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CHAPTER I INTRODUCTION

1.1 Motivation

The wettability of a surface is one of the critical processing parameters to evaluate the
performance of many modern pieces of equipment for further enhancement of their
efficiency[1, 2]. It may also be useful for assessing the risk posed by chemical
contamination on a surface [3]. In the industrial field, particularly in power or water
desalination plants, it is essential to enhance thermal heat transfer with low-cost
production taking into account technical considerations [4]. For instance, in thermal
heat exchangers, which are made mostly from copper due to its high thermal
conductivity, solving many straightforward problems such as erosion and controlling
of the condensation rate are related to the wettability gradient of copper surfaces [5].
Another remarkable role of controlling the wettability of a solid surface, especially in
an aqueous environment, is the help in mitigating electrochemical corrosion or
galvanic corrosion of metals which can be triggered and accelerated further by the
presence of adhering water to a conductive metal [6]. Furthermore, Controlling the
wettability of a surface can be employed in many applications such as battery
electrodes, sensors, and in electronic and electrical industries [7, 8].For decades, a
substantially broadened investigations on the physical and the chemical properties of
a surface have been reported out and revealed that both surface morphology and the
energy of the surface play a significant role in changing or controlling the affinity of
liquid such as a water droplet with a surface. However, controlling the wetting

behavior of water on a surface without alternating the intrinsic properties of a



substrate is still a challenge and would give rise to the additional investigation of

surface structure.

One of the most common options of choice and important material for many industrial
and domestic applications are copper metal, besides copper alloys like copper-lead
and copper-Nickel [9-11]. Therefore, it is subjected to intensive investigation due to
its excellent high thermal conductivity and electromigration resistance compared with
another transition group of materials such as aluminum [12-15]. However, the
susceptibility of pure copper to be oxidized is higher than silver but least comparing
with zinc and magnesium [16-18]. Two types of copper oxide can be formed in an
oxidation atmosphere. Reddish-colored cuprous oxide Cu20 and black-colored cupric
oxide CuO are common types of oxidation of copper [19]. This kind of residual
oxides remains on a copper surface as an oxide layer if no surface treatment carried
out. Thus, the reliability of using copper metal requires methods to improve its
surface oxidation resistance [20-22]. The oxide layer can affect the electrical and
thermal conductivity of the copper surface. Using chemical treatment is the
conventional method of reduction of copper oxide to copper, especially for copper
powder production [23, 24]. Electrochemically, recovering solid copper metal from a
solution can be achieved by the electrowinning process [25, 26]. Moreover, in the
casting process, additional treatments are needed to get rid of any impurities on the

surface [27].

Improving the properties of a copper surface for high-quality products can be

conducted by treating its substrate with an etching technique or with a thin layer of



coating [28]. However, in terms of wettability properties and geometry of a copper
surface, fabrication of a coated porous copper surface is a candidate for capable
controlling and has numerous applications [29-32]. There are several possible
techniques to produce hierarchical surface (nano/micro surface) or alternative
methods to manipulate porous surfaces, including methods such as electrochemical
dealloying, etching, annealing or electrochemical anodization [33, 34]. However,
some of these techniques such as etching depend on the removal of unprotected part
of a metal surface which consumes the metal volume of the substrate during the
process and may hinder the chance for any desired future direction for modification

requirement or corrective maintenance on the surfaces.

One of the easiest ways to sculpt micro/nanoporous surfaces is to combine both the
electrodeposition process and the hydrogen bubble dynamic template [35-38]. In the
case of copper metal, the fabrication of porous surfaces with different pore sizes and
shapes is controlled by changing some electroplating parameters such as current
density [39-41]. Controlling the nanopore size and micro wall thickness of the coated
copper film can be tailored either chemically by changing the concentration of the
acid solution which contains both copper sulfate and sulfuric acid or by adjusting
important electroplating parameters such as overpotential and temperature. The
electrochemical reduction of hydrogen leads hydrogen bubbles to appears on the
cathode surface with the reduction of copper ions [42]. It should be noted here that
Cu2+ more easily reduced than H+, an oxygen gas is produced at the anode. In the

deposition process and between the interstitial spaces of the hydrogen bubble, copper



film starts to deposit and grows on the copper substrate with fresh porous deposit
copper [43].

A pivotal consideration of adopting graphene is to hinder any accelerate of copper
oxide on copper surfaces and hold the intrinsic properties of a copper surface [44].
Apart from its excellent features such as thermal stability and chemically inert,
graphene is expected to perform as a crucial element in the fabrication of dual scale
nano/micro [45]. This gapless two-dimensional metal can pave the way for having
high-quality porous copper surfaces and improving thermal conductivity. Therefore,

by helping to suppress copper oxidation, the desired degree of wetting can be tuned.

An example of interest is in controlling the feed water in steam thermal power plant,
the need to control the condensation rate [46-49]. Condensation occurs when there is a
state of water vapor happens on a solid surface [50]. During condensation growth, it is
essential to have a kind of stable partial wetting [51]. The condensation from vapor
starts to grow from the depth grooves on the surface which need for high performance
of condensation, a state between the stable sticky Wenzel mode and the unsticky
Cassie-Baxter mode [52, 53]. This can be observed because of a mixture of both
wetted grooves and trapped air-pockets underneath droplets. As a consequence,
pinning droplets do not wholly penetrate the surface, minimizing the rapid transition
from partial to full wetting [54-56]. Two kinds of condensation are called dropwise
condensation, which is desired for enucleation of droplet resulting in high heat
transfer, and filmwise condensation, which has significant thermal resistance to heat

transfer [57, 58].



This research constitutes new area of research on wettability to understand the effects
of electroplating parameters (current density and time) and the presence of graphene
as multilayers on tuning the wettability.

The correlation between copper deposition and the observed wetting transparency of
graphene may provide a framework comprising a wide range of tunable degrees of
wettability on copper surface. For more assessment of the wettability, further study

looks necessary to elucidate the influence of graphene on wetting properties

1.2 The objective of the research

* To compare the effect of electroplating conditions on developments of

nano/microstructure of copper surfaces

* To obtain the understanding of the wetting stability of porous copper surface.

* To understand the correlation between copper deposition and observed wetting

characteristics of graphene.

* To examine the feasibility of controlling the wettability of electroplated copper

surfaces by employing of graphene.

1.3 Scope of research

This research work is divided into two main parts:

First part is to prepare porous copper surfaces on copper substrates using the
hydrogen bubble template as a precursor coating. In addition, to test and compare the
effect of environmental and storage conditions on the change in the morphology of

deposited copper surfaces and the wetting behavior. The acid copper solution has



different concentration parameters of copper sulphate and sulfuric acid with fixing the
temperature and without stirring of the copper acid solution upon electrodepositing.
This part connected with measuring of contact angles to study the behavior of water
on copper substrate and electroplated copper surface.

The second part is to perform graphene dropping using different concentrations, and
dispersions of graphene solutions on copper substrates and electrodeposited copper
surfaces.

All parts will be coupled with characterizing, analysis, monitoring and evaluation of

the behavior of water on different structures of copper surfaces.

1.4 Benefits of research

This work is expected to offer an avenue to systematically and economically identify,
modify, evaluate and improve copper surfaces as desired in terms of the wettability of
a surface and to investigate the positive influence of graphene in tuning the wettability
of copper surfaces, which its excellent properties gradually become demanded in
more applications. It also allows exploring and comparing appropriate fabrication
techniques of dual scale nano/microporous copper surface and therefore embodies its
promotive effect on the wetting properties. The benefits of this research can be
extended to the production antibacterial copper surfaces and the improvement of

water desalination technology, where controlling wettability plays an important role.



CHAPTER II LITERATURE REVIEW

2.1 Wettability

Wettability is the tendency of a fluid to spread or remain on a surface. This ability of a
fluid to adhere strongly or weakly to a surface is governed by its interaction with a
solid [59]. The wettability of surfaces can be evaluated by measuring the contact
angle (CA) of a liquid on a surface and its surface tension, which is described by
Young’s equation. Between the solid/liquid interface, the droplet can be flattened or
rolled off according to the degree of contact angle value (from 0° to 180°) [60-63].
Therefore, the interaction of a surface with water molecules can be defined as a
hydrophobic, hydrophilic, or superhydrophobic surface (non-wetting or water-
repellent > 150°), as observed in lotus leaves and super hydrophilic surface
(ultimately spreading of liquid droplet across a surface) [64-66]. If the surface has
high surface energy, the action of a fluid is to minimize the surface energy. On the
other hand, the cohesive force of fluid molecules and their adhesion force to a solid is
the criteria for understanding a fluid’ behavior with a surface [59, 67]. By neglecting
some effects, such as gravitational potential energy, surface vibration as well as
physical and chemical properties of the surrounding environment, it can be concluded
that the mobility of droplet moves along the surface depending on the surface’s

roughness and its chemical state [67, 68].



2.2 Copper electroplating
2.2.1 Fundamentals of electroplating

Electroplating is the key solution and the technology of choice for diverse functional
materials, engineering, and decorative applications [69]. This is especially applicable
for thermal equipment and complex modern electronic device [70]. This technique
adds new properties, thickness or protection of substrate metals [71]. Electroplating is
defined as a process of adding a thin layer to a substrate by transferring metal ions via
an electrical field. Generally, it consists of a chemical solution (electrolyte), and two
electrodes immersed the electrolyte, a positive electrode (anode) and a negative
electrode (cathode) are connected with DC or AC electrical power supply to control
operating current and voltage [72, 73]. The metal to be electroplated becomes the
cathode of an electrolytic cell that receives the ions that dissolve in the electrolyte.
The surface negative charge on the cathode attracts the positively charged ions
(cations) like copper (Cu?*) from the solution [73]. These positively charged ions
accumulate on the surface and after a period of time there will be a kind of dynamic

equilibrium between metal M and its ions:

The activity of metal ions a (M#") is functioned by the potential E of the M/ M

electrode
E=E"+ % Ina(M%).....ccccoo... 2)
Where E° is the relative standard electrode potential of metal, R is gas constant, T is

the absolute temperature, z is the number of electrons involved in the reaction, F is

Faraday’s constant (96,500 C) [74]. Moreover, the relation between the amount of



electrochemical reaction at an electrode and the quantity of electrical charge Q passed
is governed by Faraday’s law. From this law the theoretical weight of the product w of
electrolysis can be calculated:
W=ZQ=AwzF.............. 3)

Where Z is the electrochemical equivalent (Z (Cu?*) = 3.293x 10* g C?), and A, is
the atomic weight of metal deposited (for Cu =63.55) [69].

The electrolyte solutions can also contain additives or leveling agents to either
improve the process itself or modify the electroplated surfaces [75]. On the other
hand, it contains inconsumable or consumable anodes. Non-consumable anodes result
in uniform plating and faster plating speeds than consumable anodes [76].
Electroplating parameters such as current density, pH, and temperature are essential to
the quality of metal deposits [77]. Both metal ions and electrons alternatively carry
the charge from the rectifier power supply. In laboratory work and even in industry,
the provision of adequate electrical power supply system can be from a DC (direct
current), pulsating direct current or AC (alternating current) [78-80]. At the metal-
solution interface, electrons come out from the anode metals to the electrolyte
solution, and on the other side, the accumulated ions on the second metal-solution
interface in the vicinity of the cathode [59]. According to a combination of the models
of Gouy Chapman, Stern, and Helmholtz, the slipping plane (the solid/solution
interface region) can be divided into two regions, namely the inner region and the
diffusion region [81, 82] (Figure 1.) Moreover, in order to achieve a uniform deposit
layer thickness across a cathode surface, it is vital to enhance the ability of an

electrolyte (throwing power), such as by adjusting applied voltage, and by filling up
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the deposit into macro scratches or even micro-valleys of irregularly-shaped areas

[59].

Stern layer

Debye length\\ Diffuse layer

Stern plane Shear plane

Figure 1 Schematic of the Stern layer, inner Helmholtz IH layer, outer Helmholtz
OH layer, and diffuse layer. {-potential is the characterization of change of slipping
plane.[83]

2.2.2 Copper electroplating baths

An electrodeposited copper layer can be obtained from a wide range of copper baths
based on other plating adjustment parameters, such as current density or solution
temperature [83]. The composition of electrodepositing copper baths includes acid
baths, alkaline baths, alkaline agents, and copper cyanide baths [69]. However, one of

the most commonly used baths is an aqueous acid solution, a mixture of sulfuric acid
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(H2S04) and cupric sulfate (CuSOa) [84]. The concentration of the bath composition
is limited to satisfy the requirements for specific applications. For example, limited
alkaline non-cyanide copper plating baths composition and operating conditions are
given in Table 1. Some formulation of acid copper solutions is illustrated in Table 2.
Interestingly, it is reported that changing  sulfate/sulfuric acid electrolyte
concentration has an insignificant effect on the hardness of the copper plate.[83]
Preventing the formation of cupric crystals on anodes can be minimized by increasing
sulfuric acid. In some cases, low copper sulfate with high sulfuric acid improve
throwing power especially for plating printed circuit boards [83]. Commonly sulfuric
acid is used to lower pH solutions. However, for hydrogen evaluation reaction,
sulfuric acid gives high rich of hydrogen. Reversely, increasing the concentration of
cupric sulfate leads to a decrease in the concentration of hydrogen ions [85].

In some plating baths, additives are employed for improving both brightening and
physical properties. Furthermore, addition agents are used to altering copper powder
characteristics. Another example, adding cetyl trimethyl ammonium bromide (CTAB)
to copper sulfate can improve the mechanical and property of the deposit Cu-ZrO;
[86]. The electroplating bath can be characterized by electrochemical techniques,

potentiometric titration or UV-visible spectroscopy.



Table 1 Concentration limit and operating condition of alkaline non-cyanide

cyanide copper plating baths.[83]copper plating baths.[83]

Constituent or Condition Typical

Copper metal from copper sulphate
6-13.5 (0.8-1.8)
concentration limit, g/l (oz/gal)

PH 9-10.5
Electrometric temperature °C °F 38-65 (100-150)
Cathode current density A/dm? (A/ft?) 0.5-3.0 (5-30)
Anode: cathode ratio 15:1

12

However, to establish optimum conditions and plating bath composition, it should be

considered a parameter with the degree of agitation, the properties of the despite, and

current density for better electroplating products. Careful preparation and control of

the composition of electroplating baths can prevent any deterioration, which may lead

to replacing entire bath solutions.
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Table 2 Formulation of acid copper solution [87].

Copper sulfate solution Conventional solution High-throw solution

CuS04.5H-0, g/L 200-250 60-100
H.SO4, g/L 45-90 180-270
Chloride, mg/L - 50-100
Copper Fluoborite Low-concentration High-concentration
Solutions Solutions Solutions
Copper fluoborite Cu 450
225
(BF4)2, g/L
Fluoboric acid, HBF4, g/L 15 30
Boric Acid, H3BOs 15 30

2.2.3 The effect of hydrogen bubbles on electroplating of the porous copper
surface

This economic efficient process is exploited to produce a micro/nanoporous surface
and accompany it with electrodeposition. Together with the reduction of solvated
metal ions during the electrodeposition process, hydrogen ions H* are reduced to Ha
with freshly growing deposited metal. From this proceeding, micropores and

nanopores around the bubbles can be created. The bubbles act as physical spacers that
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create interstitial spaces, and as a consequence of this process, the obtained structure
contains a kind of foam, dendrites, nanostructures pores, and walls [88, 89]. Figure 2
and Figure 3 give an example of the electroplating process of copper acid solution
which consists of copper sulfate and sulfuric acid. The chemical equation of
electrodeposition can be written in the following way:

2H" + 2" — 2H

......................................................................... (6)
Cu?* + SO+
2 - +
- N— . v v H+ = . .
4 — , 004— 7
- Cu*
5 F>g S0-4 \
! ~a
1
SCUSO4(aq) .................................................................... (7)

Figure 2 Schematic of the hydrogen bubbles 1. Anode 2. Power supply 3. Hydrogen
bubbles .4 The deposited copper metal 5. Copper metal as a cathode.
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100 um

Figure 3 SEM images of copper electrodeposited for 20 s in electrolyte of 0.4 M
CuSO4 + 1.5 H,SO4 + 1 Mm (a,b), 10mM (c,d), and 50 mM HCL (e,f) at an applied

cell current density of 3 A/cm? .[90]

It may be followed by post-treatment or adding of additives to the electrolyte solution
to enhance some properties of the deposited porous surface. Table 3 illustrates the

effect of some additives at different concentration ratios between CuSQO4 and H2SOa.
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Table 4 shows some fabrication methods of superhydrophobic copper surfaces which
have numerous research laboratories around the world.

At the gas-liquid interface, the flux of bubbles to the bulk of the solution leads to
bubbles grows. On a cathode surface, the bubbles gradually rise and coalesce before
detaching from the surface. This ability of coalescence of bubbles with its size is
related to its residence time on the surface.[91]

Table 3 The effect of additives on porous copper from hydrogen bubble

CuSO4: Ref.
Additives Effects H2S04 (M)
Na2SO4 Increase bubble growth 0:2 [92]
CTAB* Pores disappeared completely <0.15: 0.04 [89]
(NH4)SO4+ BTA*  Mechanical strength and stiffness 0.2: 0.7 [35]
(Tightly interlocked needle-like
nanodendrites)
MPSA Smooth and strong wall foam 04:0.7 [93]
Acetic acid Bubble stabilizer 04:15 [94]
CI Reduce branches size and inner 0.1:05 [95]

stress of foam wall

*CTAB: Cetyltrimethylammonium bromide * BTA Benzotriazole * MPSA Mercapto-

1-propane sulfonic acid



Table 4 Different techniques and applications with water contact angles
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Technique or Structure Application Contact Ref
method feature angle
Template and  Hierarchical multi Chemical and 160° [96]
etching scale mechanical resistance
Smoke Micro/Nano Separation of oil/water 164 [97]
deposition hierarchical mixtures +0.8°
Oxidation & o
_ _ Applications need
chemical Bean sprout-like N 150° [98]
o thermal stability
modification
Hydrothermally ~ Carambola-like \ )
) ; Anticorrosion 157° [99]
synthesis CuO film
Solution- ) \ )
_ _ Micro-structure Abrasion resistance 150°  [100]
immersion
Atmospheric _ ) _
Micro/Nano Production of optically
pressure arc ! _ ) 150°  [101]
hierarchical transparent SH coatings

discharges

2.3 Graphene and its properties

Graphene is one of the latest miracle materials to be extracted from graphite. This SP2

lattice and ultra-thin, two-dimensional crystal is atom-thick (1.42A) and entirely

composed of arranged carbon as a honeycomb-like pattern Figure 4. Although

graphene is single layer of graphite, is considered a solution for many problems to its

unlimited, remarkable properties and potential use in a wide range of practical


https://en.wikipedia.org/wiki/Angstr%C3%B6m
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applications [102]. This is especially true for electronic device, photocatalysis, solar
cells and optoelectronic device. It works as an excellent conductor with its tunable
band cap and low density (2.267 g/cm?®). Therefore, it is a candidate for replacing
silicon semiconductors to form a new generation of computer chips, including
exceptional charge transport and charge collection. Graphene possesses a positive
charge that absorbs ions. Its electron mobility is 2.5 x10° cm? V! S (103 .More
importantly, dramatical enhancing of thermal conductivity has been reported. It has
been utilized in manufacturing batteries that a high capacity with short charging time.
In medical technology, graphene showed economically significant benefits as an
optical probe for early diagnosis of cancer cell and tumor detection due to its
luminescence, high thermal conductivity (above 3000 W mk™), and sensing of
biomarkers [104]. Another benefit is its superior mechanical strength (130 GPa);
therefore, materials that can be coated with graphene are expected to have better
remarkable resistance to load with corrosion protection, and their strength can

increase tremendously [105, 106]
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Figure 4 shows 2-dimension graphene, 1-dimensin carbon nanotube and 0-dimension

Fullerene [107].

However, graphene is totally transparent due to its atom thickness and its being
chemically inert. It has been found that the optical transparency property of graphene
plays an important role in biological, and medical research by improving images.
However, some reports challenge the “transparency of graphene coatings”. Thermally,
at the graphene/ water interface, Kaptiza's length is higher 2.5 times than bare copper/
water interface but with a strong coupling between graphene and copper, this Kaptiza
resistance becomes negligible [108]. Graphene has negative thermal expansion as the
bond-bending cancels each other out in the plane graphene sheet. Theoretically, this
optical transparency drops quickly with increasing the thickness as it has been
reported that light transmittance decreased with an increasing number of graphene

layers (see Figure 5) [103].
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Figure 5 Light transmittance between air, graphene, and a graphene bilayer [103].

Despite the fact that graphene can generate economic benefits and has promising
practical applications, some questions still need to be addressed. In this sense, it opens
the door for more attempts to remedy and modify the graphene surface to overcome
some challenges and be more efficient. It was reported that graphene could present
fracture behavior. Using molecular dynamics simulation can detect this kind of failure
behavior and discover where fracture begins, particularly near grain boundaries inside
the high-temperature domain [109]. This fracture can be initiated in an armchair
direction as decagon defects before expanding, resulting in pearl necklace-like
structure [110]. Additionally, graphene has still been tested to solve many questions
such as where and how fast cracks can propagate and what appropriate methods
control of cracks. Eliminating such defects are essential to improve graphene

toughness [111, 112].
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2.4 Graphene coating techniques

Materials that can be coated with graphene are expected to have better properties such
as corrosion protection, enhanced electrical conductivity and chemical resistance.
Several feasible and efficient methods for graphene coating can include chemical
vapor deposition (CVD), plasma-enhanced chemical vapor deposition (PECVD), roll-
to-roll process, low-pressure chemical vapor deposition LPCVD, initiate chemical
vapor deposition (iCVD), electrophoretic deposition (EDP), with aiming for
uniformity, controllable thickness of graphene and good adhesion of the coated film
[113]. All techniques depend mainly on the good preparation of the samples to be
coated with graphene, the process condition, and the quality of graphene. The
manufacture process of graphene can be completed simply by converting graphene
oxide to graphene. The reduction of graphene oxide is possible by using reduction
agents such as hydrazine [114]. A Raman spectroscopy is a method used to examine
the quality of graphene [115]. However, like other materials, graphene tends to reduce
its surface energy by forming agglomeration; therefore, there will be a kind of
ununiform coatings [116]. As for the CVD technique, it has a high deposition rate,
and it is a robust method, which does not require as high a vacuum as physical-vapor
deposition (PVD), but it needs elevated temperatures and a control of pressure inside
the chamber, which limits what kind of substrates can be coated, with the possibility
of stress and the mechanical instability of the coated film due to different thermal
expansion of the materials . The CVD consists of two steps. First, it performs kind of
pyrolysis of a material to form carbons, such as exposing of copper foil to a CH4/ H:

atmosphere at 1000°C, secondly, through the dissociation of carbon atoms to form
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graphene structure [117]. It relies on the interaction between carbon atoms and a
substrate [118].

By using plasma (a non-thermal energy source), in PECVD method, there is a
chance for more efficient delivery and a distribution of carbon atoms with
uninterrupted growth, which is widely used in integrated circuit manufacturing [119].
In this method, ionized plasma is generated above a substrate and diffused along a
surface after bombarding the surface [120]. Another method is (iCVD) which is also
called hot wire CVD. Compared to CVD, this economical technique is versatile, used
in a wide range of applications, and can be conducted at a low temperature. The main
difference between this and other methods is an initiator is used to heat up filament
wires and start the process.

One of the promising techniques for graphene coatings and nanomaterials, which has
many applications, is electrophoretic deposition EDP [121, 122]. This technique
allows for obtaining thin and uniform graphene coatings on even complex objects
(flat, cylindrical, porous, 3D) [123-125]. It can be conducted by charging a graphene
nanoplatelet by using a conductive additive (polymer, ceramic, or metals) and using
the influence of the electrical field to move these charged particles to an electrode of

the opposite charge. Figure 6.
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Figure 6 Electrophoretic Deposition of graphene.

2.5 Theory of wetting of the textured surface

2.5.1 Contact angle and surface tension

The angle at the liquid-solid interface is defined as a contact angle (6), and from a
contact angle value, a measuring of wettability is determined [126-128]. The contact
angle of a drop decreases from an advancing contact angle 6a to a receding contact
angle 6r; the difference between these two angles is called the contact angle
hysteresis. The dispersion out of a drop on a surface increase until ultimate spreading
out or completing wetting with a zero contact angle [129, 130]. A liquid droplet can
spread on a smooth surface until the cohesive force of the liquid equals the adhesion
between the liquid and solid. Moreover, the spreading of the droplet continues until
reaching a thermodynamic equilibrium between three phases: air, liquid, and solid
surface [67]. Neglecting the effect of gravity, the system is assumed to be in an
equilibrium state at constant temperature and pressure. The extent of wetting is
calculated from free energy G between three interfacial phases (Solid-Gas ysg, Solid-

Liquid vs1, and Liquid-Gas yig) which vary according to changes of the radii of sessile
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liquid droplets Figure 7 [131]. The following equations demonstrate how to derive
the equilibrium value of the wetting angle from the free energy between each of the

three phases Figure 8:

G’ _
— =0 (8)
dG’ _ dArg dAsg dAgy, _
ar =Yg ar +'Ysg? + sl ar —0(9)
As area changes two relationships can be obtained:
d4sL _ _d4sg
T T T (10)
QA6 = os @ZASL (11)
dar ar

From equations (7), (8) and (9) we can obtain called is called Young’s equation:

_ Ysg—ysl
cos Oy = mvran R ET R (12)
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Figure 7 A projection of a sessile drop, incremental change of radius, solid (S) and

liquid (L) [131].

( Liquid

\

\ YsL
Solid

Figure 8 A schematic of the three interfacial tensions ysg, yig, and sl

The spreading out of a drop on a flat surface has a coefficient parameter that is also
called spreading parameter S as a result of three interfacial tensions y and is
characterized as spreading tensions y°-V :

NI el (2 et (1) PP (13)
This coefficient S can be combined with Young’s equation to provide the Young-

Dupre equation:

S=71g(COS (0)-1) .ovovrriiiiii (14)
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In which S equals zero; therefore, cos (0)=1, which is only when the contact angle (0)
is zero (complete wetting).

Surface tension is considered one of the essential parameters in many applications and
is defined as the energy supplied to increase the surface area by one unit [132]. In
other words, fluid surfaces tend to shrink into the minimum surface area possible and
act at the boundary between two presented phases (liquid-solid or liquid-gas or solid-
gas) [133, 134]. The surface tension as a phenomenon can be observed in the nearly

spherical shape of a small drop of liquid. It is measured in force per unit length [135].

-7
v 2= M:0.001# ............................ (15)

cm 10~4m?2
In an early experiment, Laplace introduced a mathematical expression of wetting
phenomena including surface tension and capillary rise in a tube [136] (see Figure 9).
His equation gives the relation between different parameters: final height h of a liquid
to which liquid rises, tube diameter D, the surface tension of a liquid v, its density p,

acceleration due to gravity g and contact angle €. which can be written as follows:
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Figure 9 The depiction of the rise of liquid inside a small-diameter vertical tube

[136].

The effect of interfacial tensions is also of paramount importance and relevance to the
thermodynamic work of adhesion AWsLy, which via the Young-Dupre equation is
defined as [137]:
yLv(1+c0os 0) = AWsLy ....oeneee.. (17)
Moreover, during the wetting, the area between the solid and the liquid droplet As.
increases until the surface energy becomes zero [52]. In the spreading process, the
work change 6w can be written as:
dw = ysLdAsL+ yLedALs + yLvdALv-kdL+PdV +VdP.,,,,,,..(18)

Where L, k, and dV are the length of the three-phase contact line, the energy per unit
length associated with contact line tension, and the change in volume, respectively

[59, 138, 139].
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Table 5 Surface tension of some liquid [140].

Liquid Surface tension (mN/m)
Deionized water 72.3
Hexadecane 27.3
Glycerol 63.4
Dimethyl malonate 36.5
Ethanol 25.6

In the case of flow conditions, another liquid contact angle on a surface is called
dynamic contact angle ¢p which may be smaller or larger than the Young contact
angle and related to the movement of the triple line due to excess force:

F (Op) = ysv- ysL- ycos Op........... (19)
Moreover, the dynamic contact in term of advanced contact 6 and receding contact
6r can be calculated according to droplet volume:

Fs=kwyn (Oa - OR)....c.oeniennnn (20)

(where Fs is the interfacial force, the k constant depends on droplet shape, and w is
the width of the droplet) [141, 142]. It can be understood from equation (12) that the
mobility of a droplet increases by reducing contact angle hysteresis (6a - 6r), which is
related to the force balance of a droplet for a non-horizontal plane [143]. Additionally,
when considering the effect of droplet velocity and its impact on surfaces, a different

kind of wettability behaviour can be deducted from Figure 10 . The contact diameter
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of a water droplet on the surface increases with increasing impact velocity V, which

can impale the surface deeper.

0 ms 1.6 ms 4 ms 6.8 ms 8.8 ms 108ms 11.2 ms
VvV=0.31
m/s

0 ms 2ms 2.8 ms 44 ms 5.6 ms 9.2 ms 12 ms

7 e M -&Li

van --ﬁ&&ﬁ

Figure 10 Water droplets impinging on the superhydrophobic surface with different

velocity and time of contact on the surface [144].

At a nano or micro-scale in case of a nanodroplet, Laplace pressure becomes a
dominant force. Therefore introducing Vdp is suggested by Jasper, which is related to
droplet volume and has been found that contact angle measurement is less than that of
a microscale [145]. This variation of pressure happens because of Laplace pressure is
proportional to the droplet’s curvature. Modified Young equation with Laplace
pressure yields an equation including surface energy, Laplace pressure P, and the

droplet’s curvature [146]:
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P=yv (l + i) ................ (21)
Ri R

R: and R. are radii of droplet curvature [3]. The analysis of a change in the
nanodroplet volume from a sphere shape to a sphere cab on a surface can be observed
by modern microscopic devices and computer modeling for the analysis of
nanodroplets wetting behavior [147].

It can be concluded here that a higher liquid-vapor surface tension (high cohesive
force of liquid molecules) compared with a low substrate-liquid interaction (low
adhesive force) implies a higher resistance of a liquid to spreading out and so a poor

wettability. More specifically, the wetting of a surface is favorable with less than 90

of the contact angles.

2.5.2 Types of pore and capillary pressure

Different types of pores can be observed, such as blind pores, closed pores, through
pores, and cross-linked pores. Figure 11 and Figure 12 show different types and
shapes of pores [148-151]. Pore geometry, pore throat, and pore distribution are also
related to capillary pressure and can be evaluated using techniques such as SEM or
TEM [152-154]. This capillary pressure is dependent on the pore structure and is an
important factor in demonstrating the transition zone fluid behavior in different
wettability states [155]. It can be defined as the difference in pressure across any
curved interface between two immiscible fluids [156]. Fig. 13. In the capillary tube, a
force balance over the meniscus of a liquid between the pressure in nonwetting fluid

pnw and pressure in wetting fluid pw leads to the equation:



Pt R2= pumR2+y cos (2 mR,)....

n(22)

Capillary pressure pc is different between pnwand pw, equation (13) yields

Where pw is the density of water and pa is the density of air.

Closed pores Cross-linked pores  Through pores

Figure 11 Schematic images of pore types

Blind pores
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Figure 12 Types of pore (a) closed, (b,c,e,f) open, (b,f) blind or dead-end/saccate, (f)
through, and shape of pores are (b) ink-bottle shaped, (c) cylindrical open, (d) funnel

shaped, (f) cylindrical blind, and (g) roughness [157].

i [ - )

Nonwetting fluid

Wetting fluid

Figure 13 The meniscus in a capillary tube [158].
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It has been reported that the entry capillary pressure is an important factor for liquid
drainage and is wettability depended as it can enhance the entry of the non-wetting
phase into pores [159].

Due to the form of liquid-air interface underneath the droplet, capillary pressure (anti-
wetting pressure) is formed because of the bending of a droplet after it impacts a
solid. In cases when the capillary pressure is less than dynamic pressure and water
hammer pressure, the wetting phenomena are completely on the surface which is
considered to be one of dynamic behavior of water both in contact processes and

spreading processes [144].

2.5.3 Wenzel’s theory

In 1936, Wenzel described the effect of surface roughness r on the wettability of a
homogenous surface and proposed an equation based on the complete wetting of a
rough surface. According to the Wenzel model as a classical situation of a droplet on
a flat surface, the liquid penetrates between the grooves of a structure, and it is not
valid for a heterogeneous surface Figure 14 [63, 160]. Wenzel modified Young’s
equation, which demonstrates the relationship between three factors: equilibrium
contact angle (Young angle 8vy), roughness factor and apparent contact angle [161].
CoS Oa=rcosOy ...
The roughness factor r (r >1) is the ratio between the actual area and the projected
area, and it equals one for a smooth surface. Figure 15 shows the relation between the

minimum value of the roughness factor (r) to promote the complete spreading of a

liquid and contact angle on a smooth surface. When r is greater than one, it indicates
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that the true surface area is larger than the apparent surface. Moreover, the less 6Oy is
than 90°, the more enlarged the contact area is and the more hydrophilic the surface is.
On the other hand, if Oy is higher than 90°, the more hydrophobic the surface is (see
Figure 16) [162, 163]. Therefore, the roughness factor enhances either the
hydrophobicity or hydrophilicity of a surface (see Figure 17). On the surface area,
roughness value can be calculated with roughness profile parameters. Ra (arithmetic
mean deviation ) is the most common parameter with other parameters Rq (root mean

square RMS ) and R; (ten-point high) [164].

Water pockets

Asperities quU.ld
\M m | 1‘%

’ .
Solid

Figure 14 A schematic diagram of Wenzel state
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Figure 16 A schematic diagram of Young contact angle 6y and apparent contact

angle 6a
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Figure 17 Increasing surface roughness with different measurements of contact angles

described by Wenzel equation

2.5.4 Cassie-Baxter theory

Cassie-Baxter theoretical modeling takes place on heterogeneous surfaces (common
in nature) and includes a solid-air interface. Cassie-Baxter proposed that liquid
remains upon the asperities with less physical contact and does not penetrate because
of the presence of trapped air-pockets [166] (see Figure 18). The equation of this
highly non-wetting state of Cassie-Baxter can yield the following:

Ep="fi(yLs-ysa) + f2ytac....n... (27)

cos =1+ f1(yLs-YsAa).coevenr ouenn. (28)
Where Ep is the net energy of the solid-air interface and liquid-solid interfacial
energy, f1 is the total area of the solid-liquid interface, and f. is the total area of the
liquid-air interface. Therefore, under a droplet, two interfaces are involved, f» and fz,

which in total equal one (f1 + f> =1).
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qu uid Air pockets

Asperities \ /
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Figure 18 A Schematic diagram of Cassie-Baxter state

2.5.5 Transition between Wenzel and Cassie-Baxter states

When liquid penetrates the groove of a surface, the transition from Cassie-baster state
to Wenzel state is taking place. It occurs in the case of an external force, such as
pressure or vibration applied to the liquid. It is reported that increasing Laplace
pressure induced this transition [63]. Additionally, altering of surface roughness or
increasing such as structure’s holes depth, making the shift from Cassie-Baster state
to Wenzel state easier [167, 168].

Interestingly on a nanoscale, it has been reported that shallow and thick nanoholes of
surface results in a Wenzel state; however, deep and thin nanoholes lead to a Cassie-
Baxter state. Also, in nature or modified surfaces can exhibit a mixture of these two
models, but Cassie-Baxter is more dominant in the case of high and radii artificial

nanopillars [169, 170]. The transition of a surface from hydrophobic to



38

superhydrophobic through post-treatment means that a surface is transmitted from a
Wenzel state to a Cassie-Baxter state [171].

A Third wetting behavior is called partial Cassie-Baxter wetting, which is in between
the stabile sticky Wenzel mode and the unsticky Cassie-Baxter mode [172, 173].
Because of a mixture of both wetted grooves and trapped air-pockets underneath
droplets, this behavior introduces pinning droplets as the droplets do not wholly
penetrate the surface, minimizing rapid transition from partial to full wetting. Droplets
can be pinned if any deformation of a surface occurs, as air can be trapped between
the droplet meniscus and surface texture [174]. It should be mentioned here that those
two models with their transition behavior, are currently some of the primary

instructions of the design of a superhydrophobic surface [170, 175].

2.5.6 Wetting and Adsorption

Wetting and adsorption are strongly related, and especially when considering
adsorption of the vapor of a volatile liquid droplet on a solid surface. It is also
possible to determine (ysv - ys. ) from vapor isotherms, relating the surface
concentration 7" (mole/ unit area) to the relative equilibrium pressure (p/po) in the gas
phase [176] Fig.19. Therefore, the surface pressure of the solid-vapor interface z° (I')

can be written as in Figure 19:

VD) =y —ysVv(D) = RT cet veveeeeeenennnen, (29)
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Where y* is the surface tension in the vacuum of a pristine surface S, ysv (I') is the
surface tension of the same surface containing 7" molecule of vapor molecules, R is
the gas constant, and T is the absolute temperature. It can be concluded that charging

solid surfaces due to the adsorption of charged species is related to the solid-liquid

tension.

(b)
o~ ~
I~ e
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=]
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Lk g

vapour pressure (p) vapour pressure (p)

Figure 19 Vapor adsorption isotherms for (a) complete wetting and (b) partial
wetting. The dashed line represents the saturation axis (i.e., the saturated vapor

pressure).[176]

2.5.7 Correlation between copper and graphene

Both copper and graphene have high thermal conductivity and graphene can work as a
passivation layer that inhibits the surface oxidation of the copper surface substrate.
Controlling the incorporation of graphene coatings with other materials particularly

on transition metals such as copper attracted many researchers [177-179]. Functional



40

coupling with homogenous growth results in covalent and ionic bonding on the
graphene /copper interface [180]. Electrons travel from the copper surface to a
graphene-based on Fermi-level variations through the interface. Yinbo Zhao, found
that the intact graphene monolayer coatings on the copper surface with nano notches
is behind the strengthening of copper surface, and concluded that there would be a
kind of misfit stress coming from the mismatch of lattice and shear modulus between
copper (45 GPa) and graphene (280 GPa) at the interface [110, 181]. Adhesion
between graphene and other materials can be calculated from the work of adhesion:

Wei=y(14€080) . ..o (30)

Atomic geometry is correlated with strength and electronic structure. Compared to the
other materials, the Graphene/ Nickel interface has much more cohesive energy than
the graphene/ copper interface because of strong coupling between open d-orbitals,.
Copper’s lattice constant (3.597 A) is the same as that of graphene. The binding
energy Ep of the graphene sheet and metal substrate is calculated as
Eb=EcM—(ECH+EM) ceoeoree e e(31)

Where Ec.m is the energy of a hybrid system, Ec is the energy of the graphene sheet
and Ewm is the energy of metal substrate [182].

Thermal resistance at the interface graphene-coated copper is absorbed [108]graphene
allows only 18 % of VVan Der Waal energy of underneath copper to transmit. The need
to transfer the graphene layer from copper foil to other substrates by using such

liquid-assisted transfer or thermal tape [183]
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In the case of the oxidation, the layer occurs on the copper surface such as Cuz0, the
nucleation density of graphene decreases as Cu2O thickness increase because this
oxide layer prevents the dissolution of carbon on the copper surface. [184].Moreover,
It has been reported that the stability of graphene on the copper surface increased with

time depending on the quality of both graphene and copper surface [185].

Table 6 Structure (interface distance Dc-m ) and properties (interface binding energy

Eb and mechanical strength os) of Graphene-copper and Graphene-Nickel [182].

Metal Dem (A) Eb (meV A2 o5(GPa)
C-Cu 2.243 24.81 2.92
C-Ni 2.018 91.33 18.70

2.5.8 Wetting behavior and transparency of graphene

It is reported that graphene is wetting-transparent for many metals, such as copper
and silicon because it is thinner and domination of van der Waal forces. When van der
Waal forces are not dominated and only short-range chemical bonds exits, such as in
glass as a substrate, graphene is not considered wetting transparency. Taking
advantage of this property results in the excellent stability of a gradient degree
wetting surface by blocking any kind of chemical or airborne contamination from the
surrounding environment [186].Unchanged water contact angles of substrates are the
key to determining the quality of the unique transparency of graphene. This

transparency can be understood in terms of how graphene affects the adsorption
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energy of water on a substrate. Adsorption of water to the graphene surface is a slow
process due to the resistance to saturate according to the level of humidity [187].

However, a report showed that graphene is partially transparent to wetting and not
completely transparent, especially for superhydrophobic or superhydrophilic
substrates. This incomplete transparency is due to that van der Waal forces are not
dominated; which are responsible for the transmission of the substrate contact angle to

fluid above graphene [188].

Apart from other effective factors such as water content and graphene coating
condition, measurement of contact angle on graphene as an isolated layer is a simple
way to investigate the wetting properties of graphene [189]. It was observed that
water molecules do not strongly bind to a graphene sheet [190]. However, it is still
controversial that whether graphene is hydrophobic or hydrophilic, but some
experimental reports show that the initial process of producing graphene is reflected
that the graphene sheet is hydrophobic or hydrophilic [191]. Some reports showed a
changeable behavior of graphene hydrophobicity to hydrophilicity by using chemical
additives or ultraviolet radiation [115, 192].For instance a combination of acetone and
water as a solvent shows a wide range of water contact angles on the graphene surface
due to chemisorption of acetone on graphene in any defects of graphene surface [192].
In terms of a graphene oxide film, it is considered hydrophilic due to the strong
hydrogen bond interaction. Moreover, in the presence of any defects, there is a kind of
relatively increasing water contact angle measurement [193].

As with other metals, adhesion between graphene and liquid_can be calculated from

the work of adhesion:
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Wsi=v (I+cos 0)... ........ (32)
The contact angle of graphene is larger than that of graphite due to differences in
surface energy. Wang determined that the surface energy of graphene is 62mJ/ m?
and of for graphene oxide is 46.7 mJ/m? using the equation of state theory [194].
Using Neumann, which is more reasonable when compared with other approximation
methods based on the equation of state theory, one can determine the surface free

energy of graphene. The contact angle according to Neumann’s equation is as

cos 0 = -1+2 \/Eeﬁ(ys(ggyl)z
Vi

Where B is the constant-coefficient and related to a specific solid surface. Arranging

follows:

the equation results in:

iy (222)"] = 28 0 — 1% #1n (1)....39

By plotting the left side against y;, it can result in a parabola curve and fitting it with
the second-order polynomial equation will help to determine the parameters  and y

[194]. Figure 20.
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2.6 Water Desalination across Nanoporous Graphene and through graphene

multilayers as membranes

A desalination membrane is closely related to the materials from which it
is made. Although some materials have beenused as membranes for water
desalination, such as Zeolite and Silica, research still needs be done to control the cost
of replacing membranes and improving the salt rejection rate.
However, with the creation of nanopores on the single-layer graphene [195]
by plasma etching [196] Fig. 23, there is an opportunity to filter out NaCl salt more
effectively, thereby improving durability of the membranes with high salt rejection
rate. The performance depends on pore size and tuning the wettability of the pores
themselves (Fig. 24).

This effective water desalination of using nanoporous single-layer graphene can also
be achieved through the channels of multilayer graphene oxide GO (contact angle
around 34+2) or reduced graphene oxide (contact angle 76+ 5). Here, the
performance mainly depends on the interlayer distance between graphene multilayers
and the hydrophilicity of GO layers to enhance water flux with chemical resistance.
Furthermore, recently there is a tendency of many researchers to investigate the
fabrication of hybrid membranes of graphene oxide or reduced oxide membranes with
other metals such as polydimethylsiloxane PDSM (as the hydrophobic metal) to

control the wetting behavior and improve salt rejection to reach 100%. [197, 198] or

with copper to give the membranes additional antibacterial properties [199]
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Water Mojecules

Salt Molecules

Figure 21 The permeability of water molecules through the defected area of graphene
sheet and rejection of salt molecule by a graphene sheet
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Figure 22 a) The diffusion of water molecules through the channels of the graphene
oxide layers and the rejection of salt. b) Graphene oxide layers on a porous supported

metal.
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Figure 23 A schematic of Oxygen Plasma synthesis method for creating pores on a
graphene sheet
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CHAPTER Il EXPERIMENTAL PROCEDURE

Part 1 Effects of plating and storage conditions on the wettability of

electrodeposited porous copper surfaces

The objectives of this part:

* To compare the effect of electroplating conditions on developments of

nano/microstructure of copper surface.

* To obtain the understanding of the wetting stability of porous copper surface.

This part demonstrates a method to modify the wetting characteristic of copper
surfaces by developing porous structure via the promotion of hydrogen bubbles.
Subsequently stored in different conditions, including air, water, and saline solution to

assess the possible influence of storage conditions on the wetting behavior.

3.1.1 Sample preparation and fabrication

Porous copper samples were prepared by electrodepositing copper onto mirror-
finished copper plate substrates (2x2 cm). Three acid copper plating baths (300 cc),
named A, B, and C, with different concentrations of CuSO4 and H2SO4, as shown in
Table 7 were explored. All 3 baths comprise CuSO4 with contents lower than those
normally used for monolithic copper plating and have relatively higher concentrations

of H2SO4 than CuSO4 to promote hydrogen evolution.
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Table 7 Electrodeposition parameters of the porous copper samples in 6 groups

under investigation

Electrolyte composition
Current density

Samples (Molar ratio)
(Alcm?)
CuSOa: H2S04
A-1 0.1: 0.125 0.05
A-2 0.1: 0.125 0.125
B-1 0.1: 0.25 0.05
B-2 0.1: 0.25 0.125
C-1 0.4:0.7 0.05
C-2 0.4:0.7 0.125

The applied current densities under investigation are 0.05 A/cm? and 0.125 A/cm? for
samples in set 1 and set 2, respectively. A platinum mesh was used as an anode (15x5
cm), and the distance between the 2 electrodes was kept at 2 cm. The prepared copper
substrates were activated in 5 wt. % H2SO4 for 5 s and cleaned with distilled water
before electrodeposition sessions, which were carried out at room temperature.
Immediately after electrodeposition, the samples were rinsed well with deionized
water and dried. For the case of the as-deposited samples, the samples were
cleaned after  deposition, dried for about20 minutes andthe wetting

contact measurements were made directly.
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3.1.2 Storage condition test

The electrodeposited copper samples from the 6 groups, as presented in Table 7, were
subsequently stored in air (room temperature, 30-40% humidity). Additionally, the
samples from groups C-1 and C-2 were also stored in deionized water and in saline
water (concentration of salt = 3 wt.%) for a period of 4 weeks with weekly inspection.
For these conditions, the samples were placed in beakers containing 300 cc of liquid.

The beakers were well-sealed to prevent contamination.

3.1.3 Sample characterization

The microstructure and surface morphology of the electrodeposited samples were
examined with SEM (Hitachi SU3500). CLSM (LEXT OLS4000) was employed to
characterize the roughness profiles of the sample surface. The chemical composition
of the electrodeposited copper was analyzed using EDX (Hitachi SU3500) and XRD
(Brucker D8). The contact angles of the samples were measured with a goniometer
(DropMaster V.3) and analyzed with FAMAS software based on the tangent method
whereby a droplet ‘s profile is captured. Three sets of contact angles were
determined, namely (i) advancing contact angle 0a, (ii) receding contact angle Or
measured after relaxing time of 300 s, and (iii) sliding contact angle 6s measured with
a tilted platform. The difference between 64 and 0r constitutes hysteresis. To steadily
apply a water droplet onto a sample surface (4uL), a sample sitting on a movable
stage was directed upwards to make contact with a water droplet that was released

from a syringe’s needle tip. The stage was then slowly moved downwards, rendering
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a droplet adhered on a sample surface. The contact angle measurements were made at
the center of each specimen to avoid the high-current electroplated area at the sample

edges. The ImageJ software was also used to calculate porosity of the deposits.
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Part 2 Tailoring the wettability of copper surfaces by dropping of graphene

solutions

The objectives of this part:

* To understand the correlation between copper deposition and observed wetting

characteristics of graphene.

» To examine the feasibility of controlling the wettability of electroplated copper

surfaces by employing of graphene.

This part demonstrates a scalable, economical way to add graphene to flat copper
substrates and electro-deposited porous copper surfaces through graphene droplets.
The drops have different concentrations of dispersed solution and re-dispersed

solution of graphene with and without using sodium dodecy! sulfate (SDS) surfactant.

3.2.1 Sample preparation and fabrication

The same as part (3.1.2), but in this part, the investigated applied current densities for
porous copper surfaces were 0.125 A/cm2 for samples (C*-Soll, C*-Sol1’, C*-Sol2,
C*-Sol2’), C stands for a copper flat substrate and C* for a porous copper substrate as
illustrated in Table 9, and 3 A/cm2 for samples (D*, D*-Sol1). The sample D* is same
as D*-Sol1 but D*-Sol1 with dropping graphene from solution Soll. The idea of
investigating additional samples (D*, D*-Sol1) to fulfill also whether graphene has a
limit effect on the wettability or the physical effect can be dominated and assist the

effect of different morphology with and without graphene. Also in this part four
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different concentrations of graphene solutions were prepared using the 0.5 mg/mL
ratio of graphene sheets (from XFnanO company (95 % purity )) with DI water with
and without sodium dodecyl sulfate (SDS) surfactant. Moreover, graphene
nanoplatelet powder from Graphene Tech Company from USA with 99.5 % purity
was used to compare its Raman spectra with Raman spectra of graphene sheets.
Fig.25 shows the process of depositing multilayer graphene on copper surfaces.
Fig.26 shows the four solutions a) immediately after 30 minutes sonification which

used for deposition and b) after three days.

— Evaporation l
i e auRMC  —r—
Figure 25 The process of graphene deposition on copper surfaces

For more details, Table 8 illustrates the derived names of solutions, while Table 9

shows the derived names of the samples.
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Table 8 illustrates four names of different graphene solutions

Solutions Description

Soll Solution (0.5mg/mL) of graphene with SDS surfactant

Soll’ Re-dispersed solution from Sollby diluting with DI-water (1:30)
Sol2 Solution (0.5mg/mL) of graphene without SDS surfactant

Sol2’ Re-dispersed solution of Sol2 by diluting with DI-water (1:15)

Table 9 illustrates the names of each sample in detail

Samples Sample details

C A bare copper substrate

C- Soll A dispersed graphene solution of Soll on C
C- Soll’ A dispersed graphene solution of Soll’ on C
C- Sol2 A dispersed graphene solution of Sol2 on C
C- Sol2’ A dispersed graphene solution of Sol2’ on C
c* A porous copper surface

C*- Soll A dispersed graphene solution of Soll on C*
C*- Soll’ A dispersed graphene solution of Soll’ on C*
C*- Sol2 A dispersed graphene solution of Sol2 on C*

C*- Sol2’ A dispersed graphene solution of Sol2’ on C*
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a)

b)

Figure 26 Graphene solutions (Soll, Sol’, Sol2, Sol2’ a) after 30 minutes sonication
b) after three days

3.2.2 Sample characterization

Same as (3.1.3) for contact of angle measurement for one month and for SEM images.
In this part, additional characterization with Raman spectroscopy was used to
characterize the presence of graphene and to analyze the different wetting behavior of
samples. Transmission electron spectroscopy (TEM) was used for a more detailed
morphology and topographic evaluation of graphene. The TEM grid samples were
prepared by dropping approximately 3 microliters of Soll solution and another

sample of Sol2 solution into TEM copper grids, followed by natural air drying.
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CHAPTER IV EXPERIMENTAL RESULTS AND DISCUSSION

Part 1 Effects of plating and storage conditions on the wettability of

electrodeposited porous copper surfaces

4.1.1 Characteristics of the copper electrodeposits

The copper electrodeposits of all groups were prepared successfully and were
characterized by uniformly porous layers. As shown in Fig. 27 (A-1, B-1 and C-1),
samples from groups A and B exhibit similar porous structures, with B having a
slightly more refined deposit structure and more uniform pore size distribution. This
reflects the relatively lower surface roughness of group B samples, as assessed by
laser confocal microscopy. The samples in group C, on the other hand, are
characterized by a different surface morphology composed of relatively round and
large, accumulated granules of copper deposits with interconnected pores in between.
Additionally, it can be observed that the samples in all groups exhibit hierarchical
arrays of micropores (i.e., large pores between a cluster of nodules or granules) and
nanopores (i.e., smaller pores of the spaces between individual modules or granules).

All of these results thus show that at relatively low contents of copper sulfate and
sulfuric acid (Baths A and B), the ratio of the two chemicals in the plating bath
slightly influences the morphology of the porous copper deposits. A larger
contribution of the chemicals to the microstructure appears at higher chemical
concentrations (Bath C). By increasing the current density from 0.05A/cm? and

0.125A/cm?, the samples from all groups become more porous and less refined (Fig.
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27 (A-2, B-2 and C-2). This is due to the increments of the deposition rate of copper
atoms and generation and coalescence rates of hydrogen bubbles in the vicinity of the
cathode at the high applied current. However, it should be mentioned pore shapes are
not rounded, but rather it appears as highly rough surface with peaks and valleys: in
the case, the porosity might not solely produced by hydrogen However it should be
mentioned pore shapes are not rounded, but rather it appears as highly rough surface
with peaks and valleys: in this case, the porosity might not solely produced by
hydrogen bubble generation, but also due to the electro-crystallization effect in the
high current regime whereby preferential deposition occurred at the high current
density area (electro-burning effect). Subsequently, the measured surface roughness
of the samples of all groups increased when processed at a high current density, with

the sample from group C experiencing the largest change in this regard
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Figure 27 SEM micrographs showing the surface morphology of the porous
copper samples from the 6 groups: A-1, A-2, B-1, B-2, C-1 and C-2
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4.1.2 Wetting behavior

Fig. 28 presents the wetting angles of the samples in groups A, B, and C in theas-
deposited state and after exposure to air. After deposition, all groups of samples

exhibit Wenzel state, hydrophilic behavior, with advancing contact angles below
approximately 20°. This was followed by rapid penetration of the droplet in

droplets in the grooves within 5 sec. The as-deposited A-1, B-1, and C-2 are
specifically superhydrophilic (fully-wet) with contact angles below 10°C,

whereas sample C-1 shows relatively high contact angles compared to the other
groups. Compared to the typical static contact angle of a monolithic copper

surface of 12° reported in the literature [200], the porous structures of
electrodeposited copper can either promote or impede wettability, depending on

the detailed structure of the deposits and in turn on the electrodeposition parameters.
Interestingly, after storage in air for 4 weeks, all samples became hydrophobic, with
contact angles above 130° and low hysteresis contact angle, as shown in Fig. 28, in
parallel with a prior observation made to copper foams produced by different methods
[201] .Samples A-2 and C-2 in particular show relatively high contact angles, close to
150°. Combined with the observed low hysteresis and low sliding contact angles, the
state of superhydrophobicity, Cassie-Baxter wetting behavior, is confirmed for these
sample groups.

Within the 4 weeks storing period, the wetting behavior of all samples generally
progressed to various different states over time [202], changing from the Wenzel
regime with full filling of water droplet in the surface’s pores to the state where
advancing angles were increased above 5° on average after a few days. Following the

second week of air exposure, increments of both advancing and receding contact
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angles, and hence pinning behavior, were observed. This may be considered as a
hydrophilic transition state of the droplet, owing to a partial formation of liquid-vapor
interphase. Subsequently, a hydrophobic transition state with higher advancing and
receding angles of approximately 120° and 110°, respectively, appeared by the third
week of the tests. Such state with less sticky behavior was soon overcome by the

dewetting behavior of the Cassie-Baxter state by end of the tests.
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Figure 28 Advancing (64), receding (6r), hysteresis, and sliding contact angles (6s)
of the samples from 6 groups after 4 weeks of air exposure, in comparison with the
contact angles of the samples measured following electrodeposition

The incremental shifts of wetting angles over the storage time in air could be
attributed to various factors, including the formation of oxides on the copper surfaces
owing to the chemical reaction of copper and oxygen [203, 204]. Cu2O ,in particular,
is known to exhibit hydrophobic behavior. There were incremental levels of oxygen

with carbon contents on the sample surfaces, as presented in Table 10 for C-2 stored

in different conditions. Some limited studies have also reported the possible effect of



63

volatile hydrocarbon contamination on the wettability reduction of copper surfaces
exposed to air [205, 206]. Such an influence is, however, not clearly observed in this
part. While there is a possibility of having contamination on samples surface right
after cleaning and drying process, however, the degree of contamination probably not
as significant to alter contact angle measurement, as shown in Fig.28. It should also
be mentioned here that SEM vacuum system using such as diffusion pumps can create
a backflow oil vapor which then break up under the electron beam. This can lead to
the deposition of carbon on the surface of the specimen [207]. The as-deposited C-2
sample had a relatively large amount of carbon (Table 10). This carbon adsorption is
possibly due to two effects: (i) because of the high surface energy and hence
hydrophilicity that facilitate its interaction with the environment; (ii) because of the
large, porous surfaces that are more prone to attracting hydrocarbon contaminants.
Additionally, it has been noted that the roughness of a surface can promote air
trapping underneath water droplets and a physical barrier for water to spread [208,
209]. These factors in turn lead to the development of surface hydrophobicity. The
possible modification of surface roughness, and correspondingly a profile of pore
structure, over the air-exposure period (e.g., as evidenced from the measured surface
roughness of sample C-2 from 3.88 to 2.95 mm) signifies that this factor may play a
role.

The wetting angles of the samples from the different groups vary from approximately
130° to 150° could suggest that the formation and possible content of the oxides
and/or the characteristics of air entrapment in these samples are distinct from one
another. Indeed, when the results of wetting angles are plotted with the measured

surface roughness of the deposits, astrong correlation of these two parameters is
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observed (Fig. 29). This could imply that the increase in surface roughness of the
porous copper deposits facilitates the formation of oxides and/or air entrapment that

favor water repellency.

Table 10 Chemical composition of the C-2 samples after being stored in the different
storage conditions for 4 weeks, as measured by EDS

Environmental
Composition (at. %)

Condition

Cu o cl C
As-Deposited 41.18 0.92 - 57.9
Air-Exposure 55.16 3.9 - 40.94
DI-Water Immersion 39.45 35.46 - 25.09

Salt solution Immersion 40.15 27.49 3.14 29.75
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29 Measured contact angle of the porous copper samples with respect to

The contact angles of the samples from groups C-1 and C-2 exposed to air, water, and

saline solution were measured weekly, up to 4 weeks, as presented in Fig. 30. Overall,

the C-1 and C-2 samples behave in a similar way: compared to those exposed to air,

the wetting angles were decreased when the samples were stored in water and in

saline solutions.

Whereas the contact angle of the in-water sample increased

gradually over time, that of the in-saline remained unchanged at zero degree. The



66

observed results can partially be reasoned by the microscopic changes of the copper
surface, which may be characterized through surface roughness, as discussed in the
previous section. Particularly, as illustrated by the micrographs in Fig. 31 and the
surface roughness profiles in Fig. 32, the surface morphology and surface roughness
of the C-2 samples stored under the different storage conditions are fairly distinct. The
surface roughness of the samples exposed to water and to saline solution are much
smaller than the as-deposited and in-air conditions. This could be due to the
penetration of the liquid media into the porous structure, resulting in a reduction in
hierarchical arrays of pores, enlargement of the solid contact area fraction, and
smoothing of the surface profile. Furthermore, the chemical reactions between copper
and water/salt would lead to the formation of copper oxide and copper chloride, which
not only affect the surface morphology but also intrinsically influence the surface
chemistry contribution that promotes a relatively high energy state of the surface and
thus decreases the wetting contact angle compared to the copper surface exposed to
the in-air condition. Additionally, the liquid medium may also contribute to the
inhibition of hydrophobic surface oxide formation. Similar observation and
correlation of the changes of surface roughness and wetting behavior of copper have
been reported in some prior studies where copper particles were immersed to saline
solutions, with subsequent development of insoluble copper chloride and dissolution
of Cu20 on the metal surface [210-213]

Finally, it is worth noting that a separate experiment was performed whereby the
samples from C-2 group that had been stored individually in water and in saline
solution were subsequently stored in air for another 4 weeks. The wetting angles of

the samples were found to increase significantly to the superhydrophobic level (6a >
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150°, 65 < 5°), a true Cassie-Baxter regime. This observation implies that the surface
chemistry, which determines the wetting characteristic, can readily change from one
storage condition to another, despite the transformation of the surface characteristics

from the pre-exposure conditions in this case
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Figure 30 Weekly measurements of contact angles of C-1 (a) and C-2 (b) samples
exposed to different storage conditions: air, DI water, saline solution
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Figure 31 SEM micrographs of the C-2 samples under 4-week storage tests: a) as-
deposited and after exposure to b) air, ¢) DI water, and d) saline solution
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Figure 32 Measured surface roughness of C-2 samples in the as-deposited state and
after being exposed to different environmental conditions under investigation for 4

weeks
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4.1.4 Porosity control of copper surfaces

Several factors can influence the formation of porosity and pore characteristics of the
electrodeposited copper surfaces. These include surface cleaning protocol, substrate
roughness and characteristics, electrolyte composition and circulation, uses of
additives, size of anodes with respect to cathodes, and distance between the

electrodes.

In this part of the investigative work, three key porosity control parameters were of
focus, including:

1) Current density,

2) Concentration of Cu ions from CuSO4

3) Concentration of sulfuric acid H2SO4

These three important parameters must be examined in parallel in order to obtain a
systematic control to achieve the target porosity. In the case of samples A-1 and A-2,
the morphologies of these two samples showed less variation in porosity from 38.93
% to 40.55 %. Fig 33. This variation happened by just increasing of the current
density from 0.05 to 0.125 A/cm?. On another hand for samples B-1 and B-2 with
same copper sulfate concentration same like samples A-1 and A-2, there is a
substantial difference in porosity around 10 % between B-1 and B-2 by only
increasing the concentration of the sulfuric acid from 0.125 (group A) to 0.25 M
(group B). This exhibits the influence of sulfuric acid concentration on obtaining

different porosity.
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The influential effect of copper ions and sulfuric acid concentration with varied
current densities was clearly evident in the case of samples C-1 and C-2. In the case
of C-1, ions transport is insufficient due to the low current density 0.05 A/cm? and
high concentration 0.4 M. This was resulting in a highly porosity around 50.5%. On
the other hand for C-2 with higher current density 0.125 A/cm?, the porosity is less
42.68 %. It can be concluded here, in order to obtain superhydrophobic surface with
contact angle near to 150 degree, the porosity should be in the range between (40-43

%) as for samples A-2 and C-2.

However, for more accurate control, the porosity must be considered with roughness
characterization. It is apparent from Fig 34, samples A-2, C-2, showed a relatively
increase in porosity and higher degree of roughness compared with other samples.
However, for C-1in particular, showed highest porosity and the lowest roughness
degree. It can be concluded here specifically for samples C-1 and C-2 that current
density plays the main role in controlling the percentage of the porosity and the
degree of roughness . Therefore, the current density will likely need to be adjusted, as
indirect way, to eventually obtain specific contact angle, as previously shown in

Fig. 29.
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Part 2 Tailoring the wettability of copper surfaces by dropping of graphene

solutions

4.2.1 A comparison of the Raman spectrum of graphene

4.2.1.1 Raman spectrum of graphene powder

In this work, the powder samples of graphene and graphene nanoplatelets were
characterized by Raman spectroscopy and compared to references. The shape of the
Raman spectra of the graphene and graphene nanoplatelets showed a similar low-
intensity 2D band and a high-G band. Fig.35 shows Raman spectra of a) graphene
powder, b) graphene nanoplatelets, ¢) graphene powder from a reference [214]. The
high intensity of the D-band of graphene nanoplatelets is indicative of an increasing
number of graphene layers, which is also true for graphene nanosheets containing few
graphene layers [215]. In comparison, the graphene powder used in this work showed
a low intensity of D-band, noted in the reference. [214] with high intensity of G-band

and low band of D and 2D.
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Figure 35 A comparison between a) graphene powder, b) graphene nanoplatelets
powder, and c) from a reference [214] d) showed similar Raman spectra from Raman
for life (ramanlife.com)
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4.2.1.2 Raman spectra of graphene layers on metals surfaces

A) Flat surface

In general, 2D/G ratio is used for indication the number of graph layers. Therefore, in
case of dispersed graphene of the samples C-Soll and C-Soll”’ in Fig 36, the 2D/G
ratio around (0.31) and (0.37), respectively. This ratios can be considered as
multilayer graphene according to the references [216, 217]. The presence of graphene
layers is also consistent with the following TEM observations in the next section

4.2.3

7000 - G ——C-Soll
—— C-Soll'
6000 -
Ly/l = 0.31
o 50004 D I,/I;; = 0.37
-
g
S 4000 -
2
£ 3000 -
W
=
e
S 2000 -
[a=
1000 4
0 -
]000 ) 1 ) L) )

L) L) L)
0 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Figure 36 spectra of graphene of samples C-Soll and C-Sol1l

Compared to other references, it is known that an existing fingerprint for identical
Raman spectra of graphene could be used to unambiguously distinguish between

defect-free single-layer graphene and defect-free graphite. The Raman spectrum
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shows a high intensity peak at 2D around 2700 cm™ and a low on G at 1582cm™ for
graphene and vice versa for graphite in Fig 37 a). It should be noted here that with
more than 5 layers, the Raman spectrum is almost indistinguishable from that of the
graphite mass. In addition, there are also some characteristics to distinguish a single-
layer, two-layer, three-layer, single-layer FLG or even multiple layers of graphene
depending on some factors. For example, the shapes of the 2D peak at 2700 cm™ as

shown in Fig 37. b) [218].
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Figure 37 shows a) the ideal Raman sectra between graphene and graphite. b)
different shape of spectra around 2700 cm™ [218]

The freely suspended graphene shows a high peak at 2D and a low peak at G as ideal
spectra for graphene, while the opposite spectra show peaks from graphene on
supported metal (low peak at 2D and G) and smooth and a displacement change of 7
cm™ between suspended and supported graphene sheets in Fig. 38 [219]. It is noted
that the decrease in 2D intensity occurs by increasing the number of graphene layers.

Fig 39 [220]
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Figure 38 Raman spectra recorded on the single-layer graphene sample of (b), both
for the suspended (red solid line) and supported regions (blue dashed line). (c) Raman
spectra in the lower-frequency region (1,270-1,420 cm—1) for the two regions of the
sample. (d) Detailed comparison of normalized spectra for the G mode [219].

Besides, the Raman spectra can also be varied depending on the supported materials.
Fig.40 shows graphene growing on various metals such as copper and cobalt

substrates [221] .
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B) Porous surfaces

In case of electrodeposited porous samples C*-Sol1, C*-Sol1’ in Fig 41, the presence
of graphene is more clear noticed for samples C*-Soll with peaks at 2D, G, and D.
With noticeable distinguish air contamination peaks are observed in sample C*-
Sol1’.Furthermore, in an example of graphene on porous copper from a reference
[223] the outer surface of the sample can show features similar to high quality
graphene grown on copper as shown in Fig.42. Whereas the cross section of the
porous structure shows a significantly higher intensity for the D band and a lower
2D/G ratio [223]. This may also give an indication of the Raman spectra of graphene

on porous copper surface obtained from Sample C* Soll as shown in Fig. 41.
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Figure 41 Raman spectra of two samples C*-Sol1 and C*-Sol1’
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Figure 42 Raman spectra of graphitic layers grown on the porous structure. a) The
outer surface and b) the cross-section after cutting [223]

4.2.2 TEM images for graphene solutions Soll and Sol2

TEM observation was performed to examine the morphology of dispersed graphene
from Sol-1, and the result was compared to that of graphene without using the
surfactant Sol-2. Fig.43 shows the TEM images of the two dispersed graphene
solutions. The light gray areas show isolated graphene sheets, since graphene sheets
are highly transparent to electron beams [224]. In contrast, the dark areas of both
images can be taken as an indication that the electron beam barely penetrates through
the twisted, crumpled layers of the graphene sheets, especially at the edges. From the
TEM images it can be seen that the use of surfactant in solution Sol-1 (Fig. 43.a)
provides a relatively higher concentration of graphene sheets compared to Sol-2 in
(Fig. 43 b). Further, this works is consistent with other investigative works such as
the work of Pu el al [225]. They studied the effect of using different surfactants on
dispersed graphene solutions using TEM. Comparing their results in Fig. 44 gives a

similar result of graphene sheets, which are expected around 4-6 layers of graphene
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sheets as shown in Fig. 44. In particular, The TEM image c) is in case of using SDS,
which highly consistent with this work. To better distinguish the contrast between
graphite and graphene from TEM images from another investigation work, the
graphite showed dark areas, Fig. 45 a), compared to grey, exfoliated graphene in Fig.

45 b) [226]

0.5 pm

Figure 43 TEM images of graphene dispersed solutions a) Soll, b) Sol2
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Figure 44 TEM images of the graphene dispersed with different surfactants: (a) 300
ppm CTAB; 300 ppm CO890; (C) 200 ppm SDS and (d) 300 ppm H14N [225]

Figure 45 a) the initial graphite particle b) exfoliated multilayer graphene [226]
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4.2.3 Overall wettability results

A variety of contact angle measurements were recorded for both geometric copper
surfaces as flat and electrodeposited porous layers. Fig.46 From zero contact angle
(superhydrophilic) for sample (C*-Soll) to about 152.45 (superhydrophobic) for
sample (C*-Soll”). For flat surface samples, the lowest advancing contact angle was
for Sample C- Soll (54.86°) and the highest for Sample C-Soll’ (123.56%) compared
to Sample C (72.42°) (Sample C without using a droplet of graphene solution on the
surface). The flat surfaced samples also showed lower susceptibility to air pollution
compared to the porous samples which will be discussed in the next sections. A
slightly deviation in the average of both of advancing and receding contact angles for
C-Sol2 (83.84°, 74.23°) and for C-Sol2’ (87.34°, 73.93°) respectively was recorded.
Furthermore, non-uniform distribution of graphene from solution Sol2 was observed
during evaporation process result in accumulation dispersed graphene in some areas

on samples C-Sol2 and C-Sol2’ in Fig.47.

However, for the electrodeposited porous samples (C*-Soll, C*-Soll’, C*Sol2, C*-
Sol2’), a zero contact angle was found for sample C*-Soll because of the use of
surfactants. Fig 48. Whereas, for sample C* Soll’, in particular, the air pollution
effect likely resulted in a maximum contact angle of about 152.45 degrees.
Additionally, in case of C*-Sol2’, various advancing contact angle measurement
(between 101.65° to 117.82°) from different areas were tested. In this sample (C*-
Sol2”), accumulation of graphene, in some pores (dark spotted areas), can lead to

wrinkled graphene sheets.
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Figure 46 Advancing AC ¢ and receding RC ¢ contact angles measurement for (C),
(C-Sol1), (C-Soll”), (C-Sol2), (C-Sol2’), (C*), (C*-Sol1), (C*-Sol1”), (C*-Sol2), and
(C*-Sol2”)

Moreover, graphene with good dispersion, once covered on the copper surface,
promotes surface  hydrophilicity (C-Soll &  C*-Soll). Thiseffect is more
pronounced in the case of porous copper (C*) than in the case of monolithic copper
(C).The opposite effect occurs when using a low (diluted) level of graphene (C-Sol1’
& C*Sol’).These surfaces all show hydrophobic/superhydrophobic with no graphene
dispersion (Sol2 and Sol2’). All offer moderate wetting angles (80-100
degrees). This is true for both C and C*. In general, the physical and chemical effects

are the main influencing factors in providing this wide range of contact angles. Also

considered is the effect of the SDS surfactant in demonstrating excellent dispersing of
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graphene and its reduced effect through dilution. Inthe next sections 4.2.5 and

4.2.6 explain the possible physical and chemical explanation of these observations

Figure 47 Photos of water droplets on samples (C), (C-Soll), (C-Sol1’), (C-Sol2)
and (C-Sol2’).
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Figure 48 Photos of water droplet on samples (C*), (C*-Sol1), (C*-Sol1’), (C*-Sol2)
and (C*-Sol2”)
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4.2.4 Physical effect on wetting behavior

4.2.4.1 Flat copper surfaces

For flat copper surfaces, graphene drop deposition partially altered the intrinsic
wetting behaviour of bare copper substrate samples. The lowest advancing contact
angle was for Sample C- Soll (54.86°) and the highest for Sample C-Sol1’ (123.56°)
compared to Sample C (72.42°) without using a graphene droplet on the surface. The
presence of layered graphene on the flat surfaces for samples C-Soll and C-Soll’ (
with SDS surfactant ) was confirmed by Raman spectroscopy Fig. 36 and TEM
images in Fig.43. The difference in contact angles between C-Soll and C-Soll’ is
significant and is probably estimated from the remarkable variation in intensity of the
G, D and 2D bands between the two samples. This variation in intensities can lead to
three important observations: (1) the intensity of the D and 2D defects correlates with
the contact angle, and (2) an easily controllable graphene solution concentration can
be used to tune the contact angles, and (3) re-dispersion the solution of Soll in Sol1’
suggests that the contact angle measurement could predict from the Raman spectra of

graphene layers on a flat copper surface and vice versa.

As noted before, a slight variation in the average of both the advancing and receding
contact angles was found for C-Sol2 (83.84°, 74.23°) and for C-Sol2’ (87.34°, 73.93°)

respectively.
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The hydrophilic behavior of samples C-Sol2 and C-Sol2’ may be due to the lower
availability of air pockets to create air entrapment on flat surfaces. In addition, the
influence of airborne contamination on the change in the wetting behavior of some
samples is discussed in next sections. From this, it can be concluded that for flat
copper substrates, the deposited graphene solution partially affects the wetting
behavior and the samples showed a hydrophilic behavior of less than 90° except for
sample C-Sol1’. It was also clearly observed that the use of surfactant SDS in samples

C-Sol1 and C-Sol1’ offered a chance for stronger adsorption of graphene solutions.

4.2.4.2 Porous copper surfaces

In case of electrodeposited porous copper, graphene solution Soll may contribute to
the disappearance of the hierarchical arrays of C*-Soll sample (right) in Fig 51 and
produce only a micro porous copper surface. Therefore, less availability of air-
trapping. The sample C*-Soll in Fig 51 (right) showed some dark areas where the
graphene sheets settled with the homogenous distribution. This assumption has an
important aspect for altering the wetting behaviour by varying the amount trapped air.
In contrast, sample C*-Soll’ exhibit superhydrophobic behaviour (152.45°) after
measuring for one month and nearly the same as C* sample (148.43° ) In case of C*-
Sol2 and C*-Sol2’, the advancing and receding contact angle measurements for
sample C*-Sol-2 were (105.8°, 82.35%) and for C*-Sol2 (139.52°, 111.35°) Fig 46.
Although, the degree of advancing contact angle for C*-Sol2 implies hydrophobic
behaviour more than 90° but water droplet showed sticky behaviour on the surface

even by turning the sample upside down. This Indication of what is called “pinning
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effect of contact line”. This phenomenon was mostly noticed on dark area where
graphene sheets probably accumulated. Although, some researcher claimed that the
wrinkled morphology can improve the hydrophobicity of graphene, but wrinkled
graphene layers can result in pinning effect of contact line as water prefer to stay at

the crest of wrinkles [227]

4.2.5 Chemical effect on wetting behavior

One of most important feature affecting the wetting behavior was the use of the
anionic surfactant SDS with graphene. Even with air exposure, sample C*-Soll
sustained its wetting behaviour as superhydrophilic. Taking into account the fact that
surfactants are compounds that lower the interfacial tension - between two liquids, a
liquid and a solid or a gas and a liquid. Additionally, SDS can prevent graphene layers
from re-aggregating and elongate the graphene layers. This produced multiple layers
of graphene to cover most of the sample surface area according to the consistency of
the contact angle measurement on different areas of sample C*-Soll. Moreover, the
hydrophilic tail of SDS may point to the water molecules, which itself could be an
additional clue to the superhydrophilicity of sample C*-Soll. However, acting of
SDS separately from graphene has a limited effect on the change in the wettability of
copper. This became more evident when 0.2M SDS was dropped onto Sample C*.
Superhydrophilic behavior was observed during the first week and the contact angle
increased rapidly from zero As-deposited to about 147.45 at the end of one month.
This observation indicated a limited effect of SDS apart from graphene on wettability

porous copper sample C* and acts as a wetting agent for a short time. Although, it
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was investigated elsewhere that SDS can effectively decrease the pore sizes of porous
copper films as part of electrolyte solution [228] but it is more likely that deposited
SDS on porous copper plays no part in preventing airborne contamination without
graphene compared to the superhydrophilic behavior of C*-Soll (graphene with
SDS). On other hand, sample C* with SDS only is more likely to be subjected to air
contamination, resulting in an increase in contact angle from zero to about 147.45
degree as SDS solution does not protect the porous from airborne . This was
investigated elsewhere that there is a possibility of SDS aggregation (without

graphene) on a metal surface and concentrated in specific areas [229]

However, the superhydrophobic behavior of sample C*-Soll’ same as C*, is
considered as indication that graphene sheets did not also cover all the entire
electrodeposited copper surfaces. The SDS surfactant may also lose its surface
activity according to the less dispersion of graphene from the solution Soll’. It
observed also that sample C*-Sol1’ showed initially hydrophilic behavior after being
fabricated but contact angles increased rapidly and continued overtime for four weeks
until around 152.43 degree. The responsible of this wetting transitions was probably
related to the high level of adsorption of organic matters such as C2 H2 C2 Hs C3 He C4
Hes. The attendance of this hydrocarbon contamination confirmed by Raman spectra
that showed high intense peaks. For example the peak around 3035 cm is supposedly
to be phenyl on sample C*-Soll’ Fig.41. Moreover, Table 11 showed variable
content of carbon on the surface of some sample of interest. In comparison with
sample C*-Soll, this air borne contamination was inhibited by using of Sol1 solution.
The Raman spectra Fig. 41 of C*-Soll showed low intense peaks around 3000 cm™

and therefore gives an evidence of the superhydrophilic behavior of sample C*-Sol1.
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It should be noted here, this probability of air contamination relied on a comparison

from some reference [230-232] More details of the peaks in Fig.49 and Fig.50

Table 11 Chemical composition of the samples of interest C*-Soll, C-Soll and C-
Sol1’ for 4 weeks, as measured by EDS

Composition (at. %)

Samples

Cu 0 C
C*-Sol1 fresh 41.10 5.70 53.20
C*-Sol1- 30 days 56.76 8.72 34.52
C-Sol1-30 days 54.56 4.15 41.30

C-Sol1’-30days 58.39 491 36.70
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4.2.6 Further observation of the physical effect

The impact of different geometric porous structures of samples with different current
densities C* (0.125 A/cm™), and D* and D*-Sol1 (3A/cm™) on the wettability was
realized. Start by comparing different structures from the SEM images of the samples
in Fig 51 and Fig 52 The images showed a hierarchically dense exterior area on the
deposited copper in sample C* in Fig 51 and large pores with depths of the channels
in samples D* and D*-Soll in Fig 52. In Sample C*, a new liquid-air interface
(hydrophobic) may have been created between the droplet and the air beneath the
water droplet. This interface may add an explanation of the superhydrophobic
behavior of Sample C* (a porous sample).In addition, sample of interest C*-Soll
(using SDS) showed superhydrophilic behavior. Interestingly, both samples D* and
D*-Sol1 showed sustained superhydrophilic behavior without dropping graphene D*
and with graphene D*-Sol1 Fig.52. This superhydrophilicity of both samples D* and
D*-Soll is probably due to the large pore network. It was observed that a slight
penetration of water droplets penetrates through the pores and further into the
channels of the pores. This may attribute to a gravity-driven effect that can force
water ingress into the pores, with a great chance of air escaping once the water
intrusion was initiated. The droplet typically reached a plateau level after several
seconds. When graphene was deposited in the sample D*-Sol1, the contact angle was
stable at 0° with a relatively faster water propagation speed of about 4 seconds
compared to 7 seconds for sample D*. This may be to the accumulation of graphene

at the bottom of the pores, resulting on frictionless passage of water into the channels.
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Figure 51 shown the porous copper without graphene C* (superhydrophobic) on left
and the sample of interest C*-Soll (superhydrophilic) after 30 days of air exposure

SU3500 15.0kV. 5. 3mm x50 SE !

Figure 52 SEM micrographs showing the surface morphology of the 3D porous
copper samples D* and D*-Sol1.
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CHAPTER VI CONCLUSION

Part 1 Effects of plating and storage conditions on the wettability of

electrodeposited porous copper surfaces

Porous copper samples with hierarchical arrays of interconnected micropores and
nanopores were successfully developed with a variation process parameter. By
increasing concentration of the copper electrolyte, copper granules’ size became
larger and more uniform in size. The increase of the applied current density led to
micropore enlargement and some changes in copper granules’ size. These physical
characteristics reflect in the variations of contact angles in the hydrophilic regime that
positively or negatively deviate from that of the monolithic copper surface.
Following the air storing session, it was found that the examined porous copper
samples became hydrophobic and their surface roughness directly related to the
wetting angle, which may be owed to the relation of exposed surface area to oxidation
and to the air trapping effect. In the DI water and saline solution storage conditions,
on the other hand, the examined porous copper samples exhibited hydrophilic
characteristics, most likely owing variations in surface morphology and roughness,
and changes of surface chemistry. Overall, this study thus illustrates how
electrodeposition parameters and storage conditions can largely and mutually
influence the development of a large variation of wetting characteristics, from
hydrophilic and hydrophobic, for copper surfaces. The ability to control the wetting
behavior of the copper surfaces would be important and useful for many engineering

applications and corrosion protection functions
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Part 2 Tailoring the wettability of copper surfaces by dropping of graphene

solutions

The use of graphene on substrates or electro-deposited copper surfaces showed
high feasibility of wettability control and mainly depends on both geometric features
and the dispersion of graphene solutions on the obtained samples. There exits a
significant correlation between electrodeposited surfaces and graphene by utilization
of graphene to obtain different contact angles measurements. Although wetting
transparency has not been clearly observed in the case of few-layer graphene using a
drop of graphene solutions, however, there is an opportunity to tune the wetting
behavior on the obtained copper surfaces. A wide range of contact angle measurement
was recorded by choosing different concentration of the graphene solutions. The
highest contact angle for porous copper, C* and C*-Soll’, coated with low
concentration of graphene solutions before subjected air exposure. A droplet of
graphene solution with SDS surfactant on the epitaxial surface of porous copper
showed sustainable superhydrophilic behavior during one month. This emphasis
that usingan SDS surfactant is more applicable to provide good graphene
dispersibility and control graphene wetting behavior. This work provides a simple
way to understand the effect of parameters such as the concentration on altering the
wetting behavior of graphene layer on copper. Characterization with Raman spectra
provided a reasonable analysis of the possibility of air environment affecting the

wetting transition on porous copper surfaces.
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