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Abstract 

Graphene is a young but popular carbon material due to its attractive properties 

for various applications. As a derivative of graphene, graphene oxide (GO) is 

often used as the precursor of graphene due to its low cost, hydrophilicity and 

capability for modifications. Notwithstanding the fact that some methods have 

been explored for GO reduction, nitrogen doping or hybridisation with metal 

nanoparticles, each of these methods has its own limitations and none of them 

could fulfil all these three functions together. Therefore, a novel active-screen 

plasma (ASP) technique has been developed from this research by combining 

GO reduction, nitrogen doping and hybridising with metal nanoparticles in one 

treatment. The morphology, micro-structure, element composition as well as 

chemical bond of GO were fully characterised, and the electrical and 

electrochemical properties were evaluated. 

The results have shown that ASP treatment using argon as a working gas was 

superior to annealing treatment in terms of GO reduction, lower sheet 

resistance and better super-capacitive performance. When a gas mixture of 

nitrogen and hydrogen was used in ASP, GO was reduced and nitrogen doped 

simultaneously, and the optimal ratio of nitrogen to hydrogen is 1:3, with the 

nitrogen doping configurations of pyridinic N, pyrrolic N and graphitic N. On the 

other hand, ASP using a gas mixture of nitrogen and argon deteriorated the 

electrical property. 



Apart from reduction and nitrogen doping, metal nanoparticles from the active 

screen were sputtered and deposited on ASP treated GO at the same time 

when an additional noble metal lid was placed on top of the stainless-steel 

screen. Iron and chromium sputtered from the stainless steel were mainly in 

oxidised states, whilst noble metals were mainly in the form of pure metals, 

except for a minority of metal oxides in the cases of palladium and platinum. 

With the noble metal deposition, the electrical and electrochemical properties 

of ASP treated GO were greatly influenced. The sheet resistances of ASP 

treated GO hybridised with platinum and gold were further reduced dramatically, 

and the super-capacitive performance of the ASP treated GO hybridised with 

platinum nanoparticles is the best among all the samples. However, silver 

nanoparticles aggregated and formed into large particles when deposited on 

GO surfaces, and palladium was chemically bonded with carbon, so that in 

these two cases, the metal hybridisation could not contribute to the 

improvement of electrical or electrochemical properties of GO. 

It is expected that the novel ASP technology combining surface modification 

and metal hybridisation could open the way towards new applications of multi-

functionalised GO such as GO-Ag for anti-bacterial materials, GO-Au and GO-

Ag for surface-enhanced Raman scattering and GO-Pt, GO-Pd and GO-Au for 

catalysts. 
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Chapter 1 Introduction 

Graphene material is a new and advanced carbon material, with many 

extraordinary characteristics in different aspects, including mechanical, 

electrical, optical, and thermal properties, and hence it is an excellent candidate 

for many applications, especially electronic and optoelectronic devices, such as 

field effect transistors, supercapacitors, sensors and transparent conductive 

electrodes for solar cells [1]. 

Graphene oxide (GO) is a type of graphene material decorated with oxygen 

functional groups, mainly hydroxyl, epoxide, carbonyl, and carboxyl, etc. Due 

to the presence of these oxygen functional groups, GO is hydrophilic, so that it 

can be dispersed in liquid solutions stably without any modification, whilst 

graphene, which is hydrophobic, requires surfactants to disperse stably in 

solutions [2, 3]. Therefore, GO is an attractive precursor material for the 

fabrication of graphene-based films [4]. However, these oxygen functional 

groups, on the other hand, have a negative effect on the properties. For 

example, graphene is electrically conductive while GO is an insulator [5]. 

Consequently, a reduction process is usually required for GO applications[6]. 

Additionally, nitrogen doping of graphene materials is often associated with 

significant performance enhancements for graphene-based applications [7, 8]. 

For the reduction of GO and nitrogen doping of graphene materials, various 



2 
 

methods have been developed, and these two processes can be realised 

simultaneously. The methods can be mainly categorised into two routes [7, 9]. 

One is via thermal method, and the other is wet-chemical method. However, 

these two major methods both have their own limitations. Thus, apart from 

these two methods, some advanced techniques have been explored, with 

plasma techniques being a promising approach [10, 11]. 

Moreover, hybridisation with metal nanoparticles is another common approach 

investigated to broaden the applications of graphene materials [12]. With 

regards to hybridisation with metal nanoparticles, the dominant route is in-situ 

reduction of metal precursors and GO mixture [12]. Plasma techniques have 

also managed to be applied for this purpose [13]. However, the use of metal 

precursors is still not an ideal method for hybridisation due to the involvement 

of chemical reaction with harmful by-products. 

Active-screen plasma (ASP) is an advanced novel plasma technique with a 

modification of setup based on conventional direct-current (DC) plasma. In ASP 

technique, a mesh (active screen) is incorporated in the furnace chamber, 

thereby overcoming drawbacks of DC plasma, such as edge effects, hollow 

cathode formations, and sample damage caused by ion bombardment. Also, as 

a remote plasma, ASP technique can be applied on non-conductive materials. 

Originally, ASP technique was mainly used on metal alloys for nitriding and 

carburising [14, 15]. Recently, it has also found potential uses for the treatment 
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of carbon materials, such as carbon fibres, whereby metal nanoparticles from 

the active screen can be sputtered and deposited on the carbon fibres during 

the treatment [16, 17]. Based on this, it can be theoretically deduced that ASP 

can be applied on GO materials for a simultaneous reduction, nitrogen doping 

and hybridising with metal nanoparticles, without the use of chemicals or high 

temperatures. However, only limited work has been reported on this topic thus 

far. 

Therefore, the aim of this present work was to apply ASP technique on GO 

material, and examining its effects on GO reduction, nitrogen doping and 

hybridisation. Specifically, the research objectives were the following: 

 To explore GO reduction, nitrogen doping and metal hybridisation via ASP 

technique for the multi-functionalisation of GO. 

 To study the effects of ASP technique on the functionalisation of GO in 

terms of working gas type and ratio for GO modification, active-screen 

noble metal type for metal sputtering and deposition, and treatment 

duration and gas pressure for optimal condition. 

 To characterise the morphology, micro-structure, chemical composition, 

and chemical bonding of ASP treated GO, using SEM/EDS, Raman 

spectroscopy, TEM, and XPS. 

 To evaluate the electrical and electrochemical properties of GO after ASP 

treatment. 
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 To understand the mechanism involved in ASP processing GO and the 

property improvement. 

 

  



5 
 

Chapter 2 Literature review 

2.1. Graphene and Its Derivatives 

2.1.1 Graphene 

2.1.1.1 General introduction 

There are many allotropes of carbon, among which graphite and diamond are 

two typical ones, representing two types of carbon hybridisations: sp2 and sp3, 

respectively. The sp2 carbon hybridisation involves one “s” orbital and two “p” 

orbitals of the carbon atom mixing into three equivalent orbitals, which is linked 

to three other carbon atoms and forms into a trigonal symmetry with an angle 

of 120° in one plane. The sp3 carbon hybridisation, on the other hand, involves 

one “s” orbital and three “p” orbitals of the carbon atom mixing into four 

equivalent orbitals, which is linked to four other carbon atoms and forms into a 

tetrahedron with an angle of 109.5 ° . The sketches of these two carbon 

hybridisations are shown in Fig. 2-1. With the development of research on 

carbon materials, more types of elementary substances of carbon have been 

found, as shown in Fig. 2-2. 

 

Fig. 2-1 sp2 and sp3 carbon hybridisations [18] 



6 
 

 

Fig. 2-2 New types of carbon allotropes: fullerenes, carbon nanotubes and graphene 

[19]. 

Fullerenes like C60 and many other types in the form of a ball-like shape were 

discovered or produced in 1980s [20], and in 1991, Japanese scientist Iijima 

discovered carbon nanotubes, which once again attracted significant interest in 

the relevant research due to its curious characteristics and broad potential 

applications [21]. 

More recently, research on carbon materials has once again gained widespread 

attention following the successful discovery of graphene in the lab. This 

tremendous achievement was made in 2004, by Andre Geim and Kostya 

Novoselov, two researchers from University of Manchester, using simple 

mechanical exfoliation method to peel off the graphene layer from highly 

oriented pyrolytic graphite [22]. Although the preparation process is extremely 

inefficient, this achievement still became a milestone in the research field of 
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carbon materials, proving the existence of graphene and its practical feasibility 

for production, which had only existed in academic theory beforehand. 

Afterwards, many other methods and techniques have been developed to 

produce graphene, such as Hummer’s method [23, 24] and CVD [25], either in 

large scale or in perfect quality . 

The international research attention regarding graphene materials results from 

its unique structure and properties suitable for wide-ranging applications. The 

structure, properties and applications of graphene and its derivatives will be 

introduced in the following chapter. 

2.1.1.2 Structure of graphene 

As a core, graphene is a single layer of graphite (monolayer graphene), but in 

practice, double layers, as well as few layers (three to ten layers), of graphite 

are also referred to graphene (bilayer graphene and few-layer or multi-layer 

graphene, respectively) in the research. Carbon atoms in graphene are all in 

sp2 hybridisation, forming a hexagonal structure, like a honeycomb pattern. 

Each carbon atom is connected to three other carbon atoms, forming three σ-

bonds in one plane. The bond length between two connected carbon atoms is 

0.142 nm and the binding energy is 615 kJ/mol. In addition to the three σ-bonds, 

a π-bond is made by the extra p orbital electron, which orients perpendicular to 

the graphene plane, and all adjacent π-bonds hybridise into delocalised π and 

π* bands, giving rise to the electronic properties of graphene. 
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In the graphene plane, there are two types of edges: armchair edges and zigzag 

edges, as shown in Fig. 2-3 (a) [26]. Also, a single lattice unit of graphene is a 

rhombus containing two carbon atoms, denoted as A and B in black and white, 

respectively, in Fig. 2-3 (a) [26]. The reciprocal lattice of graphene is shown in 

Fig. 2-3 (b) [26], and the hexagonal in grey is the first Brillouin zone. The high 

symmetry points are Γ, M, K and K′, and among them, K and K′ are the Dirac 

points. An ideal graphene with a perfect structure without any defect is believed 

to be a semi-conductor with a zero band-gap, or a semi-metal, since the 

conduction bands and valence bands touch at the Dirac points, with zero 

electronic density of states (DOS). 

Due to this unique structure, graphene exhibits some intriguing properties, and 

can be applied into some potential applications that are discussed below. 

 

Fig. 2-3 Crystal structure of graphene: (a) 2D hexagonal lattice of graphene in real 

space with basis vectors a1 and a2. The unit cell is highlighted in grey. It contains 

two nonequivalent carbon atoms A and B, each of which span a triangular sublattice 

as indicated with black and white atoms, respectively. An armchair and a zigzag edge 

are highlighted in grey. (b) Reciprocal lattice (dashed) with reciprocal lattice vectors 

b1 and b2. The first Brillouin zone is marked grey and the high symmetry points Γ, M, 

K and K′ are indicated [26]. 
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2.1.1.3 Properties of graphene 

The structure of graphene give rise to a unique combination of properties not 

observed in other materials, including the mechanical, thermal, 

electrical/electronic, and chemical properties. 

(1). Mechanical properties 

Due to the large binding energy of the σ-bonds between carbon atoms in sp2 

hybridisation, graphene materials are considered as one of the strongest 

materials in the world. The Young’s modules, Poisson’s ratio and strength of 

graphene have been tested using both theoretical calculations and 

experimental measurements. 

Taking the thickness of 0.334 nm, Liu et al. [27] calculated that the Young’s 

modules of graphene is 1050 GPa and the Poisson ratio is 0.186, using the 

plane wave density functional theory. The maximum Cauchy stresses for 

uniaxial tension in the direction of zigzag and armchair are 110 GPa and 121 

GPa, respectively.  

However, it is difficult to accurately measure the mechanical properties of 

graphene via direct experimental tests, due to different graphene samples 

prepared and various methods applied in different studies, and thus the results 

vary. Lee et al. [28] measured the elastic properties of free-standing monolayer 

graphene membranes by nanoindentation in an atomic force microscope, and 

the Young’s modulus was measured to be 1000 ± 100 GPa, while the intrinsic 
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stress were 130 ± 10 GPa. In the measurement of Gómez-Navarro et al. [29], 

the graphene monolayer with defects were synthesised via chemical reduction, 

and a similar method of using an atomic force microscope (AFM) tip were 

applied to measure the elastic modulus, and a mean elastic modulus of only 

250 GPa was obtained. Moreover, it was measured that the bending rigidity and 

tension of graphene materials measured in AFM depend on the thickness [30], 

and in the studies of Frank and Tanenbaum [31], the Young’s modulus was 

extracted to be 500 GPa for suspended graphene sheets with less than 10 nm 

thickness. 

Even with different measured results, it is evident that graphene is one of the 

strongest materials in the world. 

(2). Thermal properties 

Graphene is highly thermal conductive at room temperature, with thermal 

conductivity (K) measured up to (5.30 ± 0.48) × 103 W/mK, using an 

optothermal Raman technique developed by Balandin et al. [32]. However, the 

values of thermal conductivity of graphene varies in different research studies 

due to different measuring setups, with K being measured at only ~600 W/mK 

by Faugeras et al. when the absorbed laser power was much lower than the 

previous studies [33]. Despite of the uncertainty of the exact value of thermal 

conductivity, graphene is competitive to conventional thermal conductive metal 

material, e.g., bulk copper, whose thermal conductivity is around 400 W/mK. 
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(3). Electrical/electronic properties 

As mentioned in Section 2.1.1.2, the π-bonds from the extra electron in p orbits 

of carbon atoms result in delocalised π (valence) and π* (conduction) bands. 

In the band structure of a pristine graphene as shown in Fig. 2-4, the valence 

and conduction bands meet at the Dirac points, where the Fermi level is 

situated. At Dirac point, the DOS is zero, and the energy gap is zero as well. 

 

Fig. 2-4 Band structure of graphene showing the conductance and valence bands 

meeting at the Dirac points [34]. 

The electrical conductivity of graphene can be determined by the carrier mobility, 

and according to the studies of Morozov et al. [35], the intrinsic mobility of 

monolayer or bilayer graphene with eliminated disorders can be up to 

approximately 200 000 cm2/Vs. 

(4). Chemical properties 

Due to the stable atomic structure of graphene for the strong bonding between 

carbon atoms in the graphitic plane via σ-bonds, graphene is essentially inert 

with high chemical stability. The chemical properties of graphene materials are 

mainly reflected in the functionalisations of graphene, which offer a chance for 

graphene materials to participate in chemical reactions. The functionalisation 
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can be divided into covalent and non-covalent functionalisations, differing in 

whether σ-bonds break and reconnect to other atoms. 

The non-covalent functionalisation is realised due to the π-π stacking between 

the graphitic plane and the other molecules containing aromatic rings via weak 

Van der Waals forces. Molecules doped non-covalently do not interfere with the 

pristine lattice, but only adhere to the graphene surface. Nevertheless, 

electrons can still transfer between the doped molecules and the graphene, and 

the Dirac point of graphene can be altered from 0 V after the non-covalent 

functionalisation [36]. 

The covalent functionalisation results from the chemical reactions of graphene 

with other substances, and the doped substances can be either atoms or radical 

groups. The binding in covalent functionalisation is stronger than the 

counterpart non-covalent ones, and thus more intense condition is required for 

the reaction to occur. 

2.1.1.4 Applications of graphene 

Due to its unique and extraordinary properties, graphene is a promising material 

for many applications, especially electronic devices. In this section, some 

typical examples of the applications of graphene are briefly introduced. 

(1). Field effect transistors (FETs) 

Due to the high field-effect mobility, graphene materials are promising 

candidates to fabricate FETs. Also, with the bipolar feature of graphene, both 
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n-and p-type doping can be realised by controlling the carrier type, and thus a 

p-n junction can be prepared using graphene materials alone [37, 38]. As to the 

requirement of high Ion/Ioff ratio for logic FETs, various methods of opening the  

bandgap at the Dirac point have been investigated [39]. 

(2). Sensors 

The adsorption ability, as well as the change of the electrical properties after 

adsorption, enables graphene to be a competitive candidate as a sensor for 

certain types of gases, organic molecules, and biomaterials, such as carbon 

dioxide, ammonia gas, dopamine, ascorbic acid, and NADH [40-43]. The good 

sensitivity is attributed to the large specific area and the high carrier mobility as 

charge transfers between graphene and the adsorbed substances, resulting in 

the change of Fermi level, carrier density and conductance. 

(3). Optoelectronic devices 

For optoelectronic devices such as solar cells and LEDs, graphene is also a 

promising material to replace the conventional indium tin oxide (ITO) and 

fluorine-doped tin oxide (FTO) to fabricate transparent conductive films (TCFs) 

[44, 45]. This is owing to both its high electrical conductivity and carrier mobility, 

and its high optical transmittance. 

(4). Energy storage devices 

Because of the high specific surface area, good electrical conductivity, and 

superior chemical stability, graphene has been extensively applied as an 
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electrode material or additive in energy storage devices such as 

supercapacitors (SCs), lithium-ion batteries (LIBs), fuel cells and hydrogen 

storage devices [46-50].  

2.1.2 Graphene Oxide 

2.1.2.1 General introduction 

Graphene oxide (GO) is a derivative of graphene, containing various oxygen 

functional groups, and is often used as a precursor for the synthesis of 

graphene through reduction methods. The oxygen functional groups are mostly 

epoxy and hydroxyl groups on the basal plane, with carboxyl, carbonyl and 

phenol groups at the edge or defect areas [51]. However, due to the difference 

of synthesis protocols applied and reactions extents, the oxygen functional 

groups vary in each GO sheet, and it is not realistic for GO to have a consistent 

stoichiometry. The models of the GO structure is reviewed in [52], as shown in 

Fig. 2-5. 
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Fig. 2-5 Theoretical models for structures of graphite or GO [52].
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The oxygen functional groups on GO inevitably affect the unique properties of 

pristine graphene, with a typical change being decreased electrical conductivity. 

On the other hand, these hydrophilic oxygen functional groups enable GO 

dispersion in aqueous and organic solvents, making it convenient for GO to 

deposit directly onto substrates via drop-casting, spin-coating and spraying in 

large scale, so that the step of graphene transfer for applications can be 

bypassed [53, 54]. Moreover, the oxygen functional groups, as well as the 

possible defects in GO, are active sites in the graphitic structure, which is 

advantageous to the functionalisation of graphene materials for more specific 

applications [55]. 

2.1.2.2 Properties of graphene oxide 

The oxygen functional groups, as well as the defects that are highly likely to 

exist in GO, have a great impact on its properties and chemical stability [55]. In 

this section, the mechanical and electrical properties, as well as the chemical 

stability of GO, are introduced.  

(1). Mechanical properties 

As Paci et al. investigated in a Monte Carlo based scheme, the theoretical 

mechanical properties significantly decrease due to holes in GO sheets [56]. 

Alternatively, the mechanical properties have also been measured 

experimentally using various methods. Under AFM imaging in the contact mode, 

and with finite element analysis, the effective Young’s modulus and pre-stress 

of individual platelets of GO has been found to be 207.6 ± 23.4 GPa and 76.8 
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± 19.9 MPa, respectively [57]. Using a nanoindentation system on a dynamic 

contact module, the mechanical properties of free-standing GO films produced 

via electrophoretic deposition were measured [58]. The effective Young’s 

moduli were 695 ± 53 GPa and 697 ± 15 GPa, for 50- and 60-nm-thick GO films, 

respectively, with ultimate tensile strength of 3-33 GPa and crack initiation 

arising at loads of 65 and 72 μN, respectively. Theoretically, using first-

principles computations, Liu et al. compared the mechanical properties of GO 

in ordered and amorphous structural models, with different coverage of oxygen 

functional groups (sp3 hybridised carbon bonded with hydroxyl or epoxy) [59]. 

The results showed that the Young’s modules and intrinsic strength of ordered 

GO are higher than those of amorphous ones, and an increasing oxidation 

coverage decreased these parameters. 

(2). Thermal properties 

The thermal conductivity of GO is significantly reduced, compared to pristine 

graphene, which is mainly considered attributed to an enhanced phonon 

scattering and the shortened phonon mean free path. Based on the molecular 

dynamic method, many researchers simulated and calculated the thermal 

conductivity of GO with different oxidation degree or vacancy degree [60-62] 

[63]. Mu et al. investigated the relationship between oxygen coverage and 

thermal conductivity, finding that the thermal conductivity decreased by 50 % 

with only 0.5 % oxygen coverage, and even by 90 % with 5 % oxygen coverage 

[60]. Chen and Li also investigate the effect of oxidation degree on thermal 
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conductivity, and the thermal conductivity is around 72 and 670 W/mK at an 

oxidation degree of 0.35 and 0.05, respectively [61, 62]. Besides, Yang, et al. 

further consider the effect of vacancy defect in GO on thermal conductivity, as 

vacancy defects are commonly exist in GO, and found it playing a more 

significant role in decreasing thermal conductivity, as oxidation degree on 

longer dominant the thermal conductivity when the vacancy defect exceeds 2 % 

[63]. 

(3). Electrical properties 

In contrast to pristine graphene, GO is generally an electrically insulating 

material. It is proposed by Mattevi el al. [64] that the electrical conductivity 

(charge transportation) is determined by the sp2 bonding fraction in graphitic 

structure where π electrons can move freely. The oxygen functional groups 

create sp3 C-O bonding, which prevent the electrons from freely moving in the 

basal plane, and form a transport barrier for the charge carriers [55, 4]. To obtain 

graphene sheets with low resistance, GO is usually reduced to rGO with fewer 

oxygen functional groups or defects [65, 66]. Kang et al. deposited GO films via 

electrophoretic deposition, and then transferred them to polydimethylsiloxane 

substrates with low oxygen concentrations, and measured the sheet resistance 

to be approximately 276–2024 Ω/sq [67]. 

(4). Chemical stability 

Although the graphitic structure is chemically inert, the oxygen functional 
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groups and disorders are active sites that lower the criteria for the modification 

and functionalisation, making GO more chemically active. Also, these reactive 

oxygen functional groups can interact with other molecules, broadening the 

applications of graphene materials [68]. 

For comparison, a table below summarises the properties of graphene and GO, 

as shown in Table 2-1. 

2.1.2.3 Applications of GO 

Since GO is the precursor for the synthesis of graphene through reduction 

methods, it has potential for use in all the applications of graphene that have 

previously been mentioned in Section 2.1.1.4 (FETs, sensors optoelectronic 

devices and energy storage devices).  

Moreover, GO can be seen as a kind of functionalised graphene material with 

oxygen functional groups decorated on the basal plane, which modify the 

electronic structure and properties of GO, and further broaden its applications 

[55, 68]. Some literature reviews have summarised the applications of GO [69-

71]. Except for those applications mentioned above, other applications such as 

catalysts, biomaterials, drug delivery, and membranes have also been widely 

studied using GO as, at least one of, the components [72]. 

With plentiful types of applications of GO, it is impossible to cover all of them in 

detail within this section. Thus, only some of the applications described in 

Section 2.2.1 are described in more detail.  
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Table 2-1 Comparison between properties graphene and GO 

 Graphene GO 

  Results Ref.  Results Ref. 

Mechanical 

properties 

Young’s modules 1050 GPa 
[27] 

Young’s modulus 207.6 ± 23.4 GPa 
[57] 

Poisson ratio 0.186 pre-stress 76.8 ± 19.9 MPa 

Young’s modules 1000 ± 100 GPa 
[28] 

Young’s modulus 695 ± 53 GPa 

[58] 
Intrinsic stress 130 ± 10 GPa 

Young’s modulus 697 ± 15 GPa elastic modulus 250 GPa [29] 

Young’s modulus 500 GPa [31] 

Thermal 

property 
Thermal conductivity 

(5.30 ± 0.48) × 103 

W/mK 
[32] 

Thermal conductivity 

72 W/(mK) 

(oxygen degree 0.35) 
[61][62] 

~600 W/mK [33] 
670 W/(mK) 

(oxygen degree 0.05) 

Electrical 

/electronic 

properties 

Carrier mobility 200 000 cm2/Vs [35] Hole mobility (in air) 0.25 cm2/Vs 

[73] 

Electron mobility (number 

of carbons along the edge 

N=3k) 

~ 106 cm2/Vs 

[74] Hole mobility (in vacuum) 0.59 cm2/Vs 

Hole mobility (number of 

carbons along the edge 

N=3k) 

~ 104 cm2/Vs 

Electron mobility (number 

of carbons along the edge 

N=3k±1) 

~ 104 cm2/Vs 

Hole mobility (number of 4-8 × 105 cm2/Vs  
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carbons along the edge 

N=3k±1) 

Sheet resistance 100 Ω/sq [75] Sheet resistance 276–2024 Ω/sq [67] 

Chemical 

properties 
Chemical stability stable   Chemical stability active  
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2.2. Potential Applications and Challenges 

As introduced in Section 2.1, the unique properties of graphene and GO enable 

this type of carbon material to have potential for various applications. However, 

it is also a practical issue that, in many cases, graphene and GO cannot be 

directly used without modifications. Thus, in this section, some of the 

applications and the functionalisations approaches of graphene materials are 

introduced. 

2.2.1 Potential Applications 

2.2.1.1 Transparent conductive films 

Transparent Conductive films (TCFs) as electrodes are fundamental 

components for several electronic and optoelectronic devices, such as FETs, 

organic light-emitting diode (OLEDs), and solar cells. Conventionally, the mostly 

used TCFs are made of ITO and FTO films, but these materials are expensive 

due to the precious elements they contained. Graphene has been promoted as 

a future substitute for ITO and FTO based on its high conductivity and high 

transparency. 

Bae et al. reported a roll-to-roll production approach of graphene sheets in large 

scales of 30 inches, followed by transfer to polyethylene terephthalate 

substrates as transparent electrodes, which could then be fabricated into a four-

wire touch-screen panel [76]. The sheet resistance of the stacked layers of the 

graphene film were as low as 125 Ω/sq with a transmittance of 97.4%, with the 
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properties to be further improved after doping. 

Han et al. also fabricated flexible OLEDs, in which the modified graphene was 

used as anodes [77]. The sheet resistance of the modified graphene-based 

anode decreased to approximately 30 Ω/sq, and showed higher current 

efficiency and luminous efficiency of both fluorescent and phosphorescent 

OLEDs than conventional ITO-based anode counterparts. 

Gomez De Arco et al. synthesised graphene films using a chemical vapour 

deposition (CVD) technique, which showed superiority to the ITO counterpart 

in terms of retaining the conductance following bending [78]. The organic 

photovoltaic cells fabricated based on this graphene electrode showed a sheet 

resistance of 3.5 kΩ/sq with a transparency of 89 %, and exhibited comparable 

performance to the ITO counterparts. 

2.2.1.2 Energy storage devices 

The huge consumption of, and high demand for, energy in the development of 

society calls for high-performance energy storage systems. Lithium-ion 

batteries and supercapacitors are two types of electrical energy storage devices 

that draw worldwide attention for their impressive abilities to store energy. 

(1). Lithium-ion batteries (LIBs) 

LIBs are advanced rechargeable batteries that feature with high energy density 

and nominal voltages. The mechanism of energy storage is based on the 

intercalation of lithium ions in the electrodes, and the schematic principle of a 
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LIB charging/discharging process is shown in Fig. 2-6 [79]. The anode material 

of LIBs is mainly graphite, whilst the cathode material is lithium-containing 

material, typical consisting of lithium cobalt oxide [80].   

Since graphite is still the most widely used material as the anode of LIBs for its 

high coulombic efficiency and high capacity to intercalate lithium ions, research 

for further improvements is always ongoing. Graphene as single layer, or few 

layers, of graphite is inevitably studied as an alternative anode material. Guo et 

al. synthesised graphene nanosheets from artificial graphite and measured the 

electrochemical properties in a three-electrode system using lithium sheets as 

reference and counter electrodes [48]. The results showed an enhancement of 

the electrochemical properties of the graphene-based electrodes, as the 

reversible capacity was almost twice that of the electrodes based on artificial 

graphite. 

As for the cathode material of LIBs, the performances of typical materials such 

as LiCoO2, LiMnO2 and LiFePO4 are hindered by their poor electrical 

conductivity, and thus, graphene has also been explored as an additive for the 

cathode material for the purpose of improving the rate capability for a faster 

charging/discharging process [81, 82].  
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Fig. 2-6 Principle of lithium ion battery [79]. 

(2). Supercapacitors (SCs) 

SCs, also named electrochemical capacitors, have lower energy density than 

that of secondary batteries, but possess higher power density and longer cyclic 

stability [83]. According to the mechanism of energy storage, SCs can be 

divided into three categories: electric double-layer capacitors (EDLCs), pseudo-

capacitors, and hybrid SCs [84]. EDLCs store the electrical energy 

electrostatically by non-faradaic adsorption of charges at the 

electrode/electrolyte interface, while pseudo-capacitors rely on the faradic 

redox reaction. Hybrid SCs combine both EDLC and pseudo-capacitor 

mechanisms. These three types of SCs are shown in Fig. 2-7. 
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Fig. 2-7 Type of supercapacitors: EDLC, pseudo-capacitor and hybrid SC [85]. 

As for EDLCs, the material for the electrode is required to be electrically 

conductive, with a high specific surface area and chemical stability, so that more 

charges can be adsorbed and accumulated on the capacitor for a higher energy 

density. Graphene is a perfect candidate material for the requirements as the 

nominal carrier mobility exceeds 200,000 cm2/Vs [35] and the theoretical 

specific surface area reaches 2630 m2/g [86]. A significant amount of research 

has been carried out with a focus on the graphene-based SCs [87, 88]. For 

example, Yang et al. synthesised a porous graphene via hydrogen annealing, 

and the SC based on the synthesised graphene electrode showed outstanding 

electrochemical performance, with power densities of 41 kW/kg and energy 

densities of 148.75 Wh/kg [89]. 

In regard to pseudo-capacitors, transition metal oxides are popular electrode 

materials, such as ruthenium oxide (RuO2), and manganese dioxide (MnO2) for 

their high conductivity, as well as, their redox reaction capability [90]. 

Consequently, the composites of graphene materials with these transition metal 
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oxides have been explored to increase the capacity through the combination of 

both double electrical layer capacitance and pseudo-capacitance [91].  

2.2.1.3 Other applications 

In addition to the two major applications mentioned above, there are many other 

applications in which graphene materials have found potential as functional or 

smart materials, such as electromagnetic interference (EMI) shielding or 

microwave absorption (MA) materials, hydrogen storage materials, sensor 

materials, de-icing materials, etc. 

EMI shielding or MA materials are of wide applications in healthcare, electronic 

safety and national defence security, and graphene materials are competitive 

for their low density, high specific surface area, and high electrical conductivity. 

Li et al. fabricated graphene sheets/polyacrylate composites containing 

segregated graphene sheet architecture stacked within a polymer matrix, and 

measured excellent EMI shielding efficiency of around 66 dB over a frequency 

of 8.2-12.4 GHz when 6 wt% of graphene was added. This was attributed to the 

high electrical conductivity, ~190 S/m, with a low percolation threshold [92]. 

Zhang el al. synthesised a macroscopic 3D free-standing graphene foam which 

possessed an outstanding MA performance, across a wide frequency 

bandwidth of 60.5 GHz, covering 93.8 % of the entire bandwidth at 90 % of the 

compressing strain, with a specific MA of 2.2 × 105 dB cm2/g [93]. 

In regards to the applications for hydrogen storage, Kumar et al. reported 
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designing a nanohole-structured and palladium-embedded 3D porous 

graphene for hydrogen storage, with a maximum uptake of 5.4 wt% hydrogen 

[94]. The graphene functioned as a nanohole donor for the distribution of Pt 

nanoparticles and adherence of H atoms. 

In freezing environments, a light-weight de-icing coating is pursued for 

applications such as aerospace and cold climate situated wind turbines, to 

prevent the negative influence from ice accretion [95]. Graphene films, due to 

their incredible thermal, electrical and mechanical properties, as well as their 

light weight, have become an attractive candidate for electro-thermal heaters. 

Karim et al. designed highly conductive graphene-based glass fibre rovings with 

low electrical resistance of approximately 1.7 Ω/cm, which was found to be 

suitable for de-icing applications [96]. Additionally, the conductive layer of 

graphene embedded also has great potential to act as a protective layer against 

lightning strikes, as an alternative to metal materials, therefore reducing the 

weight and hence cost and power consumption [97]. 

In addition, graphene materials are also investigated as filler materials in 

reinforced composites to improve the mechanical performances due to their 

fantastic mechanical properties [98-102]. Song et al. reported the addition of 

graphene sheets in polypropylene latex as a nanofiller, and the yield strength 

and Young’s modules of the polymer matrix was found to increase by 

approximately 75 % and 74 %, respectively [103]. However, despite the 
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numerous studies already conducted, more work is needed to fully understand 

the mechanism of the improvement of mechanical properties of the graphene-

based reinforced composites [98, 100, 101].  

2.2.2 Reduction of GO and Functionalisation of Graphene 

Materials 

Given the fact that graphene materials have great potential in various 

applications, the reduction of GO and functionalisation of the graphene 

materials is critical in practical use for better performance in specific 

applications. Mainly, the functionalisation of graphene materials can be divided 

into the heteroatom doping and hybridisation with other materials. In this section, 

nitrogen doping as the major type of heteroatom doping, and the metal/metal 

oxides as one of the typical types of material hybrids with graphene materials, 

are introduced. 

2.2.2.1 Reduction of GO 

Due to the oxygen functional groups decorated on the graphitic basal plane, the 

properties of the graphene materials are heavily affected, such as GO being an 

electrical insulator, while graphene is a super-conductor. To restore the 

properties of graphene, a reduction process is carried out on GOs [104]. 

However, it should be noted that regardless of how the reduction reaction is 

carried out, the oxygen functional groups can never be fully eliminated, and 

thus, the final production after reduction treatment is denoted as reduced GO 
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(rGO) to distinguish it from the pristine graphene. Mostly, the C/O ratio of GO 

falls into the range of 2:1 and 4:1, while the ratio typically increases to around 

12:1 for rGO, or even higher, depending on the methods and degree of the 

reduction process [9, 105]. There are various methods developed to reduce GO, 

with the main approaches being thermal annealing and chemical reactions 

using reduction agents [106]. 

(1). Thermal annealing reduction 

GO reduction, using thermal annealing method, is usually conducted in vacuum 

[107], or in inert gas such as argon [108], or in reducing gases such as hydrogen 

[109]. The reduction degree is mainly influenced by thermal annealing 

temperature, as the removal of the different types of oxygen functional groups 

starts at different temperatures [110], and expectedly, higher annealing 

temperature result in further reduction of GO, with higher C/O ratio, and hence 

higher electrical conductivity. According to relevant studies, the reduction starts 

in the region of 100 ℃, [110] but temperatures exceeding 1000 ℃ are required 

for maximum oxygen reduction [111]. According to a study by Sengupta, the 

optimal thermal annealing temperature is found at approximately 350 ℃, at 

which the highest carbon content and the minimum defects were achieved [112]. 

The mechanism of this method relies on the control of thermal radiation that 

cuts off the bonding between carbon basal plane and oxygen functional groups. 

Zhao et al. investigated the temperature effect ranging from 150 to 900 ℃ on 
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the properties and super-capacitive performance of thermally-reduced rGO 

[113]. The rGO exhibited the highest Brunauer–Emmett–Teller surface area and 

electrical conductivity at a temperature of 500 ℃, but they both were found to 

decrease at higher temperatures, likely resulting from the overlap and 

coalescence of graphene sheets and smaller dimensions of graphene. 

However, the highest specific capacitance was achieved at a temperature of 

only 200 ℃. This is due to the oxygen functional groups, though negatively 

influencing the electrical conductivity, acting as channels for ions to move into 

internal surfaces, and to increase the pseudo-capacitance by redox reaction 

during the charging/discharging process. Based on these results, it should be 

noted that for specific applications of graphene materials, there are both 

advantages and limitations for the oxygen functional groups, and the optimal 

degree of reduction should be determined following experimental trials, as it is 

not always the case that maximum reduction degree gives the most desirable 

outcomes. 

Thermal annealing methods are commonly used in GO reduction due to their 

simplicity in operation and for not requiring harmful chemicals. However, this 

method is restricted in cases where GO is deposited on temperature-sensitive 

substrates. Moreover, high-temperature thermal annealing is energy-

consuming, which also results in higher costs.  
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(2). Chemical reaction using reducing agents  

GO reduction using chemical agents is advantageous due to the mild conditions 

of room temperature, or low temperature heating, and large-scale production. 

The commonly used reagents in GO reduction are hydrazine [114, 115], sodium 

borohydride [116, 117], and hydroiodic acid [118, 119]. 

Stankovich et al. measured the conductivity of rGO following reduction using 

hydrazine hydrate, which is about 5 orders of magnitude higher than that of GO 

[120]. Also, Park et al. analysed the structure of rGO after hydrazine reduction, 

and found the removal of epoxy and hydroxyl groups, as well as the restoration 

of the basal plane, and the insertion of aromatic nitrogen moieties in a five-

membered ring at the edges [121]. 

Guex et al. explored the effect of reduction time using 300 mM sodium 

borohydride at 80 ℃, and found the reduction rate was initially fast, with the 

C/O ratio increasing from 2:1 to around 6:1 in about 1 h, but then remaining in 

the range of 6:1 and 7:1 at longer reaction times. The highest conductivity was 

achieved after reduction for 1440 minutes, which reached to around 1500 S/m 

[122].  

Pei et al. compared the reduction effect of hydroiodic acid with hydrazine and 

sodium borohydride on GO films, and found that hydroiodic acid can not only 

remove the oxygen functional groups and restore the defects of the carbon 

structure, but also maintain the flexibility and integrity of GO films, whereas GO 
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films broke up after sodium borohydride reduction or were distorted and rigid 

after hydrazine vapour reduction [123]. 

However, it should be noted that the reducing agents mentioned above are 

known to be dangerous and harmful to the operators. Ascorbic acid, as a mild 

reducing agent, has attracted attention for its non-toxicity, and is a potential 

substitute for the strong reducing agents [124, 125]. Fernández-Merino et al. 

compared several reducing agents, and found that the highest electrical 

conductivity of GO reduced using ascorbic acid reached 7700 S/m when the 

reductant concentration was 2 mM, which is comparable to the GO reduced by 

hydrazine [126]. Gasnier et al. prepared graphene paste electrodes using 

ascorbic acid-reduced graphene composited with graphite and mineral oil, 

which was successfully applied for sensing ascorbic acid and determining the 

quantity of NADH in the presence of ascorbic acid [6]. 

(3). Other methods 

Except for thermal annealing and chemical reaction using reducing agents, 

there are many other methods that have been investigated for the reduction of 

GO, such as microwave irradiation, photo reduction, electrochemical reaction, 

and plasma reduction. 

GO reduction via microwave irradiation is hypothesised to result from the rapid 

heating caused by microwave irradiation and is advantageous for its mild 

environment and short processing time [127]. Voiry et al. applied microwaves 
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of 1 to 2 second pulses to reduce GO, and before applying, the GO was first 

slightly reduced via thermal annealing to increase the conductivity for higher 

absorption of microwave [128]. The rGO obtained exhibited excellent transport 

properties for FETs, with high mobility values over 1000 cm2/Vs, and 

demonstrated potential as a catalyst support in oxygen evolution reactions. 

Photo reduction has been explored as an environmentally friendly and ultrafast 

method for GO reduction at ambient conditions, and various photo source have 

been investigated, such as flash light, and femtosecond laser pulses or other 

ultraviolet irradiation [129-131].  

In regards to electrochemical reduction, the GO can either be in suspension as 

a component of electrolyte, or deposited on electrodes before the 

electrochemical reaction [132]. In both approaches, the final production of rGO 

can be formed on the substrate (the electrode), which is convenient for direct 

usage. Furthermore, this method is superior for its low cost, fast speed, zero 

hazardous chemicals involvement, and controllability. Electrochemical 

reduction process can be conducted in cyclic voltammetry, linear sweep 

voltammetry, or a constant potential mode. Lindfors et al. applied an 

electrochemical method to reduce poly(3,4-ethylenedioxythiophene)-GO 

composite films, the redox capacitance of which increased, showing potential 

for electrochemical devices [133]. 

In addition, plasma reduction of GO is introduced in detail in Section 2.3. 
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2.2.2.2 Nitrogen doping of graphene materials 

Chemical doping can be described as a covalent functionalisation of graphene 

materials that can, not only tune their Fermi level, but also open their bandgap, 

and hence, modulate the electronic properties of graphene [134, 135]. One of 

the common chemical doping methods is substitutional doping with one or more 

hetero atoms, such as boron, nitrogen, phosphorus, sulphur and halogen 

elements (e.g., chlorine). Among these, nitrogen is the most common dopant, 

due to its similar atomic size with carbon and strong valence bonding with 

carbon [7]. Thus, this section focuses on nitrogen-doped (N-doped) graphene. 

N-doped graphene is mainly in three configurations: pyridinic N, pyrrolic N and 

graphitic N (also commonly referred to as quaternary N in the literature) [7], 

which are shown in Fig. 2-8 [136]. Pyridinic N is a nitrogen atom that connects 

with two carbon atoms at edges or vacancy defects in sp2 hybridisation, forming 

two σ-bonds, and contributes one electron to the π bonding, leaving two 

electrons as a lone pair. Pyrrolic N also represents the nitrogen atom at the 

edges or defects, but with bonding with two other carbon atoms in sp3 

hybridisation, and thus a five-membered ring is formed with two electrons 

offered to the π bonding. Graphitic N consists of nitrogen atoms that are 

substituted for carbon atoms in the basal plane, and thus connects with three 

carbons in sp2 hybridisation, forming three σ bonds, with the other two electrons 

devoted to π and π* bonds. 
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Fig. 2-8 Schematic bonding configurations of N-doped graphene. The blue, red, 

green, and yellow spheres represent the C, “graphitic” N, “pyridinic” N, and “pyrrolic” 

N atoms in the N-doped graphene, respectively [137]. 

These different configurations of nitrogen doping have different effects in tuning 

the electric properties on the N-doped graphene. Studies [138, 139] have found 

that the pyridinic N are electron acceptors from graphene due to the adjacent 

vacancy defects, showing lower binding energy of DOSs (Dirac point shifts 

towards lower binding energy) as p-type characteristics, as well as increased 

work functions. On the contrary, graphitic N donates electrons, resulting in the 

Dirac point shifting to higher binding energies of n-type doping and an increase 

in charge density. The opposite doping behaviours of pyridinic N and graphitic 

N may weaken their integrated modulation effects when the two configurations 

co-exist, as the DOS versus energy for N-doped graphene with different 

configurations shown in Fig. 2-9 [139]. Pyrrolic N is mainly considered as p-type 

doping[140, 141], but is possibly due to two adjacent pyridinic N [142]. However, 

it is believed that graphitic N is the only one of the three configurations that 
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contributes to increasing the electrical conductivity of graphene. 

 

Fig. 2-9 Total DOS versus energy for N-graphene with different concentrations of 

pyridinic and graphitic N. NP refers to pyridinic N and NG is the graphitic N. The solid 

zigzag line shows the positions of the Dirac point, which was determined by shifting 

the pure graphene DOS (dashed lines) in energy scale to fit the DOS of each 

calculated system [139]. 

1. Applications 

Since the electronic properties can be tuned by nitrogen doping, N-doped 

graphene has potential to improve the performances of graphene materials in 

applications, such as FETs, LIBs, SCs, electrocatalysts of oxygen reduction 

reaction (ORR) for fuel cells, and electrochemical sensors.  

(1). Field effect transistors (FETs) 

As mentioned above in Section 2.1.1.4, the band gap opening of graphene is 
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needed for the usage of FETs. Studies have shown an obvious band gap in N-

doped graphene, which can still maintain most of the superior carrier mobility 

and electrical conductivity of the undoped graphene. Li et al. prepared N-doped 

GO through irradiation in ammonia gas atmosphere and fabricated n-type 

graphene FET based on the N-doped GO, whose Dirac point was around -8 V 

and electron mobility was about 7.08 cm2/Vs [143]. In the study of Chang et al., 

the FET based on N-doped graphene nanoplatelets synthesised using a wet-

chemical reaction, followed by thermal annealing, exhibited hole and electron 

mobilities of up to 11.5 and 12.4 cm2/Vs with Dirac point shifted to -16 V [144]. 

(2). Lithium-ion batteries (LIBs) 

N-doped graphene, compared to pristine graphene, has an increased capacity, 

especially at high charge/discharge rates [145]. Wu et al. fabricated a LIB based 

on N-doped graphene, and the capacities at both slow and fast charge rates 

(1043 mAh/g at charge rate of 50 mA/g and ~199 mAh/g at 25 A/g) were higher 

than those of pristine graphene-based equivalents. According to their analysis, 

the increased capacities of N-doped graphene were attributed to higher 

electrical conductivity and electrochemical activity, thermal stability, defects 

formed with the doping that store Li, better wettability for ion diffusion, and the 

preserved basic properties of graphene [146]. Wang et al. prepared a N-doped 

holey graphene monolith with a volumetric capacity of 1052 mAh/cm3 and a 

long cycle lifespan of over 1200 cycles that are superior to all other previously 

reported Si-based and carbon/sulphur hybrid electrodes [147].  
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(3). Supercapacitors (SCs) 

As to SCs, the N-doped graphene also shows an improvement in capacity, and 

studies believed that the mechanisms differ according to the nitrogen 

configurations. Mainly, pyridinic N and pyrrolic N enhance the pseudo-

capacitance while graphitic N increases the electrical conductivity [148, 149]. 

Additionally, the protruding nitrogen in the graphitic structure also facilitates 

increased accumulation of charges on the electrodes, and prevents the 

stacking of graphene layers, enhancing super-capacitive performances. Sahu 

et al. synthesised a N-doped graphene with a high nitrogen content of 15 % 

from a non-mulberry silk cocoon membrane, which exhibited a high specific 

capacitance of 631 F/g from CV experiments [150]. Balaji et al. also fabricated 

N-doped graphene-based SCs synthesised via supercritical fluid assisted 

processing using dimethyl glyoxime, which showed a specific capacitance of 

286 F/g from galvanostatic charge-discharge tests at a current density of 0.5 

A/g in aqueous 1 M H2SO4 electrolyte media [151].  Currently, there is still 

significant research being conducted on N-doped graphene synthesised 

through various processes for SCs applications [152, 153]. 

(4). Electrocatalysts of oxygen reduction reaction (ORR) for fuel cells 

Widespread research has been dedicated to examining N-doped graphene for 

the application of electrocatalysts for ORR activities as an attractive alternative 

to conventionally used platinum [154-156]. This is largely due to the nitrogen 

doping opening the band gap of graphene, and the doped nitrogen atoms, as 
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well as the defects induced with the doping, which affect the electronic structure 

(electron density and spin density), acting as active sites for reactions. This is 

also explained by the higher electronegativity of nitrogen atoms inducing more 

electrons when modifying the electronic structure. However, details of how the 

three different bonding configurations affect the electrocatalytic properties are 

still not fully understood, as inconsistent results have been found in different 

studies [157]. Many studies believe that graphitic nitrogen is the dominant factor 

contributing to the improved performance [158], however, the other bonding 

configurations, such as the pyridinic nitrogen, may also influence the properties. 

It is worth noting that it is not always the case that the addition of more nitrogen 

will improve the performance [159]. 

(5). Sensors 

The nitrogen doping of graphene has the effect of increasing sensitivity for 

detecting molecules, this is due to improved electron transfer ability and 

electrocatalytic properties, which allows for N-doped graphene to be 

considered for applications as electrochemical sensors. Studies have found it 

effective in detecting various materials, examples of which include, but are not 

limited to, biomaterials such as ascorbic acid, dopamine, uric acid [160], 

dangerous chemicals such as Bisphenol A [161], molecules such as 

Rhodamine B [162], and pH [163]. 
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2. Synthesis methods 

Methods of N-doped graphene synthesis can be divided into two categories: in-

situ growth and post-treatment. CVD technique is the most common approach 

to in-situ growth of N-doped graphene [164, 165]. Additionaly, segregation 

growth [166, 167], solvothermal [168, 169] and arc discharge [170, 171] 

approaches can also been utilised to synthesise N-doped graphene directly. 

Post-treatment on graphene materials is usually conducted by: hydrothermal 

chemical reactions [172, 173], thermal annealing [174, 175], and plasma 

treatment. 

(1). CVD synthesis 

CVD synthesis of N-doped graphene is comparable to pristine graphene, with 

the only difference being that nitrogen-containing precursors are added as a 

nitrogen source. Wei et al. reported being the first to experimentally synthesise 

N-doped graphene using a CVD technique [137]. It was conducted by heating 

the substrate rapidly with a copper film on it as a catalyst, and ammonia was 

simultaneously added with methane as the nitrogen and carbon sources, 

respectively. Other than the commonly used gas mixture of methane and 

ammonia, other carbon and nitrogen sources can also be used in CVD 

synthesis of N-doped graphene. Cui et al. applied ethanal and methylamine in 

CVD to synthesise N-doped graphene, which is found to predominantly contain 

graphitic N, and shows even lower sheet resistance than CVD-synthesised 

pristine graphene [176]. Also, Shinde et al. managed to synthesise N-doped 



42 
 

graphene via atmospheric pressure CVD using camphor and melamine as a 

solid type of carbon and nitrogen sources [177].  

(2). Hydrothermal synthesis 

Hydrothermal synthesis are mainly carried out using GO aqueous dispersion 

and chemicals containing nitrogen, such as ammonia [178, 179], organic amine 

[180, 181], and urea [173, 182], at an elevated temperature in the range of 100-

200 ℃ for a duration of several hours. GO is selected as the precursor of N-

doped graphene for its hydrophilicity. During the hydrothermal process, 

chemical reactions occur between GO and nitrogen-containing chemicals, 

which result in both GO reduction and nitrogen doping. Zhang et al. compared 

the reduction and doping effects, as well as the super-capacitive performances 

based on the N-doped graphene/cobalt oxide composites using urea, ammonia 

and hydrazine hydrate as different reducing agents and nitrogen sources in 

hydrothermal reactions [183]. Results showed the approaches using urea 

exhibited the best super-capacitive performances, which may be attributed to 

its superior reduction degree and the resulting nitrogen configuration type. 

(3). Thermal annealing approach 

Similar to hydrothermal synthesis, thermal annealing synthesis of N-doped 

graphene is also realised via chemical reactions between graphene materials 

and nitrogen-containing chemicals but they are both in solid phase [175]. Mostly, 

graphene or GO is mixed with melamine or urea and thermal annealed at a high 
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temperature in the range of 350-800 ℃ [184, 185]. Compared to hydrothermal 

synthesis, the thermal annealing is conducted at much higher temperatures but 

for shorter durations of about 1 h or less. Li et al. synthesised N-doped 

graphene using GO and urea, and then investigated the effects of nitrogen 

precursors using other nitrogen-containing chemicals (cyanamide, melamine, 

ammonium nitrite and ammonium chloride). The comparison results showed 

that the urea treated samples contained the highest nitrogen content (18.7%) 

with the lowest oxygen levels (4.9%), and exhibited the best catalytic oxidation 

activity [186]. 

As to all the methods mentioned above, CVD synthesis, as an in-situ synthesis 

method, is limited for its low productivity, while post-treatments involve 

chemicals waste throughout the process, hydrothermal synthesis requires long 

durations, and high temperatures are required in thermal annealing synthesis. 

Plasma treatment, as another post-treatment method, has the potential to 

overcomes some of these drawbacks. The details of synthesising N-doped 

graphene via plasma treatment are specially introduced in Section 2.3.3.2. 

2.2.2.3 Hybrids with metal/metal oxide nanomaterials 

Functionalisation of graphene materials through being combined with other 

nanoparticles, especially transition metal or metal oxide nanoparticles, and 

forming into a graphene-based composites, is another approach to broadening 

their applications due to the synergetic effects in property improvements as well 

as hindering aggregation of the nanomaterials [12, 187]. Due to the wide variety 
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of the metal and metal oxide nanoparticles, the hybrids of graphene materials 

and metal/metal oxide nanoparticles were applied in many fields, such as 

energy storage and conversion, catalysis, sensing, and biological applications, 

and each of the applications has their preferred metal/metal oxides types. 

However, given the wide variety of the metal/metal oxide types of the 

composites, it is hard to fully cover all the types of composites for all the 

applications in detail here, and a certain type of graphene-based composites is 

not limited in only one kind of applications. Based on this consideration, herein, 

this section only focuses on the relevant research progress of hybrids of 

graphene and metal/metal oxide nanoparticles applied on SCs as an example 

for the introduction of their applications, as the corresponding properties and 

super-capacitive performances of the samples were evaluated in this thesis. 

Readers who are interested in more of the applications of the graphene-based 

composites can refer to an review article [12], and some more applications are 

also exemplified in Section 5.4. 

1. Application of SCs 

As to SCs, transition metal oxides are mainly selected to composited with 

graphene materials, such as ruthenium oxides, manganese oxides, iron oxides, 

nickel oxides, molybdenum oxides, and cobalt oxides [91]. These transition 

metal oxides are electrochemically active on their own, suitable as SCs 

electrode materials for increasing pseudo-capacitance, and can prevent the 

stacking of graphene sheets, ensuring the high specific surface area of 
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graphene materials. In return, graphene with high electrical conductivity 

overcomes the poor electrical properties of the metal oxides, and acts as 

barriers to prevent the aggregation of metal oxide nanoparticles. 

Ruthenium oxide (RuO2) is of good super-capacitance due to its electrical 

conductivity and electrochemical reversibility, and graphene- RuO2 composites 

can further enhance the performance of SC applications [188]. Soin et al. 

sputtered nanocrystalline RuO2 on few-layer graphene, and due to the 

synergetic effect between graphene and RuO2, the specific capacitance of the 

hybrids reached about 650 F/g, twice as much as that of RuO2 alone [189]. 

Manganese oxide (MnO2), an abundant material in nature with environmental 

friendliness, shows potential as electrode material for SCs but is restricted for 

its poor electrical conductivity. Graphene-MnO2 composites avoid the 

drawbacks of the individual component in the application, as MnO2 

nanoparticles reduce the diffusion length of alkali metal cations in the 

electrolytes for a rapid intercalation via chemical reactions, and graphene 

provides extra rapid electron transfer channels for the reaction to occur, in 

addition to their own contributions to the double-layer capacitance [190]. Singu 

et al. produced hybrids of graphene and MnO2 in a one-pot hydrothermal 

chemical reaction method using GO solution with MnCl2 in NH3 solution, which 

exhibited an excellent super-capacitive performance as energy and power 

densities reached 23.3 Wh/kg and 2001 W/kg, respectively, with a capacitance 
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of 398.8 F/g, due to the synergetic effects of the graphene and MnO2 [191]. 

Analogous with MnO2, iron oxides (both Fe3O4 and Fe2O3) are also appealing 

as components in graphene-based SC electrodes for their low cost and non-

toxicity. Shi et al. synthesised hybrids of rGO sheets and Fe3O4 nanoparticles 

and deposited them on carbon papers as SC electrodes. With an optimised 

ratio of Fe3O4 and rGO, better super-capacitive performances were achieved, 

compared to the pure Fe3O4 or rGO ones [192]. Ma et al. also fabricated a SC 

electrode using N-doped graphene with Fe2O3 nanoparticles, and the specific 

capacitance increased to 267 F/g at a current density of 0.5 A/g [193]. 

Apart from the metal oxides, pure noble metal nanoparticle hybridisation with 

graphene materials have also been studied as SC electrode materials, such as 

silver, gold, palladium and platinum, etc. These noble metals, although being 

expensive, can be additives in composites for SC electrodes due to their high 

electrical conductivity. The pseudo-capacitance can therefore be improved as 

rapid and effective electrons transport in reduction and oxidation reactions are 

promoted [194]. 

Silver is the noble metal with the highest electrical conductivity. When 

compositing with graphene materials, the supercapacitors fabricated using the 

graphene/silver hybrids show an improved performance, as confirmed by 

numerous studies [195-201]. Khamlich et al. used a microwave-assisted 

method to grow silver nanoparticles on graphene networks, and the 
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nanocomposites were applied as SC electrodes [199]. The nanomaterials 

showed a better super-capacitive performance in comparison with that of 

graphene alone, as the specific capacitance reached 528 F/g. Jiao et al. added 

silver in the composites of graphene and polyaniline, and evaluated the super-

capacitive performance of the ternary composite on filter paper, and a specific 

capacitance of 437.3 F/g was achieved, with energy and power densities of 

1133.5Wh/kg and 88.8 kW/kg, respectively [201]. 

Similarly, gold incorporated in graphene materials as SC electrodes can also 

enhance the super-capacitive performances [202-205]. Sahoo et al. prepared 

a nano-gold decorated rGO wrapped polymethyl methacrylate nanohybrids and 

investigated the super-capacitive performances of a symmetric cell based on 

the nanohybrids [204]. The addition of gold in the nanohybrids greatly increased 

the energy density to 29.46 Wh/kg at a power density of 235 W/kg, and 19.20 

Wh/kg at the power density of 598 W/kg, resulting from the synergetic effect of 

rGO and gold, due to the high electrical conductivity of gold that improves the 

overall electrical conductivity of the hybrids and facilitates the adsorption of 

electrolyte. Bahar et al. synthesised hollow porous gold nanoparticle decorated 

rGO nanocomposites via chemical method using hydroquinone as the reducing 

agent [205]. The improvement of adding gold in rGO was confirmed, and the 

effect of gold nanoparticle size was also investigated by adjusting the 

concentration of hydroquinone. The results demonstrated that decreasing the 

particle size contributed to a higher specific capacitance, which may be 
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attributed to an increase of particle number or density. 

Palladium nanoparticles integrated with graphene materials are mainly applied 

in applications of catalysis and sensing, but in recent years studies on 

graphene-palladium composites were also carried out for the applications of 

SCs [206-209]. Dar et al. combined palladium nanoparticles and graphene 

nanosheets together via chemical reactions from palladium chloride and GO, 

and at a current density of 1.25 A/g, the specific capacitance, energy density 

and power density increased to 637 F/g, 56 Wh/kg and 1166 W/kg, respectively, 

compared to pure graphene nanosheets [206]. Kalambate et al. evaluated the 

performance of a SC based on a ternary composite containing N-doped 

graphene, palladium nanoparticles and porous polyaniline [209], and the 

incorporation of palladium nanoparticles contributed to the enhanced specific 

capacitance to 931 F/g due to its high electrical conductivity. 

Platinum and graphene hybrids are mainly explored for applications of 

electrocatalysis due to the high catalytic properties [210], but also show 

potential for application as SCs [211-215]. Zhang et al. decorated platinum 

nanoparticles on graphene and explored the performance of the hybrids as SC 

electrodes [212]. The specific capacitance of the Pt/rGO hybrids was enhanced 

to 154 F/g at a current density of 0.1 A/g, with a much better capacity retention 

compared to rGO. Comparable with the other noble metals mentioned above, 

the improvement of the performance is deduced from being an intercalator to 
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increase the interlayer spacing for larger surface area and a bridge for electron 

transportation at defects, given the high electrical conductivity of platinum. The 

uniform distribution of the platinum nanoparticles without agglomeration was 

also noted for an effective enhancement. Sha et al. also fabricated platinum 

nanoparticles decorated graphene-polyaniline composites, which exhibited a 

specific capacitance of 922.5 F/g at a current density of 1 A/g as SC electrodes, 

higher than that without platinum [215]. 

2. Synthesis approaches 

The synthesis of the graphene-based composites with metal/metal oxide 

nanoparticles are mainly carried out in two ways: ex-situ hybridisation and in-

situ reduction, as shown in Fig. 2-10 [12]. Ex-situ hybridisation describes the 

approach of preparing graphene materials and metal/metal oxide nanoparticles 

separately before mixing together. For a better compositing effect, modifications 

of both, or either, graphene materials and nanoparticles are needed [216-221]. 

This is a complicated and time-consuming technique, and thus in most cases, 

in-situ reduction is carried out instead. In-situ reduction is conducted through 

simultaneous reduction of the mixture of GO suspension with metal precursors 

(mostly metal salts) via various reduction methods, resulting in a one-pot 

synthesis. Many reduction methods have been applied for the preparation of 

graphene-based metal/metal oxide nanocomposites, such as chemical reaction, 

hydrothermal (solvothermal) reduction, and electrochemical reduction. 
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Fig. 2-10 Schematic illustration of the hybridising graphene and nanoparticles [12]. 

Still, due to extensive work having already been carried out on the methods for 

various graphene-metal/metal oxide hybrids, it is not realistic to fully cover all 

the research and studies within this review. Thus, iron oxides, and four typical 

noble metals (Ag, Au, Pd, and Pt) are taken as examined in more detail. 

Shen et al. synthesised magnetic nanocomposites of graphene and Fe3O4 in a 

one-pot solvothermal method using GO and iron acetylacetonate as raw 

materials in ethylene glycol. Hydrazine hydrate was added if GO reduction was 

needed [222]. For chemical reaction of preparing graphene/Fe3O4 composites, 

iron precursors of two valence states (Fe2+ and Fe3+), such as 

(NH4)2Fe(SO4)2·6H2O together with NH4Fe(SO4)2·12H2O, or FeCl3·6H2O plus 

FeCl2 · 4H2O, were applied slowly with ammonia solution under alkaline 
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conditions for precipitation of Fe3O4 on graphene [223-225]. If only Fe3+ solution 

was applied, Fe2O3 would then be composited [226]. Other iron salts such as 

FeSO4·7H2O [193], Fe(NO3)3·9H2O [227], can also be use as precursors. 

Additionally, Ghasemi et al. applied an electrophoretic approach to fabricate 

nanocomposites of Fe3O4 anchored on graphene sheets, with iron salts FeCl3 

and FeCl2 being used as the positively charged metal cations migrating and 

depositing with GO to the cathode [228].  

Similarly, for pure noble metal nanoparticles (Au, Ag, Pt and Pd), the protocol 

for hybridisation with graphene materials is the simultaneous reduction of the 

corresponding metal salts and GO. The main precursors for the four 

corresponding noble metals are chloroauric acid (HAuCl4) [229-234], silver 

nitrate (AgNO3) [235-238], chloroplatinic acid (H2PtCl6) [239-241] and palladium 

chloride (PdCl2) [242, 243], palladium acetate [Pd(OAc)2] [244, 245], or 

palladium nitrate [Pd(NO3)2] [246], respectively. The reducing agents and 

stabilising agents are hydrazine hydrate [247], sodium borohydride[248-251], 

sodium citrate [252-254], or ascorbic acid [255, 256]. The chemical reactions 

are carried out in alkaline solution by modifying the pH value with ammonia 

solution or sodium hydroxide. Other than direct chemical reduction, annealing 

approaches [257, 258], electrochemical [259-261] or electrodeposition methods 

[262-264], photochemical reduction [265-268, 246], reduction assisted by 

ultrasound irradiation [269], or microwave irradiation [270-275] with mild 

reducing agents such as ethylene glycol have all been applied for the synthesis 
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of graphene/metal hybrids [276]. Some examples are introduced below. 

Liu et al. coated graphene sheets on Cu or Zn foils via immersion and 

subsequent drying, and the graphene coated Cu or Zn foils were re-immersed 

into metal ion solutions (H2PtCl4, HAuCl4, H2PdCl4 and AgNO3) for a period of 

time [277]. These Cu or Zn substrates functioned as reducing agents and the 

noble metals (Pt, Au, Pd, and Ag) were reduced and distributed on graphene 

sheets homogeneously. The procedure is shown in Fig. 2-11. Giovanni et al. 

mixed GO solutions with noble metal salts via ultrasonication and then dried the 

solution in a vacuum oven, before thermal annealing in nitrogen or hydrogen at 

1000 ℃ to yield the noble metal doped graphene hybrid [278]. This process is 

shown in Fig. 2-12. 

 

Fig. 2-11 Schematic illustration for (a) preparing Cu foil-supported GS substrate, (b) 

charge redistribution on Cu foil-supported GS substrate, and (c) Pt nanoparticle 

deposition process [277]. 



53 
 

 

Fig. 2-12 The production route of noble metal doped-graphene hybrid materials [278]. 

Recently, Park et al. employed a galvanic reaction to deposit gold on graphene 

[279]. A reductant/graphene/oxidant sandwich structure was designed as AuCl4- 

was dropped on graphene previously formed on a germanium wafer or copper 

foil substrates, and the gold ion acted as the reductant, while the graphene 

substrate was the oxidant. Electrons could transfer across graphene, hence 

enabling the redox reaction to occur. Grag et al. explored the potential of 

peroxidase-like and carbocatalytic properties of GO in oxidising silver nitrate 

[280]. The peroxidase-like and carbocatalytic properties were triggered in the 

presence of H2O2, NH3 in Na2HPO4 or in deionised distilled water. The 

outcomes indicated successful conversion of AgNO3 to Ag nanoparticles with 

GO alone. Abdolhosseinzadeh et al. reported an ultraprecise photocatalytic 

method of a scalable synthesis for platinum/rGO composites, as partially 

reduced GO and H2PtCl6 were mixed with methanol as hole-scavengers and 

were then exposed to ultraviolet illumination for a specific time period, with the 

subsequent addition of ascorbic acid and heat treatment for 1 h at 90 ℃ [281]. 

Tang et al. synthesised a Pd precursor: Pd(bipyridine)(pyrene)2, whereby Pd 
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nanoparticles could be decorated on graphene without introducing defects, as 

graphene could establish π-π bonds with this Pd precursor when immersed in 

the precursor solution, and this Pd precursor reduced to Pd0 after annealing in 

H2/Ar at 300 ℃ for 40 min, therefor decorating graphene with Pd in a simple 

and cost-effectively approach. [282] 

Based on the introductions above, graphene materials functionalised via 

reducing, nitrogen doping and hybridising with metal/metal oxide nanoparticles 

can effectively broaden their potentials for various applications. Various 

methods have been explored and investigated in functionalising graphene 

materials. Among these, plasma treatment, as an effective technique in surface 

engineering, has been applied in GO reduction and nitrogen doping of 

graphene. Therefore, the section below gives a specific introduction on plasma 

technology and its relevant application in functionalisation of graphene 

materials. 

2.3. Plasma Technology 

2.3.1 Introduction of Plasma Physics 

2.3.1.1 Basic knowledge of plasma 

Plasma is a mixture of charged particles, active species and neutral atoms, and 

is therefore more than just ionised molecules. It is referred to as the fourth state 

of matter to distinguish from state of gas, whose basic constitution unit is 

molecular. Plasma is electrically conductive due to individual mobile charged 
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particles, but is yet neutral as a whole for equal ratio of positively and negatively 

charged particles. 

Plasma can be generated from heating gas to extremely high temperatures or 

by applying strong electromagnetic fields, so that some of the gas molecules 

are ionised into electrons, ions, protons, or disassociated into neutral radicals, 

with the unionised gas molecules and atoms being also found in excited states. 

The thermal method needs to be applied at an extremely high temperature for 

the ionisation, which results in extreme working conditions and high energy 

consumption. Thus, in most cases, electromagnetic fields are applied to 

generate plasma [283]. 

Due to the characteristics of plasma, it is fundamental to firstly understand 

electrical discharge, with DC glow discharge being one of the most common 

forms. 

2.3.1.2 Glow discharge 

When applying a voltage in a low-pressure tube to generate electrical discharge 

and the corresponding plasma, the current follows nonlinearly with the voltage, 

as shown in the curve in Fig. 2-13 [284]. According to the curve, there are mainly 

three regimes of electrical discharge: dark discharge, glow discharge, and arc 

discharge. This curve is introduced from left to right in detail as follows. 

Background ionisation regime (A-B). This section is mainly caused by ions and 

electrons from cosmic rays, so the current increase slowly at a slow rate with a 
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low voltage. 

Saturation regime (B-C). With the increase of voltage, all the electrons and ions 

from the background radiation are consumed to form the discharge, but no new 

electrons are created in-situ. 

Townsend regime (C-E). The applied voltage is large enough that secondary 

electrons gain sufficient energy to ionise neutral gases, and therefore 

molecules are ionised directly, increasing the current exponentially. Between D 

and E is unipolar corona discharge, where local electric field concentrations at 

sharp sites reaches the breakdown strength of the neutral gases. At point E, 

the voltage reaches the value where the electrical breakdown occurs.  

The three regimes above are categorised as dark discharge, due to being 

invisible to the eye (dark) except the individual corona discharges between D 

and E. When the electrical breakdown occurs, the plasma becomes visible, and 

the discharge regime comes into glow discharge. 

Normal glow (E-G). Due to the ionisation, charges building on the electrodes 

are dissipated, resulting in a reduction of voltage at first between E to F, with 

the voltage remaining stable with an increase of current from F to G when the 

plasma increasingly occupies the cathode until it fully covers the cathode at the 

saturation point at G. During this section, the current is independent from the 

voltage. If starting reversely from G, as current decreasing, the normal glow 
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follows the curve from G to F’ and to D, due to the hysteresis from the plasma 

being already ignited. 

Abnormal glow (G-H). The voltage increases with increasing current due to 

more charges building up at the cathode. It is worth noting that glow discharge 

plasma treatments are conducted within this region. 

Glow-to-arc transition (H-I). Incandescence is achieved in this section from the 

high current density on the cathode, with a drop of voltage and increase of 

current, as the glow discharge transforms into arc discharge. 

Non-thermal arc regime (I-J). The voltage continues to decrease with the 

increase of current, and the temperature of the electrons, ions and gases are 

unequal. 

Thermal arc regime (J-K). The voltage once again increases with the current, 

and the temperature of the electrons, ions and gases are almost equal, 

achieving a thermodynamic equilibrium state. 
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Fig. 2-13 Voltage-current characteristic of the DC low pressure electrical discharge 

tube [284]. 

When plasma is formed in the normal glow regime of low-pressure DC electrical 

discharge, it appears as a stratified phenomenon as shown in Fig. 2-14 [284], 

with characteristics axial profiles described below. The plasma between the 

cathode and anode can be divided into different zones, and in the sequence 

from cathode to anode, they are: Aston dark space, cathode glow, Crookes dark 

space, negative glow, Faraday dark space, positive column, anode glow, and 

anode dark space. 

Aston dark space. A very thin region next to the cathode with strong electrical 

field but low electron density or energy that cannot initiate gas excitation. 

Cathode glow. The region with high ion density, as atoms are sputtered off the 

cathode and ions excite more atoms, emitting luminescence. 
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Crookes dark space. Also named cathode dark space, is a region with high ion 

density but lower electrical field than the Aston dark space. 

These three spaces above belong to cathode region, as electrons accelerate 

and gain energy. 

Negative glow.  The region where gas ionisation and excitation occur, as 

electrons with the highest energy produce positively charged species and 

excitation events, hence lowering the local electrical field and emitting the 

brightest light in the discharge region. 

Faraday dark space. A region where the energy of electrons, the electron 

density and net charges reduce after the ionisation and excitation. 

Positive column. A quasi-neutral space with low electrical field only to maintain 

the ionisation at the cathode region. The glow in this zone is weak but uniform, 

and it stretches with the discharge tube given a constant pressure. 

Anode glow. A brighter zone than the positive column, as the boundary of anode 

sheath. 

Anode dark space. The anode sheath negatively charged due to electrons 

attracted. 
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Fig. 2-14 Axial variation of the characteristics of the normal glow discharge [284]. 

After plasma fully covers cathode, the increase of current requires further 

increase of voltage, and it comes into abnormal glow discharge. In this regime, 

the structure is almost the same as normal glow discharge, only except for 

being more luminous. 

2.3.1.3 Interactions between ions and material surface 

Plasma treatment in material processing is a technique which utilises plasma 

to achieve material surface engineering. Active species of plasma from different 
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processing gases have different treatment effects. During plasma treatment 

processing, these ionised particles and active species interact with the to-be-

treated material surface directly, or collide with each other and produce 

secondary, short-lived precursors needed for interactions with the surface, 

overcoming their internal energy, breaking bonds on the material surface to 

remove surface contamination or other unwanted components, and 

alternatively forming new bonds to modify the surface or grow a new layer or 

coating. 

The interaction effects of plasma treatment can be sputtering, heating, 

implantation, diffusion, cleaning, defect formation, etching, and chemical 

reaction acceleration [285]. For plasma sputtering, ions strike the target 

materials at the cathode, and the atoms from the target are then sputtered 

(dislodged) out and deposited on the workpiece held nearby. As to heating, the 

ion bombardment to the surface acts to transfer kinetic energy to the target, 

causing the temperature to increase. For implantation, the ions become 

embedded onto the surface during the bombardment, forming an implantation 

layer as a coating on the surface. Diffusion means that the substances from 

either the plasma or atoms deposited from sputtering travel through the surface 

of the heated workpiece. Cleaning, defects formation and etching are all caused 

by the ion bombardment to the cathode but with different degrees. Cleaning is 

the elimination of contaminants on the surface, such as the oil or oxidation 

layers, as these contamination on the surface are sputtered away; defects are 
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formed when some of the atoms from the surface material being sputtered out, 

leaving the crystalline structure with vacancies or dislocations; etching occurs 

when the atoms of the surface layer being sputtered out, leaving with an 

elimination of an area macroscopically. Chemical reaction acceleration 

represents the utilisation of plasma for an acceleration or promotion of a 

chemical reaction, stimulated by the active species present in the plasma.  

2.3.2 Categories of Plasma techniques 

There are a variety of plasma treatment categories, based on different 

characteristics of plasma [286]. According to operating pressure, there is low 

pressure plasma and atmospheric pressure plasma [287]; in terms of 

processing temperature, there is low temperature plasma and high temperature 

plasma; as to the thermodynamic state, plasma can be divided into equilibrium 

plasma and non-equilibrium plasma. Equilibrium plasma is also called thermal 

plasma, where the kinetic energy of the electrons are nearly the same as the 

ions and gases, while for non-equilibrium plasma, which is also named non-

thermal plasma or cold plasma, the kinetic energy of the electrons is much 

higher than that of the ions or gases [288]. Generally, plasma treatment is 

named after the energy supply type for the generation of plasma or the nature 

of discharge, for example, plasma generated using electron beam is called 

electron beam plasma [289, 290]. According to the frequency of electric power 

supply, plasma can be classified into DC plasma, radio-frequency (RF) plasma 
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(usually at 13.56 MHz), and microwave plasma (mainly at 2.45 GHz). Based on 

the discharge characteristics and form, there are corona discharge plasma, 

glow discharge plasma, arc discharge plasma, dielectric barrier discharge 

(DBD) plasma, and hollow cathode discharge (HCD) plasma. Apart from above, 

there are also two coupling types for the energy generating the plasma: 

inductive and capacitive coupling. All these different plasma categories make 

plasma treatment an intriguing technique in materials engineering [291, 292]. 

Therefore, this review selectively introduces some interesting types of plasma 

techniques and their unique structures below. 

2.3.2.1 DBD plasma 

DBD, short as barrier discharge, or named silent discharge, features its 

configuration with one or more insulators acting as the dielectric material 

between the discharge gap. Fig. 2-15 shows two basic configurations of DBD 

reactors [293]. Alternating voltage is applied so that displacement current can 

pass through the dielectric barrier, the amount of which is determined by the 

constant and thickness of the dielectric material, and the time derivative of the 

applied voltage. Very strong electric fields are required in the discharge gap to 

enable the current to pass through the barrier, as electrical breakdown typically 

occurs in gases. When the pressure is in the range of 105 Pa, numerous micro-

discharges can be observed [294]. The dielectric works as a ballast to limit the 

average current density in the gas and ensures that the micro-discharges are 

distributed evenly. Due to the principles of discharge, DBD plasma belongs to 
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non-thermal and atmospheric pressure plasma. It is advantageous, compared 

to other conventional plasma techniques, because of a higher efficiency and a 

lower energy consumption. It does not require a vacuum system, and the 

temperature during its use remains at room temperature, and therefore, it is 

suitable for temperature-restricted working environments and materials. DBD 

plasma technique has been applied in industry for large-scale treatment due to 

its simple configuration. 

 

Fig. 2-15 Configurations of dielectric barrier discharge (DBD) reactors, where 1 is the 

alternating current (AC) at high voltage; 2 is the electrode; 3 is the dielectric barriers; 

4 is the discharge zone; 5 is the discharge gap. (a) Planer DBD configuration; (b) 

Cylindrical DBD configuration [293]. 

2.3.2.2 Atmospheric pressure plasma jet (APPJ) 

APPJ is a unique technique in atmospheric pressure plasma that has attracted 

extensive research interest. After plasma generation, this technique ejects the 

plasma gases through a jet or nozzle via strong flow rates, usually inert gases 

such as He or Ar are used. This is a type of non-equilibrium plasma technique 

that does not require any vacuum system, so it is cost-effective, convenient and 

flexible. The first use of APPJ can be dated back to 1960s, and after many years 

of development, it has evolved into several different schemes and devices [295]. 
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Plasma source of APPJs can be DC, pulsed DC, alternating current, RF or 

microwave, and the configuration can vary from coaxially or rectangular 

geometries, as shown in Fig. 2-16. The use of the nozzle for the jet of the 

plasma limits its use for large-area processing, but using array of jets and 

scanning strategies can solve this problem [296]. Thus, APPJs have also found 

industrial use. This technique has been employed in a number of applications, 

including but not limited to surface modification, deposition of coatings and 

biomedical applications [297].  

 

Fig. 2-16 Cross sectional views of the basic geometries of coaxially (geometry 1–6) 

and rectangular (geometry 7) arranged plasma jets [295]. 
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2.3.2.3 HCD plasma 

HCD is a kind of discharge where the negative glow from nearby surfaces from 

overlapping regions (hollow cathodes), resulting in secondary electrons being 

trapped, and hence a dense plasma with high current density being produced. 

The hollow structure can be in a parallel plane, cylinder or other cavity-like 

shape. This phenomenon is referred as the hollow cathode effect [298]. In HCD 

plasma, the electron density and discharge current are high due to the large 

number of secondary electrons produced and maintained. Mechanisms explain 

that this is due to the pendulum effect of electrons with high energy in the 

discharge. These high-energy electrons are generated from the bombardment 

of, and photoemission from, the cathode surface or ionisation events following 

gas collisions, which are then accelerated due to the cathode sheath potential, 

and lead to the electrons passing through the negative glow region to the 

opposite cathode sheath, and are then reflected back, the trajectory of which is 

similar to a pendulum. With each pendulum trajectory, increasing the ionisation 

of neutral gases can occur. Moreover, a larger number of photons and excited 

neutral atoms enhance the electron emission, which also contributes to a higher 

local plasma current density. However, a different perspective developed, 

where it is the quasi-resonant generation of doubly-charged gas ions within the 

central negative glow region of the discharge that give rise to the hollow 

cathode effect [299]. Regardless of the fundamental mechanism involved, HCD 

plasma characteristically involves high current density plasma, and therefore, 
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is suitable for applications like thin film preparation. 

2.3.2.4 Active-screen plasma 

Active-screen plasma (ASP) is based on conventional DC plasma with a 

configuration modification that an active screen is applied on the cathode plate. 

The active screen is made of a mesh cage, that houses the workpiece that is 

positioned on an insulated worktable at a floating potential. The configuration 

of ASP is shown in Fig. 2-17(a,b) [300]. As shown in the diagram (Fig. 2-17(a,b)), 

the plasma is distributed around the cathode. In conventional DC plasma 

configuration, the samples are positioned on the cathode plate, and thus the 

samples themselves are cathode as well, so that the plasma directly functions 

on the samples. In comparison, samples are positioned on a plate at a floating 

potential housed in the active screen in ASP configuration, and thus only the 

active screen is the cathode, so that plasma is mainly distributed around the 

active screen without reaching the samples. Therefore, ASP is a type of remote 

plasma or post-plasma technique, as during the ASP process, positively 

charged ions are mainly attracted to and bombard to the active screen, whilst 

radicals are the predominant species that reach and interact with the workpiece, 

minimising the damage that may be caused by the ion bombardment. Also, 

sputtering occurs in ASP process, and metal nanoparticles from active screen 

are sputtered off and deposited on the sample, as shown in Fig. 2-17 (c). Due 

to the modification of the setup, ASP can avoid the formation of edge effects 

and hollow cathodes, resulting in more uniform and homogeneous treatments 
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[301]. The isolation of the workpiece from cathode also enables ASP to treat 

electrically non-conductive materials. 
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Fig. 2-17 Comparison of setup of (a) conventional DC plasma and (b) ASP [300] 

(modified with the addition of plasma distribution in purple). (c) Illustration of ASP 

process. 

ASP technique was originally intended for metal nitriding or carburising 

processes [15], to form nitrides or carbides, respectively on the alloys. Recently, 

ASP has also been applied to modify carbon materials [302]. Santiago et al. 

successfully doped nitrogen on carbon fibres using ASP [303], and via the 

addition of specific metal target plates on the active screen, different target 

metals could be deposited on carbon fibre surfaces, which has been shown to 

be beneficial for their application as SCs [16]. Based on this finding, Zelun et al. 

compared different metals (Ag, Pt, Pd) used in ASP treatment, and the 

performances of SCs based on the ASP-treated carbon fibres deposited with 

these different metals were found to vary, potentially due to the different sizes 

of the metal nanoparticles [17]. 
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2.3.3 Plasma Functionalisation on Graphene Materials 

2.3.3.1 Plasma reducing GO 

The first reported GO reduction using a plasma technique was by Navarro et 

al., in which GO samples were exposed to hydrogen plasma [304]. They applied 

two methods: a chemical approach using strong chemical reducing agent 

(hydrazine) and a plasma technique to reduce GO. The hydrogen plasma 

treatment lasted for only 5-10 s, which was much shorter than that of the 

hydrazine reduction process (24 h). The plasma treatment was conducted at 

room temperature, even lower than that of 80 ℃ used for hydrazine reduction. 

The degree of GO reduction using plasma, compared to the chemical method, 

was discovered to be superior. Since then, plasma has attracted attention and 

been explored for the reduction of GO. 

The first two studies specifically on GO reduction using plasma approaches 

were published almost simultaneously in 2010, by Baraket et al. and Lambert 

et al., respectively. In Baraket’s method, a uniform electron beam was 

generated using a -2 kV pulse applied in the linear hollow cathode, two 

grounded anodes (one with a slot for the electron beam to pass through, while 

the other one as the termination anode), with a 150 G magnetic field, to produce 

plasma. The schematic of the facility is shown in Fig. 2-18 [305]. This design 

produces plasma with low electron energies, thus low temperature and low 

potential, hence low kinetic energies and low density of ions impacting with 

sample surface, so that etching effect can be effectively avoided, which enabled 
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this process to be suitable for GO materials. Lambert et al. used aerosol-

through-plasma process to thermally exfoliate and reduce graphite oxide, in 

which plasma is generated by 900 W microwave [306]. The microwave 

atmospheric plasma torch system is shown in Fig. 2-19. Graphite oxide, which 

was vibrated and aerosolised in a carrier gas (Ar), was heated by plasma 

discharge (~2500 K) during the travel through the plasma discharge zone. The 

rGO produced by this plasma process showed a significantly lower oxygen 

content than that produced by chemical and thermal reduction methods. 

Following these studies, an increasing number of studies were dedicated to 

using various plasma techniques on GO reduction, such as RF plasma [307, 

308], DC plasma [309], DBD plasma [310, 311], and APPJ [296] for their 

advantages of low temperature, quick processing time, clean processing 

conditions, low energy consumption, and high efficiency, compared to 

conventional thermal or chemical reduction methods. 

         

Fig. 2-18 A schematic of the experimental apparatus used to reduce GO [305]. 
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Fig. 2-19 Schematic of the microwave atmospheric plasma torch system used to 

exfoliate and reduce GO into PRGO [306]. 

Various types of plasma techniques that have been used for GO reduction are 

displayed in Table 2-2, as well as their relevant process conditions, including 

gas type and flux, pressure, processing temperature, and exposure duration. 

Mostly, plasma technique should be applied in a vacuum atmosphere for the 

input of specific plasma gas and ionisation. However, vacuum systems are not 

readily suitable for large-scale industrial application. Thus, atmospheric 

pressure plasma techniques have been explored in the GO reduction. Kim et 

al. applied atmospheric pressure DBD plasma reactor to reduce GO, with the 

process lasting 4 h [310], and Bodik et al. reduced the process time down to 10 

s using diffuse coplanar surface barrier discharge (DCSBD) generated plasma 

at atmospheric pressure [311]. Losic et al. applied APPJs to generate arc 
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discharge plasma within atmospheric environments, and the scanning system 

managed it for a rapid, cost-effective and simple approach to treat GO films on 

a large scale, with few limitations on size and shape of samples and substrates 

[296]. Dey et al. combined APPJ with inkjet printing techniques to realise the 

simultaneous reduction and inkjet printing of GO. The plasma was generated 

in DBD configuration and interacted with aerosolised GO ink during the inkjet 

process, so that the GO ink deposited were reduced from carboxylic acid 

functionalities to phenol groups, and an extended plasma jet exposure further 

reduced GO in healing the graphitic structure [312]. For the general plasma 

reduction process, GO samples are in solid state either as powders or as dried 

films, but GO in liquid phase was also successfully reduced via plasma methods. 

In Chandana’s study, GO samples were dispersed in water and a plasma jet 

was used to generate the plasma [313]. The setup is shown in Fig. 2-20. AC 

voltage was applied to ignite the plasma between the stainless working 

electrode (6 mm) above the dispersion, and the ground electrode of a wire 

mesh, on which the reaction flask containing dispersed GO was placed. Ar 

plasma from the jet induced water to disassociate into energetic hydrogen and 

hydroxyl radicals, which were responsible for GO reduction in water. In the 

study by Yoshimura et al., etched tungsten needle point high-voltage electrodes 

and Pt sheet planar ground electrodes were both immersed in 

GO/aminopyridine isopropanol solution [314]. In this way, liquid plasma was 

directly generated as electron bombardment with isopropanol produced 
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hydrogen radicals and ions, removing oxygen functional groups in GO. The 

schematics of this plasma processing technique are shown in Fig. 2-21. The 

liquid plasma setup, compared to gaseous plasma, is advantageous not only 

for vacuum-free configuration, but also for reducing damage due to the milder 

reaction conditions, since no localised heating effects can arise that would 

damage the GO structure [313]. 

Typically, the gas for plasma GO reduction are mainly inert gases like Ar or He, 

H2, or mixtures of them, with some using CH4 as an additional gas, as shown 

in Table 2-2. For the mechanism of plasma reduction of GO, it is mainly believed 

that the flux of reactive species, such as energetic radicals and electrons within 

the plasma, impinge on the GO surface, interacting with the sp3 domain of the 

carbon structure where oxygen functional groups exist. The polar chemical 

bonds of C-O can be distorted and broken easily during the electron/ion 

bombardment during the process [315]. Through interactions, volatile products 

are produced and are removed from the GO surface, therefore removing 

oxygen functional groups, and achieving GO reduction [305]. In pure argon 

plasma, there are energetic electrons, active atomic argon radicals and reactive 

argon ions, and the physical electron/ion bombardment plays a key role in the 

removal of oxygen functional groups; in pure hydrogen plasma, there are 

electrons, protons (hydrogen ions), and atomic hydrogen radicals, as well as 

neutral hydrogen gas molecules, and the interactions between the plasma and 

the GO surfaces are dominated by the chemical reactions of hydrogen radicals 
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and neutral gas with GO, hence reducing GO [309]. The mixture of argon and 

hydrogen plasma has a synergetic effect on the reduction of GO, as ion 

bombardment can assist the reactions [316]. Some researchers attribute the 

synergy to the Penning ionisation as the yield of hydrogen radicals is improved 

in the chain reactions [310]. In addition, during the plasma process, the 

collisions of reactive species can increase the temperature, which also 

contributes to further GO reduction [309, 317]. 

Based on the mechanism of GO reduction during plasma treatment, the 

resulting reduction of GO is mainly incfluenced by the flux of active species 

generated in the plasma, and since they are mainly charged particles, the 

discharge current can be an indicator of the flux. Therefore, the parameters of 

plasma treatment that have an influenced on the discharge current, such as 

power, temperature, and pressure, depending on the plasma technique applied, 

as well as treatment time and gas ratio if it is gas mixture as working gas, need 

to be optimised for an optimal result [305, 316, 318-321]. Notably, extended 

durations of the ion bombardment during plasma processing, as well as an 

excessively high power and temperature, is considered to cause damage to the 

GO structure, leaving more defects [315, 10]. 

Apart from argon and hydrogen, methane plasma is able to restore the defects 

and disorders of GO structure during the reduction process [322], due to the 

hydrocarbon radicals and ions produced within plasma [323]. However, the 
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plasma restoration duration should be limited as disorders may grow when 

there is few oxygen-containing functional groups remaining after the reduction 

process, while excessive hydrocarbon radicals and ions still exist [324]. 

Moreover, the addition of Cu as a catalyst can enhance the restoration of 

graphene, as Obata et al. experimented with the use of a Cu pad in the plasma 

treatment on GO at 550 ℃, and the Raman spectra following the plasma 

treatment showed a much sharper G band with a small D band and a larger 2D 

band, which is comparable to the CVD-synthesised graphene at 1000 ℃ [325]. 

 

Fig. 2-20 Schematic of the experimental set-up [313]. 

 

Fig. 2-21 (a) Plasma reactor with three stage assemble control (b) an etched 

tungsten needle (c) Pt ground electrode (d) pulse generator connected to high-

voltage amplifier [314]. 
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Table 2-2 Review of generation and other parameters of plasma reducing GO 

Generation 
Voltage /Power 

/Frequency 
Species Total flow rate Pressure Temperature 

Treatment 

time 
Reference 

Electron beam 

plasma 

-2 kV, pulse width 2 

ms, period 20 ms 
CH4+Ar 180 sccm 90 mTorr / 30 s [305] 

Microwave 

plasma 
900 W Ar / / 

~2500 K (only 

discharge region) 
<1 s [306] 

DC microplasma ~2 kV Ar/Ar+H2 / Atmospheric 70 ℃ 30 min [309] 

DC glow 

discharge 

plasma 

-10 kV He / Atmospheric 
Room 

temperature 
2 s [317] 

DC glow 

discharge 

plasma 

~-10 kV Ar 7 ml/min 240 mTorr / 4-8 min [315] 

DC plasma 15, 30 W H2 / ~50 Pa 

Room 

temperature-

120 ℃ 

10 s-5 min [10] 

RF plasma 25 W, 13.56 MHz Ar 20 sccm ~2×10-2 Torr 25 ℃ 5-40 min [307] 

RF plasma 60 W H2  Atmospheric 
Room 

temperature 
30 min [321] 

RF plasma 10 W, 13.56 MHz H2+CH4 35+35 sccm 9.7-9.8 Pa 550 ℃ 10-120 min [325] 

RF plasma 60 W H2 / / 
Room 

temperature 
30 min [308] 
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Generation 
Voltage /Power 

/Frequency 
Species Total flow rate Pressure Temperature 

Treatment 

time 
Reference 

Inductively 

coupled RF 

plasma 

20-100 W, 13.56 

MHz, 
H2+Ar / / 

No obvious 

heating 
3-10 min [316] 

Inductively 

coupled RF 

plasma 

100 W, 13.56MHz CH4+Ar 30 sccm 50 mTorr 
Room 

temperature 
1-10 min [324] 

PECVD RF 

plasma 
200 W, 13.56MHz H2 300 sccm 20 mTorr 150 ℃ 18 s [318] 

PECVD RF 

plasma 
100 W CH4 / 0.20 Torr 575 ℃ 3-10 min [322] 

PECVD RF 

plasma 
100 W， 13.56 MHz H2/CH4/H2+CH4 100 sccm 400 mTorr 240 ℃ 5-30 min [323] 

PECVD RF 

plasma 
10 W, 13.56 MHz H2 50, 20 sccm 

0.3-0.8 

mbar 
27±1 ℃ 20-40 s [319] 

DBD plasma 16-20 kV, 400 Hz Ar+H2 60+15 sccm Atmospheric / 4 h [310] 

DCSBD plasma 40 Wcm-3 H2 / Atmospheric / 1-64 s [320] 

DCSBD plasma 1.9 W cm-2 H2/CH4/H2+CH4 0.2 ml/min Atmospheric / 1-5 s [311] 

APPJ: arc 

discharge 

plasma 

300 W, 20 kHz, ~10 

kV 
Air / Atmospheric / 10-120 s [296] 

APPJ, DBD 

configuration 
1-15 kV He+H2 

1600+100 sccm 

+500 sccm(carrier 

gas) 

Atmospheric / 1 min [312] 
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Generation 
Voltage /Power 

/Frequency 
Species Total flow rate Pressure Temperature 

Treatment 

time 
Reference 

APPJ (sample in 

liquid phase) 
20 kV, 1 W, 50 Hz Ar+liquid 300 sccm Atmospheric / 3-12 h [313] 

Discharge 

plasma 

(submerged 

liquid plasma) 

~4.0 kV, 10 kHz, 

pulse delay 500 μs，

pulse width 5 ms 

Liquid / Liquid / 30 min [314] 
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2.3.3.2 Plasma nitrogen doping graphene materials 

Plasma techniques have also been successfully and widely applied to nitrogen 

doping graphene materials, modifying their electronic properties to increase 

their potential use for fabricating FETs, sensors, optoelectronic, and other 

electronic devices with improved efficiency. Usually, pure nitrogen gas or 

ammonia gas or gas mixtures containing one of these two types of gas is used 

as the working gas during plasma treatment aimed at nitrogen doping graphene 

materials. 

1. Properties improvement and relevant applications 

McManus et al. [326] compared the electrical characteristics of plasma-treated 

graphene using different gases, and the transfer characteristic of FETs made 

from Ar plasma treatment remained as p-types, while the materials were 

switched to n-type following nitrogen doping plasma treatment with NH3/H2 as 

working gases. 

The electronic properties of N-doped graphene materials via plasma treatment 

have also been explored in the aspect of work function, as it represents the 

difference between the vacuum level and the Fermi level. The work function of 

graphene depends on the DOS of graphene; thus, the configuration of doped 

nitrogen influences the increase/decrease of work function. Akada et al. [327] 

reported that graphitic N reduces the work function while pyridinic and pyrrolic 

N increase the work function, and thus it can be controlled to decrease at the 
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start of plasma process when graphitic N is dominated, and to increase when 

pyridinic and pyrrolic N start to form with an extented plasma process. Zeng 

and Lin [328] explored the relationship between power condition of RF plasma 

and the work function, and concluded that an increase of RF power leads to the 

reduction of work function, attributing it to the formation of more graphitic N as 

the electron donors to increase the electron concentration. 

The modulation of charge transfer characteristics and the change of DOS near 

the Fermi level of N-doped graphene materials also enhance the 

electrochemical properties, enabling the applications for electrocatalysis, 

energy storage, and sensors. 

Regarding nitrogen doping of graphene materials via plasma techniques, the 

most extensively studied application is for catalysts. Among them, catalysts for 

fuel cells using graphene materials have attracted wide attention, and plasma-

assisted nitrogen doping on graphene materials has been found to further 

enhance the electrocatalytic performance of graphene-based materials in both 

the reactions that are involved in fuel cells, such as oxygen reduction reaction 

(ORR) [329, 330], hydrogen peroxide (H2O2) reduction reaction [331], oxygen 

evolution reaction (OER) [332], as well as other reactions, such as hydrogen 

evolution reaction (HER) [333] for hydrogen production, or for bio-applications 

[334, 335]. 

Plasma techniques have also played a role in nitrogen doping of graphene 
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materials for the application as SCs [336, 337]. Jeong et al. [338] reported high-

performance ultracapacitors made of N-doped graphene via plasma processes 

with capacitances reaching approximately 280 F/g, about 4 times larger than 

that of pristine graphene. Jeong et al. [338] explored the features of N-

configuration and their evolution during plasma process, and pyridine-like N at 

basal planes was found to be the predominant cause for the enhancement of 

super-capacitive performances due to the largest binding energy difference, 

based on the first-principles density functional theory calculations, whilst 

negatively-charged pyrrole-like N also contributed to the enhancement of 

capacitance, but could, on the other hand, have a negative effect in reversibility 

of charging/discharging processes due to the potentially excessively strong 

ionic bonding. The nitrogen doping effect and super-capacitive performance 

have also been studied for different processing times [339], scan times [340], 

as well as different temperatures (by adjusting the flow rate and jet-substrate 

distance using APPJ) [341].  

Except for SCs, nitrogen doping on graphene materials has also been explored 

for other devices such as batteries [342], sensors [343-346]. In addition to 

enhancing electrochemical properties, plasma nitrogen doping of graphene 

materials has been investigated as a means to improving other properties, such 

as field emission characteristics [347, 348], adsorption properties [349], and 

ferromagnetism [350]. 
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2. Plasma designing and modifying 

With the potential to modify a wide variety of properties and performances of N-

doped graphene materials for different applications, the plasma process 

approach can be designed and controlled in different ways to achieve desirable 

doping adjustments for targeted properties and application performances. 

Physical masks containing holes with varying sizes were placed on graphene 

to investigate the effects on plasma treatment [351]. Since only ions and active 

species that penetrate the holes can function on graphene, the masks with 

different thicknesses and hole sizes can be used as a tool to model the spatial 

nitrogen-doping distribution, and to manipulate the targeted properties in 

localised regions. On the other hand, plasma is known to easily etch target 

samples, causing damage to fragile graphene materials through ion 

bombardment. An aluminium oxide buffer layer was deposited on graphene 

before a remote plasma nitriding, which acted to block the Ar ions from 

damaging the graphene during the plasma igniting process, but still allowed 

nitrogen doping on graphene [352]. Neustroev et al. [353] used a plasma 

etching system and applied inductively coupled nitrogen plasma on rGO, and 

compared two different sample locations, as shown in Fig. 2-22. It is found that 

rGO films facing downwards, on the surface not facing towards the inductor, 

can avoid the etching damage, while still being nitrogen doped effectively, with 

an improvement in photosensitivity.  
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Fig. 2-22 Methods for locating the samples in the reaction chamber: (a)—graphene 

oxide film is located toward the electrode of the reaction chamber, (b)—the graphene 

oxide film is turned to the opposite side from the electrode [353]. 

Nitrogen content determines the degree of doping, and the different bonding 

configurations of nitrogen doping in graphene materials show quite different 

behaviours, as pyridinic N is p-type while graphitic N is n-type. Meanwhile, the 

nitrogen content and types of doping configurations are related to the defect 

sites on graphene materials. Thus, studies have shown that it is possible to 

control the nitrogen content and dominant configurations of doping via plasma 

process under different conditions, during which the defect sites are formed as 

reactive regions. Plasma source, power and bias, process duration, plasma 

working gas, as well as other parameters, all have an impact on the doping 

content and configuration type, as energies vary during the plasma process. 

Lin et al. [11] compared two different modes of plasma sources: an ion mode 

containing both ions and natural thermalised species at both high and low ion 

energies, and an atom mode with only thermalised atoms emitted, while ions 

are trapped. It was believed that high ion energy is needed to knock carbon 

atoms out of graphene for nitrogen atom to form graphitic N, as it was only 
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found to be dominant in graphene following treatment of plasma at ion modes 

with higher incident energies. Moreover, pyridinic N formed at pre-existing 

defects is favoured at low-energy atom mode. Lin et al. [354] also tried an 

electron cyclotron resonance enhanced microwave plasma gun and an RF 

plasma-immersion ion implanter (PIII) on pristine graphene materials for 

nitrogen doping. The microwave plasma gun emitted N+ ions and N atoms at 

850 ℃, while the RF PIII mainly generated N2
+ ions at room temperature. In the 

comparison, the higher dissociation efficiency of microwave plasma guns and 

the higher temperatures as a healing process introduced a higher nitrogen 

content to bi-layer graphene, mainly in the graphitic N configuration. 

Sakulsermsuk et al. [355] compared self-made RF plasma and PIII on nitrogen 

doping of graphene, and pyrrolic N was the major configuration after RF plasma 

treatment while pyridinic N was dominant for PIII. It was proposed to be linked 

to the vacancy types formed during these treatments. RF plasma with energy 

range of tens of eV tends to form divacancies, while PIII with energy of the order 

of 4 keV is more likely to form monovacancies. It was calculated that pyrrolic N 

configuration is favourably located next to divacancy while pyridinic N prefers 

to be next to monovacancy, and it is found to correlated with the experimental 

results. Meanwhile, a longer implantation duration or a higher implantation 

energy can potentially convert pyrrolic N to pyridinic N. Bigras et al. [356] 

compared graphene exposed to different regions of remote plasma by 

controlling the gas flow rate: the late afterglow and the early afterglow, as shown 
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in Fig. 2-23. Mainly, late afterglow is relatively mild as it mainly contains a high 

density of reactive nitrogen atoms, while early afterglow is relatively harsh as 

metastable N2 states, positive ions and nitrogen atoms coexist. Due to the 

highly energetic species, multi-vacancies were created in the early afterglow-

treated graphene, with an increase of nitrogen content of up to 49 %, compared 

to only 18 % in late afterglow-treated one. 

 

Fig. 2-23 Treatment of graphene films in the flowing afterglow of microwave N2 

plasmas created by the propagation of an electromagnetic surface wave. Schematic 

of the plasma system, where 2–5 show the location of the different zones of the 

discharge and afterglow regions and 6 is the position of the graphene sample in the 

downstream flow. When the N2 flow rate is increased, the early afterglow is shifted 

towards the sample [356]. 

Since power and bias determine the plasma energy, a higher power or bias 

applied in plasma leads to a higher degree of nitrogen doping, and formation of 

specific configuration types, but an exceedingly high energy or long duration 

can also cause damage to the graphitic lattice. Studies show that in RF nitrogen 

plasma, the covalent bonding of nitrogen in multilayer graphene only exist on 
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existing defect-sites at bias lower than 50 V, and pyridinic and pyrrolic nitrogen 

components show at increasing higher bias [357]. Similar results were also 

found in GO reduction and nitrogen doping, such that plasma reactions only 

occur at the present reactive sites in GO until higher bias (> 50 V) with ion 

energies greater than 50-100 eV are achieved, when then enable new reactive 

sites to be created during the GO reduction for further nitrogen doping, with 

pyridinic rings and pyrrols or diazine rings in sp2 structures being the dominant 

types [358]. Rybin et al. [359] investigated the effect of time and power on 

nitrogen doping of graphene using ammonia RF plasma, and found less time 

was required at a higher powers for effective nitrogen doping, with the 

maximum nitrogen doping of 3 at% occurring at the lower power of 10 W for an 

extended time of 20 min, compared to 2.2 at% at 20 W for 10 min. A longer time 

resulted in an increase of pyrrolic N but a decrease of pyridinic N and graphitic 

N. Dias et al. [360] reported nitrogen doping on graphene using a microwave 

apparatus as the graphene was exposed to the remote regions of N2-Ar plasma 

for 5 and 10 minutes. The study showed that the sp2/sp3 ratio increased in the 

plasma process in the short term due to the etching of sp3 structures and doping, 

but reversely decreased with the nitrogen and carbon contents in prolonged 

processing. The decrease in the long run was ascribed to the chemical 

sputtering that created atoms with dangling bonds, and an increase in N-Q 

structure in sp3 hybridisation. Chi et al. [361] studied the effect of graphene 

defects and plasma power on doping content and configuration type, using 
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graphene with different defect densities and thicknesses, and nitrogen plasma 

treatment with different microwave power (400 and 1300 W). The results 

displayed a higher nitrogen content at higher plasma power, especially at 

graphene sheets with high defect density, with pyridinic N as the major 

configuration. It was suggested that damages in graphene sheets play a role in 

the nitrogen doping process, so that only plasma at high powers can create 

sites at basal planes for quaternary nitrogen configuration doping. However, it 

was found by Yanilmaz et al. [362] that the pyridinic N failed to form when 

plasma power decreased and time increased, but pyrrolic N and graphitic N 

increased, with pyrrolic N being the dominant one. 

Based on relevant studies, the selection of working gases and the ratio of gases 

in cases of gas mixtures being used have an impact on nitrogen doping content 

and configuration of graphene. Bundaleska et al. [363] synthesised nitrogen 

doped graphene using the remote region of microwave plasma, and compared 

three different ratios of nitrogen and argon mixture: 5%–95%, 30%–70% and 

40%–60%, respectively. The increase of nitrogen content led to the increase of 

nitrogen ions density in the plasma and resulted in the increase of nitrogen 

doping content from only 2.4 at% for the plasma of 5 % nitrogen to 12.5 at% 

and 25 at% for the plasma of 30 % and 40 % nitrogen, respectively. Moreover, 

except for the imide groups, graphitic bonds and some C-N bonds in sp3 

structures for the 5 % nitrogen plasma, the increase of nitrogen content at 

higher nitrogen ratios was found mainly in the sp3 structure, assumed to be 
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similar to β-C3N4. Santhosh et al. [364] investigated the influence and 

mechanism of nitrogen incorporation in the plasma treatment of graphene 

nanowalls using two types of nitrogen-containing gases: ammonia and nitrogen. 

An RF inductively coupled plasma system at a power of 300 W was used and 

the graphene nanowalls were placed in the post-glow region, under a 

temperature lower than 50 ℃. Both these plasmas included the process of 

defect generation and interaction of plasma species with defects. The 

differences were demonstrated by the nitrogen bonding configurations on the 

defects. Ammonia plasma containing NHx (where x = 1, 2, 3) species formed 

graphitic N at single vacancy defect sites, pyrrolic N at double vacancy defect 

sites, and pyridinic N, pyrrolic N and amines at the edges. The pyrrolic N at 

double vacancies tended to convert to pyridinic N with longer plasma exposure. 

However, nitrogen plasma formed graphitic N at single vacancy defect sites, 

pyridinic N at double vacancy defects, and pyridinic N, oxides of pyridinic N and 

pyrrolic N at edges, and the formation of pyrrolic N at edges increased with 

pyridinic N transforming to graphitic N at double vacancy sites. 

2.3.3.3 Plasma hybridising graphene materials with metals 

For hybridising nanocrystals on graphene materials, electrostatic force directed 

assembly (ESFDA) technique using an arc plasma source were applied to 

synthesise nanocrystals, which are shown in Fig. 2-24 [365]. In this method, an 

arc plasma was applied between a tungsten cathode and a graphite anode, and 

a silver wire was physically vapourised to form nanocrystals in the arc plasma, 
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being partially electrical. Due to being electrically charged, these nanocrystals 

were carried by a DC electrical field force in inert gases, and assembled onto 

the GO sheets. This process was specifically designed for hybridising, and thus 

graphene materials were not involved in the reactions in the process, only being 

the substrate. 

 

Fig. 2-24 Schematic diagram of Ag nanocrystal synthesis using a mini-arc plasma 

reactor and the subsequent deposition of as-produced nanocrystals onto a graphene 

oxide sheet through ESFDA [365]. 

Sputtering is also an approach for synthesising nanoparticles, and Yamazaki et 

al. applied sputtering in plasma to deposit Pt nanoparticles on graphene [366]. 

Atomic Pt was identified at the very start of sputtering for only 1 s, and with 

increasing sputtering time, Pt atoms were found to grow into two-dimensional 

clusters, and saturated and formed three-dimensional structures when 

sputtering time reached 10 s. The dispersed Pt atoms were mainly anchored at 

the step edges between the graphene layers, and were theoretically confirmed 

to be bonded to three carbon atoms as Pt-C. 

However, as mentioned in Section 2.2.2.3, hybridisation of graphene materials 
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with metal/metal oxide nanoparticles are mainly carried out in two ways: ex-situ 

hybridisation and in-situ reduction, and in the in-situ reduction, various reducing 

methods, such as hydrothermal reduction, thermal annealing reduction and 

electrochemical reduction have been explored, in which both the metal 

materials and the graphene materials are involved in the reduction process. In 

relation to this type of approach, plasma reduction has also been applied for 

synthesising hybrids of graphene and metal materials. 

Xu et al. employed a DBD plasma to simultaneously reduce graphite oxide and 

PdCl2 so that Pd nanoparticles were well dispersed on graphene sheets in one 

step, and the preparation process is shown in Fig. 2-25 [367]. The Pd precursor 

and graphite oxide were first well-mixed in ethanol with a pH value of 10, 

followed by a centrifugation and drying process before plasma processing, 

which is different from hydrothermal reduction that is processed directly in liquid 

phase. They also proposed the possible mechanism of the process, which is 

briefly introduced as follows. In the alkaline solution of the mixture of graphite 

oxide and PdCl2, ionised oxygen functional groups facilitate the adsorption of 

palladium ions on the graphene sheets homogeneously to form complexes via 

electrostatic bonding, and during the plasma processing, the charged particles 

in the plasma react with both the oxygen functional groups and Pd2+, resulting 

in the reduction and exfoliation of graphene sheets through forming and 

expansion of gaseous product, as well as PdCl2 reduction via chemical bond 

splitting by electrons in the plasma. The reduced Pd nanoparticles are then 



92 
 

attached firmly on the graphene sheets due to the interaction states and 

transmission channels generated between them. 

 

Fig. 2-25 Schematic representation of the preparation of Pd/GS composites [367]. 

Similarly, this process has also been applied for hybridising graphene with Pt, 

Ag, Au and Fe nanoparticles through various plasma techniques [13, 368-373]. 

Yang et al. investigated the relationship between size and density of 

nanoparticles, the plasma treatment time, and the precursor concentration 

[371]. They found that the particle size decreased while density increased with 

increasing plasma treatment time. However, an extended plasma treatment 

would remove the oxygen functional groups on GO, so that the metal 

nanoparticles would lose anchoring sites, causing an aggregation of 

nanoparticles. Also, an increase of metal precursor concentration would 

facilitate the formation of larger particle sizes, but also lead to aggregation when 

the concentration reached a critical limit. 

For plasma hybridisation of graphene with metal nanoparticles, apart from both 

reduction of GO and metal precursors, the graphene materials can also be 

nitrogen doped simultaneously using nitrogen or ammonia as the working 

gases [374, 375]. 
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From the reviews above about the plasma hybridising of graphene materials 

with metal nanoparticles, the approaches can still be divided into two categories. 

The first is synthesising metal nanoparticles via plasma and deposition of them 

on graphene, as the ESFDA technique and sputtering in the first two examples 

displayed. The second is the in-situ reduction as most cases applied, but 

chemicals of metal salts are required as the precursors.  

2.4. Summary 

Graphene materials, with unique electrical, thermal, mechanical properties, 

demonstrate great potential for many applications, such as FETs, 

optoelectronics, sensors and energy storage devices. GO is a derivative of 

graphene that is commonly used as the raw material to synthesise graphene. 

Due to the oxygen functional groups in GO, the superior properties of pristine 

graphene are affected, but these functional groups also enable GO to be 

hydrophilic and available for functionalisation. 

Before being applied into practical use, graphene materials usually need to 

undergo functionalisation to improve their performance for a better suitability 

for each specific application. Reduction of GO is a common approach to 

increase the electrical conductivity. Nitrogen doping is a typical covalent 

modification of graphene materials that can tune their Fermi level, open their 

bandgap, and modulate the electronic properties of graphene, so that graphene 

materials can be better used in FETs, LIBs, SCs, sensors, as well as other 
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future applications. Hybridising with metal/metal oxide nanoparticles is another 

approach to functionalisation so that a composite is formed that possesses the 

properties from both components, and even with potential synergetic effects of 

enhancing the performance, which broadens the applications of the composite. 

For all these functionalisation methods mentioned above, various techniques 

have been explored, such as thermal annealing and wet-chemical methods. 

However, these methods are limited either by the high temperatures required 

or by the toxic chemicals involved in the preparation process. Plasma treatment, 

as an advanced technique, has been found effective in all previously mentioned 

functionalisation approaches of graphene materials, and can potentially 

overcome some disadvantages associated with the other approaches. 

However, in most cases of plasma hybridisation of graphene materials, metal 

salts are required as the precursors for metal nanoparticles. ASP, as an 

advanced plasma technique, has been found able to deposit metal 

nanoparticles directly onto carbon fibres during the process. Therefore, within 

this study, ASP is applied for the functionalisation of GO, and is explored for its 

potential to simultaneously reduce GO, nitrogen dope, and hybridise with metal 

nanoparticles. The electrical and electrochemical properties of GO after AS 

plasma treatment are investigated, and the mechanisms involved are 

discussed.  
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Chapter 3 Experimental procedures 

3.1 Materials & Sample Preparation 

3.1.1 Graphene oxide 

Graphene oxide (GO) was supplied by Sigma-Aldrich Company Ltd. (Dorset, 

UK; Product number: 777676) as a dispersion in H2O with a concentration of 4 

mg/mL. The GO dispersion was first diluted to 0.8 mg/mL with deionised water 

in an ultrasonic bath for 10 min. This diluted GO dispersion is for the preparation 

of GO samples for active-screen plasma (ASP) treatments and further 

characterisations, as well as property tests. In addition, GO sheets provided by 

the same supplier (Product number: 763713) in the form of solid flake were 

directly used for thermal gravimetric analysis (TGA) test. 

3.1.2 Substrate materials 

Three types of substrate materials were used for the sample preparation. 

(1). Silicon wafers 

Silicon wafers supplied by MCL Electronic Materials, Ltd. (Specification Number: 

HBEVXQ0C) were cut using a glass knife into small pieces as rectangle-like 

shapes with lengths of around 8-10 mm. GO samples on silicon wafer were 

prepared for SEM/EDS and Raman spectroscopy characterisations. 

(2). Silicate glass pieces 

Silicate glass pieces were microscope slides supplied by Thermo Scientific - 
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Menzel-Glaser and were cut into small pieces with lengths of 12. 5 mm × 12. 

5 mm. This substrate was for GO samples testing the sheet resistance. 

(3). Fluorine-doped tin oxide (FTO) coated glass 

FTO coated glass with a thickness of 2.2 mm was supplied by Sigma-Aldrich 

Company Ltd. (Dorset, UK) (Product number: 735167) and was cut into square 

pieces with a length of 1.5 cm × 1.5 cm for electrochemistry testing and 1.0 

cm × 1.0 cm for XPS characterisation. 

3.1.3 Sample preparations 

Substrates were first cleaned in acetone for 10 minutes in an ultrasonic bath 

and dried with hot air. Diluted GO dispersions were drop cast on using a syringe. 

Amount of GO dispersion differed for different substrates according to their 

sizes, ensuring to prevent overflowing. One drop of GO dispersion for each 

silicon wafer substrate; 0.2 ml for 12. 5 mm × 12. 5 mm silicate glass pieces; 

0.3 ml for 1.5 cm × 1.5 cm FTO coated glass while 0.1 ml for the 1.0 cm × 

1.0 cm one. These GO sample on silicate glass pieces and FTO coated glass 

were dried at 85 ℃ for 1 h while those on silicon wafer were dried in air at room 

temperature. 

3.2 Treatments on graphene oxide 

3.2.1 Active-screen plasma treatment 

DC plasma furnaces were used for ASP treatments (Klöckner Ionon GMBH, 
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Bergisch Gladbach, Germany). The setups of the ASP treatments are 

demonstrated in Fig. 3-1 in two modes. To investigate the effect of ASP on GO, 

as well as the gas effect (results reported in Sections 4.2 to 4.4), the DC plasma 

furnace was modified with a mesh cylindrical cage made of AISI 316 stainless 

steel which acted as the so-called active-screen to house the samples. The 

samples were positioned on an insulated worktable at a floating potential, and 

the distance between the samples and cage lid was approximately 15 mm, as 

shown in Fig. 3-1(a). When it came to exploring the hybrid effect of ASP 

combining both gas modification of, and metal deposition on, GO (results 

reported in Sections 4.5 to 4.7), a noble metal plate was incorporated by directly 

placing them on the stainless-steel cage, as shown in Fig. 3-1(b). All the ASP 

treatments were conducted at 100 ℃. 
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Fig. 3-1 Schematic of active-screen plasma treatment (not to scale). Two modes are 

displayed as (a) and (b), with the difference of an extra precious metal plate as lid 

positioning on the active-screen cage in (b). 

3.2.2 Annealing treatment 

To investigate the effect of ASP on GO, an annealing treatment was conducted 

for comparison with ASP treatment, to evaluate the temperature effect on GO 

reduction. GO samples were annealed in a tube furnace (GHA 12/450, 

Carbolite Gero Ltd, UK) at a temperature of 100 ℃ for 1 h in argon at 

atmospheric pressure. During the annealing process, the samples were 

wrapped in aluminium foil to prevent contamination. 

3.3 Characterisation techniques 

3.3.1 Scanning electron microscopy (SEM) 

The surface morphologies of the GO samples were examined using a Philips 

XL-30 field emission environmental scanning electron microscope (FE-ESEM) 

in secondary electron mode. When examining the metals deposited on GO 
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samples (in Sections 4.5-4.7), a JSM-7610FPlus FE-SEM was used. 

3.3.2 Energy dispersive X-ray spectroscopy (EDS) 

The elemental distributions of the GO samples were measured using energy 

dispersive X-ray spectroscopy associated with SEM. Respectively, Oxford Inca 

Energy was used with the FE-ESEM and EDAX Octane Elect Super was 

utilised with the JSM-7610FPlus. 

3.3.3 Transmission electron microscopy (TEM) 

(1). For raw GO 

The micro-structure of raw GO was studied on a Jeol JEM-1400 TEM at a 

voltage of 80 kV to avoid possible damage to the GO sheets [376, 377]. The 

electron micrographs were recorded using a Morada 3.0 soft imaging system. 

To prepare TEM samples of raw GO, GO dispersion was first further diluted in 

ethanol to semitransparent, and the Cu grid with a holey carbon film was then 

immersed in the diluted GO suspension for 5 seconds to collect the GO sheets. 

Later, Cu grid was taken out for drying in ambient environment. Due to the nano-

scale thickness of GO sheets, the sample was then prepared for TEM 

observation. 

(2). For ASP treated GO 

Observations of the ASP treated GO samples were operated on a FEI Tecnai 

G2 F20 TEM, with an accelerating voltage of 200 kV. High-resolution TEM 
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(HRTEM) images and selected area electron diffraction (SAED) patterns were 

also obtained. 

To prepare TEM sample of ASP treated GO, the films were exfoliated from the 

FTO coated glass substrates, and milled in agate mortar with agate pestle. The 

milled film was then sonicated in ethanal bath so that the treated GO with metals 

could disperse homogeneously for the Cu grid to collect in the same way 

mentioned above. 

3.3.4 X-ray diffraction (XRD) 

The crystallisation status of the GO was obtained using an AXRD benchtop 

powder diffraction system from Proto Manufacturing with Cu Kα radiation (λ

=0.154 nm) and nickel Kβ absorber (0.02 mm; Kβ = 1.392250 Å). Angles (2θ) 

were collected in the range of 5° and 80°, with a step length (Δ2θ) of 0.015°. 

The dwell time at each step for collection was 1.0 s. 

3.3.5 Raman spectroscopy 

Raman spectroscopy is a useful tool to explore the structure and electronic 

states of carbon materials. Raman spectra of GO samples were recorded using 

a confocal Raman microscope (Renishaw in Via Reflex). The laser wavelength 

was 488 nm and the power was limited to 3.5 W. The target areas of GO 

samples were focused under an optical microscope of 20 X. Five acquisition 

scans were accumulated for each measurement. The baseline of the spectra 
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line was subtracted using the WiRE software (version 4.2). 

3.3.6 X-ray photoelectron spectroscopy (XPS) 

XPS was employed in the analysis of the composition and the binding states of 

GO before and after the ASP treatments using Thermo Scientific ESCALAB 

250Xi facility. An Al Kα (1486.8 eV) source with a binding step size of 0.05 eV 

was applied on a spot size of 500 μm. To obtain the original surface status of 

the samples maintained in the ambient environment and a real content ratio of 

the metal deposited on the GO surface, measurements were both conducted 

before and after etching. The etching was done by argon ion sputtering using a 

medium current with a 2k eV voltage and a 0.18 nm/s step for 56 s. 

For analysis, the peaks of the element spectra were deconvoluted using the 

associated Avantage software with the XPS instrument.  

3.3.7 Thermal gravimetric analysis (TGA) 

In order to investigate the effect of GO weight with reduction process and 

temperature, thermal gravimetric analysis was conducted using a thermal 

analyser (NETZSCH STA 449 C), in an argon atmosphere with a heating rate 

of 10 K/min. A small piece of GO sheet in solid state weighing 2.49 mg was 

used for the measurement. 

3.4 Electrical property measurements 

To investigate the electrical property of the GO samples before and after 



102 
 

treatments, sheet resistance was measured using a four-point probe 

measurement system (Ossila, UK) (Fig. 3-2). The measurements were 

repeated 5 times, and the average and standard deviation are reported. 

 

Fig. 3-2 The four-point probe measurement system, with the four probes circled in 

red square enlarged on the right side. 

3.5 Electrochemical tests 

The electrochemical measurements were carried out to test the super-

capacitive performances of the GO samples, as a half-cell in a three-electrode 

configuration, using a Gamry Interface 1000 potentiostat. A 3.5 % NaCl 

aqueous solution was used as the electrolyte for a higher ionic conductivity than 

organic electrolyte or ionic liquids. The sample acted as working electrode, and 

was exposed to the electrolyte with a surface area of 0.503 cm2 to participate 

in the electrochemical testing, and silver tape was used to stick on the FTO 

coated glass and GO unexposed to the electrolyte, connecting the GO to the 

lead to the potentiostat. The counter electrode was a platinum-coated rod of 6 

mm in diameter, and the reference electrode was a saturated calomel electrode. 

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 
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galvanostatic charge/discharge (GCD) tests were performed at room 

temperature. The diagrammatic setup of the three-electrode configuration used 

for the electrochemical tests is shown in Fig. 3-3. 

 

Fig. 3-3 Diagrammatic setup of the three-electrode configuration used for the 

electrochemical tests (not to scale). 

3.5.1 Cyclic voltammetry (CV) 

The CV tests were conducted between -0.1 V and +0.9 V, both vs. the reference 

electrode, and the scan rate differed at 100, 50, 20, 10 and 5 mV/s. The CV 

curves obtained were analysed using the built-in Echem Analyst, Gamry 

Instruments software. To calculate the capacitance, data from the CV curves 

were selected from 0.35 V to 0.45 V on both the positive and negative sides. 

The capacitances were calculated by Equations 1, where C is capacitance, Q 

is the charge accumulated during the cycle period, I is the instantaneous current, 

U is the applied potential, and v is the scan rate. 

𝐶 =
𝑄

2∆𝑈
=

∫ 𝐼 𝑑𝑈

2𝑣×∆𝑈
                          (1) 
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3.5.2 Electrochemical impedance spectroscopy (EIS) 

After the CV test, a step of conditioning, followed by an open circuit potential 

measurement was conducted before the EIS test. Conditioning is a step where 

potential was applied statically for a certain length of time to insure a certain 

state of the electrode for the later measurement. The conditioning potential is 0 

V and the conditioning time is 200 s. The EIS tests were performed at 

frequencies between 0.1 MHz and 0.01 Hz with a sinusoidal perturbation of 10 

mV. The points/decade parameter was set as 10, so that 71 points were 

recorded during the EIS test. 

Nyquist plots were produced based on the EIS data using the built-in Echem 

Analyst, Gamry Instruments software, and the equivalent Randles circuit model 

shown in Fig. 3-4 was established using a built-in fitting module of “CPE with 

Diffusion”. In this model, ESR is Equivalent Series Resistance, representing the 

sum of electrolyte resistance, electrode resistance and contact resistance 

between the electrode and the current collector; Cdl is the double layer 

capacitance, as ions form the electrolyte adsorb onto the electrode surface and 

form a double layer, which behaves as a capacitor due to the charges separated 

by an insulator, and however, due to being an imperfect capacitor, this double 

layer capacitance is seen as a constant phase element Yo in the results 

interpretation; Rct is the charge transfer resistance, which is formed by a single, 

kinetically-controlled electrochemical reaction; Zw is Warburg impedance 
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created by diffusion. 

 

Fig. 3-4 Randles circuit model. 

3.5.3 Galvanostatic charge/discharge (GCD) 

The GCD measurement was also conducted after the conditioning step which 

is the same as the one mentioned in the EIS test. In the GCD test, the samples 

were tested at a constant current of 100 mA within the potential range from -0.1 

V to 0.9 V. 
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Chapter 4 Results and Discussions 

This chapter is divided into three parts: the first part is about ASP reduction of 

GO, including the microstructure and TGA result of raw GO material and the 

comparison of ASP reduction of GO with thermal reduction of GO (Section 4.1 

to 4.3); the second part reports the results of GO after ASP modification 

(Section 4.4 to 4.6); and the third part explores the hybrid effects of ASP on GO 

in modification and metal deposition (Section 4.7 to 4.10). 

Part I: ASP Reduction of GO 

4.1 GO raw materials 

4.1.1 Morphology of GO film and sheet 

Before studying the effects of ASP treatment on GO, the GO raw material was 

first characterised using SEM and TEM to observe the morphology of GO 

before treatments. 

1. SEM observation on GO 

Fig. 4-1 (a, b) show the dried GO film drop casting on silicon wafer in different 

magnifications. It is clear to observe many wrinkles in bright or light colour of 

different lengths and directions. These are believed to be the GO films 

corrugated on the substrate. This morphology is characteristic of GO film, as it 

is similar with the ref [378, 379]. The wrinkles are likely to be formed due to the 

water drainage between GO and substrate during the drying process, as well 
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as the stresses from the interaction with anchorage on surfaces [380]. 

 

Fig. 4-1 (a, b) SEM images of GO film on silicon wafer at two magnifications. 

2. EDS results of GO 

Fig. 4-2 is the EDS result of GO film. As expected, it shows the presence of 

carbon, oxygen, silicon and sulphur. Silicon is from the silicon wafer substrate 

 a 

 b 
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as the basic constituent element, and carbon is from GO. Oxygen comes from 

both GO and substrate, and sulphur is considered the species from the 

residuals left on GO during its synthesis. Due to the large interaction volume 

for X-ray generation, which is in the micron range, the peak of Si signal (coming 

from the underlying silicon wafer) is relevantly strong as shown in Fig. 4-2. 

Table 4-1 exhibits the percentages of element compositions from spectra of two 

different sites on the GO film sample. These two sites are red circled as shown 

in Fig. 4-3, as Spectrum 1 is on the bright site of the wrinkle, whilst Spectrum 2 

is on the relevantly dark area. Although EDS results cannot be used for 

quantitative determination because of the high deviation, the results tested at 

different sites in the same sample at the same time are still roughly comparable. 

It is clear to see a drop of carbon and oxygen contents but an increase of silicon 

content in Spectrum 2 compared to Spectrum 1. This can confirm that the bright 

wrinkles are GO bulged out of the plane substrate. 

 

Fig. 4-2 EDS result of GO film on silicon wafer. 
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Table 4-1 Element percentages (wt.%) of GO film on silicon wafer of two sites in Fig. 

4-3. 

 C O Si S 

Spectrum 1 46.92 27.02 22.22 3.84 

Spectrum 2 38.68 14.91 43.97 2.44 

 

Fig. 4-3 Two different test sites of EDS on GO film. 

3. TEM observation of GO sheets 

Fig. 4-4 are the TEM images of two individual GO sheets in different sizes and 

shapes. The lateral size of GO in Fig. 4-4(a) is approximately 2 microns while 

the one in Fig. 4-4(b) is larger, with more obvious crumples. These two TEM 

images imply that the shapes of GO sheets are irregular and the sizes are in 

several microns. 
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Fig. 4-4 (a, b) TEM images of GO at two magnifications. 

4.1.2 Structure of GO 

1. XRD patterns of GO 

Fig. 4-5 shows the XRD patterns of FTO coated glass with and without GO film 

on it. In Fig. 4-5(a) where 2 theta ranges from 10o to 80o, characteristics peaks 

of FTO are shown in both two, with each index labelled above, which match 

well with those of SnO2 of tetragonal phase [381, 382]. In comparison, a broad 

 a 

 b 
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peak at around 12o is evident for GO sample, while the one for FTO is around 

13o but not that evident, and this difference is shown specifically in Fig. 4-5(b). 

The broad peak around 12o is supposed to be the integration a characteristic 

peak of GO for its (0 0 1) crystal plane near 11o, and the broad peak of FTO at 

13o [383, 384]. 

 

Fig. 4-5 XRD patterns of FTO coated glass with and without GO film, (a) 2θ ranges 

from 10° to 80°, (b) 2θ ranges from 9° to 20°. 



112 
 

2. Raman spectrum of GO 

Raman spectrum is a versatile tool for analysis of carbon materials. However, 

the data interpretation is difficult because various factors can influence the 

spectrum. This thesis will try to interpret the Raman spectra of GO samples to 

evaluate the effects of ASP treatment on GO materials. 

Fig. 4.6 is the Raman spectrum of raw GO film sample. Two dominant peaks: 

D peak and G peak, as well as three relatively small peaks: 2D peak, D+D’ peak 

and 2D’ peak, are present in the Raman spectrum of GO film. G peak at around 

1580 cm-1 corresponds to the high-frequency E2g phonon at Brillouin zone 

centre Γ of graphene, which makes it the most prominent and characteristic 

peak of graphene. D peak at around 1360 cm-1 is associated with the defects 

and disorders of graphene structure. The high intensity of D peak here indicates 

that there are large amounts of defects in GO, due to oxygen functional groups 

and vacancies [385]. 

D+D’ peak comes from two-phonon defect-assisted processes. 2D peak and 

2D’ peak are the second order (also known as overtone) of D peak and intra-

valley D’ peak, respectively, but D’ peak is not prominent here in this Raman 

spectrum. 2D peak can be used to determine the layer number of graphene 

materials. However, these three tiny peaks between 2700 cm-1 and 3200 cm-1 

are not discussed here, due to the extreme low intensities.  
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Fig. 4-6 Raman spectrum of GO. 

3. XPS of GO 

Fig. 4-7 is the spectra survey of GO before and after etching, inset with the 

element atomic percentages. Both show the presence of carbon, oxygen, 

nitrogen and sulphur, which is different from EDS result in the presence of 

nitrogen and the absence of silicon. It is because the depth of XPS 

measurement is only approximately 10 nm so that only the signals from the very 

surface of the sample can be detected. As stated before, carbon and oxygen 

are from GO, and sulphur is from the residuals during GO preparation. Nitrogen 

could also be the dopant atoms of GO incorporated during the synthesis. As to 

the atomic percentage of the element, it is found that after etching, oxygen 

content drops sharply, whilst carbon content increases, suggesting that GO got 

reduced after etching, with a large proportion of the oxygen functional groups 

removed. 
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Fig. 4-8 shows the high-resolution XPS spectra of C1s after deconvolution, 

inset with the lists of basic information of each peak, including the 

corresponding chemical states, binding energies and atomic percentages. (This 

is followed by all the figures of XPS spectra deconvolution throughout the 

thesis). Before etching, as shown in Fig. 4-8(a), the C1s spectrum features two 

dominant peaks, and can be decomposed into three peaks: Peak A, Peak B 

and a small Peak C at 284.6, 286.8 eV and 287.9 eV, representing C-C, C-O 

and C=O, respectively [386]. C-C here represents mainly the aromatic 

graphitic-like structure of sp2 hybridisation which is the basic structure of GO. 

C-O includes both hydroxyl C-OH and epoxy C-O-C. C=O includes both 

carbonyl and carboxyl, with carbonyl the dominant one [387]. Thus, the GO raw 

material contains the basic graphitic structure, with various oxygen functional 

groups (hydroxyl, epoxy, carbonyl and carboxyl) decorated, and the C/O ratio 

is about 2:1. 

After etching, the high-resolution XPS C1s spectrum alters significantly, with 

only one dominant peak left, as shown in Fig. 4-8(b). the spectra can also be 

decomposed into three peaks (still denoted as Peak A, Peak B and Peak C) at 

284.6, 285.7 and 289.2 eV, respectively. Peak A at 284.6 eV and Peak C at 

289.2 eV represent C-C and C=O, respectively, but in this case, carboxyl 

dominates Peak C, as it shifts to a higher binding energy [387], which is 

probably because carbonyl groups got eliminated during the etching. As to the 

Peak B at 285.7 eV, however, given extremely low content of nitrogen and 
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oxygen in GO, it is likely to be ascribed to C-C sp3 hybridisation [387], which 

are the disorders caused by etching. 

Etching process in XPS measurement is conducted via argon ion beam, which 

is supposed to have a huge impact on the GO structure [306, 357].Comparing 

the high-resolution C1s spectra of GO before and after etching, it is found that 

GO undergoes significant reduction and structure reconstruction, as a majority 

of oxygen functional groups are removed, with C-C sp3 hybridisation structure 

formed. Thus, to properly evaluate the structure information of GO in ASP 

treatment, the XPS measurements are all conducted without etching process 

in the following investigations. 

 

Fig. 4-7 XPS spectra survey of GO before and after etching (inset with atomic 

percentage of detected elements). 
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Fig. 4-8 Deconvoluted C1s spectra (a) before etching, (b) after etching. 

4.1.3 TGA of GO 

TGA is a measurement of the mass change with the temperature to determine 

thermal stability of the sample. TGA measurement on GO can be used for 

analysis of the GO reduction process with the change of temperature. Fig. 4-9 

is the TGA result of GO. As shown, with the increase of temperature, the mass 

loss of GO can be divided into four phases, in which the rates of mass loss are 

different. In Phase 1, the mass loss of GO starts at the beginning of the 
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temperature increase and about 92 % of the mass remains at around 140 ℃. 

Then it gets into Phase 2, in which the rate of mass loss gets much faster, until 

at around 216 ℃, when only about 66 % of GO remains. The mass loss rate 

gets slow in Phase 3 with about 58 % of GO left at a temperature of around 

320 ℃, and the rate becomes even slower in Phase 4. 

These four phases with different mass loss rate indicate four different thermal 

decomposition phases of GO during TGA process (i.e., loss of different oxygen 

functional groups in GO). According to ref. [110], the decomposition 

temperature of oxygen groups in GO with different layers is not exactly the 

same, but follows the same rule. In summary, as to multilayer GO (over five 

layers), hydroxyls decompose first, initiated at around 75 ℃, follows with 

epoxides and carboxyl, at around 150 and 175 ℃, respectively. Ketones are 

the last one to decompose at around 225 ℃. Based on this, the TGA results 

can be explained: in Phase 1, the residual water removes, and hydroxyls starts 

to decompose; in Phase 2, all the residual water has been eliminated, and 

epoxides and carboxyl groups are decomposing, as well as hydroxyls; in Phase 

3 and Phase 4, although ketones begin to decompose, some certain oxygen 

functional groups have been eliminated or become the minor ones, decreasing 

the mass loss rate. 
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Fig. 4-9 TGA result of GO. 

4.2 Results of ASP Reduction on GO 

In this section, the effects of ASP on GO are investigated via comparison with 

annealing treatment on GO reduction. To compare with annealing treatment, 

ASP treatments were conducted using argon as the working gas, and annealing 

is also carried out in argon atmosphere, both at a temperature at 100 ℃ for a 

duration of 1 h. 

4.2.1 Micro-structure 

1. SEM observation and EDS results 

For comparison, the untreated GO film was characterised again here. Fig. 4-10 

shows the SEM images of untreated, annealed and ASP treated GO films at 

two different magnifications. However, there is no specific difference among 

these three samples, all showing the wrinkles of the GO film. The EDS results 

are exhibited in Table 4-2. Due to the difference in element content at different 
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detecting positions, as discussed in Section 4.1.1 (Table 4-1 and Fig. 4-3), the 

areas with wrinkles were selected for EDS analysis, as circled in green 

rectangle in Fig. 4-10. Although not quantitively accurate, the subtle decrease 

of oxygen content for annealed and ASP treated samples may possibly be an 

implication of GO being partially reduced during the treatments, which is 

consistent with the TGA result that the mass loss of GO starts to decrease 

before 100 ℃. 

(a) (b) (c)(a) (b) (c)
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Fig. 4-10 SEM and EDS images of (a) untreated, (b) annealed and (c) ASP treated 

GO films. 

Table 4-2 Element content (wt.%) of GO samples before or after treatments 

 C O Si S 

Untreated GO 41.15 17.13 41.26 0.46 

Annealed GO 41.52 14.98 43.11 0.39 

ASP treated GO 39.91 13.36 46.17 0.56 

2. Raman spectra 

Fig. 4-11 is the Raman spectra of untreated, annealed and ASP treated GO, in 

the wavelength range between 1000 cm-1 and 2200 cm-1. Two characteristic 

peaks: D peak and G peak, are prominent in all these three Raman spectra of 

GO samples, and the corresponding parameters are shown in Table 4-3. 

Usually, the intensity ratio of D peak and G peak (ID/IG) is widely used to 

determine the graphene structure in terms of the defects and disorders that 

(a) (b) (c)
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result from its oxidation and vacancies, and a smaller ID/IG suggests fewer 

defects of the graphene structure [388]. However, according to Andrea C. 

Ferrari [389, 390], three stages are defined in his amorphisation trajectory: 

stage (1) from graphite to nanocrystalline graphite, stage (2) from 

nanocrystalline graphite to low sp3 amorphous carbon, stage (3) from low sp3 

amorphous carbon to high sp3 amorphous carbon. Since D peak arises from 

the breathing modes of six-atom rings, only the defects in crystalline region of 

sp2 hybrid graphitic carbon in stage (1) can cause the increase of ID/IG, whilst 

in stage (2), the formation of amorphous carbon in sp3 hybrid cannot contribute 

to a higher ID/IG.[385] Thus, ID/IG may decrease with a rise in defects when 

crystalline graphite turns to an amorphous carbon structure, as sp2 rings of 

graphitic structure are damaged, impairing the intensity of D peak [391]. 

Therefore, an increase in ID/IG may suggest that the average size of sp2 cluster 

decrease that occurs in stage (1), or the number of the sp2 aromatic rings 

increased upon reduction in stage (2) [390, 9]. Based on all this analysis, it is 

hard to judge the structure transformation of GO simply by the change of ID/IG. 

Here, the ID/IG increased from 0.858 to 0.882 for the annealed one and 

decreased to 0.836 for the ASP treated one. Both the two ID/IG of treated GO 

are close to the that of untreated GO. The subtle differences can be owing to 

one of the two reasons. One is the integration effect of the transformation in 

both stage (1) and stage (2). The other is because of the deviation that there is 

no evident structure transformation of GO after these treatments, possibly due 
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to the mild treatment conditions. 

Apart from ID/IG, the information of graphitic structure can also be deduced from 

other information, such as the full-width at half-maximum of G peak (FWHM(G)) 

and the position of G peak. FWHM(G) always increases with an increase of 

disorders, and G peak would shift from 1580 cm-1 to 1600 cm-1 in stage (1), and 

from 1600 cm-1 to 1510 cm-1 in stage (2) [392]. Here, the three positions of G 

peak are still close to each other. However, the FWHM(G) of annealed GO 

decreases from 92 cm-1 to 84 cm-1 whilst that of ASP treated GO increases from 

92 cm-1 to 98 cm-1. 

 

Fig. 4-11 Raman spectra of untreated, annealed and ASP treated GO. 

Table 4-3 Raman spectra details of GO samples after different treatments in argon 

 D peak G peak 
ID/IG 

 Wavelength/cm-1 FWHM/cm-1 Wavelength/cm-1 FWHM/cm-1 

Untreated GO 1357 139 1597 92 0.858 

Annealed GO 1361 122 1598 84 0.882 

ASP treated GO 1363 152 1595 98 0.836 
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Based on all these results, it can be explained that GO was partially reduced in 

both annealed and ASP treatments. However, more defects are formed during 

the ASP process, possibly because of the ion bombardment in the plasma [315]. 

4.2.2 Electrical and electrochemical properties 

1. Sheet resistance measurement 

Fig. 4-12 is the sheet resistance of untreated GO, annealed GO and ASP 

treated GO. The sheet resistance of untreated GO is the highest, of 

approximately 5.2×106 Ω sq-1, while both annealed and ASP treated GO exhibit 

lower sheet resistances. The sheet resistance of annealed GO is decreased to 

around 1.8×106 Ω sq-1, and that of ASP treated GO is decreased further to only 

about 0.75×106 Ω sq-1. Since the annealed GO is only treated by an increase 

of temperature to 100 ℃, the sheet resistance of annealed GO can be seen as 

the sheet resistance of GO at the temperature of 100 ℃. 

The drop of sheet resistance of annealed GO can be attributed to GO reduction. 

Since a higher temperature leads to a higher degree of reduction if no extra 

damage was caused, the sheet resistance of GO will decrease at a higher 

temperature. The sheet resistance of ASP treated GO is lower than that of 

annealed GO, which indicates that the effect of decreasing sheet resistance of 

GO can be realised by ASP treatment with a lower temperature than by 

annealing treatment. 

Given the analysis of Raman spectroscopy that the graphitic structure of ASP 
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treated GO was damaged and amorphous sp3 domain forms, which should lead 

to a higher sheet resistance. The lower sheet resistance of ASP treated GO can 

be explained in a more effective reduction, which is further discussed in Section 

4.3. 

 

Fig. 4-12 Sheet resistance of untreated, annealed and ASP treated GO. 

2. Electrochemistry tests 

(1). CV test 

The electrochemical performances of untreated GO, annealed GO, and ASP 

treated GO samples were evaluated in CV test, and the results are shown in 

Fig. 4-13. Among these figures, Fig. 4-13(a-c) are the curves of the samples at 

different scan rates, while Fig. 4-13(d) compares the CV curves of these 

samples at a scan rate of 100 mV s-1. 

All the CV curves at low scan rates exhibit quasi-rectangular shapes, indicating 

a capacitive behaviour [152]. In comparison, untreated GO curves show the 
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smallest area, while ASP treated GO curves possess the largest area (Fig. 

4-13(d)). The larger area of the treated GO samples, particularly the ASP 

treated one, suggests their better capacitive performances. Two broadenings 

of the capacitive current can be found near 0.6 and 0.8 V of ASP treated GO 

only, which may come from the Faradaic redox responses, which means that a 

pseudocapacitive charging might occur during the voltammetry cycle. This 

could be ascribed to the incorporation of transition metal oxides during the ASP 

treatment (which will be investigated later in Section 4.7) [150]. 

Fig. 4-13(e) displays the capacitances of these GO samples calculated at 

different scan rates. All the capacitances increase with the decreasing scan 

rates. This is because more charges can be allowed to penetrate electrode 

materials at slower scan rates, so that the inner surface of the electrode 

materials can be utilised for adsorption in the process. At a scan rate of 5 mV 

s-1, the capacitance of ASP treated GO reaches around 930 μF, nearly 3.5 times 

that of untreated GO, and higher than that of annealed GO, which was around 

710 μF. 
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Fig. 4-13 CV curves of (a) untreated GO (b) annealed GO (c) ASP treated GO, (d) 

comparison of CV curves at 100 mV s-1, and (e) capacitances at different scan rates. 

(2). EIS test 

EIS tests were conducted to further investigate the electrochemical 

performance of these GO samples. Fig. 4-14 shows the Nyquist plots of the EIS 

result. Table 4-4 exhibits some of the parameters of the equivalent circuit fit of 

the EIS results. 

Nyquist plot for a SC can be divided into two parts. The straight segment at low 

frequencies is related to the Warburg finite-length diffusion stage, while the 
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diameter of semi-circle at high frequency region indicates the charge transfer 

resistance (Rct) [393]. The smallest semi-circle of ASP-GO implies the fastest 

charge diffusion in the charging/discharging process. An ideal SC should show 

a small Rct, i.e., a small semi-circle. Equivalent series resistance (ESR) includes 

electrolyte resistance, electrode resistance, and contact resistance between 

the electrode and the current collector [394], and can be obtained from the 

intercept of the plot to the x-axis. The Rct and ESR of ASP treated GO are 3.02 

kΩ and 0.16 kΩ, respectively, both much lower than those of untreated GO 

(15.82 kΩ and 0.64 kΩ) and annealed GO (5.70 kΩ and 0.25 kΩ). This also 

agrees with the sheet resistance measurement results (Fig. 4-12), indicating a 

better effect on improving the electrical properties of GO by ASP treatment than 

by annealing treatment. In addition, in the low frequency region, the vertical 

lines that parallel to the imaginary axis of both annealed GO and ASP treated 

GO also indicate a capacitive characteristic [395]. 

 

Fig. 4-14 Nyquist plots of untreated GO, annealed GO and ASP treated GO. 
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Table 4-4 Parameters of the equivalent circuit fit of the EIS results 

 ESR (kΩ) Rct (kΩ) Yo (S·s
α
) α* Wd (S·s1/2)** Goodness 

Untreated GO 0.64 15.82 5.60×10-4 0.89 1.26×10-4 2.70×10-3 

Annealed GO 0.25 5.70 4.22×10-4 0.96 4.01×10-4 1.07×10-3 

ASP treated GO 0.16 3.02 4.50×10-4 0.95 3.42×10-4 0.17×10-3 

* α is an exponent 0<α<1, and α=1 for a capacitor. This is applied through the thesis. 

** Wd is the reciprocal of Warburg coefficient σ, and σ can determine Warburg 

impedance by Zw=σ(ω)-1/2(1-j). This is applied through the thesis. 

(3). GCD test 

Further comparison was conducted by GCD test, and the results are shown in 

Fig. 4-15. The IR (Ohmic) drop obviously reduces after both treatments, with 

the ASP treated GO showing the smallest one, of approximately 0.09 V, only 

half of untreated GO. Since IR drop is an indication of the energy loss caused 

by internal resistance [396], the smallest IR drop value for ASP treated GO 

suggests that its internal resistance is the smallest and the energy lost during 

the charge-discharge process is the least. This is consistent with the EIS results. 

In addition, the charge and discharge lines are nearly symmetrical, indicating 

the feasibility for SC application. However, the charge/discharge plots are not 

exactly isosceles triangles, suggesting some pseudocapacitive characteristics 

in the electrodes [150]. The charge/discharge time of ASP treated GO is the 

longest, almost twice that of annealed GO, and more than eight times longer 

than the untreated GO, indicative of the highest capacitance. This is consistent 

with the CV results. The smallest IR drop and the longest charge/discharge time 

both suggest that ASP treated GO is more promising than the annealed GO for 

SC applications. Also, the GCD curves are cycled for three times, and the 
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charge/discharge time is not shortened significantly, indicating a good cyclic 

performance as well. 

 

Fig. 4-15 GCD plot of untreated GO, annealed GO and ASP treated GO. 

According to the CV, EIS and GCD tests, the ASP treated GO exhibits the best 

super-capacitive performances. This is likely to be ascribed to the best electrical 

properties of the ASP treated GO, which results from a more effective reduction, 

as well as the deposited transitional metal oxide nanoparticles. Furthermore, 

these metal oxide nanoparticles can also contribute to the pseudo-capacitance. 

4.3 Mechanism of ASP GO Reduction 

As described in Sections 4.2, ASP treated GO using argon showed an increase 

in electrical and electrochemical properties (Fig. 4-12 to Fig. 4-15), compared 

to the untreated GO, which implies the reduction of GO during ASP treatment. 

This has been strongly supported by the characterisation of the ASP treated 

GO. The reduction of GO can be ascribed to two reasons. 
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As reviewed in Section 2.2.2.1, the reduction of GO could be achieved through 

thermal reduction such as vacuum annealing at high temperature [111]. This 

has also been supported by the reduction of thermally annealed GO in this 

research (Section 4.2). 

During ASP treatment, plasma is formed in the electrical field through ionisation 

of gas molecules. The negative-charged particles (ions) move to the cathode 

(active screen) so that ion bombardments occur as the ions collide with the 

active screen. During this process, the active screen is heated by the thermal 

energy transferred from the kinetic energy of the energetic ions, thus leading to 

a temperature increase of the active screen. The thermal energy will then be 

transferred to the worktable where the GO samples are placed through thermal 

reradiation. Since the transfer of energy is through photons, no medium for the 

energy to transfer is required, and therefore the transfer is efficient regardless 

of the treatment pressure or environment [397]. Consequently, the temperature 

of the worktable, and any materials placed on it, will increase. 

The radiation-induced temperature increase of the GO samples was controlled 

to approximately 100 ℃ in the present study, as measured using a thermo-

couple placed on the same worktable as the GO samples. Although thermal 

reduction of GO is normally conducted at a high temperature of around 1000 ℃ 

[111], GO can be partially reduced at lower temperatures [398] since the 

decomposition of hydroxyls starts at about 100 ℃ [110]. This agrees with the 



131 
 

TGA result in Section 4.1.3 that the mass loss of GO started before 100 ℃. 

However, ASP treatment is shown to be much more effective than thermal 

annealing in reducing GO, as reported by Chen et al. [399]. Also, as discussed 

in Section 2.2.2.1, the optimal annealing temperature for GO reduction is 350 ℃ 

[112], and GO reduced for application as a supercapacitor (SC) is conducted at 

a temperature of at least 200 ℃ for an obvious removal of oxygen functional 

groups and a significant electrical property enhancement [111, 113], while in 

some cases, the temperature for thermal reduction is even higher [109, 400]. 

Moreover, as reported in Section 4.2, the electrical and electrochemical 

properties of ASP treated GO are better than those of annealed GO under the 

same processing conditions (Fig. 4-12 to Fig. 4-15). Therefore, a more effective 

reduction should play the main role in enhancing the properties. 

The superiority of the ASP treatment to the thermal annealing in reducing GO 

suggests that there must be other more important reducing mechanisms 

involved in ASP reduction of GO. As discussed in Section 2.3.3.1, plasma 

reduction of GO is mainly based on the interactions between the plasma flux of 

active species and the C-O bonds in GO. When using argon, argon ions and 

activated argon atoms are the main active species in the plasma that collide 

with the GO to remove the oxygen functional groups. These active species can 

interact with the oxygen functional groups to form molecules that escape from 

the graphene lattice, thus leading to the reduction of GO [310]. 
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However, it should be indicated that conventional plasma techniques such as 

DC plasma that directly forms on GO will cause damage to the graphene lattice 

due to the strong ion bombardment [10]. In contrast, ASP is a type of remote 

plasma or post-plasma technique [401, 402], because GO is placed on an 

insulating worktable at a floating potential and is away from the plasma formed 

on the active screen. 

The active screen that connects with the cathode plate shares the same 

potential with the cathode, and thus it attracts the positively charged particles 

in plasma to move towards itself. As a result, the majority of positively charged 

particles (ions) bombard, react with and implant into the active screen, without 

reaching the GO samples. However, the neutral radicals generated during the 

ASP treatment could reach the GO samples placed on the worktable without 

significant effect from the electric field, as is illustrated in Fig. 2-17(c). During 

the ASP treatment, the active species that finally interact with GO samples are 

mostly neutral radicals with only limited number of ions, thus the damage from 

direct ion bombardment which could occur during DC plasma treatment is 

minimised [302]. 

Part II: ASP Modification of GO 

4.4 Results of Gas Effect on ASP Treatment  

Section 4.2 has shown that ASP treatment is superior in improving the super-

capacitive performances of GO. In this section, the effects of gas used in ASP 
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treatments were explored and compared, as different working gases: pure 

argon, pure hydrogen, gas mixture of nitrogen and argon, and gas mixture of 

nitrogen and hydrogen, were applied in ASP treatments. The percentage of 

nitrogen in both gas mixtures is 25 %. All the other conditions were the same, 

as all the ASP treatments were conducted at a total gas pressure of 0.75 mbar, 

at a temperature of 100 ℃ for a duration of 1 h. The samples are denoted as 

Ar-GO, H2-GO, N2Ar-GO and N2H2-GO, respectively, according to the working 

gas used in the ASP treatments. 

4.4.1 Micro-structure 

1. SEM observation and EDS results 

The SEM images of GO after ASP treatments using different gases are shown 

in Fig. 4-16. Similarly, the SEM images of these GO samples show no specific 

difference, with wrinkles on all the samples. The EDS results are obtained from 

the areas circled in green rectangles in Fig. 4-16. In EDS results, still, the four 

elements: carbon, oxygen, silicon and sulphur are detected, and the elemental 

contents are displayed in Table 4-5, and are similar as well. Oxygen contents 

of all these four ASP treated GO again show a subtle decrease compared to 

untreated GO, implying that all the GO after ASP treatments get reduced. 

However, nitrogen element is not exhibited in GO samples after ASP treatments 

using the mixture gases containing N2. It is supposed that nitrogen doping 

would occur, according to literature [403]. The absence of nitrogen in EDS result 
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may be due to a too low content of nitrogen doped in GO to be detected. 

 

 

Fig. 4-16 Selected areas for EDS in SEM images, with the corresponding EDS 

images of (a) Ar-GO (b) H2-GO (c) N2Ar-GO and (d) N2H2-GO. 

(a) (b) 

(c) (d) 
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Table 4-5 Element content of ASP treated GO samples using different gases 

 C O Si S 

Untreated GO 41.15 17.13 41.26 0.46 

Ar-GO 39.91 13.36 46.17 0.56 

H2-GO 37.03 11.79 50.89 0.3 

N2Ar-GO 39.36 14.33 46.08 0.22 

N2H2-GO 39.97 10.78 48.69 0.56 

2. Raman spectra 

The Raman spectra of untreated GO and other GO samples treated by ASP 

treatment using different gases are shown in Fig. 4-17. The dominant D peak 

and G peak still feature in all the Raman spectra, and the corresponding 

parameters are displayed in Table 4-6. 

According to the parameters, all the Raman spectra of the ASP treated GO 

except N2H2-GO are similar, as the ID/IG in the range of 0.836 to 0.875, the 

positions of G peak in the range of 1593 cm-1 to 1598 cm-1, and FWHM(G) in 

the range of 96 cm-1 to 98 cm-1. This means that the graphitic structures of Ar-

GO. H2-GO and N2Ar-GO are similar, as GO are likely to get reduced, but more 

disorders are formed as well due to the possible ion bombardment in ASP 

plasma, based on the increase of their FWHM(G). 

However, the FWHM(G) of N2H2-GO is 91 cm-1, which is close to that of 

untreated GO. This smaller FWHM(G) than its three counterparts is possibly 

caused by the nitrogen doping [392]. As to N2Ar-GO, the effect of nitrogen is 

not the same as that of N2H2-GO, and the difference are discussed in Section 

4.6. 
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Fig. 4-17 Raman spectra of untreated and ASP treated GO using different gases. 

Table 4-6 Raman spectra details GO samples before and after ASP treatment using 

different gases 

 D peak G peak 
ID/IG 

 Wavelength/cm-1 FWHM/cm-1 Wavelength/cm-1 FWHM/cm-1 

Untreated GO 1357 139 1597 92 0.858 

Ar-GO 1363 152 1595 98 0.836 

H2-GO 1359 146 1593 98 0.875 

N2Ar-GO 1360 146 1598 96 0.859 

N2H2-GO 1364 133 1597 91 0.881 

4.4.2 Electrical and electrochemical properties 

1. Sheet resistance measurement 

Fig. 4-18 shows the sheet resistances of untreated GO and ASP treated GO 

using different gases. It can be observed that the sheet resistances of all ASP 

treated GO samples, except N2Ar-GO, decreased in comparison to untreated 

GO, which should be due to the contribution from the removal of oxygen 

functional groups. 
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As a comparison, both sheet resistances of Ar-GO and N2H2-GO are lower than 

that of H2-GO. Since it has been deduced in Section 4.2.2 that the superiority 

of the ASP treated GO partly results from the sputtering of transition metal 

nanoparticles, the lower sheet resistance of Ar-GO than that of H2-GO is likely 

due to higher sputtering, as argon is heavier than hydrogen so that more 

metallic nanoparticles are deposited on GO, contributing to lower sheet 

resistance [399]. In regard to N2H2-GO, the addition of N2 to H2 would induce 

nitrogen doping in GO, resulting in a better electrical property [404], and the 

best effect of ASP treatment on N2H2-GO is discussed in particular in Section 

4.6.1. 

However, N2Ar-GO exhibits a poor electrical property, as its sheet resistance is 

even higher than that of untreated GO. This negative effect of ASP treatment 

using gas mixture of nitrogen and argon is discussed in Section 4.6.2. 

 

Fig. 4-18 Sheet resistance of untreated and ASP treated GO using different gases. 
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2. Electrochemistry tests 

(1). CV test 

The electrochemical performances of ASP treated GO samples using different 

gases were evaluated in CV test at different scan rates. Due to the similarity of 

CV curves, the results are shown in Appendix (Fig. A-1). All the CV curves at 

low scan rates show the quasi-rectangular shapes which indicate their 

capacitive behaviour [152]. Meanwhile, a broadening of the capacitive current 

can be found near 0.8 V of all these ASP treated GO, implying that it comes 

from the ASP treatments, regardless of the working gas used in the plasma 

treatment. As discussed in Section 4.2.2, it could be ascribed to the 

incorporation of transition metal oxides during the ASP treatment. 

Fig. 4-19(a) compares the CV curves of these samples at a scan rate of 100 

mV s-1. The area of the CV curve indicates the capacitance, and all these CV 

curves of four ASP treated GO have a larger area than that of untreated GO, 

with N2H2-GO the largest whilst N2Ar-GO the smallest. 

Fig. 4-19(b) displays the capacitance of these GO samples calculated at 

different scan rates. The capacitances decrease with the increasing scan rates 

for all the samples tested. The capacitance of N2H2-GO is the highest among 

all, which reaches around 1148 μF at a scan rate of 5 mV s-1, nearly 4.4 times 

that of untreated GO. Moreover, the sequence of the capacitances of ASP 

treated GO accords with that of sheet resistances, as the GO with lower sheet 
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resistance possesses higher capacitance. This agrees with the idea that better 

electrical property of electrode material is beneficial to the super-capacitive 

performance. However, it is also noticeable that the capacitance of N2Ar-GO is 

also higher than that of the untreated GO, despite the higher sheet resistance. 

This means that the improvement of super-capacitive performance is not 

related to the electrical property only. This agrees with the idea that pseudo-

capacitance was involved, as the nitrogen doping and the deposition of 

transitional metal nanoparticles still occur on N2Ar-GO. 

 

Fig. 4-19 (a) Comparison of CV curves of ASP treated GO using different gases at 

100 mV s-1, and (b) capacitances at different scan rates. 

(2). EIS test 

Fig. 4-20 shows the Nyquist plots of the EIS result, and Table 4-7 exhibits some 

of the parameters of the equivalent circuit fit of the EIS results. For these four 

ASP treated GO, the Rct are all smaller than that of untreated GO and follow 

the same trend as the capacitance calculated in CV curves, as the smallest Rct 

belongs to N2H2-GO to around 2.55 kΩ. However, this is not the same as ESR, 
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which may be due to the various resistances involved in, and the electrode 

resistance cannot be concluded from this ERS results.  

 

Fig. 4-20 Nyquist plots of untreated GO and ASP treated GO using different gases. 

Table 4-7 Parameters of the equivalent circuit fit of the EIS results 

 ESR (kΩ) Rct (kΩ) Yo (S·s
α
) α Wd (S·s1/2) Goodness  

Untreated GO 0.64 15.82 5.60×10-4 0.89 1.26×10-4 2.70×10-3 

Ar-GO 0.16 3.02 4.50×10-4 0.95 3.42×10-4 0.17×10-3 

H2-GO 0.56 4.50 3.57×10-4 0.97 2.77×10-4 0.13×10-3 

N2Ar-GO 0.07 6.27 4.04×10-4 0.96 1.50×10-4 0.44×10-3 

N2H2-GO 0.06 2.55 4.25×10-4 0.95 5.13×10-4 0.76×10-3 

(3). GCD test 

GCD results are shown in Fig. 4-21. Still, the charge and discharge lines are 

nearly symmetrical for all the GO samples, but the charge/discharge plots are 

not exactly isosceles triangles, indicating the feasibility for SC applications with 

some pseudo-capacitive characteristic in all these GO electrodes. The 

sequence of charge/discharge time length of all the GO samples follows the 

same sequence of capacitance, and all the IR drop of ASP treated GO decrease, 
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with one of N2H2-GO the smallest. Still, these ASP treated GO samples exhibit 

good cyclic performances. 

 

Fig. 4-21 GCD plots of untreated GO and ASP treated GO using different gases. 

Based on these property tests, it is found that GO ASP treated using gas 

mixture of nitrogen and hydrogen, the one with the lowest sheet resistance, is 

the most promising one for SC applications, possibly due to nitrogen doping. 

On the other hand, ASP treatment using gas mixture of nitrogen and argon has 

a negative effect on the electrical property of GO, but still contribute to the 

electrochemical property, possibly due to the nitrogen doping. 

4.5 Results of N2/H2 Ratio Effect on ASP Treatment 

Section 4.4 shows that the ASP treatment on GO using gas mixture of nitrogen 

and hydrogen results in the best super-capacitive performances. Therefore, this 

section explores how the ratio of nitrogen and hydrogen affects the 

performances. The gas mixtures of nitrogen and hydrogen are in ratio of 1:3, 
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1:1 and 3:1, and the corresponding ASP treated GO samples are designated 

NH13, NH11, NH31. The other conditions were all the same, with a total gas 

pressure of 0.75 mbar, and a temperature of 100 ℃, for a duration of 1 h. 

4.5.1 Micro-structure 

1. XPS survey spectra and element contents 

Fig. 4-22 shows the XPS survey spectra of untreated and ASP treated GO using 

gas mixture of nitrogen and hydrogen in different ratios, and the atomic 

percentage of each detected element, as well as content ratio of nitrogen to 

carbon, is listed in Table 4-8. The basic elements of carbon and oxygen, as well 

as nitrogen and sulphur are detected in all the GO samples, and it is evident 

that iron and chromium are detected in all the ASP treated GO samples, which 

are two of the main element compositions of stainless steel, confirming that the 

transition metal nanoparticles are sputtered and deposited on GO in ASP 

treatments. 

As to the oxygen content of ASP treated GO, it can be noticed that for NH13, 

the oxygen content is higher than that of untreated GO, which is opposite to the 

expected GO reduction process. This increase of oxygen content comes from 

the compensation of metal oxides that deposit on the GO samples. Noting in 

advance that transition metals sputtered are in the form of oxides. The 

decreased oxygen for NH11 is attributed to the GO reduction, and the oxygen 

compensation from metal oxide cannot cover the decrease from GO reduction, 
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due to a lower content of transition metal. However, the oxygen content 

increases in NH31, which is probably caused by the contamination, since the 

content of sulphur in NH31 is unexpectedly higher than those of the other GO 

samples. 

Regarding the nitrogen content, due to the large difference of carbon content 

among all the GO samples, the ratio of nitrogen to carbon (N/C) is calculated 

and listed for comparison. The increased N/C indicate that GO get nitrogen 

doped, and the highest ratio belongs to NH31, whilst the lowest to NH11. This 

means that the nitrogen doping efficiency is related to the ratio of nitrogen to 

hydrogen of the working gas. 

Finally, the contents of iron and chromium are compared, and it is evident that 

the metal content is the highest in NH13, second in NH11, and the lowest in 

NH31. This can be deduced that the sputtering yield is related to the gas used 

in plasma treatment, and in this case of gas mixture of nitrogen and hydrogen, 

the sputtering yield is inversely proportional to the nitrogen concentration in the 

gas mixture.  
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Fig. 4-22 XPS spectra surveys of untreated GO, NH13, NH11 and NH31. 

Table 4-8 Atomic percentage of elements detected in untreated GO, NH13, NH11 and 

NH31. 

 Untreated GO NH13 NH11 NH31 

C1s 65.1 49.98 64.8 46.04 

O1s 30.7 34.38 25.36 36.26 

N1s 2.6 4.44 2.84 8.49 

S2p 1.6 2.67 2.99 7.52 

Fe2p / 7.39 3.42 1.41 

Cr2p / 1.14 0.59 0.28 

N/C 0.04 0.09 0.04 0.18 
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2. C1s spectra 

Fig. 4-23(a) compares the high-resolution C1s XPS spectra of all the GO 

samples. It is shown that one of the dominant peaks in the untreated GO at 

286.8 eV (Fig. 4-8(a)), which is assigned to C-O, is suppressed in the three 

ASP treated GO samples. This confirms that GO is reduced in ASP treatments, 

regardless of the gas ratio. 

For further comparing the three ASP treated GO, the C1s XPS spectra are 

decomposed into three peaks: Peak A, Peak B, and Peak C, and the details are 

also listed in Fig. 4-23(b-d). Peak A is attributed to C-C; Peak B represents both 

C-O and C-N, based on the non-negligible presence of both oxygen and 

nitrogen elements in GO [405, 406]; and Peak C is assigned to C=O. Given a 

much lower content of nitrogen than that of oxygen, the percentage of Peak B 

can be an implication of C-O content and a lower percentage of Peak B then 

indicates a better reduction effect. Here, NH13 has the lowest content of Peak 

B, suggesting the best reduction effect of NH13.  
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Fig. 4-23 (a) Comparison of high-resolution C1s XPS spectra of GO samples and the 

deconvoluted spectra of (b) NH13 (c) NH11, and (d) NH31. 

3. N1s spectra 

High-resolution XPS spectra of N1s are compared as well, as shown in Fig. 

4-24(a). It is found that the dominant peak shifts to lower binding energy with 

an increased proportion of hydrogen in the gas mixture, which means the gas 

ratio of nitrogen and hydrogen has an influence on the nitrogen doping 

configuration in GO, and the configuration with lower binding energy is 
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preferred to form in gas mixture with higher proportion of hydrogen. The N1s 

spectra can be deconvoluted into two peaks: Peak D and Peak E, as shown in 

Fig. 4-24(b-d). Peak D represents Pyrrolic N for NH11 and NH31, and the 

integration of Pyridinic N and Pyrrolic N for NH13 due to a lower binding energy, 

while Peak E stands for Graphitic N [8]. 

As compared, NH31 is dominant in Graphitic N, accounting for about two thirds 

of the total nitrogen, and the left one third is Pyrrolic N. With an increasing 

proportion of hydrogen in the gas mixture, the content of Pyrrolic N increases 

and become the dominant configuration, accounting for over four fifths of the 

total nitrogen dopants. When the proportion of hydrogen increases to 75 % in 

gas mixture, the configuration of the lowest binding energy: Pyridinic N, starts 

to form, and the content of Graphitic N is less than 5 %.  
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Fig. 4-24 (a) Comparison of high-resolution N1s XPS spectra of GO samples and the 

deconvoluted spectra of (b) NH13 (c) NH11, and (d) NH31. 
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4. O1s spectra 

Likewise, high-resolution O1s XPS spectra of GO samples before and after 

ASP treatment using gas mixture of nitrogen and hydrogen with different ratios 

are compared, as shown in Fig. 4-25(a). For NH13, there appears an extra peak 

at around 530 eV, which is not observed in NH31. 

These spectra are then decomposed into two peaks: Peak F and Peak G, as 

shown in Fig. 4-25(b-d). Peak F represents metal oxides, which comes from the 

transition metal sputtered from active screen [407, 408], and Peak G is 

assigned to the organic C (containing both C-O and C=O) from GO [111, 409]. 

Peak F takes 22.0 % in NH31, decreases to only 3.7 % in NH11, and even 

disappears in NH31, which means that the content of metal oxides decreases 

with the decreasing proportion of hydrogen in the gas mixture, which agrees 

with the content of the metals (iron and chromium) detected in ASP treated GO: 

the highest metal content in NH13, but lowest in NH31. 
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Fig. 4-25 (a) Comparison of high-resolution O1s XPS spectra of GO samples and the 

deconvoluted spectra of (b) NH13 (c) NH11, and (d) NH31. 

5. Fe2p and Cr2p spectra 

Fig. 4-26(a-b) show the high-resolution Fe2p and Cr2p XPS spectra of ASP 

treated GO samples. As compared, the spectra are similar, indicating that the 

compositions of iron and chromium are similar in the ASP treatments. The XPS 

spectra of Fe2p and Cr2p are not deconvoluted, but the dominant peaks are 

covered with light yellow in Fig. 4-26. It is still evident to observe that the 
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dominant peaks in Fe2p scans are at around 712 eV for Fe2p3/2 and 725 eV for 

Fe2p1/2, and the ones in Cr2p scans are at around 577 eV for Cr2p3/2 and 587 

eV for Cr2p3/2. It suggests that these two transition metals are both in oxidised 

states (Fe2+, Fe3+, and Cr3+) [410, 411], which is according with Peak F in XPS 

spectra of O1s (Fig. 4-25). 

 



154 
 

 

Fig. 4-26 Comparison of high-resolution (a) Fe2p and (b) Cr2p XPS spectra of ASP 

treated GO samples. 

From the XPS results interpreted above, it can be deduced that GO is both 

reduced and nitrogen doped in ASP treatments using gas mixture of nitrogen 

and hydrogen, with the best reduction effect being achieved by NH13. With an 

increasing proportion of hydrogen in gas mixture, the configurations of nitrogen 

with lower binding energies are more likely to form, and the content of metals 

deposited on GO also increases. Moreover, the metals (iron and chromium) are 

mainly in oxidised states. 
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4.5.2 Electrical and electrochemical properties 

1. Sheet resistance measurement 

Fig. 4-27 shows the sheet resistances of untreated GO, and ASP treated GO 

using gas mixture of nitrogen and hydrogen in different ratios. It can be seen 

that the sheet resistances of all ASP treated GO samples are lower than 1×106 

Ω sq-1, an order of magnitude smaller than that of untreated GO, indicating that 

all the ASP treatments using gas mixture of nitrogen and hydrogen can have 

an obvious effect on decreasing sheet resistance, regardless of the gas ratio. 

However, it is also found that among all these three ASP treated GO, NH13 had 

the lowest sheet resistance, while NH31 the highest. According to the XPS 

results investigated in Section 4.5.1(Fig. 4-22 to Fig. 4-26), the lower sheet 

resistance is likely be ascribed to the better reduction effect and the higher 

content of transition metal oxides. 

 

Fig. 4-27 Sheet resistances of untreated and ASP treated GO using gas mixture of 

nitrogen and hydrogen in different ratios. 
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2. Electrochemistry tests 

(1). CV test 

The electrochemical performances of ASP treated GO samples using gas 

mixture of nitrogen and hydrogen in different ratios are evaluated in CV test at 

different scan rates, and still, the results are shown in Appendix (Fig. A-2). For 

all the CV curves of ASP treated GO using gas mixture of nitrogen and 

hydrogen, the broadening of the capacitive currents is found near 0.8 V, as well 

as a small hump at around 0.6 V in the negative current section for NH13 and 

NH11. As discussed in Section 4.2.2, it could be ascribed to the incorporation 

of transition metal oxides during the ASP treatment. 

As compared in Fig. 4-28(a), the broadening of current and hump are more 

significant in NH13 and NH11, implying that their amount of transition metal 

oxides is higher than that of NH31, which is consistent of the element content 

comparison from XPS results in Table 4-8. Also, all these areas of CV curves of 

three ASP treated GO are larger than that of untreated GO, with NH13 the 

largest whilst NH31 the smallest. This sequence is the same as the electrical 

property. 

Fig. 4-28(b) displays the capacitances of these GO samples calculated at these 

scan rates. All the capacitances decrease with the increasing scan rates for all 

the samples tested, and the capacitances of ASP treated samples using gas 

mixtures of nitrogen and hydrogen are all much higher than that of untreated 
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GO. 

 

Fig. 4-28 (a) Comparison of CV curves of untreated GO, NH13, NH11 and NH31 at 

100 mV s-1, and (b) capacitances at different scan rates. 

(2). EIS test 

EIS test was also conducted to further investigate the electrochemical 

performance of these GO samples, and Fig. 4-29 shows the Nyquist plots of 

the EIS results for all the samples. Table 4-9 exhibits some of the parameters 

of the equivalent circuit fit of the EIS results. 

All the ASP treated GO had a much smaller Rct than that of untreated GO, and 

follow the exact same trend as the capacitance calculated in CV curves, as the 

smallest Rct belong to NH13. Even for the largest one of NH31, the Rct is only 

4.98 kΩ, less than a third of the untreated GO. Also, the ESRs of ASP treated 

GO using gas mixture of nitrogen and hydrogen are almost the same, all as low 

as 0.06 kΩ, only a tenth of that of untreated GO. This should be mainly 

attributed to the lower electrode resistance. 
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Fig. 4-29 Nyquist plots of untreated GO and ASP treated GO using gas mixture of 

nitrogen and hydrogen in different ratios. 

Table 4-9 Parameters of the equivalent circuit fit of the EIS results 

 ESR (kΩ) Rct (kΩ) Yo (S·s
α
) α Wd (S·s1/2) Goodness 

Untreated GO 0.64 15.82 5.60×10-6 0.89 1.26×10-4 2.70×10-3 

NH13 0.06 2.55 4.25×10-6 0.95 5.13×10-4 0.76×10-3 

NH11 0.06 3.99 4.43×10-6 0.94 3.61×10-4 0.55×10-3 

NH31 0.06 4.98 3.85×10-6 0.96 3.76×10-4 0.61×10-3 

(3). GCD test 

GCD test was also conducted for further comparison, and the results are shown 

in Fig. 4-30. Still similar to those using different gases, these ASP treated GO 

samples using gas mixture of nitrogen and hydrogen in different gases got the 

similar charge and discharge lines that are nearly symmetrical, but the 

charge/discharge plot is not exactly an isosceles triangle, indicating the 

feasibility for SC application with some pseudo-capacitive characteristics in the 

electrode. The sequence of charge/discharge time length of all the GO samples 

follows the same sequence of capacitance and is reversely followed by IR drop. 

This result once again suggests that the ratio of nitrogen and hydrogen at 1:3 
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is the most promising one for SC applications. And they all exhibit good cyclic 

performance, especially NH13. 

 

Fig. 4-30 GCD plots of untreated GO and ASP treated GO using gas mixture of 

nitrogen and hydrogen in different ratios. 

Based on all the results above (from Section 4.2 to 4.5), it can be deduced that 

ASP can reduce GO, with transition metal nanoparticles sputtered from active 

screen and deposited on GO in the form of oxides. If working gas in ASP 

treatment is gas mixture of nitrogen and hydrogen, nitrogen doping of GO can 

also occur simultaneously, with a ratio of 1:3 the best in improving the electrical 

and electrochemical properties. 

4.6 Mechanism of ASP Gas Effect 

As has been reported in Section 4.4, the properties of ASP treated GO are 

highly gas composition dependent. For example, ASP treatment using the gas 

mixture of nitrogen and hydrogen is the most effective in improving both the 

electrical and electrochemical properties among all the four gas types examined, 
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while the ASP treatment with a gas mixture of nitrogen and argon revealed the 

smallest improvement in the electrochemical properties, and even worse 

electrical properties than untreated GO. Based on these results, it can be 

deduced that the effectiveness of nitrogen in modifying GO in ASP treatment 

varied when mixed with different gases. 

4.6.1 Synergetic Effect of Nitrogen and Hydrogen 

As introduced in Section 2.2.2.2, nitrogen doping, through commonly used 

covalent functionalisation of graphene materials, can modulate the electronic 

properties of graphene materials. Also, as described in Section 4.5.1, the 

increase of nitrogen to carbon atomic ratio indicates that GO was successfully 

doped with nitrogen by ASP treatment. This can therefore explain the 

improvement of electrochemical properties of GO after ASP treatment using a 

gas mixture of nitrogen and hydrogen. 

Similar to the reduction mechanism discussed above, the mechanism of 

nitrogen doping in ASP treatment can be attributed to the interactions of active 

species containing nitrogen with GO. In nitrogen and hydrogen plasma, the 

active species include protons (H+), nitrogen ions (N2
+ and N+), N-H ions (NH+, 

NH2
+, NH3

+, NH4
+), excited nitrogen (N*) and hydrogen atoms (H*), activated 

nitrogen (N2*) and hydrogen molecules (H2*), and radicals of ammonia (NHx*) 

[412, 413]. Unlike in conventional DC plasma, in ASP, the effective nitrogen 

mass transfer at the surface of GO occurs in the remote plasma zone [360]. 
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Among all these active species, nitrogen-containing ions collide with the active 

screen, while some of those activated neutral nitrogen radicals in the form of 

N2*, N*, NHx*, as well as N2 and NH3 [414] fall onto the GO surface from the 

active screen mesh, and diffuse into the structure of the graphitic basal plane, 

thus forming C-N bonding. 

The addition of hydrogen in plasma not only plays a role in the reduction of GO, 

but can also facilitate nitrogen doping effects of ASP [415]. It is already well-

established that mixing hydrogen with nitrogen can increase the density of 

reactive species of nitrogen in plasma. It is known that the dissociation and 

ionisation energies of hydrogen gas (8.8 eV and 13.1 eV, respectively) are lower 

than those of nitrogen gas (24.0 eV and 15.6 eV, respectively) [416]. 

Consequently, more hydrogen ions are generated at a given plasma power and 

gas pressure, thus increasing the possibility of collisions and the electron 

density. Accordingly, more nitrogen can then be ionised by the secondary 

electrons from the cathode [417, 418]. In addition, these hydrogen ions can 

interact with nitrogen to form ammonia radicals that can also function as 

nitrogen doping sources, hence enhancing the doping efficiency. Many studies 

have already confirmed the enhancement of nitrogen ionisation by hydrogen, 

thus creating more nitrogen ions and nitrogen-containing radicals [419]. 

Furthermore, the hydrogen plasma can play the role of reducing GO, leaving 

oxygen vacancies as reactive sites, into which nitrogen tends to incorporate 

[420]. 
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Notwithstanding the fact that the addition of hydrogen can facilitate the 

ionisation of nitrogen and increases the density of reactive species of nitrogen, 

there exists an optimal ratio of nitrogen to hydrogen for the best performance, 

as too low a proportion of nitrogen means inadequate supply of nitrogen 

reactive species. Various studies have been carried out to investigate the best 

ratio, but the results vary greatly [421-424]. 

Here in this study, the electrical and electrochemical properties of GO treated 

using different ratios of nitrogen to hydrogen are related to the reduction degree 

and the nitrogen doping configurations. As evidenced in Section 4.5.1 (Fig. 4-23 

and Fig. 4-24), when decreasing the nitrogen to hydrogen ratio, the percentage 

of Peak B in XPS spectra of C1s (C-O) decreased and the pyridinic N/pyrrolic 

N of Peak D increased. Recent study have found that the nitrogen doping 

concentration and configuration can be controlled by the parameters in the 

doping process [141], and thus it is reasonable to deduce that the concentration 

and configuration type of nitrogen doped by ASP treatment could be related to 

the ratio of nitrogen to hydrogen used during the process. However, the 

mechanism behind the relationship between the ratio of nitrogen to hydrogen 

in ASP treatment and the nitrogen doping concentration and configuration is 

still not well understood. 

4.6.2 Negative Effect of Nitrogen and Argon 

As described in Section 4.4.2, when ASP treated using a gas mixture of nitrogen 
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and argon, the sheet resistance of N2Ar-GO is even higher than that of 

untreated GO. This means that negative effects on electrical properties of GO 

arise following ASP treatment using a gas mixture of nitrogen and argon. 

In nitrogen and argon plasma, except for the nitrogen gas molecules and argon 

atoms, there exist nitrogen and argon ions (N2
+, N+, and Ar+) and neutral 

molecules and atoms at excited states (N2*, N*, and Ar*). When argon is added 

at a small amount in the plasma, the excited argon atoms can transfer energy 

to nitrogen molecules via inelastic collisions (Ar*+N2→N2*+Ar), which is the so-

called Penning excitation [418]. When the argon content increases, there is 

another reaction with charge transfer from nitrogen ions to argon 

(Ar*+N2
+=N2+Ar+) [425]. Here in this study, the ratio of nitrogen to argon is 1:3, 

so both reactions can occur. 

In ASP, due to the feature of remote plasma as discussed above, most ions are 

attracted to the active screen, and the active species that GO samples confront 

are dominated by excited argon atoms. 

In addition, it has also reported that based on the current-voltage characteristics 

of the discharge that, at low gas pressures, there would be an increase in the 

electric field when nitrogen is added to argon plasma [426, 427]. Consequently, 

the ion bombardments on the GO sample from the nitrogen and argon gas 

mixture plasma, even minimised by the active screen, are still stronger than 

pure argon plasma. This would cause more defects on the GO treated using a 
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gas mixture of nitrogen and argon, resulting in the increase of sheet resistance. 

This is also supported by the electrochemical testing results that that 

capacitance of nitrogen/argon plasma treated N2Ar-GO is lower than pure 

argon treated Ar-GO (Fig. 4-19). However, the nitrogen doping effect still played 

a positive role in this case, and so the electrochemical performance improved, 

as compared to untreated GO. 

Part III: ASP Metal Sputtering Hybrid Effect 

4.7 Results of ASP Hybrid Process Combining 

Modification and Deposition 

As explored from Section 4.2 to 4.6, it is found that a small amount of metal 

nanoparticles from the active screen are sputtered and deposit on GO. To 

further investigate the sputtering effects of ASP, one more noble metal plate is 

added as a lid of the active-screen cage, and the relevant results and 

discussions are displayed from Section 4.7 to 4.10. 

In this section, ASP treated GO samples with four types of noble metal as the 

active-screen lid were compared. The noble metals are silver, palladium, 

platinum and gold, and the corresponding samples are denoted as GO-Ag, GO-

Pd, GO-Pt and GO-Au, respectively. Working gas used is the gas mixture of 

nitrogen and hydrogen at a ratio of 1:3, and all the other conditions are the 

same, with a total gas pressure of 0.75 mbar, at a temperature of 100 ℃ for a 

duration of 1 h. 
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4.7.1 Micro-structure 

1. SEM observation and EDS results 

Fig. 4-31 are the SEM images in two different magnifications of GO samples 

after ASP treatments with a noble metal lid. For GO-Ag in Fig. 4-31(a), 

aggregated particles are separately scattered on the GO film. According to the 

SEM image of higher magnification shown in Fig. 4-31(b), these aggregated 

particles are in a size of about one or two microns in diameter. Additionally, it is 

not surely known of the stains on the low magnificent SEM image of GO-Pt (Fig. 

4-31(e)), which are possibly some contaminations during the ASP process. 

According to the EDS mapping shown in Fig. 4-32(a-c), the missing signal of 

silicon indicates that those aggregated particles are at a height of at least one 

micron. The signals of silver in these corresponding areas prove those particles 

are metal silver. However, this is only unique for GO-Ag, as for the other three 

GO samples, few very small particles are observed in the SEM images, as 

shown in Fig. 4-31(c-h), due to their extremely small sizes of about several or 

tens of nanometres, but the EDS can detect the existence of the corresponding 

metal element compositions, as shown in Fig. 4-33(a-c) and the Table 4-10.  
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Fig. 4-31 SEM images of (a-b) GO-Ag (c-d) GO-Pd (e-f) GO-Pt and (g-h) GO-Au. 

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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Fig. 4-32 EDS mapping result of GO-Ag (a) image, (b) Si K, (c) Ag L. 

(a)

(b)

(c)
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Fig. 4-33 EDS results of (a) GO-Ag, (b) GO-Pd, (c) GO-Pt, and (d) GO-Au. 

 

(a)

(b)

(c)

(d)
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Table 4-10 Element content weight percentage of GO samples after ASP treatments 

with a noble metal lid 

 C N O Si S Fe Ag Pd Pt Au 

GO-Ag 40.73 2.48 11.48 43.32 0.61 / 1.38 / / / 

GO-Pd 39.85 2.36 12.73 44.31 0.47 / / 0.28 / / 

GO-Pt 41.24 1.54 15.60 39.85 1.08 0.10 / / 0.59 / 

GO-Au 38.99 2.34 13.91 42.00 1.25 / / / / 1.50 

2. TEM observation with EDS mapping, HRTEM and SAED 

(1). TEM observation with EDS mapping 

Fig. 4-34(a-d) are the TEM images and relevant EDS mappings of the GO 

samples after ASP treatment with different metal lids. Different from SEM 

images, clusters of different sizes are clearly observed in TEM imaging and are 

further confirmed by EDS mapping as the corresponding noble metals. Despite 

the possibility of agglomeration, these noble metals are all in nano-scale, 

indicating that metals sputtered and deposited on GO film are in loose. 

Specifically, the clusters of gold are relevantly much larger than the other three 

noble metals, and hence iron and chromium can be detected in the same area 

more clearly, suggesting that all types of the metals assemble together, with the 

noble metals dominating concentration. 
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(a)

(b)

(c)
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Fig. 4-34 TEM images and relevant EDS mapping of (a) GO-Ag, (b) GO-Pd, (c) GO-

Pt, and (d) GO-Au. 

(2). TEM with SAED of GO 

GO was firstly examined via SAED. Fig. 4-35 is the TEM image of GO-Pt 

sample, displaying the GO flakes with wrinkles, and the SAED pattern inset 

shows two rings with distinct six-fold brighter patterns, referring to (100) and 

(110) planes of graphene film observed from the axes of [001] [428, 429]. 

 

Fig. 4-35 TEM micro-structure of the GO-Pt sample films; inset is SAED pattern from 

red circle area indicating multi-layered GO diffractions of (100) and (110) rings at 

B=[001]. 

(d)
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(3). HRTEM of silver 

Due to the extreme small size of silver particles, poor signals were detected 

and no SAED pattern of silver is shown here. The lattice assessment of silver 

particles is displayed in Fig. 4-36. Different from the aggregated silver particles 

observed in SEM images (Fig. 4-31(a-b)), the silver particles in HRTEM images 

are quite small, most of which are in extremely fine sizes of 1-2 nm (as circled 

in Fig. 4-36) with only a few in 3-5 nm diameter. The spacing of the lattice fringe 

is around 0.238 nm, corresponding to d111 of silver [430-432]. 

 

Fig. 4-36 HRTEM of GO-Ag sample. 

(4). SAED and HRTEM of palladium 

The particles were observed on the GO film, as displayed in TEM image of Fig. 

4-37(a), and SAED pattern were obtained from the red circled area in Fig. 

4-37(a). Due to plenty of both GO and Pd in this area, the SAED pattern (Fig. 

4-37(b)) shows the rings of both spheres of GO, and the fcc-structured Pd 

planes [433, 434]. The HRTEM image of the particles with the same lattice (Fig. 
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4-37(c)), as circled in red, indicates that the palladium particles are in a size of 

about 4-7 nm in diameter. 

 

Fig. 4-37 (a)TEM microstructure of the GO-Pd sample; (b) SAED pattern from red 

circled area in (a); (c) HRTEM image of GO-Pd sample. 

(a)

(b)

(c)
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(5). SAED and HRTEM of platinum 

TEM image of GO-Pt is shown in Fig. 4-38(a). Crystals are observed on GO in 

various shapes and sizes, as platinum particles agglomerated due to nano-

scaled sizes. SAED pattern in Fig. 4-38(b) also exhibits the integration of both 

GO and platinum. The blurry diffraction rings of GO suggest the multi-layer of 

GO. The platinum particles in HRTEM (Fig. 4-38(c)) are circled in red here, and 

their sizes are about 4-6 nm in diameter as well, similar to those of palladium. 

(a)

(b)



175 
 

 

Fig. 4-38 (a)TEM microstructure; (b) SAED pattern; (c) HRTEM image of GO-Pd 

sample. 

(6). SAED and HRTEM of gold 

From the TEM image of GO-Au in Fig. 4-39(a), big metal clusters are observed, 

and its corresponding SAED pattern is shown in Fig. 4-39(b). The (111), (200), 

(220) and (311) planes indicate the fcc lattice structure of gold [435]. From the 

HRTEM image of GO-Au (Fig. 4-39(c)), particles in the identical lattice fringe, 

as circled in red, suggest the individual gold particles, and the size are about 

10 nm in diameter, much larger than the other three noble metals. This may 

explain the larger clusters of gold compared to the other three in TEM images.  

(c)

(a)
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Fig. 4-39 (a)TEM microstructure of the GO-Au sample; (b) SAED pattern from red 

circled area in (a); (c) HRTEM image of GO-Au sample. 

3. Raman spectra 

Fig. 4-40 shows the Raman spectra of untreated GO and the GO samples ASP 

treated with different metal lids. These four Raman spectra are still similar in 

featuring the dominant D peak and G peak. According to the details of the 

Raman spectra in Table 4-11, it can be found those of GO-Pd, GO-Pt and GO-

Au are almost the same, as FWHM(G) decrease to 81 cm-1, ID/IG decrease to 

0.801 or 0.776, and position of G peak moves to 1602 or 1601 cm-1. This 

suggests that the structure transformation of GO during the ASP process is not 

  
   
   
   
   

(b)

(c)
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related to the type of these three metals, and the decrease of both ID/IG and 

FWHM(G) are an indication of GO reduction, based on the three-stage model 

[385]. 

However, it is not quite the same to GO-Ag, as the ID/IG does not decrease and 

the position of the G peak shifts to 1593 cm-1. This is possibly related to the 

morphology of the metal deposited on the GO film, as that of GO-Ag is unique 

for its relatively larger size. As to the other three samples, a homogeneous layer 

is formed on the GO film surface, functioning as a cover or a sheath of the GO 

film, and it can prevent GO from the possible ion bombardment which may 

cause damage the structure. However, silver aggregates into big particles, and 

fails to form the metal layer. Thus, the GO structure gets more damages from 

the ion bombardment during the ASP process, resulting to the higher ID/IG. 

 

Fig. 4-40 Raman spectra of untreated, ASP treated GO using different metal lids. 
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Table 4-11 Raman spectra details GO samples after ASP treatment using different 

metal lids 

 D peak G peak 
ID/IG 

 Wavelength/cm-1 FWHM/cm-1 Wavelength/cm-1 FWHM/cm-1 

Untreated GO 1357 139 1597 92 0.858 

GO-Ag 1358 112 1593 83 0.862 

GO-Pd 1357 113 1602 81 0.801 

GO-Pt 1357 115 1602 81 0.801 

GO-Au 1363 117 1601 81 0.776 

4. XPS analysis 

(1). XPS survey spectra and element contents 

Fig. 4-41 shows the XPS survey spectra of the GO samples ASP treated with 

different noble metal lids. Apart from the basic elements of GO (carbon, nitrogen, 

oxygen and sulphur) and the metal elements from the stainless steel (iron and 

chromium), the noble metals corresponding to the extra lid have also been 

detected, with a noticeable content, especially palladium, platinum and gold. 

The atomic percentages of each element (excluding sulphur) are listed in Table 

4-12. For comparison, the oxygen content of GO-Pd is much lower than the 

other three GO samples, due to a lower content of metal oxides, as a much 

lower content of iron detected and even no chromium detected. It is also 

interesting to notice that, the contents of iron and chromium in GO-Pd and GO-

Pt are lower than those of GO-Ag and GO-Au, and chromium is even not 

detected in GO-Pd. On the other hand, regarding the noble metals, silver is also 

lower than the other counterparts, possibly related to the big particle size as 

observed from the morphology in SEM images. 
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Fig. 4-41 XPS spectra survey of ASP treated GO with different metal lids. 

Table 4-12 Atomic percentage of elements detected in ASP treated GO with different 

metal lids 

 GO-Ag GO-Pd GO-Pt GO-Au 

C1s 46.14 58.38 45.34 40.23 

O1s 40.09 27.46 37.13 37.66 

N1s 4.20 8.10 7.78 7.59 

Fe2p 5.66 0.53 1.61 5.24 

Cr2p 1.65 / 0.83 1.37 

Ag3d 2.26 / / / 

Pd3d / 5.53 / / 

Pt4f / / 7.31 / 

Au4f / / / 7.91 
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(2). C1s spectra 

The high-resolution C1s spectra of all the GO samples are compared, as shown 

in Fig. 4-42. The spectra are similar and can be decomposed into three peaks: 

Peak A, Peak B, and Peak C, the same as those interpreted in Section 4.5.1 

(Fig. 4-23). The deconvolutions of these spectra are shown in Fig. 4-42(b-d). 

Comparing the details of the split peaks among these four ASP treated GO, it 

is found that these four GO samples are almost the same, suggesting that the 

type of extra noble metal lids has no effect on GO reduction. As to the smaller 

Peak B in GO-Ag, it should be related to the lower nitrogen content. 
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Fig. 4-42 (a) Comparison of high-resolution C1s XPS spectra of GO samples treated 

using different metal lids and deconvoluted C1s XPS spectra of (b) GO-Ag, (c) GO-

Pd, (d) GO-Pt and (e) GO-Au. 

(3). N1s spectra 

High-resolution N1s spectra are compared as well, as shown in Fig. 4-43(a). 

However, these spectra are not quite the same. The deconvolution of spectra 

is shown in Fig. 4-43(b-e), and Pyrrolic N and Graphitic N are resolved in all the 

spectra, as Peak E and Peak F, respectively. However, Peak D is different in 

these GO samples. For GO-Pd and GO-Pt, Peak D at 398.2 or 398.5 eV 

represents Pyridinic N [436], whilst for GO-Ag and GO-Au, Peak D is around 

397 eV, which is not related to graphene [437], possibly some metal nitrides 

[438]. However, it is not known of the reason for the absence of Pyridinic N but 

the appearance of metal nitrides in these two samples. 
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Fig. 4-43 (a) Comparison of high-resolution N1s XPS spectra of GO samples and the 

deconvoluted XPS spectra of (b) GO-Ag, (c) GO-Pd, (d) GO-Pt and (e) GO-Au. 
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(4). O1s spectra 

Likewise, high-resolution O1s spectra of GO samples after ASP treatments with 

different metal lids are compared, as shown in Fig. 4-44(a), and the 

deconvoluted spectra are shown in Fig. 4-44(b-e). However, differences are 

found in the O1s spectra of these four GO samples. 

In GO-Ag and GO-Au, the O1s spectra can be decomposed into three peaks: 

Peak G, Peak H and Peak I (Fig. 4-44(b, e)). Peak G at around 530 eV 

represents metal oxides; Peak H at around 532 eV represents oxygen bonding 

to carbon (C-O and C=O); and Peak I at around 533 eV represents metal 

hydroxides [439]. It is unique for GO-Ag and GO-Au with the appearance of 

Peak I, which is not found in all the other samples (NH13, NH11 and NH31 

shown in Fig. 4-25, and GO-Pd and GO-Pt shown in Fig. 4-44(c, d)). 

For GO-Pd, only Peak H appears. This is due to the extremely low contents of 

iron and chromium. This also explains the relatively small Peak G in GO-Pt for 

its evidently smaller content of iron and chromium than those of GO-Ag and 

GO-Au (Table 4-12). 
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Fig. 4-44 (a) Comparison of high-resolution O1s XPS spectra of GO samples and the 

deconvoluted XPS spectra of (b) GO-Ag, (c) GO-Pd, (d) GO-Pt and (e) GO-Au. 
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(5). Fe2p and Cr2p spectra 

The high-resolution Fe2p and Cr2p spectra are compared among all the GO 

samples treated using different metal lids as well. These two spectra are 

exhibited in Fig. 4-45. and are quite the same as those in Fig. 4-26 interpreted 

in Section 4.5.1, Therefore, it is still concluded that iron and chromium are both 

in the form of oxidised states. However, for GO-Ag and GO-Au, according to 

their corresponding N1s and O1s spectra, nitrides and hydroxides are also 

included. Due to the extreme low content of Fe and no Cr detected in GO-Pd, 

the Fe2p spectrum of GO-Pd is not significant, and no Cr2p spectrum is 

displayed. In addition, the extra peak at around 573.2 eV in GO-Ag results from 

Ag 3p3/2. 
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Fig. 4-45 Comparison of high-resolution (a) Fe2p and (b) Cr2p XPS spectra of ASP 

treated GO samples using different metal lids. 

(6). Spectra of the noble metals 

Fig. 4-46(a-d) show the high-resolution spectra of the four noble metal elements. 

As to Ag3d and Au4f, the scans cannot be decomposed. The two peaks in Ag3d 

level at 368.3 eV for Ag 3d5/2 and 374.3 eV for Ag 3d3/2, representing the pure 

silver metal, and similarly, the two peaks in Au4f level at 84.0 eV for Au 4f7/2 and 

87.9 eV for Au 4f5/2 are assigned to pure gold metal. 



191 
 

However, in the spectra of Pd3d and Pt4f, native oxides are resolved as well, 

along with the pure metals. Specifically, in the spectrum of Pd3d (Fig. 4-46(b)), 

the predominant peaks decomposed at 336.0 eV and 341.2 eV are assigned to 

the pure palladium metal on carbon material (it may referred to Pd-C, which is 

discussed in Section 4.10.2) at Pd 3d5/2 and 3d3/2, respectively, and the small 

peaks at 337.3 eV and 342.6 eV are assigned to PdO, while the peaks at 339.3 

eV and 344.5 are the satellite peaks [440]. In regard to Pt4f spectrum (Fig. 

4-46(c)), the predominant peak at 71.4 eV and 74.7 eV are assigned to the pure 

platinum metal [441], while another peak at 72.5 eV and 75.8 eV are PtO [442]. 
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Fig. 4-46 High-resolution (a) Ag3d, (b) Pd3d, (c) Pt4f, and (d) Au4f XPS spectra of 

the corresponding GO samples. 
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4.7.2 Electrical and electrochemical properties 

1. Sheet resistance measurement 

Fig. 4-47 displays the sheet resistances of untreated GO and ASP treated GO 

with different noble metal lids. The sheet resistances of all ASP treated GO 

samples with noble metal lids can be seen to decrease, but with varying 

degrees. For GO-Ag and GO-Pd, the sheet resistances decrease to 

approximately 1.1×106 Ω sq-1 and 0.9×106 Ω sq-1 , respectively, while the sheet 

resistance of GO-Pt drops further to 2.0×104 Ω sq-1, and even to only 3.4×102 

Ω sq-1 for GO-Au. These huge differences of sheet resistances among these 

GO samples indicate that the types of noble metals have a huge impact on the 

electrical property of GO samples. 

Based on the XPS analysis (Fig. 4-41 to Fig. 4-46, as well as Table 4-12), these 

four GO samples are different in nitrogen doping configurations and the metals 

deposited on GO. Since the differences in sheet resistances do not accord with 

the nitrogen doping configurations (GO-Pd and GO-Pt share the same nitrogen 

doping configurations, but differ greatly in sheet resistance), the electrical 

properties of these GO samples are mainly related to the deposited metals. The 

details of the relationships between the deposited metals and the electrical 

properties are discussed in Section 4.10.2 and Section 4.10.3.  
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Fig. 4-47 Sheet resistance of untreated GO and ASP treated GO with different metal 

lids. 

2. Electrochemistry tests 

(1). CV test 

The electrochemical performances of ASP treated GO samples with different 

noble metal lids are evaluated in CV test at different scan rates, and the results 

are shown in Appendix (Fig. A-3). However, the CV curves of GO-Au display an 

abnormal large curve at the scan rate of 100 mV s-1, and thus Fig. 4-48 compare 

the CV curves at a scan rate of both 100 mV s-1 and 5 mV s-1. 

For all the CV curves of ASP treated GO with noble metal lids, the quasi-

rectangular shapes indicate their capacitive behaviour [152]. As to GO-Ag and 

GO-Au, the broadening of the capacitive currents is especially significant near 

0.8 V, as well as a small hump at around 0.6 V in the negative current section, 

which could be owing to the hydroxides that detected in XPS analysis (Fig. 

4-44(b, e)), which are more likely to have redox reactions during the CV process. 
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In the comparison of different GO samples at a scan rate of 100 mV s-1 (Fig. 

4-48(a)), GO-Au has the largest shape, followed with GO-Pt, GO-Pd and GO-

Ag. However, GO-Au becomes the second largest at the scan rate of 5 mV s-1, 

while GO-Pt being the largest, and the other GO samples follow the same 

sequence as before (Fig. 4-48(b)). Since the CV measurements were tested in 

the sequence of scan rate 100, 50, 20, 10, 5 mV s-1, the deterioration of GO-Au 

implies that GO-Au is not cyclically stable for the measurements. 

Fig. 4-48(c) displays the capacitances of these GO samples calculated at these 

scan rates. Unlike the other GO samples, the capacitances of GO-Au do not 

increase with the decreasing of scan rates as expected. The capacitances of 

GO-Au drop unexpectedly at 50 and 10 mV s-1, indicating that after the CV tests 

at the scan rate of 100 and 20 mV s-1, its super-capacitive performance decays. 

The reason for the phenomenon is unknown, requiring further study. However, 

all these ASP treated samples with noble metal lids have a higher capacitance 

than that of untreated GO, but to different degrees. At a scan rate of 100 mV s-

1, ASP treated GO with the highest capacitance of is GO-Au, and GO-Pt follows, 

next with GO-Pd and GO-Ag. This sequence is the same as the electrical 

property.  
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Fig. 4-48 Comparison of CV curves of ASP treated GO with noble metal lids at (a) 

100 mV s-1 and (b) 5 mV s-1, (c) capacitances at different scan rates. 

(2). EIS test 

EIS tests were also conducted to further investigate the electrochemical 

performance of these GO samples. Fig. 4-49 shows the Nyquist plots of the EIS 

results for all the samples, and Table 4-13 exhibits some of the parameters of 

the equivalent circuit fit of the EIS results. 

Since ESR consists of electrode resistance, electrolyte resistance, and contact 

resistance between electrode and current collector, and the conditions of the 

electrochemistry tests are the same, the ESR values of these GO samples 
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should be in corresponding to their sheet resistances, as those of ASP treated 

GO lower than that of untreated GO, with that of GO-Au the lowest, and that of 

GO-Pt the second. However, in this case, the ESR of GO-Pd is even larger than 

that of untreated GO. The deviant of GO-Pd may be owing to the other factors 

involved. 

In regard of Rct, all those of ASP treated GO are smaller than that of untreated 

GO, and follows the exactly same trend as the capacitance calculated in CV 

curves at the scan rate of 5 mV/s, as the smallest Rct belongs to GO-Pt, which 

can be as low as only around 0.66 kΩ. 

 

Fig. 4-49 Nyquist plots of untreated GO and ASP treated GO with different noble 

metal lids. 

Table 4-13 Parameters of the equivalent circuit fit of the EIS results 

 ESR (kΩ) Rct (kΩ) Yo (S·s
α
) α Wd (S·s1/2) Goodness 

Untreated GO 0.64 15.82 5.60×10-6 0.89 1.26×10-4 2.70×10-3 

GO-Ag 0.35 8.99 5.19×10-6 0.91 1.59×10-4 1.40×10-3 

GO-Pd 0.70 3.89 6.79×10-6 0.92 4.09×10-4 0.42×10-3 

GO-Pt 0.20 0.66 4.49×10-6 0.94 5.73×10-4 3.65×10-3 

GO-Au 0.04 2.39 4.66×10-6 0.94 3.32×10-4 0.39×10-3 
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(3). GCD test 

GCD test was also conducted for further comparison, and the results are shown 

in Fig. 4-50. Still, the charge and discharge lines are nearly symmetrical for all 

the GO samples, but the charge/discharge plot is not exactly an isosceles 

triangle, indicating the feasibility for SC application with some pseudocapacitive 

characteristics in the electrodes. This is particularly true for GO-Au, as there is 

an inflection point in the discharge process. The sequence of charge/discharge 

time length of all the GO samples follows the same sequence of capacitance at 

a scan rate of 5 mV s-1, with the longest charge/discharge time of GO-Pt 

exhibiting the largest capacitance. Conversely, the smallest IR drop for GO-Pt 

also indicates the smallest internal resistance of GO-Pt. The GCD results once 

again suggests that GO-Pt is the most promising for SC applications. The cyclic 

performance of GO-Pt is shown in the next section on duration effect. 

 

Fig. 4-50 GCD plot of untreated GO and ASP treated GO with different noble metal 

lids. 
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4.8 Results of Duration Effect on ASP Treatment 

From all the characterisations and test results interpreted above, it can be 

deduced that GO-Pt is the most promising GO samples for the application of 

SCs. Therefore, GO-Pt treated for different durations were tested to explore the 

relevant effect on the ASP treatment. The durations are set as 1, 2, and 3 h. All 

the other conditions are the same, at a total gas pressure of 0.75 mbar using 

gas mixture of nitrogen and hydrogen in the ratio of 1:3, with temperature at 

100 ℃. 

4.8.1 Micro-structure 

1. SEM observation and EDS results 

SEM images of GO-Pt treated for three durations are shown in Fig. 4-51(a-f). 

There is no particle observed in all these SEM images, except for some 

unknown stains in the GO-Pt treated for one or three hours. This suggest that 

the form of the platinum nanoparticles deposited on GO-Pt will not alter (such 

as aggregation like silver in GO-Ag) for an extended duration. 

Also, no difference is found in the element content, as listed in Table 4-14, 

suggesting no composition change in ASP treatment of longer durations. 
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Fig. 4-51 SEM images of GO-Pt for different durations (a-b) 1 h, (c-d) 2 h, and (e-f) 3 

h. 

Table 4-14 Element content weight percentage of GO-Pt treated for different 

durations 

 C N O Si S Fe Pt 

1 h 41.24 1.54 15.60 39.85 1.08 0.10 0.59 

2 h 44.01 2.81 16.46 35.60 0.80 / 0.32 

3 h 41.85 3.03 18.18 34.92 1.09 0.29 0.65 

(a) (b)

(c) (d)

(e) (f)
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2. Raman spectra 

Fig. 4-52 and Table 4-15 show the Raman spectra of GO-Pt treated for different 

durations and their corresponding details, respectively. Still, these Raman 

spectra of GO-Pt treated for the three different durations are close to each other, 

indicating a longer duration of ASP treatment does not have an impact on the 

GO structure. 

 

Fig. 4-52 Raman spectra of untreated GO with GO-Pt treated for different durations. 

Table 4-15 Raman spectra details of untreated GO and GO-Pt treated for different 

durations 

 D peak G peak 
ID/IG 

 Wavelength/cm-1 FWHM/cm-1 Wavelength/cm-1 FWHM/cm-1 

Untreated GO 1357 139 1597 92 0.858 

1 h 1357 115 1602 81 0.801 

2 h 1363 116 1601 81 0.820 

3 h 1357 115 1600 83 0.810 

3. XPS analysis 

Due to the similarity of all the spectra survey and the high-resolution spectra of 
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the key elements of GO-Pt treated for different durations, the spectra are shown 

in Appendix (Fig. A-4 to Fig. A-8). The atomic contents of the elements are 

displayed in Table 4-16. and the relevant information of the split peaks of C1s, 

N1s and O1s are listed in Table 4-17. 

Table 4-16 Atomic percentages of elements in GO-Pt treated for different durations 

 1 h 2 h 3 h 

C1s 45.34 54.75 53.74 

O1s 37.13 25.51 23.62 

N1s 7.78 7.32 9.39 

Fe2p 1.61 1.38 2.17 

Cr2p 0.83 1.15 1.05 

Pt4f 7.31 9.89 10.03 

Table 4-17 Binding energies and atomic percentages of split peaks in XPS spectra of 

C1s, N1s and O1s in GO-Pt treated for different durations 

 1 h 2 h 3 h 

 BE*/eV **% BE/eV % BE/eV % 

Peak A (C-C) 284.8 67.3 284.8 76.3 284.8 80.4 

Peak B (C-O/C-N) 285.6 26.2 285.6 18.8 286.3 13.1 

Peak C (C=O) 288.6 6.5 288.8 4.9 288.5 6.5 

Peak D (Pyridinic N) 398.2 32.7 398.2 37.3 398.2 35.8 

Peak E (Pyrrolic N) 399.7 16.4 399.9 19.8 399.8 15.5 

Peak F (Graphitic N) 401.6 50.9 401.8 42.9 401.6 48.7 

Peak G (Metal oxides) 529.8 6.5 529.9 7.0 529.7 5.7 

Peak H (C-O/C=O) 531.8 93.5 532.0 93.0 531.8 94.3 

*BE: Binding energy 

**%: Atomic percentage 

Still, the XPS results are basically close to each other, except a higher content 

of carbon and a lower content of oxygen in GO-Pt treated for 2 h and 3 h. 

Correspondingly, as to the spectra deconvolution, Peak A of GO-Pt treated for 

2 and 3 h are higher than that of the counterpart treated for only 1 h, and Peak 

B are accordingly lower (Fig. A-5). This implies that GO-Pt got further reduction 
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in the second hour of ASP treatment, but the reduction slows down in the third 

hour. The increase of nitrogen in the third hour is mild, but the doping 

configurations stay the same (Fig. A-6). Also, a faint increase of metal element 

contents suggests more metal deposition on GO-Pt, due to the continuous 

sputtering. 

As to high-resolution Fe2p spectra, the peaks of GO-Pt treated for 2 and 3 h 

get broader than that of the counterpart ASP treated for 1 h, but the broader 

peak is still assigned to the oxidised states (Fig. A-8). The Cr2p spectra are 

identical, showing the oxidised state as well (Fig. A-8). 

4.8.2 Electrical and electrochemical properties 

1. Sheet resistance measurement 

Fig. 4-53 displays the sheet resistances of GO-Pt treated for different durations. 

The duration of 0 h denotes the untreated GO. The sheet resistance of GO-Pt 

treated for 2 h drops to around 2.7×103 Ω sq-1, an order of magnitude lower 

than that for 1 h. However, the sheet resistance remains almost the same as 

that of 2 h when the duration reaches 3 h. The trend of the sheet resistances of 

GO-Pt treated for different durations can be traced to the element content in 

XPS results. According to the XPS results above, the improvement of sheet 

resistance is likely to be owing to both GO reduction and the deposited metal 

layer. 
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Fig. 4-53 Sheet resistances of GO-Pt treated for different durations. 

2. Electrochemistry tests 

(1). CV test 

The CV curves are displayed in Appendix (Fig. A-9), and the compared CV 

curves at a scan rate of 100 mV s-1 among samples, as well as the capacitances 

calculated accordingly, are shown in Fig. 4-54.  

As expected, the CV curves shows much better quasi-rectangles, and the 

capacitances get increased with longer durations. It is also noted that the 

increase of the capacitance from 2 h to 3 h is not as significant as that from 1 h 

to 2 h. This also accords to trend of sheet resistances. 
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Fig. 4-54 (a) Comparison of CV curves of GO-Pt treated for different durations at 100 

mV s-1, and (b) capacitances at different scan rates. 

(2). EIS test 

EIS tests were also conducted to investigate the electrochemical performance 

of these GO samples, and the results are shown in Fig. 4-55, with some 

parameters of the equivalent circuit fit of the EIS results in Table 4-18. Still 

similarly, both ESR and Rct get smaller for longer treatment duration, which is 

also consistent with that of the lower sheet resistance and higher capacitance.  

 

Fig. 4-55 Nyquist plots of GO-Pt treated for different durations. 
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Table 4-18 Parameters of the equivalent circuit fit of the EIS results of GO-Pt treated 

for different durations 

 ESR (kΩ) Rct (kΩ) Yo (S·s
α
) α Wd (S·s1/2) Goodness 

1 h 0.20 0.66 4.49×10-6 0.94 5.73×10-4 3.65×10-3 

2 h 0.09 0.23 3.85×10-6 0.96 9.88×10-4 7.98×10-3 

3 h 0.07 0.13 2.77×10-6 1.00 15.40×10-4 29.69×10-3 

(3). GCD test 

GCD results are shown in Fig. 4-56. Still, the charge and discharge lines of all 

the GO-Pt samples shows similar trend, indicating the feasibility for SC 

application with some pseudocapacitive characteristic in the electrodes. 

However, the total GCD time for the one treated for 2 h reaches 6918 s, a little 

longer than that of the one treated for 3 h of 5668 s, although both share a 

similar charging time of around 2340 s. This longer discharging time of GO-Pt 

for 2 h than that of the one treated for 3 h is contrary to the result of capacitance, 

and the reason is unknown. Still, the IR drop decrease with an increase of the 

treatment duration, with the lowest of 3 h only about 0.01 V. Also, all the GO-Pt 

samples for different durations show good cyclic performance, as the 

deterioration of the charge/discharge time is insignificant.  



207 
 

 

Fig. 4-56 GCD plots of GO-Pt treated for different durations. 

4.9 Results of Gas Pressure Effect on ASP Treatment 

Finally, the effect of gas pressure on ASP is studied, since the gas pressure is 

one of the significant parameters in plasma treatment, having an impact on the 

discharge current of plasma and the concentration of the ionised particles. Still, 

GO-Pt is selected in this section. A pressure of 1.50 mbar is set to compare with 

GO-Pt treated at 0.75 mbar. The other parameters are the same: using gas 

mixture of nitrogen and hydrogen in the ration of 1:3, at a temperature of 100 ℃, 

for a duration of 1 h. 

4.9.1 Micro-structure 

1. SEM observation and EDS results 

Fig. 4-57 displays the SEM images of GO-Pt treated at 1.50 mbar and EDS 

result. The morphology is of no difference with GO-Pt treated at 0.75 mbar (Fig. 

4-31(e-f) or Fig. 4-51(a-b)), as no particles can be observed on the GO film. 
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Still, element platinum can be detected in EDS, but in an extremely low content 

(Fig. 4-57(c)). 

  

 

Fig. 4-57 (a, b) SEM images of GO-Pt treated at 1.50 mbar in different 

magnifications, (c) EDS results of GO-Pt treated at 1.50 mbar. 

2. Raman spectra 

The Raman spectra of untreated GO and GO-Pt treated at these two gas 

pressures are shown in Fig. 4-58, and the dominant D and G peaks feature in 

the Raman spectra. As expected, the two GO-Pt samples share similar Raman 

spectra results, with a lower FWHM(G) and ID/IG, as well as an upward moved 

G peak. Compared to be treated at 0.75 mbar, GO-Pt treated at 1.50 mbar has 

(a) (b)

(c)
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a little higher FWHM(G) and ID/IG, and the G peak increases to 1604 cm-1 from 

1602 cm-1 (Table 4-19). If not considering the effect of deviation, this may imply 

that more disorders are in GO-Pt treated at 1.50 mbar, with smaller crystalline 

size, which means poorer plasma effects. This indicates that the gas pressure 

of 0.75 mbar is more suitable for ASP treatment on GO. 

 

Fig. 4-58 Raman spectra of untreated and GO-Pt treated at different gas pressures. 

Table 4-19 Raman spectra details GO-Pt treated at different gas pressures 

 D peak G peak 
ID/IG 

 Wavelength/cm-1 FWHM/cm-1 Wavelength/cm-1 FWHM/cm-1 

Untreated GO 1357 139 1597 92 0.858 

0.75 mbar 1357 115 1602 81 0.801 

1.50 mbar 1361 116 1604 82 0.826 

3. XPS analysis 

For further comparison, XPS was conducted, and all the spectra figures are 

shown in Appendix (Fig. A-10 to Fig. A-14), still due to their similarity with those 

shown before. The atomic contents of the elements are listed in Table 4-20, and 
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the deconvolution of C1s, N1s and O1s spectra are in Table 4-21. 

Table 4-20 Atomic percentages of elements in GO-Pt treated at different gas 

pressures 

 0.75 mbar 1.50 mbar 

C1s 45.34 56.72 

O1s 37.13 23.24 

N1s 7.78 9.92 

Fe2p 1.61 1.03 

Cr2p 0.83 0.35 

Pt4f 7.31 8.74 

Table 4-21 Binding energies and atomic percentages of split peaks in XPS spectra of 

C1s, N1s and O1s in GO-Pt treated at different gas pressures 

 0.75 mbar 1.50 mbar 

 BE*/eV **% BE/eV % 

Peak A (C-C) 284.8 67.3 284.8 61.0 

Peak B (C-O/C-N) 285.6 26.2 286.0 34.0 

Peak C (C=O) 288.6 6.5 288.6 5.0 

Peak D (Pyridinic N) 398.2 32.7 398.2 29.5 

Peak E (Pyrrolic N) 399.7 16.4 399.7 23.4 

Peak F (Graphitic N) 401.6 50.9 401.2 47.1 

Peak G (Metal oxides) 529.8 6.5 528.4 0.5 

Peak H (C-O/C=O) 531.8 93.5 531.9 99.5 

*BE: Binding energy 

**%: Atomic percentage 

For GO-Pt treated at 1.50 mbar, compared to the one treated at 0.75 mbar, 

Peak A is lower and Peak B is higher, which means a poorer reduction effect. 

As to the lower content of oxygen (Table 4-20), it is due to the lower content of 

metal oxides, as Peak G is also extremely low, not comparable to that of 0.75 

mbar. In the high-resolution Fe2p spectra, there is a more significant peak in 

light green at a lower binding energy (Fig. A-14(a)), which may represent the 

pure metal iron. Based on the different oxidisation effect of iron, it is inferred 

that the oxidisation of metals are possibly occurs during the ASP treatment, and 



211 
 

the oxygen source are the oxygen functional groups removed from GO. 

4.9.2 Electrical and electrochemical properties 

1. Sheet resistance measurement 

Fig. 4-59 shows the sheet resistances of GO-Pt treated at different gas 

pressures. For GO-Pt treated at 1.50 mbar, the sheet resistance is about 4.6×

105 Ω sq-1, which is one order of magnitude higher than that of GO-Pt treated 

at 0.75 mbar (2.0×104 Ω sq-1), but still lower than the untreated GO. According 

to the XPS results, the higher sheet resistance of GO-Pt treated at 1.50 mbar 

than that of GO-Pt treated at 0.75 mbar results from the poorer reduction effect 

of GO, and possibly also from the metal layer, which is not reflected from the 

element content in XPS, due to the inaccuracy with insignificant difference. The 

cause of higher sheet resistance of GO-Pt treated at higher gas pressure will 

be discussed in detail in Section 4.10.2. 

 

Fig. 4-59 Sheet resistances of GO-Pt treated at different gas pressures. 
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2. Electrochemistry tests 

(1). CV test 

The CV curves are shown in Appendix (Fig. A-15), and the CV curves for 

comparison at a scan rate of 100 mV s-1, as well as the capacitances calculated 

at different scan rates, are shown in Fig. 4-60. 

As shown in Fig. A-15, the broadening of the capacitive currents near 0.8 V, as 

well as a small hump at around 0.6 V in the negative current section were 

especially significant, and it is more obviously compared to the one of GO-Pt 

treated at 0.75 mbar, as shown in Fig. 4-60(a). As repeatedly mentioned in 

Section 4.2.2, it could be ascribed to the incorporation of transition metal oxides 

during the ASP treatment. However, the capacitance of GO-Pt treated at 1.50 

mbar is much lower than that of GO-Pt treated at 0.75 mbar, which agrees with 

the result of higher sheet resistance.  

 

Fig. 4-60 (a) Comparison of CV curves of GO-Pt treated at different gas pressures at 

100 mV s-1, and (b) capacitances at different scan rates. 
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(2). EIS test 

Fig. 4-61 shows the Nyquist plots of the EIS results for all the samples, and 

Table 4-22 exhibits some of the parameters of the equivalent circuit fit of the 

EIS results. Comparable to the capacitance from the CV curves, it is found that 

the Rct of GO-Pt treated at 1.50 mbar is higher than that of GO-Pt treated at 

0.75 mbar, which is also consistent with that of the higher sheet resistance and 

smaller capacitance. 

 

Fig. 4-61 Nyquist plots of GO-Pt treated at different gas pressures. 

Table 4-22 Parameters of the equivalent circuit fit of the EIS results of GO-Pt treated 

at different gas pressures 

 ESR (kΩ) Rct (kΩ) Yo (S·s
α
) α Wd (S·s1/2) Goodness 

Untreated GO 0.64 15.82 5.60×10-6 0.89 1.26×10-4 2.70×10-3 

0.75 mbar 0.20 0.66 4.49×10-6 0.94 5.73×10-4 3.65×10-3 

1.50 mbar 0.08 4.36 13.10×10-6 0.82 2.47×10-4 1.50×10-3 

(3). GCD test 

GCD test was also conducted for further comparison, and the results are shown 

in Fig. 4-62. Still, the charge and discharge lines are nearly symmetrical for all 

the GO samples, but the charge/discharge plots are not exactly isosceles 
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triangles, indicating the feasibility for SC application with some 

pseudocapacitive characteristics in the electrodes. As to GO-Pt treated at 1.50 

mbar, the total GCD time is only for 1157 s, much shorter than that of GO-Pt 

treated at 0.75 mbar, and its IR drop is a little higher than the counterparts. This 

is consistent with the results of the capacitance from the CV curves, indicating 

a poorer super-capacitive performance. 

 

Fig. 4-62 GCD plot of GO-Pt treated at different gas pressures. 

4.10 Mechanism of Metal Sputtering Effects 

4.10.1 Metal Sputtering in ASP 

Sputtering is a vacuum-based process widely used for thin film deposition, in 

which atoms or clusters from the source material are ejected in response to ion 

bombardment and transfer towards the substrate surface with some kinetic 

energy. These atoms and small clusters deposited on the substrate surface 
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undergo nucleation and growth, forming a film covered on the substrate. In 

sputtering techniques, the source material that offers ejected atoms to form 

films in the sputtering process is termed as the “target”, which is often biased 

with a negative potential. The positively-charged ions are attracted and move 

to the negative-charged target as incident ions. When the energy of the incident 

ions is sufficient enough to exceed the threshold energy, the surface binding 

energy of the target, atoms and clusters are ejected from the target material 

[443]. 

As discussed in Section 2.3.2.4, in the case of ASP, a metal active screen is 

connected to the cathode and functions as the target. The ions within the 

plasma bombard the active screen during the ASP treatment and some atoms 

sputtered off from the screen can deposit on the samples even at a floating 

potential. This has been evidenced by the traces of iron and chromium detected 

by XPS from ASP treated GO (Fig. 4-22 and Fig. 4-26). 

In Section 4.7, the active screen used for the hybrid plasma modification and 

deposition of noble metal consisted of both a stainless-steel cage and a noble 

metal lid positioned on the cage, as described in Fig. 3-1(b). During the hybrid 

treatment, atoms were sputtered off from the noble metal lid as well as the 

stainless-steel cage (iron and chromium). The noble metal atoms sputtered off 

from the top noble metal lid moved through the holes in the stainless-steel mesh 

lid of the cage and co-deposit with iron and chromium atoms from the stainless-
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steel lid on the GO surfaces placed on the worktable at a floating potential within 

the active screen cage, as shown in Fig. 2-17(c). 

There are several factors affecting the sputtering process such as: target 

material, deposition pressure, discharge voltage and current, distance between 

target and substrate, precursor gas composition and flow rate, etc. In this study, 

except for GO-Pt, all other ASP hybrid treatments were conducted under the 

same plasma processing conditions and hence the discussion in this section is 

focused on the effect of noble metals. 

In this study, the gases used in the hybrid ASP modification with noble metal 

deposition are a mixture of nitrogen and hydrogen. As they are reactive gases, 

the sputtering should also be regarded as reactive sputtering, because the 

gases could react with the metals used during the sputtering [444]. This is 

supported by the fact that some metal nitrides were detected by the XPS N1s 

for GO-Ag and GO-Au, as shown in Fig. 4-43. 

However, the metal nitrides are in essence iron nitrides and/or chromium 

nitrides in these samples, as only iron and chromium ions are detected in the 

XPS spectra of Fe2p and Cr2p (Fig. 4-45); no other noble metal nitrides were 

detected from the analysis of their corresponding high-resolution XPS (Fig. 

4-46). Also, it should be noted that the iron nitrides and/or chromium nitrides 

did not dominate the composites of the deposition film, as the percentages of 

the metal nitrides in XPS N1s spectra of GO-Ag and GO-Au are very small, and 
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are not even detectable in GO-Pd and GO-Pt (Fig. 4-43). The negligible 

concentrations of metal nitrides in the ASP sputtering deposited layer are 

possibly due to the mild conditions used (relatively low temperature) [445, 446]. 

Sputtering yield, the number of target atoms ejected per incident particles, is a 

very important parameter representing the amount of the target ejected in 

sputtering. It is known that the value of sputtering yield depends on the target 

material and the incident particles, and so far, some models and simulations of 

sputtering yield have been developed, as various equations have been 

proposed to calculate the value of sputtering yield [447, 448]. Specifically, the 

sputtering yield is determined by the masses of target atoms and incident ions, 

the energy of incident ions and the surface binding energy of target material, 

etc. Given the same sputtering conditions used in this study, the sputtering yield 

is mainly determined by the metal types, and the sputtering rate of the metal 

elements used in this study are listed in Table 4-23. The sputtering rate shown 

in the table is calculated based on the thin film deposition rate at a maximum 

power density (around 250 W/in2) and distance of 4 inches between source and 

substrate. Although the sputtering rate shown in the table may differ from the 

sputtering rate of the noble metal lids used in this research, it provides their 

relative ranking in sputtering rates. For example, it can be seen from this table 

that silver possesses the highest sputtering yield among all these six metals, 

and that the sputtering yield of transition metals iron and chromium are the 

lowest among these metals. 
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Table 4-23 Parameters of metal elements 

 Ag Pd Pt Au Fe Cr 

Electrical resistance / nΩ·m 15.87 105.4 105 22.14 96.1 125 

Density / g·cm-3 10.5 12.02 21.45 19.31 7.86 7.2 

*Sputtering rate / nm·s-1 38.0 27.0 20.5 32.0 18.0 18.0 

*Obtained from: http://www.semicore.com/reference/sputtering-yields-

reference 

4.10.2 Improved Performances of GO-Pt and GO-Au 

As reported in Section 4.7, when an extra active-screen lid of noble metal is 

added on the stainless-steel active screen cage in ASP treatment, it is found 

that the corresponding noble metal from the added noble metal lid, as well as 

iron and chromium from the stainless-steel cage were deposited on the 

surfaces of GO samples. 

Enhancement in electrical and electrochemical properties, compared to those 

of untreated GO and ASP modified GO, and the potential mechanism involved 

will be discussed in this section, as the hybrid ASP treatments using different 

noble metal lids exhibited different degrees of the enhancement. Therefore, the 

sheet resistances and capacitances of the GO samples treated by the hybrid 

ASP processes with noble metal lids (GO-M, M stands for Ag, Pd, Pt or Au) are 

first compared with GO samples treated by typical ASP processes without extra 

noble lid (NGO) using the same gas mixture (viz. the sample N2H2-GO in 

Section 4.3 or NH13 in Section 4.5). 

As shown in Fig. 4-63(a), the sheet resistances of GO-Pt and GO-Au are 

superior to NGO, while sheet resistances of GO-Ag and GO-Pd are comparable 
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with, or even inferior to, NGO. Similarly, the capacitance of GO-Pt is higher than 

that of NGO, while the capacitances of GO-Ag and GO-Pd are lower (Fig. 

4-63(b)). The capacitance of GO-Au is scan rate dependent, the capacitance is 

much higher than that of NGO at high scan rates (20-100 mV s-1), but lower 

than that of NGO when the scan rate is decreased (5-10 mV s-1). These 

experimental results indicate that different types of the noble metals sputtered 

and deposited on GO have different or even opposite effects. Thus, questions 

arise as to the reasons for the different effects of these noble metals on the 

properties of GO. 
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Fig. 4-63 Comparison of NGO with GO deposited with noble metals in (a) sheet 

resistance and (b) capacitance. 

As introduced in Section 2.2.2.3, all these four noble metals have been explored 

as additives for supercapacitor electrodes to improve the pseudo-capacitance. 

The performance improvement is attributed to the high conductivity of the noble 

metal nanoparticles that facilitates the effective transport of electrons [194]. 

However, here in this study of hybrid ASP treatments, only GO-Pt has met this 

expectation, while the other three are not (for GO-Ag and GO-Pd), or are not 

fully (for GO-Au), superior to the typical ASP treated NGO without using the 

noble metals. Given the fact that the palladium and platinum have the similar 

electrical resistance (Table 4-23) but GO-Pt significantly outperformed GO-Pd, 

the reasons for the different effects on capacitance could be related to the 

different forms of noble metals deposited on the GO surfaces. 

When hybridising graphene with metal nanoparticles, the composites can be 

formed into different structures: encapsulated structure, wrapped structure, 
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anchored structure, mixed structure, sandwiched structure and layer structure, 

according to different synthesis process, as shown in Fig. 4-64 [187]. According 

to the sputtering process of metals in ASP treatment, the metal nanoparticles 

are deposited on the surface of GO surface. Thus, the structure of the GO-

metal composition in this study should be layer structured, as metal 

nanoparticles would form a loose but well-distributed layer on the GO surface.  

 

Fig. 4-64 Structures of hybrids of graphene and metal nanoparticles (a) graphene-

encapsulated nanoparticles, (b) graphene-wrapped nanoparticles, (c) nanoparticles 

anchored to graphene sheets, (d) mixed graphene-nanoparticle structure, (e) 

graphene-nanoparticles sandwich structures, and (f) graphene-nanoparticle layered 

hybrids [187]. 

The hybridisation of graphene materials and metal nanoparticles can improve 

the electrical and electrochemical properties. Considering nanoparticle, the 

graphene sheets can act as a good host to support the distribution of 

nanoparticles, and to hinder the agglomeration of nanoparticles. The N-doped 

reduced GO is a good platform for electron transfer on its own, and act as a 
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connection for the metal nanoparticles for the enhancement of electrical 

conductivity [449]. 

Considering that the deposition of metal (viz. Pt, etc.) nanoparticles is also a 

type of doping that affects the electronic properties of graphene [450, 451], the 

metals deposited on graphene act as electrical contacts for applications. 

According to the experimental studies by Kulshrestha et al., the improvement 

of electrical performance can be contributed to both the contact improvement 

between graphene and metals, and the increased interlayer interaction [452]. 

The increase in interlayer interaction resulted from the doped charge carriers 

of platinum intercalation. Also, the deposited metals on the surface of graphene 

sheets can also affect the graphene layers below, as the metal diffuse from the 

top to the layers below, which can be assisted by defects in the graphene lattice, 

so that the electrical properties could improve through the vertical tunnelling of 

the charge carriers.  

In relation to the electrochemical performance, although the mechanism of the 

enhancement by compositing platinum is not fully understood, it could be 

ascribed to three aspects. The first is the increase of the electrical conductivity 

by platinum nanoparticles acting as conductive bridges between defect in the 

graphene lattice for electron transportation [212], and between electrode and 

electrolyte [215]. Secondly, the deposition of metal nanoparticles can also 

increase the electrochemically active surface area by intercalating into 
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interlayers to increase the spacing as a diffusion channel for charge carriers to 

transfer their charge into the electrode [212], as well as by preventing 

aggregation of graphene sheets [453], which also contribute to the super-

capacitive performance [214]. Thirdly, platinum nanoparticles can also 

participate into redox reactions to facilitate the ion transport in charge storage, 

resulting in an increase in higher super-capacitive performance [211]. The latter 

two reasons can also explain the increasing capacitance from 2 h to 3 h when 

the resistance remain the same. 

As shown in Fig. 4-53 to Fig. 4-56 (Section 4.8), with increasing duration, more 

platinum can be sputtered out and deposited on GO, and hence doping intensity 

increase [454], so that the electrical and electrochemical performances are 

further improved. 

Also as depicted in Fig. 4-59 to Fig. 4-62 in Section 4.99, an increase of the gas 

pressure from 0.75 to 1.5 mbar has a negative effect in the improvement of 

electrical and electrochemical properties. This can be mainly related to the 

mean free path, which represents the mean moving distance of a particle before 

colliding with other particles. An increase of the working gas pressure shortens 

the mean free path of both electrons and the ions. The electrons with shorter 

mean free path store less kinetic energy, thus fewer ionised particles are 

produced at the same temperature, and fewer target metal atoms (platinum 

atoms in this case) are sputtered off the active screen, and those that do, 
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possess less energy when reaching GO [455]. Also, the reduced mean free 

path implies a decrease of the probability of energetic gas atoms and molecules 

reaching the sample [456], due to the increased possibility of collision between 

the active species and the sputtered metal atoms [457]. Consequently, the 

sputtered atoms are more likely to be scattered away from the GO film, hence 

forming a thinner metal layer on the GO with a higher electrical resistance. 

Additionally, gas pressure also affects the structure of the deposited metal layer, 

as an increase of the gas pressure decreases the sputtered particle size and 

degrades the film crystallinity, which lowers the electrical conductivity of the 

metal film [457, 458]. 

Similarly, the increase of gas pressure and the resulting shorter mean free path 

also account for the poorer reduction effect, as generating fewer ionised and 

energetic particles that can interact with GO for its reduction. 

As shown in Fig. 4-47, the sheet resistance of GO-Au is the lowest among all 

the GO samples, and the reasons for the decreased sheet resistance should 

be the same as for GO-Pt. The deposition of gold nanoparticles increased the 

electrical conductivity of the graphene-based composites via improved contact 

and the increased interlayer intercalation. Also, the higher electrical conductivity 

of gold than platinum (Table 4-23) should have contributed to the lower sheet 

resistances of GO-Au than GO-Pt. 

Interestingly, however, the electrochemical performance of GO-Au is highly 
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scan rate dependent, as evidenced by the fact that the capacitance of GO-Au 

is the highest at high scan rates of 100, 50 and 20 mV/s, but the capacitance 

of GO-Au is inferior to GO-Pt and even NGO at low scan rates of 10 and 5 mV/s. 

The capacitances of GO-Au do not follow the normal increasing trend with the 

scan rate. This special behaviour of GO-Au is not reported so far in the literature, 

and the reason remains unknown, which necessitates further study in the future 

(see Chapter 6). 

4.10.3 Inferior Performances of GO-Ag and GO-Pd 

As shown in Fig. 4-63, whilst GO-Pt and GO-Au showed overall superior 

capacitance to NGO, both GO-Ag and GO-Pd shared similar inferior 

performances to NGO. However, the causes for the inferiority of these two are 

not the same and they are discussed below, respectively. 

1. GO-Ag 

Although pure silver particles initially sputtered from the active screen was also 

in nano scale, as indicated from the HRTEM in Fig. 4-36, these nano-scaled 

silver particles tend to aggregate into large particles with a size of about 1-2 

microns, as shown in Fig. 4-31(a-b). It is interesting that for all these four noble 

metals, the phenomenon of aggregation only appears for silver, whilst the other 

three nano-scaled noble metals sputtered off the active screen deposited 

uniformly on GO surface without appreciable aggregation, as no large sized 

particles were observed in SEM imaging (Fig. 4-31(c-h)). 
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For silver nanoparticles, they are commonly found to aggregate into large 

particles when conditions allow. For instance, in a study of novel metal-doped 

ceria-decorated aminated graphene for supercapacitor, silver and platinum 

were deposited. It was found that the size of platinum nanoparticles were too 

small to be observed in SEM images, whilst silver nanoparticles aggregated 

into particles with a size of approximately 100 nm [453]. This is echoed by the 

recent findings by Li et al. from their work on plasma sputtering and deposition 

of silver and platinum on nanocarbon fibres [17]. In a research by Gao et al., 

the particle size of silver increased to 1 μm when the ratio of silver precursor to 

GO increased to 2:1 [459]. 

Although the reason for the silver aggregation is not fully understood, it is 

possibly related to the lowest density (atomic mass) but highest sputtering rate 

of silver among these four noble metals used in the research (Table 4-23). 

When the particles arrive at the substrate after sputtering with different energy, 

the adatom mobility varies, as a particle with low energy tends to stick to the 

region where it arrives due to its low mobility and inability to overcome the 

diffusion barrier, while a particle with higher energy has higher mobility [460]. 

Since sputtering is a process of momentum transfer, silver with the lowest 

atomic mass will gain the highest energy during the sputtering, and thus be 

more mobile than the other metals, and tends to reduce the surface free energy 

via aggregation (lower surface area o volume ratio) in their motion on the 

substrate. The highest sputtering rate (38 nm/s) of silver may also contribute to 
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its aggregation into large particles as more silver will be sputtered from the 

silver lid and then deposited on GO surfaces for a given sputtering period as 

compared with other three deposited noble metals. 

The relatively poor performance of GO-Ag with large silver particles is 

supported by other researchers finding that the silver particles can only benefit 

the electrical performance when distributed uniformly on graphene films [459, 

212]. It is also reported that in the cases of hybrids of graphene and silver with 

improved electrical and electrochemical performances, the silver particles 

should be distributed on graphene sheets in nano scale [200, 199]. Here in this 

case, the silver nanoparticles aggregated into large particles, which is likely to 

be the reason of poor electrical and electrochemical properties. 

2. GO-Pd 

When graphene is adsorbed on metals, according to their binding energies 

(energies per carbon atom required to remove the graphene sheet from the 

metal surface) and equilibrium separations (separation in the z direction 

between the carbon atoms of the graphene sheet and the relaxed positions of 

the topmost metal layer), metals can be divided into two categories: weakly 

bonded metals of which the binding energy is mostly less than 0.04 eV/carbon 

atom and equilibrium separation is approximately 0.33 nm, such as Au, Pt, Cu, 

Ag, and Al; and strongly bonded metals of which the binding energy is mostly 

over 0.1 eV/carbon atom and equilibrium separation shorter than 0.23 nm, such 
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as Pd, Ni, and Co [461, 462].  

For those weakly interacted metals, the contact or bonding between graphene 

and metals can be viewed as physio-adsorption, and the linear π-band 

dispersion of graphene is preserved, so that charges can transfer between 

graphene and metals, due to the equilibration of the chemical potentials [461]. 

However, for strongly interacting metals, the pz states of graphene and d states 

of metals are hybridised, forming chemical bonds, hence metal carbides form, 

especially at defective sites [463, 464]. 

With regard to palladium, as one of the strongly interacted metal, its deposition 

on the graphene surface also results to a chemical reaction at the interface of 

carbon and palladium [465]. The formation of Pd-C is also confirmed in Section 

4.7.1(Fig. 4-46(b)), where the high-resolution XPS spectra of Pd3d is located 

at 336.0 eV, 1.0 eV higher than pristine bulk palladium, representing the 

bonding of Pd-C [466]. Also, in the XPS spectra of Pd3d, the peak is fully at 

336.0 eV without peak split at 335.0 eV, meaning that the layer of palladium is 

thin enough that all the palladium sputtered are formed into Pd-C in this study, 

without any bulk palladium above. 

Due to the formation of palladium carbide, the graphitic structure is damaged, 

affecting the free electron transportation in π-band. Also, the resistivity of thin 

sheet of PdC is much higher than bulk palladium, with the value being three 
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orders of magnitude higher than bulk palladium when the thickness is in the 

range of 100-250 nm, and still two orders of magnitude higher when the 

thickness exceeded 250 nm [467]. Since palladium and platinum share close 

electrical resistances (Table 4-23) and PdC was formed in GO-Pd, it can be 

deduced that the sheet resistance of GO-Pd should be two or three orders of 

magnitude higher than that of GO-Pt, which is fully supported by the 

experimental results shown in Section 4.7.2 (Fig. 4-47). 
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Chapter 5 Conclusions 

Active-screen plasma (ASP) treatment has been applied on graphene oxide 

(GO) throughout this research, and the effects of ASP on GO reduction, 

nitrogen doping, and metal deposition have been explored. The micro-

structures and compositions of GO before and after ASP treatments have been 

characterised, and the electrical and electrochemical properties have been 

evaluated. The main conclusions are summarised as follows: 

I. ASP GO reduction 

(1). GO can be effectively reduced via ASP treatment, using either argon or 

hydrogen as the working gas. 

(2). ASP treated GO exhibits better electrical and electrochemical 

properties than annealed GO. The sheet resistance of ASP treated GO 

is about one order of magnitude lowered to that of untreated GO, and 

capacitance increase to 3.5 times that of untreated GO. 

II. ASP GO nitrogen doping 

(3). GO can be reduced and nitrogen doped simultaneously via ASP 

treatment using gas mixture of nitrogen and hydrogen, with 1:3 the best 

ratio of N/C for reduction and performance improvement. 

(4). The nitrogen doping configuration is related to the ratio of gas mixture, 

and when the ratio of N/C is 1:3, the configuration include: pyridinic N, 

pyrrolic N and graphitic N, while pyridinic N is absent when the ratio is 
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1:1 or 3:1. Overall, there is a tendency of forming nitrogen configuration 

with lower binding energies when ASP treated using gas mixture with a 

higher proportion of hydrogen. 

(5). When GO reduction and nitrogen doping is ASP treated at the optimal 

gas ratio, the electrical and electrochemical property are further 

enhanced, compared to reduction only, with the capacitance around 4.4 

times that of untreated GO. 

(6). ASP treatment using a gas mixture of nitrogen and argon has a 

negative effect on the electrical properties, and the sheet resistance 

after ASP treatment is much higher than that of untreated GO. 

III. Combined ASP modification and metal hybridisation 

(7). When ASP treating GO, metals from the active screen are sputtered 

simultaneously, and deposit on GO surface, forming a GO-based hybrid. 

This effect is more obviously shown when a piece of noble metal plate 

is added as an extra lid of active screen cage. 

(8). The iron and chromium sputtered from the stainless-steel active screen 

are in the form of oxides, as well as possibly a small quantity of 

hydroxides and nitrides. The noble metals are mainly in the form pure 

metal, but a small amount of palladium oxide and platinum oxide are 

also formed. 

(9). For GO-Ag composites, it is unique that the silver aggregates into large 

particles in a size of 1-2 microns, separately scattered on the GO 
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surface. The hybridisation with silver cannot further improve the 

electrical and electrochemical properties. 

(10). For GO-Pd composites, apart from the PdO formed, the majority of pure 

palladium is chemically bonded to carbon, and the hybridisation cannot 

contribute to the electrical or electrochemical properties. 

(11). For GO-Pt composites, platinum nanoparticles are homogeneously 

distributed in the form of pure platinum, as well as a minority as metal 

oxides. The electrical and electrochemical properties are greatly 

enhanced, with its super-capacitive performance being the best among 

all the GO hybrids. 

(12). For GO-Au composites, the electrical property was the best among all 

the GO hybrids. However, the capacitance of GO-Au exhibits 

dependence on scan rate. 

IV. ASP optimal condition 

(13). When treatment duration is extended from 1 h to 2 h, GO is better 

reduced, with more metals theoretically deposited, and the properties 

improve. However, when the duration increases to 3 h, the 

improvement slows down. 

(14). ASP treatment at a gas pressure of 0.75 mbar is better than that of 1.50 

mbar in GO reduction and metal sputtering, as well as the resulting 

electrical and electrochemical properties. 
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Chapter 6 Future work 

The present project has clearly shown that ASP treatment can effectively 

reduce and functionalise GO. Based on all the results interpreted and discussed 

above, to fully explore the potential of ASP on GO materials, some topics are 

proposed below for further studies. 

 Further condition optimisation 

As known, a variety of parameters can influence the effect of plasma 

treatment. In this study, only working gas type and gas ratio of mixture, 

treatment duration and gas pressure were investigated. Apart from these, 

there are many other conditions that worth exploring, such as voltage and 

current, applied bias, distance between active screen and GO sample, etc. 

Furthermore, the hollow cathode effect can also be incorporated in 

treatments for future studies when the additional target lid is added above 

the original active screen with changing spacing, therefore allowing 

overlapping of the negative plasma glow-discharge regions. 

In addition, a suitable processing condition for a deposition of silver 

nanoparticles without aggregation is also imperative for its specific 

applications. 

 Further super-capacitive performance evaluation and supercapacitor 

fabrication 
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In this study, the super-capacitive performances are evaluated through CV, 

EIS and GCD tests. Except for these tests, the stability of the super-

capacitive performance through cyclic charging/discharging, and 

evaluation of energy and power densities, should also be taken into 

consideration. After the optimisation of treatment conditions, and an overall 

performance evaluation, a real supercapacitor should be fabricated for 

comprehensive assessment, so that ASP treatment on GO can be applied 

into practical use. 

Additionally, the phenomenon of scan rate-dependent capacitance of GO-

Au also warrants further detailed study. 

 Evaluation on performances for other applications 

As stated, nitrogen-doped graphene materials, and graphene-metal 

hybrids have great potential for a variety of applications. This thesis only 

focuses on the electrochemical property tests for supercapacitor 

applications. The performances of ASP treated GO for other applications, 

such as electrocatalysts, sensors and so on, are also worth evaluation, so 

that the potential of ASP treated GO can be fully exploited. 

Apart from all the potential applications which are mentioned in Literature 

Review, this technique also opens the path towards potential for new 

applications based on the hybridisation of graphene and metal 

nanoparticles. For example, GO-Ag for anti-bacterial materials, GO-Au and 
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GO-Ag for surface-enhanced Raman scattering, and GO-Pt, GO-Pd and 

GO-Au for catalysts. 
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Fig. A-1 CV curves of (a) Ar-GO (b) H2-GO (c) N2Ar-GO (d) N2H2-GO. 
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Fig. A-2 CV curves of (a) NH13 (b) NH11 (c) NH31. And (a) is the same one as Fig. 

X(d). 
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Fig. A-3 CV curves of (a) GO-Ag (b) GO-Pd (c) GO-Pt (d) GO-Au. 
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Fig. A-4 XPS spectra survey of GO-Pt treated for different durations. 
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Fig. A-5 (a) Comparison of high-resolution C1s XPS spectra of GO-Pt samples and 

the deconvoluted XPS spectra of GO-Pt treated for (b) 1 h, (c) 2 h, and (d) 3 h. 
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Fig. A-6 (a) Comparison of high-resolution N1s XPS spectra of GO-Pt samples and 

the deconvoluted XPS spectra of GO-Pt treated for (b) 1 h, (c) 2 h, and (d) 3 h. 
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Fig. A-7 (a) Comparison of high-resolution O1s XPS spectra of GO-Pt samples and 

the deconvoluted XPS spectra of GO-Pt treated for (b) 1 h, (c) 2 h, and (d) 3 h. 
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Fig. A-8 Comparison of high-resolution (a) Fe2p, (b) Cr2p, and (c) Pt4f XPS spectra 

of GO-Pt samples treated for different durations. 
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Fig. A-9 CV curves of GO-Pt treated for (a) 1 h (b) 2 h (c) 3 h. 
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Fig. A-10 XPS spectra survey of GO-Pt treated at different gas pressures. 
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Fig. A-11 (a) Comparison of high-resolution C1s XPS spectra of GO-Pt samples and 

the deconvoluted XPS spectra of GO-Pt treated at (b) 0.75 mbar, and (c) 1.5 mbar. 
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Fig. A-12 (a) Comparison of high-resolution N1s XPS spectra GO-Pt samples and the 

deconvoluted XPS spectra of GO-Pt treated at (b) 0.75 mbar, and (c) 1.5 mbar. 



302 
 



303 
 

 

Fig. A-13 (a) Comparison of high-resolution O1s XPS spectra of GO-Pt samples and 

the deconvoluted XPS spectra of GO-Pt treated at (b) 0.75 mbar, and (c) 1.5 mbar. 
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Fig. A-14 Comparison of high-resolution (a) Fe2p, (b) Cr2p, and (c) Pt4f XPS spectra 

of GO-Pt samples treated at different gas pressures. 

 

Fig. A-15 CV curves of GO-Pt treated at 1.50 mbar. 


