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Synopsis 

Nanocomposite coatings are attractive due to their unique mechanical, physical and 

multifunctional properties, which can address the limitations of conventional 

monolithic structures to achieve an excellent combination of strength, stiffness, 

toughness, and some other functional properties. However, limited work has been 

carried out on the one-dimensional (1D) nanofibers reinforced composite coatings. 

Therefore, the aim of this project was to develop novel multifunctional 1D fibres 

reinforced composite coatings through the design of novel hybrid plasma technologies 

combining plasma enhanced chemical vapor deposition (PECVD) technique and the 

advanced active screen plasma (ASP) co-sputtering and co-alloying technique. 

In this study, a novel in-situ low temperature (below 500ºC) hybrid plasma technology 

combining active-screen plasma co-sputtering and PECVD has been developed to cost-

effectively generate vertically aligned carbon nanotubes (VACNTs) films in a gas 

mixture of C2H2, H2 and Ar. Co-sputtering of stainless-steel (SS) and silver (Ag) for 

the deposition of catalyst films was achieved by purposely designed active screen 

settings consisting of 316 SS mesh cylinder with double top lids within a PECVD 

facility. The co-sputtering rate can be effectively enhanced by the hollow-cathode effect 

in between the double lids. It has been revealed by SEM and TEM that SS and Ag 

nanoparticles have acted as a catalyst for the growth of VACNTs with a multiwalled 

structure and an average diameter around 30 nm. The VACNT film is superhydrophobic 

and can be easily changed to superhydrophilic by doping nitrogen via a post-nitriding 

treatment. All the VACNT films have exhibited excellent antibacterial activity mainly 

through a physical damage mode. 
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A two-step approach has been employed to develop VACNTs reinforced composite 

coatings. First, a modified composite catalyst was deposited by introducing noble Ag 

particles, which inhibit the growth of CNTs, in order to decrease the density of the 

VACNT film to facilitate the penetration of the matrix material for the nanocomposite 

coating. Second, based on the low-density VACNT film, a well-designed CNTs 

reinforced diamond-like carbon (DLC) composite coating can be formed using the 

PECVD. The DLC-CNTs composite coating is conductive mainly due to the CNT 

reinforcements as well as the Ag catalyst particles. 

The Ag wires reinforced composite coatings have been deposited through a one-step 

approach using the advanced hybrid plasma technology combining ASP co-sputtering 

and plasma carburising in a plasma ambient of CH4 (1.5%) and H2 (98.5%). Ag wires 

are aggregates of Ag nanoparticles with an average diameter of around 2 µm which are 

embedded in the matrix formed with stainless-steel, Ag, and carbon. The composite 

coating presents excellent friction reduction effect and antibacterial activity. However, 

no Ag wires could be formed in the plasma ambient of N2 (25%) and H2 (75%). Instead, 

the as-formed composite surfaces are composed of an antibacterial surface layer and a 

hard S-phase case underneath due to the diffusion of nitrogen, which could provide the 

composite surfaces with long-lasting antibacterial activity and excellent wear resistance. 
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Chapter 1 Introduction and objectives 

Composite materials are promising for addressing the limitations of conventional 

monolithic materials to achieve an excellent combination of strength, stiffness, 

toughness and some other functional properties [1]. Bulk composite materials can be 

classified based on the shape and size (i.e. dimension) of the reinforcements. Similar to 

bulk composite materials, nanocomposite coatings can also be grouped by the 

dimension of the reinforcements. Some advanced two-dimensional (2D) and three-

dimensional (3D) structures have been developed in the past decades in order to 

produce nanocomposite coatings with attractive properties [2]. However, limited work 

has been carried out on one dimensional (1D) nanocomposite coatings because of the 

technical challenges involved although novel nanofiber reinforced nanocomposite 

coatings may possess some extraordinary properties due to their unique structure. 

Many 1D materials have been investigated in the past decades, including carbon 

nanotubes (CNTs), Ag wires, Cu wires, TiO2 wires etc. These 1D materials could act 

as reinforcements for the deposition of 1D nanocomposite coatings. However, it is 

difficult to control the dispersion of the 1D reinforcements during the deposition 

process. To overcome this problem, different strategies have been developed to achieve 

the well-designed nanocomposite coatings, such as premixing approach, one-step 

approach, and two-step approach, etc. [3-7]. In this study, both one-step and two-step 

approaches have been explored to fabricate the well-reinforced nanocomposite coating 

structures, using advanced plasma-based techniques. 

CNTs are the most investigated 1D material. The unique cylindrical nanostructure 

provides CNTs with some excellent properties. However, the harsh synthesis 

conditions are the bottleneck for the growth of CNTs. Therefore, it is timely to explore 
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a new method for low temperature in-situ synthesis of CNTs. In order to form the CNTs 

reinforced composite coating, a two-step deposition approach has been developed. 

Great effort has been made to control the growth of CNTs to acquire well-designed 

CNT arrays for the formation of 1D nanocomposite coatings; composite catalyst films 

are used to reduce the density of the vertically aligned CNTs (VACNTs) films to 

facilitate the fabrication of the 1D nanocomposite coatings.  

Metal wires are commonly synthesised by a solution-based process which is only 

suitable for the premixing approach to deposit 1D nanocomposite coatings. Limited 

work has been carried out to produce metal wires reinforced composite coatings 

through a one-step approach because it is difficult to control the growth of metal wires 

and the formation of the matrix at the same time. In this research, a promising one-step 

approach to fabricate the Ag wires reinforced composite coatings has been investigated. 

Therefore, the aim of this PhD research project was to develop 1D fibres (aligned CNTs 

and metal wires) reinforced composite coatings with multifunctional properties. 

Accordingly, the scientific and technological objectives are as follows:  

 To develop cost-effective techniques for the deposition of iron group catalyst 

thin films for the growth of CNTs, including the sputtering and solution-based 

processes. 

 To synthesise VACNT films at relative low temperature and control the density 

of the VACNT films using the composite catalyst films developed from this 

study. 

 To characterise the morphology, chemical states, microstructure of the VACNT 

films. 
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 To explore the feasibility of fabricating the well-designed CNTs reinforced 

composite coatings. 

 To characterise the microstructure and evaluate the properties of the CNTs 

reinforced composite coatings and investigate the mechanisms behind 

microstructural evolution and property enhancement. 

 To develop and characterise the multifunctional Ag wires reinforced composite 

coatings using the active screen plasma technique. 

 To investigate the properties of the Ag wires reinforced composite coatings and 

formation mechanism of the metal wires. 
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Chapter 2 Literature review 

2.1 Development of nanocomposite coatings 

In recent years, surface functional coatings are widely used in industry for decorative, 

protective, or other functional purposes. The functionalities of the coatings can be 

tailored depending on the practical applications. Typical functionalities of most 

coatings are wear resistance, corrosion resistance, self-cleaning, anti-bacterial, 

conductive, thermal resistance, etc. To achieve these functions, novel coating structures 

can be designed and produced by some advanced coating techniques. The development 

of coating architectures can be summarised into four generations as shown in Figure 2. 

1. Although not exhaustive, this provides a guideline for the development of the coating 

architectures. The ultimate target for developing novel functional coatings is to meet 

the ever-increasing property requirements, long lasting, and cost-effectiveness. 

The first-generation coatings are metal, ceramic or polymer-based single component 

coatings. However, their functions are limited due to the simple structure, and hence 

composite structures were developed to improve their properties. Typical structures for 

the second-generation coatings are multicomponent and multilayer structures, which 

can combine properties from the different components. The design of the third-

generation composite coatings is based on nanoscale effects. The emergence of novel 

hybrid techniques has made it possible to tune the coating structures in nanoscale. 

Nanoparticles reinforced composite structure [8, 9], superlattice structure [10] and 

gradient structure [11, 12] are the typical third-generation architectures. The combined 

control of structures and compositions can provide advantages for the composite 

coatings, such as reduction in lattice mismatch, phase transformation, and grain growth. 

These nanocomposite coatings may have low internal stress, high hardness and 
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toughness, strong adhesion, and high thermal stability. For the fourth generation, 

researchers intend to develop adaptive composite coatings which are sensitive to such 

environmental factors as temperature, force, irradiation, and voltage. The structures 

need to provide the coatings abilities to change their properties to meet the requirements 

under different severe operating conditions. Future studies are needed to develop novel 

architectures to achieve advanced functional coatings with smart functions under 

multiple cycles of operating variation. 

 

Figure 2. 1 Historical development of functional coating architectures [13] 

 

Composite structures are promising for addressing the limitations of conventional 

monolithic structures to achieve an excellent combination of strength, stiffness, 

toughness, and some other functional properties [14]. To have a better understanding 

of the composite structures, a comparison between the composite coatings and the 

traditional bulk composite materials is made in Figure 2. 2. The structures of the bulk 

composite materials can be classified based on the dimension of the reinforcements, 

such as the zero-dimensional (0D) particle reinforcement, one-dimensional (1D) short 

fibre reinforcement, two-dimensional (2D) laminate reinforcement and three-

dimensional (3D) continuous fibre reinforcement. For the composite coating structures, 

typical multicomponent structure, multilayer structure, and multigrain structure are 
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corresponding to the 0D, 2D and 3D composite structures. However, few studies have 

been carried out on the 1D composite coating structures because it is difficult to 

fabricate a well-dispersed nanofiber reinforced composite coating. The 1D nanofibers 

reinforced bulk polymers, ceramics, and metals have a lot of unique properties, and 

hence it is technologically important to develop the novel 1D nanocomposite coatings 

in view of their potential properties for practical applications.  

 

 

Figure 2. 2 Comparison of the structures of bulk composite materials and 

nanocomposite coatings 

 

There have been many exciting developments in the field of nanocomposite coatings. 

The above novel composite coating structures should have great potential for scientific 

research and practical applications. For example, a new combination of surface 

properties could be developed by exploring novel 1D coating architectures, which 

formed the theme of this PhD project. 

2.2 Carbon nanotubes 

One-dimensional (1D) nanomaterials have been extensively studied due to their unique 

properties and potential applications. A broad range of the 1D nanomaterials have been 
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explored, and notable materials include carbon nanotubes, silicon nanotubes, and some 

metal oxides nanorods, such as TiO2, ZnO, MgO and SnO2 [15-18]. Among these 1D 

nanomaterials, carbon nanotubes are the most promising 1D nanomaterial, which was 

first identified by Iijima in 1991 when investigating the carbon soot deposited by the 

arc discharge method. Transmission electron microscopy images clearly showed the 

multiwalled tube structures with diameters in nanoscale, which is named multiwalled 

carbon nanotubes (CNTs). The work on multi-wall carbon nanotubes (MWCNTs) by 

Iijima is an important milestone in the history of CNTs research, which has been driving 

the study of 1D nanomaterials in the past years [2][19].  

The new types of carbon nanotubes, such as single-walled carbon nanotubes 

(SWCNTs), double-walled carbon nanotubes (DWCNTs), vertically aligned carbon 

nanotubes (VACNTs), coiled carbon nanotubes, etc. have made the study of carbon 

nanotubes a flourishing subject. Their growth mechanism, atomic structures and 

properties were well studied to explore potential applications of CNTs. Their excellent 

mechanical strength, electrical conductance and thermal resistance make CNTs 

interesting for a broad range of applications, such as composite materials [14, 20], 

nanoscale electronic, physical and biosensors [21-23], field emission devices [24, 25], 

energy storage [26, 27], electrodes [28, 29], etc. However, most of these potential 

applications are still being tested in a laboratory scale. 

In this study, it is intended to use CNTs as the 1D reinforcements for the new 

nanocomposite coatings to be developed. Thus, it is important to fully control the 

growth of the CNTs for the subsequent deposition of the composite coatings. The 

synthesis methods, growth temperature, catalysts, substrates are key issues for the 

deposition of the CNTs. 
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2.2.1 Synthetic strategies 

Various methods have been developed to synthesise CNTs including arc discharge [30, 

31], laser ablation [32, 33] and chemical vapour deposition (CVD) [34, 35]. The arc 

discharge technique utilises the electric arc between two graphite electrodes to 

synthesise CNTs within an inert gas ambience. A high current in the range of 50~120A 

is applied and high temperature (>3000C) plasma is generated between the two 

graphite electrodes. Carbon atoms vaporize from the graphite electrodes and then 

condense to form CNTs and other carbonaceous by-products. Laser ablation technique 

has similar growth mechanism to arc discharge technique. A laser source is applied to 

vaporize carbon atoms from the graphite target at high temperature, and then CNTs and 

other by-products are formed in the inert gas ambience. Due to the high deposition 

temperature, arc discharge and laser ablation methods are effective to produce high 

quality CNTs or even SWCNTs. However, CNTs synthesised by arc discharge and 

laser ablation are usually randomly curved and post-treatment is needed to remove the 

impurities. Meanwhile, harsh reaction conditions act as barriers to the scale-up 

production of CNTs by arc discharge and laser ablation methods. 

Only CVD methods are feasible for the mass production and tailored synthesis of CNTs. 

In the CVD process, transition metals are used as catalysts to crack the hydrocarbon 

gases. The cracked carbon atoms are dissolved into the catalyst nanoparticles and then 

precipitate to form the CNTs. This catalytic process makes it possible to synthesise 

CNTs at a relatively low temperature (<1000C). Various CVD techniques have been 

established for the growth of CNTs, including simple thermal CVD and hybrid CVD 

systems such as laser-assisted CVD and plasma enhanced CVD. Typical thermal CVD 

equipment is made of a vacuum chamber and a heating source, and hydrocarbon gases 

are cracked by thermal energy only from the heater, resulting in a high deposition 
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temperature. Schematic diagrams of the simple hot-wall CVD and hot-wire CVD are 

shown in Figure 2. 3.  

 

 

Figure 2. 3 Schematic diagrams of thermal CVD devices: (a) hot-wall CVD [36]; (b) 

hot-wire CVD [37] 

 

Although the growth temperature for the thermal CVD methods is lower than that for 

arc discharge and laser ablation methods, it is still higher than 600C, which may cause 

significant degradation or even damage to some thermal sensitive substrates, such as 

glasses for field emission displays [38, 39]. Thus, hybrid CVD systems have been 

developed which are capable of improving the quality and yield of CNTs compared to 
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the conventional thermal CVD. The plasma enhanced CVD is an important approach 

to lower the synthesis temperature of CNTs because plasma can assist the cracking of 

the hydrocarbon gases. Based on the plasma sources, there are two types of plasma 

enhanced CVD (PECVD) which are radio frequency PECVD (rf PECVD) and direct 

current PECVD (dc PECVD). During the synthesis process, hydrocarbon sources 

(methane, acetylene, ethylene, and benzene) with other precursor (argon, hydrogen, 

ammonia) are fed into the vacuum chamber, and the plasma is generated between the 

anode and the cathode electrodes. Charged and neutral species can be formed in the 

plasma field which makes the growth process very complex [40]. The CNTs 

synthesised by thermal CVD are usually curved, but vertical and straight CNTs can be 

produced in the plasma enhanced process (See Figure 2. 4). The growth process is very 

complex and in addition to the working parameters such as temperature, flow rate, gas 

ratio (CH4/H2) and pressure, the intensity of plasma, the microstructure of the catalyst 

and the substrates also play important roles in the growth of CNTs. 

 

Figure 2. 4 CNTs grown by an alternating thermal and plasma process, curled in the 

thermal CVD process and straight in the plasma CVD process. (a) SEM image of as-

grown CNTs; (b) schematic diagram of the CNT structure in the alternating process 

[41] 
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Recently, some work has been dedicated to the low temperature growth of MWCNTs 

by PECVD. The reported synthesis temperature is below 400oC and could be as low as 

room temperature [42-44]. In spite of the progress, the plasma heating effect can cause 

a temperature difference between the sample surface and the bottom of the plate 

electrode, where the temperature is usually monitored. Meyyappan [45] questioned the 

reported growth temperature because the measured temperatures depend on the 

methods used and the locations selected. Thus, low temperature synthesis of CNTs is 

still difficult. 

Wang et al. [44, 46] synthesised vertically aligned CNTs and CNFs by RF PECVD at 

140oC and 180oC. Ni or bimetal FeNi thin films were sputtered as catalysts. Gas flow 

of CH4, Ar and H2 as 10:90:10 sccm was introduced into the chamber while keeping 

the pressure at 128 Pa. The plasma power for the deposition was between 30 W and 80 

W. Wang et al. [44] also indicated that the low temperature growth mechanism is 

different from that occurring at high-temperature growth. The thermal energy supplied 

in low temperature treatments would not be sufficient and the amorphous catalyst 

particles could not be transformed into crystalline phases. Thus, the as deposited CNFs 

showed rough edges and contained many defects.  

Hofmann et al. [42, 47, 48] utilised a DC PECVD to selectively grow vertically aligned 

CNFs at about 120oC. A Ni nanofilm was prepared by magnetron sputtering and the 

plasma was ignited with a voltage of 600 V and a current flow of 30 mA; the 

thermocouple was mounted in the substrate. They suggested that the plasma dissociated 

the hydrocarbon gas and improved the adsorption and diffusion of carbon atoms. 

Besides, the etching effect can also decrease the formation of amorphous carbon and 

keep the activity of the catalyst nanoparticles. Carbon atoms can diffuse along the 

surface, making it possible to form graphitic planes at such a low temperature. 
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Boskovic et al. [49] used an industrial RF PECVD unit to synthesise carbon nanofibers 

at room temperature. CH4 and H2 (30:50 sccm) were used as carbon source and Ni 

powders (4-7 µm) were used as catalysts. Two typical Raman spectra bands (D and G 

band) of the room-temperature CNFs were found to be close to that of the CNTs grown 

by hot-filament CVD at 450oC, but broader than that of the commercial MWCNTs. 

Boskovic et al. [49] have pointed out that the activation energy for carbon atoms to 

diffuse through the Ni catalyst in a plasma environment is lower (0.54 eV) than in a 

thermal CVD process (1.5 eV). The heating effect of the RF plasma on the 

supersaturated Ni can make the local temperature close to the melting temperature of 

the Ni-C eutectic. 

In most cases, the low temperature growth of CNTs is conducted at about 400oC. The 

modified PECVD with a mesh electrode was reported to synthesise CNTs at relatively 

lower temperatures [30, 50-54]. Kang et al. [50] used a mesh electrode to add an 

additional potential. Aligned CNTs were produced at about 450oC, but the function of 

the mesh electrode was not clearly explained. Kojima et al. [51] utilised microwave 

PECVD (2.45 GHz) equipment with a grid electrode between the anode and cathode, 

which produced VACNTs at 400oC. Kojima et al. [51] believed that the grid electrode 

would suppress the damage by ion bombardment. Jang et al. [52] tried to reduce the 

ion bombardment effect during the growth of CNTs by a mesh electrode, which was 

connected to the cathode. The CNTs produced with the mesh electrode showed reduced 

diameters and increased lengths with reduced defects and amorphous carbon impurities. 

Show et al. [53, 55, 56] selectively grew VACNTs using a photolithography method. 

A typical schematic of the modified PECVD is shown in Figure 2. 5. A grounded 

stainless-steel grid was placed between the anode and the cathode. They claimed that 

the ion flux and ion bombardment were not helpful for the growth of CNTs. Ionic 
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species can be trapped by the grounded electrode while the neutral carbon atoms and 

carbon radicals can get through the grid and impact on the substrate surface, and then 

the amorphous carbon (a-C) could be suppressed and high purity VACNTs were 

produced. 

 

Figure 2. 5 Schematic of a modified PECVD with a mesh electrode for the growth of 

CNTs [50] 

 

2.2.2 General growth aspects 

During the growth of CNTs, the substrate supports the catalysts, which is one of the 

key factors for the growth of high quality CNTs, and the interaction between the 

substrate and the catalyst can greatly influence the nanostructure and growth 

mechanism of CNTs. Silicon wafers are most commonly used as the substrate for the 
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growth of CNTS because of their ultra-flat surface. Some researchers [54, 57] indicated 

that nickel silicide can be formed by the reaction between the nickel catalysts and the 

Si substrate. Therefore, buffer layers or underlayers are used to prohibit the reaction 

between the substrates and the catalysts. SiO2 [58], Al2O3 [59, 60], TiN [44], Ti [61, 62] 

films are often used as the buffer layers. The material of the buffer layer can help the 

formation of small particles of catalyst and improve their wetting ability. Cassell et al. 

[63] reported that a Cr buffer layer to support the Ni catalyst can increase the growth 

rate and improve the alignment and uniformity of CNTs. The interaction between the 

catalysts and the buffer layer can help to adhere the catalyst to the substrate and alter 

the growth mechanism [64].  

2.2.3 Catalysts 

Catalysts play a crucial role in the growth of CNTs. There are three main steps for 

CNTs growth in a typical CVD process: (i) decomposition of the hydrocarbon gases, 

(ii) diffusion of the carbon atoms through the catalyst and (iii) precipitation of the 

carbon atoms to form CNTs [65]. The diffusion and precipitation processes of the 

carbon atoms are complex, and various catalysts are used to produce CNTs. Iron group 

elements (Fe, Ni, Co) are widely used as catalysts. Their binary or multimetal alloys 

sometimes can provide advantages for CNTs growth. Al, Mo, Cu, etc. were added to 

promote the diffusion and precipitation rate of the process and to make the growth of 

CNTs more controllable and efficient. On the other hand, some metal free catalysts are 

explored in order to reduce the detrimental effects of metal particles, which unavoidable 

change the intrinsic property of CNTs (e.g., chemical, electronic, thermal stability and 

toxicity) and study the growth mechanism in depth [66, 67]. 

Besides the composition of the catalyst, the film thickness also affects the growth of 

CNTs [68, 69]. Wei et al. [68] found that there was a strong relation between the film 
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thickness and CNTs density and the growth can only start in a limited range of film 

thickness. The diameter of the nanotube is related to the catalyst particle size and the 

pre-treatment process used to form catalyst nanoparticles has an effect on the size and 

shape of the particles. Jung et al. [70] pointed out that prolonged pre-treatment not only 

increased the particle size but also changed the crystalline state of the nanoparticles, 

which decreased the density, uniformity and nucleation rate of the CNTs. 

2.2.4 Novel methods for catalysts preparation 

There are a variety of methods to prepare catalysts for CNTs growth, such as physical 

vapour deposition (PVD) [71, 72], electron beam evaporation, sol-gel methods[73], 

metal organic CVD [74], etc. Sputtering and evaporating are two of the most used 

approaches, because they can control the density, uniformity, size and shape of the 

catalyst particles.  

Active screen plasma (ASP) was first developed for plasma nitriding [75, 76]. However, 

the ASP technique has recently been used to achieve a hybrid treatment combining 

nitriding and sputtering metal particles at the same time [77, 78]. The hybrid process 

could be simplified as a sputtering process to deposit nanolayer catalyst films by using 

100% hydrogen as a reaction gas. Due to the low sputtering rate, it could easily control 

the thickness of the catalyst films. Furthermore, the CNTs could be synthesised in-situ 

by placing an active screen setup in a CVD system. The potential of advanced ASP 

technique for the growth of CNTs has been explored in this research.  

2.2.5 Composite coatings reinforced with CNTs 

Various methods can be used to produce carbon nanotubes reinforced bulk composite 

materials with different matrices (polymer, metal, and ceramic), such as casting, 
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sintering, hot pressing, etc. However, little work has been carried out on the nanofiber 

reinforced composite coatings due to the complexity of the process.  

The incorporation of CNTs imparts structural and functional properties to the 

composite coatings. A few reports were focused on the CNTs reinforced composite 

coatings. However, achieving a homogeneous dispersion of CNTs in the matrix during 

deposition is a primary challenge. Tan et al. [79] prepared the Ni-CNTs composite 

coatings using brush plating in an attempt to improve the wear resistance of Ni coating, 

but more pores were produced compared to the brush plated pure Ni coating. 

Schittenhelm et al. [80] deposited the SWCNTs-amorphous diamond composite 

coatings using pulsed laser deposition. The as deposited SWCNTs-amorphous diamond 

showed a scratch hardness up to 25 GPa. 

Composite coatings with CNTs reinforcements are gaining importance because CNTs 

could serve to increase toughness and to reduce internal stresses. Kinoshita et al. [5] 

investigated the mechanical properties of a DLC-CNTs composite coatings deposited 

with PECVD. The toughness of the composite coatings was improved. However, DLC 

did not naturally impregnate the CNTs because of the unsuitable process (see Figure 2. 

6). Using substrates spray-coated with CNTs, Chiba et al. [81] proved that the CNTs 

reinforced structure can reduce the internal stress of DLC films by 1.5 GPa, which can 

act as a stress buffering layer.  

Besides CNTs, some other nanofibers can also be used as reinforcement. Li et al. [82] 

prepared SiC nanowires reinforced SiC composite coatings which improved the wear 

resistance at high temperature (800oC) of the conventional carbon/carbon composites. 
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Figure 2. 6 SEM image of the DLC-CNTs composite coating showing that DLC did 

not impregnate into the CNTs film [53] 

 

From the literature review described above, it is apparent that CNTs are promising 

reinforcements for the 1D nanofibers reinforced nanocomposite coatings. However, the 

inherent shortcomings of the deposition process will limit the formation of the 

nanocomposite coatings, such as growth control of CNTs and complex interactions 

between reinforcements and the matrix. Thus, it is important to develop feasible and 

cost-effective techniques to achieve the well-designed composite structures.  

Herein, one approach is to control the growth of CNTs, an active screen plasma 

technique is applied to prepare several types of composite catalyst films, which 

provides a convenient way to affect the density of the CNT films. Some efforts have 

been dedicated to the low temperature synthesise of vertically aligned CNT film. 

Another approach is to use both physical vapor deposition (PVD) and chemical vapor 

deposition (CVD) methods to investigate the feasible process for the deposition of the 

1D CNTs reinforced composite coatings. 
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2.3 Fundamentals of plasma physics 

Plasma technology is applied in this study for the growth of CNTs and the sputtering 

processes. Different plasma power sources (RF and DC) and electrical configuration 

(Active screen) were used in varied circumstances in order to control the status of 

plasma for the specific depositions. Thus, it is necessary to have a knowledge on the 

simple principle of plasma in order to understand the mechanisms of the plasma 

interactions during the deposition processes. 

2.3.1 Plasma 

Plasmas can be generated by electrical discharges, and are known as the fourth state of 

matter. During the ionization process, electrons are striped from atoms and molecules 

due to high energy, which can be electrical energy, thermal energy, or light energy. The 

plasma field consists of positive ions and negative electrons, and excited molecules 

collisions between the charged particles and neutral particles are continuously 

happening in the plasma field and new charged particles are created, which creates the 

avalanche of the charged particles and initiates the electrical breakdown. 

2.3.2 Glow discharge 

Glow discharge between two plate electrodes depends on voltage, dimensions, and 

pressure. In 1889, Paschen derived a relationship between the breakdown voltage, 

pressure, distances between two electrodes, and the applied voltage, what is known as 

the Paschen’s Law [83]. There are always free electrons within a vacuum chamber due 

to cosmic rays, and so when a voltage is applied on the electrodes, free electrons will 

be accelerated to move towards the anode plate.  

Collisions between the electrons and neutral atoms will cause ionization, while positive 

ions and more electrons (secondary electrons) are generated. If the collision processes 
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are continuous and self-sustainable, then the breakdown starts, and the critical voltage 

is called breakdown voltage. The breakdown voltage is related to the collision 

probability, plate distance, and gas pressure. If the pressure is too low or the distance 

is too small, then the probability of collision between the electrons and the neutral 

atoms is low. Thus, as the gas pressure and plate distance increase, the collision 

probability will be increased, and therefore the breakdown voltage can be lowered. 

Once the glow discharge initiates, positive ions and electrons are moving respectively 

towards the cathode and the anode plates. When the electric current generated by the 

discharge flow is dense enough, visible light will be emitted from the plasma. As shown 

in Figure 2. 7, several luminous and dark zones can be viewed between cathode and 

anode. The colours of the luminous zones are mainly depending on the type of gas and 

the pressure [84]. 

The first zone next to the cathode is called Aston dark space, which contains a negative 

charge layer and a strong electric field. In this region, electrons are accelerated away 

from the cathode, and the low density of plasma makes this region dark. The zone next 

to the Aston dark space is called cathode glow zone, in which the ion density is very 

high. The thickness of the cathode glow zone depends on the working gases and 

pressure. The dark zone next to the cathode glow zone on the anode side is named the 

cathode dark space, which has a high density of ion and strong electric field. The Aston 

dark space and the cathode dark space form a double layer electric field. The brightest 

zone of the discharge next to the cathode glow zone is negative glow zone. The electric 

field in this region is low compared to the cathode glow zone. Electrons have been 

accelerated through the Aston dark zone and the cathode dark zone and then excite the 

neutral atoms within the negative glow zone. The electrons are slowed down due to the 
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collisions and their energies are no longer high enough for the excitation of plasma, and 

thus a dark zone named Faraday dark space is formed next to the negative glow zone.  

The positive column zone is next to the Faraday dark space and near the anode, and the 

electric field is weak in this region. The anode glow zone next to the positive column 

is the boundary of the anode sheath, which is brighter than the positive column. 

Between the anode glow zone and the anode is the anode dark space, where the electric 

field is stronger than that in the positive column. 

 

Figure 2. 7 The physical appearance of the glow discharge between two plates [84] 

 

Hollow cathode effect describes the glow discharge process that occurs within a small 

metal hole cathode. The glow discharge can be extremely strong under certain 

conditions. For two plate cathodes, when the distance between them is about the same 

dimension as the hole, the discharge voltage between the plates will increase, leading 

to a high density of electrons and ions. The hollow cathode effect can, not only enhance 

the ionization efficiency during the glow discharge, but also generate a large amount of 

thermal energy. Thus, hollow cathodes have been employed in the sputtering deposition 

processes. It can act as a heater or improve the efficiency of the sputtering process. 
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This brief introduction to the DC plate glow discharge serves the purpose of controlling 

the growth of the CNTs and the nanocomposite coatings. 

2.3.3 Active screen plasma surface engineering 

Surface engineering is widely used to improve the surface properties of bulk materials, 

such as metals, polymers, ceramics, and some new materials. A wide range of 

functional properties is developed by the surface engineering techniques, such as high 

hardness, excellent wear resistance, corrosion resistance, electronic and thermal 

resistance. Surface engineered components have been used in many industrial sectors, 

such as automotive, aerospace, electronics, biomedical, etc. which forms a large market 

in the UK. Various advanced heat sources are applied for surface treatments, such as 

electric, plasma, arc, laser, induction, etc. Among those sources, plasma is the most 

versatile one and has been used in a range of surface engineering techniques. 

2.3.3.1 Development of active screen plasma technique 

Active screen plasma is an advanced surface engineering technology, which has been 

developed from the direct current (DC) plasma technique. It is known that plasma 

nitriding has some advantages over the conventional gas nitriding and bath nitriding in 

terms of reduced energy consumption and environmental impact [85]. However, 

normal DC plasma nitriding process has inherent shortcomings, such as edging effect 

and arcing. This is because the specimen is connected to the cathode with a high 

potential and plasma forms directly on the surfaces. The active screen technique has 

been developed to overcome these disadvantages [86]. The comparison between the 

DC plasma and the AS plasma systems is shown in Figure 2. 8. In the AS plasma system, 

a metal screen is connected to the cathode, and the specimen is surrounded by the active 

screen at the floating potential during the nitriding process. Plasmas are formed on the 

metal active screen and interact with the specimens indirectly. Thus, the edging effect 
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and arcing associated with DC plasma can be addressed because the plasmas are formed 

on the active screen, no bias is applied to the specimens and the specimens are 

uniformly heated by the radiation from the screen. 

 

 

Figure 2. 8 Schematic diagrams of the settings comparison between the direct current 

plasma and active screen plasma systems [75] 

 

Active screen plasma technology has been developed rapidly in the past ten years and 

found practical use in plasma nitriding (PN), plasma carburising (PC), and plasma 

carbonitriding processes applied to components from several industrial sectors. A 

variety of studies on the active screen plasma treatments were focused on ferrous 

materials, such as low alloy steels [85, 87, 88] and stainless steels (austenitic, ferritic, 

duplex) [76, 89, 90]. Most of these plasma treatments are used for surface hardening 

[91] and the improvement of wear resistance [85] and corrosion resistance [92]. 

Santiago et al. [93] proved that the austenitic stainless steel treated by ASPC produced 

similar surface hardness and layer thickness compared with the samples treated by 

DCPC. Li et al. [92] carefully evaluated the corrosion resistance of stainless steel 

treated by ASPN, and the results indicated that the stainless steel samples treated by 
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ASPN at a lower temperature (420°C) can enhance their corrosion resistance. However, 

when the stainless-steel samples were treated at high temperature (500°C), their 

corrosion resistance was decreased because of the precipitation of the chromium 

nitrides. Thus, the treatment temperature plays an important role in the ASP treatments. 

2.3.3.2 Mechanism of active screen plasma technique 

As discussed above, the active screen plasma process is different from the direct current 

plasma process. Researchers have found that there is a deposition layer formed on the 

surface after the ASPN treatment, which is related to the mechanism of the ASP process. 

Li et al. proposed a ‘sputtering and deposition’ model to explain the mass transfer 

during the ASPN process based on the ‘sputtering and recondensation’ model for 

DCPN [85, 92]. In a typical DCPN process, iron particles are sputtered from the 

cathodic sample surface, FeN is formed in the cathode potential drop region and then 

the formed FeN particles drop on the sample surface. Nitrogen atoms released from the 

decomposing of FeN will diffuse into the α-Fe lattice. In the ASPN process, there is no 

sputtering on the sample which is in a floating potential. Sputtering only occurs on the 

active screen and Fe atoms and iron nitrides (Fe2-3N and Fe2N) particles are transferred 

to the sample surface. Iron nitrides are formed in the active nitrogen atmosphere which 

are extremely unstable thermodynamically, while the decomposed nitrogen will diffuse 

into the sample.  

Figure 2. 9 shows the schematic diagram of a modified model of the ‘sputtering and 

deposition’ process. Zhao et al. [87] proposed that the particles serve as a nitrogen 

carrier for the nitriding process. Nitrogen ions react with the particles and then desorbed 

and diffused into the substrate when the particles are attached to the sample surface. 

Saeed et al. [94] made a comparison between the DCPN and the ASPN processes and 

verified the ‘sputtering and deposition’ model in the ASPN process. They further 
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modified the model based on the results from optical emission spectroscopy, and it was 

confirmed that the sputtering from the sample is not necessary. Nitriding can be 

achieved at floating potential, and NmHn
+ was considered as the dominant nitriding 

species because they observed the line emission from NH. Santiago et al. [86] utilised 

XRD to investigate the sputtered layers on glass and they found that stable iron nitrides 

were formed on the inert glass. However, these iron nitrides were easily decomposed 

on metal samples which is important for the nitriding process. Santiago et al. [95] also 

used the electron backscattered diffraction (EBSD) technique to investigate the 

sputtered particles, and found that particles remained only on some grains on the sample 

surface. This is because the crystal orientation of the grains can influence the diffusion 

rate of nitrogen and hence the decomposition of the back-deposited iron nitrides. 

 

Figure 2. 9 Schematic diagram of the active screen nitriding process [87] 

 

Due to the ‘sputtering and deposition’ process, the ASPN process is feasible to treat 

non-conductive materials, such as polymer [96] and ceramic [97]. It has been shown 

that the ASPN treated polymeric materials had enhanced hardness, elastic modulus and 

wear resistance. Recently, researchers from the University of Birmingham have further 

developed the ASPN technique into a novel duplex treatment combining a nitriding 



 

25 
 

process for the formation of a hard S-phase layer and a sputtering process for the 

deposition of a functional coating. 

2.3.3.3 Novel duplex active screen plasma treatment 

The mechanism of the sputtering and deposition during the ASPN process is still not 

fully understood. However, it is confirmed that materials sputtered from the active 

screen can interact with nitrogen and form a coating on the sample surface. Generally, 

stainless-steel active screen is used for the ASPN treatments of iron-based metals, such 

as stainless-steel, low alloy steel, and cast iron. Li et al. [85] found that in the ASPN 

process, Ti or Cu contained layer can be formed on the surface of the samples when the 

top active screen lids contained Ti or Cu.  

Inspired by this deposition process, some novel functional composite surfaces were 

developed. Dong et al. [98] developed a highly durable antimicrobial stainless-steel 

surface alloyed with N and Ag by ASPN method. Composite active screen lid made by 

silver and stainless-steel was used during the ASPN process, and it was found that a 

silver impregnated composite layer was formed on the surface of the sample followed 

by a thick hard S-phase underneath layer. This novel composite surface showed 

excellent antimicrobial property due to the silver nanoparticles within the surface layer, 

and high wear resistance because of the hard S-phase supporting layer. Dong et al. [77] 

also employed the ASPN technique to fabricate a composite surface which contained a 

copper-rich layer and an S-phase layer. The double layer structure has made it possible 

to fabricate a long-lasting antimicrobial bio-functional composite surface. The ASPN 

duplex treatment provides a feasible way to produce composite surfaces in one-step, 

and the composition of the functional layer can be adjusted by changing the active 

screen lids. 
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Lin et al. carried out a series studies of stainless steel bipolar plates for proton exchange 

membrane fuel cells [99-101], and the ASPN duplex treatment method was applied for 

the modification of the stainless-steel bipolar plates. Silver, niobium, and platinum 

were used as alloying elements to modify the surface electrical conductivity of the 

bipolar plates. Besides, the duplex treatments can also improve the corrosion properties 

of the stainless-steel bipolar plates by increasing the corrosion potential and the passive 

current density and decreasing the corrosion current density.  

In some cases, the hollow cathode effect was utilised to increase the sputter rate. Akio 

et al. [102] used a titanium double screen settings for the deposition of the TiN coating 

and the S-phase layer. The distance between the two screens was 10mm and this 

structure was feasible to produce more ions and active species on the screens to enhance 

the sputtering process.  

The ASPN duplex deposition method provides a way to produce composite surfaces in 

one-step. The composition of the functional surface layer can be tailed by changing the 

active lids, which could provide an easy way for the deposition of the multifunctional 

composite surfaces to be developed from this research. 

Inspired by the previous work on the active screen plasma technology, it is known that 

the active screen plasma process provides a feasible way for the duplex plasma 

deposition to form multifunctional composite surfaces with a functional surface coating 

and an underneath S-phase layer. However, most of the co-alloying processes were 

carried out in a plasma ambient of nitrogen and hydrogen. In this study, the active 

screen plasma co-alloying processes were also conducted in a plasma ambient of 

methane and hydrogen in order to achieve the metal wires reinforced composite 

coatings.  
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2.4 Spontaneous growth metal wires 

Different strategies have been developed to synthesise the 1D metal wires, such as 

spontaneous growth [103], template-based growth [104], and lithography [105]. While 

some of them have been developed extensively, others attracted limited attention. In 

this study, the growth method is different from the template-based and the lithography 

methods, which are widely utilised for the preparation of one-dimensional (1D) wires. 

Therefore, the spontaneous growth of the 1D structures is discussed first in order to 

explore the formation mechanism of the metal wires produced in this study.  

The spontaneous growth of wires is commonly driven by the reduction of Gibbs free 

energy or chemical potential, and it can be typically categorized into (a) vapor phase 

growth and (b) solution-based growth. Anisotropic growth is required for the formation 

of the 1D structure which means that the crystal grows faster along one direction than 

others. 

Due to the different growth media, the solution-based growth process differs from the 

vapor phase growth process. For the solution-based process to synthesise Ag nanowires, 

AgNO3 is commonly used as precursor dissolved in ethylene glycol which also acts as 

a reduction agent. PtCl2 can be used as growth seeds [106]. Polyvinyl pyrrolidone (PVP) 

is introduced into the solution as a capping agent which can block some growth surface 

and result in the formation of the uniform Ag nanowires. Sun et al. indicated that [2 1 

1] and [0 1 1] were the growth direction of the Ag nanowire and the HRTEM images 

verified that the twined Ag nanowire was single crystalline [106].  

The mechanism for the solution-based growth of Ag nanowires can be explained as 

follows. First, Pt nanoparticle seeds were formed by reducing PtCl2 using ethylene 

glycol at elevated temperature. Then AgNO3 and PVP were added into the reaction 

system for the nucleation and growth of the Ag nanowires. In this process, the as grown 
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Pt nanoparticles acted as nuclei for the growth of the Ag nanowires because they have 

similar crystal structures and lattice parameters. The reduction of AgNO3 with ethylene 

glycol generates Ag nanoparticles for the nucleation process. PVP as a polymeric 

surfactant prevent the aggregation of the Ag particles which can chemically absorb onto 

the surface of the Ag nanoparticles and assist to form the rod-like Ag nanowires. The 

specific role of PVP in the formation process is still not fully understand. Bonet et al. 

explained that PVP can kinetically affect the growth rates of different faces in the 

adsorption and desorption process [107].  

Actually, large Ag particles were also formed through the homogeneous nucleation 

process. Thus, it should note that the nanoparticle seeds and PVP are key to the 

formation of the Ag nanowires. Silvert et al. pointed out that the concentration of PVP 

can determine the morphologies and aspect ratio of the final Ag nanowires, otherwise 

the Ag nanowires were predominated by the seeds [108, 109]. Besides, the relatively 

slow reduction rate of AgNO3 also helpful for the anisotropic growth of the Ag 

nanowires. 

Zhang et al. proved the formation of the five-fold-twinned Ag crystals through the wet-

chemistry synthesis, while a higher concentration of PVP will lead to a thinner and 

more symmetrical pentagonal nanowire compare to the thick rods. The surfactant 

mechanism does not consider the crystal configuration and cannot explain the five-fold 

twinned crystal structure. Thus, a strain-restriction mechanism proposed that internal 

strain exists in the lattice is responsible for the anisotropic growth. It indicates that the 

elongation of the decahedra in the axial direction will not increase the internal strain, 

while the growth in the lateral direction is inhibited. This can explain the appearance 

of the pentagonal five-fold-twinned nanowire and reveal the anisotropic growth of the 

1D structures. However, the actual function of PVP still needs further investigation 
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[110]. 

Unlike the dissolution condensation process, the Ag wires formation process in this 

study can be referred to an evaporation condensation process. However, limited reports 

have been carried out to synthesise Ag wires through the evaporation condensation 

process. Evaporation condensation process for the growth of metal wires is commonly 

driven by the reduction of Gibbs free energy due to the recrystallization or a reduction 

in supersaturation [111]. Oxide-assisted growth, vapor-liquid-solid, vapor-solid growth, 

are three typical synthetic strategies of the vapor phase growth of the 1D structure.  

Lee et al. addressed the oxide-assisted growth mechanism for the growth of Si 

nanowires. SiO2 is decomposed through the thermal evaporation process and the 

precipitated Si nanoparticles act as nuclei for the growth of Si nanowires. They 

suggested that the temperature gradient offers the driving force for the growth of the 

nanowires [112]. The nuclei were isolated at the surface at the first stage and then 

accumulated and grown normal to the substrate. Nuclei were formed with Si cores and 

an amorphous SiO2 outer layer. No catalytic nanoparticles were found in the nanowire, 

while a lot of defects were generated within the Si crystalline core. 

It is considered that the surface SiO2 shell layer has a catalytic effect for the formation 

of the nanowires which retard the lateral growth. The SiO2 vapor is continuously 

evaporated to form nuclei at the tip of the nanowires. However, these nuclei have 

different crystalline orientations and nonpreferred orientations growth will be 

terminated. Besides, fault stacking of the nuclei leads to partial dislocation and 

microtwins within the nanowires. In the present study, as there was no oxygen in the 

reaction ambient, the oxide-assisted growth mechanism cannot be used to explain the 

formation of Ag wires. However, some of the nucleation processes are helpful to 

understand the formation of the Ag wires. 
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The vapor-liquid-solid process has been widely used to explain the growth of nanowires 

or nanotubes through a gas phase reaction. Wagner et al. first proposed the VLS 

mechanism to explain the growth of single crystalline whiskers in the 1960s [113]. 

During the VLS growth process, the anisotropic growth of the 1D structures is 

supported by the presence of the liquid/solid interface. Real-time observation of the 

growth of Ge nanowire in an in-situ TEM showed that there are three stages of the 

growth which are metal alloying, crystal nucleation and axial growth. Ge vapor 

generated due to the high temperature in the system, and liquid droplets formed through 

the condensation and dissolution of the Ge vapor. With the increase of the alloy droplet, 

nucleation of the Ge nanowires starts around the Au catalyst nanoparticles.  

The continuous diffusion and condensation of the Ge vapor will nucleate at the 

liquid/sold interface to form the nanowire. The elongation of the nanowires is attributed 

to the driving force from the nucleation at the interface. While the diameter of the 

nanowires is related to the sizes of the catalyst particles [114]. In this case, the melt 

temperature of Ag (961.8 °C) is much higher than the deposition temperature (420 °C). 

Thus, no liquid alloy phase could form during the growth process. Besides, catalyst 

nanoparticles are required through the VLS route to synthesise the 1D structures. 

However, no catalyst seeds were found in the as grown Ag wires, indicating that VLS 

mechanism cannot be used to explain the growth mode in this sputtering process. 

The vapor-solid mechanism was applied to explain the growth of metal nanowires 

through noncatalytic and template-free processes [115]. The metal vapor is generated 

through evaporation and then condense on the substrate for the crystallization. At the 

beginning of the crystallization process, there is a competition between different 

crystallographic planes depending on their surface free energies. Once the specific 

favoured advancing plane is determined, the anisotropic growth of the nanowire begins. 
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The feed metal nanoclusters will strike on the favourable plane continuously to form 

the nanowire. It is considered that the supersaturation ratio of the condensing 

nanoclusters significantly affects the formation of the 1D structures. Low 

supersaturation ratio leads to the anisotropic growth of nanowires, while bulk crystals 

will generate with a medium supersaturation ratio. High supersaturation ratio can 

enable the crystal growth in two favourable directions to form square-shaped 

nanostructures [115].  

The oxide-assisted, VLS and VS growth of 1D structures have been briefly discussed. 

However, the oxide-assisted and VLS mechanism seem not suitable to explain the 

growth of Ag wires synthesised in the present work. To our understanding, the 

formation process of the Ag wires can be ascribed to a VS growth process but more 

complex. Since the formation was carried out in an ambient of methane and hydrogen, 

whilst Ag and stainless-steel were co-sputtered during the deposition.  

2.5 Development of antibacterial surfaces 

Microorganisms have existed on our planet for over million years, which have 

developed the excellent adaptive ability to the surfaces of the colonisation. Globally, 

over 700,000 lives are lost each year by antimicrobial-resistant infections [116]. 

Bacterial adhesion and formation of biofilms on the surfaces of various exteriors like 

cell phone, food package, surgery tools etc. can cause serious problems in our society 

from the perspective of economical and health [117]. Thus, there has been strong global 

demands for advanced materials and surfaces for antibacterial applications in our daily 

life.  

2.5.1 Bacteria 

Bacteria are prokaryotes which consist of a single cell with some simple internal 

structures. There are different criteria that are used to classify bacteria, such as their 
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cell walls, shape, or the genetic makeup. The Gram staining method is always the first 

step for the identification of a bacteria which was developed by Hans Christian Gram 

in 1884. Gram staining procedures of bacteria are shown in Figure 2. 10, in which 

bacteria are identified by the composition of the cell walls. Bacteria can be broadly 

categorized into Gram-positive and Gram-negative bacteria. Gram-positive bacteria 

have a thick peptidoglycan layer which can be stained by crystal violet (purple dye); 

Gram-negative bacteria have a thin layer of peptidoglycan which can be removed by 

alcohol and losing the stained colour [118]. 

 

Figure 2. 10 Procedure of the Gram staining and colour change of Gram-positive and 

Gram-negative bacteria 

 

Schematic diagrams of the cell wall structures of the Gram-positive and Gram-negative 

bacteria are shown in Figure 2. 11. The cell wall of the Gram-negative bacteria is 

composed of an outer membrane connected by lipoproteins to the thin layer of 

peptidoglycan (7-8 nm) in the periplasmic space between the outer and the inner lipid 

membranes. Porins in the outer membranes are channels to transport small hydrophilic 

molecules through the membrane, and lipopolysaccharide molecules are linked to the 
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outer leaflet of the outer membrane. Figure 2. 11 (b) shows the cell wall structure of 

the Gram-positive bacteria. Lack of an outer membrane, whilst a thick cell wall 

composed of a thick peptidoglycan layer (30-100 nm) which is attached to lipoteichoic 

acids and teichoic acids, while lipoteichoic acids are extended to the inner cell 

membrane. Only one lipoprotein layer is located between the cell membrane and the 

peptidoglycan layer. It has shown that the cell wall of the Gram-negative bacteria is 

structurally and chemically more complex compare than the Gram-positive bacteria 

[119]. 

 

Figure 2. 11 Schematic diagram of the cell wall structures of the Gram-negative and 

Gram-positive bacteria [119] 

Some bacteria commonly used in the antibacterial researches are summarized in Table 

2. 1 according to their shape, size, source, and infection. Most of the Gram-negative 

bacteria have a rod-like shape around 2 μm long and 1 μm in diameter. Rod-like Gram-

positive bacteria are longer than the rod-like Gram-negative bacteria. The only 

exception is the coccal like Gram-positive bacteria which have a smaller size with a 

diameter of about 0.6 μm. The size of the bacteria can affect their interactions with the 

antibacterial surfaces.  
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The selected bacteria are typically cultured on the surface of solid nutrient media which 

normally consist of a mixture of protein digests, inorganic salts, and agar. Examples of 

the enriched media which can support the growth of different bacteria include tryptic 

soy agar, chocolate agar, sheep blood agar. Bacteria grow on these solid media as 

colonies, and a colony is formed with a mass of bacteria all originating from a single 

mother cell, and hence the bacteria in the same colony are genetically alike. Bacteria in 

the biofilms have a complex arrangement of cells, while colonies are formed which 

have networks of channels for diffusion of nutrients. 

There are four main growth phases of bacteria which are lag phase, log growth phase, 

stationary phase, and death phase. The lag phase is a period before the initiation of cell 

division. During this period, DNA, enzymes, and macromolecules are synthesised 

within the cell for reproduction, and cells may double or triple in size due to the 

preparation. When the cells are ready, bacteria start to divide at a maximum rate and 

then remain constant. This period is called the log phase because the logarithm of the 

number of bacteria increases linearly with time, and cells are most active during this 

period. The growth of bacterial population will be ceased eventually during the 

stationary phase due to the exhaustion of available nutrients. The number of dying 

bacteria balance the number of the new born bacteria to stabilize the bacterial 

population. When the number of dying bacteria starts to exceed that of the new born 

bacteria, viable cells starts to decline exponentially during the death phase. 
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Table 2. 1 Bacteria commonly used in antibacterial research [116] 

Bacteria Gram Size Shape Source Infections 

Staphylococcus 

aureus 

+ 0.6 μm Coccal Nose, respiratory tract, 

skin 

Abscesses, sinusitis, 

food poisoning 

Staphylococcus 

epidermidis 

+ 0.6 μm Coccal Catheters, 

intravascular devices 

Endocarditis, 

nosocomial 

infections  

Enterococcus 

faecalis 

+ 0.6–2 μm Coccal Gastrointestinal tract Urinary tract 

infection, 

endocarditis 

Bacillus 

subtilis 

+ ~ 7 μm long, ~ 

0.7μm in 

diameter 

Rod Soil, gastrointestinal 

tract 

Ear infection, 

urinary tract 

infection 

Listeria + ~ 1 μm long, ~ 

0.5 μm in 

diameter 

Rod Uncooked meats and 

vegetables, raw milk 

Food poisoning 

Clostridium 

perfringens 

+ ~ 6 μm long, ~ 

0.8 μm in 

diameter 

Rod Intestines of humans, 

raw meat 

Abdominal pain, 

diarrhoea 

Escherichia 

coli 

- 2 μm long, ~ 

0.6 μm in 

diameter 

Rod Gastrointestinal tract, 

animals 

Diarrhoea, urinary 

tract 

Porphyromonas 

gingivalis 

- 1.5 μm long, 1 

μm in 

diameter 

Rod Gastrointestinal tract, 

respiratory tract, 

colon, oral cavity 

Pathogenesis of 

periodontitis 

Pseudomonas 

aeruginosa 

- 2 μm long, ~ 

0.7 μm in 

diameter 

Rod Water, soil Infections in 

immune-

compromised hosts  

Pseudomonas 

fluorescens 

- 2 μm long, ~ 

0.6 μm in 

diameter 

Rod Plants, soil, water Affects patients  

Klebsiella 

pneumoniae 

- 2 μm long, 0.5 

μm in 

diameter 

Rod Mouth, skin, intestinal 

tract 

Upper and lower 

respiratory tract 

infections 

Salmonella - ~ 3 μm long, ~ 

1 μm in 

diameter 

Rod Eggs, meat, poultry Typhoid fever, food 

poisoning, 

gastroenteritis, 

enteric fever 
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2.5.2 Antibacterial strategies 

The main strategy to combat the growth of bacteria is to inhibit the initial adhesion of 

the cells and prevent the formation of the bacterial biofilm because once the biofilm is 

formed, it is considerably difficult to control the bacteria colonies. Intensive efforts 

have been made on the deposition of novel long-lasting antibacterial surfaces or on the 

improvement the antibacterial performances of the existing surfaces through 

modification of the surface architectures. 

To prevent the formation of biofilm and further bacterial infections, the bacteria biofilm 

should be inhibited at the initial stage when the bacteria contact the surface. However, 

the efficacy of the antibiotic in killing the bacteria is limited to the surface layer of the 

biofilm, with limited effect on the bacteria located at the bottom layers, which will 

provide long periods for the bottom bacteria to develop antibiotic resistance to the 

specific antibiotic agents. Thus, it is essential to prevent the formation of biofilms by 

effectively killing the bacteria once they contact the surface. 

In order to inhibit the attachment of bacteria and the formation of biofilms, efforts have 

been focused on developing new generation surfaces, such as novel functional surface 

coatings, or surface functionalisation through the chemical or physical process [120]. 

There are several types of antimicrobial coatings that can prevent infections, which 

apply nanoparticles as antibacterial agents that are toxic to microorganisms, or some 

polymer-based surfaces and other functional materials.  

2.5.2.1 Chemical approach 

Inorganic antibacterial agents, such as silver, copper, zinc oxide, and titanium dioxide, 

have been reported to have intrinsic properties to kill a wide range of bacteria. Due to 

the complex interactions between the bacteria and the antimicrobial agents, there are 
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different possibilities for these agents to distract the biological processes. It is difficult 

to give a general statement about the antibacterial mechanism of the bacteria-killing 

actions.  

It was reported that silver ions can inactivate the thiol group in enzymes to kill the cells 

[121]. Jeon et al. prepared the Ag-SiO2 thin film through a sol-gel method which has 

excellent antibacterial effect against E. coli and S. aureus. Ag ions were metalized and 

trapped in the SiO2 matrix and showed 99.9% killing rate after 24h contact [122]. Lee 

et al. tested the antibacterial performance of the Ag loaded coating on magnetic 

colloidal particles. It is thought that the release rate of the antibacterial Ag ions 

depended on the supply of the zerovalent Ag in the film [123]. Reactive oxygen species 

were observed in some cases due to the silver ions [124]. Choi et al. reported that 

reactive oxygen species (including singlet oxygen, superoxide, hydrogen peroxide and 

hydroxyl radical) generated by Ag can damage cellular constituents and affect cell 

functions, leading to the death of cells [125]. 

Copper is reported to bind with some proteins to cause oxidative stress inside the cell 

and damage the surface. Besides, copper can degrade the integrity of the cell membrane, 

leading to leakage of nutrients and subsequent death of cells. Kuo et al. studied the 

effect of Cu content on the antibacterial effect of the Cu-Cr-N nanocomposite coating 

by DC reactive magnetron sputtering. Cu ions can be released when the sample was 

contacted with water which will damage enzymes on the cell surfaces [126]. Yao et al. 

prepared a Cu doped TiO2 composite coating through micro-arc oxidation. The 

chemical state of Cu was investigated by XPS and Cu2+ was identified in the TiO2 

coating. The doping of Cu provided excellent antibacterial activities for the composite 

coating against both E. coli and S. aureus. 



 

38 
 

TiO2 and ZnO can produce photocatalytic reactive oxygen species in the presence of 

UV light [127, 128]. Adams et al. found that light was a significant factor to promote 

the generation of reactive oxygen species, although growth inhabitation was also 

supported in dark environment [127]. TiO2 is reputed with excellent antibacterial 

activity to both Gram-negative and Gram-positive bacteria. Rincon et al. indicated that 

the Gram-negative E. coli was more sensitive than the Gram-positive B. subtilis to the 

effect of TiO2 [129]. However, Fu et al. found that TiO2 has a higher killing rate to 

Gram-positive bacteria than to Gram-negative bacteria [130]. These results indicate that 

the sensitivity of bacteria to TiO2 is determined by the specific interact conditions. 

ZnO has been reported to be environmentally friendly material and is widely used as 

an additive ingredient due to its antibacterial property. Applerot et al. coated ZnO 

nanoparticles on the surface of glass using ultrasound irradiation method, which 

presented an excellent antibacterial effect against E. coli (Gram-negative) and S. aureus 

(Gram-positive). The antibacterial property of ZnO is attributed to the production of 

reactive oxygen species which can cause oxidative injury to the bacterial cell [131, 132]. 

Hu et al. deposited a zinc incorporated TiO2 composite coating by plasma electrolytic 

oxidation method and discovered that the antibacterial activity of the Zn-incorporated 

coatings is enhanced compared with the Zn-free coatings, and the antibacterial effect is 

ascribed to the release of zinc ions [133]. 

2.5.2.2 Physical approach 

In addition to these chemical antibacterial approaches, some living organisms both 

animals and plants have developed some fascinating antibacterial surfaces through 

million-year evolution to prevent colonization from the pathogens, such as the gecko 

skin, cicada wing, and dragon fly wing [134]. Researchers have been inspired by these 

nature bactericidal surfaces that can kill bacteria coming in contact with them. Recently, 
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some studies have been carried out to mimic these nature surfaces for developing the 

new-generation of bio-inspired antibacterial surfaces [135].  

It was reported that the bactericidal effects of the insect surfaces are owing to the sharp 

nanostructures on the surface [116]. Usually, nanorods with diameter of 50-250 nm, 

and height of 80-250 nm can penetrate or rupture the bacteria cell wall and cause 

leakage of nutrients, thereby leading to cell death. This contact killing mechanism has 

provided an effective approach to tackle the antibiotic-resistant bacteria [135].  

Recent studies have been carried out to investigate the relationship between the 

nanostructures, surface wettability and antibacterial performance of the natural surfaces. 

Watson et al. reported that the hair-like structures of the gecko skin showed an 

antibacterial action to Gram-negative bacteria P. gingivalis. The superhydrophobic 

property of the skin inhibits the growth of the bacteria, and the stretching effect can 

cause damage to the cell wall [136].  

Ivanova et al. reported that the cicada wing has a surface full of nanoneedles with a 60 

nm diameter tip and a height of 200 nm. The superhydrophobic nature of the surface 

has not prohibited the adhesion of the bacteria, but the nanostructured surface has the 

ability to kill the bacteria upon contact [137]. Figure 2. 12 shows the P. aeruginosa 

(Gram-negative) cells on the surface of the cicada wing. The cells were penetrated by 

the nanopillars thus leading to the death of the bacteria. This image verified that the 

nanostructured surface was effective antibacterial too killing the bacteria through the 

physical approach [137].  
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Figure 2. 12 SEM image of the Pseudomonas aeruginosa cells on the surface of a 

cicada wing. The nanopillars are penetrated through the cells [137] 

 

Jafar et al. pointed out that the killing-effect of the cicada wing is also related to the 

thickness difference between Gram-negative bacteria and Gram-positive bacteria. The 

peptidoglycan cell wall of Gram-positive bacteria is 4-5 times to that of the Gram-

negative bacteria which makes it difficult to be penetrated. This implies that the rigidity 

of the cell walls significantly influences the survival ability of bacteria upon contact 

with the nanostructures [138].  

Dragonfly wing has randomly distributed nanostructures on the surface, which was 

found to be efficient to kill both Gram-negative bacteria and Gram-positive bacteria 

[139]. Kyle et al. found that the nanoscale topographies on the periodical cicada, annual 

DD cicada, and sanddragon dragonfly can rupture and kill adhered S. cerevisiae. They 

indicated that there is a connection between the geometry of the surface and cell death. 

High adhesion between cells and the surface led to a high degree of rupturing for a 

specific nanostructured surface [140]. These findings from the natural antibacterial 
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surfaces are useful for designing antimicrobial structures for large-scale cost-effective 

applications. 

Inspired by the nanostructure of the natural antibacterial surfaces, researchers have 

developed some novel nanostructured surfaces to evaluate their antibacterial 

performances. Reactive ion etching method is a feasible way to fabricate 

nanostructured surface due to the etching effect. Hasan et al. employed the deep 

reactive ion etching to fabricate nanostructures on the Si surface, with pillars 220 nm 

in diameter. The surface was superhydrophobic with a contact angle of 154o. 

Antibacterial tests showed that 83% of E. coli and 86% of S. aureus were killed after 3 

h contact with the surface [139].   

Fisher et al. prepared a diamond nanocone surface to mimic the cicada fly wing. The 

nanodiamond films were fabricated by the microwave plasma chemical vapor 

deposition at about 850 °C which was modified by bias-assisted reactive ion etching to 

form the nanocone surfaces [141]. The results indicated that the nonuniform and low-

density array exhibited a better antibacterial activity compared to the uniform and high-

density array. The radius of the sharp tips of the nanocones ranged from 10 to 40 nm 

with a base width of 0.35 to 1.2 μm. It has verified that these tailor surfaces were 

effective to kill a broad range of microorganisms [141].  

Nanoneedles of black silicon surfaces have been fabricated by reactive ion etching 

which demonstrated excellent bactericidal activity against P. aeruginosa. May et al. 

used SEM and fluorescence microscopy to observe the killed bacteria, and the results 

indicated that the needle-like surface exhibited a higher antibacterial efficacy than the 

flat control surface [142]. 
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Beside these nanostructure surfaces formed by reactive ion etching, it has been reported 

that sharp nanowires such as TiO2 nanowires, ZnO nanowires, CNTs, and surfaces with 

other types of nanowires were also effective in killing microorganisms. 

Diu et al. prepared the TiO2 nanowire surfaces with an alkaline hydrothermal method, 

and the diameter of these nanowires is around 100 nm. It has been found that these 

nanowires have enhanced the bactericidal effect against motile bacteria (E. coli) than 

that against the non-motile bacteria (S. aureus) due to more interactions between 

bacteria and the nanowires. Both brush and niche types of TiO2 nanowire surface were 

verified to be effective to kill bacteria [143]. 

Chat et al. fabricated TiO2 nanotubes on the surface of Ti foil using an anodization 

process. They found that the annealing temperature directly affected the antibacterial 

performance and photocatalytic dye degradation of the nanostructure surface. Gram-

positive bacteria B. atrophaeus ATCC 9372 was applied for antibacterial tests. A higher 

antibacterial efficacy can be achieved from the combination of TiO2 and UV 

illumination than from the UV illumination only [144]. 

Wang et al. prepared ZnO nanowire arrays with different orientations and used confocal 

laser scanning microscopy (CLSM) to investigate the antibacterial activity of the ZnO 

nanowires. The results showed that the antibacterial activity was strongly dependent on 

the ZnO nanoarray orientations with the randomly oriented ZnO nanoarrays exhibiting 

the superior antibacterial activity than the well-defined ZnO nanoarrays. The CLSM 

images showed that cell membranes were significantly damaged by the nanowires 

which can penetrate through the cells [145].  

Densely packed ZnO nanowire arrays were synthesised using a solution-based method 

with the diameter of about 100 nm. The biological property of the densely packed ZnO 
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nanowires was tested with the neuronal cell line, neonatal rat cardiomyocytes, and 

cardiac muscle cell line. The results revealed that the ZnO nanowire arrays had 

significant inhibitory effects against these cells in comparison to the control surfaces, 

including gold, glass, and polystyrene [146]. 

Kang et al. first provided direct evidence that SWCNTs have a strong antibacterial 

effect which can cause physical membrane damage, leading to the release of 

intracellular content. SEM images showed that the morphology (outer membrane) of E. 

coli changed after exposed to SWCNTs, while the control bacteria maintained their 

outer membrane structures [147]. Besides, Kang et al. found that SWCNTs are more 

toxic against bacteria compare to that of MWCNTs. While bacteria expressed high 

levels of gene products after contacted with both MWCNT and SWCNT, yet compared 

with MWCNT, SWCNT can lead to a higher quantity and larger magnitude of gene 

expression [148].                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Liu et al. reported that the individually dispersed CNTs were more toxic than the CNT 

aggregates against both Gram-negative and Gram-positive bacteria, such as E. coli, P. 

aeruginosa, S. aureus, and B. subtilis. The CNTs can be imagined as “nano darts” 

which can penetrate the cell walls of bacteria and lead the cell death. They inferred that 

the activity of the CNTs is related to the dispersion, concentration, and speed of the 

nano-darts [149]. 

To study the interactions between single CNT and the bacteria membrane, Liu et al. 

carried out the piercing experiments on the cell walls using an AFM tip with a diameter 

of 2 nm. The results exhibited that no physical damage can be caused under the low 

load condition as shown in Figure 2. 13, indicating that the antibacterial effect conferred 
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by the single CNT is due to the accumulation of interactions between the CNT and the 

cell membrane [150]. 

 

Figure 2. 13 AFM image of E. coli after piercing by a 2 nm AFM tips under different 

load (10 nN – 2000 nN). Scale bar is 1µm [150] 

 

Literature indicates that global demands for advanced antibacterial surfaces have 

increased significantly over the past years. In this study, two types of functional 

surfaces (Ag impregnated and VACNTs) have been developed and their antibacterial 

performances were specifically investigated respectively. The Ag impregnated surfaces 

with long-lasting antibacterial activity have great potential for applications due to the 

novel composite structures. Meanwhile, further explorations on the bio-inspired 

VACNT films are required to have a better understanding of the physical killing 

mechanism.  
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Chapter 3 Experimental procedures 

3.1 Low temperature synthesis of carbon nanotubes 

3.1.1 Substrate materials 

Commercial silicon wafers and AISI316 stainless steel (Ø25×6 mm) were used as the 

substrate materials for the deposition of carbon nanotubes (CNTs). The N-type silicon 

wafer (100) was approximately 500 µm thick with the electrical resistivity in the range 

of 5-10 Ωcm. The chemical composition of the stainless-steel sample is shown in 

Table3.1. All samples were ultrasonically cleaned with acetone for 10 min and dried 

before the deposition. 

3.1.2 Preparation of catalyst 

3.1.2.1 Sputtering deposition 

A DC Klöckner Ionon 40 kW furnace was used for the deposition of catalyst films for 

the growth of carbon nano tubes (CNTs). Figure 3. 1 shows the schematic diagram of 

the furnace and the active screen settings. The worktable was connected to the cathode 

electrode and the bell-shaped chamber was grounded. An AISI316 stainless steel mesh 

cylinder was installed on the worktable and connected to the cathode. The top of the 

active-screen consisted of two lids with an interlayer distance of 6mm in order to form 

a hollow cathode effect to enhance the sputtering during treatment. The bottom lid was 

made of a meshed AISI316 stainless steel plate and the top lid was made of stainless 

steel or silver for the deposition of different catalyst films. 

The samples were loaded onto a ceramic base in order to electrically insulate the 

samples from the worktable (cathode). Hence, the samples were kept at a floating 

potential during the process and a thermocouple was used to measure the temperature 

of the samples. Catalyst films were formed by the nanoparticles sputtered from the top 
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active screen lids. The sputtering deposition process was enhanced by the hollow 

cathode effect generated between the two top active screen lids. The distance between 

the sample surface and bottom lid was set to 15 mm.  

The deposition of the catalyst thin films was carried out at temperatures between 200oC 

to 400oC. The working pressure was adjusted to 4 mbar by feeding hydrogen gas. The 

deposition time of the processes was ranged from 10 min to 60 min. The specific 

deposition conditions are described in the result section. The thin film contained the 

elements sputtered from the active screen lids, which are suitable catalysts for the 

growth of carbon nanotubes. Beside the deposition of catalyst thin films on the substrate 

materials, the sputtered stainless-steel nanoparticles can also serve to grow the 

freestanding carbon nanotubes. 

 

Figure 3. 1 Schematic diagram of the active screen settings in the DC Klöckner Ionon 

40 kW furnace 
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Table 3. 1 Chemical composition of the AISI316 stainless steel 

Element Cr Ni Mo Mn Si C P S Fe 

Content(wt. %) 17.2 11.7 2.2 1.3 0.6 0.06 0.026 0.014 Balanced 

 

3.1.2.2 Solution method 

Solution-based methods can provide another way for the preparation of catalysts 

through the chemical reactions in the solution. In this study, iron nitrate was used for 

the formation of an iron catalyst. The iron nitrates were dissolved in ethanol firstly and 

then spread and dried on the flat sample surfaces. For small particle samples made of 

Ni and hollow glass beads, to make the iron nitrates uniformly attached to the surface 

of the particles, the particles were fully immersed in the solution and dispersed by 

ultrasonic vibration for 10 min. The iron nitrates can be decomposed into iron oxide, 

and then reduced to iron nanoparticles due to hydrogen (see Equation 1 below).  

               𝐹𝑒(𝑁𝑂)3
       𝐻𝑒𝑎𝑡𝑖𝑛𝑔        
→           𝐹𝑒2𝑂3

           𝐻2             
→         𝐹𝑒                             (1) 

3.1.3 Synthesis of carbon nanotubes 

3.1.3.1 Synthesis of VACNTs films 

A commercial plasma enhanced chemical vapour deposition system (PECVD, P500+) 

was used to synthesise carbon nanotubes. Figure 3.2 shows the cross-section view of 

the PECVD system, which contains a stainless-steel vacuum chamber, a pumping 

system, a power control system and two RF electrodes (worktables) mounted at the top 

and bottom of the chamber. The diameter of the worktables is 250 mm and the distance 

between the two electrodes was set as 100 mm. Electrode heaters were installed on both 

worktable with temperature sensors and controllers, and the worktables can be heated 

separately. The RF power (2 kW) supply can be switched between the top and the 
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bottom electrodes as required. Various gases and metal organic precursors can be fed 

into the main chamber as reactive gases, such as hydrogen, nitrogen, argon, methane, 

and acetylene. 

 

 

Figure 3. 2 Cross-sectional view of the P500+ PECVD system 

For the low-temperature growth of carbon nanotubes, an active screen was set up on 

top of the samples during the growth process. The schematic diagram of the active 

screen settings within the PECVD system is shown in Figure 3. 3. Whilst one active 

screen lid was used for the synthesis of VACNTs films, two active screen lids were 

needed for the in-situ synthesis of CNTs (i.e. both catalysts and CNTs were produced 

in the P500+ PECVD system). Samples were loaded on the bottom worktable, and the 
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distance between the lid and the samples was set to be 10 mm. Two categories of the 

sample were used: the plate-like samples were put on the worktable directly, and the 

powder samples were packaged within Al foils to prevent them from being blown away 

during the vacuum process. 

The basic processes of the synthesis of CNTs are described as follows. First, the 

chamber was pumped down to a base pressure of 1×10-5 mbar to avoid the interference 

of the residual air. After that, the samples were heated to the working temperatures 

ranging from 350oC to 500oC. Then a gas mixture of Ar and H2 was fed into the 

chamber with the flow rates of 50 standard cubic centimetres per minute (sccm) and 30 

sccm, and then plasma was turned on for about 10 min with an RF power of 300 W to 

clean the sample surface and remove the oxidation layer on the catalyst films.  

When the temperature stabilized, C2H2 was fed into the chamber, as the carbon source, 

at a flow rate of 5 sccm. During the growth process, the hydrocarbon gas was diluted 

by Ar (50 sccm) and H2 (10~30 sccm). The gas pressure and the power played an 

important role in the growth of CNTs and hence were optimized for the growth of high 

quality CNTs. The gas pressure inside the chamber was controlled by adjusting the 

throttle valve in the range from 0.1 mbar to 5 mbar, and the working power varied 

between 10 W to 100 W. After the deposition, the power was shut down and the 

hydrocarbon gas was stopped, while the samples were exposed to the ambient of Ar 

and H2 (50 sccm and 20 sccm), and cooled down to room temperature for collection.  
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Figure 3. 3 Schematic diagram of the active screen settings used to synthesise CNTs 

with the P500+ PECVD system 

 

3.1.3.2 Synthesis of free-standing carbon nanotubes 

The P500+ PECVD system was also employed to synthesise freestanding carbon 

nanotubes (FSCNTs). As has been shown in Figure 3.3, two parallel active-screen 

catalyst lids (stainless-steel) were mounted on the bottom worktable in order to enhance 

the sputtering of the catalyst lids via so-called hollow cathode effect.  

Similar to the preparation of catalysts for VACNTs (Section 3.1.2.1), two types of 

catalyst particles were used to grow freestanding carbon nanotubes: stainless steel and 

the nitrates of iron, nickel, and cobalt. Alike the synthesis of VACNTs, the active screen 

device with double catalyst lids was installed directly in the P500+ PECVD system and 

the hollow cathode effect was used to sputter stainless steel catalyst particles. Ar and 

H2 (50 sccm and 30 sccm, respectively) were fed into the chamber after the base 

pressure was reached. The RF power source was 500 W and the chamber pressure was 
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adjusted using the throttle valve to generate a hollow cathode effect between the two 

active screen lids. The catalyst nanoparticles were deposited onto the surface of the 

silicon wafer substrate.  

The nitrates of iron, nickel, and cobalt were used as the second type of catalyst. The 

nitrates were dissolved in ethanol and then spread and dried on the surface of silicon 

wafers. The nitrates decomposed during the CNTs growth process, following 

Equation2.  

2HHeat

3 2Me(NO) MeO Me H O  Me=Fe,Co,Ni       （ ）                     (2) 

The deposition process for FSCNTs using stainless steel catalysts and chemical nitrates 

catalysts is the same as that for the deposition of the VACNTs films (see Section 3.1). 

However, the as-grown carbon nanotubes were deposited on the substrates and they 

were collected as reinforcement for the composite coatings.  

 

3.2 Deposition of CNT reinforced diamond-like carbon (DLC) film 

3.2.1 Deposition of DLC film 

The deposition of DLC films was carried out also using the P500+ RF PECVD. Figure 

3. 4 shows the schematic diagram of the settings for the deposition of the DLC films. 

Samples were directly placed on the bottom worktable. During the deposition process, 

the chamber was evacuated to 1×10-5 mbar, and then Ar (50 sccm) was fed into the 

chamber. The heater in the bottom worktable was turned on to heat the samples. When 

the temperature reached 170°C, CH4 (10 sccm) was fed into the chamber. The chamber 

pressure was controlled to around 0.1 mbar using a throttle valve. When the temperature 

and pressure were stable, the radio frequency plasma was turned on, and the power 

varied from 50 W to 500 W to study its influence on the formation of the DLC films. 
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Once the deposition finished, both gas flows and power were stopped, and the chamber 

was cooled down to room temperature for the collection of the treated samples. 

 

Figure 3. 4 Schematic diagram of the P500 rf PECVD settings for the deposition of 

DLC films 

 

3.2.2 Deposition of DLC-CNT composite coating 

Basically, there are two steps for the deposition of DLC-CNT composite coatings when 

using the deposition processes mentioned in Section 3.1. First, several types of catalyst 

films were fabricated, such as stainless steel (SS) and Ag-SS catalyst films, and all the 

catalyst films were deposited at 200°C for 10 min. The VACNT films were synthesised 

based on these catalyst films subsequently, and the synthesis was carried out at 500°C 

for 1 h at 30 W, and C2H2 was used as the carbon source. Second, the as-deposited 

VACNT films were placed on the bottom worktable of the P500 PECVD for the 

deposition of the DLC coating, and the deposition process was similar to that described 

in Section 3.2.1. 
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3.3 Deposition of metal fibre reinforced composite coatings 

3.3.1 Active screen plasma co-alloying process 

Some metal wires reinforced composite coatings were also deposited using the DC 

Klöckner Ionon 40 kW furnace adapted with the additional active screen settings 

similar to that described in Section 3.1.1. The schematic diagram of the deposition 

processes is illustrated in Figure 3. 5. Samples were kept at a floating potential by using 

insulating ceramic holders. The two lids were spaced 6 mm apart to form desirable 

hollow cathode effect for the enhancement of the sputtering process. The distance from 

the sample surface to the bottom lid was set as 20 mm. The materials for the top active 

screen lid were selected based on the type of the metal wires to be produced, and in this 

study silver and copper plates were employed to investigate the formation of the metal 

wires during the plasma deposition process.  

The chamber was evacuated to a pressure of 0.07 mbar before a gas mixture of CH4 

and H2 (1.5% and 98.5%) was fed into the chamber and the power was turned on under 

the voltage of 600V. The chamber together with the samples was heated by the plasma 

formed on the active screen. The gas pressure was 1 mbar during the heating process. 

When the temperature reached 420°C, the pressure was increased to 3 mbar for the 

formation of the metal wires reinforced composite coating for 18 h. The coatings were 

deposited on the substrate of AISI 316 stainless steel (Ø25.4×5 mm) as described in 

Section 3.1.1. 
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Figure 3. 5 Synthesis of metal wires reinforced carbon composite coating deposited 

by AS co-alloying process 

 

3.3.2 Double glow plasma co-alloying process 

AISI 316 stainless steel samples (Ø25.4×5 mm) were prepared as the substrate with the 

surface being roughened by 1200 grit SiC paper to increase the bonding between the 

substrate and the coating to be deposited. Samples were ultrasonically cleaned in 

acetone for 10 min and then dried prior to the deposition. 

The deposition of the functionally graded composite surfaces was carried out also using 

the DC plasma furnace (Klöckner 40 kW, Luxembourg) but with some special 

modification. Besides the DC power connected to the bottom electrode for the control 

of the bias on the samples, an additional TruPlasma 3005 DC power source was 

installed to separately control the bias on the silver plate and the stainless-steel active 

screen. The schematic diagram of the settings is shown in Figure 3. 6. It can be seen 

that samples were placed on the top of the bottom electrode which is connected to the 

main cathode. The silver plate and the stainless-steel active screen were connected to 

the additional cathode of the TruPlasma 3005 DC power. The distance between the 
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silver plate and the stainless-steel lid was fixed at 15 mm, while the distance between 

the sample surface and the stainless-steel lid can be adjusted to optimise the composite 

coatings produced.  

The typical duplex plasma deposition process can be described as follows. The vacuum 

chamber was pumped down to 0.07 mbar, and then a gas mixture of N2 and H2 (25% 

and 75%) was fed into the chamber. When the pressure reached 1 mbar, the bottom 

main power was turned on to clean and to heat the samples. When the temperature 

reached about 50°C below the setting temperature, the TruPlasma 3005 DC power was 

turned on to start the sputtering process. The bias on the bottom electrode was then 

decreased to the setting value. After the deposition, both powers were turned down at 

the same time, and the treated samples were then cooled down with the furnace to the 

room temperature.  

  

Figure 3. 6 Schematic diagram of the settings of the duplex plasma treatment device 

for the deposition of the functionally graded Ag impregnated composite surface 
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3.4 Characterisation techniques 

3.4.1 Scanning electron microscopy (SEM) 

A scanning electron microscope (JEOL 7000) was utilised to investigate the surface 

and cross-section morphologies of as-deposited samples. Both secondary electron (SE) 

mode and back scattering (BS) mode were utilised to observe the samples. Energy 

dispersive X-ray spectroscopy (EDS, Oxford Instrument) was used to analyse the 

composition of the samples, and both point and mapping acquisition modes were 

applied depending on the requirement. The accelerating voltages, working distance, 

and spot size were adjusted to achieve optimal quality of the SEM images.  

The cross-section samples were cut and mounted with conductive Bakelite by the Opal 

400 mounting machine. After grinding and polishing, the samples were etched by an 

etchant (HNO3 25% + HCl 50% + H2O 25%) to investigate their microstructures. Some 

of the samples were coated with Pt nano layer to improve their conductivity using a 

mini sputtering coater. Samples were attached to the holder using the conductive carbon 

tape. 

3.4.2 Transmission electron microscope (TEM) 

A transmission electron microscope (TEM, Oxford JEOL 2100 LaB6) coupled with 

EDS was employed to analyse the nanostructure and composition of the CNTs 

produced at an acceleration voltage of 200 kV. EDS measurements were conducted to 

measure the composition of the coatings. The bright field TEM images and the selected 

area diffraction patterns were collected for analysing the microstructure and phases of 

the samples.  

CNTs were scratched off from the samples for TEM specimen preparation. The Cu grid 

with a holey carbon film was wetted by ethanol to collect the CNTs for the TEM 
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observation. 

3.4.3 Raman spectroscopy 

Raman measurements were carried out at room temperature using a Renishaw inVia 

Raman Microscope with a 488 nm excitation Ar+ laser. The target areas on the VACNT 

films or DLC coatings were focused by an optical microscope (20X). The laser power 

was set to be 3.5W, and each spectrum was acquired by accumulating 10 scans. The 

spectral lines were smoothened and analysed using WiRE software. 

3.4.4 X-ray diffraction (XRD) 

A Bruker D8 Advance X-ray diffractometer (Cu Kα, λ = 0.154 nm) was used to 

investigate the binding and phase structures of the composite coatings developed from 

this research. Glancing angle detects settings were used to analyse the phase structures 

of the thin composite layers. The acquired spectra were analysed using X’pert 

Highscore Plus based on the PDF2-2004 ICDD database. 

3.4.5 Glow discharge optical emission spectroscopy (GDOES) 

Glow discharge optical emission spectroscopy (GDOES) was utilised to obtain the 

composition depth profiles of the composite coatings. Figure 3. 7 shows the schematic 

diagram of the operation mechanism of the GDOES. During the measurement, the 

sample was attached to the cathode (Figure 3. 7 (a)), a high direct voltage (DC) was 

applied between the anode and the cathode, and a glow discharge (Ar plasma) was 

formed in the anode tube due to the high voltage. Ar ions were generated and 

accelerated to collide on the sample surface (Figure 3. 7 (b)). The sputtered atoms emit 

lights which are measured by the detector. Their wavelengths are related to the specific 

elements in the sample. The intensity of the emitted lights can be used to quantify the 

compositions in the sample (Figure 3. 7 (c)).  
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The samples with two flat surfaces are required to cover the sealing ring during the 

tests, and the diameter of the measured round area is about 2.5 mm. 

 

Figure 3. 7 Schematic diagrams of the detect mechanism of GDOES: (a) anode and 

cathode positions; (b) plasma etching process; (c) detecting process 
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3.4.6 X-ray photoelectron spectroscopy (XPS) 

The surface composition and the chemical states of the elements were investigated by 

X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi, Figure 

3. 8), with an Al Kα (1486.8 eV) source, using a spot size of 500 µm and a binding 

energy step size of 0.05 eV. Full range spectra and the high-resolution spectra of the 

specific elements were detected for the characterization of different composite coatings. 

To decrease the influence of oxygen in the ambient, the surfaces were etched by Ar 

ions for 60s in order to characterise the chemical status of the elements within the 

composite surfaces. 

  

Figure 3. 8 Thermo Scientific ESCALAB 250Xi X-ray photoelectron spectroscopy 

3.4.7 Atomic force microscope (AFM) 

A multimode AFM (Veeco, Digital Instruments) was applied to investigate the surface 

morphologies of the as-deposited catalyst films (see Figure 3. 9). The contact mode was 

applied for the measurement of the surface morphologies of the samples. A 10 μm×10 

μm area was scanned while both 2D images and 3D images were acquired to 

characterise the samples with a size smaller than 5 mm × 5 mm.  
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Figure 3. 9 The Veeco multimode AFM  

 

3.5 Property evaluation methods 

3.5.1 Hardness testing 

The microhardness of the composite coatings was measured by a calibrated Mitutoyo 

MVK hardness tester with a Vickers diamond indenter. The indent load varied from 10 

g to 1000 g and the dwell time was 10 s. The two diagonals of the indentation crater 

were measured to calculate the hardness value. Three measurements at the same load 

were carried out and the average hardness and its standard deviation error were reported. 

Nanoindentation tests were also carried out to evaluate the nano-hardness and Young’s 

modulus of the DLC coatings. A calibrated Agilent Nano Indenter G200 

nanoindentation with a pyramidal indenter was utilised for the measurement of the 

mechanical properties of the deposited coatings. The maximum indent depth was set to 
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be 900 nm, and the continuous stiffness measurement mode was applied. The load and 

depth during the loading and unloading processes were recorded for the calculation of 

the nanohardness and Young’s modulus. 

3.5.2 Wettability testing 

The wettability of the treated sample surfaces was investigated by the Biolin Scientific 

Theta contact angle meter (Theta Optical Tensiometer) as shown in Figure 3. 10. 

During the tests, a sample was put on the flat platform, and the sample edge was focused 

by an optical microscope from the side. The instrument was calibrated each time before 

the test. Distilled water (γtot = 72.8 mN m-1, γd = 21.8 mN m-1) was filled in the syringe 

and precautions were taken to ensure no air bubbles in the needle. The dropout volume 

was around 2.5 μl with a dropout rate of 0.5 μl/s. The droplets were recorded by the 

optical microscope for the analysis. The baseline of the interface was automatically 

recognised, and the contact angles were calculated by the software. Each sample was 

measured three times to calculate the average contact angle. 

 
Figure 3. 10 Theta optical tensiometer for measuring the static contact angles 

 

3.5.3 Antibacterial tests 

Antibacterial tests were carried out following the JIS Z 2801:2000 bacterial 
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enumeration standard. All samples were sterilized by autoclaving before the 

antibacterial tests. The test bacteria were cultured in Tryptone soya agar. The basic 

procedures of the antibacterial tests are schematically shown in Figure 3. 11. The first 

step was to dilute the bacteria in broth to decrease the optical density to 0.05 (about 107 

cells/ml), and then the diluted suspensions were pipetted on the surface of the samples, 

which were covered by sterile glass coverslips to get equal contact areas for the tests. 

Samples were then put inside the Petri dishes to incubate for 5h at room temperature. 

Even though the wettability of the contact between the droplets and the surfaces (e.g. 

hydrophobic and superhydrophobic surfaces), the contact time in this case was long 

enough for the fully contact and all the liquid was limited within the glass coverslip to 

ensure the same contact area. To collect the bacteria, the samples were washed with 10 

ml of sterile phosphate buffered saline (PBS) within a sterile container. The dislodge 

process was carried out with a vortex mixer for 10s and the diluted bacteria suspension 

(100 μl) was pipetted on the Tryptone soya agar plate. After incubation at 37°C for 24 

h, the number of the colony forming units (CFU) were counted (δCFU) to calculate the 

surviving numbers of the bacteria δt using the following equation: 

δt  =  δ𝐶𝐹𝑈 ×  10
3 (𝑐𝑒𝑙𝑙𝑠/𝑚𝑙)                                                 (3) 

 

Figure 3. 11 Schematic diagrams of the procedures of the antibacterial test 
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3.5.4 Tribological tests 

A series of tribological tests were carried out to investigate the tribological properties 

of some composite coating using a reciprocating ball-on-plate CETR UMT-3 

tribometer (see Figure 3. 12) under a load of 5 N at 5 Hz for 10min. The length of the 

wear tracks was 3 mm and Si3N4 ceramic balls (Ø 3.8mm) were used as the counterpart. 

To stimulate the body fluid environment, some of the tests were carried out under wet 

conditions with the Ringer’s solution containing NaCl, KCL, CaCl2 and NaHCO3. 

 

Figure 3. 12 The CETR UMT-3 tribology and mechanical testing machine 

 

3.5.5 Sheet resistance measurement 

An RTS-9 four-point probe apparatus (Figure 3. 13 (a)) was used for the sheet 

resistance measurement of the deposited nanocomposite thin films. Figure 3. 13 (b) 

shows the measurement apparatus and the arrangements of the four probes. During the 

measurements, a current passed through the two of the probes which induced a voltage 

on another two probes, using the readings of voltage and current, the sheet resistance 

can be calculated using Equation 4, where 𝜌□ is the sheet resistance, V is voltage, and 
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I is current. The measurement is relatively simple, but some adjustment of current is 

needed to obtain the reliable reading when measuring samples with very high or very 

low resistances. For the high resistance sample, the current is reduced to avoid an 

excessively high voltage on the surface. For a sample with very low resistance, high 

current may cause current heating and in turn increasing the measured resistance. 

𝜌□ =
𝜋

ln(2)

𝑉

𝐼
                                              (4) 

 

  

Figure 3. 13 (a) RTS-9 Four-point probe measurement system; (b) schematic diagram 

of the mechanism of the four probes test 
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Chapter 4 Results and interpretation 

4.1 Synthesis of catalyst films 

4.1.1 Stainless steel catalyst films 

As discussed in Section 2.2.3, catalyst films play an important role in the growth of 

carbon nanotubes. Therefore, as described in Section 3.1.2, a series of work has been 

conducted to develop advanced catalyst films through developing novel active screen 

plasma technique using the DC Klöckner Ionon 40 kW furnace. The microstructure and 

the thickness of catalyst films are affected by the deposition parameters, such as 

temperature, time, pressure, and distance between two active screen lids. Thus, some 

preliminary work was conducted to deposit stainless steel catalyst films in order to 

identify the optimal deposition parameters. To this end, stainless steel catalyst films 

were deposited using the deposition conditions summarised in Table 4. 1. Two 316 

stainless-steel (SS) active screen lids were used to prepare the SS catalyst films and the 

distance between the two active screen lids was 6 mm. The sputtering processes were 

carried out at 4 mbar in the ambient of H2 for the generation of strong hollow cathode 

effect for the sputtering process. 

Table 4. 1 Summary of the conditions for the deposition of stainless-steel catalyst 

films 

Code Substrate Temperature Time Pressure Gas 

C1 Si 200°C 10min 4 mbar H2 

C2 Si 400°C 10min 4 mbar H2 

 

The typical surface morphologies of the as-deposited catalyst films are shown in   

Figure 4. 1. The appearances of these two catalyst films are very similar mainly due to 

the similar sputtering conditions. Granular surfaces were formed on the Si surface with 

uniformly distributed nanoparticles with the size ranging from 10 nm to 50 nm.       



 

66 
 

Figure 4. 2 shows a 2D AFM image of the 316 SS catalyst film deposited at 200°C for 

10 min, and a line scan profile is superimposed showing a maximum amplitude of 2.19 

nm. The average roughness of this area is about 2.6 nm and the deduced active site 

density is approximately 1011/cm2.  

 

 

 

Figure 4. 1 SEM surface morphology of the catalyst films deposited for: (a) C1; (b) 

C2 
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Figure 4. 2 AFM images of the surface morphology of the 316 SS catalyst film: (a) 

3D image; (b) 2D image with a profile 

 

XRD was employed to characterise the structures of the catalyst films. Considering the 

thinness of the catalyst films, glancing angle scan mode was applied. Figure 4. 3 shows 

the diffraction pattern of the SS catalyst films. Three major peaks near 43o, 51o and 75o 

are corresponding to γ (111), γ (200) and γ (220), were observed which implies that the 

catalyst films are mainly formed with austenitic stainless-steel nanoparticles. 
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Figure 4. 3 XRD diffraction patterns for the catalyst film deposited at 200°C for 10 

min on Si and showing typical γ(111), γ(200) and γ(220)  peaks 
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To measure the thicknesses of the catalyst films, a small part of the Si substrate was 

covered during the deposition, and a step was formed after removing the cover. Thus, 

the thickness of the catalyst film is equivalent to the with the height of the step formed. 

The results revealed that the thickness of the catalyst films is increased with the increase 

of the deposition temperature and time. When deposited for 10 min, the thickness of 

the catalyst films deposited at 200°C (C1 sample) and 400°C (C2 sample) is about 20 

nm and 40 nm, respectively. 

4.1.2 Ag-SS catalyst films 

Beside the SS catalyst films, Ag impregnated composite catalyst films were also 

prepared using an active screen co-sputtering or co-alloying process. As described in 

Section 3.3.1, the equipment used is the same (DC Klöckner Ionon 40 kW plasma 

furnace) as for the deposition of SS catalyst film. However, the active-screen settings 

are different with the top 316 SS mesh lid (used for the deposition of SS catalyst film) 

was replaced by a solid Ag lid (for the deposition of composites catalyst films) although 

with the bottom lid made of 316SS mesh lid. The hollow cathode effect generated 

between the Ag lid and the SS lid can be used to intensify the sputtering nanoparticles 

from the 316 SS mesh lid and from the solid Ag lid, thus forming so-called co-

sputtering or co-alloying. Consequently, the composite thin films consist of both 

stainless steel and Ag nanoparticles.  

Noble Ag particles do not have any catalytic effect for the growth of CNTs and hence 

can be used to tailor the density and morphology of the CNT film to be grown from the 

composite catalyst films.  

Figure 4. 4 (a) depicts the SEM images of the Ag impregnated stainless-steel catalyst 

films (i.e. composite catalyst films). Unlike the SS catalyst films, some large particles 
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are uniformly distributed on the surface of the composite catalyst films. These large 

particles can be identified by EDX as silver particles indicating a higher sputter rate of 

silver than SS. The average size of these large Ag particles is about 132nm which is 

measured from Figure 4. 4 (b). Figure 4. 4 (c) shows the high-resolution secondary 

electron (SE) image of the catalyst film while Figure 4. 4 (d) is the back-scattering (BS) 

electron image of the corresponding area. It can be deduced by comparing the SE and 

BS images that both SS (black coloured) and Ag (white-coloured) particles were 

formed on the surface of the composite film. It also can be seen that beside the large 

Ag particles, some small Ag particles were also formed during the sputtering process 

which would affect the growth of CNTs.  

  

  

Figure 4. 4 SEM images of the Ag-SS composite catalyst film: (a) & (b) low 

magnificent SE images; (c) high magnificent SE image; (d) BS image of the 

corresponding area in (c) 
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4.2 Synthesis of carbon nanotubes 

CNT films 

As described in Chapter 3, the synthesis of carbon nanotubes was carried out using a 

commercial radio frequency (rf) P500+ PECVD system (Figure 3.3). It is known that 

the growth of carbon nanotubes is affected by the deposition conditions (such as 

temperature, pressure, power) and the status of the catalysts. In this study, limited by 

the capacity of the equipment all the syntheses were conducted at temperatures below 

500oC. The relatively low growth temperature made it difficult to effectively grow 

CNTs. Thus, several growth trials were carried out to explore the feasible deposition 

settings and conditions. It has been found that it is impossible to grow CNTs without 

the use of the active screen setting, which may be due to the strong plasma etching 

effect during the growth process. Thus, the purposely designed active screen settings 

as described in Chapter 3 were used to promote the growth of CNTs.  

Figure 4. 5 shows the SEM surface morphologies produced by the unsuccessful trials, 

and the corresponding deposition conditions are summarised in Table 4. 2, indicating 

that the growth of CNTs only happens under some specific conditions. Figure 4. 5 (a) 

shows the surface morphology of the sample deposited at 300oC using the C1 catalyst 

film (see Table 4. 1). The growth of CNTs could be activated by thermal energy within 

the system but the carbon source cannot be cracked when the temperature is too low. 

The intensity of the plasma, which is correlated with the power applied to the electrode, 

has a strong etching effect on the surface of the sample shown in Figure 4. 5 (a).  

Figure 4. 5 (b) shows the surface topographical characteristics of the sample after 

processing under the power of 100 W. It can be seen that the original continuous 

catalyst film was damaged and numerous etching craters were formed on the Si 

substrate. No CNTs were synthesised on the rough surface under this harsh condition.  
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The percentage of the carbon source also affect the growth of the CNTs, and too high 

a percentage of carbon source can provide an excessive amount of carbon which will 

contaminate the catalyst particles and inhibit the growth of the CNTs.  Figure 4. 5 (c) 

shows that the catalyst film is covered by a layer of carbon with few short CNTs.  

In addition, the status of the catalyst film also affects the growth of the CNTs. Large 

catalyst particles will form from a thick catalyst layer, which would inhibit the growth 

of CNTs. Figure 4. 5 (d) shows the morphology of the sample surface when using a 

thick catalyst film. Large particles were formed without the growth of CNTs; some 

CNTs were synthesised with small catalyst nanoparticles in the tips. Thus, further 

studies have been carried out using thin catalyst films. 

  

  

Figure 4. 5 SEM images of the carbon nanotube samples from unsuccessful trials: (a) 

F3: 300oC; (b) F4: 100 W; (c) F5: C2H2 10 sccm; (d) F6: ~100 nm 
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After a number of trials, it has been found that the feasible deposition parameters for 

the growth of CNTs would be high temperature, low power, low percentage of carbon 

source and thin stainless-steel catalyst film. The parameters for the successful 

depositions of the VACNT films are shown in Table 4. 2. The surface morphologies of 

the as-deposited CNT films are shown in Figure 4. 6. It can be seen that the substrate 

is fully covered by carbon nanowires, and the average diameter of the CNTs is around 

28 nm when measured from Figure 4. 6 (b).  

Figure 4. 6 (c) shows the TEM image of the as-deposited CNTs on F1 sample, and the 

tubular structure is distinguished from the nanowires. Black nanoparticles can be 

observed at the tips of the CNTs, which could be attributed to the catalyst nanoparticles. 

These results indicate that CNTs have been successfully synthesised under the 

temperature of 500°C and the power of 30 W. To observe the 3D structures of the CNT 

films, a film was fractured and the cross-sectional view of the VACNT film is shown 

in Figure 4. 7. It can be seen that CNTs are vertically aligned and densely packed with 

a thickness of about 1 µm. 

Table 4. 2 Deposition parameters for the growth of CNTs 

Code Catalyst Power Temperature Time Pressure C2H2 Ar H2 Result 

F1 ~20nm 30W 500 ℃ 30 min 200 Pa 5 sccm 50 sccm 30 sccm √ 

F2 ~20nm 30W 500 ℃ 100 min 130 Pa 5 sccm 50 sccm 30 sccm √ 

F3 ~20nm 30W 300 ℃ 30 min 200 Pa 5 sccm 50 sccm 30 sccm × 

F4 ~20nm 100W 500 ℃ 30 min 200 Pa 5 sccm 50 sccm 30 sccm × 

F5 ~20nm 30W 500 ℃ 30 min 200 Pa 10 sccm 50 sccm 30 sccm × 

F6 ~100nm 30W 500 ℃ 30 min 200 Pa 5 sccm 50 sccm 30 sccm × 
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Figure 4. 6 SEM surface images (a & b) and (c) TEM microstructure image of the 

VACNT films deposited under F1 conditions 

 

 

Figure 4. 7 Cross-sectional view of the VACNT film deposited under F2 conditions 
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Figure 4. 8 shows the VACNT film grown from Ag-SS catalyst films. CNTs can be 

clearly observed in the secondary electron image shown in Figure 4. 8 (a). Large Ag 

particles around 200 nm are embedded in the VACNT film, which would play a role in 

decreasing the density of the VACNT film. It is interesting to find that when observed 

using the backscattering mode, no CNTs could be seen (see Figure 4.8 (b)); in addition 

to the large Ag particles as observed from the secondary electron image (Figure 4.8 (a)), 

some small Ag particles can be also observed.  

This is mainly because secondary electrons are emitted mainly from the surface atoms 

and hence are highly sensitive to the topographical characteristics of the surface. 

Consequently, even very fine CNTS can be clearly seen from the secondary electron 

(SE) image. On the other hand, backscattering image (BS) is formed due to the 

backscattered electrons from the atoms in the surface region, which is highly related to 

the atomic mass of these atoms (i.e. chemical composition). It is known that the atomic 

mass of CNTs (in essence carbon) is much lower than that of Ag. Therefore, more 

backscattered electrons will be produced from the Ag particles than from the CNTs, 

thus leading to the bright contrast of the Ag particles in relative to the CNTs. This is 

the reason why these small Ag particles could be shown by the BS image even if they 

are embedded in the CNTs. These small Ag particles could directly prohibit the growth 

of CNTs and thus decrease the density of the VACNT films. 
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Figure 4. 8 SEM images of the VACNT film grown from the Ag-SS catalyst film: (a) 

SE image; (b) BS image 

Free standing CNTs 

In addition to the VACNT film, free-standing CNTs also can be produced using the 

similar PECVD deposition process, which could be useful for other applications. This 

would however require different catalyst preparation methods.  

The first method for the generation of stainless-steel catalyst nanoparticles is similar to 

the method as described in Section 4.1.2 but instead of forming a continue layer of 

catalyst film, some stainless-steel catalyst nanoparticles with weak bonding to the 
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substrate were produced by increasing the distance between the bottom active screen 

lid and the substrate for the growth of free-standing CNTs under the condition of F2. 

The as-deposited free standing CNTs were shown in Figure 4. 9 (a) and it can be seen 

that curly CNTs are randomly distributed on the substrate.  

The second method for the preparation of catalyst nanoparticles is a chemical process. 

Fe(NO3)3 (1g) powders were dissolved in 100 ml ethanol and then the solution was 

sprayed and dried on the surface of a Si substrate. The deposition of CNTs was carried 

out also under the conditions of F2. The as-grown free standing CNTs are shown in 

Figure 4. 9 (b). It can be seen that the growth of the CNTs is not uniform as evidenced 

by the fact that some CNTs are much longer than others. This implies the variation in 

the catalytic activity of these chemical catalysts. Most probably, the agglomeration of 

the catalysts would have influenced the decomposition of Fe(NO3)3 and the growth of 

the CNTs.  

The chemical process also provides a convenient and cost-effective way to prepare 

catalysts on different surfaces. Figure 4. 10 and Figure 4. 11 are two typical examples 

to show that the chemical process can be applied to prepare catalysts on micron scale 

balls. The balls were immersed in the Fe(NO3)3/ethanol solution (0.01 g/ml) and then 

dispersed by ultrasonic vibration for 10 min. The dried balls were used to fabricate the 

CNT coated composite balls under the F2 conditions. Figure 4. 10 shows the 

morphologies of the CNT-Ni composite balls fully covered by the densely packed 

CNTs.  

Figure 4. 11 shows that a VACNT film can be synthesised on the surface of hollow 

glass balls. Unlike the homogenous CNTs on the Ni balls, some of the CNT are 

agglomerated on the surface of the glass ball (Figure 4.11 (a)) mainly due to the 
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agglomeration of the catalysts. The cross-section view of the CNT covered glass ball 

was captured at the cracked area (Figure 4. 11 (b)). The thickness of the wall of the 

glass ball is 400 nm and the thickness of the densely packed VACNTs is around 1 µm. 

These CNTs covered glass balls could be potentially used as microwave absorbing 

materials.  

 

 

Figure 4. 9  SEM images of the free-standing CNTs grown from (a) sputtered 

catalysts and (b) chemically formed catalysts 
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Figure 4. 10 SEM images of the CNT-Ni composite balls   

 

  

Figure 4. 11 SEM images of the CNT-glass ball composite structures. (a) a general 

view of the hollow glass balls; (b) cross-section view of the composite structure 

 



 

79 
 

4.3 Low temperature in-situ synthesis of VACNT films 

The carbon nanotubes reported in the last section are produced using two steps 

separately: (i) the formation of catalyst film using ASP or chemical reaction and (ii) the 

growth of CNTs using PECVD. Unlike the two-step growth process, a novel low 

temperature in-situ synthesis of CNTs has been developed to deposit CNTs and the 

results are reported in this section. Here, the synthesis of CNTs is conducted 

immediately after the preparation of SS catalyst film within the same PECVD 

equipment. A series of experiments were carried out to evaluate the influence of 

deposition conditions (Table 4. 3) on the growth of VACNT films. 

Table 4. 3 The conditions for the in-situ deposition of CNTs  

Code Power Temperature Time Pressure C2H2 Ar H2 

N1 30W 400 ℃ 100 min 100 Pa 5 sccm 50 sccm 30 sccm 

N2 30W 450 ℃ 100 min 100 Pa 5 sccm 50 sccm 30 sccm 

N3 30W 500 ℃ 100 min 100 Pa 5 sccm 50 sccm 30 sccm 

N4 30W 500 ℃ 100 min 200 Pa 10 sccm 50 sccm 30 sccm 

 
 

     
 

 

4.3.1 Morphologies  

Figure 4. 12 shows the surface morphologies and cross-section views of the VACNT 

films grown at 400℃, 450℃ and 500℃. It can be seen from Figure 4. 12 (a)&(c)&(e) 

that the CNTs at the top surfaces of the films are sparsely packed with curly ends, while 

the CNTs are densely packed in the middle and bottom area (Figure 4. 12 (b)&(d)&(f)) 

as a result of the interactions between the neighbour CNTs by Van der Waals forces. It 

is clear from the cross-sections of the CNT films that the CNTs are in general well-

aligned and perpendicular to the interface between the CNT films and the substrate.  
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Figure 4. 12 SEM images of VACNT films deposited at different temperatures: (a) & 

(b) at 400℃; (c) & (d) at 450℃ and (e) & (f) at 500℃ 

 

The growth of the CNTs is directly influenced by the catalyst films. This is evidenced 

by the fact that the density of the VACNTs is closely related to the catalyst 

nanoparticles. This is supported by the observation that the bright dots at the CNT tips 

are catalyst nanoparticles, which implies a tip growth mode. The growth speed of the 

VACNT films is found to be closely related to the deposition temperature. The 

corresponding growth speed of the VACNT films formed at 400℃, 450℃ and 500℃ 

(a) (b) 

(c) (d) 

(e) (f) 
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is about 9, 15 and 60 nm/min respectively. However, no CNTs were formed under the 

same deposition conditions when the ASP setting was removed from the PECVD 

chamber. This clearly indicates that the ASP setting has played a critical role in the low 

temperature in-situ growth of VACNTs. 

4.3.2 Chemical state of VACNTs film 

The surface chemical states of the VACNTs film (N2, 450℃) were analysed by X-ray 

photoelectron spectroscopy (XPS). The spectra shown in Figure 4. 13 were obtained 

from the top surface before and after etching by argon ions for 50s. Figure 4. 13 (a) 

shows two survey spectra from the as-deposited surface and the etched surface.  

The overlapped low-resolution spectra were resolved to analyse the components of C, 

Fe and Ni. The C-C peak at 284.6 eV appeared in both spectra. However, a shoulder 

peak at 286.2 eV corresponding to C-O is more clearly detected from the as-deposited 

surface (see Figure 4. 13 (b)), which indicates that carbon in the surface interacted with 

oxygen when exposed in the air after deposition.  

Almost no peaks of Fe or Ni were detected from the surface without etching, but 

obvious Fe 2p1/2, Fe 2p3/2 peaks, and a weak Ni 2p peak were detected after etching, as 

shown in Figure 4. 13 (c) & (d). The etching process was effective to remove the carbon 

coated on the catalyst nanoparticles. The existence of Fe and Ni spectra indicates that 

the catalysts were still stainless-steel nanoparticles, which is consistence with the XRD 

result.  
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Figure 4. 13 (a) XPS survey spectra of VACNTs film deposited at 450℃ after etching 

for 0 s and 50 s; (b) high resolution C 1s spectra; (c) high resolution Fe 2p spectra; (d) 

high resolution Ni 2p spectra 

 

4.3.3 TEM results 

CNTs were scratched off from the films and the structural details of the CNTs were 

further studied by TEM. Figure 4. 14 (a)&(b)&(c) show the TEM images of the CNTs 

grown at 400℃, 450℃ and 500℃, respectively. Tubule structures with black dots 

embedded in the tips of the CNTs can be observed. These black dots are considered as 

the catalyst nanoparticles deposited by ASP in the catalyst preparation stage.  

Although the size of the catalyst nanoparticles appeared at the tip of the CNTs is smaller 

than that of the CNTs, the structure and diameter of the CNTs formed are closely related 

to the shape and size of the catalyst nanoparticles. However, it is also noted by 

comparing the CNTs shown in Figure 4. 14 (a)&(b)&(c) that the lower the growth 

temperature, the stubbier the CNTs formed. Clearly, growth temperature has also 
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played an important role in the growth of CNTs.  

Close observation also showed that all the CNTs are multi-walled. Figure 4. 14 (d) 

shows a high-resolution TEM image of a CNT synthesised at 450℃, which clearly 

presents the wall structure. The interlayer distance (about 0.34 nm) is consistent with 

that of the graphitic layers. It has been reported that the diameters of CNTs are highly 

related to the growth temperature, the plasma density and the structure of the catalyst 

particles [151].  

In this study, the effect of growth temperature on the diameter of CNTs formed was 

studied by using the same plasma density and catalyst film. Figure 4. 14 (e) compares 

the diameter distribution measured from the TEM images of the CNTs formed at 

different temperatures. It can be seen that the diameter of the CNTs decreased with 

increase in the growth temperature and the average diameter for the CNTs formed at 

400℃, 450℃ and 500℃ is 28 ± 3.6 nm, 23 ± 3.1 nm, and 16 ± 2.8 nm, respectively. 

This is mainly because a higher deposition temperature can offer more kinetic energy 

for the growth of CNTs. This will promote the diffusion and precipitation of the carbon 

atoms, which makes the growth of CNTs faster and hence thinner.  

The chemical composition of the deposited CNTs (S2, 450℃) was measured using 

EDS during TEM analysis. The selected area is shown in Figure 4. 15 and the EDS 

spectrum is shown in Figure 4. 16. The element concentrations of the CNTs are listed 

in the EDS spectrum. As expected, it contained a high amount of carbon although the 

experimental error is large for such a light element as carbon.  
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Figure 4. 14  TEM images of CNTs grown at temperature of (a) 400℃, (b) 450℃, (c) 

500℃, (d) high resolution image of single carbon nanotube grown at 450℃, and (e) 

summary of the diameter distribution of CNTs grown at different temperature  
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Figure 4. 15 TEM of the selected area for the EDS measurement of CNTs deposited at 

450℃  

 

 

Figure 4. 16 EDS spectrum of the CNTs deposited at 450℃, element concentrations 

are illustrated in the inserted table 

 

4.3.4 Raman results 

Raman spectroscopy was used to evaluate the structure and quality of the CNTs 

produced by the novel in-situ low-temperature plasma process. The Raman spectra of 

as-deposited VACNT films are shown in Figure 4. 17. Typical D, G, 2D, D+G and 2D’ 
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bands can be detected from all these samples, but the peak intensities varied with the 

synthesis conditions.  

D band at around 1350 cm-1 is referred as the disorder band which originates from the 

defects [152]. G band at around 1600 cm-1
 was caused by the vibration of graphitic 

carbon atoms. The band at around 2700 cm-1 is known as 2D or G’ band, which is 

indicative of the stacked graphene layers and their intensity is correlated to the 

thickness of the walls. D bands and 2D bands are proportionately increasing with the 

walls of the nanotubes. The positions and intensities of these bands are affected by the 

features of the CNTs, such as defects, impurities, wall thickness and element doping 

[153].  

In this study, it can be seen from Figure 4. 17 that the D band drifted to left with the 

increase of deposition temperature. The intensity ratios of the D band to the G band 

(ID/IG) for the CNTs formed at different temperatures are around 0.7. However, when 

the hydrocarbon gas flow raised from 5sccm to 10sccm (S4), the ID/IG ratio increased 

to 0.97 and the intensity of the 2D band increased. The D band and G band are shifted 

close to each other, which may be due to the generation of more defects or even 

amorphous carbon during the process.  

The intensities of D+G bands and 2D’ bands in all spectra are similar. D+G bands have 

similar information and behaviour to that of the D bands [154]. 2D’ bands are too small 

to evaluate their variations, which have little help in distinguishing the CNTs [154]. No 

peaks were found in the low-frequency areas and the absence of the radial breathing 

mode (RBM) also verify that the as-grown CNTs are MWCNTs. Outer layers of 

MWCNTs can restrict the breathing mode, which is the primary difference of Raman 

spectra between SWCNTs and MWCNTs [155]. 
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Figure 4. 17 Raman spectra of the VACNT films synthesised at different conditions 

 

4.4 Bio-inspired antibacterial VACNT surfaces 

4.4.1 VACNT films for antibacterial evaluation 

Three types of vertically aligned carbon nanotubes films were selected for evaluation 

of their antibacterial performances. The deposition process is similar to that mentioned 

earlier. Two types of SS catalyst films were deposited on silicon wafers by the ASP 

technique for the growth of VACNT films. To investigate the effect of Ag, Ag 



 

88 
 

impregnated catalyst film was also prepared. The VACNT films were grown using 

these three catalyst films, and the growth parameters are summarised in Table 4. 4. All 

these catalyst films and VACNT films were also fully characterised due to the slightly 

different deposition conditions used. 

Table 4. 4 Growth parameters of VACNT films by PECVD 

Code Catalyst Temperature Time Pressure C2H2 Ar H2 N-dope 

S1 Ag+SS 450 ℃ 60 min 100 Pa 5 sccm 50 sccm 30 sccm - 

S2 SS 450 ℃ 60 min 100 Pa 5 sccm 50 sccm 30 sccm - 

S3 SS 450 ℃ 60 min 100 Pa 5 sccm 50 sccm 30 sccm √ 

 

SS and Ag impregnated catalyst films were effectively deposited by the ASP technique, 

and their surface morphologies are shown in Figure 4. 18. Figure 4. 18 (a) shows that 

SS nanoparticles are uniformly distributed on the surface. The surface of the Ag 

impregnated SS catalyst film is shown in Figure 4. 18 (b), and some larger Ag particles 

are randomly spread within the catalyst film. Beside these obvious large Ag particles, 

small Ag nanoparticles were also generated and uniformly distributed in the catalyst 

film. As discussed before, these Ag particles can influence the growth of the CNTs. 

Thus, the Ag-SS catalyst film was used for comparison. 

   

Figure 4. 18 Surface morphologies of as-deposited catalyst films. (a) SE image of SS 

catalyst film; (b) low magnification BS image of Ag-SS catalyst film 
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The surface morphologies of the three types of VACNT films are shown in Figure 4. 

19. It can be seen that the density of the VACNTs grown from the Ag-SS catalyst film 

(Figure 4.19 (a)) is lower than that grown from the SS catalyst film (Figure 4.19 (b)) 

due to the existence of the Ag particles. Besides, CNTs grown from the SS catalyst film 

are vertically aligned because of the Van der Waals forces between the CNTs during 

the growth process, while CNTs grown from the Ag-SS catalyst film are relative curl.  

Post-nitriding was carried out for a VACNT film and it seems that the nitriding process 

has little influence on the microstructure of the VACNT film, and the nitrogen doped 

VACNT film (Figure 4.19 (c)) has a similar appearance to that of the as-deposited 

VACNT film (Figure 4.19 (b)).  

  

 

Figure 4. 19 SEM images of the surface morphologies of VACNT films: (a) Ag-

VACNT film; (b) Pristine VACNT film; (c) Nitrogen-doped VACNT film 
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CNTs were scratched from the VACNT films to prepare the TEM samples, which were 

used to characterise the microstructure of the as-deposited CNTs. Figure 4. 20 shows 

the TEM images of the nitrogen-doped CNTs. It can be seen that the CNT has a 

multiwalled tubule structure with a nanoparticle embedded at the tip of the CNT. The 

diameter of the CNT is about 22nm, and the interlayer distance between the two walls 

is about 0.34 nm which is consistent with that of the graphitic layers. The TEM 

microstructures of the nitrogen-doped and the pristine CNTs are very similar. This is 

because the nitrogen plasma may cause some etching to the surface of the CNTs, but 

this cannot be distinguished from the TEM images.   

However, there are two types of carbon wires grown from the Ag-SS catalyst film. In 

addition to the MWCNTs grown from the SS catalysts as mentioned before, another 

type of solid thick carbon fibre was also formed during the growth process as shown in 

Figure 4. 20 (b). The diameter of these solid carbon fibres is close to 100 nm which is 

much thicker than the carbon nanotubes. This may be due to the interference between 

the SS catalyst and the noble Ag nanoparticles. 

    

Figure 4. 20 (a) High-resolution TEM image of a nitrogen-doped CNT and (b) TEM 

image of the CNTS grow from Ag-SS catalyst films 
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4.4.2 Raman spectra of the VACNT films 

Raman spectroscopy was utilised to investigate the structures of the deposited CNT 

films. Typical Raman D, G, 2D, and D+G peaks were detected as shown in               

Figure 4. 21. The position and intensity of these peaks reflect the features of the 

deposited CNTs. The D peak originates from the defects and disorder bonds within the 

CNTs, which is located around 1355 cm-1. The G peaks of these three VACNT films 

are located around 1596 cm-1, which is generated from the vibrations of the graphitic 

carbon atoms.  

Besides, D+G and 2D peaks were also detected from all three VACNT films located 

around 2695 cm-1 and 2960 cm-1, which are correlated to the stacked carbon layers and 

their intensities are in direct proportion to the walls of the nanotubes. The multi-walled 

structure of the CNTs prohibits the breathing mode Raman spectra belongs to single 

wall CNT at low frequency areas.  

The intensity ratio (ID/IG) of the D peak to the G peak can be used to evaluate these 

CNTs. The intensity ratio of the nitrogen doped VACNT film is 1.01, which is higher 

than that of the VACNT and the Ag-VACNT which are 0.85 and 0.84, respectively. 

This could be attributed to the etching effect of the nitrogen plasma, which affected the 

carbon bonds on the CNTs and increased the content of sp3 bonds.  
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Figure 4. 21 Raman spectra of as-deposited VACNT films, and the ID/IG ratios are 

shown in the images 

4.4.3 Wettability of the VACNT films 

The wettability of VACNT surfaces may have an influence on their antibacterial effect 

because it can affect the dispersion of the bacteria aqueous and the spreading and 

attachment of bacteria. Wettability is commonly influenced by the chemical status and 

surface morphologies of the samples. Hence the wettability of the VACNTs produced 

from the research has been studied and Figure 4. 22 shows the contact angles of the 

VACNT films and the Si substrate.  
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The VACNT film exhibits a superhydrophobic wettability and its contact angle is 

around 160o. This is mainly due to the vertically aligned nanostructures of the CNTs 

which can prohibit or retard the wetting process. The nitrogen plasma etching process 

can affect the surface chemical status of the CNTs [156, 157]. These active sites can 

significantly change the wettability of the CNTs, and it is of great interest to find that 

after the nitrogen plasma treatment the wettability of the VACNT film was converted 

from superhydrophobic to superhydrophilic with a contact angle around 15o. The Ag-

VACNT film showed a contact angle about 110o, probably because the VACNT film 

is not densely packed.  

 

Figure 4. 22 Wettability of the Si substrate and three types of VACNT films 

4.4.4 Antibacterial performances of the VACNT films 

The spread plate method was used to investigate the antibacterial effects of the VACNT 

films to Gram-negative bacteria E. coli and Gram-positive bacteria S. epidermidis. 

Detailed experimental procedures have been described in the experimental section. 

After 5h contact between E. coli and the CNT surfaces, the colony forming units (CFU) 

of the alive E. coli were counted to evaluate their antibacterial performance. The optical 

images of the CFUs are shown in Figure 4. 23.  
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Typically, a noble surface can be used as control sample. As the VACNT film were 

grown on Si. Thus, slides of Si were applied as control sample in this case. It can be 

seen that the control surface generates more CFUs than that of the VACNT surfaces. 

This indicates that the control Si surface has a low inactivation rate of E. coli while all 

the VACNT related surfaces have led to a low surviving of E. coli, and their 

antibacterial efficacies are presented in Figure 4. 24. Over 99% of E. coli was killed 

after 5h contact, indicating that all these three VACNT films possess a high 

antibacterial efficacy.  

 

 

Figure 4. 23 Colony forming units (CFU) on the tryptone soya agar plates after the 

antibacterial tests with E. coli. (a) Si; (b) Ag-VACNT; (c) VACNT; (d) N-VACNT 

(a) (b) 

(c) (d) 
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Figure 4. 24 Antibacterial efficiencies of the as-deposited VACNT films to E. coli 

after 5 h contact 

It is well known that Ag is a widely used antibacterial agent. However, almost no 

difference in antibacterial efficacy was found between these three VACNT films. Both 

the pristine VACNT and the N-VACNT surfaces exhibit similar antibacterial 

performance comparable to that of the Ag impregnated VACNT surface after 5h 

contact.  

Figure 4. 25 shows the colony forming units (CFU) of the alive Gram-positive S. 

epidermidis after 5h contact tests. Unlike the E. coli tests, there are still many colonies 

on the tryptone soya agar plates, indicating that some of the S. epidermidis were 

survived after 5h contact with these VACNT films. The kill rates of Ag-VACNT, 

pristine VACNT, and N-VACNT films are 90.7%, 88.2% and 88.8% (see Figure 4. 26), 

respectively. This indicates that the killing rate of these VACNT films to Gram-positive 

bacteria is relatively lower than to the Gram-negative bacteria after 5h contact. 

In this case, the Ag impregnated VACNT film presents better antibacterial performance 

than that of the other two VACNT films. This is in line with the widely reported 
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antibacterial effect of Ag. However, it is also noted that although the wettability of the 

nitrogen-doped VACNT film is totally different from that of the pristine VACNT film, 

these two VACNTs showed almost the same antibacterial efficacy to the S. epidermidis. 

The similar kill rate suggests that the wettability of these CNTs does not play a main 

role in the antibacterial process.  

The one-way analysis of variance (ANOVA) is applied to determine if there is any 

statistically significant difference of antibacterial effect to S. epidermidis between the 

three VACNT films. The multiple comparison results are shown in Table 4. 5. The 

results have verified that there are significant differences between the Si substrate and 

the three VACNT films. However, the differences between the Ag-VACNT and the 

other two types of VACNT films are not significant at the 0.05 level. However, more 

tests should be carried out to ensure the reliability of the statistical significance.  

Clearly, the VACNT film exhibits high bactericidal effect to both Gram-negative and 

Gram-positive bacteria and the possible antibacterial mechanisms will be discussed in 

the next chapter.  

Table 4. 5 Multiple comparisons of the S. epidermidis CFUs remained in the soya 

agar plates after the antibacterial tests 

Groups 
Mean Difference 

(I-J) 
Std. Error Sig. 

95% Confidence interval 

Lower 
Bound 

Upper 
Bound 

0 1 868.000* 117.162 .001 458.79 1277.21 

2 874.000* 117.162 .001 464.79 1283.21 

3 893.000* 117.162 .001 483.79 1302.21 

1 0 -868.000* 117.162 .001 -1277.21 -458.79 

2 6.000 117.162 1.000 -403.21 415.21 

3 25.000 117.162 .997 -384.21 434.21 

2 0 -874.000* 117.162 .001 -1283.21 -464.79 

1 -6.000 117.162 1.000 -415.21 403.21 

3 19.000 117.162 .999 -390.21 428.21 

3 0 -893.000* 117.162 .001 -1302.21 -483.79 

1 -25.000 117.162 .997 -434.21 384.21 

2 -19.000 117.162 .999 -428.21 390.21 

*. The mean difference is significant at the 0.05 level. Group 0 is Si substrate; Group 

1 is VACNT film; Group 2 is N-VACNT film; Group 3 is Ag-VACNT film. 
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Figure 4. 25 Colony forming units (CFU) on the tryptone soya agar plates after the 

antibacterial tests with S. epidermidis. (a) Si; (b) Ag-VACNT; (c) VACNT; (d) N-

VACNT 
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Figure 4. 26 Antibacterial efficiencies of the as-deposited VACNT films to S. 

epidermidis after 5 h contact 
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4.5 Synthesis of DLC films and CNT reinforced composite coatings 

4.5.1 Deposition of diamond-like carbon films (DLC) 

Diamond-like carbon films have been deposited by the rf PECVD (P500+) and the 

deposition process is described in the experimental session. It is known that DLC film 

has a high hardness and a high level of internal stress. The internal stress, an important 

factor in determining the stability and the life of the coating, is typically generated due 

to the high collision energy of the ions during the deposition process. To study the effect 

of the energy of the ions on the microstructure and performance of DLC films, a series 

of experiments have been carried out at different bias. The experimental details are 

described in Chapter 3 and the parameters are summarised in Table 4. 6.  

Table 4. 6 Parameters for the deposition of DLC coatings by PECVD 

Code Bias Temperature Time CH4 Ar Substrate 

D1 50 V 170℃ 1 h 1.5% 98.5% Si 

D2 100 V 170℃ 1 h 1.5% 98.5% Si 

D3 150 V 170℃ 1 h 1.5% 98.5% Si 

D4 200 V 170℃ 1 h 1.5% 98.5% Si 

D5 250V 170℃ 1 h 1.5% 98.5% Si 

D6 300V 170℃ 1 h 1.5% 98.5% Si 

D7 350V 170℃ 1 h 1.5% 98.5% Si 

Thickness measurement 

As mentioned briefly in Chapter 3, the thickness of the DLC coating is measured by 

partially covering the substrate with a small piece of Si wafer as cover slip. A step is 

formed after deposition by removing the cover slip and the thickness of the DLC 

coatings can be measured using a laser confocal microscopy. Figure 4. 27 (a) shows a 

3D optical image of the coating step.  
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Figure 4. 27 (b) summarises the average thicknesses of the DLC coatings deposited 

under different biases. The thicknesses of the DLC coating increased from 0.95 µm to 

1.8 µm with increasing the plasma bias from 50V to 350V. The results indicate that the 

higher bias leads to a thicker film because the ions can achieve more kinetic energy 

during the deposition process. 
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Figure 4. 27 (a) Optical image of the coating step used for measurement of the coating 

thickness; (b) Thicknesses of the DLC coatings deposited as a function of voltages 
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XPS study of chemical states of DLC coatings 

The chemical states of the DLC coatings were studied by XPS. All the sample surfaces 

were cleaned by acetone before the measurements, and then the C 1s spectrum was 

acquired from each coating. Figure 4. 28 shows the XPS results of the DLC coatings 

deposited using different biases. Figure 4. 28 (a) shows the combined C 1s spectra of 

the DLC coatings because the chemical states of the DLC coatings are related to the 

position of their C 1s peaks. It is found that all the peaks are between 283 eV and 286 

eV, while some peak shifts can be observed.  

The relationship between the C 1s peak positions and the deposition bias is complex. 

The C 1s spectrum is influenced by several different bonding states and the C 1s peak 

is decomposed into four component peaks, including the peaks for sp3 bonded carbon 

at around 285.3 eV, sp2 bonded carbon at around 284.4 eV, sp2 carbon satellite at 

around 285.7 eV, and the C=O bond at around 288.3 eV. To have a better understanding 

of the DLC coating, the C 1s spectrum for some specific coating is decomposed and 

the results are shown in Figure 4. 28 (b)-(h). The C 1s peak is mainly formed with the 

sp3 bonded carbon peak and the sp2 bonded carbon peak, and the intensity of these 

peaks are different for the DLC coatings deposited at different biases. In addition, a 

small C=O peak can be found in all of the spectra which may be due to the reactions 

between the carbon coating and the oxygen in the atmosphere.  

Nanohardness and modulus of the DLC coatings 

Nano indentation tests were applied to evaluate the uniformity of the mechanical 

properties of the as-deposited DLC coatings. The continuous stiffness measurement 

(CSM) mode is employed to obtain nanohardness and elastic modulus continuously 

during the nanoindentation test from the surface. Four or more indentations were 
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carried out on each coating and distance between two neighbour indentation points is 

500 µm, while the maximum indentation depth is 0.9 µm.  
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Figure 4. 28 XPS results of the DLC coatings deposited under various bias, (a) 

combined C 1s spectra of the DLC coatings; (b)-(h) C 1s spectra of the DLC coating 

deposited under different bias and fitted with four peaks 
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Figure 4. 29 shows the depth-dependent hardness of the DLC coatings deposited under 

different biases. It can be seen that the measured hardness varies with the penetration 

depth during the continuous stiffness measurements. The hardness rapidly increased to 

a peak value before gradually decreasing to a plateau. All the hardness curves exhibit 

similar trends. The half-width area of the hardness peak is used to calculate the average 

hardness of each indentation. The hardness curves measured from different positions 

of the DLC coatings deposited at specific biases. The consistency of these hardness 

curves was used to evaluate the uniformity of the DLC coatings.  

Figure 4. 30 summarises the average hardness and elastic modulus of the DLC coatings. 

The coatings exhibit a high hardness and elastic modulus around 20 GPa and 200 GPa, 

respectively. The reason for the abnormal hardness and elastic modulus of the coating 

deposited at 300V is not clear and most probably some unknown technical problems 

occurred during the deposition process. The hardness of the DLC coatings increased 

from ~19 GPa to ~23 GPa when the bias increased from 50 V to 150 V, then there was 

no improvement in hardness when the bias increased further. The average hardness of 

the DLC coatings is around 23 GPa, indicating that the deposition bias has little impact 

on the hardness of the DLC coating.  

Hardness variances of the DLC coatings reflect the change in the uniformity of their 

mechanical properties. As the deposition bias rises, the elastic modulus of the DLC 

coatings increased first and then decreased. The DLC coatings deposited at 150V and 

200 V showed smaller variances of hardness and elastic modulus compared to the DLC 

coatings deposited at other bias voltages. Thus, the optimal deposition bias should be 

between 150V and 200 V. 
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Figure 4. 29 Nanohardness of the DLC coatings deposited using different bias 

voltage, measured by continuous stiffness measurement method. Four or five 

indentations were carried out at different positions to investigate the uniformity of the 

DLC coatings 
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Figure 4. 30 Average hardness and elastic modulus of the DLC coatings deposited 

under different bias 

Residual stress measurement 

The Stoney equation is widely used to calculate the residual stress of a coating by 

measuring the curvature of the substrate [158, 159]. In this study, DLC coated Si sheet 

samples were cut into 5 mm in width and 20mm in length and a 12.5 mm length profile 

was measured at the centre of the surface area on each sample. Three measurements 

were carried out on each sample. The Stoney equation can be written as follow: 
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𝜎 =
𝐸𝑠𝑡𝑠

2

6𝑡𝑐(1−𝑣𝑠)𝑅
                                                         (5) 

where 𝜎 is the residual stress within the coating, 𝐸𝑠 the Young’s modulus of substrate, 

𝑣𝑠 the Poisson ratio of substrate, 𝑡𝑠  the thickness of substrate, 𝑡𝑐 is the thickness of 

coating, and  𝑅 is the radius of curvature. In this study, 𝐸𝑠 = 140 MPa,  𝑣𝑠 = 0.25, 𝑡𝑠 = 

620 µm. 

The measured profiles were fitted to quadratic curves (𝑦 = 𝐴 + 𝐵𝑥 + 𝐶𝑥2) for the 

calculation of the radius of curvatures by the following equation: 

𝑅 =
|𝑦′′|

(1+𝑦′2)3/2
≈ |𝑦′′| = 2𝐶                                              (6) 

Considering the hardness results of these samples, the residual stresses of the DLC 

coatings deposited at 150V, 200V, and 250V were measured and calculated (Figure 4. 

31). All the residual stresses measured from the DLC coatings are compressive internal 

stresses, which increased with increase of the deposition bias. The coating deposited at 

150V showed a very low residual stress with an average value of 330 MPa, while the 

internal stress of the DLC coating deposited at 200V and 250V are around 605 MPa 

and 1022 MPa, respectively. This is mainly because high deposition bias can lead to 

high accelerating energy for the ions during the deposition process, thus leading to high 

impact and hence high internal stress. High compressive stress within a DLC coating 

may cause premature failure under external compressive loading. 

Tribological tests 

Tribological tests were carried out using a 2 N load, at 5 Hz and for 30 min, with a SiC 

ball (Φ 3.96 mm) as the counterpart. Beside the DLC coating, the Si wafer substrate 

was also tested for comparison. Figure 4. 32 shows the friction coefficients of the DLC 

coating and the Si substrate. The DLC coating has a friction coefficient of around 0.28, 



 

106 
 

which is much smaller than that (0.62) of the Si substrate. Besides, the friction 

coefficient of the DLC coating is relatively stable, indicating that no cracks or 

delamination of the coating occurred during the tribological test.  
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Figure 4. 31 Residual stress of the DLC coating deposited at different bias 
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Figure 4. 32 Friction coefficients of Si and DLC coating  
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Wear tracks formed on the Si and the DLC coating are shown in Figure 4.33. Deep 

scratch grooves can be seen in the Si surface while the DLC coating shows a shallow 

and smooth wear track. Figure 4. 33 (c)&(d) present the wear marks on the SiC balls 

after sliding against the Si substrate and the DLC coating, respectively.  

  

   

Figure 4. 33 Wear tracks on (a) Si and (b) DLC coating, and the corresponding wear 

marks on the Si3N4 balls: (c) against Si and (d) against DLC coating 

 

Wear volumes were measured by a laser confocal microscope to calculate the wear rate 

of the Si substrate and the DLC coating. As shown in Figure 4. 34, the wear rate of the 

Si substrate (about 5.4×10-6 mm3/Nm) is about 54 times higher than that of the DLC 

coating (1.02 ×10-7 mm3/Nm). This is in line with the coarser wear groove and larger 

(b) 
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wear mark formed on the SiC ball after sliding against the Si substrate as against the 

DLC coating. 
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Figure 4. 34 Wear rate of the Si substrate and the DLC coating 

Delamination of stressed thin coatings by buckling or cracking is common to some 

metallic and ceramic coatings. In this study, sinusoidal stress relief patterns were also 

observed in the DLC coatings deposited by PECVD. As reported above, the DLC 

coating has shown an excellent friction reduction effect and no cracks are observed in 

the coating during the wear tests. However, due to the high internal stress between the 

DLC coating and substrate, some stress relief patterns were generated on the DLC 

coating after several days’ exposure to atmospheric air.  

Figure 4. 35 shows a stress relief pattern on the DLC coating deposited at 150 V. 

Wrinkles are spread over the selected area which are buckled into the shape of 

‘telephone cord’. It was reported that the stress relief patterns initiate at the edge of the 

film, or at some interior defects, or at the exterior defect sites. Figure 4. 36 exhibits the 
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initiation of the stress relief patterns caused by the exterior defect sites. Some 

contamination particles were generated during the deposition process which caused 

defects and stress concentration. Figure 4. 36 (b) shows the progress of the sinusoidal 

stress relief patterns. Buckling patterns were generated at the defect sites and then 

extended outward. The width of the buckling tip is small initially and subsequently 

increased with the release of the internal stress.  

These sinusoidal buckles were formed to relief compressive strain energy within the 

system or due to the thermal expansion mismatch between the DLC coating and the Si 

substrate. Several studies have been carried out to explain how and why the telephone 

cord buckles are generated and models are established to describe the relationship 

between the morphologies of the buckles and the internal stress of the coatings [160-

162]. However, the generation mechanism of the telephone cord stress relief pattern is 

still not fully understood.  

 

 

Figure 4. 35 Buckles and wrinkles generated in the DLC coating deposited at 150V 

on a Si substrate 
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Figure 4. 36 Initiations of the wrinkles in the DLC coating deposited at 150V. The 

stress relief patterns were generated from the defect sites   

 

The continuous growth of the buckles will lead to the delamination of the DLC coating. 

Figure 4. 37 shows the surface morphologies of the DLC coating after the stress relief 

delamination. The areas in pink colour are the DLC coating while the black areas are 

the Si substrate. Some parts of the DLC coating are delaminated from the Si substrate 

and belt skeletons of the stress relief pattern remain on the substrate.  

Figure 4. 37 (b) presents a 3D image of the belt skeleton and some coating debris are 

left on the surface. It can be seen that the coatings between the belts are fully 

delaminated from the substrate while the zigzag belts generated from the sinusoidal 

stress relief pattern are still there. The colour variation is related to the thickness of the 

belts, indicating the lamellar cracking in the stress relief pattern area. 
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Figure 4. 37 Optical images of the morphologies of the DLC coating after the stress 

relief delamination. (a) overview of the DLC coating after delamination; (b) 3D 

image of the belt skeleton of the DLC coating 

 

4.5.2 Challenge with the CNT reinforced composite coating 

As discussed in Chapter 2, carbon nanotubes reinforced bulk composite materials have 

been developed for addressing the limitations of conventional monolithic structures to 

achieve an excellent combination of strength, stiffness, toughness, thermal conductivity, 

electrical conductivity, and some other novel functional properties. In this study, 

research work has been carried out to explore the feasibility of producing CNT 

reinforced composite coatings.  

As mentioned in Section 2.2.5, some studies have already been conducted on the 

fabrication of the CNT reinforced composite coatings, and the main problem is that it 

is difficult to achieve a homogeneous dispersion of CNTs within the matrix during the 

deposition process. In this study, several advanced deposition methods have been 

employed to synthesise the well dispersed CNT reinforced composite coatings based 

on the VACNT films.  
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4.5.2.1 Density control of the VACNT films   

The two-step strategy is applied to fabricate the CNTs reinforce composite coatings.  

and two types of catalyst films (SS, Ag-SS) were deposited on Si with the DC Klöckner 

Ionon 40 kW furnace, in order to achieve VACNT films with different density. The 

sputtering processes were similar to that described in Section 4.1.1. The morphologies 

of the as-deposited catalyst films are shown in Figure 4. 38. SS nanoparticles are 

relatively uniform and well distributed on the surface with the size of about 20 nm (See 

Figure 4. 38 (a)). Some large Ag particles were coated on the Ag-SS catalyst film which 

can be seen in Figure 4. 38 (b), due to the high sputter rate of silver 

 

 

Figure 4. 38 Catalyst films deposited by active screen plasma technique: (a) SS 

catalyst film; (b) Ag-SS catalyst film 

 

VACNT films were grown based on these catalyst films using the PECVD. The 

syntheses were carried out at 450℃ for 100 min under power of 30 W, and acetylene 
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was used as carbon source, diluted by argon and hydrogen, and their corresponding 

flow rate were 5 sccm, 50 sccm, and 10 sccm. The specific deposition sequences are 

same as that described in Section 4. 2. Besides, there are also some small silver particles 

sputtered on the surface which are difficult to be distinguished from the SS particles. 

Noble silver does not have a catalytic function for the growth of CNTs. Thus, the 

existence of silver particles could prohibit the growth CNTs and decrease the density 

of the VACNT films. 

The as-grown VACNT films are shown in Figure 4. 39, and the VACNT film grown 

from SS catalyst film presents a densely packed structure due to the Van der Waals 

forces between the CNTs. The length and diameter of the CNTs are around 1 μm and 

30 nm, respectively. Almost no gaps can be found between the CNTs, which makes it 

difficult for coating materials to penetrate into the film.  

The CNTs synthesised from the Ag-SS catalyst film are shown in Figure 4. 39 (c) and 

(d). Large silver particles and CNTs can be seen on the surface, and in this case the 

density of the CNTs is much lower than that of the CNTs grown from the SS catalysts. 

These CNTs are not as straight as the CNTs grown from the SS catalyst film due to the 

gaps. Since silver is inert for the growth of CNT, not only the large silver particles, but 

also the small silver particles which prohibit the growth of CNTs and provide vacancies 

for the fabrication of the nanocomposite coatings.  

It provides a convenient way to decrease the density of CNTs by adding inert elements 

in the catalyst film, as compared to other potential methods, such as patterning [24] and 

other post-treatments [163]. 
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Figure 4. 39 SEM images the CNT films grown from SS catalyst film ((a), (b)) and 

Ag-SS catalyst film ((c), (d)) 

 

4.5.2.2 TEM of the CNTs for the 1D composite coating 

TEM images of the as-deposited CNTs are shown in Figure 4. 40. Microstructures of 

the corresponding CNTs are similar to that as-described in Section 4.3.3 and Section 

4.4.1. CNTs grown from the SS catalyst films also present a clear tubular structure, and 

black dots are embedded at the tip of the CNTs (Figure 4.40 (a)). The diameters of these 

CNTs are ranged from 10 nm to 50 nm and the average diameter is 23 nm.  

On the other hand, both CNTs and carbon nanofibers (CNFs) are grown from the Ag-

SS catalyst films. Figure 4. 40 (b) shows the CNTs synthesised from the Ag-SS catalyst 

film which have a similar structure to that of the CNTs grown from the SS catalyst film. 

Besides, there is another type of CNF, which has a solid nanostructure rather than a 

tube nanostructure (Figure 4. 40 (c)). The diameters of the CNFs are around 50 nm 
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which is thicker than that of the CNTs. A bottom growth mode is supposed to explain 

the formation of the CNFs in Chapter 5. 

    

 

 

 

Figure 4. 40 TEM image of the CNTs grown from SS catalyst film (a) and from Ag-

SS catalyst film (b & c) 

 

4.5.2.3 Raman spectra of the VACNT films for the 1D composite coating 

Raman spectra of the two types CNTs grown from SS and Ag-SS catalyst films are 

shown in Figure 4. 41, which present typical features of multiwalled CNTs. Two 

dominant Raman features, the disorder induced D band (1350 cm-1) and the tangential 
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G band (1600 cm-1) can be viewed from the Raman spectra of both CNT layers. The D 

band to G band intensity ratio (ID/IG) of these two CNT –layers grown from the SS and 

the Ag-SS catalyst films are 0.71 and 0.85, respectively. The higher intensity ratio of 

the CNTs grown from Ag-SS catalyst film implies more defects within the CNTs, 

which may be caused by the interference of silver particles.  

It is known that the Raman features are detected from the vibrations of the carbon atoms: 

the D band comes from a double resonance process and the G band is assigned to the 

in-plane vibration of C-C bonds. The D band and G band from the CNT grown from 

the Ag-SS catalyst shift closer to each other, which is also related to the defects. 
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Figure 4. 41 Raman spectra of the VACNT films grown from stainless steel catalyst 

film and Ag impregnated stainless steel catalyst film 
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4.5.2.4 Exploration of CNT reinforced composite coating 

Subsequently, the CNT films were used as substrates for the fabrication of the CNT 

reinforced composite coatings through different approaches. Pt-CNT coatings were 

deposited for 3 min using a mini sputter coater at room temperature. Ag-CNT coatings 

were fabricated using a magnetron sputtering (Teer Coatings Ltd), a deposition time of 

10 min, and a pure silver target. DLC-CNT films were deposited using the rf PECVD, 

170℃, a deposition time of 30 min, and methane (10 sccm) as carbon source. 

Pt-CNT composite coating 

Several attempts have been made to explore the fabrication of the CNTs reinforced 

nanocomposite coatings using both PVD and CVD. Figure 4. 42 (a) shows the 

morphologies of the Pt-CNT composite coating. It can be seen that the composite 

coating is not very dense due to the low sputtering rate of Pt. The vertically aligned 

structure of the CNTs was broken because of the impact of the Pt nanoparticles.  Figure 

4. 42 (b) shows the TEM image of a CNT fully coated by the Pt nanoparticles with the 

size around 10 nm.  

In this case, it is verified that the Pt nanoparticles can penetrate into the CNT film to 

form a Pt-CNT composite nanostructure, but the continuous impacts from the Pt 

nanoparticles can break the aligned structure of the CNTs. In addition, the low 

sputtering rate of Pt makes it difficult to fabricate a fully-composited coating. Due to 

the impact effects, freestanding CNTs are easy to be damaged by the particles during 

the sputtering process. Thus, this process is not capable to fabricate a well-composited 

coating even with a low-density CNT film. 
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Figure 4. 42 (a) SEM image of the surface morphology of the Pt-CNT coating, (b) 

TEM image of single CNT coated with Pt nanoparticles 

Ag-CNT composite coating 

The Ag-CNT composite coating was deposited by a PVD sputtering process, in which 

Ag particles are sputtered off from the target and deposited on the CNT surface directly. 

The granular surface of Ag coating is shown in Figure 4. 43 (a), and the Si substrate 

and the underneath VACNT film can be seen in Figure 4. 43 which shows a cross 
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sectional view. Large silver particles cannot penetrate into the CNT film and form a Ag 

layer on the top of the CNTs shown in Figure 4. 43 (b). The thicknesses of the Ag layer 

and the CNT layer are around 2 µm and 1.2 µm, respectively.  

The Ag layer has a coarse columnar structure, while the vertically aligned structure of 

the CNTs can be clearly viewed. An abrupt interface is observed but no Ag particles 

are found in the CNT layer because of their large size. Mechanical bonds were formed 

between these two layers due to the impact effects of the Ag particles.  

 

 

 

Figure 4. 43 SEM images of the Ag-CNT composite coating. (a) morphologies of the 

cracked Ag-CNT coating; (b) cross-section view of the Ag-CNT coating 
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DLC-CNT composite coating 

Unlike the sputtering process, volatile precursors in the CVD process could penetrate 

into the CNT film and coat the CNTs. However, the DLC matrix prefers to accumulate 

on the tips of the CNTs when the CNT film has a high density. Figure 4. 44 shows the 

cross-section views of DLC-CNT composite coatings generated from two types of 

VACNT films. Figure 4. 44 (a) shows a composite structure with a surface amorphous 

carbons layer on the top of the CNT film. This composite coating was deposited on the 

high-density VACNT film grown from the SS catalyst film. Chemical bonds between 

the amorphous carbon and the CNTs are expected to form during the CVD deposition 

process. However, the amorphous carbon is limited at the top area due to the high 

density of the CNTs.  

On the other hand, there are more inter-CNT spacing in the low-density CNT film, 

which makes it easier for the carbon species to diffuse into the CNT layer. Figure 4. 

44(b) shows the cross-section image of the DLC-CNT film deposited from the low-

density VACNT film. It can be seen that a columnar-like structure have been formed 

and it is difficult, if not impossible, to distinguish the CNTs from the carbon coating. 

Clearly, a CNT reinforced carbon-based nanocomposite coating has been successfully 

generated.  

Raman spectra of the DLC-CNT composite coating 

The Raman spectra of the DLC film, the CNT film, and the DLC-CNT nanocomposite 

coating are compared in Figure 4. 45. The DLC coating has overlapped D band and G 

band due to its amorphous structure and their intensity ratio is 0.58. Unlike the DLC 

coating, separated D band and G band can be clearly seen from the multi-walled CNTs 

and the intensity ratio is 0.85. For the DLC-CNT nanocomposite coating, its Raman 
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spectrum is a combination of the amorphous carbon and the CNTs and the intensity 

ratio ID/IG is 0.71. Even though the amorphous carbon layer was deposited on the CNT 

film, the Raman features from the DLC-CNT nanocomposite coating are similar to that 

of CNT film.  

 

 

 

Figure 4. 44 Cross-section SEM images of the DLC-CNT composite coatings 

deposited bases on the (a) high-density VACNT film and (b) low-density Ag-VACNT 

film 
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Figure 4. 45 Comparison of the Raman spectra between the DLC film, the CNT film 

grew from Ag-SS and the DLC-CNT composite coating grew from the low-density 

CNT film 

Wettability of the DLC-CNT composite coating 

The wettability of the CNT related coatings has been studied. The variation of the 

contact angles is mainly influenced by the morphologies of the coatings because all the 

surfaces consisted of amorphous carbon which should have similar chemical status. 

The pure DLC coating is very flat with a roughness of 4 nm and its contact angle is 

around 91o. For the DLC-CNT composite coating deposited from the high-density 

VACNT films, a relatively rough surface was formed because the amorphous carbon 

was mainly attached to the tips of the CNTs, thus resulting in a high contact angle 145o. 

For the DLC-CNT composite coating deposited from the low-density VACNT films, 

the amorphous carbon can fully fill in the gap of the low-density VACNT film to form 

a nanocomposite coating with a relatively low roughness and hence its contact angle is 

around 115o. 
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Electrical properties of the DLC-CNT composite coating 

As mentioned in Chapter 3, the electrical properties of the as-deposited coatings were 

measured by the four-probe tester and the results are summarized in Table 4. 7. It can 

be seen that the VACNT film and the Ag impregnated VACNT film has a very low 

resistivity of 0.43 kΩcm and 0.007 kΩcm respectively, and their square resistances is 

8.36 kΩ/□ and 135 Ω/□, respectively. The low resistivity of the VACNT films indicates 

that the CNTs have an excellent electrical conductivity. The conductivity of the VACNT 

film and Ag-VACNT film are 2.36×10
-3 

S/cm and 0.15 S/cm, respectively. It is clear 

that the Ag impregnated VACNT film has a lower resistivity and a better conductivity 

than the VACNT film probably due to the contribution of Ag.  

Unlike the pure DLC coating which is nonconductive, both the DLC-CNT composite 

coatings deposited from the high density (DLC-CNT-High) and low-density VACNT 

films (DLC-CNT-Low) are conductive. The resistivity of the DLC-CNT-High and 

DLC-CNT-Low coatings is 23.2 kΩcm and 55.3 kΩcm, and their square resistances are 

212.6 kΩ/□ and 623.5 kΩ/□ respectively. The conductivities of these two DLC-CNT 

composite coatings are 0.63×10
-4

 S/cm and 1.64 ×10
-5

 S/cm, respectively. 

 

Table 4. 7 Electrical conductivity properties of the as-deposited coatings 

Sample Resistivity Conductivity Square resistance 

VACNT 0.43 kΩcm 2.36×10
-3 

S/cm 8.36 kΩ/□ 

Ag-VACNT 0.007 kΩcm 0.15 S/cm 135 Ω/□ 

DLC-CNT-High 23.2 kΩcm 0.63×10
-4

 S/cm 212.6 kΩ/□ 

DLC-CNT-Low 55.3 kΩcm 1.64 ×10
-5

 S/cm 623.5 kΩ/□ 

DLC - - - 
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Clearly, the novel CNT reinforced DLC-matrix nanocomposite coatings possess a 

much high electrical conductivity as compared with conventional DLC, which is non-

conductive. Therefore, such novel CNT reinforced DLC-matrix nanocomposite 

coatings could be used as multi-functional coatings for some special applications.   

4.6 Active screen plasma co-alloying in methane ambient 

Active screen plasma co-alloying (ASPCA) technique has been developed for the 

deposition of Ag wire reinforced composite coatings. Pure Ag lid and 316 SS mesh lid 

were applied as the alloying sources in an ambient of CH4 and H2. Details of the active 

screen settings and the deposition processes are described in Section 3.3.1. To 

investigate the effect of the deposition conditions on the formation of Ag wire 

reinforced composite coatings, a series of experiments were designed, and the 

parameters are listed in Table 4. 8. 

Table 4. 8 Deposition parameters of the active screen plasma co-alloying processes 

Code Pressure Temperature Time CH4 H2 Distance 

A1 1 mbar 420℃ 20 h 1.5% 98.5% 20mm 

A2 3 mbar 420℃ 20 h 1.5% 98.5% 20mm 

A3 1mbar/3mbar 420℃ 2h +18 h 1.5% 98.5% 20mm 

A4 1mbar/3mbar 420℃ 2h +18 h 3% 97% 20mm 

A5 1mbar/3mbar 420℃ 2h +18 h 1.5% 98.5% 10mm 

A6 1mbar/3mbar 420℃ 2h +18 h 1.5% 98.5% 30mm 

 

 

 

      

4.6.1 Surface morphologies 

The morphologies of the composite coatings deposited by the ASPCA technique are 

shown in Figure 4. 46, which are significantly influenced by the deposition conditions. 

Figure 4. 46 (a) shows the surface morphology of the composite coating synthesised at 

1 mbar for 20h (A1). Some large particles are distributed on the surface of the substrate. 

The hollow cathode effect during the process was very strong due to the low gas 
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pressure, and hence lots of stainless-steel nanoparticles and Ag particles were sputtered 

off from the active screen lids, but no continuous coating was formed in this case. 

For the coating deposited at 3 mbar for 20 h (A2), large agglomerations can be clearly 

seen on the sample surface. These particles are much larger than that formed for A1 

composite coating. No wires could be observed on the surface of the A2 composite 

coating.  

Wire-shaped structures embedded in the matrix of the composite coating can be 

observed from the surface of A3 composite coating, as exemplified in Figure 4. 46 (c). 

The length of these wires is varied from 1 to 10 µm. These wires are mainly formed 

with Ag and stainless-steel particles as verified by EDS in the subsequent session.  

Figure 4. 46 (d) presents the surface morphology of the A4 composite coating 

synthesised with a high fraction (3%) of methane. Ag wires were also formed during 

the deposition process, but a thick carbon-rich layer seems to be formed due to the high 

amount of carbon source. Although the growth mechanism of the Ag wires during the 

sputtering process is not fully understood, these SEM observations indicate that the 

deposition conditions for A3 and A4 are suitable for the growth of Ag wires; a lower 

percentage of methane (1.5%) would produce a better Ag wires reinforced composite 

coating.  
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Figure 4. 46 Surface morphologies of the composite coating deposited by ASPA 

technique. (a) A1: low pressure 1 mbar; (b) A2: high pressure 3 mbar; (c) A3: 

1mbar/3 mbar and 1.5% methane; (d) A4: 1 mbar/3 mbar and 3% methane 

 

EDS mapping has been carried out to study the element distribution on the composite 

coating. Figure 4. 47 and Figure 4. 48 show the EDS mapping results of the A3 and A4 

composite coatings. Beside the SEM image, element mappings of Ag, C, Fe, Ni, and 

Cr are acquired. The bright areas shown in Figure 4. 47 (b) and Figure 4. 48 (b) are 

corresponding to the Ag rich areas. It is verified that the wire structures are composed 

of Ag by the comparison between the SEM image and the Ag EDS mapping. Beside 

these Ag wires and clusters, nanoparticles were also sputtered off from the Ag lid and 

randomly distributed in the composite coating. 

Figure 4. 47 (c) and Figure 4. 48 (c) show the distribution of carbon in the selected area, 

and a low amount of carbon is detected at the Ag rich area. EDS mappings of Fe, Ni, 

Cr are shown in Figure 4. 47 (d)&(e)&(f) and Figure 4. 48 (d)&(e)&(f). It seems that 
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the stainless-steel nanoparticles are well distributed in the composite coating surface. 

However, there are some dark areas in the mapping of Fe, Ni, Cr, which are 

corresponding to the Ag rich areas. This indicates that the wires and clusters formed on 

the composite surface are mainly composed of Ag, and the matrix of the composite 

coating contains carbon, Ag and stainless-steel nanoparticles. 

The above results have revealed that the Ag wires reinforced composite coating 

deposited under A3 conditions exhibited a good Ag-reinforced composite structure and 

a smooth surface. Thus, composite coatings A5 and A6 are deposited using the similar 

parameters but with different deposition distances between the sample surface and the 

active screen lid. The surface morphologies and cross-section view of A3, A5 and A6 

composite coatings are compared in Figure 4. 49. It seems that the deposition distance 

does not have an appreciable effect on the formation of the Ag wires. Ag wires can be 

observed in all those three composite coatings. However, the length and thickness of 

the Ag wires are not uniform, and the length of the Ag wires ranged from 10 µm to 

around 2 µm. The thickness variation of these curly Ag wires implies that most 

probably these Ag wires are not a single crystal, which is different from those single 

crystalline Ag nanowires grown through the chemical process [106, 164].  

Figure 4. 49 (b)&(d)&(e) show the cross-section views of the composite coatings, and 

their thicknesses are 2.11 µm (A3), 3.04 µm (A5) and 1.87 µm (A6). This indicates that 

a shorter deposition distance would lead to a thicker composite coating. Besides, the 

A3 & A5 composite coatings exhibit good adhesion to the substrate, while the A6 

composite coating is partially delaminated after the sample preparation, indicating that 

a long deposition distance can reduce the adhesion of the composite coating to the 

substrate. 
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Figure 4. 47 EDS mapping of the A3 composite coating. (a) SEM image; (b) mapping 

scan of Ag; (c) mapping scan of C; (d) mapping scan of Fe; (e) mapping scan of Ni; 

(f) mapping of Cr 
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Figure 4. 48 EDS mapping of the A4 composite coating. (a) SEM image; (b) mapping 

scan of Ag; (c) mapping scan of C; (d) mapping scan of Fe; (e) mapping scan of Ni; 

(f) mapping scan of Cr 

 



 

130 
 

  

 

   

 

   

Figure 4. 49 Surface morphologies and cross-section views of the Ag wires reinforced 

composite coatings. A3: (a) & (b); A5: (c) & (d); A6: (e) & (f) 
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4.6.2 Phase identification 

The phase components of the composite coatings (A3, A5, A6) and the stainless-steel 

substrate were investigated by XRD and the corresponding spectra are shown in Figure 

4. 50. Typical peaks (111), (200) and (220) of the γ-phase for the face-centred cubic 

(fcc) structured austenitic stainless steel were detected from the 316 SS substrate. As 

shown in Figure 4. 50, the XRD patterns of the composite coatings (A3 & A5 & A6) 

are very similar, indicating that the change of the deposition distance does not affect 

the phases with the composite coatings.  

The γ-phase peaks were also detected from the Ag reinforced composite coating, which 

may come from the composite coating and the substrate in view of the thinness of the 

composite coating. No peaks for chromium carbides could be detected, which indicates 

that the SS nanoparticles sputtered from the 316 SS screen and lid did not react with 

the carbon precursor during the deposition process at 420℃. Beside the γ-phase, peaks 

at around 38.2o, 44.5o, 64.7o, 77.7o and 82.0o can match the (111), (200), (220), (222), 

and (311) peaks of pure Ag.  
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Figure 4. 50 XRD results of the untreated 316 stainless steel and the A3, A5 and A6 

composite coating with Ag wires 
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4.6.3 Chemical state  

The surface chemical states of the Ag wire reinforced A3 composite coating has been 

investigated by X-ray photoelectron spectroscopy (XPS). The spectra were collected 

from the as-deposited surface and the sublayer by etching for 60s with Ar ions in order 

to compare the chemical state variation of the composite coating. Figure 4. 51 shows 

the survey spectra and high-resolution spectra of Ag 3d, C 1s, and Fe 2p. The survey 

spectra shown in Figure 4. 51 (a) indicate that the chemical states are different before 

and after etching. After etching, more peaks were detected from the surface which 

indicates that there is an oxide layer formed at the surface and an obvious peak for O 

1s can be viewed from the unetched surface (see Figure 4. 51 (a)) 

Figure 4. 51 (b) shows the high-resolution Ag spectra from the composite coating. 

Peaks belong to Ag 3d5/2 at 368.2 eV and Ag 3d3/2 at 374.3 eV were detected from the 

coating surface before and after etching. These two peaks prove that the Ag detected 

from the composite coating has a valence of zero, indicating that the wires are formed 

with pure Ag.  

Figure 4. 51 (c) shows the C 1s spectra of the composite coating. The peak at 284.6 eV 

detected from both the unetched and the etched coating surface can be assigned to the 

C-C bond. Besides, a shoulder peak at 286.2 eV corresponding to the C-O bond was 

only detected from the unetched surface, which may be due to the reactions between 

the surface carbon and oxygen in the ambient, while no such C-O peak can be detected 

from the composite coating after etching.  

Figure 4. 51 (d) shows the high-resolution spectra of iron, and very weak peaks for Fe 

were detected before etching. Clear peaks at 706.7 eV and 720.0 eV are corresponding 
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to Fe0, indicating that the SS nanoparticles had not reacted with the carbon during the 

deposition process, which is consistent with the XRD results. 

 

Figure 4. 51 XPS spectra of the Ag wire reinforced composite coating (A3). (a) 

survey of the Ag wire reinforced composite coating; (b) Ag 3d spectra; (c) C 1s 

spectra; (d) Fe 2p spectra 

4.6.4 Raman spectroscopy 

In order to investigate the microstructures of these carbon rich composite coatings, 

Raman analysis has been conducted and the Raman spectra are shown in Figure 4. 52. 

D peak and G peak at around 1355 cm-1 and 1590 cm-1 respectively were detected from 

all those composite coatings, which verified the existence of carbon in the composite 

coatings. The high D peak indicates that there are lots of defects formed in the coatings 

during the plasma deposition process. Unlike the diamond-like carbon films which have 
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overlapped D peak and G peak [165], the D peak and G peak, in this case, are separated 

from each other, indicating that carbon in these composite coatings has a different 

structure as compared with the hard amorphous carbon.  

No peak shift was observed from these Raman spectra due to the similar deposition 

processes. However, the band intensity ratios (ID/IG) of the composite coatings are 

varied from 1.02 to 1.15. It is known that the band intensity ratios (ID/IG) are an 

indication of defects in the coatings. The experimental results have revealed that a low-

intensity ratio can be achieved when the deposition processes were carried out with a 

high percentage of methane (A4) or with a small deposition distance (A6). 
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Figure 4. 52 Raman spectra of the Ag wires reinforced composite coatings (A3, A4, 

A5 and A6). The positions of D peak and G peak are marked, and the intensity ratios 

are calculated and presented in the image 
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4.6.5 Contact angle and hardness 

The contact angle of the Ag wires reinforced composite coatings were measured to 

evaluate their wettability, which is influenced by the physical and chemical status of 

the surfaces. As shown in Figure 4. 53, the polished stainless-steel substrate surface 

presents a contact angle around 96o which is relatively hydrophobic, while the contact 

angles of the Ag wires reinforced composite coatings are 55o, 59o, and 63o for A3, A5, 

A6, respectively. This indicates that these composite surfaces are hydrophilic. The 

variations of contact angles between the composite surfaces may be caused by the 

roughness, and the corresponding average roughness (Ra) of the composite coatings 

are 573 nm (A3), 616 nm (A5) and 551 nm (A6), respectively. 

The microhardness of the Ag wires reinforced composite coatings are measured under 

the load of 50 g. Figure 4. 53 shows that the hardness of the composite surfaces (~500 

HV0.05) is higher than that of the stainless-steel substrate (~245 HV0.05). The hardness 

enhancement of the composite surface may be due to the diffusion of carbon into the 

substrate. 
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Figure 4. 53 Contact angles between distil water and the different surfaces to evaluate 

the wettability of the composite surfaces, and optical images of the water droplets are 

inserted 



 

136 
 

4.6.6 Adhesion-abrasion resistance against Al 

It is known that Ag is a solid lubricant and hence could be used to reduce adhesion and 

friction of steel surface. Therefore, reciprocating sliding friction tests have been carried 

out against an Al counterpart pin. Figure 4. 54 shows the friction coefficients of the A3 

composite coating compared to that of uncoated SS substrate under dry sliding 

condition. After a couple of initial strokes, the friction coefficients of polished SS 

started to rise from 0.15 to 0.45 and then fluctuated largely throughout the test. This is 

a clear indication of stick-slip caused by the strong adhesion between the SS and Al. In 

addition, the friction heat generated by the high friction would reduce the strength of 

aluminium alloys and hence increase adhesion further, thus leading to excessive 

materials transfer. This adhesion behaviour of ductile materials reflects the similar 

trends obtained from the previous friction coefficient analysis [166].  

However, the interface friction coefficient was greatly reduced when the metal was 

coated with the Ag wires impregnated composite coating. The friction coefficient was 

0.17 in the first 5 cycles and it slowly climbed to 0.25 after 25-50 strokes which are 

believed to be caused by the slow run-in between aluminium and the coating. Then, the 

friction coefficient of the composite coating against Al remained low (0.25) throughout 

the test. 

The wear tracks formed during the tests were studied using SEM and TEM and the 

results are shown in Figure 4. 55. It can be seen from Figure 4. 55 (a) that at the wear 

surface of the Ag wire reinforced composite coating, the original features of the silver 

wires and silver particles are still clearly visible and there is no transfer of aluminium 

onto the coating surface. Some horizontal scratches in the sliding direction appeared on 

the composite coating surface after 500 strokes of the reciprocating sliding test.  
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Cross-sectional microstructure analysis inside the wear track and the elements 

measured by EDX from the wear track and the Al pin surface are shown in Figure 4. 

55 (c)&(d)&(e). 
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Figure 4. 54 Friction coefficient between conformal-contacted Al and nano-Ag/C 

coating sliding surfaces 

 

Table 4. 9. The thickness of the carbon rich layer is significantly reduced on the top of 

the coating and the silver wire appears plastic deformed. The EDS results show that the 

transfer layers formed on Al pin mainly consist of carbon, whereas the wear track on 

the coating consists of reduced amount of C and increased amount of O. Although the 

Ag wires were deformed as compared to the as-treated coating, the high-magnification 

TEM image in Figure 4. 55 (e) shows that the fine Ag particles are free from damage 

as evidenced by their original spherical shape. The transformation of carbon phases on 

the sliding surface can be evidenced by the post-wear Raman spectrums in Figure 4. 56, 

showing the increased intensity of G peaks in the wear track as compared to the D-peak 

dominated spectrum of the original coating. 



 

138 
 

 

 

Figure 4. 55 (a) illustration of film growing and sampling orientations, (b) post-wear 

surface morphology of nano-Ag/C coating showing lines of scratches and plastic 

deformed Ag wires, cross-sectional SEM images of (c) as-treated coating and (d) 

wear track, (e) TEM of wear track showing cross-section of nano-Ag wire 
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Figure 4. 56 Peak fits of Raman spectrum on the areas of as-treated surface and wear 

track 

 

Table 4. 9 Elemental distribution on the surface of frictional counterparts 

 C O Mg Al Si Cr Fe Ni Ag 

Al pin 8.23 3.06 0.53 84.02 3.66 0.00 0.51 - 0.00 

Al wear area 43.87 4.94 0.35 44.53 1.73 0.63 2.84 - 1.11 

nano-Ag/C 23.56 1.87 - 0.00 0.25 8.61 26.29 3.57 34.78 

Wear track 17.14 3.02 - 0.00 0.25 8.69 26.94 3.44 39.73 

 

4.6.7 Antibacterial properties 

Antibacterial tests were carried out to evaluate the bacterial inhibition performance of 

the Ag wires impregnated composite coatings. The experimental details are described 

in Section 3.3.1. Both Gram-negative P. gingivalis and Gram-positive S. epidermidis 
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bacteria were used to study the antibacterial effect of the Ag wires impregnated 

composite surfaces.  

Figure 4. 57 shows the colonies of the Gram-negative P. gingivalis on the tryptone soya 

agar plates after incubation. Each spot inside the plate represents for one colony of P. 

gingivalis. As there is no antibacterial effect of the glass slide control sample, most of 

the P. gingivalis are alive after 5h contact. Huge amount of P. gingivalis colonies were 

grown, which almost cover the whole agar plate, can be viewed in Figure 4. 57 (a).  

In contrast, Figure 4. 57 (b) shows the colonies of P. gingivalis after contact with the 

Ag impregnated composite coating. The colonies are much less compared to that of the 

control, indicating the inhibition effect of the composite coating. The colonies in each 

plate were counted to calculate the antibacterial efficiency of the Ag impregnated 

composite coating to P. gingivalis and the quantitative results are shown in Figure 4. 

59 (92.2%). 

 

 

Figure 4. 57 P. gingivalis colonies on the soya agar plates after 5 h contact with (a) 

glass and (b) Ag impregnated composite coating 
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In addition to the Gram-negative bacteria (P. gingivalis), Gram-positive bacteria (S. 

epidermidis) was also used to study the antibacterial activity of the Ag wires reinforced 

composite coating. Figure 4. 58 shows the S. epidermidis colonies on the soya agar 

plates after the antibacterial tests. The test conditions are as same as the antibacterial 

tests to P. gingivalis. The colonies of S. epidermidis after contact with the control glass 

are spread over the whole soya agar plate as shown in Figure 4. 58 (a). On the other 

hand, few colonies of S. epidermidis are shown in Figure 4. 58 (b), because they were 

incubated from the suspension after contact with the Ag impregnated coating. The 

antibacterial efficiency of the composite coating to S. epidermidis is 95%, which is 

slightly higher compared to that of the P. gingivalis (Figure 4. 59). 

 

 

Figure 4. 58 S. epidermidis colonies on the soya agar plates after 5 h contact with (a) 

glass and (b) Ag impregnated composite coating 
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Figure 4. 59 Antibacterial efficiency of the Ag impregnated composite coating 

4.7 Active screen plasma co-alloying in a nitrogen ambient 

As described in Section 3.3.2, plasma co-alloying in nitrogen ambient has also been 

investigated using a double glow plasma sputtering process with the same active screen 

settings as for the plasma co-alloying in methane ambient reported in the last section. 

However, the bias on the active-screen and the workable/samples can control separately. 

The specific deposition conditions are summarised in Table 4. 10. 

Table 4. 10 Sample codes and the duplex plasma treatment conditions for the Ag 

impregnated composite surfaces 

Code Substrate 

Voltage 

Distance Pressure Temperature 

Gases 

Time 

Bottom Top N2 H2 

M0 316SS - - - - - - - - 

M1 316SS 200V 520V 25cm 1mbar 420℃ 25% 75% 20h 

M2 316SS 220V 510V 20cm 1mbar 420℃ 25% 75% 20h 

M3 316SS 240V 500V 15cm 1mbar 420℃ 25% 75% 20h 
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During the treatment, both Ag and SS particles can be sputtered from the silver plate 

and the stainless-steel active screen lids to form a Ag impregnated SS layer; meanwhile, 

nitrogen ions within the plasma surrounding the samples will react with the stainless-

steel particles and the excessive nitrogen will diffuse into the stainless-steel substrate 

to form the S-phase layer. In this case, the ‘sputtering and deposition’ mechanism can 

be applied to explain the formation of the S-phase [87].  

4.7.1 Surface morphology & layer structure 

The surface morphologies of the as-deposited functionally graded composite surfaces 

are shown in Figure 4. 60 (a)&(b)&(c), and the cauliflower-like surfaces are the result 

of the sputtering process. Figure 4. 60 (d)&(e)&(f) show the cross-sectional images of 

the functionally graded composite surfaces after etching by HCl + HNO3 + H2O (2:1:1) 

solution. The interfaces between the composite surface layer, the S-phase sublayer, and 

the substrate can be distinguished. The thicknesses of the Ag impregnated composite 

layers are all about 2 μm. The thick S-phase layers formed beneath the composite 

coating layers are featureless, indicating that the nitrogen supersaturated S-phase layer 

can withstand the attack from the acid solution during etching. However, some etching 

craters can be viewed in the 316 SS substrate, which indicates that the corrosion 

resistance of the S-phase layer is better than that of the 316 SS substrate. Confocal 3D 

images of the composite surfaces are shown in Figure 4. 60 (g)&(h)&(i), and the 

average surface roughness (Ra) of M1, M2, and M3 is 452 nm, 223 nm, and 124 nm, 

respectively. 

The deposition process of the Ag impregnated SS layer is mainly determined by the 

bias on the active screen and on the samples as well as the sputtering distance between 

the top lids and the samples. It has been found that the higher the bias applied to the lid 

targets, the more and larger Ag and SS particles would be sputtered from the silver plate 
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and the SS lid. However, the bias applied to the samples also forms a sputtering effect, 

which can remove some low energy particles and promote the formation of a dense 

coating. It can be seen that M1 has a rough surface with large Ag particles impregnated 

in the surface layer. Even though the sputtering distance for M3 is smaller than that for 

M1 and M2, the thicknesses of the surface composite layer for these three samples are 

similar due to the high bias applied to the M3 samples. Beside the large Ag particles, 

Ag nanoparticles were also formed during the sputtering process.  

  

 

    

Figure 4. 60 Surface Morphologies, cross-sectional views and confocal 3D images of 

as deposited functionally graded composite surfaces: (a), (d), (g) for M1; (b), (e), (h) 

for M2; (c), (f), (i) for M3 
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4.7.2 Depth distribution of silver and nitrogen 

The depth distributions of silver and nitrogen in the composite surfaces are studied 

using GDOES. Figure 4. 61 presents the depth profiles of nitrogen and silver within the 

deposited composite surfaces measured by GDOES. The double glow plasma co-

alloying treatment is a synergy of the plasma sputtering process and the plasma 

nitriding process. However, the sputtering process may interfere with the adsorption 

and diffusion of nitrogen. Thus, a graded distribution of nitrogen will be generated 

within the composite coating and the S-phase layer beneath. It is shown in Figure 4. 

61(a) that the distribution of nitrogen could be divided into two parts. Near the surface 

within the first part, the nitrogen content is high but reduces rapidly; the nitrogen 

content within the second part reduces gradually with the depth. The changing point of 

the nitrogen slopes can be recognized as the interfaces between the surface composite 

coating and the S-phase case in view of the cross-sectional layer structures shown in 

Figure 4. 61.  

For composite surface M1, the amount of nitrogen is higher in the coating, but lower in 

the S-phase compared to that in M2 and M3, which may be due to the long-sputtering 

distance and the interference of the large Ag particles. The content of Ag is found to be 

influenced by the sputtering distance. It can be seen that the amount of Ag in M3 is 

higher than that in M1 and M2 because of the short sputtering distance, even though 

the bias applied to M3 was higher than to M1 and M2. It also noted from Figure 4. 61 

(b) that all three Ag depth profiles present two peak values one at the surface and the 

other at the coating/S-phase interface. This can be attributed to the difference in the 

sputtering rate of silver, which should be related to the hollow-cathode effect formed 

between the Ag plate and the 316 SS mesh lids. The composite coating was formed 

layer by layer from the co-sputtering process, and more Ag particles were sputtered 
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from the Ag plate at the beginning and ending stage of the coating process most 

probably caused by the unstable and violent hollow-cathode effect when turned on and 

turned off the powers. In this study, the surface Ag rich layer is beneficial for the 

antibacterial activity, which will be reported in Section 4.7.8.  

 

 

  

Figure 4. 61 Depth profiles of (a) nitrogen and (b) silver in the composite surfaces, 

measured by glow discharge optical emission spectroscopy (GDOES) 
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4.7.3 Contact angle and microhardness 

The wettability of the composite surfaces has been investigated by measuring their 

contact angles, which is mainly determined by their chemical composition and surface 

roughness of the surface. A contact angle lower than 90o indicates that the surface is 

hydrophilic [167]. A low contact angle is good for antibacterial activity because it can 

improve aqueous dispersion. Figure 4. 62 shows the contact angles of the as-treated 

samples and one untreated one as the control. It can be seen that the as-polished SS 

sample is relatively hydrophobic with a contact angle of about 96o. The functionally 

graded composite surfaces have lower contact angles around 60o. This could be 

partially attributed to the high nitrogen content in these composite coating surfaces, 

which can form a covalent bond with water [168, 169] and partially attributed to the 

increased surface roughness by the plasma treatment. Small differences in the contact 

angle can be observed between the composite surfaces due to their roughness variance. 

It seems that the rougher the composite coating surface, the smaller the contact angle 

and hence the better the wettability. 

Hardness results are also shown in Figure 4. 62 and it is clear that the hardness of the 

functionally graded composite surfaces (>650 HV0.05) is much higher than that of the 

untreated stainless steel (245 HV0.05). Hardness is correlated with the mechanical 

properties of the composite coating layer and the S-phase layer. The hardness 

enhancement is mainly due to the S-phase sublayer, which can provide a high load 

bearing capacity for the composite surface layer. Besides, the quality of the composite 

coating layer also has an influence on the hardness. This is evidenced by that fact that 

the hardness of the three composite surfaces increased with the bias applied to the 

samples. This because a high bias to the samples can eliminate large Ag particles, thus 

making the coating layer denser and improving the overall hardness. 
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Figure 4. 62 Contact angles and microhardness of the as-deposited functionally 

graded composite surfaces with the untreated substrate for comparison 

 

4.7.4 X-ray diffraction analysis 

The XRD results of the functionally graded composite and the untreated surfaces are 

shown in Figure 4. 63. Typical γ(111), γ(200) and γ(220) peaks detected from the 

untreated surface confirm the fcc structured austenitic stainless steel substrate. The 

XRD patterns of the composite surfaces show the phases related to Ag and stainless 

steel. Peaks for Ag are clearly identified and no peaks for other Ag compounds are 

found in the XRD patterns, which indicates that Ag is inert during the sputtering and 

nitriding processes at 420℃. It is known that the antibacterial property is provided by 

the impregnated Ag particles, and so there is no reduction in the antibacterial activity 

by the deposition process. However, the austenitic stainless-steel phases cannot be 

found in the composite surfaces, because nitrogen has diffused into both the sputtered 

SS particles and the substrates during the double glow plasma co-alloying process. The 
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saturated nitrogen atoms can cause lattice expansion within the SS, which induced peak 

left shift [170, 171]. Thus, hard SS particles can be formed during the double glow 

plasma co-alloying process. Regarding the relative amount of the Ag and SS particles 

within the composite coating, the intensities of the Ag and S-phase peaks vary between 

different samples. No peaks for chromium nitride can be detected within the composite 

coating, which can cause degradation of the corrosion resistance [172]. Thus, this 

indicates that there is no precipitation of chromium nitride at 420℃. 
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Figure 4. 63 XRD patterns of the untreated SS surface and the plasma treated 

functionally graded composite surfaces 
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4.7.5 XPS analysis 

XPS has been used to study the chemical status of the extreme outer surface which 

interacts with the environment directly. In this study, XPS has been used to investigate 

the chemical status of the Ag impregnated composite surface. This is important for 

advancing scientific understanding of the mechanism involved in double glow plasma 

co-alloying and for interpreting the antibacterial results to be reported in Section 4.7.8.  

High resolution XPS spectra of Ag 3p, N 1s, Fe 2p and Cr 2p are shown in Figure 4. 

64. Two etching cycles (60s for each cycle) by Ar ions are used to verify the consistence 

of the chemical status. As can be seen from Figure 4. 64, the spectra from the 3 scans 

overlap well with each other, indicating that the chemical status of the near surface is 

uniform and stable.  

Two obvious peaks belonging to Ag3d3/2 and Ag3d5/2 can be found at 373.8 eV and 

367.8 eV in the Ag 3p spectra, which are attributed to Ag and AgO, respectively. The 

appearance of AgO may be due to the reaction between Ag and O2 in the ambient air. 

The N 1s spectra exhibits two pronounced peaks at 396.4 eV and 400.6 eV, which 

correspond to iron nitride and nitrogen [173, 174], respectively. Gammon et al. 

suggested that the component at 400.6 eV may come from N in a pyrrole-like 

configuration [175]. This indicates that some of the chemisorbed nitrogen atoms may 

have reacted with Fe in the SS particles while others are interstitial atoms in the matrix 

to form the S-phase.  

Peaks for Fe 2p3/2 and Fe 2p1/2 can be found at 711.0 eV and 724.8 eV attributing to 

Fe3+ and Fe2+ [173], respectively. However, a weak peak at 706.7 eV attributed to Fe0 

can be distinguished in the Fe 2p spectra. This is due to the ‘sputtering and deposition’ 

mechanism for the formation of the S-phase [92]. Chromium atoms substitute the lattice 
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positions of the iron atom in stainless steel and their valence states are counted as zero. 

However, the XPS results indicate that the surface chromium atoms transferred into 

trivalent states [176]; two broad peaks located at 576.7 eV and 586.7 eV in the Cr 2p 

spectrum correspond to Cr 2p3/2 and Cr 2p1/2 of Cr3+
 [177], which are helpful to prohibit 

corrosion. 
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Figure 4. 64 High resolution XPS spectra of Ag 3d, N 1s, Fe 2p and Cr 2p of Ag 

impregnated functionally graded composite coating 
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4.7.6 Scratch resistance 

Scratch testing can be used to assess the quality and adhesion of the composite coating 

layer. In this study, the scratch resistance of the Ag impregnated surface layer is 

essential to keep its antibacterial function. Thus, the durability of the coating has been 

evaluated by progressively increasing load during the scratch tests from 1 N to 10 N. 

The normal load on the indenter is transferred to the front half of the tip and will cause 

bending of the coating. When the internal stress is sufficient, cracks tend to initiate at 

defect sites within the coating and then propagate to cause coating failure [178]. Figure 

4. 65 (a) shows the applied normal load, recorded tangential load and acoustic emission 

signals during the scratch tests, and the insert image is a typical scratch track on M1. It 

can be seen that all three composite coatings presented excellent scratch resistance, 

while no obvious change of the slope of the tangential force during the progressive load 

scratch tests and no peeling off occurred.  

Acoustic emission signals were also recorded which detect the generation of cracks and 

can be used to evaluate the quality of the coating. The acoustic emission signals of S1 

are higher than that of the S2 and S3 because more large Ag particles were impregnated 

in S1 which may decrease the scratch resistance of the composite coating. Several 

tensile cracks can be found within the track while there is no buckling. It suggests that 

the composite surface may have failed due to cohesive failure by through-thickness 

cracking (Figure 4. 65 (b)).  
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Figure 4. 65 Scratch tests under progressive increasing load from 1N to 10N. (a) 

normal loads Fn, tangential loads Ft and acoustic emission signals during the scratch 

tests; the insert shows a 3D scratch track. (b) SEM image of the scratch track at the 

ending position 

4.7.7 Wear resistance 

Wear of bio-functional surfaces is inevitable during service and wear resistance is 

important for a long-lasting antibacterial composite surfaces. Previous studies indicated 

that a hard S-phase layer can enhance the load bearing capacity of the composite surface 

and then improve the wear resistance under dry friction conditions [77, 78, 98]. In this 

study, the in vitro study of the bio-functional composite surfaces has been carried out 



 

154 
 

within Ringer’s solution to simulate the body fluid environment, and the load, 

frequency and time of the tests are 5 N, 5 Hz and 10 min, respectively. Figure 4. 66 (a) 

shows that the three composite surfaces present similar friction coefficients against a 

Si3N4 ceramic ball but their friction coefficients are clearly lower than that of the 

stainless-steel surface under the same tribological conditions.  

Besides, the wear rate of the untreated stainless steel is larger compared to that of the 

composite surfaces (Figure 4. 66 (b)). In comparison, the wear tracks of the untreated 

stainless-steel surface and the composite surface (M1) are shown in Figure 4. 67 (a)&(b) 

respectively, and the EDS results of the selected positions are summarised in Table 4. 

11, which are helpful for understanding the wear mechanisms involved.  

Rough surfaces with deeply scratch grooves and peeled-off craters are observed from 

the wear track on the surface of the stainless steel (See Figure 4. 67 (a)), while the wear 

track of the composite surface is more uniform. It can be seen that the adhesive mode 

[179] has dominated the wear of the untreated stainless steel surface. On the other hand, 

shallow scratch grooves formed on the Ag impregnated composite surface indicate the 

mild abrasive mode of wear on the composite surfaces. This is because the composite 

coating layer is formed by hard nitride stainless steel nanoparticles and soft Ag particles; 

the former can reduce the generation of abrasives due to high hardness and the letter 

could prevent material transfer between the friction pair due to its solid lubricant nature. 

In addition, the hard S-phase sublayer can provide high load bearing capacity for the 

composite surface, thus improving the wear resistance.  

Ringer’s solution may have also acted as a corrosive agent during the friction tests. 

However, no corrosion occurred on the composite surface during the corrosion-wear 
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tests. This is because the low temperature nitriding process can avoid the precipitation 

of chromium nitrides [92].  
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Figure 4. 66 Friction coefficients and wear rates of the untreated surface and the 

composite surface under the lubrication of Ringer’s solution (5 N, 5 Hz, 10 min) 
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Figure 4. 67 Morphologies of the wear tracks of (a) untreated SS surface and (b) Ag 

impregnated composite surface, carried out in a Ringer’s solution 

 

Table 4. 11 EDS results for the points shown in Figure 4.67 (at. %) 

Point Fe % Ni % Cr % Ag % Si % O % 

1 66.59 8.36 19.14 0 0.87 1.79 

2 28.22 4.08 8.04 0 13 45.17 

3 50.77 7.12 14.33 0 1.31 23.6 

4 56.89 6.43 13.6 18.36 0.76 1.92 

5 29.62 2.95 5.26 13.61 5.66 42.46 
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4.7.8 Antibacterial properties 

The antibacterial activities of as-deposited functionally grade composite surfaces and 

controls to Gram-negative bacteria (E. coli) have been investigated using a spread plate 

method. Colonies formed from viable E. coli after 5 h contact with the surfaces are 

shown in Figure 4. 68 and the numbers of colonies are used to quantitatively evaluate 

the antibacterial activities of the surfaces. Figure 4. 69 shows that the surviving number 

of E. coli after 5 h contact decreased as a function of the silver contents. Control 

surfaces with 0% of silver exhibited a colony forming units (CFU) of 267.4. The 

composite surface with a low content of Ag (8 wt. %) presented a reduced average 

number of CFU of 69.5, whereas for the composite surfaces with a higher silver level 

of 15 wt. % & 25 wt. %), the surviving number of the CFU further reduced to 4.25 and 

3.07, respectively.  

The antibacterial process is influenced by various factors such as the content of 

antibacterial agents, contact time, surface roughness and so on [98]. In this study, the 

composite surfaces are formed by sputtered Ag and SS particles. However, to our 

knowledge, the SS nanoparticles do not have antibacterial activity. Thus, the 

antibacterial property should be attributed to the Ag particles. Though the antibacterial 

mechanism of Ag is not fully understood, a common view is that the higher the content 

of Ag, the higher the antibacterial efficacy [180]. However, as Ag is a noble metal, a 

balance between the content of Ag and the antibacterial efficacy is needed for 

commercial applications.  

Previous studies have indicated that the inactivation rate increases with the contact time, 

and typically 3-6 hour is sufficient to distinguish the antibacterial efficacy of the Ag 

impregnated material [77, 181]. In this study, the contact time was set to 5 h to evaluate 

the antibacterial properties of the composite surface. It can be seen from Figure 4. 68 
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that the Ag impregnated surfaces showed a much better antibacterial activity than the 

control. However, the results also indicated that the antibacterial efficiency is related 

to the percentage of Ag on the surface. Low Ag content surface may take a longer time 

to inactivate the same amount of bacteria but the composite surface with about 15% Ag 

has similar antibacterial activity as the surface with about 25% Ag.  

To determine the statistically significant difference between these samples, a one-way 

analysis of variance (ANOVA) was used to understand the antibacterial performances 

and the multiple comparison table is shown in Table 4. 12. As we can see that the 

significance values between the control sample (S0) and the silver impregnated samples 

(S1, S2, and S3) are 0.047, 0.003 and 0.007, which are below 0.05. Therefore, there are 

statistically significant differences in the antibacterial performances during the 5h 

contacts between the untreated control (M0) and all the treated samples (M1, M2, and 

M3). On the other hand, all the significance values between the silver impregnated 

samples are larger than 0.05, which indicates that there is no statistical difference 

between these functional surfaces. However, these significance values are calculated 

from limited numbers of tests, more tests should be carried out in future work in order 

to guarantee the reliability of these results. 

Surface roughness not only has an influence on bacteria adherence but also directly 

affects the contact angle of the surface. However, the effect of surface roughness would 

be marginal in our antibacterial tests. Firstly, the size of the E. coli NCTC 10418 is 

about 2 μm, which is much larger than the roughness of the composite surfaces. The 

roughness difference between the composite surfaces has a limited effect on bacterial 

adherence. In addition, 5 h is enough for the fully contact between bacteria and surfaces, 

and thus surface roughness would play a minor role in the antibacterial tests. 
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Figure 4. 68 Colonies on the tryptone soya agar plates after 5 h contact with the 

control and functionally graded composite surfaces, the fewer colonies, the better 

antibacterial activity. (a) M0; (b) M1; (c) M2; (d) M3 
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Figure 4. 69 Surviving number of bacteria δt (E. coli NCTC 10418) after 5 h contact 

with Ag impregnated composite surface and control surface 
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Table 4. 12 One-way analysis of the variance (ANOVA) of antibacterial results 

(I) 

Group 

Mean 

Difference 

(I-J) 

Std. 

Error 
Sig. 

95% Confidence interval 

Lower 

Bound 

Upper 

Bound 

S0 S1 289.000* 73.398 .007 67.78 510.22 

S2 289.611* 67.003 .003 87.67 491.56 

S3 223.667* 73.398 .047 2.45 444.89 

S1 S0 -289.000* 73.398 .007 -510.22 -67.78 

S2 .611 67.003 1.0 -201.33 202.56 

S3 -65.333 73.398 .851 -286.55 155.89 

S2 S0 -289.611* 67.003 .003 -491.56 -87.67 

S1 -.611 67.003 1.0 -202.56 201.33 

S3 -65.944 67.003 .809 -267.89 136.00 

S3 S0 -223.667* 73.398 .047 -444.89 -2.45 

S1 65.333 73.398 .851 -155.89 286.55 

S2 65.944 67.003 .809 -136.00 267.89 

*. The mean difference is significant at the 0.05 level 
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Chapter 5 Discussion 

As described in Chapters 1 & 3, a series of research work has been conducted to develop 

advanced plasma surface engineering technologies based on active-screen plasma, 

plasma-enhanced chemical vapour deposition and double glow plasma techniques. It 

was the intent to use these techniques to develop novel multi-functional nanocomposite 

coatings reinforced by vertically aligned carbon nanotubes or silver wires. 

A wide range of experimental results presented in the preceding chapter has provided 

a solid basis not only for plasma surface engineering technology innovation but also 

for advancing the scientific understanding of these techniques. Therefore, the 

interpretation and discussion in this chapter will focus on the mechanisms involved in 

the new plasma surface engineering techniques developed and in understanding the 

high anti-bacterial efficacy of the bactericidal surfaces generated from this research. 

 

5.1 Mechanism of ASP co-sputtering process 

Active screen plasma co-sputtering is an effective and convenient way for deposition 

of multielement thin films and composite coatings. In this study, this process has been 

utilised for preparation of different catalyst thin films, deposition of Ag contained 

composite coatings. A better understanding of this co-sputtering process is essential for 

optimising the deposition process. 

Some preliminary experimental results (not presented in this thesis) revealed that 

stainless-steel nanoparticles could be sputtered off from the stainless-steel active screen. 

However, a very low sputter rate was generated due to the low density of the plasma. 

Thus, the hollow cathode effect has been applied to intensify the plasma density in 

order to enhance the sputter rate. As described in Section 3.1.2, the active screen has 

two parallel lids on top of samples with a fixed distance of 6 mm between them. In 
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order to allow the particles sputtered between the lids to reach the substrate, a mesh 

stainless-steel sheet was used as the bottom lid. During the sputtering process, hollow 

cathode effect will be generated between the lids under specific conditions and the 

enhanced plasma can increase the sputter rate. This simple approach provides a 

versatile way to prepare multifunctional surface layers by using different active screen 

lids for the co-sputtering process. 

The hollow cathode effect is caused by the coalescing of negative glows, which can 

greatly rise the plasma density and light emission. Uncontrolled hollow cathode effect 

is commonly arisen in DC plasma treatment (nitriding and carburizing) in small holes 

and narrow channels, which can cause nonuniform heating or even damage the samples. 

In this research, the active screen co-sputtering technique makes use of the advantages 

of controlled hollow cathode effect in order to avoid the negative influences of hollow 

cathode effect, such as arcing, nonuniform heating, and edge effect [182, 183]. 

Hollow cathode effect is generally caused by the overlapping of glow discharges. Thus, 

fundamental knowledge of the glow discharge between two plan electrodes is helpful 

for the understanding of the co-sputtering process. The physical appearance of a glow 

discharge can be mainly divided into cathode dark space, negative glow, Faraday dark 

space and positive column [184]. Paschen’s Law (Equation 7) presents a relationship 

for the glow discharge between the breakdown voltage, the pressure and the electrode 

separation distance [185]. Paschen’s Law below provides a basic route to achieve the 

hollow cathode effect with a high density of the plasma, which is sufficient to sputter 

nanoparticles from the lids.  

𝑉𝑏 =
𝐵𝑝𝑑

𝑙𝑛 (𝐴𝑝𝑑/𝑙𝑛 [1+(1/𝛾)])
                                                                (7) 

 

where 𝑉𝑏  is the breakdown voltage, 𝑝  is the pressure inside the chamber, 𝑑  is the 

distance between two electrodes, A, B, and γ are constants. 
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A schematic diagram of the active screen plasma co-sputtering process is shown in 

Figure 5. 1. The active screen lids are connected to the cathode during the sputtering 

process. Plasma is generated due to the chain reactions when power is turned on. 

Electrons are emitted from the active screen and collide with gases in the ambient to 

form gas ions. Continuous collisions within the chamber will lead to avalanche 

discharge.  

Particles can be sputtered off from the active screen lids due to the bombardment of gas 

ions. It is noted that the size of the sputtered particles varies with the composition of 

the active screen lids, while the sputter rate is related to the density of the plasma. A 

high sputter rate can be generated in the area with a high density of the plasma. Thus, 

hollow cathode effect is essential to elevate the plasma density between the two active 

screen lids. Paschen’s Law indicates that the breakdown voltage is mainly related to 

the gas pressure and the distance between the electrodes. Hollow cathode effect only 

generates at specific gas pressure and working power.  

The plasma ambient in the chamber also affects the sputtering process. Neutral gases 

like hydrogen and argon only produce sputter effect without reacting with the sputtered 

particles. However, the situations are more complex when some reactive gases are 

introduced into the chamber, such as oxygen, nitrogen, and methane, which not only 

act as sputtering agents but also react with the particles. It has been reported that iron 

nitrides can be formed during the active screen plasma nitriding process [98]. 
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Figure 5. 1 Schematic diagram of the active screen plasma co-sputtering process 

 

 

In this study, depositions were carried out under different gas pressure and power, 

which affected the status of plasma during the deposition processes. Figure 5. 2 shows 

the plasma field within the PECVD chamber under different deposition conditions. 

Figure 5. 2 (a) presents the status of methane plasma during the deposition of DLC with 

a pressure of 0.05 mbar and a power of 150 W. As no active screen was set between 

the electrodes, the grey plasma was dispersed between the two electrodes. The low 

density of the plasma is well suited for accelerating ions to form a dense solid film.  

Figure 5. 2 (b) exhibits the sputtering process of the stainless-steel catalyst film, and 

two active screen lids were set on top of the samples which was connected to the 

cathode (1 mbar and 300W). A mixture of Ar and H2 was used, leading to a pink colour 

plasma and strong hollow cathode effect was generated between the active screen lids 

and in the holes on the lids. The dense plasma generated in this situation is effective to 

promote the sputtering process for the deposition of catalyst films. 

Figure 5. 2 (c) shows the plasma field of the failed attempt for the synthesis of CNTs, 

which was carried out under a chamber pressure of 1 mbar and power of 100 W in an 

ambient of C2H2, Ar, and H2. Even though no strong hollow cathode effect was formed 

between the active screen lids, dense plasma layer was also generated near the lid 
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surfaces. This was caused by the high working power, and the strong etching effect of 

the plasma can inhibit the growth of CNTs. Thus, no CNTs were formed under this 

condition. 

Figure 5. 2 (d) shows the plasma field during the successful synthesis of CNTs. The 

deposition was carried out under similar deposition parameters, but the working power 

is now 30 W. It is shown that a dense plasma ring was generated at the edge of the 

bottom electrode, while almost no plasma was formed on the active screen lids. In this 

case, the active screen has effectively blocked the plasma etching effect, which is 

benefited for the growth of CNTs.  It is verified that CNTs can be successfully grown 

under this condition.  

  

  

Figure 5. 2 Status of the plasma field under different conditions: (a) DLC coating; (b) 

SS catalyst films; (c) failure attempt for CNTs growth; (d) CNTs  
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The above discussion provides a basis for the understanding of the relationship between 

the plasma field and the deposition conditions. The plasma density is directly 

influenced by the gas pressure and working power, which will affect the sputtering and 

growth process. Hollow cathode effect can be generated in high pressure and high-

power conditions, which can significantly promote the sputtering process. However, 

strong plasma should be avoided during the CNTs synthesis process, because the 

etching effect of the ions will inhibit the growth of CNTs.  

5.2 Low-temperature synthesis of CNTs 

5.2.1 Role of in-situ ASP setting 

As has been reported in the preceding chapter, several types of CNTs, such as the 

VACNT film and free-standing CNTs, have been successfully deposited using the 

PECVD with purposely designed ASP setting at low temperature. TEM and Raman 

results have verified that all these CNTs are multiwalled CNTs.  

As discussed in Chapter 2, the growth of CNTs has been widely studied in the past 

years, and different formation mechanisms were proposed to explain the growth 

process of CNTs depending on the growth methods used, such as arc discharge, laser 

ablation, or CVD [186-188]. The growth of CNTs in this study could be explained 

based on the vapour-liquid-solid mechanism [189].  

It is generally agreed that the formation of CNTs is mainly due to the continuous 

precipitation of supersaturated carbon atoms which are released from decomposed 

hydrocarbons and then diffuse into the surface of the catalytic metal particles. The 

driven force for the diffusion of carbon atoms is ascribed to a temperature gradient. 

Therefore, sufficient energy is required for the continuous diffusion of carbon atoms. 

Consequently, the typical growth temperature for thermal CVD (T-CVD) is above 

600℃, and the thermal energy is the single source for the decomposition and diffusion 
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processes.  

In this study, CNTs have been successfully synthesised at temperatures between 400 ℃ 

and 500 ℃. This could be mainly attributed to the plasma effect brought from PECVD 

and the additional ASP setting within the PECVD chamber. First, plasma is effective 

in facilitating the ionization of the working gases used by promoting the dissociation 

of hydrocarbons, thus increasing the density of ions. Second, plasma has a heating 

effect which can provide more kinetic energy for the diffusion of carbon atoms [40, 47]. 

Therefore, the growth temperature used in this research can be much lower than in T-

CVD and conventional PECVD [44, 47]. This is also supported by the fact that without 

the additional ASP settings, CNTs cannot be formed when using the same PECVD 

equipment with pre-prepared catalyst film. 

However, plasma also has an etching effect which can restrict the growth of CNTs. The 

active screen installed in the PECVD facility between the two electrodes and connected 

to the bottom electrode has acted as a shield grid to filter or slow down the high-energy 

ions. This can lead to a desirably balanced function of the plasma, which is necessary 

for activating the growth process without causing undue ion etching. In addition, the 

thermal radiation from the active screen has contributed to the homogenous heating of 

the substrate surface [76].  

Furthermore, it is known that the growth of CNTs occurs in the dark space with a strong 

electric field [184]. Ions are accelerated to bombard the cathode and secondary 

electrons are emitted, which accelerate through this space away from the cathode. The 

settings of the electrodes have a critical effect on the distribution of the plasma field. In 

this study, the active screen could be counted as an additional electrode, which can 

expand the cathode dark space to support the growth of CNTs.  Clearly, the novel active 

screen setting within the PECVD chamber played a key role during the growth of CNTs 
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in terms of reducing the deposition temperature, avoiding undesirable plasma etching 

effect and expanding cathode dark space so as to support the growth of CNTs. 

The conventional process for the synthesis of VACNT films normally consists of two 

separate steps: catalyst preparation and CNT growth. These steps are carried out in 

different facilities. Therefore, it is difficult, if not impossible, to avoid the 

contamination or oxidation of the catalyst during the sample transfer between the steps. 

In addition, this two-step process lowers the production efficiency.  

The novel process developed from this research for the low-temperature in-situ 

synthesis of VACNT films combined the catalyst sputtering process with the CNT 

growth process, and the basic deposition process is schematically shown in Figure 5. 3. 

Because the catalyst sputtering and the CNT growth are carried out in the same 

equipment, the oxidation of the catalyst film during the sample transfer can be reduced. 

The formation of vertically aligned structures is attributed to the van der Waals forces 

between the CNTs during the growth process. As reported, the key to the successful 

cost-effective in-situ synthesis of VACNT films is to innovatively introduce the 

principle of ASP into PECVD. The novel design of ASP double lids can enhance the 

deposition of catalyst film using the hollow cathode effect and promote the growth of 

CNTs due to increased dissociation of carbon sources and reduced plasma etching 

effect.  
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Figure 5. 3 Basic deposition process for the low-temperature in-situ synthesis of 

VACNTs 

 

5.2.2 Growth of CNTs 

Catalyst plays an important role in the growth of CNTs. Fe, Co, and Ni are common 

elements used as catalysts for the growth of CNTs due to their high activity to the 

carbon sources. However, some researchers indicated that some binary or multimetal 

alloy catalysts are more efficient for the growth of CNTs by increasing the rate of 

diffusion and reaction [190]. In this study, commercial 316 stainless-steel has been used 

for the growth of CNTs. In addition, noble element Ag can be added into the catalyst 

film to modify the growth of CNTs by changing the top active screen catalyst lids. The 

co-sputtering process in this study provides a cost-effective way to adjust the nuclei 

sites. It has been reported that some novel carbon materials like nanocoils or branched 

CNTs can be deposited from composite catalysts [191, 192]. 

In this study, TEM examination has revealed tip growth mode of CNTs, which may be 

related to the features of the catalyst nanoparticles deposited by co-sputtering. As 

shown in Figure 5. 4 (a), during the tip growth process, hydrocarbon was absorbed first 
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from the tip of catalyst particles, and then the precipitated carbon will push the catalyst 

nanoparticles up to form the CNT. The growth will be stopped when the catalyst 

nanoparticles fully covered by carbon and the absorption process is inhibited. However, 

it is difficult to determine when the growth will stop, which is related to the status of 

the catalyst and the deposition conditions. 

The bottom growth of CNTs also happened in this study, though most of the CNTs 

were grown through the tip growth mode. It is known that bottom growth mode happens 

when the size of the catalyst particles is too large or there is a strong adhesion between 

the catalyst particles and the substrates. In some cases, metallic silicide can be 

generated between the catalysts and the Si substrate [193, 194], which can increase the 

adhesion. However, these interactions will cause deterioration of the catalysts and a 

typical solution is to add buffer layers, such as SiO2, Ti, Al [195]. Gohier et al. [196] 

have indicated that the growth modes are determined also by the size of the catalyst 

particles, which is related to the thickness of the catalyst film.  

As schematically shown in Figure 5. 4 (b), for the bottom growth mode, catalyst particle 

is seized on the substrate while hydrocarbon sources are absorbed by the catalyst 

particles in the bottom. The CNT is pushed up by the precipitated carbon. A closed 

carbon cap will be formed on one end of the CNT.  

However, most of the CNTs observed by TEM in this research have catalyst 

nanoparticles embedded at their tips, indicating that the growth of CNTs in this research 

is dominated by the tip-growth mode. This can be explained by the fact that the catalyst 

nanoparticles deposited by the ASP process are very small with relatively low adhesion 

to the substrate, which are easy to be lifted during the growth process of CNTs.  

Beside the CNTs, CNFs have also been formed when the Ag-SS catalyst film is used. 

It is supposed that these CNFs are formed based on a bottom growth mode as 
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schematically shown in Figure 5. 4 (c) because no catalyst particles can be found within 

the CNFs. The growth process should be similar to that of the bottom CNT growth as 

shown in Figure 5. 4 (c), but the mechanism for the formation of CNFs would be 

different. As discussed in Chapter 2 that a CNT rather than a CNF would be 

preferentially formed if carbon atoms can be supplied rapidly [38, 44, 47]. It is known 

that Ag has no catalytic effect for the growth of CNTs. Therefore, compared with the 

SS catalyst film, the Ag-SS composite catalyst film should have a weaker catalytic 

effect and hence insufficient carbon atoms are available for the growth of CNTs.   

 

Figure 5. 4 Schematic diagrams of (a) the tip growth mode and the bottom growth 

modes of (b) CNTs and (c) CNFs 

 

 

As reported above, the ASP technique has provided a novel approach for cost-effective 
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deposition of catalyst films. However, the solution-based process could be more 

convenient to coat catalyst films on large surfaces or 3D surfaces. Nitrate of Fe, Co and 

Ni can be used for the growth of CNTs. However, aggregates were formed during the 

drying process, which also prohibit the full interaction between the catalyst and the 

carbon sources. Thus, catalyst films deposited by the solution process are not suitable 

for the synthesis of VACNT films on large surfaces. 

On the other hand, catalyst films deposited on the micro-sphere by the solution process 

have been proved to be feasible for the growth of VACNT films. When the metal balls 

and the hollow glass balls are ultrasonically washed with the catalyst suspension, a 

uniform catalyst film can be coated on their surfaces due to surface tension.  

5.3 Formation mechanism of the metal wires 

As has been reported, Ag wire reinforced composite coating can be acquired by the 

one-step low-temperature active screen plasma carburizing process. Solid Ag wires are 

formed during the deposition process with the diameter in micron scale. In this section, 

in order to have a better understanding of the formation mechanism of Ag wires during 

a sputtering process, the fundamentals of the growth 1D structures are briefly discussed. 

Furthermore, the formation mechanism of the Ag nanowires through the wet-chemistry 

synthesis is also discussed. The microstructure of the Ag wires is carefully studied so 

as to figure out the growth mechanism. In addition, the formation of Cu wires 

reinforced composite coating using the similar deposition process will be discussed for 

comparison. 

5.3.1 Growth of Ag wires 

As discussed in Chapter 2, several strategies have been developed to synthesise the 

metal wires. In this study, the growth of Ag wires is similar to the spontaneous growth 

process for the 1D structures. It is known that the reduction of Gibbs free energy or 



 

173 
 

chemical potential are the driven force for the spontaneous growth of wires. Anisotropic 

growth is generated due to the growth speed variation along different crystal directions. 

For the solution-based process to synthesise Ag nanowires, PtCl2 is used as growth 

seeds, and AgNO3 is reduced as Ag source [106]. However, there are no obvious seeds 

for the growth Ag wires during the co-sputtering process. 

Besides, a capping agent like polyvinyl pyrrolidone (PVP) is commonly used to block 

some growth surface in order to get the anisotropic growth of metal wires. Thus, single 

crystallinity of the metal wire is usually formed through the solution-based process. It 

is not clear what is the driven force for the preference growth of the Ag wires during 

the co-sputtering process. The existence of the methane plasma to some extent may 

serve a similar purpose to PVP.  

Similar to the solution-based growth, there should be a nucleation process at the 

beginning stage of the sputtering process for the formation of the Ag wires because Ag 

wires were only generated at the silver-rich area. As seen in Figure 4. 49, large Ag 

particles were formed beside the Ag wires, indicating that there is a driven force to 

promote the aggregation of the sputtered Ag particles. However, some of the sputtered 

Ag particles aggregated as a big Ag particle, while others accumulated into a Ag wire. 

Thus, there should be something prohibit the homogeneous nucleation of the Ag 

particles. 

As have been reported in Section 4.1, Ag particles with different sizes can be sputtered 

off from the Ag lid (target) even just using the hydrogen plasma and some of the Ag 

particles are as large as 1μm. Figure 5. 5 shows that Ag particles are homogeneously 

distributed on the surface of the substrate with no sign of Ag wires. It seems that the 

hydrogen plasma has just played a role of impacting and eroding the Ag target to 

generate Ag particles. It has verified that beside these observed large Ag particles, Ag 
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nanoparticles are also generated during the sputtering process (Figure 4. 4). However, 

no Ag wires could be found when the treated is carried out in the ambient of hydrogen 

plasma. This indicates that the ambient of the plasma will determine the reaction within 

the plasma chamber, and pure hydrogen plasma is not feasible for the synthesis of Ag 

wires. 

 

Figure 5. 5 Ag-SS catalyst film deposited using the active screen plasma technique 

under 200oC for 10 min in an ambient of H2 

 

In addition to hydrogen, a gas mixture of H2 and N2 (75% and 25%) has also been used 

for the sputtering process to investigate the influence of nitrogen plasma. Cauliflower 

morphologies of the deposited composite coating are shown in Figure 5. 6, and it can 

be seen that large agglomerates composed of Ag and stainless-steel particles are formed 

during the sputtering process. This indicates that no wires can form in the 

nitrogen/hydrogen plasma. The reaction between the nitrogen and the stainless-steel 

has led to the formation of a nitrogen-rich composite coating, while the interaction 

between nitrogen and Ag particles is limited if any as revealed by the XPS analysis 

results (Figure 4. 64). 
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Figure 5. 6 Surface morphology of the Ag-SS composite coating deposited in an 

ambient of H2 and N2 (75% and 25%) at 420oC 20h 

 

 

As reported in Section 4.6, Ag wires can be formed when methane is used for active-

screen plasma co-sputtering. As shown in Figure 5. 7, Ag wires are formed in the 

ambient of CH4 and H2 (1.5% and 98.5%). The Ag wires are randomly distributed on 

the surface of the coating layer with varying shapes and sizes; large Ag particles are 

also formed and embedded in the composite coating. However, unlike the sputtering 

process in the ambient of nitrogen, no large agglomerates are generated after 20h 

sputtering, and these Ag particles are separated from each other. The as-grown Ag wires 

are not as straight as those deposited by the wet-chemical process. Figure 5. 3 (b) clearly 

shows a bent piece of Ag wire with the varying diameter at different positions. This 

morphology implies that most probably the as-deposited Ag wire is not a single crystal.  



 

176 
 

 

 

Figure 5. 7 SEM images of the Ag wires reinforced composite coating deposited in an 

ambient of CH4 and H2 (1.5% and 98.5%) at 420oC 20h 

TEM investigation has been further conducted to study the structure of the Ag wires. 

As revealed by the SEM results (Figure 5. 7 (b)), the sizes of these Ag wires are at the 

micron scale, which are too large to be directly used as TEM samples. To prepare 

suitable TEM samples, some debris are scratched off from the composite coating and 

adhere to a TEM Cu grid with a carbon film. A relatively small piece of Ag wire has 

been found after several trials and the TEM images of a break Ag wire are shown in 

Figure 5. 8.  

It is shown in Figure 5. 8 (a) that the Ag wire is not straight, and the diameter of the 

thin rod area is around 0.65 μm. The right end of the Ag wire is thicker than the rod 

area, which is supposed to be the ‘root’ of the Ag wire. Some nanoparticles are found 

to be attached on the surface of the Ag wire, and the size of these nanoparticles ranges 
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from 5 nm to 50 nm as shown in Figure 5. 8 (b). The microstructure of the Ag wire 

cannot be viewed directly because the Ag wire is too thick for the electron beam to 

transmit.  

Figure 5. 8 (c) shows that several large agglomerates of nanoparticles are formed at the 

edge of the ‘root’ area. These agglomerates are not as dense as the Ag wire, but it is 

believed that these supplements could be helpful for thickening the Ag wire. The SAD 

pattern is shown in Figure 5. 8 (d) indicates that these agglomerates are formed with 

Ag nanoparticles and stainless-steel nanoparticle. 

  

  

Figure 5. 8 TEM images of the as-deposited Ag wire, (a)&(b)&(c) are morphologies 

of the Ag wire; (d) SAD pattern of the selected area in (c) 
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Based on the microstructures of the Ag wires and the discussion above, a growth mode 

is proposed to explain the formation mechanism of the Ag wire. Figure 5. 9 depicts the 

schematic diagram of the proposed formation process of a Ag wire. It is noted that 

although both Ag and stainless-steel nanoparticles are generated during the co-

sputtering process, the Ag nanoparticles are agglomerated to form some large Ag 

clusters which are building blocks for the growth of the Ag wire.  

Unlike the continuous growth of the Ag clusters in the ambient of nitrogen, the size of 

the Ag particles could be limited by the existence of carbon although the function of 

the carbon plasma is still not clear. Ag clusters condense on the sample surface and the 

continuously generated Ag clusters will attach to the preferred growth plane, thus 

driving the growth of the Ag wires (Figure 5.9).  

Along with the axial growth of the Ag wire, Ag clusters and nanoparticles are also 

adsorbed on the surface of the Ag wire to make it thicker. In the meantime, the 

incorporation of stainless steel nanoparticles sputtered from the SS lid within the Ag 

wire during the growth process would act as defects and affect the axial growth of the 

Ag wire. This would change the preferred growth orientation, thus resulting in the curly 

Ag wire. Besides, some of the large Ag particles may also play a role in adjusting the 

preferred orientation. It is thus supposed that the Ag wire is formed with a Ag crystalline 

core, while the continued adsorption (or deposition) of Ag clusters will induce the axial 

and radial growth. Though the effect of the carbon plasma is not clear, it is considered 

that the carbon ions may have a catalytic effect for the growth of Ag wires [197].  
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Figure 5. 9 Schematic diagram showing the growth mechanism of the Ag wires and 

the Ag wires reinforced composite coating 

 

 

5.3.2 Growth of Cu wires 

The active screen plasma carburizing process has been proved to be effective for the 

formation of Ag wires and a growth mode is proposed in the preceding section. In order 

to acquire more information to support this wire growth mechanism, a similar process 

has carried out to explore if Cu wires can be formed using the similar co-sputtering 

process. The active screen settings are similar to that used for the growth of Ag wire, 

but the Ag lid is replaced by a Cu and the sputtering processes are carried out at 1mbar 

for 2 h for heating and cleaning followed by co-sputtering at 3 mbar for 18 h in a gas 
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mixture of 1.5 %CH4 + 98.5 %H2 (i.e. A3 condition in Table 4.1). AISI 316 stainless 

steel dishes (Ø25.4×5 mm) were utilised as the substrate.  

The surface morphologies of the as-deposited Cu reinforced composite coating are 

shown in Figure 5. 10. Some of the typical wire structures can be seen in Figure 5. 10 

(a) and it is clear that the ASP co-sputtering process is also feasible for the production 

of Cu wires. However, different from the Ag wires that embedded inside the composite 

coating, these Cu wires are grown through the composite coating. The shapes of these 

Cu wires are different from each other. While some of them are thick and short with a 

diameter of 3 μm, others are long and thin with a length around 20 μm and a diameter 

of around 500 nm. The stubby Cu wires look similar to the Ag wires which are curly 

with varying diameters while the long and thin Cu wire looks like a long-thin straight 

stick.  

An enlarged image of the root area of the long and thin Cu wire is shown in Figure 5. 

10. The thick root grown from the composite coating revealed crystalline planes. This 

indicates that the Cu wire has a preferred growth orientation and the thin Cu rod is 

formed from the tip of the Cu root. Particles can be viewed on the surface of the Cu 

wire, which act as feeds for the growth of the Cu wire. 
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Figure 5. 10 SEM images of the surface morphologies of the Cu wire reinforced 

composite coating 

EDS mappings of the composite coating have been conducted to investigate the element 

distribution of Cu, and Fe. Figure 5. 11 (a) shows an SEM image of Cu wire with a 

length of 12.3 μm and an average diameter of around 1.5 μm. The composition of the 

selected area is shown in Figure 5. 11 (b)&(c). Compare to the SEM image, it can be 

seen from Figure 5. 11 (b) that the wire area is rich in Cu and lean in Fe, verifying that 

this a Cu wire. Besides, Cu is also detected from the surface which indicates the 

sputtered Cu nanoparticles are distributed on the whole surface. Figure 5. 11 (c) shows 

the Fe mapping with few irons in the wire area, indicating that the wire is mainly formed 

with Cu. 
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Figure 5. 11 EDS mapping of the Cu wire composite coating: (a) SEM image; (b) Cu 

mapping; (c) Fe mapping 

 

Similar TEM sample preparation method as for Ag wire has been used to prepare Cu 

wire TEM samples, and Figure 5. 12 shows a Cu wire on the TEM grid. The stick part 

of the Cu wire is long and straight with a diameter of 0.6 μm whilst the root area of the 

Cu wire is thick with diameter of around 1.2 μm. Figure 5. 13 shows nanoparticles 

slicked onto the surface of the Cu wire with an average size of about 10 nm, and some 

nanoparticles can be viewed inside the edge of the Cu wire.   
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Figure 5. 12 TEM images of the as-deposited Cu wire 

 

  

Figure 5. 13 TEM images of the nanoparticles on the surface of the Cu wire 

 

Consequently, the above supplementary study on the formation of Cu wire during ASP 

co-sputtering supports the growth mechanism proposed in the last section for the 

growth of Ag wire. Cu cluster was formed with the Cu nanoparticles and acted as a seed 

for the growth of Cu wire at the beginning. The continuously absorbed Cu nanoclusters 

will accumulate on the preferred orientation to feed the growth of the Cu wire. The 

formation mechanism of the stubby Cu wires may attribute to the defects within the Cu 
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wire caused by the stainless-steel nanoparticles, leading to the bending Cu wires. On 

the other hand, large Cu clusters may also affect the preferred growth direction of the 

Cu wire. 

However, the formation mode of the long and straight Cu wire might be slightly 

different from that for the thick Cu or Ag wires. This could be attributed to the 

difference in the sputtering behaviour of Ag and Cu under the same plasma co-

sputtering process. It has been observed that some large Ag particles are in micron scale 

while most of the Cu particles are in nanoscale. Thus, whilst the growth of Ag wire 

could be interrupted by the large Ag particle, these Cu nanoparticles would have less 

effect on the change of the preferred growth orientation of the Cu wire. Hence, long 

and straight Cu wires can be formed during the ASP co-sputtering process.  

In short, based on the SEM and TEM observations, a vapour-solid mechanism has been 

proposed to explain the formation of Ag wires and Cu wires during the active screen 

plasma carburizing process.  

5.4 Formation of fibre reinforced composite coatings 

As discussed in Section 2.1, stimulated by the excellent properties of one-dimensional 

(1D) fibres reinforced bulk composite materials, 1D fibres reinforced composite 

coating has drawn the attention of some researchers. Although painting or 

electroplating was applied to fabricate 1D composite coatings by adding fibres into the 

solvents, aggregation of the thin fibres can degrade the uniformity of the coatings. In 

this study, novel approaches have been developed for the generation of 1D fibres 

reinforced composite coatings using the PECVD method and the ASP technique. 

5.4.1 CNTs reinforced composite coatings 

As described in Chapter 3, the CNTs reinforced composite coatings have developed 

using a two-step strategy, and Figure 5. 14 shows the schematic diagram of the two-
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step process.  

Vertically aligned CNTs are produced as the reinforcements and PECVD or PVD is 

applied for the formation of the composite coating. The experimental results reported 

in Chapter 4 demonstrate that the thickness and the density of the VACNT film can 

greatly affect the formation of the composite coatings. 

 

 

Figure 5. 14 Schematic diagram of the CNTs reinforced composite coating 

 

As shown in Figure 4. 7, the VACNTs grown from stainless-steel catalyst films are 

densely packed. This would be a barrier for the diffusion or penetration of the matrix 

materials into the CACNT film. Furthermore, for a given density, it is difficult to fill 

all the gaps between the CNTs if the CNTs are too long. 

The results of the Pt-CNT and Ag-CNT composite coatings have demonstrated that the 

sputtering PVD process is not suitable for the deposition of fully composited structures. 

This is because the large particles sputtered from the Pt and Ag targets are difficult, if 

not impossible, to penetrate the dense VACNT film.  

The Ag-CNT produced by sputtering PVD has resulted in a double layer structure 

(Figure 4. 43) with a mechanical bonding formed between the sputtered layer and the 

VACNT layer. On the other hand, the sputtered Pt nanoparticles can penetrate into the 

VACNT film. However, many of these nanoparticles will accumulate on the tips of the 

CNTs without the formation of a continuous layer on the top of the VACNT film.  
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Clearly, a dense CNT reinforced composite coating cannot be produced using the 

sputtering PVD of Ag or Pt on the VACNT film. However, the relatively porous double 

layer surface composite structure could be used in sensors or energy storages in view 

of their large surface areas and high conductivity [198].  

The PECVD process provides a feasible way for the two-step formation of the CNT 

reinforced composite coating because the vapour phase could diffuse through the gaps 

without damaging the vulnerable CNTs. However, densely packed CNTs also can cause 

accumulation of a surface layer. Thus, decreasing the density of the VACNT film is the 

key to the formation of the fully composited coating. In this study, a novel composite 

Ag-SS catalyst film has been developed to decrease the density of the VACNT film. 

The noble element Ag can inhibit the growth of CNTs because Ag does not have a 

catalytic effect for CNT growth.  

Fully reinforced DLC-CNT composite coating has been achieved by the continuous 

diffusion of amorphous carbon into the low-density VACNT film, thus forming a 

columnar structured nanocomposite coating.  The reinforcements have provided the 

composite coating with significantly increased electrical conductivity. This could pave 

the way for the functional application of the CNT reinforced nanocomposite coating.  

It should be admitted that the adhesion of the CNT reinforced nanocomposite coating 

to the substrate is not as good as that of commercial DLC coatings. Hence, further 

explorations are required to enhance the bonding of the composite coating, for instance, 

the use of an interface binding layer (such as Cr or Ti).  

5.4.2 Metal wires reinforced composite coating 

As has been reported, in-situ Ag wires reinforced composite coatings have been 

successfully produced using the ASP co-sputtering technique. This one-step deposition 

process makes it possible to achieve the metal wires reinforced composite coating with 
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the metal wires randomly formed within the composite coating without further 

modification. These metal wires not only act as reinforcements but also equip the 

composite coating with some novel functional properties, such as antibacterial property, 

antiadhesive property, and low friction coefficient. However, there are still some 

limitations to the ASPC deposition process. For example, the shape and the distribution 

of the Ag wires are difficult to control. Therefore, further work is required to optimise 

the process. 

The ASP co-sputtering process has provided a feasible way for the deposition of metal 

wires reinforced composite coating. This is evidenced by the fact that other than the Ag 

wires, Cu wires can be also formed by using a Cu lid. However, no stainless-steel wires 

can be observed. This implies that only some elements are available for the formation 

of the metal wires. It is speculated that Au wires could be produced using the same or 

similar ASP co-sputtering process in view of its similar periodic table position and 

hence chemical properties as for Ag and Cu.  

The matrix of the composite coating is mainly composed of carbon, stainless-steel, and 

Ag nanoparticles. The carbon plasma has played an important role in the deposition of 

the composite coating. In addition to the catalytic effect of the carbon plasma, solid 

carbon is also generated from the hydrocarbon source as the matrix. Raman spectra 

have revealed that graphite-like carbon other than diamond-like carbon has led to the 

relative soft carbon layer.  

5.5 Bactericidal surfaces 

Two types of bactericidal surfaces have been developed from this study, which are the 

VACNT films and the Ag contained composite coatings. These surfaces have proved to 

be effective to kill some pathogenic microorganisms after contact for several hours.  

As discussed in Chapter 2, bacteria can be killed through physical and chemical 
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processes. Mechanical damage to the cell walls of the microbes via scratching or 

rupturing during the contact process is the main mechanism for the physical killing 

process. The chemical antibacterial process is more complex, in which the active 

chemical agents can inhibit or regulate enzymes for cell wall biosynthesis, protein 

synthesis, nucleic acid metabolism or repair. In addition, the chemical agents can also 

disrupt the structure of cell membrane. 

5.5.1 VACNT antibacterial surfaces 

Carbon allotropes are formed with sp2 and sp3 bonds between the carbon atoms, such 

as graphene, CNT, and fullerene. Carbon nanomaterials have been developed as 

biomaterials, energy storage materials and electrical materials. With the increasing 

applications of carbon nanomaterials, their interactions with living tissue and cells have 

come into focus. Some researchers found that carbon nanomaterials have moderate 

toxic to eukaryotic and prokaryotic cells [199, 200].  

On the other hand, nanomaterials have also provided antibacterial means for combating 

bacterial-related infections and food poison. A number of antibacterial tests were 

carried out in a liquid dispersion or in the biological medium to investigate the 

applications of carbon nanomaterials for wastewater treatment or other distribution 

systems [201].  

The antibacterial activity of carbon nanomaterials is widely studied, and three main 

antibacterial approaches are proposed to explain their antibacterial activities, which are 

mechanical, reactive oxygen species, and photocatalytic activity [202]. These 

antibacterial actions are related to the features of the specific carbon nanomaterials. 

In this study, the antibacterial performances of the VACNT films developed from the 

research are evaluated with the contact antibacterial tests. The bacteria are directly 

contacted with the CNT tips because the VACNTs are perpendicular to the substrate. 
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The forces of gravity and flow motion are considered as the driven forces for the 

interactions between the bacteria and the CNTs. Therefore, the CNTs can damage the 

cell membrane as nano-darts and the sharp tips of the CNTs can easily penetrate the 

cell membrane [149, 150].  

As shown in Figure 4.22, the pristine VACNT film is hydrophobic with a contact angle 

of 160°. However, when post-treated by nitrogen plasma, the contact angle of the N-

VANCT film is dramatically reduced to 15° leading to a superhydrophilic nature even 

though they have almost the same appearance. This is attributed to the defects and 

functional groups generated by the etching process. 

However, as evidenced in Figures 4.23 and 4.24, both the VACNT film and N-AVCNT 

film possess almost the same antibacterial efficacy to both Gram-negative E. coli and 

Gram-positive S. epidermidis although their wettability and surface chemistry are 

different. This clearly indicates that either surface wettability or surface chemistry or 

surface energy has limited, if any, effect on the antibacterial efficacy of VACNTs to 

both Gram-negative E. coli and Gram-positive S. epidermidis. 

Therefore, the high antibacterial efficacy of VACNTs to E. coli and S. epidermidis 

should be attributed to the physical contact killing mechanism and the killing of these 

bacteria is dominated by the physical contact mode, whilst the variation of the chemical 

states and wettability has limited influence on the antibacterial process.  

The contact killing process combines the role of gravity and the sharp nanofeatures. 

Figure 5. 15 shows the schematic diagram of the interaction between a bacterial cell 

and different surfaces. It is understandable that a large contact surface between the 

bacterial cell and the surface can decrease the contact pressure. Hence, the bacterial 

cells will not be ruptured on a flat surface (Figure 5. 15 (a)) or a rough surface        

(Figure 5. 15 (b)). On the other hand, high contact pressure will be generated at the tips 
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of the sharp nanostructures, thus leading to the rupture of the cell wall                        

(Figure 5. 15 (c)). 

 

 

Figure 5. 15 Schematic diagram of the bacterial cell on (a) flat surface; (b) rough 

surface, and (c) nanostructured surface 

 

Actually, the VACNT films have similar surface morphologies to some natural 

antimicrobial surfaces of insects, such as gecko skin [136], Sand dragonfly [203], and 

Megapomponia intermedia [204]. These natural bactericidal surfaces are also formed 

with nanopillars to protect them from pathogenic bacteria. It is reported that these 

surfaces have the ability to kill bacteria upon contact.  

It is also of great interest to compare the killing rate after 5 h contact of the VACNT 
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films to the gram-negative E. coli (around 99.5%) with that to the gram-positive S. 

epidermidis (about 88.5%). Clearly, the VACNT films are more effective in killing the 

Gram-negative E. coli than killing the gram-positive S. epidermidis. This is consistent 

with the results reported by Hasan et al. [138] that the thickness of the cell membrane 

is the primary factor which determines the viability of bacteria through the contact 

killing process. It is known that the thickness of the peptidoglycan cell wall of the 

Gram-positive bacteria is about 4 times that of the Gram-negative bacteria. Hence, the 

Gram-positive bacteria have a higher survivability during the contact with the 

nanostructured surface due to their thicker rigid peptidoglycan cell walls as compared 

with the Gram-negative bacteria. 

The above findings are also supported by the work by Liu et al. [150] who stimulated 

the penetrate cell damage process using atomic force microscopy with a 2 nm sharp 

AFM tip to pierce both gram-positive and gram-negative bacteria under loads from 10 

nN to 2000 nN. The results indicated that nano-pores only formed under high load, 

while the cytoplasm released leaving with a shrivelled cell. On the other hand, the 

continuously tapping at a low load also can introduce damage to the cell membrane, 

indicating that the contact antibacterial effect also can be attributed to a large number 

of interactions between the CNTs and the cell membranes. The force-distance curves 

indicated that due to the thick peptidoglycan protective layer, the gram-positive bacteria 

are less vulnerable to the physical damage than the gram-negative bacteria. 

The antibacterial activity of the Ag-VACNT film is more complex because the VACNT 

film is embedded with Ag which is known as an antibacterial agent. As shown in Figure 

4. 24, the average killing rate of the Ag-VACNT film to E. coli (99.57%) is higher than 

that of the VACNT film (99.49%) and N-VACNT film (99.31%); however, the 

difference in the antibacterial efficacy of these three CNT films is not significant 
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according to the statistics analysis using ANOVA (Table 4.5). It seems that doping of 

Ag has not increased the antibacterial efficacy of the VACNT film to E. coli. However, 

the killing rate of the Ag-VACNT film to S. epidermidis (90.7%), which is significantly 

higher than that for both the VACNT film (88.2%) and N-VACNT film (88.8%). This 

implies that doping of Ag can increase the antibacterial efficacy of the VACNT film to 

S. epidermidis. 

The above seemingly contradicting effect of Ag doping on the antibacterial efficacy of 

VACNTs could be related to the type of bacteria used for the antibacterial tests. As has 

been discussed above, the antibacterial mechanism for both E. coli and S. epidermidis 

is dominated by the contact killing provided by the nano-sized tips of CNTs. However, 

the cell membrane of the Gram-positive S. epidermidis is much thicker than that of the 

Gram-negative E. coli. Therefore, it is reasonable to assume that it would take a longer 

time for the Gram-positive S. epidermidis to be penetrated by the CNTs than for the 

Gram-negative E. coli. Consequently, the anti-bacterial effect of Ag could be observed 

during the antibacterial test using the Gram-positive S. epidermidis.  

5.5.2 Ag contained bactericidal surfaces 

One significant problem encountered in metal medical devices is their weak resistance 

to the adhesion and growth of bacteria on their surfaces, which can cause cross 

contamination and post-operation infection. The emergence of some superbugs such as 

Methicillin-resistant Staphylococcus aureus (MRSA) makes Hospital-Acquired 

Infections (HAIs) one of the chief causes of death all over the world. Therefore, it is 

important to develop effective preventative technology to reduce bacterial adherence to 

the medical devices [134, 205].  

Some inorganic antibacterial agents, such as silver, copper, and titanium dioxide, have 

been reported to be effective in killing several disease-causing bacteria including E. 
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coli, S. aureus, Pneumococcus, which can cause skin and wound infections [206]. 

However, bulk Ag or Cu are rarely used for medical devices and hospital equipment 

due to their low strength and poor wear resistance. Thus, Ag or Cu containing coatings 

are being widely researched to improve the antibacterial properties of medical devices 

[207]. 

Generally, most surgical tools such as surgical knives and scissors are made of stainless 

steel, which has high strength and excellent corrosion resistance. However, stainless 

steel has a weak resistance to pathogens which may lead to nosocomial infections 

during surgery [208]. Recent studies point to the development of long-lasting 

antibacterial materials instead of conventional short-life cleaning agents. Silver is well 

known for its excellent antibacterial properties, such as inhibition of bacteria adhesion, 

broad anti-bacterial spectrum, and persistent anti-bacterial activity, because silver ions 

which dissociate from silver nanoparticles can kill various bacteria by damaging the 

cell walls [206].  

As has been reported in Sections 4. 6 and 4.7, Ag containing antibacterial stainless-steel 

surfaces have been generated from this research through the development of a novel 

active screen plasma co-sputtering processes. The experimental results have 

demonstrated that the structures and properties of the composite coatings are 

significantly influenced by the precursor gases (nitrogen or methane) used.  

As reported in Section 4.6, the ASP technique has been proved to be effective to 

fabricate the Ag contained composite coating and Ag wires reinforced composite 

coatings have been formed in the plasma ambient of methane and hydrogen (Figure 

4.4). As discussed in Section 5.3, The formation of the Ag wires could be attributed to 

the catalytic effect of the carbon species during the deposition process. However, no 

Ag wire structures have formed in the plasma ambient of nitrogen and hydrogen (see 
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Section 4.7) although Ag has been introduced into the composite coating dominated by 

SS sputtered off from the SS lid. Instead, an S-phase sublayer is formed beneath the 

Ag-containing composite coating (Figure 4. 60) 

Clearly, different microstructures and layer structures have been formed when using 

different gases for the ASP treatment. This is because the ASP process used is, in 

essence, a hybrid process combining plasma co-sputtering and plasma 

carburizing/nitriding. Ag wires and Ag nanoparticles, as well as SS particles, are 

formed by the plasma co-sputtering; in the meantime, plasma carburizing (when using 

CH4/H2) or nitriding (when using N2/H2) occurs. During the plasma carburizing process, 

solid graphite-like carbon is formed but the interaction between the carbon and the Ag 

or the stainless-steel particles would be negligible since neither silver carbides nor 

chromium carbides could be detected by XRD and XPS. The formation of the graphite-

like carbon matrix may have consumed most the carbon thus limited carbon could 

diffuse into the stainless-steel substrate. Thus, unlike conventional low-temperature 

plasma carburizing, no appreciable carbon S-phase layer could be identified beneath 

the Ag-containing composite coatings (Figure 4. 49 and Figure 4. 50). 

In contrast, a composite surface containing a composite coating layer and a hard S-

phase sublayer (Figure 4. 60) has been formed during the hybrid ASP process in the 

plasma ambient of nitrogen. The S-phase layer is a nitrogen interstitial supersaturated 

austenite layer [209], which can provide good load bearing capacity to the top 

composite coating due to its very high hardness (Figure 4. 62). Thus, the functionally 

graded composite surfaces could be ideal structures as durable long-lasting antibacterial 

surfaces. As reported in Sections 4.6 and 4.7, although the microstructure and the 

morphology of Ag produced are closely related to the gases used, the Ag-containing 

composite coatings produced by the novel hybrid ASP process possess remarkable 
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antibacterial efficacy. As demonstrated in Figure 4. 59, the Ag wires reinforced 

composite coating can effectively kill the gram-negative P. gingivalis and the gram-

positive S. epidermidis after 5 h contact with the killing rates of 92.2% and 95%, 

respectively. Similarly, the Ag impregnated composite coatings deposited in the plasma 

ambient of nitrogen and hydrogen have also shown high antibacterial efficacy       

(Figure 4. 69).  

The observed high antibacterial efficacy of the composite coatings should be attributed 

to the Ag embedded into the coating. As evidenced by the Ag EDS mapping           

(Figure 4. 47 and Figure 4. 48), large Ag particles are accumulated to form the Ag wires 

and Ag nanoparticles are homogeneously distributed in the surface produced by the 

hybrid ASP process using CH4/H2 gas mixture; when using a gas mixture of N2/H2, no 

Ag wires could be formed but a high level of Ag can be introduced into the composite 

coating (Figure 4. 61).   

As discussed in Chapter 2, although Ag is a noble metal which is stable in water or acid, 

a small amount of Ag ions can be continuously released from the large Ag particles, 

which is a biochemically active agent for the antibacterial process [210]. These Ag ions 

can disturb the biochemical process of the cell through the interactions with proteins, 

nucleic acid, and cell membrane [211]. In addition, the reactive oxygen species were 

formed in the presence of silver for some cells [212]. Thus, the Ag ions can distract 

from the biological process through different approaches.  
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Chapter 6 Conclusions 

In this research, a series of novel hybrid low-temperature plasma technologies have 

been developed to generate advanced to high-quality vertically aligned carbon 

nanotubes (VACNTs) and novel one-dimensional fibre reinforced multifunctional 

composite coatings. The microstructures of the advanced VACNTs and the novel one-

dimensional fibre reinforced multifunctional composite coatings has been 

systematically characterised and their mechanical, tribological, biological and physical 

properties are fully investigated. The main conclusions of this study including the 

synthesis strategies, microstructure characterisation, and properties evaluation are 

summarised as follows: 

(1)     Stainless-steel thin catalyst films have been cost-effectively deposited using the 

advanced active screen plasma technique with a stainless-steel (SS) active screen 

in the plasma ambient of hydrogen. Thicknesses of the SS catalyst films vary from 

20 nm to 100 nm with the deposition time and voltage. 

(2)     Ag-SS catalyst films have been successfully deposited using a plasma ambient 

of hydrogen and the novel active screen with double lids namely a top Ag lid and a 

bottom SS lid. An inter-lid spacing of 10mm generates a hollow-cathode effect 

resulting in the co-sputtering of both SS and Ag and an increase in the sputtering 

rate.  

(3)     Carbon nanotubes (CNTs) have been successfully deposited using the PECVD 

at a relatively low temperature (<500°C). The results indicate that the sputtered 

stainless-steel thin films are a suitable catalyst for the catalytic growth of CNTs; 

suitable deposition conditions are required to provide sufficient thermal energy, 

avoid strong plasma etching effect, and control the quantity of carbon sources. TEM 

results show that the as-deposited CNTs have a multiwalled structure due to the low 
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deposition temperature. This has also been verified by the Raman analysis results. 

(4)     The solution-based approach provides a feasible way to prepare catalysts on 

sophisticated surfaces and iron nitrate is proved to be viable for the growth of CNTs.  

The composite micro-balls (CNT-Ni and CNT-glass) have been produced by 

PECVD, which pave the way for the deposition of a homogeneous CNTs reinforced 

composite materials. 

(5)     Low-temperature in-situ growth of vertically aligned carbon nanotubes (VACNT) 

films has been successfully achieved using the novel hybrid plasma-assisted 

technology combining the active-screen catalyst sputtering process and the PECVD 

CNT growth process.  

(6)     The vertically aligned structures are formed due to the Van der Waals forces 

between the CNTs during the growth process. The growth temperature directly 

affects the length and diameter of the CNTs, and the high growth temperature will 

lead to thin and long CNTs. TEM investigation results indicate that the tip growth 

mechanism could be applied to explain the growth of the CNTs. 

(7)     The antibacterial performances of pristine VACNT film, Ag-VACNT film, and 

N-VACNT film have been evaluated, and all these three types of VACNT films 

exhibit high antibacterial efficacy to both the Gram-negative E. coli and gram-

positive S. epidermidis after contact for 5h.  

(8)     The antibacterial results have also revealed that the chemical state and surface 

wettability of the VACNT film have limited, if any, influence on their antibacterial 

properties, even though the doping of nitrogen can convert the wettability of 

VACNT film from superhydrophobic to superhydrophilic. This implies that the 

physical contact killing mechanism could be used to explain the antibacterial 

performances and the sharp CNTs are considered as nanodarts to damage the cell 
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membranes. 

(9)     The density of the pre-deposited VACNT film directly affects the structure of the 

VACNT reinforced composite coatings. The high-density VACNT film grown 

form the stainless-steel catalyst film prohibited the composite process, leading to a 

bilayer structure. Ag embedded catalyst film can provide a convenient way to 

decrease the density of the VACNT films.  

(10) The CNTs reinforced composite coatings have been explored through a two-

steps strategy. The Pt-CNT and Ag-CNT composite coatings deposited through the 

PVD approach have demonstrated that the sputtering process is not feasible for the 

formation of a well-composited structure. Amorphous DLC coatings were 

deposited by PECVD, and the vapour phase can diffuse into the low-density 

VACNT film to form the DLC-CNT composite coating. The electrical conductivity 

of the DLC-CNT composite coating can be effectively increased due to the 

existence of CNTs and Ag particles. 

(11) Ag wire reinforced composite coatings have been successfully fabricated using 

the novel hybrid plasma technology combining the active screen plasma co-

sputtering process and plasma diffusion process in the plasma ambient of methane 

and hydrogen (i.e. plasma carburising).  Ag wires are formed presumably due to the 

catalytic effect the carbon ambient, and a vapour-solid mechanism can be applied 

to explain the growth of the Ag wires.  

(12) The matrix of the Ag wires reinforced composite coating is rich in carbon and 

the Ag wires reinforced composite coating has presented excellent tribological 

property especially in preventing the adhesion of ductile aluminium alloy. However, 

the formation of the solid carbon prohibits or retards the continuous diffusion of 

carbon into the stainless-steel substrate, and no obvious carbon S-phase layer can 
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be generated.  

(13) Ag impregnated functionally grade composite surfaces have been also 

developed using the same hybrid plasma technology combining plasma co-

sputtering of both SS and Ag and plasma diffusion but in the plasma ambient of 

nitrogen and hydrogen (i.e. plasma nitriding). The composite surface consists of a 

coating layer containing Ag and a hardened S-phase layer due to the continuous 

diffusion of nitrogen. The S-phase layer with high hardness provides a high load 

bearing capacity, which enhanced the scratch resistance and wear resistance of the 

composite surface. 

(14) All the Ag contained composite surfaces exhibit excellent antibacterial 

performances because Ag ions can be released from the sputtered Ag particles 

within the composite coating.  Beside the Ag wires, Ag nanoparticles are also 

formed within Ag wires reinforced composite coating, leading to excellent 

antibacterial activity to gram-negative P. gingivalis and gram-positive S. 

epidermidis.  
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Chapter 7 Suggested future work 

In this study, some novel hybrid plasma technologies have been developed to cost-

effectively deposit catalyst films with controlled composition and density for the 

generation of VACNT films, to generate VACNTs reinforced multifunctional composite 

coatings, and fabricate the novel metal wires reinforced composite coatings. The bio-

inspired VACNT film could be used for waste water treatment due to its antibacterial 

activity and the CNTs reinforced composite coatings could be used for sensors because 

it can modify the electric property of the composite structure. The hybrid process for 

the growth of CNTs on particles in micron scales provides a novel approach for 

preparation of composite powders for thermal spray deposition. The metal wires 

reinforced composite coating could act as the new generation of self-lubricant coating. 

However, these plasma hybrid technologies and the composite coatings are still at their 

early stage and future work is needed to optimise the process and evaluate the 

performance of these novel functional coatings, and the topics below are suggested for 

further investigations: 

(1) As Ag and Cu have proved to be feasible to form the corresponding metal wires 

in this study, other elements such as Au, Al and Zn are suggested to be 

investigated. This could help to advance the understanding of the formation 

mechanism of the metal wires. 

(2) Antibacterial activity of the VACNT films and the Ag contained composite 

coatings was tested only against a limited number of bacteria, though excellent 

performances were achieved, it is suggested to carry out the antibacterial tests 

to a broad spectrum of bacteria and time-depending tests should be conducted 

to evaluate the antibacterial performances. Further characterisations of the 

killed bacteria are required to understand the antibacterial mechanisms involved.  
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