2 introduces the MD simulation

for nanoparticle collisions. Section 5.3 presents the results and discussion; Section 5.3.1

reports the yield velocities of sub-10 nm particles for purely repulsive collisions, and Section

5.3.2 reports the CoR for adhesive collisions. Finally, Section 5.4 presents the conclusions.

5.2 Model Description

Figure 5.1 shows the imaginary box for MD simulation, which is 123 Å in x and y directions

and 204 Å in z direction. The simulation box contains 45116 to 80558 atoms, depending

on the diameter of the nanoparticle inside the box. Silver is chosen as the material of both

particle and substrate. Both the particle and the substrate are cut out of a face centered

cubic grid. The particle radius, R, changes from 8 Å to 38 Å, and the size of the substrate

is 121 Å in x and y directions and 50 Å in z direction. This size of substrate is large enough

because further increase in the substrate size does not change the accuracy of results but

increase cost of calculation.

The potential energy, Ui, of the ith silver atom in the substrate or particle is modeled

using an embedded atom method (EAM) potential (see Eq. 4.1). The potential parameters

developed by Foiles et al. [72] are used for our modeling of silver atoms because these

parameters are validated and can represent the physical properties of the atoms.

The modified version of Lennard-Jones (LJ) potential is used to calculate the van der

Waals (vdW) interaction energy between the particle atoms and the substrate atoms:

ULJ
i = 4ε

[(
σ

rij

)12

− C
(
σ

rij

)6
]

(5.1)
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where ε = 7.9466 kcal/mol, and σ = 2.644 Å. The coefficient C is a coefficient applied to

the attractive part of the potential to reduce the attraction strength between particle and

surface atoms. Figure 5.2 shows the interatomic Lennard-Jones potential for nonbonding

Ag-Ag interaction for different C values.

The force acting on the ith atom in the particle is calculated by differentiation of the

LJ potential (ULJ
i ) of that atom:

F = −∇ULJ
i (rij) (5.2)

According to Eq. 5.2, the negative and positive slopes of the potential curves in Figure

5.2 indicate repulsive and attractive forces, respectively.

This work is focused on purely repulsive and adhesive collisions. The purely repulsive

collision is modeled with C = 1, and the potential is truncated at the cutoff distance of

xy

z

121 Å 121 Å 

50 Å 

𝑅𝜖[8, 38] Å 
𝑣0𝜖[12, 426] m/s 

Initial velocity
Particle radius

Figure 5.1: Simulation geometry for collision of a silver nanoparticle on a silver substrate.
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Negative

slope

Figure 5.2: Interatomic potentials for van der Waals silver-silver interactions with different

values of scaling factor C =0.15, 0.25, 0.35, and 1.

rc,1 = 21/6σ ≈ 2.967 Å, the interatomic distance below which the slope of the curve with

C = 1 is always negative [25]. Figure 5.2 shows that the slope of the curve for C = 1

is negative at rij < rc,1, indicating only repulsive collisions between particle and surface

(see Eq. 5.2). In comparison, an adhesive collision is modeled with a coefficient of C < 1,

and the potential is truncated at a large cutoff distance of 6σ or 16 Å. The cutoff distance

of 16 Å covers both the negative slope (repulsive interaction) and positive (attractive

interaction) slope of the potential curves shown in Figure 5.2. Considering both repulsive

and attractive interactions between the particle and the surface makes the contact between

them sticky. The stickiness of the collision between the particle and the surface is controlled
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by reducing the attractive term (σ/rij)
6 in Eq. 5.1 between particle and surface atoms by

the coefficient C, which varies between 0.15 to 0.35 [87]. The curves with C = 0.15, 0.25,

and 0.35 in Figure 5.2 are for the weakly adhesive, adhesive, and highly adhesive collisions,

respectively. The graph of these potentials contains both negative and positive slopes for

small and large values of interatomic distance (rij), respectively. The minimum point of

the LJ potential shown in Figure 5.2, which separates the region with repulsion (negative

slope) from the region with attraction (positive slope), is further increased (see Table 5.1).

Therefore, with smaller value of C, not only the attraction force is weakened, but the

domain of attraction where the NP is accelerated is further reduced, while the region of

repulsion where the NP is being decelerated has expanded.

Table 5.1: The minimum point of the LJ potential for different values of C.

C rLJ,min

0.35 3.535

0.25 3.738

0.15 4.071

All MD simulations are performed using a MD code developed in the LAMMPS package

[83]. Before starting, the nanoparticle is placed outside the LJ interaction range of the

surface. All simulations start with a Maxwell-Boltzmann velocity distribution for all silver

atoms at room temperature, 300 K. As a best practice in MD simulation, the system is

initially equilibrated at 300 K using a canonical ensemble for 80 ps followed by simulation

under a microcanonical ensemble for another 20 ps to ensure that the system reaches a

stable thermal equilibrium state.

An initial velocity, v0, in the range of 12 to 426 m/s, which covers both elastic and plastic

regimes, is applied in the z direction to the center-of-mass of the equilibrated nanoparticle.
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During a collision, two atomic layers at the bottom of the substrate remain fixed, and

Langevin dynamics [62] is applied to the next eight layers. Newtonian dynamics is applied

to the rest of the system. The block of Langevin atoms absorbs the energy from the collision

and controls the temperature of other atoms in the simulation box that are governed by

Newtonian dynamics [38]. The equations of motion for both Newtonian and Langevin

atoms integrated with a velocity Verlet scheme with a time step of 1 fs. The time step of 1

fs is small enough to make sure that the displacement of atoms is sufficiently small in each

step. Additionally, the simulations for some cases have been performed for the smaller

timestep of 0.5 fs. No considerable difference was observed between the results for the

small (0.5 fs) and large (1fs) time steps. Finally, the system is averaged over up to twelve

independent runs by varying the initial thermal conditions to improve statistical accuracy.

We increased the number of simulations until the randomness effects of the random seed

number in the simulations disappear.

5.3 Results and Discussion

5.3.1 CoR and Yield Velocity for Purely Repulsive collisions

Figure 5.3a shows the simulated CoR of purely repulsive collisions using C = 1. The CoR

of nanoparticles are obtained by varying the initial particle velocity from 12 m/s to 426

m/s for each particle radius, R, which ranges from 8 Å to 38 Å. For a purely repulsive

collision, the energy loss is only due to plastic deformation. Without attraction force

between colliding particles and surface, the impact velocity for a non-adhesive collision

is equal to the initial particle velocity (vi = v0). For the initial particle velocities less

than 36 m/s, the CoR for particles with radius smaller than 10 Å exceeds unity. This
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indicates that the particles gain translational kinetic energy from internal energy [88, 89],

the reason behind if is that the thermal fluctuations of the particle atoms are transferred

to the translational kinetic energy of the rebounding nanoparticles. In addition, the CoR

scatters for small initial particle velocity up to 200 m/s. This is because nanoparticles are

not perfect spheres due to their crystalline structure. Therefore, a slight rotation of the

crystalline particle with respect to the surface affects the CoR of the collision [42].
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Figure 5.3: (a) CoR vs. initial particle velocity (v0) for purely repulsive collisions; the onset

of plastic deformation (yield) occurs at the critical velocity where the CoR drops roughly

after the viscoelastic regime. (b) Relative change in radius of gyration vs. initial particle

velocity. (c) Yield velocity vs. particle radius.

Quasi-elastic collisions are observed for small initial particle velocities, which is similar

to those reported in previous studies [25, 63]. In a quasi-elastic regime, the CoR is close to,
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but less than, unity. When the nanoparticle gently collides on the surface, elastic energy is

initially stored during the collision stage followed by its release during rebounding. After

the gentle elastic collision, the nanoparticle returns to its original shape (see Figure 5.4a),

and the net energy remains constant in the colliding-rebounding stage of the collision.

Thus, the CoR remains close to unity. As the initial particle velocity increases from 12

m/s to its yield velocity, vY , the CoR remains close to unity, then the CoR drops roughly

in the initial particle velocity. The critical velocity where the CoR drops is yield velocity,

where the collision is changed from elastic regime to plastic regime. Therefore, above this

critical velocity, the particle undergoes plastic deformation and permanent deformation is

observed after collision (see Figure 5.4b). Figure 5.3c shows the yield velocity vs. particle

size. As the particle size increases, the yield velocity increases, which indicates the particle

experiences plastic deformation at lower impact velocities; this result indicates that larger

particles deform more easily.

The CoR decreases for initial particle velocity (v0) ranging from vY to about 272 m/s

but increases for initial particle velocities higher than 272 m/s. This is expected because

the rate of increase in plastic deformation drops when v0 > 272 m/s. The degree of

deformation can be characterized by evaluating the relative change in radius of gyration

of the nanoparticle, ∆Rg/Rg, which is plotted in Figure 5.3b. For a low-speed impact

below the yield velocity, ∆Rg/Rg remains near zero, indicating that the collision is in

a viscoelastic regime (see Figure 5.5a and 5.5b). The relative deformation quadratically

increases as the initial particle velocity is above the yield velocity (see Figure 5.5c and

5.5d) until it slows down for v0 > 272 m/s, a velocity at which the deformation changes to

twinning regimes. Figures 5.5e and 5.5f show that, in the twinning deformation regime, the

particle deforms like a pancake with a distorted structure. Therefore, when the particle

velocity increases to 272 m/s or higher, the increase rate of energy loss due to plastic
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(b) 𝑣0 = 272 m/s 

Figure 5.4: Structural change of nanoparticle (R = 26 Å) over time with initial parti-

cle velocities of (a) v0 = 111 m/s, elastic collision and (b) v0 = 272 m/s, with plastic

deformation.

deformation slows down while the collision energy grows continuously. This results in a

slight increase in the CoR for initial velocities higher than 272 m/s.

5.3.2 CoR of Adhesive Collisions

Figure 5.6 shows the CoR of adhesive collisions for different particle sizes and different

initial particle velocities. The coefficient for adhesion strength C is 0.25 to reduce the

stickiness of the collision. Figure 5.6 shows that the CoR of adhesive collisions for particles

with radii ranging from 16 Å to 38 Å have the same trend as the CoR of purely repulsive

collisions for particles with the same size (see Figure 5.3a). However, for low-speed impacts

at v0 < 220 m/s, the CoR of small particles with radii of 8 and 10 Å are smaller than those

104



(a) 𝑣0 = 18 m/s (b) 𝑣0 = 111 m/s (c) 𝑣0 = 125 m/s 

(d) 𝑣0 =  218 m/s (e) 𝑣0 = 272 m/s (f) 𝑣0 = 341 m/s 

Figure 5.5: Deformation of nanoparticle with radius of 26 Å and initial particle velocities

of (a) 18 m/s, (b) 111 m/s, (c) 125 m/s, (d) 218 m/s, (e) 272 m/s, and (e) 341 m/s. The

yield velocity is 111.8 m/s for this particle size.

of larger particles.

For particles with radii ranging from 16 Å to 38 Å, the CoR is close to 0.8 for v0 < 220,

indicating a viscoelastic collision regime. In the case of adhesive collisions, the CoR in the

viscoelastic regime for particles with radii from 16 Å to 38 Å is slightly less than the CoR

for purely repulsive collisions (see Figure 5.3a) in the same particle size range. The reason

is that the adhesion force is additionally applied to the particle accelerating the particle

to a higher impact velocity causing some form of plastic deformation which dissipates

its kinetic energy. As the initial particle velocity increases from 12 m/s to vY , the CoR
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Figure 5.6: Coefficient of restitution vs. initial particle velocity v0 for adhesive collisions

with C = 0.25.

remains constant and then drops roughly with increasing the initial particle velocity. Like

the CoR for purely repulsive collisions shown in Figure 5.3a, the velocity where the CoR

drops indicates the onset of plastic deformation.

The CoR for particles with radii of 8 Å and 10 Å (red and green dots in Figure 5.6)

is lower than those of larger particles for an initial velocity less than 220 m/s. Figure 5.6

also indicates that the viscoelastic regime for initial particle velocities of v0 < vY , in which

the CoR remains around 0.8 is no longer observed for small particles with radii of 8 Å and

10 Å.
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Figure 5.7a shows the schematic of the particle velocity increase after entering the LJ

interaction range of the surface. It is widely accepted that, in the case of adhesive collision,

an attraction force along z axis is applied to the particle when it enters the LJ interaction

range of the surface [26]. Figure 5.8 shows the evolution of the particle velocity over

time for initial velocities of 89 m/s and 111 m/s, which results in rebound and adhesion,

respectively. The attraction force increases the particle velocity from its initial value of

v0 to impact velocity, vi, while the nanoparticle is approaching the surface. As a result,

the impact velocity, vi, is always higher than the initial particle velocity, v0, for adhesive

collisions. Due to the short-range of LJ interaction (see Eq. 5.1), a cutoff distance of 16

Å is considered for the LJ interaction; the attraction between two silver atoms disappears

if the distance between two atoms is longer than the cutoff distance.

Figure 5.7b shows the total force applied to the unit mass of the nanoparticle (F/m)

multiplied by the time of the collision (∆t) as a function of initial velocity. According to

Newton’s Second Law, the total force applied to the unit mass of the nanoparticle (F/m)

multiplied by the time of the collision (∆t) is equal to change in the particle velocity from

v0 to vi ( F
m
.∆t = ∆v). Accordingly, Figure 5.7b shows that the value of ∆v increases with

decreasing particle radius R and initial particle velocity v0, the reason behind which could

be justified by the Newton’s Second Law.

According to Newton’s Second Law, the particle acceleration is the ratio of the particle-

surface attraction force to the particle mass. The particle-surface attraction force (F ) is

proportional to the volume of the nanoparticle that is attracted by the surface, F ∝ Va,

and the particle mass is proportional to the total volume of the nanoparticle, m ∝ Vt. The

ratio of the volume of the nanoparticle that is attracted by the surface to the total volume

of the particle (Va/Vt) is,
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Figure 5.7: (a) Schematic of LJ interaction range of the surface and velocity increase of

the particle. (b) Per unit mass particle-surface interaction as a function of initial particle

velocity v0.

a =
F

m
=
Va
Vt

=
3RL2 − L3

4R3
(5.3)

where L is the penetration depth to the LJ interaction range of the surface and R is the

particle size. Equation 5.3 can be integrated over the interaction range of the LJ potential:

a =
1

4R3

∫ 16

0

(
3RL2 − L3

)
dL = 1024

(
R− 4

R3

)
(5.4)

Figure 5.9 shows the average particle acceleration as a function of particle radius (R)
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Figure 5.8: Evolution of the particle velocity over time for initial velocities of 89 m/s and

111 m/s.

calculated based on Equation 5.4. Figure 5.9 indicates that the attraction force applied

to the unit mass of the particle, which is equal to the particle acceleration, increases with

decreasing particle size. Therefore, as shown in Figure 5.7b, the increase in the initial

velocity from v0 to vi increases with decreasing the particle size.

Equation 5.3 also shows that the particle acceleration is a function of the particle

radius (R) and is independent of particle initial velocity (v0). Therefore, the acceleration of

particles with the same size remains constant as the initial velocity (v0) increases. However,
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Figure 5.9: Average particle acceleration as a function of particle radius (R) for sticky

collisions with C = 0.25.

increasing the initial particle velocity decreases the duration, ∆t, that the nanoparticle is

attracted by the surface. Therefore, as shown in Figure 5.7b, for each particle size, ∆v

decreases with increasing the initial velocity (v0).

Figure 5.10a shows impact velocity vs. initial velocity (vi vs. v0) for different particle

sizes. The impact velocity (vi) increases with decreasing particle size for all initial impact

velocities. This is because the acceleration, which is proportional to an increase in velocity

from v0 to vi, increases with decreasing particle size. Therefore, vi increases with decreasing

particle size. As shown in Figure 5.10a, the impact velocity depends on particle size for

impacts with initial velocity of v0 < 220 m/s, but the degree of dependence becomes less

and less as the initial particle velocity increases.

Figure 5.10a shows that vi starts with size-dependent for v0 < 220 and later becomes
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Figure 5.10: (a) Impact velocity vs. initial particle velocity. The dashed lines show the

yield velocity for each particle size. (b) The ratio of impact velocity to initial particle

velocity vs. initial particle velocity.

size-independent regardless of the increase in initial particle velocity. The reason is as

follows. Based on the definition of acceleration a = ∆v×∆t, the increase in velocity from

v0 to vi is proportional to a × ∆t. For high initial velocities, the time it takes for the

particle to enter the LJ potential field of the surface is short. Because acceleration is only

a function of particle size and is not affected by v0, ∆v = vi − v0 decreases as v0 increases

until it becomes nearly size-independent for v0 > 220 m/s.

Figure 5.10b also shows the ratio of vi/v0 for all particle sizes and particle velocities.

This ratio is higher for small particles than for the big ones for low-speed impacts at

v0 < 220 m/s then converges to unity as the particle velocity increases to v0 > 220 m/s,

indicating that the increase in velocity, ∆v, becomes negligible at high particle velocities.
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Here, the dependence of the CoR for adhesive collisions shown in Figure 5.6 is justified

using the data in the Figure 5.10a and Figure 3c. Figure 5.3c shows that the yield velocity

is vY = 156.4, 139.7, 125.2, 111.8, 100.1 m/s for particles with radius of R = 8, 10, 16, 26, 38

Å, respectively. Figure 5.10a shows that, by increasing the initial particle velocity (v0) for

particles with radii ranging from 16 Å to 38 Å, the impact velocity (vi) remains below and

then exceeds the yield velocity vY . If vi < vY , the low-speed collisions remain viscoelastic,

which results in a nearly constant CoR in Figure 5.6. However, as introduced in Section

5.3.1, as the initial particle velocity increases, vi exceeds vY and the collision lies the plastic

deformation regime. Therefore, the CoR of particles with radii ranging from 16 Å to 38 Å

decreases because of the energy loss during plastic deformation (see Figure 5.6). For all

initial particle velocities v0, however, vi is higher than 190 m/s and 146 m/s for particles

with radii of 8 Å and 10 Å, respectively. The yield velocities for these particles are 156

m/s and 139 m/s, respectively. Therefore, the particles with radii of 8 Å and 10 Å undergo

plastic deformation even their initial velocities are less than the yield velocity. The reason

is that their impact velocities (vi) are higher than their yield velocities. As a result, the

kinetic energy loss of these particles increases during their plastic deformation. Therefore,

the CoR for small particles are lower than those in the equivalent viscoelastic regime for

bigger particles.

In addition, Figure 5.10a shows that the impact velocity for small particles with radii

of 8 Å and 10 Å remains higher than that for bigger ones at vY < v0 < 220 m/s. Thus,

the degree of plastic deformation and the resultant energy loss, which increase with the

particle velocity see Figure 5.3b), are higher for small particles than for the larger ones

when initial velocity is less than 220 m/s. Therefore, the CoR for particles with radii of 8

Å and 10 Å are lower than those for bigger particles with radii in the range of 16 Å to 38 Å

for low-speed impacts at v0 < 220 m/s. The impact velocities for initial particle velocities
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higher than 220 m/s are size-independent (see Figures 5.10a and 5.10b). Therefore, the

CoR for all particle sizes show the same trend as the purely repulsive collisions (see Figure

5.3a) and the CoR increases slightly for particles with radii ranging from 8 Å to 26 Å, and

the rate of CoR decrease slows down for particles with a radius of 38 Å. As discussed for

purely repulsive collisions in Section 5.3.1, the reason is that the rate of increase in the

degree of plastic deformation slows down for initial velocities higher than 220 m/s.

The rest of this section explains the effects of particle-surface attraction strength on

CoR. The coefficient C is 0.15 and 0.35 for weakly adhesive and highly adhesive collisions,

respectively.

Weakly Adhesive collisions at C = 0.15

Figure 5.11a shows the CoR of weakly adhesive collisions for different particle sizes and

initial particle velocities, where the coefficient C is 0.15. The CoR of these collisions

approach that of the purely repulsive collisions introduced in Section 5.3.1. Therefore,

when C = 0.15 the weakly adhesive collisions are more or less identical to the purely

repulsive collisions discussed in Section 5.3.1 (see Figure 5.3a).

For small initial velocities (v0) quasi-elastic collisions are observed as described in Sec-

tion 5.3.1 for purely repulsive collisions. This indicates that the CoR in this viscoelastic

regime remains close to unity, which is expected because of the weak attraction between

the particle and the surface. As seen in Figure 5.11b, the weak attraction between the

particle and the surface increases the particle velocity from v0 to vi while the particle is

approaching the surface. However, the impact velocity (vi) remains below the yield veloc-

ity vY (see Figure 5.3c) for low-speed impacts. Therefore, the collision of all particle sizes

remains elastic at low-speed impacts at which the impact velocity remains below the yield
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Figure 5.11: (a) Coefficients of restitution vs. initial particle velocity for weakly adhesive

collisions with C = 0.15. (b) Impact velocity as a function of initial particle velocity. The

dashed lines show the yield velocity for each particle size.

velocity (see Figure 5.3c). Therefore, the weakly adhesive collisions behave like the purely

repulsive collisions. This conclusion is valid if the adhesion is reasonably weak at which

the impact velocity remains below the yield velocity.

It should be noted that the CoR for weakly adhesive collisions in the viscoelastic regime

(see Figure 5.11a) is slightly lower than those for purely repulsive collisions in the same

viscoelastic regime (see Figure 5.3a). In addition, despite purely repulsive collisions, the

CoR for weakly adhesive collisions does not exceed unity. The reason is that the slight

energy loss arises from the adhesion force between particle and surface, which slightly

decreases the CoR for weakly adhesive collisions compared to purely repulsive collisions.

Figure 5.11a shows that, as the initial velocity increases, the CoR remains close to
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unity in the viscoelastic regime and then drops in the initial velocity. As introduced in

Section 5.3.1, the velocity corresponding to the drop is indeed the yield velocity where

the collision is transferred from elastic to plastic regime. The CoR of the nanoparticles

decreases at the same rate of the CoR decrease for purely repulsive collision (see Figure

5.3a). This indicates that the kinetic energy loss of rebounding nanoparticles due to the

weak attraction is negligible compared with the energy loss from the plastic deformation.

As a result, the CoR for the weakly adhesive collisions in the plastic deformation decays

at a similar rate of the decrease of the CoR for purely repulsive collisions.

Highly Adhesive Collisions at C = 0.35

Figure 5.12a shows the calculated CoR for highly adhesive collisions for different particle

sizes and particle velocities. The coefficient for adhesion strength, C, is 0.35 to strengthen

the particle-surface adhesion. Relative decrease in CoR compared to the CoR of collisions

with less adhesion at C = 0.15, 0.25 shown in Figure 5.11a and Figure 5.10 indicates that

a nanoparticle with a stronger adhesion force is more prone to adhere to the surface.

Figure 5.12a shows that, for particles with radii of 16, 26, 38 Å, the CoR remains

constant for initial velocities less than 71, 57, 45 m/s, respectively, indicating a viscoelastic

collision. This viscoelastic regime can be justified by comparison of the impact velocities of

these particles and their yield velocities. Figure 5.12b shows the impact velocity (vi) vs. v0

for different particle sizes. The attraction force accelerates the particle while it approaches

the surface. For initial velocities corresponding to the viscoelastic regime shown in Figure

5.12a, vi remains below the yield velocity vY (see Figures 5.3a and 5.12b). Therefore, the

collision at v0 < 71, 57, 45 m/s remains elastic for particles with radii of 16, 26, 38 Å and

the CoR fluctuates around a constant value.
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Figure 5.12: (a) Coefficient of restitution vs. initial particle velocity for C = 0.35. (b)

Impact velocity vs. initial particle velocity. The dashed lines show the yield velocity for

each particle size.

It should be noted that the CoR for C = 0.35 (see Figure 5.12a) decreases with decreas-

ing the particle size in the viscoelastic regime, which is different from when C is 0.15 and

0.25. As shown in Figure 5.12a, the CoR for C = 0.35 in the viscoelastic regime decreases

from 0.9 to 0.65 when the particle size decreases from 38 Å to 16 Å. According to Eq.

2.1, the CoR is inversely related to the ratio of the energy loss to the kinetic energy of

the collision Eloss/KEi. Without plastic deformation, the energy loss in the viscoelastic

regime is mainly originated from the particle-surface attraction force. This particle-surface

attraction force is applied to the nanoparticle during the rebounding stage and prevents

the nanoparticle from moving away from the surface. The particle-surface attraction force

during the rebounding stage is only applied to the atoms of the nanoparticle if their dis-
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tance to the surface is less than 16 Å (see Figure 5.7a). Therefore, according to Eq. 5.3,

the particle-surface attraction force in the rebounding stage (same as the collision stage)

increases with decreasing the particle radius R. This suggests that the energy loss arises

from the particle-surface attraction at the rebounding stage increases with decreasing the

particle size. Additionally, kinetic energy of the collision KEi is proportional to particle

mass and as a result it increases with the particle size R. Subsequently, Eloss increases and

KEi decreases as the particle size decreases from 38 Å to 16 Å, which leads to decreasing

of the CoR in the elastic regime as the particle size decreases from 38 Å to 16 Å. It is worth

mentioning that this size-dependent CoR is no longer observed in viscoelastic regime for

low-adhesive collisions at C = 0.15 and 0.25. The reason is that the kinetic energy of

the collision increases because of the attraction force between particle and surface in the

colliding stage. However, this particle-surface attraction force dissipates the kinetic energy

of the collision during the rebounding stage. the energy loss from particle-surface attrac-

tion in the rebounding stage is insufficient to overcome the increase in the kinetic energy

of the collision. Therefore, the CoR in the elastic regime (see Figure 5.11a and Figure

5.6) for particles with radii ranging from 16 Å to 38 Å changes slightly with the particle

size, thanks to the small amount of this change, the dependence of the CoR on the size

disappears.

Figure 5.12a shows that the CoR for particles with radii of 8 Å and 10 Å fluctuates

around 0.2 for all values of v0. This relatively low value of CoR indicates that the nanopar-

ticles are prone to adhere to the surface even at initial particle velocities lower than the

yield velocity. The reason is the significant velocity increase (vi > 185 m/s) due to strong

attraction between the particle and the surface, where the coefficient of attraction strength

C increases to 0.35. As shown in Figure 5.12b, for all values of v0, the impact velocity vi

is higher than 225 m/s and185 m/s for particles with radii of 8 Å and 10 Å, respectively.
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Therefore, according to Figure 5.3b, the nanoparticle experiences plastic deformation af-

ter collision. Because the energy loss due to the particle-surface attraction also becomes

appreciable for highly adhesive collisions, the energy loss from both mechanisms of plastic

deformation and particle-surface adhesion dissipates almost all the initial kinetic energy

of the colliding nanoparticle, which results in a low CoR around 0.2 for low values of v0

(see Eq. 2.1). As the initial velocity increases, both the kinetic energy of the collision

(KEi) and the energy loss (Eloss) due to plastic deformation increase (see Figure 5.3b).

Therefore, the CoR fluctuates around the constant value of 0.2 since both KEi and Eloss

increases (see also Eq. 2.1).

5.4 Summary

This chapter presents the collisional properties of silver (Ag) particles between 1.6 nm and

7.6 nm in diameter colliding on an Ag surface at initial velocities ranging from 12 to 426

m/s, representing the transition from the elastic to plastic collision regime. The yield ve-

locity, a critical velocity above which the particle undergoes plastic deformation, for each

particle size is obtained from the CoR for purely repulsive collisions. For purely repulsive

collisions there is no attraction between the particle and the surface, and the only energy

loss mechanism that can change the CoR is plastic deformation. For adhesive collisions, de-

pending on the adhesivity of the collision and the particle velocity, the CoR of the collision

depends on the particle size. Although, it was previously showed by Awasthi et al. [38] that

the adhesion probability (which is inversely related to the CoR) increases with decreasing

the degree of adhesion (increasing C ), the effects of particle size for collisions with different

degrees of adhesivity were not considered in their study. In this chapter, we showed that,

in agreement with their results, the CoR decreases with increasing the adhesivity of the
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collision (increasing C ), and also showed that the CoR depends on the particle size. In the

case of adhesive collision, the particle accelerates because of the particle-surface attraction

force when the particle enters the interaction range of the adhesive surface which is equal

to the cutoff distance for the Ag-Ag LJ interaction. The acceleration decreases with in-

creasing particle size. Particles with radii of 8 and 10 Å accelerate so that their impact

velocities are greater than the corresponding yield velocities, even when the initial particle

velocity is lower than the yield velocity. The particle acceleration leads the collision from

elastic to plastic deformation regime if the initial particle velocity is lower than the yield

velocity. The particle acceleration also increases the degree of plastic deformation if the

initial particle velocity is already higher than the yield velocity. The energy loss due to the

plastic deformation of small particles with radius of 8 Å and 10 Å for impacts at v0 < 220

m/s reduces the coefficient of restitution of these particles compared to larger particles

with similar initial velocities. As the stickiness of the collision increases, the CoR of parti-

cles with radii of 8 and 10 Å stays around 0.2 for all initial particle velocities. For bigger

particles with radius from 16 Å to 38 Å the collision remains viscoelastic for low-speed

impacts at which the impact velocity remains lower than the yield velocity. Nevertheless,

the CoR in viscoelastic regime decreases with decreasing particle size. For weakly adhesive

collisions with the coefficient of adhesion strength C equal to 0.15, the size dependency of

CoR disappears, and the nanoparticles behaves as if they are non-adhesive.
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Chapter 6

Conclusion and Future Work

The presented PhD thesis aimed to clarify the collision properties between nanoparticles

and solid surfaces. The effects of several parameters such as air humidity, nanoparticle size,

impact velocity, surface energy, etc. were examined on the nanoparticle collision dynam-

ics. The main contribution of this research to the field of nanoparticle-surface collision is

summarized in this chapter. The insights for future research to expand the work initiated

in this research are also presented in this chapter.

6.1 Development and Validation of MD codes

A simulation setup to study the aerosol filtration process using MD simulations was de-

veloped in Chapter 3. Because modeling of a real filtration process is not possible using

MD simulations, several assumptions were considered to simplify the system. Therefore,

the aerosol filtration process was simplified as the collision of a single nanoparticle on a

flat rigid substrate. The potential parameters for the interaction between all the types
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presented in the simulation box (Ag, O, H) were validated by repeating the results of

previous experimental and numerical studied. The embedded atom model (EAM) for the

interaction energy between the silver atoms was validated. The water-water interaction

energy was also validated using TIP3P and TIP4P water models.

6.2 Effects of Humidity on Nanoparticle-surface Col-

lision

The results of MD simulations show that, depending on the ambient conditions and sur-

face properties of the substrate, condensed water layer can either increase or decrease the

nanoparticle adhesion on the substrate. It was shown that the coefficient of restitution

of 5-nm particles on a wet substrate depends on the thickness of the condensed water

layer on the substrate, surface energy of the substrate, and impact velocity. Depending

on the surface energy of the substrate and impact velocity, the coefficient of restitution

for nanoparticles colliding on a substrate either increases or decreases with increasing the

thickness of the condensed water layer on the substrate. For a high-energy substrate, the

coefficient of restitution of the colliding nanoparticles first increases, then decreases by

increasing the water layer thickness on the substrate. This was observed for the whole

range of studied velocity vi ∈ [20− 500] m.s−1. However, for a low-energy substrate, the

effects of condensed water layer thickness on the coefficient of restitution depend on the

impact velocity. The nanoparticle rebounds from a low-energy and dry substrate for im-

pact velocities lower than 300 m.s−1. The coefficient of restitution decreases by increasing

the thickness of the condensed water layer until the nanoparticle adheres to the substrate.

The water layer thickness at which the nanoparticle adheres to the low-energy substrate
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depends on the impact velocity. For higher impact velocities, the nanoparticle adheres to

the low-energy dry substrate. The coefficient of restitution first increases with the con-

densed water layer thickness, then decreases until the nanoparticle adheres to the substrate

again. The change of the coefficient of restitution with respect to water layer thickness for

both high- and low-energy substrates was explained by three mechanisms of translational

kinetic energy dissipation of the colliding nanoparticles: particle-substrate interaction en-

ergy, particle-water interaction energy, and plastic deformation of the nanoparticle. The

particle-substrate interaction energy decreases on a wet substrate because of the forma-

tion of a dense water layer near the substrate: the water layer acts as a buffer separating

the nanoparticle from the substrate. The particle-water interaction energy continuously

increases with increasing water layer thickness on the substrate. Plastic deformation of the

nanoparticle also decreases or remains unaffected in wet conditions.

6.3 Effects of Particle Size on Nanoparticle-surface

Collision

The collisional properties of sub-10 nm silver (Ag) particles colliding on an Ag surface

at initial velocities ranging from 12 to 426 m/s was studied in Chapter 5. The yield

velocity, a critical velocity above which the particle undergoes plastic deformation, for

each particle size is obtained from the CoR for purely repulsive collisions. For purely

repulsive collisions there is no attraction between the particle and the surface, and the

only energy loss mechanism that can change the CoR is plastic deformation. In the case of

adhesive collision, the particle accelerates because of the particle-surface attraction force

when the particle enters the interaction range of the adhesive surface which is equal to the
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cutoff distance for the Ag-Ag LJ interaction. The acceleration decreases with increasing

particle size. Particles with radii of 8 and 10 Å accelerate so that their impact velocities

are greater than the corresponding yield velocities, even when the initial particle velocity

is lower than the yield velocity. The particle acceleration leads the collision from elastic

to plastic deformation regime if the initial particle velocity is lower than the yield velocity.

The particle acceleration also increases the degree of plastic deformation if the initial

particle velocity is already higher than the yield velocity. The energy loss due to the

plastic deformation of small particles with radius of 8 Å and 10 Å for impacts at v0 < 220

m/s reduces the coefficient of restitution of these particles compared to larger particles with

similar initial velocities. As the stickiness of the collision increases, the CoR of particles

with radii of 8 and 10 Å stays around 0.2 for all initial particle velocities. For bigger

particles with radius from 16 Å to 38 Å the collision remains viscoelastic for low-speed

impacts at which the impact velocity remains lower than the yield velocity. Nevertheless,

the CoR in viscoelastic regime decreases with decreasing particle size. For weakly adhesive

collisions with the coefficient of adhesion strength C equal to 0.15, the size dependency of

CoR disappears, and the nanoparticles behaves as if they are non-adhesive.

6.4 Limitations of Current Work and Insights for Fu-

ture Research

This section discusses the limitations of this thesis and accordingly provides the insights

for future research.

As discussed in Chapter 4, during the collision of a nanoparticle on a wet surface, the

capillary force applied to the nanoparticle strongly affects the coefficient of restitution of
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the collision. When a nanoparticle is placed on a wet surface, the capillary force that is

applied to the nanoparticle depends on how the water behaves near the surface. It was

also discussed in Chapter 4 that the interfacial solid/water structural behavior depends

on the wettability of the solid surface. However, in this thesis, only two surfaces with

different degrees of wettability were considered. A comprehensive research is still needed

to study the collision of nanoparticles on wet surfaces with different levels of wettability,

superhydrophobic to superhydrophilic.

The collision outcome is mainly characterized by the coefficient of restitution which

according to Eq. 2.1 depends on the kinetic energy loss of the nanoparticle. Chemical

reactivity between the colliding nanoparticle and the dry or wet surface is one of the

important kinetic energy loss mechanisms through chemical bond formation between the

nanoparticle and the surface. As a result, the adhesion of nanoparticles to the substrate is

affected by this factor. The presence of unsaturated atoms on the surface of the particle

makes the nanoparticle susceptible to form chemical bonds with the atoms of the surface

or the water molecules in the system. Therefore, the effects of chemical reactivity between

the particle and the surface on the collision dynamics should be investigated using classical

MD with bond-order potential functions.

In this work, pristine nanoparticles and a model substrate were considered without any

contamination on their outermost surfaces. However, in practical applications, because

of the interaction with other components in air, the nanoparticles and the substrate may

be contaminated. be contaminated. Therefore, the effects of contamination or impurity

atoms is one factor that can be investigated in further studies. In case of contamination, two

different scenarios may happen. If the presence of contamination causes chemical reactions

between the nanoparticle and substrate, the actual molecules that cover and contaminate

the surface should be added in the simulations. On the other hand, the contamination may
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not affect any chemical reactivity of the colliding nanoparticle and substrate. In such case

the effects of contamination can be modeled by modifying the surface energy of the colliding

objects [71]. The reason is that, due to small size of nanoparticles, the contamination could

be considered as a layer that covers the surface of the nanoparticle or substrate and changes

the surface energy of the colliding objects [53]. As reported by Shafrin and Zisman [53],

the surface energy mainly depends on the outermost chemical groups of the solid. Usually,

atoms which are a few atomic layers below the surface should have negligible effects on

surface energy wettability. Changing the outermost chemical groups transforms a high-

energy surface into another which demonstrates the wetting properties of a low-energy

surface with the same material.

In this thesis, only the collision of a single and dry nanoparticle on dry or wet sur-

faces was investigated. However, the water content in air may condense on the surface of

nanoparticles. Therefore, a wet nanoparticle or a droplet containing several nanoparticles

may collide the surface. The collision dynamic of wet nanoparticles or a droplet containing

several nanoparticles is different from the collision dynamics of a single and dry nanoparti-

cle on a surface. Therefore, more research is needed to fully investigate the collision process

at a humid environment.

As discussed in Chapter 1, the widespread use of nanoparticles in industry causes the

dispersal of unwanted nanoparticles in the air. Long-time exposure to nanoparticles can

cause pulmonary disease, fibrosis, and lung cancer [19, 5]. As a result, the dispersed

nanoparticles in ambient air are considered as a major source of public health concern.

Filtration is an effective method that removes aerosol particles from the air stream [20].

The principles associated with the filtration of micron particles have been validated in the

literature [90]; however, the mechanisms of aerosol nanoparticle filtration are still unclear

[91]. Since nanoparticle removal from the air stream takes place upon collision of nanopar-
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ticles on the surface of the filter fibers, investigating the collision dynamics of nanoparticles

on the filter media is essential to investigate the effects of various parameters on the filtra-

tion process. The result on the nanoparticle-surface collision dynamics presented in this

research provides fundamental insights for the mechanism of air borne nanoparticle filtra-

tion. In the process of nanoparticle filtration, the highest adhesion probability is desired.

Therefore, the system conditions should be modified in a way that the CoR for the collision

of nanoparticles to the surface of the fibers in the filter media decreases as much as pos-

sible. Therefore, future research can be performed to determine the system conditions for

a filtration process in terms of relative humidity, nanoparticle size, and surface energy of

the fibers in the filter media to increase the nanoparticle-surface adhesion and as a result,

the filtration efficiency.

6.5 Publications

The publications authored by the candidate are listed as follows:

• Khodabakhshi, Milad, John Z. Wen, and Zhongchao Tan. ”Coefficient of restitution

for silver nanoparticles colliding on a wet silver substrate.” Applied Surface Science

554 (2021): 149607. [76]

• Khodabakhshi, Milad, John Z. Wen, and Zhongchao Tan. ”Coefficient of restitu-

tion for sub-10 nm silver particles colliding on adhesive silver surfaces.” Journal of

Computational Physics, submitted on July 1 2021.

• Milad Khodabakhshi, Zhongchao Tan, and John Wen. ”Effects of Surface Energy

of Substrate on Water Density Profile at a Solid Interface.” Canadian Society for

Mechanical Engineering (CSME) 2021 Congress.
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Appendix A

Molecular Dynamics Simulation

Technique

Molecular dynamics (MD) is a powerful computational tool capable of predicting atomic-

scale material behavior. In MD, each atom is determined by the spatial location of its

center of mass (x, y, z ), and the mass of the atom is concentrated at this point. Thus, each

point defined in the simulation box represents an atom of the material under investigation.

Type and structure of atoms in the simulation box and the potential function (U ) for

modeling the interaction among them are two essential parameters in MD simulations.

The interaction potential between each atom pairs in the simulation box is determined

by a specific potential function. These functions could be derived based on empirical

functions fitting experimental measurements or based on ab initio calculations [92]. The

resulting potential function will be useful and reliable if it combines accuracy, simplicity,

comprehensiveness, and cost-effective computation. In general, the total potential energy

of the ith atom (Ui) could be defined as the sum of potentials between this atom and other
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atoms in the simulation box [80].

Ui =
∑
i

U1 (ri) +
∑
i

∑
j>i

U2 (ri, rj) +
∑
i

∑
j>i

∑
k>j>i

U3 (ri, rj, rk) + . . . (A.1)

The first term of Eq. A.1, u1 (ri), represents the effect of an external field on the ith

atom, while the remaining terms stand for atom-atom interactions. The terms containing

interaction between three or more batches of atoms greatly increase the computational

cost, although, they have negligible effects on the results compared to the first two terms.

Therefore, they can be ignored when possible. As a result, in the absence of an external

field, the total potential energy between atom i and atom j only includes the term related

to binary interactions, and the total potential function is simplified as follows:

Uij =
∑
i

∑
j>i

U2 (ri, rj) =
∑
i

∑
j>i

U (ri, rj) =
∑
i

∑
j>i

U (rij) (A.2)

The total interaction force between atom i and atom j (Fij), which depends only on the

distance vector between atom i and j (rij), is defined as the derivative of their interatomic

potential energy (see Eq. A.3) [92]. Figure A.1 shows an image of vectors Fij and rij.

Fij = −
∑
i 6=j

∂U (rij)

∂rij
(A.3)

A.1 Equations of Motion

The equation governing the motion of each atom is defined by Newton’s second law [92]:
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𝐅𝑖𝑗

𝐅𝑖𝑗 = −𝐅𝑗 i

Figure A.1: Interatomic interaction between atoms i and j, with the distance vector rij

between them.

Fi

mi

=
dr2i
dt2

(A.4)

where mi and ri stand for the mass and position vector of atom i. Equation A.4 must

be modified so that the trajectory of each particle can be determined as a function of

time. Velocity Verlet [93, 94] algorithm is the most common method of integrating atomic

equations of motion in MD simulations:

r (t+ dt) = r (t) + dtv (t) +
1

2
(dt)2 a(t) (A.5)

v

(
t+

1

2
dt

)
= v (t) +

1

2
dt a(t) (A.6)
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v (t+ dt) = v

(
t+

1

2
dt

)
+

1

2
dt a(t+ dt) (A.7)

where dt is the time step, v is the velocity vector, and a is the acceleration vector of the

atom. In these equation series, the position and velocity of each atom are updated to t+dt.

In the first equation, the position is calculated at t+dt based on the values of r, v, and a

at time t. Velocity calculation at t+dt takes place in two steps. In the first step, using the

acceleration at time t, the value of velocity at midpoint t+ 1
2
dt is calculated. Then, using

the position vector at t+dt, the force, and subsequently, the acceleration is calculated at

t+dt. Finally, in Equation A.7, the velocity is obtained at the moment t+dt.

A.2 Time Step (dt)

Choosing an appropriate time step depends sensitively on the system conditions. If the time

step is too small, only a small portion of the path is traversed during each step. If the time

step is too high, it will cause an error in the integration algorithm. The time step should be

chosen such that while maintaining accuracy, it reduces the simulation time. It should be

kept in mind that the time step must be smaller than one tenth of the largest interatomic

frequency in the system. For flexible molecules, the highest frequency is related to the

vibration of bond stretching between the atoms. However, such high-frequency motions

have little effects on the overall behavior of the system. One solution is to freeze such

vibrations by binding the bonds at their equilibrium distance and allow other degrees of

freedom to change under the influence of existing intermolecular and intramolecular forces.

With this method, a larger time step can be used. The convergence of the whole system’s

energy during the simulation is a suitable criterion for verifying the accuracy of the time
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step.

A.3 Thermodynamic Properties

In MD simulations, thermodynamic properties can be determined using the information

obtained from the atomic motions. The properties obtained from the simulations have

oscillatory behavior over time, so measuring a thermodynamic property means calculating

its average over time. The average of a physical quantity can be calculated as follows [95].

〈A〉 =
1

τ

∫ t

0

A (t) dt (A.8)

The main thermodynamics properties of a systems are the energy, temperature, and

pressure of that system.

A.3.1 System Energy

The total energy (E ) of a system consisting of N atoms is defined as the sum of the

potential energy (U ), and the kinetic energy (K ).

〈E〉 = 〈U〉+ 〈K〉 = 〈
N−1∑
i

N∑
j>i

u (rij)〉+
1

2
〈
N∑
i

miv
2
i 〉 (A.9)

The potential energy is calculated based on Eq. A.2 at each step, and the average

values are reported at different steps. The kinetic energy is also related to the particle

mass and velocity. At each step of the simulation, the kinetic and potential energies are

converted to each other, while, the total energy of the system is conserved. Accordingly,

the convergence of energy is usually used to test the stability of the system.
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A.3.2 System Temperature

One of the important thermodynamic properties is the temperature of the system. For an

atomic system, temperature is related to the speed of each atom [80].

T =
2〈K〉
3Nkb

=
〈
∑N

i miv
2
i 〉

3Nkb
(A.10)

where kb is the Boltzmann constant. The equation shows that 〈K〉 = (3N) 1
2
kbT , indicating

that the degrees of freedom in each direction contribute equally to the average temperature.

In other words, the kinetic energy of the system is divided equally between its degrees of

freedom [96].

A.3.3 System Pressure

Another important physical quantity is pressure. The pressure is influenced by both kinetic

and potential energies. The potential energy is usually calculated using the Clausius virial

theorem. Virial is defined as the product of the position vector of the particles in the force

exerted on them.

P =
NkbT

V
+

1

3V
〈
N−1∑
i

N∑
j>i

rij.Fij〉 (A.11)

The two terms of the right-hand side of Eq. A.11 show the kinetic energy and potential

contribution, respectively [97]. In an ideal gas, only the forces due to the interaction

between the atoms and the container wall affect the system behavior. Consequently, for

an ideal gas, the second term, which refers to viral is zero. However, for real gases or
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liquids, the interatomic forces are not zero and affect the atoms and thus the pressure in

Eq. A.11. Therefore, the contribution of the interatomic interactions should be considered

to calculate the pressure of the system.

A.4 Force Calculation

The force acting on atom i is calculated by its potential energy arising from atom j [92].

Fi = −
∑
i 6=j

∂u (rij)

∂rij
(A.12)

The pair interaction energy between atoms i and j, u (rij), falls into two main categories:

bonded and non-bonded. For each, a general potential function is needed to calculate the

pair interaction energy. The parameters required to fit into the equation are determined

by a prescribed force-field. The force-field parameters are determined on the basis of

experimental data or quantum mechanics measurements.

A.4.1 Bonded Interactions

The bonded interactions arise from the bonds between the atoms of a molecule, holding

them together. The general relation of the bonding interactions is as follows [98]:

U (ri) =
∑
bonds

Kb (rb − r0)2 +
∑
angles

Kθ (θb − θ0)2 +
∑

dihedrals

Kφ [1 + cos (nφd − γ)] (A.13)

where rb, θb and φd are the instantaneous values of bond length, bond angle, and

dihedral angle, respectively, and r0, θ0, and γ are the corresponding equilibrium values.
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Kb, Kθ and Kφ are the stretching, bending, and dihedral spring constants, and γ is the

period of the torsional potential. Equation A.13 shows that the bonded interaction includes

three terms of bond stretching, angle bending, and dihedral. The bond stretching relates

to the interaction energy that controls the distance between two bonded atoms. The angle

bending correlates the equilibrium angle between three bonded atoms. The dihedral relates

to the equilibrium position of four atoms that are bonded together.

many body potentials of embedded-atom-model (EAM)

A.4.2 Non-bonded Interactions

This type of interaction exists between all the atoms in the simulation box and is divided

into two categories: van der Waals (vdW) and Columbus interaction energies. Various

models have been proposed for calculating the vdW interaction such as Lennard-Jones

(LJ) potential function. The Lenard-Jones (LJ) model is described as follows [99, 100]:

ULJ(rij) = 4ε

[(
σ

rij

)12

−
(
σ

rij

)6
]

(A.14)

where rij is the distance of atoms, ε is the depth of the potential energy well, and σ is

the interatomic distance at which the potential between two atoms becomes zero. The

LJ parameters depend on the atom type and are determined by fitting the LJ curve to

experimental data or measurements based on quantum mechanics studies. The LJ potential

consists of two repulsive,
(
σ
rij

)12
, and attractive,

(
σ
rij

)6
, parts. If the distance between two

atoms is too low, rij < σ, the potential is repulsive. By increasing the distance between

them, rij > σ, the attraction part dominates, and the interaction becomes attractive.
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When both i and j atoms are electrically charged, in addition to the vdW interaction,

the Coulomb interaction will also appear between them. The functional form of this

interaction is as follows:

UC (rij) = k
qiqj
rij

(A.15)

where k is the dielectric constant and qi and qj are the point charges of the particles i and

j.

A.5 Cut-off Radius (rc)

Despite the high accuracy of the MD method, its computational cost is still a serious prob-

lem. It is necessary to employ strategies to reduce computational costs while maintaining

accuracy. In the case of non-bonded vdW interactions, the potential energy acting on each

atom mainly originates from the nearby atoms. For example, for the LJ potential, the

potential value at the cut-off radius of rc = 2.5σ is only 0.0016ε. Therefore, if only the

interactions caused by atoms within the cut-off radius are considered, the computational

cost will be reduced by 4
3
πr3c/V , which V is the volume of the simulation box. Therefore,

choosing an appropriate cut-off radius reduces the computational cost considerably. In

order to avoid the potential discontinuity at r = rc, the constant value of the potential

at this radius, U (rc), is subtracted from the potential interaction. The cut-off radius is

applied as follows [99]:

150



U (rij) =

U (rij)− U (rc) rij ≤ rc

0 rij ≥ rc

(A.16)

A.6 Water Models

Despite the simple molecular structure, water exhibits complex and unusual behaviors.

Numerous molecular models have been proposed to justify the properties of water under

various conditions. The development of molecular water models has a long history. The

first attempts in this regard relate to Bernal and Fowler’s study in 1933 [64]. The modern

development of molecular water models in computer simulations began in 1970, and many

of the models used today were developed in 1980. In 1981, Berendsen et al. [65] proposed

the SPC model. The more sophisticated TIP3P and TIP4P models were also introduced

in 1983 [66]. In the SPC/E model [67], which is an extended SPC model, the polarization

effects of water are also taken into account.

Generally, water models are numbered based on the interactive sites in the water

molecule in that model. So far, water models with 3 to 6 interactive sites are developed.

For the 3-site model, each atom of one molecule interacts with the atoms of the other

molecule. As a result, a total of 9 interactions are calculated between every two molecules.

Similarly, for 4-site model 10, for 5-site model 17, and for 6-site model 26, interactions

are calculated between every two molecules. The computational cost of the simulations

increases with the number of interactive sites. Therefore, 3-site water models are usually

used in MD studies due to its low computational cost. Table A.1 summarizes the potential

interaction parameters for some of the most common water models. Examples of 4-, 5, and

6-site water models are TIP4P, TIP5P, and TIP6P, respectively.
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Table A.1: Potential parameters for some three site water models.

Parameters Unit TIP3P [101] modified TIP3P [68] SPC [65] SPC/E [102]

σOO Å 3.5365 3.150 3.5533 3.5533

εOO kcal/mole 0.1521 0.1521 0.1553 0.1553

σHH Å 0.0 0.4 0.0 0.0

εHH kcal/mole 0.0 0.0461 0.0 0.0

σOH Å 0.0 1.775 0.0 0.0

εOH kcal/mole 0.0 0.0837 0.0 0.0

qO e -0.834 -0.834 -0.82 -0.8476

qH e 0.417 0.417 0.41 0.4238

bOH0 Å 0.9572 0.9572 1.0 1.0

θOH0 deg 104.52 104.52 109.47 109.47

One of the challenging behaviors of water is its unusual density at T = 277 K, which

reaches its maximum at atmospheric pressure. So far, none of the mentioned models

have been able to reproduce the correct water density at this temperature. The five-site

TIP5P [103] model proposed in 2000, while maintaining high structural quality and thermal

properties of water, is able to reproduce the water density correctly in this temperature

range. During the last decades, a vast number of scientific research has been conducted to

improve water models [104], and given the prospects ahead, much of the research will be

addressed in the future.

Each molecular model of water is capable of reproducing one or more physical proper-

ties of water, such as radial distribution function, density variation, dipole moment, and

so on. In fact, none of the models are able to reproduce all the physical properties of

water. In addition, all classical molecular models consider only binary interactions in their
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calculations and neglect triple interactions, which account for about 14.5% of total inter-

nal energy, which is a drawback of the classical water models. However, the simulations

performed by classical water models have had a great impact in many areas of physics and

chemistry.

Molecular water models are divided into two simple and polarizable categories. Unlike

polarizable models, simple models neglect the LJ interaction for hydrogen atoms. The

Coulomb interaction, which results from the partial electric charge of hydrogen and oxygen,

models the hydrogen bond between the water molecules. The intermolecular interactions

for these models are described below [80].

Vij =
∑
i

∑
j

qiqje
2

4πε0rij
+
C12

r12ij
+
C6

r6ij
(A.17)

where i and j represents for the O and H atoms, and rij stands for their interatomic

distance. Given that the internal bonds are kept frozen, bonded interactions do not appear

in the above equation.
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County for purposes of resolving any disputes that may arise hereunder. 
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