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Summary 

Carbon is ubiquitous as an electrode material and its electronic and capacitive properties 

and its surface chemistry are suitable for electrode materials for several applications such 

as fuel cells, capacitive storage devices and batteries. Carbon may be found as variety of 

allotropes and it can exhibit different properties and it represents a very attractive material 

for electrochemical applications especially as a material for energy storage and conversion. 

These carbon materials can be modified by doping or by employing physical/chemical 

treatment to achieve  desirable electrochemical  properties. The role of nitrogenation in 

carbons has gained huge attention in the materials science due to the electrocatalytic 

activity showed by nitrogen modified carbons in electrochemical reactions such as, oxygen 

reduction reaction (ORR) and the hydrogen evolution reaction (HER) for energy 

applications. The purpose of this thesis is to study the effects of nitrogen doping on the 

electronic, chemical and structural properties of amorphous carbon electrodes  and to 

understand the role of nitrogenation in determining the electrochemical response of these 

materials. 

Chapter I describes major allotropes of carbon materials with their method of preparation 

and applications. Nitrogen incorporated carbon materials are also discussed with their 

selected application in energy conversion technologies. Overview of amorphous carbon 

and nitrogen doped amorphous carbon is also described. The capacitive process in 

semiconducting electrodes are also discussed along with some theoretical model to 

understand the structure of double layer which applied to electrode/electrolyte 

interphase. Double layer properties of semiconducting electrodes and contributions to the 

double layer capacitance of carbon electrodes is discussed. Finally, overview of the oxygen 

reduction reaction along with carbon-based materials in the ORR catalytic application is 

presented. 

The methods used to prepare amorphous carbon and nitrogen doped amorphous carbon 

films is briefly described in chapter II. In this chapter the DC magnetron sputtering 

technique is used to synthesize these films. The various characterization techniques used 

in this work  to characterize these electrode materials are also describes including x-ray 

photoelectron spectroscopy, ultraviolet  photoelectron spectroscopy, Raman 

spectroscopy, voltammetry, electrochemical impedance spectroscopy. 
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The results obtained from characterization of amorphous carbon and nitrogenated 

amorphous carbon films is described in Chapter III, where electronic and structural 

properties of these electrodes are directly correlated to the capacitive properties. Initial 

nitrogen incorporation significantly increases the capacitance of amorphous carbon 

electrode, resulting in an increase in metallic character. However, greater level of 

nitrogenation increases the disorder and it creates defects and localised N-sites. 

Chapter IV discusses nitrogen doped  and nitrogen free graphitized amorphous carbon 

which are prepared though thermal annealing of sputtered amorphous carbon films. A 

combination of spectroscopic  and electrochemical techniques is used to investigate the 

effect of selective N-site incorporation in the organization of the carbon scaffolds. 

Electrochemical capacitive properties of these nitrogenated electrodes is correlated with 

the organization of the carbon scaffolds due to selective N-site incorporation. 

Chapter V introduces a method, RF plasma system in order to incorporate nitrogen into 

graphitised amorphous carbon. The effect of surface nitrogenation through RF plasma 

system on the electronic properties of the graphitised amorphous carbon is investigated. 

It is shown that total N/C content and  the distribution of N-sites are not varying with 

plasma exposer time thus suggesting that the chemical composition of the carbon surface 

reaches steady state within ca. 5 min of exposure. Effect of nitrogenation results in a 

significant restructuring of the carbon scaffold and it increases defects and amorphization. 

Electrochemical characterization results show that nitrogenation increases the capacitive 

storage significantly. The ORR performance of these materials also investigated. It is found 

that nitrogenation improves the onset potential and reduce H2O2 yields. 

Finally, Chapter VI summarises the main conclusions of the thesis and describes possible 

future work.      
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In the chapter major allotropes of carbon materials are discussed 

with their electrochemical application. The properties of amorphous 

carbon and nitrogen doped amorphous carbon described along with 

their preparation and application in energy storage and 

electrocatalytic performances. Capacitive properties of 

semiconducting electrodes also discussed along with some 

theoretical models. Finally, the oxygen reduction reaction is explained 

and overview of  carbon-based ORR catalysts is described.   
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1 Introduction 

Carbon is one of the most abundant elements on Earth. For thousands of years, carbon has 

been an important source of energy and humankind has struggled to extract and utilize 

power from carbon materials 1. Carbon is widely used in a large range of electrochemical 

applications due to its diverse morphologies and plays a significant role in the development 

of alternative clean and sustainable energy technologies 2-3. Due to different allotropes 

(Diamond, Graphite, Lonsdaelite, fullerenes, amorphous carbon, and carbon nanotubes,) 

carbon can exhibit different properties and represents a very attractive material for 

electrochemical applications especially as a material for energy storage and conversion. 4. 

Carbon displays electronic properties ranging from semi-metallic in graphite or glassy 

carbon to semi-conductive, e.g. in diamond. Carbon surfaces can adsorb a wide range of 

molecules via either chemisorption or physisorption and can also display a variety of 

functional surface groups. Carbon-based electrodes are capable of forming covalent bonds 

with a wide range of surface modifiers which make them attractive substrates for the 

fabrication of functional electrodes. Furthermore, selected electrochemical reactions are 

sluggish on carbon electrodes when compared to metals and this relative inertness in redox 

interfacial processes can be important for many applications in electrochemistry 5. 

The aim of this thesis is to investigate the effects of nitrogen doping on the electronic, 

chemical and structural properties of non-crystalline carbon electrodes and to, in turn, 

understand how these physico-chemical changes affect their electrochemical response. 

The role of nitrogenation in carbons has gained prominence in the materials science 

literature due to the electrocatalytic activity displayed by these heteroatom-modified 

carbons in electrochemical reactions of importance for energy applications, such as the 

oxygen reduction reaction (ORR) and the hydrogen evolution reaction (HER). Despite the 

excellent results obtained through synthetic efforts there remain significant questions on 

what electronic, chemical and structural changes are responsible for enhanced activity of 

carbons and nanocarbons in these reactions. In this thesis the synthesis of nitrogen 

incorporated amorphous carbon thin films and their characterization in terms of chemistry, 

structure and charge storage properties is reported. These films were used as model 

systems to understand the role of nitrogenation in determining the electrochemical 

response of these materials. A combination of X-Ray Photoelectron Spectroscopy (XPS), 

Raman Spectroscopy and Electrochemical Impedance Spectroscopy (EIS) was used 
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throughout the studies to connect chemical and structural probes to electrochemical 

performance with particular focus on fundamental capacitive response and electrocatalytic 

activity in the ORR. The following section will review the role of different carbon allotropes 

in electrochemical applications and how their capacitive properties are key for many of 

these applications. 

1.1 Allotropes of Carbon as electrodes 

Carbon and nanocarbon electrodes often display electronic properties in common with 

those of metals although their structures and chemistry are different from all metallic 

electrodes. Graphitic carbons dominate the electrochemical applications of carbon 

followed by doped diamond electrodes. Graphite consists of ideally infinite graphene 

layers; carbon atoms in graphite are trigonally bonded via - and -bonds to three carbon 

atoms (often referred to as sp2-hybridized), with an intraplanar C-C bond length of 1.42 Å 

and interplanar spacing of 3.354 Å. A vast family of electrode materials are based on sp2-

rich forms of carbon which includes many nanocarbon forms based on a variety of 

arrangements of graphene sheets, including for instance carbon nanotubes, nanohorns, 

nano-onions, nanoribbons, nanofibers, few-layer graphene and vertically aligned 

graphene, all of which find applications in electrochemistry. Diamond possesses 

tetrahedrally -bonded carbon (sp3-hybridized) with a C-C bond length of 1.54 Å. Diamond 

is a wide-bandgap semiconductor but doping with e.g. boron enhances its conductivity and 

results in interesting properties that define its success in a variety of electrochemical 

applications. Figure 1.1 shows selected examples of the structure of the above materials, 

while their properties are discussed in greater detail  in the following sections  6.  
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Figure 1.1: Allotropes of carbon. a) Diamond. b) Graphite, c) Amorphous carbon, 

Sphericalfullerene, C60, e) Ellipsoidal fullerene, C70 and f) Tubular fullerene, SWCNT6. 

Reproduced from reference 6. 

1.1.1 Graphite and Related sp2 Hybridized Carbon  

The simplest graphite material is a two-dimensional graphene sheet, which is essentially a 

very large polycyclic hydrocarbon. Ordered three-dimensional graphite materials consist of 

stacked graphene sheets; they comprise highly oriented pyrolytic graphite (HOPG), made 

by high temperature decomposition of gaseous hydrocarbons, and natural crystalline 

graphite 7-8. HOPG is highly conductive and therefore suitable for electrode applications, 

however its conductivity is highly anisotropic with basal plane resistivity 30-40 µΩ cm and 

resistivity perpendicular to the basal plane of 0.15-0.20 Ω cm. Graphite materials are 

characterized by their crystallinity which is denoted by L where La and Lc describe crystal 

size in plane and perpendicular to the graphene plane, respectively. X-ray diffraction and 

Raman techniques are used to determine La and Lc parameters 9-11. In HOPG the crystallites 

have their c axis aligned parallel but rotationally disordered relative to adjacent crystallites 

12. Natural graphite is rarely used for electrochemistry due to its metal impurities (e.g., 

“ash”). Graphite consists of atomically ordered planes containing the “a” axis (basal plane) 

and irregular surface with sp3 hybridized carbon parallel to ‘’c’’ axis (edge plane). Edge 

plane graphite contains a variety of sites with different geometry such as “armchair” or 
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“zig-zag” edge terminations, as well as oxygen-containing functional groups. Edge-plane 

HOPG is a useful material for electroanalytical applications because of its electrical 

conductivity (S m-1) combined with the availability of different reactive functional groups 

such carboxyl or hydroxyl along the edge plane 7, whose importance in graphite 

electrochemistry has been highlighted in several studies 13-14. The electron transfer rate is 

reported to be much faster at edge-planes than at basal planes of HOPG; for instance the 

charge transfer rate constant of Fe(CN)6
3-/4- is reported to be  k0= 0.06 - 0.1 cms-1 and  <10-

7 cms-1 at edge and basal plane electrodes, respectively 15.  

An electrochemically important and common graphitic electrode is glassy carbon (GC), 

which is made by heat-treating polymers at 1000-3000 °C under inert atmosphere; this 

process pyrolysis the polymer, leading to elimination of heteroatoms into the gas phase 

until only a highly graphitic network of C-C bonds remains 16. GC is approximately 60% as 

dense as HOPG and contains many voids with a structure often described as consisting of 

twisted and entangled graphitic microfibrils, while its surface is highly heterogeneous and 

displays a mixture of basal and edge plane sites. Depending on the pre-treatment, the 

electrochemistry of GC can differ greatly in terms of electron transfer rate constants. For 

example, laser activated GC exhibits a fast electron transfer rate constant of 0.46 cm s-1 for 

Fe(CN)6
3-/4-

. For eight quasi-reversible one-electron redox couples, electron transfer rates 

were found to be 1-3 orders of magnitude higher than those for HOPG basal plane 15, 17-18. 

1.1.2 Fullerenes 

Fullerenes are allotropes of carbon in the form of hollow spheres, tubes or ellipsoids. 

Spherical fullerenes are referred to as Buckminster fullerenes or buckyballs whereas 

cylindrical fullerenes are called carbon nanotubes (CNT). Buckminster fullerenes were 

discovered by Kroto et al. in 1985 19-20
, Kroto studied organic molecules in space using a 

telescope and discovered the presence of C60; he collaborated with Smalley and Curl in 

order to recreate C60 molecules in the laboratory via laser vaporization of graphite and 

determined that C60 molecules consisted of sp2-centers arranged in  pentagonal and 

hexagonal rings 19-21. Other forms of fullerenes such as C70, C76, C82, and C84 have been 

discovered in soot and have been synthesized via arc discharges 22-26. The fullerenes C60 and 

C70 have well-defined spheroid geometry with approximate diameter of 0.7 nm. and C60 

consist of 12 pentagons and 20 hexagons where C70 consist of 12 pentagons and 25 

hexagons. C60 Buckyballs obey Euler’s theorem which defines that each closed cage 
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geometry holds 12 pentagons in order to implement suitable curvature to lock the cage. 

The next most studied fullerene is C70 which is a rugby ball-shaped molecule 27. The 

structure of C60 and C70 looks like a cage-like fused ring that is made up of pentagonal and 

hexagonal rings with a carbon atom situated at each polygon. The fullerene family, 

especially C60, displays photochemical, electrochemical and physical properties which have 

been explored for various proposed practical applications in a wide range of areas such as 

pharmaceuticals, environmental, electronic devices, diagnostics, and energy conversion 28. 

1.1.3 Carbon Dots 

Carbon dots (denoted as CDs) are a relatively recent member of the nanocarbon family. 

These materials are considered as zero-dimensional carbon nanostructures with diameters 

less than 10 nm. CDs including graphene quantum dots (GQDs) were accidentally discovered 

by Xu et al.in 2014 during the purification of single walled carbon nanotubes (SWCNTs) via arc-

discharge methods 29. Since their discovery much attention has been given to CDs because of 

their versatile properties particularly photoluminescence, excellent biocompatibility, low-cost, 

the potential to be synthesized from abundant raw materials and their benign chemical toxicity 

30-33. Early studies of CDs were focused on controlling their photoluminescence (PL) yield and 

spectral characteristics. Approaches for the synthesis of CDs with high PL efficiency can be 

divided into two groups: top-down methods such as electrochemical synthesis 34 and chemical 

oxidation 35, and bottom-up methods such as microwave assisted synthesis 36 and the 

hydrothermal approach 37. Different types of biological and chemical sensors have been 

developed based on photoluminescent CDs and their surface functional groups 38. Some 

examples include Lai et al. 39 who synthesized  polyethylene  glycol  (PEG)  modified  CDs  for 

loading and delivery of the  doxorubicin  (DOX); and Chowdhuri et  al. 40 who prepared  CDs   

with   metal   organic   frameworks  (MOFs)  to  investigate  drug  delivery applications.  

1.1.4 Carbon Blacks and Activated Carbons 

Carbon black (CB) is an elemental carbon different from diamond, cokes, charcoal and 

graphite. CBs consist mostly of spherical and ellipsoidal particles and contain both 

amorphous and crystalline substructures 41. The basic building blocks of CB are formed by 

stacked graphene layers where the stacking axis is randomly oriented and translated 

parallel to the layers. Carbon blacks are synthesised by the incomplete combustion of a 

heavy aromatic feedstock in a hot flame of air and natural gas. They are good electric 

conductors due to the overlapping graphene layers and the fused nature of the particles. 
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The electrical conductivity of CBs ranges from 1 to 104 S m-1 and thanks to their good 

electrical properties they are widely used as conductive fillers in polymers 42. CB/polymer 

composites possess a wide range of applications such as solid electrolytes for batteries, 

room temperature gas sensors, conducting electrodes, electrical switching devices, and 

anti-reflection coatings. Chung et al 43, has investigated the electrical applications of CBs 

and noted that a sharp rise in electrical resistivity is observed with increasing temperature; 

this phenomenon is known as positive temperature coefficient (PTC) effect and is 

pronounced near the melting point 44-45. Importantly for energy applications, CBs are widely 

used in low temperature fuel cells as electrocatalyst support materials 46. 

Activated carbons are carbonaceous materials with high porosity which are mainly 

amorphous in nature. Based on studies carried out on the preparation and physicochemical 

properties of activated carbon, it has been evidenced that their high surface area, the pore 

structure and the chemical polarity of activated carbons depends largely on the activation 

process and precursor materials used 47. These materials are synthesized from carbon-rich 

precursors such as wood, coconut shells, fossil fuels, pitch coal  or selected polymers 48. 

ACs are in demand for the fabrication of supercapacitor electrodes due to  their high 

surface area and their low cost of manufacture 49. The activation process leads to the high 

surface area which is obtained using thermal reactions in a furnace or a microwave under 

controlled atmosphere. The reported surface area of the AC materials in the literature  is 

in the range of 1000-2000 m²  g-1 although the theoretical Specific surface area (SSA) can 

be as high as 3000 m² g-1 48. Wang et al. 50-51 synthesized activated carbon cloth (ACC) with 

excellent electrochemical properties, namely specific capacitance of 8.8 mF g−1. Beyond 

capacitive storage, AC-based materials find applications in other energy technologies, e.g. 

solar cells and batteries. For example, Zhang et al. 51 has synthesized a porous, ultrahigh 

activated carbon for Li-S battery application which showed high surface area (3164 m2 g−1) 

and superior electrochemical; properties with high specific capacity of 11.2 mF g-1 and 

excellent retention capacity (up to 51%) after 800 cycles.  

1.1.5 Carbon Nanotubes (CNT) and Nanofibers (CNF) 

The early history of CNTs had its beginnings in 1970: a PhD student, Morinobu Endo, at the 

University of Orleans in France synthesised carbon filaments together with Agnès Oberlin 

via benzene decomposition which were identified as hollow carbon tubes. The production 

of these carbon filaments is believed to be the first report of CNT fabrication 52. They did 
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not receive as much attention at that time however they received renewed interest in 1991 

when Ijima brought them to the attention of the academic community once again thus 

establishing the most popular discovery date for CNTs 53. Notably, some researchers 

believe that the initial invention of CNTs dates back to the 1950s, when Roger Bakon 

observed the first tubules with a high-powered electron microscope 53-55.  

CNTs are generally categorized into single-walled carbon nanotubes (SWNTs) and multiwall 

carbon nanotubes (MWNTs). SWNT is a single layer of graphite rolled up in such a way that 

it becomes a one-dimensional cylindrical tube. On the other hand, MWNT consist of 

multiple layers of graphite rolled up concentrically, yielding a one-dimensional cylindrical 

tube 54, 56-58. Length of the carbon nanotubes are on the micron scale depending on the 

number of graphenic layers in the walls of the cylindrical structure. The  aspect ratios of 

carbon nanotubes surpasses 10,000 59. Nanotubes are synthesised either by the arc-

discharge method 56 or via metal-catalysed chemical vapour deposition 60. The electronic 

properties of SWNTs have been studied extensively and depend on their band structure 61. 

SWNTs have nanometre-sized dimensions, high aspect ratio, good electrical conductivity 

along the main axis 62 and low capacitance in the pristine state 12, 63.  

Surface modification of CNTs can significantly affect their electrochemical response. 

Gooding and co‐workers have shown that oxygen‐containing groups are important for the 

electrochemical properties of SWCNTs 64 and attributed fast charge transfer kinetics 

towards [Fe(CN)6]3−/4− to the presence of particularly carboxylic acid groups64-65. Pumera 

and co-workers have shown the opposite for double‐walled carbon nanotubes, observing 

slower heterogeneous electron‐transfer towards Fe(CN)6]3−/4− 66 for oxidised surfaces. 

Heteroatom -incorporated CNTs have been shown to display good activity in the ORR. In 

particular, N-doped CNTs are among the most studied metal free electrocatalyst for ORR 

67-68. Dai and co-workers have shown potential applications of N-doped CNTs as 

electrocatalysts for ORR  68.   

CNFs are cylindrical and conical nanostructure with graphene sheets arranged as stacked 

cones or curve. They are described as non-continuous one dimensional carbon allotropes. 

The diameter of CNFs is in the range of 50-200 nm with a high aspect ratio exceeding 100. 

CNFs are commonly prepared using chemical vapor deposition method  60, electrospinning 

of polymer solutions 69. CNTs can be modified or functionalized to improve the activity in 
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electrocatalysis. Stevenson and co-workers have shown that N doped CNFs display a 

significant catalytic activity toward ORR 70.  

1.1.6 Graphene and Graphene Nanoribbons 

Graphene is a two-dimensional sheet of sp2-hybridized carbon which is the basic building 

block of other important allotropes 71 Initially graphene was considered as building block 

which was used to study the formation of carbon nanotubes and also to describe the 

graphite crystal 72. However, Geim and Novoselov demonstrated that it was possible to 

isolate single sheets of graphene thus opening the door to the investigation of its properties 

as a nanomaterial. Ruoff and co-workers demonstrated the solution-based synthesis of 

single layer graphene sheets 73-75, which involves chemical modification to produce 

graphite oxide (GO) followed by exfoliation of GO via mechanical energy 76-77. Nanoribbons 

are narrow layer of graphene whose properties depend on chemical and magnetic 

properties, edge orientation and termination. Nanoribbons were categorised as one 

dimensional carbon materials and they possess a high aspect ratio. Most studied graphene 

nanoribbons are those which have zigzag and armchair edges. The methods available to 

synthesize carbon nanoribbons are CVD, unzipping of carbon nanotubes via oxidation 

method, chemical method, The catalytic cutting method 72. 

Graphene and graphene nanoribbons are proposed for a range of applications including 

ultrafast transistors 78, support film for HRTEM 79, sensors, energy storage/conversion, 

electronics 80-82, membrane technologies 83, and optics 84 among others. Importantly for 

the work in this thesis, graphene can act as an electrocatalyst in the ORR and HER when 

doped/modified with heteroatoms such as nitrogen, boron phosphorous or sulfur.  Liming 

Dai and co-workers 85 (Figure 1.2) demonstrated that nitrogen-doped graphene can serve 

as an efficient electrocatalyst for the ORR with improved  activity compared to unmodified 

graphene. Several other groups have also reported on the activity of N-doped graphene as 

an electrocatalyst for ORR 86-88. Modified or doped graphene has also attracted great 

attention as a potential anode material for batteries while Reddy et al. 89 have shown that 

the reversible discharge capacity of N-graphene has higher than that of pristine graphene. 
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Figure 1.2: RRDE voltammograms for the ORR in air-saturated 0.1 M KOH at the C-

graphene electrode (red line), Pt/C electrode (green line), and N-graphene electrode (blue 

line). Taken from Ref (85), Copyright © 2010 American Chemical Society. 

1.1.7 Diamond 

Diamond displays a cubic crystal structure and at room temperature and pressure it is 

metastable. Diamond is considered an excellent material for many applications due to its 

unusual physical and chemical properties such as high electrical resistivity, high thermal 

conductivity, high corrosion resistance, wide band gap, low coefficient of friction, chemical 

inertness, and optical transparency 90-91. These properties are important for several 

technical applications such as high-power electronic devices, electrooptical devices and 

coatings for cutting tools etc. Impurity free and undoped diamond is a wide bandgap 

semiconductor(5.4-5.7 eV)  with resistivity >108 Ω cm92. The electrical resistivity of diamond 

films strongly depends on the surface termination, with H-terminated diamond notably 

imparting high conductivity and negative electron affinity. Incorporation of impurities (for 

example boron, nitrogen) into the diamond structure during synthesis can increase the 

conductivity resulting in good materials for electrochemical applications; the most 

common of these is boron doped diamond (BDD) which is synthesized via plasma enhanced 

chemical vapour deposition using methane and a boron source. Boron acts as an electron 

acceptor imparting p-type semiconducting property and lowering the Fermi level. The 

boron doping level is typically high, often in the range of 1018-1020 atoms/cm3 93-94. n-type 

semiconducting properties can be obtained by using phosphorus (charge carrier activation 

energy 0.6 eV) 35-36, nitrogen (charge carrier activation energy 1.6 –1.7 eV) 95-96, or sulfur 97 

as dopants. Co-doped diamond electrodes have also been produced, such as nitrogen-

boron 98 or boron-sulfur 97 co-doped electrodes.   
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The application of diamond films as electrodes was first shown by Iwaki et al. in 1983 99. 

Pleskov et al. in 1987 published the first paper on diamond devoted to improving the 

technology for fabricating conducting thin films and the relationship between the 

semiconductor and structural properties of diamonds and their electrochemical 

characteristics 100. Swain et al. in 1993 demonstrated that BDD electrodes have suitable 

properties for use in electroanalytical applications 92. Later, Fujishima et al. in 1998, 

investigated polycrystalline diamond thin film as electrodes prepared via microwave 

plasma chemical vapor deposition (CVD) and showed that they have high conductivity (ρ ≈ 

10−3 Ω. cm) 100-101. Because of their unique electrochemical properties BDD electrodes have 

found applications in multiple electroanalytical methods: cathodic stripping voltammetry 

(CSV), abrasive stripping voltammetry (AbSV), amperometric detection, anodic stripping 

voltammetry (ASV), and square wave voltammetry (SWV) 102-104. Nitrogen doped diamond 

electrodes (NDD) have also shown high electrocatalytic activity and high selectivity in 

notoriously sluggish cathodic processes such as nitrobenzene reduction 95. 

1.1.8 Amorphous carbon 

a-C is comprised of both trigonally and tetrahedrally bonded carbon (sp3/sp2 mixture) and 

it does not possess a crystalline structure or long-range order. a-C can exhibit beneficial 

chemical and physical properties such as high chemical inertness, diamond-like properties, 

105-109  favourable tribological proprieties 110-111, and a low frictional coefficient 112-113. a-C 

can be doped with heteroatoms such as hydrogen, nitrogen and boron thereby making 

these materials extremely diverse in terms of structural, mechanical and electronic 

properties. Different methods have been used to deposit a-C films such as ion beam 

methods 114-116, magnetron sputtering 117-120, Chemical Vapour Deposition 121-123,and  

Pulsed Laser Deposition 124. Depending on the deposition method the properties of 

amorphous carbon films can vary and that is why a-C finds uses in a wide range of 

applications, not only the typical applications as a barrier coating such as in wear resistant 

coatings, and corrosion resistant coatings, but also in optical applications such as 

photodiodes, light-emitting diodes, optical coatings and electroluminescent devices 125, as 

well as in applications requiring high biocompatibility such as orthopaedics and 

cardiovascular biodevices 126. The family of amorphous carbon is schematically presented 

in Figure 1.3 127, wherein the compositions of the various forms of amorphous carbon are 

displayed in a ternary phase diagram as first used by Jacob and Moller 128. 
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Table 1.1: Comparison of some main properties of some form of DLC with those of 

reference materials (diamond, graphite) 127. 

Materials sp3 
(%)  

H (%)  Bandgap 
(eV)  

Hardness 
(GPa)  

References  

Diamond 100 0 5.5 100 129 

Graphite 0 0 0  130 

Glassy carbon 0 0 0.01  131 

a-C 5-20 0 0.5  132 

a-C:H 20-60 30-50 1.6-2.2 10-20 133 

ta-C 80-88 0 2.5 80 134, 135 

ta-C-H 70 30 2.0-2.5 50 136 

 

Amorphous carbons with high sp3-content (>80%) is termed Diamond Like Carbon (DLC) 

and possesses properties in common with diamond, such as wide band gap and lower 

conductivity than more graphitic films, mechanic hardness and chemical and 

electrochemical inertness; however the production cost of DLC is much lower than that of 

diamond.134, 137-139 Nonetheless amorphous carbons can be prepared with low sp3-content 

thus approaching the behaviour of graphitic materials. Typical properties of various forms 

of amorphous carbon are presented in table 1.1 127. Modified and doped DLC electrodes 

possess some attractive features such as a wide potential window, low background current, 

and strong anti-fouling capability 140. DLC films have been used as electrode materials for 

electrochemical quartz crystal microbalance (EQCM) 141, optical transparent electrodes for 

spectroelectrochemistry 142, tip electrodes for SECM 143 and biosensing 144-145. DLC films 

have been characterized as anode materials for Li–ion batteries and a high fraction of sp2 

bonding in the DLC films is preferred for high lithium storage capacity 146. 

Amorphous carbons from highly reactive nanoacetylide precursors exhibit a high surface 

area associated with a mesoporous and microporous structure although the material can 

be prepared without an activation process 147. Mesoporous carbon materials have 

attracted interest for use in numerous applications such as capacitors 148, absorbents, 

electrodes 149, and catalytic supports 150. 

Films with high sp2 content (>80%) are mechanically soft and display a lower band gap; 

these kinds of materials have been synthesized by our group and some of their 
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electrochemical properties have been discussed in previous work 151-154. This type of films 

is used in this thesis to investigate the role of nitrogenation on the capacitive properties of 

amorphous carbon electrodes which is explored in detail in chapter III. 

 

Figure 1.3: Ternary phase diagram of bonding in amorphous carbon-hydrogen alloys. 

Collected from ref 127. Copyright © 2002 Elsevier Science. 

1.1.8.1 Nitrogen-Incorporated Amorphous Carbon (a-C:N) 
Nitrogen doped carbon materials have received tremendous attention in the fields of 

electrocatalysis and energy storage due to the high ORR activity as well as low cost, good 

durability, and environmental friendliness 85, 155-156. Pt-based materials are known to be the 

most active materials for catalysts the ORR reactions at the cathode of fuel cells. Due to 

high cost of Pt-based catalyst, their poor durability and slow electron-transfer kinetics, 

there have been significant efforts to reduce the use of Pt-based catalysts in 

electrochemical devices 157. Development of non-precious metal-free catalysts which 

possess high activity and durability has been considered one of the most competitive fields 

in chemistry and materials science. Dai et al, firstly incorporated N into graphene for 

efficient metal free catalyst for the ORR in fuel cell 85. N-doped carbon materials as ORR 

catalyst are further discussed in section 1.6.2. The modification of amorphous carbons via 

incorporation of heteroatoms such as nitrogen, phosphorus and boron has received much 

attention from various research groups. Beyond applications in electrocatalysis, nitrogen 

incorporation into carbons is motivated by the synthesis of super hard compound, e.g. C3N4 

158, and by the potential for achieving electronic  doping for optoelectronic devices. 

Nitrogen is a good dopant as its radius is very close to that of carbon and being in group V 
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it can in principle introduce donor levels in the carbon structure resulting in n-type doping; 

however, nitrogenation can also result in the creation of N-containing functional groups 

such as pyridinic, pyrrolic, amine, or nitrile groups. For example, nitrogen doped CNTs 

possess good electronic transport properties 159-160 and have several potential applications 

in energy, catalysis 161-162 and electroanalysis 160. Different methods have been used to 

produce nitrogen incorporated a-C such as pulsed laser deposition (PLD) processes 163, CVD 

164, or reactive sputtering 165-168. 

Studies have found that incorporation of nitrogen changes several properties of 

amorphous carbon films. The electrical resistivity of a-C can be decreased by few orders of 

magnitude through nitrogen doping and nitrogen incorporation in a-C has been confirmed 

to behave as an n-type dopant because the fermi level shifts with increasing nitrogen 

concentration 169. Nitrogen content in the material also influences the electrical properties 

as current-voltage (I-V) measurements show that current density and conductivity increase 

with N content in a-C films 170. Nitrogen containing a-C as a catalyst has shown higher 

graphitic edge plane exposure such as a-C:N and higher ORR activity compared to undoped 

a-C 171-172. Several studies found that a-C:N electrodes exhibit wider potential windows and 

low background current in aqueous systems 173-174, even exceeding those observed with 

BDD, reversible behaviour with outer-sphere redox couples, excellent analytical behaviour, 

higher catalytic activity for Cl2/Cl- than BDD 175. XPS studies found that N-doped amorphous 

carbon has four different nitrogen sites such as graphitic nitrogen, pyrrolic nitrogen, 

pyridinic nitrogen and pyridine n-oxide type nitrogen 176. Other types of N-sites such as 

amines and nitrile-like groups may be found via- XPS depending on the method of 

preparation of these materials 177. Raman spectroscopy studies have found that N doping 

also increases graphitisation by promoting formation of sp2 clusters 163. These 

characteristics demonstrate the great promise of the a-C:N electrode for electroanalytical 

application 175. 

1.2 The role of capacitive properties in electrode processes 

When any electrode is immersed in an electrolyte solution, an interfacial region is formed 

between electrolyte and electrode. This region is called the double layer and the electrical 

properties of such a layer are important because they affect electrochemical 

measurements. If an electrical circuit is used to describe the current that flows at a 

particular working electrode under polarisation, the double layer can be viewed as a 
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capacitor in this circuit. In order to obtain the desired potential at the working electrode 

the double layer first must be charged, and this charging current introduces a capacitive 

contribution to the total current passed at the electrode.  Capacitive currents contain 

information about the double layer and its properties. The double layer structure and its 

capacity depend on several parameters such as: electrode material 

(metallic/semiconductive behaviour, electrode porosity, the presence of oxide or insulating 

layers ), type of solvent, type of supporting electrolyte, total area, extent of specific 

adsorption of ions and molecules, and temperature 178. In order to understand the 

structure of the double layer at the electrode/electrolyte interphase theoretical models of 

varying complexity have been discussed in the literature; these models are discussed in the 

following sections. 

1.2.1 Helmholtz Model 

The Helmholtz model was the first one proposed to describe the structure of the double 

layer at the electrode/electrolyte interface and it is inspired by the structure of a parallel 

plate capacitor. In a parallel plate capacitor two layers of charge of opposite sign are 

separated at a fixed distance (Figure 1.4a, aa) and the Helmholtz model assumes that 

electrons at a metal electrode and positive ions in solution behave in analogy to the charges 

in the two plates, forming two rigid charge layers of opposite charge at a fixed distance. 

The potential drop across the interface in this case is linear and the capacitance of the 

double layer per unit area is given by: 

 

C=
𝜀

4𝜋𝑑
                                             (1.1) 

where ε is the permittivity of the medium between the plates and d is the distance between 

them.  

Charge stored in an electrode per unit area upon a potential change from UPZC (potential at 

the point of zero charge) to a given electrochemical double layer (EDL) potential is the 

integral capacitance of the electrode. At different applied potentials, the experimentally 

measured capacity is the differential capacitance of the electrode. 179 For this model 

differential and integral capacitances are equivalent and have a constant value.  
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1.2.2 Gouy and Chapman Model 

Ions in the electric double layer are subjected to both electrical fields and thermal 

fluctuations and as a result the charge carriers of both electrode and electrolyte do not 

reside at rigid layers at a fixed distance from each other, as proposed in the Helmholtz 

model. The Gouy-Chapman model allows for the diffusion of ions in solution; the ions are 

distributed according to electrostatics and Boltzmann’s statistics in a region near the 

electrode surface called diffuse double layer, or layer of Gouy-Chapman (figure 1.4b, bb). 

In this model, the diffuse charge at the electrode is given by: 

𝑞𝐷 = (
2𝑘𝑇𝑛𝑂𝜀

𝜋
)1/2 sinh 

𝑒𝑂𝑉

2𝑘𝑇
                   (1.2)    

The differential capacitance is given by: 

C= (
𝑛0𝜀𝑒02

2𝜋𝑘𝑇
)1/2 cosh

𝑒0𝑉

2𝑘𝑇
                     (1.3) 

where n0 is the number of ions of positive and negative charge per unit volume in the bulk 

of the electrolyte and V is the potential drop from the metal to the bulk of the electrolyte. 

According to this model the double layer capacitance is maximum at V=0 and increases 

symmetrically to either side of V=0. This model has deficiencies in that the experimental 

capacity-potential relations do not behave in a symmetrical-parabolic manner, except at 

potentials close to the potential of zero charge of the metal. Ions cannot approach the 

surface at distances shorter than their radii. That is the reason why the double layer 

capacity rises at large potential relative to the point of zero charge. In this model, ion-ion 

interactions are neglected, however these might become important at high electrolyte 

concentrations; furthermore, the model assumes a constant dielectric constant in the 

region between the electrode and electrolyte 179. 
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Figure 1.4: Different double layer models (a) and (aa) Helmhotz model; (b) and (bb) Gouy-

Chapman model; (c) and (cc) Stern model, and (d) and (dd) Esin and Markov, Grahame, 

and Devanathan model 179. Reproduced from reference 179. 

1.2.3 Stern Model 

The Stern model overcomes some of previous models’ limitations. Firstly, in this model ions 

are considered to have a finite size and are located at a finite distance from the electrode, 

with the minimum distance usually taken to be their ionic radius. Secondly, the charge 

distribution in the electrolyte consists of two contributions: (a) ions as in the Helmholtz 

model, immobilized close to the electrode, and (b) ions as in the Gouy-Chapman model, 

distributed over a diffuse layer (figure 1.4c, cc). Thus, the total charge stored at the 

interface is given by: 

qM = qH + qG                                      (1.4) 

that is the sum of the Helmholtz fixed charge, qH, and the Gouy-Chapman diffuse charge, 

qG. It can be shown that the double layer capacitance across this electrode/electrolyte 

interface is given by these two contributions in series: 
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1

C
 =

1

CH
+

1

CG
                     (1.5) 

where CH and CG stand for the contributions of the Helmholtz and Gouy-Chapman 

capacitances. 

This model is very similar to Helmholtz’s because most of the charge is concentrated at the 

Helmholtz layer. At low electrolyte concentrations CG > CH. whereas in concentrated 

electrolytes CH >> CG. Importantly, it means that when the diffuse layer capacitance escapes 

to infinity then the CH becomes dominant and limits the total observed capacitance. This 

model is not applicable for electrolytes with specifically adsorbable anions and does not 

take into account the role of the solvent in ion solvation 179. 

1.2.4 Esin and Markov, Grahame and Devanathan Model 

This model was proposed by three groups of researchers and is represented in figure 1d, 

dd. The additional feature of the model is that it allows for ions to be dehydrated and 

specifically adsorbed at the electrode. Adsorption of ions occurs due to different types of 

interactions between the electrodes and ions such as electrostatic forces, image forces and 

dispersion forces. The specific adsorption (physical adsorption) of ions occurs when the 

image and dispersion forces are larger than the electronic or ion-ion repulsive force. 

However, stronger bonds can be formed by partial electron transfer between the ion and 

the electrode resulting in chemisorption 179. An inner layer between the electrode surface 

and the Helmholtz layer further modifies the double layer. The inner layer is the locus of 

centers of desolvated ions strongly attached to the electrode. Devanathan derived the 

following relation for the total capacitance: 

1

𝐶
=

1

𝐶𝑀−1
+ (

1

𝐶𝑀−2
+

1

𝐶2−𝑏
)(1 −

𝑑𝑞1

𝑑𝑞𝑀
)           (1.6) 

where  𝐶𝑀−1 and 𝐶𝑀−2 are the integral capacities of the interfaces between the electrode 

and the inner Helmholtz plane (IHP) and between the inner and outer Helmholtz planes 

(OHP), respectively; 𝐶2−𝑏 is the differential capacity of the diffuse double layer, and 
dq1

dqM
 

represents the rate of change of the specifically adsorbed charge with total charge qM at 

the electrode. 

 Some important conclusions can be drawn from this equation. The capacity reaches a 

minimum at 
dq1

dqM
= 0  because the latter can have only positive values. At 

dq1

dqM
= 1  we 
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obtain a high differential capacitance and the electrode becomes non-polarizable. The 

capacitance minimum is reached at the potential of zero charge.  

1.3 Double layer properties of semiconducting electrode 

Charged planes or space charge layers form at any interphase, including the solid /liquid 

interface when the electrons are transferred in or out of the semiconductor surface. The 

formation of these planes leads to electrical double layers consisting of layers of positive 

charge, layers of negative charge and regions of high electric field within the charged layers. 

Such double layers can dominate the electrical and chemical properties of the surface of 

semiconducting electrodes. There are three important double layers that appear at the 

electrode/electrolyte interface: first, the semiconductor space charge double layer; 

second, the Helmholtz double layer between the solid and the “outer Helmholtz plane”, 

i.e. the distance of closest approach of non-adsorbed ions to the surface; and third, the 

Gouy-Chapman double layer in the solution near the solid in which excess of ions exists. 

There are excess charge regions corresponding to these double layers. Firstly, the space 

charge region in the semiconducting electrode can be in the form of immobile charge 

impurities near the surface of the semiconductor or can be in the form of mobile electrons 

or holes in the conduction or valence bands of the semiconducting electrode. Secondly, the 

charged plane on the two sides of the Helmholtz region that form the Helmholtz double 

layer. One plane is at the solid surface and the charge is in the surface states or at the 

location of the adsorbed ions. The other plane is called the “outer Helmholtz plane” the 

position of closest approach of mobile ions. Thirdly, there is an extended region of excess 

space charge in the Gouy-Chapman region of the solution related to mobile ions. The 

amount of charge stored in the space charge region depends on several processes. These 

charged regions, together with the counter charge in the Helmholtz region form the Gouy 

double layer 126. 

1.4 Contributions to the total double layer capacitance of carbon metallic 

and semiconductor electrodes 

Carbon materials can display both metallic and semiconductive properties and the models 

described in the previous section can be used to interpret capacitive behaviour at carbon 

electrodes and to characterise carbon electronic properties. On a semiconducting 

electrode the capacity is a function of electrode potential. There are many elements in 
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capacitive impedance associated with a semiconducting electrode and in this section these 

elements will be described in terms of equivalent circuits. The possibility of storing charge 

in space charge regions and Helmholtz planes is always related to electrical capacitance 

and each double layer has a capacitance associated with it. The capacitance C is defined by, 

C=
𝑑𝑄

𝑑𝑉
                  (1.7) 

where dQ is the infinitesimal charge stored in the layer resulting from a dV differential 

voltage change across the double layer. 

There are several contributions to the capacity at the semiconductor surface corresponding 

to various mechanisms by which charge is stored, such as across the Helmholtz double 

layer, across the semiconductor space charge region, in surface states and across an 

oxide/insulating film at the surface. Upon application of voltage change dV across the 

Helmholtz double layer, ions accumulate in or on the outer Helmholtz plane with a charge 

qdNs/m2 and counter charge appears on the solid of –qdNs, leading to a Helmholtz capacity: 

𝐶𝐻 = 
𝑑𝑄

𝑑𝑉𝐻
                     (1.8) 

If there is depletion layer at the semiconductor surface, the space charge capacity must 

be considered: 

𝐶𝑠𝑐=
𝑑𝑄𝑠𝑐

𝑑𝑉𝑠
                                     (1.9) 

 where 𝑉𝑠 is the potential difference across the space-charge region and Qs is the charge 

stored in the space charge region. The charge Qs is not at the surface of the conducting 

layer, but instead spread out through the insulating (depletion) layer and principally the  

same charge stored at the surface of the two facing conducting regions. 

Surface or defect states can also lead to an additional mechanism of charge storage and a 

corresponding capacitance 𝐶𝑠𝑠 . In a similar manner the surface state capacity is defined 

as: 

𝐶𝑠𝑠 =
𝑑𝑄𝑆𝑆

𝑑𝑉𝑆
                                    (1.10) 

Where 𝑄𝑠𝑠  is the positive charge stored at surface/defect states. When 𝑉𝑠  changes the 

occupancy of the surface state changes (figure 1.5). As 𝑉𝑠 changes EF moves relative to the 
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surface states and this charge must be stored. When the voltage is restored to its initial 

value then the stored charge returns to the conduction band. 

If there is an oxide layer at the surface of the electrode and this layer is reasonably 

insulating, a capacity called 𝐶𝑜𝑥  associated with the thickness of the oxide layer can be 

defined by the equation below: 

𝑑𝑄=CdV= (
𝑘𝜀0𝐴

𝑑
)𝑑𝑉                        (1.11) 

where A is the area and d the thickness of the oxide layer, k is the dielectric constant of 

the oxide and 𝜀0 the permittivity of free space. 

The impedance measurement is associated with the combination of these three 

capacities 𝐶𝐻, 𝐶𝑠𝑐, 𝐶𝑠𝑠  can be estimated with the help of figure 1.5 as described below. A 

change in the applied voltage ΔV is divided between ΔVS and ΔVH: 

ΔV = Δ VS + Δ VH                                    (1.12) 

By charge neutrality: 

𝑄𝑠𝑜𝑙𝑛 = 𝑄𝑠𝑐 + 𝑄𝑠𝑠                               (1.13) 

Δ𝑄𝑠𝑜𝑙𝑛 is the charge stored from the external circuit upon an applied voltage change of Δ 

V, so that equation 1.7 becomes: 

1

𝐶
 = 

𝛥 𝑉 

𝛥 𝑄
 = 

𝛥 𝑉

𝛥 𝑄𝑠𝑜𝑙𝑛
 = 

𝛥 𝑉𝑠

𝛥 𝑄𝑠𝑐+ 𝛥 𝑄𝑠𝑠
 + 

𝛥 𝑉𝐻

𝛥 𝑄𝑠𝑜𝑙𝑛
                 (1.14) 

If we combine above equations (1.8), (1.9) and (1.10) we obtain: 

 1

𝐶
 = 

1

𝐶𝑠𝑐+𝐶𝑠𝑠
 + 

1

𝐶𝐻
                    (1.15) 

Here 𝐶𝐻 acts as a capacitor in series with the parallel combination of 𝐶𝑠𝑐 and 𝐶𝑠𝑠 126 
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Figure 1.5: Schematic diagram of the energy gap model of the semiconductor surface 

showing the location of stored charge and voltage differences. Ec - bottom of the 

conduction band; Ev, - top of the valence band; EF - Fermi level; Qsc -the positive charge in 

the space region; Qss -the positive charge on the surface states. Reproduced from 

reference 126. 

1.5 Overview of carbon based materials in energy storage devices 

With the rapid development of the world economy and the increasing demand for a 

transition to sustainable energy resources, energy storage has become one of the most  

important research topics worldwide and has gained an intensive attention from 

researchers and industrial developers. Over the past few decades a number of energy 

storage/conversion devices have been developed such as fuel cells, batteries, solar cells 

capacitors, super capacitors etc. Importantly, capacitors and batteries are necessary energy 

storage devices in modern society due to the tremendous growth and demand of portable 

electronic devices and hybrid electric vehicles (HEVs). Figure 1.6 shows a Ragone plot for 

various electrical energy storage devices where electrochemical capacitors (EC)  having 

high specific power and short time constants, while on the other hand batteries have low 

specific power and long-time constants 180. ECs are generally based on two types of 

capacitive behaviours associated with the double layer capacitance at 

electrode/electrolyte interfaces and another is with the pseudo-capacitance. There are 

three types of ECs depending on the electrode materials such as, electrical double layer 

capacitors (EDLCs), pseudocapacitors (PCs) and hybrid capacitors. Carbon electrodes are 
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typical materials for the development of EDLCs with various forms of nanocarbons 

investigated due to their favourable features such as low weight, high conductivity, 

electrochemical stability, open ad controllable porosity, and relatively chemically inert. 

Porous carbon electrodes which have high specific area    including activated carbon 181, 

carbon fibres 182, carbon nanotubes 183 and graphene 184 have been used for EDLC 

applications. Among them activated carbon is a widely used material for EDLC because of 

their high specific surface area and moderate cost. The double layer capacitance of 

activated carbons is in the range 100–120 F g−1 in organic electrolytes and 150–300 F g−1 in 

aqueous electrolytes 180.  

The capacitance of pseudocapacitive electrodes offers high specific charge storage due to 

fast and highly reversible redox reactions but they often suffer from stability during cycling. 

Ruthenium oxide (RuO2) 185, manganese oxide (MnOx) 186, cobalt oxide (Co3O4) 187 and iron 

oxides (Fe2O3) 188 are commonly used electrode materials for pseudocapacitors.  

Electrochemical batteries are considered as very important device for energy storage. It 

produces electricity from stored energy in the chemicals of the battery. There is an 

increasing demand of portable electronic devices which leads to the improvement of their 

performance and therefore, Li-ion batteries have gained considerable attention. The 

performance of the Li-ion batteries depends on the microstructure of the anode materials 

made of carbon and graphite. Graphite has remained the anode materials for batteries and 

cathode materials have been developed to further improve their performance. CNT based 

materials such as Fe3O4/CNTs nanocomposite 189, CNT/RuO2 core-shell composite 190, 

CNT/amorphous FePO4 191 have shown excellent electrochemical performance as cathode 

material for Li-ion battery. In contrast to CNTs graphene are robust electrode material 

especially nitrogen and boron doped graphene are potential candidates  for Li-ion battery 

(LIB) application 192. Graphene based composite materials using tin oxide (SnO2), nickel 

oxide (NiO), and rGO  acted as an anode materials has shown excellent performance for Li-

ion battery application 193. 
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Figure 1.6: A Ragone plot for various electrical energy storage devices where it is showing 

the specific power against the specific energy. If an EC used in an electrical vehicle the 

specific energy shows how far one can go on a single charge and the specific power shows 

how fast one can go Times shown here are the time constant of the devices 180. Taken 

from reference 180.Copyright © 2008, Springer Nature. 

1.6 The oxygen reduction reaction 

The oxygen reduction reaction (ORR) is a fundamental reaction for energy conversion due 

to its importance for the performance of fuel cells and metal-air batteries. This reaction 

can take place in either acid or alkaline solution and is a complex multistep process whose 

most desirable product for fuel cell applications is water/hydroxide according to the 

following net reactions: 

O2 + 2H2O + 4e− → 4OH−  E° = 1.229 V vs RHE 

O2 + 4H+ + 4e− → 2H2O  E° = 1.229 V vs RHE 

However partial reduction of O2 leading to formation of hydrogen peroxide/hydroperoxide 

anion is also possible according to the reactions: 

O2 + H2O + 2e− → HO2
− + OH− E° = 0.695 V vs. RHE 
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O2 + 2H+ + 2e− → H2O2   E° = 0.695 V vs. RHE 

This H2O2/HO2
- can be further reduced to two water molecules as follows: 

HO2
− + H2O + 2e− → 3OH−  E° = 1.763 V vs. RHE 

H2O2 + 2H+ + 2e− → 2H2O  E° = 1.763 V vs. RHE 

Full reduction requires that four electrons are transferred in sequence without release of 

H2O2 
194-196; the complete 4e reduction by a catalyst surface is preferred due to the 

relatively high reactivity of hydrogen peroxide compared to water and its ability to 

corrode/degrade fuel cell components 197.  

The full reduction process is favoured by adsorption of O2 on the catalyst surface where 1st 

electron transfer and protonation can take place resulting in adsorbed *OOH; this can be 

followed by a 2nd electron transfer yielding H2O2/HO2
- in acid/alkaline conditions. How the 

reaction proceeds depend on whether desorption of this intermediate occurs at a faster 

rate compared to subsequent electron transfer steps. In addition to an initial step involving 

chemisoroption of O2 at the surface, it has also been proposed that an outer-sphere 

transfer mechanism is possible for the production of the superoxide anion/hydroperoxyl 

radical in the first step; this initial step has been proposed to play a more important role 

under alkaline conditions and for materials that display weaker interfacial interactions with 

O2.   

1.6.1 Carbon based ORR Catalysts 

Large scale commercialization of FCs requires high cost materials and so far, precious group 

metals such Pt and other metals have proven to be the best catalysts for the hydrogen 

oxidation and the oxygen reduction in fuel cells. Pt is a scarce and expensive metal as shown 

in Figure 1.7. The cathode oxygen reduction reaction (ORR) is significantly more sluggish 

than the hydrogen oxidation reaction (HOR), therefore 80-85% of Pt is loaded in cathode 

of FCs in order to facilitate the ORR 198. As the Pt based catalyst always suffers from limited 

long-term stability and in the case of methanol fuel cells Pt is also vulnerable to CO 

poisoning and poor tolerance to methanol it would therefore be desirable to develop non-

precious metal-based catalysts (NPMC).  

To replace Pt with NPMC in fuel cells it is necessary to provide requirements such as to 

provide power equivalent to that delivered with Pt electrocatalysts and to demonstrate a 
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stability of at least 1000 h. Among the available NPMCs carbon-based catalysts are 

considered for investigation because of their high electrical conductivity, excellent stability 

and because the cost of these catalyst is low compare to other NPMCs 199-201. Researchers 

have focused on several types of carbon-based catalysts in order to achieve NPMC with 

high activity which are the carbon catalysts with encapsulated nanoparticles, metal-free 

heteroatoms-doped carbons and metal/nitrogen-co-doped carbons. The actual active sites 

of catalyst have been investigated by using computational method as well as experimental 

measurements but remain under debate 202-205.  

Carbon-based ORR catalysts can be divided into three types according to their composition 

such as 1) carbon catalysts with encapsulated nanoparticles (Fe, Fe3C, Co) 206-207 ; 2) Metal 

(Fe, Co, Mn, Ni, Cu or Zn)/nitrogen-co-doped carbons 208-209; and 3) Metal-free heteroatom 

(N, B, F, S, P)-doped carbons 210-211, all which remain under study by several research 

groups. In order to achieve high ORR activity for carbon based materials the most effective 

strategy will be modulation of electronic structure and geometric structure 212 although 

results on structure-activity descriptors for these materials are often contradictory and the 

design principles are hotly debated. 

 

Figure 1.7: Price of the elements (in $/kg) versus their annual production (in kg/yr) 213. 

Reprinted with permission from ref 213. Copyright 2012 Royal Society of Chemistry. 
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1.6.2 Nitrogen Doped Carbon as ORR Catalysts 

Metal free carbon based catalyst are alternatives to novel metals for oxygen reduction 

reaction due to low cost, abundant reserves and excellent resistance to carbon oxide and 

methanol 214. Many heteroatom doped carbon materials have shown high activity towards 

ORR and among those nitrogen (N)-doped carbon materials are some of the most efficient 

metal-free catalysts 68, 215. Nitrogen doped carbon materials can be synthesised by using 

different methods such as pyrolysis 216-217, carbonisation 218-219, chemical vapour deposition 

(CVD) 220 and other modified CVD methods 221. Nitrogen can be doped into graphene sheets 

222 and carbon nanostructures such as carbon nanotubes 223, carbon nanofibers 224, carbon 

nanocoils 225, carbon nanospheres 226  by in situ doping. Nitrogen doped carbon 

nanomaterials are the most commonly investigated for the ORR compare with other 

heteroatoms due to environmentally friendly and abundant of nitrogen resources. The 

differences of electronegativity between C (χ = 2.55) and N (χ = 3.06) facilitate the 

polarization of carbon matrix  efficiently and  the adsorption of oxygen on it 227. Catalytic 

performance of the of N doped carbon nanomaterials also corelated with the type of N-

sites such as graphitic N (400.9 eV), pyrrolic N (398.6 eV), and pyridinic N (397.9 eV) present 

in the electrocatalysts 228-229. Zhenhai Xia et al. demonstrated that pyridinic N possess a 

lone electron pair which enhance electron donating capability and O-O bond break, and 

creation of water molecules 230. Guo et al. 228 also demonstrated that the active sites in N 

doped carbon nanomaterials are located adjacent to pyridinic N. Some other research 

group considered graphitic N for the active site in N doped carbon nanomaterials because 

of coexistence of different N sites 231-232. Types of N sites and the content of N in the 

electrocatalyst is also a controversial factor which affecting ORR performance where  

catalyst with higher N have low ORR activity 233. Catalytic activity also depends on the 

structure of N doped carbon as well as morphology of the carbon nanomaterials which 

could control the activity and long-term stability of catalyst 234. N doped metal free catalysts 

have improved tremendously the catalytic performance of the ORR, but its performance is 

still fall behind of commercial Pt. In order to improve the catalytic performance of N doped 

carbon nanomaterials towards efficient ORR, it is crucial to develop other strategies such 

as structure modification,  introduction of defects into materials, coordination with other 

heteroatoms to further enhance the catalytic performance 227 In the future development 

of N-doped carbon-based nanomaterials should focus on design specific structure with high 
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surface area, rich defects, optimal nitrogen content and abundant of macro and meso 

pores etc.  

1.7 Aims of the Project 

N doped amorphous carbon materials are used for vast range of applications from catalyst 

supports to electrodes, structural components and medical applications. There has been a 

significant amount of work done on the synthesis and characterisation of amorphous 

carbon by varying composition to achieve control over mechanical and electronic 

properties of these materials. How to control the interaction between their electronic 

properties and interfacial properties has not been fully elucidated. This work will address 

some of the gaps in the current literature, by synthesizing different N-doped amorphous 

carbon materials and characterizing those carbon materials by using XPS, Raman 

spectroscopy, ultraviolet photoelectron spectroscopy and electrochemical methods. It is 

known from the literature that N-doping increases charge carrier density and metallic 

character of a-C materials 127. The aim of the thesis is to prepare different N doped a-C  and 

corelate their electrochemical  performance with structural, electronic and chemical 

properties. 

In chapter III synthesis of a-C:N electrodes as well as the effects of different levels of 

nitrogen-incorporation on the properties of the a-C film is discussed. This included the 

investigation of the effects of gradual nitrogen incorporation into the graphitic scaffold and 

its effects on the electronic and capacitive properties. These electrochemical properties 

will be corelated with chemical, structural and valence electronic properties of a-C:N 

electrode. 

Chapter IV explores the electrochemical capacitive properties of topographically smooth N 

doped and N free graphitized a-C. The effect of selective N-site incorporation could 

enhance the capacitive properties of a-C:N electrodes as a result of both surface chemical 

and electronic effects. 

N incorporation into graphitised a-C using RF plasma system is presented in chapter V, 

where electrochemical capacitance study and oxygen reduction reaction (ORR) is 

discussed. These electrochemical properties are corelated to the chemical and structural 

properties of this materials. Finally results and conclusions of chapters III, IV and V are 

discussed along with possible future work. 
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This chapter introduces the theory behind the main experimental 

methods employed throughout this thesis. The magnetron 

sputtering system is used to synthesis amorphous carbon and 

nitrogenated amorphous carbon films is described along with a 

brief discussion of the deposition conditions. RF plasma system 

used to perform N incorporation into graphitised amorphous 

carbon. Here these materials characterisation techniques applied 

throughout the work are described are X-ray photoelectron 

spectroscopy, Ultraviolet photoelectron spectroscopy and Raman 

spectroscopy. The apparatus used in the electrochemical 

characterisation is also described together with voltametries and 

impedance techniques. Capacitance of the materials was 

determined using impedance method. 
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2 Experimental Section 

2.1 Chemicals and Materials 

Potassium chloride (Bioxtra, >99.0%), hydrogen peroxide (>30% w/v), 

Tetrabutylammonium hexafluorophosphate (≥99.0%), Acetonitrile (anhydrous, 99.8%), 

Sulfuric Acid (95 – 97%) and methanol (semiconductor grade) were purchased from Sigma 

Aldrich. Glassy Carbon discs (Sigradur® 0.25 ± 0.05 mm) were obtained from HTW. Alumina 

slurries (1 µm, 0.3 µm and 0.05 µm) were purchased from Buehler. 

2.2 Preparation of Substrates 

B-Doped Silicon wafers were used as substrate for deposition of a-C and a-C:N films for XPS 

and Raman. Substrates were cleaned with Piranha solution (3:1 H2SO4: H2O2) rinsed with 

Millipore water and dried under Ar.  

Glassy Carbon (GC) disks were prepared by 4 steps polishing procedure. First, the discs were 

polished with sand paper and alumina slurry of 1 µm grade. Secondly, the disks were 

polished with nylon paper and alumina slurry of 0.3 µm; thirdly, 0.3 µm slurry and micro-

cloth were used to polish the disks. Finally, the disks were polished with 0.05 µm slurry and 

micro-cloth before depositing a-C or a-C:N on them. 10 min of sonication of polished disk 

with Millipore water was done between each step of polish and after the final step. The 

clean disks were mounted in a Teflon® holder and placed in the vacuum chamber. 

2.3 Deposition of a-C and a-C:N  

2.3.1 Sputtering Method 

Sputtering is a process where atoms are ejected from a solid target material due to 

bombardment of the target by energetic particles. Ions of inert gases such as Ar or Xe, are 

accelerated in a plasma and directed towards the sputtering target. This accelerated ion 

can then be displaced through direct collisions or a ‘collision cascade’ resulting in emission 

of atoms. Figure 2.1 shows the process of ion bombardment on the target surface. This 

sputtering method is used to deposit thin films on a substrate. 
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Figure 2.1: Interaction of an incident ion with surface and associated process may happen 

due to ion interaction with the material surface are secondary electron emission, 

reflection of the incident particles.  

There are different sputtering techniques used to deposit thin films such as Ion Beam 

Sputtering (IBD) 1-2, Ion Beam Assisted Deposition (IBAD) 3-5, Gas Flow Sputtering (GFS) and 

Magnetron Sputtering. Ion Beam Sputtering is also called Ion Beam Deposition (IBD); this 

process is used to deposit thin films using an ion source to sputter a target material onto a 

substrate to create either a metallic or a dielectric film. The advantage of this techniques is 

the independent control over kinetic energy and current density of ions and no need for 

substrate heating. Ion beam assisted deposition (IBAD) is a process usually combines 

sputtering with the ion implantation concurrent ion beam bombardment, produce a 

coating with less built-in strain and highly intermixed interface. This technique is desirable 

where metal oxides and metal nitride films are needed to grow. Sputtering by IBAD is more 

energetic and highly directional. Gas flow sputtering is a special physical vapour deposition 

(PVD) method that utilizes a hollow cathode with a flow of gas (usually Argon) going 

through it. If pressure P and characterization length L of the hollow cathode obeys the 

condition 0.5 Pa. m < P L < 5.0 Pa. m, where Pa is the unit of pressure and m is the unit of 

length, an enhanced plasma density can be established in a hollow cathode. One of the 
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main advantages of this technique is that it lowers the kinetic energy of the depositing 

atom and decreases damage to the growing film. 

In this work magnetron sputtering was used to deposit thin films. Magnetron sputtering 

was used to deposit amorphous carbon (a-C) films of thickness ranging between 80 and 

100 nm onto substrates prepared as above. In this deposition method a target (cathode) is 

bombarded by energetic ions generated in a plasma situated in proximity of the target. This 

cathode generally a solid material source, commonly referred as a ‘target’, with energetic 

ions. This method involves the generation of an Ar plasma that is created and supported 

by a high voltage DC source. The sputtered atoms generate a condensable vapour which 

forms a thin layer of target material on the desired substrate 6. A graphite target was used 

to deposit carbon materials 7, while Si wafers and glassy carbon disks were used as 

substrates. 

Deposition of amorphous carbon (a-C) was carried out using a DC magnetron sputtering 

chamber (Torr International Inc.,USA) at base pressure ≤ 2 x 10-6 mbar and a deposition 

pressure of 7 x 10-3 mbar using Ar (25 sccm) as previously described8. The deposition time 

was kept constant at 40 min. In order to deposit a-C:N films an N2/Ar gas mixer consisting 

of  mass flow controllers (Brooks Inc.) and a control unit (Brooks Instrument LLC,USA) was 

used. The N2 concentration ranged from 2-10% percent set at 50 sccm for all a-C:N 

depositions. A picture of inner of the sputtering system used is presented in figure 2.The 

setup is equipped with two deposition guns. The carbon source for both a-C and a-C:N was 

a graphite target (99.999%, Lesker). In order to avoid cross contamination of the undoped 

films with residual nitrogen, two separate targets were used. Nitrogenated films are 

referred here as a-C:N-X (X=0,2,5,10) where X is the percentage flux of N2 in the vacuum 

chamber.  

Selected a-C:N samples were also annealed to modify the composition of the film. The 

sputtered samples were placed on a clean alumina crucible and the crucible was placed 

inside a quartz tube in a furnace. The samples were annealed at 900 0C for 1 h under 

nitrogen gas flow. 
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Figure 2.2: Magnetron sputtering chamber used in our lab in order to sputter amorphous 

carbon, titanium and N doped amorphous carbon. The plasma is generated at the two 

sputtering guns with the graphite (A) and titanium (B) targets, located above the rotating 

stage (C), where samples are placed. 

2.3.2 Surface Nitrogenation by RF plasma generator 

Radio frequency generated plasmas are a type of plasma used in industry for different 

applications such as etching, materials processing and sputtering applications 9-11. Radio 

frequency plasma can be produced by applying an ac voltage at radio frequency to 

appropriate gases at low pressures. This type of plasma is preferred in industry because 

they can be operated at low pressure and they are also more efficient at sustaining the 

discharge than dc plasmas 11. Inductive coupling in combination with the RF input allows to 

create the plasma without introducing the electrodes into the chamber thus achieving high 

purity conditions. Plasmas are used in industry frequently for etching and deposition 

purposes. The use of an ac discharge means that the substrate continuously charges and 

discharges to its surface can be changed by varying the driving frequency and the applied 

potential. A schematic diagram of plasma chamber used in our lab is presented in figure 

2.3.  RF plasma chamber equipped with RF power (500 W, 13.56 MHz) and roller inductor 
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antenna tuner (1.5 KW). This chamber is connected with rotary pump which can maintain 

the base pressure of 10-18 mTorr  inside of the chamber. N2/Ar gas lines are also connected 

to this chamber using bulb and mass flow controller (Brooks Inc.) with a control unit (Brooks 

Instrument LLC, USA). A coil is placed on the outside middle of the chamber and a plasma 

switch is connected with it. RF power is kept as low as 10 W to avoid sample damage and 

inductor tuner was used to adjust RF plasma power as to keep the same applied power. a-

C a900 carbon films were deposited via DC-magnetron sputtering (Torr International) and 

followed by a thermal annealing treatment. In order to perform nitrogen incorporation into 

a-C a900, the samples are placed on sample plate of the chamber and the bulb of the 

chamber is being closed. The rotary pump is turned on and within few min base pressure 

of the chamber is reached. Nitrogen flow was started, initially it was set at 5 ml/min and 

eventually it was increases up to 20 ml/min. Plasma exposer time was maintained 

depending on the samples and three different exposer time reported in this thesis such as 

5 min, 10 min and 20 min. 

 

Figure 2.3: A schematic diagram of RF plasma chamber used in our lab to do plasma 

treatment on carbon-based electrodes.  

2.4 Surface characterization  

2.4.1 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a photoemission spectroscopic technique to 

analyse the chemical composition of material surfaces. It is accomplished by irradiating a 

sample with monoenergetic soft x-rays and analyzing the energy of the detected electrons. 
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X-rays of Mg K (1253.6 eV) or Al K (1486.6 eV)  are usually used. Kα1,2 lines are convoyed 

by ‘satellite’ lines due to similar transitions and  Bremsstrahlung  spectrum are formed due 

to the primary electron’s energy. When higher resolution is needed, a monochromatic X-

ray source  is used to remove ‘satellite’ lines and Bremsstrahlung. Monochromatic x-ray 

sources are based on Al Kα x-rays (1486.6 eV) 12. These photons have limited penetrating 

power in a solid on the order of   1-10 μm. These photons interact with atoms in the surface 

region , causing electron to be emitted by photoelectric effect.  The emitted electrons have 

measured kinetic energy given below, 

𝐸 =  ℎ𝑣 –  𝐵𝐸 –  ᴓ                                             (2.1) 

Where hυ is the energy of the incident photon, BE is  the binding energy of the atomic 

orbital from which the electron originates and ᴓ the work function of the spectrometer. A 

schematic energy level diagram for a conductive sample in contact with an electron 

spectrometer is shown in Figure 2.4. The work function is the energy barrier that must be 

overcome to bring an electron from the Fermi level into vacuum, right outside the surface. 

The binding energy is the energy difference between the core electronic level and the Fermi 

level 12.  

 

Figure 2.4: Schematic energy level diagram for a conducting (metallic) sample in electrical 

equilibrium with the spectrometer, where EF is the Fermi energy and VL is the vacuum 

level. The work function (𝜙) and the Fermi energy are not identical because the work 

function includes not only a bulk term, but also a surface term 12. 
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XPS can be used to identify and determine the concentration of the elements in the surface 

by the determination of the BE of core level electrons and spectral profile which can give 

the composition and the element concentration at the sample surface. Changes in the 

elements BE’s are correlated to chemical information of the materials surface. These 

differences in BE’s are called chemical shift which can be used to identify the chemical state 

of the materials being analysed. In addition to this photoelectric process, Auger electrons 

may be emitted because of relaxation of the excited ions remaining after photoemission 

and occurs roughly 10-14 s after the photoelectric event. 

In this thesis, results obtained from two different XPS instruments are presented. In chapter 

III a monochromatized XPS instrument was used for the determination of sp2 and sp3 

content in a-C films and annealed a-C (chapter IV). In these cases, XPS characterization was 

performed on an ultrahigh vacuum system (Omicron) at 1 × 10−10 mbar base pressure 

equipped with a monochromatized Al Kα source (1486.6 eV) and a multichannel array 

detector. Spectra were recorded with an analyzer resolution of 0.5 eV at 45 ° take off angle.   

 

In the case of a-C:N films, XPS characterization was performed on a VG Scientific ESCAlab 

Mk II system under ultra-high vacuum conditions (<2 × 10-8 mbar), using Al Ka X-rays 

(1486.6 eV). and the binding energy scale was referenced to the C 1s core-level at 284.4 

eV. An analyser pass energy of 200 eV and 20 eV were used for survey spectra and 

individual core-level spectra. The area sampled was approximately 1 cm in diameter. a-C:N 

films in chapter III, IV and V VG Scientific ESCAlab Mk II system is used. Selected XPS 

measurements were carried out by Dr. Serban Stamatin of the Colavita group; data were 

analysed by the author using CasaXPS software. 

The spectra obtained from XPS was deconvoluted using CasaXPS software. Firstly, survey 

of each spectrum was considered to calculate elemental composition. The entire survey 

spectra were calibrated based on C 1s at 284.8 eV. Secondly, spectra of each element 

deconvoluted using Gaussian-Lorentzian GL 30 (70% Gaussian & 30% Lorentzian) with 

Shirley baseline background subtraction, which is one of the most commonly used line 

shape. The proper line shape should be selected based on the symmetry and geometry of 

the peak. In order to extract chemical states of an element in an XPS spectra, there are 
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exact binding energies in data base. Extracted parameters are used to analyzed the surface 

chemistry of these materials. 

 

Figure 2.5: XPS spectrum of C 1s envelope for an amorphous carbon material. 

A typical XPS spectrum of C 1s envelope for an amorphous carbon material is presented in 

figure 2.5. The C1s envelope contain number of different contributions such as sp2 and sp3 

centres lies between 284-286 eV. The peaks above the binding energy of 286 eV typically 

assigned as C-O,C=O components such as  hydroxyl and ether moieties 13-16. The broad peak 

closes the binding energy of 291 eV are commonly referred as a π-π* satellite or a ‘shake-

up’ feature. 

2.4.2 Raman spectroscopy 

Raman spectroscopy is a non-destructive tool for structural characterization of carbon films 

17. Raman scattering is based on inelastic scattering of incident radiation through its 

interaction with vibrational modes of molecules or solids. Raman spectroscopy uses 

inelastically scattered light from a monochromatic light source (usually a laser) incident 

onto a sample to extract information. When a laser is incident on a sample it scatters 

elastically (Rayleigh scattering) after interaction with the sample but a small fraction 

interacts with molecular vibrational modes of the sample and is inelastically scattered 

(Stokes or anti-Stokes scattering). This scattered light is shifted in frequency from the 

incident light and this shift is referred to as Raman shift. A Raman spectrum is a plot of the 

intensity of the shifted light vs frequency. A schematic diagram of a Raman apparatus is 

presented in  figure 2.6 and it consists of three main components. First, an excitation source 
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which excites the sample. Second, there is an illumination system and in our case a  

microscope in back scattering configuration was used. Third, a spectrometer is used to 

collect the Raman spectrum and is equipped with an edge filter to attenuate the Rayleigh 

scattered laser line. 

 

Figure 2.6: A schematic diagram of Raman apparatus. 

Each band in a Raman spectrum corresponds to a particular molecular vibration induced 

by incident light. Under illumination, a photon excites a molecule from the ground state to 

a virtual electronic state, the molecule can emit a photon and relax to the ground electronic 

state but reaching a different vibrational state from the initial one. The difference between 

the absorbed and emitted photon energy is called Raman shift. Not all modes are Raman 

active and a change of polarizability must be needed with respect to vibrational coordinates 

for a mode to be Raman active. A transition is allowed if the symmetry of the wave function 

in the virtual state and transition moment operator is same, otherwise the transition 

moment integral will be zero. 

 Raman scattering from carbons is always a resonant process that is the energy of the 

incident radiation is nearly in resonance with the difference between the ground state and 

a real electronic state therefore Raman scattering from carbons is typically intense. Raman 

spectra of a-C show two sharp modes, the G peak around 1580–1600 cm-1 due to the bond 

stretching of sp2 atoms in both rings and chains and D peak around 1350 cm-1 due to the 

breathing modes of sp2 atoms in rings. G and D peaks usually assigned to zone center 

phonons of E2g symmetry and K-point phonons of A1g symmetry. The T peak can be seen 
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for UV excitation due to the C-C sp3 vibrations and appears only in UV excitation 18. Raman 

spectrum of amorphous carbon materials in the region 900-1900 cm-1  is presented in figure 

2.7 

 

Figure 2.7: Raman spectrum of an amorphous carbon material in the region 1800-1000 

cm-1. The dashed lines illustrate the G and D peaks associated with different stretching 

and breathing modes of  sp2 atoms. 

Several peak fitting system used in the literature including use of Gaussian/Lorentzian 

functions 19-20, Breit-Wigner-Fano (BWF) and Lorentzian functions 18, 21 and all Gaussian 

functions in the spectral region of 1100-1880 cm-1. In order to analyse Raman spectra 

quantitively, the Raman spectra can be fitted with different peak fitting functions of 

Gaussian, Lorentzian and BWF etc. These spectra can be fitted with any of these functions 

or a mix of these functions. The Gaussian function is described by the following expression,  

 

𝐼𝐺(ω)=𝐼𝐺0×𝑒−(
𝜔−𝜔0

Г
)2

                             (2.2) 

 

Where IG is the peak intensity as a function of frequency (ω), IG0 is the maximum peak 

amplitude, ω0 is the peak position, Г is the FWHM 22.  

Lorentzian function:                                        𝐼𝐿=
𝐼𝐿0

1+(
𝜔−𝜔0

Г
)2

                 (2.3) 
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Where IL is the peak intensity as a function of frequency (ω), IL0 is the maximum peak 

amplitude, ω0 is the peak position, is the FWHM. 

BWF function: Ferrari and Robertson suggested fitting method other than two-Gaussian 

or two Lorentzian is the combined function from one single BWF G peak and one single 

Lorentzian D peak.23 BWF function is described by, 

IBWF(ω)=
IBWF0(1+(ω−ω0)/QГ)2

I(1+((ω−ω0)/QГ)2
                        (2.4) 

Where IBWF is the peak intensity as a function of frequency (ω), IBWF0 is the maximum peak 

amplitude, ω0 is the peak position, Г is the FWHM, Q is the BWF coupling coefficient of 

the Raman spectrum. 

In this thesis Raman spectra were collected on Renishaw 1000 micro Raman equipped with 

a CCD camera and a Leica microscope using the 488 nm line of argon laser line and 633 nm 

line of a HeNe laser. The spectra were collected with scan times of 40 s, 1 accumulation, 

and a power of 25 mW (10% of the laser power). All the measurements were taken carefully 

to avoid burning of the sample, however in some cases this was unavoidable. The spectra 

were normalised with respect to the G peak height to facilitate comparison and analysed 

using commercial software (WiRe 3.2).  

2.4.3 Ultraviolet photoelectron spectroscopy (UPS)  

Ultraviolet photoelectron spectroscopy (UPS) is known as valence photoelectron 

spectroscopy used to probe the valence electrons. Photoelectron are produced by valence 

photoionization measurement of kinetic energy of spectra of photoelectrons emitted by 

molecules which absorbed ultraviolet photons to determine molecular orbital energies in 

the valence region. The main aim of the UPS experiments is to gain information about the 

distribution of electrons in the valence or conduction band region of the materials. These 

electrons are responsible for the chemical, magnetic, optical and mechanical properties of 

each material 24.  
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Figure 2.8: Schematic diagram of the photoexcitation of electrons from a valence band 

due to monochromatic photons of energy hυ 24. 

Compared with Auger electron spectroscopy (AES) or X-ray photoelectron spectroscopy 

(XPS), ultraviolet photoelectron spectroscopy (UPS) is not generally considered to be an 

analytic technique for the surface characterization of materials. It is an extremely surface 

sensitive technique where small amount of contaminant can completely change the signal 

from a given surface. The main strength of this technique is its robust ability to explore the 

electronic structure of valence band/conduction region of the various types of solid 

materials 24. Sometime this technique is  added as an option to other surface science 

instrumentation of XPS/AES equipment as per manufacturers of these equipment. UPS 

depends on the photoelectric effects where  a beam of monochromatic photons is used to 

eject electrons from the valence or conduction band region of a material. A hollow cathode 

discharge lamp which running in an inert gas is used as photon source for UPS. There are 

several resonance lines being of them most common lines are as He 1 at 21.21 eV and Ne 

1 at 16.86 eV. Band width ranges of this valence/conduction band materials is 5-10 eV 

which enough to explore the entire band structure region of most materials. The 

photoemitted electrons have energies less than 17 eV using He 1 which consists of two 

main groups 24.  
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The first group of electrons excited within few atomic layers and escape into vacuum with 

no inelastic collisions. The energy and the direction of emission of such electrons are 

associate to their binding energy within the solid and their momentum related to their 

original states. This binding energy Eb of such electrons are simply associated with their 

observed kinetic energy Ek according to Einstein formula, as indicated in figure 2.8 

ℎ𝑣 = Ek + Eb                                                                                        (2.5) 

Second group of electrons observed in UPS spectra  consist of such  electrons which have 

either made one or more inelastic collisions or secondary electrons which have gained 

enough energy to escape from such collisions. These electrons constitute a largely 

featureless low energy peak in all UPS spectra with a shape of similar like a Maxwellian 

distribution 24.  

In this thesis UPS measurements of N free a-C and a-C:N films (chapter III and IV) were 

performed in an Omicron system at 1 × 10−10 mbar base pressure, using monochromatic Al 

Kα source (1486.6 eV) and equipped a multichannel array detector. Spectra were collected 

using He 1 excitation source (21.22 eV) at 90° take-off, with 0.02 eV analyser resolution. 

Negative bias were applied to the sample (0-12 V) to measure the high binding energy edge 

of the photoelectron spectrum; spectra were then corrected to account for bias and 

referenced to the Fermi energy measured on a Ag surface in contact with the carbon 25. 

Work function () values were calculated using the intercept at the binding energy axis of 

linear fits of the cut-off edge, as  = 21.22 – intercept. 

2.5 Electrochemical method of characterisation 

Electrochemical measurements were carried out in this thesis was on a Metrohm Autolab 

AUT50324 potentiostat with a Frequency Response Analyser (FRA) module. All 

electrochemical characterisation presented in this thesis using a 3-electrode setup consists 

of a working electrode (WE), counter electrode (CE) and reference electrode (RE) illustrated 

in figure 2.9. Reference electrode was chosen depending on the experiment and electrolyte 

used as Ag/AgCl was used in the case of aqueous electrolyte while Ag/Ag+ was used in the 

case organic electrolyte. All WEs in this work prepared by using glassy carbon (GC) disks 

(Sigradur, grade K radius 0.25 ± 0.05 cm). These disks either used directly as working 

electrode or used as substrate for the deposition of amorphous carbon and N-doped 

amorphous carbon thin film electrodes via magnetron sputtering. Polishing /pre-treatment 
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was performed on these disks as described in following chapters prior to electrochemical 

measurements and deposition on it. 

The reference electrode allows us to control of the potential of a working electrode. The 

standard hydrogen electrode plays the role of a basic reference element in most 

electrochemical devices, however practically it is difficult to handle. Therefore, secondary 

reference electrodes are preferred in most of the experiments 26. In this work Ag/AgCl RE 

was used when KCl was used as aqueous electrolyte. An Ag/AgCl RE can be easily prepared 

using an anodised piece of silver wire immersed in a saturated salt solution of KCl. A porous 

frit was used to separate the RE internal solution from the working solution. In order to 

avoid the mobilities of the ions on both sides of the frit and liquid junction potentials across 

the frit a similar electrolyte is used in the working solution as well as in the RE 

compartment. Electrochemical measurements in organic electrolyte of 0.1 M TBAPF6/ 

acetonitrile was used in this work where Ag/Ag+ as reference electrode was used. The 

Ag/Ag+ reference electrode is prepared by placing a clean silver wire into an electrolyte 

containing silver. The electrolyte in the reference compartment is the same as the solution 

electrolyte. 0.01 M AgNO3 was dissolve in the reference compartment electrolyte which 

provide Ag+ ion. A graphite rod was used as a CE for all electrochemical experiments.  

Electrochemical methods used in this work are cyclic voltammetry (CV), Electrochemical 

Impedance Spectroscopy (EIS), Rotating Disk Electrode (RDE) and Rotating Ring Disk 

Electrode (RRDE).These characterisation methods are discussed below, 
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Figure 2.9: Schematic representation of an electrochemical cell for electrochemical 

experiments carried out in this thesis. 

2.5.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical tool for studying 

electrochemical reactions, for obtaining good estimates of formal reduction potentials, 

formation constants, reaction mechanisms and diffusion coefficients. A typical CV 

experiment using three electrodes (working electrode, reference electrode and counter 

electrode) involves applying a varying potential at the working electrode and reference 

electrode while measuring the current passing through the working and the counter 

electrodes. The rate of voltage change over time during each cyclic phase is called scan 

rate. The response of the electrochemical system highly depends on the analyte being used 

and on the properties of the working electrode during the experiments. A typical CV plot 

figure 2.10 shows some important pieces of information obtained from a CV experiment 

such as the cathodic peak height (Ipc), the anodic peak height (Ipa), the cathodic peak 

potential (Epc) and the anodic peak potential (Epa). A single CV is useful for determining 

whether the species is electro active or not. A conclusion that can be drawn about a redox 

couple from this CV is that if Ipc= Ipa and Δ E ~ 60 mV s-1the system is reversible (i.e., follows 
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the Nernst equation) and from this number of electrons transferred during the 

oxidation/reduction can be determined. 

 

 

 

Figure 2.10: Typical cyclic voltammogram for reversible redox process showing Nernstian 

behaviour. Parameters are as follows, the peak-to-peak separation ΔEp and the peak 

currents Ipa and I pc are anodic and cathodic peak current. 

 Multiple CV experiments allow to see chemical changes with time and to observe reaction 

products formed at the surface of an electrode. In a typical CV, the diffusion coefficient of 

a species can be determined by varying the scan rate. For a reversible system with a redox 

species in solution, the peak height will increase linearly with the square root of the scan 

rate. The deviation from reversible behaviour in CV is due to coupled chemical reactions. 

In this case the system could be irreversible or quasi-reversible depending on the extent of 

deviation from the reversible case. Typical CV experiments are also widely used for studying 

electrode processes of Capacitive current. When there is no redox couple present in the 

electrolyte a typical CV curve does not show any redox peak and only double layer 

capacitive process is present. Figure 2.11 shows a typical CV where no redox peak is 

present. The specific capacitance can be calculated from the CV curve. In this work a similar 

type of CV experiment was performed to confirm that there is no redox process present, 

and that only capacitive contributions are present within the potential window. 
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Figure 2.11: Typical cyclic voltammogram where no redox process present. 

2.5.2 Rotating Disk Electrode (RDE) and Rotating Ring Disk Electrode (RRDE) 

Voltammetry at the rotating disk electrode (RDE) is a widely used method for the study of 

various solid electrode systems with constant thickness,  minimum double layer charging 

effect and a mass transfer process whose theoretical basis is well investigated and the 

equations are related to experimental electrocatalytic parameters 27. The RDE is  

constructed from a disk of electrode material (glassy carbon) which is affixed to a cylindrical 

holder made of PTFE. The electrode is attached to a motor and rotated at a certain 

frequency, f = ω/2π, where ω is the angular velocity (s-1). During the rotation of the 

electrode in an electrolyte, mass transfer of reactants and products is by convective-

diffusional mechanisms 27. Some important equations are used to extract electrocatalytic 

oxygen reduction reaction relevant parameters from RDE experiments. 

The Levich equation related to the limiting current density jL to the square root of the 

angular velocity, ω in a reversible system, 

                                              𝑗𝐿 = 0.201𝑛𝐹𝐷2/3𝑣−1/6𝐶𝜔1/2         (2.6) 

n is the number of electrons transferred ; F is Faraday’s constant; D is the diffusion 

coefficient of the analyte, v is the kinematic viscosity and C is the concentration of the 

analyte in bulk solution. 



Chapter II 

 67  
 

Similar to the Levich equation is the Koutecky-Levich equation which was developed to 

accommodate quasi-reversible systems controlled by mass-transfer and kinetic limitations. 

Current density jc measured at the electrode is represented by, 

1

jc
=

1

nFkC
+

1

0.201nFD2/3v−1/6Cω1/2              (2.7) 

Here k is the heterogeneous reaction rate constant with unit of  cm s-1. From the equation, 

a plot of 1/jc vs 1/ω1/2 should be a straight-line which slope is used to calculate the 

number of electrons involved in the reduction of oxygen reduction reaction. 

The rotating ring disk electrode (RRDE) setup is little more complex  than the RDE. The RRDE  

is RDE with a ring electrode around the disk, separated by an insulating non-catalytic 

material. Typical advantages of RRDE experiments is to study the ORR and detect peroxide 

production at the ring electrode. During the RRDE experiment setting the ring at  certain 

voltage enough to oxidize the peroxide. The RRDE is very useful for investigation of major 

mechanism during oxygen reduction. Number  of electrons (n) transfer for RRDE 

experiment, 

n =  
4ID

ID+ 
IR
N

                    (2.8) 

Where n is the average number of electrons transferred, ID is the disk current, IR the ring 

current generated because of the oxidation of hydrogen peroxide and N is the collection 

efficiency which is determine experimentally and specified by the manufacturer.  

The mole fraction of peroxide production at the disk can be calculated from the equation, 

𝑋𝐻2𝑂2 =  
2𝐼𝑅

𝑁

ID+ 
IR
N

       (2.9) 

𝑋𝐻2𝑂2 is the mole fraction of peroxide which determine the catalytic efficiency in terms of 

how much of ORR proceed  with a full 4 e- reduction of O2 to H2O. RRDE studies of the 

ORR on N-doped carbon materials are presented in chapter V of this thesis. 

2.5.3 Electrochemical Impedance Spectroscopy (EIS) 

In this thesis, electrochemical impedance spectroscopy (EIS) was used to analyse the 

capacitance of a-C and a-C:N films deposited on GC discs. EIS is a powerful method of 

characterizing electrical properties of a variety of different materials and their interfaces 
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with conducting electrodes. It is also used to investigate the dynamics of the mobile charge 

in the bulk or interfaces between solid or liquid materials which may be ionic, 

semiconducting, mixed ionic -electronic and even insulators 28. EIS is applied to the 

determination of the double-layer capacitance 29-31, characterization of electrode 

processes 32 and complex interfaces 33. A fixed potential is first applied to the WE and 

enough time is allowed to reach equilibrium at the electrode. The FRA module generates a 

sine wave with a user-defined frequency and a small voltage amplitude, typically 5-10 mV. 

The AC response current components are analysed by the FRA channels and the transfer 

function. The complex impedance Z is calculated and the module and phase angle shift or 

the real and imaginary components of the total impedance are calculated. The total 

impedance, 𝑍 is given by (Figure 2.12), 

 

Z (ω) = Z’ + jZ’’               (2.10) 

Where 𝑍’ and 𝑍” are the real and imaginary components of the impedance, respectively. 

 

Figure 2.12: The impedance Z plotted as a planar vector using rectangular and polar 

coordinates. 

From figure 2.12 two rectangular coordinate values are  

 

Re (Z) =Z’= |Z| cosθ                 (2.11) 

and Im(Z)= -Z’’=|Z| sinθ          (2.12) 
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The phase angle is, 

φ =tan-1(Z’’/Z’)                        (2.13) 

 

Z is in general frequency-dependent and EIS spectra show values of Z as a function of V or 

ω. Impedance by definition is a complex quantity. The impedance of resistor is ZR=R which 

does not have an imaginary part and the phase angle is zero at all frequencies.  

The impedance of a capacitor is instead a complex quantity as expressed below: 

ZC =  
1

iωC
=

1

i2πfC
               (2.14) 

 Where the capacitance C is measured in farads (F).For any given capacitance, the 

impedance decreases with increasing frequency and at any given frequency the impedance 

decreases with the value of the capacitance C. The impedance is imaginary, and it has -900 

phase angle. Therefore, the real part of a generic impedance Z is represented by a 

resistance R and the imaginary part of an impedance is referred to as a capacitance C. The 

variation of the impedance with frequency is often of interest and displayed in a different 

way. In a bode plot , log|Z| and phase φ are both plotted against log f. An alternative 

representation, a Nyquist plot, displays ZIm vs. ZRe for different values of frequency 34. The 

typical Nyquist plots for the series RC circuit and parallel RC circuit are shown in figure 2.13. 

The drawback of Nyquist plot is that they do not provide frequency information directly. In 

this thesis capacitance  was calculated from imaginary part of the Nyquist plot at a certain 

frequency by using equation 2.14. 

 

Figure 2.13: The schematic Nyquist plot of series and parallel resistance and capacitance. 

Reproduced from reference 34. 
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Capacitive Storage at Nitrogenated 

Amorphous Carbon 

The data presented in this chapter are part of the following publications: 

1. Hoque, M. K.;  Behan, J. A.; Stamatin, S. N.; Ciapetti, G.; Zen, F.; Esteban-Tejeda, 

L.;  Colavita, P. E. RSC Adv., 2019,9, 4063-4071. 

2. Behan, J. A.; Stamatin, S. N.; Hoque, M. K.; Ciapetti, G.; Zen, F.; Esteban-Tejeda, 
L.;  Colavita, P. E. The Journal of Physical Chemistry C 2017, 121, 12, 6596-6604. 

 
Co-author contributions to this chapter are as follows: F.Z, and S.N. contributed several 
of the XPS and UPS measurements. 

The effect of nitrogen incorporation on the capacitive properties 

of amorphous carbon (a-C) thin-film electrodes is reported. A 

combination of structural characterisation methods, surface 

analysis and electrochemical analysis is performed in order to 

study the bulk electronic, structural, valences electronic 

properties, chemical composition and capacitance of the film.  
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3.1 Introduction 

As fossil fuel reserves diminish, there is an increasing demand on energy resources and 

growing environmental concerns. The development of clean and sustainable energy 

conversion and energy storage systems with low cost and high efficiency such as batteries, 

fuel cells and electrochemical capacitors has received much attention over the past few 

decades 1. Carbon materials and nanomaterials play an important role in electrochemical 

energy conversion technologies. Carbon is ubiquitous as an electrode material and its 

electronic and capacitive properties and its surface chemistry are suitable for electrode 

materials for several applications such as fuel cells, capacitive storage devices and 

batteries. Carbon materials are also indispensable in electroanalysis Carbon electrodes 

have been used in a range of disciplines by materials chemists, engineers and physicists as 

well as those involved in more traditional (academic and technological) aspects of 

electrochemistry 2. Highly graphitic forms of carbon such as carbon blacks and graphitic 

powders are used for energy application due to their low cost, good conductivity and 

reasonable resistance to corrosion. Development of porous carbon structure based 

materials using various synthetic methods has attracted tremendous interest in fuel cell 

electrocatalysis and energy‐storage fields such as electrochemical capacitors and 

supercapacitors due to their high surface areas and high density of reactive edge sites 3-4. 

Some of the best performing carbons for electrochemical capacitive storage consist of 

carbon materials with no long-range order or low crystallinity 5. Porous activated carbon 

with high surface areas and porosities display excellent capacitive properties that can be 

comparable with more costly ordered carbon structure based materials such as graphene 

or carbon nanotubes 6. These low costs activated carbon materials are synthesized through 

an activation process by creating a 3D porous network in the bulk. Their 3D structure 

contains a network of mainly sp2 and some sp3 bonded atoms. However, the presence of 

disorder can also lead to limited conductivity. The capacitive performance of these 

materials has been greatly improved during the past years. There is a great interest in 

understanding the interplay between interfacial capacitance, surface functionalities and 

bulk electronic properties in amorphous carbon materials 5-7.  

The incorporation of nitrogen functional sites has emerged as one of the important tools 

to modulate both electronic and interfacial chemistry of carbon electrodes. Nitrogenation 

has complex and multifaceted effects on the physico-chemical properties of carbons such 
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as change in metallic/semiconducting character 8, surface free energy and wettability 9-10, 

type of reactive sites and Lewis acid/base behaviour 11-12. In recent decades the 

incorporation of nitrogen into carbon scaffolds has been investigated by several research 

groups 13-15. There has been growing interest in understanding the effects of N-doping on 

the properties of carbon materials for electroanalytical applications 14, 16-17, as well as 

promising metal-free electrocatalytic performance in ORR14, 18.  The effect of nitrogenation 

on the electrochemical double-layer and redox-capacitance of carbons and nanocarbons 

has therefore also received considerable attention with the objective of designing 

improved energy storage devices 19-20. For instance, the effect of nitrogenation on the 

capacitance of carbon nanomaterials with crystalline structure such as graphene 21-22 or 

carbon nanotube 23- 24 or graphite 25  have been studied by several research groups. Recent 

work from our group has studied the effects of heteroatom N incorporation on the kinetics 

of interfacial charge-transfer at nitrogenated amorphous carbon (a-C:N) electrodes where 

the electrochemical redox response is correlated to the bulk electronic properties or  

dominated by surface effects 26.  

In this chapter a detailed study of the effect of nitrogen incorporation on the capacitive 

properties of amorphous carbon (a-C) thin-film electrodes as a result of both surface 

chemical and electronic effects is presented. Nitrogenated carbon (a-C:N) thin film 

electrodes were synthesized with varying  nitrogen content prepared via DC magnetron 

sputtering and the materials were characterized using X-ray photoelectron spectroscopy 

(XPS), ultraviolet photoelectron spectroscopy (UPS), Raman spectroscopy, cyclic 

voltammetry (CV), and electrochemical impedance spectroscopy (EIS).  XPS, Raman and 

UPS were performed in order to study the bulk electronic, structural, valences electronic 

properties and chemical composition of the films. EIS measurement was carried out in both 

aqueous and organic media in order to distinguish electronic and pseudocapacitive 

contributions to the overall response. 

It is shown that N doping can be achieved even with low level N2 additions to the reactive 

gases during carbon deposition. High levels of N incorporation contribute mostly to the 

formation of functional groups and the disruption of the carbon scaffold with resulting loss 

of metallic character. Results in aqueous electrolyte show that a-C:N materials possess a 

very significant amount of higher capacitance compared with a-C due to porosity and 

pseudo capacitive contributions from N containing functional groups present in the surface 
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of a-C:N electrode where results in organic electrolyte shows that the overall capacitance 

is mostly dominated by the double layer capacitance. 

3.2. Materials and methods 

3.2.1 Chemicals and Materials  

Tetrabutylammonium hexafluorophosphate (TBAPF6) (≥99.0%, electrochemical analysis), 

acetonitrile (MeCN, 99.8%, anhydrous), potassium chloride (Bioxtra, >99.0%), sulfuric acid 

(95 - 97%), hydrogen peroxide (>30% w/v), lithium chloride (>99%) were purchased from 

Sigma Aldrich. Glassy carbon (GC) discs (HTW Sigradur® radius 2.5mm) and B-doped Si 

wafers (MicroChemicals; resistivity 5 – 10 Ω-cm) were used as substrates for carbon 

deposition. 

3.2.2 Substrate Preparation 

GC disks were polished with finer grades of alumina slurry (Buehler). GC disks were first 

polished using 1200 grit sandpaper and 1 μm slurry. After rinsing with plenty of Millipore 

water the disks were sonicated for 20 min in Millipore water, polished on nylon paper 

(Buehler) using 1 μm slurry, sonicated for 20 min in Millipore water, then polished on nylon 

paper using 0.3 μm slurry and sonicated for 20 min in Millipore water; disks were 

subsequently polished to a mirror finish using 0.3 and 0.05 μm slurries on MicroCloths® 

pads (Buehler) and sonicated for 20 min in Millipore water between each steps. Clean disks 

were mounted in a custom-made Teflon® holder and placed in the vacuum chamber for 

deposition of thin film carbon electrodes on their surfaces. Si wafers were cleaned with 

piranha solution (3:1 H2SO4:H2O2; CAUTION piranha solutions are explosive in contact with 

organics), rinsed with plenty of Millipore water and dried with Ar prior to deposition.  

3.2.3 Deposition of carbon electrode materials 

Amorphous carbon films were deposited via DC-magnetron sputtering (Torr International) 

from a graphite target (99.999%) at base pressures <2 x10-6 mbar, deposition  pressures 2-

7 x10-3 mbar and total gas flow of 50 mL min-1, following previously reported protocols 27, 

28. Nitrogenated a-C  films (a-C:N) were synthesised by using N2/Ar gas at flow ratios of 2%, 

5% and 10% while keeping deposition time constant at 40 min, whereas non-nitrogenated 

amorphous carbon (a-C) was obtained by carrying out the deposition using 100% Ar during 

deposition. Nitrogen percentages were obtained by introducing a nitrogen (N4.5, BOC) and 

argon (N4.8, BOC) gas mixture into the sputtering chamber using two mass flow controllers 
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(Brooks Instruments).Total gas flow rate for all a-C:N electrode was kept at 50 ml min-1. 

Deposited films are topographically smooth and in the thickness range 70-120 nm 28. 

3.3 Characterization 

In the case of a-C films, X-ray photoelectron spectroscopy (XPS) characterization was 

performed at 1 × 10–10 mbar base pressure in an ultrahigh vacuum system (Omicron), using 

monochromatic Al Kα source (1486.6 eV) and equipped a multichannel array detector. XPS 

spectra were collected at 45° take-off angle and 0.5 eV resolution. In the case of a-C:N films 

XPS characterization was performed on a VG Scientific ESCAlab Mk II system (<2 10-8 

mbar), using Al K X-rays (1486.6 eV); core-level spectra were collected with analyzer pass 

energy of 20 eV and  survey spectra were collected with analyzer pass energy of 200 eV. In 

order to do charge compensation an electron flood gun and the binding energy scale was 

referenced to the C 1s core-level at 284.8 eV. Peaks were fitted with Voigt functions after 

Shirley background subtraction using commercial software (CasaXPS); at.% composition 

was obtained from peak area ratios after correction by Scofield relative sensitivity factors 

(C = 1.0, N = 1.8, O = 2.93). 

Ultraviolet photoelectron spectroscopy (UPS) measurements of a-C and a-C:N films were 

performed in an Omicron system at 1 × 10−10 mbar base pressure, using monochromatic Al 

Kα source (1486.6 eV) and equipped a multichannel array detector. UPS spectra were 

collected using He (I) excitation source (21.22 eV) at 90° take-off, with 0.02 eV analyser 

resolution. Negative bias were applied to the sample (0-12 V) to measure the high binding 

energy edge of the photoelectron spectrum; spectra were then corrected to account for 

bias and referenced to the Fermi energy measured on a Ag surface in contact with the 

carbon 29. Work function () values were calculated using the intercept at the binding 

energy axis of linear fits of the cut-off edge, as  = 21.22 – intercept. 

 Raman spectra were measured in backscattering configuration using a Renishaw 1000 

micro-Raman system equipped with an Ar+ laser for 488 nm excitation and a HeNe laser for 

633 nm excitation. The incident beam was focused by a Leica microscope with a 50× 

magnification objective and short-focus working distance; incident power was kept <2 mW 

to avoid sample damage. Spectra were baseline corrected using commercial software prior 

to analysis (Wire 3.2). 
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Electrochemical measurements were carried using a three-electrode cell controlled by a 

potentiostat with a graphite rod as counter electrode and Ag/AgCl (sat.) and Ag/Ag+ 

reference electrodes (IJCambria) for characterisation in aqueous and organic electrolyte, 

respectively. A Teflon static disk holder (Pine Instruments) enclosing a GC disk coated with 

the sputtered carbon film was used as a working electrode; all contacts were confirmed to 

be ohmic with <8   resistance. Cyclic voltammetry (CV) was carried out in aqueous 0.1 M 

KCl solutions and in 0.1 M TBAPF6 solutions in MeCN, at 25 °C, 50 mV s-1 and using iR 

compensation. Electrochemical impedance spectroscopy (EIS) was carried out over the 

range of 0.1-100 kHz using a 10 mV AC amplitude. Spectra were collected at either open 

circuit potential (OCP) or at varying DC offsets in 0.2 V steps as indicated in the text; 300 s 

equilibration time was allowed between each potential step. The specific capacitance was 

obtained via normalisation by the geometric area of the electrodes; this was determined 

in aqueous solution via a Randles-Sevcik plot 28,30, and in 0.1 M TBAPF6/MeCN via 

capacitance measurements on a reference GC disk of known area to account for any 

capillary wetting within the Teflon shielding in MeCN 31. 

3.4. Results and discussion 

3.4.1 Chemical Composition of a-C and a-C:N Films  

Nitrogen-free and nitrogenated carbon electrodes were prepared in the form of thin films 

via magnetron sputtering and characterised as described in previous work from our group 

28. In order to deposit nitrogenated carbon film introduction of N2 in the gas flow at varying 

% flow ratios of 2%, 5% and 10% results in electrode materials referred to as a-C:N-2%, a-

C:N-5% and a-C:N-10% , respectively. The chemical composition of a-C and a-C:N films were 

examined using XPS measurements. Survey scans of all the films show characteristic C 1s, 

O 1s and N 1s peaks at 284, 532 and 400 eV, respectively (Figure 3.1). a-C was prepared 

without N2 in the gas flow exclusively Ar in the deposition gas, as confirmed by the absence 

of N 1s peaks in the survey spectra.   
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Figure 3.1: XPS spectra of survey scans of a-C and a-C:N-2-10% films. 

Figures 3.2 a-c show the N 1s spectra of a-C:N-2%, 5% and 10%, respectively. The broad 

peak envelope results from the total contribution of multiple N-sites. Atomic surface 

concentrations were obtained from a deconvolution of the N 1s peak into five contributions 

corresponding to pyridinic (398.6 eV), pyrrolic (400.2 eV), graphitic-center (401.1 eV), 

graphitic-valley (402.1 eV) and N-oxides (403.5 eV) 32-33. Figure 3.2 d shows N/C % as a 

function of N2 % in the chamber where N/C % increases with the increment of N2 % in the 

deposition chamber. Pyridinic-N and pyrrolic-N sites were found to dominate the N 1s 

spectra as N/C % of them is high among the N-sites. 

 XPS and Tauc gap results are presented in Table 3.1 where the nitrogen content in the 

carbon scaffold increases with increasing N2 flow% in the chamber. The increase of Tauc 

gap values indicate an increase in semiconducting character. All a-C:N films have been 

shown to possess a mixture of N-sites such as pyridinic-N, pyrrolic-N, graphitic-N and N-

oxides and they were found to be smooth and conformal to the substrate surface 28. 
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Figure 3.2: XPS N1 spectra of (a) a-C:N-2% (b) a-C:N-5% (c) a-C:N-10%. (d) Total N/C  as a 

function of N2 % present during deposition.  

3.4.2 Structural Characterization of a-C and a-C:N electrodes using Raman 

spectroscopy 

Raman spectroscopy is a popular and non-destructive tool which is commonly used to 

characterise the structural properties of amorphous carbons 34-36. Figure 3.3 shows 

baseline-corrected Raman spectra in the 900-1900 cm-1 range of a-C and a-C:N electrodes 

deposited on silicon wafers, obtained using 488 nm excitation. Spectra display two broad 

peaks characteristic of amorphous carbon materials, assigned to the G and D bands at 

approximately 1580 cm-1 and 1380 cm-1, respectively. The G band is associated with an 

optically allowed E2g mode of sp2 centres, while the D band is associated with a disorder-

allowed A1g mode of six-membered carbon rings in graphite 36-39. Although it is not possible 

to exclude contributions from C-N and N-N modes in the same spectral region, Raman 

spectra of a-C:N materials is typically interpreted without an attempt to discriminate 

contributions from heterocyclic structures to these two main vibrational modes in the 

carbon matrix 38.  

The spectral profile changes significantly after the introduction of N2 in the deposition gas, 

as the D band increases in intensity relative to the G peak, suggesting a significant 
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restructuring of the carbon matrix due to nitrogen incorporation. All Spectra were 

deconvoluted using two Gaussian peaks 40-42 and presented in figure 3.4. Figure 3.4 a-d 

displays deconvoluted a-C, a-C:N-2-10% spectra using two Gaussian peak fitting method  

and all the spectra were normalised prior to fitting. The main peak parameters were used 

to generate the data in Figures 3.5a-d. Peak heights from best fits were used to calculate 

the ID/IG ratio of each spectrum, which is diagnostic for amorphous carbon materials 34, 37- 

38, 43-44. Figure 3.5a shows the change in ID/IG vs. N2%-content in the deposition. Upon 

introduction of 2% N2 the relative height of the D band increases when compared with the 

nitrogen-free a-C material, which indicates an increase in the concentration of six-

membered rings within the amorphous carbon scaffold 38. The ID/IG ratio is known to 

increase as the average graphitic cluster size La increases in amorphous carbons, as 

discussed by Ferrari and Robertson 37; therefore, the increase of ID/IG for a-C:N-2% relative 

to a-C confirms the important effect of nitrogenation on the clustering of sp2 centres. 

However, higher concentrations of N2 (>25% N/C at.%) result in a decrease of the ID/IG 

value, suggesting that at high concentrations, the dominant effect of these heteroatoms is 

that of disrupting the graphitic network in a-C:N, leading to greater defect density. This is 

supported by an analysis of the full width half maximum (FWHM) of the G band shown on 

Figure 3.5b; this FWHM is diagnostic of the distribution of bond angles at excited sp2 

centres and therefore tracks the local carbon disorder 38. It is evident from the figure that 

a slight increase in FWHM is observed for a-C:N-2% and -5% relative to a-C, whereas a-C:N-

10% shows a major increase in FWHM that indicates a broad distribution of bonding 

geometries for sp2 centres.  
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Figure 3.3: Raman spectra of amorphous carbon electrodes prepared with varying N2% 

content in the deposition gas mixture; excitation 488 nm. Spectra are normalised relative 

to the G band intensity. 

 

Figure 3.4: Raman spectra and peak deconvolution of (a) a-C, (b) a-C:N-2%, (c) a-C:N-5% 

and (d) a-C:N-10%; excitation 488 nm. Spectra are normalised relative to the G band 

intensity. 

The trends observed are in good agreement with those reported by Ferrari et al. for 

amorphous carbon films with increasing nitrogen content deposited using a variety of 
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methods. Figure 3.5c-d shows change in d peak position and FWHM of d peak vs. N2%-

content in the deposition. No significant change in d peak position and FWHM of d peak 

was observed upon nitrogen incorporation whereas further nitrogen incorporation in a-

C:N-10% a major decrease in D peak position and FWHM indicating a greater disorder.  

Raman results for nitrogenated a-C:N films are generally more complex to interpret than 

for nitrogen-free a-C, due to the non-uniqueness of sp3-centre content and sp2 structuring 

that results from nitrogen incorporation 38. However, the dispersion of the G peak position 

is unequivocally associated with disordering as a result of nitrogenation; for this purpose, 

Raman spectra obtained at 633 nm excitation were also analysed to obtain the values of G-

peak dispersion summarised in Figure 3.61b. G peak dispersion falls sharply upon 

incorporation of nitrogen indicating an ordering effect resulting from nitrogenation 37. 

However, further nitrogen incorporation in a-C:N-10% does not result in greater ordering 

and a slight increase in dispersion is registered, in agreement with trends in Figures 3.4a-b. 

In summary, analysis of Raman spectra indicates that a-C:N-2% and a-C:N-5% possess a 

more graphitic structure than nitrogen-free a-C; this is in agreement with previous 

determinations of Tauc gaps, which indicate an increase in metallic character for these two 

materials vs. a-C. 
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Figure 3.5:  (a) Variation of D to G peak height ratio (ID / IG), (b) FWHM G peak (c) D peak 

position and (d) FWHM of D peak vs. N2% content in the deposition gas. 

 Further incorporation of nitrogen to form a-C:N-10% however results in carbon materials 

that are significantly more defective, and that likely possess smaller graphitic cluster sizes.  

This confirms that using the range 0-10% N2 concentration in our deposition system it is 

possible to explore both the ordering and the defect-inducing effects of nitrogen 

incorporation on the electrochemical performance of non-crystalline carbon electrodes.  

 

Figure 3.6: (a) G peaks position and (b) G peak dispersion vs. N2% content in the 

deposition gas (bottom axis). 
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Table 3.1. Summary of properties of sputtered a-C:N electrodes used in our studies 

Sample N2 % N at.%a N/C at.%a Tauc gapa Φ (eV)b 

a-C 0% n/a n/a 0.66 ± 0.01 4.69±0.03 

a-C:N-2% 2% 8.3 15 0.25 ± 0.07 4.94±0.02 

a-C:N-5% 5% 15.6 28 0.19 ± 0.09 4.82±0.01 

a-C:N-10% 10% 19.5 35 0.7 ± 0.1 4.84±0.02 

a - values of N at%. And Tauc gap determined via XPS and ellipsometry, respectively, from 28, 45. b – obtained 

from UPS in this work. 

3.4.3 Valence Electronic Properties of a-C and a-C:N electrodes 

UV photoelectron spectroscopy (UPS) was used to study the valence electronic properties 

of a-C and a-C:N electrodes. The UPS spectra in the high-binding and low-binding energy 

regions is presented in Figure 3.7a and 3.7b, respectively. The high binding energy edge 

was used to calculate work function values (), which are summarised in Table 3.1. The 

work function of a-C at 4.69 eV is in good agreement with previous reports on magnetron 

sputtered carbon 29, 46 and close to values quoted for graphitic nitrogen-free materials such 

as graphite (4.4 eV) 47-48 and glassy carbon (4.6 eV) 48. Incorporation of nitrogen results in 

an increase of work function values which fall in the range 4.82-4.94 eV; these values are 

above those of a-C but below those reported for O-terminated sputtered carbons (5.1 eV) 

49. The observed increase of  upon N-modification is in agreement with experimental 

results by Wiggins-Camacho and Stevenson 24 obtained from nitrogenated and N-free 

carbon nanotubes. Nitrogen incorporation can result in both an increase 24, 50 or a decrease 

51-52 in the work function of carbons arising from changes to semiconducting properties 

(e.g. n-type doping) and from the creation of surface functional groups. The observed 

increase suggests the presence of C—N terminations that add a positive contribution from 

surface dipoles to the work function 29, 50, as observed for O-containing groups 49, 51, 53 and 

as argued in the case of N-modified carbon nanotubes in 24. No clear trend could be 

identified over the 2-10% deposition range, however it is possible that reorganisation of 

the carbon scaffold, e.g. due to defect creation 24 or to clustering of sp2 centres 38, might 

further contribute to the net change in , thus resulting in a non-linear trend vs. N-content. 

Figure 3.7b shows details of the photoemission intensity of a-C:N samples and that of N-

free a-C near EF. The intensity changes suggest that incorporation of nitrogen results in a 

slight increase in occupied states near the EF for a-C:N-2% (N/C = 15 at.%) and to a larger 
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extent for a-C:N-5% (N/C = 28 at.%); further incorporation in a-C:N-10% (N/C = 35 at.%) 

appears to result in a decrease in occupied states. These observations are consistent with 

metallic/semiconducting character inferred from Tauc gap values (Table 1). Interestingly, 

the photoemission near EF is maximised for a-C:N-5% which is also the sample that appears 

to be richest in graphitic clusters based on Raman results. 

 

Figure 3.7: UPS of a-C and a-C:N electrodes. (a) High binding energy cut-off obtained at 10 

V bias, showing the change in work function due to nitrogen incorporation. (b) Low 

binding energy region of N-free a-C and a-C:N materials showing photoemission near EF; 

spectra are shown normalised by the total photoemission intensity. (adapted from 

reference 54). 54 

3.4.4 Electrochemical Characterization in aqueous electrolyte (0.1 M KCl) 

In order to study electrochemical capacitance responses cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) was carried out using a three-electrode 

system. Figure 3.8 shows typical cyclic voltammograms (CVs) of a-C and a-C:N electrodes 

over the -0.3 – 0.7 V potential window at 50 mV s−1 in 0.1 M KCl. The CV response of a 

polished GC substrate disk is also included for comparison. The curves display the 

characteristic shape of a capacitive response, with all capacitive currents being larger than 

that of the GC substrate disk. Capacitance of a-C:N electrodes increases with progressively 

higher current upon incorporation of Nitrogen into carbon scaffold.  
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Figure 3.8: Cyclic votammograms of GC,a-C, a-C:N-2%-10% in Ar-saturated 0.1 M KCl at 50 

mV s-1. (Adapted from reference 54) 

In order to compare electrochemical capacitance responses of a-C:N electrodes EIS was 

carried out over the 0.1-105 Hz range in the same solution. Bode plots of absolute 

impedance (|Z|) and phase angle for nitrogen-free a-C electrodes and GC electrode 

obtained at OCP (0-0.05 V vs. Ag/AgCl) are shown in Figure 3.9a and 3.9b respectively. 

Results for the GC substrate are in good agreement with those reported for planar GC 

electrodes under similar conditions 55. The GC electrode yields a response characteristic of 

an equivalent series RC circuit, thus consistent with a double layer capacitance (Cdl) 

contribution with close to ideal behaviour. At 0.1 Hz the phase angle is approximately -83°, 

slightly below the ideal capacitor value of -90°, while at high frequency the response is 

resistive (Phase ≈ 0°) with |Z| determined by the solution resistance (Rs). a-C electrodes 

display a lower impedance at low frequency compared to that of GC and a phase angle of -

77°, indicating a mainly capacitive response; however, the appearance of an additional time 

constant evident from the phase plot at high frequency (~600 Hz) suggests the presence of 

at least two distinct capacitive contributions. Figures 3.9c and 3.9d show Bode plots 

obtained for a-C:N-2%-10% electrodes. The curves indicate that nitrogenation results in a 

further reduction in |Z| and greater deviations from ideal capacitive behaviour, while at 

high frequency the plots show evidence of additional capacitive contributions to the overall 

response.  
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Figure 3.9. Bode plots of impedance module |Z| and phase angle of (a-b) nitrogen-free 

GC and a-C electrodes and (c-d) of nitrogenated a-C:N-2%, a-C:N-5% and a-C:N-10%. EIS 

spectra obtained in 0.1 M KCl at open circuit potential (OCP, 0.01-0.05 V vs. Ag/AgCl). 

(Adapted from reference 54). 

The effective or equivalent series capacitive contribution to EIS spectra was calculated as 

a function of frequency f from the imaginary part of the complex impedance Zim according 

to: 

𝐶 = −(2𝜋𝑓𝑍𝑖𝑚)−1    (3.1) 

Figure 3.10 shows a plot of the specific capacitance extracted over the 0.1-500 Hz range at 

OCP. The capacitance for the GC electrode was found to be 16 µF cm-2 at 1 Hz, in good 

agreement with reference values of Cdl in aqueous KCl 30, while the capacitance for 

nitrogen-free a-C is 4.4 times larger at ca. 70 µF cm-2. A very significant increase in 

capacitance is observed for a-C:N materials which yielded values in the  mF cm-2 range. In 

the case of a-C:N samples there is also clear evidence of frequency dispersion, which is 

related to disorder and inhomogeneity in electrode surfaces 56-57, and this is seen to be 

particularly pronounced for a-C:N-10%.  
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Figure 3.10. Equivalent series capacitance at OCP in 0.1 M KCl.  

Figure 3.11 shows the change in the series equivalent capacitance at 1 Hz as a function of 

the DC offset over the range -0.4 – 0.8 V vs. Ag/AgCl in 0.1 M KCl. The nitrogen-free a-C 

electrode shows a shallow minimum in the capacitance that suggests a potential of zero 

charge (pzc) of 45 µF cm-2 at ca. 0.2 V. Nitrogenation leads to a considerable increase in the 

area-normalised capacitance. There is no detectable shift in the potential at the minimum 

capacitance for a-C:N-2% (ca. 0.5 mF cm-2) and 5% (ca. 0.7 mF cm-2), however, a significant 

positive shift is observed for a-C:N-10%, whose minimum (ca. 0.3 mF cm-2)  falls in the range 

0.4-0.6 V. As the equivalent capacitance was calculated from the imaginary part of the 

Nyquist plot obtained at different applied potential, Nyquist plot of EIS spectra obtained at 

0 V, 0.2 V and 0.4 V are presented in figure 3.12 a-b and 3.13 respectively. High frequency 

region of Nyquist plot is shown in inset. It is seen from Nyquist plot that real and imaginary 

impedance dropped enormously upon nitrogen incorporation which corresponds to the 

capacitance changes in Figure 3.11. 
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Figure 3.11. Equivalent series capacitance as a function of potential in 0.1 M KCl 

calculated at 1 Hz. (Adapted from reference 54) 

The capacitance values of nitrogenated a-C:N electrodes in Figure 3.11 are large compared 

to those typical of planar carbon electrodes (1-70 µF cm-2 30, 58-59). This indicates that a-C:N 

materials possess intra-film capacitance due to porosity and/or pseudo-capacitive 

contributions. The presence of both such contributions is reasonable as a result of nitrogen 

incorporation. Previous work had shown that these a-C:N films are topographically smooth 

and featureless, however they might still allow for the presence of small cavities or 

“fissures” accessible to the electrolyte 60.  
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Figure 3.12: Nyquist plots of EIS spectra of a-C, a-C:N-2%, a-C:N-5%, a-C:N-10% in 

aqueous 0.1 M KCl at (a) 0.0 V, (b) 0.2 V. The inset shows the magnified portion of the 

Nyquist plots near the origin. 

As the capacitive response at low frequency results from probing by the AC signal deep into 

any pores present in the material 61-63, the large values observed could arise from intra-film 

porosity in all three a-C:N electrodes. This appears possible when considering the 

structurally disruptive effect of nitrogenation at high concentrations on the graphitic matrix 

28, 38.  
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Figure 3.13: Nyquist plots of EIS spectra of a-C, a-C:N-2%, a-C:N-5%, a-C:N-10% in 

aqueous 0.1 M KCl at  0.4 V. The inset shows the magnified portion of the Nyquist plots 

near the origin. 

Beyond the development of a pore structure, nitrogenation can also introduce local surface 

states due to structural disorder in the carbon scaffold which are known to result in 

increased capacitance at low frequency 60. Finally, the presence of N-containing functional 

groups at the a-C:N surface in a protic solvent can promote specific adsorption 64 and redox 

reactions at these sites (e.g. amine/hydroxylamine, amine/immine or pyridine/pyridone) 

65-67, thus introducing a pseudo-capacitive contribution in parallel to that of the double 

layer capacitance.  
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3.4.5 Electrochemical Characterization in organic electrolyte (0.1 M 

TBAPF6/acetonitrile) 

 

Figure 3.14: Cyclic votammograms of GC, a-C, a-C:N-2%-10% in Ar-saturated 0.1 M TBAPF6 

/acetonitrile at 50 mV s-1. 

To further study the effect of nitrogenation on the capacitive properties, electrochemical 

characterization was performed in organic electrolyte of 0.1 M TBAPF6/acetonitrile. Figure 

3.14 shows typical cyclic voltammograms (CVs) of a-C and a-C:N electrodes over the -0.3 – 

0.7 V potential window at 50 mV s−1 in 0.1 M TBAPF6/ acetonitrile. The curves display the 

characteristic shape of a capacitive response, with all capacitive currents of a-C:N electrode 

being larger than that of the a-C electrode. There is no faradic peak present within the 

potential window indicates no faradic contribution from electrolyte. Capacitance of a-C:N 

electrodes increases with progressively higher current upon incorporation of Nitrogen into 

carbon scaffold. Capacitance current of a-C:N-5% is among the highest compare with other 

a-C:N electrodes. CVs of a-C and a-C:N electrodes from -0.3 V to 0.2 V at different scan rates 

are displayed in figure 3.15. 
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Figure 3.15: Cyclic voltammograms of a-C:N-2%, a-C:N-5% and a-C:N-10% electrode in 0.1 

M TBAPF6/acetonitrile at varying scan rates. No Faradaic peaks are visible in the potential 

window used for our experiments. 

With the aim of investigating the effects of nitrogenation on the capacitive properties, 

while minimising complications arising from pseudo-capacitive effects, EIS studies were 

carried out in organic aprotic solvent using a 1:1 electrolyte with large ionic radii 24, 68, 69. 

Bode plots of absolute impedance (|Z|) and phase angle for nitrogen-free a-C electrodes 

and GC electrode obtained at OCP (0 V-0.2 V vs. Ag/Ag+) are shown in figure 3.16a and 

3.16b respectively. The GC electrode yields a response characteristic of an equivalent series 

RC circuit, thus consistent with a double layer capacitance (Cdl) contribution with close to 

ideal behaviour. The phase angle is approximately -80° at 20Hz and it decreases to -72° at 

0.1 Hz. Impedance of a-C electrode display a low impedance at low frequency compare to 

that of GC and phase angle of -62° at 0.1 HZ. Figures 3.16c and 3.16d show Bode plots 

obtained for a-C:N-2%-10% electrodes. The curves indicate that nitrogen incorporation 

results in a further reduction in |Z| and greater deviations from ideal capacitive behaviour, 

while at high frequency the plots show evidence of additional capacitive contributions to 

the overall response. 
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Figure 3.16: Bode plots of impedance module |Z| and phase angle of (a-b) nitrogen-free 

GC and a-C electrodes and (c-d) of nitrogenated a-C:N-2%, a-C:N-5% and a-C:N-10%. EIS 

spectra obtained in 0.1 M TBAPF6/acetonitrile at open circuit potential (OCP, 0.01-0.05 V 

vs. Ag/Ag+). (Adapted from reference 54) 

Figure 3.17 shows the series equivalent capacitance at 1 Hz as a function of potential over 

the range -0.6 – 0.8 V vs. Ag+/Ag in 0.1 M TBAPF6 in acetonitrile for a-C and a-C:N electrodes. 

The capacitance curve of the a-C electrode is asymmetric with a capacitance at pzc of 73 

µF cm-2 at 0 V vs Ag+/Ag. This value is 3.5 times larger than that of a GC electrode disk 

measured under identical conditions. The CaC/CGC ratio is very close to that observed in 

aqueous electrolyte, therefore indicating that the larger capacitance of a-C electrodes 

relative to GC is mostly due to microroughness effects. Remarkably, while the capacitances 

at the potential of zero charge for a-C:N in KCl are 5-10 times larger than that of a-C, the 

difference is instead small in TBAPF6 solutions. The capacitances at pzc are remarkably close 

to each other and to the a-C value, being in a ratio CaCN10 : CaC : CaCN5 : CaCN2 = 1 : 1.1 : 1.4 : 

1.4. This strongly suggests that the large differences observed between a-C:N and a-C in 

KCl arise from pseudo-capacitive effects brought about by the presence of surface N-sites. 

Although it is not possible to exclude that intra-film porosity also contributes to the values 
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in Figure 3.10, protonation and faradaic activity of N-sites can be identified as the dominant 

contribution to the capacitive response of a-C:N electrodes in aqueous KCl.  

 

Figure 3.17. Equivalent series capacitance as a function of potential in 0.1 M 

TBAPF6/acetonitrile calculated at 1 Hz. (Adapted from reference 54) 

The capacitance in TBAPF6/acetonitrile on the other hand is dominated by the double layer 

(CDL); furthermore, use of a high electrolyte concentration also ensures that the series 

contribution to the double layer capacitance arising from the diffuse layer (Cdiff) can be 

neglected. Under such conditions the observed capacitance is modulated by the electronic 

properties of a-C/a-C:N materials and by any differences in microroughness among the 

electrodes, thus enabling an analysis of the effects of nitrogen incorporation beyond those 

of surface chemical reactivity. The asymmetry in the a-C curve is consistent with an 

accumulation region at potentials anodic to 0 V vs Ag+/Ag, which agrees with previous 

reports of p-type behaviour in nitrogen-free sputtered a-C 29, 70. All of the plots for a-C:N 

materials display relatively symmetric minima at 0.2 V vs. Ag+/Ag, thus indicating that 

nitrogen incorporation into a-C results in an increase in the pzc 71. The shift in pzc relative 

to a-C is in good agreement with UPS data, which show that nitrogenation of a-C results in 

work function increases of 0.1-0.2 eV (Table 1). The minimum capacitance of a-C:N-10% is 

the lowest among a-C:N materials, while a-C:N-2% and a-C:N-5% display the largest ones; 

assuming that the microroughness factor remains constant across all sputtered electrodes, 

this finding is consistent with a-C:N-10% having the largest Tauc gap (Table 1) and greatest 

semiconducting character. The largest carrier density is achieved instead at low N/C 

contents. As the origin of capacitance calculation is from the imaginary part of the Nyquist 
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plot obtained at different applied potential,  Nyquist plots of EIS spectra obtained at 0 V, 

0.2 V and -0.2 V are presented in figure 3.18 a-c respectively corresponding to the 

capacitance minima of a-C and a-C:N electrodes. Nyquist plots display low impedance for 

a-C:N electrodes compared to a-C electrodes, in good agreement with equivalent series 

capacitances obtained at different applied potentials. 

 

Figure 3.18: Nyquist plots of EIS spectra of a-C, a-C:N-2%, a-C:N-5%, a-C:N-10% in  0.1 M 

TBAPF6/acetonitrile at (a) 0.0 V, (b) 0.2 V and (c) -0.2V. 
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In the absence of an experimental determination of the microroughness factor for each 

electrode, it is not possible to obtain estimates of the density of states from values of Cpzc, 

as previously done by other groups in the case of nanocarbon electrodes 24, 68. However, it 

is interesting to note that Cpzc values are strongly correlated to the resistance to charge 

transfer (Rct) obtained in our previous work with the same electrode materials using 

Ru(NH3)6
+2/+3 28 an outer-sphere redox couple, as shown in Table 3.2. The highest Rct values 

correspond to the lowest Cpzc values obtained from EIS and CV; as the Rct is strongly 

dependent on the density of states near the Fermi energy this observation confirms that 

the trends observed in Figure 3.17 are controlled by the space-charge properties of a-C/a-

C:N electrodes (albeit for small differences in microroughness). Cpzc values obtained from 

CV calculated using Ji/V formula where Ji is current density at applied potential and V is 

scan rate. Cpzc values obtained from CV is higher than that was obtained from EIS 

measurement as it depends on scan rates. On the basis of the asymmetry observed in the 

curves, it is therefore possible to conclude that N-free a-C materials start as p-doped in 

character; a small amount of nitrogen incorporation as in a-C:N-2% has a drastic effect in 

reducing the p-character, as expected from the role of group V atoms as n-type donors. 

This is evident from the greater symmetry in the C vs E curve and the increase in its Cpzc 

value, which are also consistent with the graphitizing effect of nitrogen incorporation 

observed from Raman. Further nitrogen incorporation, beyond ~15 at.% results in no 

apparent further increases in n-type character in the materials. This is likely due to rapid 

saturation of sites in the carbon matrix suitable for N-doping (graphitic-N); further increase 

in N/C at.% involve the creation of functional groups that instead contribute to 

pseudocapacitance in aqueous solutions. 

Table 3.2. Capacitance at potential of zero charge (Cpzc) and comparison with resistance 

to charge transfer (Rct) reported in 28 for Ru(NH3)6
+2/+3. 

Sample Cpzc (µF cm-2) 

From EIS 

Rct () 28 Cpzc (µF cm-2) 

From CV 

a-C 73 256 89 

a-C:N-2% 97 46 126 

a-C:N-5% 94 21 118 

a-C:N-10% 67 197 106 
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3.5. Conclusion 

In this chapter a-C and N incorporated a-C in the form of thin films were prepared via 

magnetron sputtering and were characterised those using X-ray photoelectron 

spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), Raman spectroscopy, 

cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). XPS results 

show that all a-C:N materials possess a mixture of pyridinic-N, pyrrolic-N and graphitic-N 

and N oxides. Capacitance studies in aqueous KCl shows that a-C:N materials possess a 

significantly higher (5-10 times) capacitance compare to a-C due to porosity /pseudo 

capacitive contributions which is supported by observed trends in the work function for 

each surface. The capacitance of a-C:N-5 is higher than other a-C:N materials which is also 

correlated to  ID/IG and Tauc gap, ET. In order to avoid pseudo-capacitive effects from N 

containing functional group EIS studies carried out in organic electrolyte (0,1M 

TMAPF6/acetonitrile) and results show that capacitance at pzc are remarkably close to each 

other which implies the capacitance in 0,1M TBAPF6/ acetonitrile is dominated by the 

double layer capacitance. a-C:N 10 possesses the lowest capacitance minima among all a-

C:N materials  in 0,1M TBAPF6/ acetonitrile which is consistent with it having the largest 

Tauc gap and greatest semiconducting character of the materials studied. The results 

presented herein demonstrate that low N incorporation reduce the p-type character of a-

C and further incorporation increases the n -type character in the materials. 

In the following chapter, the electrochemical capacitance response of the modified a-C and 

a-C:N materials will be studied. These materials will be prepared via post deposition 

treatments of the sputtered films such as thermal annealing and RF plasma treatment as 

described in Chapters V and VI. 
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In this chapter, the capacitive properties of nitrogenated 

graphitised amorphous carbon are reported. Nitrogenated 

materials are prepared by dc magnetron sputtering and thermal 

annealing. A combination of structural characterisation methods, 

surface analysis and electrochemical methods are performed in 

order to study the bulk electronic, structural, valence electronic 

properties, chemical composition and capacitance of the film 
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4.1 Introduction 

Carbon materials play an important role in energy storage technology applications. To meet 

the global challenges caused by an increase in global energy demand of an ever-increasing 

population and the associated environmental consequence, very innovative, efficient and  

sustainable solutions must be found. In order to meet those demands the development of 

novel, high performance and sustainable materials is extremely important 1. Carbon is the 

most abundant element in the earth and carbon-based systems are increasingly performing 

a major role in various applications such as energy storage devices, electrocatalysis, 

photocatalysis, heterogeneous catalysis, fuel cells etc. For example, graphite material is 

used as an anode material in batteries, carbon black is used as an electrocatalytic support 

material in fuel cells and activated carbon is used as an active material for supercapacitors. 

There are several reasons for choosing these carbon materials:  they are cheaper, 

abundant, environmentally friendly and they possess unique properties, e.g. morphology, 

electrical, optical and mechanical,  allowing prominent enhancing of energy-conversion and 

storage performances 2. 

The best performing materials for capacitive energy storage devices are ordered carbon 

materials such as carbon nanotubes or graphene 2-3, activated carbon and carbon black 4, 

etc. Performance of amorphous carbon  seems to be less efficient, compared with ordered 

materials  e.g. graphene and carbon nanotubes in energy storage applications 5-6. 

Nitrogen doping is an effective method for further improving the chemical and physical 

properties of carbon materials to enhance energy storage capabilities or electrocatalytic 

ability 7. Nitrogen has been successfully incorporated into several carbon based materials 

such as graphene 8-10, carbon nanotubes 11-14 and amorphous carbon 15-18. Nitrogen doping 

can be substitutionally  incorporated into the carbon structure and is called graphitic-N site 

19 and/or in other chemical forms such as pyridinic-N and pyrrolic-N sites. In Chapter III we 

have  shown that N incorporation not only introduces different N sites but also creates 

vacancies, defects and edge sites 20. Capacitance studies on these materials were 

performed in aqueous KCl and organic electrolyte (TBAPF6/acetonitrile) and we have shown 

that low N incorporation reduces the p-type character of a-C and further incorporation 

increases the n-type character in the materials. Capacitance studies of a-C:N electrodes in 

aqueous electrolyte have shown mostly pseudo-capacitive contributions, which is 
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supported by the work function, which in organic electrolytes is dominated by the double 

layer capacitance. 

This chapter focuses on the capacitive properties of topographically smooth graphitized a-

C with and without incorporated nitrogen. Incorporating graphitised a-C with N complexes 

and multifaceted effects on physic chemical properties of a-C such as to reduce the 

electrical resistivity, defect density of these films, minimize the compressive stress and 

optical bandgap, etc. 21-22. The effect of nitrogen incorporation into carbon materials on the 

electrochemical double-layer and redox-capacitance of carbon has received considerable 

attention in order to design materials for energy storage devices23-24. The effect of 

nitrogenation on the capacitive properties of ordered carbon nanomaterials such as 

graphite 25 and carbon nanotubes 14, 26 has been studied by various groups. 

Recent work from our group  has also studied dopamine (DA) adsorption on N-doped 

graphitised a-C system examining  the effect of carbon nanostructuring and organization 

on the adsorption and redox response of DA 27.  Herein we study the effect of N-site 

incorporation into smooth graphitized a-C and how this enhances the capacitive properties 

of a-C:N electrodes as a result of both surface chemical and electronic effects. These a-C:N 

electrodes were prepared by thermal annealing of sputtered N-doped amorphous carbon 

films and they were characterized using X-ray photoelectron spectroscopy (XPS), ultraviolet 

photoelectron spectroscopy (UPS), Raman spectroscopy, cyclic voltammetry (CV), and 

electrochemical impedance spectroscopy (EIS). Our results indicate that graphitized a-C:N 

based carbon structures possess higher  metallic character and capacitance if compared 

with graphitized a-C electrode. 

4.2 Materials and methods 

4.2.1 Chemicals and Materials  

Tetrabutylammonium hexafluorophosphate (TBAPF6) (≥99.0%, electrochemical analysis), 

Acetonitrile (MeCN) (99.8%, anhydrous), Sulfuric Acid (95 – 97%), Hydrogen Peroxide 

(>30% w/v), were purchased from Sigma Aldrich. 

Glassy carbon (GC) discs (HTW Sigradur® radius 2.5mm) were polished with finer grades of 

alumina slurry (Buehler) consisting multiple steps have discussed in previous chapter.  

Clean disks were mounted in a custom-made Teflon® holder and placed in the vacuum 

chamber for deposition. 
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B-Doped Silicon wafers (MicroChemicals; resistivity 5 – 10 Ω-cm) were used as substrates 

for amorphous carbon film and nitrogenated amorphous carbon film deposition. The 

substrates were cleaned with piranha solution (3:1 H2SO4:H2O2) and rinsed with plenty of 

Millipore water and dried with argon gas before being placed in the vacuum chamber for 

deposition. 

4.2.3 Synthesis of electrodes 

Amorphous carbon films and nitrogenated amorphous carbon films were synthesized via 

DC-magnetron sputtering (Torr International) from a carbon  target (Lesker, 99.999%) at 

base pressures of <2 x10-6 mbar and deposition  pressures of 2-7 x10-3 mbar and a total gas 

flow of 50 mL min-1. 

Nitrogenated amorphous carbon film were prepared by using nitrogen (N4.5, BOC) and 

argon (N4.8, BOC) gas mixtures which were adjusted by two mass flow controllers and a 

mass flow control unit (Brooks Instruments). Deposition time was kept constant at 40 min 

for all samples. Films were deposited on glassy carbon disks (5 mm in diameter, HTW) for 

electrochemical characterization and on p-type Si wafers (MicroChemicals GmbH) for all 

other characterization. Deposited films were annealed at 900º C for 1hr under N2 gas flow 

by using an electric furnace. Non-nitrogenated annealed films will be denoted as anC in this 

work and annealed N-doped films, denoted as anC:N, where the films prepared using 2% 

N2 gas in a total flux of 50 sccm Ar/N2 during the deposition later annealed at 900º C for 1 

hr under N2 gas flow will be named as anC:N 1 and 10% N2 gas annealed film will be denoted 

as anC:N 2. 

4.3 Characterization 

In the case of graphitised a-C films, X-ray photoelectron spectroscopy (XPS) 

characterization was performed at 1 × 10–10 mbar base pressure in an ultrahigh vacuum 

system (Omicron), using monochromatic Al Kα source (1486.6 eV) and equipped with a 

multichannel array detector. XPS spectra were collected at a 45° take-off angle and a 0.5 

eV resolution. In the case of annealed a-C:N films XPS characterization was performed on 

a VG Scientific ESCAlab Mk II system (<2 10-8 mbar), using Al K X-rays (1486.6 eV); core-

level spectra were collected with an analyzer pass energy of 20 eV and  survey spectra were 

collected with an analyzer pass energy of 200 eV. In order to do charge compensation an 

electron flood gun and the binding energy scale was referenced to the C 1s core-level at 
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284.8 eV. Peaks were fitted with Voigt functions after Shirley background subtraction using 

commercial software (CasaXPS); at.% composition was obtained from peak area ratios after 

correction by Scofield relative sensitivity factors (C = 1.0, N = 1.8, O = 2.93). 

Ultraviolet photoelectron spectroscopy (UPS) measurements of films were performed in an 

Omicron system with a multichannel array detector, at 1 × 10−10 mbar base pressure. UPS 

spectra were collected using an excitation source He (I) line at a takeoff angle of 90°, with 

an analyser resolution of 0.02 eV. A negative bias was applied to the sample in order to 

measure the high binding energy edge of the photoelectron spectrum. UPS spectra were 

corrected for bias and referenced to the Fermi energy. 

Raman spectra of amorphous carbon and nitrogenated amorphous carbon were 

measured with a room temperature backscattering configuration using a Renishaw 1000 

micro-Raman system equipped with an Ar+ laser providing 488 nm excitation and a HeNe 

laser providing 633nm excitation. In order to avoid damage and overheating to the 

samples, the power was kept to 1-2mW. The laser spot was focused on the sample 

surface by using a Leica microscope with a 50X magnification objective with a short-focus 

working distance. 

Electrochemical measurements were carried using an Autolab PGSTAT30 potentiostat 

interfaced with both Autolab FRA. Electrochemical measurements were carried out in an 

organic electrolyte of 0.1M TBAPF6/MeCN. Cyclic voltammograms (CVs) were obtained at 

25 °C at a scan rate of 50 mV/s with iR compensation. EIS spectra were obtained at open 

circuit potential (OCP) as well as at different applied potentials at 0.2V step from -0.8V to 

+0.8V vs. Ag/Ag+  in the frequency range from 100 kHz to 0.1 Hz using an ac amplitude of 

10 mV with 300s equilibration time allowed between each step by following the method of 

Hahn et al.28 EIS spectra were fitted with equivalent model using commercial software (Z-

View) and double layer capacitance was extracted from this model as well as from the 

imaginary part of the impedance (Zim) according to C = −1/(2πfZim) 28. The geometric area 

of each disc was determined using callipers and verified via cyclic voltammetry experiments 

at various scan rates using the Randles−Sevcik equation. 
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4.4 Results and discussion 

4.4.1 Chemical composition of anC and anC:N electrodes using XPS 

 

 

 

Figure 4.1: Survey scans of anC, anC:N 1, anC:N 2 electrodes. 

Nitrogen-doped amorphous carbon thin film electrodes were prepared via dc magnetron 

sputtering and characterised as described in chapter III of this thesis. N2/Ar mixture was 

used to deposit carbon thin films and the nitrogen content of the films was varied by 

changing the proportion of N2 gas flow ratios of 2% and 10% into the chamber. These 

sputtered films with and without nitrogen were further annealed at 900 C for 1 h under 

nitrogen 27. Nitrogen-free annealed carbon is referred to as anC and annealed 2% and 10 % 

are referred to as anC:N 1 and anC:N 2 respectively, which originate from precursors with 

the lower and higher N-contents, respectively. Figure 4.1 displays survey scans for all films 

showing the characteristic C 1s, O 1s and N 1s peaks at 284, 532 and 400 eV respectively. 

anC doesn’t contain any nitrogen, as confirmed by the absence of N 1s peaks in the survey 

spectra. Table 4.1 summarises the XPS results of all the electrodes. All a-C:N surfaces were 

found to possess a mixture of pyridinic-N and graphitic-N. The oxygen content of the anC 

and anC:N films was reported to be 1-2 % and similar for both anC:N 1 and anC:N2 surfaces. 

Nitrogenation of the carbon scaffold has the effect of increasing the full-width at half 

maximum (FWHM) of the C 1s (Table 4.1) in anC:N samples 29. 

 

 

https://pubs.acs.org/doi/10.1021/acs.jpcc.8b05484#tbl1
https://pubs.acs.org/doi/10.1021/acs.jpcc.8b05484#tbl1
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Table 4.1. Summary of the properties of sputtered a-C:N electrodes used in our studies. 

Sample FWHM of 
C 1s 

O/C % N/C 
% 

NP/C 
% 

NG/C 
% 

NG % NP % Φ 
(eV)b 

anC 1.00 ± 0.05 1 n/a     4.46 

anC:N1 1.8 2 2.4 0.4 2.0 83 17 4.40 

anC:N2 1.9 2.4 2.7 0.3 2.4 87 13 4.14 
 

Figure 4.2a-c displays deconvoluted high resolution scans of the C 1s region for anC, anC:N 

1 and anC:N 2, respectively. The asymmetric envelopes with maxima in the range 284-285 

eV indicates that these carbon materials are mostly sp2 bonded carbon, as expected for 

graphitized carbon surfaces. The contributions at ca. 284.4 eV and 285.5 eV present in all 

deconvolutions are assigned to sp2 and sp3 carbon centres, respectively 30. Nitrogen 

incorporated materials (anC:N)  have higher FWHM of C 1s compared with anC due to an 

increased degree of disorder in the carbon sp2-network and the presence of C-N functional 

groups. 
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Figure 4.2: Deconvoluted C 1s envelopes of a) anC, b) anC:N 1, and c) anC:N 2. 

The area ratios AO1s/AC1s and AN1s/AC1s were used to quantify the nitrogen and oxygen 

content of each film and the ratios were also corrected by sensitivity factors (O = 2.93, N = 

1.8, C = 1). The resulting O/C and N/C at. % values are reported in Table 4.1. O/C % of ca 3 

% is  observed for all films due to the effect of air exposure 31. 
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Figure 4.3: a-b) N 1s spectra of anC:N 1, anC:N 2  respectively. 

Deconvoluted N 1s spectra for the anC:N 1 and anC:N 2 electrode surfaces are shown in 

Figure 4.3a and b, respectively. Best fittings of the N 1s spectra of anC:N films were 

obtained by using two components; the dominant contribution to the envelope at ca. 401 

eV is associated with graphitic-N, while a smaller shoulder in the envelope at ca. 398 eV is 

assigned to pyridinic-N 32-33. The ratio of Np/C % and NG/C % is 0.3 % and 2.4 % for  anC:N2 

and 0.4 and 2.0 for anC:N1 respectively, indicating that both systems possess similar N-site 

distribution. 

In summary, XPS characterization of anC and anC:N films indicates that sputtered carbon 

deposition followed by thermal annealing at 900 °C results in N-free and N-incorporated 

graphitised carbon thin  films, respectively. anC:N  films possess comparable levels of 

oxygen and similar N-site distribution.  

4.2.2 Structural Characterization of electrodes using Raman spectroscopy 

Raman spectroscopy was used to characterize the organisation of the carbon scaffold of 

the graphitised electrode materials.34-36 Raman spectroscopy measurements were carried 

out at two different excitation wavelengths of 488 nm and 633nm. Figure 4.4a shows 

baseline-corrected Raman spectra in the 900-1900 cm-1 range of anC and anC:N electrodes 

deposited on silicon wafers, obtained using 488 nm excitation. All the spectra presented 

here in figure 4.4a and 4.4b were normalised based on the G peak height. All the spectra 

show two basic features of amorphous carbon assigned to the G and D bands at 

approximately 1580 cm-1 and 1380 cm-1, respectively. The G peak is associated with the 

bond stretching of all pairs of sp2 atoms in both rings and chains and the D peak is 

associated to the breathing modes of sp2 atoms in rings.29, 36-37 Figure 4.4b shows Raman 

spectra for a-C:N 10 and anC:N 2 samples, which are diagnostic of changes observed for all 

amorphous carbon films. From figure 4.4b, it can be seen that the G-band is shifted to 
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higher frequencies by 15 cm-1 after annealing at 900 °C, while simultaneously its linewidth 

decreases. 

Several fitting methods were used in the literature in order to extract structural parameters 

of amorphous carbons in the spectral ranges from 900 – 1900 cm-1 , including use of  

Gaussian/Lorentzian functions,38-39 Lorentzian functions and Breit-Wigner-Fano (BWF) 29, 37, 

40 and all Gaussian functions. The structural parameters were obtained from these anC and 

anC:N samples by using a three-peak Gaussian deconvolution where peaks 1 and 2 assigned 

as G and D, and the 3rd peak  centred close to 1510 cm-1  is assigned as the A peak which is 

associated to the C-C vibration in an amorphous network, composed of an atomically mixed 

structure of three- and fourfold-coordinated carbon 41-42. A small peak at 960 cm-1 observed 

in some spectra is associated with the Si substrate. Deconvoluted spectra of anC and anC:N 

were fitted with three Gaussian functions as shown figure 4.5a-c, where red, green and 

blue peaks are assigned to D band, G band and A band, respectively. 

 

Figure 4.4: Raman spectra of (a) samples with anC, anC:N1, and anC:N 2. Spectra of (b) 
annealed and non-annealed a-C:N-10% carbon films further named as anC:N2 and a-C:N 
10. All the spectra were background subtracted and normalised based on G peak height. 

Parameters obtained from these deconvoluted spectra are shown in figure 4.6. Based on 

fitting results and obtained spectral parameters ID/IG ration, IA/IG ratio, FWHM of G and G 

peak dispersion, it is clear that there are remarkable differences in the structure of the 

carbon matrix among the examined samples. Based on the G peak position, anC and all 

anC:N samples are best described according to Ferrari and Robertson’s three stage 

model,29, 35, 43 as nanocrystalline graphite (nc-G). Figures 4.6a and 4.6b show the changes 

in ID/IG ratio and IA/IG ratios of nitrogen-free anC and anC:N, which are diagnostic of the 

degree of order/disorder. The ID/IG and IA/IG ratios of anC and anC:N 1 samples were found 
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to be similar, however anC:N 2 has the highest ID/IG, which suggests that this sample has 

the smallest average crystallite size in its graphitic clusters. anC:N 2 also displays the lowest 

IA/IG ratio which indicates that its graphitic clusters are more closely packed than in anC:N 

1 or anC, thus reducing the proportion of amorphous C—C regions in the carbon scaffold. 

Figure 4.6c and 4.6d show changes in FWHM of the G peak and dispersion of G peak for 

nitrogen-free anC and anC:N. The FWHM is diagnostic of the distribution of bond angles at 

excited sp2 centres and therefore tracks the local carbon disorder.29 FWHM is higher for 

anC:N 2 compared to anC:N 1 and non-modified carbon which indicates a broad 

distribution of bonding geometries for sp2 centres. The dispersion of the G peak positions 

is associated with disordering as a result of nitrogenation. For this purpose, Raman spectra 

obtained at 633 nm excitation were also analysed to obtain the values. G-peak dispersion 

rises sharply for anC:N samples which indicates an disorder into the sp2 sites resulting from 

nitrogenation 36. Figure 4.7 displays the peak position of D and G bands as a function of 

anC:N. The G peak  increases sharply with N content leading to graphitisation. D peak 

position of anC and anC:N 1 is similar and anC:N 2 is higher which indicate  indicating the 

higher disorder in anC:N 2 compare with anC and anC:N 1  44. The increase in disorder in 

anC:N 2 a be explained on the basis of differences in the organization of the carbon scaffold 

rather than on the basis of NG and NP concentration changes. 
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Figure 4.5: Raman spectra and peak deconvolution of (a) anC, (b) anC:N 1 and (c) a-C:N 2 ; 

excitation 488 nm. Spectra are normalised relative to the G band intensity. 
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Figure 4.6: (a).Variation of D to G peak height ratio (ID / IG), (b) variation of A to G peak 
height ratio (c) FWHM of G peaks and (d) G peak dispersion vs. annealed a-C:N . 

Raman spectra obtained using a 633 nm excitation laser in the range of 900-1900 cm-1 for 

anC and anC:N electrodes are also presented in figure 4.8; all spectra presented are 

normalised by the G peak height to facilitate comparison. Structural parameters obtained 

by using a three-peak Gaussian deconvolution were summarised in table 4.2. An increase 

in the ID/IG ratio of anC:N compared to anC was observed which is in good agreement with 

Ferrari et al.34 FWHM of G peak for anC:N  increases relative to N-free anC  and anC:N 2 has 

the highest FWHM indicating the greatest disorder. 

Overall Raman results indicate that there are significant differences in the organization of 

the carbon matrix among the three anC and anC:N electrodes, although differences in 

overall N concentration in anC:N electrodes are very small. 
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Figure 4.7: a) G peak position b) D peak position vs annealed a-C:N. 

 

 

Figure 4.8: Raman spectra of (a) samples with anC, anC:N1, and anC:N 2 at 633 excitation. 
All spectra were background subtracted and normalised based on G peak height. 

Table 4.2: Raman Spectral Parameters for anC and anC:N Carbon Materials at 633 
excitation. 

Samples D peak 

Position 

FWHM 

of D 

G peak 

Position 

FWHM 

of G 

ID/IG IA/IG 

anC 1331 263 1596 87 1.15 0.39 

anC:N 1 1353 297 1597 96 1.22 0.3 

anC:N 2 1356 253 1599 97 1.18 0.36 
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4.4.3 Valence Electronic Properties of anC and anC:N electrodes 

UV photoelectron spectroscopy (UPS) was used to investigate the valence electronic 

properties of anC:N electrodes. Figure 4.9 show the UPS spectra in the secondary edge or 

high-binding energy region. The high binding energy edge was used to calculate work 

function values (), which are summarised in Table 4.1. The work function of non-

nitrogenated annealed amorphous carbon anC was found to be 4.46 eV, which is very close 

to the values quoted for graphitic nitrogen-free materials such as graphite (4.4 eV) 45-46. 

Incorporation of nitrogen results in a decrease in work function values which fall in the 

range 4.39-4.15 eV. The observed decrease of  upon N-modification is in agreement with 

experimental results by Seiji Obata, and Koichiro Saik obtained from nitrogenated 

graphene 47. Nitrogen incorporation can result in both an increase 14, 48 or a decrease 49-50 

in the work function of carbons arising from changes to semiconducting properties . Work 

function of anC:N 1 (4.4 eV) is very close to anC and these observations are consistent with 

Raman data where anC and anC:N shows similar structure. anC:N 2 possess lowest work 

function of 4.14 eV as greatest disorder observed in Raman characterization. 

 

Figure 4.9: Ultraviolet photoemission spectroscopy (UPS) spectra of anC and anC:N 
electrodes secondary edge region. Spectra are shown normalised by the total 
photoemission intensity. 

4.4.4 Capacitance study in organic electrolyte 

Electrochemical characterisation via cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) was carried out using a three-electrode system. Typical cyclic 

voltammograms (CVs) of anC and anC:N electrodes over a -0.3 – 0.7 V potential window at 
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50 mV s−1 in 0.1 M TBAPF6/acetonitrile are shown in Figure 4.10. The curves show the 

characteristic shape of a capacitive response; no significant differences in capacitive 

current responses were observed among anC and anC:N 1-2 electrodes.  

 

Figure 4.10: Cyclic votammograms of anC, anC:N 1 and anC:N 2 in Ar-saturated 0.1 M 

TBAPF6 /acetonitrile at 50 mV s-1. 

A study of the electrochemical response was carried out using EIS over the 0.1-104 Hz range 

in 0.1 M TBAPF6 /Acetonitrile electrolyte. Figures 4.11a and 4.11b show Bode plots of 

absolute impedance (|Z|) and phase angle obtained at OCP (-0.3 V-0.15V vs. Ag/Ag+), 

respectively, for nitrogen-free anC electrodes and for nitrogen doped anC:N  electrodes. 

anC electrodes display higher impedance at low frequency compared to that of anC:N 

electrodes at 0.1Hz frequency. The curves indicate that nitrogenation results in a further 

reduction in |Z|. The phase angle suggests a capacitive response with deviations from ideal 

behaviour as suggested from phase angles at 0.1 Hz of ca. -70 ; the deviations are less 

pronounced from nitrogenated anC:N 1 and 2, given more negative values of -81 ° and -82 

°, respectively.   
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Figure 4.11: Bode plots of impedance module |Z| (a) and phase angle (b) of anC, anC:N1,  

and  anC:N 2. EIS spectra obtained in 0.1 M TBAPF6 /acetonitrile at open circuit potential 

(OCP, -0.3-0.15 V vs. Ag/Ag+). 

The effective or equivalent series capacitive contribution to EIS spectra was calculated as a 

function of frequency from the imaginary part of the complex impedance Zim by using 

equation 3.1. Figure 4.12 shows a plot of the specific capacitance extracted over the 0.5-

100 Hz range at OCP. The capacitance is normalized by geometric area of the disk. This 

figure shows that capacitance increases with an increase in N content over the frequency 

range 0.5-100 Hz which yielded values in the mF cm-2 range. A very significant increase in 

capacitance is observed for anC:N 2 electrodes compared with anC:N 1 and non 

nitrogenated anC electrodes. The appearance of frequency dependent capacitance 

dispersion is clearly observed in figure 4.12 and this occurred due to surface roughness and 

defects on the electrode surface 51-52. An additional contribution to the total capacitance 

likely arises from the difficulty in sealing a well defined geometric area using a Teflon 

shroud in organic solvent, as discussed in chapter 3. 

 

Figure 4.12: Equivalent series capacitance at OCP in 0.1 M TBAPF6 /acetonitrile. 

The capacitance is extracted   from the imaginary part of the Nyquist plot obtained at 

different applied potential. Therefore, Nyquist plots of EIS spectra at 0 V, 0.4 V and -0.4 V 

are presented in figure 4.13 a-c respectively, corresponding to the capacitance minima of 

anC and anC:N electrodes. Nyquist plots display low impedance for anC:N electrodes 

compared to anC electrodes, in good agreement with equivalent series capacitance 

obtained at different applied potentials. 
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Figure 4.13: Nyquist plots of EIS spectra of anC, anC:N 1, anC:N 2, in organic 0.1 M 

TBAPF6/acetonitrile at (a) 0.4 V, (b) 0 V and (c) -0.4 V respectively. 
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Figure 4.14: Equivalent series capacitance as a function of potential in 0.1 M 

TBAPF6/acetonitrile. 

 

Figure 4.15: Equivalent circuit model where RS is solution resistance and CDl is the double 

layer capacitance. 

Figure 4.14 shows the change in the series equivalent capacitance as a function of the 

DC offset over the range -0.8 – 0.8 V vs. Ag/Ag+ in 0.1 M TBAPF6/acetonitrile. Capacitance 

obtained in TBAPF6/acetonitrile is dominated by the double layer (CDL). The capacitance 

was extracted from EIS spectra obtained at different potentials by using an equivalent 

circuit model (figure 4.15). The nitrogen-free anC electrode shows minima in the 

capacitance that suggest a potential of zero charge (pzc) of 0.7 mF cm-2 at ca. -0.2 V. 

Nitrogenation leads to a considerable increase in the area-normalised capacitance. There 

is no detectable shift in the potential at the minimum capacitance for anC:N 1 (ca. 0.8 mF 

cm-2)  and anC:N2 (ca. 1.3 mF cm-2). This figure shows that, as predicted, the capacitance 

increases with an increase in the N content of the film. Asymmetry in the non-nitrogenated 

anC curve agrees with previous reports of p-type behaviour in nitrogen-free sputtered a-C 

53. Small amounts of nitrogen content as in anC:N 1 have a drastic effect in reducing the p-

character. The minimum capacitance of anC:N 2 is highest among anC:N electrodes. In 

order to find the minimum , we have measured EIS at two frequencies such as 0.5 Hz and 

10 Hz over the potential range of -0.8 V to 0.8 V with a 0.05 V of potential step. The effective 

or equivalent series capacitive contribution to EIS spectra at 0.5 Hz and 10 Hz frequency 
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were calculated from the imaginary part of the complex impedance Zim according to 

equation 3.1. are plotted in figure 4.16. 

 

Figure 4.16: Equivalent series capacitance as a function of potential in 0.1 M 

TBAPF6/acetonitrile at (a) 10 Hz and (b) 0,5 HZ frequency. 

 In figure 4.16a the capacitance curve of anC electrode is asymmetric with a capacitance at 

pzc of 0.55 mF cm-2 at -0.25 V vs Ag+/Ag which is high compared with the literature value 

of carbon based electrodes varying from 5 to 50 μFcm-2 depending on carbon structure, 

i.e., basal, edge sites as well as its electronic properties 54-55. This yielded a roughness factor 

of ca. 10-15 for this electrode. The capacitances at pzc are remarkably close to each other 

and to the anC value, being in a ratio CanC : C anC:N 1 : C anC:N 2 = 1 : 1.1 : 1.9. Although N-site 

concentrations for all anC:N electrodes have no major differences, increases in capacitance 

values are due to re-organisation of the carbon scaffold and greater disorder in the carbon 

structure 56.  All anC:N materials display semi-symmetry in capacitance plots obtained at 

different applied potentials and capacitive behaviour characteristing of p-type doped 

materials, perhaps suggesting that the effect of vacancies and unsaturations is dominant 

over any n-type doping effects arising from the present of NG-sites. 

Further, equivalent series capacitance at 10 Hz as a function of the DC offset over the range 

-0.8 – 0.8 V vs. Ag/Ag+ in 0.1 M TBAPF6/ acetonitrile is presented in figure 4.16b . A similar 

trend in change of capacitances is observed with higher capacitance for anC:N 2 than anC:N 

1 and anC  respectively, and a characteristic asymmetry in the capacitance curve of anC is 

observed which is typical of p-type semiconducting behaviour 57.The anC:N electrodes 

display semi-symmetry in capacitance obtained at different applied potentials. The 

capacitances at pzc of anC of ca. 0.29 mF cm-2 at -0.4 V show there were considerable 

increases in capacitances upon nitrogen incorporation which is also consistent with Raman 
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data where  the structure of  anC:N electrodes are similar in their organization of the carbon 

scaffold and their degree of graphitization while anC:N2 displays the most disordered 

carbon structure and smallest crystalline size compare with anC electrode. There is a 

potential shift at the minimum capacitances for anC:N 1 (ca. 0.47 mF cm-2) and anC:N 2 (ca. 

0.8 mF cm-2 ) whose minima fall in the range -0.4 -0.25 V. There is clear evidence of 

capacitance dispersion at different frequencies in a-C:N electrodes, which is due to disorder 

and inhomogeneity in the electrode surface 51-52. 

In summary, capacitance studies in organic electrolyte of 0.1 M TBAPF6/ acetonitrile 

indicate that small N-site concentration in graphitised a-C significantly increases the 

capacitance as well as reduces the p-type behaviour of N free anC electrodes. There is a 

potential shift in the negative direction in the minimum capacitances upon nitrogen 

incorporation, which is in good agreement with UPS studies on these materials. 

4.5 Conclusion 

This chapter has successfully demonstrated the synthesis of N-free and N-doped 

graphitized carbon materials and characterisation of their surface chemistry and carbon 

nanostructure, by using spectroscopic techniques such as XPS and Raman spectroscopy. 

The electrochemical characterisation was carried out using CV and EIS techniques. These 

materials were synthesized using a combination of magnetron sputtering and thermal 

annealing at 900 °C for 1 hr under an inert atmosphere. XPS results show that anC:N 

electrodes possess identical N/C % with a mixture of pyridinic-N and graphitic-N where 

graphitic-N dominates. Raman studies shows that a significant difference in the 

organization of the carbon matrix between anC and anC:N electrodes, which is in good 

agreement with the XPS results of FWHM of the C 1s envelope. anC:N 2 possesses a smaller 

average crystallite size for the more closely packed graphitic clusters and a lower 

proportion of amorphous C-C regions in the carbon scaffolds. UPS studies suggest that 

small amounts of nitrogen incorporation decrease the work function of carbon, arising from 

changes in semiconducting properties. Capacitance studies were successfully performed in 

an organic electrolyte of 0.1 M TBAPF6/ acetonitrile. The results suggest that 

electrochemical capacitance significantly increases relative to the N free graphitised anC 

electrode. In organic electrolytes the overall capacitance is dominated by the double layer 

capacitance and an increase in the capacitance is due to re-organisation of the carbon 

matrix and greater disorder in the carbon structure upon N incorporation. anC:N 2 
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possesses the highest capacitance among the electrodes. In the following chapter, oxygen 

reduction reaction  in alkaline media and the electrochemical capacitance responses of the 

RF plasma treated graphitised a-C  materials will be studied. 
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RF plasma N-Doped Amorphous 

Carbon 

In this chapter, electrochemical capacitance study of N doped  

amorphous carbon in organic electrolyte (0.1 M TBAPF6/MeCN) is 

discussed. Further, performance of these materials in the Oxygen 

reduction reaction under alkaline condition (0.1 M KOH) is studies. 

Nitrogenated materials were prepared using a radiofrequency chamber 

and a combination of XPS and Raman spectroscopy was used to correlate 

the electrochemical performance of these materials with electronic and 

structural properties.  
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5.1. Introduction  

Carbon materials have been widely explored as electrode materials for the fabrication of 

electrochemical capacitors, batteries and fuel cells 1-3. Nitrogen doping is an effective route 

to improving electrochemical properties of carbon-based materials. Nitrogen doped 

carbon materials have become important in the area of metal-free electrocatalysts for fuel 

cell applications 4-7 and for supercapacitor applications 8-11. Nitrogen incorporation has 

been performed in different types of carbon materials such as carbon nanotubes 6, 12-13, 

graphene 14-15, amorphous carbon 16-17 and graphite 18.The motivation for choice of carbon 

materials for energy applications are their availability at typically low cost and large scale, 

coupled to unique properties such as potential for complex morphology and their high 

conductivity 19. 

Nitrogen doping into carbon materials chemically and structurally changes the carbon 

scaffold. Several N sites such as pyridinic, pyrrolic, graphitic and N oxides are found on the 

surface of nitrogenated carbons. Nitrogen doping into the carbon matrix introduces 

vacancies, edge sites and defects that may have significant impact on electrochemical 

performance in materials for supercapacitors, electrochemical capacitors and ORR 

catalysts 20.  

Activated carbon materials are often considered as the Electrical Double Layer Capacitor 

(EDLC), supercapacitor electrode materials, because of high surface area, good electrical 

properties, moderate cost, and controllable pore size 8. Ordered materials CNTs have 

attracted supercapacitor electrode applications due to their superior electrical properties, 

pore size and good mechanical and thermal stability 21-23. Templated porous carbon with 

well controlled narrow pore size distributions, ordered pore structures, large specific 

surface areas are promising candidates for supercapacitor electrode materials and high 

performance EDLC electrodes 24-25. In order to enhance the efficiency and performance of 

these materials for energy storage applications there is interest in understanding the 

effects on their properties resulting from incorporation of heteroatoms such as nitrogen, 

phosphorous and boron. Previous chapters  discussed the effect of bulk N doping on the 

capacitive properties of amorphous carbon. This chapter focuses on structure activity 

studies of RF plasma enhanced N-doped annealed amorphous carbon electrodes for 

electrochemical capacitance studies in organic electrolyte and the result of these 

modifications on the performance in the oxygen reduction reaction (ORR) in alkaline 
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electrolyte. Annealed a-C was surface-doped with nitrogen via RF plasma under nitrogen 

gas flow; this methodology has been previously explored in the literature for the 

nitrogenation of  materials such as  graphene 26-27, diamond like carbon 28-29, a-C 30. 

Capacitive properties of the amorphous graphitized electrode materials will be determined 

by using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

techniques in organic electrolyte to avoid pseudo capacitive contribution. In order to 

understand catalytic activity of these electrode materials the oxygen reduction reaction 

(ORR) study was carried out on these electrodes under alkaline condition. 

5.2. Materials and methods 

5.2.1 Chemicals and Materials  

Tetrabutylammonium hexafluorophosphate (TBAPF6) (≥99.0%, electrochemical analysis), 

acetonitrile (MeCN, 99.8%, anhydrous), sulfuric acid (95 - 97%), hydrogen peroxide (>30% 

w/v), Potassium hydroxide (KOH, semiconductor grade pellets, 99.99%, SigmaAldrich) were 

purchased from Sigma Aldrich. Glassy carbon (GC) discs (HTW Sigradur® radius 2.5 mm) 

and B-doped Si wafers (MicroChemicals; resistivity 5 – 10 Ω-cm) were used as substrates 

for carbon deposition. 

5.2.2 Substrate Preparation 

GC disks were polished with progressively finer grades of alumina slurry (Buehler). The GC 

disk was first polished using 1200 grit sandpaper. After rinsing with plenty of Millipore 

water the disks were sonicated for 20 min in Millipore water. polished on nylon paper 

(Buehler) using 1 μm slurry, sonicated for 20 min in Millipore water, then polished on nylon 

paper using 0.3 μm slurry and sonicated for 20 min in Millipore water; disks were 

subsequently polished to a mirror finish using 0.3 and 0.05 μm slurries on MicroCloths® 

pads (Buehler) and sonicated for 20 min in Millipore water between each step. Clean disks 

were mounted in a custom-made Teflon® holder and placed in the vacuum chamber for 

deposition of thin film carbon electrodes on their surfaces. B-doped Si wafers were 

prepared according to the same protocol described in Chapter III prior to deposition.  

5.2.3 Deposition of carbon electrode materials 

a-C a900 carbon films were prepared by first depositing a precursor a-C film via DC-

magnetron sputtering (Torr International) followed by a thermal annealing treatment. The 

films were deposited via DC-magnetron sputtering from a graphite target (99.999%) at base 
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pressures <2 x10-6 mbar, deposition pressures 2-7 x10-3 mbar and total gas flow of 50 mL 

min-1, following previously reported protocols 31-32.  Deposited films are topographically 

smooth and in the thickness range 70-120 nm 32. After deposition, the resulting films were 

transported directly to a tube furnace and annealed under N2 atmosphere for 1 h at 900 

°C. To incorporate N into a-C 900 electrodes, RF nitrogen plasma exposure was performed 

in vacuum chamber with a base pressure of 10-18 mTorr, equipped with an induction coil 

connected to an RF generator (500 W, 13.56 MHz) through a matching network (MFC 

tuner). The flow rate of N2 gas through the generator was regulated at 20 ml min-1 and the 

chamber pressure during the nitridation process was maintained at 118 mTorr. The 

nitrogen flow rate was controlled using mass flow controllers (Brooks Instruments). The 

plasma exposure time was set at 0, 5, 10 and 20 min resulting in samples here onwards 

referred to as a-C a900, a-C:N a900-pl-5, a-C:N a900-pl-10 and a-C:N a900-pl-20, 

respectively. 

5.3 Characterization 

XPS characterization was performed on a VG Scientific ESCAlab Mk II system (<2 10-8 

mbar), using Al K X-rays (1486.6 eV); core-level spectra were collected with analyzer pass 

energy of 20 eV and survey spectra were collected with analyser pass energy of 200 eV; the 

binding energy scale was referenced to the C 1s core-level at 284.8 eV. Peaks were fitted 

with Voigt functions after Shirley background subtraction using commercial software 

(CasaXPS); at.% composition was obtained from peak area ratios after correction by 

Scofield relative sensitivity factors (C = 1.0, N = 1.8, O = 2.93). 

Raman spectra were measured in backscattering configuration using a Renishaw 1000 

micro-Raman system equipped with an Ar+ laser for 488 nm excitation. The incident beam 

was focused by a Leica microscope with a 50× magnification objective and short-focus 

working distance; incident power was kept <2 mW to avoid sample damage. Spectra were 

baseline corrected using commercial software prior to analysis (Wire 3.2). 

In order to study capacitance of plasma-exposed electrodes, electrochemical 

measurements were carried using a three-electrode cell controlled by a potentiostat with 

a graphite rod as counter electrode and Ag/Ag+ reference electrodes (IJCambria) for 

characterisation in organic electrolyte. The Ag/Ag+ reference 1.0 mM AgNO3 in 0.1 M 

TBAPF6 in acetonitrile yielded E0′ = 0.080 V for 0.001 M Fc/Fc+ in the same electrolyte, thus 
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placing the Ag/Ag+ potential at 0.320 V vs. SHE 33. A Teflon static disk holder (Pine 

Instruments) enclosing a GC disk coated with Nitrogen plasma exposed the sputtered 

carbon film was used as a working electrode; all contacts were confirmed to be ohmic with 

<8   resistance. Cyclic voltammetry (CV) was carried out in 0.1 M TBAPF6 solutions in 

MeCN, at 25 °C, 50 mV s-1 and using IR compensation. Electrochemical impedance 

spectroscopy (EIS) was carried out over the range of 0.1-100 kHz using a 10 mV AC 

amplitude. Spectra were collected at either open circuit potential (OCP) or at varying DC 

offsets in 0.2 V or 0.05 V steps as indicated in the text; 300 s equilibration time was allowed 

between each potential step. The specific capacitance was obtained via normalisation by 

the geometric area of the electrodes. 

In order to perform oxygen reduction reactions on these electrodes, electrochemical 

measurements were carried out using a Metrohm Autolab AUT50324 potentiostat using a 

3-electrode setup thermostated at 25 °C. A Hydroflex hydrogen electrode (Gaskatel) 

graphite rod (GoodFellow) and GC disk coated with Nitrogen plasma exposed the sputtered 

carbon film were used as reference, counter and working electrodes respectively. The 

electrochemical cell (Pine Instruments) was cleaned using Piranha solution (3:1 H2SO4:H2O2 

CAUTION: Piranha solution is a strong oxidant followed by rinsing several times with 

Millipore water. The cell was rinsed with the electrolyte (0.1 M KOH) used in the 

experiment. Prior to start experiment, working electrodes were cleaned via potential 

cycling from 0.05 to 1.1 V vs. RHE in Ar‐saturated 0.1 M KOH (20 cycles). CVs were obtained 

in a potential window of 0.05-1 V vs RHE. All the CVs were taken with iR compensation 

using commercial software (NOVA) with the uncompensated solution resistance 

determined prior to each experiment using EIS.  

 

The rotating ring-disk electrode experiments (RRDE, pine instrument) were carried out 

using Pine RRDE tip coupled with Metrohm Autolab AUT50324 potentiostat. ORR 

polarization curves were obtained in O2‐saturated 0.1 M KOH electrolyte over the potential 

window of 0.05–1.0 V range at 50 mV s−1 and at 400, 900 and 1600 rpm. CVs were also 

collected in Ar‐saturated 0.1 M KOH under similar experimental conditions. Faradic current 

densities were obtained by subtracting the capacitive current obtained in Ar‐saturated 

electrolyte from that obtained in O2‐saturated electrolyte under identical experimental 

conditions. For the calculation of the turnover frequency (TOF) was determined by 
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integrating the area under the oxidation sweep of the relevant voltammogram in 0.1 M 

KOH and the TOF was calculated at a potential of 0.3 V as TOF = Ji/4Q. In this expression, Ji 

is the current density at potential 0.3 V, Q is the charge associated with the redox processes 

occurring on the electrode. 

5.4. Results and Discussion 

5.4.1 Chemical composition of a-C:N electrodes using XPS 

 

Figure 5.1: Survey scans of a-C a900, a-C:N a900-pl-5, a-C:N a900-pl-10 and a-C:N a900-pl-

20 electrodes. 

Nitrogen free carbon electrodes were prepared in the form of thin films via magnetron 

sputtering and characterised as described in previous work from our group 32. Deposited 

films were annealed under N2 atmosphere for 1 h at 900 °C by using electric tube furnace. 

In order incorporate N into graphitised a-C, the annealed films were placed into an RF 

plasma chamber under N2 flow of 20 ml min-1 which was controlled by mass flow controller. 

Three different plasma exposure times were investigated: 5 min, 10 min and 20 min. Figure 

5.1 shows survey scans of the N-free graphitized electrode and of the three samples 

obtained after plasma exposure. The spectra show characteristic features of C 1s, O 1s and 

N 1s peaks at 284, 532 and 400 eV, respectively. No other peaks are observed in the spectra 

thus confirming that all samples are metal-free. a-C a900 prepared via annealing in the 

absence of plasma exposure shows no evidence of N-content in its structure, as confirmed 

by an absence of N 1s peaks in the survey.  
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Figure 5.2 displays deconvoluted high resolution scans of the C 1s region of all samples 

examined. The asymmetric envelope indicates that these carbon materials are mostly sp2 

bonded carbon, as expected for graphitized carbon surfaces. The peak position at ca. 284.4 

eV and ca. 285.5 eV present in all deconvolutions are typically assigned to sp2- and sp3-

centers in the carbon scaffold, respectively 34. Nitrogen incorporation into graphitised a-C 

through RF plasma exposer has the effect of increasing the full-width at half maximum 

(FWHM) of the C 1s envelope due to an increased degree of disorder in the carbon sp2-

network and due to the introduction of C-N and C-O functionalities as discussed below in 

greater detail 35. 

 

Figure 5.2: Deconvoluted C 1s envelopes of a) a-C a900, b) a-C:N a900-pl-5, c) a-C:N a900-

pl-10 and d) a-C:N a900-pl-20. 
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Table 5.1: C 1s FWHM, and chemical composition of a-C a900 and nitrogenated a-C a900 

materials obtained from XPS deconvolutions. 

Sample C1s FWHM O/C % N/C % At. N% 

a-C a900 1.57 5.3 - - 

a-C:N a900-pl-5 2.25 11 16 8.9 

a-C:N a900-pl-10 2.42 11 17 9.4 

a-C:N a900-pl-20 2.37 14 17 9.4 

 

 

 

Figure 5.3: N/C % and O/C % of a-C:N electrodes versus plasma exposer time. 

It is complex to quantify the sp3/sp2 ratio of C 1s for nitrogenated carbon as the region 

above the 285.5 eV has contributions from N-bonded sp3 and sp2 carbon atoms 36. The 

peaks at binding energies above 286 eV are assigned to C- O or C= O in the case of a-C a900 

however in the case of Nitrogenated a-C a900 it is difficult to deconvolute C-O and C-N 

contributions due to spectral overlap 37. The area ratios AO1s/AC1s and AN1s/AC1s corrected 

by the sensitivity factors (RSF, O = 2.93, N = 1.8, C = 1) were used to quantify the nitrogen 

and oxygen content of the films. Table 5.1 shows a summary of the elemental composition 

of the films; Figure 5.3 also summarises these results in a bar chart plot. The O/C% and 

N/C% were found to increase after plasma treatment relative to the graphitised a-C a900 

sample. Slight differences were observed in the N/C % and O/C % across the a-C:N 
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electrodes. The N/C % was found to level off at ca. 17% after 10 min exposure (ca. 9% N 

at.%) , thus suggesting that nitrogenation of graphitised a-C via plasma reaches a self-

limiting concentration under the investigated experimental conditions. The O/C% content 

is slightly higher for the sample treated for 20 min. 

Deconvoluted N 1s spectra for the a-C:N a900-pl-5, a-C:N a900-pl-10 and a-C:N a900-pl-20 

surfaces are shown in Figure 5.3 a-c, respectively. The broad peak envelope suggests that 

multiple types of N-sites are present at the carbon surface. The N 1s peak was fitted with 

five different contributions corresponding to pyridinic (398.6 eV), pyrrolic (400.2 eV), 

graphitic-center (401.1 eV), graphitic-valley (402.1 eV) and N-oxides (403.5 eV)38-39 

.Pyridinic-N and pyrrolic-N sites were found to dominate the N 1s spectra while 

comparatively smaller contributions were attributed to graphitic-N and N-oxide sites. 

Overall, the XPS data indicate that plasma exposure of graphitised a-C introduces a 
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distribution of different N-sites that do not however change significantly with increasing 

exposure time.  

 

Figure 5.4: a-c) N 1s spectra of a900-pl-5, a900-pl-10 and a900-pl-20 respectively. 

5.4.2 Structural characterisation of a-C:N electrodes using Raman 

spectroscopy 

Structural properties of a-C a900 and a-C:N a900-pl-5-20 materials were investigated by 

using Raman spectroscopy at an excitation wavelength of 488 nm. Figure 5.5 shows 

baseline-corrected Raman spectra in the 900-1900 cm-1 range of a-C a900 and a-C:N a900-
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pl-5-20 materials deposited on silicon wafers. All the spectra were normalised relative to 

the G band intensity. Spectra of show two characteristic peaks assigned to the G and D 

bands at approximately 1580 cm-1 and 1380 cm-1, respectively for visible excitation. The G 

peak is associated to the bond stretching of all pairs of sp2 atoms in both rings and chains, 

while the D peak is associated to the breathing modes of sp2 atoms in rings 35, 40-41.  

In order to estimate spectral parameters of G and D peaks all the spectra were 

deconvoluted with three Gaussian functions and all the spectra were normalised prior to 

fitting. Deconvoluted spectra of a-C:N a900-pl-5, a-C:N a900-pl-10 and a-C:N a900-pl-20 

materials were presented in figure 5.6. Several fittings methods of the Raman spectra have 

been discussed in the literature including use of Gaussian/Lorentzian functions (Voigt 

functions) 42-43, Breit-Wigner-Fano (BWF) and Lorentzian functions 41, 44 and all Gaussian 

functions. The spectrum in Figure 5.5 were fitted with three Gaussian functions.  

 

Figure 5.5: Raman spectra of amorphous carbon electrodes prepared with varying N2% 

content in the deposition gas mixture; excitation 488 nm. Spectra are normalised relative 

to the G band intensity. 

Two Gaussian peaks were assigned to G and D bands described above with a third peak 

centred close to 1510 cm-1
 commonly referred to as the A peak. The A peak is attributed to 

C-C vibrations in the amorphous network consisting of an atomically mixed structure of sp2 

and sp3 hybridised carbon atoms located between graphitic clusters 45-46. A summary of 

Raman spectral parameters obtained from deconvoluted spectra are presented in figures 

5.7 and 5.8. Figure 5.7a displays the peak height ratio of D to G (ID/IG); the increase in ID/IG 

with plasma treatment time suggests an increase in the disorder in the carbon scaffolds 
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where a-C:N a900-pl-20 has highest ID/IG  of 0.88 implying a smaller average cluster size. 

This sample also displays the highest IA/IG ratio of 0.25 (figure 5.7b) thus suggesting that 

disordered/amorphous regions are more abundant in the sample that underwent longest 

plasma exposure.   These findings therefore support a progressive increase in scaffold 

disorder resulting from plasma treatment, likely due to an increase in sp2
/sp3 mixed regions 

at the expense of extended graphitic clusters.  

Further evidence of progressive increase in defects and amorphous content emerges from 

an analysis of the FWHM of the G and D peaks, in figures 5.7b and 5.7c. The FWHM are 

diagnostic of the distribution of bond angles at excited sp2-centres and a measure of 

disorder 47. A slight increase in FWHM of D and G increases with plasma exposer time (upon 

nitrogen incorporation) indicates a broad distribution of bonding geometries for sp2 centre.  
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Figure 5.6: Raman spectra and peak deconvolution of (a) a-C:N a900-pl-5, (b) a-C:N a900-

pl-10 and (c) a-C:N a900-pl-20 ; excitation 488 nm. Spectra are normalised relative to the 

G band intensity. 

A remarkable increase is observed in FWHM of the D peak, relative to a-C a900, in a-C:N 

a900-pl-5; this indicates that even 5 min of plasma exposure have a transformative effect 

in the defect density of the graphitized a-C materials.  

Figure 5.8 displays peak position of D and G bands as a function of plasma exposure time. 

The G peak position properties of these electrodes are similar to that of nanocrystalline 

graphite (nc-G) on the basis of three stage model of Ferrari and Robertson 35,41. No 
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significant change of G peak position was observed for a-C a900 and a-C:N a900 electrodes 

as they possess similar graphitic structure, on the other hand D peak position increases 

with plasma exposure time thus  indicating the presence of disorder in the structure 48. 

 

Figure 5.7: (a) Variation of D to G peak height ratio (ID / IG), (b) FWHM G peak (c) FWHM 

of D peak and (d) Variation of A to G peak height ratio vs Plasma exposer time. 

In summary, Raman spectroscopy indicates that metal free a-C:N a900-Pl carbon electrodes  

prepared through RF plasma treatment display increased disorder and/or defect density in 

the carbon scaffold as a result of plasma exposure. Despite the three plasma-treated 

samples displaying similar N-site concentrations, as evidenced by XPS, the degree of 

disorder appears to increase progressively in the order a-C:N a900-pl-5 < pl-10 < pl-20.  
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Figure 5.8: D peak position and G peak position as function of Plasma exposer time. 

5.4.3 Capacitance study in Organic electrolyte 

Electrochemical characterisation via CV and EIS was carried out on a-C:N electrodes to 

understand how the electrochemical capacitance properties are affected by the plasma 

nitrogenation process. Organic electrolyte 0.1 M TBAPF6 in acetonitrile was chosen for 

electrochemical capacitance measurements to minimize the pseudocapacitance 

contribution from functional groups on the carbon surface 49-50 as previously discussed in 

chapter III. 

 

Figure 5.9: Cyclic votammograms of a-C a900, a-C:N a900-pl-5, a-C:N a900-pl-10 and a-

C:N a900-pl-20 in Ar-saturated 0.1 M TBAPF6 /acetonitrile at 50 mV s-1. No Faradaic peaks 

are visible in the potential window used for our experiments. 
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In order to study electrochemical capacitance responses, cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) were carried out using a three-electrode 

system. Figure 5.9 shows typical cyclic voltammograms (CVs) of a-C a900 and a-C:N a900-

pl-5-20 electrodes over the -0.3 – 0.7 V potential window at 50 mV s−1 in 0.1 M 

TBAPF6/acetonitrile. The curves display the characteristic shape of a capacitive response 

while no faradic peaks are visible in the potential window used for this experiment. The 

capacitive currents of a-C:N electrodes were found to be larger than that of the a-C a900 

electrode, while the capacitive current of a-C:N a900-pl-10 was found to be the highest 

among all a-C:N electrodes despite all having similar N-site concentration.  

Figures 5.10 a-c display CVs of a-C a900, a-C:N a900-pl-5 and a-C:N a900-pl-10 electrodes 

over the -0.3 – 0.7 V potential window at different scan rates ranging from 200 mV/s to 

10 mVs-1 in 0.1 M TBAPF6/acetonitrile. The capacitive current responses increase with 

scan rates for all the electrodes, while the rectangular shape of the CVs suggest near-ideal 

capacitive behaviour over the potential window. 
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Figure 5.10: Cyclic voltammograms of a-C a900, a-C:N a900-pl-5, a-C:N a900-pl-10 and a-

C:N a900-pl-20 at varying scan rates(from 200-10 mV s-1). No Faradaic peaks are visible in 

the potential window used for our experiments. 

The plot of positive current at the centre of the voltammograms of -0.05 V versus scan rates 

is presented in figure 5.11, where the current can be observed to vary approximately 

linearly with the rate. The slope of a-C:N electrodes is higher than that of non nitrogenated 

a-C a900 electrode thus suggesting that the capacitance increases upon exposure to the 

plasma treatment; notably, this happens despite the electrodes displaying very similar 

N/C% content, as discussed in the previous sections.  
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Figure 5.11: The dependence of current on the scan rates taken in 0.1 M TBAPF6 

/acetonitrile at 25°C. The current was obtained at -0.05 V from the anodic scans of the 

cyclic voltammograms taken at different scan rates. 

EIS was carried out over the frequency range of 0.1-104 Hz in 0.1 M TBAPF6 /acetonitrile in 

order  to investigate electrochemical capacitance responses. Figures 5.12 a-b display Bode 

plots of absolute impedance (|Z|) and phase angle for nitrogen-free a-C a900 electrodes 

and nitrogenated a-C:N a900-pl-5-20 electrodes obtained at OCP (-0.28 -0.05 V vs. Ag/Ag+). 

At 0.1 Hz the absolute impedance (|Z|) of a-C a900 was 10537 Ω; this value decreases upon 

nitrogen incorporation (figure 5.12a) to  7421 Ω, 5154 Ω and 5411 Ω for a-C:N a900-pl-5, a-

C:N a900-pl-10 and a-C:N a900-pl-20, respectively. The phase behaviour of a-C a900 shows 

a typical capacitive response with deviations from ideality indicated by a phase angle at 0.1 

Hz of ca. -70°. Upon 5 min of plasma exposure, the phase preserves its capacitive 

characteristics with an improvement in phase angle  to -75 °. Significant and progressive 

deviations from ideality are observed for exposures of 10 and 20 min thus indicating that, 

despite the absence of changes in the N/C% content, prolonged exposure to the plasma 

introduces further changes in the carbon nanostructure, albeit it without introducing 

further chemical changes in the carbon surface. 
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Figure 5.12: Bode plots of impedance module |Z| and phase angle of (a-b) nitrogen free 

a-C a900 and of nitrogenated a-C:N a900-pl-5, a-C:N a900-pl-10 and a-C:N a900-pl-20. EIS 

spectra obtained in 0.1 M TBAPF6/acetonitrile at open circuit potential (OCP, -0.28-0.1 V 

vs. Ag/Ag+). 

Nyquist plots of EIS spectra obtained at open circuit potential (OCP, -0.28-0.1 V vs. Ag/Ag+) 

are presented in figure 5.13. The real and imaginary parts of the impedance show a 

considerable decrease in value upon plasma exposure, which correlates with the change in 

capacitance observed for the a-C:N electrodes in the CVs. The impedance of a-C a900 is 

high compared with a-C:N electrodes and follows the trend as a-C a900 > a-C:N a900-pl-5 

> a-C:N a900-pl-20 > a-C:N a900-pl-10. 

The effective or equivalent series capacitive contribution to EIS spectra was calculated from 

the imaginary part of the complex impedance Zim according to equation 3.1. Figure 5.14a  

shows the change in the series equivalent capacitance at 0.1 Hz as a function of the DC 

offset over the range -0.8 – 0.8 V vs. Ag/Ag+ in 0.1 M TBAPF6/ acetonitrile. The capacitance 

curve of a-C a900 electrode is asymmetric with a capacitance at pzc of 0.76 mF cm-2 at -0.2 

V vs Ag+/Ag; this value is high compared with literature values of carbon based electrodes, 

which range from 5 to 70 μF cm-2 depending on the carbon structure, i.e., basal, edge sites 

as well as its electronic properties 51-52. This suggests a microroughness factor of ca. 10-20 

for annealed N-free a-C a900 electrodes. Remarkably, while the capacitances at the 

potential of zero charge for a-C:N a900-pl-5 in  are 1.5-2.5 times larger than that of a-C 

a900 electrode. The capacitances at pzc are remarkably close to each other and to the a-C 

a900 value, being in a ratio Ca-C a900 : C a-C:N a900-pl-5 : C a-C:N a900-pl-20 : C a-C:N a900-pl-10 = 1 : 1.5 : 2 

: 2.3. Although N-site concentration of all a-C:N electrodes have no major differences, 
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increases in capacitance values for higher plasma exposure time due to creation of 

microroughness among the electrodes during plasma treatment are observed 53.  

 

Figure 5.13: Nyquist plots of EIS spectra of a-C a900, a-C:N a900-pl-5, a-C:N a900-pl-10 

and a-C:N a900-pl-20 in non-aqueous 0.1 M TBAPF6/acetonitrile at open circuit potential 

(OCP, -0.28-0.1 V vs. Ag/Ag+). 

Minimum capacitance of a-C a900 at  potentials of -0.2 V vs Ag+/Ag characteristic 

asymmetry curve which agrees with previous reports of p-type behaviour in nitrogen-free 

sputtered a-C 54. All the a-C:N plots display capacitance minima at potentials of -0.35 V vs 

Ag+/Ag thus indicating that nitrogen incorporation into a-C a900 results  a decrease in the 

pzc 55 . The minimum capacitance of a-C:N a900-pl-10  is the highest among a-C:N materials, 

while a900-pl-5 and a-C:N a900-pl-20 also display higher minimum capacitance compare 

with a-C a900. All a-C:N materials display asymmetry in the capacitance vs. potential plots 

that suggests a p-type character also for N-modified materials. This is somewhat surprising 

as nitrogenation of carbons is typically thought to result in n-type character. Therefore, it 

suggests that other effects of plasma exposure beyond electronic doping, such as 

amorphization and O-site introduction might dominate the overall capacitive behaviour at 

the interface. 

Further, the equivalent series capacitance at 0.5 Hz as a function of the DC offset over the 

range -0.8 – 0.8 V vs. Ag/Ag+ in 0.1 M TBAPF6/acetonitrile is presented in figure 5.14b. 

Similar trends in capacitances are observed with higher values for a-C:N a900-pl-10 

followed by a-C:N a900-pl-20, a-C:N a900-pl-5, and a-C a900; the asymmetry in the 

capacitance curve observed also indicates p-type semiconducting behaviour at this higher 

frequency 56.  
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Figure 5.14: Equivalent series capacitance of a-C a900, a-C:N a900-pl-5, a-C:N a900-pl-10 

and a-C:N a900-pl-20 as a function of potential in 0.1 MTBAPF6 /acetonitrile calculated at 

(a) 0.1 Hz and (b) 0.5Hz. 

The capacitances at pzc at 0.5 Hz of a-C a900 was found to be ca. 0.55 mF cm-2 at -0.25 V. 

Shifts in the capacitance at the minimum are observed for a-C:N a900-pl-5 (ca. 0.5 mF cm-

2) , 10 (ca. 1.46 mF cm-2)  and 20 (ca. 1.14 mF cm-2). Figure 5.15 displays equivalent series 

capacitance at intermediate frequency of 10 Hz as a function of the DC offset over the range 

-0.8 – 0.8 V vs. Ag/Ag+ in 0.1 M TBAPF6/ acetonitrile. Minimum capacitance of a-C a900 ca.  

0.29 mF cm-2 at -0.35 V. On the other hand, minimum capacitance of a-C:N electrodes falls 

in the range of -0.8-0.35 V. There is a clear evidence of capacitance dispersion at different 

frequencies was observed in a-C:N electrodes which is due to disorder and inhomogeneity 

in electrode surface 57-58. 

Summary of capacitance study in organic solvent of 0.1 M TBAPF6/ acetonitrile indicate that 

nitrogenation of graphitic a-C through RF N2 plasma exposer  introduce different N-sites 

and defect into carbon scaffolds. Results show that nitrogen incorporation significantly 

increases the capacitance in organic media relative to the N-free a-C a900 materials.  
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Figure 5.15: Equivalent series capacitance of a-C a900, a-C:N a900-pl-5, a-C:N a900-pl-10 

and a-C:N a900-pl-20 as a function of potential in 0.1 M TBAPF6/acetonitrile calculated at 

10 Hz. 

5.4.4 ORR Performance of N-doped Carbon Electrodes in Alkaline Medium 

The electrocatalytic activity of RF plasma treated N-doped graphitised a-C carbon materials 

in O2-saturated 0.1 M KOH was evaluated via cyclic voltammetry (CV) experiments using a 

rotating and rotating ring disk electrode (RDE and RRDE) methods at a scan rate of 50 mV 

s-1 and rotation rates of 2500, 1600, 900 and 400 rpm. In order to evaluate background 

current contributions of these electrodes, CVs were also carried out in N2-saturated KOH; 

the background capacitive contributions were subtracted from the CVs in O2-saturated 

KOH. Figure 5.16a displays CVs of the a-C a900 electrode at 1600 rpm in O2-saturated and 

N2-saturated 0.1 M KOH, while the CV corrected by the background capacitive contribution 

is shown in Figure 5.16b. The onset potential (EON) of this electrode, defined at current 

density of 0.1 mA cm-2, was found to be 0.64 V vs RHE (Table 5.2).  
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Figure 5.16: a) CV of an a-C a900 electrode in a solution of 0.1 M KOH obtained at a scan 

rate of 50 mVs-1 and a rotation speed of 1600 rpm. The inset plot shows the onset region 

close to 0.65 V vs RHE. b) background-corrected CV of the a-C a900 electrode. 

ORR polarization curves of nitrogen-free a-C a900 and plasma treated a-C:N materials in 

O2-saturated 0.1 M KOH  at 50 mV s-1  as a function of rotation rate are presented in Figure 

5.17a-d. Figure 5.18a and b display a comparison of the ORR polarization curves of a-C a900 

and a-C:N a900-pl-5-20 in O2-saturated KOH after background subtraction at 1600 rpm, 

with Figure 5.18b showing details of the onset potential region. It is apparent that plasma 

treatment enhances the ORR activity of a-C:N electrodes compared with the nitrogen-free 

precursor material. There is a clear improvement in the onset potential values with 

increasing plasma treatment times (Table 5.2). No significant improvement in the current 

densities in the mass-transport limited region were observed in the case  of a-C:N a900-pl-

5 and a-C:N a900-pl-10 compared with nitrogen free carbon electrodes 5, while a-C:N a900-

pl-20 displays slightly higher current densities compared with other a-C:N materials. 

Interestingly, while the mass-transport limited region of the nitrogen-free sample is nearly 

flat as expected for an ideal RDE response, plasma treatment results in an ill-defined 

plateau region. This behaviour has previously been attributed to heterogeneity/disorder in 

electrocatalyst materials and the presence of a distribution of active sites, in good 

agreement with trends in structural disorder evidenced via Raman spectroscopy. 

Oxygen reduction in alkaline media is a complex process where reduction of O2 can proceed 

to hydroxide through transfer of a total of 4e-, or be limited to the formation of peroxide 

via a 2e- pathway. If the peroxide is retained at the surface to be subsequently reduced by 

an additional 2e- then hydroxide is the final product. However, if the reduction stops at the 

peroxide product formation, this can be detected via RRDE measurements. RRDE studies 

were carried out to quantify the relative amount 2e- and 4e- reduction in alkaline media. 
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Figure 5.19 shows plots of the ring current (IR) and disk current (ID) of a-C a900 and a-C:N 

a900-pl-5-20 electrodes. The onset of all ring currents coincides with the onsets at the disk, 

thus indicating that the ring current results from products of reduction at the disk. The a-C 

a900 electrode displays the highest ring current compared with a-C:N electrodes; while 

among a-C:N materials the lowest IR values are observed for after 5 min plasma treatment.  

 

Figure 5.17: ORR polarization curves of a) a-C a900, b) a-C:N a900-pl-5, c) a-C:N a900-pl-

10 and d) a-C:N a900-pl-20 in 0.1 M KOH at 50 mV s-1 at varying rotation rates of 2500, 

1600, 900, 400 rpm respectively. All CVs were background subtracted. 
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Figure 5.18: (a) ORR polarization curves of a-C a900, a-C:N a900-pl-5-20 in O2 saturated 

KOH after background subtraction at rotation rates of 1600 rpm.(b) the onset region of all 

the electrodes. 

 

Figure 5.19: RRDE Studies of a-C a900, a-C:N a900-pl-5-20 electrodes in O2 saturated  0.1 

M KOH electrolyte. a) Ring current b) Disk current. 
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H2O2  yields were calculated using equation 5.1: 

H2O2% = 100 × 2(
𝐼𝑅
𝑁

𝐼𝐷+
𝐼𝑅
𝑁

 
)                                                              (5.1) 

where N is the collection efficiency which was set at 0.26 is the manufacturer value. Using 

the values of IR and ID in the plateau region of the ring current (0.3 V vs RHE), the peroxide 

yield was found to be 34% for a-C:N a900-pl-5, 43% for a-C:N a900-pl-10, 56% for a-C:N 

a900-pl-20 and 73% for a-C a900 (Table 5.2). Figure 5.20 shows the equivalent number of 

electrons involved in the reduction pathway as a function of potential at 1600 RPM and 

2500 RPM, calculated according to equation 5.2 

n =  
4ID

ID+ 
IR
N

                                                (5.2) 

Where n is the average number of electrons transferred 

 

Figure 5.20: Number of electron reduction of a-C a900, a-C:N a900-pl-5-20 electrodes O2 

saturated  0.1 M KOH electrolyte as a function of voltage are references relative to RHE at 

a) 2500 RPM and b) 1600 RPM. 

The average number of electrons transferred was found to be in the range 2.7-3.3, with the 

highest value observed for the sample plasma treated for 10 min. Values of n between 2 

and 4 indicate that the reduction proceeds via mixed 2e-/4e- pathways which occur 

simultaneously at the electrode surface. Among the a-C:N electrodes, the a-C:N a900-pl-5 

is more selective towards the complete reduction of O2 to hydroxide,  despite the onset 

potential being more positive than that of the a-C:N a900-pl-20 electrode.  

The TOF of ORR catalyst provide a matrix of materials ability to produce active sites per unit 

time. The TOF values obtained for these electrodes are presented in table 5.2. Larger the 

TOF values the better the catalyst for ORR. 
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Table 5.2: Summary of ORR performance on a-C a900, a-C:N a900-pl-5-20 electrodes. All 

voltages are references relative to RHE. 

Samples EON / V @ 
0.1 

mA cm-2 

n @ 0.3 
V 

H2O2 % @ 0.3 
V 

TOF @ 0.3V 

a-C a900 0.64 2.7 73 0.39 

a-C:N a900-pl-5 0.67 3.0 34 0.36 

a-C:N a900-pl-10 0.69 3.1 43 0.95 

a-C:N a900-pl-20 0.72 2.9 56 0.62 

 

5.5. Conclusions 

In summary, we have demonstrated a rapid and controllable approach, based on RF 

nitrogen plasma processing of annealed amorphous carbon solid thin film, to synthesize a-

C:N electrodes. a-C:N materials were characterised using X-ray photoelectron spectroscopy 

(XPS), Raman spectroscopy, cyclic voltammetry (CV),  electrochemical impedance 

spectroscopy (EIS), rotating disk electrode (RDE) and rotating ring disk electrode (RRDE) 

methods. XPS results show that a-C:N electrodes display a range of N-containing species, 

including pyridinic-N, pyrrolic-N, graphitic-N and N oxides. Neither the total N/C content 

nor the distribution of N-sites was observed to vary with plasma exposure time, thus 

suggesting that the chemical composition of the carbon surface reaches steady state within 

ca. 5 min of exposure. The evolution of the Raman spectral profile of these a-C:N electrodes 

however suggests a significant restructuring of the carbon scaffold with progressive 

exposure to the plasma treatment, resulting in increased disorder and amorphisation. 

Capacitance studies in organic media show that plasma treatment significantly increases 

the capacitance relative to the nitrogen-free a-C a900 surfaces. This is likely due to 

structural disorder given the observed changes in the Raman spectra outlined above. The 

RF plasma treatment significantly enhances the capacitive performance of a-C a900, thus 

opening a new route for the development of metal-free cost-effective and high-

performance electrode materials for energy storage applications. ORR studies in alkaline 

media demonstrate that the ORR activity is enhanced by plasma treatment. This is 

observed in both an anodic shift of the onset potential and a reduction of H2O2 yields. 

Interestingly, despite the onset improving progressively with plasma treatment time, the 

best selectivity towards the full 4e- reduction of O2 to hydroxide is observed for samples 

treated for only 5 min. This suggests that the optimised chemistry for enhancing 4e- 
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selectivity is rapidly obtained via the rapid chemical changes under N2 plasma. It appears 

likely that the improvement in onset potential is mainly a result of increased 

microroughness or porosity in the samples that arises from the restructuring and 

amorphization effects of the plasma treatment.  
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Chapter 6 
 

Conclusions and Future Work 

 

 

 

 

  

This chapter presents concluding remarks based on the results 

of the previous three chapters. Future work involves building 

a sample holder for carbon nanoparticles for nitrogen 

incorporation using RF plasma chamber. These synthesized 

materials could be used for energy conversion applications. 
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6.1 Conclusions 

Nitrogen incorporated carbon materials plays an important role on the development of 

energy storage  technologies. The aim of this thesis is to synthesize different  levels of 

nitrogen-incorporated amorphous carbon films and to investigate the effects of nitrogen 

incorporation into carbon matrix as well as the effects on  its electronic and capacitive 

properties. The effects of N doping on the electronic properties of amorphous carbon 

scaffolds were studied through a combination of x-ray photoelectron spectroscopy, 

ultraviolet photoelectron spectroscopy and Raman spectroscopy. Electrochemical 

capacitive properties determination via impedance were carried out  in aqueous and organic 

supporting electrolytes. 

It is shown that low level of nitrogenation significantly increases the capacitance in aqueous 

electrolyte where in organic electrolyte, which are dominated by the double layer 

capacitance, shows reduction of p-type properties of amorphous carbon, resulting in an 

increased metallic character. Greater level of  nitrogen incorporation results in an increase 

in structural disorder and bandgap of the carbon material. Therefore, the effect of nitrogen 

doping is limited  to low levels of nitrogenation as it enhances graphitisation; on the other hand 

higher N/C concentrations promote the creation of defects and localised N-sites. 

Furthermore , electrochemical capacitance responses were investigated on topographically 

smooth nitrogen doped  and nitrogen free graphitized amorphous carbon. The effect of 

selective N-site incorporation results in a significant difference in the organization of the 

carbon matrix. Electrochemical capacitance study in organic electrolyte suggests an 

increase of the capacitance that is due to the re-organisation of the carbon matrix and 

presence of defects in the carbon structure. 

Finally, RF plasma system was used to incorporate nitrogen into graphitised amorphous 

carbon. It was observed that total N/C content and  the distribution of N-sites does not vary 

with plasma exposure time thus suggesting that the chemical composition of the carbon 

surface reaches steady state within ca. 5 min of exposure. Nitrogen incorporation results 

in a significant restructure of the carbon scaffold and increased disorder and 

amorphization. Capacitance study in organic electrolyte suggests that nitrogen 

incorporation through plasma treatment increases the capacitance relative to the nitrogen-

free graphitised amorphous carbon. These materials are also studied as electrocatalysts in 
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the oxygen reduction reaction to investigate the effect of nitrogenation on the ORR 

performance. It is found that the ORR activity in alkaline media has an anodic shift of the 

onset potential and a reduction of H2O2 yields. 

6.2 Future work 

Synthesis of N doped carbon nanoparticle using RF plasma system for energy 

conversion applications. 

Carbon nanomaterials have been widely used as electrode materials for electrochemical 

batteries including lithium ion batteries (LIBs), lithium–sulfur batteries, metal–air (oxygen) 

batteries and sodium ion batteries (SIBs),due to the possibility to produce devices that have 

high energy densities 1. Nitrogen incorporation is effective way of improving physical, 

chemical and electrochemical properties of carbon nanomaterials because of the following 

reasons: firstly, N doping can provide higher electrochemical activity 2. Secondly, N doping 

can increase conductivity of carbon nanomaterials 3. There are several strategies for N-

doped carbon nanomaterials in the literature divided into two main categories: in 

situ doping and post-treatment. For in situ doping strategies, the precursors with nitrogen and 

carbon atoms are used 4 and for the post-treatment strategy carbon nanomaterials are modified 

using in the presence of different nitrogen sources 5. In this work the approach is to use RF 

plasma system in order to synthesize N doped carbon nano particles. A detail overview of RF 

Plasma system is given in chapter II and  V. A schematic diagram of plasma chamber is presented 

in figure 2.3 (chapter II). We have successfully synthesised N doped amorphous carbon films 

which is discussed in chapter V along with the characterization of these materials. Plasma 

treatment on carbon particles under N2 gas flow through the plasma chamber is a great 

challenge. A thin film or pellet can be made from these carbon powders and nitrogen can be 

incorporated on it by using this plasma chamber. Another approach is proposed here where a 

sample holder can be designed in order to have an inlet and an outlet. Inlet and outlet should 

cover with gas filter which can only permit  gas to go in or go out, but the materials cannot.  A 

schematic diagram of sample holder for carbon nanoparticles is shown in figure 6.1. This sample 

holder will be suitable for powders, especially for carbon nanoparticles. Carbon nanoparticles 

can be synthesized by using Ultrasonic spray pyrolysis 6 and further modifications as proposed 

in the protocol of chapter V. Nitrogen incorporated carbon nanoparticles could be characterized 

using different spectroscopic techniques including XPS, Raman, SEM, AFM and finally 
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performance of these materials will be analysed by using electrochemical characterization 

techniques such as CV, EIS,RDE and RRDE. Physico-chemical proposed characterisations will 

allow to identify the best synthesis strategies for carbon-based materials to be employed in 

batteries in order to produce devices with high energy densities. 

 

Figure 6.1: A schematic diagram of sample holder for plasma chamber where inlet and 
outlet are sealed with filter which allow only gas to in and out from this holder. The 
sample holder is made of glass materials. 
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Tatiana S. Perovacd and Paula E. Colavita *a

Nitrogen incorporated carbon materials play an important role in electrochemical energy conversion

technologies from fuel cells to capacitive storage devices. This work investigates the effects of nitrogen

incorporation on capacitance, work function and semiconductor properties of amorphous carbon thin

film electrodes. Nitrogenated electrodes (a-C:N) electrodes were synthesized via magnetron sputtering

and characterized using X-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy

(UPS), Raman spectroscopy, cyclic voltammetry (CV), and electrochemical impedance spectroscopy

(EIS). EIS was carried in both aqueous (0.1 M KCl) and organic (0.1 M TBAPF6/acetonitrile) electrolytes to

discriminate between pseudocapacitive contributions and changes to semiconductor properties of the

materials arising from structural and chemical disruption of the graphitic carbon scaffold. Raman and

UPS spectroscopy both suggest that nitrogen incorporation increases the metallic character of the

disordered carbon matrix at low-intermediate concentrations, whereas further nitrogen incorporation

results in significantly more defective carbon with small graphitic cluster size. EIS studies in 0.1 M KCl

indicate that the capacitance of a-C:N electrodes increases relative to nitrogen-free a-C electrodes due

to a combination of microroughness and pseudocapacitive contributions in parallel to those of the

double layer capacitance. Results in 0.1 M TBAPF6 in acetonitrile which are dominated by the interfacial

capacitance, show that initial nitrogen incorporation into the disordered carbon scaffold compensates

for p-type properties in the disordered carbon matrix, resulting in an increase in metallic character.

Greater levels of nitrogenation, are instead disruptive and increase defect density while decreasing the

double layer capacitance.
1. Introduction

Carbon materials and nanomaterials play an important role in
electrochemical energy conversion technologies and are envi-
sioned to remain important for our ability to transition to
a more sustainable energy economy. Carbon is ubiquitous as an
electrode material and its electronic, surface chemistry and
capacitive properties are critical for the design of electrodes in
a variety of applications, from fuel cells to capacitive storage
devices. Highly graphitic forms of carbon such as carbon blacks
and graphite powders are typically used for energy applications
search Centres, Trinity College Dublin,

sics, 3Nano-SAE Research Centre, 405

t, Romania

ineering, Trinity College Dublin, Dublin 2,

Petersburg, 197101, Russia

tion (ESI) available. See DOI:

hemistry 2019
due a combination of low cost, good conductivity and reason-
able resistance to corrosion. Furthermore, successful develop-
ment of porous carbon structures has enabled applications in
e.g. fuel cell electrocatalysis and supercapacitors due to their
high specic surface areas and high density of reactive edge
sites.

Some of the best performing carbon materials for electro-
chemical capacitive storage consist of carbon with low or no
long-range order.1 Nanostructured carbons such as activated
carbon, alone or in combination with carbon blacks can display
excellent capacitive properties,2 that can be comparable to those
of more costly “ordered” materials such as graphene or nano-
tubes.1 A high proportion of amorphous regions in these carbon
materials enables the development of a pore structure and the
presence of high-energy sites resulting from bond distortions
and crystallite boundaries. However, the presence of disorder
can also result in an undesirable reduction in conductivity and
there is consequently great interest in understanding how best
to tailor the interplay between interfacial capacitance, surface
functionalities and bulk electronic properties in amorphous
carbon materials.1,3
RSC Adv., 2019, 9, 4063–4071 | 4063
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In this work we focus on a study of the effect of nitrogen
incorporation on the capacitive properties of amorphous
carbon (a-C) thin-lm electrodes. Incorporation of nitrogen
functional sites has emerged as one of the important tools
available to modulate both electronic and interfacial chemistry
of carbon electrodes. Nitrogenation has complex and multi-
faceted effects on the physico-chemical properties of carbons,
resulting in changes in metallic/semiconducting character,4

surface free energy and wettability,5,6 type of reactive sites and
Lewis acid/base behaviour.7,8 The effect of nitrogenation on the
electrochemical double-layer and redox-capacitance of carbons
and nanocarbons has therefore received considerable attention
with the objective of designing improved energy storage
devices.9,10 For instance, the effects of nitrogenation on the
capacitance of carbon nanomaterials with long-range order
such as carbon nanotubes11,12 and graphite13 have been studied
by various groups.

Recent work from our group studied the effects that
heteroatom incorporation has on the kinetics of interfacial
charge-transfer at nitrogenated amorphous carbon (a-C:N)
electrodes; our work examined to what extent the electro-
chemical redox response is correlated to the bulk electronic
properties or is instead dominated by surface effects.14 Herein,
we study the effect of N-site incorporation on the organisation
of the carbon scaffold and how this determines the capacitive
properties of a-C:N electrodes as a result of both surface
chemical and electronic effects. a-C:N lm electrodes were
synthesized with varying nitrogen content via DC magnetron
sputtering and the materials were characterized using X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), Raman spectroscopy, cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS). EIS in
both aqueous and organic media enabled the discrimination of
electronic and pseudocapacitive contributions to the overall
response. Our results show that n-doping can be achieved even
with modest additions of N2 during carbon deposition; greater
concentrations in the deposition gas contribute mostly to the
formation of functional groups and the disruption of the carbon
scaffold with consequent loss of metallic character.

2. Materials and methods

Tetrabutylammonium hexauorophosphate (TBAPF6) ($99.0%,
electrochemical analysis), acetonitrile (MeCN, 99.8%, anhy-
drous), potassium chloride (Bioxtra, >99.0%), sulfuric acid (95–
97%), hydrogen peroxide (>30% w/v), lithium chloride (>99%)
were purchased from Sigma Aldrich. Glassy carbon (GC) discs
(HTW Sigradur® radius 2.5 mm) and B-doped Si wafers
(MicroChemicals; resistivity 5–10 U cm) were used as substrates
for carbon deposition.

GC disks were polished rst with 1200 grit sandpaper, then
with 1 mm and 0.3 mm alumina slurries (Buehler) on nylon
paper; disks were subsequently polished to amirror nish using
0.3 and 0.05 mm slurries on MicroCloths® pads (Buehler). Clean
disks were mounted in a custom-made Teon® holder and
placed in the vacuum chamber for deposition of thin lm
carbon electrodes on their surfaces. Si wafers were cleaned with
4064 | RSC Adv., 2019, 9, 4063–4071
piranha solution (3 : 1H2SO4 : H2O2; CAUTION piranha solu-
tions are explosive in contact with organics), rinsed with plenty
of Millipore water and dried with Ar prior to deposition.
Amorphous carbon lms were obtained via DC-magnetron
sputtering (Torr International) from a graphite target
(99.999%) at base pressures <2 � 10�6 mbar, deposition pres-
sures 2–7 � 10�3 mbar and total gas ow of 50 mL min�1,
following previously reported protocols.14,15 Briey, nitro-
genated amorphous carbon lms (a-C:N) were obtained by
using N2/Ar gas at ow ratios of 2%, 5% and 10% while keeping
deposition time constant at 40 min, whereas non-nitrogenated
amorphous carbon (a-C) was obtained by carrying out the
deposition using 100% Ar during deposition. Electrodes thus
deposited are topographically smooth; the mean thickness was
determined via spectroscopic ellipsometry, following methods
detailed in our previous work,14,16,17 to be 74, 83, 114 and 123 nm
for a-C, a-C:N-2%, 5% and 10%, respectively (see ESI†).

XPS and UPS measurements of a-C and a-C:N lms were
performed in an Omicron system at 1 � 10�10 mbar base
pressure, using monochromatic Al Ka source (1486.6 eV) and
equipped a multichannel array detector. XPS spectra were
collected at 45� take-off angle and 0.5 eV resolution. Peaks were
tted with Voigt functions aer Shirley background subtraction
using commercial soware (CasaXPS); at% composition was
obtained from peak area ratios aer correction by Scoeld
relative sensitivity factors (C ¼ 1.0, N ¼ 1.8, O ¼ 2.93). UPS
spectra were collected using He(I) excitation source (21.22 eV) at
90� take-off, with 0.02 eV analyser resolution. Negative bias were
applied to the sample (0–12 V) to measure the high binding
energy edge of the photoelectron spectrum; spectra were then
corrected to account for bias and referenced to the Fermi energy
measured on a Ag surface in contact with the carbon.18 Work
function (f) values were calculated using the intercept at the
binding energy axis of linear ts of the cut-off edge, as f¼ 21.22
– intercept. Raman spectra were measured in backscattering
conguration using a Renishaw 1000 micro-Raman system
equipped with an Ar+ laser for 488 nm excitation and a HeNe
laser for 633 nm excitation. The incident beam was focused by
a Leica microscope with a 50� magnication objective and
short-focus working distance; incident power was kept <2 mW
to avoid sample damage. Spectra were baseline corrected using
commercial soware prior to analysis (Wire 3.2).

Electrochemical measurements were carried using a three-
electrode cell controlled by a potentiostat with a graphite rod
as counter electrode and Ag/AgCl (sat.) and Ag/Ag+ reference
electrodes (IJCambria) for characterisation in aqueous and
organic electrolyte, respectively. The Ag/Ag+ reference 1.0 mM
AgNO3 in 0.1 M TBAPF6 in acetonitrile yielded E00 ¼ 0.080 V for
0.001 M Fc/Fc+ in the same electrolyte, thus placing the Ag/Ag+

potential at 0.320 V vs. SHE.19 A Teon static disk holder (Pine
Instruments) enclosing a GC disk coated with the sputtered
carbon lm was used as a working electrode; all contacts were
conrmed to be ohmic with <8 U resistance. Cyclic voltammetry
was carried out in aqueous 0.1 M KCl solutions and in 0.1 M
TBAPF6 solutions in MeCN, at 25 �C, 50 mV s�1 and using iR
compensation. EIS was carried out over the range 0.1–100 kHz
using a 10 mV AC amplitude. Spectra were collected at either
This journal is © The Royal Society of Chemistry 2019
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open circuit potential (OCP) or at varying DC offsets in 0.2 V
steps as indicated in the text; 300 s equilibration time was
allowed between each potential step. The specic capacitance
was obtained via normalisation by the geometric area of the
electrodes; this was determined in aqueous solution via a Ran-
dles–Sevcik plot,14,20 and in 0.1 M TBAPF6/MeCN via capacitance
measurements on a reference GC disk of known area to account
for any capillary wetting within the Teon shielding in MeCN.21
Fig. 1 (a) Raman spectra of amorphous carbon electrodes prepared
with varying N2% content in the deposition gas mixture: 0% (a-C), 2%
(a-C:N-2%), 5% (a-C:N-5%) and 10% (a-C:N-10%); excitation 488 nm.
Spectra are normalised relative to the G band intensity. (b) Variation of
D to G peak height ratio (ID/IG), (c) G peak full width at half-maximum
(FWHM) and (d) G peak dispersion vs. N2% content in the deposition
gas (bottom axis) or vs. surface N/C% content (top axis).
3. Results and discussion

Nitrogenated carbon electrodes were prepared in the form of
thin lms via magnetron sputtering and characterised as
described in previous work from our group.14 Briey, intro-
duction of N2 in the gas deposition at varying % ow ratios of
2%, 5% and 10% results in materials referred to as a-C:N-2%, a-
C:N-5% and a-C:N-10%, respectively. Table 1 summarises XPS
and Tauc gap results from previous work: the nitrogen content
in the carbon scaffold increases with increasing N2 ow% and
the increase is accompanied by an increase in semiconducting
character, as indicated by Tauc gap values. All a-C:N surfaces
have been shown to possess a mixture of pyridinic-N, pyrrolic-N
and graphitic-N, and they were found to be smooth and
conformal to the substrate surface.14

Raman spectroscopy was used to characterise the structural
properties of the amorphous carbon phase.22–24 Fig. 1a shows
baseline-corrected Raman spectra in the 900–1900 cm�1 range
of a-C and a-C:N electrodes deposited on silicon wafers, ob-
tained using 488 nm excitation. Spectra display two broad peaks
characteristic of amorphous carbonmaterials, assigned to the G
and D bands at approximately 1580 cm�1 and 1380 cm�1,
respectively. The G band is associated with an optically allowed
E2g mode of sp2 centres, while the D band is associated with
a disorder-allowed A1g mode of six-membered carbon rings in
graphite.24–27 Although it is not possible to exclude contribu-
tions from C–N and N–N modes in the same spectral region,
Raman spectra of a-C:N materials is typically interpreted
without an attempt to discriminate contributions from hetero-
cyclic structures to these two main vibrational modes in the
carbon matrix.26

The spectral prole changes signicantly aer the intro-
duction of N2 in the deposition gas, as the D band increases in
intensity relative to the G peak, suggesting a signicant
restructuring of the carbon matrix due to nitrogen incorpora-
tion. Spectra were deconvoluted using two Gaussian peaks28–30
Table 1 Summary of properties of sputtered a-C:N electrodes used in
our studies

Sample N2% Na at% N/Ca at% Tauc gapa Fb (eV)

a-C 0% n/a n/a 0.66 � 0.01 4.69 � 0.03
a-C:N-2% 2% 8.3 15 0.25 � 0.07 4.94 � 0.02
a-C:N-5% 5% 15.6 28 0.19 � 0.09 4.82 � 0.01
a-C:N-10% 10% 19.5 35 0.7 � 0.1 4.84 � 0.02

a Values of N at% and Tauc gap determined via XPS and ellipsometry,
respectively, from 14 and 16. b Obtained from UPS in this work.

This journal is © The Royal Society of Chemistry 2019
and themain peak parameters were used to generate the data in
Fig. 1b–d. Peak heights from best ts were used to calculate the
ID/IG ratio of each spectrum, which is diagnostic for amorphous
carbon materials.22,25,26,31,32 Fig. 1b shows the change in ID/IG vs.
N2%-content in the deposition and its corresponding N/C
concentration at the surface. Upon introduction of 2% N2 the
relative height of the D band increases when compared with the
nitrogen-free a-C material, which indicates an increase in the
concentration of six-membered rings within the amorphous
carbon scaffold.26 The ID/IG ratio is known to increase as the
average graphitic cluster size La increases in amorphous
carbons, as discussed by Ferrari and Robertson;25 therefore, the
increase of ID/IG for a-C:N-2% relative to a-C conrms the
important effect of nitrogenation on the clustering of sp2

centres. However, higher concentrations of N2 (>25% N/C at%)
result in a decrease of the ID/IG value, suggesting that at high
concentrations, the dominant effect of these heteroatoms is
that of disrupting the graphitic network in a-C:N, leading to
greater defect density. This is supported by an analysis of the
full width half maximum (FWHM) of the G band shown on
Fig. 1c; this FWHM is diagnostic of the distribution of bond
angles at excited sp2 centres and therefore tracks the local
carbon disorder.26 It is evident from the gure that a slight
increase in FWHM is observed for a-C:N-2% and�5% relative to
a-C, whereas a-C:N-10% shows a major increase in FWHM that
indicates a broad distribution of bonding geometries for sp2

centres.
RSC Adv., 2019, 9, 4063–4071 | 4065
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Fig. 2 UPS of a-C and a-C:N electrodes. (a) High binding energy
cutoff obtained at 10 V bias, showing the change in work function due
to nitrogen incorporation. (b) Low binding energy region of N-free a-C
and a-C:N materials showing photoemission near EF; spectra are
shown normalised by the total photoemission intensity.
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The trends observed are in good agreement with those re-
ported by Ferrari and co-workers for amorphous carbon lms
with increasing nitrogen content deposited using a variety of
methods. Raman results for nitrogenated a-C:N lms are
generally more complex to interpret than for nitrogen-free a-C,
due to the non-uniqueness of sp3-centre content and sp2

structuring that results from nitrogen incorporation.26

However, the dispersion of the G peak position is unequivocally
associated with disordering as a result of nitrogenation; for this
purpose, Raman spectra obtained at 633 nm excitation were
also analysed to obtain the values of G-peak dispersion sum-
marised in Fig. 1d. G peak dispersion falls sharply upon
incorporation of nitrogen indicating an ordering effect result-
ing from nitrogenation.25 However, further nitrogen incorpo-
ration in a-C:N-10% does not result in greater ordering and
a slight increase in dispersion is registered, in agreement with
trends in Fig. 1b and c. In summary, analysis of Raman spectra
indicates that a-C:N-2% and a-C:N-5% possess a more graphitic
structure than nitrogen-free a-C; this is in agreement with
previous determinations of Tauc gaps, which indicate an
increase in metallic character for these two materials vs. a-C.
Further incorporation of nitrogen to form a-C:N-10% however
results in carbon materials that are signicantly more defective,
and that likely possess smaller graphitic cluster sizes. This
conrms that using the range 0–10% N2 concentration in our
deposition system it is possible to explore both the ordering and
the defect-inducing effects of nitrogen incorporation on the
electrochemical performance of non-crystalline carbon
electrodes.

UPS was used to investigate the valence electronic properties
of a-C:N electrodes. Fig. 2a and b show the UPS spectra in the
high-binding and low-binding energy regions, respectively. The
high binding energy edge was used to calculate work function
values (f), which are summarised in Table 1. The work function
of a-C at 4.69 eV is in good agreement with previous reports on
4066 | RSC Adv., 2019, 9, 4063–4071
magnetron sputtered carbon18,33 and close to values quoted for
graphitic nitrogen-free materials such as graphite (4.4 eV)34,35

and glassy carbon (4.6 eV).35 Incorporation of nitrogen results in
an increase of work function values which fall in the range 4.82–
4.94 eV; these values are above those of a-C but below those
reported for O-terminated sputtered carbons (5.1 eV).36 The
observed increase of f upon N-modication is in agreement
with experimental results by Wiggins-Camacho and Stevenson12

obtained from nitrogenated and N-free carbon nanotubes.
Nitrogen incorporation can result in both an increase12,37 or
a decrease38,39 in the work function of carbons arising from
changes to semiconducting properties (e.g. n-type doping) and
from the creation of surface functional groups. The observed
increase suggests the presence of C–N terminations that add
a positive contribution from surface dipoles to the work func-
tion,18,37 as observed for O-containing groups36,38,40 and as
argued in the case of N-modied carbon nanotubes.12 No clear
trend could be identied over the 2–10% deposition range,
however it is possible that reorganisation of the carbon scaffold,
e.g. due to defect creation12 or to clustering of sp2 centres,26

might further contribute to the net change in f, thus resulting
in a non-linear trend vs. N-content.

Fig. 2b shows details of the photoemission intensity of a-C:N
samples and that of N-free a-C near EF. The intensity changes
suggest that incorporation of nitrogen results in a slight
increase in occupied states near the EF for a-C:N-2% (N/C ¼ 15
at%) and to a larger extent for a-C:N-5% (N/C ¼ 28 at%); further
incorporation in a-C:N-10% (N/C ¼ 35 at%) appears to result in
a decrease in occupied states. These observations are consistent
with metallic/semiconducting character inferred from Tauc gap
values (Table 1). Interestingly, the photoemission near EF is
maximised for a-C:N-5% which is also the sample that appears
to be richest in graphitic clusters based on Raman results.

Electrochemical characterisation via CV and EIS was carried
out using a three-electrode system. Typical CVs of a-C and a-C:N
electrodes over the�0.3–0.7 V potential window at 50 mV s�1 in
0.1 M KCl are shown in Fig. 3; the response of a polished GC
substrate disk is included for comparison. The curves show the
characteristic shape of a capacitive response, with all capacitive
currents being larger than that of the GC substrate disk.
Incorporation of nitrogen into the carbon scaffold leads to
increased capacitance with progressively higher currents over a-
C:N-2%-10%.

A study of the electrochemical response was carried out
using EIS over the 0.1–105 Hz range in the same solution. Fig. 4a
and b show Bode plots of absolute impedance (|Z|) and phase
angle obtained at OCP (0–0.05 V vs. Ag/AgCl), respectively, for
nitrogen-free a-C electrodes and for GC as a reference graphitic
electrode material. Results for the GC substrate are in good
agreement with those reported for planar GC electrodes under
similar conditions.41 The GC sample yields a response charac-
teristic of an equivalent series RC circuit, thus consistent with
a double layer capacitance (Cdl) contribution with close to ideal
behaviour. At 0.1 Hz the phase angle is approximately �83�,
slightly below the ideal capacitor value of �90�, while at high
frequency the response is resistive (phase z 0�) with |Z|
determined by the solution resistance (Rs). a-C electrodes
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Equivalent series capacitance at OCP in 0.1 M KCl.

Fig. 3 Cyclic voltammograms of GC, a-C, a-C:N-2%-10% in Ar-
saturated 0.1 M KCl at 50 mV s�1.
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display a lower impedance at low frequency compared to that of
GC and a phase angle of �77�, indicating a mainly capacitive
response; however the appearance of an additional time
constant evident from the phase plot at high frequency (�600
Hz) suggests the presence of at least two distinct capacitive
contributions. Fig. 4c and d show Bode plots obtained for a-C:N-
2%-10% electrodes. The curves indicate that nitrogenation
results in a further reduction in |Z| and greater deviations from
ideal capacitive behaviour, while at high frequency the plots
show evidence of additional capacitive contributions to the
overall response.

The effective or equivalent series capacitive contribution to
EIS spectra was calculated as a function of frequency f from the
imaginary part of the complex impedance Zim according to:
Fig. 4 Bode plots of impedance module |Z| and phase angle of (a and b)
C:N-2%, a-C:N-5% and a-C:N-10%. EIS spectra obtained in 0.1 M KCl at

This journal is © The Royal Society of Chemistry 2019
C ¼ �(2pfZim)
�1 (1)

Fig. 5 shows a plot of the specic capacitance extracted over
the 0.1–500 Hz range at OCP. The capacitance for the GC elec-
trode was found to be 16 mF cm�2 at 1 Hz, in good agreement
with reference values of Cdl in aqueous KCl,20 while the capac-
itance for nitrogen-free a-C is 4.4 times larger at ca. 70 mF cm�2.
A very signicant increase in capacitance is observed for a-C:N
materials which yielded values in the mF cm�2 range. In the
case of a-C:N samples there is also clear evidence of frequency
dispersion, which is related to disorder and inhomogeneity in
electrode surfaces,42,43 and this is seen to be particularly
pronounced for a-C:N-10%.

The capacitance of a-C:N materials as a function of potential
was further investigated using EIS at varying DC offsets (see
nitrogen-free GC and a-C electrodes and (c and d) of nitrogenated a-
open circuit potential (OCP, 0.01–0.05 V vs. Ag/AgCl).

RSC Adv., 2019, 9, 4063–4071 | 4067
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Fig. 6 Equivalent series capacitance as a function of potential in 0.1 M
KCl calculated at 1 Hz.

Fig. 7 Equivalent series capacitance as a function of potential in 0.1 M
TBAPF6 calculated at 1 Hz.
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ESI†). Fig. 6 shows the change in the series equivalent capaci-
tance at 1 Hz as a function of the DC offset over the range �0.4–
0.8 V vs. Ag/AgCl in 0.1 M KCl. The nitrogen-free a-C electrode
shows a shallow minimum in the capacitance that suggests
a potential of zero charge (pzc) of 45 mF cm�2 at ca. 0.2 V.
Nitrogenation leads to a considerable increase in the area-
normalised capacitance. There is no detectable shi in the
potential at the minimum capacitance for a-C:N-2% (ca. 0.5 mF
cm�2) and 5% (ca. 0.7 mF cm�2), however, a signicant positive
shi is observed for a-C:N-10%, whose minimum (ca. 0.3 mF
cm�2) falls in the range 0.4–0.6 V.

The capacitance values of nitrogenated a-C:N electrodes in
Fig. 6 are large compared to those typical of planar carbon
electrodes (1–70 mF cm�2 (ref. 20, 44 and 45)). This indicates
that a-C:N materials possess intra-lm capacitance due to
porosity and/or pseudo-capacitive contributions. The presence
of both such contributions is reasonable as a result of nitrogen
incorporation. Previous work had shown that these a-C:N lms
are topographically smooth and featureless, however they might
still allow for the presence of small cavities or “ssures”
accessible to the electrolyte.46 As the capacitive response at low
frequency results from probing by the AC signal deep into any
pores present in the material,47–49 the large values observed
could arise from intra-lm porosity in all three a-C:N electrodes.
This appears possible when considering the structurally
disruptive effect of nitrogenation at high concentrations on the
graphitic matrix.14,26 Beyond the development of a pore struc-
ture, nitrogenation can also introduce local surface states due to
structural disorder in the carbon scaffold which are known to
result in increased capacitance at low frequency.46 Finally, the
presence of N-containing functional groups at the a-C:N surface
in a protic solvent can promote specic adsorption50 and redox
reactions at these sites (e.g. amine/hydroxylamine, amine/imine
or pyridine/pyridone),51–53 thus introducing a pseudo-capacitive
contribution in parallel to that of the double layer capacitance.
4068 | RSC Adv., 2019, 9, 4063–4071
With the aim of investigating the effects of nitrogenation on
the capacitive properties, while minimising complications
arising from pseudo-capacitive effects, we carried out EIS
studies in organic aprotic solvent using a 1 : 1 electrolyte with
large ionic radii.12,54,55 Fig. 7 shows the series equivalent
capacitance at 1 Hz as a function of potential over the range
�0.6–0.8 V vs. Ag+/Ag in 0.1 M TBAPF6 in acetonitrile for a-C and
a-C:N electrodes. Cyclic voltammograms and representative EIS
data over potentials close to the capacitance minima are re-
ported in the ESI.† The capacitance curve of the a-C electrode is
asymmetric with a capacitance at pzc of 73 mF cm�2 at 0 V vs.
Ag+/Ag. This value is 3.5 times larger than that of a GC electrode
disk measured under identical conditions (data not shown).
The CaC/CGC ratio is very close to that observed in aqueous
electrolyte, therefore indicating that the larger capacitance of a-
C electrodes relative to GC is mostly due to microroughness
effects. Remarkably, while the capacitance at the potential of
zero charge for the a-C:N samples in KCl are 5–10 times larger
than that of a-C, the difference is instead small when the
materials are tested in TBAPF6 solutions. The capacitances at
pzc are remarkably close to each other and to the a-C value,
being in a ratio CaCN10 : CaC : CaCN5 : CaCN2 ¼ 1 : 1.1 : 1.4 : 1.4.
This strongly suggests that the large differences observed
between a-C:N and a-C in KCl arise from pseudo-capacitive
effects brought about by the presence of surface N-sites.
Although it is not possible to exclude that intra-lm porosity
also contributes to the values in Fig. 5, protonation and faradaic
activity of N-sites can be identied as the dominant contribu-
tion to the capacitive response of a-C:N electrodes in aqueous
KCl.

The capacitance in TBAPF6/acetonitrile on the other hand is
dominated by the double layer (Cdl); furthermore, use of a high
electrolyte concentration also ensures that the series contribu-
tion to the double layer capacitance arising from the diffuse
This journal is © The Royal Society of Chemistry 2019
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Table 2 Capacitance at potential of zero charge (Cpzc) and
comparison with resistance to charge transfer (Rct) reported14 for
Ru(NH3)6

+2/+3

Sample Cpzc (mF cm�2) Rct (U)
14

a-C 73 256
a-C:N-2% 97 46
a-C:N-5% 94 21
a-C:N-10% 67 197
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layer (Cdiff) can be neglected. Under such conditions the
observed capacitance is modulated by the electronic properties
of a-C/a-C:N materials and by any differences in microrough-
ness among the electrodes, thus enabling an analysis of the
effects of nitrogen incorporation beyond those of surface
chemical reactivity. The asymmetry in the a-C curve is consis-
tent with an accumulation region at potentials anodic to 0 V vs.
Ag+/Ag, which agrees with previous reports of p-type behaviour
in nitrogen-free sputtered a-C.18,56 All of the plots for a-C:N
materials display relatively symmetric minima at 0.2 V vs. Ag+/
Ag, thus indicating that nitrogen incorporation into a-C results
in an increase in the pzc.57 The shi in pzc relative to a-C is in
good agreement with UPS data, which show that nitrogenation
of a-C results in work function increases of 0.1–0.2 eV (Table 1).
The minimum capacitance of a-C:N-10% is the lowest among a-
C:N materials, while a-C:N-2% and a-C:N-5% display the largest
ones; assuming that the microroughness factor remains
constant across all sputtered electrodes, this nding is consis-
tent with a-C:N-10% having the largest Tauc gap (Table 1) and
greatest semiconducting character. The largest carrier density is
achieved instead at low N/C contents.

The effects of nitrogen incorporation on the interfacial
capacitance have been previously studied using carbon nano-
materials with long range order, such as graphene and nano-
tubes. Capacitance determinations in TBAPF6/acetonitrile of N-
doped graphene with low N-content (<3 at%) show signicant
increases in capacitance as a result of doping. For instance,
Jeong et al.50 observed a ca. 4-fold enhancement aer N-doping
via plasma treatment, while Zhang et al.58 reported a ca. 2-fold
increase in the specic capacitance aer N-doping during gra-
phene growth. Interestingly, Zhu et al.59 investigated the effects
of combined graphene N-doping (ca. 2%) and controlled defect
introduction via Ar+ bombarding, achieving very signicant
increases in capacitance. In the case of carbon nanotubes,
Wiggins-Camacho and Stevenson12 also reported a progressive
enhancement of the Cpzc in TBAPF6/acetonitrile up to a factor of
ca.3 for N-content <8 at%. In the case of our a-C:N materials the
enhancement observed is comparatively modest (<40%), while
for a-C:N-10% it is possible to actually observe a reduction in
interfacial capacitance. This might be explained by the N-
content being higher in our materials (15–35%) than in
graphene/nanotube studies and by the concomitant presence of
amorphous/non-crystalline regions. A higher N-content than 3–
7% is frequently obtained for non-crystalline materials, and the
data suggests that capacitive enhancements resulting from N-
doping might be smaller once the N-content rises and/or the
disorder increases. For instance, Zeng et al.60,61 observed
marginal changes in the capacitance minimum of a-C:N elec-
trodes deposited via ltered cathodic vacuum arc when N/C%
increased from 8 to 17%, albeit in aqueous solutions. In
TBAPF6/acetonitrile, Hulicova-Jurcakova et al.62 characterised
the effect of N-content increases in porous nanocarbons and
observed no increase in capacitance for N-content >10%.
Literature results with non-crystalline materials support our
observations; our previous work using redox couples and high
N-content sputtered a-C:N electrodes14 showed that progressive
inclusion of N-sites results in increased localisation of graphitic
This journal is © The Royal Society of Chemistry 2019
clusters within. It would therefore appear that capacitive
enhancements can only be expected to result from N-doping
when the nitrogenation process preserves a sufficient concen-
tration of extended graphitic clusters in the carbon scaffold.

In the absence of an experimental determination of the
microroughness factor for each electrode, it is not possible to
obtain estimates of the density of states from values of Cpzc, as
previously done by other groups in the case of nanocarbon
electrodes.12,54 However, it is interesting to note that Cpzc values
are strongly correlated to the resistance to charge transfer (Rct)
obtained in our previous work14 with the same electrode mate-
rials using Ru(NH3)6

+2/+3, an outer-sphere redox couple, as
shown in Table 2. The highest Rct values correspond to the
lowest Cpzc values; a similar trend is observed when the effective
capacitance values are considered at �0.20 V, close to the
formal potential of Ru(NH3)6

+2/+3 (0.10 V vs. SHE,19 or �0.22 vs.
Ag/Ag+). As the Rct had been found to be inversely correlated to
the density of states near the Fermi energy in these materials,
this observation supports that the trends observed in Fig. 7 are
controlled by the space-charge properties of a-C/a-C:N elec-
trodes (albeit for small differences in microroughness). On the
basis of the asymmetry observed in the curves, it is therefore
possible to conclude that N-free a-C materials start as p-doped
in character; a small amount of nitrogen incorporation as in
a-C:N-2% has a drastic effect in reducing the p-character, as
expected from the role of group V atoms as n-type donors. This
is evident from the greater symmetry in the C vs. E curve and the
increase in its Cpzc value, which are also consistent with the
graphitizing effect of nitrogen incorporation observed from
Raman. Further nitrogen incorporation, beyond �15 at%
results in no apparent further increases in n-type character in
thematerials. This is likely due to rapid saturation of sites in the
carbon matrix suitable for N-doping (graphitic-N); further
increase in N/C at% involve the creation of functional groups
that instead contribute to pseudocapacitance in aqueous
solutions.
4. Conclusion

In this work we have used sputtered thin lms of amorphous
carbon to investigate the effects of gradual nitrogen incorpo-
ration into the graphitic scaffold and its effects on the electronic
and capacitive properties. The materials investigated varied in
their total N/C content but all displayed a mixture of N-sites
including pyridinic-N, pyrrolic-N, graphitic-N and N-oxides,
and a combination of methods that are sensitive to both bulk
RSC Adv., 2019, 9, 4063–4071 | 4069
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and surface properties, was used for this purpose. Importantly,
a comparison of capacitive storage of the same materials in
aqueous and organic supporting electrolytes was carried out.
Our results show that nitrogen incorporation signicantly
increases the capacitive storage in aqueous media relative to the
N-free parent material. However, most of this increase can be
attributed to pseudocapacitive contributions from redox-active
N-sites. Measurements in organic electrolyte, which are domi-
nated by the double layer capacitance, show that initial nitrogen
incorporation into the disordered carbon scaffold compensates
for p-type properties in the disordered carbon matrix, resulting
in an increase in metallic character. Greater levels of nitro-
genation, however, are disruptive and progressively increase the
disorder and bandgap of the carbon material. It therefore
appears that the effect of nitrogen as an n-type dopant is limited
to low levels of nitrogenation that preserve graphitization in the
carbon matrix, while higher N/C concentrations largely involve
creation of defects and localised N-sites. This interpretation is
consistent with bandgap results, work function and valence
photoemission results. This combined experimental approach
offers an effective strategy to discriminate between the local
chemical effects of N-sites and those that impart a long-range
effect on the metallic character of nitrogenated disordered
carbon materials.
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