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CHAPTER 1
AN INTRODUCTION TO SURFACE CHEMISTRY

BEHESHTEH SOHRABI

Why is it important to research interface theory and properties? First, to
comprehend numerous natural processes, and second, to provide one with
a more comprehensive understanding of how to logically build and alter
desirable interfaces, given the significant role of interfaces in industries.
On the same ground, we must examine the precise meaning of the term
"surface free energy" and its connection to interfacial tension, as well as
comprehend the pertinent theoretical links. For many medicinal and
industrial uses, it is also vital to understand the variables that impact the
chemical and physical characteristics of the surface.

1.1 Surface Chemistry-Fundamentals

The two key ideas in surface science are interface and surface. The
boundary between two phases, such as solid, liquid, and gas, is referred to
as the interface. Liquid-solid, solid-gas, and liquid-gas interfaces are three
possible combinations of the interfaces. Two immiscible liquids, such as
water and oil, and two solid phases are divided by liquid-liquid interfaces
and solid-solid interfaces, respectively. The contact type known as a
surface, on the other hand, has air as one of its phases.

According to Park and Seo, surface free energy, also known as interfacial
free energy or surface energy, quantifies the breaking of intermolecular
connections caused by the formation of a surface (Park and Seo 2011).
However, in this instance, a greater surface energy value results in a
wettable surface whereas a lower value results in a non-wettable surface
(Jothi Prakash and Prasanth 2021).
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Because the atoms on the surface of a material contain more energy than
the atoms within the material's bulk, surfaces should be fundamentally less
energetically favorable than the material's bulk, according to solid-state
physics. As a result, a driving force is required to generate a surface by
taking away the majority of a substance. Therefore, surface energy may be
characterised as the excess energy present on a material's surface relative
to its volume or as the amount of effort necessary to create a certain
surface area. Another way to describe surface energy is as the effort
necessary to split one surface into two, creating two new surfaces.

A solid's bonds are broken during cutting, which also increases surface
area and surface energy. The energy used in the cutting process will be
equal to the energy present in the two newly produced surfaces if the
cutting is done in a way that is reversible. As a result, a material's surface
energy is equal to half of its cohesion energy. In other words, atoms are
stable and have an even distribution of bonds and interactions with their
neighbors in the bulk of a substance. In contrast, the inadequate
interactions between surface atoms will result in unstable binding energies.
Actually, surface energy is a measure of the energy present on the surface
as a result of this broken link. How many particles interact with one
another in a material's bulk and how much surface area is exposed to the
substance affect the amount of this energy. As a result, the surface energy
will be greater if the bulk interactions are stronger or if the surface
accessibility is greater.

Every surface strives to have as little energy as possible. This can be
accomplished by absorbing something with less energy on its surface. The
number of exposed surface atoms with high surface energy is reduced and
replaced by low-energy atoms or molecules during the adsorption process.
Because of the weak interactions between their molecules, liquids
frequently have lower surface energies than solids. Surface energy, which
is frequently expressed in terms of J/m? may be defined as the energy
needed to expand the size of a surface by a unit.

The size of the surface's constituent particles, the materials used to cover
it, the temperature, and the degree of surface roughness are only a few of
the factors that affect the surface's free energy. The energy of the surface
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changes depending on the type of material and how it interacts with the
surface when we cover it with a variety of layers. For instance, a material's
surface energy changes depending on whether its molecules are attracted
to or repellent to one another. The adhesive force holding atoms together
weakens as temperature rises, which also causes an increase in atomic
oscillation. Because the surface energy is dependent on the net force of
internal adhesion, it falls as the temperature rises. According to studies, the
surface energy of several metals, including copper, gold, and silver, drops
by approximately 0.5 mJ/m?. K™! as temperature rises.

The contact angle measurement, which characterises surface hydrophilicity
or hydrophobicity depending on several factors, such as surface energy
and roughness (Adamson and Gast 1990, Bhushan 1999, Bhushan and Ko
2003, Israelachvili 1992, Nosonovsky and Bhushan 2008a), is one of the
straightforward but fundamental approaches to preparing interfaces. When
a liquid drop is put on a solid surface for contact angle research, the
molecular attraction lowers the energy of the two separated surfaces. This
shift in energy is expressed by the Dupré equation:

I/Vls =7/lg+7/sg_7/ls (1_1)

where Wi is the work of adhesion per unit area, ys, and yjs are the surface
energies of the solid against gas and liquid, and y,, is the surface energy of
liquid against gas (Adamson and Gast 1990, Bhushan 1999, Israelachvili
1992). Once a droplet is on the surface, it spreads to create an interface
with the solid surface. After reaching an equilibrium state, a characteristic
angle called the static contact angle &, (see Figure 1) is measured, which
provides important information about the interfacial interactions and the
surface characteristics. If a liquid droplet is spread on a hydrophilic
surface, the value of the measured contact angle is 0° < 0 < 90°, while if it
is spread on the hydrophobic one, the value of the measured contact angle
is 90°< 6 < 180°. Although the terms "hydrophilic" and "hydrophobic"
specifically refer to liking or disliking water, they may also be used to
describe the interaction and contact of any liquids on a solid surface.
Surfaces consisting of non-polar molecules are low-energy and hydrophobic,
whereas surfaces comprised of polar molecules are hydrophilic and have
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high surface energy. Superhydrophobic surfaces are those that have a
contact angle with the drop of between 150 and 180 degrees. As a result of
fewer links between neighbouring atoms or molecules on liquid or solid
surfaces, they possess more energy than equivalent atoms and molecules
in bulk. This extra energy is equivalent to the free surface energy, also
known as surface tension, needed to form a unit area of a surface at
constant pressure and temperature. The contact angle can be determined
by minimizing the net surface free energy of the system (Adamson and
Gast 1990, Bhushan 1999, Israelachvili 1992). The total energy E is
given by

Etat = 7lg (Alg + Als )_ I/VlsAls (1_2)

where Ajs and Ay, are the contact areas of the liquid with the solid and air,
respectively. It is assumed that the volume and pressure are constant so

that the volumetric energy does not change. At the equilibrium dE; = 0,
which yields

]/lg (dAlg + dAls )_ I/Vlsd‘élls = 0 (1_3)

For a droplet of constant volume, it is easy to show using geometrical
considerations that

” = Cos0,

dA, (1

Combining (1), (3), and (4), the well-known Young equation for the

contact angle is obtained

Ve = Vis
Cos0, = lsg ks
7/ Ig (1_5)
Eq. 1-5 provides an expression for the static contact angle for given
surface energies.
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Figure 1 The schema of surface tension vectors for the joint contact surface of
liquid-gas (y1g), liquid-solid (yis) and solid-gas (ysg) phases.

In addition to their high contact angle, superhydrophobic surfaces also
need to have a very low contact angle hysteresis for applications requiring
self-cleaning qualities and low surface tension. The lotus effect is a type of
self-cleaning property that these surfaces exhibit when water droplets roll
off and transport impurities. The difference between the advancing and
receding contact angles is shown by a contact angle hysteresis (Figure 2a),
which is created when the contact angle in front of the drop (the advancing
contact angle) is larger than the contact angle behind the drop (the
receding contact angle). The contact angle hysteresis occurring due to
surface heterogeneity and surface roughness shows that the wetting/dewetting
cycle is irreversible. The Wenzel and Cassie-Baxter models are depicted in
Figures 2a and 2b. The Wenzel model is used to explain surfaces where, in
addition to being rough, the substance of the surface also contributes to the
drop's increased adhesion to the surface, causing the droplets to penetrate
and stick to the surface's rough structures. In other words, the surface will
be sticky. As opposed to the rough surface that is impermeable to liquid
droplets described by the Cassie-Baxter model. In this instance, the air is
trapped behind the droplets because they are positioned on top of the
uneven surface structures. In addition to regulating the amount of
roughness, a surface should be coated with a layer composition that
lessens the adherence of the drop to the surface and produces a slippy
surface in order to produce a surface that adheres to the Cassie-Baxter
model (Bharat 2004).
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On flat surfaces, we can employ strategies to create surfaces that are
superhydrophobic and self-cleaning. In reality, there are methods that help
roll the drop and cause the surface to self-clean by altering the geometric
dimensions of the surface's roughness.

Figure 2 (a) Schematics of a droplet on a tilted substrate showing advancing (Gadav)
and receding (frec) contact angles. The difference between these angles constitutes
the contact angle hysteresis. Configurations described by (b) the Wenzel equation
for the homogeneous interface (Extrand 2002), (¢) the Cassie—Baxter equation for
the composite interface with air pockets (Nosonovsky and Bhushan 2007).

A rough surface can be built in a regular (engineered surface), random
(irregular rough surface), or intermediate condition (hierarchical rough
surface), according to thorough research (Feng et al. 2002). A true
superhydrophobic surface with a high contact angle (> 150°) and a low
hysteresis angle (sliding angle) may be designed using any of the
aforementioned methods when utilized to produce a rough surface (Li and
Amirfazli 2007). Huang et al.'s study showed that patterned surfaces have
special benefits for superhydrophobicity because of the homogeneity of
the large-scale surface. Significantly, they draw inspiration from the "lock
and key" paradigm as an illustration of patterned surfaces made up of
dense arrays and employ microfabricated PDMS lenses (as locks) and
bowls (as keys) for wettability and modifying the adhesion force.(Huang
et al. 2009). In this way, they were able to achieve They were able to



An Introduction to Surface Chemistry 7

accomplish their objective in this manner without the need for silanization,
which is the conversion of hydrophobicity to superhydrophobicity and the
alteration of high adhesion force to anti-adhesion force. These microlens-
designed surfaces can exhibit hydrophobic behaviour that is dimension-
dependent. Additionally, their research demonstrated that these surfaces
are entirely distinct from chemically produced hierarchically rough
surfaces (Guo and Liu 2007) and aligned nanotube films (Jin et al. 2005).
The microbowl-arrayed surfaces, as shown in Figure 3, exhibit a high
contact angle and anti-sticking behaviour in accordance with the Cassie-
Baxter model, where a droplet sits on the surface peaks and air fills the
interstices.

Liquid “i?e Liquid

Roll off

‘ iﬂflfﬂfla‘tic force k‘fmifi l
| |

Figure 3 The superhydrophobic surface with low surface free energy (Huang et al.
2009).

1.2 Surface Forces and Methods used to Study them

It is crucial to investigate surface forces because they have a significant
impact on how basic systems, particularly more complicated systems such
as gases, liquids, and solids, behave. Extensive research reveals that some
of these intricate structures are layers of nanoparticle-coated surfaces.
Investigating the interactions between these surfaces and coated
nanoparticles can help with surface design for several businesses and in
the medical field. In the sections that follow, we'll look at the
hydrophobicity and hydrophilicity of surfaces whose surface energy is
influenced by the kind of coating material applied to them as well as the
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degree of surface roughness. Surface forces are therefore a very wide topic
in physics, chemistry, chemical engineering, and biology, all of which
have made enormous strides in recent years. Separate examples of these
developments may be found in medicine and numerous industries. The
interactions that take place between the molecules of a substance are what
are employed to establish its macroscopic qualities, such as its physical
state, viscosity, and boiling point. The kind of interaction, polarizability,
and molecular contact area all affect how strong these interactions are.
Given that this book is about the usage of graphene and its derivatives in
both industries and medicine, it will attempt to look at the many sorts of
interactions and how they affect the operation of these systems. According
to studies, hydrogen bonding and the n-x interaction are the intermolecular
interactions that are crucial for the non-covalent functionalization of
graphene.

When two electronegative substances with a single pair of electrons, such
as oxygen or nitrogen, are in close proximity to one another, such
interactions are known as hydrogen bonds (Chauhan, Maekawa, and
Kumar 2017). Less than 20 kJ mol-1 is the energy associated with the
electrostatic nature of these interactions, which is lower than the energy in
chemical bonds, which is 250 kJ mol!. Hydrogen bonds can be as
powerful as certain covalent bonds if their quantity increases.

Dispersion forces are interactions between non-polar molecules, and ©-nt
interactions are a sort of dispersion force between aromatic compounds.
Since nonpolar molecules with a homogenous charge distribution lack
permanent or partial dipoles, there is no electrostatic contact when two of
them are first introduced close to one another. But at a specific time, the
concentration of electrons in a particular area of the molecule increases.
This will cause a temporary dipole to form in the molecule and spread to
nearby molecules because one half will have a partial negative charge and
the other will have a partial positive charge. Due to the polarizability of
this instantaneous dipole, the electron cloud in the molecule may deviate;
the degree of this deviation depends on the close proximity of the
molecules (Matthews, Welton, and Hunt 2014). In essence, non-covalent
functionalization via interactions is a technology that has promise since it
permits the attachment of functional groups to graphene without disrupting
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the electronic structure of the material (Karousis and Tagmatarchis 2010).
Some scientists create novel materials based on graphene using these non-
covalent interactions (Kemp and Kim 2016, Niu et al. 2019). In graphene,
there are typically two kinds of m-m interactions between electron-rich and
electron-poor areas, and these interactions have an impact on how other
molecules or nanomaterials interact with graphene. According to Figure 4
in graphene, these interactions usually occur in a face-to-face or edge-to-
face arrangement.

Figure 4 The interactions of C-H:--& type (right), slip (middle) and face-to-face m-
n stacking (left) corresponding to benzyl molecules. In this figure, gray atoms
represent carbon and orange represent hydrogen for benzene or other atoms for
various derivatives (Kemp and Kim 2016).

Similar interactions between tiny molecules and graphene and graphene
oxide are seen, and they may be utilized to alter the characteristics of
graphene and its derivatives to make them suitable for usage in a variety of
fields, including medicine and industry. Figure 5 shows, in general, the
many kinds of n-m interactions seen in graphene. A hydrogen atom or
phenyl rings oriented perpendicular to the graphene surface can be used to
manage the CH' -7 interactions that could additionally happen at the edge
of graphene in addition to these other interactions.
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Figure S Representation of n-n or C-H- -7 interactions at the top and bottom of
the graphene sheet (Kemp and Kim 2016).

The base plate of graphene oxide is comparable to graphene in many
ways; however, flaws have been introduced because of epoxide and
hydroxide groups bonded to carbon atoms on the surface. Because of this,
interactions resembling those in graphene are probably present there. The
oxygen groups on GO may mostly be found at or on the edges, as seen in
Figure 6, and they may contribute to the interactions at the edge.
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Figure 6 Scheme of two interactions of n-n stacking and hydrogen bonding with
GO (Kemp and Kim 2016).

It is possible to use scanning tunneling spectroscopy (STS) and scanning
tunneling microscopy (STM) to look at the non-covalent interactions
between molecules that have been adsorbed on the surface of graphene
and its derivatives. Without the use of light or electron beams, pictures of
the surface and its interactions at the atomic scale are produced using the
scanning tunneling microscope imaging technique (Hossain, Walsh, and
Hersam 2010). The electrical structure of surfaces may be quickly and
with atomic precision examined using scanning tunneling spectroscopy
(STS) (de Parga and Miranda 2015). A strong method for measuring
different forces, such as magnetic forces, adhesion strength, and
mechanical characteristics of diverse surfaces, including graphene, is the
atomic force microscope (AFM). Almost every surface type, including
polymers, ceramics, composites, glass, and biological materials, may be
imaged using this method. Chapter 5 will provide a thorough examination
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of several microscopic techniques and how they might be used to examine
surface interactions, particularly those involving graphene and its
derivatives. Furthermore, theoretical research that will be covered in
greater detail in the next chapters demonstrates that molecules on the
surface of graphene at the solid-liquid, atmosphere-solid, or solid-vacuum
interfaces may be exploited to modify the characteristics of graphene (De
Feyter and De Schryver 2003, Kozlov, Viiies, and Gorling 2012, Zhang,
Huang, and Yang 2011).

1.3 Surface Engineering

Surface engineering is the application of technology to change a surface's
physical or mechanical characteristics so that it may be employed in a
variety of industrial settings. In other words, surface engineering would
allow for the creation of a structural modification on the surface using a
variety of methods in addition to coating the surface to alter the surface
energy.

In addition to the mechanical modification of the surface (producing a
substrate with variable geometric forms), some materials may be used to
alter the free energy of the surface. This can be done to affect the physical
qualities of each surface, including its hydrophilicity and hydrophobicity.

Materials' surface energies may be categorised into three groups: high,
medium, and low surface energies. In materials with a high surface energy,
surface molecules are so strongly attracted to one another that liquid
molecules can also be drawn to them with ease. Thus, these materials
absorb moisture rather quickly. In interaction with liquids, metals and
glass that have a surface energy of roughly 100 or 1000 dynes/cm are
quickly moistened. Materials with medium surface energy range in energy
from 36 to around 300 dynes/cm. Surface energies in this range are
common in well-designed polymers. Additionally, natural materials
having a medium surface energy include wood, stone, and concrete. There
is extremely minimal attraction for each molecule in this type of material,
especially for the molecules that are in direct contact with the surface, and
the molecules on the surface are fully free. Low-surface-energy materials
are particularly difficult to attach to surfaces and have a surface energy of
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less than 36 dynes/cm. This group of materials includes polyolefin polymers
like polypropylene and polyethylene as well as "non-stick" surfaces like
polytetrafluoroethylene (PTFE). Therefore, by altering the surface's free
energy, these materials may be utilised to change each surface's physical
characteristics (Darband et al. 2020, Zhao and Law 2012). For this reason,
the function of graphene and graphene quantum dots will be examined in
chapters 2 and 3. Additionally, chapters 6 and 7 will discuss techniques for
altering the surface's physical composition for application in medicine and
other fields. We'll also look into how to apply these techniques to physically
alter the surface that has been covered with graphene or graphene quantum
dots.

1.4 History of the Surface Engineering (Inspiring the
Nature)

Design that is biologically inspired, naturally adapted, or derived from
nature is called biomimetics. Otto Schmitt first used the Greek word
biomimesis to define this concept in 1957 (Patterson 2003). Our
forefathers turned to nature for inspiration and the invention of diverse
materials and gadgets centuries ago, even though the word "biomimetics"
is very new. Essentially, biomimetics is a method of learning from nature
that may be applied to find more effective and affordable answers to the
issues we now face. It may contribute significantly to a wide range of
fields, including engineering, architecture, materials science, and medicine.
Even if this strategy is changing, changes still need to be made. You can
find more in chapter 8.

Due to their hierarchical structures (the nanoroughnesses on the microhigh
posts) and the presence of a waxy covering, some plant leaves, such as
lotus, are water-resistant, superhydrophobic, and self-cleaning in nature
(FEYMAN 1960, Nosonovsky and Bhushan 2008b). Due to the structure
of these leaves, surfaces that are superhydrophobic and self-cleaning may
be created, such as dishes, roof tiles, fabrics, self-cleaning windows, self-
cleaning windows for automobile fronts, exterior colours of buildings, and
navigational boats. Energy conversion and conservation are further uses
for surfaces that appear to be superhydrophobic (Nosonovsky and Bhushan
2009).
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1.5 Application of Surface Engineering in different Fields

Friction between two surfaces causes wear and perhaps breaks over time
as they come into contact and move on top of one another. In a number of
sectors, this might result in catastrophic financial losses. As a result,
designed surfaces are highly favoured for dealing with friction and
minimising wear.

The production of self-cleaning glass for the construction and automotive
industries, the production of waterproof doors, the reduction of air and
water friction with aircraft and ship hulls, and other industries all make use
of superhydrophobicity and superhydrophilicity today. They can also be
used to increase the effectiveness of solar cells and supercapacitors.
Additionally, they may be used to create nanobioreactors, treat cancer
cells, and create drug delivery systems. These phenomena can be utilised
in the creation of biosensors in addition to being employed for treatment,
diagnosis, and prevention.

1.6 The Capacity of Computational Chemistry in Surface
Chemistry

How to determine and create a surface's chemistry with the best qualities
for a particular purpose has been a persistent difficulty in applied physical
and chemical sciences for engineering surfaces. The identification and
characterization of new structures that have potential for societal benefit
make up a significant portion of surface chemistry research. However, the
majority of advancements are still typically credited to costly and time-
consuming trial-and-error experimentation. But using the experimental
methods at hand, this question is difficult to address. In order to understand
surface and interface behaviors at the molecular level and throw light on
various surface phenomena, new approaches are therefore required. Faster,
better, and less expensive research and development initiatives are
critically needed in light of the present global concerns. Modern
computational chemistry techniques offer paradigm shifts in the way
surface chemistry phenomena are conceptually understood and developed
for particular applications. These techniques show the orientation and/or
conformation of materials in a variety of processes, including adsorption,
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adhesion, wetting, and friction, which are all greatly influenced by surface
chemistry and raise intriguing questions about how the process actually
modifies the molecular structure of materials. Perhaps the most effective
technique for directly examining molecule-level interactions right now is
molecular modelling. Numerous force field-based molecular modelling
programmes have been created as a result of improvements in computer
capability and molecular simulation methods, and they have the potential
to produce precise quantitative data for the study of surface chemistry.

The user's representation of the system, or how the user chooses to
characterise the system, is essential to any computational chemistry
investigation. A solid-liquid interface or a complex of biomacromolecules
are examples of complicated and ambiguous computational chemistry
representations. These representations can span a variety of time and
length scales, ranging from simple (for example, a precise chemical
system comprises a water molecule) to complex and ambiguous.

Different molecular modelling approaches scaling from ab initio quantum
mechanics (QM) to molecular dynamics (MD), Monte Carlo (MC)
methods, and out to mesoscale (MS) techniques cover a broad range of
both length and time scales to study surface chemistry (Aminpour,
Montemagno, and Tuszynski 2019, Haghgoo, Ansari, and Hassanzadeh-
Aghdam 2022, Mert, Deniz, and Baykasoglu 2020, Sattar 2021, Sethi,
Kadian, and Manik 2022, Vacher and de Wijn 2022, Yang et al. 2022).
Due to rapidly escalating computing costs, QM approaches have practical
size constraints of a few hundred atoms but may give excellent precision
when getting the electron distribution of any molecular system.

Along with describing the potentials of various molecular modelling
approaches that have recently been used to study graphene surface
chemistry and engineering, as well as various applications of graphene, we
will also summarise recent studies that have examined the molecular
modelling approaches for graphene applications in this book. We present
an overview of the key design concepts for cutting-edge multifunctional
graphene-based systems, demonstrating how graphene surface chemistry
may offer exceptional platforms for use in a wide range of applications.
We offer a road map outlining the advantages and disadvantages of using
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predictive multiscale molecular modelling tools to hasten the development
of systems based on graphene.

1.7 Organization of the Book

This book consists of three parts and eight chapters; each has about 25
figures and several equations depending on the chapter's contents and the
fundamental theory.

The first chapter will review the basic concepts of surface chemistry. Next,
these concepts will be used for the surface engineering of graphene and its
derivatives for use in various industries and medicine. Moreover, Surface
forces and the methods used to study them will be explained. Since this
chapter will cover the basics of surface chemistry, the number of equations
presented in this chapter will be higher than in the other chapters. Part I is
"Graphene and Graphene Quantum Dots," formed from two chapters
(chapters 2 and 3).

In the second chapter, a comprehensive study of graphene structure and
bonds will be introduced. In addition, graphene is produced by many
methods, which are categorised into two main groups: top-down and
bottom-up. Most of the methods will be discussed in this chapter.
Moreover, the properties of graphene will be introduced, and the
ferromagnetic properties of graphene will be presented individually. The
many applications of GQDs in industry, electronics, and medicine have led
us to collect the properties, synthesis, and identification of graphene
quantum dots and make them available to everyone as a complete and
accessible source. Therefore, in the third chapter of the book, we will
discuss the properties, synthesis methods, and identification of graphene
quantum dots in detail. Part II of the book is about characterization
methods and has been organised from chapters 4 and 5. In chapter 4, we
will start with spectroscopic insight via spectroscopic results, including
Raman, FT-IR, UV-Vis, and XPS on graphene and graphene quantum
dots, to clarify and confirm its synthesised molecular structures. Raman
spectroscopy is now evolving into one of the most important tools for
nanoscience and nanotechnology. Fourier Transform Infrared Spectroscopy,
or FT-IR, is another powerful tool to detect chemical functionalities in
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oxidised carbons. Fundamentally, optical techniques (normally using
infrared and UV-Visible wavelengths) are nondestructive and noninvasive
because they use the photon as a probe. XPS is at most a semi-quantitative
analysis technique, and this kind of analysis goes beyond the resolution
limit of the instrument. Since the transmission electron microscope (TEM),
scanning electron microscope (SEM), and atomic force microscope (AFM)
are very useful instruments for the characterization of a large variety of
materials, in chapter 5, these techniques for identifying and studying
graphene and its derivatives will be introduced and discussed in detail.
Part I1I is related to Graphene and GQD applications formed from chapters
6-8. Spintronics is a promising technology to employ the spin degree of
freedom for information processing and storage with high-speed and low-
power computing. Graphene, due to the long spin lifetime of its carriers
combined with its high electron velocity, shows great potential for
spintronics applications. In the first section of Chapter 6, we will present
crucial spin-dependent characteristics of graphene and GQDs for
spintronic devices based on recent experimental and theoretical studies.
Finally, we will refer to some challenges and future directions in this field.
In continuation, it will be tried to investigate the latest achievements
reported in electronic devices based on graphene and GQDs, such as
graphene transistors in integrated circuits (ICs), transparent electronic
devices, graphene electrodes for touch screens, flexible electronics,
memristors, photodetectors, light-emitting diodes (LEDs), and solar cells.

Recently, due to worsening global environmental issues related to
population and a severe energy crisis, intense requests for discovering
outstanding power and energy devices and novel energy storage have
become persistent. In this regard, more variable materials are being used
for energy storage. Among these materials, supercapacitors consisting of
pseudo-capacitors (PsCs) and electrochemical double-layer capacitors
(EDLCs) have gained more attention. The energy density characteristics of
supercapacitors can be improved by graphene, which has interconnected
porous network structures. Considering the combination of various special
physical and chemical properties of GQDs, it is reasonable to expect them
to be an ideal EDLC electrode material supercapacitor with high capacitance
and stability. As a result, in a section of Chapter 6, we will discuss the use
of graphene and its derivatives in this field. With the rapid growth of the
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population and the development of various industries, and due to the lack
of clean water resources, environmental pollution and its elimination are
significant challenges. Wastewater produced from residential, commercial,
industrial, and hospital sites is mixed with groundwater and surface water.
Since a significant portion of wastewater enters the environment without
treatment, it will have a negative impact on quality of life, freshwater
resources, ecosystems, and the economy. In this regard, the use of
graphene and its derivatives in efficient and cost-effective methods of
water treatment is being developed.

For this purpose, in the continuation of Chapter 6, we will examine the
potential of graphene and its derivatives-based membranes for water
treatment as well as water and oil separation. Our studies have
demonstrated that graphene and its derivatives are used in agriculture as
carriers of pesticides and chemical fertilisers. They are also used in the
transportation industry to prevent corrosion and prepare composites to
strengthen the fuselages of aircraft, ships, and spacecraft, as well as to
reduce the weight of this equipment. On the other hand, graphene and its
derivatives are used in the packaging industry to maintain freshness and
increase the shelf life of food. All these applications led us to devote a part
of Chapter 6 to the study of its important applications in this type of
industry to pave the way for various other applications of this substance in
these industries and other industries. Next, Chapter 7 is devoted to the
medical applications of graphene and its derivatives. Undoubtedly, the
discovery of graphene revolutionised many areas of medicine, including
treatment, diagnosis, and prognosis. Interestingly, it has many other
applications beyond these ones. Significantly, in all aspects of medicine
where antiseptics are required, its antimicrobial properties might be useful.
Additionally, its ability to be attached to different chemically active
groups has allowed researchers to build graphene-based sensors to identify
biochemical molecules (and eventually selected cells). For example,
sensors for physical signals, such as the electrical activity of the heart,
have also been suggested. Interestingly, graphene can also act as a sensor
for blood sugar levels, blood pressure, and nitric oxide. The unique
nanostructure of this material and its resulting physical properties
(mechanical strength, elasticity, and large surface areca) make it a very
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promising material for scaffolds used in tissue regeneration. Several
studies have examined the potential benefits of graphene coating for
endovascular implants, such as stents or valves. Studies on graphene
hydrophilization have also shown new potential for use in cell culture.
GQDs are also emerging materials that have growing applications in
medicine. Until now, they were mostly used in fluorescence,
photoacoustic, and magnetic resonance imaging, multimodal, photothermal
(PTT), and photodynamic therapy for cancer. In this chapter, we aim to
investigate the various applications of these two valuable materials in
detail. At the end, a concluding comment section is added, which discusses
the possible role of these two emerging materials in the future
development of medicine. At first glance, it seems that there is no
correlation between industrial and medical applications of graphene and
graphene quantum dots. However, considering the invention story of many
effective industrial instruments, it is clear that inspiring medicine had a
huge impact on the birth of the original idea. The best example is the
design of artificial intelligence, inspired by the complex circumstances in
the brain. Interestingly, there are lots of these kinds of similarities between
various sections of industry and medicine. Comparison of a cancer cell
unit to a solar cell or a cell membrane to a supercapacitor are some
examples. Over the past few decades, research on the GQD has seen
explosive growth due to their diverse applications in fields ranging from
optoelectronic devices to third-generation solar cells. These materials are
suitable for use in solar cell design due to their efficient photoelectron
transfer capability from one material to another. In this regard, the transfer
of electrons to the oxygen in the cell can be compared to a solar cell. In
cancer cells, the goal is to kill the tumors so that no cancer cells can be
detected in the blood. One of these methods is the production of reactive
oxygen species in cancer cells. Due to the high ability of GQDs to
efficiently transfer photoelectrons from one substance to another, they may
be able to be used as molecules and, of course, as efficient carriers for
drug delivery simultaneously. Finding these kinds of similarities helps
scientists inspire the industrial development of graphene and graphene
quantum dots for applications in medicine and inversely. In this book, for
the first time, we have gathered both industrial and medical applications of
graphene and graphene quantum dots in order to benefit from similarities
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between the fields. In the same vein, we investigate these similarities
thoroughly in one section, "Confrontation of Industrial and Medical
Applications of Graphene and Graphene Quantum Dots.". This chapter
will contain two sections: "Inspiring the medical applications of graphene
and graphene quantum dots in industry" and "Inspiring the industrial
applications of graphene and graphene quantum dots in medicine". In
these two sections, we aim to examine the common points of medical and
industrial applications of these two substances to find out as many
applications as possible in these fields.

An ongoing challenge in applied physical and chemical sciences to
engineer surfaces has been answering the following question: how can one
identify and design a surface's chemistry with optimal properties for a
given purpose? A substantial part of research in surface chemistry
concerns the discovery and characterization of novel structures that can be
beneficial for society. However, most advances are still generally
attributed to trial-and-error experimentation, which requires significant
time and cost. This question, however, is complicated to answer using the
available experimental techniques. Therefore, additional methods are
needed to study surface and interface behaviours at the molecular level
and shed light on different surface phenomena. Due to current global
challenges, faster, better, and cheaper research and development efforts are
urgently required. Computational chemistry methods have significantly
improved over time, and they promise paradigm shifts in how surface
chemistry phenomena are fundamentally understood and designed for
specific applications. In this regard, we have decided to add a
computational part to each chapter. It is necessary to explain that at the
end of each chapter, the conclusion of the whole chapter and a look to the
future for more diverse applications of graphene and its derivatives will be
presented. Also, at the end of each chapter, we will present a separate set
of references for that chapter.



An Introduction to Surface Chemistry 21

References

Adamson, Arthur W, and Alice P Gast. 1990. "Physical Chemistry of
Surfaces. Wiley." Physical Chemistry of Surfaces 524 (11):A467.

Aminpour, Maral, Carlo Montemagno, and Jack A Tuszynski. 2019. "An
overview of molecular modeling for drug discovery with specific
illustrative examples of applications." Molecules 24 (9):1693.

Bharat, Bhushan. 2004. "Springer handbook of nanotechnology." In
Springer., 1222.

Bhushan, Bharat. 1999. Principles and applications of tribology: John
Wiley & Sons.

Bhushan, Bharat, and Pak Lim Ko. 2003. "Introduction to tribology."
Appl. Mech. Rev. 56 (1):B6-B7.

Chauhan, Neha, Toru Maekawa, and Dasappan Nair Sakthi Kumar. 2017.
"Graphene based biosensors—Accelerating medical diagnostics to
new-dimensions." Journal of Materials Research 32 (15):2860-2882.

Darband, Gh Barati, M Aliofkhazraei, S Khorsand, S Sokhanvar, and A
Kaboli. 2020. "Science and engineering of superhydrophobic surfaces:
review of corrosion resistance, chemical and mechanical stability."
Arabian Journal of Chemistry 13 (1):1763-1802.

De Feyter, Steven, and Frans C De Schryver. 2003. "Two-dimensional
supramolecular  self-assembly probed by scanning tunneling
microscopy." Chemical Society Reviews 32 (3):139-150.

de Parga, AL Vazquez, and R Miranda. 2015. Scanning Tunneling
Spectroscopy, Encyclopedia of Nanotechnology. Springer Science+
Business Media Dordrecht.

Extrand, Chuck W. 2002. "Model for contact angles and hysteresis on
rough and ultraphobic surfaces." Langmuir 18 (21):7991-7999.

Feng, Lin, Shuhong Li, Yingshun Li, Huanjun Li, Lingjuan Zhang, Jin
Zhai, Yanlin Song, Biqian Liu, Lei Jiang, and Daoben Zhu. 2002.
"Super-hydrophobic surfaces: from natural to artificial." Advanced
materials 14 (24):1857-1860.

Feyman, RP. 1960. "Engineering and science."
http://www.zyvex. com/nanotech/feynman. html.

Guo, Zhi-Guang, and Wei-Min Liu. 2007. "Sticky superhydrophobic
surface." Applied physics letters 90 (22):223111.



22 Chapter 1

Haghgoo, M, R Ansari, and MK Hassanzadeh-Aghdam. 2022. "Monte
Carlo analytical-geometrical simulation of piezoresistivity and
electrical conductivity of polymeric nanocomposites filled with hybrid
carbon nanotubes/graphene nanoplatelets."  Composites Part A:
Applied Science and Manufacturing 152:106716.

Hossain, Md Zakir, Michael A Walsh, and Mark C Hersam. 2010.
"Scanning tunneling microscopy, spectroscopy, and nanolithography of
epitaxial graphene chemically modified with aryl moieties." Journal of
the American Chemical Society 132 (43):15399-15403.

Huang, Xing-Jiu, Dong-Haan Kim, Maesoon Im, Joo-Hyung Lee, J-B
Yoon, and Yang-Kyu Choi. 2009. "“Lock-and-Key” geometry effect of
patterned surfaces: wettability and switching of adhesive force." small
5(1):90-94.

Israelachvili, JN. 1992. "Intermolecular and surface forces. Academic
Press, London." Intermolecular and surface forces. 2nd ed. Academic
Press, London.

Jin, Meihua, Xinjian Feng, Lin Feng, Taolei Sun, Jin Zhai, Tiejin Li, and
Lei Jiang. 2005. "Superhydrophobic aligned polystyrene nanotube
films with high adhesive force." Advanced materials 17 (16):1977-
1981.

Jothi Prakash, CG, and R Prasanth. 2021. "Approaches to design a surface
with tunable wettability: a review on surface properties." Journal of
Materials Science 56:108-135.

Karousis, N, and N Tagmatarchis. 2010. "Nanotubes. Current progress on
the chemical modification of carbon." Chem. Rev 110 (9):5366-5397.

Kemp, Georgakilas V Tiwari JN Christian, and K Perman JA Bourlinos
AB Kim. 2016. "KS Zboril R. Noncovalent Functionalization of
Graphene and Graphene Oxide for Energy Materials." Chem. Rev 116:
5464-5519.

Kozlov, Sergey M, Francesc Viiies, and Andreas Gorling. 2012. "On the
interaction of polycyclic aromatic compounds with graphene." Carbon
50 (7):2482-2492.

Li, Wen, and Alidad Amirfazli. 2007. "Superhydrophobic surfaces:
adhesive strongly to water?" Advanced Materials 19 (21):3421-3422.

Matthews, Richard P, Tom Welton, and Patricia A Hunt. 2014.
"Competitive pi interactions and hydrogen bonding within imidazolium



An Introduction to Surface Chemistry 23

ionic liquids." Physical Chemistry Chemical Physics 16 (7):3238-
3253.

Mert, Humeyra, Celal Utku Deniz, and Cengiz Baykasoglu. 2020. "Monte
Carlo simulations of hydrogen adsorption in fullerene pillared
graphene nanocomposites." Molecular Simulation 46 (8):650-659.

Niu, Xiaohui, Xing Yang, Zunli Mo, Ruibin Guo, Nijuan Liu, Pan Zhao,
and Zhenyu Liu. 2019. "Perylene-functionalized graphene sheets
modified with B-cyclodextrin for the voltammetric discrimination of
phenylalanine enantiomers." Bioelectrochemistry 129:189-198.

Nosonovsky, Michael, and Bharat Bhushan. 2007. "Multiscale friction
mechanisms and hierarchical surfaces in nano-and bio-tribology."
Materials Science and Engineering: R: Reports 58 (3-5):162-193.

Nosonovsky, Michael, and Bharat Bhushan. 2008a. "Multiscale dissipative
mechanisms and hierarchical surfaces: friction, superhydrophobicity,
and biomimetics."

Nosonovsky, Michael, and Bharat Bhushan. 2008b. "Roughness-induced
superhydrophobicity: a way to design non-adhesive surfaces." Journal
of Physics: Condensed Matter 20 (22):2250009.

Nosonovsky, Michael, and Bharat Bhushan. 2009. "Multiscale effects and
capillary interactions in functional biomimetic surfaces for energy
conversion and green engineering." Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences
367 (1893):1511-1539.

Park, Soo-Jin, and Min-Kang Seo. 2011. "Solid-gas interaction." In
Interface Science and Technology, 59-145. Elsevier.

Patterson, RP. 2003. "Otto Schmitt: A father of biomedical engineering
and master gadgeteer." Proceedings of the 25th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society
(IEEE Cat. No. 03CH37439).

Sattar, Mohammad Abdul. 2021. "Interface Structure and Dynamics in
Polymer-Nanoparticle Hybrids: A Review on Molecular Mechanisms
Underlying the Improved Interfaces." ChemistrySelect 6 (20):5068-
5096.

Sethi, Sushanta K, Sachin Kadian, and Gaurav Manik. 2022. "A Review of
Recent Progress in Molecular Dynamics and Coarse-Grain Simulations



24 Chapter 1

Assisted Understanding of Wettability." Archives of Computational
Methods in Engineering 29 (5).

Vacher, Robin, and Astrid S de Wijn. 2022. "Nanoscale friction and wear
of a polymer coated with graphene." Beilstein Journal of Nanotechnology
13 (1):63-73.

Yang, Xueming, Fanxing Meng, Xinyao Zhang, Bingyang Cao, and Yao
Fu. 2022. "Mesoscopic simulation of thermal conductivities of 3D
carbon nanotubes, graphene and their epoxy resin based composites."
International Journal of Thermal Sciences 172:107273.

Zhang, Z, H Huang, and X Yang. 2011. "Ling Zang. 1. Phys." Chem. Lett
2 (22):2897-2905.

Zhao, Hong, and Kock-Yee Law. 2012. "Directional self-cleaning
superoleophobic surface." Langmuir 28 (32):11812-11818.



