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Summary 

Carbon materials are ubiquitous in the field of electrochemistry. In fuel cells and 

electrolyzers; batteries, supercapacitors and biosensors, carbon materials are applied as 

metal-free electrocatalysts, catalyst support materials, and biocompatible probe materials. 

The prominence of carbon in these diverse applications may be attributed to its abundance, 

low cost, and versatility.  

Carbon may be naturally found or synthesised as a variety of allotropes and 

nanoallotropes, all of which may be further modified by chemical treatments to introduce 

dopants or alter the carbon scaffold organisation. The electrochemical performance is 

generally also a complex function of the interfacial properties, such as surface termination, 

topography, wettability and specific surface area. The sheer number of variables which must 

be considered in the design and preparation of new carbon electrocatalyst materials is a major 

challenge for researchers. 

The purpose of this thesis is to present a strategy for fundamental structure-activity studies 

of carbon electrode materials in a variety of electrochemical applications. The approach is 

based on the preparation of carbon model systems based on amorphous carbon film 

electrodes. Carbon model systems are carbon materials which possess properties amenable 

to fundamental studies with minimal interference from confounding variables. In the context 

of electrochemistry, carbon model systems possess a simple and reproducible morphology, 

smooth topography and well-defined chemical composition. They are also tuneable 

materials which have parameters such as dopant concentration, surface chemistry and carbon 

scaffold organisation that can be easily and independently varied in order to understand their 

effects on the electrochemical response. 

Chapter I offers a brief review of the major carbon allotropes, including some discussion 

of their preparation and selected electrochemical applications. Nitrogen-incorporated 

carbons are then introduced in more detail as the main class of heteroatom-doped carbon 

investigated in the subsequent chapters. Various examples of carbon materials used as 

carbon model systems are then described, including glassy carbon and amorphous carbon 

film electrodes. Finally, the major redox probes used to electrochemically characterise the 

carbon model electrodes are introduced along with a brief description of the theory 

underlying heterogeneous charge transfer at the electrode-solution interface. 

Chapter II briefly describes the DC magnetron sputtering technique used to prepare 

amorphous carbon and nitrogenated amorphous carbon film electrodes. The various 

experimental techniques used in this thesis to characterise the carbon model systems are also 
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described in some detail, including voltammetry, electrochemical impedance spectroscopy, 

spectroscopic ellipsometry, x-ray photoelectron spectroscopy and atomic force microscopy. 

The characterisation of as-deposited amorphous carbon and nitrogenated amorphous 

carbon films is described in Chapter III, where the optoelectronic properties of electrodes 

determined through spectroscopic ellipsometry measurements are directly correlated to the 

charge transfer kinetics to outer-sphere redox probes. Nitrogen incorporation is found to 

improve the metallic character of the carbon material at low doping concentrations, but 

excessive nitrogenation disrupts the carbon scaffold through the introduction of defects and 

ultimately produces a heterogeneous CN-aggregate material with insulating properties. 

Chapters IV and V introduce catechols as surface sensitive redox probes of the carbon 

nanostructure of graphitized amorphous carbon model electrodes prepared through thermal 

annealing of glassy carbon and as-deposited amorphous carbon films. A combination of 

voltammetry and computational studies is used to show that catechol adsorption at carbon 

surfaces is facilitated through non-covalent interactions between the redox probes and 

graphitic cluster domains at the carbon surface. The effects of N-doping and surface 

oxygenation of the model systems on the adsorption response are also investigated. N-doping 

is shown to enhance adsorption as long as it is not accompanied by the introduction of 

excessive defects in the carbon scaffold. Oxygen sites may be electrocatalytic towards 

catechol oxidation but do not facilitate adsorption in aqueous electrolytes. 

The performance of two classes of nitrogenated carbon materials in the oxygen reduction 

reaction is studied in Chapter VI. The effects of surface nitrogenation through annealing with 

ammonia are compared with bulk nitrogenation through sputtering in terms of their effects 

on the onset potential of oxygen reduction, limiting current density and selectivity for the 

4-electron reduction to water versus 2-electron reduction to hydroperoxide. The role of 

particular N-sites in electrocatalysing the reduction is also clarified through a comparison of 

the material performance as a function of pH. Results suggest that both surface and bulk 

nitrogenation can produce oxygen reduction electrocatalysts with good activity in terms of 

the onset potential, but the overall activity in terms of selectivity for the 4-electron reduction 

is strongly correlated to the degree of carbon scaffold disorder, irrespective of the particular 

doping method. 

Finally, Chapter VII summarises the main conclusions of the thesis, briefly describes 

additional research carried out throughout the course of the project and describes possible 

future work.      
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CHAPTER I 
 

Introduction 

  

Carbon materials showcase unrivalled structural variety and have found applications in a 

number of different fields of research. The most important applications of carbon materials 

in the modern, technologically-driven economy are in the field of electrochemistry, where 

they have been applied as materials for electrochemical energy conversion. In this 

introductory chapter some of the major allotropes of carbon materials are discussed with 

particular reference to their electrochemical applications. The properties of amorphous 

carbon (a-C) and nitrogenated amorphous carbon (a-C:N) materials in particular are 

described along with their application as model systems for structure-activity studies of 

electrochemical performance. Finally, the process of heterogeneous charge transfer is 

discussed with emphasis on how particular redox-active compounds may be used as model 

analytes for the characterisation of the surface chemistry and nanostructure of carbon 

materials.  

The work in this chapter is adapted in part from the following book chapter: 

Domínguez, C.,1 Behan, J.A.,1 Colavita, P.E. Electrocatalysis at Nanocarbons: Model 

Systems and Applications in Energy Conversion in Nanocarbon Electrochemistry, 

Edited by Nianjun Yang and John Foord, Wiley, 2018 (In Press).  

1Authors contributed equally to this work. 
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1. The Ubiquity of Carbon 

 

Carbon is all around us. Even if we set aside its fundamental role in the biochemistry of life, 

carbon has a unique resonance in our everyday experience and our popular culture: it is the 

draughtsman’s graphite and charcoal, the coal and coke of the forge, and the diamond 

engagement ring. These manifestations of carbon are obvious to the layperson. However 

even a cursory look beyond these familiar examples confirms the unrivalled importance of 

carbon to a modern world which is increasingly dependent on technology. A Google Patents 

search returns thousands of results for industrial patents involving the use of graphite as a 

lubricant for industrial applications and in automotive brake friction materials. Protective 

carbon coatings have been used for some time in diverse applications including biomedical 

devices1-2 and magnetic storage technology.3  

The field of electrochemistry is arguably where the most significant applications of carbon 

materials are seen in the modern era. Li-ion batteries which, at the time of writing, serve as 

the main power source in our indispensable smart phones and other portable electronic 

devices, use graphite or some other form of graphitized carbon as the anode material.4  

Hydrogen-Oxygen fuel cells, already an extant technology in electric cars,5 are widely 

considered to be the future of zero-emissions technology in transport. The current state of 

the art polymer electrolyte membrane fuel cell is based on platinum nanoparticles dispersed 

on a graphitized carbon support material.6 Materials based on high specific surface area 

carbons are also the current standard for electrochemical capacitors, or supercapacitors.7 

Carbon is therefore among the most important elements for both high-energy density and 

high-power density materials and for electrochemical energy transformation. This is in large 

part due to its low cost, its versatility in terms of the number of allotropes it may adopt and 

the different morphologies available, which include powders, fibres, and porous materials 

with high specific surface areas.8 The following section will serve as a brief, but not 

exhaustive, overview of the diverse forms of carbon with reference to their history, their 

preparation and selected applications.  
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1.1   Classifying Carbon Allotropes and Nanoallotropes 

 

Carbon atoms can form up to four bonds to one another and to other non-metal atoms in 

linear, trigonal or tetrahedral configurations, commonly referred to as sp, sp2 and sp3 

hybridization respectively. The aforementioned structural versatility of carbon is in large 

part because of this variety in possible bonding arrangements, as is carbon’s central role in 

organic chemistry and therefore in life.  

A number of different classification methodologies exist for carbon materials. For instance, 

diamond and graphite may be distinguished from one another in terms of the bonding 

configuration, which is tetrahedral in the former and trigonal in the latter. Amorphous 

carbons can then be defined as carbon materials with some ratio of sp3 and sp2
 carbon in the 

absence of long-range order, as will be discussed in a separate section. 

   Nanoallotropes such as nanodiamond and the fullerenes may be classified in a similar 

fashion, as they also differ fundamentally in terms of the predominant coordination 

configuration of the carbon atoms present in the material. However in electrochemical 

applications factors such as a material’s morphology and the number of its dimensions not 

 

Figure 1.1. Schematic illustrating different carbon allotropes and nanoallotropes. a) Diamond b) 

Graphite c) C60 d) Graphene e) Single-Walled Carbon Nanotube f) Carbon Nanofibre. 
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confined to the nanoscale are also crucial considerations. As such the overview which 

follows in the next several sections will discuss nanocarbon materials according to their 

dimensionality, as defined in the classification scheme of Pokropivny and Skorohod9 which 

was recently applied to carbon materials in particular in a review by Georgakilas et al.10 

Selected zero-dimensional (0D), one-dimensional (1D) and two-dimensional (2D) carbon 

materials will be discussed in turn, with brief reference to their history, synthetic methods 

for their preparation and some of their relevant applications. Three-dimensional (3D) 

materials, including carbon aerogels and foams, will be omitted from the discussion for the 

sake of brevity. 

 

The review will emphasise developments in the use of carbon nanomaterials for 

electrochemical applications, most notably electrocatalysis, with a focus on the 

advancements in the use of metal-free electrocatalysts based on carbon nanomaterials. The 

role of incorporated heteroatoms, particularly nitrogen, in the carbon scaffold will be 

discussed in this context, as will nanostructural features of carbon materials such as the size 

of graphitic clusters and the density of reactive edge sites which are also highly relevant to 

the electrochemical performance. 

 

Zero-Dimensional (0D) Carbon Materials 

 

0D materials are those in which all dimensions fall within the nanoscale, i.e. < 100 nm.  The 

category encompasses fullerenes, carbon dots (CDs), nanodiamonds, nanoonions and carbon 

nanospheres, among others. Fullerenes are the smallest of these; they are nanocage-shaped 

molecules with variable size (0.4-1.2 nm diameter)10-11 depending on the number of C atoms 

that constitute the cage. The most famous member of this family is Buckminsterfullerene 

(C60) which was first discovered in 1985.12  Because of their tunable curvature, which allows 

for the controlled modulation of reactivity, and the ability to heteroatom-dope the carbon 

cage (e.g. azafullerenes) they are intriguing candidates as metal-free electrocatalysts for the 

oxygen reduction reaction (ORR), which is an ongoing area of research in the area of fuel 

cell technologies11, 13-14. However, due to factors such as low conductivity and issues with 

scalable synthesis and purification methods, their practical applications up to this point have 

been limited; other 0D materials, however, have been subject to experimental studies in 

electrocatalysis among other applications, as discussed in the following two sections. 
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Carbon Dots 

 

Carbon dots (CDs) are 0D carbon nanostructures typically ranging from 2-10 nm in size. 15 

CDs were first prepared accidentally in 2004 during the purification of single wall carbon 

nanotubes synthesized via arc discharge.16 Numerous synthetic routes have since been 

developed, including the aforementioned arc-discharge, laser ablation,17 and electrochemical 

etching of a macroscopic carbon source such as graphite.18 Most studies have exploited their 

size-dependent fluorescence, which may be easily tuned by altering the preparation 

conditions and surface termination.19 The earliest CDs had low photoluminescence 

efficiency, which was improved significantly by surface passivation with organic polymers17 

and, importantly, by the doping of the CD carbon scaffold with heteroatoms such as 

nitrogen.20 

CDs have shown good biocompatibility and low cytotoxicity, making them promising 

candidates for in vivo bioimaging.21-22  Hollow spherical CDs have also been prepared as 

bifunctional drug-delivery and bioimaging agents for cancer therapy.23 CDs have also been 

studied as electrocatalysts, with the earliest reports CD electrocatalysis focusing on activity 

in the ORR.24-27 Similar to the case of C60, metal-free ORR with good activity was achieved 

for CDs through the incorporation of heteroatoms into the carbon scaffold. In many cases 

the CD material studied is actually a composite material and as such its electrocatalytic 

performance may only be evaluated by coupling them to conductive supports or to other 

nanocarbons such as carbon nanotubes or graphene, as reported in reference 25, to ensure 

conductivity. Finally, given that CDs display promising photophysical and electrocatalytic 

properties, their application in photoelectrochemical processes such as water splitting has 

also been reported recently.28 

 

Carbon Blacks and Activated Carbons 

 

‘Carbon black’ refers to graphitized carbon particles with average diameters < ca.50 nm. A 

variety of different carbon blacks exist and are typically referred to by their commercial 

names in the literature, e.g. Vulcan XC-72 and Ketjen Black. Since they are usually produced 

by combustion processes, carbon blacks often contain regions of amorphous carbon and 

numerous oxygen surface moieties. They may be prepared with high specific surface areas 
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ranging over 250-1400 m2 g-1, depending on the specific details of their processing. They 

are ubiquitous as conductive supports for nanoparticle electrocatalysts, although the 

modification of carbon blacks for applications in Pt-free catalysis of the ORR has also been 

studied.29-30 Their predominance even in early electrocatalytic studies may be attributed to 

their low cost and wide commercial availability as a graphitized carbon source produced on 

an industrial scale. 

O’Hayre and co-workers have recently reviewed some of the best electrocatalytic 

performances achieved through the modification of commercial carbon blacks such as 

Vulcan XC-72, Ketjen Black and Black Pearls 2000.31 Modifications have aimed at 

incorporating heteroatoms, particularly N-sites, and earth-abundant metal centers such as Fe 

to replace precious metal nanoparticles. These studies are of particular significance to fuel 

cell technology, since the current state-of-the-art in the ORR is based on Pt nanoparticles 

dispersed on a carbon black support as has already been mentioned. Modifications of these 

materials therefore may serve the dual role of improving metal-support interactions and also 

utilizing the catalyst support as an electrocatalyst in its own right.  

 

High Aspect Ratio (1D) Nanocarbons 

 

1D nanomaterials are those in which only one of their dimensions is >100 nm. 1D carbons 

have generated tremendous interest since the discovery of carbon nanotubes – then referred 

to as ‘helical microtubules of graphitic carbon’ - by Iijima.32 The two most studied members 

of the 1D nanocarbon family are carbon nanotubes (CNTs) and carbon nanofibers (CNFs), 

however other structures such as carbon nanohorns (CNHs) are also grouped among 1D 

materials due to their aspect ratio. Applications of 1D nanocarbons in electrocatalysis 

constitute a vast field of research. The following section will discuss the preparation and 

structure of CNTs and CNFs, as well as the incorporation of heteroatoms such as N into their 

carbon scaffold and the activity of the resulting doped materials in the ORR. 

 

Carbon Nanotubes and Nanofibers 

 

CNTs are a family of nanomaterials consisting of extremely high-aspect ratio graphitic 

tubular structures. The simplest CNTs may be described as a single graphene layer, folded 

over and with its edges sealed to form a cylinder with a continuous open channel of 0.4-2 

nm in diameter. CNTs may be grown with lengths on the micron scale, yielding aspect ratios 
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of up to 10,000, with even higher values reported for ultralong CNTs in the literature. 33 

CNTs can consist of a single wall (SWCNT, Figure 1.1 e) or of multiple walls (MWCNT), 

and non-covalent interactions between individual tubules often produce stable CNT 

‘bundles’. CNFs differ from CNTs in that the graphite planes of CNFs are aligned at an angle 

relative to the fiber axis (Figure 1.1 f), resulting in a high density of exposed graphitic edges. 

CNF diameters range over 50-200 nm and like CNTs may be up to several microns long. 

While both CNTs and CNFs are often paired together in discussions in the literature, CNFs 

are distinct in that they do not possess a continuous hollow channel as is the case with CNTs. 

CNTs and CNFs of similar aspect ratio also possess different degrees of exposed graphitic 

edges, which also leads to very different chemical properties.10, 34  

CNTs and CNFs are most commonly synthesized via chemical vapor deposition (CVD).35 

The CVD process involves the decomposition of a carbon source such as acetylene followed 

by catalyzed re-assembly of carbon radicals and clusters into sp2 carbon. Transition metals 

and their oxides such as Fe, Ni, and Al2O3 have been used as catalysts.10, 36 Temperatures in 

the range of 800-1500 oC are typically needed for the growth of the sp2 network. 37 A 

disadvantage of CVD is that it also results in samples that contain small amounts of metal 

impurities and residual amorphous carbon, both of which may have an impact on 

electrocatalytic performance. CNFs can also be prepared by electrospinning of polymer 

solutions such as polyacrylonitrile, followed by pyrolysis;38 these CNFs tend to have larger 

diameters in the range 100-1000 nm.39  

As was the case with 0D materials, CNTs and CNFs can be modified and functionalized 

to improve activity in electrocatalysis. The introduction of heteroatoms, most notably 

nitrogen, into the carbon matrix has been demonstrated for applications particularly in the 

ORR.40-43 N-functionalized CNTs are among the most studied metal-free electrocatalysts for 

the ORR. Pioneering work in this area was carried out by Dai and co-workers42. Nitrogen-

doped carbon nanofibers (N-CNFs) have also been investigated for electrocatalysis of the 

ORR albeit to a lesser extent relative to CNTs. The work of Stevenson and co-workers on 

N-CNFs prepared represents one of the earliest demonstrations of the beneficial role of N-

incorporation into nanocarbons for electrocatalysis.40, 44 

 

1.2 Two-dimensional (2D) Carbon Materials 

 

2D nanomaterials are those in which only one dimension falls in the nanoscale domain. 

Graphene, its oxides and nanoribbons are the most famous examples of this category, 10, 45-46 
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however the definition might also encompass carbon thin films, as these may easily be 

prepared with thickness < 100 nm using a variety of methods. 2D carbon nanomaterials can 

be prepared with properties well suited to fundamental structure-activity studies, such as a 

reproducible geometry and smooth topography. Both graphene and amorphous carbon thin 

films are discussed in this context in a later section on carbon model systems; here as in the 

previous sections of this overview the focus is on their preparation and selected applications.  

 

Graphene and Graphene Nanoribbons 

 

Graphene and graphene nanoribbons can be prepared via both ‘top-down’ and ‘bottom-up’ 

methods, with liquid exfoliation of graphite via ultrasonication being perhaps the most 

common example of the former.47 Chemical exfoliation via oxidation to graphene oxide 

(GO) is a scalable route for generating large quantities of dispersible material;48-49 the 

resulting GO is subsequently reduced either through thermal treatments or via the 

introduction of reductants in solution to form graphene nanoplatelets. Chemical oxidation 

typically results in a higher proportion of single layers, however reduced GO (rGO) is more 

defective than liquid-exfoliated graphene. 50  

Graphene nanoribbons are narrow sheets of graphene whose properties strongly depend on 

their edge structure and their chemical termination. They are occasionally categorized as 1D 

materials, depending on their aspect ratio.51 Synthesis of nanoribbons can be achieved via 

“unzipping” of SWCNTs and MWCNTs using oxidative, thermal, photochemical or 

electrical treatments.51 CVD growth has been extensively explored for these materials as 

well.51-52 Chemical synthesis via condensation or on-surface coupling of polycyclic 

aromatics represents a promising bottom-up strategy that is expected to extend the 

applications of these materials, although the formation of a fully conjugated sp2 network via 

the cross-coupling of oligomers remains a challenge.51, 53 

Doping of these 2D materials has been extensively investigated for metal-free 

electrocatalysis. In 2010, Dai and co-workers54 reported the first study of N-doped graphene 

as a metal-free catalyst for the ORR (Figure 1.2). N-graphene grown via CVD using NH3 

and CH4 as gas sources was found to display a more positive onset potential than undoped 

graphene for the reduction of O2 in alkaline solution. Numerous reports have focused on 

improving ORR activity since. Geng et al.55 reported on a simple thermal treatment of 

graphene under NH3 atmosphere, which resulted in very good ORR activity and high 

chemical stability in O2-saturated 0.1 M KOH. In addition to doping, the importance of the 
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carbon scaffold organisation, particularly the lateral dimension of graphene clusters, has also 

been highlighted.56-58  

 

Figure 1.2. (a) Schematic diagram for preparation of N-doped graphene with different N-sites. N-

reduced graphene oxide (N-RG-O) 550, 850, and 1000 °C were prepared by annealing GO powder 

at temperatures of 550 °C, 850 °C, and 1000 °C in NH3. PANi/RG-O and Ppy/RG-O are prepared by 

annealing of PANi/G-O and Ppy/G-O composites at 850 °C. SEM images of (b) GO, (c) N-RG-O 

850 °C and (d) N-RG-O 1000 °C. (e) Linear sweep voltammograms of catalysts studied, bare Pt and 

20% Pt/C electrodes in O2-saturated 0.1 M KOH at 2500 rpm and 10 mV s−1. Adapted from Lai et al. 

Energy Environ. Sci., 2012, 5, 7936-7942 with permission of The Royal Society of Chemistry.59 

 

 

 



   Chapter I 
 

  10 

 

Amorphous Carbon Materials 

 

Amorphous carbon (a-C) broadly refers to carbon materials comprised of both trigonal and 

tetrahedral carbon domains arranged in the absence of long-range order. The 0D carbon 

black materials introduced in Section 1.1.1. also represent a form of amorphous carbon, since 

these materials are also disordered networks of carbon in different bonding configurations. 

Hence, the term a-C both in this section and throughout the body of this thesis refers to a-C 

films with thickness < 100 nm, which are classified as a 2D nanoallotrope of carbon. 

Since their first description in previous decades1, 60-62 a-C materials have found numerous 

applications in wear-resistant coatings due to their favourable mechanical and tribological 

properties,63-65 viz. a low frictional coefficient,3, 66-67 hardness ranging from 10 – 10 GPa68-69 

and a Young’s Modulus ranging from 100 to >500 GPa.70-71 a-C films have also been 

implemented in various biomechanical applications such as coronary artery stents, artificial 

heart valves and orthopaedic implants due to their biocompatibility, smoothness and good 

adhesive properties.72-74 

Historically, the most common method of depositing a-C films has been through some 

form of magnetron sputtering75-80 of high-purity graphite but a-C can also be prepared by a 

variety of other physical vapour deposition methods including the filtered cathodic vacuum 

arc technique81, pulsed laser deposition (PLD)82-83, as well as chemical vapour deposition 

(CVD) and plasma-enhanced CVD.84 

Due to the presence of both three- and four-fold carbon bonding, a-C films display 

properties intermediate to those of diamond and graphite. Depending on the deposition 

technique and conditions, materials may be prepared with different ratios of sp2 and sp3 sites 

(Figure 1.3). The hardest and most chemically inert of the films typically have sp3-bonded 

carbon contents >80% and are termed Diamond Like Carbon (DLC).1, 61 DLC films may be 

heteroatom doped, as is the case with hydrogenated amorphous carbon (a-C:H) or N-doped 

diamond films. Undoped DLC with a high sp3 content is referred to as tetrahedral amorphous 

carbon, ta-C, and is the preferred form of carbon overcoating in the read/write heads and 

hard disks used in magnetic storage technology due to their hardness, wear-resistance 

chemical inertness and atomic level smoothness even in ultrathin (< 2 nm) films. 85-86  
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DLC films generally also possess a wide band gap and lower conductivity compared to 

more graphitic films, for which the optical and electronic properties are largely controlled 

by the sp2 content and domain size. In general, sputtering produces softer films with 

narrower optical gaps and high sp2 content; indeed, the use of DC magnetron sputtering has 

resulted in films with >80% sp2 content as has been described in previous works from the 

Colavita group.87-90 

 

 

1.3  Nitrogen-Incorporated Amorphous Carbon (a-C:N) 

 

A Brief History of Nitrogenated Carbons 

 

Nitrogenated carbons have an eclectic history. The modern field of nitrogenated carbon 

chemistry may be traced back to investigations by 19th Century researchers into classes of 

compounds based on CN heterocycles.91 Between 1834 and 1855 Justus Baron von Liebig, 

described a number of these compounds, including ‘Melon’, the by-product of heating 

mercuric thiocyanate Hg(SCN)2, a compound first prepared by Berzelius, in air 92. The 

resulting compound has a general formula (HC2N3)x
93 and has the appearance of an 

amorphous and highly porous yellow solid. This reaction was for a time a source of great 

  

 
Figure 1.3.Ternary phase diagram for amorphous carbon materials including hydrogenated 

amorphous carbon (a-C:H), tetrahedral amorphous carbon (ta-C), and hydrogenated tetrahedral 

amorphous carbon (ta-C:H) prepared with different proportions of sp2
 and sp3 carbon centers and 

via incorporation of H atoms. Reprinted from Materials Science and Engineering: R: Reports, 

Volume 37, J. Robertson, Diamond-like amorphous carbon, Pages 129 - 281, Copyright 2002, with 

permission from Elsevier. 1  
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amusement to the general public, for the decomposition into Melon resulted in the sudden 

and apparently miraculous emergence of plumes of the amorphous product from the reaction 

vessel, whose snake-like appearance led to the name ‘Pharaoh’s serpents.’  

Other than a short-lived fad as a toy, (for which commercial ‘reaction kits’ of Hg(SCN)2 

were actually purchasable by the general public) the Pharaoh’s serpents received little 

attention until nearly a century later, when Edward C. Franklin carried out a series of 

investigations into Melon and other so-called ‘ammono-carbonic acids’ – nitrogenous 

analogues of H2CO3 and related compounds.93 Franklin speculated that the ultimate terminus 

of continued ‘de-ammonation’ reactions of Melon was a hypothetical H-free condensed 

product, C3N4, which Franklin termed ‘carbonic nitride.’ Attempts to synthesise C3N4 by 

heating Melon were unsuccessful, as the compound was more likely to decompose entirely 

rather than condensing along with elimination of ammonia.  

Due to the efforts of Pauling and Sturdivant in studying some of Franklin’s crystalline 

samples, 94 it was deduced that the structure of Melon and many related compounds was a 

carbon-nitrogen heterocycle built on heptazine units in a way analagous to the structure of 

benzene. It is the stability of these heptazine polymers along with their propensity to 

decompose with release of cyanogen (CN)2 that frustrated Franklin’s attempts to prepare 

pure carbon nitride95 and indeed continues to thwart attempts to prepare C3N4 via this 

synthetic route to this day. 

After the identification of heptazine as the building blocks of both Melon and C3N4,  

interest in carbon nitrides underwent a second large hiatus, this time until the 1980’s. 

Motivated in large part by early predictions that carbon nitride, C3N4 would have super-hard 

properties surpassing those of diamond,96-98 many researchers investigated new synthetic 

routes for the preparation of carbon nitrides. Later, the benefits of incorporating nitrogen 

into amorphous carbon films began to be explored in their own right due to the favourable 

mechanical properties imparted to the films following its incorporation, viz. improved 

durability,99 substrate adhesion  100-101 and extremely high elastic recovery.74 

Some of the earliest synthetic protocols for nitrogenated carbon materials relied upon the 

use of metal catalysts such as iron or cobalt in the presence of nitrogen-rich species such as 

phthalocyanine102 and ammonia103-104 with the metal catalysts subsequently removed via 

acid wash. Metal-free carbonisation in the presence of nitrogenous organic compounds has 

also been accomplished.105 Many of the same methods used to prepare a-C films may also 

be used to prepare a-C:N, including CVD,106 Pulsed Laser Arc Deposition,107-108 and 

magnetron sputtering.99, 109-114 The latter is advantageous as a fast, metal-free, single step 
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process which can easily be tuned by altering conditions within the deposition chamber such 

as the power, temperature and partial pressure of nitrogen gas.115 

It is at this point that some clarifying statements regarding nomenclature need to be made. 

In the literature there are various references to ‘carbon nitride’ in reference to C3N4, but also 

in the context of nitrogenated amorphous carbon. Some authors116 refer to both nitrogenated 

amorphous carbon and indeed any general N-doped carbon material as a sub-species of 

‘carbon nitride’ and refer to C3N4 in particular as ‘graphitic’ carbon nitride or g-C3N4. In 

order to avoid any connotations regarding specific stoichiometries of C and N as implied by 

the term ‘carbon nitride’, this thesis will instead use the term ‘nitrogenated carbon’ as the 

generic term for materials based on carbon incorporated with nitrogen.  Carbon nitride is 

therefore a sub-group of nitrogenated carbons, as are particular materials such as N-doped 

diamond and nitrogenated amorphous carbon, a-C:N. This classification is summarised in 

Figure 1.4. Additionally, another commonly-used term for a-C:N, viz. ‘amorphous carbon 

nitride’ will also be avoided, again because it may easily be confused with C3N4. 

 

Nitrogenating Carbon: Why Bother? 

 

At the time of writing, nitrogenated carbon materials are the subject of intense research in 

the fields of electrocatalysis and energy storage, largely due to the discovery of the high 

 

Figure 1.4. Ternary phase diagram for nitrogenated carbon materials including carbon nitride (β-

C3N4), graphitic carbon nitride (g-C3N4) and tetrahedral nitrogenated amorphous carbon (t-a-C:N). 

Based on data from Reference 91, 149 and Chapter III of this thesis.   
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ORR activity of N-doped carbons. 24, 42, 54, 117-118 Stevenson et al. first reported the promising 

ORR activity of N-doped carbon nanofibers, 44, 119 whilst Dai et al. 24, 54 were the first to 

apply nitrogen incorporation to graphene for electrocatalysis. The incorporation of nitrogen 

has since been applied to the gamut of carbon materials discussed in Sections 1.1 and 1.2, 

whilst doping with other heteroatoms including boron, sulfur and phosophorus has also been 

studied.120  

The main motivation for these studies is the need for precious metal-free electrocatalysts 

for important processes such as the oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER). At present these reactions are mainly catalysed by noble metal catalysts 

based on platinum and ruthenium, 121 creating issues pertaining to high costs and scarcity, as 

well as the susceptibility of metal centres to poisoning. 122 

Taking the example of the ORR, the reliance on platinum and other platinum group metals 

(PGM) presents a challenge for the commercialisation of H2/O2 fuel cells, which use these 

precious metal catalysts for both the oxidation of hydrogen and the reduction of oxygen. In 

order to reduce the costs associated with manufacturing fuel cells, both the Fuel Cell 

Commercialisation Conference of Japan (FCCJ) and the United States Department of Energy 

have stipulated that the 2020 target for platinum loadings in both the anode and cathode 

catalyst layers should be no more than 0.125 mgPt per square centimetre of area.123 For 

vehicles powered by fuel cells, this loading translates to approximately 11.3 gPt in a midsize 

sedan vehicle, though other authors have proposed that the usage of Pt would  need to be 

less than ca. 6 gPt/vehicle in order for fuel-cell electric vehicles to be commercially viable in 

the long term. 124 

Diminishing the usage of Pt and other precious metals is only a part of the challenge for 

H2/O2 fuel cells. Regardless of the Pt loading, there will be issues associated with the 

dispersal of nanoparticle catalysts on a support material. The current state-of-the-art Pt 

catalyst is dispersed on a carbon support, typically some form of carbon black. This 

arrangement suffers from a continuous loss of catalytically-active area due to sintering, Pt 

dissolution-redeposition and Ostwald ripening. 125-127 All of these processes are accelerated 

by the corrosion of the carbon support, which leads to the physical migration and coalescence 

of Pt nanoparticles as well as their detachment from the surface. 128 Carbon corrosion occurs 

during conditions where partial fuel starvation at the anode occurs, such as during start up 

and shut down, which results in high potentials at the cathode and subsequent carbon 

corrosion according to: 129-130 

 

             C + 2H2O → CO2 + 4H+ + 4e- 



   Chapter I 

 

  15  

 

The incorporation of nitrogen into carbon support materials has been shown to promote 

Pt nanoparticle dispersion and improve long-term stability via favourable metal-support 

interactions. 104, 131-133 This point will be discussed in further detail in the discussion of 

carbon model systems in Section 1.4 of this chapter. 

Many studies have examined the effects of nitrogen incorporation on the properties of 

amorphous carbon films. When the N atoms are inserted substitutionally into graphic clusters 

in the carbon scaffold, it may be considered as an n-type dopant,99, 134-136 which has the effect 

of raising the Fermi level of the material and lowering the optical band gap.59, 137 Doping 

also increases the degree of graphitisation of the films by inducing the formation of sp2 

clusters as confirmed by Raman Spectroscopy studies.138 

Nitrogen incorporation can result in the formation of different types of sites in a-C:N films 

(Figure 1.5). Numerous XPS studies on a-C:N materials and carbon nanomaterials have 

identified four major nitrogen types in a-C:N: graphitic nitrogen, pyrrolic nitrogen, pyridinic 

nitrogen and pyridine n-oxides. 139 Additionally other types of N-sites such as amines and 

nitrile-like groups may be found; their abundance depends upon the method of preparation 

and their identification via XPS – by far the most common characterisation technique for 

determining the chemical composition of a-C:N materials - may be difficult due to spectral 

overlap.140-141 

 

Applications of a-C:N in Electroanalysis 

 

In recent years a-C:N materials have received much attention as electrode materials for 

electroanalytical applications due to the large (> 3 V) potential window and low background 

 

Figure 1.5.  Schematic of a sputtered N-doped amorphous carbon fragment. 
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current in aqueous solutions.102, 108, 142 Nitrogen-incorporated carbons display potential 

windows exceeding even Boron-Doped Diamond (BDD), with the advantage of being 

cheaper and easier to synthesise: BDD requires high temperature CVD for long periods of 

time and is thus limited to few substrates;143 by contrast a-C:N may be quickly and cheaply 

deposited via a variety of techniques as has already been described, on almost any substrate, 

allowing for much greater versatility in creating electrodes. Additionally, a-C:N films 

possess atomic level smoothness on average far superior to BDD.102, 144  

The above favourable properties of a-C:N films have led to applications in the detection 

of heavy metals in solution143 as well as the detection of biomolecules such as estrone, 

dopamine and ascorbate144-146 with a low level of surface fouling. The latter application is 

extremely relevant for commercial biosensing as electrodes based on common disordered 

carbon such as vitreous (glassy) carbon are often rendered inactive by the presence of 

adsorbed intermediates created during the detection process. Glassy carbon is a graphitized 

form of carbon with a low porosity and high conductivity. Both its properties and its method 

of preparation are distinct from a-C/a-C:N materials as discussed in Section 1.4 of this 

chapter (vide infra).   BDD electrodes also display excellent analytical stability but are more 

difficult to synthesise as explained above.  

Nitrogen-incorporated carbons have found applications in the simultaneous detection of 

biologically relevant molecules which may otherwise be difficult to detect electrochemically 

due to the overlap of peak potentials in voltammograms. Various groups147-149 have found 

that the introduction of nitrogen moieties into carbon-based materials allows for the 

voltammetric detection of dopamine in the presence of other important biomolecules such 

as ascorbic acid and uric acid. The nitrogen groups have been shown in many cases to 

accelerate the kinetics of electron transfer, resulting in greatly enhanced peak currents and/or 

a narrowing of the peak potential separation, ∆E.148 The precise mechanism for this 

enhancement is unknown, but has been attributed to a combination of improved electronic 

properties in the material and interactions between the analyte molecules and surface groups 

introduced by nitrogen incorporation.149 

 

Applications of a-C:N in Electrocatalysis 

 

The incorporation of nitrogen into carbon surfaces alters both the surface and bulk 

properties of the material in several ways which are known to be beneficial in electrocatalytic 

applications. Nitrogen doping raises the Fermi level, EF, of a-C:N relative to undoped a-C 
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and increases the density of states around EF (Figure 1.6), improving its intrinsic electron 

transfer properties. 139 Doping also enhances the material’s  overall metallic character in 

terms of electrical conductivity, as long as a large number of defects are not formed.135   

Nitrogen incorporation has also been correlated to the degree of exposed graphitic edges 

which is also associated with high reactivity in certain processes including ORR. 40, 44, 150-152 

In addition to reactive edge sites, nitrogenous sites such as the aforementioned graphitic-N 

and pyridinic-N sites may be catalytically active themselves.40, 44, 150-151, 153 Recently, it was 

also demonstrated that nitrogen incorporation affects the acid-base properties of the surface; 

due to the basicity and nucleophilicity of sites such as pyridinic sites and due to the greater 

electronegativity of N with comparison to C, a number of both positively and negatively 

charged surface sites may be created which in turn influences the electrocatalytic 

performance in the ORR. 154  

The favourable electrocatalytic properties of a-C:N and other nitrogen-incorporated 

carbons have found applications in, for example, the catalytic interconversion of Cl2/Cl-142 

and in the activation of the carbon-halogen bond in the reduction of organic halides;155 

however the most important application of a-C:N as an electrocatalyst in recent years is for 

the ORR, since a-C:N materials may be candidates both as metal supports and as metal-free 

electrocatalysts in polymer electrolyte membrane (PEM) fuel cells156-158.  

Both the promising electrocatalytic activity of a-C:N and the electroanalytical applications 

of a-C:N discussed in the previous subsection are the result of a complex interaction between 

 

 

 

 

 Figure 1.6. Simplified MO diagram showing different types of N sites in N-incorporated 

carbon materials. Graphitic N, unlike Pyridinic and Pyrrolic N, acts as a dopant. [Full 

circles =  N electrons; Empty Circle = C electrons. Reproduced based on reference 139. 
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incorporated heteroatom sites and the surrounding carbon matrix. As has been shown, 

nitrogenation of carbon materials produces both global and local changes in material 

properties by altering the bulk optoelectronic properties through doping and introducing 

specific N sites and surface defects. This interplay of different effects presents a significant 

challenge for researchers seeking to understand the fundamental properties of N-doped 

carbon materials for particular applications.  

A further impediment to progress in such fundamental research is the confounding effects 

of variables such as surface topography, porosity, and the degree of disorder in the carbon 

scaffold. For example, comparisons of electrochemical activity between most of the 

N-doped 0D and 1D carbon nanoallotropes discussed in Section 1.1 can only be made 

somewhat meaningful if differences in electrochemically-accessible surface area (ESA) due 

to variations in the structure are controlled for.  

A better approach for fundamental studies on the effects of N-doping (or indeed any 

particular heteroatom incorporation or chemical treatment) would utilise materials with 

smooth topographies and comparable levels of both surface roughness and disorder in the 

carbon scaffold. Some of the 2D nanoallotropes already introduced in Section 1.2 are ideal 

for such purposes. The next section will introduce the concept of carbon model systems for 

fundamental structure-activity studies for electrochemical performance in specific 

applications. Examples of such studies involving model systems based on carbon will be 

briefly reviewed, and both N-doped a-C:N and undoped a-C materials will be introduced as 

ideal candidates for carbon model systems due to their smooth topography and reproducible 

degree of scaffold disorder. 

 

1.4 Carbon as a Model System for Electrochemical Studies 

 

Carbon materials have found applications throughout the electrochemical disciplines for a 

number of reasons, chief of which being their low cost and their relative chemical inertness. 

The wide potential windows and low background currents achievable with carbon electrodes 

has resulted in their widespread use in the electroanalytical disciplines.159  Other features 

such as the presence of reactive edge sites and the amenability to doping with heteroatoms 

such as nitrogen, phosphorous, sulphur and boron have been particularly important for the 

application of graphitized carbon in electrocatalytic processes including oxygen reduction 

and evolution, 117, 160-161 as outlined in the previous sections.  

Carbon also owes its predominance in electrochemistry in part to its versatility, as 

discussed in Section 1.1. Being present in numerous allotropes and nanoallotropes including 
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graphite, graphene, carbon nanotubes, and amorphous carbon, carbon electrode materials 

may be synthesised with highly desirable properties tailored for particular applications. For 

instance, electrodes based on diamond doped with heteroatoms are often chosen for 

electroanalysis in order to achieve low background currents, 108, 145 whilst graphite serves as 

the anode material for Lithium ion batteries because the Li ions can reversibly intercalate 

between graphite planes. 162 

Graphitized carbon is the preferred catalyst support in the current state-of-the-art in 

hydrogen-oxygen fuel cells, due again to its low cost, good conductivity and its resistance 

to corrosion. Porous carbon structures including mesoporous carbon and ordered 

mesoporous carbon have also been explored as catalyst supports and supercapacitors due to 

their high specific surface areas and high density of reactive edge sites. 105, 163-166  

The highly divergent properties of carbon’s various allotropes, combined with the 

variance in porosity, surface area, degree of graphitization, density of edge sites and the 

absence or presence of heteroatom dopants presents a significant challenge for researchers 

seeking to produce novel carbon-based materials for targeted applications. Research into 

metal-free ORR electrocatalysts, for instance, typically focuses on the creation of particular 

active sites via heteroatom incorporation and the correlation of the resulting ORR activity to 

these specific sites. Such an approach is complicated by the difficulties in preparing 

materials with different reactive sites ceteris paribus: there will almost inevitably be a 

distribution of chemical sites, along with changes in graphitic cluster size and concentration, 

defect densities, surface free energies and roughness. 

Structure-activity studies are nonetheless required for the design of new metal-free 

electrocatalysts and catalyst support materials. One study design which has been utilized to 

great effect by numerous different research groups in recent years is the selection of carbon 

materials with well-defined and reproducible properties. Such materials will be called 

‘carbon model systems’ (CMSs), the common features of which are generally an 

uncomplicated morphology, smooth topography, low (or no) porosity, and well-defined 

electronic properties. The use of CMSs both reduces the complexity of the system under 

study, allowing for the effects of a researcher’s chosen parameters to be more likely to be 

isolated, as well as allowing for a greater ease of comparison to the work of other groups. 

This section will focus mostly on four model systems which broadly fulfil the criteria just 

discussed, with minor references to other materials where appropriate. These CMSs are 

Highly Ordered Pyrolitic Graphite (HOPG), graphene, glassy carbon and amorphous carbon. 

Graphene has already been introduced in detail in Section 1.2, and in light of that discussion 

and the preceding paragraph it should be apparent that graphene readily fulfils the criteria of 
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a good CMS. HOPG is a synthetic form of graphite prepared via high temperature, high 

pressure pyrolysis. 167 Its suitability as a CMS is in large part due to its highly-ordered 

structure: HOPG has a graphitic cluster size (La) which typically exceeds 1 µm168 whilst 

polycrystalline graphite may have La < 100 nm, in addition to these crystallites being 

randomly distributed. Natural single-crystal graphite is also ‘ordered’ on a scale comparable 

to HOPG, but it suffers from an abundance of transition metal impurities which are known 

to distort electrochemical results. 56  

HOPG also fulfils the topographic requirements of a CMS due to its smoothness, and from 

a pragmatic perspective the ease with which a ‘fresh’ HOPG surface may be prepared via 

peeling or cleaving of layers is attractive. As a 3D material, HOPG also presents a large 

density of edges along its c-axis which allows for the properties of reactive edge sites (‘edge 

plane graphite’) to be studied as well as the ‘basal’ or graphene plane. As will be shown, 

fundamental studies into the anchoring of nanoparticles on carbon surfaces have utilised 

HOPG in particular in order to isolate the effects of introducing physical defects, specific 

chemical sites, and alterations in surface roughness on supported nanoparticle size and 

morphology. 

Glassy Carbon (GC) is also a synthetic form of graphitized carbon, prepared by the 

pyrolysis of organic polymers. In contrast to the highly ordered HOPG, it may be viewed as 

a disordered form of carbon material which nonetheless possesses a smooth and reproducible 

topography and low porosity. a-C has already been introduced in the previous two sections 

as any carbon material composed of sp2- and sp3-centers with no long-range order, only 

localized order in the form of graphitic clusters and diamond-like regions.1, 60-62  Synthetic 

methods for the preparation of a-C can also easily be adapted to introduce heteroatoms in 

the a-C structure, (e.g. H, N, P, B and S).115, 139, 169-174 The case of a-C nitrogenation is of 

particular relevance to this thesis as was discussed in Section 1.3. a-C films are therefore 

similar to both HOPG and Glassy Carbon in that both materials possess a planar geometry 

with a low roughness and porosity, meaning that structure-activity studies on a-C films also 

minimize the contribution of topography when studying surface chemistry is the primary 

consideration. 

What makes a-C unique is its disordered nature, which is reflected in variations in sp2/sp3 

ratios and the size of graphitic clusters as well as the manner in which they are packed in the 

carbon scaffold. These parameters can have an important effect in modulating charge 

transfer at interfaces and modulating specific interactions in surface-catalyzed processes, 

including the ORR, OER and HER. 24, 58, 175-176 Using a-C as a CMS in this context is useful, 

as these properties of a-C and related materials can be easily modulated both at the deposition 
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stage (by adjusting the deposition temperature and pressure and by introducing heteroatoms) 

and via post-deposition treatments including thermal annealing, plasma treatments and 

chemical modification of the surface.  

Furthermore, it is worth noting that in real-world applications of carbon materials, both in 

metal-free electrocatalysis and nanoparticle supports, disorder is the norm rather than the 

exception. The carbon black supports employed in state-of-the-art Pt/C fuel cells are 

relatively disordered materials with a distribution of small crystallite sizes (La 1.5-3 nm and 

Lc 1.0-4.5 nm)177 as well as varying porosity, specific surface area, particle size, surface 

chemistry and conductivity. A structure-activity study focusing on chemical effects such as 

heteroatom incorporation into disordered systems arguably calls for a CMS with a 

controlled, reproducible and tuneable level of disorder, but with a much simpler geometric 

arrangement; a-C films readily fulfil this role. 

 

HOPG 

 

Much of the electrocatalytic research in recent years into carbon materials concerns the 

role of carbon in fuel cell technology. Particular issues of concern include the need to 

minimize the loading of Pt and other precious metals, the need for the replacement of 

precious metal catalysts with non-precious metal catalysts and metal-free systems, and the 

requirement for longer operational lifetimes. The Pt/C cathode in the current generation of 

fuel cells is subjected to severe potentials during the start-up and shut down of the fuel cell, 

which results in the corrosion of the carbon support.130 Such oxidation of carbon blacks is 

associated with Pt nanoparticle migration, coalescence and detachment, all of which are in 

turn associated with activity losses.128 Some researchers have attempted to address these 

issues by searching for improved carbon materials with better corrosion resistance and 

stronger metal-support interactions, with the hope that the rate of catalyst sintering may be 

reduced if the nanoparticles are anchored more strongly to the support.  

HOPG has been employed as a CMS to study the effects that heteroatom incorporation 

and the introduction of defects have on the interaction between metal and support. The work 

of O’Hayre and co-workers on controlled functionalization and defect generation in HOPG 

illustrates the strengths of the approach.178 HOPG systems were subjected to ion 

bombardment experiments using both Ar and N2 gas. The former was chosen to introduce a 

purely physical modification of the surface, as Ar+ bombardment is expected to only 

introduce defects in the carbon lattice, whilst N2
+ bombardment produced both N-sites and 
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N-free defects, including N-doping via substitutional nitrogen. Changes were investigated 

via a combination of capacitance studies and X-Ray Photoelectron Spectroscopy (XPS); it 

was shown that N-doping increases the nanoparticle dispersion and decreases the 

nanoparticle size compared to both unmodified HOPG and Ar+-bombarded HOPG. They 

proposed that local donor states act as nucleation sites for the deposition of Pt nanoparticles 

and observed that Pt nanoparticle binding energy is also affected by the presence of N-sites, 

which indicates that Pt activity could be modulated by nitrogenation of the carbon support. 

These results therefore suggest that chemical modification, not defect introduction, might be 

the dominant reason for improved activity of nitrogenated Pt/C electrocatalysts.  

Further studies from the same group showed that N-doping of HOPG results in greater 

durability following stress tests that deliberately subjected the model system to cycles at 

oxidative potentials; improved stability was attributed to specific chemical interactions 

between N-sites and Pt nanoparticles.178 Their results demonstrated that increasing the 

density of both defects and N-sites resulted in greater dispersibility of Pt nanoparticles and 

in catalysts with similar morphologies. However, only N-site incorporation imparted high  

Figure 1.7. Summary of calculated binding energy (Eb) of Pt1 and Pt3 clusters at different defects on 

a basal plane: isolated and clustered vacancies (Vc, 2Vc and 3Vc), substitutional-N (Nc), interstitial-

N (Ni), pyridinic-N (Npy), N—O (NO), pyrrolic-NH (NH) and substitutional-B (Bc). The binding 

energy of Pt3 was interpreted as a proxy for the ripening energy. Reproduced from Holme et al. Phys. 

Chem. Chem. Phys., 2010, 12, 9461-9468 with permission of The Royal Society of Chemistry.179  

stability during cycling, thus indicating that structural defects, in the absence of 

nitrogenation, do not interact strongly enough with platinum to inhibit nanoparticle 

migration and aggregation.  

Further studies using computational methods supported this conclusion.179 Density 

functional theory (DFT) calculations simulating graphene and N-graphene fragments with 
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and without defects and their interaction with Pt atoms and Pt clusters (Pt3 and Pt4) confirmed 

that the ripening of Pt nanoparticles is hindered on nitrogenous defects, whilst large 

vacancies actually facilitate ripening (Figure 1.7). This study exemplifies one of the 

advantages offered by HOPG as a CMS, i.e. experimental results can be readily interpreted 

on the basis of computational results on graphitic clusters. 

 Further work by the group on HOPG systems has helped to study the effects of varying 

degrees of nitrogenation on the surface structure. For instance, XPS studies showed that 

greater levels of nitrogen incorporation result in significant disruption of the graphitic 

network as evidenced by the disappearance of the broad shake-up peak associated with the 

delocalized graphitic network.180 ‘Post-mortem’ XPS and transmission electron microscopy 

(TEM) with electrochemical stress tests helped demonstrate that pyridine-like vacancies in 

particular are associated with increased nanoparticle stability.180 

The value of a simplified planar geometry in the study of metal-support interactions may 

be illustrated by a comparison to a similar study on Pt- and Pd-support interactions on 

mesoporous carbon and on N-doped mesoporous carbon carried out by the Gennaro group.104 

The authors, as was the case in the above studies, also identified specific interactions 

between both Pt and Pd, and nitrogenated mesoporous carbon via XPS, and showed that this 

translated into superior ORR performance for N-modified materials. However, Pt 

nanoparticles on non-nitrogenated mesoporous carbon were found to have a higher stability 

than those deposited on the N-modified carbon. The authors attributed this to particle 

confinement effects, due to differences in porosity between the two materials. In this 

instance, the chemical effects of N-sites were confounded with geometrical considerations, 

thus illustrating the challenges involved in attributing activity enhancements to specific 

chemical effects in the absence of carbon morphology control.  

The Gennaro group has also used HOPG as a model system to study the effects of chemical 

and physical modification of graphitic surfaces. Favaro et al. studied the effects of ion 

bombardment using Ar and N2 on HOPG and correlated the results to the metal-free activity 

of the material in the ORR.181 In this case the doped and undoped samples possessed 

essentially the same roughness after annealing, allowing for the effects of chemical 

modification on the electrochemical properties of each CMS to be directly compared.  

The group also distinguished the physical effects of defect formation and surface 

amorphization; while both undoped and doped HOPG were found to be defective based on 

XPS studies, the ORR activity of the N-doped HOPG was superior to that of the Ar-

bombarded HOPG. Both materials showcased improvement over the unmodified HOPG, 

illustrating another advantage of using HOPG as a CMS in electrocatalytic studies in 
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particular: unmodified HOPG has an extremely low ORR activity due to the inertness of the 

basal plane towards oxygen adsorption.182Any significant improvement in the ORR activity 

in CMSs based on HOPG is therefore both easy to detect and readily attributable to whatever 

modifications are being employed in the study. 

Interest in metal-free carbon-based materials for energy applications has led many groups 

to carry out fundamental studies on heteroatom-doped carbons in particular to identify which 

chemical moieties are the most beneficial in terms of catalytic activity. In the case of 

nitrogenated carbons in ORR, much of the discussion has focused on which types of nitrogen 

functional groups constitute the active site, i.e. the site of O2 adsorption. Since common 

nitrogenation protocols typically introduce a distribution of nitrogen sites, whilst also 

introducing differences in the sp2/sp3 ratio, crystallite size and carbon morphology, the 

unambiguous association of activity to one site in particular has posed a challenge to 

researchers.  

 

Figure 1.8. (A) Background corrected linear sweep voltammograms of model HOPG electrodes with 

different total concentrations (inset) of pyridinic-N (pryri-N) and graphitic-N (grap-N) in 0.1 M 

H2SO4 at 5 mV s-1. (B) Comparison of cathodic current densities at 0.2, 0.3, and 0.4 VRHE vs. 

pyridinic-N at.% content. (C) Onset potentials at 1 μA cm−2 vs. pyridinic-N concentrations. The 

markers indicate the sample preparation methods adopted to obtain the various model HOPG 

surfaces. Reproduced from Guo et al. Science, 351, 361-365 with permission of Science.154   

The recent work of Guo et al.154 has made a strong case that pyridinic-N sites produce 

active sites for the ORR under acidic conditions, specifically by introducing Lewis basicity 

into the adjacent carbon atoms. The researchers used a series of HOPG CMSs prepared using 

different nitrogen-incorporation techniques resulting in surfaces rich in different types of 
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nitrogen site. Importantly, each CMS was subjected to the same annealing temperature of 

973 K in an attempt to ensure that each surface had a similar degree of graphitization. The 

effects of reactive edge sites were also studied in isolation to ensure that any observed 

activity was the result of the chemical effects of N-sites rather than the effect of edge-site 

creation. The results indicated that the HOPG CMS with predominantly pyridine-like N-

sites had the highest ORR onset potential (Figure 1.8). The CMSs were also studied using 

temperature programmed desorption (TPD) experiments using CO2 as a Lewis acid probe in 

vacuum; only the HOPG surface rich in pyridinic-N displayed enhanced adsorption of CO2. 

This experiment further supported the idea that the Lewis basicity imparted by pyridinic-N 

might be responsible for the high ORR activity as this should also result in enhanced 

adsorption of O2. 

The use of CO2 as a probe for Lewis basicity was also reported by Kiuchi et al. on a 

nitrogenated HOPG CMS.183 The authors noted that the introduction of pyridinic-N may 

produce Lewis base sites in the HOPG surface, whilst also hypothesizing that the 

amorphization of the surface due to the nitriding process may itself produce Lewis basicity 

due to the creation of localised π-states just below the Fermi level. The CO2 chemisorption 

observed on the N-HOPG surface – as opposed to mere physisorption on unmodified 

HOPG – was directly quantified using the assumption that controlled amounts of N-sites 

were created in the first graphitic plane of a smooth HOPG. Here once again the merits of 

using a CMS are evident as the quantitative approach adopted by the authors would not be 

possible on a highly complex carbon system with a large specific surface area and porosity. 

 

Graphene 

 

As a 2D nanocarbon material which may be considered as a single, continuous delocalised 

sp2 network, graphene and materials derived from graphene are excellent CMSs and they 

have been frequently applied to fundamental studies on carbon materials for metal-free 

electrocatalysis. Groups studying graphene frequently pair experimental results with DFT 

calculations, making graphene the CMS for which theoretical studies have the closest 

correspondence to the actual material utilized in experiments. The effects of heteroatom 

incorporation as well as alterations to the carbon scaffold have both been studied in the 

context of metal-free electrocatalysis and metal-support interactions.184 

Choi et al. carried out a fundamental study on the importance of graphitic domain size, 

N-doping and the presence of metallic impurities on the ORR activity of different graphene 
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oxides.58  The issue of metallic impurities is important as powder catalysts are often formed 

through ball-milling which may introduce transition metal impurities such as Fe and Co.56-57 

Unmodified rGO as well as N-doped and ball-milled rGO were used to prepared three 

distinct graphene CMSs in their study. DFT calculations suggested that O2 binding, which 

is proposed to be the first step in the ORR mechanism, may not be important for metal-free 

carbon catalysts based on graphene. This was ascribed to the dearth of suitable binding sites 

for O2 other than at a particular minority of carbon edges which are found to be adjacent to 

graphitic N-sites. Instead a long range electron transfer mechanism was proposed which 

involved electron transfer to oxygen molecules located at the outer Helmholtz plane rather 

than to surface-bound O2.  

Experimental measurements on each CMS agreed with theoretical predictions; 

specifically, it was found that the major factor influencing the ORR kinetics was the position 

of the Fermi level, EF, as electrode surfaces with a higher EF would be expected to display a 

more reducing character and faster kinetics in long-range electron transfer reactions, where 

surface interactions are not at play. The introduction of N atoms into the carbon scaffold was 

found to have less of an effect on the ORR activity than the reduction of the graphitic cluster 

size induced by the ball milling process: the EF was found to increase as the lateral dimension 

of the sp2 network was reduced.  

A study by Stamatin et al.152 focused on the role that roughness and exposed defects have 

on the activity of graphene electrodes in the ORR. Thin layers of graphene were deposited 

via CVD on nanofiber supports resulting in undoped graphene electrode materials with 

negligible O-content, variable roughness and variable exposure of graphene layers to the 

electrolyte interface. The morphology of these graphene materials was remarkably different 

and could be controlled via the CVD growth process. Studies of ORR activity in alkaline 

conditions showed that, contrary to expectations, the morphologically smoothest fibers 

yielded the best ORR activity in terms of number of electrons and kinetic currents. 

Experiments using 4-nitrobenzylamine (4-NBA), which is proposed to intercalate at 

graphitic edge sites,185 revealed that ORR activity correlated positively with the density of 

graphitic edges that are electrochemically active and available at the electrolyte interface. 

These results highlighted the importance of probing electrochemically relevant parameters 

when studying the correlation between structure/morphology and catalytic activity. 

Interestingly, conclusions from this study are in broad agreement with those by Choi et al.58 

regarding the role of edge density on ORR activity. 

The majority of studies on the role of heteroatom doping focus on the effects arising from 

the introduction of nitrogen into the CMS’s carbon scaffold. CMSs have also been used to 
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study the effects of other heteroatoms incorporated into graphene and related materials, 

including phosphorus,186 boron187-188 and sulphur.189 Similar to the case of nitrogenation, 

graphene in these cases is an excellent CMS for studying the effects of heteroatom 

incorporation on electronic structure via a combination of DFT and optoelectronic 

techniques, and for the correlation of the resulting properties to electrocatalytic performance 

via standard electrochemical methods. 

The beneficial effects of single dopants in carbon materials may be further enhanced by 

the use of co-doping strategies190-191 where two or more heteroatoms are introduced into the 

scaffold together. The aim of such studies is generally to produce specific active sites 

through the combined effects of different heteroatoms. One such strategy is the use of boron 

and nitrogen co-doping, where the p- and n-type dopant effect of boron and nitrogen, 

respectively, may produce synergistic effects compared to the use of each dopant 

separately. 190, 192-193 The work of Zheng et al.192 on B, N co-doped graphene CMSs 

demonstrated higher ORR onset potentials than singly-doped graphene. Furthermore, 

through DFT studies the group was able to propose a synergistic model for the improved 

 

Figure 1.9. (a) Linear sweep voltammograms of CNTs, N-rGO prepared at 400 (N-rGO-400) and 

800 °C (N-rGO-800), blends of GO nanoribbons with CNTs (GONR/CNT) and with N-rGO 

(GONER/N-rGO-800), and a 20% Pt/C standard catalyst; data collected in Ar-deaerated 0.1 M 

KOH electrolyte containing 20 mM H2O2. The nanocarbons with the highest activity towards H2O2 

reduction are those that combine N-sites and O-sites in close association. (b) A simplified 

illustration of the proposed electrocatalytic role of active nitrogen sites (red) in N-rGO-800; other 

N-sites are displayed in blue. Reproduced from Wu et al. J. Mater. Chem. A, 2017, 5, 3239-3248 

with permission of The Royal Society of Chemistry. 
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activity whereby an electron-withdrawing N-site located meta to a B-site activates the B-site 

and facilitates adsorption of O2. 

Another useful feature of graphene CMSs in contrast to a 3D material such as HOPG is 

that while the optoelectronic characterization of both materials may be carried out on single 

delocalized graphitic ‘sheets’, electrochemical studies on graphene can be carried out using 

powder catalysts. This feature allows for the blending of different functionalized graphene 

materials together into a single catalyst, as was done by Wu et al.194 to study the cooperative 

effects of different pre-treatments on the same CMS. This work is distinct from the co-

doping of a single CMS as each treatment is done separately, prior to mixing the catalysts 

together when producing an ink.  

By studying three graphene-based systems, rGO containing defects and O-sites, H2-treated 

rGO (H2-rGO) with low O-content and H-terminated edges, and nitrogenated rGO (N-rGO), 

the authors showed that hydrogenation not only reduces ORR activity by passivating reactive 

edge sites and removing oxygenated edges, but it also appears to prevent the in situ 

production of new oxygenated edges. Hydrogenation of rGO inhibits hydrogen peroxide 

reduction to water at high overpotentials, thus suggesting that oxygenated moieties play a 

role in ensuring that the full 4e- pathway for the reduction of O2 proceeds at carbon surfaces 

(Figure 1.9).  

N-rGO rich in graphitic-N and N-oxide type sites was found to have the highest onset 

potential and display an apparent 4e- pathway at low overpotentials, however it also 

produced large peroxide yields at high overpotentials. The authors then showed that a 

catalyst that blended GO nanoribbons (GONR) with high O-site content and N-rGO resulted 

in both a high onset potential and a high rate of peroxide reduction at high overpotentials, 

thus supporting the role of cooperative effects between N-sites and O-sites in the ORR and 

offering mechanistic insights for future catalyst designs. 

 

Glassy Carbon 

 

Glassy carbon (GC), also known as vitreous carbon, is a carbon material first prepared in 

the 1960’s by the thermal decomposition of organic polymers in inert atmosphere.195  The 

material has its origins in the semiconductor processing industry, where it was first used as 

a crucible material. GC possesses numerous desirable properties including low porosity and 

smoothness, high chemical and thermal stability, and low thermal conductivity. For 
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industrial applications these properties are superior to crystalline graphite, which tends to 

flake off and absorb solution contaminants during processing. 

The structure of GC may be described as hexagonal graphite ‘packets’ with no discernible 

graphitic orientation between the graphite layers. X-ray crystallographic measurements 

suggest that GC has a very small La of ca. 0.5 nm.196  The porosity of GC has been 

determined to be less than 0.05%, compared to as high as 30% for graphite materials. As a 

graphitized form of carbon it is conductive, although its conductivity is less than that of pure 

graphite. It is therefore often described as a ‘conductive ceramic,’ owing to its intermediate 

properties between glasses and carbon materials. 

For similar reasons to those discussed for HOPG, the low porosity and smoothness of GC 

suggests its utility as a model carbon material, particularly for electrochemical studies on 

disordered carbon materials. Important redox processes such as the ORR on normally take 

place on disordered carbon materials such as carbon blacks (see Section 1.1). GC may 

therefore be considered as a model system for disordered graphitized carbons with a 

reproducible surface morphology. 

The reactivity of GC materials is highly correlated to the compactness or hardness of the 

structure, which may depend on the specific details of the pyrolysis protocol. 197 The material 

 

 

 Figure 1.10. Advertisement for glassy carbon as a material for laboratory equipment, including 

crucibles and beakers. Reproduced with permission from Cowlard et al. J. Mat. Sci., 1967, 2, 

507-512. Copyright © Springer Nature. 
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hardness is correlated to the number of free surface sites which may be functionalized with 

chemical moieties such as oxide groups which may modulate the reactivity. Electrochemical 

studies of the effects of carbon surface termination on reactivity in many redox processes 

have been published. Electrochemical pre-treatments to the surface of GC electrodes 

including anodization and cathodization were studied by Gunasingham et al. 197 and 

Engstrom et al.198  

These studies attributed improved reactivity of GC towards many redox processes 

including ORR, Fe2+
 oxidation and catechol oxidation to anodization treatments which 

introduce redox-mediating quinone groups into the surface and improve surface wettability. 

Factors such as surface roughening through chemical etching were excluded through SEM 

studies which showed no significant topographic changes after pre-treatment; the chemical 

inertness of GC allows it to serve as a robust model system for the study of harsh chemical 

pre-treatments without altering its morphology. 

One disadvantage of GC electrodes is that they normally require some form of polishing 

protocol for their use as electrodes, in order to renew the electrode surface and remove 

contaminants. Polishing is typically accomplished with slurries of alumina or diamond on 

some form of cloth and often results in leftover polishing debris in the form of particles or 

organic binding agents, if the slurries are purchased commercially. Such debris can result in 

sluggish electron transfer kinetics by blocking surface sites or altering the surface 

wettability.197 Fortunately, sonication with activated carbon in organic solvent199 and 

electrochemical oxidation treatments have both been shown to allow for the removal of 

polishing debris to form a reproducible GC surface.200 

Many studies of the effects of carbon surface chemistry on electrochemical reactivity with 

GC as a model surface have been carried out by McCreery et al. Examples include studies 

of  electron transfer to redox probes such as Fe2+/3+
,
  [Ru(NH3)6]

2+/3+ and ascorbate.201 

Comparisons of oxidized GC surfaces with ‘low-oxide’ GC prepared via vacuum heat 

treatment allowed for the identification of carbonyl moieties in catalyzing charge transfer to 

Fe2+/3+ in contrast to ascorbate, which was found to be sensitive to the surface termination 

but not to the specific presence of oxides. 

Yang and McCreery also studied the effects of GC surface pre-treatment on the ORR.202 

In this study, a clean GC surface prepared by sonication in isopropanol/activated carbon was 

compared to GC covalently functionalized with a methylphenyl monolayer. Under alkaline 

conditions (pH > 10) the production of superoxide, O2
- from a 1e- reduction of O2 at the 

functionalized surface was demonstrated through voltammetry studies, whereas the 2e- 

reduction of O2 to peroxide was observed on the clean GC surface. The differences in 
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reactivity were specifically correlated to the surface termination: the organic layer on the 

functionalized GC allowed for electron tunneling to O2 in solution to form superoxide, which 

then degraded in solution disproportionation.  

By contrast, the clean GC surface was found to be highly active towards the adsorption 

of O2
- which the authors ascribed to the presence of numerous free binding sites such as 

dangling bonds at the electrode surface. These sites allowed for the formation of 

hydroperoxyl intermediates of the form HO2
  at the surface which cannot occur on the 

functionalized surface due to the presence of the blocking organic monolayer. These results 

on GC are also likely applicable to O2 reduction on nanocarbons in general, which often 

demonstrate the 2e- reduction of O2 as the sole reaction pathway. 

Similar to the case of HOPG model systems, polished GC electrodes are often useful in 

electrocatalytic studies in particular because their intrinsic activity towards processes like 

the ORR and hydrogen evolution is typically poor. The effects of surface pre-treatments such 

as covalent functionalization and heteroatom doping on the electrocatalytic performance are 

therefore clearly contrasted when compared to unmodified GC. This feature of GC is also 

important when GC electrodes are used as the substrate for the deposition of other carbon 

materials, such as rGO and amorphous carbon on the GC surface for electrocatalytic studies, 

as discussed in the following section. 

 

Amorphous Carbon 

 

A frequent feature of studies on graphene is that they are not often carried out with pristine 

single layers, but more typically using electrodes prepared with multi-layer rGO. 

Interestingly, Pumera and co-workers203 have shown that rGO displays extremely similar 

properties to a-C in terms of defect densities and graphitic cluster size, as determined via a 

combination of XPS and Raman spectroscopy. Whilst the authors argued that these parallels 

between the two materials implied that a-C might be an alternative choice of material to rGO 

for certain applications, it may also be argued that a-C constitutes a useful CMS in its own 

regard, particularly when the effects of disorder and the degree of graphitization are the 

parameters under study. 

Like graphene, a-C materials have also been doped with nitrogen,115, 139, 174 

phosphorus,169, 172 and boron.170-171 a-C films may be easily prepared by an array of highly 

tunable physical vapour deposition methods, a fact that also holds true for the preparation of 

nitrogenated a-C:N films.108-109, 111 Importantly, the ability to deposit these materials onto 
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standard electrodes in the form of a solid film presents two important advantages. Firstly, it 

enables the testing of the model carbon material in the absence of additives typically used to 

work with particle electrodes, such as Nafion®. Secondly, it enables fulfilment of all the 

requirements of hydrodynamic methods that use rotating disk electrodes, such as controlled 

and uniform material thickness and flat geometry, which are known to be sources of error 

that alter activity tests of carbon particle electrocatalysts, as discussed for example in work 

by Ozkan and co-workers204 and Mayerhofer and co-workers.205 

Work from the Colavita group utilized a-C and doped a-C materials for fundamental 

structure-activity studies focusing on correlating parameters such as the degree of 

graphitization and sp2/sp3 ratios to charge transfer kinetics at the interface.87-88 Cullen et al. 

characterized a-C films with a high sp2/sp3 ratio and compared them to hydrogenated a-C (a-

C:H) films with progressively higher sp3 content and to glassy carbon using a combination 

of XPS, Raman spectroscopy, in situ infrared spectroscopy and a reactive aryldiazonium 

cation as a redox probe in solution.87 The charge transfer properties of each CMS were 

studied using in situ real-time attenuated total internal reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) to monitor the covalent grafting of the aryldiazonium cation, 

which occurs via reductive dediazoniation.  

Results indicated that grafting rates were highest for the undoped a-C with the highest 

sp2/sp3 ratio, and that increasing sp3 content was negatively correlated with the rate of 

p-NBD attachement. Trends in the kinetics of reaction were found to be similar to those 

observed on CNTs by Strano and co-workers,206-207 whereby increasing the metallic 

character of the carbon material correlated positively with grafting rates. Thus, an increased 

presence of sp3 centres was found to directly impact electron transfer rates in these 

non-crystalline materials. Results were complemented by ex-situ voltammetric analysis of 

surfaces immersed in 4-nitrobenzylamine (4-NBA) which is proposed to intercalate at 

graphitic edge sites.185 Undoped a-C also displayed higher coverages of 4-NBA than a-C:H 

films, which was attributed to passivation of edge sites in the latter materials by 

hydrogenation.  

Therefore, both the sp2/sp3 and the abundance of defects could be compared between the 

different CMSs and correlated to their electrochemical performance. The presence of 

negligible roughness differences between the materials as determined by atomic force 

microscopy (AFM) measurements allowed for the chosen parameters of the materials to be 

studied without the confounding effects of differing surface areas or porosities. Moreover, 

the preparation of each CMS – in this case by DC magnetron sputtering – was easily 

facilitated by simply varying the Ar/H2 gas mix during deposition.    
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Murphy et al. directly probed the effects of disorder in the carbon scaffold on charge 

transfer using two a-C CMSs and aryldiazonium salts as probes.89 The results indicated that 

the post-deposition annealing of a-C at 700 °C produced a material with a greater degree of 

graphitization and greater metallic character than as-deposited a-C, as determined based on 

Raman, XPS and valence studies using ultraviolet photoelectron spectroscopy (UPS). The 

more metallic a-C electrode displayed faster charge transfer kinetics to the outer-sphere 

redox probe Hexaammine Ruthenium (III) as determined via impedance spectroscopy, as 

well as significantly faster spontaneous grafting rates of diazonium salts as quantified using 

in situ ATR-FTIR measurements.  

Diazonium salts are not outer-sphere probes and the spontaneous grafting mechanism 

involves both an initial electron transfer and subsequent chemical steps;89  their grafting rates 

are therefore expected to depend on the surface chemistry of the carbon electrode, including 

the density of graphitic edges which may serve as grafting sites. Indeed, this study found that 

the more graphitized carbon surface also possessed a higher edge plane density which may 

explain the higher overall diazonium grafting yield after graphitization. The effects of 

annealing on the bulk metallic character of the electrode are to increase the rate of the initial 

electron transfer step to the diazonium species in a similar fashion to which the electron 

transfer to Hexaammine Ruthenium (III) is enhanced. Subsequent steps in the mechanism 

such as chemical rearrangements or the binding of the reactive intermediates to edge sites 

may control the overall reaction rate. Nonetheless, this study illustrates the utility of a-C 

CMSs in structure-activity characterizations where the correlation between bulk material 

properties and charge transfer is of interest, a point which will be further explored in Chapter 

III of this thesis.  

 

1.5 Probing the Structure and Reactivity of Carbon Materials Using Redox 

Processes 

 

The choice of a good CMS for fundamental structure-activity studies of electrochemical 

performance is not the only factor to be considered by the good experimentalist. There is 

also the broad question of the electrochemical experiment itself, of which the electrode 

material forms but one aspect in addition to numerous others. These other variables include 

the choice of electrochemical instrumentation and cell arrangement, the solvent and any 

electrolyte dissolved therein, any electrochemical pre-treatments or surface cleaning 

protocols employed prior to the experiment proper, and the choice of redox active analyte 
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itself. The details of experimental techniques employed in this thesis will be discussed in 

Chapter II. This section will serve as a brief discussion of heterogeneous redox processes, 

i.e. electron transfer events occurring at the interface between a carbon electrode surface and 

the solution in which it is immersed.  

A general overview of the electron transfer process will first be given, with reference to 

the early semi-quantitative model propounded by W.F. Libby in 1952208 and the quantitative 

models which followed it in the works of R.A. Marcus209-211. This will be followed by a 

discussion of the chemistry of several important redox species with an emphasis on how 

these probes may be utilized as probes of the structure and surface chemical composition in 

carbon model systems. 

 

The Marcus Theory of Electron Transfer 

 

The earliest advances in treating the problem of electron transfer in aqueous media may be 

attributed to W.F. Libby,208 who applied the Franck-Condon principle to the process. Libby 

reasoned that the different time scales for the motion of electrons in an electron transfer 

process and the motion of much heavier water molecules of the hydration sphere of the ion 

constituted a barrier to the charge transfer. Using the example of the ferrous-ferric (Fe2+/3+) 

couple, an electron transferred to a ferric ion results initially in a ferrous ion with a ferric 

coordination sphere, before the slower reorientation of water molecules occurs. The energy 

barrier to the transfer is therefore proportional to the differences in hydration enthalpy 

between the ferrous and ferric ions and electron transfer occurs only if there is a similarity 

in geometrical arrangement between the reactant and product. When the hydration enthalpy 

is significantly different between the two ions, such a similarity may not be attainable within 

the amplitudes of the zero-point vibrations of the ground states, resulting in slow electron 

transfer. 

 Libby’s approach explained why complex ions such as the ferro/ferricyanide redox 

couple underwent much more rapid electron transfer than for the simple ferrous/ferric 

couple. The complex ions consisted of a central Fe2+/3+ ion with a fixed coordination sphere 

of cyanide ligands. This has the effect of reducing hydration enthalpies in general, thereby 

reducing the barrier to electron transfer, but more importantly the symmetry of the 

ferrocyanide and ferricyanide ions implies that a common spatial orientation is likely to be 

achieved by the vibrations of reactant and product complexes in their ground states. 
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 The major lacuna in Libby’s model was the lack of energy conservation, a fact that was 

recognized by Marcus when he first studied it. If an electron may only be transferred in a 

highly activated state analogous (but not identical) to the transition state in homogeneous 

chemical reactions, it obviously follows that energy is required in order to effect the 

transition. However, electron exchange reactions like the Fe2+/3+ reaction by definition occur 

with no net change in the system’s energy. This would not be a problem if the exchange 

were to be effected photochemically, but exchange reactions were known to occur in the 

dark and, in the particular case of complex ions, to occur rapidly. A more complete model 

was needed in order to explain quantitatively the factors affecting the rate of electron transfer 

whilst satisfying both the Franck-Condon principle and conserving the system’s energy. 

This model, expounded upon in a series of papers on the subject and ultimately 

culminating in Marcus’ receipt of the Nobel Prize in Chemistry in 1992, is referred to as the 

Marcus Theory of electron transfer. At its core is the recognition that, owing to the 

differences in the solvent environment for ions with different valencies which Libby had 

described in his work, the intermediate state from which electron transfer occurs between 

reactant and product represents a non-equilibrium situation with the surrounding solvent 

molecules. This non-equilibrium state may be attained only through thermal fluctuations 

from the equilibrium state of the reactants. These fluctuations were envisioned by Marcus as 

changes of a vast multitude of coordinates: the positions of ions and solvent molecules, and 

their orientation (and therefore their dipole moments) relative to the redox species. 

Following attainment of the non-equilibrium state, the electron transfer may occur, and the 

system can then relax into a new orientation corresponding to equilibrium between the 

products and the solvent. 

The problem in this sense is not dissimilar to activated complex theory and indeed one of 

the key predictions of Marcus theory is a rate constant for electron transfer with an 

exponential dependence on a free energy of activation in a similar fashion to the Eyring 

equation (vide infra). A quantitative treatment requires the computation of the system’s 

potential energy, U, as a function of both the reacting ions and the vast array of solvent 

molecules surrounding them in the aforementioned state of non-equilibrium.  

Marcus approached this problem by treating the reacting ions and their coordination 

sphere as charged spheres and the solvent beyond the reacting ions’ inner sphere of 

coordinated molecules as a dielectric continuum with a particular value of polarization, P(r), 

which was a function of the position and orientation of the solvent molecules. He calculated 

the electrostatic free energy of the system, G, and thence derived P(r) in the state 
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corresponding to that in which the electron transfer may occur. This leads to an expression 

relating G and the amount of charge transferred, Δe, known as the Marcus formula: 
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In this formula, r1 and r2 are the radii of the ions involved in the charge transfer (including 

the inner-sphere solvent ligands), R is their separation, and  𝜀∞ and 𝜀0 are the static and high-

frequency dielectric constants of the solvent respectively. The elegance of the Marcus 

formula is most evident in the fact that the many-coordinate problem of rearranging the 

solvent molecules into different orientations (due to the necessary differences in polarization 

because of the charge transfer) has been reduced to a relatively simple quadratic equation. 

This allows the free energy changes in the transition from reactant to product (and vice-

versa) to be depicted as parabolic potential energy diagrams, as shown in Figure 1.11. 

As shown in the figure, the reaction coordinate for the electron transfer process as 

parameterized through Δe involves an increase in the free energy of the reactants, which in 

this model is entirely due to the changes in polarization associated with the reorganization 

of the solvent. 

The hypothetical scenario whereby the nuclear coordinates of the products are the same 

as the ground state of the charge distribution associated with the reactants is termed 𝜆, the 

reorganization energy. The free energy of activation, 𝛥𝐺‡ may then expressed quantitatively 

in terms of λ, which may also be derived through simple simultaneous equation 

manipulations on the parabolas in Figure 1.11: 

𝛥𝐺‡ =  
(𝜆+𝛥𝐺0)

2

4𝜆
  

This is qualitatively similar to the activation energy in Transition State Theory, but it must 

be stressed that the intersection point of the two parabolas in Figure 1.11 does not represent 

a unique nuclear configuration of reactants; outer-sphere redox reactions must only satisfy 

the condition that the reactant state and product state have equal energies and this is 

determined by the polarization state, P(r), of the solvent molecules, which is not a unique 

function of specific coordinates. Moreover, the ions and their coordination spheres are 

treated as non-deforming hard spheres which do not undergo alterations in bond lengths. 

Despite these differences from Transition State Theory, the approach leads to an analogous 

formula for the rate constant for electron transfer in terms of 𝛥𝐺‡: 

𝑘 = 𝐴𝑒
(−

𝛥𝐺‡

𝑘𝐵𝑇
 )
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With the pre-factor, A depending on the specific nature of the electron transfer and kBT 

being the familiar product of the Boltzmann constant and the absolute temperature. 

Marcus later modified his theory for exchange reactions in solution to include 

heterogeneous electron transfer at interfaces. He also extended his theory to include so-called 

‘inner-sphere’ reactions which do involve significant alterations in the nuclear coordinates 

of the reactants themselves, including atom positions, bond lengths and alterations in the 

inner solvation shell. 

 In the following sections, some of the redox probes employed in this thesis will be 

discussed in the specific context of probing the properties of electrode materials. The 

convention used will be similar to the loose classification employed by Marcus himself in 

Reference 211. First, ‘outer-sphere’ redox probes will be discussed. They may be described 

as reactants whose reactivity may be adequately described by the outer-sphere theory that 

has just been introduced. In Marcus’ convention, these are ‘Class I’ probes which are so 

categorized because of the absence of significant changes in the nuclear coordinates of the 

inner coordination sphere. In an analogous fashion Class II and III redox probes correspond 

to reactants which display slight and significant alterations in structure (e.g. in bond lengths 

 

 

Figure 1.11. Free Energy – Reaction Coordinate diagram describing a charge transfer process 

between solvated ions according to the Marcus model. The reaction coordinate is parameterised 

in terms of the transfer of a quantity of charge, Δe, from one ion to the other in different solvation 

environments, as described by the Marcus equation. 𝜆, the reorganisation energy for the process, 

as well as the activation energy 𝛥𝐺‡ are illustrated as arrows in the diagram. 
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or ligand-ion distances) in their reduced and oxidized forms respectively. These will be 

grouped together in the present discussion as ‘inner-sphere’ probes. 

 

 Outer-Sphere Redox Compounds 

 

Outer-sphere Redox compounds are those which do not show significant alterations in the 

inner solvation shell in the course of electron transfer reactions. An archetypal example 

which arguably aroused the interests of Libby in his original work is the Ferro/Ferricyanide 

couple, hexacyanoferrate (II)/(III), owing to its comparably rapid self-exchange kinetics 

when compared to hydrated Fe(II)/(III). Since the early work of Libby and Marcus, the 

kinetics of ferro/ferricyanide charge transfer have been found to be somewhat more complex 

than a simple outer-sphere redox probe in the context of electron transfer at interfaces. 

Accordingly, it is discussed in the following section.215-216 

The near invariant nature of the inner coordination sphere of outer sphere redox 

compounds with respect to the oxidation state of the central ion implies that the only factors 

affecting the charge transfer process at the electrode-solution interface are, for a cathodic 

process, the overlap of the occupied states of the electrode material with the LUMO of the  

 

Figure 1.12. Energy level diagram illustrating an electrode in equilibrium with a solution containing 

a generic redox couple, O/R a) at the equilibrium potential, Eeq b) at a potential E < Eeq. The red 

arrow indicates charge transfer occurring from the electrode into the unoccupied states of the redox 

probe, corresponding to species O in solution. 

 

redox probe. For an anodic process, the principle is identical, except the unoccupied states 

of the electrode and the HOMO of the probe are of interest. This is illustrated in Figure 1.12. 
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In this figure, the reduced and oxidized forms of a generic redox probe are depicted as 

O/R. Since both O and R may take on a variety of different states with different energies due 

to thermal fluctuations in the solvent orientations, the energy distribution is represented as a 

Gaussian curve around the equilibrium value.212 The differences in the maxima of the O/R 

energy curves is proportional to the reorganization energy, 𝜆, as described in the previous 

section. A smaller value of 𝜆 therefore implies a greater degree of overlap between the O/R 

states and therefore a faster rate of electron transfer.  

Introducing an electrode into the solution of O and R induces a heterogeneous charge 

transfer at the interface until the electrode and the redox species in solution are in 

equilibrium. This is represented in Figure 1.12 as the point where the Fermi level, EF, of the 

electrode is aligned with the energy levels of the solution species. At this point, no net charge 

transfer occurs and the system remains in equilibrium with an equilibrium potential 

difference (relative to the reference electrode) persisting at the interface. If the electrode is 

biased either positive or negative with respect to the solution energy levels, charge transfer 

is induced in order to restore the equilibrium condition, resulting in a change in the relative 

amounts of O and R to new equilibrium values. This process will be discussed in more detail 

in Chapter II.  

For the present discussion, it suffices to say that an outer-sphere redox compound is 

expected to respond to changes in the potential difference at the interface in the manner just 

described without reference to the specific chemical nature of the interface. The low value 

of 𝜆 for the charge transfer implies that an approach of the analyte in solution to the surface 

is required only to effect the electron transfer, and no significant alterations (e.g. in bond 

lengths) are induced in the analyte by interactions at the surface. This is equivalent to stating 

that outer sphere redox compounds are unaffected by the presence of specific chemical 

moieties at the surface and are instead sensitive only to the material’s bulk electronic 

properties, viz. the position of EF and the density of states (DOS) around EF.  

A typical example of a Class I Redox couple is the Hexaammine Ruthenium (II)/(III) pair, 

[Ru(NH3)6]
2+/3+.159, 213 The geometries of both oxidation states of the coordination complex 

are octahedral and the amine ligands which constitute the inner coordination sphere of the 

(II) and (III) ions do not show a dramatic alteration in bond lengths based on their infrared 

spectra, as expected for a Class I Redox Compound.214 Due to its relative surface 

insensitivity, the [Ru(NH3)6]
2+/3+

 couple is employed in Chapter III of this thesis for 

fundamental structure-activity studies on a-C:N electrodes where the bulk optoelectronic 

properties of the a-C:N are of primary interest.  
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Inner-Sphere Redox Compounds 

 

The process of heterogeneous charge transfer between an electrode surface and an 

inner-sphere redox compound is governed by the same fundamental physical principles 

described in Figure 1.13 and the associated discussion in the previous section. The alteration 

of the electrode-solution potential away from its equilibrium value will also result in a net 

transfer of charge between the electrode and the solution until EF and the redox levels in 

solution once again match. However, the distinguishing feature of an inner-sphere O/R 

couple is that it has a much larger value of 𝜆 than that expected for an outer-sphere couple, 

which serves as a significant energy barrier to charge transfer. 

The main consequence of this higher energy barrier is that an inner-sphere probe can no 

longer be said to be sensitive only to an electrode’s bulk properties. The physical 

interpretation of 𝜆 is that of a reorganization energy which may be associated with specific 

alterations in bond lengths in the inner coordination sphere as well as the requisite changes 

in the solvent environment discussed for outer-sphere processes. Accordingly, features of 

the electrode’s surface chemistry may serve to expedite or impede charge transfer by 

facilitating or hindering this reorganization. The solvent can also have such an effect, as can 

the cations and anions of the supporting electrolyte.  

Before discussing the redox probes of particular relevance to this thesis, it is worthwhile 

addressing some of the limitations of Marcus theory. When a reaction scheme involves 

multiple charge transfer steps (i.e. the reaction involves more than one heterogeneous 

electron transfer step), each with its own rate constant, k, the theory of Marcus is not applied 

to the final products with respect to the reactants, but may possibly be applied to the couple 

O and R involved in each individual step. Complex mechanisms involving processes such 

as the adsorption of analytes at the electrode surface or chemical reaction steps occurring in 

between electron transfer steps may also fall beyond the ambit of Marcus theory, but they 

still certainly constitute ‘inner-sphere’ processes in the most general meaning of the term 

and will also be discussed in this section. 

 

Hexacyanoferrate (II)/(III) (Ferro/Ferricyanide) 

 

Although it is the case that the fast rates of charge transfer associated with coordination 

complexes (as distinct from ‘free’ ions subject to hydration) inspired the work both Libby 
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and Marcus, it has since been determined that the hexacyanoferrate (II)/(III) couple, 

[Fe(CN)6]
4-/3-

, is not actually an outer-sphere redox probe even though it does display faster 

charge transfer kinetics than Fe2+/3+
.  The resemblance between [Fe(CN)6]

4-/3- and the 

[Ru(NH3)6]
2+/3+

  at many electrode surfaces is fortuitous. Firstly, the fast self-exchange of 

[Fe(CN)6]
4-/3- observed in many cases may actually be attributed to the presence of cations 

in solution from the supporting electrolyte.215 It has been suggested that the highly charged 

complex [Fe(CN)6]
4-/3-

 ions are coupled via cation bridges, which would explain the 

observations of Peter et al. that the rate of charge transfer varies with cation size in the order 

Li+ << Na+ < K+ ≅ Cs+.215 

 Swaddle et al. 216 demonstrated that in solutions containing potassium ions, the apparent 

rate constant for charge transfer in [Fe(CN)6] 
4-/3-

, kapp, may actually be described as a 

function of the K+ ion concentration: 

kapp = k0 + k1[K
+] 

the K+ ions may serve as bridging ions between the complex anions, implying that the 

overall process is not actually outer-sphere but rather an inner-sphere process which is highly 

dependent upon both the size and abundance of cations. Indeed, experiments carried out by 

Swaddle et al. involving the sequestration of K+ ions with crown ethers helped to 

demonstrate the catalytic effect of the cation and showed that k0, the rate constant for the 

cation-independent electron transfer, displayed values consistent with those predicted by 

Marcus theory. 

A further complicating factor in the use of [Fe(CN)6] 
4-/3-

 is its sensitivity to the electrode 

surface. Beriet and Pletcher217 demonstrated the aforementioned cation sensitivity with the 

addition of studies involving the Sr2+
 ion, but also found that electron transfer to 

[Fe(CN)6] 
4/3-

 is liable to be inhibited by the blocking of the surface with adsorbates. In 

particular, the decomposition of [Fe(CN)6] 
4-/3- itself at the surface resulting in the attachment 

of cyanide ligands was proposed. Pre-adsorption of CN- ions during surface preparation or 

via their introduction into the electrolyte was correlated to faster electron transfer, which the 

authors attributed to the inhibition of surface decomposition of [Fe(CN)6] 
4-/3-

 and/or the 

prevention of interference from other adsorbates.  

Further studies on Pt electrodes by Kitamura et al. confirmed that [Fe(CN)6] 
4-/3-

 may 

dissociate at the surface, producing adsorbed species which may, depending on their 

orientation, either facilitate or inhibit electron transfer.218 Intriguingly, the 

cation-dependence of [Fe(CN)6] 
4-/3-

 was linked to its sensitivity to the electrode preparation 

by the authors, who posited that CN- adsorbates facilitate electron transfer from/to 

[Fe(CN)6] 
4-/3-

 by stabilizing adsorbed cations which serve as bridges to the heterogeneous 
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redox process in an equivalent fashion to their behavior in the homogeneous self-exchange 

process. 

This result also explains the fast rates of electron transfer observed by Beriet and Pletcher 

following pre-adsorption of their electrodes with cyanide anions. Inhibition of charge 

transfer is expected for surfaces with surface moieties or blocking adsorbates which do not 

stabilize adsorbed cations which can then act as bridges for the electron transfer. 

Experimentation with the [Fe(CN)6] 
4-/3-

 couple is therefore a relatively simple and accessible 

method for the characterization of an electrode’s surface chemistry, as will be shown for 

a-C:N electrodes in Chapter III of this thesis. 

 

Catechols 

 

Catechol and its derivatives are important redox compounds with particular relevance to 

biology. 2-(3,4-Dihydroxyphenyl)ethylamine, better known as dopamine, is a catechol 

derivative which functions as a neurotransmitter. Aberrations in dopamine levels have been 

famously correlated to Parkinson’s disease, as well as attention deficit hyperactivity disorder 

(ADHD) and schizophrenia.148 Electrochemical methods for the detection of dopamine in 

biological media are highly desirable, but must be able to discriminate between it and co-

analytes such as ascorbic acid which have similar redox potentials. 148-149 

 

 

Figure 1.13. ‘Scheme of Squares’ describing a 2-electron, 2-proton oxidation of a catechol (CH2). 

The redox chemistry of catechols is highly complex. Disregarding for the moment any 

deviations introduced by the presence of different substituents on the dihydroxyphenyl core, 

the oxidation of catechol involves a net transfer of 2 electrons and 2 protons, which has been 

shown to be explicable as a ‘scheme of squares’219 (Figure 1.13). In this diagram, following 

the reaction scheme horizontally corresponds to an electron transfer step, whereas the 

vertical equilibria are proton transfer steps. The ‘starting’ point in any given experiment is 
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highly dependent on the pH, and the relative orders of electron and proton transfer have also 

been considered with reference to the pKa values of intermediates. For instance, the accepted 

pathway at low pH values is thought to be e-→H+→e-→H+. 

Kinetic studies of dopamine oxidation in particular have been complicated by its 

sensitivity to the surface preparation. This point will be discussed in detail in Chapter IV, 

where this surface sensitivity is exploited as a means of characterizing the surface chemisty 

and nanostructure of nitrogenated carbon electrodes.  

 

Oxygen 

 

The oxygen reduction reaction (ORR) has already been discussed in previous sections of this 

chapter in the context of N-doped carbon nanomaterial electrocatalysis. This brief section 

will focus on the ORR in a more general sense by introducing the thermodynamics governing 

the reaction and commenting on the current challenge of overcoming its kinetic limitations. 

The ORR is a 4-electron, 4-proton process, making it the most complex redox process 

discussed thus far. The formal potential, E0’
, for the overall process is 1.229 V vs the 

Reversible Hydrogen Electrode, RHE: 

 

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

 

Any material capable of effecting the ORR at the thermodynamic potential of 1.229 V vs 

RHE would be a zero-overpotential ORR catalyst. However, this is not currently attainable 

even for the best catalysts currently known. Following the analysis of Marc Koper,220 this is 

because ORR catalysis at surfaces requires the binding of oxygen or of its intermediates, and 

a balance in the magnitude of the adsorption free energy for each the intermediates (ΔGads) 

needs to be achieved. This is not currently possible due to strong correlation between the 

binding energies of the intermediates, as has been shown on metal surfaces.221 For example, 

if for the sake of discussion the following mechanism is assumed: 

 

O2 + H+ + e− → OOH* 

OOH*+ H+ +  e− → 2OH* 

2OH*+ 2H+ +  2e− → 2H2O 
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where asterisks denote species adsorbed at the electrode surface, the value of ΔGads for the 

OOH* and OH* intermediates are not independent of one another.  One or more of these 

reaction steps is therefore expected to place a limitation on the ORR due to increases in the 

activation energy, ΔG‡ with ΔGads, the so-called Bronsted-Evans-Polanyi postulate,222 which 

implies that the strong binding of an intermediate will present a large activation barrier for 

its removal, and vice versa. 

 It is clear from this discussion that this result is independent of the exact mechanism: the 

optimal heterogeneous catalyst should always be one that binds oxygen (and any reaction 

intermediates derived from it) neither too strongly nor too weakly. It should also be apparent 

that most, if not all of the electron transfer steps in the ORR are inner-sphere processes which 

depend not only on specific surface sites which facilitate the binding of intermediates, but 

also the coverages of these intermediates and of any other blocking species which may also 

bind at the electrode surface. As a further complicating factor, the overall 4e- reduction of 

O2 may proceed as a 2 + 2 e- process with a hydrogen peroxide intermediate: 

 

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

 

Depending on the particular electrocatalyst, the above reaction may be the final product 

of O2 reduction, particularly on undoped carbon surfaces.202 The 2e- pathway is often 

considered an inefficient and undesirable outcome compared to the full 4e- reduction of 

oxygen to water.223-224  

The sensitivity of the ORR to the electrode surface in the case of N-doped carbons has 

been studied both theoretically and experimentally by many groups.24, 31, 115, 120, 153, 225-226 

Many different N-sites have been implicated in promoting the ORR, as mentioned in Section 

1.4, although at the time of writing, a clear consensus of which type and distribution of N 

site is desirable for promoting the process has not emerged. This problem is addressed in 

Chapter VI of this thesis, in which studies of the ORR performance of nitrogenated carbons 

derived from a-C and a-C:N films will be presented. The activity of the materials will be 

correlated to both their bulk properties and their surface chemistry. Keeping with the theme 

of using redox active compounds as probes of a material’s structure, the use of oxygen in 

such studies can be considered as an extreme example of ‘inner-sphere’ probing, where the 

surface properties of the electrode are the most important factor in determining the 

electrochemical response.    

 

 



   Chapter I 

 

  45  

1.6 Aim of this Thesis 

 

In this chapter the numerous practical applications of carbon materials have been briefly 

reviewed, with a focus on their electrochemistry. N-doped carbon materials were also 

introduced as promising materials for electroanalysis and for metal-free electrocatalysis. 

Advances in both of these disciplines have been made by the judicious choice of carbon 

model systems for structure-activity studies, but there is still much to learn. The main aim 

of this thesis is therefore to prepare carbon model systems based on sputtered a-C:N films 

and to correlate their structural properties, both of the bulk and the surface, to their 

electrochemical performance. Real electrocatalytic systems frequently employ disordered 

carbon materials; the development of carbon model systems that incorporate disorder 

therefore allows the factors affecting electrocatalytic performance in practical systems to be 

systematically investigated. 

The preparation of a-C:N films is discussed in Chapter III, where the effects of different 

levels of nitrogen-incorporation on the properties of the films are discussed. This includes a 

characterization of the bulk optoelectronic properties of the materials, the nitrogen content 

and N-site chemistry, film thickness, and surface roughness. This characterization is 

combined with electrochemical studies of a-C:N electrodes using the outer-sphere 

[Ru(NH3)6]
2+/3+

 redox couple in order to focus on the bulk properties. 

In Chapters IV-V, the electrochemistry of N-free and N-doped carbon model systems in 

solutions of catechol derivatives is studied. The electrochemical performance is correlated 

to the carbon scaffold nanostructure and N-site chemistry. The data obtained through 

experimentation are also complemented by density functional theory (DFT) calculations of 

catechol interactions with model carbon structures. 

Chapter VI explores the ORR performance of different N-doped carbon model systems 

based on a-C:N films. The electrochemical activity is correlated to both the surface 

nanostructure and the N-site chemistry. Finally, results and conclusions from all of the work 

in Chapters III-VI are presented along with a brief discussion of side-projects undertaken 

throughout the course of this project and possible future work. 
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CHAPTER II 

Experimental Methods 

 

  

This chapter introduces the theory behind the main experimental methods employed throughout 

this thesis. The magnetron sputtering system employed in the preparation of amorphous carbon 

and nitrogenated amorphous carbon films is described along with a brief discussion of the 

deposition conditions. The experimental apparatus employed in the electrochemical 

characterisation is described and the fundamental theory of heterogeneous charge transfer at the 

electrode-solution interface is discussed in some detail, with specific reference to voltammetric and 

impedance methods. Finally, other material characterisation techniques applied throughout the 

work are described including spectroscopic ellipsometry, x-ray photoelectron spectroscopy and 

atomic force microscopy.   



   Chapter II 

 
  73  

 

2. Preparation and Characterisation of Amorphous Carbon Model Systems 

2.1 Magnetron Sputtering Deposition of Amorphous Carbon (a-C) Based 

Model Systems  

 

Magnetron sputtering is a method of physical vapour deposition (PVD) commonly used for 

the deposition of amorphous carbon films.1-3 The technique involves plasma bombardment 

of a target surface which causes the ejection – or ‘sputtering’ – of atoms, which may then 

condense upon a desired substrate as a thin film. The plasma is generated via the application 

of a DC4 or RF voltage5 depending on the electrical conductivity of the target material.  

The technique is distinguished from the basic sputtering process through the use of 

magnets which are arranged to produce a magnetic field oriented parallel to the target 

surface.6 This has the effect of trapping secondary electrons in the vicinity of the target, 

promoting the formation of a dense plasma which in turn increases the rate of ion 

bombardment and sputtering. 

The plasma is typically generated using an inert gas such as argon, but the incorporation 

of heteroatoms into the growing carbon film may be accomplished by introducing other 

gases such as N2 during deposition.7-9 Such reactive magnetron sputtering has been 

employed to produce a variety of nitrogen-incorporated carbon films.10-12 The use of N2 in 

particular is thought to induce bombardment by N+
 and N2

+
 and the subsequent deposition of 

ejected CN fragments, mainly as radicals, which further react on the surface of the 

substrate. 11, 13   

There are many factors affecting the properties of sputtered films; the deposition 

temperature,10 power,5 reactive gas composition14 and substrate bias15-16 may all potentially 

be varied in order to produce films with distinctive bulk properties and surface chemistries. 

In this thesis, amorphous carbon (a-C) and nitrogen-incorporated amorphous carbon (a-C:N) 

thin films were deposited via DC magnetron sputtering in a vacuum chamber 

(Torr International Inc) shown in Figure 2.1) at a base pressure ≤ 2×10-6 mbar.  

The carbon source for both film types was a graphite target (99.999%, Lesker). 

Importantly, a separate target was used for nitrogenated and non-nitrogenated carbon films 

in order to avoid cross contamination of the undoped films with residual nitrogen. The 

nitrogen content of the a-C:N films was varied using an Ar/N2 plasma with the relative 

amounts of Ar and N2 varied using mass flow controllers (Brooks Inc.). A constant total gas 
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flux of 50 sccm was used for all depositions, yielding deposition pressures in the range 

7 × 10-3 – 1 × 10-2 mbar. In this thesis, these nitrogenated films will be referred to as 

a-C:N-X% where X is the percentage flux of N2 in the vacuum chamber. The carbon source 

for both film types was a graphite target (99.999%, Lesker). Importantly, a separate target 

was used for nitrogenated and non-nitrogenated carbon films in order to avoid cross 

contamination of the undoped films with residual nitrogen.  

 

 

 

 

 

 

 

 

Figure 2.1. Photograph of the inside of the magnetron sputtering chamber used to prepare a-C and 

a-C:N films described in this thesis. The carbon target is mounted within the anode shield (centre) 

and the substrates are positioned on the rotating stage at the bottom of the chamber. 
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2.2 Electrochemical Characterisation Techniques 

 

Electrochemical Instrumentation 

 

Electrochemical measurements described in this thesis were performed on a Metrohm 

Autolab AUT50324 potentiostat. Potentiostats may be described as complex electrical 

circuits based on an operational amplifier17 which enable the maintenance of a fixed potential 

at a particular reference point – the reference electrode - over the course of an experiment. 

Measurements described in this thesis were obtained using a 3-electrode setup illustrated 

in Figure 2.2. This arrangement consists of a working electrode (WE), counter electrode 

(CE) and reference electrode (RE) mounted in a glass cell sealed with a Teflon® cap. The 

WE is the electrode composed of the material of interest, with its identity depending on the 

experiment. Unless otherwise specified, all WEs in this work are prepared using glassy 

 

 

Figure 2.2. Schematic of a typical electrochemical cell used to carry out the work described in this 

thesis. The WE, CE and RE are all connected to the potentiostat via metal contacts (not pictured). 

Ar gas is bubbled through the solution to de-aerate via a glass tube, but was normally placed in the 

headspace above the working solution during experiments to avoid disturbing the concentration 

profile of redox analytes at the working electrode surface. 
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carbon (GC) disks (Sigradur, grade K radius 0.25 ± 0.05 cm). These disks were either used 

directly in electrochemical measurement after being subjected to polishing and/or 

pre-treatments as described in following chapters, or used as the substrate for the deposition 

of amorphous carbon and N-doped amorphous carbon thin film electrodes via magnetron 

sputtering as described in Section 2.1. 

Every electrochemical experiment is concerned in some fashion with the measurement of 

currents and voltages at the WE. As its name suggests, the function of the RE is to serve as 

a constant reference point for the applied voltage. This reference value is an interfacial 

voltage associated with the equilibrium point of a particular redox half reaction under 

specified conditions. For example, under conditions where the activity of H+ ions is unity 

and the pressure of H2 gas bubbling over a Pt electrode is 1 bar, the voltage drop, ΔE, at the 

electrode-solution interface induced by the following half reaction: 

H+ + e- ⇌ 
1

2
𝐻2                                                          (2.2.1) 

is known from theoretical calculations to be close to 4.5 V vs Vacuum.18 A reference 

electrode constructed under such conditions is termed the Standard Hydrogen Electrode 

(SHE). In practice, the absolute value of ΔE at the reference is not of much interest to the 

experimentalist; what is relevant is the ΔE across the WE-electrolyte interface, as indicated 

relative to the constant potential maintained by the equilibrium at the RE. Hence, by 

convention, the ΔE produced at the SHE at 25 oC is assigned the value of 0.00 V and all 

applied voltages are reported relative to this value.  

Although reaction (2.2.1) is the universal standard reference point for electrochemistry, 

in practice the SHE is rarely used as a physical RE. This is in part because of pragmatic 

considerations, such as the hazards and costs associated with a constant bubbling of 1 bar of 

flammable hydrogen gas, and in part because more convenient reference electrode systems 

are easily fabricated. An example is the Ag/AgCl reference: 

 

              AgCl (s) + e- ⇌ Ag(s) + Cl- (aq,sat)                         E = 0.198 V vs SHE 

Owing to the unit activity of solid AgCl and Ag, this reference electrode has a potential vs 

the SHE which varies with the chloride concentration as described by the Nernst equation 

(vide infra):  

E = 0.220 – 0.059[Cl-]                  (2.2.2) 
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An Ag/AgCl RE can be easily prepared using an anodised piece of silver wire immersed 

in a salt solution such as KCl. The RE internal solution is separated from the working 

solution by a porous frit which allows for the movement of ions but does not permit the two 

solutions to mix. Liquid junction potentials across the frit may be avoided by using a similar 

electrolyte in the working solution to that used in the RE compartment, so as to ensure that 

there are no differences in the mobilities of the ions on both sides of the frit. For the work 

described in this thesis, this is accomplished by using an Ag/AgCl reference with a Vycor® 

porous frit filled with saturated KCl solution and a working electrolyte of KCl. 

The Ag/AgCl electrode is not suitable for measurements at high pH, primarily because of 

the propensity for Ag to form Ag2O under such conditions, thereby introducing a secondary 

redox process and imparting an unwanted pH dependence to the reference potential. There 

are numerous other REs in common use for basic conditions, including the Saturated 

Calomel Electrode (SCE). One particularly convenient reference system for studies 

involving a range of pH values, is the Reversible Hydrogen Electrode (RHE). The half-

reaction for the RHE is identical to that of the SHE (Equation 2.2.1) except the H+ activity 

is not maintained at standard (unit) activity: 

 

        E = 0.00 + 
𝑅𝑇

𝐹
ln (

𝐻+

𝐻2
) = 0.0 - 

𝑅𝑇

𝐹
𝑝𝐻 = -0.059×pH @ 25 oC                 (2.2.3) 

Instead the reference compartment is allowed to fill with the same filling solution as the 

working compartment. The H2 pressure is kept fixed at 1 bar, implying that the reference 

potential for the RHE is entirely dependent on the pH such that the RHE potential will shift 

cathodically by 59 mV for every unit increase in pH. While this may appear to be a nuisance, 

this feature of the RHE is actually convenient for the study of redox processes such as the 

ORR which have the same first-order dependence on the pH as the H+/H2 half reaction. Such 

processes also shift by -59 mV for each unit increment of pH, allowing for the same fixed 

potential window vs RHE to be used for a series of measurements of the same redox process 

at different pH values. The potential values vs RHE can then later be converted back to the 

SHE scale using Equation (2.2.3), although it is increasingly common for researchers to 

simply report the potential versus RHE directly, particularly in the ORR literature. 

For measurements under acidic and basic conditions, the work described in this thesis 

makes use of a Hydroflex® RHE system developed by Gaskatel. The electrode consists of a 

hydrogen source in the form of a disposable cartridge, a Pt mesh and a partially-sealed 

compartment which takes up the working solution. When not in use, the Hydroflex® was 
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stored in a solution of the same electrolyte employed during the experiments, as this avoids 

the need to allow time for the system to equilibrate with the working solution. 

The 3-electrode experimental setup is completed through the use of a CE, which has the 

function of ensuring charge balance by passing a current to match that being passed at the 

WE. A CE may be constructed from any convenient conducting material provided that it 

does not introduce additional redox species into the working compartment or otherwise 

interfere with the working electrode. In practice, this simply means choosing an inert 

conducting material such as graphite to serve as the counter and placing the CE some 

distance away from the WE within the working compartment. In order to ensure that the 

passage of current is not limited by the CE, the counter typically has a significantly larger 

area than the WE.17  

The use of a RE and CE in tandem represents a division of the potential and current 

measurement functions between two separate electrodes. This is done primarily to preserve 

the set potential of the RE at the Nernstian value specified by its corresponding half reaction. 

If the RE is also used to pass a significant amount of current it may be itself polarised in the 

process, thereby shifting the reference point and compromising the RE’s function. This is 

why only the RE only draws an infinitesimal current during normal operation in order to 

allow for the potential determination.  The delegation of macroscopic current flow to the CE 

prevents this polarization.  

Since the leakage of the RE filling solution into the working solution is usually minimised 

through some form of porous frit separating the two compartments, DC resistance distortions 

may occur in the RE if the RE input impedance becomes large e.g. due to blockage of the 

frit by salt deposits, but capacitive distortions introduced into the impedance spectrum by 

the RE frit at high frequencies can also occur. The capacitive coupling of the RE to a Pt wire 

can serve as an AC potential source for impedance measurements at frequencies > 100 kHz 

in order to avoid such distortions. 19 

As a final note on the experimental setup, the electrode arrangement depicted in Figure 

2.2 suffers from one practical limitation: the potential difference measured at the RE is not 

actually the value of ΔE across the WE-solution interface, but rather this value along with a 

secondary potential drop, which arises due to the resistivity of the electrolyte in the region 

of solution separating the WE and the RE. This potential drop is usually referred to as the 

‘iR drop’, as its magnitude depends on both i, the current passed between the WE and the 

CE and the value of Rs, the solution resistance, which varies depending on the placement of 

the RE. The iR drop may be negligible for experiments passing very small currents, and its 
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effects on the measurement may also be diminished by using high electrolyte concentrations 

and placing the WE and RE in close proximity. This is often accomplished using a Luggin 

capillary, which is a glass tube filled with electrolyte and placed close to the WE surface in 

order to ensure a well-defined sensing point for the RE and a reduced separation between 

the RE and the WE.  

Regardless of the particular experimental arrangement, in order to report the true values of 

ΔE, the iR drop must be accounted for in some fashion. In this thesis the iR drop is accounted 

for using iR compensation through Metrohm’s NOVA® software. The solution resistance 

Rs is determined at the beginning of each experiment via impedance measurements (vide 

infra). Knowing the value of Rs, it is then possible to correct the reported potential at every 

stage of the experiment by the value of iRs using the relation: 

                                                    Eactual = Emeasured – iRs                              (2.2.4) 

It is also possible in principle to correct uncompensated potential data after the fact, if the 

value of iRs is known or can be determined from the data. For potentiostatic experiments the 

correction is trivial to apply using Equation (1.2.4), although the correction may require the 

use of software packages if the potential varies in a complex fashion with time throughout 

the experiment, as is the case with voltammetry. 

 

Fundamental Thermodynamics of Electrochemical Systems 

 

A generic redox equilibrium   

                                                                    O + e−  ⇌  R                   (2.2.5)  

can be described from the point of view of elementary chemical thermodynamics in terms 

of an equilibrium constant, K, and the standard Gibbs free energy change for the reaction, 

ΔGr
0: 

  K =
ar(eq)

ao(eq)
=

γrcr(eq)

γoco(eq)
                                     (2.2.6a) 

       ΔGr
0 =  −RTlnK                                      (2.2.6b) 

The thermodynamic quantities should strictly be specified using activities rather than 

concentrations, however this is rarely applied in electrochemistry because the activity 

coefficients (𝛾) are generally unknown quantities (vide infra). Changing the composition of 
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O/R away from the equilibrium composition (i.e. changing the reaction quotient from the 

equilibrium value K to some other value, Q) may then be described conveniently using the 

relationship: 

ΔG r =  ΔG r
0 +  RTlnQ                (2.2.7) 

Redox equilibria are distinct from chemical equilibria in that they involve charged particles. 

An electrode at equilibrium with a solution containing O and R in some composition will 

therefore have a net charge, which may be positive or negative relative to the solution 

depending on the position of the equilibrium in Equation (2.2.5). This charging of the 

interface produces the potential difference E across the interface discussed in the previous 

chapter, which is reported relative to a convenient reference electrode. 

The transfer of charge through a potential difference E involves energy transfer as work, w, 

according to 

            w =  −nFE                  (2.2.8) 

where n the number of electrons, F the Faraday constant (i.e. 96,485 J/C) and E is the 

potential difference  

             E = Eelectrode – Esolution                                         (2.2.9) 

Reaction (2.2.5) may be spontaneous in either direction, depending on the chemistry of the 

O/R redox couple and the ratio of their concentrations. This implies that both a positive and 

a negative electrode potential, and therefore positive and negative electrical work, may be 

nonetheless associated with a spontaneous chemical change.  

This is distinct from chemical thermodynamics, where w = ΔG < 0 is the signpost of 

spontaneous change, and it arises from the way in which the potential difference E is 

specified in equation (2.2.9). To reconcile this apparent incompatibility in notation the 

typical convention in electrochemistry is to state that a positive value of E corresponds to a 

spontaneous reaction for which ΔG < 0 in the cathodic direction. If E < 0, the reaction 

proceeds spontaneously in the anodic direction and the positive value of ΔG is then identified 

with the external work which would be necessary in order to effect the non-spontaneous 

cathodic process. 

 The application of this convention to the relation ΔG = w results in the important equation 

 ΔG = -nFE       (2.2.10) 

Using this relation in Equation 2.2.7 leads to the Nernst Equation: 
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                                             E =  E0 –
RT

nF
lnQ =  E0′  +

RT

nF
ln(

Co

Cr
)                 (2.2.11) 

The Nernst equation enables the prediction of the value of E for any half reaction like 

reaction (2.2.1) under any composition of the reagents. It should be apparent from the Nernst 

equation that the formal potential, E0’, is the value of the potential when Co = Cr, and like 

ΔGr
0 it reflects the underlying chemical nature of the O/R couple. The formal potential E0’ is 

always specified in terms of concentrations, rather than activities, with the relationship 

between E0’ and the true thermodynamic potential specified by Equation (2.2.12): 

       E0′ =  E0 +
RT

nF
ln

γo

γr
                                                             (2.2.12) 

In principle if the activity coefficients for O and R are known for the particular experimental 

conditions it is possible to ‘correct’ the formal potential using Equation (2.2.12). This thesis 

follows the more common practice of reporting E0’ directly.  

The logarithmic term in Equation (2.2.11) reflects the positive entropic contribution of 

mixing O and R (i.e. ΔGmix < 0) relative to the production of a uniform solution of O or R.  

The Nernst equation therefore contains entirely thermodynamic information, but it is 

nonetheless extremely important for the understanding of heterogeneous charge transfer 

kinetics, the subject of the next section. This is so because any microkinetic theory of charge 

transfer must produce results consistent with the Nernst equation when describing systems 

at equilibrium. 

 

The Butler-Volmer Theory of Electron Transfer Kinetics 

 

In Chapter I the Marcus theory of electron transfer was introduced in the discussion of redox 

probes in order to account for the variation in electron transfer rates observed for different 

redox-actives species and to emphasise the distinction between outer-sphere and 

inner-sphere probes. That discussion dealt primarily with the organizational changes 

undergone by ions in solution during an interfacial charge transfer event. In this section, the 

Butler-Volmer (BV) theory of electron transfer kinetics is introduced. The application of BV 

theory to electrochemical systems underpins vast areas of research in electrochemistry, and 

a good understanding of the axioms underpinning so-called ‘Volmerian’ systems is essential 
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for the interpretation of data acquired from numerous experimental techniques applied in 

this thesis, including voltammetry and impedance spectroscopy.   

The Effects of Applied Potential on Activation Energy 

Figure 2.3 a) illustrates the potential energy diagram for a generic reduction process 

O + e = R under standard conditions and with equal concentrations of O and R, similar to 

that introduced in Chapter I. The potential at the electrode surface under such conditions, E, 

is by definition equal to the formal potential, E0’. The system is at equilibrium, which implies 

that the rate of reduction of O is equal to the rate of oxidation of R: 

                                             −
𝑑𝐶𝑜

𝑑𝑡 
=

𝑑𝐶𝑟

𝑑𝑡
⇒ 𝑘𝑐𝐶𝑜  =  𝑘𝑎𝐶𝑟                                                      (2.2.13) 

The rate constants specified are heterogeneous charge transfer rate constants for the redox 

reaction (2.2.5). However, under these conditions Co = Cr, which implies that 

                                                             𝑘𝑐 = 𝑘𝑎 = 𝑘𝑠                                                              (2.2.14) 

 E0’ for a redox couple is therefore the unique potential at which the rate constants for the 

process in both the cathodic and anodic directions are equal in value. This value is termed 

the standard heterogeneous rate constant, ks. Also identifiable from the diagram are the 

activation energies for the cathodic and anodic process, Δ𝐺𝑟𝑒𝑑
‡

 and Δ𝐺𝑜𝑥
‡

 which under these 

conditions are equal in value to Δ𝐺𝑠
‡
, the standard activation energy. Δ𝐺𝑠

‡
 may be related to 

ks by an Arrhenius relation: 

                                 𝑘𝑠  =  𝐴𝑒−
Δ𝐺𝑠

‡

RT
 
                             (2.2.15) 

Knowing the value of ks, it is possible to develop a general equation relating the rate constant 

at any applied potential. The argument is based on the approach adopted in Reference 17. 

The potential energy diagram in Figure 2.3 b) corresponds to the same O/R system after the 

electrode has been polarised to a new potential, E, such that E < E0’. This potential step 

represents a destabilisation of the equilibrium situation described by Equations 2.2.14 and 

2.2.15, which results in the shifting of the entire reactant (O + e) curve upwards by an amount 

ΔG = -F(E-E0’). Generally the potential shift will also affect the position of the product curve 

R, particularly if both O and R are charged species. Figure 2.3 b is valid for uncharged R, 

such as a metal cation in equilibrium with a solid metal phase.20  



   Chapter II 

 
  83  

The shift in the O/R curve is mainly due to the destabilisation of electrons on the electrode 

relative to the standard value due to the negative shift in potential. This shift in the potential 

energy curve also results in a change in Δ𝐺𝑟𝑒𝑑
‡

  away from its standard value and therefore in 

a change in the rate constant. By a similar argument, applying a potential E > E0’ destabilises 

the product curve (R) relative to the standard state and reduces Δ𝐺𝑜𝑥
‡

.  This potential-

dependence of the cathodic and anodic rate constants may be generalised mathematically as 

follows: 

                        𝑘𝑐(𝐸)  =  𝐴𝑒−
Δ𝐺𝑟𝑒𝑑

‡

𝑅𝑇 =  𝐴𝑒−
Δ𝐺𝑠

‡
+ 𝛼𝐹(𝐸−𝐸0′

)

𝑅𝑇 =  𝑘𝑠𝑒
−𝛼𝐹(𝐸−𝐸0′

)

𝑅𝑇                       (2.2.16a) 

                        𝑘𝑎(𝐸)  =  𝐴𝑒−
Δ𝐺𝑜𝑥

‡

𝑅𝑇 =  𝐴𝑒−
Δ𝐺𝑠

‡
− (1−𝛼)𝐹(𝐸−𝐸0′

)

𝑅𝑇 =  𝑘𝑠𝑒
(1−𝛼)𝐹(𝐸−𝐸0′

)

𝑅𝑇           (2.2.16b) 

 

Here a factor α known as the transfer coefficient has been introduced in recognition of the 

fact that, although the energy of the reactant system has been increased by F(E-E0’), the 

activation energy Δ𝐺𝑟𝑒𝑑
‡

 has not changed by this amount. 0 < α < 1 is therefore a measure of 

the fraction of the free energy change of the system which alters the activation energy for 

the charge transfer. Based on purely geometric considerations, for symmetric potential wells 

like those in Figure 2.3 the amount by which the activation energy for the anodic process is 

altered by the change in potential must be (1-α).  

 

Figure 2.3. Energy-Reactant Coordinate Curves for the O/R system with co = cR a) for E = E0’ and 

b) E < E0’. 
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A common assumption in the theory of BV kinetics is that α = 0.5, owing to the symmetry 

of the potential energy surface cross-sections.21 Deviations from 0.5 are theoretically 

expected for large differences in potential from E0’; in practice this is difficult to verify 

experimentally due to mass transport and double layer effects and most experimental studies 

assume that the transfer coefficient is potential-independent. 20 

The expressions for the heterogeneous rate constants given in Equation 16a and 16b relate 

to the measured current density for the redox process, j, via Equation 2.2.17: 

                   
dCo

dt
 =  −kc(E)Co + ka(E)Cr =   (jc + ja)/nF =  j/nF   mol/s                   (2.2.17) 

Note that this expression assumes the convention that cathodic currents are negative and 

anodic currents are positive. The number of electrons, n, has also been introduced in order 

to generalise the kinetic equations to include redox processes involving multiple charge 

transfer events. Equation 2.2.17 can be rewritten using the expressions for the rate constants 

given on the right hand side of Equations 2.2.16a and 2.2.16b:  

                                    j =  nFks(e
(1−α)nF(E−E0′

)

RT cr − e
−αnF(E−E0′

)

RT co)                                  (2.2.18) 

Equation 2.2.18 illustrates the exponential dependence of the current density for both 

cathodic and anodic processes, a feature which was observed empirically. The consistency 

of Equation 2.2.18 with the Nernst equation can be illustrated by allowing Co and Cr to take 

on arbitrary values and presuming that E is the equilibrium potential, Eeq for that 

composition. j in Equation 2.2.18 is therefore null by assumption, since the net current 

density is zero at equilibrium. This rearranges as follows to yield: 

                              
j

nF
 =  ks(e

(1−α)nF(Eeq−E0′
)

RT cr∗ − e
−αnF(Eeq−E0′

)

RT co∗)                              (2.2.19a) 

                                                          
𝐶𝑜∗

𝐶𝑟∗
 =  e

nF(Eeq−E0′
)

RT                                                           (2.2.19b) 

                                                         𝐸𝑒𝑞  =  𝐸0′  +
𝑅𝑇

𝑛𝐹
𝑙𝑛(

𝐶𝑜∗

𝐶𝑟∗
)                                              (2.2.19c) 

as predicted by the Nernst equation. It should be stressed that the values of Co and Cr given 

in the Equation 2.2.18 describe the concentration profile at the electrode surface, where the 

charge transfer event is occurring, whereas the asterisked values in Equations 2.2.19a-c 

specify the bulk concentrations of O and R, because the equilibrium condition applies and 

the concentration of each reactant is the same at all points in solution. In practical 

experiments, if Co and Cr at the surface are also specified by Equation 2.2.19c at any value 
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of j, the kinetics of electron transfer are so rapid that the system remains in equilibrium at 

the surface at all times throughout the experiment and the concentrations at the bulk and 

surface are equal to the Nernstian value.  

The overall reaction rate under such conditions is therefore only limited by mass transfer 

of the species O and R to and from the surface. Such systems are commonly referred to as 

‘reversible’ or ‘Nernstian’ systems. It should be evident from the dependence of ks on the 

activation energy for the process that charge transfer reactions with low activation barriers 

are most likely to display Nernstian behaviour. In the context of Marcus theory, this 

corresponds to outer-sphere redox probes with low re-organisation energies. 

Further insight can be obtained by examining both terms in Equation 2.2.19a. Since the 

system is at equilibrium, both of these terms have the same value and can be written as j0, 

the exchange current density. Combining Equations 2.2.18 and 2.2.19b yields the 

relationship: 

                                                     j0  =  nFks(Co)(1−α)(Cr)α                (2.2.20) 

which under the condition Co = Cr = C reduces to 

                                                              j0  =  nFksC                                                                  (2.2.21) 

Both j0 and ks can be reported as measures of the intrinsic kinetic behaviour for any redox 

couple. ks can be seen as a specific reference point for the system, since it pertains to the 

kinetics at the formal potential where Co = Cr. j0 is a general reference value for the system 

at equilibrium with any O/R concentration ratio according to Equation 2.2.20. This suggests 

that the kinetic performance expressed in terms of j0 allows the potential to be referenced to 

the potential at equilibrium, E-Eeq, rather than relative to the formal potential. This can be 

shown by dividing the general j-E relationship (Equation 2.2.18) by j0 from the right hand 

side of Equation 2.2.20 and rearranging: 

𝑗

𝑗0
=  (

cr

cr∗
) e

(1−α)nF(E−E0′
)

RT e
−(1−α)nF(Eeq−E0′

)

RT   – (
co

cr∗
) e

(−α)nF(E−E0′
)

RT e
−(1−α)nF(Eeq−E0′

)

RT  

                                                 =  (
cr

cr∗
) e

(1−α)nF(E−Eeq)

RT – (
co

co∗
) e

(−α)nF(E−Eeq)

RT                         (2.2.22) 

The final step leading to Equation 2.2.22 involves Equation 2.2.19c rewritten as  

𝐶𝑟 ∗

𝐶𝑜 ∗
 =  e−

nF(Eeq−E0′
)

RT   

The quantity (E-Eeq) is η, the experimental overpotential, and is a measure of the deviation 

of the electrode potential from the equilibrium value. The ratio of the surface and bulk 
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concentration of O and R is frequently predicted to be close to unity, particularly at low 

overpotentials and for low values of the exchange current density. This additional 

assumption leads to the simplest form of the Butler-Volmer equation: 

                                                         
𝑗

𝑗0
=  e

(1−α)nF(η)

RT −  e
(−α)nF(η)

RT     (2.2.23) 

At zero overpotential, charge is still crossing the interface at a fixed rate described by the 

exchange current density, with the anodic and cathodic processes contributing equally. η can 

then be viewed as a parameter which can be varied in order to favour a net current in the 

cathodic or anodic direction. Due to the exponential dependence of each of the terms of the 

BV equation on η, the polarisation of the electrode away from the equilibrium value by a 

significant amount (|η| > ca. 120 mV) will cause the cathodic/anodic term to rapidly 

approach zero.  

Under highly anodic overpotential regions it is possible to neglect the second term on the 

right hand side in Equation 2.2.23, leading to 

𝑗

𝑗0
=  e

(1−α)nF(η)

RT                                                            (2.2.24) 

Or  

                                                   ln j =  ln(j0) +
nF

RT
(1 − α) η                                              (2.2.25) 

With a similar relationship obtained for highly cathodic overpotentials: 

                                                    ln j =  ln(j0) +
nF

RT
(−α) η                                                 (2.2.26) 

Switching the base of the logarithms to base 10 yields the empirical Tafel relationship: 

                                                          
𝑑log𝑗

𝑑𝜂
 =  −

𝛼𝐹

2.303𝑅𝑇
                                                            (2.2.27) 

which verifies that the BV equation yields the empirically-observed dependence of current 

density on the applied overpotential. This relationship can only be said to hold in the absence 

of mass transfer effects. Since large values of j0 and/or large values of η will inevitably lead 

to contributions of concentration gradients into the system, Tafel relationships are only 

practically observed for systems with sluggish kinetics. For systems with fast kinetics such 

as the H2/H
+ couple on Pt, the influence of mass transport can only be mitigated by using 

extreme interventions; in this case high overpressures of H2 are applied via a hydrogen-pump 

system. 22 
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As a final note on Tafel analysis, it is common in the literature for the Tafel behaviour to 

also be described in terms of the slope of η vs log(j). Tafel slopes reported in this manner 

are the reciprocal of Equation 2.2.27 reported in mV of overpotential/decade. This 

convention will be adopted in Chapter VI, where Tafel plots are used in the analysis of the 

kinetics of the oxygen reduction reaction on nitrogenated carbon systems. 

 

BV Kinetics for Multi-Step Electrochemical Processes 

 

The analysis of BV kinetics just presented applied to a single electron transfer process for a 

generic redox couple O/R. For many applications this elementary approach is sufficient. 

However many important electrochemical systems involve multiple charge transfer steps as 

well as chemical rearrangements, all of which may occur at different rates depending on 

variables such as the surface chemistry of the electrode material, pH, temperature and 

concentration of the reactants. The application of BV kinetics to such systems is still possible 

in principle, as long as certain assumptions are made. As an illustration, consider a 

hypothetical multi-step process with the following mechanism: 

                                                                  A +  e−  ⇌  B                                                                   (a) 

                                                                       B ⇌   C                                                                              (b) 

                                                                  C +  e−  ⇌  D                                                                       (c) 

Such a process involves two redox couples, A/B and C/D, involved in heterogeneous charge 

transfer steps, coupled by the homogeneous transformation of B into C. The i-E profile 

obtained for this system (again assuming that the effects of mass transfer may be neglected 

or minimised by the design of the experiment) will depend on which of the steps, a), b) or 

c), has the most sluggish kinetics and hence is rate-determining. If reaction a) is limiting, 

then the concentrations of the intermediates B and C are both negligible and the overall rate 

is given by 

                      −
𝑑𝐶𝐴

𝑑𝑡
 =  −

𝑗

𝐹
 =  𝑘𝑠,𝐴𝑒(−

𝑎𝐹

𝑅𝑇
(𝐸−𝐸0′𝐴/𝐵))𝐶𝐴                                    (2.2.28) 

If α is assumed to take on the symmetric barrier value of 0.5 the Tafel slope will have a value 

of 120 mV/dec at 25 oC. The overall current passed will be twice that of a 1e- process, but 
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the Tafel analysis will yield an identical Tafel slope to that expected for a single electron 

transfer process because the first electron transfer step is rate determining. 

If instead reaction b) is rate limiting, it may be assumed that reaction a) occurs rapidly 

enough for the concentrations of A and B to be equal to the values specified by the Nernst 

equation: 

 

                                                                       
𝐶𝐴

𝐶𝐵
 =  𝑒−

𝐹

𝑅𝑇
(𝐸−𝐸0′

𝐴/𝐵)
                                           (2.2.29) 

 

The reaction rate is given by:  

−
𝑑𝐶𝐵

𝑑𝑇
=  −𝑘𝑏𝐶𝐵  =  −𝑘𝑏𝐶𝐴𝑒𝐹/𝑅𝑇(𝐸−𝐸0’𝐴/𝐵)  

The log(j) versus E relationship yields a Tafel slope of 60 mV dec-1 (or an apparent α, αapp 

of 1) i.e. half the value expected for when the first electron transfer step is rate limiting. The 

final limiting case, where step c) is rate determining, may be derived under the assumption 

that all preceding steps are at equilibrium: 

                                                     −
𝑑𝐶𝐶

𝑑𝑡
=  𝑐𝑐𝑘𝑠,𝑐𝑒−

𝛼𝐹(𝐸−𝐸0′
𝐶/𝐷)

𝑅𝑇                                 (2.2.30a) 

                                          𝐶𝐶 =  𝐾𝐵𝐶𝐶𝐵  =  𝐾𝐵𝐶𝐶𝑎𝑒𝐹/𝑅𝑇(𝐸−𝐸0’𝐴/𝐵)                         (2.2.30b) 

 Combination of Equations 2.2.30a and 2.2.30b yields the j-E profile: 

                                       −
𝑗

𝐹
 =  𝐾𝐵𝐶𝐶𝑎𝑒−

(1+𝑎)𝐹

𝑅𝑇
(𝐸−𝐸0′𝐴/𝐵−𝐸0′

𝐶/𝐷)
                                        (2.2.31) 

The application of Tafel analysis to Equation 2.2.31 yields an αapp = 1.5 or a Tafel slope of 

40 mV per decade when the 2nd electron transfer is rate limiting. The application of BV 

theory to complex systems involving multiple electron transfer events enables the 

determination of the RDS from the j-E profile and provides insights into the reaction 

mechanism. Such analysis will be applied to the electrochemistry of multi-step mechanisms 

involving catechol oxidation in Chapters IV and V and oxygen reduction in Chapter VI of 

this thesis. 
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Cyclic Voltammetry 

 

Cyclic voltammetry (CV) is among the most commonly applied experimental techniques in 

electrochemistry, due to the wealth of kinetic and thermodynamic information afforded from 

a relatively simple experiment. The technique involves the measurement of an i-E profile 

through the linear ramping of potential at a fixed rate, referred to as the sweep rate, ν. Figure 

2.4 illustrates a typical i-E profile for a Nernstian system involving a single e- transfer. Such 

traces are referred to as ‘voltammograms.’ An experiment used to study the oxidation of a 

generic analyte R is usually carried out in an electrolyte solution containing only R initially. 

The potential is then ramped from an initial value E to another value according to 

E = Ei + vt 

 This half of the voltammogram is termed the ‘anodic sweep.’ The ramping of potential 

increases ja relative to jc, resulting in a net anodic current as the reduced species R is oxidised. 

At Ei no net Faradaic current is evident due to the absence of O from solution initially, and 

because the potential Ei is not sufficiently anodic to effect the oxidation of R. As the potential 

 

 

Figure 2.4. Typical voltammogram for a 1-electron redox process showing Nernstian behaviour. 

Important parameters such as the formal potential, E0’, the peak-to-peak separation ΔEp and the peak 

current densities jp,a and jp,c are illustrated in the figure. The red arrow indicates the initial potential, 

Ei. 
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increases, the oxidation begins to proceed and R is converted to O in order to satisfy the O/R 

ratio required by the Nernst equation at each value of potential. The anodic current does not 

increase exponentially indefinitely, however, as mass transport effects quickly predominate. 

At the potential Ep,a, the anodic peak current density jp,a is attained, and increasing the 

potential beyond this point results in a current which is independent of potential and falls off 

proportionally to 
1

𝑡1/2
. 

The fall-off proceeds until the upper limit of potential, Ef, is reached. The value Ef – Ei is 

referred to as the potential window of the experiment, and it may have an effect on the overall 

profile of the voltammogram, particularly if Ef is chosen to be too close to Ep,a. In this thesis, 

potential windows are always chosen to minimise this issue, which in practice implies that 

EF is chosen to be more than ca. 250 mV beyond the anodic peak. Once Ef is reached, the 

potential is then swept cathodically back to Ei, which forces the reduction of O which was 

formed on the anodic sweep back to R, again to ensure that the O/R ratio at the electrode 

surface complies with the Nernst equation. 

This proceeds until all of the O in the vicinity of the electrode surface is depleted, again 

manifesting as a peak in the voltammogram at a potential Ep,c. This is the cathodic peak 

current density, jp,c. The fall-off of the cathodic current density at potentials below Ep,c has 

the same physical origin, mutatis mutandis, as for the anodic sweep.  

Considering the full voltammogram, it is possible to determine the value of E0’ for the O/R 

couple from the mid-point of the two peaks, (Ep,a + Ep,c)/2. This point, marked in Figure 2.4, 

is the potential value of the experiment where Co = Cr. The coloured baselines in the figure 

are used to account for the non-Faradaic current which is also passed during the potential 

sweep, which may be attributed to the behaviour of the electrode-electrolyte interface as a 

capacitor. Such currents are referred to as ‘charging current’ or ‘capacitive current’ and must 

be subtracted from the total current in order to accurately report the Faradaic contribution 

only.  

Comparison of the capacitance-corrected peak current densities for the anodic and 

cathodic sweeps in the figure indicates that both have the same value within experimental 

error, i.e. that jp,c / jp,a ≅ 1. This reflects the fact that essentially all of the species O produced 

on the anodic sweep is reduced back to R on the reverse sweep. The O/R couple is therefore 

reversible in the sense that the O/R ratio is determined by the Nernst equation, but the result 

also implies that the transformation O-R is chemically reversible. If this were not the case, 

the ratio jp,c/jp,a might be < 1. Such a result is observed when an irreversible homogeneous 
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transformation of the product O occurs, which effectively removes O from the electrode 

surface before it can be reduced back to R. 23 

For a Nernstian system, the separation between the two peaks, ΔEp = Ep,a - Ep,c is equal to 

59/n mV, where n is the total number of electrons transferred. Values close to the Nernstian 

limit are typically referred to as ‘quasi-reversible’, with significant deviations referred to as 

‘electrochemically irreversible.’ This terminology should not be confused with the question 

of chemical reversibility discussed above; electrochemical irreversibility implies that ks for 

the O/R system is very small, such that the O/R concentration ratio is not described by the 

Nernst equation but rather by the BV theory of the previous section. An irreversible 

voltammogram is illustrated in Figure 2.5. Here the ΔE value is approx. 100 mV and the 

voltammogram is considerably more elongated in shape than the Nernstian case. 

In this way, CV experiments offer an immediate qualitative assessment of a redox 

system’s kinetics. When the charge transfer kinetics are irreversible it is possible to examine 

the high-overpotential behaviour of the system through Tafel analysis. For voltammograms, 

this is typically accomplished on capacitance-corrected data in the region of the CV which 

shows minimal interference from mass-transport effects.  

The scan rate, ν, is one of the most important parameters to consider in a CV experiment. 

Faster scan rates result in higher current densities, since a faster sweep will result in the 

passage of the same amount of charge in a shorter time period. Fast scan rates also increase 

 

 

Figure 2.5. Typical CV profile for 1-electron redox process with irreversible charge transfer kinetics. 

The value of ΔE is illustrated in the figure and is considerably larger in magnitude than the Nernstian 

value. 
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the predominance of mass-transport effects on the system. This is because a faster sweep 

increases the rate at which the surface concentrations of O/R are altered. A system which 

displays Nernstian kinetics at a low scan rate of 5 mVs-1 may not be able to maintain the 

Nernstian O/R ratio at ν = 500 mVs-1, because the system may be limited by mass transport 

of O/R to the electrode surface. ‘Electrochemical reversibility’ can therefore be said to be a 

function of the relative rates of charge transfer and mass transport and therefore dependent 

on ν. 

For Nernstian kinetics, the peak current density increase with scan rate shows a square 

root dependence given by Equation 2.2.32.  

                                                 𝑗𝑝 = 0.446 × 𝑛𝐹𝐶√
𝑛𝐹

𝑅𝑇
𝑣1/2                                        (2.2.32) 

Irreversible systems also have a square root dependence of jp on v, but the proportionality 

between the two is also a function of the charge transfer kinetics due to the non-Nernstian 

behaviour of the system. The Nernstian system also shows no dependence of ΔE on the scan 

rate, whilst increasing ν for an irreversible redox couple causes ΔE to also increase. 

 

Voltammetry with Rotating Disk and Rotating Ring Disk Electrodes 

 

The voltammetric experiment introduced in the previous section is carried out with a static 

working electrode in non-stirred solutions. The only mode of mass-transport of the various 

redox species is therefore due to diffusion. This presents a limitation in kinetic studies of 

species with low solubilities, such as O2 in water for which CO2 = 1mM under conditions of 

saturation. The low solubility of oxygen combined with the very large overpotential values 

found in oxygen reduction studies results in significant distortions of the i-E curve from mass 

transport effects. Kinetic studies of oxygen reduction therefore require some method of 

increasing the rate of mass transport of O2 to the electrode surface, effectively extending the 

potential window from which kinetic information may be extracted from the voltammogram. 

One methodology for accomplishing this involves the rotating disk electrode (RDE). An 

RDE consists of an electrode affixed to a cylindrical holder, typically constructed from 

PTFE, mounted vertically in a rotating shaft capable of rotating the entire working electrode 

system at several thousand rotations per minute (RPM). The rotation of the electrode in a 

solution of dissolved redox analyte induces the convective transport of the material to the 

electrode surface. 
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This convection is significantly more rapid than the mass transport rate possible through 

simple diffusion and is a function of the rotation speed, ω, in rpm. CV experiments with an 

RDE are illustrated in Figure 2.6. The j-E profile with convection no longer has a peak in 

the polarisation curve at potentials. Instead a steady-state is reached, with a limiting current 

density jl determined by the rotation speed according to  

                                              𝑗𝐿 = 0.201𝑛𝐹𝐷2/3𝑣−1/6𝐶𝜔1/2                                           (2.2.33) 

Analysis of the j-E profile in potentials close to the onset of the faradaic process yields 

kinetic information, whilst the plot of jL versus ω1/2 can be used to determine the diffusion 

coefficient, D, for the analyte. This is accomplished in Chapter IV for dopamine in 0.1M 

sulfuric acid solution.  

A more sophisticated experiment involving an RDE is the rotating ring disk electrode 

(RRDE) setup. The RRDE may be viewed as an RDE which has been mounted within a ring 

electrode which is typically constructed from a noble metal such as platinum or gold. RRDEs 

are typically applied in experiments involving the study of redox-active intermediates in 

multi-step processes. This may be understood by examining a generic 2-electron redox 

process which proceeds according to the following mechanism: 

         O + 𝑒−  ⇌  Iads                                                                   (a) 

                                                            Iads  ⇌  Isol                                                                                                            (b) 

                                                        Iads + 𝑒− ⇌  R                                                                   (c) 

 

 

Figure 2.6. Linear sweep voltammogram for a redox process occurring under forced convection 

conditions with an RDE at a rotation speed of 400 rpm. 
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Here the reduction of O at the disk results in the formation of an intermediate, Iads, which 

is adsorbed at the electrode surface. Two possible fates for the intermediate are then possible: 

detachment from the surface to produce solution phase Iads, or further reduction to the final 

product R. The experimenter would like to understand the extent to which each possible 

pathway occurs. This can be accomplished via the RRDE method. The experiment proceeds 

in a similar fashion to that described for the RDE, viz. the obtaining of a polarisation curve 

via voltammetry with rotation of the electrode at some fixed rate.  

However, during the course of the experiment, the ring electrode is kept at a fixed 

potential, E, large enough to guarantee the oxidation of the intermediate Iads. The final 

product R is assumed to be inactive to further oxidation. The convective transport of an 

analyte O to the disk electrode may result in the formation of both I and R according to 

Equations a-c) above, which then travel outwards from the central disk to the ring where I is 

oxidised back to O. Since R is redox inactive, the current at the ring is therefore proportional 

to the amount of I produced initially at the disk. 

Not all of the material produced at the disk is detected by the ring; each RRDE has a 

collection efficiency, N, which is determined experimentally using a standard redox probe 

and specified by the manufacturer. If the production of I from O is the final step in the 

reaction, the net result is a 1-electron process compared to a 2-electron process if the 

intermediate is fully reduced to form R. The relative amounts of the 1e- and 2e- process 

occurring at the surface may be specified as n, the electron transfer number: 

I1e  =  Ir/N                                                                  (2.2.34) 

I2e +  I1e  =  ID                                                                   (2.2.35) 

                                                    n =  
2ID

ID+ 
IR
N

                                                                    (2.2.36) 

Thus, once the ring current is corrected for the collection efficiency, if the process is 

exclusively 1-electron then Ir/N = ID (Equations 2.2.34-2.2.35). This results in a value of 

n = 1 in Equation 2.2.36. By contrast, if Ir/N = 0 then ID in Equation 2.2.35 may be 

exclusively associated with the 2-electron reduction and Equation 2.2.36 yields n = 2.  A real 

example of the practical use of RRDE studies is in the oxygen reduction reaction, which may 

proceed with a full 4e- reduction of O2 to H2O or a less efficient 2e- reduction to H2O2. The 

RRDE method enables researchers to quantify the relative amounts of 2e- and 4e- reduction 

using a similar approach to that summarised in Equations 2.2.34-2.2.36. RRDE studies of 

the ORR on N-doped carbon materials are presented in chapter VI of this thesis. The RRDE 

shaft and controller applied for these studies were purchased from Pine Instruments. 
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Electrochemical Impedance Spectroscopy (EIS) 

  

Electrochemical Impedance Spectroscopy (EIS) is a versatile experimental technique for 

the study of redox systems as well as for the fundamental physico-chemical characterisation 

of electrode material properties.  The technique is based on the perturbation of an 

equilibrated system with an input, typically a sinusoidal voltage, and measuring the output. 

Under most conditions the input perturbation is small, with dE < 10 mV, and the output 

current response is linear: 

                        𝐸 =  𝐸0  +  𝛥𝐸𝑐𝑜𝑠(𝜔𝑡)  =  𝑟𝑒(𝐸′𝑒𝑥𝑝(𝑖𝜔𝑡))                                (2.2.37)                                                                                                                                     

                          𝐼 =  𝐼0  +  𝛥𝐼𝑐𝑜𝑠(𝜔𝑡 +  𝜑)  =  𝑟𝑒(𝐼’𝑒𝑥𝑝(𝑖𝜔𝑡 +  𝜑))                    (2.2.38) 

Here the input potential varies sinusoidally with angular frequency ω, and the current 

output is of the same frequency, but may have a difference in phase from the input of 

magnitude φ. This is most conveniently specified through the Euler relation as the real part 

of a complex exponential as shown on the right-hand side of Equations 2.2.37-2.2.38. E is 

the magnitude of the phasor described by this exponential and may be physically interpreted 

as the input perturbation. I’ is the magnitude of the output phasor and is equivalent to 

I exp(φ). I’ therefore contains both magnitude and phase information for the output. 

The quantity of interest in an EIS experiment is the impedance: 

     Z(ω) =
E′

I′ =  Zre + iZim                                        (2.2.39) 

Electrochemical responses to perturbations in the potential include capacitive (charging) 

responses and resistive responses in the form of charge transfer, which may be further 

subdivided in to charge transfer resistance due to electrode kinetics and mass transport. 

Central to the theory of EIS is that such complex electrochemical phenomena may be 

modelled analogously in the form of electronic circuits composed of resistors and capacitors. 

The impedance of a resistor may be specified by the well-known Ohm’s Law: 

R =
E

I
                                                           (2.2.40) 

The phase angle for a resistive component is therefore equal to zero; the current is said to 

be ‘in phase’ with the potential change. On the other hand, the fundamental equation 

governing the behaviour of a capacitor is the ratio of charge Q to voltage E: 

𝐶 =
𝑄

𝐸
                                    (2.2.41a) 

                                                               𝑄 =  𝐶𝐸                                    (2.2.41b) 

Since I =  dQ/dT, by Equation 2.2.41b: 
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                                                      I’ =  dQ/dT =  CdE/dT                                  (2.2.42) 

Since E =  Ee(iωt), 
dE

dT
 =  iωEexp(iωt) =  iωE. This leads to: 

                                            Z(ω) =  
E’

I′
=  E/iωCE =  −i/ωC                                     (2.2.43) 

The dependence of Equation 2.2.43 above on the imaginary number i may be interpreted 

as the response of a capacitor being entirely out of phase with the input perturbation. The 

impedance is also frequency-dependent and dependent upon the magnitude of the 

capacitance, as shown by the presence of ω in the denominator. The physical interpretation 

of this fact lies in the timescale involved in charging a capacitor after the application of a 

voltage. At long timescales (i.e. when ω is very low) the capacitor becomes fully-charged, 

at which point the resulting electric field produced by the charge separation acts as a large 

impedance to further charge transfer and the capacitor behaves like an open circuit. At short 

timescales (high frequencies) the impedance has a lower magnitude, because this charge 

separation has not yet occurred and current may flow freely. 

Many electrochemical phenomena can be modelled in terms of combinations of just 

resistors and capacitors. An example is given in Figure 2.7. Here a uniform electrode 

material is immersed in a solution containing the O/R redox couple at an applied potential 

of E0’ for the couple, such that the perturbation potential induces charge transfer. At the same 

time, the input perturbation also induces the flow of a capacitive current according to 

 
Figure 2.7. Nyquist plot for a generic redox process. The frequency, ω, is chosen to avoid mass 

transport contributions. Inset is the equivalent circuit describing the system, including the solution 

resistance, Rs, the charge transfer resistance RCT and the double layer capacitance Cdl. 
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Equation 2.2.43. Both charge transfer and double-layer charging events are also occurring 

in a system where current is being carried by ions in solution. This solution resistance 

manifests in the impedance spectrum as a resistor. Hence, assuming that only high 

frequencies are applied, such that mass transfer effects can be neglected, the total output 

response is modelled by the circuit diagram drawn inset in the figure.  

From elementary electronics, impedances are summed in series: 

                                                                     𝑍 =  𝑍1 +  𝑍2 

Z is the total impedance, Z1 may be identified with the solution resistance Rs, whilst Z2 

is attributed to both the charge transfer resistance for the Faradaic process and the impedance 

of double-layer charging. The two processes occur in parallel, suggesting that: 

                                                         𝐼2’ =
𝐸

𝑅𝐶𝑇
 +  𝑖𝜔𝐶𝐸                                                       (2.2.44) 

Which leads to: 

                                                        𝑍2 =
𝐸

𝐼2′
 =  

𝑅𝐶𝑇

1+𝑖𝜔𝐶𝑅𝐶𝑇
                                                        (2.2.45) 

The total impedance Z = Z1 + Z2 is therefore given by: 

                                                              Rs + 
𝑅𝐶𝑇

1+𝑖𝜔𝐶𝑅𝐶𝑇
                                                   (2.2.46) 

The total impedance is therefore comprised of ‘real’ components which may be thought of 

as in-phase elements like resistors and ‘imaginary’ components which are system 

components for which the input and output are entirely out of phase. The impedance at any 

frequency may be represented on the complex plane in Argand form, as in Figure 2.7, which 

in the field of impedance is termed a Nyquist plot. The Rs and RCT components are illustrated 

in the x axis (Z’) as the high frequency intercept of the semi-circle and the diameter of the 

semi-circle respectively. The frequency-dependent impedance due to the capacitance is 

plotted on the y-axis and denoted as Z’; (note that the complex component is plotted as –Z’’ 

in order to avoid negative values). The RC circuit shown Figure 2.7 and specified by 

Equation 2.2.46 is commonly referred to as an ‘RC loop’ in the impedance spectrum. 

Since the impedance is a complex number, the magnitude and phase information may be 

obtained from the Nyquist plot in the usual manner using Equations 2.2.47 and 2.2.48: 

                                                           |𝑍|  =  √𝑍’2  + 𝑍’’2                                                            (2.2.47) 

                                                           𝜑 =  tan−1(−𝑍’’/𝑍’)                                                            (2.2.48) 
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The disadvantage of Nyquist plots is that they do not contain frequency information directly. 

It is therefore common to plot both the magnitude and phase of the impedance as given in 

Equations 2.2.47 and 2.2.48 as a function of frequency (Figure 2.8) in so-called Bode plots. 

In the Bode representation, the high and low frequency values of the impedance in the 

magnitude plot may be associated with the solution and charge transfer resistance 

respectively. The phase diagram contains a peak at a particular frequency, referred to as the 

characteristic frequency, ωc associated with the RC circuit. It is closely related to the time 

constant, τ, the time required for the capacitor in the system to be charged to (1-
1

𝑒
) of its 

asymptotic value:24 

                                             𝜏 = 𝑅𝐶 ⇒ 𝜔 = 2𝜋𝑓 = 2𝜋(
1

𝜏
)                                     (2.2.49) 

 

Electrochemical Impedance Response of other Important Processes 

 

The use of RC circuits to model impedance spectra is useful for many simple electrochemical 

responses, but the method is not comprehensive. In order to model other impedances 

associated with charge transfer phenomena such as mass-transport, and to account for the 

non-homogeneous nature of many electrodes, additional circuit elements are necessary. The 

first of these is elements is the Warburg element, W, which is used to model the impedance 

associated with diffusion of a redox analyte to the electrode surface.  

 

 
Figure 2.8. a) Bode Magnitude and b) Bode Phase plots of impedance data for the circuit described 

in Figure 2.7.   
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This process can be thought of as a resistance to charge transfer, with a magnitude 

depending on the value of the diffusion coefficient and solution viscosity. Unlike an RCT 

value, however, a diffusional impedance also has a time-dependence which is associated 

with the variation of the magnitude of the concentration gradient at the electrode surface 

over time. This time dependence manifests as a frequency dependence in the impedance 

spectra. The Warburg element therefore describes an intermediate behaviour between a 

purely in-phase and purely out-of-phase phenomenon and thus contributes both real and 

imaginary contributions to the impedance spectrum: 

 

                                                           𝑍𝑤 =  
𝐴𝑤

√𝜔
+  

𝐴𝑤

𝑗√𝜔
                                                 (2.2.50) 

 

Here Aw is the Warburg coefficient which is associated with the diffusion of a redox 

species in solution. Figure 2.9 shows a similar system to that given in Figure 2.7, except the 

range of ω is low enough to include contributions from mass transport of O/R to the electrode 

surface. The linear region in the Nyquist plot with slope m = 1 is associated to the Warburg 

element, and it is also readily identifiable in Bode plots as a phase angle of 45o at low 

frequencies. 

 

 Figure 2.9. Nyquist plot appropriate for the description of a redox process occurring at a real 

electrode surface including the contributions of mass transport. The high frequency region of the 

plot (inset) shows a comparison of the semi-circle region for a pure capacitance. 
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Unlike ideal parallel plate capacitors, the electrode-solution interface often shows 

heterogeneous properties, which may be attributed to non-uniform chemical composition, 

roughness and porosity. Figure 2.9 shows a comparison of the Nyquist plot obtained for an 

ideal capacitor in an RC circuit, similar to that in Figure 2.7, compared to an experimental 

Nyquist spectrum for a real glassy carbon electrode immersed in KCl solution. The real 

system shows significant deviations from the purely imaginary response seen in the ideal 

case, which manifests as a depressing of the high frequency semicircle below the expected 

value for a pure capacitor. 

Accounting for this non-ideal behaviour is usually accomplished by introducing a 

modified capacitive element known as a constant phase element (CPE). The CPE is so-called 

because its phase value, although different from that of a pure capacitor, is constant as a 

function of frequency. As a circuit element it may be considered as a kind of modified 

capacitor: 

                                                       𝑍𝐶𝑃𝐸  =  −𝑖/(𝜔𝛼)𝑄                                                     (2.2.51) 

 

Equation 2.2.51 is similar in form to the impedance of a capacitor, but an exponent alpha 

has been introduced into the denominator and the pure capacitance C has been replaced with 

the non-ideal CPE equivalent, Q. There is no consensus in the literature regarding the 

physical origins of CPE behaviour, and as such in this thesis it will be treated as a capacitor 

element which has been modified in order to account for non-ideal behaviour.  

EIS experiments are liable to suffer from the presence of artefacts in the data unless 

sufficient care is taken during measurements. As already mentioned, a key assumption 

underlying the theory of EIS is linearity of the output response with respect to the input. In 

this thesis, this is ensured by keeping the potential perturbation < 10 mV. There must also 

be a causal relationship between the input and output, i.e. the response of the system must 

not occur prior to the input perturbation. Causality may be violated if a system is drifting 

over time due to non-constant experimental conditions. To avoid this, all experiments 

described in this thesis were carried out with the temperature controlled to 25oC using a 

water bath. Additionally, each impedance measurement was replicated under identical 

conditions a minimum of three times. 

As a final point, because impedance data are comprised of real and imaginary 

contributions, they must satisfy the Kramers-Kronig equations: 
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                                                  𝑍𝑖𝑚 =
2𝜔

𝜋
∫

𝑍𝑟(𝑥)−𝑍𝑟(𝜔)

𝑥2−𝜔2 𝑑𝑥
∞

0
                                            (2.2.52a) 

                                     𝑍𝑟(𝜔) = 𝑍𝑟(∞) +
2𝜔

𝜋
∫

−𝑥𝑍𝑟(𝑥)+𝜔𝑍𝑟(𝜔)

𝑥2−𝜔2 𝑑𝑥
∞

0
                             (2.2.52b) 

 

A number of methodologies for verifying Kramers-Kronig (KK) consistency exist in the 

literature. One approach advocated by Orazem et al.25-26 involves the use of KK consistent 

equivalent circuit models to fit impedance data. The argument is then that if the model is KK 

consistent and can be fitted to the data, then the data itself must be KK consistent. All EIS 

data presented in this thesis were verified to be KK consistent using this approach with 

Metrohm’s NOVA® software, which includes a software package for this purpose. 

  

2.3 Spectroscopic Ellipsometry 

 

Ellipsometry is a non-destructive optical technique that is used to study the bulk 

optoelectronic properties of a variety of materials. The technique is also commonly 

employed in thin-film research as a convenient means of measuring film thicknesses without 

the need for step height experiments with profilometry or atomic force microscopy. The 

experimental parameters in ellipsometry are the changes induced in the polarisation state of 

linearly-polarised light upon interaction with a surface. The fundamental equation of 

ellipsometry is given as: 

 

                                                                                         (2.3.1) 

Here rp and rs refer to the Fresnel coefficients: 

                                           rs =  
n1 cos θ𝑖−n2cosθ𝑡

n1cosθ𝑖 + n2cosθ𝑡
                                                          (2.3.2a) 

                                          rp =  
n2 cos θ𝑖−n1cos θ𝑡

n2cosθ𝑖 + n1cosθ𝑡
                                                         (2.3.2b) 

 

The following subsections develop the fundamental optical theory necessary for the 

understanding of ellipsometry as an experimental technique. 
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The Polarisation State of Light 

 

Figure 2.10 depicts the interaction of an incident light wave in one medium with another 

medium with different optical properties. The plane perpendicular to the interface which 

contains the incident and reflected waves is referred to as the plane of incidence. Some 

proportion of the incident light wave may be reflected from the interface or transmitted 

through the material at a point shown by the intersection of the vectors representing the light 

waves in the figure. The normal drawn through this point is important for the specification 

of the angles θi, θr and θt corresponding to the angles of the incident, reflected and 

transmitted wave relative to this normal. 

By the law of reflection, 𝜃𝑖 =  𝜃𝑟. The relationship between 𝜃𝑖 and 𝜃𝑡 depends on n1 and n2, 

the respective indices of refraction of the two materials according to the law of refraction: 

                                                      𝑛1/𝑛2  =  𝑠𝑖𝑛(𝜃𝑡)/𝑠𝑖𝑛(𝜃𝑖)                                           (2.3.3) 

Equation 2.3.3 is often referred to as ‘Snell’s Law’ after the astronomer Willebrord Snell, 

although it was described independently of Snell’s work several years earlier.27 

The p-s basis set used in this section for describing polarisation states of light can also be 

described in Figure 2.11. ‘p’ polarised light is defined as the component of the Electric field 

 

 

Figure 2.10. Diagram illustrating the interaction of a light wave at an interface between two media 

with different indices of refraction, n1 and n2. The dashed line indicates the normal to the surface. 
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vector E of the light wave which is parallel to the plane of incidence with the surface, which 

is the plane containing the vectors describing the light wave, whilst ‘s’ polarised light is the 

component of the field which is perpendicular to this plane and parallel to the interface 

between the two media. The components of the electric field vector for p and s polarised 

light are given by Equations 2.3.4a and 2.3.4b. 

                                                         𝐸𝑝 = 𝐸𝑝0𝑒i(𝑘𝑥−𝜔𝑡+ 𝜙𝑝)
                                                                       (2.3.4a) 

                                                          𝐸𝑠 = 𝐸𝑠0𝑒i(𝑘𝑥−𝜔𝑡+𝜙𝑠)                                                                       (2.3.4b) 

Different polarisation states of light are depicted in Figure 2.11. Linearly polarised light is 

described by the relationship 

𝜙𝑝 − 𝜙𝑠 = 𝑛𝜋; 𝑛 = (−𝑛, −2, −1, 0, 1, 2 … 𝑛) 

The polarisation vectors are said to be in phase, resulting in a consistent linear polarisation 

state corresponding to the vector sum of the p and s components. Circular polarisation is 

achieved when Ep = Es and 

               𝜙𝑝 − 𝜙𝑠 = 𝑛𝜋/2; 𝑛 = (−𝑛, −2, −1, 0, 1, 2 … 𝑛)  

 

 

Figure 2.11. Different polarisation states of light.  
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In this case the out-of-phase vector sum of the s and p components results in a polarisation 

vector which traces out a circular path. If Ep ≠ Es or, alternatively, if 𝜙𝑝 and 𝜙𝑠 differ by 

some other fixed constant, the resulting path of the polarisation vector is an ellipse. Elliptical 

polarisation represents the most general type of coherent polarisation and is the origin of the 

term ‘ellipsometry.’ Unpolarised light is composed of contributions from waves with many 

combinations of s and p polarised light and as such do not display any consistent polarisation 

state.  

In addition to the phase information just described, the variables x and t in Equations 

2.3.4a and b describe the spatial and temporal variation of the light wave. Since alterations 

in the polarisation state are the experimental parameters of interest in spectroscopic 

ellipsometry, these additional variables may be treated as constant terms.  Equations 2.3.5a 

and b focus only on the polarisation, an approach known as the Jones formalism:  

 

                                (2.3.5a) 

                    (2.3.5b) 

 

Ep and Es can be considered to be the components of a polarisation vector known as a 

Jones vector, which specifies the polarisation state of the electric field. Identifying changes 

in the amplitude (A) and phase (φ) of these components is fundamental to ellipsometry as 

an optical characterisation technique. Note also that the superscript ‘i’ has been introduced 

in Equations 2.3.5 a and b). This indicates the polarisation of the incident light wave, 

whereas ‘r’ and ‘t’ will be used to denote the s and p Jones vectors corresponding to the 

reflected light and transmitted light respectively. 

Changes in the Jones vectors are related to the Fresnel Equations 2.3.2a and b, which 

describe the ratio of the electric field for reflected and transmitted light to the electric field 

of the incident beam. The ratio is different for s and p polarised light, because the equations 

are ultimately derived from the application of Maxwell’s equations to the interfacial 

boundary. For example, for an s-polarised incident wave the parallel components of the 

electric field vector on both sides of the interface must have the same magnitude in order to 

ensure continuity: 

                    Es
i  +  Es

r  =  Es
t

                                                                                                   (2.3.6) 

In a similar fashion the perpendicular components of the magnetic field vector must also 

have the same value on both sides of the interface in order to ensure continuity of the 

magnetic field: 

Bs
i cos(𝜃𝑖)  −  B𝑠

𝑟cos(𝜃𝑟)  =  B𝑠
𝑡cos(𝜃𝑡)                                        (2.3.7) 
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Using Snells Law (Equation 2.3.3) and the relationship B =  nE/c: 

n1(Es
i  − Es

r )cos(𝜃𝑖)  =  n2Es
tcos(𝜃𝑡)                                          (2.3.8) 

The combination of Equations 2.3.6-2.3.8 may be rearranged to obtain the ratio 
Es

r

𝐸𝑠
𝑖: 

                                   
Es

r

𝐸𝑠
𝑖 = 

n1cos(𝜃𝑖)− n2cos(𝜃𝑡) 

𝑛1𝑐𝑜𝑠(𝜃𝑖)+ 𝑛2𝑐𝑜𝑠(𝜃𝑡)
                                                                (2.3.9) 

Which is equivalent to Equation 2.3.2a. A similar approach for p-polarisation yields the ratio 

Ep
r

𝐸𝑝
𝑖 , which is equivalent to 2.3.2b.  

 

The Fundamental Equation of Ellipsometry 

 

The relationship between the Fresnel equations and the fundamental equation of 

ellipsometry is derived by first defining a new parameter, μ = Ep/Es, the ratio of the p- and 

s-polarised components of the Jones vector.28 The ratio |μi/μr| is given as:  

 

         

                   (2.3.10) 

  

The utility of this expression in ellipsometry can be readily seen by making two assumptions: 

that the amplitudes of the p- and s-components are equal in magnitude, and that the phase 

difference in the exponentials is that for linear polarisation 𝜙𝑝, ± 𝜙𝑠,= ±nπ. These 

assumptions are justified as the polarisation state of the incident wave can be easily adjusted 

using polarising filters.29 

 Under these conditions |
𝐸𝑠

𝑖

𝐸𝑝
𝑖 | = 1 and, after rearrangement, this leads to:  

                                             (2.3.11) 

 

The ratio is similar in form to Equation 2.3.1 introduced in the previous section. 

Equation 2.3.11 is typically redefined in terms of the ellipsometric parameter Ψ, such that 

𝐴𝑝
𝑟

𝐴𝑠
𝑟= tan(Ψ). Similarly the phase difference 𝜙𝑝, − 𝜙𝑠, is defined as the second ellipsometric 
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parameter, ∆. The final step involves the recognition of the relationship between the 

parameter previously defined as μ and the Fresnel reflection coefficients given by Equations 

2.3.2 a and b: 

  

          
𝜇𝑖

𝜇𝑟
=

𝐸𝑠
𝑖

𝐸𝑝
𝑖

𝐸𝑠
𝑟

𝐸𝑝
𝑟

=
𝐸𝑝

𝑟

𝐸𝑝
𝑖

𝐸𝑠
𝑟

𝐸𝑖
𝑟

=  
𝑟𝑝

𝑟𝑠
=  𝜌 

 Where n =  i.e. the ratio of the indices of refraction of the two media. 𝜃 and 𝜙 are the 

angles of incidence and transmittance respectively, measured from the normal to the surface.  

With these terms defined, the fundamental equation of ellipsometry is given finally as  

                                                                 

    The ellipsometric parameters, Ψ and Δ, are related to the amplitude ratio of the parallel 

and perpendicular components of the light wave after reflection from the surface and the 

phase difference between these components. The utility of the technique is that it may be 

used to determine the complex index of refraction, n + ik of a thin film, as well as the film 

thickness. Here n is the index of refraction and k is the extinction coefficient, which describes 

the absorbing properties of the medium. k =  implies a transparent medium whilst an 

absorbing medium has a nonzero k value. Both n and k are functions of the wavelength of 

the incident light.    

 

Derivation of Thin Film Properties from Ellipsometric Data  

              

The raw Ψ and Δ data obtained via ellipsometry is correlated to the optical properties of the 

system under study through a modelling procedure which is used to fit the raw data and 

derive the optical constants of the material as well as the film thicknesses. The modelling 

procedure used in this thesis has its basis in the literature,30-31 where it has been used to 

characterise both amorphous carbon films and hydrogenated amorphous carbon films. 

This modelling procedure is a purely mathematical one; it requires no a priori knowledge 

of the material’s physical properties to produce a fit with physically accurate information. 

This approach, known in the literature as a Basis-spline (B-spline) parameterisation, 
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involves fitting the raw data measured by the ellipsometer, viz.  and  as a function of 

wavelength, using a model that describes the structure of the film and the underlying 

substrate. This model is illustrated in Figure 2.12. The film and underlying layers may be 

modelled as separate media, each with their own value of complex index of refraction. The 

model therefore includes the optical constants of the Si substrate, a native oxide layer which 

models the native SiO2 termination of the Si surface, and a Basis-spline (B-spline) layer for 

modelling the a-C film. B-splines are piecewise polynomials defined on a particular interval 

such that the function is continuous at the partitioning points (also known as ‘knots’) of a 

given subinterval; they commonly arise in interpolation problems in mathematics. 

 

The Optical (Tauc) Gap in Amorphous Semiconductors 

 

The defining feature of amorphous materials is the absence of long-range order. Disordered 

materials have significant differences in the organisation of electronic states compared to 

crystalline solids. Figure 2.13 illustrates the density of states for an amorphous 

semiconductor material. Similar to in a crystalline semiconductor, the states are delocalised 

deep within the valence and conduction bands. Within an energy threshold known as the 

 

 

Figure 2.12. Model of the amorphous carbon film deposited on a Si/SiO2 substrate. The final 

refracted wave is composed of light due to reflections and refractions from the film as well as the 

underlying substrate. 
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mobility edge, the electronic states begin to become localised in both bands (shaded area in 

Figure 2.13). The localisation also has the effect of introducing states in the bandgap (i.e. 

between Ev and Ec) which manifest in the DOS as tail regions.  

In addition to electronic transitions between delocalised states, the absorption spectrum for 

an amorphous semiconductor therefore contains contributions from electronic transitions 

between localised states and localised/delocalised states. Tauc32 showed that transitions 

associated with the tail states in the absorption edge can be modelled as an exponential 

dependence of the absorption coefficient, α, on the energy: 

                                                             𝛼(𝐸) ∝  𝑒
ℎ𝜈

𝐸𝑒                                                          (2.3.12) 

Whilst transitions associated with the band region display a square root dependence: 

                                                     √𝛼ℎ𝜐 ∝ ℎ𝜐 − 𝐸𝑇𝑎𝑢𝑐                                                   (2.3.13) 

Here ETauc corresponds to the gap between the dashed regions in Figure 2.13. The Tauc gap, 

also referred to as the optical gap, may be viewed as an empirical equivalent to a band gap 

for amorphous materials. Figure 2.14 shows a plot optical data for a hypothetical amorphous 

 

 
Figure 2.13. Energy-Density of States diagram for an amorphous semiconductor. Redrawn based 

on Reference 32. 
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semiconductor in a form described by Equation 2.3.13. The linear region of the plot can be 

extrapolated to the abscissa to to obtain the value of the Tauc gap. This procedure is used in 

this thesis to obtain ETauc values for a-C and a-C:N materials. 

 

2.4 X-Ray Photoelectron Spectroscopy (XPS) 

 

XPS is a technique for the determination of surface chemical composition. It is based on 

the photoelectric effect – the ejection of electrons from atoms following irradiation. X-ray 

bombardment provides sufficient energy to eject core-shell electrons from the surface with 

a kinetic energy (KE) given by: 

                                                       𝐾𝐸 =  ℎ𝑣 –  𝐵𝐸 –  𝜓                                              (2.4.1) 

Where hv is the energy of the incident photon, BE the binding energy of the core electron 

state and ψ the work function, which measures the energetic input required to transfer an 

electron from EF, the Fermi level of the material, to the vacuum. The ejected electrons are 

 

 

Figure 2.14. Tauc plot for an amorphous semiconductor. The linear region is extrapolated to the 

abscissa (dashed line) in order to obtain the empirical value of the Tauc gap, ET.  
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detected using a photomultiplier which may be programmed to select electrons with a 

specific pass energy. Importantly, it is only electrons which do not lose energy due to 

collisions that give rise to an appreciable XPS signal at a BE corresponding to that specified 

by Equation 2.4.1; electrons which alter their kinetic energy due to collisions are inelastically 

scattered and constitute the XPS background. It is possible to calculate 𝜆, the inelastic mean 

free path, for materials as a function of the photon energy.33 Comparisons of the value of λ 

with the crystallographic structure of close-packed metals indicates that inelastically 

scattered electrons are predicted to arise from a depth of no more than around 3 λ from the 

surface, assuming normal incidence of the incident light.  

This translates into a maximum penetration depth of ca. 10 nm, although the surface 

sensitivity may be increased by the use of grazing angles of incidence, which reduce the 

penetration depth and therefore sample a greater proportion of the surface atoms of the 

material. For the characterisation of many nanomaterials including powders which may have 

all dimensions < 10 nm in size, XPS is undoubtedly a bulk-characterisation technique. By 

comparison, for the thin film a-C and a-C:N materials described in this thesis, which have 

thickness values in the range 60 – 100 nm, XPS measurements may be considered a surface 

characterisation technique. 

 

 

Figure 2.15. XPS spectrum obtained for a C 1s envelope for an amorphous carbon material with 

ca. 80% sp2 content.  
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Although the photoelectrons detected in XPS experiments arise from the core shells of 

surface atoms, the measured binding energy value nonetheless provides information about 

the valence state of the surface atoms, i.e. information about the type and number of chemical 

bonds and the identity of nearest-neighbour atoms. This information derives from the 

influence of the bonding environment on the binding energy of the core state. These 

influences are referred to as ‘initial state effects’ because they are present in the material 

prior to the creation of the core hole. 

This is illustrated in Figure 2.15 which depicts the XPS spectrum corresponding to 

photoelectrons ejected from the C 1s orbital in an amorphous carbon material. The envelope 

contains a number of contributions, primarily arising from sp2-C and sp3-C centers between 

284-286 eV. The differences in binding energy between sp2-C and sp3-C 1s photoelectrons 

have their origin in the different valence environments of graphite-like and diamond-like 

carbon. Initial state effects also arise when atoms with significant differences in 

electronegativity are bonded to one another. The peak above 286 eV in Figure 2.15 is 

typically assigned to C-O species such as hydroxyl and ether moieties.34-36 

The uneven electron distribution in the C-O bond results in a polarisation, with the C atom 

being more positively charged. This polarisation also affects the C 1s electrons, increasing 

their effective binding energy. The electronegativity effect scales with the number of bonds, 

implying that a more heavily oxidised atom will eject more photoelectrons with a high BE. 

C=O moieties have a higher BE of 287-288 eV compared to ca. 286 eV for C-O groups.35 

In addition to initial state effects, the XPS spectrum can also be influenced by events 

which occur after the creation of the core hole. Such ‘final state’ effects usually involve 

interactions between the photoelectron or hole with other electrons in the material. The most 

obvious final state effect is the inelastic scattering of photoelectrons, which as already 

discussed manifest as the background signal in the XPS spectrum. However final state 

effects can also provide chemical information about the material. The broad peak close to 

290 eV in Figure 2.15 is commonly referred to as a ‘shake-up’ feature or a ‘π-π* satellite.’ 

Shake-up events in XPS refer to interactions between photoelectrons and valence 

electrons in states with access to a higher energy unoccupied state, such as a filled π state 

with an unoccupied anti-bonding π* state (Figure 2.16 a). The ejected photoelectron can 

transfer some of its kinetic energy to such electrons prior to being detected. The reduction 

in KE of such photoelectrons manifests in the spectrum as a higher BE contribution, even 

though the associated photoelectron may have originated in a low BE core state. Depending 

on the amount of energy transferred by the photoelectron, a ‘shake-off’ event may also occur, 

corresponding to the ejection of the excited secondary electron from the surface. Shake up 
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events are typical of highly conductive samples which have a high density of states at the 

Fermi level, EF, as well as a high density of unoccupied states above EF into which the 

valence electrons may be excited. 

A second final-state effect of relevance to this thesis is the Auger effect, which is 

illustrated schematically in Figure 2.16 b. The core state formed by ejection of a 

photoelectron may recombine with an electron from a higher energy state in a different shell, 

resulting in the emission of a photon corresponding to ΔE, the difference in energy between 

the two energy states. This photon may in turn excite another electron in a higher energy 

state to the point that it is ejected from the surface. 

The resulting Auger electrons can also be detected in an identical fashion to 

photoelectrons excited by the incident X-ray. Due to the general fact that these Auger 

electrons have a generally lower KE compared to primary photoelectrons, they appear as 

higher BE contributions in the XPS spectrum. Auger electrons may be distinguished from 

primary photoelectrons by changing the excitation energy of the source. Since their energy 

is independent of the energy of the incident photon energy, the position of primary 

photoelectron peaks will be shifted relative to Auger peaks if the source energy is changed. 

 

 

 

 

Figure 2.16. a) Schematic illustrating the shake-up effect when an emitted photoelectron interacts 

with a valence electron, in this case an electron in a π band. b) Schematic illustrating the emission 

of an Auger electron. 
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2.5 Atomic Force Microscopy (AFM) 

 

AFM is a surface imaging technique commonly used for studying surface topography. 

The technique is based on the interaction of a micrometer-sized tip mounted on a deflectable 

cantilever with the surface (Figure 2.17). Repulsive and attractive forces between the tip and 

surface cause its deflection as the cantilever is rastered across the surface. These deflections 

are monitored by a laser which is focused on the tip. The AFM image may therefore be 

viewed as a plot of the tip deflections at each position on the area studied during the 

experiment. This yields a height profile of the surface which can be used to determine the 

surface roughness and morphology. 

AFM experiments can be run in so-called contact mode, where the tip remains in contact 

with the surface, or in tapping mode, where the tip oscillates at a defined AC frequency 

around the a set point. Contact mode is typically more destructive to the surface, particularly 

for measurements on biological materials. It may also produce misleading height profiles for 

the surface if the tip becomes snagged on a surface protrusion. Operating in tapping mode 

reduces the possibility of damage to both the surface and the tip by making only intermittent 

 

 

Figure 2.17. Schematic illustrating the interaction between an AFM tip and a surface in tapping 

mode. The tip position is monitored by tracking the deflection of the cantilever with a laser, 

resulting in the surface profile plotted at the bottom of the figure. 
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contact with the surface. This also has the effect of reducing the probability of snagging 

events and is therefore less likely to produce such distorted images. Accordingly, all AFM 

measurements described in this thesis were obtained in tapping mode using an Asylum 

Research AFM. Gold-coated silicon cantilevers (NSG01/Au NT-MDT) with a tip height of 

14-16 μm, curvature radius of 35 nm and a cantilever length of 125 μm were used in all 

cases. 

 

2.6 Raman Spectroscopy 

 

Raman spectroscopy is an optical characterisation technique which involves the 

measurement of inelastically scattered light arising from the interaction of incident photons 

with a chemical system of interest. The technique is based on the Raman effect, which occurs 

when some proportion of scattered light from a surface loses a fraction of its energy to excite 

the vibrational modes of molecules. The energy loss manifests in a Stokes or Anti-Stokes 

shift in the frequency of the scattered light, which can then be correlated to the surface 

structure and to the presence of particular chemical species (Figure 2.18). 

 The selection rule for Raman experiments is that a Raman signal is only observed if the 

vibrational mode results in a change in molecular polarizability. This is distinct from Infrared 

Spectroscopy, for which vibrational modes are seen only if they induce a change in the dipole 

moment. The two techniques are often used in tandem as they offer complementary 

information. Raman also has numerous advantages over IR spectroscopy, in particular the 

weak Raman scattering induced by water. IR absorption due to water can obscure large 

regions of the spectral range which makes structural studies involving biomolecules which 

incorporate water difficult. The equivalent Raman spectrum is effectively transparent to 

water in the range 200 – 2000 cm-1.37 

Raman spectroscopy has been applied in studies of carbon nanomaterials including 

graphene,38 and carbon nanotubes.39 Raman studies of these materials are particularly useful 

for investigating the carbon scaffold structure i.e. the degree of disorder in the sp2-C network 

and the extent of clustering and packing of graphitic carbon domains.40 This information is 

particularly relevant to the characterisation of amorphous carbon materials, which depending 

on the deposition conditions may showcase highly variable sp2 cluster domain size and 

organisation.  
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A typical Raman spectrum of an N-free amorphous carbon film similar to those presented 

in the following chapters of this thesis is illustrated in Figure 2.19. The spectrum is seen to 

consist of contributions from two broad peaks: the G peak at ca. 1580-1600 cm-1 and the D 

peak close to ca. 1400 cm-1. The G peak is associated with in plane C-C stretching of sp2-C 

whilst the D peak may be attributed to a breathing mode associated with sp2-C atoms in 6 

membered rings. The D peak represents a forbidden mode in perfectly crystalline graphite 

or graphene layers, but becomes active in the presence of defects and scaffold disorder.  

Accordingly, the ratio of peak intensities for the D and G peaks is often used to quantify 

the degree of disorder in carbon nanomaterials. In highly graphitized materials a higher value 

of ID/IG is generally indicative of increased scaffold disorder, whereas in heavily disordered 

materials such as sputtered amorphous materials an increasing ID/IG may be associated with 

ordering due to the initial clustering of sp2 sites into 6-membered rings.40-42 This theory has 

also been shown to be applicable to N-doped carbon materials.41 

In this thesis, Raman spectra were obtained in a backscattering configuration using a 

Renishaw 1000 micro-Raman system equipped with an Ar+ laser at 488 nm excitation. The 

incident beam was focused by a Leica microscope with a 50× magnification objective and 

short-focus working distance. To avoid damaging the samples, the incident power was 

always <2 mW.  

 

 
Figure 2.18. Scheme illustrating inelastic scattering with a Stokes (left) and Anti-Stokes (right) 

energy shift. The energy difference between the incident and scattered photon, ΔE, corresponds to 

the energy difference in vibrational states of a molecule. 
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CHAPTER III 

 

  

Herein, a physico-chemical characterisation of nitrogenated carbon thin film electrodes 

is reported. A combination of optoelectronic characterisation methods, surface analysis 

and electrochemical measurements is employed in order to correlate the bulk 

optoelectronic properties of the electrodes to their heterogeneous charge transfer kinetics 

in simple redox processes.  

The data presented in this chapter are part of the following publications: 

1. 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 

2. Zen, F.; Angione, M. D.; Behan, J. A.; Cullen, R. J.; Duff, T.; Vasconcelos, J. M.; Scanlon, 

E.M.; Colavita, P. E. Scientific reports 2016, 6, 24840. 

3. Zen, F.; Karanikolas, V. D.; Behan, J. A.; Andersson, J.; Ciapetti, G.; Bradley, A. L.; 

Colavita, P. E. Langmuir 2017, 33, 17, 4198-4206 

Co-author contributions to this chapter are as follows: F.Z, G.C and S.N. contributed several of 

the XPS measurements. L.E-T. contributed SEM images and J.M.V. contributed AFM 

measurements.  
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3. Introduction 

 

Nitrogenated carbon materials such as carbon nitrides have been known for more than a 

century.1-3 In recent decades interest in the incorporation of nitrogen into carbon scaffolds 

was reinvigorated due to predictions that graphitic carbon nitride, g-C3N4, could be a harder 

material than diamond4-5 and numerous investigations into nitrogenated carbons for carbon 

coating thin-film applications were published.6-7 More recently, there has been a growing 

interest in understanding the effects of nitrogenation on the properties of carbon electrode 

materials, which have electroanalytical applications8-10 and promising metal-free 

electrocatalytic performance.8, 11  

Nitrogen incorporation can significantly affect bulk carbon properties; as reported by 

several groups,6-7 substitutional N-sites within a graphitic carbon matrix – often referred to 

as ‘graphitic N’ – are said to dope the carbon structure, introducing donor states that can 

impart n-type conductivity. Nitrogenation also typically introduces a number of other non-

doping types of N-site, such as pyridinic- and pyrrolic-N sites, which also have significant 

effects on the electronic properties.  

The presence of N-sites in the carbon surface is particularly relevant for electrochemical 

processes. In many cases nitrogenation has been shown to accelerate the kinetics of electron 

transfer, resulting in enhanced peak currents and/or a narrowing of the peak potential 

separation in voltammetric experiments. The precise mechanism of enhancement is not well 

understood although it has been speculated that improved electronic properties and/or 

interactions between the analyte molecules and surface chemical groups may be contributing 

factors. 12 

These improved charge transfer properties in the doped material relative to N-free carbons 

have been most prominently studied for multi-step electron-proton coupled reactions, such 

as hydrogen peroxide production from water13-14 and the oxygen reduction reaction 

(ORR).15-19 Nitrogenated carbons have shown remarkable activity in metal-free ORR, which 

is the cathode reaction in fuel cells and Li-air batteries. This activity has been attributed to 

the presence of specific surface sites such as the aforementioned graphitic-N and pyridinic-N 

sites15, 20-26 which alter the surface charge density and Lewis basicity.  

Heteroatom doping can also result in structural changes in the carbon scaffold such as 

increased defect and edge-plane exposure, which impact its surface chemistry. Defect 

creation via nitrogen incorporation has, for instance, been shown to improve Li storage 

capacity,27 while greater edge exposure is known to enhance charge transfer rates and 
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catalytic activity.25, 28-33 Furthermore, nitrogenation offers a route for increasing the density 

of states, resulting in higher capacitance, an effect that has been leveraged in the fabrication 

of supercapacitors.34  

The effects of nitrogenation on bulk electronic properties, surface chemistry and structural 

disorder in the carbon network are often interrelated making it challenging to discern or 

predict the overall effect of nitrogenation on the electrochemical properties of carbon 

electrodes. Recent studies in the literature have successfully established structure-activity 

relationships for undoped carbon materials resulting in useful insights on how to predict 

interfacial redox chemistry based on bulk electronic structure. This has been shown in the 

case of materials with long range order or high crystallinity, such as nanotubes, graphene 

and graphite.35-42 However, less is known about carbon materials which lack long-range 

order despite them being widely used by the electrochemical community.   

Thin film electrodes have recently enabled the study of electrode properties of 

nitrogenated carbons,43-46  independently from potentially confounding variables that might 

affect studies at particle/ink electrodes, such as large differences in topography, porosity, the 

packing of carbon particles, the presence of binder materials and metal impurities. 47 

In this chapter a detailed physico-chemical characterization of amorphous nitrogenated 

carbon (a-C:N) thin film electrodes  with varying  nitrogen content prepared via DC 

magnetron sputtering is presented. A suite of optical characterization methods including 

x-ray photoelectron spectroscopy (XPS) and spectroscopic ellipsometry (SE) is employed in 

order to study the bulk optoelectronic properties and chemical composition of the films. This 

is combined with electrochemical characterization techniques (cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS)) in order to study the interplay between the 

bulk optoelectronic properties and the performance of the films in heterogeneous charge 

transfer processes. 

It is shown that low levels of nitrogenation produce a-C:N films with greater metallic 

character than non-nitrogenated materials (a-C), which promotes faster electron-transfer 

rates to outer-sphere redox species at the carbon-electrolyte interface. High levels of nitrogen 

incorporation, on the other hand, result in films with characteristics more typical of cluster 

aggregates than amorphous solids. Electrochemical studies on these materials using both 

outer-sphere and surface-sensitive redox probes allow for the discrimination of electronic 

and surface effects resulting from nitrogen incorporation. 
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3.1 Results and Discussion 

 

Topography of a-C and a-C:N Films  

 

Nitrogen-incorporated amorphous carbon (a-C:N) films were synthesized with different 

levels of nitrogen incorporation by varying the N2/Ar ratio of the deposition gas. These films 

are denoted as a-C:N-X% where X is the percentage of N2 out of a total flux of 50 sccm 

N2/Ar introduced into the deposition chamber during sputtering. N-free films are denoted as 

a-C. An important feature of a carbon model system for electrochemical studies is a smooth 

and reproducible topography. In order to verify that the topography of the various a-C:N-X% 

films was comparable for different levels of nitrogenation, a combination of SEM and AFM 

techniques were used. 

As shown in Figure 3.1, SEM images of a-C and a-C:N films prepared with different N2/Ar 

content during the deposition show no distinct morphological differences from one another 

and are almost entirely featureless. The root mean square (rms) roughness of selected a-C:N 

 

 Figure 3.1. SEM images of a) a-C b) a-C:N-2% c) a-C:N-10% d) a-C:N-50% films deposited  

on Si substrates. 
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surfaces was determined using AFM measurements as shown in Figure 3.2 with the relevant 

RMS values reported in Table 2.1. The rms roughness values of both a-C and the a-C:N-X% 

films are all between 1-1.5 nm, in good agreement with values obtained for sputtered 

amorphous carbon films by other groups.48-49 There is no identifiable trend in the roughness 

values with respect to the N-content and no significant difference in roughness between a-C 

and a-C:N films. This fact, combined with the generally low absolute values of the rms 

roughness, implies that the topography may be treated as a constant when comparing the 

properties of a-C and a-C:N electrodes to one another. 

 

 

 

 

 

 Figure 3.2. 10 x 10 µM AFM images of selected a-C:N films deposited on a Si substrate. These 

images were used to obtain rms roughness values from the height profiles. 
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Table 3.1. RMS roughness of a-C and selected a-C:N films 

Surface RMS Roughness (nm)  

a-C 1.40 ± 0.07 

a-C:N-2% 1.06 ± 0.01 

a-C:N-10% 1.02 ± 0.05 

a-C:N-20% 1.30 ± 0.03 

a-C:N-50% 1.52 ± 0.01 

 

Chemical Composition of a-C:N Films  

 

The chemical composition of the various a-C:N films was investigated using XPS 

measurements. Survey scans of all a-C:N films show characteristic C 1s, O 1s and N 1s 

 

 

Figure 3.3. Survey scans of a-C and a-C:N-2-10% films. 
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peaks at 284, 532 and 400 eV, respectively (Figure 3.3). a-C was prepared using exclusively 

Ar in the deposition gas and contains no nitrogen, as confirmed by the absence of N 1s peaks 

in the survey spectra. Figure 3.4 a) and Table 3.2 show the changes in N/C% determined via 

XPS, observed when changing the N2 % composition in the deposition gas. The plot suggests 

the presence of two different regimes of nitrogenation. When the N2 % in the deposition gas 

is low, (N2 < 15%) nitrogen atoms are incorporated rapidly into the carbon material, however 

the rate of incorporation slows considerably for higher N2 %, in agreement with previous 

reports by other groups.50-52  

The elevated N/C at. % values obtained in the slow deposition regime (N2>15%), suggest 

that films deposited under such conditions contain N—N bonds and/or incorporate nitrogen 

gas within their structure.52-54 Figure 3.4 b) shows the variation of the growth rate of the 

films with the N2% in the deposition gas as determined from SE measurements (vide infra). 

The trend in growth rates is similar to the trend in nitrogen content with respect to the N2 % 

in the deposition gas, implying that the films with the greatest degree of nitrogen 

incorporation are also thicker on average. 

Figure 3.5 a-c shows the N 1s spectra of a-C:N-2%, 5% and 10%, respectively, with 

similar N 1s envelopes obtained at other N2 % during deposition. The broad peak envelope 

indicates the presence of multiple types of N-sites. The N 1s peaks were fitted using five 

contributions assigned to pyridinic-N (398.2 – 398.8 eV), pyrrolic-N (400 – 400.6 eV), 

graphitic-N (400.8 – 402.6 eV) and N—O/N—N (403 – 406 eV). The graphitic-N  

 

 

Figure 3.4. a) N/C % of a-C:N films versus the N2 % in the deposition chamber. The dashed line 

separates the two different regimes of nitrogen incorporation. b) Growth rate in nm/min of a-C:N 

films versus the N2 % flux in the deposition chamber. Error bars represent 95% confidence intervals. 
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contribution was further separated into contributions from center- (400.8 – 401.5 eV) and 

valley-type (402.1 – 402.8) N-sites.54-55 As noted by several authors, contributions to the 

envelope above 403 eV could potentially be attributed to the presence of π-π* satellites;30, 56 

These satellites may contribute to our spectra, however they cannot be distinguished from 

with N—O and N—N contributions due to spectral overlap in this binding energy region.  

Pyridinic-N and pyrrolic-N sites were found to dominate the N 1s spectra. Table 3.2 shows 

that, for all a-C:N films, the increasing N/C % at higher N2 gas % is mostly explained by an 

increase in sites attributable to these two types of N site, with comparatively smaller 

contributions from substitutional and oxide sites. The relative contribution of each type of 

N-site to the total surface nitrogen content determined from the N 1s deconvolution is 

reported in Figure 3.5 d and Table 3.2. These show that as the N/C % increases, the 

magnitude of the contribution from each of the nitrogen sites to the overall N content is 

essentially constant and independent of the total N/C % and growth rate of the film. The 

differences in the film thickness for the different a-C:N-X % electrodes evident from Figure 

3.5 were therefore found to have no significant effect on the N-site chemistry. This result 

 

 

Figure 3.5. a-c) XPS N 1s spectra of a-C:N-2%, 5% and 10% respectively d) Relative contributions 

of each N component to the total N content as a function of N2 % present during deposition. The 

two graphitic-N contributions are considered as one contribution for the analysis. 
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was further verified by depositing an a-C:N-10% film for half of the normal deposition time 

of 40 minutes and measuring its XPS spectrum in the N 1s region (405 – 295 eV) as shown 

in Figure 3.6. As shown in the figure, the differences in the N 1s envelope shape are 

negligible for the two different deposition times even though there is a difference of ca. 50 

nm in thickness between the two films. Both films also have a similar calculated N/C at. % 

value of 35 % 

 

Figure 3.6. N 1s envelope of a-C:N-10% films deposited for 20 minutes (red spectrum) and 

40 minutes (black spectrum). 

The C 1s spectra obtained for the a-C:N  films show a broadening of the envelope with 

increasing nitrogen content, in agreement with the presence of a range of C-N functional 

group contributions as shown in Figure 3.7.  The N-free a-C films have the typical 

asymmetric C 1s envelope shape for a carbon film with a high ( > 80%) sp2 content, as 

reported previously by the group.57-59  The broadening of this envelope seen in a-C:N-2-10% 

can be attributed to the formation of C-N bonds in a variety of different configurations. 

However, the strong spectral overlap between C-O and C-N contributions as well as sp3-C-C 

sites observed above 285 eV prevents an unambiguous fitting of individual contributions to 

the C 1s peak.30 All of the films possess a comparable O/C  close to 8 % (Table 3.2), which 

may arise from the Nox contributions discussed above and from ambient contamination of 

the samples due to their exposure to air prior to the XPS studies. 
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Taken as a whole, the XPS data indicate that larger N2 fluxes during the deposition of a-C:N 

films result in increased N-content and film thickness, along with a variety of different types 

of N-site throughout the bulk of the films. However, no relative differences in the 

contributions of the various types of N-site to the total N-content were found for depositions 

carried out at different N2 %.  

Table 3.2. Composition of a-C and a-C:N-X% samples obtained from XPS spectra. 

   Ncomponent/C% 

N2 gas% N/C % O/C % Npyri % Npyrr % Nsub % Nox % 

0% 0 8 0 0 0 0 

2% 15 10 6 5 3 1 

5% 28 8 12 10 5 2 

10% 35 5 16 12 6 1 

20% 39 6 17 13 8 1 

50% 43 5 18 13 10 2 

75% 49 10 21 15 11 2 

100% 57 9 24 18 12 3 

 

 

Figure 3.7. C 1s envelopes of a-C and a-C:N-2-10% films. The dashed line around 

284.5 eV indicates the position of graphitic carbon (sp2
 sites) 
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Optoelectronic Characterization of a-C and a-C:N Films via Spectroscopic 

Ellipsometry 

 

The bulk optoelectronic properties of a-C:N materials were investigated via spectroscopic 

ellipsometry measurements. Figures 3.8a and b show representative plots of the optical 

constants, n and k for a-C:N-2-20% vs. wavelength in the 400-900 nm range. The real part 

of the refractive index, n, was found to be vary in the range 1.75-2 for all of the samples 

whilst the trend in the imaginary component, k, indicates that the absorptivity of the films in 

the visible range is generally higher for a-C:N than for a-C. Among the a-C:N films the 

absorptivity decreases with increasing levels of N-incorporation. Figure 3.8c shows a 

 

 
Figure 3.8. (a) Plots of index of refraction (n) derived from SE measurements of a-C and 

a-C:N-2-20% versus wavelength (nm). (b) Plots of extinction coefficient (k) versus wavelength for 

a-C and a-C:N-2-20%. (c) Bar plot of the absorption coefficient,  @ 633 nm for a-C:N-2-20%. 

Dotted lines refer to a-C films, reported GC absorptivity60 and sp3-rich DLC films characterized by 

Mednikarov et al.61 (d) Tauc plots for a-C and a-C:N-2-20%. The linear region between 2 and 3 eV 

is extrapolated to the abscissa in order to determine the optical (Tauc) gap as illustrated in the figure 

for a-C. 
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comparison of the absorption coefficient α at 633 nm, calculated as  = 
4𝜋𝑘

𝜆
, for 

a-C:N-2-20%; values obtained for non-nitrogenated films and literature values for GC60 and 

diamond-like carbon (DLC)61 are also reported as a comparison.  

Low levels of nitrogen incorporation (2-5%) produce films with absorptivity similar to or 

slightly greater than that of N-free a-C, whilst for higher levels of nitrogenation (10-20%) 

the absorptivity decreases significantly. As described in Chapter II, absorption coefficients 

as a function of photon energy were used to calculate Tauc plots from which the optical Tauc 

gap values (ET) were obtained. The resulting plots are depicted in Figure 3.8 d); values of 

ET calculated via extrapolation of the linear region of the plot for a-C and a-C:N films are 

reported in Figure 3.9. The results show that a-C:N films prepared with low levels (2 – 5%) 

of N-incorporation have the narrowest optical gaps whilst at higher nitrogen incorporation 

(a-C:N-10-20%) the optical gap increases. This is consistent with previous reports indicating 

that low levels of N-incorporation raise the Fermi level of the material and lower its optical 

gap24, 62 relative to non-nitrogenated carbons. Based on our results, this effect is observed 

only for low levels of nitrogen incorporation, whilst carbons with N/C% > 15% display 

greater semiconductive character.  

 

 

Figure 3.9. Cluster plot of the Tauc gaps (ET) for a-C and a-C:N-2-20%. 
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The optoelectronic properties of the a-C:N films were also found to be independent of the 

film thickness in a similar fashion to the nitrogen surface chemistry (vide supra). Figure 3.10 

shows plots of the optical constants, n and k, of an a-C:N-10% film prepared at deposition 

times of 20, 30 and 40 minutes. These films were found to have thickness values of 60 ± 3, 

90 ± 5 and 120 ± 5 nm respectively, in good agreement with the values predicted by the 

growth rate curve in Figure 3.4. As shown in Figure 3.10 both the real and complex 

components of the refractive index have comparable values across the entire energy range 

for all three film thicknesses, strongly suggesting that the bulk optical properties of the films 

are thickness-independent. Indeed, Tauc analysis derived using k values for the films in 

Figure 3.10 yields similar optical gaps close to 0.7 eV for each deposition time, similar to 

the values obtained for 40 minute depositions only and plotted in Figure 3.9.  

 

Figure 3.10. Plots of the real and imaginary components of the complex refractive index for 

a-C:N-10% films with three different deposition times.  

At N concentrations found in the a-C:N-20% films and higher, the optical properties of the 

resulting films significantly depart from those obtained at lower N2 % values. Figure 3.11 

shows plots of the imaginary component of the refractive index versus wavelength for a-C:N 

samples deposited at high N2% in the deposition mixture. For these films, the k values do 

not vary smoothly and monotonously as expected of amorphous solids, but display broad 
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peak-like features. These broad peaks suggest the presence of disordered conjugated clusters 

in these a-C:N films: the formation of relatively small, poorly-connected graphitic clusters 

with localized electron density is expected to result in “molecule-like” optical transitions 

such as those observed for a-C:N-50-100%. Our results are also consistent with work by 

Rodil et al., who proposed that the increase in ET values usually observed with increasing 

N/C% content can be attributed to increased localization of π-electrons.63  

Electrochemical Characterization of a-C and a-C:N Films 

The electrochemical performance of the a-C and a-C:N films in simple charge transfer 

experiments to standard redox probes was studied using a combination of cyclic 

voltammetry and electrochemical impedance measurements. The Ru(NH3)6
+2/+3 redox 

couple was first chosen as an electrochemical probe. As discussed in Chapter I of this thesis, 

this complex is an example of an outer-sphere redox species which is relatively insensitive 

to surface chemistry.64 Instead the rate of charge-transfer is controlled by the electronic 

properties of the electrode, viz. the Fermi level position (EF), and density of states (DOS) 

near EF.  

Figure 3.12 shows CVs obtained for a-C:N-X% electrodes in 1 mM Ru(NH3)6
+2/+3 with 

0.1 M KCl. The figure indicates that low levels of nitrogen incorporation result in electrodes 

with the smallest peak-to-peak separation (ΔEp) and the highest capacitance-corrected peak 

current density values (~0.3 mA cm-2). ∆Ep values of 70 – 80 mV obtained for a-C:N-2-5% 

Figure 3.11. Extinction coefficient (k) versus wavelength for a-C:N-50%, 75% and 100% 

derived from ellipsometry measurements. 
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at 50 mV s-1 (Table 3.3) are close to the reversible limit of 59 mV for a one-electron process, 

indicating that electron transfer is fast for low levels of nitrogenation. Since each experiment 

was carried out with the same concentration of Ru(NH3)6
+2/+3, differences in peak current 

density for different films may possibly be explained by changes in the electroactive area of 

the sputtered electrodes; this is also consistent with the observed drop in the capacitive 

contribution to the current for a-C:N-50%. The decrease in peak current density occurs in 

the absence of a significant change in Ep. This suggests that the electrodes at high N/C 

content are better described as heterogeneous partially-blocked electrodes, which have been 

shown to display similar behaviour in their voltammetric response, depending on 

microdomain size and distribution.65  

In all cases the ratio of cathodic to anodic peak current densities (Jp,c/Jp,a) is > 0.9 which 

is close to the theoretical value of 1 for an electrochemically reversible process. Non-

nitrogenated a-C yielded a significantly larger ΔE of ~150 mV (Table 3.3) therefore 

indicating that low levels of nitrogenation result in an enhancement of the electron transfer 

rate. However, as the N2% increases in the deposition mixture, this trend reverses and for 

a-C:N-50%, the peak separation increases to almost 100 mV. This increase is accompanied 

by a decrease in peak current density to a value comparable to that of a-C. Finally, a-C:N-X% 

films with X = 75, 100 were found to be too resistive for electrochemical measurements. 

In order to quantitatively compare the electron-transfer properties of our films, 

Electrochemical Impedance Spectroscopy (EIS) was used to determine the resistance to 

charge transfer (RCT) at the formal potential (E0’) of the Ruthenium redox couple.  

 

 

Figure 3.12. Cyclic voltammograms of electrodes of a-C and a-C:N in solutions of 1 mM 

Ru(NH3)6
2+/3+

 in 0.1 M KCl. 
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Table 3.3. Peak current density ratios, peak potential separations and apparent rate constants 

calculated for nitrogenated and non-nitrogenated carbon electrodes obtained at 50 mV s-1 in 1 mM 

Ru(NH3)6
+2/+3 and 0.1 M KCl. Errors indicate 95% confidence intervals. 

Sample Jpc/Jpa Ep (V) kapp (cm s-1 x 10-3) 

a-C 0.9 ± 0.2 0.15 ± 0.02 2.0 ± 0.4 

a-C:N-2% 0.9 ± 0.1 0.08 ± 0.01 9.0 ± 0.2 

a-C:N-5% 0.91 ± 0.06 0.074 ± 0.007 10 ± 1 

a-C:N-10% 0.93 ± 0.09 0.09 ± 0.01 6 ± 2 

a-C:N-50% 1.0 ± 0.1 0.095 ± 0.002 5 ± 3 

 

    Representative Nyquist plots for a-C:N electrodes in solutions containing 1 mM 

Ru(NH3)6
+2 and 1 mM Ru(NH3)6

+3  with 0.1 M KCl are shown in Figure 3.13a together with 

the plot obtained for a-C under the same conditions. Typical features of a mixed kinetic-

diffusion process are evident in all complex spectra; a semicircle at high frequency (105 – 

103 Hz) suggests the presence of an impedance to charge-transfer (RCT) in parallel with a 

capacitive contribution, while at low frequencies (103-10-1 Hz) a linear behaviour with ~45° 

slope indicates that the impedance is dominated by diffusion of the redox probe to the 

electrode surface These EIS spectra were fitted using a Randles circuit (Figure 3.13 b). The 

model consists of a series connection of a resistor, Rs representing the uncompensated 

solution resistance and a parallel combination of a double-layer capacitance and a Faradaic 

impedance. In this case the double-layer capacitance, C1, was replaced with a constant phase 

element (CPE 1) which, as discussed in Chapter I, is appropriate in situations where 

inhomogeneous electrode surfaces are used.66 The CPE impedance is described by two 

parameters, Q and α, according to the following equation:  

𝑍𝐶𝑃𝐸 =  
1

(𝑗𝜔)𝛼𝑄
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The Faradaic impedance was modelled as a series combination of a resistor, RCT, 

representing the resistance to charge transfer, and a second constant phase element (CPE 2) 

representing the diffusion impedance. Note that, in this case a Warburg element could also 

have in principle been used, but the resulting CPE exponential (α) values are close to 0.5, 

which is equivalent to a Warburg impedance. Examples of fits obtained using this circuit are 

shown in Figure 3.13 c) and d) and a full table of fitting parameters is presented in Table 3.4. 

In general, the equivalent circuit fits the data well, with some deviations observed in 

particular at low frequencies. The largest of these deviations are obtained for large variations 

from the expected α value of 0.5 for CPE 2 as shown in Table 3.4. This suggests that the 

simple Randles equivalent circuit is not entirely applicable in describing the EIS response at 

these surfaces under mass-transport limiting conditions.  

Figure 3.13(a) High frequency Nyquist plots for a-C and selected examples of a-C:N-X% in 1 mM 

Ru(NH3)6
+2/+3 with 0.1 M KCl. The plots are offset on the y-axis and the solution resistance Rs has 

been subtracted for ease of comparison. (b) Equivalent circuit used to fit EIS data on a-C and a-C:N 

electrodes. c) Bode magnitude and d) Bode phase plots for a-C and a-C:N electrodes. The fit 

produced by the equivalent circuit model in each case is shown as a solid line. 
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The values for RCT derived from the modelling procedure are plotted vs. N/C % content 

determined from XPS in Figure 3.13; nitrogenated electrodes a-C:N-2-5% yielded lower RCT 

values than non-nitrogenated a-C. The values for a-C:N-10% are comparable to those of a-

C, whereas those for a-C:N-20% or higher increase progressively. This trend in RCT and kapp 

values agrees with the trend in k0 values obtained from CV measurements, and suggest that 

small nitrogen concentrations lead to an enhancement of charge transfer rates, whereas high 

levels of nitrogen incorporation negatively affect electrochemical performance. 

Interestingly, by comparing Figure 3.9 and 3.13, RCT values determined via EIS closely 

parallel ET vs. N/C % trends determined via ellipsometry. In fact, RCT and ET appear to be 

positively correlated (R=0.9458). a-C:N electrodes with the lowest ∆Ep values and largest 

peak current densities are the a-C:N films with the greatest metallic character, based on ET 

determinations. Furthermore, the collapse in peak current density for a-C:N-50% correlates 

well with the appearance of broad absorption peaks in the imaginary refractive index which 

are suggestive of greater electronic localization. For both regimes of N-incorporation there 

is therefore a strong correlation between the bulk optoelectronic properties and electron 

transfer properties of the films using the Ru(NH3)6
+2/+3 redox probe. 

 

Substrate RCT (Ω) 

kapp / cm s-1
 x 

10
-3 Q1 (cm-2) α(CPE1) Q2 (cm-2) α(CPE2) 

a-C 290 ± 50 4.2 ± 0.09 30 ± 7 0.70 ± 0.09 2000 ± 1000 0.48 ± 0.01 

a-C:N-2% 40 ± 30 5.0 ± 0.5 2 ± 2 0.95 ± 0.09 4000 ± 1000 0.56 ± 0.04 

a-C:N-5% 23 ± 9 30 ± 1 11 ± 5 0.86 ± 0.06 4000 ± 2000 0.6 ± 0.1 

a-C:N-10% 200 ± 200 7 ± 3 100 ± 50 0.67 ± 0.06 3700 ± 300 0.56 ± 0.02 

a-C:N-20% 400 ± 300 5 ± 2 400 ± 200 0.59 ± 0.02 4000 ± 2000 0.58 ± 0.05 

a-C:N-50% 400 ± 200 5 ± 2 3 ± 2 0.84 ± 0.04 700  ± 200 0.58  ± 0.04 

 

Table 3.4. Summary of parameters obtained from fitting impedance spectra for a-C and a-C:N-X% 

obtained in solutions of 1 mM Ru(NH3)6
2+/3+ / 0.1 M KCl. The errors presented represent the 95% 

confidence interval (n = 3-5). The solution resistance, Rs, was found to always have a value of 

approximately 60 Ω and is omitted from the table for clarity. In the case of CPE Q values the resulting 

parameter is presented normalised to the geometric area of the glassy carbon disk determined via 

calipers measurements and verified electrochemically based on the variation of peak current values 

with the scan rate (vide infra). 
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Electrochemical Characterization using Fe(CN)6
-4/-3 

Redox couples such as Ru(NH3)6
+2/+3 are in the minority with regards to their relative 

insensitivity to surface termination in electron transfer processes. In order to understand the 

effect of nitrogen incorporation on the surface chemistry of carbon electrodes CV and EIS 

measurements of a-C and a-C:N-X% were carried out in aqueous solutions of Fe(CN)6
-4/-3, 

a redox probe that is known to be sensitive to surface functionalities (e.g. passive layers and 

charged groups).64  

    Figure 3.14 shows CVs of carbon electrodes in 1 mM Fe(CN)6
-4 and 0.1 M KCl for a-C 

and a-C:N electrodes. Based on the tendency for increasing levels of nitrogenation above 

10% to produce insulating surfaces observed in experiments with Ru(NH3)6
+2/+3, the analysis 

was restricted to a-C:N-2-10% only. As shown in the figure, the ∆Ep for a-C and a-C:N-2% 

is approximately 80 mV, whilst ∆Ep for a-C:N-5% is slightly higher at 100 mV. The jp,c/jp,a 

(Table 3.5) is close to 1 for all of these films, indicating that the redox process is reversible 

for both a-C and a-C:N-2-5% in the case of the Fe(CN)6
-4/-3 couple albeit with sluggish 

electron transfer kinetics compared to the Ru(NH3)6
+2/+3 redox probe. In the case of a-C:N-

10% the anodic peak, Ep,a is shifted more than 100 mV in the anodic direction and the 

 

 
Figure 3.13. Plot of RCT to the Ru(II)/(III) Hexammine redox probe on a-C and a-C:N 

surfaces obtained via EIS measurements versus N/C % determined from XPS 

measurements 
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cathodic peak Ep,c is greatly reduced. This indicates that the charge transfer process is 

irreversible for Fe(CN)6
-4/-3 on a-C:N-10%.  

 

Table 3.5. Peak current density ratio (Jp,c/Jp,a) and ∆Ep values for a-C and a-C:N-2-10% 

obtained in 1 mM Fe(CN)6
-4/-3 with 0.1 M KCl at 50 mV s-1. 

 

 

Nyquist plots for a-C and a-C:N films in 1 mM Fe(CN)6
-4 in 0.1 M KCl are shown in 

Figure 3.15. Similar to the results for the Ru(NH3)6
+2/+3 couple, evidence of a mixed kinetic-

diffusion controlled electron transfer process can be seen for a-C and a-C:N-2-5%. Due to 

the irreversibility of a-C:N-10% determined via CV studies, EIS experiments were not 

attempted on this substrate. For both a-C and a-C:N-2% the semicircle in the high frequency 

(105 – 103 Hz) region indicates that the impedance to charge transfer is low for both a-C and 

Sample Jpc/Jpa Ep (V) 

a-C 0.95 ± 0.05 0.08 ± 0.03 

a-C:N-2% 0.8 ± 0.1 0.08 ± 0.02 

a-C:N-5% 0.9 ± 0.1 0.1 ± 0.05 

a-C:N-10% 0 ̶ 

Figure 3.14. CV’s of a-C:N-2-10% in solutions of 1 mM Fe(CN)6
-4 / 0.1 M KCl at a scan 

rate of 50 mVs-1. 



   Chapter III 
 

  142 

a-C:N-2% with similar magnitudes of RCT. The linear behaviour of the plots in the low 

frequency region (103-10-1 Hz) of the figure indicates that ferrocyanide oxidation may 

proceed rapidly enough to be diffusion-rate limited on both surfaces.  

In the case of a-C:N-5%, the broad semicircle in the region from 102 to 1 Hz a-C:N-5% 

plot corresponds to Randles behaviour with a larger contribution of RCT to the impedance. 

This is in agreement with CV data for a-C:N 5%, which indicate that ΔEp values for charge 

transfer to ferrocyanide are slightly larger in the case of a-C:N 5%. The high-frequency 

region of the impedance plot for a-C:N-5% indicates the appearance of a smaller RC 

component which is present even in the absence of any redox-active species (Figure 3.16).  

This contribution has previously been observed in the EIS of amorphous carbon 

materials,67-68 and might be attributed to defects likely to occur in non-crystalline materials, 

including nanoporosity and mid-gap or surface states.69-71 It is only observable as a separate 

time constant when the kinetics of charge transfer to a redox probe in solution are sluggish, 

which is why only one time constant is observed in EIS spectra for a-C and a-C:N-2% in 

Figure 3.15. 

Both voltammetric and impedance experiments indicate that nitrogen-incorporation into 

amorphous carbon electrodes results in surfaces which are progressively less amenable to 

charge transfer to the Fe(CN)6
-4/-3 redox couple. The increase in ΔEp and RCT from a-C to 

a-C:N-5% and the irreversibility of charge transfer to a-C:N-10% contrasts with the results 

for Ru(NH3)6
+2+3, which showed lower ΔEp and RCT values following nitrogenation and 

Figure 3.15. Nyquist plots of 1 mM Fe(CN)6
-4/-3 in 0.1 M KCl obtained for a-C and 

a-C:N-2-5%.  
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quasi-reversible behaviour for all a-C:N films studied. 

Given that the bulk optoelectronic properties of a-C:N-2-10% are known to be more 

metallic in nature than undoped a-C, this contrasting behaviour is likely to be explained by 

surface effects on the kinetics of electron transfer. As discussed in Chapter I, the charge 

transfer to ferrocyanide is catalyzed by the supporting electrolyte, which facilitates the redox 

process via formation of cationic bridging complexes.72-75 The availability of specific surface 

sites is also known to be important in determining the rate of charge transfer of Fe(CN)6
-4/-3 

at carbon electrodes.76-77 A recent study by Compton and co-workers72 showed that 

ferrocyanide oxidation at graphite electrodes could be rendered almost entirely irreversible 

by pre-treating the carbon surface with organic solvents such as acetonitrile. Their study 

concluded that the inhibitory effects of the organic solvent were due to blocking of the active 

edge sites which in turn prevent the cation bridging required for electron transfer to occur.  

It is possible that the incorporation of nitrogen moieties into the carbon matrix of a-C films 

may produce a similar inhibitory effect which is intrinsic to the surface, rather than induced 

by the blocking effect of solvent pre-treatment. This result is significant as it underscores 

the fact that, while the incorporation of nitrogen into the carbon matrix may result in 

improved bulk electronic properties that typically enhance rates of charge transfer (lower ET, 

greater metallic character), it also results in surface nitrogenation that significantly changes 

interfacial interactions with redox species. Whilst nitrogenation is often associated with 

improved catalytic properties, as is the case in oxygen reduction, nitrogenation can also 

result in more sluggish kinetics and an overall inhibitory effect as in the case of charge 

transfer to the ferrocyanide complex. 

 

 
Figure 3.16. a) Magnitude and b) phase plots for an a-C:N-5% electrode in 0.1 M KCl and 

0.1 M KCl solution with 1 mM [Fe(CN)6]
2-. 
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3.2 Conclusions 

 

In this chapter, the preparation of nitrogenated amorphous carbon films with varying N/C % 

was presented along with a detailed characterization of their properties using a combination 

of optical and electrochemical methods. Results showed that low levels of nitrogenation 

produce films with greater metallic character when compared to non-nitrogenated 

amorphous carbon. These films also display the fastest electron-transfer kinetics for the 

Ruthenium Hexaammine redox couple as measured by a combination of cyclic voltammetry 

and electrochemical impedance spectroscopy. The resistance to electron transfer, RCT, was 

shown to be strongly correlated to the Tauc gap, ET, demonstrating a clear correlation 

between optoelectronic and electrochemical properties in nitrogenated carbon materials. 

Highly nitrogenated amorphous carbon films display properties more consistent with 

localized and poorly connected arrays of graphitic clusters rather than amorphous solids. 

These properties were observed both optically, through ellipsometric measurements, and 

electrochemically based on the inferior electron transfer properties of these materials relative 

to a-C:N films with lower levels of nitrogenation. An important implication of these results 

is that ellipsometry emerges as an effective method for the evaluation of defects in carbon 

electrodes that result from nitrogenation and that the defectiveness evidenced via 

ellipsometry is straightforwardly reflected in the electrochemical performance.  

The response to the outer-sphere redox couple (Ru(NH3)6
+2+3) was contrasted with the 

surface sensitive Fe(CN)6
-4/-3 couple. The introduction of nitrogenated sites facilitates charge 

transfer in the case of the outer-sphere species, in agreement with an expected increase in 

charge carriers and metallic character that typically arises from nitrogen doping of carbon 

materials. The opposite trend is observed for the inner-sphere couple thus indicating that 

nitrogenation has a profound effect on the surface chemistry and that these effects might 

dominate the overall electrochemical response of the nitrogenated carbon.  

The combined effect of bulk optoelectronic changes and surface modifications that result 

from nitrogenation, strongly depends on the specific redox species in solution. Results 

suggest that theoretical predictions of charge transfer rates for ruthenium hexamine based on 

bulk electronic structure are likely to be accurate at nitrogenated carbons. However, specific 

models that describe interfacial interactions are required to predict the behavior and trends 

of inner-sphere redox species which are strongly influenced by the surface chemistry of 

nitrogenated carbon surfaces.  
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In the following chapter, the electrochemical response of the a-C and a-C:N materials 

introduced in this chapter to catechols, another class of inner-sphere redox species, will be 

studied. These materials will also be used as the basis for other model carbon systems 

prepared via post deposition treatments of the sputtered films as described in Chapters V and 

VI. 

3.3 Experimental Methods 

 

Chemicals and Materials  

 

Hexaammine Ruthenium (II) Chloride (99.9%, trace metals), Hexaammine Ruthenium (III) 

Chloride (98%), Potassium Chloride (Bioxtra, >99.0%), Sulfuric Acid (95 – 97%), 

Hydrogen Peroxide (>30% w/v) Potassium Ferrocyanide (Analar, >99.0%) and methanol 

(semiconductor grade) were used without further purification. 

 

Substrate Preparation 

 

B-Doped Silicon wafers (MicroChemicals; resistivity 5 – 10 Ω-cm) were used as 

substrates for carbon deposition; substrates were cleaned with piranha solution (3:1 

H2SO4:H2O2; CAUTION: Piranha solution is a strong oxidant which may react explosively 

with organic solvents – always use in a fumehood) before rinsing with Millipore water and 

drying under Ar. Glassy carbon (GC) discs (HTW Sigradur® radius 0.25 ± 0.05 cm) were 

polished with progressively finer grades of alumina slurry (Buehler). Discs were first 

polished using 1200 grit sandpaper and 1 μm slurry. After rinsing with copious Millipore 

water the discs were 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. Polishing 

MicroCloths® (Buehler) with 0.3 μm slurry were used for the penultimate step before once 

again sonicating for 20 min in Millipore water. The final polishing step was 0.05 μm slurry 

on a fresh microcloth before sonicating the polished discs in Millipore water for 20 min. 

Clean discs were either used directly in electrochemical experiments or, in the case of a-C 

and a-C:N depositions, mounted in a custom-made Teflon® holder and placed in the vacuum 

chamber for coating via magnetron sputtering. 
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Deposition of carbon electrode materials 

 

Thin film electrodes of amorphous carbon (a-C) and nitrogenated amorphous carbon 

(a-C:N) were deposited via DC magnetron sputtering in a chamber (Torr International Inc.) 

with a base pressure ≤ 2 x 10-6 mbar and a deposition pressure in the range 2-7 x 10-3 mbar. 

Films with varying Nitrogen percentages were prepared by introducing a nitrogen (N4.5, 

BOC) and argon (N4.8, BOC) gas mixture into the sputtering chamber using two mass flow 

controllers (Brooks Instruments). The total gas flow rate was kept at 50 ml min-1, while the 

mixing ratio was varied to alter the nitrogen content in the films. The deposition time was 

kept constant at 40 min for all samples.  

 

Characterization 

Ellipsometry measurements were taken using an alpha-SETM Ellipsometer (J.A. Woolam 

Co.). The films were deposited on Si wafers and measured at 65o, 70o and 75o incidence. 

Data were fitted using a 3-layer model which takes into account the substrate, the a-C/a-C:N 

layer and the air phase, as described in Chapter II. Electrochemical measurements were 

 

 

Figure 3.7. (A) Glassy Carbon Disk with sputtered a-C:N film. (B) Static electrode shaft from Pine 

with gold pyramidal probe. (C)  Empty Teflon® cup into which the GC Disk is placed. (D) 

Fully-assembled working electrode with GC/a-C:N disk, Teflon® Cup and shaft. Contact is 

established between the gold probe and the rear side of the GC disk; all interfacial contacts were 

confirmed to be ohmic via i-V plots. 
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carried out using a Metrohm Autolab AUT50324 potentiostat with a Frequency Response 

Analyser (FRA) module using a 3-electrode setup.  

A static disc holder (Pine Instruments) enclosing the a-C/a-C:N sputtered GC disc was 

used as working electrode (WE, see Figure 3.17); a Hydroflex® hydrogen electrode 

(Gaskatel) and a Pt wire were used as reference and counter electrodes, respectively. The 

contact between the film and underlying GC electrode was confirmed to be ohmic through 

2-electrode i-V experiments using gold probes. The electrochemical cell consisted of a 

beaker with a custom-made Teflon® cap. Prior to experiments, the cell was cleaned with 

piranha followed by rinsing 3 times with Millipore water. Cyclic voltammograms (CVs) in 

aqueous solutions of 1 mM Ru(NH3)6Cl2 or 1 mM Ferrocyanide in deaerated 0.1 M KCl at 

25 oC were obtained by scanning ± 0.3 V around the Formal Potential, E0’ at a scan rate of 

50 mV/s; all voltammograms were taken with iR compensation using NOVA software. EIS 

spectra were obtained at E0’ for both redox couples using 100 scans in the frequency range 

from 100 kHz to 0.1 Hz using an AC amplitude of 8 mV. The resulting spectra were fitted 

with equivalent circuit models using commercial software (ZView).  

The geometric area of each disc was determined using calipers and verified via cyclic 

voltammetry experiments using the Ru(NH3)6
+2/+3 probes at various scan rates using the 

Randles-Sevcik equation: 

𝐼𝑝 = 269000. 𝐴. 𝐷1/2𝑐𝜐
1

2 . 

 

 Figure 3.18. Sample plot of peak current versus the square root of the sweep rate used 

for calculating the area of each glassy carbon disk via the Randles equation. 
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In this equation A is the geometric area of the electrode, D is the diffusion coefficient of 

the Ru(NH3)6
2+/3+

 couple (Ru (III) = 9.1  10-6 cm2 s-1 , Ru(II) = 1.19  10-5 cm2 s-1), c is the 

concentration of the redox couple (1  10-6 mol cm-3) and υ is the scan rate in V s-1. Figure 

3.17 is an example of a Randles plot for a-C:N-5% deposited on a GC disk with an area of 

0.198 cm2 as found through measurements with calipers. The slopes of the anodic and 

cathodic peak currents versus υ1/2 are 1.55 and 1.61  10-4 respectively, giving a a value 

between 0.191 and 0.197 cm2 for the geometric area.  

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). The 

X-ray source was a monochromatized Al Kα source (1486.6 eV). Spectra were recorded at 

45° takeoff angle with an analyzer resolution of 0.5 eV. 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. Charge compensation, where applicable, was achieved using an electron flood gun 

and the binding energy scale was referenced to the C 1s core-level at 284.8 eV. Spectra were 

baseline corrected using a Shirley background and fitted with Voigt functions using 

commercial software (CasaXPS); atomic percent compositions were determined by 

calculating peak area ratios after correction by relative sensitivity factors (C 1s = 1.0, N 1s 

= 1.8, O 1s = 2.93).  
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Catechols are a class of biologically-relevant molecules with a rich and complex redox chemistry. 

The electrochemical response of catechols is known to be highly dependent on the electrode 

surface preparation and the solution pH. In this Chapter, voltammetric studies of catechol 

electrochemistry on carbon surfaces are presented. Two different probes are studied: dopamine 

and 4-methyl catechol. The effect of surface pre-treatment on the response is first investigated 

using glassy carbon electrodes which are subjected to a number of different surface pre-

treatments including electrochemical anodisation and thermal annealing. Experimental results 

are supported by density functional theory (DFT) calculations on model carbon cluster surfaces. 

Finally, the response on as-deposited a-C:N surfaces which were previously characterised using 

outer-sphere redox probes in Chapter III is also presented, in order to contrast the differences in 

electrochemical behaviour when the surface chemistry is also important. 

Electrochemistry of Catechols on Carbon 

and Nitrogenated Carbon Surfaces 

DFT calculations were accomplished in collaboration with Prof. Max García Melchor and Dr. 

Laia Vilella-Aribas of the School of Chemistry, TCD. The author is also indebted to Filip 

Grajkowski, an undergraduate project student who contributed some of the voltammetric data 

discussed herein. 
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4. Introduction 

 

Catechols are an important class of biomolecules with particular relevance to 

neurochemistry. Abnormal levels of catecholamines such as dopamine (DA) have been 

linked in psychiatric disorders such as depression,1-2 schizophrenia,3 and parkinson’s 

disease.4 The elevation of DA levels in the synapses of dopaminergic neurons by stimulant 

use has also been implicated in the pathogenesis of addiction. 5 The quantification of catechol 

concentrations both in vivo and through the ex situ analysis of biological fluids has often 

been accomplished electrochemically as reviewed recently by Jacowska and Krysinski.6 

Carbon materials have been applied as biosensors for catecholamines because of their low 

cost, biocompatibility, and versatility. Amperometric sensors for DA based on carbon paste 

electrodes,7 carbon fibers 8 boron doped diamond 9 and glassy carbon 10 have been prepared. 

Due to the interference of co-analytes such as ascorbic acid, which has a similar reduction 

potential to catechols, researchers have employed methodologies such as the immobilization 

of enzymes at the electrode surface 9 doping the carbon scaffold with nitrogen11-12 and other 

pre-treatments of the carbon surface in order to improve selectivity.  

Catechol oxidation is complex and has been described according to the 9-membered 

scheme-of-squares, 13 which involves the net transfer of 2 protons and 2 electrons from the 

catechol, 14-15 as shown in Figure 4.1. The mechanism is pH-dependent; for instance, under 

basic conditions the pathway involves the transfer of 2 electrons from a deprotonated 

catechol C2- to form a quinone species C as shown in the top row of the figure. At low pH 

the catechol is expected to exist predominantly in its monoprotonated CH- form or the 

diprotonated CH2 form, implying that proton transfers must occur at some point in the 

reaction mechanism. The order of the reaction steps at pH 1 is known to be e→H+→e→H+.16 

 In addition to the complex reaction scheme, the kinetics of catechol oxidation at carbon 

surfaces are known to be highly sensitive to the electrode preparation, including the 

polishing and cleaning steps, exposure to organic solvents and any surface pre-treatments 

employed. For glassy carbon (GC) the literature is replete with methodologies for surface 

pre-treatments, both electrochemical and otherwise, which accelerate the charge transfer 

kinetics. It is difficult to specify which of these protocols (if any) is the most effective, as 

reports in the literature are often contradictory; for instance, electrochemical oxidation of 

glassy carbon has been reported to induce catechol adsorption by some groups 17 whilst 
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others have reported a positive effect on the electron transfer kinetics after oxidative 

treatments in the absence of adsorption.18 

 It is generally thought that adsorption facilitates the inner-sphere redox process via a self-

catalytic process which was proposed to involve interactions between adsorbates and 

solution-phase catechol. Although the precise catalytic mechanism is uncertain, 

hydrogen-bonding interactions involving the hydroxyl groups of catechol and the C=O of 

adsorbed quinone were suggested.17 The chemisorption of blocking organic monolayers 

which impede catechol adsorption has an inhibitory effect on the kinetics of charge transfer 

to catechols, an important exception being when the adsorbed species resembles a quinone.17  

In this case adsorption of the catechol from solution is inhibited but the electron transfer 

is quasi-reversible. This suggests that it is not adsorption per se, but rather the presence of 

particular surface oxide moieties introduced at the surface by adsorption which facilitate 

charge transfer to catechols in solution. If this were the case, electrode activation towards 

catechols through oxidative pre-treatment might be explained if these protocols also 

introduce these oxide moieties at the electrode surface. 

The purpose of this chapter is to provide some clarity regarding the effects of carbon 

surface pre-treatment on the kinetics of catechol oxidation. This is accomplished by 

producing GC electrodes with well-defined surface chemistry via simple pre-treatment 

protocols and correlating the properties of each surface to the kinetics of catechol oxidation. 

Two catechols were chosen for these studies, 2-(3,4-Dihydroxyphenyl)ethylamine, 

 

 

Figure 4.1. Left - ‘Scheme of squares’ illustrating possible pathways for the 2-electron, 2-proton 

oxidation of a generic catechol (CH2). Right – chemical structures of two catechols studied in 

this chapter: dopamine and 4-methyl catechol. 
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henceforth referred to as dopamine (DA), and 4-methyl catechol (4-MC). GC discs subjected 

to two different pre-treatments, thermal annealing and electrochemical anodisation, were 

chosen as the model electrodes. These protocols are known to produce surfaces with 

radically different oxygen contents.19  

The electron transfer kinetics on each GC surface are evaluated using cyclic voltammetry 

studies and these results are correlated to the surface composition as determined from XPS 

measurements. Results indicate that catechol adsorption does not occur on highly oxidised 

GC surfaces prepared via anodisation although charge transfer occurs quasi-reversibly to 

both catechols. Thermal annealing produces a low-oxygen content surface on which both 

DA and 4-MC readily adsorb, resulting in reversible charge transfer kinetics to the catechol 

in solution.  

Based on a careful analysis of the C 1s envelopes of each surface, the tendency for both 

catechols to adsorb only on the annealed surface is correlated to the graphitization of the GC 

surface induced by the heat treatment. Conclusions derived from the experimental results are 

supported by DFT calculations on model carbon clusters. Finally, the redox response of the 

a-C and a-C:N electrode surfaces introduced in the previous chapter towards DA oxidation 

is also presented, in order to investigate the effects of nitrogen incorporation on the 

electrochemical response.  

4.1 Results and Discussion 

 

  In order to investigate the effects of surface treatments on catechol kinetics, glassy 

carbon electrodes were prepared using three different methodologies. A polishing protocol 

using successively finer grades of alumina slurry (1µm, 0.3 µm and 0.05 µm) along with 

abundant ultrasonication was employed in each case as described in detail in the previous 

chapter and in the experimental section of this chapter (vide infra).  GC discs used for 

electrochemical studies without further treatment are referred to as ‘polished GC.’  

Two other surface treatments were also employed to induce significant structural and 

chemical changes in the GC surface. The first of these was an oxidation via electrochemical 

anodisation at a potential of 1.8 V vs Ag/AgCl (sat) in 0.1 M KOH for 20 s. These GC discs 

are termed ‘anodised GC’. The second treatment employed was a thermal annealing under 

inert atmosphere in a tube furnace at a temperature of 900 oC for 1 hr. These GC discs are 

denoted ‘annealed GC’. The chemical composition of all three of these surfaces was studied 

using XPS, whilst the charge transfer kinetics in catechol solutions were evaluated using 

cyclic voltammetry experiments. 
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Cyclic Voltammetry of Dopamine on GC Surfaces 

 

A typical voltammogram obtained in solutions of 1 mM DA / 0.1 M H2SO4 is shown in 

Figure 4.2. A broad waveform with a large value of the peak-to-peak separation, ΔE of 

220 mV is obtained even at the low scan rate of 5 mVs-1, suggesting that charge transfer to 

DA is electrochemically irreversible. CVs obtained in background electrolyte only are 

devoid of any redox peaks attributable to Faradaic processes occurring at the electrode 

surface; the current measured can be entirely attributed to the double layer charging current. 

H2SO4 solution was chosen to avoid the fouling of the electrode surface which has been 

shown to occur under neutral and basic conditions due to the intramolecular cyclisation and 

subsequent polymerisation of the quinone product. 16 

The broad, asymmetric waveform for DA oxidation and reduction seen in Figure 4.2 on 

polished GC has been observed previously.16 Referring to the scheme-of-squares for DA 

oxidation, it is consistent with a mechanism where the first electron transfer is the rate 

determining step.20 This conclusion is supported by Tafel analysis of the rising part of the 

wave on the anodic sweep as highlighted in Figure 4.2 and plotted in the inset. The Tafel 

slope of the linear fit to this data results in a value of the effective transfer coefficient, (n + α), 

of 0.57, which is close to the value of 0.5 expected for an overall 2 e- process where the first 

electron transfer step is rate determining. 

 

 Figure 4.2. Cyclic voltammogram of a polished GC electrode immersed in a solution of 1mM DA 

in 0.1 M H2SO4. Dashed line: CV in background electrolyte, 0.1M H2SO4, only. Inset: Tafel plot 

for the region highlighted in red on the voltammogram. Scan rate: 5 mV s-1 
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The redox response of polished GC in 1mM DA solution at various scan rates is shown 

in Figure 4.3. As shown in the figure, ΔE increases with increasing scan rate as expected for 

an irreversible charge transfer process. The peak current density,  jp, increases with the 

square root of the scan rate, ν1/2 as shown in the inset of the figure. Using the value of 

0.1963 cm2 for the electrode area, α = 0.5 and 6.6 x 10-6 cm2 s-1 for the diffusion coefficient 

of DA determined from rotating disk electrode measurements (vide infra), the slope of 

0.0012 mA cm-2
 (Vs-1)-1/2 is consistent with an irreversible charge transfer process resulting 

in the net charge transfer of 2 electrons according to Equation 4.1: 20 

 

𝑗𝑝  =  −0.496√𝑛 + 𝛼𝑛𝐹𝑐√
𝐹𝜈𝐷

𝑅𝑇
   (4.1) 

 

The sluggish charge transfer kinetics of DA on polished GC may potentially be attributed 

to two different factors: the inherent absence of catalytic oxygen moieties at the polished GC 

surface and the blocking of potentially reactive sites by polishing debris which is not readily 

removed even by ultrasonication. A methodology for the preparation of a reproducible GC 

surface with extensive oxygen termination using electrochemical anodisation has been 

described by McDermott et al. 21 and was shown to expose a fresh GC surface free from the 

 

 
Figure 4.3. Voltammograms for a GC disk in 1 mM DA / 0.1 M H2SO4 at scan rates between 

5 mV  s-1 and 1 V s-1. The inset shows a plot of the peak current density, jp, on the anodic scan versus 

the square root of the scan rate. 
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interference of blocking species and other surface debris which may be introduced by 

polishing methods.  

A representative voltammogram of such an anodised GC disk in 1 mM DA / 0.1 M H2SO4 

solution is shown in Figure 4.4. The voltammogram has a small ΔE value of 34 mV, which 

is close to the theoretical value of 59/2 mV for a reversible 2e- charge transfer, suggesting 

that the anodisation protocol results in a GC surface with quasi-reversible charge transfer 

kinetics. The peak current densities of the cathodic (jp,c) and anodic (jp,a) scans are similar, 

yielding a value of jp,c/jp,a = 0.86, close to the ideal value of 1 for a fully reversible process. 

Tafel analysis of the rising part of the anodic peak results in a value of (n + α) close to 1.7. 

Assuming that the α value for each electron transfer step is close to 0.5, this result suggests 

that n = 1 i.e. that one electron is transferred prior to the rate determining step. This implies 

that the second electron transfer in the scheme-of-squares, the reaction of CH• ⇌ CH+ + e- 

in Figure 4.1, is the rate determining step on the anodised GC surface.  

Figure 4.5 a) shows CVs obtained in 1 mM DA / 0.1 M H2SO4 with an anodised GC disk 

at scan rates up to 0.5 V s-1. The ΔE value increases slightly with scan rate but remains 

generally close to 40 mV. The plot of peak current density versus ν1/2 shown in Figure 4 b) 

has a slope of 2.33 x 10-3 C s-1/2 V1/2 which is close to the theoretical value for a reversible 

 

 

Figure 4.4. CV for an anodised GC disk in a solution of 1 mM DA / 0.1 M H2SO4 and background 

electrolyte, 0.1M H2SO4 only. The inset shows a Tafel plot derived from the highlighted region of 

the voltammogram. 
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2-electron process as described by Equation 5.2. The anodisation pre-treatment is therefore 

highly effective at producing a GC surface with rapid charge transfer kinetics. 

 

            𝑗𝑝 = 0.446𝑛𝐹𝑐√
𝑛𝐹𝜐𝐷

𝑅𝑇
  (4.2) 

The third surface pre-treatment protocol used in this study involved thermal annealing of 

a polished GC disk at 900 oC. Heat treatments including vacuum annealing and laser 

activation of GC surfaces have also been employed to prepare a clean surface reproducibly.22 

Figure 4.6 shows a CV at a scan rate of 5 mV s-1 for an annealed GC disk in a solution of 

1 mM DA / 0.1 M H2SO4. The ΔE value of 30 mV s-1 is consistent with reversible electron 

transfer for a 2-electron process, as is the jp,c/jp,a = 0.91. Tafel analysis of the anodic wave 

yields an effective value of α = 1.2, which is close to the value of α = 1 expected for a 

Nernstian process. The thermal annealing treatment is therefore the most effective surface 

preparation method of the three studied in terms of catalysing electron transfer to DA. 

Rapid electron transfer to catechols has been attributed to a ‘self-catalysis’ mechanism23 

whereby adsorption of catechol at the electrode surface facilitates electron transfer to 

catechols in the solution phase. Adsorbed catechols are themselves redox active16, 24 and 

should be detectable via voltammetry at higher scan rates, where the contribution of 

adsorbed species to the Faradaic current is expected to be maximal.25 This was investigated 

for the annealed GC surface in Figure 4.7 a). As shown in the figure, voltammograms 

obtained at lower scan rates close to 50 mV s-1 have a similar form to the CV obtained at 

 
Figure 4.5. a) CVs at scan rates between 5 mVs-1 and 500 mV s-1 for an anodised GC disk in a 

solution of 1mM DA / 0.1 M H2SO4. b) Peak current density versus ν1/2 derived from the 

voltammograms in a). 
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5 mV s-1 in Figure 4.6, i.e. they have ΔE values close to 30 mV. As the scan rate increases, 

the voltammogram gradually becomes more symmetric in shape around the formal potential, 

E0’ = 0.78 V vs RHE, and ΔE reduces in magnitude to values < 15 mV when the scan rate is 

500 mV s-1. 

This behaviour is consistent with the presence of surface-bound DA. The peak current 

densities obtained from the CVs in Figure 4.7 a) are plotted in part b) of the figure. As shown 

in the figure, the scatter plot is linear with respect to the scan rate, ν, rather than ν1/2, which 

is the expected result for an adsorbed redox species described by Equation 4.3: 26 

                         𝑖𝑝 =
𝑛2𝐹2 𝜈𝐴𝛤

4𝑅𝑇
  (4.3) 

Where Γ is the surface coverage of DA in mol cm-2 and A is the electrode area in cm2.  

The Faradaic current at the annealed GC surface is therefore comprised of contributions from 

both adsorbed DA and solution-phase DA, with the relative contributions of each 

distinguished from one another by the scan rate employed during the experiment. This is 

best illustrated by re-writing Equation 4.3 in logarithmic form: 

 ln(𝑖𝑝) = ln(𝑣) + ln (
𝑛2𝐹2AΓ

4𝑅𝑇
)   (4.4) 

 

 
Figure 4.6. CV for an annealed GC disc in a solution of 1mM DA / 0.1 M H2SO4 and 

background electrolyte, 0.1 M H2SO4 only. The inset shows the Tafel plot derived from the 

highlighted region of the voltammogram. 

 



   Chapter IV 
 

  164 

 In this format it is clear that a logarithmic plot of the peak currents versus the scan rate is 

linear with a theoretical slope of m = 1. Equation 4.2 may also be written in terms of the 

peak current in logarithmic form: 

ln(𝑖𝑝) = 0.5 ln(𝑣) + ln(0.446𝑛
3

2𝐹𝐴𝐷
1

2𝑐) (4.5) 

 

 Figure 4.8. Plot of ln(ip,a) versus ln(ν) for annealed GC (black dots) and anodised GC (red 

dots). The dashed lines represent theoretical lines with slope m = 1 and m = 0.5 respectively 

and are present only to guide the eye. 

 

 
Figure 4.7. a) CVs for an annealed GC disk immersed in 1mM DA / 0.1 M H2SO4 at scan rates 

between 50 mV s-1 and 500 mVs-1. b) plots of the peak current densities derived from the 

voltammograms in a) versus ν (black plot) and ν1/2
 (gold plot). 
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Which is also a linear plot with m = 0.5. When the voltammetric response is not 

complicated by the effects of adsorbed DA, the logarithmic plot of the peak current versus 

the scan rate should therefore have a slope of m = 0.5. The logarithmic plots of peak current 

data versus scan rate for annealed and anodised GC are shown in Figure 4.8. For the anodised 

GC disk, the scatter plot falls on a theoretical line of slope m = 0.5, consistent with a 

diffusion-controlled process.  

For the annealed disk the plot of ln(ip) is also on the m = 0.5 line at low scan rates 

(< 100 mV s-1) but the data points deviate significantly as the scan rate increases, falling 

instead on a line of m = 1. The crossover point from diffusion to adsorption predominance 

depends on the concentration of DA in solution as well as the scan rate.25 Using a low 

concentration of 25 μM, the peak current is proportional to ν even at lower scan rates 

(Figure 4.9). There is also no evidence of any solution-phase DA contributing to the 

voltammogram at this low concentration; the voltammetric response is entirely dominated 

by adsorbed DA. The voltammetric studies in both 1.0 mM DA and 25 μM DA were carried 

out after a fixed immersion time of 10 minutes of the electrode, which was the time required 

for the degassing of the electrolyte solution prior to the experiments. To ensure a fair 

comparison between polished, annealed and anodised GC electrodes this constant immersion 

time was maintained across all studies. The DA coverages obtained under different solution 

concentrations of DA may therefore not be indicative of the equilibrium DA coverages, 

which would be attained after significantly longer immersion times. Moreover, the 

equilibration time is expected to be a function of the solution concentration. The reported 

coverage values are therefore not meant to be indicative of the coverages obtained at 

equilibrium; they are intended to serve as a relative comparison of the response of the three 

electrode surfaces to DA solutions with a constant, experimentally amenable immersion 

time.   

Table 4.1. Summary of voltammetric data for the oxidation of 1mM DA in 0.1 M H2SO4 on GC 

electrodes with different surface preparation methods. ΔE and peak current density data are taken 

from voltammograms carried out at a scan rate of 5 mVs-1. 

Surface ΔE / mV jp,c / jp,a dln(ipa)/dln(ν) 

Polished GC 220 0.32 0.5 

Annealed GC 31 0.91 1 

Anodised GC 34 0.86 0.5 
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The response of the three different types of GC surfaces in solutions of DA is summarised 

in Table 4.1. Both anodisation and annealing pretreatments are effective in producing 

surfaces with rapid charge transfer kinetics to DA; however, the mechanism of activation 

does not appear to be identical on both surfaces. The annealed surface appears to favour the 

adsorption of DA, which may explain the rapid charge transfer kinetics via a self-catalytic 

mechanism. The anodised surface also exhibits facile charge transfer to DA with no evidence 

for the presence of any adsorbed material, suggesting that the improved charge transfer 

kinetics on the anodised surface compared to polished GC may be explained by differences 

in the surface chemistry between the two surfaces.  

 

X-Ray Photoelectron Spectroscopy Analysis of GC Surfaces 

 

The differences observed between polished GC and polished GC subjected to surface pre-

treatments with respect to charge transfer to DA are the result of the high degree of sensitivity 

of DA to the surface composition. In order to understand the trends observed in the 

voltammetric studies of DA, particularly the difference in between the anodised and 

annealed GC surface, XPS measurements of the surfaces were employed in order to obtain 

 

 

Figure 4.9. CVs for annealed GC in electrodes in solution of 25 µM DA in 0.1 M H2SO4. 

Inset: plot of peak current density of the voltammogram versus ν at scan rates between 100 

mV s1 and 1 V s-1. 
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chemical composition information on the three systems. Survey scans for the three GC 

electrodes are reported in Figure 4.10. C 1s and O 1s envelopes and Auger peaks associated 

with carbon and oxygen are present in all three surface types, while no other major 

contributions from other elements are evident.  

There are obvious differences in the oxygen content evident in the survey spectra. The 

O/C at. % derived from the area ratio of high resolution scans of the O 1s and C 1s regions 

normalised by the respective sensitivity factors is reported in Table 4.2. Both GC and 

annealed GC have similar O/C % of 3 ± 2 %, whereas the anodised disk has a much higher 

O/C % of 13 ± 3 %. Although some of the detected oxygen is due to exposure of the samples 

to the atmosphere prior to the XPS measurement,27 the high oxygen content in the anodised 

GC surface may nonetheless be attributed to the introduction of oxide groups into the surface 

by the oxidative pre-treatment as observed by other authors. 28 

The C 1s envelopes for the three surfaces are plotted in Figure 4.11. All three surfaces 

show an asymmetric peak centered close to 284.6 eV which is typical for an sp2 carbon 

surface. The polished GC surface in particular may be deconvoluted into five main 

contributions. The main contribution may be assigned to sp2-bonded carbon atoms centered 

at 284.6 eV. A second peak close to 285.6 eV is also present and is typically assigned to sp3-

C atoms. Two peaks close to 286.5 and 287.5 eV may be attributed to C-OH and C=O 

respectively. 29-30 Finally, a broad peak above 288 eV is attributed to the shake-up feature of 

 

 
Figure 4.10. XPS Survey scans for polished, anodised and annealed GC. 
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the delocalised sp2-C network of GC, although it may also include contributions from COOH 

groups. 28  

The annealed GC (Figure 4.11 b) has a similar deconvolution to the polished surface, 

although the sp3-C and oxide peaks are all lower in magnitude and the shake-up feature is 

considerably more pronounced. This may be explained by an increase in the graphitization 

of the surface induced by the annealing treatment. Similar results have been observed by 

laser activation of the GC surface and by the in situ fracturing of glassy carbon.22 The high 

binding energy side of the C 1s envelope for the anodised GC surface Fig. c) shows 

considerably larger contributions from sp3-C at 285.6 eV as well as from the C-oxide peaks 

between 286-289 eV.  

There is also no evidence of a shake-up feature at 290 eV, which implies that the 

delocalised sp2 network evident in the polished and annealed GC surfaces may be disrupted 

by the anodisation treatment. This is supported by the trend in sp3 / sp2 % derived from the 

 

 

Figure 4.11. Deconvoluted C 1s spectra of a) polished GC b) annealed GC c) anodised GC. The 

raw data in each case is shown by a continuous gray line, while the envelope resulting from the 

deconvolution is overlaid in black, orange and navy for polished, annealed and anodised GC 

respectively. d) shows the C 1s envelopes in the binding energy region between 294 and 288 eV. 
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area ratios of the peaks at 285.6 eV and 284.5 eV and reported in Table 4.2. The anodised 

GC possesses the highest sp3 / sp2 % of 35 ± 2 whilst the annealed surface has the lowest at 

13 ± 1 %.  

The differences between the envelopes are most evident in Figure 4.11 d), which shows 

the high binding energy region of the C 1s envelopes between 295 and 288 eV. The region 

between 288-289 eV is most pronounced for the anodised surface, consistent with the 

presence of COOH groups introduced by the oxidative treatment, but the π-plasmon peak 

associated with the shake-up is absent despite being weakly present in polished GC and 

highly prominent for the annealed surface. The anodised envelope also possesses a small 

satellite peak close to 293 eV which may be attributed to the intercalation of potassium at 

the electrode surface introduced during the anodisation treatment in KOH. 31 

The O 1s peaks for the three GC surfaces are plotted in Figure 4.12. There are a number 

of deconvolutions of the O 1s region of oxidised carbon materials in the literature.28,30,32 

Contributions to the envelope may be divided into two broad regions: O-C in alcohols, ethers 

and esters between 533.5-535 eV and O=C in ketones, carboxylic acids and esters between 

531.5 – 532.6 eV. The envelope shape for both the anodised and polished GC surfaces is 

similar, suggesting that both of these surfaces possess a mix of various oxide groups. The 

annealed surface appears to have little to no contributions from O=C groups, which may be 

removed from the surface by the annealing treatment. A comparison of the O/C % 

determined from area ratios of the O 1s and C 1s peaks with the collective area of the peaks 

attributed to C-O and C=O from the C 1s deconvolution in Table 4.2 shows a strong 

correlation, supporting the assignment of the C 1s peaks to oxide contributions; the increase 

in O/C % in the anodised GC is accompanied by an increase in the total area associated with 

C-oxides in the C 1s deconvolution. 

Overall, the XPS data suggest significant differences in the surface structure and chemical 

composition between the three GC surfaces. Anodisation of polished GC results in a 

significant increase in surface oxides and sp3 content, both of which are expected to result in 

 

Surface O/C % C-Oxide % sp3 / sp2 % 

Polished GC 3 ± 2 14 ± 3 20 ± 2 

Annealed GC 3 ± 2 19 ± 4 13 ± 1 

Anodised GC 13 ± 3 28 ± 4 35 ± 2 

Table 4.2. Composition data derived from XPS measurements on GC surfaces 
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interruptions of the delocalized sp2 network. This is consistent with the absence of a π-π* 

shake-up feature in the C 1s envelope which is only observed on the anodised surface. The 

thermal annealing treatment apparently results in surface graphitization based on the low 

value of sp2/sp3 observed for annealed GC and the enhancement of the π-π* shake-up feature. 

Examining the surface composition data together with the results of voltammetric studies, 

the differences in the electrochemical response to DA may be correlated to the unique surface 

structure and composition of the three GC systems studied. It has been proposed by 

McCreery et al. that overall surface cleanliness is crucial for the attainment of rapid charge 

transfer kinetics to DA and to other catechols, 33 the reason being that the chance adsorption 

of blocking species at the electrode surface serves as a physical barrier to the approach of 

DA. 

Any surface preparation or pre-conditioning which produces an unsullied GC surface is 

therefore expected to show improved electrochemical performance in catechol oxidation. 

This partially explains the success of diverse treatments such as in situ laser activation, 

thermal annealing, anodisation and cleaving of GC in producing surfaces with rapid electron 

transfer kinetics to DA and other catechols (vide supra). However, the removal of blocking 

species from the surface is not a sufficient explanation for the dramatic differences in the 

electrochemical response evident in this study: both anodization and thermal annealing are 

extremely effective methods for the removal of blocking species and the behavior of these 

two surfaces is still highly divergent. 

 

 

Figure 4.12. O 1s XPS spectra for anodised, annealed and polished GC surfaces.  
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The voltammetric data strongly suggest that DA oxidation at the annealed surface occurs 

through adsorbed layer of the catechol which self-catalyses electron transfer to DA 

molecules in the solution phase. The XPS data suggest that the annealing process results in 

the graphitization of the GC surface to produce a more extensive delocalized sp2 network 

than that of polished GC. The binding sites for DA adsorption at the carbon surface could 

therefore be sp2 cluster regions of the surface which interact with the catechol via π-

interactions with the aryl moiety. By contrast, the anodised GC surface which shows no 

evidence of adsorbed DA nonetheless displays quasi-reversible DA electron transfer kinetics 

and has an oxide content which is an order of magnitude larger than the other two surfaces.  

In addition to the high proportion of surface oxides, the anodized surface also does not 

appear to have as extensive of a delocalized π system even compared to polished GC. The 

electrochemical oxidation pre-treatment also produces a GC surface with the highest 

apparent sp3 content of the three surfaces studied. All of these observations are consistent 

with the disruption of the π system by the anodization process. The introduction of C-O and 

C=O moieties into the surface likely occurs via the disruption of C=C bonds at the surface. 

This effectively removes the binding sites for DA adsorption, but the numerous oxide sites 

introduced also facilitate rapid charge transfer at the surface without the need for DA 

adsorption to occur. 

 

Computational Studies of DA Adsorption at Model Carbon Surfaces  

 

The experimental result that adsorption of DA is observed only on the annealed GC 

surface and not on either polished or anodised GC suggested that adsorption could be 

induced through interactions of the π system of the catechol with exposed graphic cluster 

regions on the GC surface. In order to investigate this hypothesis, the interaction between 

DA (Figure 4.13 a) and model surfaces based on graphitized carbon fragments was studied 

using computations at the DFT-wb97xd level (details are provided in the Experimental 

section, vide infra). The model surfaces used in the study are based on a graphene cluster 

with a fixed dimension as shown in Figure 4.13. b) 

In order to account for the possibility of interruptions in the sp2 network introduced by 

polishing or oxidative treatments, graphene surfaces with a vacancy were introduced (Figure 

4.13 c), along with graphene surfaces with edges terminated with carbonyl,  epoxide,  and 

hydroxyl moieties (Figure 4.13 d-f). The analysis consisted of first optimising all of the 

structures depicted in Figure 4.13 in isolation and then adsorbing DA at each surface in a 
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number of different orientations in order to calculate the free energy of adsorption, ΔGads. 

The lowest free energy values along with the resulting orientation obtained are summarised 

in Figure 4.14. All of the orientations attempted along with the initial and final orientations 

obtained are given in Appendix I.  

For the interaction of DA with the basal plane of a graphene fragment (DA-BP), the most 

favourable orientation of the molecule is parallel to the surface at distance of 3.2 Å (Figure 

4.14 a). This distance is the expected value for a non-covalent interaction through the 

π-system and is in agreement with previous theoretical work on DA-graphene adsorption.34  

The ethylamine chain of DA is oriented away from the aryl moiety with an N-surface 

distance > 4.5 Å. A similar result was obtained for a DA molecule placed upon a vacancy 

site (DA-VAC, Figure 4.14 b). The final structure obtained has the DA molecule once again 

situated on a basal region with the hydrogen atoms on hydroxyl groups of the catechol ring 

pointing into the vacancy. The DA-VAC interaction is also approximately 2 kcal mol-1 more 

negative than DA-BP, which may be explained by hydrogen bonding between the 

unsaturated C atoms in the graphene vacancy and the hydroxyl groups of DA. 

 

 Figure 4.13. Structures used in DFT calculations for DA adsorption. a) DA b) Graphene cluster c) Graphene 

cluster with a monovacancy d) Graphene cluster with a carbonyl moiety e) Graphene cluster with an epoxide 

moiety f) graphene cluster with a hydroxyl moiety. 
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Interacting the DA molecule with a carbonyl moiety (DA-CO, Figure 4.14 c) results in 

the DA oriented over the hydrogenated edge of the graphene fragment with the H-atoms of 

the hydroxyl group pointed towards the C=O group. ΔGads for this orientation is close to 

5 kcal mol-1, which is only slightly weaker than the DA-BP interaction. This result suggests 

that adsorption of DA at oxidised sites via hydrogen bonding can also occur via attractive 

interactions comparable to those of the π system with the basal plane. For the interaction 

with a hydroxyl moiety (DA-OH, Figure 4.14 d) the DA molecule favours the basal plane 

interaction; indeed, the adsorption free energy for the final state is nearly identical to DA-BP. 

 

 Figure 4.14. ΔGADS for DA on model surfaces derived from DFT calculations. The corresponding 

structures for each ΔGADS values are shown around the graph. a) DA-BP b) DA-VAC c) DA-CO d) 

DA-OH e) DA-OH-AM f) DA-EP. 
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The largest absolute magnitude of ΔGads was instead found for the interaction between the 

nitrogen atom on the amine of DA and the hydroxyl moiety (DA-OH-AM Figure 4.14 e). A 

value close to -13 kcal mol-1 was found in this case and appears to be the result of favourable 

interactions both between the aryl moiety and the graphene basal plane and the amine with 

the hydroxyl group at the graphene edge. 

This result strongly suggests that the presence of C-OH edge sites may not interfere with 

DA adsorption and could in fact enhance it if the molecule is able to interact with both the 

sp2 system of the basal plane and a hydroxyl site at an edge simultaneously. The weakest 

interaction was found for DA at an epoxide site (DA-EP, Figure 4.14 f) for which the DA 

molecule was found to be oriented slightly further from the basal plane and interacting with 

the oxygen group of the epoxide through the hydrogen atoms of the hydroxyl groups. 

There are two inherent limitations to the computational model applied here, namely that 

the calculations do not account for the effects of the solvent and treat the adsorption event 

as though it is occurring in a vacuum, and the calculations do not account for the effect of 

applied electrode potential on DA adsorption. Despite these limitations, the DFT calculations 

are overall in good agreement with the results of the voltammetric studies. DA was found to 

adsorb on an annealed GC surface which is expected to be comprised of numerous 

uninterrupted sp2 cluster regions based on the XPS analysis, whilst the computational study 

predicts a favourable ΔGads at these basal regions through the π system of the catechol. The 

introduction of oxide sites such as carbonyl groups and epoxides instead favours interaction 

with DA through hydrogen-bonding with the hydroxyl moieties of the aryl system rather 

than through π interactions. The exception to this finding is that hydroxyl moieties at the 

edge sites of graphitized carbon allow DA to adsorb on the basal plane whilst simultaneously 

interacting at the edge site through the ethylamine chain.  

It is particularly interesting to examine the computational results for DA adsorption at 

oxidised surfaces together with the O 1s envelopes in Figure 4.12. The envelope for the 

annealed GC surface is consistent with predominantly C-O moieties such as hydroxyl groups 

and ethers with very little contribution from C=O groups, whilst both polished GC and 

anodised GC feature contributions from both broad classes of oxide (vide supra). The 

absence of adsorbed DA in the voltammograms obtained for the latter two surfaces in DA 

solutions may therefore be attributed to the abundance of C=O groups. 

A possible objection to this conclusion is that the DFT studies show a comparable ΔGads 

value when DA adsorbs at a carbonyl or epoxide site through hydrogen bonding and when 

it adsorbs parallel to the basal plane via its π system. Indeed, if the adsorption of DA were 

accomplished in vacuum the computational results predict that surface-bound DA would be 
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detectable on all three GC surfaces. The voltammetric studies are however carried out in 

aqueous 0.1 M H2SO4 solution. Accordingly, solutions of DA ≤ 1 mM in concentration are 

competing with 55.5 M H2O for hydrogen-bonding sites at oxidised regions of the GC 

surface, whilst the basal plane regions are predicted to be hydrophobic. This conclusion is 

supported by water contact angle (WCA) measurements on the two surfaces shown in Figure 

4.15. The annealed GC surface has a WCA of 72o
 compared to 74o for polished GC (not 

shown) and 22o for anodised GC. This confirms that the annealed surface is considerably 

more hydrophobic than the anodised surface, a fact which may be attributed to the abundance 

of oxide sites on the anodised surface as well as the graphitization of the annealed surface.  

The saturation of existing oxide sites on the anodised surface with water molecules is 

therefore a plausible explanation for the absence of adsorbed DA. The rapid charge transfer 

kinetics observed on anodised GC cannot be explained by self-catalysis through adsorbed 

DA, but it is possible that the large oxide coverage of the anodised surface is itself catalytic 

towards DA oxidation. McCreery et al. have suggested that the self-catalytic mechanism 

involves the approach of solution phase DA to the surface by hydrogen bonding to an 

adsorbed catechol. The numerous oxide sites of the anodised surface may also facilitate the 

approach of solution-phase DA. This conclusion is supported by the observation of DuVall 

and McCreery that a chemisorbed quinone layer which impedes DA adsorption entirely is 

nonetheless catalytic towards DA oxidation, presumably because the quinone moiety is as 

effective in hydrogen-bonding to DA as DA is itself. 23 

    

Voltammetric Studies of GC Electrodes Using 4-Methyl Catechol 

 

As outlined in the introduction of this chapter, dopamine is an important biomolecule 

which has been investigated in particular by the electroanalytical community for the 

development of new biosensors and probes. The studies presented so far in this chapter are 

 

 Figure 4.15. Water contact angle of a) annealed GC and b) anodised GC 
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expected to be highly relevant to researchers working on probes for DA detection. However 

it is also of interest to investigate if the trends identified for DA voltammetry at GC surfaces 

may be generalised to other catechols. 

Computational studies on DA adsorption at model carbon surfaces identified that the 

ethylamine moiety could potentially exert a strong influence on the adsorption via 

H-bonding interactions. 4-methyl catechol (4-MC) was chosen as a second redox probe for 

voltammetric studies because it does not possess any amine moiety. CVs of 1 mM 4-MC in 

0.1 M H2SO4 on the three GC surfaces are presented in Figure 4.16. All of the surfaces 

display voltammograms similar to that observed for DA, although the formal potential for 

4-MC, E0’ is closer to 0.75 V vs RHE compared to 0.78 V vs RHE observed for DA.   

It is clear from the figure that the trends observed in electron transfer kinetics for DA are 

also evident for 4-MC. The CV on the polished GC surface (Figure 4.16 a) displays a broad 

asymmetric wave with a ΔE value ca. 140 mV, similar to the result for DA in Figure 4.2. 

Both the annealed (Figure 4.16 b) and anodised (Figure 4.16 c) GC surfaces have CV 

waveforms with ΔE values close to the theoretical limit of 30 mV for a Nernstian 2e- transfer. 

The peak current density value on the annealed surface is considerably larger than on 

polished and anodised surface which is suggestive of the presence of adsorbed 4-MC at the 

surface. This was confirmed by carrying out experiments at a range of scan rates in 4-MC 

solutions as shown in Figure 4.17. 

 It is evident in the figure that the measured current densities at annealed GC surfaces in 

solutions of 4-MC at low concentrations are predominantly due to the oxidation and 

reduction of surface-bound 4-MC. The ΔE values in the voltammograms taken in the scan 

range between 10 – 1000 mVs-1 in Figure 4.17 a are all < 10 mV and the wave form is 

symmetric around the formal potential, as expected for a redox-active adsorbate. As was the 

 

 
Figure 4.16. CVs of a) polished GC b) annealed GC and c) anodised GC in solutions of 1 mM 4-MC and 

0.1 M H2SO4. (Scan rate: 5 mVs-1) 
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case for adsorbed DA, the peak current density jp obtained from background-corrected 

voltammograms is linear with respect to the scan rate (Figure 4.17 b). No such evidence for 

adsorption was observed on either polished or anodised GC. These results support the 

hypothesis that catechols in general adsorb on graphitized carbon surfaces via the π system, 

and that an amine moiety is not necessary in order to effect the adsorption. Computational 

studies of 4-MC on carbon model surfaces carried out in a similar fashion to those for DA 

were also carried out to support this hypothesis and are discussed in detail in the following 

chapter.  

 

 

Voltammetric Response of a-C:N Electrodes in Solutions of Dopamine 

 

In the previous chapter, nitrogenated amorphous carbon electrodes (a-C:N) with varying 

N-content were studied using two redox probes, Ru(NH3)6
2+/3+ 

 and Fe(CN)6
3-/4-. 

Nitrogenation of the amorphous carbon scaffold was shown to influence both the bulk 

optoelectronic properties and the surface chemistry of the material, which manifested clearly 

in the electrochemical response to the two redox probes. In particular, electron transfer to 

the Fe(CN)6 
3-/4- probe was found to depend mostly on differences in the surface chemistry 

whilst the Ru(NH3)6
2+/3+ probe was sensitive only to the bulk properties.   

 

 

Figure 4.17. a) Voltammograms of annealed GC in 25 µM 4-MC at scan rates between 10 mV s-1 

and 1 V s-1 b)  Plot of peak current density versus ν derived from the voltammograms shown in a). 
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Electrodes based on nitrogen-doped carbon have been applied in electroanalytical 

applications for the detection of DA, in particular because the simultaneous detection of DA 

in the presence of co-analytes such as ascorbic acid has been shown to be possible with these 

materials. 11-12. 35-37 However, the effects of nitrogen incorporation on charge transfer to 

catechols is not well understood at a fundamental level at present. In order to investigate the 

effects of nitrogenation on the redox response of a-C:N materials to DA, voltammetry studies 

in solutions of 1mM DA / 0.1 M H2SO4 on three of the electrodes described in the previous 

chapter were carried out as shown in Figure 4.18. with the voltammetric parameters 

summarised in Table 4.3. The N-free a-C electrode, shown in part a) of the figure, displays 

a very similar redox response to that of polished GC, i.e. a broad, asymmetric voltammogram 

with > 200 mV peak-to-peak separation, ΔE and an effective transfer coefficient, 

(n + α) = 0.48. DA oxidation on a-C therefore also occurs through a similar mechanism to 

that of GC i.e. a 2e- scheme-of-squares mechanism where the 1st electron transfer is the rate 

 
Figure 4.18. Voltammograms of a) a-C b) a-C:N-2% c) a-C:N-10% in solutions of 1mM DA / 0.1 M 

H2SO4 at a scan rate of 5 mV s-1. Inset in each plot is the Tafel plot derived from the highlighted region 

of the voltammogram. 
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determining step. Figure 4.18 b) shows the voltammogram for an a-C:N-2% electrode under 

the same conditions. The CV for this electrode has a curious double-humped waveform 

which can be attributed to a partially-activated surface with some surface sites catalysing 

electron transfer to DA more rapidly than others. 22,38 This is reflected in the fact that both 

pairs of peaks have the same formal potential, E0’ = 0.78 V vs RHE. The larger peak, with a 

peak current density jp,a = 9 x 10-5  A cm-2 has the same broad shape and large ΔE value as 

seen for a-C, but the smaller peaks (jp,a = 3 x 10-5 A cm-2) have a ΔE value of 43 mV and jp,c 

/ jp,a = 0.91 which is consistent with quasi-reversible electron transfer.  

The lower value of jp observed on the small peaks relative to the larger peaks may be 

explained if only a fraction of the a-C:N-2% surface is activated towards DA. The two 

processes, one an irreversible charge transfer similar to that which occurs on undoped a-C 

and the other a quasi-reversible redox process occurring only on the N-doped a-C:N-2%, 

occur simultaneously at the electrode surface. Analysis of the Tafel region on the small peak 

is also suggestive of (n + α) ≈ 0.5, implying that the 1st electron transfer step is still rate-

determining even if the kinetics of the overall process are more rapid on the active sites 

introduced into the surface by nitrogen incorporation.  

 

 

Figure 4.18 c) shows a CV of an a-C:N-10% electrode in a solution of 1 mM DA. The 

most striking feature of the voltammogram is the absence of the large, asymmetric wave 

seen on a-C and a-C:N-2% in the potential window studied. Only the quasi-reversible peak 

with a ΔE of 48 mV and a jp,a = 2 x 10-5 A cm-2 similar to that observed on the a-C:N-2% 

surface is evident. In a similar manner to what was observed for the Ferro/Ferricyanide redox 

couple in the previous chapter, increasing levels of nitrogenation appears to have a 

deleterious effect on the kinetics of charge transfer to DA. The absence of the irreversible 

 

Electrode ΔE / mV jp,c / jp,a jp,a / mA cm-2 

a-C 250 0.28 9.2 x 10-5 

a-C:N-2% 44, 243 0.91 3.04 x 10-5 

a-C:N-10% 48 0.94 2.04 x 10-5 

 

Table 4.3. Voltammetric parameters for a-C and a-C:N-2-10% electrodes determined at a scan 

rate of 5 mVs-1 
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process in the potential window chosen for the experiment may be because the ΔE value on 

the a-C:N-10% surface has increased to such an extent that a peak is no longer observed in 

the range of 0.5-1.1 V vs RHE.  

The quasi-reversible process on a-C:N-10% has an identical value of (n + α) ≈ 0.5 as that 

on the a-C:N-2% surface. Considering the results obtained on both a-C:N-2% and 

a-C:N-10% together, nitrogen-incorporation appears to induce the formation of a 

heterogeneous electrode surface with a small subset of active regions towards DA oxidation. 

However, this is not the only effect of nitrogenation, which was shown in the previous 

chapter to also introduce a large number of defects in the carbon scaffold based on 

spectroscopic ellipsometry results. This disruption of the carbon scaffold structure appears 

to result in the general inactivation of the majority of the heterogeneous surface towards 

charge transfer to DA, such that only a small subset of sites remain active for quasi-reversible 

charge transfer in the a-C:N-10% surface. 

The exact nature of the active sites, (i.e. which forms of nitrogen moiety in the a-C:N 

surfaces facilitate charge transfer to DA) is unclear at this point. It is also of note that none 

of the voltammograms in Figure 4.18 show any evidence of the presence of adsorbed DA. 

In the next chapter, experiments and computational studies with DA and 4-MC at model 

carbon surfaces with a well-defined nitrogen site chemistry will be presented in order to 

investigate the effects of N-sites on DA electrocatalysis in detail.  

 

4.2 Conclusions 

 

In this chapter, electron transfer to two catechol molecules, DA and 4-MC, was studied 

using a combination of voltammetry, X-ray photoelectron spectroscopy and DFT 

calculations. It was shown for both DA and 4-MC that charge transfer kinetics can be 

improved by pre-treatment of a polished glassy carbon surface using either an 

electrochemical oxidation or a thermal annealing treatment. Anodisation results in quasi-

reversible charge transfer kinetics which, based both the XPS spectra and computational 

studies, was attributed to catalysis of charge transfer through oxide moieties at the electrode 

surface. The annealed GC surface was found to have reversible charge transfer to DA despite 

having an identical oxygen content to polished GC, a feature which was attributed to the 

self-catalysis of charge transfer through an adsorbed layer of DA. 

Based on the XPS studies of the annealed GC surface, the adsorption of both DA and 4-

MC was hypothesised to occur through non-covalent interactions between the π system of 
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the aryl ring of the catechol and graphitized regions of the surface. This hypothesis was 

supported by computational studies which showed favourable values of ΔGads at the basal 

plane of graphene cluster surfaces, whilst the introduction of interruptions in the basal plane 

in the form of vacancy sites or oxygen moieties instead induces hydrogen bonding 

interactions with the hydroxyl groups of the catechol ring. It was argued that adsorption 

interactions at such sites in aqueous media were implausible due to competition from water 

as a far more abundant H-bond donor, thus explaining why the highly oxidised surface of 

anodised GC displays no evidence of adsorption for either DA or 4-MC. 

Finally, the effects of nitrogen-incorporation on electron transfer to DA was studied by 

comparing the redox response of N-free a-C to two nitrogenated amorphous carbon surfaces, 

a-C:N-2% and a-C:N-10%. Nitrogenation was found to activate only a subsection of the 

electrode, resulting in a heterogeneous redox response in the form of a double-peaked 

voltammogram in the case of a-C:N-2%.  

The a-C:N-10% surface, which was shown in the previous chapter to have a higher N 

content than a-C:N-2% but also a greater degree of surface heterogeneity in the form of 

defects, was generally inactive towards DA oxidation except for small active regions of the 

surface which were presumed to be associated with some of the nitrogen sites. No evidence 

was found for DA adsorption at either a-C or a-C:N surfaces, which implies that the 

improved charge transfer kinetics observed on the a-C:N electrodes may be attributed to the 

effects of particular surface sites rather than the self-catalytic effect of adsorbed DA. 

The most important result presented in this chapter is the correlation between the degree 

of graphitization of the carbon scaffold and the adsorption of DA and 4-MC. In the next 

chapter, this adsorption will be exploited in order to utilise these catechols as probes of the 

carbon scaffold nanostructure of graphitized N-doped carbon electrodes.  
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4.3 Experimental Methods 

 

Chemicals and Materials 

 

Dopamine hydrochloride (98%, Aldrich), 4-Methyl Catechol (98%, Aldrich) Sulfuric 

Acid (≥95%, Ultratrace) and Methanol (Semiconductor grade) were used without further 

purification. 

 

Substrate Preparation 

 

Glassy carbon (GC) discs (HTW Sigradur radius 0.25 ± 0.05 cm) were prepared for 

deposition of a-C and a-C:N films by polishing with progressively finer grades of alumina 

slurry (Buehler) with particle sizes of 1 μm, 0.3μm and 0.05μm on microcloth (Buehler). 

Between each round of polishing the disks were rinsed with copious millipore water, then 

sonicated in methanol and millipore water for 3 minutes each.  After the final polishing step 

this sonication was increased to 10 minutes in each solvent, followed by drying under Ar. 

The polished discs were either used immediately for electrochemical and contact angle 

measurements or subjected to electrochemical/thermal pre-treatments. Annealed GC 

surfaces were prepared by placing the polished GC discs in a tube furnace at 900 oC for 1 h. 

Anodised GC was prepared by mounting the polished GC in a teflon holder as described in 

the previous chapter and applying a potential of 1.8 V vs Ag/AgCl (sat) in an aqueous 

solution of 0.1M KOH for 20 s. In the case of a-C and a-C:N depositions, the GC discs were 

mounted in a custom-made Teflon holder and placed in a vacuum chamber for coating via 

magnetron sputtering prior to characterisation as reported in Chapter III.  

 

Preparation of a-C and a-C:N  

 

Thin film electrodes of a-C, a-C:N-2% and a-C:N-10% were deposited via DC magnetron 

sputtering in a chamber (Torr International Inc.) with a base pressure ≤ 2 × 10-6 mbar and a 

deposition pressure in the range (2–7) × 10-3 mbar as described in the Experimental section 

of the previous chapter. 



   Chapter IV 

 
  183  

 

Electrochemical Characterisation 

 

Electrochemical measurements were carried out using a Metrohm Autolab AUT50324 

potentiostat using a 3-electrode setup. A static disc holder (Pine Instruments) enclosing the 

GC discs was used as working electrode. A Hydroflex hydrogen electrode (Gaskatel) and 

graphite rod were used as reference and counter electrodes respectively. The electrochemical 

cell was a five-necked jacketed cell (Pine Instruments) which had its temperature held 

constant at 25 oC using a recirculator. Prior to experiments the cell was cleaned using Piranha 

solution (3:1 H2SO4:H2O2 CAUTION: Piranha solution is a strong oxidant which may react 

explosively with organic solvents and must always be used in a fumehood) followed by 

rinsing with copious amounts of Millipore water. The cell was then rinsed three times with 

the electrolyte solution used during the experiment immediately prior to the analysis. 

Cyclic Voltammograms (CVs) were acquired in a potential window of 0.48 – 1.2 V vs 

RHE in deaerated solutions of 0.1 M H2SO4 with and without DA and 4-MC in 

concentrations ranging from 25 μM to 1 mM. All voltammograms were taken with iR 

compensation using commercial software (NOVA) with the uncompensated resistance of 18 

Ω determined prior to the experiment using Electrochemical Impedance Spectroscopy (EIS). 

The voltammograms in each case were obtained after immersion of the electrodes in the 

working solution for approximately 10 minutes. 

 

Determination of the Diffusion Coefficient of DA using Rotating Disk Electrode (RDE) Studies 

The diffusion coefficient, D, of DA in 0.1 M H2SO4 was determined using an anodised 

GC disc mounted in a Teflon RDE tip attached to an RDE shaft (Pine Instruments). Linear 

sweep voltammograms were then performed in 1mM DA / 0.1 M H2SO4 solution at rotation 

speeds of 400, 900, 1600 and 2500 rpm as shown in Figure 4.18. The voltammograms 

obtained at each rotation rate have the expected form for a steady-state process at potentials 

> 0.9 V i.e. the limiting current density, jL, is independent of potential and scales linearly 

with the square-root of the rotation rate, w1/2
, according to: 

 

jL = 0.201nFD2/3v-1/6cw1/2 
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Where n = 2 for DA and v = 0.01 cm2s-1
 is the kinematic viscosity of water. 317 The plot of 

jL versus w1/2 is shown inset in Figure 4.19. The value for D was found to be 6.6 x 10-6 

cm2 s-1. 

  

X-Ray Photoelectron Spectroscopy Analysis of GC Surfaces 

 

X-ray photoelectron spectroscopy (XPS) characterization was performed at 1 × 10-10 mbar 

base pressure in an ultrahigh-vacuum system (Omicron). The X-ray source was a 

monochromatized Al Kα source (1486.6 eV). Spectra were recorded at 45° takeoff angle 

with an analyser resolution of 0.5 eV. Spectra were baseline corrected using a Shirley 

background and fitted with Voigt functions using commercial software (CasaXPS); atomic 

percent compositions were determined by calculating peak area ratios after correction by 

relative sensitivity factors (C 1s = 1.0, N 1s = 1.8, O 1s = 2.93). 

 

 

 

 

 

Figure 4.19. Rotating disk electrode experiments on an anodised GC disk in a solution of 1 mM 

DA / 0.1 M H2SO4 at various rotation speeds. Inset: plot of the limiting current jL versus the 

square root of the rotation rate, w1/2. 
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Computational Studies 

 

Density functional theory (DFT) calculations reported in this work were carried out using 

the dispersion corrected hybrid functional ωB97X-D developed by Head-Gordon and Chai,40  

implemented in the Gaussian09 software package.41 The choice of this level of theory is 

based on the satisfactory results obtained in previous theoretical studies for thermochemistry 

and for the description of non-covalent interactions.42 H atoms were described using the 

double-ζ basis set 6-31G(d,p), whereas the same basis set plus diffuse functions was 

employed to describe the more electronegative O and N atoms. Geometry optimizations were 

performed without imposing any constraints and the nature of all the stationary points was 

further verified through vibrational frequency analysis. The reported adsorption Gibbs 

energies (∆Gads) were calculated at the experimental temperature of 298 K and pressure of 1 

atm, according to the following equation: 

                  ∆Gads = Gsurf+DA – Gsurf – GDA   

where Gsurf+DA, Gsurf, and GDA correspond to the adsorbed DA on the graphene cluster, the 

clean graphene cluster, and the DA molecule in the gas phase, respectively. 
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The properties of the electrode surface, including the surface nanostructure of the carbon 

material and the presence of nitrogen moieties, are of crucial importance in both analytical 

and catalytic applications. Nitrogenated carbon materials have been investigated by many 

researchers both as electrochemical sensors for biologically-relevant molecules such as 

dopamine and as electrocatalysts in the oxygen reduction reaction. This chapter describes 

the preparation of N-doped carbon model systems based on a-C:N thin film electrodes and 

their characterization with a series of inner-sphere redox probes. The adsorption of two 

catechols, dopamine and 4-methyl catechol, at the surface of N-doped carbons is shown to 

be sensitive to both N-site chemistry and the graphitization of the carbon surface. The 

experimental work is supported by density functional theory calculations of catechol 

adsorption on model N-doped carbon surfaces. 

Catechols as Electrochemical Probes of the 

Surface Nanostructure of N-Doped Carbon 

Model Systems 

The data presented in this chapter are part of the following publication: 

Behan, J. A.; Hoque, M. K.; Stamatin, S.N..; Perova, T.S.; Vilella-Aribas, L.; 

García-Melchor, M.;  Colavita, P. E. The Journal of Physical Chemistry C 2018, 122 (36),  

20763-20773. 

Co-author contributions to this chapter are as follows: M.K.H. and T.S.P. contributed Raman 
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Trinity College High Performance Computing resources. The author is also indebted to Filip 

Grajkowski, an undergraduate project student who contributed some of the voltammetric data 

discussed herein. 
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5. Introduction 

 

Nitrogenated carbon materials have become important materials in the area of metal-free 

electrocatalysis for processes including the oxygen reduction reaction (ORR)1-4 and oxygen 

evolution reaction (OER).5-6 Their prominence in the area can be attributed to their facile 

synthesis from low cost starting materials. To date nitrogen has been successfully 

incorporated into a variety of different nanocarbons including amorphous carbon,7-9 

graphene,10-13 and carbon nanotubes.6, 14  

N-doping is known to induce profound chemical and structural alterations in the carbon 

scaffold. Nitrogen may be substitutionally incorporated into the carbon scaffold as a so-

called graphitic-N site, resulting in the N-doping of the carbon scaffold,15 or in other 

chemical forms such as pyridinic-N and pyrrolic-N. Most doping protocols result in a 

distribution of these sites in varying proportions. Moreover, as discussed in Chapter III, the 

addition of N-sites into the scaffold also introduces vacancies, defects and edge sites16 which 

may also have a significant impact on the material’s electrochemical performance. 

The co-existence of multiple N-sites poses a particular challenge to researchers carrying 

out structure-activity studies for electrocatalytic applications. Most of the investigations of 

N-doped carbons in metal-free ORR have focused on identifying which N-moieties 

constitute the active sites for oxygen electroreduction. Numerous studies on N-doped carbon 

model systems have found that the presence of both pyridinic-N and graphitic-N sites result 

in improved ORR onset potentials and limiting current densities.8, 17 By contrast, factors such 

as the degree of graphitization of the carbon scaffold, as well as the size and packing of 

graphitic clusters and the number of defect sites present at the surface have not been 

considered in great detail.  

This paradoxical lack of focus on the nanostructure of the carbon scaffold in carbon 

electrocatalysts may be attributed at least in part to the lack of a convenient methodology for 

probing the carbon nanostructure electrochemically. The purpose of this chapter is to attempt 

to introduce such a methodology in the form of catechol adsorption at graphitized carbon 

surfaces.  

In the previous chapter, the electrochemical response of both N-free and nitrogenated 

carbon surfaces in solutions of two catechols, dopamine (DA) and 4-methyl catechol (4-MC) 

was investigated. It was shown that both DA and 4-MC adsorb at an annealed glassy carbon 
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electrode, a feature which was attributed to non-covalent interactions between the catechol 

π system and graphitized domains of the electrode surface regions. This was supported by 

computational studies of DA on model carbon surfaces based on graphene clusters which 

confirmed that the interaction between the catecholamine and the sp2-C network of graphene 

occurs most favourably through lateral interactions with the phenyl moiety. Results agreed 

with recent experimental and theoretical investigations of catechol adsorption on graphene 

and N-graphene surfaces. 18-20 

The oxidation of DA on a-C and a-C:N electrodes was also studied. Nitrogenation was 

shown to enhance the electron transfer kinetics to DA, though no evidence was found for 

DA adsorption at either a-C or a-C:N surfaces. This lack of adsorbed DA on a-C:N may be 

attributed to the carbon scaffold structure of amorphous carbon. Most of the N-doped carbon 

materials employed in electrocatalysis are graphitized carbon materials with extensive sp2 

networks such as N-graphene, 21 N-HOPG 17 and N-doped carbon nanotubes. 22 By contrast, 

as-deposited a-C/a-C:N materials are predicted to be highly disordered with La, the average 

lateral dimension of graphitic clusters being no larger than around 1 nm, 23 which may be 

too small in size to facilitate appreciable levels of DA adsorption. 

In order to produce a model system with comparable properties to these materials, 

graphitized carbon surfaces were prepared by subjecting a-C and a-C:N electrodes to thermal 

annealing treatments. The resulting surfaces with and without incorporated nitrogen were 

characterized using a combination of cyclic voltammetry, X-ray photoelectron spectroscopy 

(XPS) and Raman spectroscopy. Results indicate that both DA and 4-MC adsorb on both 

nitrogenated and nitrogen-free graphitized carbon surfaces, with both N-site chemistry and 

carbon nanostructure influencing the DA coverage. DA is found to be a more effective probe 

than 4-MC for the quantification of graphitization in N-doped carbon due to the propensity 

of 4-MC for forming multilayer structures at the surface. These results are corroborated by 

computational studies of DA adsorption on model N-doped graphitic clusters via density 

functional theory (DFT). 
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5.1 Results and Discussion 

 

Carbon electrodes with and without the presence of nitrogen were prepared via the DC 

magnetron sputtering protocol described in Chapter III. a-C and two of the ‘as-deposited’ 

nitrogenated carbon thin films, a-C:N-2% and a-C:N-10%  were chosen as precursor 

materials for the preparation of graphitized electrodes. As previously described, the 

a-C:N-2% and a-C:N-10% electrodes have different N/C at. % ratios of 15% and 35% N/C 

respectively. The graphitization protocol was an annealing treatment for 1 h under nitrogen 

at 900 °C, the same protocol which was used to prepare the annealed GC electrodes 

described in Chapter IV. The N-free annealed carbon films prepared via this method are 

referred to as a-C a900, whereas the two annealed nitrogenated systems studied are referred 

to as a-C:N-2% a900 and a-C:N-10% a900. A schematic illustrating the model surface 

preparation is given in Figure 5.1. 

 

XPS studies of a-C a900 and a-C:N a900 model carbon surfaces 

 

The surface composition of the three graphitized carbon model systems was investigated via 

XPS. Figure 5.2 a shows survey scans for the carbon electrode materials indicating the 

presence of C 1s (ca. 284 eV) and O 1s (ca. 532 eV) peaks. The absence of nitrogen peaks 

from the a-C a900 surface is evident in the survey and in high resolution scans of the N 1s 

region between 395 and 405 eV as shown in the inset in Figure 1a, confirming that a-C a900 

is a nitrogen-free material. Also shown in the inset is a small peak in the 400 eV region of 

 

 Figure 5.1. Schematic illustrating the preparation of a-C:N a900 electrodes from as-deposited 

sputtered a-C:N via thermal annealing at 900 oC. 
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the survey spectra for both a-C:N-2% a900 and a-C:N-10% a900, which can be attributed to 

the presence of nitrogen.21, 24-25  

High resolution scans of the C 1s region are shown in Figure 5.2 b. The asymmetric 

envelope indicates that these carbon materials are predominantly based on sp2-bonded 

carbon, as expected for graphitized carbon surfaces. This was further explored by 

deconvoluting the C 1s envelopes, as shown in Figure 5.2c for the a-C a900 surface, and in 

Figure 5.3 for a-C:N-2%/10% a900 materials. The peaks at ca. 284.5 and ca. 285.5 eV 

present in all deconvolutions are commonly assigned to sp2 and sp3 carbon centres, 

respectively,26 leading to an estimated sp3 % of 12 ± 1% in the a-C a900 (see Table 5.1).  

Nitrogenation of the carbon scaffold has the effect of increasing the full-width at half 

maximum (FWHM) of the C 1s envelope (Table 5.1) in the a-C:N a900 samples, which is 

suggestive of the presence of a larger degree of disorder in the carbon sp2-network.23 The 

presence of nitrogen complicates the determination of the sp3/sp2 ratio, as the region above 

ca. 285.5 eV includes contributions from both sp3-C and sp2-C atoms bonded to nitrogen 

 

Figure 5.2.(a) Survey scans of a-C a900, a-C:N-2% a900 and a-C:N-10% a900 electrodes. Insets 

correspond to high resolution scans of the N 1s regions. (b) High resolution C 1s scans of a-C a900 

and a-C:N a900 electrodes. (c) Deconvolution of the C 1s envelope of a-C a900; the raw data and 

envelope are offset relative to the components for clarity. Redrawn based on Behan, J. A.; Hoque, 

M. K.; Stamatin, S.N..; Perova, T.S.; Vilella-Aribas, L.; García Melchor, M.;  Colavita, P. E. The 

Journal of Physical Chemistry C 2018, 122 (36), pp 20763-20773. Copyright The American 

Chemical Society 2018.  
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moieties.24-25 The quantitation of the sp3 content via XPS is therefore limited to the nitrogen-

free a-C a900 materials. The peaks at binding energies above ca. 286 eV may be assigned to 

C-O at ca. 286.5 eV and C=O at ca. 288 eV in the a-C a900 C 1s envelope; however, in the 

case of the a-C:N a900 envelopes in Figure 5.3, the peaks associated with C-O and C-N 

bonds cannot be distinguished due to spectral overlap. 27  

The oxygen and nitrogen content present in each film was determined using the area ratios 

AO1s/AC1s and AN1s/AC1s, respectively, after correction by the sensitivity factors (N = 1.8, 

C = 1). The resulting O/C and N/C at. % values are reported in Table 5.1. Analysis of 

variance (ANOVA) on these data indicate that there is no statistically significant difference 

in O/C at. % among the three surfaces (23 DF, F = 1.70, p = 0.20). The low O/C at. % of 

ca. 3% is consistent with contamination of the surfaces with H2O and O2, since the annealed 

electrodes were exposed to the atmosphere prior to the XPS analysis.28 Both a-C:N a900 

surfaces possess statistically identical N/C at.% close to 2 % (18 DF, t = 1.85, p = 0.083). 

This is despite the fact that the as-deposited a-C:N-10% surface initially possessed an 

N/C at. % more than 20% higher than a-C:N-2%, suggesting that the annealing treatment 

reduces the N content precipitously.  

Deconvoluted high resolution N 1s spectra for the a-C:N a900 surfaces are shown in 

Figure 5.4. For both a-C:N a900 films, best fits to the raw spectrum were achieved using two 

components. There is a dominant contribution to the envelope at ca. 401 eV which is 

associated with the presence of graphitic nitrogen (NG), as well as a smaller shoulder at ca. 

398 eV, which is commonly assigned to pyridinic-N (NP).21, 24  The ratio of NP/NG is 

approximately 25:75 for both a-C:N-2% a900 and a-C:N-10% a900 (Table 5.1), indicating 

that both systems possess similar nitrogen site distribution in addition to their similar 

N/C at. % values. 

 

 

 Figure 5.3. Deconvoluted C 1s envelopes of a) a-C:N-2% a900 and b) a-C:N-10% a900 
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Table 5.1. C 1s FWHM, sp3/sp2 and chemical composition of a-C a900 and a-C:N a900 

materials obtained from XPS deconvolutions. Errors reported are 95% confidence intervals. 

Sample C1s FWHM sp3 % O/C % N/C % NG/NT % NP/NT % 

a-C a900 1.00 ± 0.05 12 ± 1  3 ± 2 - - - 

a-C:N-2%  a900 1.7 ± 0.4 - 4 ± 1 1.8 ± 0.3 75 ± 5 25 ± 5 

a-C:N-10% a900 2.1 ± 0.6 - 2.6 ± 0.7 2.4 ± 0.6 74 ± 8 26 ± 8 

 

The thermal treatment has a dramatic effect on both the nitrogen content and nitrogen site 

chemistry of the carbon scaffold in a-C:N a900 electrodes. The as-deposited a-C:N 

electrodes were previously analysed with XPS in Chapter III, where it was shown that a 

variety of N-sites including N-oxides and pyrrolic-N sites were present in addition to the NP 

and NG sites. Furthermore, the major component contributing to each of these envelopes was 

found to be pyridinic N, whilst in the annealed electrodes NP sites are a minority component. 

It is well known that annealing of nitrogenated carbon systems at temperatures above 800 °C 

selects for the most thermally stable NG sites.10 Thermal annealing therefore has the effect 

of reducing the N-content by eliminating all but the most stable of N-sites. This is illustrated 

 

Figure 5.4. High resolution N 1s scans of (a) a-C:N-2% a900, and (b) a-C:N-10% a900, showing 

their deconvolution into two contributions; raw data and envelope are offset relative to the 

components for clarity. Redrawn from Behan, J. A.; Hoque, M. K.; Stamatin, S.N..; Perova, T.S.; Vilella-

Aribas, L.; García Melchor, M.;  Colavita, P. E. The Journal of Physical Chemistry C 2018, 122 (36), pp 

20763-20773. Copyright The American Chemical Society 2018. 
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in Figure 5.5 which shows the changes induced in an a-C:N-10% N 1s envelope by thermal 

annealing at two different temperatures, 700 oC (a-C:N-10% a700) and 900 oC (a-C:N-10% 

a900).  

Upon annealing at the lower temperature of 700 oC for 1 hr, the N-content is also reduced 

relative to the as-deposited film, but not to the same extent as the thermal treatment at 900 oC. 

For the a-C:N-10% a700 there is also a distinctive double-peaked shape in the spectrum 

centered at 400 eV, which may be attributed to the selective removal of pyrrolic-N sites by 

the heat treatment. The high binding energy region (> 402 eV) of the a-C:N-10% a700 

envelope overlaps almost perfectly with the envelope of the as-deposited  a-C:N, suggesting 

that 700 oC is not a sufficient temperature for the removal of N-oxide moieties. The high 

binding energy region of the a-C:N-10% a900 is entirely flat, which implies that the 

N-oxides have been removed. Based on these results, the apparent trend in thermal stability 

of N-sites in a-C:N is found to be Graphitic-N > Pyridinic-N > N-Oxide > Pyrrolic-N. 

In summary, XPS measurements of a-C a900, and a-C:N a900 films indicate that carbon 

deposition followed by thermal annealing at 900 oC results in N-free and N-doped 

graphitized carbon materials. All three carbon materials possess comparable levels of 

oxygen, whilst the nitrogenated systems have comparable total nitrogen content and similar 

distribution of surface N-sites. Despite these similarities, the carbon scaffolds differ 

significantly in their organisation as evidenced by the differences observed in the FWHM of 

the C 1s envelope.  

 

 

 

 

 Figure 5.5. N 1s envelope of an a-C:N-10% electrode as-deposited and after annealing at either 700 
oC or 900oC. Dashed lines show the general positions associated to Graphitic, Pyrrolic and Pyridinic 

N contributions. 
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Raman Spectroscopy Studies of a-C a900 and a-C:N a900 Films 

 

The differences in the structural arrangement in the carbon scaffolds of a-C a900 and a-

C:N a900 materials were investigated using Raman spectroscopy measurements carried out 

at an excitation wavelength of 488 nm. Figure 5.6 shows background-subtracted Raman 

spectra for the a-C a900 and a-C:N a900 films. All spectra show two maxima at ca. 

1590 cm-1
 and 1380 cm-1, commonly referred to as the G and D peaks of sp2-C centers, 

respectively.23, 29-30 The G peak is associated with an in-plane stretching mode of sp2-C 

centres present in the carbon scaffold, whereas the D peak is a breathing mode of sp2-C sites 

in six-membered rings.29 In perfectly crystalline graphite, the D peak represents a Raman-

forbidden mode, and the peak is only observed in graphitized carbon materials in the 

presence of disorder/defects. The D peak intensity is therefore highly correlated to the degree 

of disorder in the carbon scaffold (vide infra).  

The best fits for the a-C a900 and a-C:N a900 spectra are presented in Figure 5.7 and were 

obtained using a 3 peak Gaussian deconvolution involving the aforementioned G and D 

peaks as well as a third smaller peak close to 1500 cm-1 . This component is commonly 

referred to as the A peak and is associated with C-C stretching vibrations of both three- and 

four-fold coordinated carbon atoms in the carbon scaffold in the amorphous regions 

 

Figure 5.6. Raman spectra of a-C a900 and a-C:N a900 films carbons; spectra are background 

corrected and offset from one another for clarity. 
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connecting graphitic crystallites.31 The small peak close to 1000 cm-1 observed in some 

spectra is associated with the underlying Si substrate on which the films were deposited for 

Raman characterization.32 Spectral parameters derived from the fits are reported in Table 

5.2.  

On the basis of the three-stage model of Ferrari and Robertson for amorphous carbons 

with and without nitrogen,23, 29 all three films have properties that are more consistent with 

nanocrystalline graphite than with amorphous carbon. This is evidenced by a G-peak 

position at ca. 1600 cm-1 for all three model systems, which is expected for a graphitized 

carbon scaffold in both nitrogenated and non-nitrogenated films 23 and a FWHM that is 

consistent with a cluster size on the order of 10 nm.23 For both a-C:N a900 films the G 

FWHM increases relative to nitrogen-free a-C a900, with a-C:N-10% a900 having the widest 

FWHM and therefore the greatest disorder. This trend is consistent with the XPS studies 

which showed a C 1s FWHM trend for the three surfaces in the order of 

a-C:N-10% a900 > a-C:N-2% a900 > a-C a900. Further insights on the carbon 

microstructure emerge from an analysis of ID/IG  and IA/IG ratios, also shown in Table 5.2, 

which are both metrics associated with the level of order/disorder in the carbon scaffold.  

      The a-C:N-2% a900 has a slightly smaller ID/IG and slightly larger IA/IG ratios relative to 

unmodified carbon, although the differences are slight and do not suggest significant 

differences between a-C a900 and a-C:N-2% a900 in terms of the organization of the carbon 

scaffold and the density of defects/boundaries. In the case of a-C:N-10% a900, however, the 

ID/IG is significantly larger than for a-C:N-2% a900, which strongly suggests that the 

graphitic crystallite size is significantly smaller in the a-C:N-10% a900 film. The 

a-C:N-10% a900 film also shows the smallest IA/IG ratio, indicating that graphitized regions 

 

 Figure 5.7. Deconvoluted Raman spectra of a-C 900, a-C:N-2% a900 and a-C:N-10% a900. 
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of the scaffold are more closely packed, thus reducing the prevalence of interstitial C-C 

contributions. 

 

Table 5.2. Raman spectral parameters for a-C a900 and a-C:N a900 carbon materials. 

 

Overall, Raman data indicate that a-C:N-2% a900 and a-C:N-10% a900 display significant 

differences in the organization of their carbon scaffolds, despite these materials possessing 

an identical N/C at.% and a similar distribution NG and NP sites. The fact that the number of 

NP sites remains constant between a-C:N-2% a900 and a-C:N-10% a900 is intriguing, since 

NP necessarily exists at edge or vacancy sites in the carbon scaffold.  

This suggests that the increase in the level of disorder for a-C:N-10% a900 can only be 

explained on the basis of differences in the organization of the carbon framework around the 

incorporated N-sites, rather than on the basis of differences in the number density of NG and 

NP sites. These dissimilarities in carbon scaffold structuring likely arise from the use of 

sputtered precursor films with very different initial N/C contents (15 and 35 at.%), as 

previously mentioned. This explains the evolution of both a-C:N materials towards an almost 

identical N-site composition and concentration: the majority of the initial nitrogen content is 

“annealed-out” by the thermal treatment, resulting in a final concentration < 2.5 at.% of the 

most stable NG-sites. However, the initial concentration of edges, defects and N-sites is also 

what determines the size and packing of graphitic clusters present in the scaffold prior to 

annealing, which limits the ability to anneal away vacancies and other carbon defects even 

as the nitrogen sites are removed. Hence, the degree of disorder in the annealed materials is 

effectively tuned by the amount of disorder present in the precursor carbon. 

 

Voltammetric Studies of a-C a900 and a-C:N a900 Electrodes with DA 

 

Based on XPS and Raman results, a-C a900 and a-C:N-2% a900 films possess similar 

degrees of graphitization in their carbon scaffold but differ in that a-C:N-2% a900 displays 

Sample ID/IG IA/IG G position 

/ cm-1 

G FWHM 

/ cm-1 

D position 

/ cm-1 

D FWHM 

/ cm-1 

a-C a900 0.74 0.23 1598 85 1379 274 

a-C:N-2% a900 0.73 0.26 1600 91 1379 260 

a-C:N-10% a900 0.84 0.16 1603 104 1385 279 
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NG/NP functionalities on its surface. At the same time, a-C:N-2% a900 and a-C:N-10% a900 

possess indistinguishable NG/NP composition but display differences in the nanostructuring 

of their graphitic clusters. The trio of a-C a900 and a-C:N-2%/10% a900 therefore constitute 

a useful set of N-doped carbon model systems which in principle allow for the different 

contributions of N-site chemistry and carbon scaffold organisation to electrochemical 

behaviour to be distinguished from one another.  

To study the effects of surface nanostructuring on the electrochemical response of 

nitrogenated graphitic carbons, catechols were chosen as redox probes. As discussed in 

chapter IV, catechols are extremely surface-sensitive probes33-36 which adsorb onto carbon 

electrodes through π-stacking interactions at graphitized domains of the scaffold.  This 

behaviour can in principle be exploited to probe the degree of clustering and organization of 

the carbon scaffold surrounding N-sites. 

Figure 5.8 a shows representative CVs in 1.0 mM DA solutions in 0.1 M H2SO4 for 

a-C a900, a-C:N-2% a900 and a-C:N-10% a900 electrodes at a scan rate (ν) of 5 mV s-1. For 

comparison, the voltammogram of a polished glassy carbon (GC) disk is also presented. The 

oxidation of DA involves a net transfer of two protons and two electrons (n = 2) via a 

complex ‘scheme of squares’ mechanism.34, 37 The CVs in Figure 5.8 a all show the 

characteristics of a reversible 2e- process, with ∆E values close to the Nernstian value of 

59

2
 mV38 and almost identical anodic and cathodic peak current densities (Figure 5.8 b). By 

contrast, the DA voltammogram on the GC disk shows a large peak-to-peak separation of 

240 ± 60 mV which implies that charge transfer is electrochemically irreversible, as 

discussed in the previous chapter.39  

 

Figure 5.8. a) CVs of GC, anC and anC:N films in solutions of 1.0 mM DA/0.1 M H2SO4 at 5 mV s-1. 

b) Peak current densities (top) and ∆E values (bottom) derived from voltammetric measurements at 5 

mV s-1 on all annealed electrodes studied. Redrawn based on Behan, J. A.; Hoque, M. K.; Stamatin, 

S.N..; Perova, T.S.; Vilella-Aribas, L.; García Melchor, M.;  Colavita, P. E. The Journal of Physical 

Chemistry C 2018, 122 (36), pp 20763-20773. Copyright The American Chemical Society 2018. 
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At low scan rates, a-C a900 and a-C:N a900 electrodes all show indistinguishable 

behaviour towards DA close to the reversible charge transfer limit. However, significant 

differences emerge among the three materials as the scan rate is increased above 50 mVs-1 

to 1000 mV s-1 (Figures 5.9 a-c). The shape of the voltammetric waves is markedly different 

from that observed at low scan rates in Figure 5.8 a, becoming more symmetric than expected 

for a process involving diffusion of a redox analyte to the electrode surface.39-40 ∆E values 

in Figures 5.9 a-c are in the range of 10-20 mV, characteristic of an adsorption-controlled 

process, for which peak-to-peak potential values are expected to approach zero. This result 

is similar to that obtained on the annealed GC surface described in the previous chapter. 

Plots of the anodic peak current density, jp, vs. ν in the insets of Figures 5.9 a-c show that 

jp varies linearly with ν in the range of 50-1000 mV s-1, which is consistent with a surface-

adsorbed redox probe. For the bare GC (Figure 5.9 d), there is no evidence of a narrowing 

of ∆E or an enhancement of jp, which increases linearly vs. ν1/2, as expected for a redox 

process involving only the diffusion of solution-phase DA to the electrode surface. 

Figure 5.9. CVs of 1.0 mM DA in 0.1 M H2SO4 for (a) anC, (b) a-C:N-2% a900, (c) a-C:N-10% 

a900 and (d) GC electrodes; ν = 50-1000 mV s-1. Insets in (a)-(c) are plots of peak current density 

(jp) vs. ν, showing a linear relationship. The inset in (d) corresponds to a plot of jp vs. ν1/2. Redrawn 

based on Behan, J. A.; Hoque, M. K.; Stamatin, S.N..; Perova, T.S.; Vilella-Aribas, L.; García 

Melchor, M.;  Colavita, P. E. The Journal of Physical Chemistry C 2018, 122 (36), pp 20763-20773. 

Copyright The American Chemical Society 2018. 
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Changes in waveform and peak separation indicate that both solution-phase and surface-

bound DA are redox active at the a-C a900 and a-C:N a900 surfaces, with adsorbed DA 

contributing more to the overall peak current as the scan rate increases.41 This is clearly 

evident from the logarithmic plot of anodic peak current (ip,a) vs. scan rate for the a-C a900 

and a-C:N a900 electrodes presented in Figure 5.10 a, which shows a slope of m = 0.5 at 

scan rates of 5-20 mV s-1. This suggests that oxidation of DA in solution dominates the 

Faradaic current in this range as described by Equation (5.1),  

                        ln(𝑖𝑝) = 0.5 ln(𝑣) + ln(2.69.105𝑛
3

2𝐴𝐷
1

2𝑐)           (5.1) 

where A is the electrode area, D is the diffusion coefficient (6.6 x 10-6 cms-1, and c is the 

concentration of DA. For higher scan rates, there is an enhancement of ip above the value 

expected for a Nernstian process such that each of the plots diverges from m = 0.5 and 

approaches a slope m = 1. This suggests that the response in this scan range is better 

described by Equation (5.2) and its logarithmic form in Equation (5.3), where the Faradaic 

current is assumed to originate from a redox species bound at the electrode with a surface 

coverage .  

 

                                                             𝑖𝑝 =
𝑛2𝐹2 𝜈𝐴𝛤

4𝑅𝑇
            (5.2) 

                                            ln(𝑖𝑝) = ln(𝑣) + ln (
𝑛2𝐹2AΓ

4𝑅𝑇
)                      (5.3)  

 

 

Figure 5.10. (a) Logarithmic plot of the anodic peak current, ip,a, vs. ν, for a-C a900 and a-C:N a900 

electrodes in a solution of 1.0 mM DA in 0.1 M H2SO4. The dashed lines represent theoretical 

slopes of m = 1 and m = 0.5 and are present to guide the eye. (b) Coverage values, Γ, of DA on the 

electrode surfaces calculated using Equation (5.2) in the text. Redrawn based on Behan, J. A.; 

Hoque, M. K.; Stamatin, S.N..; Perova, T.S.; Vilella-Aribas, L.; García Melchor, M.;  Colavita, P. 

E. The Journal of Physical Chemistry C 2018, 122 (36), pp 20763-20773. Copyright The American 

Chemical Society 2018. 
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When both solution-phase and surface-bound redox processes occur simultaneously, the 

relative contribution of adsorbates is expected to dominate the redox response even at low 

scan rates, provided that the solution concentration is sufficiently low. 41 This was verified 

in the case of DA by obtaining voltammograms on an a-C a900 electrode in solutions of 

25 µM DA in 0.1 M H2SO4 as shown in Figure 5.11 a. It is evident in the figure that the 

voltammograms obtained at this DA concentration have the distinct features for an adsorbed 

redox species, viz. a wave which is symmetric about the formal potential with a ΔE value ca. 

5 mV,  even at scan rates as low as 10 mV s-1. Figure 5.11 b) shows plots of the peak current 

densities obtained from the plot in a) versus the scan rate and the square root of the scan rate. 

The plot is linear with respect to ν across the entire range, but non-linear versus ν1/2, 

confirming that adsorbed DA at the electrode surface is the predominant contribution to the 

Faradaic current, when the solution concentration is low. 

Using the slopes obtained from the plots in the insets of Figure 5, along with Equation 5.2 

with T = 298 K and the electrode geometric area A = 0.1963 cm2, the DA coverages (DA) 

at each electrode surface were obtained and are summarized in Figure 6b. From this figure, 

it is evident that there are significant differences in DA among the three carbon electrodes, 

which display a ratio of 1.0:6.0:1.9 for a-C a900 : a-C:N-2% a900 : a-C:N-10% a900, 

respectively. 

As discussed in the studies of DA adsorption on GC electrodes in the previous chapter, 

these coverage values are obtained in each case from voltammograms taken for a constant 

immersion time in DA / H2SO4 solution of 10 minutes. This was the time required to degass 

the electrolyte after assembling the electrochemical cell prior to each experiment. The 

equilibration time for DA adsorption may be significantly longer than this and as such the 

 

Figure 5.11. a) Voltammograms obtained at an a-C a900 electrode in a solution of 25 μM DA / 

0.1 M H2SO4 at scan rates between 10 mV s-1 and 1 V s-1. b) Plot of the peak current density versus 

ν and ν1/2, showing that the peak current is linear with respect to the scan rate across the entire scan 

rate range employed for the experiment. 
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coverages reported in Figure 5.10 are intended to serve as a comparison of the DA value 

obtained after a constant immersion time and are not intended to be representative of the 

equilibrium value. Also implicit in these studies is that the adsorption equilibration time  

does not vary significantly with N-content or with the chemical composition of the surface 

generally, so that the coverage values obtained for the a-C a900 and a-C:N a900 electrodes 

are controlled only by the thermodynamics of  DA-surface adsorption in each case. 

The differences in DA also cannot be explained based on changes to the electrochemical 

surface area (ESA) among the three electrodes. This was confirmed based on measurements 

of specific capacitance in supporting electrolyte solution, shown in Figure 5.12 a). The 

voltammograms on each surface in the absence of DA show no evidence of any Faradaic 

processes occuring in the range 0.5 – 1.1 V vs RHE; only the charging current, iDL due to 

the capacitance of the double layer is evident. The magnitude of iDL is similar for the three 

surfaces based on the near-overlap of the three voltammograms. By taking the average of 

the anodic and cathodic currents at the centre of the voltammogram (i.e. at 0.78 V vs RHE) 

at scan rates between 10 mVs-1 and 100 mVs-1, it is possible to produce a plot of the charging 

current at this potential versus the scan rate, as shown in Figure 5.12 b. Since this plot is 

linear, according to Equation 5.4: 

 

                               𝐶 =  (𝑑𝑖/𝑑𝜈)𝑉=0.78 𝑉        (5.4) 

 

The slope of the best-fit line to this plot is the double-layer capacitance.42 Resulting values 

of the capacitance normalised by the geometric area of the electrode are plotted in Figure 

5.12 c). The overlap of the error bars in these plots indicate that there is no statistically 

 

Figure 5.12. a) CVs in 0.1 M H2SO4 for annealed electrodes at 10 mV s-1. b) Plots of the 

capacitive current at 0.78 V vs RHE versus the scan rate for a-C a900 and a-C:N-2-10% a900 c) 

Calculated area-normalized capacitance values for anC, a-C:N-2% a900 and a-C:N-10% a900. 

Error bars represent 95% confidence intervals (n = 3).  
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significant difference in the capacitance among the three electrodes. Assuming that no 

surface redox processes contribute to the observed capacitance (i.e. assuming that there are 

no pseudocapacitive contributions to the charging current), it is possible to obtain an estimate 

of the roughness factor of the electrode surface by dividing the experimentally-determined 

capacitance by a standard value of ca. 20 μF cm-2 which is a value on the lower side of the   

expected range of 10-60 μF cm-2 for a carbon surface.43 This yields roughness factors of ca. 

60-70 for the electrodes. This value should be taken as an upper-bound on the roughness 

contribution, since the large absolute capacitance values found particularly for the a-C:N 

a900 surfaces may very likely be attributed to some pseudocapacitive contributions arising 

from the presence of N sites at the surface. 

 Since the as-deposited a-C and a-C:N electrodes are known to have a roughness in the 

range of 1-2 nm on Si substrates, the large roughness factors measured here for the annealed 

surfaces may be attributed in part to the underlying GC substrate which may be heavily 

scratched during the polishing protocol. It is also possible that the films contain pinholes or 

nanopores with a dimension too small to be detected via AFM measurements, which would 

be expected to significantly increase the electrochemically accessible area. 

Regardless of the origin of the capacitance values, the estimated value for the double-layer 

capacitance is similar for all three model surfaces. This suggests that a-C a900 and 

a-C:N a900 electrodes possess similar values of the ESA. The differences observed in the 

magnitudes of DA adsorption on the three electrode surfaces therefore arise from specific 

DA-surface interactions which vary among a-C a900, a-C:N-2% a900 and a-C:N-10% a900 

electrodes, thus giving rise to marked differences in adsorption yields.  

It is interesting to examine DA results in the light of chemical and structural information 

obtained via XPS and Raman. Nitrogen incorporation into the a-C:N a900 electrodes in the 

form of NG/NP functional groups results in enhanced DA relative to a-C a900, which likely 

arises from a combination of chemical and physical effects on DA adsorption at the carbon 

surface. The similarities between a-C:N-2% a900 and a-C:N-10% a900 in terms of N/C and 

O/C content and proportion of NP/NG functionalities (see Table 5.1) suggest that 

fundamental physical or structural differences, rather than differences in the nitrogen site 

chemistry, might better explain the 3-fold enhancement of DA for a-C:N-2% a900 relative 

to a-C:N-10% a900. Furthermore, the more modest 2-fold enhancement of DA in a-C:N-

10% a900 compared to a-C a900 suggests that structural differences in the carbon scaffold 

can have a stronger effect on DA adsorption than the presence of nitrogen moieties at the 

electrode surface.  
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This conclusion is supported by the Raman results, which indicate that a-C a900 and 

a-C:N-2% a900 are similar in their organization of the carbon scaffold and their degree of 

graphitization, whilst a-C:N-10% a900 displays the most disordered carbon structure and 

likely the smallest crystallite size among the three graphitic materials. The introduction of 

NG/NP groups without a significant disruption of the graphitic scaffold results in an 

enhancement of DA when going from a-C a900 to a-C:N-2% a900. However, this chemical 

enhancement effect is essentially lost when the degree of graphitization is reduced as shown 

for the a-C:N-10% a900 electrodes.  

These results obtained on the graphitized N-doped carbon surfaces may also offer insight 

into why the as-deposited a-C and a-C:N electrodes do not show any evidence of DA 

adsorption despite possessing a much higher N/C at. % than their annealed counterparts: the 

a-C films produced and previously characterised by the group have small graphitic cluster 

domains < 1 nm in size44 which precludes catechol adsorption to the degree observed on 

graphitized carbon surfaces which possess much larger sp2 clusters. 

 

Computational studies of DA adsorption on graphene models 

 

Electrochemical results suggest that DA adsorption can track changes in both the surface 

chemistry and nanostructure of graphitized carbon electrodes. Given the similarities in the 

degree of graphitization between a-C a900 and a-C:N-2% a900, it appears that probe 

adsorption is enhanced by the incorporation of N-sites as long as the disruptive effect of 

nitrogenation does not result in a high concentration of defects in the annealed structure 

and/or a reduction in the sp2 domain size. DA adsorption at the carbon surface reflects 

differences in bulk defect density between a-C:N-2% a900 and a-C:N-10% a900 as observed 

via Raman spectroscopy, thus suggesting that increased defects in the nitrogenated scaffold 

can result in reduced probe adsorption. 

 Hence, the combination of spectroscopic and voltammetric results lead to the hypothesis 

that DA adsorption may serve as an indicator of the degree of graphitization at the 

electroactive interface in nitrogenated carbons.  

In order to investigate this hypothesis, computational investigations at the DFT-wb97xd 

level were carried out using the model graphene structures presented in Figure 5.13. 

DFT-wb97xd functionals are used to investigate both short-range molecular interactions and 

longer range interactions expected in the case of non-covalent forces.49   While graphene and 

N-graphene with vacancies have been studied theoretically,19-20 DFT calculations have not 
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been used to evaluate the interaction of DA with graphitic edges, nor have the entropic 

contributions to the adsorption been investigated by computing the Gibbs free energy of 

adsorption, Gads. 

 Computational analysis began in a similar fashion to that described in Chapter IV, by first 

optimising the structures of the isolated DA molecule and the graphitic model surfaces 

shown in Figure 5.13, followed by the adsorption of DA on each surface in different possible 

orientations and at different adsorption sites. The lowest ∆Gads values obtained and the 

corresponding structures are summarized in Figure 5.14. All of the modelled structures 

including initial and final states for DA adsorption are illustrated in detail in Appendix I. 

Figure 5.13. Ball and stick representation of the DFT-modelled structures: (a) DA, (b) graphene, 

(c) graphene with a single carbon vacancy, (d) N-graphene with a graphitic centre site, (e) N-

graphene with a graphitic valley site, and (f) N-graphene with a pyridinic vacancy. Redrawn based 

on Behan, J. A.; Hoque, M. K.; Stamatin, S.N..; Perova, T.S.; Vilella-Aribas, L.; García Melchor, 

M.;  Colavita, P. E. The Journal of Physical Chemistry C 2018, 122 (36), pp 20763-20773. 

Copyright The American Chemical Society 2018. 
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For the interaction of DA with the basal plane of pristine graphene (DA-BP), it was found 

that the most favourable orientation of the molecule at the surface is close to parallel, with a 

ring-surface distance of 3.2-3.6 Å (Figure 5.14 a). This range of bond distances is typical of 

a non-covalent interactions and are in line with those reported in previous theoretical studies 

for DA adsorption on graphene.20  

Table 5.3. Interaction Energies (ΔE) and Gibbs Energies (ΔG), in kcal mol-1 for the adsorption of 

DA on different model surfaces. Relevant distances, in Å, are also given. 

Interaction ∆EADS ∆GADS  d(ring-surface) d(N-surface) 

DA-BP -21.4 -5.6 3.36 4.53 

DA-E -20.9 -5.4 3.16 3.31 

DA-V -21.7 -7.2 3.48 4.47 

DA-NG,C -26.0 -11.7 3.33 4.66 

DA-NG.V -29.4 -13.2 3.46 4.06 

DA-NP -29.4 -12.6 3.49 3.62 

DA-NG,V – Am -29.4 -13.2 3.23 3.46 

 

Figure 5.14. Calculated adsorption Gibbs energies (∆Gads), in kcal mol-1 for DA. Top views of 

the optimized structures for the different adsorption modes and their corresponding ∆Gads values 

on graphene (a-c) and N-doped graphene (d-f) model systems. Reproduced from Behan, J. A.; 

Hoque, M. K.; Stamatin, S.N..; Perova, T.S.; Vilella-Aribas, L.; García Melchor, M.;  Colavita, 

P. E. The Journal of Physical Chemistry C 2018, 122 (36), pp 20763-20773. Copyright The 

American Chemical Society 2018. 
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In this adsorption mode, the ethylamine chain is oriented away from the benzene ring, 

giving a distance of around 4.6 Å between the N-atom of the amine and the surface. The 

interaction of DA with the lone pair of the amine pointing to a hydrogenated graphene edge 

and the aromatic ring facing away from the surface was also considered (DA-E). According 

to calculations, this adsorption mode is not stable and the DA molecule evolves to an 

orientation parallel to the basal plane as for DA-BP (Figure 5.14 b). However, unlike DA-

BP, the ethylamine group in DA-E is placed in an almost parallel disposition to the surface 

close to a hydrogenated edge atom, with a N-surface distance of 3.3 Å.  

While this might be indicative of a weak interaction between the edge site and the lone 

pair of the amine, the computed ∆Gads for DA-E is almost identical to DA-BP (-5.4 and -5.5 

kcal mol-1, respectively). Hence, for hydrogenated edges no clear preference in the 

orientation of the amine when the -system of DA interacts with the basal plane was 

identified. The DA molecule adsorbed on a carbon vacancy (DA-V) is also oriented parallel 

to the graphene surface, but in this case the H atoms from the hydroxyl groups point into the 

vacancy (Figure 5.14 c). The ∆Gads value obtained for DA-V is approximately 2 kcal mol-1 

lower than DA-BP and DA-E, which may be explained by the favourable interactions arising 

from the hydrogen bonding between the hydroxyl groups and the unsaturated carbon atoms 

adjacent to the vacancy.  

In the case of the N-doped graphene surfaces (Figures 5.14 d-f), ∆Gads was found to be 

significantly more negative compared to the aforementioned non-nitrogenated surfaces. In 

the case of DA-NG,C, the orientation of DA is almost identical to that of non-nitrogenated 

DA-BP, with the -system of DA sitting on top of the graphitic nitrogen (NG) and with a N-

surface distance of 4.66 Å (Figure 5.14 d). The calculated ∆Gads for DA-NG,C is more than 

double the value of the DA-BP interaction (-11.7 vs. -5.5 kcal mol-1), thus suggesting that 

the substitutional N-site enhances adsorption of the DA molecule. The most negative ∆Gads 

value (-13.4 kcal mol-1), however, was obtained for DA-NG,V, where DA sits parallel to the 

surface over the NG,V site with the amine pointing away from the surface (Figure 5.14 e). A 

similar adsorption energy was obtained even when the molecule was oriented with the amine 

pointing at the nitrogenated edge (see Appendix I). Finally, for the interaction of DA with 

the carbon surface containing a pyridinic vacancy (DA-NP), the aromatic ring of DA was 

found to sit on top of the pyridinic nitrogen site (NP) with the amine group almost parallel to 

the surface (Figure 5.14 f). The calculated ∆Gads for this structure is only slightly more 

positive than for DA-NG,V, which indicates that DA adsorption at a pyridinic vacancy is also 

highly favourable. 
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Overall, the above DFT results are in good agreement with the voltammetric experiments 

for both a-C a900 and a-C:N a900 surfaces, which are strongly suggestive of a weak 

adsorption at the carbon surface. This is based on the fact that, for a strong adsorption (∆Gads 

in the absence of an applied field, |∆G°ads| > ~10 kcal mol-1), ‘pre-peaks’ and/or ‘post-peaks’ 

are expected to appear in the voltammogram due to the strong interaction of the reactant 

and/or products with the surface.41 The DFT-calculated values of ∆Gads for DA-BP, DA-E 

and DA-V, are either comparable to this threshold value or lower. On the other hand, the 

computational results also predict that the adsorption at nitrogenated sites has a larger ∆Gads. 

However, these sites make up a very small proportion of the available binding sites at the 

surface, as shown from the XPS studies. Therefore, the absence of any pre- or post-peaks in 

the voltammograms of a-C:N-2% a900 and a-C:N-10% a900 may thus be explained by the 

low concentration of these sites at the surface.  

The more negative values of ∆Gads at nitrogen sites may partially explain why DA 

coverages are higher for the a-C:N a900 surfaces compared to a-C a900, since adsorption at 

nitrogen sites is thermodynamically more favourable in N-doped surfaces. However, N-sites 

alone do not control DA adsorption in general, since a-C:N-10% a900 has a DA coverage 

which is far lower than for a-C:N-2% a900, despite having an identical N/C at.% and N 

surface chemistry. This suggests that the mere presence of nitrogen sites is not sufficient to 

induce DA adsorption and that the organization of the carbon scaffold induced by the 

annealing is the most important factor. As a-C:N-2% a900 and a-C:N-10% a900 show 

different coverages of DA despite their similar N/C at.% and NG/NP concentration, the 

differences in graphitic clustering, or more specifically average lateral graphitic cluster size 

between the two surfaces, are the origin of these variations. This suggests that DA adsorption 

experiments may be used as an effective probe of the interfacial carbon nanostructure, thus 

complementing information on defect density derived from bulk methods such as Raman 

spectroscopy.  

 

Voltammetric Studies of a-C a900 and a-C:N a900 with 4-Methyl Catechol 

 

In the previous chapter it was shown that the voltammetric response of DA and 4-MC at GC 

surfaces subjected to different surface pre-treatments was similar. Electron transfer to both 

molecules was found to be sluggish on GC polished with alumina slurry, quasi-reversible on 

anodised GC electrodes with high values of the O/C at. % and reversible at GC electrodes 

which were subjected to thermal annealing at 900 oC. Adsorption of both molecules was 
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detected voltammetrically at annealed GC and, in the case of DA, was attributed to 

π-stacking interactions at the graphitized carbon interface based on computational DFT 

studies. 

In this chapter DA was chosen as the first catechol probe of carbon nanostructure for 

graphitized N-doped carbon surfaces. This choice was motivated in part because of the 

importance of DA interactions with carbon surfaces to the biosensor community. However, 

if the conclusions arrived at in Chapter IV and in the preceding four subsections of this 

chapter are correct, in principle it is possible to apply any catechol species as a surface probe 

of graphitization, for all catechols share the same 1,2-dihydroxybenzene core which can 

adsorb at the graphitized domains of the electrode. 

 A consequence of this principle is that similarly-sized catechols should hypothetically 

yield similar coverage values at a given surface with a fixed degree of graphitization. In 

order to test this hypothesis, voltammetric studies of 4-MC with a-C a900 and 

a-C:N 2%/10% a900 were carried out under similar conditions to those used for DA. Figure 

5.15 shows CVs for each of the annealed electrodes in solutions of 1mM 4-MC at a scan rate 

of 5 mVs-1. The voltammograms for all three electrodes have the characteristics of a 

reversible 2e- transfer, i.e. ΔE of 30-35 mV (Table 5.4) indicating that electron transfer to 

4-MC is reversible on all three surfaces in a manner similar to that described for DA. 

The voltammetric response to 4-MC was also studied as a function of scan rate, v, as 

shown in Figure 5.16. The voltammograms at higher scan rates for 4-MC show a similar 

response to that seen for DA, i.e. a narrowing of ΔE to values < 10 mV and heightening of 

the peak current density jp above that expected for a Faradaic process occurring due to 

diffusion of the redox probe to the electrode surface. Note that the solution concentration of 

 

Figure 5.15. CV at 5 mV s-1 of a-C a900 and a-C:N-2-10% a900 surfaces in solutions of 1 mM 

4-MC / 0.1 M H2SO4. 
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4-MC used to obtain the voltammograms in Figure 5.16 is 250 μM, or one quarter of that 

used for DA in Figure 5.9, but the peak current densities obtained in the scan rate range used 

are comparable. This suggests that Γ4-MC > ΓDA on these surfaces, a point which is discussed 

in more detail further below. 

Although the absolute values of 4-MC coverage appear to be different from those of DA, 

the relative coverage trends for a-C a900, a-C:N-2% a900 and a-C:N-10% a900 on each 

surface are similar. Figure 5.16 d shows logarithmic plots of the peak currents obtained on 

each surface. All of the plots are linear with slope m = 1, as expected for adsorbed 4-MC, 

and the peak currents scale such that  Γa-C:N-2% a900 > Γa-C a900 >  Γa-C:N-10% a900  (Table 5.4). Γ4-

MC on the a-C:N-2% a900 surface is once again the highest, but for 4-MC the undoped a-C 

a900 surface has a larger coverage than N-doped a-C:N-10% a900.  

The large differences in Γ4-MC and ΓDA on the a-C a900 surface at higher solution 

concentrations of the catechols were not anticipated. In order to understand why two 

molecules with similar structures and generally similar voltammetric behaviour would 

nonetheless showcase significant differences in adsorbate coverage, Γ4-MC and ΓDA were 

obtained from voltammetric studies at a range of solution concentrations on the a-C a900 

 

Figure 5.16. Voltammograms of a) a-C a900 b) a-C:N-2% a900 c) a-C:N-10% a900 in solutions 

of 250 μM 4-MC / 0.1 M H2SO4. d) logarithmic plot of peak currents versus scan rate for the 

voltammograms in a-c. 



   Chapter V 

 
  213  

surface. Figure 5.17 shows CVs at the constant scan rate of 1 V s-1 as a function of 

concentration for each catechol. As shown in the figure, there are significant differences in 

the peak current densities as well as in the shape of the voltammogram obtained in each case. 

The FWHM of the voltammogram for 4-MC is significantly wider than that observed for 

DA at solution concentrations of 500 μM and above (Table 5.4). This suggests that 

interactions between the adsorbate molecules at the surface are different for 4-MC and DA, 

with the difference becoming more pronounced at higher solution concentrations where 

coverages are expected to be highest. 45-46 

 

Examining the voltammograms obtained at low solution concentrations, the peak current 

density values for both catechols are quite similar at concentrations less than 25 μM, 

suggesting that the apparent enhancement of Γ4-MC relative to that observed for DA is 

observable only when the concentration of 4-MC exceeds a particular threshold of solution 

concentration.  

Studies of Γ4-MC and ΓDA at the a-C a900 surface determined from voltammetric data as a 

function of the solution concentration are presented in Figure 5.17 a. As shown in the figure, 

the Γ values for both molecules are identical at a solution concentration of 10 μM and have 

similar values for a concentration of 25 μM. It is only when the solution concentration is 100 

μM and above that significant differences begin to emerge between the molecules. ΓDA 

begins to level off at around 1 x 10-9 mol cm-2 at a concentration of 250 μM, whereas Γ4-MC 

continues to rise in this range up to a value of 4 x 10-9 mol cm-2, levelling off only at solution 

concentrations above 500 μM. 

 

Figure 5.17 CVs of a) 4-MC and b) DA at different solution concentrations in 0.1 M H2SO4. 
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The profile of the Γ vs c plot for both molecules has the form of a Langmuir isotherm 

described by Equation 5.5: 

   

         
Γ

Γ𝑚𝑎𝑥
=  

KadsC

1+KadsC
                       (5.5) 

 

Where c is the solution concentration of the adsorbate and Kads is the equilibrium constant 

(with units of L mol-1) for the adsorption reaction: 

 

                                         A +  S ⇌ AS           (5.6) 

Here A denotes a generic adsorbate, S a surface site and AS the adsorbed molecule. Kads can 

be derived from a linear regression on the Γ vs C data by rewriting Equation 5.5 in the form: 

 

               
C

Γ
=  

1

Γmax
+  

KadsC

Γmax
                                                         (5.7) 

 

which implies that the plot of C/Γ versus C should be linear with a slope of Kads/Γmax. Such 

plots for 4-MC and DA on a-C a900 are given in Figure 5.17 b) with the associated values 

of Kads and ΔG0
ads calculated using the relationship ΔG0

ads = -RTlnKads after Kads is made 

dimensionless by multiplying its value by the standard concentration value, c0 = 1 mol L-1. 

The resulting Kads values are listed in Table 5.5.   

Table 5.4. Average coverages of 4-MC on a-C a900, a-C:N-2% a900 and a-C:N-10% a900 

electrodes. 

Sample Γ4-MC / mol cm-2 x 10-9 

a-C a900 4 ± 1 

a-C:N-2% a900 7 ± 2 

a-C:N-10% a900 3 ± 1 

 



   Chapter V 

 
  215  

Both DA and 4-MC have ΔG0
ads values around 12 kcal mol-1 with adsorption being more 

favourable for 4-MC under standard conditions than for DA. This confirms that, despite the 

similarities in chemical structure and general electrochemical behaviour of the two 

molecules, the thermodynamics governing the adsorption of the two catechols are different. 

These differences are explored in more detail in the computational study of 4-MC adsorption 

at model carbon surfaces in the following section. 

 

 

Computational Studies of 4-MC Adsorption at Model Carbon Surfaces 

 

Voltammetric studies of 4-MC on a-C a900 and a-C:N-2%/10% a900 surfaces appear to 

indicate that the adsorption of 4-MC is thermodynamically more favourable than DA 

adsorption, with higher coverages obtained for 4-MC on each of the surfaces. In order to 

 

Figure 5.17. a) Coverages of 4-MC and DA at an a-C a900 surface versus solution concentration 

determined via voltammetry studies. b) Plots of C/Γ versus solution concentration for DA and 4-

MC derived from the data in a). 

Probe Kads L mol-1 ΔG0
ads / kcal mol-1 

 

4-MC 

 

4.5 x 10-9 

 

11.37 

DA 1.5 x 10-9 12.03 

 

Table 5.5. Values of Kads and ΔG0
ads for DA and 4-MC on a-C a900 electrodes calculated from 

adsorption data. 
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investigate the origin of this surprising difference in adsorption between structurally similar 

molecules, computational studies of 4-MC on the same N-free and N-doped model surfaces 

used for DA were carried out.  

The results are summarised in Figure 5.18. The calculated value of ΔGADS for 4-MC at 

basal and hydrogenated edge sites (4-MC-BP and 4-MC-E, part a and b of the figure) are 

both comparable to values obtained for DA. This result confirms that adsorption of 4-MC 

also occurs through π-stacking interactions between the catechol ring and the surface. The 

interaction between 4-MC and a vacancy in the surface (4-MC-V, part c of Figure 5.18) is 

more stable than the interaction with the basal plane by ca. 4 kcal mol-1. Unlike what was 

observed for DA, 4-MC also appears to sit directly on the vacancy in the framework rather 

than evolving towards the basal regions of the surface.  

The interactions between 4-MC and NG,C and NG,V sites results in similar ΔGADS values to 

those observed for DA, albeit with lower adsorption free energies by ca. 2 kcal mol-1. The 

generally higher ΔGADS values found for the nitrogenated surfaces is in agreement with the 

a-C:N-2% a900 surface displaying the highest coverages of both molecules. The strongest 

interaction found was the interaction between the H atoms of the hydroxyl moiety of 4-MC 

with the NP site, which resulted in values of ΔGADS of -15.5 kcal mol-1. 

The DFT calculations offer some insights into the differences in adsorption observed for 

the two molecules. Although calculations indicate that nitrogenation favours catechol 

adsorption compared to N-free graphene, interactions at N-sites are generally more 

favourable for DA than for 4-MC. This may explain why the a-C:N-10% a900 surface shows 

lower coverages of 4-MC than the a-C a900 surface even though the opposite trend was 

found for DA. Like DA, 4-MC adsorption may still be disrupted by the presence of excessive 

defects in the scaffold, and the weaker interactions between 4-MC and N-sites compared to 

DA may imply that 4-MC is even more sensitive to scaffold disorder than DA is. If this were 

true, the presence of N-sites in the a-C:N-10% a900 could be more than offset by the 

increased disorder evident in the carbon scaffold compared to a-C a900 and a-C:N-2% a900, 

resulting in an inversion of the coverage trend. 
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The computational results presented so far do not explain the 4-fold increase in Γ4-MC 

compared to ΓDA on the a-C a900 surface discussed in the previous section. The 

voltammetric studies appear to indicate that the differences may be explained by interactions 

between adsorbed molecules. At low concentrations of both solution phase 4-MC and DA, 

the apparent coverages are extremely similar and are close to the saturation value observed 

for DA of 1 x 10-9. Assuming a planar interaction with the surface and using tabulated bond 

length values for adsorbed catechol20 leads to a rough estimate of 8.5 × 10-10 mol cm-2 for a 

close-packed monolayer of DA or 4-MC which agrees well with this result. It is only when 

the solution concentration is increased that the apparent coverage of 4-MC dramatically 

increases. This observation, along with the widening of the FWHM of the voltammogram at 

higher 4-MC concentrations suggests that interactions between 4-MC molecules are 

 

 Figure 5.18. Calculated adsorption Gibbs energies (∆Gads), in kcal mol-1 for 4-MC. Top views of 

the optimized structures for the different adsorption modes and their corresponding ∆Gads values on 

graphene (a-c) and N-doped graphene (d-f) model systems. 
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influencing the redox response. To test this hypothesis, calculations were run for a graphene 

model surface with 2 molecules of 4-MC or DA, as shown in Figure 5.19. The molecules 

were placed in their optimised geometries and stacked atop one another, with the distance 

between the two catechols equal to the equilibrium distance between the catechol and the 

surface determined from previous adsorption calculations. 

The initial and final states for 4-MC are extremely similar to one another (Figure 5.19 a), 

consisting of two 4-MC molecules arrange parallel to one another with their hydroxyl groups 

oriented opposite one another. Considering the structure of 4-MC, this arrangement 

corresponds to an antiparallel arrangement of the dipole moments. This suggests that it is 

possible for a surface bound 4-MC molecule to recruit additional 4-MC molecules from the 

solution through dipole-dipole interactions. By contrast, attempting to stack DA molecules 

in a similar fashion is unsuccessful and the stacked structure evolves towards two separate 

DA molecules interacting with the surface (Figure 5.19 b). This is presumably because steric 

repulsion between the ethylamine chains prevents the antiparallel arrangment of the phenyl 

rings which is possible in 4-MC because of the smaller size of the methyl group. 

Furthermore, although this was not investigated in the computational study, under the 

experimental conditions in 0.1 M H2SO4 the amine group of DA is expected to be protonated, 

leading to the possibility of electrostatic repulsion between proximal DA molecules which 

might also reduce the coverage of DA relative to 4-MC.  

 

Figure 5.19.  Initial and final state structures for a graphene model surface interacting with a stack 

of two catechol molecules, a) 4-MC and b) DA. 
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 These results may explain why the coverages of DA and 4-MC determined from 

voltammetry are similar only at low concentrations; as the solution concentration increases, 

the adsorption of additional 4-MC is possible through dipole-dipole interactions with other 

4-MC molecules already present at the electrode surface. By contrast, DA molecules may 

only adsorb at binding sites directly at the electrode surface due to the presence of the 

ethylamine side chain, which hinders the approach of additional DA molecules even at high 

concentrations of solution phase DA.  

      

5.2 Conclusions 

 

This chapter has described the preparation of both N-free and N-doped graphitized carbon 

model systems with and without the presence of nitrogen heteroatoms and the 

characterization of their surface chemistry and carbon nanostructure using a combination of 

XPS, Raman spectroscopy, and DFT calculations. It was shown that these graphitic carbon 

systems exhibit adsorption of two different catechols, dopamine and 4-methyl catechol, with 

results suggesting that the coverage of both probes is influenced both by the presence of N-

sites and by the degree of the graphitization of the carbon surface. Theoretical studies 

suggested that the adsorption at the surface is controlled by -stacking interactions between 

graphitic clusters at the surface and the aryl moiety.  

The incorporation of nitrogen sites into the carbon scaffold may enhance adsorption, 

particularly at graphitic valley sites, but the data do not support the notion that either DA or 

4-MC adsorption is controlled primarily by particular N sites, since two model systems with 

identical N/C % and nitrogen surface chemistry have highly different coverages of both 

molecules. The chemical effects of N-doping can be counteracted almost entirely by its 

structurally disruptive effects. This was shown for DA by the dramatic reduction in DA 

coverage on the a-C:N-10% a900 surface compared to a-C:N-2% a900, and for 4-MC by the 

reduction in Γ4-MC on a-C:N-10% a900 compared to the undoped a-C a900 surface. 

This suggests that the effect of carbon nanostructuring and organization on the adsorption 

and redox response of catechols should be regarded as of greater significance than the 

presence of specific N-functional groups. Therefore, it appears important to further explore 

this interplay between N-functional groups and carbon nanostructuring in their local 

environment to better understand electrocatalysis at nitrogenated carbon electrodes in 

general.  
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It was found that 4-MC and DA display significant differences in the magnitudes of their 

adsorption despite possessing a similar molecular structure and the same relative trend in 

coverages on the a-C a900 and a-C:N a900 surfaces. Computational studies simulating 

4-MC – 4-MC and DA-DA interactions at graphene surfaces suggested that 4-MC is capable 

of forming multilayer structures through dipole-dipole interactions, whilst DA is limited to 

binding only at the electrode surface due to unfavourable steric interactions caused by the 

bulky ethylamine functionality. This suggests that, while both catechols are effective probes 

of the carbon surface nanostructure, the coverage of DA is more reflective of the surface 

properties than the coverage of 4-MC because it is not distorted by multilayer interactions. 

DA is therefore the more useful probe of the two for making quantitative comparisons 

between different graphitized carbon nanomaterials.  

The results presented herein are expected to generalise to other aryl systems of biological 

relevance, including other catechols. Non-covalent interactions between aromatic 

biomolecules may be explored not only in the context of designing biosensors based on 

graphitic carbons, but also in the use of graphitized amorphous carbon model systems as 

platforms for the study of structural organization of disordered carbons in general. Finally, 

it has been shown that, in addition to the effects of heteroatom dopants, the organization of 

the carbon scaffold is a crucial parameter to consider for the electrocatalysis of inner-sphere 

redox processes. This concept will also be explored in the next chapter, which details the 

effects of altering the carbon nanostructure on the performance of different graphitized N-

doped carbon model systems in the oxygen reduction reaction.  

 

5.3 Experimental Methods 

 

Chemicals and Materials 

 

Dopamine hydrochloride (98%, Aldrich), Sulfuric Acid (≥95%, Ultratrace) 4-Methyl 

Catechol (98%, Aldrich) and Methanol (semiconductor grade) were used without further 

purification.  

 

Substrate Preparation 

 

Glassy carbon (GC) disks (HTW Sigradur radius 0.25 ± 0.05 cm) were prepared by polishing 

with progressively finer grades of alumina slurry (Buehler) and rinsing with copious 
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Millipore water. Clean disks were either used immediately for electrochemical and contact 

angle measurements or, in the case of amorphous carbon and nitrogenated amorphous carbon 

depositions, mounted in a custom-made Teflon holder and placed in the vacuum chamber 

for coating via magnetron sputtering prior to characterization, as previously described.325 In 

the case of substrates for Raman and XPS measurements, B-doped silicon wafers 

(MicroChemicals; resistivity 5–10 Ω-cm) were prepared according to the same protocol 

described in Chapter III 

 

Preparation of Carbon Electrodes 

 

a-C a900 and a-C:N a900 thin film electrodes were prepared by magnetron sputtering 

followed by a thermal annealing treatment. Briefly, the films were deposited via DC 

magnetron sputtering in a chamber (Torr International Inc.) with a base pressure ≤ 2 × 10-6 

mbar and a deposition pressure in the range (2–7) × 10-3 mbar.  a-C a900 films with no 

N-doping were deposited using an Ar plasma; N-doped a-C:N-2% a900 was prepared using 

2% N2 gas in a total flux of 50 sccm Ar/N2 during the deposition, whilst 10% N2/Ar was 

used for a-C:N-10% a900. After deposition, the resulting films were transported directly to 

a tube furnace and annealed under N2 atmosphere for 1 h at 900 °C.  

 

Characterization 

 

 Electrochemical measurements were carried out using a Metrohm Autolab AUT50324 

potentiostat using a 3-electrode setup. A static disk holder (Pine Instruments) enclosing the 

GC disk with the carbon thin film was used as the working electrode. A Hydroflex hydrogen 

electrode (Gaskatel) and graphite rod were used as reference and counter electrodes, 

respectively. The electrochemical cell was a five-necked jacketed cell (Pine Instruments) 

which had its temperature held constant at 25 °C using a recirculator. Prior to experiments, 

the cell was cleaned using Piranha solution (3:1 H2SO4:H2O2 CAUTION: Piranha solution 

is a strong oxidant which may react explosively with organic solvents and must always be 

used in a fumehood) followed by rinsing with copious amounts of Millipore water. The cell 

was then rinsed three times with the electrolyte solution used during the experiment 

immediately prior to the analysis.  

Cyclic voltammograms (CVs) were acquired in a potential window of 0.48-1.2 V vs RHE 

in deaerated solutions of 0.1 M H2SO4 with and without DA in concentrations ranging from 
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25 μM to 1 mM. All voltammograms were taken with iR compensation using commercial 

software (NOVA) with the uncompensated resistance of 18 ± 1 Ω determined prior to the 

experiment using Electrochemical Impedance Spectroscopy (EIS). 

X-ray photoelectron spectroscopy (XPS) characterization was performed at 1 × 10-10 mbar 

base pressure in an ultrahigh-vacuum system (Omicron). The X-ray source was a 

monochromatized Al Kα source (1486.6 eV). Spectra were recorded at 45° takeoff angle 

with an analyser resolution of 0.5 eV. Spectra were baseline corrected using a Shirley 

background and fitted with Voigt functions using commercial software (CasaXPS); atomic 

percent compositions were determined by calculating peak area ratios after correction by 

relative sensitivity factors (C 1s = 1.0, N 1s = 1.8, O 1s = 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 (OriginPro 9.1). 

 

Computational Studies 

 

 Density functional theory (DFT) calculations reported in this work were carried out using 

the dispersion corrected hybrid functional ωB97X-D developed by Head-Gordon and Chai,47 

implemented in the Gaussian09 software package. 48 The choice of this level of theory is 

based on the satisfactory results obtained in previous theoretical studies for thermochemistry 

and for the description of non-covalent interactions. 49 H atoms were described using the 

double-ζ basis set 6-31G(d,p), whereas the same basis set plus diffuse functions was 

employed to describe the more electronegative O and N atoms. Geometry optimizations were 

performed without imposing any constraints and the nature of all the stationary points was 

further verified through vibrational frequency analysis. The reported adsorption Gibbs 

energies (∆Gads) were calculated at the experimental temperature of 298 K and pressure of 1 

atm, according to the following equation: 

 

∆Gads = Gsurf+DA – Gsurf – GDA   

 

where Gsurf+DA, Gsurf, and GDA correspond to the adsorbed DA on the graphene cluster, the 

clean graphene cluster, and the DA molecule in the gas phase, respectively.  
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Oxygen Reduction Reaction Performance of 

N-Doped Carbon Model Systems 

In this chapter, the performance of nitrogenated carbon electrodes in the oxygen 

reduction reaction is studied. Nitrogenated carbons prepared via two different 

methodologies are investigated: bulk-incorporation via DC magnetron sputtering 

and surface nitrogenation through the thermal treatment of N-free surfaces with 

ammonia. A combination of XPS and Raman spectroscopy is used to correlate the 

performance of each material to the N-site chemistry and carbon nanostructure. 

Rotating ring disk electrode measurements of the materials are used to offer some 

insight into the mechanism of oxygen reduction. 

 

The data presented in this chapter are part of an upcoming publication from the following 

authors: 

Behan, J. A.; Stamatin, S.N..; Domínguez, C.; Iannaci, A.; Hoque, M.K.; Perova, T.S.; 

Vilella-Aribas, L.; García-Melchor, M.;  Colavita, P. E. 

Co-author contributions to this chapter are as follows: M.K.H. and T.S.P. contributed 

Raman spectroscopy measurements. S.N. and C.D. contributed several of the RDE 

measurements on annealed a-C:N electrodes. A.I. contributed two LSV experiments on 

electrodes in acidic medium. All data were analysed by the author. 
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6. Introduction 

 

Nitrogen-doped carbons have been under intense study over the previous decade due to 

their activity in metal-free electrocatalysis of the oxygen reduction reaction (ORR), 1-3 a 

cathodic process that currently represents the major kinetic limitation in the preparation of 

commercial devices based on oxygen electrochemistry.4-7 Numerous studies have focused 

on understanding the role of N-sites in ORR electrocatalysis, via both experimental and 

theoretical methods.8-13 This is a  significant challenge, as N-doped carbons typically contain 

a mix of different nitrogen moieties, thus making it difficult to relate a global electrochemical 

response to individual active sites.  

The uniting factor among many diverse N-doped carbon materials is that they are based 

on a graphitized carbon material such as cabon nanotubes1 or graphene.2 This implies that 

factors such as the degree of graphitization, graphitic cluster size and the extent of disorder 

in the graphitic carbon matrix should also be considered in fundamental studies of 

electrocatalysis, since these factors may also have a large impact on the catalytic 

performance. 

Despite these challenges, researchers have made significant advancements in 

understanding the electrocatalytic behavior of N-doped carbon materials from fundamental 

structure-activity studies on well-defined carbon model systems. For example, the 2016 

study of Guo et al. 9 utilized nitrogenated carbon model catalysts based on Highly-Oriented 

Pyrolytic Graphite (HOPG) to demonstrate the correlation between ORR activity and the 

presence of pyridinic N-sites in acidic media. Both Choi et al. 14 and Li et al. 15 have 

demonstrated the importance of the size-dependence of the conjugated carbon scaffold for 

the ORR performance in alkaline conditions, in graphene and carbon dot systems 

respectively  

Although the field has seen significant advancements, much remains poorly understood 

or controversial. For instance, in addition to the favourable ORR properties of carbon 

materials doped with pyridinic-N, other research has suggested that graphitic N sites may 

also be responsible for high ORR activity. 16-17 As noted by Li et al. the vast majority of 

studies on N-doped carbons have neglected to mention La, the average lateral domain size 

of graphitized regions of the carbon material, even though it may have as strong of an effect 

on a material’s electrocatalytic performance as the presence of particular N-sites.15 This was 

illustrated in the studies of catechol adsorption on N-doped carbon model systems described 

in the previous chapter, where it was shown that alterations to the carbon scaffold in the form 
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of defects and interruptions in the conjugated sp2 network can exert a greater influence on 

catechol adsorption than the introduction of particular nitrogen moieties into the scaffold. 

This chapter focuses on fundamental structure-activity studies on different N-doped 

carbon model catalysts for the ORR under both alkaline and acidic conditions. In contrast to 

the previous chapters, which all presented amorphous carbon materials doped with nitrogen 

via the bulk deposition technique of DC magnetron sputtering, this chapter also introduces 

so-called ‘surface doping’ of a carbon electrode via annealing under NH3 flux, which has 

been employed by many researchers as a methodology for nitrogenating nanocarbons such 

as graphene 2, 18 and mesoporous carbon. 3 Comparisons of performance between bulk N-

doped and surface N-doped carbon materials in the ORR in principle allows the different 

effects of bulk doping versus surface modification on the electrocatalytic performance to be 

distinguished. 

Similar to the approach in Chapters III and V, the ORR performance of the various N-

doped carbons is correlated to both the N-site chemistry and the organization of the carbon 

scaffold using a combination of X-ray Photoelectron Spectroscopy (XPS) and Raman 

spectroscopy which afford information about the chemical composition of the materials and 

the organisation of the carbon scaffold respectively.  Results indicate that the ORR on both 

classes of N-doped carbons under alkaline conditions proceeds through an initial outer-

sphere electron transfer to O2 under alkaline conditions. The activity correlates strongly with 

graphitic-N content for all of the materials, but graphitic-N sites are almost entirely inactive 

towards oxygen reduction in acidic media.  It is also shown that, for N-doped carbon 

materials with comparable N-content and N-site chemistry, the material with the lowest 

degree of disorder in the carbon matrix as determined from Raman studies will have the best 

ORR performance. 

Both bulk and surface doping methodologies are capable of producing N-doped carbon 

materials with high onset potentials, but if nitrogen incorporation is associated with a 

significant disordering of the carbon scaffold, the result is a loss of selectivity towards the 

4-electron reduction of O2 to water in favour of the less efficient 2-electron reduction to 

hydroperoxide. This effect is attributed to the irreversible poisoning of active sites by 

peroxyl intermediates generated during the ORR.  
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6.1 Results and Discussion 

 

Characterisation of Nitrogen Doped Carbon Films 

 

XPS Studies of N-doped Carbon Model Systems 

 

This chapter presents studies of the ORR activity of metal-free N-doped carbon model 

catalysts with well-defined N-site chemistry and a controlled degree of structural disorder in 

the carbon scaffold prepared from DC magnetron-sputtered amorphous carbon (a-C) and 

nitrogen-doped amorphous carbon (a-C:N) films. Both a-C and a-C:N thin film electrodes 

have been used to study the ORR in the past by other groups.19-20 As described in Chapter I, 

amorphous carbon films are a class of 2D nanomaterials with comparable properties to 

reduced graphene oxide which has been rigorously studied in the ORR.16, 21-24  

An advantage of a-C/a-C:N films is that the conductive N-doped carbon matrix may be 

directly used as an electrode without the need for a binder material such as Nafion® as is the 

case for electrocatalytic studies of powder materials immobilized on an electrode via drop-

cast inks. 14 The global electrochemical response to powder materials is determined by 

factors such as the ink composition, electrochemical surface area and the specific properties 

of the binding agent in addition to the chemical identity of the electrocatalyst and its carbon 

nanostructure. Thin film electrodes are therefore ideal model electrodes for fundamental 

structure-activity studies, because they do not require any binder and they may be prepared 

with varied surface chemistry and nanostructure whilst holding the surface topography 

constant. Indeed, the model systems presented in this chapter all have comparable roughness 

values to polished GC, as discussed in the Experimental section. 

In this study, nitrogen doped carbon electrodes were prepared via two different methods, 

as illustrated schematically in Figure 6.1 a). Surface nitrogenation of a-C was accomplished 

via a thermal annealing treatment using N2/NH3 in order to introduce nitrogen moieties into 

the surface of an undoped carbon material. Two different annealing temperatures, 700 oC 

and 900 oC were employed. The materials are therefore denoted a-C-NH3 a700 and 

a-C-NH3 a900. As shown in Figure 6.1 b) and c), the deconvoluted XPS N 1s envelopes of 
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both NH3 treated surfaces have two major contributions. The peak at ca. 398 eV is typically 

assigned to pyridinic N sites (NP), whilst the smaller peak centered around 401 eV is assigned 

to graphitic N (NG).2, 25 

Bulk nitrogenation was achieved via the use of an N2/Ar plasma during the film deposition 

to deposit a-C:N-2% and a-C:N-10% films as described in Chapter III. These films may be 

described as nitrogenated carbon films with N-sites distributed throughout the entire film as 

opposed to being localized only at the surface. 26 The as-deposited films also possess a 

variety of N-sites as shown in the bottom of Figure 6.1 a). The same post-deposition 

annealing treatment at 900 oC in N2 described in Chapter V was applied in order to produce 

a-C:N a900 electrodes. As shown in Figure 6.1 d) and e) the resulting electrodes, denoted 

a-C:N-2%/10% a900, also possess only NG and NP sites, however the predominant N sites 

are NG. Both bulk N-doping and surface N-doping protocols can therefore be said to produce 

electrodes with comparable N-site chemistry, but different relative contributions of NG and 

NP sites. 

 
Figure 6.1. a) Schematic illustrating the preparation of a-C NH3 700/900 (Top) and a-C:N a900 

(Bottom) surfaces. N 1s envelopes of b) a-C-NH3 700 c) a-C-NH3 900 d) a-C:N-2% a900 and e) a-

C:N-10% a900 electrodes. The raw data and envelope are together offset from the components and 

background for clarity. 
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In order to serve as a comparison material, an N-free graphitized carbon electrode was 

prepared by thermal annealing at 900 oC under N2 atmosphere. These films, denoted as 

a-C a900, were also characterised in Chapter V. 

Table 6.1 reports a summary of the data obtained via XPS studies. The O/C and N/C % 

were determined from the area ratios AO1s/AC1s and AN1s/AC1s respectively after correction 

by sensitivity factors. Based on the overlap of the 95% confidence intervals for both O/C 

and N/C %, these values are statistically indistinguishable for all of the nitrogenated 

electrodes studied. This implies that any differences observed in the resulting 

Sample O/C % N/C % NP % NG % 

a-C a900 3 ± 2 - - - 

a-C-NH3 a700 2.4 ± 0.7 1.9 ± 0.6 64 ± 9 36 ± 9 

a-C-NH3 a900 3 ± 1 1.9 ± 0.5 56 ± 6 43 ± 6 

a-C:N-2% a900 4 ± 1 1.8 ± 0.3 25 ± 5 75 ± 5 

a-C:N-10% a900 2.6 ± 0.7 2.4 ± 0.6 26 ± 8 74 ± 8 

 

Table 6.1. O/C %, N/C % and N-site composition of a-C a900, a-C NH3 a700/900 and a-C:N a900 

materials obtained from XPS deconvolutions. Errors reported are 95% confidence intervals  (n = 3 

in each case). 

 Figure 6.2. XPS survey scans of a-C a900, a-C:N-2/10% a900 and a-C NH3 700 / 900 electrodes. 
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electrochemical activity cannot be attributed to differences in the total N- or O-content in 

the electrode surfaces. The relative proportions of NG and NP do differ between the three 

systems, with a-C:N-2/10% a900 possessing predominantly NG and a-C-NH3 a700/a900 

predominantly NP sites. The a-C-NH3 900 also displays a small enhancement of NG sites at 

the expense of NP sites compared to the a-C-NH3
 700, which may possibly be attributed to 

the conversion of NP to NG at the higher annealing temperature. 13 Additionally, no elements 

other than C, N and O are evident in the survey scans as shown in Figure 6.2. 

 

Raman Spectroscopy Analysis of N-Doped Carbon Electrodes 

 

Raman spectroscopy measurements at a wavelength of 488 nm were employed in order 

to study the differences in the bulk nanostructure of each N-doped carbon system. Raman 

spectra for N-free a-C a900 and nitrogenated amorphous carbon films are plotted in Figure 

5.3. All spectra indicate that both the N-doped and N-free materials show the characteristic 

features of an amorphous carbon material, viz. the D peak at ca. 1350-1380 cm-1 and the G 

peak centered close to 1600 cm-1.27-29 Deconvolutions of the Raman envelopes for the four 

N-doped carbon systems are shown in Figure 6.4. In the case of bulk-doped a-C:N a900 

samples, best fits were obtained using a 3-peak deconvolution as described in Chapter V. 

Two Gaussian peaks were applied to the aforementioned D and G peaks with a third peak 

centered close to 1510 cm-1
 commonly referred to as the A peak. The A peak is characteristic 

of disordered carbons and has been attributed to the presence of both sp2- and sp3-hybridised 

carbon atoms in the regions between graphitic clusters. 30 For the NH3-treated samples a 

small shoulder peak on the D peak around 1100 cm-1 is evident in the raw spectra in Figure 

6.3, necessitating the use of a fourth Gaussian in the deconvolution. This peak has been 

referred to as the ‘I’ peak in the amorphous carbon literature and it has also been associated 

with disorder in the carbon scaffold. 31 

Raman spectral parameters derived from each of the deconvolutions are reported in Table 

6.2. Based on the G peak position close to 1600 cm-1 and narrow full width at half maximum 

(FWHM) values ˂ ca. 100 cm-1 for all of the materials, all of the electrodes have properties 

similar to nanocrystalline graphite. 27 This is unsurprising as both the as-deposited a-C and 

a-C:N electrodes were subjected to high temperature annealing treatments which are 

expected to promote the graphitization of the carbon scaffold.  

In accordance with the three-phase model of Ferrari and Robertson for graphitized N-

doped carbons, the intensity ratio of the D and G peak, ID/IG, is a measure of disorder in the 
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carbon scaffold and is inversely proportional to La, the average lateral dimension of the 

graphitic clusters in the graphitized carbon scaffold. 32 

The a-C a900, a-C:N-2% a900 the a-C NH3 a700/900 surfaces have similar ID/IG values 

close to 0.74, implying similar La values for these three systems on the order of 10 nm.27  

The a-C:N-10% a900 surface has a significantly higher ID/IG of 0.84, implying a smaller 

average clusterite size. This is supported by the low IA/IG value of 0.16 for the bulk-

nitrogenated system. The IA/IG ratio may be taken as a measure of the contributions from 

amorphous carbon regions in between graphitic clusters. A small value of IA/IG is consistent 

with smaller graphitic clusters which are more efficiently packed. The IA/IG is also expected 

to increase for larger, inefficiently packed clusters which are connected to one another 

through more extensive amorphous carbon regions. Indeed, the largest value of IA/IG of 0.34 

was obtained for the a-C NH3 a900 surface, further suggesting that this material possesses 

the most extensive graphitized domains of the five systems studied. 

This material also displayed the lowest ID/IG, highest G peak centre of 1605 cm-1 and the 

narrowest FWHM values for both the G and D peak. All of these results are consistent with 

a highly-ordered graphitized carbon network with large clusters separated from one another 

by amorphous regions. By contrast, the a-C NH3 a700 surface generally has values for each 

of these parameters intermediate between the a-C-NH3 a900 and undoped a-C a900. The 

 
Figure 6.3. Raman spectra of N-free and N-doped amorphous carbon films. The spectra have 

been background subtracted and plotted offset from one another for clarity. 
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differences may be attributed to the higher annealing temperature of 900 oC, which would 

be expected to induce larger structural rearrangements such as sp2 clustering and the 

conversion of sp3-C to sp2-C sites.27 It is also notable that the bulk doped a-C:N-10% a900 

displays the highest FWHM values in addition to the highest ID/IG, implying that it is the 

most disordered N-doped system. 

In summary, a combination of XPS and Raman spectroscopy measurements indicate that 

we have prepared three distinct types of metal-free N-doped carbon electrodes using surface 

and bulk nitrogenation techniques. All three systems possess comparable N-site 

concentrations despite their different methods of preparation. Two forms of N site, NG and 

NP, were identified in each of the materials in varying proportions. The carbon scaffolds of 

all three systems are also distinct from one another, with the surface nitrogenated 

a-C NH3 a900 surface displaying the greatest degree of nanocrystallinity. All of these results 

may be attributed to the higher annealing temperature employed during the nitrogenation.  

 

 

Figure 6.4. a) a-C a900 Raman spectrum and deconvolution b) Comparison of a-C a900 and 

a-C NH3 a700 / a900 and a-C:N-10% a900 Raman spectra. c) Deconvolution of a-C NH3 700 

Raman spectrum. d) Deconvolution of a-C-NH3 900 Raman spectrum e) Deconvolution of 

a-C:N-10%  a900 Raman spectrum. In all deconvolutions the raw data and envelope are offset 

from the component peaks for clarity. 
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ORR Performance of N-doped Carbon Electrodes in Alkaline Medium 

 

The ORR activity of the different N-doped systems in O2-saturated KOH was evaluated via 

cyclic voltammetry (CV) experiments using a rotating ring disk electrode (RRDE; Pt ring) at 

a scan rate of 10 mVs-1. To avoid any potential issues regarding the variation of the collection 

efficiency at the ring with the rotation speed, all hydrodynamic measurements were obtained 

at a constant rotation rate of 900 rpm. CVs under identical conditions with N2-saturated KOH 

were also obtained in order to evaluate the capacitive contribution to the current. The Faradaic 

current due to the reduction of oxygen was then obtained by subtraction of the current obtained 

in N2/KOH from the current obtained in the oxygenated electrolyte. This is illustrated in 

Figure 6.5a, which shows a CV for an a-C a900 electrode in both O2-saturated and N2-

saturated electrolyte. The cathodic sweep of the resulting voltammogram after subtraction of 

the capacitive charging current is shown in Figure 6 b. The onset potential, Eon defined as the 

value of the potential when j = 0.1 mA cm-2, is 0.65 V vs RHE on the undoped carbon surface, 

which shows that the undoped carbon material has a low intrinsic activity towards ORR. 

 

ORR Performance of Bulk N-doped Carbon Electrodes 

 

Voltammograms for the bulk N-doped a-C:N-2%/10% a900 electrodes are plotted in Figure 

6.6a along with the undoped a-C a900 for comparison. It is evident from the figure that both 

Table 6.2. Raman Spectral Parameters of N-free and N-doped electrodes derived from the 

deconvolutions reported in Figure 6.4. 

Sample ID/IG IA/IG G position / 

cm-1 

G FWHM / 

cm-1 

D position / 

cm-1 

D 

FWHM / 

cm-1 

a-C a900 0.74 0.23 1598 85 1379 274 

a-C-NH3 a700 0.75 0.26 1599 78 1369 255 

a-C-NH3 a900 0.72 0.34 1605 70 1355 186 

a-C:N-2% a900 0.73 0.26 1600 91 1379 260 

a-C:N-10% a900 0.84 0.16 1603 104 1385 279 
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a-C:N a900 electrodes have an improved Eon compared to the undoped a-C a900, suggesting 

that the incorporation of N sites into the carbon scaffold activates the surface towards the 

ORR. The results are summarised in Table 6.3. Eon for the a-C-N-10% a900 surface is 0.77 V 

vs RHE, compared to 0.73 V for the a-C:N-2% a900. Both electrodes have  absolute values 

for the limiting current density, |jl|, significantly smaller than the expected value from the 

Levich equation for a 4-e- reduction 33, suggesting that the ORR does not proceed as an entirely 

4-e- process on these electrodes.  

Tafel plots for both bulk N-doped electrodes are presented in Figure 6.6 b). Depending on 

the exact region in which the linear fit is performed, both a-C:N-2% a900 and a-C:N-10% 

a900 have Tafel slopes in the range of 60-70 mV-1, which suggests that the ORR proceeds 

through a chemical rearrangement step which follows on from an initial rapid electron 

transfer.34 This point is discussed further below in the comparison of the ORR performance 

of bulk N-doped and surface N-doped electrodes. 

 As discussed in Chapter I, the ORR may proceed via a 4-electron reduction of O2 to water 

or a 2-electron reduction producing hydroperoxide HO2
-, as the final product. The relative 

amounts of 2e- and 4e- reduction can be quantified using Rotating Ring Disk Electrode 

(RRDE) studies. Figure 6.7 shows plots of the ring current, IR and disk current ID for an RRDE 

experiment on the a-C:N-2% a900 and a-C:N-10% a900 electrodes. The ring currents are 

highest for a-C:N-10% a900 which are on average almost twice the value as that of the a-C:N-

2% a900 (Table 6.3.). The value of the ring current and disk current may be correlated to the 

yield of hydroperoxide using Equation 6.1: 

 

Figure 6.5. a) CV of an a-C a900 electrode in a solution of 0.1 M KOH obtained at a scan rate of 

10 mVs-1 and a rotation speed of 900 rpm. The inset plot shows the onset region close to 0.65 V 

vs RHE. b) background-corrected cathodic scan of the a-C a900 electrode. 
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                                                        HO2
- % = 100 × 2(

𝐼𝑅
𝑁

𝐼𝐷+
𝐼𝑅
𝑁

 
)                                                (6.1) 

   

Using the values of IR and ID in the plateau region of the ring current (0.3 V vs RHE), the 

peroxide yield is 33% on a-C:N-2% a900 and 65% on the a-C:N-10% a900 surface, 

corresponding to a value of n, the average number of electrons transferred in the ORR, of 3.2 

and 2.4, respectively. Values of n between 2 and 4 indicate that both the 2e- and 4e- pathway 

are occurring simultaneously at the electrode surface. Therefore the a-C:N-10% a900 

produces hydroperoxide as the final product of ORR through the 2e- pathway almost 

exclusively, whilst the a-C:N-2% a900 surface shows significantly more 4e- reduction of O2 

to water. This is the case even though the onset potential for the ORR is 30 mV more positive 

on the a-C:N-10% a900 electrode.  

 

Whilst the RRDE method does not allow a ‘true’ 4e- pathway to be distinguished from a 

sequential 2 + 2 e- pathway with peroxide as an intermediate, the most likely interpretation of 

this result is that the a-C:N-2% a900 surface is more capable of reducing a peroxide 

intermediate formed from the first 2e- transfer. This assessment is based on the fact that the 

true 4e- pathway requires the breaking of both O=O bonds (ΔH = 494 kJ/mol) prior to 

reduction35. Such a feat requires the chemisorption of molecular O2 which, with the possible 

exception of certain C atoms adjacent to graphitic-N sites,23 is not generally feasible on 

metal-free ORR electrocatalysts in the same manner as is found for Pt/C. In any event, the 

high peroxide yields evident from the ring currents in Figure 6.7 suggest that if the dissociative 

4e- pathway is occurring on the a-C:N a900 surfaces, it is occurring along with a substantial 

amount of 2e- reduction to peroxide.  

 

 

Figure 6.6. a) Voltammograms of a-C a900 and a-C:N-2%/10% a900 in O2 saturated KOH after 

background subtraction. The inset figure shows the onset region. b) Tafel plots for a-C:N-2% and 

10% a900. 
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ORR Performance of Surface N-doped Carbon Electrodes 

 

The ORR performance of ‘surface’ N-doped a-C NH3 a700 and a900 electrodes was studied 

in an identical fashion to that which was reported for the bulk N-doped systems. Figure 6.8 a 

shows voltammograms for a-C NH3 a700 and a900 in O2-saturated 0.1 M KOH. It is clear 

from the Figure that the a-C NH3 900 surface has the highest Eon, which at 0.83 V vs RHE is 

comparable to the most active metal-free N-doped carbons in the literature.2, 15, 36-38 The a-C 

NH3 a700 surface has an onset potential of ca. 0.73 V vs RHE, which is similar to the value 

obtained for a-C:N-2% a900. It is also apparent from Figure 6.8 a and the values tabulated in 

Table 6.3 that the a-C-NH3
 900 surface has the highest current density in the mass-transport 

limiting region (ca. 0.5 V vs RHE and below). Comparing values at a potential of 0.1 V vs 

RHE, the a-C-NH3 900 electrode has a value of |j| close to 4 mA cm-2 which is close to the 

theoretical Levich current for a 4-electron reduction of O2. The a-C NH3 a700 displays a 

significantly lower value of |j| at the same potential, suggesting that the ORR is not proceeding 

through a full 4 e- pathway at this surface. Tafel plots for the a-C NH3 a700 and a900 surfaces 

are plotted in Figure 6.8 b) with the resulting Tafel slopes given in Table 6.3. Similar to the 

 Figure 6.7. RRDE studies (900 rpm) of a-C:N-2% a900 and a-C:N-10% a900 electrodes in O2 saturated 0.1 M 

KOH. 
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bulk N-doped surfaces, both of the NH3-treated electrodes have Tafel slopes of ca. 

60-70 mV-1. This suggests that both bulk and surface N-doping protocols produce surfaces 

which catalyze the ORR through a mechanism with a similar rate-determining step. 

 
Figure 6.8.a) Voltammograms of a-C NH3 a700 and a900 electrodes in O2 saturated 0.1M KOH at a 

scan rate of 10 mVs-1 and a rotation speed of 900 rpm. The inset plot shows the onset region of the 

ORR. b) Tafel plots for the same electrodes derived from the voltammograms in a).  

Figure 6.9. RRDE Studies (900 rpm) of a-C NH3 a700 and a900 electrodes in 0.1 M KOH. a) Ring 

current  

b) Disk current. 
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RRDE studies of the a-C NH3 a700 and a900 surfaces are plotted in Figure 6.9. Immediately 

apparent in the figure is the unusual peak trace corresponding to the ring current on the a-C 

NH3 a900 surface, which is not evident in the a-C NH3 a700 surface or in any of the 

a-C:N a900 ring currents plotted in Figurge 6.8. The onset of the ring current for both traces 

coincides with the onset of ORR, suggesting that the ORR proceeds through a 2-electron 

pathway to some extent between potentials of 0.8-0.6 V vs RHE. This leads to a plateau in the 

ring current in the a-C NH3 a700 surface similar to that observed on bulk N-doped surfaces. 

For the a-C NH3 a900 surface the peroxide production begins to decrease at potentials cathodic 

of ca. 0.6 V, suggesting that the 4-electron reduction becomes more favourable at higher 

overpotentials, such that the average number of electrons transferred becomes close to 4 at 

E = ca. 0.2 V vs RHE.  

 

Comparison of ORR Performance for Bulk N-doped and Surface N-doped 

Electrodes 

 

The effects of both bulk and surface N-doping on the ORR activity are summarized in Figure 

6.10. and Table 6.3. In terms of the usual criteria for high ORR activity, viz. high onset 

potential, large values of |j| in the mass-transport limited region (parts a and b of the figure) 

and selectivity for the 4-electron pathway (Figure 6.10 c), the surface-nitrogenated a-C NH3 

a900 surface is the best performing electrocatalyst whilst the bulk-doped a-C:N-10% a900 is 

the worst. As discussed in Section 6.2.1, this difference cannot be associated with the total N 

content, since all 4 electrodes show comparable N/C %. 

The data do not suggest that surface nitrogenation of a graphitized carbon material is 

preferable to bulk N-doping. This is evident by comparing the results for bulk-doped a-C:N-

2% a900 with surface-doped a-C NH3 a700. Both electrodes have similar onset potentials and 

ring currents (Figure 6.11 a) and b)) and a similar average electron transfer number close to n 

= 3. Considering the surface composition data from XPS studies, these two electrode surfaces 

are found to be similar despite possessing different concentrations of NP sites (a-C:N-2% a900 

25% : a-C NH3 a700 65 %, Table 6.2).  

This result implies that, at least in alkaline conditions, the NP content does not have a 

dramatic effect on the ORR performance. This is a significant point, since pyridinic-N sites 

in particular have been suggested as the active sites for the ORR on N-doped carbon. This 
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point is elaborated upon further below in the comparison of the ORR activity for these 

materials in acidic medium.  

 It is interesting to examine the similarities between the ORR activity a-C:N-2% a900 and 

a-C NH3 a700 in the context of the Raman data for these materials. Based on the spectral 

parameters such as ID/IG and IA/IG, both of these electrodes have very similar carbon 

nanostructure in terms of the size and distribution of graphitic domains, despite their 

different routes of preparation.  The comparable behavior of these surfaces may therefore be 

explained by the similarities in the carbon scaffold organization which were produced by the 

two different nitrogenation methods used in this study. 

Considering Table 6.3, it is clear that despite the differences in the ORR activity just 

discussed, the N-free a-C a900 and all four N-doped carbon surfaces have similar Tafel 

slopes close to 60-70 mV-1 which was associated with a rate-determining chemical step. In 

the ORR literature, a Tafel slope of this magnitude on Pt electrodes under identical 

conditions is associated with the first electron transfer acting as the RDS under conditions 

Figure 6.10.  Summary of ORR data obtained on all N-doped carbon electrodes in 0.1 M KOH. A) 

Ring Currents b) disk current densities c) peroxide yields in the potential range 0.6 – 0.05 V vs 

RHE. The dashed line indicates the peroxide yield corresponding to the value of n, the average 

electron transfer number at 0.3 V vs RHE. 
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where oxide/hydroxide adsorbates act as blocking species, even though a slope of 120 mV-1 

is normally expected in the absence of interfering species.39  

 

The absence of these oxides at higher ORR overpotentials is one of the reasons why the 

apparent ORR activity on Pt appears significantly better on the anodic sweep of a cyclic 

voltammogram.40 Examining the background-subtracted CV’s of all four electrodes in 0.1 M 

KOH (Figure 6.11) there is almost perfect overlap between the cathodic and anodic scans. 

This strongly suggests that blocking species such as hydroxides in alkaline medium do not 

interfere with the ORR at the N-doped carbon surface in the same fashion as is observed on 

Pt. The Tafel slopes obtained on these surfaces are therefore really indicative of a chemical 

RDS; this point is explored further in the discussion of the ORR mechanism in the following 

section. 

 

Degradation of the a-C NH3 a900 ORR Performance 

 

The a-C NH3 a900 surface is unique among the N-doped carbon electrodes in this study in 

that it displays remarkable selectivity for the 4e ORR pathway at high overpotentials. The 

implications of this finding are discussed in detail in the discussion section. The production 

 

Figure 6.11. Capacitance-corrected cyclic voltammograms of a-C:N a900 and a-C NH3 

a700/a900 surfaces in O2 saturated 0.1 M KOH. a) a-C:N-2% a900 b) a-C:N-10% a900 

c) a-C NH3 a700 d) a-C NH3 a900. 
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of peroxide and other reactive intermediates during ORR can result in the degradation of an 

N-doped carbon material’s performance. 41 It was therefore of interest to examine the effects 

of exposure to peroxide on the ORR activity of the best-performing electrocatalyst identified 

in this study.  

Figure 6.13 shows a plot of the ring and disk currents of an a-C NH3 a900 surface obtained 

after 20 CV’s in a potential window between 1V and 0.05 V vs RHE at a scan rate of 10 

mVs-1 and a rotation rate of 900 rpm. The figure clearly shows a significant degradation in 

both EON and |j| at 0.1 V vs RHE after the cycling experiment compared to the initial sweep. 

Indeed, the ORR onset potential of the degraded a-C-NH3 900 appears to approach values 

obtained on the initial scan with the a-C NH3 a700, which is also plotted in the figure for 

comparison purposes.  

 There is also a significant increase in the a-C NH3 a900 ring current to levels comparable 

to those found for a-C-NH3 700, indicating that the selectivity of the a-C-NH3 900 surface 

for 4-electron reduction of O2 at higher overpotentials is lost after cycling. It is important to 

note that these cycling experiments avoided potentials > 1 V vs RHggE, at which carbon is 

potentially liable to oxidatively degrade, as is often observed in the Pt/C catalyst layer in 

fuel cells. 42 Accordingly, this loss in activity may be attributed only to the degradation of 

the surface by reactive peroxide intermediates.  

ORR Performance of N-doped Carbon Electrodes in Acidic Medium 

 

The ORR performance of metal-free N-doped carbons has shown a wide variation in the 

literature, with various claims regarding the desirability of particular N-sites – typically, 

though not exclusively, NG and NP sites – for the ORR performance. It was previously shown 

Table 6.3. Summary of ORR performance on a-C-N2 900, a-C-NH3 700/900 and a-C:N-N2 900 

electrodes. All voltages are references relative to RHE. 

Sample EON / V @ 0.1  

mA cm-2 

Tafel 

Slope / 

mV dec-1 

n @ 

0.3 

V 

H2O2 

% @ 

0.3 V 

|j| / mA 

cm-2 @ 

0.1 V 

a-C a900 0.65 75   2.6 70 2.3 

a-C-NH3 a700 0.73 66 3.1 35 3.4 

a-C-NH3 a900 0.83 70 3.9 6 3.9 

a-C:N-2% a900 0.73 70 3.2 33 2.8 

a-C:N-10%  a900 0.77 67 2.4 65 2.4 
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based on the comparison of the a-C:N-2% a900 and the a-C NH3 a700 surfaces that the 

density of NP sites does not appear to have a strong influence on the ORR onset potential or 

selectivity for the 4-electron pathway, based on the fact that these surfaces have similar 

performances despite possessing significantly different quantities of pyridinic sites based on 

the XPS analysis. This result seemed to contradict numerous other studies which correlated 

the ORR activity to NP sites. 9, 19 

  Many of the studies cited on the role of pyridinic-N were carried out at acidic pH. It was 

therefore desirable to investigate whether or not the activity of particular N-sites in the ORR 

is dependent on the pH. This was accomplished by carrying out RDE studies on the four 

different N-doped carbon model catalyts in O2-saturated 0.1 M HClO4. The results are 

reported in Figure 6.13. It is immediately apparent from the figure that all four of the surfaces 

display vastly inferior performance in acid medium compared to that in 0.1M KOH. The 

highest Eon obtained in HClO4 was 0.37 V vs RHE on the a-C NH3 a700 surface, some 350 

mV more cathodic than the value obtained for the same surface in KOH. Additionally, the 

a-C:N a900 surfaces display essentially no Faradaic current until potentials < ca. 0.1 V vs 

 

Figure 6.12. RRDE experiments on the a-C-NH3 900 electrode before (green line) and after cycling 

(dashed line) between 1 V and 0.05 V vs RHE for 20 scans at 10 mVs-1. The a-C-NH3 a700 surface 

is shown as a comparison.  
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RHE. It is interesting to note that the a-C-NH3 900 surface has a slightly lower EON than the 

a-C NH3 700, even though the former was shown to be significantly more active in KOH. 

The acid ORR results suggest that the ORR performance on N-doped carbons is highly 

sensitive to the pH, and that both Np and NG sites may show different apparent 

electrocatalytic activity towards the ORR depending on whether the reaction is performed 

in acid or alkaline conditions.  

 

 

Discussion 

The literature on metal-free ORR on N-doped carbon surfaces contains a variety of claims 

regarding the active sites for ORR as well as the ORR mechanism. 9, 11-12. 36-37 Oxygen 

reduction in both acid and alkaline media is a highly complex process. The full 4 e- reduction 

of O2 to H2O (Equation 6.1) under alkaline conditions may be achieved via a ‘direct’ 4e- - 4 

proton pathway, or a ‘series’ 2 + 2 pathway which may be considered to be the combination 

of Equations 6.2 and 6.3 where the HO2
– produced as an intermediate from the first 2e- 

process is reduced before it can be detected at the ring. In principle it is not possible to use 

RRDE measurements to distinguish between the direct and series pathways, as neither 

pathway would be expected to produce HO2
– to be detected at the ring. However, the 

detection of HO2
– is itself evidence of the series pathway whereby the peroxide intermediate 

is detectable because it desorbs from the electrode surface before the second 2e- process 

(Equation 6.3) has occurred. 

 

 

Figure 6.13. Voltammograms of nitrogenated carbon electrodes obtained in O2 saturated 0.1 M 

HClO4 (scan rate: 10 mv s-1) using an RRDE at a rotation rate of 900 rpm. All curves are shown 

following subtraction of the capacitive current obtained from the voltammogram in N2 saturated 

electrolyte 
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O2 + 2H2O + 4e− → 4OH−         E° = 1.229 V vs. RHE    (6.1) 

O2 + H2O + 2e− → HO2
− + OH−        E°= 0.695 V vs. RHE      (6.2) 

HO2
− + H2O + 2e− → 3OH−              E° = 1.763 V vs. RHE    (6.3)  

 

Outer-Sphere Electron Transfer to O2 Under Alkaline Conditions 

 

On Pt and other precious-metal ORR catalysts it has been widely accepted that the adsorption 

of O2 is the first step of the ORR and the RDS is the first electron transfer. This is the so-

called ‘inner sphere electron transfer’ (ISET) pathway and it may be followed in both low 

and high pH conditions. However, under alkaline conditions an outer-sphere electron 

transfer (OSET) mechanism is also possible as has been highlighted by Markovic et al. on 

the Ag (111) surface44 and more generally by Ramaswamy and Mukerjee.45-46 The OSET 

mechanism becomes possible due to reaction 6.4, the pH-independent formation of 

superoxide from dissolved O2: 

 

                            O2 (aq) + e- → O2 
•-

 (aq)             E
0 = 0.44 V vs RHE           (6.4) 

 

On the basis of a modified Pourbaix diagram, Markovic et al. 44 argued that the lower 

absolute potentials of ORR on the SHE scale under alkaline conditions causes the 

thermodynamic potential for the overall 4e- process (Equation 6.1) to approach the formal 

potential of Reaction (6.4). The difference in overpotentials is ca. 1.5 V in acid conditions 

compared to ca. 0.7 V in base. Ramaswamy and Mukerjee argued46 that this overpotential 

difference explains the possibility of using a variety of catalysts for the ORR under alkaline 

conditions, rather than select precious metal catalysts such as Pt as is the case at low pH: the 

overpotential of Reaction (6.4) as the first step of ORR is simply too high to be traversed 

without specific covalent interactions of O2 with the surface, whereas at high pH non-

covalent interactions such as H-bonding and long-range dipole-dipole interactions may be 

sufficient to overcome the energy barrier.  

In this work, the highest onset potential measured for the a-C-NH3 900 surface is 0.83 V 

vs RHE which, with reference to Equation 6.4, implies that a potential shift corresponding 

to a Gibbs energy of adsorption contribution of -ΔGads/F = 0.39 V or roughly 38 kJ/mol 

which may be easily accounted for by non-covalent interactions. Studying superoxide 

formation on N-free glassy carbon surfaces, Yang and McCreery concluded that superoxide 

radicals may adsorb even on undoped carbon. 47 This was shown by introducing a covalently-
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bound blocking organic methylphenyl layer to the carbon surface, which was shown to 

prevent the adsorption of superoxide. The end result of Reaction 6.4 on the blocked carbon 

surface was the degradation of the formed superoxide via homogeneous chemical routes in 

solution. 

 The precise nature of the superoxide binding sites on the unblocked GC surface was 

unknown, though possible candidate adsorption sites mentioned by the authors included 

oxide moieties and dangling bonds at edge sites. In any case, this paper is good evidence that 

superoxide generation and adsorption is possible at carbon surfaces even without N-doping. 

As discussed in the previous section, the Tafel slopes on each of our surfaces reported in 

Table 3 are all consistent with a fast electron transfer occurring followed by a rate-

determining step which does not involve electron transfer, such as a chemical rearrangement. 

If an OSET mechanism is assumed with Reaction 6.4 as the initial step, the steps which 

follow superoxide formation may be adsorption followed by protonation: 

 

  O2 
•-

 (aq) 
 → (O2 

•-
 )ads 

 
                                           (6.5) 

(O2 
•-)ads + H2O →  (HO2

•)ads  + OH-
                                (6.6) 

 

This has been suggested independently by both McCreery and Mukerjee. 46-47 McCreery in 

particular showed that, for pH > 12, if adsorption of the superoxide is facilitated by the 

surface, the rate determining step of the overall reduction process (which in their case was a 

2-electron reduction to hydroperoxide, Reaction 6.2) is Reaction 6.6. This step may have 

two further outcomes: reduction or reaction of the (HO2
•)ads  with another superoxide: 

 

                                                (HO2
•)ads  + e- → HO2

–                                                         (6.7) 

                                                (HO2
•)ads  + O2 

•-
 (aq) 

 → HO2
– + O2                                         (6.8) 

 

If superoxide is not adsorbed, or if adsorption is kinetically discouraged, it may instead 

react with water through a well-established homogeneous pathway48: 

 

                                                O2
•−

 
+ H2O → HO2

•
 
+ OH−                                 (6.9a) 

                                            O2
•− + HO2

• → HO2
− + O2                                        (6.9b) 

 

which when combining reactions 7a and 7b is equivalent to a disproportionation: 

 

                                        2O2
•− + H2

 O → HO2
− + O2 + OH−                (6.10) 
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Reaction 6.10 is expected to be slowed at pH > 12 due to the decrease in water activity as 

the pH is raised;46, 49 however, it is not possible in principle rule out contributions from any 

of the Reactions 6.4-6.10 at the N-doped carbon surfaces presented in this study. HO2
- may 

be produced via the homogeneous Reaction 6.9 b, or by reaction of an adsorbed HO2
• 

(reactions 6.7 or 6.8). Despite this ambiguity, the yield of HO2
- measured via the RRDE 

studies indicates that the ORR at both the a-C:N-2% a900 and the a-C NH3 a700 is primarily 

a 2-electron process, which is good evidence that the reaction sequence is described by 

Equations 6.5-6.7.   

There is an increased tendency for peroxide production at higher overpotentials on both 

a-C:N a900 surfaces and on the a-C NH3 a700 electrode, which is not surprising considering 

that reaction 6.4 is expected to proceed more rapidly as the applied potential approaches the 

formal potential of the O2/O2
•- couple. Since Reaction 6.4 is not the RDS, the HO2

- detected 

on the a-C:N-2%/10% a900 and a-C NH3 a700 surfaces may therefore be explained by 

desorption of HO2
- as the final product of an overall 2-electron reduction (Reaction 6.7).  

The desorption of weakly-bound HO2
- has been proposed on Pt due to weak bonding 

interactions between HO2
- and the Pt-Oxide substructure as well as the lower absolute 

potentials of the electrode surface under alkaline conditions. 46 Mayrhofer et al. have also 

argued that it is the competition between the desorption of the peroxide intermediates from 

the electrocatalyst surface (H2O2 in acid and HO2
- in base) and the second 2-electron transfer 

in the 2+2 series ORR pathway which ultimately determines the overall ORR activity.50 

Anything that interferes with the adsorption of the intermediates, including adsorbed 

spectator ions or the poisoning of reactive sites, is expected to result in increased production 

of hydroperoxide and a degradation of the ORR activity. 

 

The Influence of the Carbon Scaffold on the ORR Onset Potential 

 

The assumption of a 2 + 2 mechanism which proceeds via an OSET as the first step offers a 

reasonable interpretation of the trend in ORR onset potentials when considered in 

conjunction with the XPS and Raman characterisations of each surface. For an OSET, facile 

kinetics for a cathodic process such as the ORR are predicted for surfaces with higher values 

of the Fermi level, EF, which maximises the overlap of occupied states in the surface with 

the LUMO of the oxidant. This was shown both experimentally and theoretically by Choi et 

al. on N-graphene surfaces in acid media, for which ball-milling to produce few-layer N-
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graphenes with small lateral dimension sizes of at most 2 nm in size modulated EF upwards 

and produced materials with higher EON values for the ORR.14 A similar size-dependent 

effect on the ORR in KOH was also observed on N-doped carbon dots by Li et al.15 although 

no mechanistic explanation was given.  

Considering our results with this literature in mind, the fact that a-C-NH3 900 displays the 

highest value of EON despite possessing a similar N/C % to the other two surfaces may be 

explained by the high degree of graphitization determined from the Raman analysis, which 

should correlate to a higher value of EF and therefore faster electron transfer. The 

a-C NH3 900 also has a slight enrichment of graphitic N sites compared to a-C NH3 a700 as 

reported in Table 1, which would be expected to raise EF and also create new states near EF 

via the π-doping effect of graphitic N.51 However based on the XPS analysis, the bulk-

deposited a-C:N-2/10% a900 surfaces have the highest amount of NG sites.  

Using the data in Table 6.1, the concentration of NG sites in both a-C:N a900 carbon 

scaffolds is close to 1.8 % compared to only 0.8% for a-C NH3 a900. Thus, the concentration 

of NG sites per se is not an accurate predictor of ORR activity. The lower activity of the 

a-C:N-10% a900 may possibly be attributed to the disorder evident in the carbon scaffold 

based on the Raman analysis. The ID/IG and FWHM for a-C:N-10% a900 are consistent with 

a less graphitized structure, which would in turn be expected to have a lower EF. These 

predictions were supported by valence studies of the three surfaces carried out via XPS, 

reported in Figure 6.15 which indicate that the a-C-NH3 a900 surface has the highest density 

of occupied states (DoS) near the Fermi level out of the three surfaces, followed by 

 

Figure 6.14. Valence studies of N-doped carbon surfaces determined via XPS. The curves in 

each case are normalized by the cumulative area. The inset shows the binding energy region close 

to the Fermi edge. 
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a-C:N-10% a900. The a-C NH3 a700 and a-C:N-2% a900 have a similar DoS in the same 

region, consistent with their similar values of Eon. 

In summary, for N-doped carbon model systems with similar N-site chemistry and a 

comparable concentration of N sites, the ORR onset potential is correlated to the degree of 

graphitization of the carbon scaffold. More highly graphitized N-doped carbon materials 

have a greater metallic character (i.e. higher EF and DoS near EF) than more disordered 

nitrogenated materials due to the presence of ordered sp2-clusters in the graphitized surfaces, 

which in turn leads to faster electron transfer kinetics in the outer-sphere reduction of O2 to 

superoxide. 

 

The Role of NG Sites and NP  Sites in the ORR on N-doped Carbons 

 

The discussion of the carbon scaffold effect on the ORR performance in our N-doped carbon 

electrodes shows that the presence of particular N-sites is not in itself a guarantee of high 

ORR activity. However, for materials with similar concentrations of nitrogen and similar 

N-site chemistry, trends in the ORR activity may still be correlated to the presence or absence 

of particular moieties. Since the ORR proceeds via an OSET on these materials, the 

‘non-local’ doping effect51 of NG sites in modulating EF is the most important effect of N-

doping in terms of facilitating the first electron transfer. This is why N-free a-C a900 has a 

poor onset potential compared to the N-doped carbon model systems. 

After the generation of superoxide via Reaction 6.4, the binding of intermediates, 

particularly HO2
• is also crucial for obtaining good ORR activity in through selectivity for 

the 4-electron pathway. This is the ‘local’ effect of N-doping. Both NG and NP sites have 

been shown via theoretical calculations14 to facilitate HO2
•
 binding, with generally higher 

values of ΔGads achieved at pyridinic sites. This may explain why both the a-C:N-2% and 

10% a900 have reasonable values of EON but produce significant amounts of peroxide 

through the 2 e- pathway based on the RRDE studies. Both of the bulk N-doped materials 

possess almost exclusively NG sites, which help to facilitate the OSET to O2. 

However, subsequently, the dearth of NP sites to which the HO2
• is predicted to be most 

strongly bound results in desorption of hydroperoxide, HO2
- rather than further reduction in 

the 2 + 2 pathway. This conclusion may appear to be contradicted by the remarkable 

similarity between the a-C:N-2% a900 and a-C NH3 a700, which have similar onset 

potentials and similar average electron transfer numbers based on the RRDE studies. The 

a-C:N-2% a900 has a comparable selectivity for the 4-electron pathway to the a-C NH3 a700 
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despite possessing significantly fewer NP sites based on the XPS data. It is not possible to 

definitively explain this inconsistency with the data presented, but a possible explanation 

may be found in considering the similarities of the carbon scaffold structure for these two 

model systems as discussed in Section 6.2.4.  It may be the case that the selectivity for HO2
- 

binding and subsequent reduction instead of desorption is similar for both of these systems 

owing to the similarities of their nanostructure, whilst the a-C:N-10% a900 surface behaves 

differently because of the greater degree of disorder in its carbon scaffold. It is clear that 

further work is needed to investigate the effects of peroxyl intermediate binding at NG and 

NP sites as a function of the degree of graphitization. 

The attribution of high ORR onset potentials to the presence of NG sites may appear to 

contradict the recent findings of Guo et al. who showed that the the active sites of ORR on 

N-doped carbons in acidic media are C-atoms adjacent to NP sites. 9 This contradiction may 

be resolved by comparing the performance of our model catalysts in alkaline and acid 

conditions. The OSET mechanism is extremely improbable on N-doped carbons in acidic 

media (vide supra) which implies that the non-local doping effect introduced by NG sites is 

unlikely to be the most important factor in facilitating the ORR at low pH. Instead the 

reaction is most likely to proceed via an ISET involving molecular oxygen, which Guo et al. 

attributed to the Lewis basicity of C atoms adjacent to NP sites.  

The bulk N-doped a-C:N-2% and 10% a900 surfaces, which have reasonable onset 

potentials in 0.1M KOH solutions have almost no detectable ORR activity in perchloric acid. 

This result is consistent with the hypothesis of Guo et al. regarding the importance of NP 

sites, since the bulk N-doped electrocatalyst have almost none and therefore are unable to 

facilitate the ORR at low pH. The higher EON of the a-C NH3 a700 compared to the 

a-C NH3 a900 in perchloric acid, even though the trend is the opposite in KOH, may also be 

explained by the higher proportion of NP sites in the a-C NH3 a700 based on the XPS studies 

in Section 6.2.1. The major conclusion of these results, then, is that speaking of a particular 

type of N-site as ‘the’ active site does not capture all of the nuances at play in determining 

the ORR activity. It is clear that both NG and NP sites may have roles in the ORR depending 

on the mechanism, which in turn is highly dependent on the pH. 
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The Loss of ORR Activity due to Peroxide-induced Degradation of Active Sites: 

Local vs Non-Local Effects 

 

The degradation of the ORR performance of the a-C-NH3 a900 after repeated cycling 

between 1 V and 0.05 V vs RHE (Figure 6.13) illustrates the importance of distinguishing 

the local effects of N-doping, such as the introduction of charged surface sites or an increase 

in basicity, from non-local effects such as the raising of EF and the increase in the DoS near 

EF. The a-C NH3 a900 undergoes a 50 mV cathodic shift in EON after 20 cycles and also 

shows a massive increase in the peroxide detected at the ring to values even higher than the 

a-C NH3 a700 surface. This dramatic change in the ORR response may be attributed to the 

degradation of the surface due to the presence of reactive intermediates like peroxyl radicals. 

The oxidation of the carbon surface due to the presence of bound -OH and -OOH moieties 

is expected to decrease the conductivity and electron donating capability of the graphitized 

carbon surface. This is a non-local effect and manifests in the aforementioned cathodic shift 

of EON.  

 Intriguingly, the EON value of the a-C-NH3 900 after intentional degradation by repeated 

cycling is still more positive than the initial scan of a-C-NH3 700, even though the peroxide 

yields of the two surfaces are similar. This implies that the non-local changes induced by the 

degradation, viz. decreased conductivity and electron donating capacity, have a less severe 

impact than the local changes in the surface induced by the oxidative degradation, 

specifically the blocking of binding sites for intermediates such as HO2
•.  

The ring currents on the a-C-NH3 900 display a peak close to 0.5 V in both the initial scan 

and after cycling, followed by a drop in the peroxide yield at higher overpotentials. This 

behavior may be explained by considering the relative rates of HO2
- desorption and 

dissociation. Mayrhofer et al. demonstrated for Pt surfaces that, if the kinetics of hydrogen 

peroxide reduction are sluggish and/or desorption of peroxide from the surface is facile, the 

end product of O2 reduction is likely to be hydrogen peroxide or its anion. 50 This result also 

agrees with other observations in the literature that an ORR mechanism proceeding via on 

OSET has a strong tendency to terminate with peroxide as the final product. 46-47   

At high potentials > 0.7 V vs RHE there is negligible peroxide detected at the ring. The 

increase in peroxide detected as the potential approaches 0.5 V vs RHE occurs because the 

rate of peroxide desorption is greater than the rate of further reduction of the adsorbed 

intermediate in this potential range. After the 0.5 V point is reached, the rate of reduction of 
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the peroxide intermediate increases such that the rate of further reduction through the 2 + 2 

pathway is faster than desorption. On the initial scan, the a-C-NH3 900 surface is active 

enough to almost entirely reduce the intermediates via this pathway. However, degradation 

of the surface by exposure to peroxide on successive scans results in the loss of many of 

these active sites, possibly due to the formation of oxide species, resulting in a large peroxide 

yield even at high overpotentials. 

 

6.2 Conclusions  

 

In this chapter, the ORR performance of N-doped carbon model systems prepared via bulk 

and surface nitrogenation methods was studied in order to compare and contrast the effects 

of the two N-doping methodologies on the electrocatalytic response. N-doped carbons with 

constant N-content and two classes of N sites, graphitic N and pyridinic N, in different 

proportions were prepared by the annealing of DC magnetron sputtered a-C:N surfaces or 

by treating N-free a-C a900 surfaces under ammonia at 700 oC or 900 oC. It was shown that 

under alkaline conditions, the most likely ORR mechanism on all of the surfaces involves 

an initial reduction of O2 to form superoxide, which undergoes further reduction after 

becoming bound to the surface. Graphitic N sites were strongly correlated to higher onset 

potentials in alkaline conditions due to their non-local π-dopant effects. Both pyridinic-N 

and graphitic-N are important for facilitating the 4-electron pathway, as they both modify 

the carbon scaffold and introduce favourable binding sites for intermediates such as the 

peroxyl radical. In acidic pH, N-doped carbons with predominantly graphitic N and almost 

no pyridinic N sites were found to be inactive, which was attributed to the ORR proceeding 

through an inner-sphere mechanism at low pH for which strong interactions of molecular O2 

with sites associated with pyridinic N are required. 

The structural organisation of the carbon scaffold was found to have the greatest influence 

on the ORR performance in alkaline media. The most active N-doped carbon, a-C NH3 a900, 

had activity comparable to other high-performing ORR materials in the literature and was 

the most graphitized material based on Raman spectroscopy analysis. The activity of this 

surface was considerably greater than a similar N-doped carbon system, a-C-NH3 700 with 

an identical N concentration in the carbon scaffold and very similar N-site chemistry. The 

model electrode with the lowest selectivity for 4-electron reduction was the bulk-doped 

a-C:N-10% a900, which was also found to be the most disordered N-doped carbon based on 

the Raman analysis.  
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It was also found from the similar ORR responses of the a-C:N-2% a900 and the 

a-C NH3 a700 that the precise mechanism of N-doping (bulk or surface nitrogenation) has 

little effect on the ORR performance. The similarities in the behaviour of these two 

electrodes were attributed to their comparable carbon scaffold arrangement as identified 

through the Raman studies. This in turn was a result of the two divergent doping methods 

fortuitously producing a similar nanostructure in each case. The carbon scaffold structure 

itself can therefore said to influence the ORR activity to a comparable degree to the dopant 

sites. In other words, researchers should not consider ‘pyridinic N’ or ‘graphitic N’ as 

isolated chemical entities contributing to the ORR, but rather as particular classes of N site 

present in a carbon scaffold with a particular sp2-domain size and organisation. 

The combination of both pyridinic N and graphitic N sites and a highly graphitized carbon 

scaffold was correlated with the highest onset potential and with selectivity for the full 4-

electron reduction of O2 under basic conditions. The precise reasoning for why this particular 

combination of properties is so favourable to the ORR is unknown at present, but may be 

speculatively attributed to an increased preference for the 2 + 2 reduction pathway on this 

surface compared to the production of peroxide followed by its desorption. This hypothesis 

can be confirmed through further experiments with these model surfaces in the peroxide 

reduction reaction, as well as through computational studies of the interaction between 

peroxyl intermediates and N-doped carbon surfaces.  
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6.3 Experimental Methods 

 

Chemicals and Materials 

 

Potassium Hydroxide (Aldrich, 85%), Perchloric Acid (Fluka, Ultratrace), Methanol 

(99.9%, Semiconductor grade, Alfa Aesar), Oxygen (Boc Medical, 99.5 %) were used as 

purchased without further purification.  

 

Substrate Preparation 

 

Glassy carbon (GC) discs (HTW Sigradur radius 0.25 ± 0.05 cm) were prepared for 

deposition of a-C and a-C:N films by polishing with progressively finer grades of alumina 

slurry (Buehler) with particle sizes of 1 μm, 0.3μm and 0.05μm on microcloth (Buehler). 

Between each round of polishing the disks were rinsed with copious millipore water, then 

sonicated in methanol and Millipore water for 3 minutes each.  After the final polishing step 

this sonication was increased to 10 minutes in each solvent, followed by drying under Ar. 

In the case of a-C a900 and a-C:N-2/10% a900 electrodes, the polished discs were then 

mounted in a custom-made Teflon holder and placed in a vacuum chamber for coating via 

magnetron sputtering. The resulting electrodes were then transferred into a tube furnace and 

annealed for 1 h at a temperature of 900 oC under N2. The a-C NH3 700 / 900 surfaces were 

prepared by taking a-C a900 electrodes and annealing them under NH3 / Ar in a tube furnace. 

The annealing treatment was accomplished by ramping the furnace to the desired 

temperature at a rate of 10 oC/min under Ar at a flow rate of 200 sccm/min. NH3 gas was 

then introduced to the furnace and the flux of N2 was adjusted to achieve a 50:50 flux of 

both gases at a total flow rate of 200 sccm/min in total for 30 min. After the ammonia 

treatment the surfaces were annealed for a further 30 min under 200 sccm of Ar only before 

cooling to room temperature.  

 

Characterisation 

 

Electrochemical measurements were carried out using a Metrohm Autolab AUT50324 

potentiostat using a 3-electrode setup. A Hydroflex hydrogen electrode (Gaskatel) and 

graphite rod were used as reference and counter electrodes, respectively. The 
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electrochemical cell was a five-necked jacketed cell (Pine Instruments) which had its 

temperature held constant at 25 °C using a recirculator. Prior to experiments, the cell was 

cleaned using Piranha solution (3:1 H2SO4:H2O2 CAUTION: Piranha solution is a strong 

oxidant which may react explosively with organic solvents and must always be used in a 

fumehood) followed by rinsing several times with Millipore water. 

The cell was then rinsed three times with the electrolyte solution used during the 

experiment (0.1M KOH or 0.1M HClO4) and then filled with the working solution. Cyclic 

voltammograms (CVs) were acquired in a potential window of 0.05-1 V vs RHE. All 

voltammograms were taken with iR compensation using commercial software (NOVA) with 

the uncompensated resistance determined prior to each experiment using Electrochemical 

Impedance Spectroscopy (EIS). 

The rotating ring-disk electrode experiments were performed using a dismountable RRDE 

tip (Pine Instruments, Figure 6.15 a) into which the disk electrodes were mounted. The ring 

inset was made from Pt which was cleaned prior to each experiment by cycling in 0.1 M 

H2SO4 for 50 scans at a scan rate of 50 mV s-1. Contact was established to the rear of the 

disk using a gold probe (Figure 6.15 b). The tip was attached to a rotating shaft (Pine 

Instruments, Figure 6.15 c) which could be lowered into the glass cell containing the working 

solution. Rotation of the shaft at different rpm was accomplished using an RRDE controller 

also purchased from Pine Instruments.   

Figure 6.15. a) RRDE tip with Pt ring and mounted GC disk b) gold probe used to establish 

contact to the GC disk c) RRDE shaft with mounted electrode tip. 
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X-ray photoelectron spectroscopy (XPS) characterization was performed at 1 × 10-10 mbar 

base pressure in an ultrahigh-vacuum system (Omicron). The X-ray source was a 

monochromatized Al Kα source (1486.6 eV). Spectra were recorded at 45° takeoff angle 

with an analyser resolution of 0.5 eV. Spectra were baseline corrected using a Shirley 

background and fitted with Voigt functions using commercial software (CasaXPS); atomic 

percent compositions were determined by calculating peak area ratios after correction by 

relative sensitivity factors (C 1s = 1.0, N 1s = 1.8, O 1s = 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 (OriginPro 9.1) prior to deconvolution. 

  The surface roughness of the different model systems was obtained via AFM in tapping 

mode (Asylum Instruments). Gold-coated silicon cantilevers (NSG01/Au NT-MDT) with a 

tip height of 14-16 μm and a cantilever length of 125 μm were used in all cases. AFM images 

of the electrode surfaces are shown in Figure 6.16 and associated rms roughness values are 

given in Table 6.4. All electrodes are found to have generally similar roughness values which 

may be attributed to the underlying roughness of the polished GC substrate. 

 

 

a-C NH3 a900 

Polished GC a-C:N-2% a900 a-C:N-10% a900 

a-C NH3 a700 

Figure 6.16. AFM height images of polished GC and annealed nitrogenated electrodes deposited on 

GC substrates. (Size: 5 x 5 μm, 512 lines) 
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Table 6.4. rms roughness values for polished GC and annealed nitrogenated electrodes. 
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7. Conclusions 

 

The aim of this thesis was to prepare carbon model systems based on sputtered amorphous 

carbon films and study their performance in a variety of electrochemical processes. The main 

focus of the work was the investigation of charge transfer events at the model carbon 

interface to redox probes in solution. The effects of N-doping on the optoelectronic 

properties of amorphous carbon scaffolds were first studied through a combination of x-ray 

photoelectron spectroscopy and spectroscopic ellipsometry.  

It was shown that N-incorporation can produce semi-metallic amorphous carbons, 

presumably through the doping effect of incorporating substitutional or graphitic N sites into 

the carbon matrix. However, nitrogenation also results in an increase in structural disorder 

in the form of vacancies and edge sites which ultimately results in more insulating materials. 

The bulk effects of N-incorporation were directly correlated to the charge transfer kinetics 

between the carbon model electrodes and the outer-sphere [Ru(NH3)6]
2+/3+ redox couple 

using a combination of voltammetric and impedance measurements.   

The electrochemical response to surface-sensitive or inner-sphere redox probes was next 

examined at amorphous carbon and glassy carbon electrode surfaces. It was found that 

surface chemical modifications including nitrogen incorporation and oxygenation can yield 

materials with favourable charge transfer kinetics to catechols, whilst structural modification 

through thermal annealing induces catechol adsorption at graphitized carbon surfaces. N-free 

and N-doped sputtered amorphous carbon materials were then used as the starting materials 

for the preparation of annealed carbon model systems with uniform N-site chemistry but 

different carbon nanostructure as determined from Raman spectroscopy studies. 

The adsorption of dopamine and 4-methyl catechol at the electrode surfaces was found to 

be affected by both the presence of particular N-sites and the availability of graphitic cluster 

domains which may interact with the catechols through π-π* interactions. This was 

supported by computational studies of catechol adsorption at pristine graphene surfaces and 

graphene surfaces with N and O sites which predicted favourable adsorption free energies 

for catechols interacting with sp2 domains via their aryl system.  

Heteroatom sites may enhance this response, for instance through H-bonding interactions 

with the hydroxyl moieties of the catechol or the ethylamine chain of dopamine, but the 

introduction of excessive defect sites or interruptions in the sp2-network is not favourable 
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for adsorption. The adsorption of catechols can therefore be exploited as electrochemical 

probes of the degree of graphitization in carbon nanomaterials.  

Finally, N-doped carbon model systems were studied as electrocatalysts in the oxygen 

reduction reaction, in order to investigate the different effects of surface nitrogenation and 

bulk N-doping on the ORR performance. It was found that good ORR performance in terms 

of the onset potential and selectivity for the 4-electron oxygen reduction pathway can be 

achieved through both N-doping strategies. N-doping promotes the ORR under basic 

conditions through the introduction of graphitic-N sites which increase the metallic character 

of the carbon material and improve the initial outer-sphere electron transfer to O2, whilst 

graphitic-N shows no apparent activity under acidic conditions because the outer-sphere 

charge transfer is not thermodynamically accessible at low pH. The activity under acidic 

conditions was instead correlated to pyridinic-N sites which promote the ORR through 

inner-sphere charge transfer to adsorbed O2. 

 The role of the carbon scaffold structure in ORR electrocatalysis was also investigated 

through the correlation of the performance to the nanostructure as determined from Raman 

studies. The comparable activity of two of the model systems which were prepared via bulk 

and surface methods was attributed to the similar carbon scaffold arrangement of both 

electrodes. The degree of graphitization of the carbon scaffold was correlated to both the 

onset potential and the selectivity for the 4-electron reduction, suggesting that N-doping per 

se is not the only predictor of the ORR performance. 

The common theme throughout each chapter of this thesis has been that the preparation of 

carbon model systems with comparable surface morphology and topography enables the 

electrochemical performance in a variety of processes to be correlated to specific chemical 

and surface structural modifications. This has been demonstrated for N-doped carbons in 

both outer-sphere and inner-sphere redox reactions, but the principle is entirely general and 

may be applied to other dopants and chemical surface treatments. Significant advances in 

the area of electrocatalysis with carbon nanomaterials will be seen in the coming years, 

particularly in the area of electrochemical energy transformation. Fundamental structure-

activity studies on carbon model systems, including those based on amorphous carbons, are 

expected to be at the centre of these developments. 
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7.1 Future Work 

 

This thesis has identified a number of areas of possible future research on the 

interactions of nitrogenated carbon electrode materials with inner-sphere redox probes. 

Chapters IV and V showed that catechols may interact with the basal plane of graphitized 

carbon surfaces with and without the presence of dopant atoms through π interactions. This 

was applied in the area of carbon nanostructural characterization, however in principle such 

interactions may also be useful for electrochemical biosensors based on nitrogenated 

graphitized carbon materials. Other relevant aromatic biomolecules including other 

catechols and amino acids such as tyrosine will also be investigated in future projects, as 

they are expected to produce a similar response to that seen for dopamine and 4-methyl 

catechol. Voltammetric studies using 4-Nitrobenzylamine, another aromatic redox probe 

which has previously been used to characterise the graphitic edge content of carbon 

nanomaterials including graphene, are also currently underway on nitrogenated carbon 

electrodes. In principle these measurements offer complementary information on the carbon 

nanostructure to that obtained via dopamine studies. 

A second major area of future work identified in the previous chapter involves further 

studies of the ORR performance of N-doped carbon model systems. The results presented in 

Chapter VI strongly suggest that subtle differences in carbon nanostructure between the 

various nitrogenated carbon electrodes affect the binding energy of oxygen reduction 

intermediates such as peroxyl radicals and the hydroperoxide anion. This results in a large 

variation in the selectivity towards 2-electron or 4-electron pathways even in model systems 

with similar N-content and nitrogen surface chemistry. 

The selectivity towards the 4-electron reduction at each nitrogenated surface is expected 

to be correlated to the performance of the electrode in the peroxide reduction reaction (PRR). 

If the PRR is extremely facile, a full 4-electron reduction of oxygen to water may be expected 

for the ORR, whilst a sluggish PRR favours the incomplete reduction and subsequent 

dissociation of hydroperoxide. The performance of these surfaces in peroxide reduction will 

be investigated in order to confirm this hypothesis. Computational studies of interactions of 

these ORR intermediates at difference surface sites such as pyridinic-N sites, graphitic-N 

sites and carbon vacancies are also expected to help explain the effects of both nitrogen site 

chemistry and carbon scaffold organisation on the ORR performance.  
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Geometrical Structures from Computational Studies of 

Catechol Adsorption on Graphene Model Surfaces 
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1. Dopamine 

 

Figure A1. Optimized structure for the dopamine (DA) molecule.  

 

Figure A2. Initial (top) and final (bottom) geometries in the modelling of the DA-BP 

interaction. 
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Figure A3. Initial (top) and final (bottom) geometries in the modelling of the DA-E 

interaction. 
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Figure A4. Initial (top) and final (bottom) geometries in the modelling of the DA-V 

interaction. 
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Figure A5. Initial (top) and final (bottom) geometries in the modelling of the DA-Ng,c interaction. 
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Figure A6. Initial (top) and final (bottom) geometries in the modelling of the DA-Ng,v 

interaction. 
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Figure A7. Initial (top) and final (bottom) geometries in the modelling of the DA-Ng,v-Am 

interaction 

 

Figure A8. Initial (top) and final (bottom) geometries in the modelling of the DA-Np 

interaction. 
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Figure A9. Initial (top) and final (bottom) geometries in the modelling of the DA-

Carbonyl interaction. 
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Figure A10. Initial (top) and final (bottom) geometries in the modelling of the DA-

hydroxyl-amine interaction. 
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Figure A11. Initial (top) and final (bottom) geometries in the modelling of the DA-

hydroxyl-pi interaction. 
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Figure A12. Initial (top) and final (bottom) geometries in the modelling of the DA-epox 

interaction 
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1. 4-Methyl Catechol 

 

 

Figure A13. Initial (top) and final (bottom) geometries in the modelling of the MCC-BP 

interaction. 
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Figure A14. Initial (top) and final (bottom) geometries in the modelling of the MCC-E 

interaction. 
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Figure A15. Initial (top) and final (bottom) geometries in the modelling of the MCC-VAC 

interaction. 
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Figure A16. Initial (top) and final (bottom) geometries in the modelling of the MCC-Ng,v 

interaction. 
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Figure A17. Initial (top) and final (bottom) geometries in the modelling of the MCC-Ng,c 

interaction. 
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Figure A18. Initial (top) and final (bottom) geometries in the modelling of the MCC-Npyr 

interaction. 
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        
                
                 
                    
                   
                     
               
                  
                  
                 
                
               

 

       
          
       
       
       
         
       
      
     
    

       
       
         
         
          

        
        


         
      
        
         
        
       
        
        
         

   
   
   



         

       
      
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          
          
         
  
        

         
        
       
        
          
            
      
       
       
        
      
       
         
       
         
      
       
       

      
     
       
         
      
         

     
      
       
      
              
       
        
      
      
        
        
        
       
        
    
      

  

      
       
      
   
      

         
      
        
       
       
     
          
        
       
       

     
    

      
       
       
         
         
          
         
      
         
        
           
        

           
         
         
         
   

       
        
         
         

         
       
        
         
         
      
         
         
        
         
        
       
        
         
         
       
        
       
  
         

       
        
          
        
       
     
       
           
    
       

       
           
         
       
          
       
 
     

        
      

      

 
      





      

           
       
       
          
          
        
     
         
       
       
         
        

  


        

         
         
      

   

     
    
        
        
        
       
          
          
        
       
       
         
            
       
         
        
        
  
         

         
         
            
           
          
             
        
           
       
          

       
       
       
         
           
        
           
       
          
  
          

          
         
          

     
           
        
         
        
           
            
          
      
        


          
      
       
          
        
           
            
      
           
        

         
       
          
           
           
       

 
         
        
  
       

       
       
      
       
       
       
          
      

          
          
         
           
         

      

 
      





            
     
          
       

           
           
        
        
            
         
         

          

      
           
         
           
        
       
       
          
        
       
   
         

       
        
       
            
         
         
        
        
        
           
        
         
          
         
           
         
         
         
        
        
         
   
       

         
       
          
        
         
          
          
         
          

      
         

                 

             

         

               

               
      

           
        
         

           
        
    

      

 
      





       
           
       
        
         
      
        
       
        
       
         
        
         
       
  
        

         
         
         
        
      
        
      
        
       
        
          
         
         
         
      
      
        
         
         
         
      
          
       


        
      
       
          
        
            
        
       

         
       
         
          
    
         

           
           

           
           
        
          

          
        
        
           
       


      
          
         
           
          
          
        
          
           
       
       
         
          
     
         
           
          
          
           

          

          

      

      

      

             
            
        
       

      

 
      





        
          
   
        

       
         
         
         
         
              

         
           
              
         
         
            
           
           
          
          
  

             
  




  




 



  
  


    



 



          
             
           
        
          
         
            
       
         
           
          
   
         

        
        
       
          
       
          

                            
                       



             
             
            
              
          

      

 
      





         
         
     
          

       
      
         
         
        
       
          
        
       
        
        
       

       
            
       
         
         
        
        
       
        
         
         
         
        
      
      

      
         
      
        
         
          
         
        
         
       
       
         
       
          
        
 
         

         
       
        
       
       
         
         
           
       
     
       

         
          
          
       

       
         
        
  
          

       
          
         
        
         
        
         
           
           
         
          
      
         
          
        
          
         
           
           
        
       
          
          
          
        
          
         

         
         
      
       
    
       

        
     
          

        
          
         
          


      

 
      





        
          
         
        
         
       
        
        

           
        
        
        
          
       
           
          
         
        
         

       

       
         
           
           
          
         
         
       
        

           
        
          
         
         
        
         
         

         
        
      
        
          
           
        
          
          
        
         
         
       
         
       
           
       
      
       

          
             

              

      

 
      





 

         
        
      
        
       
        
            
          
        
      
        
         

       
           
       
        
           
        
        
        
        
          
        
       
       
     
  
       

        
          
         
      
        
         
        
        
         
        
        
          
       
     
         
         
    

 

  

         
     

       

      

      

      

 

 

  
  



  
   


      



       
       
        
          
       
      
         
       
       
   



 
  
   
   
      
       



               
             
      
         

         
        
         
     
            
      
         
     
             
           
      
       
  
             
       
       
    
           
        
      
  
           
       
      
     
        
         
    
              
            
      
        
             
        

      

 
      





       
   
          
      
          

           
        
      
  
           
        

        
         

          
        
       
           
        
       
 
          
      
       
          
      
       
        
       
       
   
       
       

            
       
         

         
       
   
       
         
       
         

            
       
         

            
       
         
       
          
       
      
       
         
       
        
       
  
         
       
        

      
         
          
     
        

       
      
       
            
          
           
  
       
        

     
     
          
       
       
          
        
     
         
          
        
           
         
         
  
          
        
        
          
       
       
       
    
          
        
    
         
       
     
       
           
          
       
         
         
       
      
            
           
      
         

        
      
          
      
          

      
       
         
          
        

      

 
      





            
         
        

       
       

        
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