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ABSTRACT 

This thesis focused on improving the robustness of the thin film for hydrophobic surface 

and deposition of carbon thin layer for the electrode of energy storage devices by using non-

thermal plasma (NTP). NTP can effectively produce a protective or hydrophobic coating layer on 

the surfaces of various materials, namely glasses, porous surface, fabrics, powders, and polymers 

with low cost. Thermal coating presents low efficiency with a non-uniform coating layer, and the 

sol-gel method shows poor visibility along with a non-uniform coating layer. However, the gas 

phase coating by NTP is an alternative method, that presents a uniform coating layer with excellent 

visibility. In this study, it is shown that NTP is useful to generate uniform robust thin film on the 

various surfaces using gas phase precursors at ambient condition.  

Hydrophobic surfaces have various applications such as self-cleaning windshields, for anti-

contamination, anti-sticking of snow for windows and antennas, anti-biofouling paints for boats, 

anti-icing, anti-corrosion, etc. The surface wettability is determined by the measurement of the 

water contact angle (WCA). A surface is said to be wetted if a liquid spread over the surface evenly 

without forming the droplets. If the water spreads over the surface and it does not form droplets, 

then the surface is called hydrophilic. Regarding surface static water contact angle, a surface 

having water contact angle (WCA) < 90° is known as hydrophilic surface but that having WCA ≥ 

90° is known as hydrophobic. In addition, surface having WCA >150° and sliding angle (SA) ≤ 

10° is called super-hydrophobic owing to its outstanding self-cleaning capability. Both, the WCA 

and the SA show the performance of the thin film surface that how effective it is in the self-cleaning 

function. The wettability of a solid surface is a property that depends on both surface roughness 

and surface chemistry and directly related to the surface free energy. Basically, materials with low 
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surface energies are used to prepare hydrophobic surfaces and materials rich in hydrocarbon are 

suggested to make anode materials. 

Many research groups have tried to make durable superhydrophobic surfaces over metals, 

organic or inorganic substrates. Long-lasting hydrophobic coatings are not readily achievable with 

only low surface energy materials, mainly because of their poor adhesion nature to solid surfaces. 

Low surface energy materials such as hexamethyldisiloxane (HMDSO, O[Si(CH3)3]2), 

pentamethyldisiloxane (PMDSO, C5H16OSi2), tetramethyldisiloxane (TMDSO, [(CH3)2SiH]2O), 

tetramethylsilane (TMS, Si(CH33)4), trimethylsilane (TriMS, HSi(CH3)3) and tetraethyl 

orthosilicate (TEOS, Si(OC2H5)4) are well-known organosilicon precursors capable of forming 

hydrophobic layers. On the other hand, methane (CH4), ethylene (C2H4), propane (C3H6), butane 

(C4H8), pentane (C5H10), hexane (C6H12), and heptane (C7H14) are rich in hydrocarbon. So, these 

hydrocarbons are good candidates to form a carbon polymer layer on the surfaces. Conventional 

chemical polymerizations have a drawback of poor adhesion on solid surfaces, and as well, the 

coating layers created do not function well after several scratches due to their chemical nature. For 

industrial applications, wear resistance, and adhesive properties are critical factors. The poor 

adhesive property may be improved by incorporating aminopropylethoxysilanes that are silanating 

mediators for modifying the silica-based materials' surface. The aminosilanes anchor to the surface 

and establishing a Si-O-Si covalent bond and hydrogen bonding with the amino group. Among 

aminosilanes, (3-aminopropyl)triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3) and 3-

aminopropyl(diethoxy)methylsilane (APDMES, CH3Si(OC2H5)2(CH2)3NH2) have widely been 

used along with low surface energy materials. After studying all those chemicals, TMS, HMDSO, 

APTES, and APDMES were chosen to use as precursors for the robust hydrophobic surfaces and 

n-heptane and ethylene was used for the anode materials. The plasma reactor was operated with a 
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high-voltage alternating current (AC) power source whose frequency output was set to 11.5 kHz. 

In all the cases, noble gas argon (Ar) and the same power source were used to generate plasma. 

Dielectric barrier discharge (DBD) configuration was used in both hydrophobic coatings and 

preparing of graphitic carbon materials for the anode cases. The cylindrical plasma jet was used 

for hydrophobic coatings, but in the case of preparing anode materials, the plasma configuration 

was changed to planar DBD plasma. 

This thesis divided into seven chapters dealing with plasma polymerization of different 

precursors. Glass substrates have been used to deposit polymer layer for hydrophobic coatings and 

nickel foams to deposit hydrocarbon to prepare anode materials for the energy storage devices. In 

chapter one and two, literature review to support this thesis has been discussed widely. In chapter 

three, robust hydrophobic coating with excellent visibility has been investigated using HMDSO 

and APTES precursors. In this study, the H/A (HMDSO/APTES) ratio between two precursors 

has been varied from 3/1 to 1/3 to check the WCA and robustness of the coatings. The highest 

WCA was measured to be 143° at the ratio of 3/1. The detailed discussion has been done in chapter 

two.  

In chapter four, TMS was used along with APTES and the plasma configuration was 

changed from dielectric barrier discharge (DBD) to corona discharge so that the surface having 

any kind of thickness can be treated. But corona discharge has shown noticeable drawback over 

DBD plasma in terms of treated surface area and treatment time. The treated surface area by the 

corona discharge is smaller and the treatment time increased from 5 to 6 times with compare to 

DBD. The T/A (TMS/APTES) ratio has been varied from 3.0 to 7.0 and the obtained WCA angle 

and coating robustness were almost similar to the DBD case. 
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Superhydrophobic surface has been investigated in chapter five. DBD configuration has 

been used in order to treat large surface area within short treatment time. Two precursors namely 

TMS and APDMES were used in the plasma polymerization process and deposited onto the glass 

substrate. Despite the hydrophilic nature of APDMES, however, the coatings prepared with the 

mixture of these two precursors exhibited increases in the WCA from 154 to 163° as the A/T 

(APDMES/TMS) ratio was increased from 1 to 1.7. But, further increase in the A/T ratio to 2.4 

led to a decrease in the WCA, suggesting that the coating layer begins to change toward 

hydrophilic at around this A/T ratio. 

Preparing of carbon material has been studied in chapter six using planar DBD 

configuration reactor. For this study, n-heptane was used as precursor to deposit hydrocarbon on 

the nickel foam. The plasma treatment time was varied from 5 to 120 min to find the optimal 

coating thickness and then pyrolysis was performed under nitrogen environment at 800 ℃ for 6 

hours to convert hydrocarbon to carbon on the nickel foam. The formation of the carbon is 

confirmed by the Raman spectra. The detailed discussion has been done in chapter six.  

The coating films formed under different conditions were characterized by atomic force 

microscopy (AFM), scanning electron microscopy (SEM), X-ray powder diffraction (XRD), X-

ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV), Raman spectroscopy, Fourier 

transform infrared spectroscopy (FTIR), static water contact angle (WCA), and scratch test. 
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CHAPTER-1 

 

Literature review 

 

1.1. Introduction and literature review 

Plasma polymerization has been gaining the popularity to the researchers as an excellent 

surface modification technique. There are numerous advantages in this method. Plasma 

polymerization is a dry and solventless process which is eco-friendly and easy to handle. 

Furthermore, it is a beneficial technique where a large variety of chemically active species (ions 

or radicals) create to attach specific functional groups on the surface which can provide a thin layer 

on the surface that does not damage or change the bulk properties of the substrate. This technique 

can be used to improve hydrophobicity, biocompatibility, printability, adhesion, and corrosion 

protection of materials. This technique can also be used to prepare carbon materials that can be 

used to make the anode for the energy storage devices. The wide discussion to understand about 

the plasma, hydrophobicity, and energy storage devices has been discussed in the below one by 

one. 

1.1.1. Plasma 

Plasma can be described as an ionized gas having approximately equal numbers of 

negatively charged electrons and positively charged ions. It is also called one of four fundamental 

states of matter. The negative charge is carried by the electrons while the positive charge is carried 

by atoms or molecules that are missing those same electrons. It can be generated in the laboratory 

by heating a gas to an extremely high temperature, which causes such vigorous collisions between 
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its atoms and molecules that electrons are ripped free, yielding the requisite electrons and ions. 

Plasma is seen almost every visible matter in the universe such as in the sun and stars. Welding 

arcs, lighting, and auroras are also kind of plasma that we can see often. Plasma even exists in 

fluorescent and neon tube and also many other objects. If we think about our beautiful earth that 

itself immersed in the tenuous plasma called the solar wind and is surrounded by plasma called the 

ionosphere. In the 1920s, chemist Irving Langmuir first described the plasma. The characteristics 

of plasmas are significantly different from those of ordinary neutral gases. 

1.1.2. Non-thermal plasma 

There are many types of plasma can be found but, in this thesis, only NTP will be discussed. 

NTP is defined by its non-equilibrium state with electron temperature much higher than those of 

ions and neutral species [1]. For this type of plasma, the gas temperature is virtually equal to the 

atmospheric temperature, and the electron temperature is of the order of 1-10 eV or several tens of 

thousands of K [2]. This type of plasma can be generated at atmospheric pressure and room 

temperature by either corona discharge (CD) or dielectric barrier discharge (DBD).  

Corona discharge is kind of self-sustaining discharge happens in the non-uniform electric 

fields in gas-phase media [3].  CD can be used in surface treatment, electrostatic precipitation, air 

purification, water treatment, and many other fields [4–8]. Meanwhile, CD has significant negative 

effect such as corona loss, electromagnetic interference in high-voltage transmission lines, audible 

noise, and insulation aging damage in large electrical machines [9,10]. So, it should be overcome 

all those problems. Current researches on corona discharge covered many fields including 

electrode interface contact potential barrier, charge injection, air molecules ionization, particle 

movement, parasitic field distribution, etc. However, due to the numerous influencing factors and 

difficulty of direct observation, the physical nature behind the corona discharge is still unclear and 
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requires further research. Figure 1.1.1 shows the photographic image of a CD taken by iPhone 6 

in the atmospheric environment using argon as a discharge gas at a flow rate of 1.5 L/min. 

 

 

Figure 1.1.1. Typical corona discharge photographic image. 
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Dielectric barrier discharge (DBD) is considered as a nonthermal plasma that has received 

great attention due to its special characteristics. It has been extensively used for various 

applications such as ozone synthesis, surface modification, and biological and chemical 

decontamination [11,12]. Scientists have been known about DBD more than a century. In the year 

1857, Siemens first introduced experimental investigations about DBD plasma [11,13]. They 

focused to generate ozone using the flow of oxygen or air to the influence of a DBD maintained 

in a narrow annular gap between two coaxial glass tubes by an alternating electric field of sufficient 

amplitude. Figure 1.1.2 shows the novel feature of this discharge apparatus which is that the 

electrodes are positioned outside the discharge chamber and are not in contact with the plasma.  

  

Figure 1.1.2. Historic ozone discharge tube of W. Siemens, 1857, adapted from [11]. 
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Generally, a DBD at atmospheric pressure operates in two different modes, i.e., homogenous and 

filamentary [14]. In the filamentary mode, a large number of micro-discharges are randomly 

formed between two electrodes, whereas in the homogeneous discharge, a uniform plasma covers 

the electrode surface. In spite of the industrial application of filamentary mode, homogenous 

discharge is most demanded for many applications, particularly for biological and medical 

applications. DBD has more advantages over CD especially for uniform surface modification. 

Hence DBD configuration was selected for my study. Basic electrode arrangement of DBD 

configurations are shown in Figure 1.1.3. They are distinguished by the presence of at least one 

insulating layer typically glass or ceramic materials between two planar or cylindrical electrodes 

connected to an AC power supply [15].  

Figure 1.1.3. Typical DBD reactor configurations. 
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Breakdown in the gas between two electrodes is locally initiated by applying an electric 

field larger than the breakdown field. The growing electron avalanches quickly produce such a 

space charge that self-propagating filament streamers are formed. The DBD plasma at atmospheric 

pressure is characterized by a large number of short-lived micro-discharges. These micro-

discharges are almost cylindrical plasma channels and spread into large surface discharges at 

dielectric surface. The dielectric serves as dual purpose to limit the amount of charge and energy 

imparted to an individual micro-discharge, and at the same time distributes the micro-discharge 

over the entire electrode area. The formation of micro-discharges is featured by electron 

multiplication; excitation, dissociation, and ionization processes and space charge accumulation 

[11]. 

The charge transferred in the micro-discharged or accumulated on the dielectric plays an 

important role in the characteristics of the DBD, since it not only affects the electric field in the 

gas gap, but also enhances the atomic processes in the discharge [16]. During the rising part of 

external voltage, additional micro-discharges are initiated at new locations because the presence 

of residual charges on the dielectric has reduced the electric field at position where micro-discharge 

have already occurred. On voltage reversal, however, the next micro-discharges will form at old 

micro-discharge locations. Since the voltage has collapsed at these locations, it takes less external 

voltage swing to reach breakdown in the following half period of opposite sign. Consequently, 

high-voltage low-frequency operation tends to reignite the old micro-discharge channels every half 

period. This memory effect due to charge accumulation on the dielectrics is a dominant feature in 

all barrier discharges [17].  
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1.1.3. Chemical activity of nonthermal plasma 

High chemical efficiency is the main advantage of NTP with nearly all input energy 

converted to energetic electrons without significant heating of the bulk gas. The hot electrons can 

trigger many different chemical processes such as excitation, ionization and dissociation, leading 

to formation of various active species that can further react with more stable ones. Examples of 

these species are OH, O, and N radicals; excited N2nmolecules; and atomic and molecular ions 

(e.g., O+, O2
+) [18]. 

The elementary processes NTP can be broadly divided into a primary process and a 

secondary process on the time-scale of streamer propagation. Ionization; electronic, vibrational, 

and rotational excitation; fragmentation; light emission; and charge transfer are those processes 

included in the primary process within a timescale of about 10-8 s. The secondary process is the 

subsequent chemical reaction involving the products of primary processes. Some additional radical 

species and reactive molecules (O3, HO2, and H2O2) are also formed by radical-neutral 

recombination in the secondary process [19]. 

In treating gaseous pollutants in ppm (parts per million by volume) range, it is hard to 

expect that a direct decomposition of dilute pollutant through collisions with energetic electrons 

in the primary process play an important role. The majority of the electron energy is transferred to 

the dominant gas molecules of nitrogen and oxygen through many inelastic collisions and then 

leads to the formation of radicals. The decomposition of gaseous pollutants starts to occur only 

after the formation of radicals in initiated [20]. 
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1.2. Hydrophobicity, hydrophilicity, and silanes 

 

1.2.1. Hydrophobicity and hydrophilicity 

Surface is a very important branch of science that touches all facets of our lives. The most 

recognizable definitions in surface science are hydrophobicity and hydrophilicity. In the Greek 

words, hydro means water, philicity means affinity, and phobicity means lack of affinity. A surface 

is said to be wetted if a liquid spread over the surface evenly without the formation of droplets. 

When the liquid is water and it spreads over the surface without the formation of droplets, the 

surface is said to be hydrophilic. A surface is hydrophilic if it tends to absorb water or be wetted 

by water. In terms of surface static water contact angle, a surface having water contact angle 

(WCA) < 90° is known as hydrophilic surface but having WCA ≥ 90° is known as hydrophobic 

surface. On the other hand, surface having WCA >150° and sliding angle (SA) ≤ 10° is called 

super-hydrophobic surface due to its excellent self-cleaning ability. Generally, WCA and SA 

indicate the performance of the surface how much it will be effective in self-cleaning function. 

Figure 1.1.4 shows WCA results of (a) hydrophilic surface, (b) hydrophobic surface and (c) 

superhydrophobic surface. Our goal is to use NTP to generate hydrophobic coating layer on the 

surface. Hence, we have more discussion about hydrophobicity than hydrophilicity. Researchers 

found the idea to make hydrophobic surface from nature [21–23] to use it for various purposes as 

self-cleaning windows, anti-icing, out-door textiles, self-cleaning of antennas, ultra-dry surface 

applications, protection of circuits and grids, medical devices, and other optical apparatuses [24–

28]. Basically, the thin films deposited by plasma polymerization are pinhole free, have good 

adhesion, and have better mechanical and chemical stabilities. To get hydrophobic characteristics 

the surface requires nano- to micro-scale roughness. Both the surface roughness and the surface 

chemistry affect the hydrophobicity [29]. Up to now, several methods have been proposed to 
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generate surface roughness, including plasma treatment, sol-gel deposition, anodization, 

electrodeposition, chemical treatment, hot-water immersion, and lithography. Low surface energy 

materials such as hexamethyldisiloxane (HMDSO, O[Si(CH3)3]2), pentamethyldisiloxane 

(PMDSO, C5H16OSi2), tetramethyldisiloxane (TMDSO, [(CH3)2SiH]2O), tetramethylsilane (TMS, 

Si(CH33)4), trimethylsilane (TriMS, HSi(CH3)3), tetraethyl orthosilicate (TEOS, Si(OC2H5)4), and 

fluorocarbons are well-known organosilicon precursors capable of forming hydrophobic layers 

[30–32]. The plasma polymerization of silicon-based compounds is more environmentally 

friendly. 

 

 

Figure 1.1.4. WCA results of (a) hydrophilic surface, (b) hydrophobic surface and super (c) 

hydrophobic surface. 
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1.2.2. Theoretical background of hydrophobicity and hydrophilicity 

 

1.2.2.1. Young’s equation 

If a drop of liquid is put on the solid surface, it forms a contact angle (θ). Measuring the 

contact angle of liquid by using Young’s equation is only applicable for flat surface and not to a 

rough one. The contact angle of a liquid on a perfectly smooth and chemically homogeneous solid 

surface is given by Young’s equation [33]: 

𝑐𝑜𝑠𝜃 =
(𝛾𝑠𝑦− 𝛾𝑠𝑙)

𝛾𝑙𝑣
                                                                                                                             (1.1.1) 

where, γsv, γsl, and γlv are the interfacial tensions of the solid-vapor, solid-liquid and the liquid-

vapor interface, respectively. Figure 1.1.5(a) shows the wetting behavior of a liquid droplet on flat 

solid surface ((a) Young’s mode). Wetting of realistic surfaces which are rough and chemically 

heterogeneous is more complex. The earliest work on the effect of surface roughness on contact 

angle was done by Wenzel and Cassie & Baxter. 

 

1.2.2.2. Wenzel’s equation 

An equation has been developed by Wenzel [34] where the liquid may completely penetrate 

into the rough grooves (Figure 1.1.5(b)), and the contact angle on rough surfaces is given by the 

following equation:  

𝑐𝑜𝑠𝜃𝑤 =
𝑟(𝛾𝑠𝑦− 𝛾𝑠𝑙)

𝛾𝑙𝑣
= 𝑟 𝑐𝑜𝑠𝜃                                                                                                        (1.1.2) 

where, θ is the Young’s contact angle on a similar smooth surface, θw is the contact angle on a 

rough surface, and r is the surface roughness factor, defined as the ratio between the actual and 

projected surface area (r = 1 for a perfectly smooth surface, and r > 1 for a rough one). Using the 

Wenzel equation, it can predict that wetting is enhanced by roughness, when θ is < 90°; and the 
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wetting is lessened by roughness, when θ is > 90°. However, when θ > 90°, under some roughness 

condition, air bubbles may be trapped in the rough grooves. In this case, the liquid droplet is 

actually situated on a composite surface, and the wetting behavior is described by Cassie & Baxter. 

 

1.2.2.3. Cassie-Baxter’s equation 

The Cassie-Baxter is a wetting state where, the grooves under the droplet are filled with 

vapor instead of fluid/liquid, as schematically shown in Figure 1.1.5(c). This regime was first 

described by Cassie and Baxter in 1944 [35]. In this case, the liquid-surface interface is actually 

an interface consisting of two phases, namely a liquid-solid interface and a liquid-vapor interface. 

And the apparent contact angle is the sum of all the contributions of the different phases as 

described below: 

𝑐𝑜𝑠𝜃𝑐 = 𝑓1 cos𝜃1 + 𝑓2𝑐𝑜𝑠𝜃2                                                                                                         (1.1.3) 

here, 𝜃1 and 𝜃2 are the contact angles on phase 1 and phase 2, respectively. 𝜃𝑐 is the apparent 

contact angle and  𝑓1 and 𝑓2 are the surface fractions of phase 1 and phase 2, respectively. This is 

the general form of equation, which also can apply when there is no roughness. If one of these 

surfaces is the air-liquid interface, f is the solid fraction, defined as the fraction of the solid surface 

that is wetted by the liquid. Then the air fraction is (1 – f). With θ = 180° for air, the resulting 

contact angle can be calculated by the following equation: 

𝑐𝑜𝑠𝜃𝑐 = 𝑓 cosθ + (1 − 𝑓)cos180° = 𝑓𝑐𝑜𝑠𝜃 + 𝑓 − 1                                                                 (1.1.4) 

The parameter f ranges from 0 to 1, where at f = 0 the liquid droplet does not touch the surface at 

all and at f = 1 the surface is completely wetted, the same as the behavior of a flat surface. When  
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a droplet is in the Cassie- Baxter state, the small contact area between the liquid droplet and solid 

surface allows the droplet to roll easily over the surface. 

 

1.2.3. Silanes 

Silanes are silicon chemicals that possess a hydrolytically sensitive center that can react 

with inorganic substrates such as glass to form stable covalent bonds and organic substitution that 

alters the physical interactions of treated substrates. Unlike than most additives, which have a 

limited performance range, they can achieve surface properties ranging from hydrophilic to 

hydrophobic. They may be a sole active ingredient or a component in a coatings formulation, 

controlling the interaction of water over a broad spectrum of requirements. In order to understand 

how silanes can affect hydrophobicity and hydrophilicity, it is important to understand some of 

the fundamentals of the interaction of water with surfaces.  

The aminosilanes anchor to the surface, forming Si-O-Si covalent bond and hydrogen 

bonding with the amino group. Among aminosilanes, (3-aminopropyl)triethoxysilane (APTES, 

Figure 1.1.5. Liquid droplet on solid rough surface: (a) Young’s mode; (b) Wenzel’s mode; 

(c) Cassie’s mode. 
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H2N(CH2)3Si(OC2H5)3) and 3-aminopropyl(diethoxy)methylsilane (APDMES, 

CH3Si(OC2H5)2(CH2)3NH2) have widely been used along with low surface energy materials. 

 

1.3. Energy storage devices 

Energy storage devices are such devices used to store electric energy when needed and 

releasing it when required. These devices have been playing a major role within energy harvesting 

technology and wireless sensor networks to monitor the equipment due to its ability to store and 

slowly release harvested energy at ultra-low power over extended time periods. 

Overall there are two types of energy storage devices. Firstly, there are electrical storage 

devices such as batteries, capacitors, and superconducting magnetic energy storage. Secondly, 

there are non-electrical energy devices which convert thermal and kinetic energy into electrical 

energy using flywheels, pumped hydro, and pumped air storage systems. In this study, anode 

materials are being prepared to use in supercapacitor study and hence supercapacitor has been 

discussed briefly.   

1.3.1. Supercapacitor 

A supercapacitor (SC) also known as electrochemical capacitor is a very high-capacity 

capacitor with plentiful higher capacitance values then other ordinary capacitors consist of two 

electrodes composed of a high surface area material, placed either side of the thin charge layer that 

contain the electrolyte. This supercapacitor is able to achieve very high specific capacitance and 

can maintain the much faster rate of charge and discharge with compare to typical capacitors [36]. 

A supercapacitor consists of two electrodes, an electrolyte, and a separator which isolates the two 

electrodes electrically. Basically, the most important component of a supercapacitor is its electrode 
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materials [37,38]. The benefits of the supercapacitors over other energy storage devices are long 

life, high power, wide thermal range (-40 ⁰C to 70 ⁰C), flexible packaging, low weight, and low 

maintenance [39]. The best utilization of supercapacitor can be in the areas that required 

applications with short load cycle and high reliability such as electric vehicles, load cranes, and 

power quality improvement [40]. Among the promising applications of supercapacitors is in fuel 

cell vehicles and low emission hybrid vehicles[41]. The unique qualities of the supercapacitors are 

when used with batteries or fuel cells they serve as temporary energy storage devices providing 

high power capability to store energy from braking [42]. 

The improvement of performance of a supercapacitor is shown in Figure 1.1.6, which is 

known is a “Ragone plot.” This graph (Figure 1.1.6) presents the power densities of various energy 

storage devices such as fuel cells, batteries, supercapacitors, typical capacitors, etc, measured 

along the vertical axis, versus their energy densities, measured along the horizontal axis. 

According to the graph, the supercapacitors occupy a region between batteries and conventional 

capacitors [43].  

A bank of supercapacitors (several capacitors of the same rating that are connected in series 

or parallel with each other to store electrical energy) can be used as bridge the short time duration 

between a power failure and the startup of backing power generations due to its high-power 

capability. However, the energy density of supercapacitor is greater than that of typical capacitors 

but it is still considerably lower than batteries or fuel cells. Electrochemical performances of an 

electrode material strongly rely on factors like surface area, electrical conductivity, wetting of 

electrode and permeability of electrolyte solutions [44]. 

A lot of challenges are faced by supercapacitors including low energy density, low voltage 

per cell, high self-discharge, and production cost. Developing the new electrode materials can be 
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a strong candidate to overcome the obstacle of low energy density problem. Nowadays, carbon 

materials, metal oxides and conducting polymers are the most popular materials for using as 

electrode materials to the researchers. Fabrication of carbon materials have been used from the 

beginning of the supercapacitor due to their high surface area properties. On the other hand, metal 

oxides offer excellent choice as electrode material due to its high specific capacitance and low 

resistance, making it easier to construct high energy and power supercapacitors. In the case of 

conducting polymers reduction-oxidation process is used to store and release charge [45]. 

Figure 1.1.6. Ragone plot for various energy storage and conversion devices, adapted from [43]. 
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1.3.2. Energy storage mechanism and classification of supercapacitor 

The operation principle of supercapacitor is based on energy storage and distribution of the 

ions coming from the electrolyte to surface area of the electrodes. The mechanism of energy 

storage of supercapacitors can be divided into three classes: (a) Electrochemical double-layer 

capacitors, (b) pseudocapacitors, and (c) hybrid supercapacitors as shown in Figure 1.1.7 below. 

 

 

 

 

 

 

 

 

 

Figure 1.1.7. Taxonomy of supercapacitors. 
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1.3.2.1. Electrochemical double layer capacitors (EDLCs) mechanism 

Figure 1.1.8 shows the schematic of an electrochemical double-layer capacitor. The general 

construction process of electrochemical double-layer capacitors (EDLCs) are based on two carbon-

based electrodes/materials, an electrolyte, and a separator. EDLCs can store charge either 

electrostatically or non-Faradaically but also make sure that the charge should not be allowed to 

transfer between electrode and electrolyte. To store energy, EDLCs use an electrochemical double-

layer. After applying the voltage, the accumulation of charges on the electrode surfaces is started 

due to the potential difference. Following the natural attraction of unlike charges, ions in the 

electrolyte solution diffuse across the separator into the pores of the electrode of opposite charge. 

However, to prevent the recombination of the ions at electrodes, a double layer of charge is formed. 

These double-layers, coupled with an increase in surface area and a decrease in the distance 

between electrodes, allow EDLCs to achieve higher energy densities than conventional capacitors 

[43,46,47]. 

EDLCs can be operated with stable performance characteristics for many charge-discharge 

cycles, numerically it is almost 106 cycles but for the electrochemical batteries, this number 

reduced to only about 103 cycles. Due to the excellent cycling stability of EDLCs, these can be 

well suited for applications that involve non-user serviceable locations, such as deep sea or 

mountain environments [43,46,47]. 

The EDLC performance characteristics depend on both electrode materials and 

electrolytes. An EDLC can utilize either an aqueous or organic electrolyte. Aqueous electrolytes, 

such as KOH, and H2SO4, usually have lower ESR and lower minimum pore size requirements 

compared to organic electrolytes, such as acetonitrile. One more thing that aqueous electrolytes 

also have lower breakdown voltages. Therefore, for choosing between an aqueous or organic 
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electrolyte, one should consider the adjustments between capacitance, ESR, and voltage [43,46–

48]. Because of these adjustments, the choice of electrolyte often depends on the intended 

application of the supercapacitor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.8. Schematic of an electrochemical double-layer capacitor. 
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The nature of the electrolyte is one of the great importance in supercapacitor design. The 

EDLCs subclasses are prominent mainly by the form of carbon they use as an electrode material. 

The carbon electrode materials got huge advantages over other materials due to the higher surface 

area, lower cost, and more traditional fabrication techniques are available, such as conducting 

polymers and metal oxides [43,46–48]. There are also some different forms of carbon materials 

available that can be used to store charge in EDLC electrodes are called activated carbons, carbon 

aerogels, and carbon nanotubes. 

 

1.3.2.2. Pseudocapacitors  

Generally, the EDLCs store charge electrostatically but pseudocapacitors store charge 

Faradaically through the transfer of charge between electrode and electrolyte. This is performed 

through reduction-oxidation reactions, electrosorption, and intercalation processes [46,49,50]. All 

of these Faradaic processes allow pseudocapacitors to gain greater capacitances and energy 

densities than EDLCs [51–53]. Two electrode materials namely conducting polymers and metal 

oxides are used to store charge in pseudocapacitors. 

 

1.3.2.3. Hybrid  

Hybrid capacitors are introduced to achieve the relative advantages and mitigate the 

relative disadvantages of EDLCs and pseudocapacitors to get better performance characteristics. 

Hybrid capacitor utilizes both Faradaic and non-Faradaic processes to store charge. As it can utilize 

both processes, hence, hybrid capacitors have achieved energy and power densities greater than 

EDLCs without the sacrifices in cycling stability and affordability that have limited the success of 

pseudocapacitors. Nowadays, research has focused on three different types of hybrid capacitors, 
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distinguished by their electrode configuration: composite, asymmetric, and battery-type 

respectively. 
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CHAPTER-2 

 

Materials, methods and characterization 

 

2.1. Introduction   

The chapter has been discussed the detailed about the chemicals, gases, experimental 

methods, and the characterization processes used in this thesis. All the experimental works have 

been done in the laboratory to reach the research goal followed by physicochemical 

characterization and evaluation of the thin films and electrochemical properties of the obtained 

materials.  
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2.2. Materials and apparatus  

 In order to conduct an experiment, both materials and apparatus are needed. The detailed 

discussion about materials and apparatus are given below.   

 

2.2.1. Materials 

Materials in a reaction are the chemical reactants, solvents and catalysts used in the process. 

The chemicals were used in this thesis was research grade and were used without further 

purification. For example, when we require to measure the thickness of a wire using gauge, in this 

case, the wire uses as a material and screw gauge as an apparatus. The detailed list of materials 

and chemicals were used in this thesis are given in Table 2.1.1. 

Table 2.1.1. List of chemicals used in this thesis. 

Materials Formula Grade/Purity Supplier 

Hexamethyldisiloxane 

(HMDSO) 

O[Si(CH3)3]2), ≥ 98% 

Sigma-Aldrich 

Korea Co., Ltd. 

Tetramethylsilane (TMS) Si(CH33)4 ≥ 99% 

Sigma-Aldrich 

Korea Co., Ltd. 

(3-Aminopropyl)-

triethoxysilane (APTES) 

H2N(CH2)3Si(OC2H5)3 ≥ 98% 

Sigma-Aldrich 

Korea Co., Ltd. 

3-aminopropyl(diethoxy)-

methylsilane (APDMES) 

CH3Si(OC2H5)2(CH2)3NH2 ≥ 97% 

Sigma-Aldrich 

Korea Co., Ltd. 

n-Heptane C7H16 99.0% Fisher Scientific 



 

26 
 

Nickel foam Ni - MTI., Ltd., Korea 

Ethanol CH3CH2OH 99.9% Fisher Scientific 

Acetone C3H6O 99.8% Fisher Scientific 

Soda lime glass - - - 

Argon Ar 99.99% - 

Nitrogen  N2 99.99% - 

 

 

2.2.2. Apparatus  

The apparatus are the tools which are used for measuring of a physical quantity required 

depending on the type of materials. All the apparatus used in this thesis are research grade. The 

detailed list of apparatus were used in this thesis are given in Table 2.1.2. 

Table 2.1.2. List of apparatus used in this thesis. 

Apparatus Model/Specification Manufacturer 

FT-IR spectroscopy FT-IR 7600 Lambda 

 UV-Vis Spectrophotometer Mega-2100 SCINCO 

Furnace  DFT-50300 DH Science 

Pyrex flasks - - 

Controlled heating mantle HM1000C Wissper 
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2MP 1000X 8 LED USB Digital 

Microscope Endoscope Zoom Camera 

2MP 1000X 8 LED USB 

Digital Microscope 

A4Tech 

Home-made scratch tester - Home-made 

 

 

 

2.3. Preparation of coating  

The plasma-induced polymerization of different precursors was performed on soda-lime 

glass substrates and nickel foams with the dimensions of 75 mm × 27 mm × 1.2 mm. The flow rate 

of argon was typically 2.5 L/min, and that of nitrogen was also 2.5 L/min. Thus, the total gas flow 

rate was 5 L/min. Argon and nitrogen were separately fed into the system. The mass flow 

controllers (MFCs) were used to control the flow rates of the feed gases. The precursors contained 

in Pyrex flasks were delivered to the plasma reactor by bubbling them with argon. The 

concentration of precursors was changed from 135 to 8000 ppm (parts per million, volumetric) 

using its vapor pressure varying according to the temperature. The area of the coating was 

estimated to be around 1500 mm2. 

 

2.4. Materials synthesis  

In this thesis, nickel foams were synthesis by the thermal process using furnace in the lab. 

For this study, n-heptane was used as precursor to deposit hydrocarbon on the nickel foam. The 

plasma treatment time was varied from 10 to 60 min to find the optimal coating thickness and then 

pyrolysis was performed under nitrogen environment at 700 ℃ for 5 hours to convert hydrocarbon 

to carbon on the nickel foam 
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2.5. Materials characterization 

 The nanomaterials were analyzed using several characterizations methods to identify the 

morphology, surface microstructure, crystal phase, size, composition, surface area, etc. The 

detailed experimental conditions are given below. 

  

2.5.1. Atomic Force Microscopy (AFM) 

The surface nanostructures of the coating were examined by atomic force microscopy 

(AFM, Nano Xpert II, EM4SYS, USA). One of the most important tools for imaging on the 

nanometer scale, Atomic Force Microscopy uses a cantilever with a sharp probe that scans the 

surface of the specimen. Atomic force microscopy will measure a number of different forces 

depending on the situation and the sample that you want to measure. As well as the forces, other 

microscopes can include a probe that performs more specialized measurements, such as 

temperature. Unlike rival technologies, it does not require either a vacuum or the sample to undergo 

treatment that might damage it. 

 

2.5.2. Field-emission scanning electron microscopy (FE-SEM) 

The SEM is routinely used to generate high-resolution images of shapes of objects (SEI) 

and to show spatial variations in chemical compositions: 1) acquiring elemental maps or spot 

chemical analyses using EDS, 2) discrimination of phases based on mean atomic number 

(commonly related to relative density) using BSE, and 3) compositional maps based on differences 

in trace element "activators" (typically transition metal and Rare Earth elements) using CL. The 

SEM is also widely used to identify phases based on qualitative chemical analysis and/or 

crystalline structure. The SEM have been used in this thesis was FE-SEM (Model: FE-SEM, JSM- 
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6700F, JEOL Ltd) with a 15 kV of acceleration voltage and 10 µA of filament current. Prior to 

measurement, the as-prepared samples were fixed onto a double-face conducted tape mounted on 

a metal stud and coated with platinum with a sputter coater (Quorum Rotary-Pumped sputter coater 

-Q150R). 

 

2.5.3. X-ray photoelectron spectroscopy (XPS)  

The coating surface chemistry was analyzed using X-ray photoelectron spectroscopy (XPS). 

The chemical composition and the state of elements present in the outermost part of samples were 

obtained by X-ray photoelectron spectroscopy (XPS) techniques using ESCA- 2000, VG 

Microtech Ltd and Theta Probe AR-XPS system (Thermo Fisher Scientific, U.K). Here a 

monochromatic X-ray beam source at 1486.6 eV (Aluminum anode) and 14 kV was used to scan 

the sample surface. A high flux X-ray source with Aluminum anode was used for X-ray generation, 

and a quartz crystal monochromatic was used to focus and scan the X-ray beam on the sample. 

 
  

Figure 2.1.1. Principle of X-ray photoelectron spectroscopy. 
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2.4.4. Raman spectroscopy  

The Raman spectrum is a non-damaging tool towards and sensitive technique the structural 

defects and disorders, crystallization in nanostructures. Further, it is also used to study the bonding 

nature of various carbon materials such as graphite and carbon nanotube. Raman spectra of the 

prepared FeCe2O4 and SrNiO3 was studied using a Model: LabRam HR800 micro Raman 

spectroscopy (manufacturer: Horiba Jobin-Yvon, France). The Raman spectrum was operated at 

an excitation wavelength of 514 nm at the different laser power using Ar+ ion laser. The spectral 

region of 100–3500 cm-1
 was used to collect the data was using an acquisition time of 10-s data 

point.  

 

 

  

Figure 2.1.2. Simplified block diagram of the FT-Raman spectrometer. 
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2.4.5. X-ray diffraction (XRD)  

X-ray diffractometer (XRD) is an essential analytical technique to determine the phase 

purity, the phase of the crystal, structure, and crystal size. The synthesized samples were performed 

by using (D/MAX 2200H, Bede 200, Rigaku Instruments C) X-ray diffractometer (XRD) operated 

at the power of 40 kV and current of 40 mA with Cu-kα radiation in the range 2θ angle of 10-80° 

with a step of 0.02°.  

 

2.4.6. Fourier transform infrared (FT-IR) spectrometer (XRD)  

Fourier transform infrared spectroscopy (FTIR, FTIR-7600, Lambda Scientific, Australia) 

was used to investigate the composition of the effluent from the plasma jet and the deposited thin 

films. It is an important technique for the direct monitoring of interaction between adsorbed 

molecules and the materials. Since the soda-lime glass is not transparent to infrared (IR), polymer 

films were deposited on potassium bromide (KBr) disks by the same plasma polymerization 

process. All the spectra were collected by taking average of 10 scans at 1 cm-1 resolution in the 

range of 500–4000 cm-1. 

Figure 2.1.3. Schematic diagram of FTIR. 
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2.4.7. Flow controller units 

This division is the first part of the set-up where the gas flow rates can be controlled through 

the mass flow controllers and blended in a cylinder mixer. A mass flow controller automatically 

controls the flow rate of a gas according to a set flow rate sent as an electric signal, without being 

affected by use conditions or changes in gas pressure.  Flow rates can be roughly classified into 

two types: volumetric flow and mass flow.  A volumetric flow measurement is affected by ambient 

temperature and pressure. All the mass flow controllers were used in thesis are manufactured by 

ATOVAC instruments (model AFC500). Their gas flows are adjusted through a manual control 

panel which is supplied by ATOVAC instruments (model GMC1200). The ranges of the mass 

flow were used from 10 to 5000 ml min-1. Each and every controller was calibrated for all gases 

that were expected to be used with a bubble flow meter and checked regularly.  

 

 

  

Figure 2.1.4. (a) Mass flow controller and (b) Pressure & Flow controller. 
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2.4.8. Nano View 2400 

NV-2400 is the fast non-contact 3D profiler for all kinds of surface. X/Y stage is automated 

but Z axis is manual. NanoSystem designs it mainly for R&D, universities and process 

management users. NanoSystem creates H/W and S/W with its own patented algorithms and White 

Light Interferometry. It can measure large field of view (500 mm2) by stitching function. The 

patented WSI/PSI technology measures a wide variety of surface materials and parameters, 

including 2D and 3D profiling of surface texture, form, step-height and more (0.1 nm - vertical 

and 0.2 um–lateral resolution) patented WSI/PSI technology measures a wide variety of surface 

materials and parameters, including 2D and 3D profiling of surface texture, form, step-height and 

more (0.1 nm - vertical and 0.2 um–lateral resolution). 

 

  

Figure 2.1.5. NV-2400 3D nano-profiler system. 
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CHAPTER-3 

 

Robust hydrophobic coating on glass surface by an atmospheric-pressure plasma jet for 

plasma-polymerization of hexamethyldisiloxane conjugated with (3-aminopropyl) 

triethoxysilane 

 

 

Highlights 

➢ DBD configuration used to make hydrophobic surface.  

➢ HMDSO and APTES used as precursors to study the coating layers. 

➢ Robust coating layer formed on the glass surface with uniform thickness. 

➢ Deposition was confirmed by FE-SEM and AFM. 

➢ No significant loss in the visibility region. 
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3.1. Introduction 

Nonthermal plasma (NTP) treatment at atmospheric pressure has been a warm research 

topic in recent years for making hydrophobic surface of various materials [1–7]. The hydrophobic 

surface can be used for various purposes such as self-cleaning windows, anti-icing, out-door 

textiles, self-cleaning of antennas, ultra-dry surface applications, protection of circuits and grids, 

medical devices, and other optical apparatuses [8–12]. Basically, the thin films deposited by 

plasma polymerization are pinhole free, have good adhesion, and have better mechanical and 

chemical stabilities. To get hydrophobic characteristics the surface requires nano- to micro-scale 

roughness. Both the surface roughness and the surface chemistry affect the hydrophobicity [2]. Up 

to now, several methods have been proposed to generate surface roughness, including plasma 

treatment, sol-gel deposition, anodization, electrodeposition, chemical treatment, hot-water 

immersion, and lithography [12–17]. A surface having water contact angle (WCA) from 90° to 

150° is known as hydrophobic, and the surface more than 150° is known as superhydrophobic due 

to its excellent self-cleaning ability.  

Although low surface energy materials such as fluorocarbons can be used to produce 

hydrophobic coatings [14,18,19], the plasma polymerization of silicon-based compounds is more 

environmentally friendly. This study has dealt with the plasma polymerization of 

hexamethyldisiloxane (HMDSO, C6H18OSi2) and (3- aminopropyl)triethoxysilane (APTES, 

H2N(CH2)3Si (OC2H5)3) at atmospheric pressure. The main purpose of using the two precursors is 

to increase not only hydrophobicity but also robustness of the coating. As well known, one of the 

major drawbacks of the silicon compound coatings is their poor mechanical abrasion which 

extinguishes the self-cleaning function due to the damage of surface roughness and coating layer. 

HMDSO is generally used to promote hydrophobicity, but due to its poor adhesion to metal or  
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inorganic material, the long-term stability of the coating layer is not satisfactory. Hence, APTES 

is used with HMDSO to overcome this issue but the cost is to sacrifice the WCA as it is known 

that APTES is hydrophilic in nature. Basically, organosilane reagents are commonly used to 

produce functionalized thin films on silicon oxide and other substrates for a variety of 

technological applications. APTES is one of the similar aminosilanes which is used in this study 

to facilitate production of arrays of metal nanoparticles on silica substrates [20]. For surface 

coating, APTES is highly suggested to use for its covalent attaching to silica (SiO2), titania (TiO2), 

organic films, and metal oxides [2]. Masuko et al. [21] studied the shear strength and durability of 

self-assembled monolayer (SAM) and the tribological performance with different numbers of 

siloxane bonds on smooth silicon substrates. They found that increasing the number of siloxane 

bonds of SAMs gives more stable surface with low friction and greater durability. One of the key 

parameters explored in this work was the ratio of HMDSO to APTES. 

 

3.2. Experimental  

Schematic diagrams of the plasma polymerization system and homemade scratch tester are 

shown in Figure 3.1.1. The plasma reactor was made of a glass tube and two stainless steel needles 

acting as the high voltage (HV) electrode. The HV electrode was powered by an AC power source 

(Korea Switching Co.) with an operating frequency of 11.5 kHz. The inner and outer diameter of 

the glass tube was 5.0 and 8.0 mm, respectively. The distance between HV electrode tip and the 

end of the reactor glass tube was kept constant at 75 mm. The gap between the end of the tube and 

the substrate was kept constant at 2 mm. The substrate samples held on a Teflon plate reciprocated 

below the stationary plasma jet at a speed of 90 mm/s. Argon (99.99%) and nitrogen (99.99%) 

were used as the carrier and shielding gas, and they were separately fed into the system as shown  
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Figure 3.1.1. Schematic diagrams of (a) the experimental setup and (b) home-made scratch tester. 
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in Figure 3.1.1(a). The purpose of using the shielding gas was to protect the plasma jet from the 

interference of oxygen and water vapor diffused from ambient air. The two precursors, namely, 

HMDSO and APTES were purchased from Sigma-Aldrich Korea Co., Ltd. HMDSO was used to 

promote hydrophobicity while APTES to promote mechanical robustness. 

The appropriate condition was determined based on the parametric study with several key 

parameters such as treatment time, applied voltage, gas flow rate, and the ratio of two precursors. 

The treatment time was changed from 30 to 120 s, and the effect of applied voltage was examined 

from 5 to 8 kV. The total concentration of the precursors was set to 280 ppm (parts per million, 

volumetric). The concentration of HMDSO was 280 ppm in the HMDSO-alone case (H100); in 

the APTES-alone case (A100), the concentration was also the same. 

The HMDSO/APTES (H/A) ratio was varied by 3/1, 1/1, and 1/3. Both precursors were 

delivered to the jet by bubbling HMDSO and APTES (at 25 and 121°C, respectively) contained in 

Pyrex flasks using argon gas. The flow rate of the shielding gas was fixed at 2.5 L/min, and the 

effect of the flow rate of argon on the coating was examined in the range of 0.5–4.5 L/min. Thus, 

the total flow rate of argon and nitrogen was changed from 3.0 to 7.0 L/min. The substrates for 

coating were soda-lime glasses with dimensions of 75 mm × 27 mm × 1.2 mm, and thus the 

resulting coated area was estimated to be around 1500 mm2. 

The WCA of the coated surfaces was measured for understanding the hydrophobicity of 

the coated surface polymer. The WCA measurements were carried out on a goniometer (Phonix 

300, Surface & Electro Optics Co., Ltd., Korea) using sessile drop technique by dropping about 

10 μL of distilled water on the sample’s surfaces. The surface morphology was seen by scanning 

electron microscopy (SEM, JSM-6700F, JEOL, Japan) at an operating voltage of 15 kV. The 

surface nanostructures of the coating were examined by atomic force microscopy (AFM, Nano 
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Xpert II, EM4SYS, USA). Fourier transform infrared spectroscopy (FTIR, FTIR-7600, Lambda 

Scientific, Australia) was used to investigate the composition of the effluent from the plasma jet 

and the deposited thin films. The coating surface chemistry was analyzed using X-ray 

photoelectron spectroscopy (XPS). The coating layer robustness was performed by home-made 

scratch tester and wear tracks were observed by an optical microscope (2MP 1000X 8 LED USB 

Digital Microscope Endoscope Zoom Camera, A4Tech, Taiwan). For a typical scratch test, a 

diamond tip moves over the surface to make a scratch with either constant or progressively 

increasing load [22]. Usually, the normal force, tangential force, friction coefficient, acoustic 

emission, and penetration depth are measured continuously during scratch testing [22]. Figure 

3.1.1(b) shows the home-made scratch tester used in this work to examine the robustness of the 

coating. The scratch tester is mainly composed of a DC motor which drives a needle (tip diameter: 

0.5 mm) to move on the sample’s surface for creating scratch with predetermined vertical loads. 

Yarn is used to connect motor’s driving shaft to the needle holder. The needle holder is guided by 

a sliding guide and it can travel horizontally back and forth. The samples for testing were put under 

the tip of the needle and fixed by double-sided tape so that the samples did not move during 

scratching. The tip of the needle was cleaned with ethanol and tissue wiper before and after a 

scratch test for each sample. The moving speed of the tip was set to 37 mm/s and the length of 

scratch was around 10 mm. For every sample, constant loads were applied every time to determine 

the breakdown force for the coating layer. 
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3.3. Results and discussion 

 

3.3.1. Water contact angle measurements of the glass substrates 

The surfaces with different degrees of hydrophobicity were observed after the plasma 

polymerization process, depending on the operating conditions including the applied voltage, the 

gas flow rate, the HMDSO/APTES (H/A) ratio, and the treatment time. Figure 3.1.2 shows the 

dependence of WCA on the treatment time, the applied voltage, the H/A ratio and the gas flow 

rate. The WCA results reported in Figure 3.1.2 are the average values of five measurements at 

each condition. In detail, Table 3.1.1 summarizes the values of the experimental parameters, the 

average WCAs and the standard deviations. 

The effect of treatment time was examined from 30 to 120 s at a H/A ratio of 3/1 with the 

applied voltage and the total gas flow rate kept constant at 7 kV and 6 L/min, respectively. As 

shown in Figure 3.1.2(a), the WCA was varied from 100° to 141° by changing the treatment time 

within the investigated range. Basically, WCA depends on surface roughness and thickness. At a 

short treatment time of 30 s, the surface roughness and coverage were relatively poor, compared 

with 45–120 s treatment time. Increasing the treatment time can allow more deposition on the 

surface, which increases thickness, surface coverage and roughness. After a certain limit, however, 

thickness may increase but surface coverage and roughness remain similar and hence the WCA 

does not increase. In this experiment, the WCA increased from 100° to 143° with increasing the 

treatment time from 30 to 60 s, but further increasing the treatment time hardly affected the WCA. 

Thus, 60 s was chosen for the treatment time. 
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Figure 3.1.2. Dependence of WCA on (a) the treatment time, (b) the applied voltage, (c) the H/A 

ratio and (d) the gas flow rate. 
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Table 3.1.1. Operating conditions and WCA measurement results. 

 

 

 

Treatment 
time (s) 

Applied 
voltage (kV) 

H/A ratio 
(-) 

Gas flow rate 
(L/min) 

Average WCA 
(degree) 

Standard 
deviation 

30 7.0 3/1 6 100 2.4 

45 7.0 3/1 6 120 2.1 

60 7.0 3/1 6 143 2.6 

90 7.0 3/1 6 142 2.4 

120 7.0 3/1 6 141 2.1 

60 5.0 3/1 6 70 2.5 

60 6.0 3/1 6 103 2.7 

60 7.0 3/1 6 143 2.6 

60 7.5 3/1 6 142 2.8 

60 8.0 3/1 6 142 2.7 

60 7.0 H100 6 162 3.1 

60 7.0 3/1 6 143 2.6 

60 7.0 1/1 6 101 2.8 

60 7.0 1/3 6 78 2.5 

60 7.0 A100 6 47 2.1 

60 7.0 3/1 3 103 2.7 

60 7.0 3/1 4 115 2.2 

60 7.0 3/1 5 130 2.3 

60 7.0 3/1 6 143 2.6 

60 7.0 3/1 7 142 2.6 
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In the second step, the effect of applied voltage was examined from 5 to 8 kV with the 

treatment time, the H/A ratio, and the total flow rate kept constant at 60 s, 3/1, and 6 L/min, 

respectively. As in Figure 3.1.2(b), the WCA increased with raising the applied voltage from 5 to 

7 kV and then leveled off. Generally, the higher the applied voltage, the more intense the plasma 

was, leading to the enhancement in the deposition rate and the formation of particulates in the 

plasma gas phase, called dusty plasma which is prerequisite to obtain rough surfaces. The highest 

WCA were measured to be 143° at 7 kV. There was no significant change in the WCA at higher 

applied voltages. From the results obtained, the applied voltage of 7 kV was chosen for the 

appropriate applied voltage.  

The third step was to see the effect of the H/A ratio on the WCA. The treatment time and 

the applied voltage chosen above were 60 s and 7 kV, respectively. Figure 3.1.2(c) shows the 

dependence of WCA on the H/A ratio with the treatment time and applied voltage kept constant at 

60 s and 7 kV, respectively. The WCA values of the coatings formed from the single precursor of 

APTES and HMDSO are also added for the purpose of comparison. It is natural that the WCA 

should decrease with increasing the content of APTES in the mixture of the two precursors due to 

its hydrophilic character, which has been confirmed by the low WCA of the A100 coating. 

Lastly, the gas flow rate was changed to understand its effect on the WCA while the 

treatment time, the applied voltage, the H/A ratio were kept constant at 60 s, 7 kV, and 3/1, 

respectively. In Figure 3.1.2(d), it was observed that by increasing the total gas flow rate from 3 

to 6 L/min the plasma was getting more intense, leading to an increased WCA from 103° to 143°. 

But further increases of the feed gas flow rate to 7 L/min did not noticeably change the WCA, and 

hence 6 L/min was chosen for the optimal gas flow rate. 
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3.3.2. Coating stability test 

Coating stability was examined by performing natural and thermal aging. All the plasma-

treated samples were stored in centrifuge tube at room temperature. The aging time was reported 

to have a significant effect on WCA for the powder substrate coating [23]. Trinh et al. [23] have 

reported that the WCA could increase by 15–40° within 30 days in the case of powder substrate 

coating. Unlike the power substrate coating, the WCA of the plasma-treated substrate (glass) as 

shown in Figure 3.1.3(a) was hardly affected by the aging (15, 30, and 90 days), indicating that 

the coating is highly stable and durable. The thermal stability of the coating was examined by 

annealing tests at 200°C and 250°C for one hour. The WCA did not nearly change in both cases, 

as shown in Figure 3.1.3(b). 

Figure 3.1.3. (a) Aging time effect and (b) annealing temperature. 
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3.3.3. Surface morphology and coating thickness 

The AFM and SEM analyses were carried out to understand the relationship between the 

two precursors in the plasma polymerization process as well as to see the surface morphology, 

roughness and thickness of the coating. Root-mean-square (RMS) roughness and coating thickness 

are listed in Table 3.1.2. 

Table 3.1.2. Thickness and RMS roughness of each sample. 

Sample Thickness (nm) RMS roughness (nm) 

H100 420 182±5 

H/A=3/1 370 123±6 

H/A=1/1 317 86±4 

H/A=1/3 275 48±4 

A100 215 36±5 

  

Figure 3.1.4 shows the AFM results of the coated samples for H100, A100 and various H/A ratios. 

From the figure, it can be seen that the number of needle-like peaks grown on the substrate surfaces 

decreased from Figure 3.1.4(a–e). The higher the number of needle-like peaks, the higher the 

surface roughness. The H100-alone coating (Figure 3.1.4(a)) had the highest surface roughness 

and thickness and it is likely due to the hydrophobic nature and reactivity of HMDSO in the 

plasma. When HMDSO and APTES were added together, the roughness and coating thickness 

decreased as the H/A ratio decreased. The formation of rough surfaces with nanoscale topographic 

features results from the generation of particulates through gas-phase condensation reactions. The 

plasma-induced particulates then deposit and adhere to a substrate [5]. In the plasma 

polymerization, it is believed that HMDSO is more active than APTES to produce fragments, 

facilitating the formation of particulates and therefore the high surface roughness.  
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Figure 3.1.5 shows SEM images of the corresponding samples. The coatings consist of 

nanostructures ranging from 70 to 200 nm. It was found that the coatings had shown cauliflower-

like morphology in the case of H100 and the H/A ratio of 3/1 (Figure 3.1.5(a,b), respectively), 

while in the other cases the nanostructures formed were like numerous circular islands with 

different sizes. 

 

 

Figure 3.1.4. AFM images of the coated samples. (a) H100; (b) H/A = 3/1; (c) H/A = 1/1; (d) H/A 

= 1/3; and (e) A100. 
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3.3.4. Surface modification by APTES 

Plasma polymerization with amines is still under investigation and only a few articles 

discussed about this issue [24–28]. The plasma polymerization by the APTES is described in 

Figure 3.1.6 [29–31]. For better understanding, the surface modification by the APTES can be 

divided into three parts: (a) hydrogen bonding due to initial adsorption, (b) surface attachment, 

and (c) multilayer formation [31]. If we take a careful look at Figure 3.1.6(a,b), it can be seen that 

still there is no sign of donor amine and acceptor groups. It indicates that some of APTES 

molecules are not H-bonded to the surface. Hence, the formation of siloxane cross-links depends 

on the inter-APTES reaction and makes a thin layer (Figure 3.1.6(c)) where donor amine and 

acceptor H-bond both are present. 

Figure 3.1.5. SEM images of the coated samples. (a) H100; (b) H/A = 3/1; (c) H/A = 1/1; (d) 

H/A = 1/3; and (e) A100. 
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Figure 3.1.6. Surface modification and possible reaction routes of APTES: (a) hydrogen bonding 

due to initial adsorption, (b) surface attachment, and (c) multilayer formation. 
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3.3.5. FTIR spectroscopy 

The chemical characterizations of the coatings were done by the FTIR spectroscopy, which 

are shown in Figure 3.1.7. Since the soda-lime glass is not transparent to infrared (IR), polymer 

films were deposited on potassium bromide (KBr) disks by the same plasma polymerization 

process. All the spectra were collected by taking average of 10 scans at 1 cm-1 resolution in the 

range of 500–3500 cm-1. 

Figure 3.1.7. FTIR spectra of the coated samples from 500 to 3500 cm-1. 
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The asymmetric stretching band of the backbone Si–O–Si is found at 1047 cm-1 [32,7]. Si–

O stretching in Si–OH can be seen at 830– 940 cm-1 [7,33,34], and Si–C stretching is found at 800 

cm-1 [7]. The Si–CH3 symmetric deformation appears at 1260, 1350, and 2966 cm-1where the peaks 

at 1260 and 1350 cm-1 are medium in intensity and the peak at 2966 cm-1 is weak in intensity 

[32,35]. The absorption band at 1600 cm-1 that corresponds to water is due to the moisture of KBr. 

Peaks from 2340 to 2360 cm-1 are due to the presence of CO2 in the ambient environment [36]. 

 

3.3.6. XPS results 

The XPS examination was done to understand the surface chemical composition and the 

chemical bonds of the polymer thin films. Figure 3.1.8 demonstrates the atomic concentrations 

measured by the XPS for various specimens. Three samples out of five were selected (H100, A100, 

and H/A = 3/1) for XPS analyses where all the three samples contain silicon (Si), carbon (C), 

oxygen (O), and nitrogen. The H100 sample has shown 37.5% of carbon, 33.5% of oxygen, 27.1% 

of silicon, and 1.9% of nitrogen. On the other hand, APTES (A100) and the H/A ratio of 3/1 coated 

sample have shown 20.9% and 40.2% of carbon, 50.1% and 37.9% of oxygen, 24.6% and 18.8% 

of silicon, and 4.4% and 3.1% of nitrogen, respectively. Here, sample H100 has shown less 

nitrogen when compared to the other two samples, which is due to no nitrogen from the precursor. 

The deconvolution results of C1s spectra are presented in Figure 3.1.9 and Table 3.1.3. The plasma 

polymerized thin film shows a high contribution of the Si–CHx (x = 3 or 2) or C–C at 284.6 eV in 

the all three samples in Figure 3.1.9 [37,38]. The peaks at 286 and 287.5 eV are seen due to the 

presence of C–O or C–N and C=O in all the coated samples [37]. But, C–Six (x = 3 or 2) peak at  
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Table 3.1.3. Deconvolution of C1s spectra along with binding energies and functional groups. 

 

 

Functional groups Peak Position (eV) References 

C-Six (x=3 or 2) 283.2 [37] 

Si– CHx (x=3 or 2) or C-C 284.6 [37,38] 

C-O or C-N 286 [37] 

C=O 287.5 [37] 

O-C-O 288.7 [37] 

Figure 3.1.8. Atomic composition (%) of selected sample surfaces. 
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283.2 eV is found only in the sample H100 and H/A ratio of 3/1 in Figure 3.1.9(a,c) [37]. So, it 

could be said that this chemical bond is generated due to the HMDSO precursor. On the other 

hand, the chemical bonding of O–C-O at 288.7 eV in Figure 3.1.9(b,c) is due to the APTES 

precursor [37]. 

 

Figure 3.1.9. Deconvolution of C1s spectra (282–290 eV) of the selected coated samples. 
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3.3.7. UV-visible spectroscopy 

Transmittance and hydrophobicity have an inverse relationship because both depend on the 

thickness and roughness of the coating. As the surface thickness and roughness of the coating 

increase, the hydrophobicity increases but the visibility decreases [39]. Figure 3.1.10 shows the 

UV–VIS transmission spectra of the bare glass and the ones coated with HMDSO, APTES, and 

their mixture at various ratios [39]. Uncoated glass exhibited around 80% transmittance in the 

visible regions (from 390 to 700 nm), while the plasma-treated glasses at different H/A ratios 

exhibited slightly lower transmittance. 

 

Figure 3.1.10. UV-visible spectra of the coated samples. 
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3.3.8. Scratch tests 

To analyze the mechanical robustness of the coatings, scratch tests were performed after 

the annealing of the samples at 250°C for 1 h. All the experimental conditions for the scratch test 

are summarized in Table 3.1.4. The weight of weight holder and needle was 3432 dyne, and thus 

the minimum applied force was 3432 dyne. The force was gradually increased to find the 

breakdown force. All the results of the scratch tests are shown in Figure 3.1.11, and the scratch 

test images taken by the digital microscope are given in Figure 3.1.12. The sample H100 could not 

sustain minimum force applied by the scratch tester. When the mixture of the two precursors was 

used, the coating was stronger as the H/A ratio decreased. 

 

Table 3.1.4. Scratch test results for each sample. 

 

 

Sample Annealing 

temperature 

(°C) 

Applied 

Force (AF) 

(dyne) 

Sliding 

speed 

(mm/s) 

 Needle tip 

diameter 

(mm) 

H100 250 3432 37  0.5 

H/A=3/1 250 9316 37  0.5 

H/A=1/1 250 13239 37  0.5 

H/A=1/3 250 20104 37  0.5 

A100 250 25007 37  0.5 
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Figure 3.1.11. Breakdown forces of the samples obtained by the scratch tests. 
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3.4. Conclusions 

The plasma polymerizations of HMDSO and APTES at different ratios were carried out by 

the atmospheric pressure plasma jet in order to get a robust and stable hydrophobic surface layer 

on the glass surface. The HMDSO was used to promote hydrophobicity and the APTES to promote 

robustness and durability owing to the presence of amines capable of promoting the adhesion of 

the coating layer. In terms of hydrophobicity and robustness of the coating, the applied voltage of 

7 kV, treatment time of 60 s, and the H/A ratio of 3/1 were chosen as optimal condition. The WCA 

Figure 3.1.12. Microscope images of the selected samples. 
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of 143° and reasonable mechanical strength were obtained under this condition. The deposition of 

the polymer thin film on the glass surface was evidenced by the SEM and AFM images. The UV–

VIS transmission study revealed that there was no significant transmittance loss in the visible 

region for the sample with H/A ratio of 3/1. Consequently, the nonthermal atmospheric-pressure 

plasma jet could be a good candidate for producing reliable hydrophobic surface. 
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CHAPTER-4 

 

Improvement of mechanical strength of hydrophobic coating on glass surfaces by an 

atmospheric pressure plasma jet 

 

 

Highlights 

➢ Robust coating on the glass by APPJ conjugated with two precursors 

➢ Coating strength depended on the flow rate, voltage, time and TMS/APTES ratio. 

➢ The coating exhibited good durability, mechanical strength and thermal stability. 

➢ Coatings show uniform thickness along with excellent visibility 
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4.1. Introduction 

Making hydrophobic surface of various materials by nonthermal plasma (NTP) treatment 

at atmospheric pressure has been a warm research topic in recent years [1-7]. Researchers found 

the idea to make hydrophobic surface from nature [8-10] to use it for various purposes such as 

self-cleaning windows, ultra-dry surface applications, self-cleaning of antennas, anti-icing, out-

door textiles, protection of circuits and grids, medical devices and other optical apparatuses [11-

15]. In order to obtain hydrophobic characteristics the surface requires nano-scale and micro-scale 

roughness which can be done by applying low surface energy coating. Basically, the surface 

roughness and the surface chemistry both affect the hydrophobicity [16]. The hydrophobic coating 

can be done by plasma treatment, by deep coating or by spraying low surface energy materials on 

the surface. The surface having water contact angle (WCA) < 90° is known as hydrophilic surface 

but having WCA ≥ 90° is known as hydrophobic surface. On the other hand, surface having 

WCA > 150° and sliding angle (SA) ≤ 10° is called super-hydrophobic surface due to its excellent 

self-cleaning ability. Generally, WCA and SA indicate the performance of the surface how much 

it will be effective in self-cleaning function. 

The major drawback of the coatings is its poor mechanical abrasion which extinguishes the 

self-cleaning function due to the damage of roughness and coating layer. As a result, for this 

experiment two different precursors have been selected to investigate the mechanical strength of 

the coating. Tetramethylsilane (TMS, Si(CH3)4) used to promote hydrophobicity in this work is an 

organosilicon compound precursor having the formula Si(CH3)4). Though TMS is a good promoter 

of hydrophobicity, due to its poor adhesion to metal or inorganic material, the coating does not 

survive for long time. To overcome this problem an additive precursor called (3-

Aminopropyl)triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3) is also used together with TMS to 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0080
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make robust coating on the glass surface. APTES is an aminosilane basically used in the process 

of silanization as well as the functionalization of surfaces with alkoxysilane molecules. In recent 

times, APTES is highly recommended to use for surface coating due to its covalent attaching of 

organic films to metal oxides, silica (SiO2) [16] and titania (TiO2). Masuko et al. [17] studied the 

shear strength and durability of self-assembled monolayer (SAM) and the tribology performance 

with different numbers of siloxane bonds on smooth silicon substrates. They showed that 

increasing the number of siloxane bonds with SAMs actually allows the stable low friction and 

greater durability. Therefore, APTES having these advantages is selected as a promoter for robust 

coating to improve the wear resistance of the surface although it is hydrophilic in character. 

Nowadays, NTPs are very popular to create a thin film polymer layer onto different 

surfaces such as silicon, glass, wood, and fabric. The pioneer advantage of the NTP is that 

polymerization or deposition for the coating can be easily controlled by controlling electric power 

and gas flow rate. Topala et al. [18] used DBD plasma to deposit thin film onto glass and silicon 

substrates to get stable hydrophobic surface. With these background knowledges, non-thermal 

plasma jet operating at atmospheric pressure has been selected for this work. One of the key 

parameters explored was the ratio of TMS to APTES. 

 

4.2. Experimental 

Figure 4.1.1 shows the schematic figure of the experimental setup and custom-built scratch 

tester and Figure 4.1.2 shows the discharge image of the plasma jet. The plasma jet was composed 

of a glass tube having a coaxially inserted stainless-steel rod with a sharp tip acting as the high 

voltage (HV) electrode. The orifice of the glass tube from which the plasma jet was discharged 

had the inner and outer diameters of 5.0 and 8.0 mm, respectively. The HV electrode was 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0080
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0085
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0090
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0005
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0010
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connected to an AC power source purchased from Korea Switching Co., which could deliver 

maximum 7.5 kV at an operating frequency of 11.5 kHz. The distance between the tip of the HV 

electrode and the end of the tube and the gap from the end of the tube to the substrate were kept 

constant at 75 and 2 mm, respectively. Argon gas (99.99%) was used as a main carrier gas at a rate 

Figure 4.1.1. The schematic figure of the experimental setup (a) and custom-built scratch tester (b). 
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of 1600 cm3 min-1 (sccm). TMS (Sigma-Aldrich Korea Co., Ltd) was used to promote 

hydrophobicity, and APTES (Sigma-Aldrich Korea Co., Ltd) was used to promote the robustness 

of the coating. The precursors were delivered to the jet by bubbling liquid TMS and APTES (at 20 

and 121 °C, respectively) contained in pyrex flasks using Ar gas. All Ar flows were precisely 

controlled by mass flow controllers (MFCs). The TMS/APTES ratio was varied from 3.0 to 6.0 to 

investigate its effect on the thin film obtained by the plasma polymerization. The TMS 

concentration was changed by the feed gas from 4304 ppm (parts per million, volumetric) to 

Figure 4.1.2. Discharge photograph image of the plasma jet. 
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8450 ppm, while APTES concentration was kept constant at 1408 ppm. The main carrier gas and 

precursor mixture were separately fed into the jet. The substrate for the coating was soda-lime 

glass with a dimension of 75 mm × 27 mm × 1.2 mm. For simplicity, the substrates were set to 

stand still during coating. The resulting coated area was estimated to be about 20 mm2. It is 

important to know the WCA of the coated surface for understanding the character of the coated 

surface polymer. The WCA measurements were carried out on a goniometer (Phonix 300, Surface 

& Electro Optics Co., Ltd., Korea) using sessile drop technique by dropping about 10 μL of 

distilled water. To see the surface nanostructures of the coating, atomic force microscopy (AFM, 

Nano Xpert II, EM4SYS, USA) was performed. The surface morphology was observed by 

scanning electron microscopy (SEM, JSM-6700F, JEOL, Japan) at an operating voltage of 15 kV. 

The coating surface chemistry was analyzed using an X-ray photoelectron spectroscopy (XPS). A 

Fourier transform infrared spectroscopy (FTIR, FTIR-7600, Lambda Scientific, Australia) was 

used to investigate the composition of the effluent from the plasma jet and the deposited thin 

films.  Measurement of mechanical strength of the coating was carried out using a custom-built 

scratch tester and the wear tracks were observed by an optical microscope (2MP 1000 × 8 LED 

USB Digital Microscope Zoom Camera, A4Tech, Taiwan). Many researchers used scratch test to 

assess the coating adhesion and robustness [19-26]. A new scratch test methodology was recently 

developed to use in various modes of scratch test to quantify scratch resistance of polymeric 

coatings [27]. Richard et al. [28] used combination of scratch test and acoustic microscopy imaging 

for the study of coating adhesion. Scratch test is a simple and rapid method for characterizing the 

coatings. Obtained results by scratch test are influenced by various factor such as coating 

thickness, interfacial bond strength, mechanical properties of substrate, test condition such as load, 

scratch speed, and indenter tip radius [29]. Scratch testing is usually performed by moving sharp 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0135
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0140
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0145
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tip on the coated surface with either constant or progressively increasing load to create a scratch 

[30]. The scratch tester used in this work is shown in Figure 4.1.1(b). Its main parts include a dc 

motor, a needle holder, a needle, a sliding guidance, and a control panel. An iron needle having a 

tip with a diameter of 0.5 mm was used. Yarn was used to connect the driving shaft of the motor 

to the needle holder. The needle holder was guided by the sliding guidance so that it can move 

horizontally back and forth. The moving speed of the needle was set to 37 mm/s. A sample for 

testing was put under the needle and fixed by using double-sided tape. For each measurement, the 

tip of the needle was cleaned with acetone and tissue wiper. 

 

4.3. Results and discussion 

 

4.3.1. Hydrophobic treatment of glass and water contact angle measurement 

The hydrophobic treatment by the plasma polymerization process depended on a number 

of parameters such as applied voltage, treatment time, the TMS/APTES ratio and the gas flow rate. 

At first, the effect of the treatment time was examined from 30 s to 420 s at a TMS/APTES ratio 

of 4.8 and an applied voltage of 7.5 kV., and then the effect of the applied voltage, TMS/APTES 

ratio and the gas flow rate on the coating was examined one by one with the other parameters kept 

constant. Figure 4.1.3 shows the dependence of WCA on the treatment time, the applied voltage, 

the TMS/APTES ratio and the feed gas flow rate. As seen in Figure 4.1.3(a), the WCA significantly 

increased from 87° to 139° with increasing the treatment time up to 300 s and seemed to level off 

thereafter. The improvement of the coating in terms of WCA is related to the surface coverage 

which increased with increasing the treatment time. 

 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0150
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0005
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0015
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0015
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Second step was to find out appropriate applied voltage and hence the TMS/APTES ratio 

and treatment time were kept constant at 4.8 and 300 s, respectively. As shown in Figure 4.1.3(b), 

a similar increasing trend in the WCA was observed. The higher the applied voltage, the more 

intense the plasma was, leading to the enhancement in the deposition rate and the formation of 

particulates in the plasma gas phase, called dusty plasma. The high surface roughness and therefore 

the high WCA of the coating is strongly related to the deposition of the formed particulates on the 

Figure 4.1.3. Dependence of WCA on (a) treatment time, (b) applied voltage, (c) the TMS/APTES 

ratio and (d) the flow rate of the carrier gas. 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0015
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substrate. At the applied voltage of 7.5 kV, the WCA was observed to be ca. 139o. The surface 

roughness of the obtained coatings will be discussed below. 

After having an idea of treatment time and applied voltage the TMS/APTES ratio was 

varied while the treatment time and applied voltage were kept constant at 300 s and 7.5 kV, 

respectively. Figure 4.1.3(c) shows the dependence of WCA on the TMS/APTES ratio. The WCA 

values of the coatings formed from the single precursor of APTES and TMS are also added for the 

purpose of comparison. It is natural that the WCA should increase with increasing the 

TMS/APTES ratio due to the hydrophobic character of TMS. At the TMS/APTES ratio of 6, the 

WCA shows the similar values achieved by the TMS-along coating. Further, increase the ratio 

only increase the thickness but WCA angle remain same like as the TMS/APTES ratio of 6. 

Meanwhile, the low WCA of the APTES-alone coating clearly showed the hydrophilic nature of 

APTES. 

Finally, we changed the flow rate of the gas to see the effect of the WCA while treatment 

time, applied voltage, the TMS/APTES ratio were kept constant at 300 s, 7.5 kV, and 4.8 

respectably. Figure 4.1.3(d) shows the result of the flow rate change from 1000 sccm (Standard 

Cubic Centimeters per Minute) to 1600 sccm. It was observed that the plasma was getting more 

intense, leading to an increased WCA from 123° to 139°. But further increases of the feed gas flow 

rate to 2000 sccm slightly decreased the WCA to 136°, and hence 1600 sccm was chosen for the 

optimal gas flow rate. 

Figure 4.1.4 displays the photographic images of the water droplet on various substrates in 

the coated state. Here, top view was added to see the surface of the coating and side view to see 

the WCA. 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0015
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0015
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0020
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4.3.2. Coating stability 

For this work, the plasma-treated samples were stored in centrifuge tube at room 

temperature to check the coating stability under the effect of natural aging and thermal heating. 

Aging time has a great effect on WCA for the powder substrate coating [31]. For powder substrate 

coating, WCA can increase by 15° to 40° within 30 days [31]. Figure 4.1.5(a) shows the effect of 

aging (15 days and 30 days) on WCA, where it can be easily understood that there is negligible 

aging effect on WCA. In other words, the coating is stable and durable. The thermal stability of  

Figure 4.1.4. Photograph image of the coated surface in the coated state. 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0155
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0155
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0025
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the coating was examined by annealing tests at 200 °C and 250 °C for one hour. In both cases, 

there was no change in WCA, as shown in Figure. 4.1.5(b). 

  

Figure 4.1.5. (a) Effect of aging time and (b) annealing temperature on the coating. 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0025


 

72 
 

4.3.3. Coating thickness and surface morphology 

The AFM and SEM analyses were performed to examine the effect of TMS/APTES ratio 

on the surface morphology and surface roughness of the coatings. Figure 4.1.6 shows the AFM 

results of the coated samples with various TMS/APTES ratios. The corresponding root-mean-

squared (RMS) roughness and coating thickness values are listed in Table 4.1.1. As seen, the 

morphologies of all coatings were similar regardless of the precursor ratio, displaying rough and 

needle-like surfaces. However, the RMS roughness seemed to increase with increasing the 

TMS/APTES ratio, which is consistent with the increased WCA. Among the coated samples, the 

APTES-alone case showed the lowest surface roughness. Meanwhile, the opposite was true for the 

TMS-alone case. The formation of rough surfaces with nanoscale topographic features results from 

the generation of particulates through gas-phase condensation reactions. The plasma-induced 

particulates are then deposited and adhere to a substrate [5]. In plasma, TMS seemed to be more 

active than APTES to produce more fragments, facilitating the formation of particulates and 

therefore the high surface roughness.  

 

Table 4.1.1. Thickness and RMS roughness of each sample. 

Sample Thickness (nm) RMS roughness (nm) 

APTES 103 37 ± 5 

TMS/APTES = 3 218 64 ± 4 

TMS/APTES = 3.4 270 71 ± 7 

TMS/APTES = 3.7 300 85 ± 7 

TMS/APTES = 4.8 431 108 ± 5 

TMS/APTES = 6 480 117 ± 5 

TMS 460 120 ± 5 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0030
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#t0005
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0025
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The SEM images of the corresponding samples are shown in Figure 4.1.7. The coatings 

consist of nanostructures ranging from 70 to 250 nm. It is clear that at high TMS/APTES ratios, 

the particulates were intensively formed and deposited on the substrates. It is found that the 

coatings have shown cauliflower morphology in the case of TMS-alone and the TMS/APTES ratio 

of 6 (Figure 4.1.7 (g) and (f), respectively) but in other cases the nanostructures like circular island 

with different sizes were formed. In comparison, at low TMS/APTES ratios, the particulates 

adhered to smooth layers that were mainly formed from APTES. 

 

Figure 4.1.6. AFM images of the coated samples. [TM = TMS and AP = APTES, (a) APTES 

only, (b) TM/AP = 3, (c) TM/AP = 3.4, (d) TM/AP = 3.7, (e) TM/AP = 4.8, (f) TM/AP = 6, and 

(g) TMS only]. 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0035
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0035
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Figure 4.1.7. SEM images of the coated samples. [TM = TMS and AP = APTES, (a) APTES only, 

(b) TM/AP = 3, (c) TM/AP = 3.4, (d) TM/AP = 3.7, (e) TM/AP = 4.8, (f) TM/AP = 6, and (g) TMS 

only]. 
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4.3.4. Gas-phase FTIR analysis 

 

4.3.4.1. Gas-phase analysis of the effluent of the Ar/TMS plasma 

Figure 4.1.8 shows the FTIR spectra of the Ar/TMS and Ar/APTES mixture without 

(black) and with (red) plasma ignition. If we look at the figure (Figure 4.1.8 (a) & (b)), the main 

significant difference is the reduction of IR peak intensities in the case of plasma turned on due to 

the TMS and APTES decomposition. When the plasma is turned on, the absorption intensities for 

both TMS and APTES decreased which indicates that these precursors compounds were 

decomposed by plasma. Figure 4.1.8 (a) presents the infrared spectra for the gas-phase effluent of 

the Ar/TMS mixture. Strong peaks were observed from 1000 cm-1 to 1500 cm-1 and from 2800 cm-

1 to 3300 cm-1, while some other weak peaks appeared at wavenumbers from 1800 cm-1 to 

2400 cm-1 (see the insets). Here, the peaks at 1256 cm-1, 1289 cm-1, 1430 cm-1, 2823 cm-1, and 2965 

cm-1 are due to TMS [32-34]. The strong deformation of CH3 symmetric groups are found at 1247 

cm-1 and 1265 cm-1 [34]. A weak SiO peak at 1065 cm-1 is found only in Ar/TMS with plasma. 

CH3 rock, SiH2 bend, and Si-H symmetric stretching are observed at 3050–3100 cm-1 only in 

Ar/TMS without plasma [33-35]. The infrared spectra also detected the very weak peak of CO2 at 

2350 cm-1, Si-H stretching at 2129 cm-1, and deformation of CH3 symmetric groups at 1863 cm-

1 and 1947 cm-1 [33-35]. 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0040
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0040
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#f0040
https://www.sciencedirect.com/science/article/pii/S0257897218310569?dgcid=author#bb0170
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Figure 4.1.8. (a) Gas-phase FTIR spectra of the Ar/TMS without (black) and with (red) 

plasma and (b) gas-phase FTIR spectra of the Ar/APTES without (black) and with (red) 

plasma from 1000 to 3500 cm-1. 
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4.3.4.2. Gas-phase analysis of the effluent of Ar/APTES plasma 

The gas-phase FTIR spectra of the Ar/APTES mixture without (black) and with (red) 

plasma ignition are shown in Figure 4.1.8 (b). A high-intensity peak at 1065 cm-1 is assigned to 

the vibration of Si-O in APTES [35–37]. A strong asymmetric peak at 1242 cm-1 is due to the 

vibration of SiO-CH2 [35]. Weak peaks at 1451 cm-1 and 1475 cm-1 are attributed to H-C-H bends, 

while the strong peak at 1395 cm-1 is for the CH2 bending. The H-C-H bending at 1475 cm-1 is 

only found in Ar/APTES mixture without plasma [36,38,39]. The Strong asymmetric peak at 2903 

cm-1 and very strong symmetric peak at 2985 cm-1 are found for the vibration of CH2 [35]. Very 

weak O-H stretch mode of Si-OH-NH2 group is detected at the frequency of 2762 cm-1, which is 

only observed in the Ar/APTES mixture with plasma [40]. The infrared spectra also detected C=O 

bend at 1746 cm-1 and CO at 2140 cm-1 only in Ar/APTES with plasma case. A weak peak 

appearing at 1923 cm-1 may be ascribed to SiO+CH3 bend in both with and without plasma [35,37]. 

To see the effect of gas phase on the hydrophobicity, one more experiment was done using 

TMS/APTES mixture without plasma discharge, and then the WCA of the glass was measured. It 

has shown there was no change in hydrophobicity under such a condition. 

 

4.3.4.3. Possible reaction routes and mechanism of APTES for the surface modification 

 

 Siloxane-based plasma polymerization with primary amines using a single amino-

alkoxysilane precursor is still under investigation and only a few articles discussed about this issue 

[41–45]. The Plasma-assisted APTES polymerization is described in Figure 4.1.9 [46–48]. The 
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process can be divided into three parts: (a) hydrogen bonding due to initial adsorption, (b) surface 

attachment, and (c) multilayer formation. The polymer surface by the hydrogen bonding is the 1st 

step (Figure 4.19(a)) of physical process of APTES [48] where siloxane bond formation by the 

ethoxy groups with neighbors H-bonded to the surface with free APTES molecules can be seen in 

Figure 4.1.9(b). From Figure 4.1.9(a) and 4.1.9(b) still there is no sign of donor amine and acceptor 

groups. This means that some of APTES molecules are not H-bonded to the surface. Basically, the 

Figure 4.1.9. Possible reaction routes and mechanism of APTES for the surface modification: (a) 

hydrogen bonding due to initial adsorption, (b) surface attachment, and (c) multilayer formation. 
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inter-APTES reactions lead to the formation of siloxane cross-link and it makes a thin layer (Figure 

4.1.9(c)) where donor amine and acceptor H-bond both are present. 

 

4.3.5. FTIR analysis of the coating layer  

So as to take the FTIR spectra of the coating layer, the coatings were prepared on infrared-

transparent KBr discs instead of the glass substrates. Note that strong IR adsorption of glass hinders 

the infrared analysis of the coating layer. The obtained results are shown in Figure 4.1.10. The 
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most intense peaks are seen in the region B in the range of 1010-1240 cm-1. These peaks are due 

to the Si-O stretching in Si-O-Si [49,50]. In the region A, the Si-C stretching is seen at 800 cm-1 

[49] and the peaks of Si-O stretching in Si-OH are seen at 830-940 cm-1 [49–51]. In the regions C 

and F, the peaks at 1260 cm-1 and 2970 cm-1 are related to Si-CH3 symmetric deformation and Si-

CH2 deformation or Si-CH3 asymmetric stretching appears at 1410 cm-1 [52,53]. The wide Si-OH 

stretching vibration is seen in the region F [49,54]. 

 

4.3.6. XPS analysis 

The XPS analysis was carried out to identify the surface chemical composition of the 

coatings. From the XPS study, it was found that the uncoated soda-lime glass contains silicon (Si), 

carbon (C), calcium (Ca), nitrogen (N), oxygen (O) and sodium (Na). On the other hand, silicon 
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Figure 4.1.11. Elemental composition (%) of sample surfaces. 



 

81 
 

(Si), carbon (C), nitrogen (N) and oxygen (O) were found in the coated glasses. Figure 4.1.11 

shows the concentrations of the elements observed for the bare glass and the ones coated with only 

TMS, only APTES and TMS/APTES mixture of a ratio of 4.8. The plasma-treated glass with TMS 

alone did not contain any nitrogen in the coating layer. 35% carbon in the bare glass is probably 

due to the presence of adventitious carbon on the sample’s surface [3]. The presence of carbon of 

the coated glasses was provided by both adventitious and precursors. 

The deconvolution of C1s spectra is shown in Figure 4.1.12 and the peak positions of C1s 

with the corresponding functional groups are seen in Table 4.1.2. H-C or C-C peak was found at 

~284.7 eV from all the samples [3,55]. The peak at around 286 eV also appeared from all the 

samples due to the C-O bond. The C-N group appeared from the APTES and TMS/APTES coated 

samples (Figures 4.1.12(c) and 4.1.12(d)) [3,55]. The peak at ~287.5 eV was due to C=O in the 
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Figure 4.1.12. Deconvolution of C1s spectra (282–290 eV) of the coated samples. 
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coated samples (Figures 4.1.12(b), 4.1.12(c), and 4.1.12(d)) and peak at ~288.7 eV was found due 

to O-C-O in the uncoated sample and the ones coated with only APTES and TMS/APTES mixture 

[3,55]. 

Table 4.1.2. Deconvolution of C1s spectra along with binding energies and functional groups. 

 

 

4.3.7. UV-Vis transmission spectra result 

Figure 4.1.13 shows the UV-Vis transmission spectra of the bare glass and the ones coated 

with APTES, TMS, and their mixture at various ratios. Transmittance and hydrophobicity both 

Functional groups Peak Position (eV) References 

C-C, C-H ~284.7 [3,55] 

C-O, C-N ~286 [3,55] 

C=O ~287.5 [3,55] 

O-C-O ~288.7 [3,55] 
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Figure 4.1.13. UV–vis transmission of the coated samples. 
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depend on the thickness and roughness of the coating. In order to increase the hydrophobic 

property, thickness and roughness need to be increased, however, the visibility has to be sacrificed 

[56]. The transparency of the coated glasses in the visible region (from 390 to 700 nm) decreased 

with increasing the TMS/APTES ratio. Bare glass exhibited around 80% transmittance in the 

visible regions, while the plasma-treated glasses at different TMS/APTES ratios showed 

transmittance from 80 to 65%.  

 

4.3.8. Scratch test 

For finding the same coating thickness, the deposition rate of each sample was calculated. 

Four samples with different treatment time for TMS/APTES=4.8 sample was generated. After that, 

the thickness of each sample was measured and plotted in Microsoft Excel and found the slope 

which was the deposition rate. By doing this, the deposition rate was calculated for each sample.  

 

Table 4.1.3. Scratch test results (breakdown force). 

*This is the slope value of linear fitting. 

Sample Annealing 

temperature 

(°C) 

Coating 

thickness 

(nm) 

Treatment 

time (min) 

Deposition rate* 

(nm/min) 

Applied force 

(dyne) 

APTES only 250 400 16.5 25.9 16671 

TMS/APTES=3 250 400 8.3 56.2 14709 

TMS/APTES=3.4 250 400 7.1 64.5 10767 

TMS/APTES=3.7 250 400 6.1 85.5 9316 

TMS/APTES=4.8 250 400 4.2 67.8 7354 

TMS/APTES=6 250 400 4.1 86.2 3432 

TMS only 250 400 6.4 64.5 3432 



 

84 
 

After analyzing all the sample thickness, 400 nm thickness was considered for the scratch test. So 

each sample should have 400 nm thickness for scratch test. Scratch tests were conducted after 

annealing the samples at 250º C for 1 h. The minimum force applied to the needle tip was 3430 

dyne, which was applied to all the samples. For the samples that could sustain the 3430 dyne force, 

the force was gradually increased to find the breakdown force. The experimental conditions are 

summarized in Table 4.1.3. Figure 4.1.14 shows the results of the scratch tests, and Figure 4.1.15 

shows the images of the scratch tests. As can be seen, the presence of APTES as a precursor greatly 

enhanced the scratch resistance of the coating layer, compared to the coating with only TMS. For 

example, the TMS coating was totally destroyed by the needle at the applied force of 3432 dyne.In 

comparison, at the same force, the TMS/APTES coating was only slightly scratched by the needle.  

 

Figure 4.1.14. Scratch test results sustained by the samples. 
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Figure 4.1.15. Scratch test photographs taken by the microscope. 
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4.4. Conclusions 

The purpose of this work was to prepare a robust coating with good hydrophobic character 

as well as wear resistance by using non-thermal plasma jet with the mixture of two precursors. 

TMS was to promote hydrophobic character and APTES to increase the mechanical strength and 

durability owing to the presence of amines capable of promoting adhesion. The appropriate 

operating condition in terms of both hydrophobicity and mechanical strength was found to be the 

TMS/APTES ratio of 4.8, the applied voltage of 7.5 kV, and the treatment time of 300 s. At this 

condition, the WCA achieved was 139°. The aging and annealing tests have shown that the coating 

layer prepared on the glass is stable and durable. The AFM and SEM images indicated that the 

hydrophobic property of the coating is closely related to the thickness and roughness. According 

to the UV-Vis transmission spectra of the glass coated with the TMS and APTES mixture, there 

was no significant loss in the visibility. The non-thermal plasma jet operating at atmospheric 

pressure can be a promising candidate for the preparation of hydrophobic coating. 
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CHAPTER-5 

 

Formation of plasma-polymerized superhydrophobic coating using an atmospheric-

pressure plasma jet 

 

 

Highlights 

➢ DBD plasma used to make superhydrophobic surface.  

➢ TMS and APDMES used as precursors to study the coating layers. 

➢ Robust coating layer formed on the glass surface. 

➢ Deposition was confirmed by FE-SEM and 3D nano profiler. 

➢ No significant loss in the visibility region. 

 

 

 

 

 

 

 

 

 

 

 

 



 

93 
 

5.1. Introduction 

Non-thermal plasma (NTP) polymerization processes are of considerable interest because 

they can effectively produce protective or hydrophobic coating layers on the surfaces of various 

materials such as glasses, fabrics, powders and polymers [1–9] with low cost. The surface 

wettability is determined by the measurement of water contact angle (WCA). The surfaces having 

more than 150° of WCA are known as superhydrophobic surfaces that are highly repellent to water. 

These surfaces have many applications such as self-cleaning windshields [10–14], anti-

contamination [15,16], anti-sticking of snow for windows and antennas [17,18], anti-biofouling 

paints for boats [19–22], anti-icing [23,24], anti-corrosion [25–28], etc. The wettability of a solid 

surface is a property that depends on both surface roughness and surface chemistry [29–31], and 

directly related to the surface free energy. Basically, materials with low surface energies are used 

to prepare superhydrophobic surfaces. 

Many research groups have tried to make durable superhydrophobic surfaces over metals, 

organic or inorganic substrates [32–39]. Long-lasting hydrophobic coatings are not easily 

achievable with only low surface energy materials, mainly because of their poor adhesion nature 

to solid surfaces. Low surface energy materials such as hexamethyldisiloxane (HMDSO, 

O[Si(CH3)3]2), pentamethyldisiloxane (PMDSO, C5H16OSi2), tetramethyldisiloxane (TMDSO, 

[(CH3)2SiH]2O), tetramethylsilane (TMS, Si(CH3)4), trimethylsilane (TriMS, HSi(CH3)3) and 

tetraethyl orthosilicate (TEOS, Si(OC2H5)4) are well-known organosilicon precursors capable of 

forming hydrophobic layers. Conventional chemical polymerizations have a drawback of poor 

adhesion on solid surfaces, and as well, the coating layers created do not function well after several 

scratches due to their chemical nature [40–42]. For industrial applications, wear resistance and 

adhesive properties are critical factors. The poor adhesive property may be improved by 
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incorporating aminopropylethoxysilanes that are silanating agents for modifying the surface of 

silica-based materials. The aminosilanes anchor to the surface, forming Si-O-Si covalent bond and 

hydrogen bonding with the amino group. Among aminosilanes, (3-aminopropyl)triethoxysilane 

(APTES, H2N(CH2)3Si(OC2H5)3) and 3-aminopropyl(diethoxy)methylsilane (APDMES, 

CH3Si(OC2H5)2(CH2)3NH2) have widely been used along with low surface energy materials. 

For the present work, an attempt has been made to produce stable superhydrophobic 

coating films on glass substrates with an atmospheric-pressure plasma jet generated by dielectric 

barrier discharge (DBD). The DBD plasma jet was created using a glass tube and stainless steel 

needles. The precursors for the coating were TMS and APDMES. TMS is the simplest 

tetraorganosilane with low surface energy, leading to hydrophobicity, and APDMES can a good 

promoter imparting robustness. The primary goal of the work is to find optimal condition that 

results in the formation of superhydrophobic coating layer with good stability. 

 

5.2. Experimental 

 

5.2.1. Materials 

Two precursors TMS (≥99.0 (GC)) and APDMES (97%) were purchased from Sigma-

Aldrich (USA), which were used without further purification. Argon (99.99%) was used to 

generate plasma discharge, and nitrogen (99.99%) was used as the shielding gas to protect the 

plasma jet from the interference of oxygen and water vapor diffused from ambient air. 

 

5.2.2. Preparation of the plasma reactor and scratch tester 

The schematic diagram of the plasma polymerization system is depicted in Figure 5.1.1. 

The DBD reactor creating plasma jet was made with a glass tube, in which three stainless steel 

needles arranged at 120o intervals to one another were inserted. The needles served as high voltage 
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(HV) electrode. The plasma reactor was operated with a high-voltage alternating current (AC) 

power source (Korea Switching Co., Korea) whose frequency output was set to 11.5 kHz. The 

outer and inner diameter of the glass tube was 8.0 and 5.0 mm, respectively. The distance between 

the HV electrode tip and the end of the glass tube was kept constant at 75 mm. The gap between 

the end of the tube and the glass substrate was 2 mm. The substrate sample held on a Teflon plate 

reciprocated below the stationary plasma jet at a speed of 90 mm/s. 

A home-made scratch tester shown in Figure 5.1.2 was employed to examine the 

mechanical stability of the coating layer. For a commercially available scratch test, a diamond tip 

Figure 5.1.1. Schematic diagram of the plasma jet reactor system. 
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moves on the surface to make a scratch with either constant or progressively increasing load [43]. 

Usually, the normal force, tangential force, friction coefficient, acoustic emission, and penetration 

depth are measured continuously during the scratch test [43]. The scratch tester in Figure 5.1.2 

was mainly composed of a dc motor driving a needle (tip radius: 0.25 mm) to move on the sample’s 

surface for creating a scratch with predetermined vertical loads. The yarn was used to connect the 

motor’s driving shaft to the needle holder. The needle holder guided by a sliding guide traveled 

horizontally back and forth. The sample for testing was put under the tip of the needle and fixed 

by a double-sided tape so that the samples did not move during scratching. Before and after a 

scratch test, the needle tip was cleaned with ethanol and tissue wiper. The moving speed of the tip 

was set to 37 mm/s and the length of the scratch was around 10 mm. The breakdown force of the 

coating layer was measured by varying the load applied to the sample. 

 

 

Figure 5.1.2. Schematic diagram of the home-made scratch tester. 
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5.2.3. Preparation of coating 

The plasma-induced polymerization of TMS and APDMES was performed on soda-lime 

glass substrates with the dimensions of 75 mm × 27 mm × 1.2 mm. The flow rate of argon was 

typically 2.5 L/min, and that of nitrogen was also 2.5 L/min. Thus, the total gas flow rate was 5 

L/min. Argon and nitrogen were separately fed into the system. The mass flow controllers (MFCs) 

were used to control the flow rates of the feed gases. APDMES and TMS contained in Pyrex flasks 

were delivered to the plasma reactor by bubbling them with argon. The concentration of APDMES 

was changed from 135 to 324 ppm (parts per million, volumetric) using its vapor pressure varying 

according to the temperature, while the concentration of TMS was kept constant at 135 ppm. The 

effects of the addition of APDMES on the stability and hydrophobicity of the coating were 

examined at the APDMES/TMS (A/T) ratios of 1, 1.4, 1.7, and 2.4. The area of the coating was 

estimated to be around 1500 mm2. 

 

5.2.4. Characterizations 

The surface morphology and roughness of the coatings were analyzed by a field emission 

scanning electron microscopy (FESEM, JSM-6700F, JEOL, Japan) at an operating voltage of 15 

kV and a 3D nano-profiling system (3D Optical Surface Profiler, NV-2200, Nanosystem, Korea). 

Static WCAs of the coatings were measured by a goniometer (Phonix 300, Surface & Electro-

Optics Co., Ltd., Korea) using the sessile drop technique by dropping about 5 L of distilled water 

on the surface. The composition of the deposited thin film and chemical properties were 

investigated by Fourier transform infrared spectroscopy (FTIR, FTIR-7600, Lambda Scientific, 

Australia) and X-ray photoelectron spectroscopy (XPS). The mechanical stability of the coating 

layer was examined by the scratch tester depicted in Figure 5.1.2. The wear tracks were observed 
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by an optical microscope (2MP 1000X 8 LED USB Digital Microscope Endoscope Zoom Camera, 

A4Tech, Taiwan). 

 

5.3. Results and discussion 

 

5.3.1. Water contact angle measurements 

The quality of the thin film produced by the plasma jet depends on the parameters such as 

the treatment time, the applied voltage (or plasma intensity), the A/T ratio, and the gas flow rate. 

Figure 5.1.3 shows the dependence of the WCA on these parameters. First, the treatment time was 

varied from 10 to 60 s with keeping the A/T ratio, the applied voltage and the gas flow rate constant 

at 1.7, 7.5 kV, and 5 L/min (Ar: 2.5 L/min; N2: 2.5 L/min), respectively. As seen in Figure 5.1.3 

(a), the WCA was changed from 128 to 162° with increasing the treatment time from 10 to 60 s. 

As well known, the WCA is closely related to the surface roughness and thickness. With a short 

treatment time of 10 to 20 s, the surface roughness and coverage were relatively poor. Longer  

treatment time allowed more deposition of APDMES-TMS copolymer on the surface, leading to 

thicker coating layer with more roughness and surface coverage. However, after a certain limit, 

further increase of WCA was not observed because the thickness increased but surface roughness 

and coverage remained almost similar. It should also be noted that the thicker the thin film, the 

lower the transparency of the coated sample. In consideration of both WCA and transparency, 40 

s was chosen for the treatment time. At this treatment time, the WCA was 163°. As a next step, an 

appropriate applied voltage was determined with fixing the treatment time at 40 s. 

The effect of the applied voltage on the WCA was examined at voltages up to 8 kV with 

the H/A ratio, the treatment and the flow rate kept constant at 1.7, 40 s and 5 L/min, respectively. 

Figure 5.1.3(b) shows the variations of the WCA according to the changes in the voltage applied 
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to the plasma reactor. Basically, the higher the applied voltage, the more intense the plasma jet 

was, leading to the enhancements of the deposition rate and the formation of particulates in the gas  

 
 

 

 

Figure 5.1.3. Dependence of WCA on (a) the treatment time, (b) the applied voltage, (c) the A/T 

ratio and (d) the total flow rate of the carrier gases. 
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phase. The formation of particulates from APDMES and TMS, called dusty plasma, is prerequisite 

to obtain rough surfaces. The WCA increased with increasing the voltage from 6 to 7.5 kV, but 

there was no significant change in the WCA when the voltage was further increased to 8 kV. Thus, 

7.5 kV was selected for the appropriate applied voltage. 

With the treatment time of 40 s and the voltage of 7.5 kV determined above, a set of 

experiments were carried out to find out an appropriate A/T ratio. The dependence of WCA on the 

A/T ratio is presented in Figure 5.1.3 (c), when the total gas flow rate was 5 L/min (Ar: 2.5 L/min; 

N2: 2.5 L/min). For the purpose of comparison, the WCA obtained with APDMES alone (A100) 

and TMS alone (T100) are also given in this figure. Due to the hydrophilic nature of APDMES, 

the A100 sample exhibited a low WCA of 60°. On the other hand, the TMS-alone sample showed 

superhydrophobicity with a WCA of 152°. Despite the hydrophilic nature of APDMES, however, 

the coatings prepared with the mixture of these two precursors exhibited increases in the WCA 

from 154 to 163° as the A/T ratio was increased from 1 to 1.7. But, further increase in the A/T 

ratio to 2.4 led to a decrease in the WCA, suggesting that the coating layer begins to change toward 

hydrophilic at around this A/T ratio. From the results in Figure 5.1.3 (c), the appropriate A/T ratio 

was determined to be 1.7. 

Finally, the total gas flow rate of argon and nitrogen was varied from 3 to 7 L/min to 

understand its effect on the WCA. Even if the total flow rate was changed, argon and nitrogen 

were supplied at the same flow rate. The treatment time, the applied voltage, and the A/T ratio 

were kept constant at 40 s, 7.5 kV, and 1.7, respectively. Figure 5.1.3 (d) shows the effect of the 

gas flow rate on the WCA. From 3 to 5 L/min, the plasma jet was observed to be more intense, 

increasing the WCA from 124 to 160°. But after 5 L/min, the WCA started to decrease, implying 

that there is not enough time for the formation of particulates from APDMES and TMS when the 



 

101 
 

flow rate is too high (i.e., decrease in the residence time). As understood from Figure 5.1.3 (d), the 

best result was obtained at a total flow rate of 5 L/min. 

 

5.3.2. Surface morphology and roughness 

The 3D nano-profiler and FESEM analyses were conducted to investigate the surface 

morphology, roughness, and the coating thickness. The root-mean-square (RMS) roughness and 

thickness of the coating are summarized in Table 5.1.1. The 3D nano-profiler images of  

the selected samples (A100, T100, and A/T=1.7) are presented in Figure 5.1.4, where it can be 

seen that the number of needle-like peaks corresponding to the surface roughness is different from 

one another, depending on the precursor composition. The 3D nano-profiler images showed that 

the A100 sample had the lowest surface roughness. When the precursor mixture of APDMES and 

TMS was used, the roughness substantially increased, leading to an increase in WCA, which agrees 

well with the results given in Figure 5.1.3. The formation of rough surfaces having nano-scale  

 

Table 5.1.1. Thickness and RMS roughness of each sample. 

 

 

Sample Thickness (nm) RMS roughness (nm) 

A 207 30.45 

T 385 111.32 

A/T=1 422 118.92 

A/T=1.4 451 134.21 

A/T=1.7 470 137.62 

A/T=2.4 494 105.32 
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topographic features results from the generation of particulates through gas-phase condensation 

reactions of the precursor fragments produced by the plasma jet. The deposition of the particulates 

on the surface forms a thin coating layer. 

 

 

 

The FE-SEM images of the selected samples (A100, T100, and A/T=1.7) are shown in 

Figure 5.1.5, where nano-structure particles of different sizes in the range of 70 to 200 nm can be 

observed. In case of the A100 sample (Figure 5.1.5 (a)), the nanoparticles deposited on the surface 

Figure 5.1.4. 3D nano-profiler images of the selected samples. (a) A100; (b) T100; and (c) 

A/T=1.7. 
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look like smooth circular islands of different sizes. The surface anchoring mechanism of APDMES 

on the surface with silanol groups can be explained by the formation of bonds between the amino 

group and the hydroxyl group [44,45]. Each APDMES occupies two silanol sites: one hydroxyl 

group in silanol forms a Si-O-Si bridge and the other forms H-bonding with the amine group in 

APDMES. Different from the surface morphology of A100, the samples T100 and A/T=1.7 

exhibited rougher surface structures, which are consistent with the 3D nano-profiler images. 

 

  

Figure 5.1.5. FE-SEM images of the selected samples. (a) A100; (b) T100; and (c) A/T=1.7. 
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5.3.3. Stability tests 

The stability of the coating was examined by performing natural and thermal aging. All the 

samples were stored in centrifuge tubes at room temperature. Aging time may have a significant 

effect on WCA for the powder coating. Trinh et al. [46] reported that the WCA could increase by 

15° to 40° within 30-day natural aging after the hydrophobic coating was carried out on the 

phosphor powder substrate. Unlike the power substrate coating, the WCA of the glass surface was 

hardly affected by the aging (15 days, 30 days, and 90 days) (Figure 5.1.6 (a)), indicating that the 

coating formed on the glass surface has physicochemical stability. The thermal stability of the 

Figure 5.1.6. Effect of (a) aging time and (b) annealing temperature on the WCA. 
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coating was examined by annealing tests at 200 and 300°C for 1 h. As can be seen in Figure 5.1.6 

(b), the annealing did not nearly affect the WCA for all the samples. 

 

5.3.4. Spectroscopic analyses  

The FTIR analyses were conducted for the chemical characterizations of the coating layers, 

and the results are presented in Figure 5.1.7. Since the soda-lime glass is not transparent to infrared, 

potassium bromide (KBr) disks were used to deposit the polymer thin films under the same 

experimental condition. The infrared spectra were collected by taking an average of 10 scans at 1 

cm-1 resolution in the range of 500 to 3500 cm-1 using the absorbance mode. The backbone of the  

  

Figure 5.1.7. FTIR spectra of the samples prepared at different A/T ratios. 
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coating Si-O-Si is found at 1047 cm-1 [47,48]. Si-O-Si is often related to the improvement in wear 

resistance. Si-C stretching appears at 800 cm-1 [48], and Si-O stretching in Si-OH is seen at 825 to 

940 cm-1 [48–50]. The Si-CH3 symmetric deformation is related to the absorption bands at 1260 

cm-1, 1350 cm-1, 1366 cm-1 and 2966 cm-1; the absorption bands at 1260 cm-1, 1350 cm-1 and 1366 

cm-1 are medium in intensity and that at 2966 cm-1 is weak in intensity [47,51]. These peaks grew 

as the amount of APDMES increased. The noisy peaks at around 1600 cm-1 are due to the moisture 

attached to the KBr substrate. The peaks of CO2 from 2340-2360 cm-1 are seen due to the presence 

of CO2 in the ambient environment [52]. 

The XPS analyses were performed on three representative samples, namely, T100, A100, 

and A/T=1.7 (Figure 5.1.8). All the three samples contain silicon (Si), carbon (C), oxygen (O), and  

nitrogen (N) in different atomic compositions. The T100 sample exhibited 38% of carbon, 32.5% 

of oxygen, 28.1% of silicon, and 1.4% of nitrogen. The low nitrogen content of this sample is due 

to no nitrogen atom in TMS. In comparison, the sample A100 contained 49.7% of oxygen, 21.3% 

of carbon, 24.5% of silicon, and 4.5% of nitrogen, while the atomic composition of the sample 

A/T=1.7 is 37.2% of oxygen, 40.8% of carbon, 18.8% of silicon, and 3.2% of nitrogen. Figure 

5.1.9 shows the C1s spectra deconvolution results for the three samples (T100, A100, and 

A/T=1.7), and Table 5.1.2 summarizes the peak positions of C1s with the corresponding functional 

groups. The peak at 284.7 eV corresponds to the presence of H-C or C-C [53,54]. The peaks 

located at around 286 eV and 287.5 eV appeared in all the samples due to the presence of C-O or 

C-N and C=O bond [53,54]. In Figure 5.1.9 (b) and (c), the peak at 288.7 eV accounts for the 

chemical bonding of O-C-O [53,54]. It is obvious that the intensities of C-O, C=O and O-C-O 

bonds increased when APDMES precursor was used together with TMS. 
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Table 5.1.2. Thickness and RMS roughness of each sample. 

Sample Thickness (nm) RMS roughness (nm) 

A 207 30.45 

T 385 111.32 

A/T=1 422 118.92 

A/T=1.4 451 134.21 

A/T=1.7 470 137.62 

A/T=2.4 494 105.32 

Figure 5.1.8. Surface elemental composition of the selected samples. 
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Figure 5.1.9. Deconvolution of C1s spectra of the selected coated samples. 
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The transparency of the sample before and after coating was examined by the UV-visible 

spectroscopy in the visible range (from 390 nm to 700 nm). Generally, the hydrophobicity and the 

transmittance have an inverse relationship because of their dependence on the surface thickness 

and roughness. As the coating thickness and roughness increase, the hydrophobicity increases but 

transparency decreases [55]. The UV-vis transmission spectra of the prepared samples are 

presented in Figure 5.1.10 (a). For information, the photographic image of the side and top view 

of the sample (A/T=1.7) is given in Figure 5.1.10 (b). The transmittance of the bare glass itself is 

less than 80% in the visible region. From Figure 5.1.10 (a), it can be seen that the coating film did 

not significantly decrease the transparency of the glass. Only the sample prepared at A/T=2.4 

Figure 5.1.10. (a) UV-visible spectra of the samples prepared at different A/T ratios, and (b) top 

and side view of the selected sample (A/T=1.7). 
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slightly decreased the visibility in the range of 390 to 450 nm. The WCA of this sample (A/T=2.4) 

was not good either, compared to the samples prepared at other A/T ratios (Figure 5.1.3). 

 
 

5.3.5. Scratch test  

The mechanical strength of the coating was analyzed using a home-made scratch tester 

after annealing the samples at 300ᵒC for 1 h. The conditions for the scratch tests are summarized 

in Table 5.1.3, and the test results are shown in Figure 5.1.11. The weight of the needle and  

 

Table 5.1.3. Scratch test results for each sample. 

 

 

holder was 3432 dyne, and thus the minimum force applied to the sample was 3432 dyne. The 

sample prepared with TMS alone (T100) did not sustain the minimum force. For the other samples, 

the force gradually increased until the breakdown force was reached. Figure 5.1.12 shows the 

scratch test images taken by the digital microscope. As can be seen, increasing the A/T ratio 

resulted in good mechanical strength. This result is because APDMES forms Si-O-Si bridge and 

H-bonding through the interaction with the silanol group of glass, as discussed above. Even though 

the A/T=2.4 sample exhibited better mechanical strength than those prepared at lower A/T ratios, 

Sample Applied force (dyne) 

A100 16671 

T100 3432 

A/T=1 4216 

A/T=1.4 5099 

A/T=1.7 6080 

A/T=2.4 7649 
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the best condition to satisfy both superhydrophobicity and strength is A/T=1.7, considering all the 

other factors discussed above. 

 

 

 

  

Figure 5.1.11. Breakdown forces of the samples obtained by the scratch tests. 
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Figure 5.1.12. Microscope images of the selected samples. 
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5.4. Conclusions 

A simple and convenient plasma-based method to produce stable superhydrophobic coating 

was demonstrated. The precursors TMS and APDMES were successfully copolymerized to form 

thin superhydrophobic film on the glass surface by the atmospheric-pressure plasma jet. The poor 

mechanical strength, which is a problem of TMS-alone coating, could be improved to some extent 

by using APDMES as the second precursor. Under an appropriate condition for the coating, 

namely, the treatment time of 40 s, the applied voltage of 7 kV, the A/T ratio of 1.7 and the total 

gas flow rate of 5 L/min, maximum WCA achieved was 163°. The superhydrophobicity resulted 

mainly from the surface roughness generated by the plasma jet, which was confirmed by the FE-

SEM and the 3D nano-profiler. The aging and annealing test exhibited that the coating film 

prepared by the plasma jet had good stability, and as well, the UV-vis spectroscopic analysis 

showed that there was no significant loss in the transparency in the visible region. It is believed 

that the non-thermal atmospheric-pressure plasma jet could be one of the candidates that can be 

used to prepare superhydrophobic surfaces on various solid materials. 
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CHAPTER-6 

 

Preparation of carbon materials for the supercapacitor using non-thermal atmospheric-

pressure plasma jet 

 

 

Highlights 

➢  NTP is used to prepare graphitic carbon materials from n-heptane. 

➢ Coating layer depended on the flow rate, applied voltage, treatment time. 

➢ The prepared graphene confirmed by the Raman shift. 

➢ Graphene layer shows uniform thickness.   
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6.1. Introduction 

The civilization progress is directly related to the development in science and technology. 

Without energy storage devices we cannot imagine using electronic portable devices such as 

laptops, cellular phones, or iPods in our daily life. Electric vehicles, airplanes, and many other 

inventions which make our life easier and more comfortable cannot be run without energy storage 

devices. This world stands on energy which mainly coming from fossil fuel. Electrochemical 

devices are good options to store energy play a vital role in overcoming fossil fuel exhaustion [1–

4]. There are several electrochemical energy storage devices, supercapacitor is one of them has 

attracted significant interest in both academia and industry during the past several decades owing 

to their superior power density, fast charge/discharge rate and long cycle life [5–9]. 

Supercapacitors and rechargeable batteries are similar systems with positive electrodes, negative 

electrodes, and separators that are soaked with electrolytes [1–4]. Supercapacitors can be 

considered as the intermediate between the conventional dielectric capacitor and the battery. 

Nowadays, supercapacitors have been utilized in many applications such as consumer electronics, 

military and aerospace, transportation, power backup, grid balancing, enhancing, and/or replacing 

batteries in these applications [10–15]. Supercapacitors can also be used along with rechargeable 

batteries to provide the additional power essential in many applications, such as electrical vehicles 

(EVs) and hybrid electric vehicles (HEVs). These devices can capture and store energy from 

regenerative braking and supplying vehicle acceleration power which can protect rechargeable 

batteries from high-frequency rapid discharge/charge processes. 

Ceramic has been widely used to construct capacitors for radio receivers since 1930. These 

very early capacitors were mainly utilized as primary circuit elements in holding microfarad to 

picofarad charges of direct current or to filter the frequencies for alternating current circuits. The 
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earliest supercapacitors (1957), electrochemical double layer capacitors (EDLCs), were invented 

as an electrolytic capacitor for low voltage operation. For EDLCs, the energy storage is based on 

the adsorption of electrolyte ions on the large specific surface area of electrically conductive 

porous electrodes. Typically, carbon materials and their derivatives are used in EDLCs, including 

carbon nanotubes (CNTs), activated carbon, porous carbon, and graphene. For increasing the 

capacitance and energy density of supercapacitors, some electrochemically active materials have 

been explored as electrode materials of pseudocapacitors. Energy storage in pseudocapacitance 

comes from reversible surface faraday redox reactions occurring at the interface between 

electrolytes and electroactive materials. 

If supercapacitors are able to meet all the requirements for next-generation electronic 

devices, everything will be simple and perfect. Regrettably, the traditional supercapacitor has a 

rigid bulky or planar structure and which has a little possibility of achieving future applications. 

To accomplish future goal, supercapacitor should be weaveable, or miniature, or smart, or large-

scale [16–22]. To overcome the limitations, various novel devices of supercapacitors need to be 

designed such as lighter, thinner, smart or even transparent supercapacitors to achieve special 

properties for increasingly multifunctional consumer electronics. 

For electrochemical applications, carbon materials have drowned the attention of 

researchers, especially for fabricating of energy storage devices due to their good conductivity, 

well polarizability, and more environmentally friendly. Moreover, these carbon materials have got 

much attention while applied as electrode material because of their accessibility, easy to be 

processed and relatively low cost. Based on these issues, this study is focused on the development 

of graphitic carbon material for supercapacitor electrode from hydrocarbon-rich precursors. This 

material can be produced using a relatively simple method of plasma deposition and pyrolysis. For 
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this study, n-heptane was used as a source of carbon. Argon (Ar) gas was used to form plasma 

using kHz power source and nitrogen used as a shielding gas to reduce oxidation for the plasma 

coatings. 

 

6.2. Experimental methodology 

 

6.2.1. Deposition of plasma polymer coatings 

This study has shown the processing of n-heptane using dielectric barrier discharge (DBD) 

plasma. Figure 6.1.1 shows atmospheric-pressure dielectric barrier discharge (AP-DBD) plasma 

configuration which was used in this experiment.  The reactor was made of by copper sheet and 

ceramic. Two copper sheets with 80 mm × 30 mm dimension each were used as electrodes. 

Ceramic plate was used as a dielectric barrier and the gap between plate to plate was 5 mm. The 

plasma reactor was operated with a high-voltage alternating current (AC) power source (Korea 

Switching Co., Korea) whose frequency output was set to 11.5 kHz. Ar was used as a discharge 

gas at 1.6 L/min and applied voltage was 8 kV. Nickel foam with 75 mm × 25 mm × 1.5 mm 

dimension was used to deposit hydrocarbon. Normal n-heptane was used as a source of 

hydrocarbon at the rate of 2000 ppm controlled by the mass flow controller. It was the optimal 

ppm level for this case. The treatment time was varied from 5 min to 120 min. Figure 6.1.2 shows 

the photographic images of the sample prepared by the conventional planar DBD configuration 

after pyrolysis. The pyrolysis process was done under nitrogen environment at 800 ⁰C for 6 hours. 

The plasma treatment time of the sample was 120 min.   
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Figure 6.1.1. Conventional planar DBD configuration. 



 

124 
 

 

 

6.2.2. Characterizations 

 

The surface morphology and roughness of the coatings were analyzed by a field emission 

scanning electron microscopy (FESEM, MIRA3, TESCAN, USA) at an operating voltage of 15 

kV. The Raman spectroscopy was used to reveal what kind of carbon was formed over the surface.  

Figure 6.1.2. Photographic images of (a) bare nickel foam (b) after coating and thermal pyrolysis 

(carbon/nickel foam) and (c) microscopic image of carbon/nickel foam at 100X magnification 

from Raman spectroscopy 
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6.3. Results and Discussion  

 

5.3.1. Surface morphology and roughness 

 

FE-SEM analyses was conducted to investigate the surface morphology, and the coating 

thickness. Figure 6.1.3 shows results of the nickel foam sample prepared by the conventional 

rectangular planar DBD configuration. From the figure, it can be seen (Figure 6.1.4 (b)) that the 

coating adhesion to the nickel foam surface is poor and it is due to no chemical bonding between 

nickel foam and deposited carbon material. The polymer deposited on the surfaces is not well 

attached to the surface of nickel foam, and a lot of cracks are also present there. The thickness of 

the coating shows in Figure 6.1.3 (c).  

 

6.3.2. Raman shift 

Figure 6.1.4 shows the Raman shift of graphene prepared by the plasma deposition and 

pyrolysis process. Raman spectrum of carbon nanomaterials is characterized by two main shifts 

ranged from 1000 to 1700 cm-1. The first peak at 1604 cm-1 is a graphene mode (G band) associated 

to the first order Raman scattering of the E2g phonon at the Brillouin zone center of SP2 carbon 

atoms, which reflect the in-plane stretching of graphene lattice. The second peak at 1345 cm-1 

which has a small intensity for raw graphite attributing to diamondoid mode (D band) arising from 

the breathing mode of k-point phonons of A1g symmetry, which originating from defects, 

disordered in hexagonal graphitic layers and amorphous carbon species. The intensity ratio of D 

and G bands (ID/IG) is used to determine the quality of graphitization or defective disorders on the 

crystalline graphite. 
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Figure 6.1.3. FE-SEM image of (a) bare nickel foam, (b) 120 min coated nickel foam, and (c) 

thickness of the coated thin film. 
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Figure 6.1.4. Raman spectra result of coated sample. [Treatment time 120 min, n-heptane 

concentration 2000 pmm and Ar gas flow rate 1.6 L/min]   
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6.4. Conclusions 

The purpose of this work was to prepare carbon material using plasma deposition which 

was an easy and cost-effective method. Recent research and development clearly indicate that 

high-performance supercapacitors can be prepared by using electrodes based on carbon nanotubes, 

graphene sheets, and graphene-carbon nanotube. We have demonstrated how to produce graphene 

with less effort. Normal n-heptane used as a source of carbon and thermal pyrolysis helped to 

convert graphene-like carbon from plasma deposited hydrocarbon. Raman shift was used to 

identify the nature of carbon after pyrolysis. This graphitic carbon can be a good candidate to make 

supercapacitors.  
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CHAPTER-7 

 

Conclusion  

 

This chapter describes the general conclusions of the overall thesis. This thesis mainly 

focuses on the improvement of thin film for various purpose such as making hydrophobic surface, 

preparation of carbon materials for energy storage devises. First, two chapters described the 

introduction of hydrophobicity and the energy storage devices and their fabrication processes.  

Chapter three has described how the robust hydrophobic coating on glass surface by an 

atmospheric-pressure plasma jet was formed. In this study, the HMDSO was used to promote 

hydrophobicity and the APTES to promote robustness and durability owing to the presence of 

amines capable of promoting the adhesion of the coating layer. In terms of hydrophobicity and 

robustness of the coating, the applied voltage of 7 kV, treatment time of 60 s, and the H/A ratio of 

3/1 were chosen as optimal condition. The WCA of 143° and reasonable mechanical strength were 

obtained under this condition.  

Chapter four was the next work to improvement of mechanical strength of hydrophobic 

coating on glass surfaces by an atmospheric pressure plasma jet. The purpose of this work was to 

prepare a robust coating with good hydrophobic character as well as wear resistance by using non-

thermal plasma jet with the mixture of two precursors. TMS was to promote hydrophobic character 

and APTES to increase the mechanical strength and durability owing to the presence of amines 

capable of promoting adhesion. The appropriate operating condition in terms of both 

hydrophobicity and mechanical strength was found to be the TMS/APTES ratio of 4.8, the applied 

voltage of 7.5 kV, and the treatment time of 300 s. At this condition, the WCA achieved was 139°. 



 

132 
 

Formation of plasma-polymerized superhydrophobic coating using an atmospheric-

pressure plasma jet was studied in chapter five. In this chapter, a simple and convenient plasma-

based method to produce stable superhydrophobic coating was demonstrated. The precursors TMS 

and APDMES were successfully copolymerized to form a thin superhydrophobic film on the glass 

surface by the atmospheric-pressure plasma jet. The poor mechanical strength, which is a problem 

of TMS-alone coating, could be improved to some extent by using APDMES as the second 

precursor. Under an appropriate condition for the coating, namely, the treatment time of 40 s, the 

applied voltage of 7 kV, the A/T ratio of 1.7 and the total gas flow rate of 5 L/min, maximum 

WCA achieved was 163°. And finally, chapter six has described about the preparation of carbon 

material that can be used to make anode for the supercapacitor which is also prepared by the NTP. 

In this thesis, NTP has been used successfully for various purpose such as making 

hydrophobic surface, preparation of carbon materials for energy storage devises. The experimental 

results have confirmed the enormous potential of NTP as a useful tool for chemical deposition to 

make thin film over the various surfaces.  
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