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Abstract 

 

Carbon based materials have emerged in last decades as a promising area of 

interest in the scientific research. Their wide range of applications goes from the 

biomedical to the energetic sector thanks to their incredibly large possibilities of 

being arranged and synthetized in structures with peculiar properties like films, 

nanoparticles etc. In this regards, the attention of the scientific community is 

recently focusing on doped carbon material, with thousands of papers published 

every year. 

This thesis work focuses on the application of doped carbon materials in the field 

of energetic applications; in particular, the aim was to synthetize a N-doped carbon 

film modifying the surface of a standard carbon substrate. The main substrate used 

was polished glassy carbon (GC), whose use as working electrode is shared among 

all the electrochemical community. 

The films were synthetized drop-casting a solution of the doping material (a 

brominated derivative of phenanthroline) on top of the freshly polished carbon 

surface and later exposing the deposited organic layer to UV irradiation in order to 

promote immobilization of the doping material on the GC substrate. Following 

this protocol, grafting of several organic layers was successfully achieved even for 

other carbon substrate like amorphous carbon (a-C) and its annealed 

correspondent. XPS analysis and electrochemical tests were made in order to 

characterize the films and their catalytic activity towards oxygen reduction in 

alkaline media (ORR) was tested as well. 

The organic layer proved to be active also as a chelating agent for metal ions like 

Fe2+ and Pt2+. Characterization through XPS and ORR activity was tested also for 

the metal coordinated films. 
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1. Introduction  

 

 

 

 

 

 

 

 

 

1.1 Carbon electrodic materials 

The interest in exploiting diverse carbon based materials as electrodes arises from 

their wide potential window, band structure and electrocatalytic activity towards 

multiple redox systems. 

In order to be able to tune the material properties according to the needed 

purpose, it is crucial to understand the relationship between bulk and surface 

properties of the film. The first ones are related to chemical-physical nature of the 

allotrope (example: graphite) and so to the elemental composition, bond types and 

interplanar distances in the film. Surface properties instead account for the 

interaction of the material with the surrounding environment and depend on the 

chemical nature of the termination of the film, its potential dangling bonds and 

ultimately all the possible defects arising from crystallite boundaries and edge 

sites. 

A good electrode is characterized by a high density of states (DOS) in the range of 

energy pertinent to the donor and acceptor levels of the redox system under 



2 
 

analysis1-2. Typical metallic materials show high DOS in a very broad range, 

displaying in general fast charge transfer kinetics in solution. A high 

heterogeneous electron-transfer rate (k°> 1 cm/s) is expected in fact when the DOS 

is high as this means a greater probability for an electron to be at the correct energy 

for the charge-transfer to occur. 

Usually, disordered sp2-rich carbon materials are considered semimetallic 

conductors with a low DOS, due to small overlap of valence and conduction 

bands3. Their kinetic constants for a standard outer sphere redox system like 

Ru(NH3)6
2+/3+ are found to be around 0.5 cm/s4-6, inferior therefore to common 

transition metals, which show values spanning between 0.6 and 1 cm/s1-2, 7. 

The kinetics of a carbon electrode can also strongly depend on surface termination, 

whether terminal groups are adventitious or intentionally introduced. The 

interruption of the film deposition inevitably leaves reactive sites (dangling bonds) 

that readily react with environmental H2O and O2 causing multiple and diverse 

oxide functionalities on the electrode surface. These have an effect on the surface-

environment interaction that must be taken in account when characterizing the 

material and it is important for redox couples that are not outer-sphere, i.e. the 

majority of redox active species. Manipulation of the functional groups on the 

surface is anyway possible and usefully exploited to enhance the electrochemical 

properties of the films. The attempt described in this work makes use of 

photochemical reactions for the creation of specific N-rich functional groups on 

the surface. 

 

1.1.1 Carbon electrodes and their applications in fuel cells  

Regarding the devices that the current research is focusing on to address the global 

energy consumption and the environmental impact of fossil fuels energy resources, 

fuel cells (FCs) are among the most promising8. They were invented in 1830s 

separately by two physicists, Grove9 (Welsh) and Schönbein10 (German) and found 

commercial use by NASA during the 1960s Gemini missions11. The state of the art 

of industrially made FCs makes use of H2 or MeOH as fuels and O2 or Air as 

combustive agents. These have the advantages of operating close to room 
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temperature and at relatively low voltages, between 0.6 and 1.1 V. Thanks to these 

operating parameters they are promising devices for the future of electric vehicles 

and portable devices. The main Achilles heel of such systems is the sluggish 

kinetics of the oxygen reduction reaction (ORR), with its semi-reaction being12: 

[1.1]   𝑂2 + 4𝑒− + 4𝐻+ → 2𝐻2𝑂                           𝐸0 = 1.229𝑉𝑆𝐻𝐸 

The most advanced FCs see the use of carbon supported Pt nanoparticles (Pt/C 

NPs) where the noble metal acts efficiently towards the four electron pathway 

requested. This is crucial for assuring a long lifetime of the FC: an easier two 

electrons pathway in fact would lead to formation of hydrogen peroxide (H2O2), 

whose high oxidizing activity would lead to rapid deterioration of the FC inner 

components like the polymer membrane and the catalyst itself. Use of Pt/C NPs, 

however, has numerous drawbacks that work against its application in large-scale 

production of FCs8. 

1. The inherent scarcity of the noble metal: the total Pt loading proposed in 

2013 by the U.S. department of energy (DOE) was 0.15 mg/cm2 causing the 

metal to represent the 49% overall cost of the FC. 

2. The easy deactivation of the catalyst due to CO poisoning. This gas is 

present in fact in the industrially produced H2 and even very small traces 

lead to a rapid loss of performances of the entire device. 

3. The crossover effect: undesired leaking of fuel in the cathode chamber 

causes again poisoning of the catalyst. 

4. Last but not least the inherent durability of NPs exposed to the hard 

working conditions of the FCs for prolonged period of time: very high (13) 

or very low (1) pHs together with positive potentials are a major cause of 

loss of catalytic properties. 

The current research is therefore focusing on possible alternatives to Pt that will 

possibly not only cut the costs of the large-scale production but also tackle the 

poisoning and degradation problems of the catalyst described above. The two main 

fields of research in this direction are the noble metal-free and the heteroatom 

doped carbon electrocatalysts. Both solutions show tolerance to CO and fuel 

crossover poisoning, stability over time and in the best cases, comparable activity 
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to the Pt/C NPs8. There are two main concerns in synthetizing these new materials: 

firstly maintaining balance between surface area and conductivity, secondly the 

operating conditions. The amount of defects in fact needs to be optimized in order 

to get an increased ORR activity, avoiding at the same time a drop in the 

conductivity and the risk of invalidating the goodness of the catalyst8. Concerning 

the operative conditions instead, the main question is that the majority of these 

new materials are tested and stable in alkaline media, but commercial proton 

exchange FCs work in acidic media to facilitate the proton conduction through the 

membrane13. 

Almost all carbon materials show catalytic activity towards the ORR in alkaline 

media: the mechanism and efficiency vary widely depending on the materials and 

their physicochemical characteristics. For example, GC and graphite electrodes are 

reported to be catalytic for the reduction of O2 to H2O2
14, while their oxidised 

equivalents are able to reduce it further down to water, following a 2+2 electron 

steps mechanism15-16. 

 

1.1.2 ORR on GC and graphite 

The proposed mechanism for a glassy carbon electrode at pH>10 is the following14: 

[1.2]  𝑂2 → 𝑂2(𝑎𝑑𝑠) 

[1.3]  𝑂2(𝑎𝑑𝑠) + 𝑒− → [𝑂2(𝑎𝑑𝑠)]−
 

[1.4]   [𝑂2(𝑎𝑑𝑠)]− →  𝑂2(𝑎𝑑𝑠)
−    (𝑅. 𝐷. 𝑆) 

[1.5]   𝑂2(𝑎𝑑𝑠)
− + 𝐻2𝑂 → 𝐻𝑂2(𝑎𝑑𝑠) + 𝑂𝐻−

 

[1.6]   𝐻𝑂2(𝑎𝑑𝑠) + 𝑒− → 𝐻𝑂2(𝑎𝑑𝑠)
−

 

[1.7]   𝐻𝑂2(𝑎𝑑𝑠)
− → 𝐻𝑂2(𝑎𝑑𝑠) 

The Rate Determining Step of the reaction is identified as the equation number 

[1.4], where the adsorbed superoxide ion on the surface passes from a relative inert 

state, to an active one. This has been demonstrated to be the RDS at pH>10, while 

at weaker alkaline conditions (pH<10) the overall process depends on the second 

step’s kinetics15, 17. 
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On a graphite electrode the proposed mechanism is significantly different14: 

[1.8]  𝑂2 → 𝑂2(𝑎𝑑𝑠) 

[1.9]  𝑂2(𝑎𝑑𝑠) + 𝑒− → 𝑂2(𝑎𝑑𝑠)
−

 

[1.10]   2𝑂2(𝑎𝑑𝑠)
− + 𝐻2𝑂 → 𝑂2 + 𝐻𝑂2

− + 𝑂𝐻−
 

where the RDS is identified in the first step (equation [1.8]). 

Kinetic studies show that both materials have multiple active sites and catalyse the 

2-electron O2 reduction at two different potential ranges. However none of them 

is able to follow the 4-electron pathway in ORR needed to produce water or 

hydroxide18-19. 

 

1.1.3 New types of C materials 

In order to improve the catalytic activity of carbon materials, making them capable 

of delivering the 4-electrons ORR at low overpotentials, studies have been carried 

out synthesising and characterising new forms of carbon-based catalysts. This 

relatively new approach focuses on nanomaterials and heteroatom-doped 

carbons8. 

Nanocarbon materials, in particular multiwalled carbon nanotubes (MWCNT) 

have been shown to be ORR-active, being able to produce H2O following a route 

involving two distinct redox processes both worth 2 electrons. The two reactions 

happen respectively in a range of -0.4 to -0.6 V and beyond -0.9V vs SCE in alkaline 

media20-21. The extremely high surface area (calculated theoretically to be up to 

thousands of square meters per gram22) and large amount of edge sites typical of 

these materials are probably the reasons for their improved catalytic activity 

compared with standard non-nanostructured carbon materials. Other studies have 

in fact already shown that when a carbon material is pre-treated to make it more 

porous and richer in defects and edge sites its ORR activity is enhanced6, 23-25. 

Even better results are obtained when doping is used to change the properties of 

the starting material by inserting a hetero-atom into the scaffold of the carbon 
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lattice. N-doped carbon nanofibers and nanotubes show a significantly higher ORR 

activity when compared with their undoped analogues and moreover the entire 

process appears to involve directly 4 electrons rather than being split in two 2-

electron pathways like before26. Further mechanistic studies have demonstrated 

that in fact it is a pseudo-4-electron process, involving the HO2
- species created in 

the first 2-electron pathway to be kept coordinated at the N-C site where it formed 

and be later further reduced to OH-27. In particular the type of nitrogen that is 

believed to be involved in the process is the substitutional graphitic one, whose 

coordinating ability is also predicted by theoretical calculations28. 

Actually researchers do not yet have an agreement over which is the type of 

nitrogen responsible for this enhanced ORR activity of N-doped carbons: the main 

debate revolves around graphitic vs. pyridinic nitrogen8, 29-30. In the present work 

the aim was to try to generate carbon materials carrying purposely grafted 

pyridinic N moieties on their surfaces to test ORR activity at these specific 

chemical sites, and possibly get an insight on their potential ORR activity. The 

substrates used as starting materials were glassy carbon (GC) plates and sputtered 

amorphous carbon films. 

 

1.2 Amorphous carbon 

Amorphous carbon (a-C) is a form of carbon characterized by a lack of long-range 

order where the element is found to be in a mixture of trigonally and tetrahedrally 

bonding configurations (sp2 and sp3 centres). There is an interesting review by Prof. 

J. Robertson in the University of Cambridge in which amorphous carbon described 

as consisting of subdomains of diamond-like and graphitic-like material, linked by 

amorphous chains of carbon31. Naturally it is usually found in soot and in coal, but 

modern technologies give the opportunity to produce a-C films reproducibly using 

various methods like CVD, electric arc and magnetron sputtering. Post-synthesis 

treatments and/or an opportune set of parameters during the deposition are used 

to tune the physical and chemical properties of the film obtained31. 

Thanks to their versatility and relative facility of synthesis a-C films find 

application in many fields ranging from biomaterials to energy storage and 
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conversion devices. Among the principal characteristics of interest in the industrial 

environment are their hardness, chemical inertness, biocompatibility, optical 

absorption and good conductivity. A major role in the high desirability of a-C 

materials is also their low cost of production31. 

Various types of a-C films are widely exploited in the biomedical and mechanical 

engineering industry, for their excellent tribological properties. The fabrication of 

prostheses and motor parts requires the lubrication and wear resistivity that an a-

C coating is able to give. Another big industry where these materials find use is in 

the fabrication of electronic devices. Their hardness and lack of magnetic response 

make them in fact desirable for coating of hard disk drives31. 

The scope of interest for this research work instead is in the energy storage and 

conversion field. Various types of carbon material are already exploited as 

electrodes in batteries or supporting scaffolds for electrocatalysts. The work hereby 

described focuses on electrocatalysis applications, in particular of nitrogen doped 

a-C films (a-C:N). 

 

1.2.1 Chemical and physical properties of a-C and a-C:N 

Chemically speaking a-C is a rather inert material31, and this is actually one of the 

reasons why it is so attractive for multiple applications. The chemical properties of 

a-C are determined by the relative ratio of sp2 and sp3 domains and by the dangling 

bonds and chemical groups present at the surface. Freshly deposited films of a-C 

tend to react quite readily with the oxygen present in air, showing a significant 

content of this element in XPS spectra (~9% vs C) in samples briefly exposed to air 

before analysis3, 32. Oxygen is instead absent in films deposited and analysed 

immediately afterwards, avoiding any exposure to air. Exposure to air accounts for 

the adventitious oxidised functionalities present at the surface, which have been 

shown to have a role in influencing chemical reactions carried out at the a-C 

surface33. It is also possible to chemically functionalize carbon surfaces through 

controlled process such as the well-known aryldiazonium chemistry and other 

reactions involving dehalogenation under UV-light irradiation32-43. In particular 

work in the Colavita group has recently focused on the use of aryldiazonium 
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compounds to functionalize a-C32, 34-36, on the use of UV-driven functionalization 

using terminal alkenes44, and on the  properties of organic films created at the 

carbon interface45. 

Fig. 1.1a and 1.1b: Aryldiazonium chemistry on a carbon surface (left, from Zen et al. Sci. Rep. 2016) 

and UV laser trigged immobilization of alkenes (right, from Cullen et al. RSC Adv. 2016) 

 

The films of a-C are known to absorb light over a wide range of wavelengths3 and 

can display  photoluminescent properties, making them desirable materials for 

light emitting devices46. The phenomenon originates from the recombination of 

electron and hole pairs in the valence band states, and happens between clusters 

of sp2 carbon in the sp3 matrix46-47. Films deposited using an RF magnetron 

sputtering system and a high purity graphite target have been shown to display 

broad band photoluminescence (PL), whose peak is positioned at around 2.22 eV46. 

The photoluminescent properties of a-C films are enhanced by doping the 

materials with elements like H and N32, 47-50. a-C:H films show a high PL and a 

sharper and more intense peak is obtained by doping the material by implantation 

of N ions46. The creation of sp2 clusters and defects thanks to the N-doping in the 

sp3 matrix leads to enhanced tunnelling and hopping and accounts for blue shifts 

of the PL peak, and a reduced FWHM46. 

Raman investigation of a-C:H films show increasing background due to 

photoluminescence with increasing H concentrations in the a-C:H film48-50. 

Natural PL of a-C films is enhanced by H-doping thanks to the hydrogen ability of 
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saturating non-radiative recombination centres that normally quench the 

phenomenon in undoped samples47. 

From an electronic point of view a-C properties range from semi-metal to 

semiconducting with a band-gaps typically ranging from 0 to 4.5 eV31. This high 

degree of tunability has sparked interest in a-C materials These characteristics 

together with the possibility to dope the structure with heteroatoms and to deposit 

it at room temperature on a variety of substrates (e.g. polymers, metals, glasses) 

make a-C extremely desirable for device fabrication.  

 

1.3 Surface modification of carbon surfaces 

Modifying the surface of a substrate leads to changes in its interaction with the 

surrounding environment: the nature of the terminations plays a major role in 

determining the hydrophylicity or hydrophobicity, as well as the acid-base 

properties of the film. As an example, hydrophilic polysaccharide coatings are used 

to prevent protein fouling on a-C films in bio-environment: the sugar moieties in 

fact make the surface interaction with big hydrophobic system much less 

favourable than it normally is on bare a-C45, 51-52. 

Regarding the acid and base properties instead, it is worth mentioning that, when 

used as electrodes for ORR, the majority of the a-C:N films are tested in alkaline 

media, supposedly because of the better performances of carbon materials in 

catalysing the oxygen reduction in this environment14. Moreover the type of 

aromatic nitrogen under investigation in this work has an intrinsic basic nature in 

the Brønsted and Lowry model: the pKa of protonated phenanthroline is in fact 

4.8653; theoretical studies have confirmed the strength of pyridinic nitrogen also as 

a Lewis base54. It is reasonable therefore to imagine the nitrogen atoms of 

phenanthroline as being protonated in the strong acidic environment of a standard 

PEM fuel cell, that is, those sites would not be available to catalyse the ORR. There 

are few examples of nitrogenated carbon catalysts tested in acidic environment 

anyway13, 55-56. 
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Tailoring the doping of carbon materials is a key factor to address the question 

discussed earlier regarding the type of nitrogen functionality that leads to 

enhancement of the catalytic activity in ORR. The majority of studies and 

published work focus on carbon nanomaterials (CNMs) like fullerenes, nanotubes, 

graphene and porous 3D carbons29, 57. This strategy goes in the direction of 

obtaining high surface area materials maintaining a high conductivity of the same 

one. Nanomaterials however tend to be difficult to handle and present the 

challenge of forming non-crystalline agglomerates; also, their packing into 

electrode materials can result in a range of properties due to variability in 

percolation and particle-particle contact resistance58-61. 

In this project, we aimed instead at synthetizing pristine amorphous carbon films 

to undergo surface treatment in order to investigate their properties in ORR. The 

doping strategy chosen was photochemical grafting, that already proved to be 

effective to functionalize carbon substrates with molecular layers3, 37, 40, 42. 

 

1.3.1 Recent developments in growth of aromatic structures on 

surfaces 

The project described in this work has been inspired by some recent pivotal 

development in the field of organic synthesis for electronic applications, regarding 

the possibility of assembling graphene nanoribbons (GNR) both via thermal and 

photochemical pathways. Back in 2013 the group of Dr. Petra Tegeder published a 

paper showing that they succeeded in synthetizing N-doped GNR on a gold surface 

via thermal polymerization activated by C-Br bonds cleavage, followed by 

graphitization at higher temperature. The reaction allowed them not only to grow 

nanostructures in solid state but also to develop a protocol to obtain defined edge 

doping in the final product62.  
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Fig. 1.2: Thermal pathway to synthetize GNR on Au surface (Bronner et al. Angew. Chem. 2013)62 

 

In 2014, thanks to the collaboration between several groups, Prof Klaus Müllen 

published three articles63-65 describing likewise different approaches to the 

synthesis of nanostructures respectively on conducting metal (gold), thin insulator 

(hexagonal Boron nitride on Rhodium) and fully insulating material (muscovite 

mica). In the first case the reaction pathway was very similar to the one shown in 

the Tegeder group publication: the gold (111) surface is believed to catalyse the 

thermal reactions that in two steps bring first to the polymerization and then to 

the formation of the ribbons. The first step happens at 200°C and sees the cleavage 

of the C-Br bonds of the monomers leading to a new C-C bond formation; in the 

second step cyclization happens at 400°C creating the ribbon structure of the GNR. 

Again, like in Dr. Tegeder’s work, those nitrogen functionalities responsible for the 

doping of the materials retain their original chemistry throughout the process63. 
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Fig. 1.3: Thermal pathway to synthetize GNR on gold surface (Cai et al. Nat. Nano. 2014)63 

 

The other two articles64-65 by Prof Müllen and co-workers both focus on similar 

synthesis attempts (polymerization via dehalogenation) but on insulating 

materials: in this case the thermal approach proves to be extremely inefficient, 

leading to the onset of dehalogenation only at 500°C, with the coupling 

(oligomerization) fully happening only at 800°C64. This was proven by performing 

the reaction on a thin film of hexagonal Boron nitride covering a Rh (111) substrate, 

therefore indirectly demonstrating the importance of a conducting metal surface 

beneath the starting materials64. The reduced catalytic activity of an insulating 

surface is the starting point for the approach described in the third 2014 article 

hereby cited: the photochemical pathway65. In this paper films of sp2 conjugated 

carbon are formed photoinducing the oligomerization of brominated precursors 

by irradiating them under high vacuum with photons whose E>4.4 eV that is UV 

light65. Later the graphitization can obtained thermally at 500°C or by e-beam 

treatment, proving potential application in the lithography industry. This latter 

promising approach has been the base for the strategy chosen for the project 

described in this thesis work. 
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Fig. 1.4: Photochemical pathway to synthesise GNR on insulating surface (Palma et al. JACS 

2014)65 

 

1.3.2 Modification of carbon substrates via photochemistry 

Photochemistry under UV light, typically a Mercury lamp, main emission at 254 

nm, is a fast and effective method to covalently bind moieties at a carbon surface. 

Thanks to the wide range of light absorption shown by carbon films it is possible 

to induce ejection of valence electrons and initiate radical reactions at the surface 

between the substrate and targeted molecules like olefins or aromatic systems33, 40-

42, 44. In the context of electrocatalysis this strategy does not seem to be common: 

it is frequently found that aromatic systems are used as ligands for non-precious 

metal ions to be thermally incorporated in the carbon film as dopants66-68. In these 

cases the aromatic scaffold serves as metal coordinator, favouring the embedding 

of the metal ions in the lattice of the carbon film during the thermal treatment. 

Subjecting an hydrocarbon to high temperatures, in the range of 900°C, means 

losing its intrinsic chemical properties as a molecule as its original structure gets 

unmade. The main idea of this project is instead to make use of the photochemical 

grafting process to obtain a metal-free film that keeps the molecular properties of 

the parent material and to test it in an electrochemical environment. Alternatively 

it may undergo further treatment, possibly leading to incorporation of N into the 

carbon scaffold. Such a strategy has the significant advantage of offering full 

control of the chemical nature of the nitrogen functionality incorporated, 

furthermore giving the opportunity to shed light on the debate over which, 

between pyridinic and graphitic N, is the dominant active site for ORR. 
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1.3.3 Metal coordinating ability of modified carbon substrates 

A further investigation on the properties of modified carbon surfaces involved the 

readily grafted aromatic moieties in their ability to trap metal centres. The fact that 

the protocol chosen for immobilising those molecules on the substrate is proven 

to maintain the chemical nature of the doping material65, 69, means that in the case 

of pyridinic nitrogens their coordinating ability towards metal ions is preserved. 

Using this property of the films opens a whole range of possibilities that can also 

involve ORR as well as other applications in electrocatalysis and sensing. 

 

1.4 Aims and Objectives 

The project described in this work has been focused on three main goals listed as 

follows: 

 Studying the feasibility of surface doping of carbon substrates with N-rich 

molecules via effective and reproducible methods based on photochemical 

reactions. 

 Testing the ORR catalytic activity of N-doped carbon electrodes thus 

fabricated. 

 Leveraging the C-N chemical sites for the binding of metal centres for 

catalytic and sensor applications. 
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1.5 Co-authorship in other works 

Aside of the work here presented, I had the opportunity to be a co-author in other 

three papers70-72 published by people working in Prof. Paula Colavita’s group. In 

each one of the three, my contribution consists of XPS measurements I have 

performed to characterise surfaces of materials that were chemically modified to 

enhance their properties towards a particular goal. 

In the 2016 paper by Dr. L. E. Tejeda72 the surface under analysis was based on 

PDMS, an extremely versatile polymer, and the aim was to change its interaction 

with proteins via functionalization of the interface. In the 2017 papers by Dr F. 

Zen70 and by J. Behan71 the starting material was a-C; what changed was the 

potential application of the modified material. In the first case the study focused 

on the interactions between a-C and two different proteins aiming at enhancing 

the properties of a nanoplasmonic sensor. In the second case a-C was doped with 

nitrogen directly during the sputtering deposition of the film in the plasma 

chamber. Similarly to this work, the aim was to enhance the electrochemical 

properties of carbon electrodes, what differed was the chosen synthetic strategy to 

achieve those results. 

  



16 
 

2. Experimental 

 

 

 

 

 

 

 

 

2.1 Samples preparation 

Samples were synthetized using glassy carbon plates or disks as substrates. All the 

pieces were SIGRADUR®G glassy carbon pieces, provided and manufactured by 

HTW Gmbh. 

Prior to surface functionalization the substrates were polished using Buehler® 

alumina slurries and cloths decreasing the particles diameter following a standard 

procedure. The suspensions used were made respectively of 1µm, 0.3µm and 

0.05µm particles. Between each polishing step, disks and plates were kept in an 

ultrasonic bath in a freshly made water/MeOH 1:1 solution for 15 minutes. 

The functionalization was carried out by drop-casting on top of a polished GC 

sample a solution of 3,8-diBromo-1,10-phenanthroline (DBP, Fig. 2.1a) 10-4 M in 

MeOH, a locally synthetized derivative of 1,10-Phenanthroline (phen, Fig. 2.1b). 

The volume of and concentration of the solutions used were calculated in order to 

have roughly 10 layers of doping material sitting on the surface. For this calculation 

assumptions were made considering both molecules as rectangles covering the 

surface in a planar way forming multiple layers of “tiles” (Fig. 2.2). The 
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functionalising process was performed immediately after the solution had dried 

out. Other compounds tested following the above described procedure were the 

same 1,10-Phenanthroline and a brominated and nitrogenated 

Tribenzopentaphene derivative (TBPP, Fig. 2.1c). 

 

      

 

 

Fig. 2.1a, b and c: the three compounds used for doping the carbon surfaces 

 

Fig. 2.2: Schematic representing the assumption made for calculating the area covered by 1 mol of 
compound 

2.1a 

DBP 

2.1b 

Phen 

2.1c 

TBPP 
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The chosen doping strategy was to shine the UV light of a mercury lamp on the 

samples under Ar atmosphere in a range of exposure times ranging from 15 to 120 

minutes. The taken steps were then: 15, 30, 45 minutes, 1h, 1h30 minutes and 2h. 

After the UV treatment the samples were washed with MeOH to get rid of all the 

unreacted material. A further functionalization step taken on a first instance was 

to perform an annealing at 400°C under N2 atmosphere; the annealing time was 

always kept to 1h and no temperature ramp was programmed, samples were 

exposed immediately to the heat of the furnace, once the temperature was stable. 

The capability of the organic layer to form coordination complexes with Pt2+ and 

Fe2+ was also tested. A freshly prepared layer of DBP on GC was exposed 

respectively to a K2PtCl4 or to a (NH4)Fe(SO4) 2 10-3 M solution in water and kept 

in incubation for 15 minutes at 50°C. Prior to analysis the surface was rinsed with 

Millipore water. Some of the samples were also annealed at 900°C for one hour to 

promote graphitization and embedding of the metal ions in the carbon crystal 

structure. XPS analysis and ORR tests were performed on these latter ones as well. 

When not used immediately all the samples were kept in vials under Ar 

atmosphere and dark conditions. 

 

2.2 Amorphous carbon films preparation 

Amorphous carbon (a-C) films with thickness ranging between 80 and 100 nm were 

prepared via DC-magnetron sputtering (Torr International, Inc.) at a base 

pressure≤2∙10−6 mbar and a deposition pressure of 7∙10−3 mbar. All depositions were 

performed with the substrate at 100 °C. Amorphous carbon was chosen as a 

substrate to compare XPS results with what was obtained on glassy carbon 

surfaces. Silicon wafers were the support used for a-C deposition; they were 

cleaned in piranha solution (H2SO4:H2O2 3:1) for 20 minutes and then washed 

thoroughly with Millipore water and dried prior to placement in the sputtering 

chamber. Some freshly deposited films were also exposed to a temperature of 

700°C for 1h under inert atmosphere to get a different a-C substrate (annealed 

amorphous carbon). 
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2.3 UV-vis spectra collection 

The molecules chosen to be immobilized on the carbon surfaces were firstly 

analysed in their optical characteristics dissolving them in a MeOH solution and 

running an UV-Vis spectrum on it. The data were collected with a Shimadzu UV-

2401 PC in a range of 200-400 nm at a resolution of 1 nm. The choice of MeOH is 

justified by its good solving capability towards the analytes and its high UV cut-

off at 200 nm. 

 

2.4 Electrochemistry 

Electrochemical measurements were performed using two Metrohm Autolab 

potentiostats, PGSTAT302N and PGSTAT204, both equipped with the FRA32 

module for impedance spectroscopy measurements. The software used for 

collecting the experimental data was NOVA 1.1 provided together with the two 

instruments. All the experiments that involved red-ox couples testing were carried 

out in deaerated solutions of KCl 0.1 M electrolyte, using Ag/AgCl (KCl ss) from 

IJCambria or Gaskatel HydroFlex® hydrogen reference electrodes. The contact for 

the stationary working electrode was a Pine non-rotating shaft equipped with a 

PTFE shroud tip to hold the GC disk. Oxygen reduction reactions (ORR) were also 

performed and in these cases the Pine E5 classic fixed-disk RDE tip was in use, 

connected to the MSR rotator, also purchased from Pine. The stationary 

measurements were carried out using fixed volume glassware, keeping the solution 

under Ar atmosphere and at 25°C for all the duration of the experiment. Rotating 

disk measurement were instead performed in the standard 150 mL cell from Pine, 

provided with 5 round glass ports and a water jacket to keep the cell at 25°C by 

mean of a water thermostat. All the glassware used was cleaned in piranha solution 

or boiling diluted H2SO4 and thoroughly washed with Millipore water before every 

experiment. 

Two were the techniques used: cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS). CV has a primary role in characterizing both bulk 

properties of the species in solution and surface properties of the electrodes, while 
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EIS is the main technique to investigate the kinetics of the steps involved in the 

reaction under analysis. 

 

2.4.1  Cyclic Voltammetry 

For a reversible red-ox system, the Nernst equation applies73: 

[2.1]  𝐸 = 𝐸0′
+

0.059

𝑛
𝑙𝑜𝑔

𝐶𝑜

𝐶𝑟
 

Where: 

 E is the overpotential 

 E0’ is the formal potential 

 n the number of electrons involved 

 Co and Cr are the bulk concentrations of the oxidized and reduced forms of 

the electroactive species. 

The typical raw data voltammogram is a plot of I vs E and shows multiple cycles 

of potential scans overlapped. Usually from CV voltammograms two quantities 

are extracted: ΔE, by calculating the absolute difference between the anodic 

and cathodic peak potentials, and E0’ by calculating the arithmetic mean of the 

two peak potentials. The first value gives information about the reversibility of 

the redox process: as closer to 59mV∙n the result is, more reversible the process. 

The second value is instead strictly related to the conditions in which the redox 

system is: T, pH, bulk concentration of oxidized and reduced form. This is the 

so called formal potential of the redox couple and is usually used as starting 

value for the EIS and called zero potential. 
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Fig 2.3: scheme diagram of an electrochemical analysis system (image taken from Electrochemical 

Methods, fundamentals and applications by Allen J. and Larry R. Faulkner)73 

 

Cyclic voltammetry is a type of potentiodynamic technique where the potential 

applied between the working electrode (WE) and the reference electrode (RE) is 

varied linearly versus time. The technique distinguish itself from the linear sweep 

voltammetry because the potential is varied cyclically, meaning that reached the 

upper limit it is reversed, going back to the starting value (or lower) with the same 

scanning speed. The wave function is generated in the function generator (Fig. 

2.3), which only gives it the triangular shape; the actual potential, is applied by the 

potentiostat. The V vs t diagram is named triangular wave, for its shape (Fig. 2.4). 

Fig. 2.4: triangular wave form typical of cyclic voltammetry; here the cycle is repeated twice 
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The potential applied is measured between the WE and the RE, but the current 

passes from the counter electrode (CE). This is crucial to maintain the potential of 

the reference constant for the entire measurement. A flow of charges in the 

reference in fact, would change its internal thermodynamic equilibrium making it 

shift with respect to its standard value, nullifying its value as reference. To reach 

this conditions reference electrode are built in order to have a very high electrical 

resistance, therefore the current will flow from the WE through the solution (ionic 

current) to the CE, which instead is made of a highly conductive and inert material 

(graphite, Pt). 

A classic example of a reference is the Silver/Silver chloride electrode, whose 

potential with respect to the standard hydrogen electrode (SHE) is around 200 mV 

depending on the stock solution KCl in which the silver rod is kept. 

In all the experiment presented the stock solution is a saturated KCl (~4M) in 

which the semi-reaction is74: 

[2.2]   𝐴𝑔𝐶𝑙(𝑠) + 𝑒− ⇆ 𝐴𝑔(𝑠) + 𝐶𝑙− 

With a measured potential of +0.197 V vs the standard hydrogen electrode at 25ºC. 

The output current, measured between the WE and the CE is then plotted against 

the potential applied, giving a diagram, called voltammogram, that for a typical 

reversible redox process results as in Fig. 2.5. 

Fig. 2.5: Typical voltammogram of a reversible redox process. (Arrows indicate how the signal is 

generated) 
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Applying a potential window that includes the standard potentials of the species 

in solution (A, A-), a redox process at the working electrode is generated and a 

variation in the current is observed. The oxidized form of the electrochemically 

active species is generated in the anodic scan (from left to right in the graph) and 

the reduced one in the cathodic scan (from right to left). When the process is 

reversible the two peaks have the same shape, with opposite sign currents. At the 

formal potential (E°’) the concentration of oxidized and reduced forms at the 

electrode interface are equal, as well as the anodic (ja) and cathodic (jc) current 

densities are; in this case j0=ja=-jc is called exchange current that is the current in 

absence of electrolytic processes at zero overpotential conditions. Applying a 

higher or lower potential causes the current density to vary following the Butler-

Volmer equation73: 

[2.3]  𝑗 = 𝑗0 ∙  {exp (
𝛼𝑎𝑧𝐹𝜂

𝑅𝑇
) − exp (−

𝛼𝑐𝑧𝐹𝜂

𝑅𝑇
)}  

Where: 

 j is the electrode current density 

 j0 is the exchange current density 

 αa is called anodic charge transfer coefficient, is dimensionless and 

represent the fraction of the interfacial potential at an electrode-

electrolyte interface that helps in lowering the free energy barrier for the 

electrochemical reaction. 

 αc is the cathodic charge transfer coefficient, counterpart of αa and is 

calculated as 1- αa 

 z is number of electrons involved in the electrode reaction 

 F is the Faraday constant 

 η is the overpotential E-E°’ 

 R is the universal gas constant 

 T is the absolute temperature. 

The highest or lowest point in the graph (peak current) is reached when all the all 

the reduced or oxidized form of the electroactive species at the electrode surface 

is consumed. At higher or lower potentials the current starts to decrease due to the 
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bottle-neck created by the mass transport limit: the double layer thickness in fact, 

keeps increasing, lowering the concentration gradient of the active species 

between the bulk and the electrode surface. At the same time, the availability of 

electroactive species is limited by its diffusion coefficient, therefore it cannot 

compensate for the bigger resistance created by the accumulation of charges at the 

interface. This phenomenon is the cause of the peak-shaped curve that develops 

during the forward or backward scanning. The long tail at the back of both peaks 

is created by the local availability of oxidized or reduced species that is larger than 

the bulk concentration when the scan is reversed. 

An important feature of a cyclic-voltammetry experiment is the possibility of 

changing the potential scan rate υ (typically from 1V/s up to 1000V/s), investigating 

how the current response changes with it. Thermodynamically reversible couples 

show peaks whose positions do not change when the potential scan rate is changed 

and the peak heights follow the Randles-Sevcik equation: 

[2.4]  𝑖𝑝 = (2.69 ∙ 105)𝑧3/2𝐴𝐷1/2𝜐1/2𝐶 

Where: 

 ip is the peak current 

 z is the number of electrons involved in the process 

 A is the geometric area of the electrode surface 

 D is the diffusion coefficient of the electroactive species 

 υ is the scan rate 

 C is the bulk concentration of the electroactive species 

The Randles-Sevcik equation turns out to be useful when the aim of the experiment 

is calculating the electroactive area or verifying the number of electrons 

transferred during the faradaic process. 

In case the reactions are not completely reversible the peak separation increases at 

higher scan rates, becoming more than the typical 59mV of a reversible process. 

Often the reversibility of a reaction is a relative parameter as it depends on the 

magnitude if the scan rate. In-depth studies of several redox couples have shown 
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that the reversibility of a redox couple heavily depend on the experimental 

conditions and on the pre-treatment of the electrode surface3. 

 

2.4.2 Electrochemical Impedance Spectroscopy 

A generic electrochemical process happens through multiple kinetic steps whose 

contribution are all combined and convoluted in the response of a classical direct 

current experiment. In order to fully investigate the reaction in its entirety, a 

perturbation of the potential applied can be used to explore the different time 

constants that characterize the system. 

In an Electrochemical Impedance Spectroscopy (EIS) experiment the voltage, is 

varied in a large range of frequencies around a fixed value, usually put equal to the 

formal potential of the chosen redox couple75; the magnitude of the perturbation 

is kept small enough to assure the linear relationship between the voltage and the 

current. To quantify how small the magnitude needs to be to have linearity, the 

thermal voltage is calculated with the simple formula: VT = RT/F, which at 25°C 

makes it be around 26mV. In a typical EIS experiment the voltage is varied in a 

range of ±10mV, while the variation of frequencies is rather large, spanning from 

0.1Hz up to 1MHz. Fast processes respond to high frequencies, slow ones to low 

frequencies. 

The applied voltage has a sinusoidal wave form: E = Esinωt, as well as the output 

current when the alternate potential is applied to a pure resistor R: I = ER/R = 

(ERsinωt)/R. 

When E is applied to a pure capacitor C, I = C(dEC/dt) = ωCECcosωt = 

ECsin(ωt+π/2)/XC. XC is called capacitive resistance and corresponds to what R 

represent for a resistor. As we can see from the above formulas the resistive current 

is in phase with the alternate voltage, while the capacitive current is π/2 radiant 

ahead of EC. E and I are vectors and as such they can be plotted bi-dimensionally 

one versus the other in a complex plane, using the number j=√-1 to represent the 

imaginary part of their module. 
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In a system where a resistor and a capacitor are connected in series: 

[2.5]  𝐸 = 𝐸𝑅 + 𝐸𝐶 = 𝐼(𝑅 − 𝑗𝑋𝐶) = 𝐼𝑍 

Z = R-jXC is called impedance and its real and imaginary components are plotted 

along the abscissa and ordinates respectively in what is called the Nyquist diagram 

(Fig. 2.6). The inverse of impedance is Y = 1/Z and is called admittance. 

 

Fig. 2.6: Illustration of the impedance vector Z and its real and imaginary components 

 

A system like a solution containing an electrolyte and an electrochemically active 

species can be considered in the same way as an electronic circuit made of a 

combination of resistors and capacitors. This principle makes possible the 

representation of the electrochemical system as the so-called equivalent circuit, 

where a physical meaning is given to resistors and capacitors as macroscopic and 

microscopic elements. Quite clearly in fact, electronic currents at interfaces and 

ionic currents in solution will encounter resistances when they move through the 

system, while accumulation of charge can be obviously represented as a capacitor. 

A standard electrochemical system can be modelled easily as a so-called Randles 

circuit (Fig. 2.7) where four elements are able to represent effectively the different 

componentsinvolved in the process. 
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Fig. 2.7: Illustration of a classical Randles circuit 

 

Read from left to right the Randles circuit shows first an ohmic resistance called Rs 

which includes the ionic, electronic and contacts resistances. The latter often give 

a negligible contribution when compared with the solution resistance; therefore Rs 

is considered to represent only this last one. The lower branch of the circuit then 

shows a capacitor called Cd-l, where d-l stays for double-layer and the C is the 

capacitance of the electrode-electrolyte interface. Sometimes it is not sufficient to 

consider this element as a pure capacitor, as for example happens for porous 

electrodes75: the pores in fact create a whole pattern of microscopic capacitors that 

contribute altogether to the capacitance of the system. In these cases the C is 

replaced by a CPE that is a Constant Phase Element. The non-linear behaviour of 

the double layer capacitor is accounted with a α exponent of the jω coefficient of 

the capacitance C. The impedance associated with the constant phase element 

becomes therefore75: 

[2.6]   𝑍𝐶𝑃𝐸 =  
1

(𝑗𝜔)𝛼𝐶
 

Where α=1 for a pure capacitor, and instead is less than 1 for a CPE. The α 

coefficient has the only purpose of adjusting ZCPE to the value that best fits the 

system. It has no real physical meaning.  

The last two elements of the Randles circuit are Rc-t and ZW, associated respectively 

with the resistance to charge transfer (faradaic process) and with the mass 

transport process. The latter is also called Warburg impedance75. 
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A standard Randles model gives rise to a Nyquist graph75 where a semicircle is 

followed by a straight line, whose slope for ideal systems is 45°, that is its tangent 

equals 1 (Fig. 2.6).  

 

Fig. 2.8: Nyquist graph of a standard Randles circuit response 

 

In Fig. 2.8 the elements of the Randles circuit are assigned to the corresponding 

parts of the Nyquist graph: this simple graphic method gives quantitative data 

about the system under analysis and it develops from left to right as the frequencies 

decreases from the highest to the lowest value. Fitting the Nyquist with an 

equivalent circuit allows to characterize the electronic properties of the electrode 

surface at the interface. 

In the usual range of frequencies of a standard experiment the contribution of Rs 

is seen as a single point on the x axis, as the impedances from wires and contacts 

are negligible. The electrode interface impedances appear instead as a semicircle 

that derives to the different response of resistances and capacitors to the varying 

frequencies applied.  

The combined impedance of a resistor and a capacitor in parallel is calculate as 

follows: 

[2.7]  𝑍𝑖−𝑝 =
𝑅𝑐−𝑡

1 + 𝜔𝑅𝑐−𝑡𝐶𝑑−𝑙
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A few consideration on the Randles circuit model can help understanding why the 

interface impedance develops as a semicircle as the applied frequency decreases 

from high to low values. In an electronic circuit, where Rc-t and Cd-l are connected 

in parallel, the impedance of the capacitor is negligible at high values of ω and 

almost infinite at low values, when the capacitor acts just like an open switch. In 

the first case the current will pass completely through the capacitor, that is Rc-t will 

play no role and Zi-p will have a value close to zero. At low frequencies instead the 

current will pass completely through the resistor and Zi-p will be equal to Rc-t. The 

difference therefore between the two extreme points of the semicircle on the x axes 

represent the value of the resistance to charge-transfer. From this reasoning 

derives that the radius of the semicircle equals Rc-t/2; to calculate the frequency of 

the peak of impedance, the equation is resolved putting as condition that Zi-p = Rc-

t. This calculation gives ωpeak = 1/Rc-tCd-l: the inverse of this value is called time 

constant (τ) and is a kinetic characteristic of the faradaic process under 

investigation. A system where multiple charge-transfer processes happen 

simultaneously will have more than one time constant and its Nyquist will appear 

as a convolution of multiple semicircles. For such systems the equivalent circuit 

will have a different RC couple for each time constant. Experimental examples of 

one and two time constants samples are reported in Fig. 2.9a and 2.9b (next page). 

Finally the Warburg element is what characterises the right end of the Nyquist 

graph: it appears at the lowest frequencies as it concerns the mass transport 

phenomenon that is the ionic current, which is what dominates the overall process 

at those values of ω. For systems with very high kinetics, the semicircle can be so 

small that it does not even appear and the graph immediately develops as a straight 

line with the characteristic 45° slope. On the other hand, when the τ is too big the 

mass transport current contribution is not visible as the semicircle takes the whole 

range of frequencies to develop. 
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Fig. 2.9a, b: Nyquist graph of a single τ system (left) and of a two-τ system (right) 

 

Another graph that is useful to characterise the system is called Bode phase 

diagram and is built plotting the variation of phase difference between current and 

voltage against the frequency. In a system where the electrode behaves as an ideal 

conductor and all the kinetics of reaction are fast (so no semicircle is visible in the 

Nyquist) the Bode diagram shows a sigmoidal function that at high frequencies 

levels off and tends to reach the asymptotic value of 45° of phase difference. When 

instead one or more faradaic processes are detectable and resolvable the function 

shows peaks at the corresponding ω values for each time constant τ. The presence 

of slow kinetics also influences the phase difference making it be lower than the 

ideal value of 45°. In Fig. 2.10a and 2.10b experimental results are reported for each 

case; in particular for Fig. 2.10b the final phase value is around 30°.  

Fig. 2.10a, b: Bode phase diagrams of an ideal (left) and a two-τ system (right) 

τ1 

τ2 

τ 
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2.5 X-Ray photoelectron spectroscopy 

X-Ray Photoelectron Spectroscopy (XPS) is a surface sensitive quantitative 

technique that was used throughout all the work presented to get an insight of the 

film created on top the carbon substrates. The elements analysed were C and O for 

substrates alone and C, O, N and Br for DBP functionalised samples. The goal was 

to get information both on the chemical states and on the surface concentration 

(ratio vs C) of the characteristic elements of the film. XPS was performed under 

ultra-high vacuum condition (2∙10-8 mbar), using Al Ka X-rays (1486.7 eV) on a VG 

Scientific ESCAlab Mk II system (Fig. 2.11). An electron flood gun was used for 

charge compensation and the binding energy scale was referenced to the 

adventitious carbon 1s core-level at 284.4 eV. The analyser pass energy was set to 

200 eV for the survey spectrum, and 20 eV for individual core-level spectra. The 

sampling area was approximately 1 cm in diameter. 

 

Fig. 2.11: A standard lab facility for XPS (image taken from “The Handbook of X-ray photoelectron 

spectroscopy” by JF Moulder, WF Stickle, PE Sobol and KD Bomben)76 
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2.5.1 Principles of the technique 

 Physics behind the phenomenon 

A standard lab facility X-ray source is composed of a two electrode system 

kept under ultra-high vacuum where the anode is either made of Al or Mg. 

When a high voltage (thousands of volts) is applied the power of the 

discharge current is capable of causing core-electrons transitions whose 

energy gap is in the range of 1 keV, the so-called “soft X-rays”. Depending 

on the source, the available energy and resolution change. The most 

common one is Al Kα at 1486.7 eV with an energy resolution of 0.25eV when 

it is monochromatic and up to 0.9-1 eV when it is non-monochromatic.  The 

X-ray beam hits the sample and causes the core electrons to be ejected from 

the atoms with a kinetic energy (KE) that depends on the primary beam 

(hν), on the source work function (φs) and most importantly on the binding 

energy that the nucleus exert on the specific orbital to which the electrons 

belong76:  

[2.8]   𝐾𝐸 =  ℎ𝜈 −  𝜑𝑠 − 𝐵𝐸 

From the previous one the BE formula is derived: 

[2.9]   𝐵𝐸 =  ℎ𝜈 −  𝜑𝑠 − 𝐾𝐸 

Being the first two terms known, the kinetic term is left to be determined 

to calculate the binding energy. This is made by use of a selector of 

electrons, which by applying a fixed electric field to the walls, imposes a 

defined pass energy to the flying electrons, allowing only a part to reach the 

detector. The selector is a semi-spherical capacitor made by two concentric 

plates separated by a dielectric vacuum a 10-8 – 10-10 Torr. The fixed electric 

field applies a constant electric force perpendicular to the plates. When 

negative charges cross the field their trajectory is modified by this force, 

pulling them towards the centre of the sphere. The dimensions of the sphere 

and the constant module of the electric force select for the sole part of 

electrons that are ejected with a small range of kinetic energy, the rest flying 

too fast or too slow not to crash onto the plates. Facing the end of the semi-

spherical capacitor there is the detector where a series of electrostatic lenses 

make specific energy electrons be counted for the desired milliseconds 
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(dwelling time) generating a current to be transformed in a intensity (CPS) 

vs BE diagram. 

 Inelastic mean free path 

X-rays have a penetration capacity that depends on their energy, in the case 

of soft x-rays, the depth they reach into the sample (attenuation length) 

does not exceed a few micrometres. What counts for XPS however, is the 

ability of the hit core electrons to reach the edge of the samples and be 

ejected with enough speed to arrive at the detector. This limits the 

analysable depth to a much smaller value. 

Is defined as inelastic mean free path, λ(E), the distance an electron can 

travel through the sample before its signal intensity (I) decay is 1
𝑒⁄  of its 

I0
77-78. 

[2.10]  𝐼(𝑑) = 𝐼0𝑒
−𝑑

𝜆(𝐸)⁄
 

λ(E) is a function of the energy of the electron and for soft X-rays its value 

lays around 10 nm. In a standard measurement the considered sampling 

depth is 3λ, which means taking in account 95% of the photoelectrons 

ejected with a normal take-off angle. For thin films, using Al Kα sources, 3λ 

correspond to circa 3-10 nm. Therefore normally XPS is considered to be a 

surface technique, although when the sample is made by nanoparticles it 

becomes a “bulk” technique given that the dimensions of the sample are of 

the same order of magnitude of the 3λ. 

 Chemical states 

Each element of the periodic table has its own specific peaks due to the 

energy of its core orbitals. Generally speaking heavier elements give 

multiple signals while lighter elements typically have just one unique peak. 

The obvious reason being the bigger availability of core shell orbitals for the 

elements in the lower periods of the table. For example C, O and N only 

show the 1s peak, while Br shows 3s, 3p and 3d peaks. Peak positions are 

influenced by the chemical nature and environment of the atom: pure 

graphitic C is reported to be centred at 284.4 eV32, 79, but variation are 

expected according to the nature of carbon80-81. The chemical state of the 

element influences the BE by donating or withdrawing electronic density 
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on the atom: higher electronegativity elements bonded to the analysed 

atom make the BE shift up to larger values due to the extra energy needed 

to extract an electron from a partially positively charged element. Vice versa 

chemical states or functional groups that make the element richer in 

electronic density cause a redshift of the BE82. Other high BE contribution 

to the main signal may come from loss of energy phenomena occurring in 

the sample due to electron-electron interaction and orbitals reorganization: 

these are called satellite or shake-up peaks and are usually broad and of low 

intensity.  

 Charging samples and internal reference 

When core electrons are ejected from the sample, positive charges (holes) 

are formed in the sample. Electron replacement occurs within the sample 

thanks to the other electrons surrounding the hole created by the X-ray. 

This mechanism makes these holes “travel” through the substrate until it 

reaches the sample holder that, being grounded, is able to fill the positive 

hole with an electron from the ground. This mechanism is very fast in case 

of conducting substrates and does not create problems for the analysis. 

When the sample is not conductive instead, a charging phenomenon takes 

place as the holes form faster than they travel through the substrate causing 

an accumulation of positive charge in the sample. Two are the main 

consequences of charging: first, the sample may undergo damaging from 

sudden discharge, insulating polymers for example tend to “burn” and need 

to be analysed quickly and at a lower power than normal. Secondly, this 

extra positive charge exert an attractive electrostatic force over the electrons 

to be ejected: consequently, they face an extra loss of energy before leaving 

the sample, which translates in a lower KE that is, a higher BE. 

When a sample is charging all the peaks shift upwards of the same quantity 

with respect to their normal position, which makes it easy to correct the 

spectrum for the charging contribution. Referencing the peaks to their 

“normal” value requires consultation of the literature: the samples analysed 

in this work were all referred to the signal of pure C (284.4 eV) reported 
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most recently (2012) in the NIST X-Ray Photoelectron Spectroscopy 

Database79  

 Auger electrons 

A typical secondary electrons signal present in XPS spectra comes from the 

so-called Auger electrons, and appears as an indented step slowly fading in 

intensity at very high BE (980 eV for O and 1220 eV for C). The name comes 

from the Auger effect, studied independently by Lise Meitner and Pierre 

Victor Auger in the ‘20s, which is a radiationless inner effect that happens 

upon creation of a hole in the core levels of the atom. When the hole is filled 

by an electron from an upper level of the same atom a quantum of energy 

is emitted that, in turn, may excite an electron of the valence shell making 

it be ejected from the sample, reaching the detector with a very slow KE, 

that is, a very high BE. The quantum of energy is not fixed, in fact it depends 

on the starting level of the electron that fills the hole, therefore the signal 

produced is not a peak but a step fading in intensity as the resulting KE of 

the Auger electrons diminishes. 

 

2.5.2 Samples preparation 

Samples analysed were both polished GC plates with a DBP 

(dibromophenanthroline) film on top, and a-C films deposited on top of a Si wafer 

and later functionalised with DBP. Samples were either analysed immediately after 

synthesis or kept under Ar and then analysed. This did not mark any difference 

between them provided that the latter were not kept more than one week in the 

vials. This was to avoid extra adventitious oxygen to be present on the surface due 

to oxidation upon aging. The samples were prepared for the analysis by sticking 

them with double-sided carbon tape to the XPS stub and then put together on a 

carousel in group of maximum 6 different samples. The carousel was kept in the 

load-lock from a minimum of two hours up to overnight for degassing before being 

transferred to the analysis chamber. 
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2.5.3 Collection (Avantage) 

The software used for collecting the data was Thermo Scientific™ Avantage which 

integrates instrument control, data acquisition, data processing and reporting. 

The whole measurement was comprised of three phases: manual transfer of the 

sample to the analysis position, research of the best spot for data collection, high 

resolution scan of the regions of interest. During the second phase survey spectra 

were taken, setting the passing energy at 200 eV, in order to have a rough, high 

intensity, fast scan in three different spots (the z position of the sample was 

changed by 2mm each time). The best position was chosen by comparison of the 

three surveys, looking for the one with the lowest background and possibly highest 

peaks of the elements of interest (C, N, O, Br). During the data collection phase 

both high quality survey and high resolution single-element spectra were taken, 

setting the passing energy respectively to 50 eV and 20 eV. A lower passing energy 

means lower speed of the electrons selected, which translates into a higher energy 

resolution and a more accurate spectrum. It also means however that several scans 

are needed to collect a good signal with a high S/N ratio. Avantage software does 

automatically average the CPS for the number of scans, allowing to calculate ratios 

between elements without taking in account this parameter. 

 

2.5.4 Data analysis (casaXPS) 

Raw data were analysed with CasaXPS software licensed to TCD. Deconvolution of 

the signal was made by use of Voight functions, a line shape made up by two 

components: 70% Gaussian and 30% Laurentian. The first is given by the intrinsic 

E spread together with the finite E resolution of the instrument (Gaussian) and the 

second one is given by the excited state lifetime. 

The two components have the following mathematical expressions83: 

[2.11]  𝐺(𝐸) =
𝑒−𝐸2(2𝜎2)

𝜎√2𝜋
;  [2.12]  𝐿(𝐸) =

𝛾

𝜋(𝐸2+𝛾2)
 

Where σ is the instrumental broadening and γ is the intrinsic lifetime broadening. 
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Calculations of atomic percentages and ratios between elements were made 

dividing peak areas by the considered element Relative Sensitivity Factor (RSF). 

This is an empirical parameter that takes in account the different peak intensities 

the elements show when same quantities of them are compared against a 

reference, that is C 1s. For what concerns the elements analysed in this piece of 

work the RSFs are as follows (source: www.casaxps.com):  

C 1s=1;  N 1s=1.8; O 1s=2.93; Br 2p=2.84 

 

2.5.5 Example of deconvolution of the C peak from an a-C film: 

 

Fig. 2.12: Typical C1s peak with deconvolution 

 

Fig. 2.12 represents the high-resolution spectrum of C1s in an amorphous carbon 

film. In this case the fitting is made using 4 waves, assigning a tag to each one of 

them Under the principle that higher the number components better the fitting,  

still the most important thing is being able to give a physical explanation for each 

of the waves used. Referring to the literature is also crucial to justify the 

attributions. 

Domains of sp2 and sp3 carbons are the main components of an a-C film, then a 

broad peak is used to cover for the oxidised functionalities on the surface. In this 

http://www.casaxps.com/
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case it is impossible to distinguish between all the possible C-O moieties, as both 

their surface concentration and peak separation are very small. The last 

component accounts for a typical phenomenon occurring under X-ray analysis: 

interaction between primary and secondary electrons in the sample. A schematic 

of the phenomenon is given in Fig.2.13 for better clarification. In the case of 

graphite-like carbon films a core electron with KE1 is able to hit a valence shell 

electron inducing an π-π* transition in the aromatic domains, thus losing a 

quantum of energy whose value corresponds to the energy gap between the 

HOMO and the LUMO. As a result it will reach the detector with a lower KE2= KE1-

hυπ-π* and so be seen as a higher BE electron. Because this contribution to the C 

peak is not coming from a specific chemical group but it is a secondary interaction 

with aromatic molecular orbitals, the component is given the name of satellite π-

π*. 

 

Fig. 2.13: Schematic representing the phenomenon behind the π-π* satellite peak component of 
C1s in XPS 
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3. Results 

 

 

 

 

 

 

 

 

 

The aim of the work hereby described was to explore different ways of carbon 

surface functionalization by mean of nitrogen rich aromatic compounds. These 

were drop-cast on the samples and then treated with photochemical or thermal 

methods to kick-start chemical reactions between the surface and the doping 

precursors. 

The materials were characterized and tested using surface sensitive 

electrochemical (CV, EIS) and physical (XPS) techniques: electrochemistry was 

performed in different environments, changing red-ox couples and solution 

characteristics, XPS was also performed using three different substrates for sample 

preparation. 

The main compound used for doping the carbon surface was 3,8-dibromo-1,10-

phenanthroline (DBP, Fig. 3.1a) a di-brominated derivative of 1,10-phenanthroline 

(phen, Fig. 3.1b). The organic layer was deposited on top of the carbon surface by 

drop-cast from a solution in MeOH. 
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 3.1 a       3.1 b 

Fig 3.1 a and b: 3,8-dibromo-1,10-phenanthroline (DBP, left) and 1,10-phenanthroline (phen, right) 

 

The freshly prepared samples were analysed straight away or treated thermally or 

exposed to UV for various amounts of time and then rinsed and analysed. 

Glassy carbon plates and amorphous carbon films were characterized by both XPS 

and electrochemical techniques (CV and EIS). 

Finally also the ability to capture metal ions as well as the films catalytic activity 

towards ORR were tested and reported at the end of this chapter. 
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3.1 XPS characterization of pure carbon substrates 

3.1.1 Glassy carbon plates 

Squared GC Plates from HTW Germany were polished following the procedure 

described in the experimental part and then analysed straight away by XPS. 

Analysis of C1s peak on the surface of this plate is presented below in Fig. 3.2 

C1s 

 

Fig. 3.2: High resolution spectrum of C1s in a freshly polished GC plate 

 

The de-convolution was made considering five main components of the C1s peak.  

Table 3.1: peak positions and percent area of each component in the spectrum in Fig. 3.1 

Table 3.1 Binding Energy (eV) Percent 

Sp2 hybridized C 284.9 58.4 

Sp3 hybridized C 285.8 20.9 

C-O 287.2 10.4 

C=O 289.4 6.0 

π-π* satellite 291.3 4.3 

The sp3/sp2 ratio was found to be 0.36, similar to that of a-C. The longer high 

binding energy tail required a further component to describe oxidised surface 
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carbons, likely due to the presence of oxidised debris after polishing (see McCreery, 

R. L., Advanced carbon electrode materials for molecular electrochemistry, 2008)3.  

 

3.1.2 Amorphous carbon films 

Amorphous carbon was deposited via magnetron sputtering on Si wafers. The 

whole procedure is described in the experimental part. Analysis of this a-C film by 

XPS is presented below in Fig. 3.3 

 C1s 

Fig. 3.3: High resolution spectrum of C1s in a freshly sputtered a-C film 

 

The de-convolution was made considering four main components of the C1s peak. 

 Table 3.2 peak positions and percent area of each component in the spectrum in Fig. 3.2 

Table 3.2 Binding Energy (eV) Percent 

Sp2 hybridized C 284.8 64.3 

Sp3 hybridized C 285.7 21.9 

COx 287.4 10.8 

π-π* satellite 290.0 3.0 
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As expected for a-C sputtered films the two main components, at 284.8 and 285.7 

eV are respectively assigned to trigonally bonded carbon (sp2 centres) and 

tetrahedrally bonded carbon (sp3 centres); the sp3/sp2 ratio was found to be 0.34. 

The oxidized carbon content is in good agreement with previous results obtained 

in the group32. The π-π* peak is typical of carbon with high graphitic content81 

 

3.2 UV-Vis characterisation of phenanthroline compounds 

In order to understand whether the presence of nitrogenated groups at the carbon 

surface after UV irradiation are due to surface-molecule reaction or molecule-

molecule reactions, UV Vis characterisation of the phenanthroline compounds was 

carried out.  

Two diluted solutions of the molecules were prepared in analytical grade MeOH. 

This solvent is not only capable of easily dissolving both compounds, but also has 

a very high UV cutoff, around 200nm, allowing for full near UV absorbance 

exploration.  

 

Fig. 3.4: UV Vis spectra of 1,10 phenanthroline (blue) and 3,8-dibromo-1,10-phenanthroline (red) 

in MeOH; the spectra are normalized by the maximum absorbance for comparison 
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In Fig. 3.4 two UV-vis spectra are plotted for comparison: the blue one belongs to 

1,10-phenanthroline (phen), the red one to 3,8-dibromo-1,10-phenanthroline 

(DBP). In the case of phen the two bands have been tagged with the type of 

molecular orbitals involved in the transition, according to well-known 

photophysics of aromatic molecules84. In Fig. 3.5 an energy level diagram depicts 

schematically the two transition to help understanding them: the less energetic 

transition, with a  peak at 264nm, correspond to the singlet-singlet promotion of 

an electron from the non-bonding orbital (n), occupied by the two electrons of the 

pyridinic nitrogen’s lone pair, to the first anti-bonding orbital, the aromatic π*. The 

second transition, whose peak is at 230 nm, is tagged as π- π* and represent the 

promotion of an electron from the bonding aromatic conjugated orbital to the first 

anti-bonding π*. 

 

Fig. 3.5: Energy level diagram of UV transitions for pyridine-type molecule 

 

In the case of 3,8-dibromo-1,10-phenanthroline (DBP) instead, is harder to identify 

the transition, because of the bigger overlapping of the bands. Focusing on the 

chemistry of the molecule analysed it is reasonable to attribute the bigger band 

(312 nm) to the π- π*, and the rest following to n(N)- π* (332 nm) and again n(Br)-

π* (347 nm). The reason why Br non-bonding electrons show a lower energy and 
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magnitude of absorbance is to be searched in the much bigger electronic cloud of 

bromine, hence higher energy of outer shell electrons compared to nitrogen. The 

energy gap between the lone pair of bromine and the molecule π* orbital is lower 

than the n(N)-π* gap, therefore the transition needs less energy to happen. 

The loss of resolution concerning the main peak of absorbance is due to the 

presence of the two Br atoms in the structure. Halides in fact are electron-

withdrawing groups, and, because of that, they reduce the energy gap between 

bonding and anti-bonding π orbitals, causing a bigger overlap integral to exist, and 

so enlarging the range of possible favourable transitions for the whole molecule. 

 

Fig. 3.6 Energy level diagram of UV transition for a brominated pyridine-type molecule 

 

As clearly visible the two compounds have completely different UV absorption 

ranges, their spectra show very little overlapping. The large bathochromic shift 

visible for the DBP is due to the presence of the two bromine atoms and their 

ability to lower down the energy gap between bonding  and anti-bonding orbitals84. 

Nonetheless both compound solutions looked perfectly transparent, because both 

do not have absorption or emission in the visible region. 
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Importantly for photochemical reactions of DBP at carbon materials, the 

brominated compound was found to have no absorbance in the neighbourhood of 

254 nm. Therefore, it is not likely that photochemical reactions occur due to 

excitation of the compound alone under the conditions of irradiation with a 

mercury lamp like the one used for these experiments. 

We cannot exclude at this stage that the UV-Vis absorption of the compound at 

the surface might be shifted with respect to that in solution phase. It was not 

possible at this stage to carry out a reliable solid-state UV measurement of the 

deposited films. 
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3.3 XPS characterization of 3,8-dibromo-1,10-phenanthroline (DBP) 

drop-cast films 

3.3.1 Glassy Carbon plates 

Surveys 

In Fig. 3.7 the survey spectra of 4 samples are shown together for comparison: 

 Trace A (black) is relative to a freshly polished plate of GC 

 Trace B (green) is relative to a freshly drop-cast film of DBP on polished GC 

 Trace C (blue) is the same as B but the film of DBP was washed immediately 

after drop-casting. 

 Trace D (red) is the same as B but the plate was annealed at 400°C for 1h 

immediately after drop-casting. 

 

Fig. 3.7: Comparison of survey spectra of four different samples: polished GC (trace A), DBP drop-

cast on GC with no further treatment or rinsing (trace B), DBP drop-cast on GC followed by rinsing 

(trace C) and DBP drop-cast on GC followed by annealing at 400°C (trace D) 
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There are evident differences between the four surveys: in particular trace B clearly 

shows the presence of Br and N peaks. The former in its two main regions at 69-71 

eV (3d orbitals) and at 182-189 eV (3p orbitals); the latter is evident from its 1s peak 

at ~400 eV. The oxygen content also is much higher for sample in trace B than for 

the substrate sample; analysis of peak areas in the high resolution spectra yielded 

O/C atomic ratios of 2.7% on polished GC and 12.6% on drop cast samples. The 

O/C content falls back to the original value after rinsing in methanol (~3.5%, trace 

C) and to slightly lower values after annealing (1.4%, trace D) as expected from 

thermal treatment under inert atmosphere3. This extra oxygen content is believed 

to be due to molecules of residual methanol coordinated to the crystal structure of 

the DBP. This speculation is supported by publications where crystal structures of 

phenanthroline derivatives are resolved and where hydrogen bonds are 

demonstrated to exist between the pyridinic nitrogens and single molecules of 

methanol85-86. The same phenomenon could well be at the origin of the 

significantly higher oxygen content in the drop-cast film. 

Traces C and D do not display peaks associated to N or Br, indicating that both 

rinsing with MeOH and annealing at 400 °C cause the total desorption of 

molecules from the surface. Therefore, we conclude that also in the case of GC, the 

DBP compound does not react with the surface spontaneously. 

The following are high resolution spectra of C1s, N1s and Br3d from the drop-cast 

sample. 

  



49 
 

Figures 3.8, 3.9 and 3.10 show high resolution spectra of C1s, N1s and Br3d from 

the drop-cast sample. 

C1s 

 

Fig. 3.8: High resolution spectrum of C1s of DBP film drop-cast on GC 

The de-convolution was made considering five main components of the C1s peak. 

The C1s spectrum was found to be similar to that of polished GC in Fig. 3.2  

 N1s 

Fig. 3.9. High resolution spectrum of N1s of DBP film drop-cast on GC 

The N1s peak could be fitted with a single component at 400.5 eV with FWHM of 

2.85 eV. The position of the peak is consistent with the presence of pyridinic 

nitrogen groups87, slightly upshifted due to the presence of electronegative atoms, 
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as expected of pyridinic rings with halogen substitutent groups88. The width of the 

peak is larger than normally expected for N1s components (typically 1.8-2.5 eV),  

 Br3d 

Fig. 3.10 High resolution spectrum of Br3d of DBP film drop-cast on GC 

The Br 3p peaks could be fitted with a doublet at 72.3, FWHM 2.1 eV and 73.4 eV, 

FWHM 2.7 eV with a relative ratio of 3:2 as expected of the d5/2 and d3/2 

components. This is consistent with typical binding energies of organic 

brominated compounds that are reported in the range 69.3-71.7 eV89-92. 

 

Table 3.3: characteristics of the DBP film on GC 

Table 3.3 N/C percent N/Br ratio 

Film of d-c DBP on GC 4.4% 1.14 

Table 3.3 summarizes the atomic composition at the surface. The N/C percentage 

ratio was found to be 1.6%; given that the expected ratio for N/C to carbon for an 

intact molecule is 15%, the observed ratio suggests that a thin layer or a non-

homogeneous layer is present at the carbon surface, as the contribution to the C1s 

signal by the substrate remains significant. Again the N/Br ratio close to 1 confirms 

that no reaction is going on at the surface at this stage. 

Effect of rinsing: when both GC and a-C samples were rinsed after dropcasting, no 

N1s or Br 3p signals could be detected thus indicating that the molecule can be 

easily washed away from the carbon surface. Similarly, sample annealing under 

inert atmosphere at 400 C was found to lead to the disappearance of the N1s and 
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Br3p peaks. In summary, the molecule can be deposited at the carbon surface 

however it is loosily bound and is easily desorbed via both wet and thermal 

methods. 

 

3.3.2 Amorphous carbon substrates 

Surveys 

In Fig. 3.11 (next page) the survey spectra of 4 samples are shown together for 

comparison: 

 Trace A (black) is relative to a freshly sputtered film of a-C 

 Trace B (green) is relative to a freshly drop-cast film of DBP on a-C 

 Trace C (blue) is the same as B but the film of DBP was washed immediately 

after drop-casting. 

 Trace D (red) is the same as B but the plate was annealed at 400°C for 1h 

immediately after drop-casting. 
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Fig. 3.11: Comparison of survey spectra of four different samples: bare a-C (trace A), DBP drop-cast 

on a-C with no further treatment or rinsing (trace B), DBP drop-cast on a-C followed by rinsing 

(trace C) and DBP drop-cast on a-C followed by annealing at 400°C (trace D) 

 

Figure 3.11 shows survey spectra of four different samples of bare and 

functionalised a-C films, the traces were normalized to the C peak to have better 

visual comparison of the differences between them. Trace A is relative to the bare 

a-C substrate used in this set of experiments. All spectra show peaks at 284 eV and 

532 eV corresponding to the binding energy of C1s and O1s, respectively. Trace B, 

obtained after drop casting of DBP on a-C shows additional peaks at 400 eV, 182-

189 eV and 70 eV assigned to N1s, Br3p and Br3d peaks, respectively; this indicates 

that the DBP molecule remains at the surface after drop casting.  
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Contrary to what has been observed for GC, the oxygen content does not vary 

much between the four samples: 

Trace A: Freshly sputtered a-C, 10% 

Trace B: DBP on a-C, 9% 

Trace C: DBP on a-C + rinsing with MeOH, 8% 

Trace D: DBP on a-C + annealing at 400°C, 7.5% 

The higher percent of oxygen present in the pristine a-C does not allow to observe 

significant differences with the drop-cast film; nonetheless the coordination of 

MeOH by mean of hydrogen bonds may still have happened, although it is not 

directly provable. 

Traces C and D do not show evidence of Br or N peaks, indicating that both rinsing 

with MeOH and annealing at 400 C cause the total desorption of DBP from the 

surface. Therefore, no spontaneous reaction between the surface and the 

molecules could be detected; similarly, thermal excitation does not lead to surface 

chemisorption. The small peaks at 99 and 149 eV are due to Si, visible because of 

the alignment of the sample in the manipulator in the XPS. 

Figures 3.12, 3.13 and 3.14 show high resolution spectra of C1s, N1s and Br3d from 

the drop-cast sample. 

 C1s 

Fig. 3.12 High resolution spectrum of C1s of DBP film drop-cast on a-C 
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The de-convolution was made considering four main components of the C1s peak. 

The C1s spectrum was found to be similar to that of bare a-C in Fig. 3.3  

 N1s 

Fig. 3.13. High resolution spectrum of N1s of DBP film drop-cast on a-C 

The N1s peak could be fitted with a single component at 399.8 eV with FWHM of 

2.3 eV. The position of the peak is consistent with the presence of pyridinic 

nitrogen groups87 slightly upshifted due to the presence of electronegative atoms, 

as expected of pyridinic rings with EWG substituents88. 

 Br3d 

Fig. 3.14 High resolution spectrum of Br3d of DBP film drop-cast on a-C 

The Br 3d peaks could be fitted with a doublet at 71.3, FWHM 2 eV and 72.3 eV, 

FWHM 2.4 eV, with a relative ratio of 3:2 as expected of the d5/2 and d3/2 
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components. This is consistent with typical binding energies of organic 

brominated compounds that are reported in the range 67.3-71.0 eV89-92. 

 

Table 3.4: characteristics of the DBP film on a-C 

Table 3.4 N/C percent N/Br ratio 

Film of d-c DBP on a-C 1.6% 0.75 

 

Peak area ratios can be used to estimate atomic percent composition after 

normalisation by relative sensitivity factors. Table 3.4 summarises the atomic 

composition of dropcast samples prepared with a-C plates. The N/C ratio was 

found to be 1.6%; given that the expected ratio for N/C to carbon for an intact 

molecule is 15%, the observed ratio suggests that a thin layer or a non-

homogeneous layer is present at the carbon surface, as the contribution to the C1s 

signal by the substrate remains significant. The N/Br ratio was found to be 0.75, 

close to the theoretical value of 1 in the starting material. This result means that 

there is no consumption of material upon simple drop-cast, which in turn comes 

as a confirm that no reaction is taking place at the surface after physisorption. 
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3.4 XPS characterization of UV-modified samples 

Samples with dropcast layers of molecule were exposed to UV radiation under inert 

atmosphere for different legnths of reaction time. Samples were then rinsed in high 

purity methanol and characterised via XPS.  

3.4.1 Glassy Carbon plates 

Survey 

Fig. 3.15 shows the survey spectrum of an immobilized DBP film on GC 

 

Fig. 3.15: Survey spectrum of a DBP film on GC after UV exposure and rinsing 

 

In the survey it is possible to notice the peaks of bromine around 70 and 200 eV, 

as well as the nitrogen peak around 400 eV. In the following pages the high 

resolution spectra are shown and analysed. 
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Figures 3.16, 3.17 and 3.18 show the XPS spectra in the C1s, N1s and Br 3p regions 

for a GC sample drop-cast with compound DBP, exposed to 2h UV from a mercury 

lamp and subsequently rinsed with methanol 

 C1s 

 

Fig. 3.16: High resolution spectrum of C1s of DBP film on GC, exposed 2h to UV, followed by 

rinsing with methanol 

 

The C1s region was resolved using 4 components at 284.7, 285.6, 287.6 and 290.0 

eV as was the case for all the a-C samples. In this case in fact the peak shows a 

shorter tail and no fifth component was needed to fit it. O 1s (not shown) was found 

to be significantly higher (13% against 2%) than that at the pristine samples, 

suggesting an external contribution to the total oxygen on the surface, maybe 

caused by coordinated MeOH residuals on the organic film. 
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 N1s  

Fig. 3.17: High resolution spectrum of N1s of DBP film on GC, exposed 2h to UV, followed by 

rinsing with methanol 

The N1s region shows that nitrogen containing groups are present at the carbon 

surface. The N1s peak could be fitted with a single component at 399.8 eV, FWHM 

of 2.83 eV. The position of the peak is consistent with the presence of pyridinic 

nitrogen groups87, slightly upshifted due to the presence of electronegative atoms, 

as expected of pyridinic rings with halogen substitutent groups88. The width of the 

peak is larger than normally expected for N1s components (typically 1.8-2.5 eV), 

this could be an issue due to the poor signal to noise ratio increasing the 

measurement error. 

 Br3d 

Fig. 3.18: High resolution spectrum of Br3d of DBP film on GC, exposed 2h to UV, followed by 

rinsing with methanol 

The Br 3p peaks could be fitted with a doublet at 71.6, FWHM 2 eV and 70.5 eV, 

FWHM 1.5 eV, with a relative ratio of 3:2 as expected of the d5/2 and d3/2 
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components. This is consistent with typical binding energies of organic 

brominated compounds that are reported in the range 69.3-71.7 eV89-92. The 

calculated ratio to N resulted to be 1:1. 

 

Table 3.5: characteristics of the immobilized DBP film on GC 

Table 3.5 summarizes the atomic composition at the surface. The N/C percentage 

is a third of the value found for the non-treated sample (table 3.3). This means 

that the majority of the starting material is lost upon rinsing, that is, it did not get 

grafted on the surface. On the other hand, the 1:1 N/Br ratio suggests that the 

grafting involves also the brominated side products of the C-Br bond cleavage. This 

evidence is also investigated in deeper details further in this work (§ 3.5, pp 67, 68). 

 

3.4.2 Amorphous carbon substrates 

Survey 

Fig. 3.19 shows the survey spectrum of an immobilized DBP film on a-C 

 

Fig. 3.19: Survey spectrum of a DBP film on a-C 

Table 3.5 N/C percent N/Br ratio 

DBP on GC+2hUV+rinsing 1.5% 1.01 
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Contrary to Fig. 3.15, in this survey it is hard to notice the peaks of bromine around 

and nitrogen: the signal to noise ratio in this case is lower compared to others. In 

the following pages the high resolution spectra are shown and analysed. 

Figures 3.20, 3.21 and 3.21 show the XPS spectra in the C1s, N1s and Br3d regions 

for an a-C sample drop-cast with compound DBP, exposed to 2h UV from a 

mercury lamp and subsequently rinsed with methanol 

 C1s 

 

Fig. 3.20: High resolution spectrum of C1s of DBP film on a-C, exposed 2h to UV, followed by 

rinsing with methanol 

The C1s region was resolved using 4 components at 284.8, 285.7, 287.2 and 289.4 

eV as was the case for the pristine a-C samples. O1s (not shown) was found to be 

slightly higher than that at the pristine samples. 
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 N1s 

Fig. 3.21: High resolution spectrum of N1s of DBP film on a-C, exposed 2h to UV, followed by 

rinsing with methanol 

The N1s region shows that nitrogen containing groups are present at the carbon 

surface. There are two distinct N1s bands, centred respectively at 399.7 eV, FWHM 

2.5 eV and at 402.8 eV, FWHF 2.4 eV. The position of the first peak is consistent 

with the presence of pyridinic nitrogen groups87. The second peak instead seems 

to indicate the presence of EWG in the chemical neighbourhood, like oxidized 

carbons88. The ratio between the two peaks was found to be 2:1  

 Br3d 

Fig. 3.22: High resolution spectrum of Br3d of DBP film on a-C, exposed 2h to UV, 

followed by rinsing with methanol 

The Br 3p peaks could be fitted with a doublet at 70.1 eV, FWHM 1.9 eV and 71.2 

eV, FWHM 1.4 with a relative ratio of 3:2 as expected of the d5/2 and d3/2 

components. This is consistent with typical binding energies of organic 



62 
 

brominated compounds that are reported in the range 69.3-71.7 eV89-92. The ratio 

to N was calculated to be 1:4. 

 

Table 3.6: characteristics of the immobilized DBP film on a-C 

Table 3.6 summarizes the atomic composition at the surface. The N/C percentage 

has the same value seen for the just drop-cast sample, therefore no loss of N is 

detected upon UV irradiation. N/Br instead is almost 4, leading to hypothesise 

some sort of polymerization, involving consecutive cleavages of C-Br bonds to form 

chains of phenanthroline moieties. This findings are analysed deeper on a later 

stage of this work (§ 3.5, pp 67, 68).  

  

Table 3.6 N/C percent N/Br ratio 

DBP on a-C+2hUV+rinsing 1.6% 3.7 
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3.4.3 Annealed amorphous carbon substrates 

The dependency of the UV reaction on the nature of the substrate was investigated 

annealing a-C samples at high temperatures (700 and 900°C) under inert 

atmosphere. The results of this set of experiments is presented below. 

Survey 

Fig. 3.23 shows the survey spectrum of an immobilized DBP film on annealed a-C 

 

Fig. 3.23: Survey spectrum of a DBP film on annealed a-C after UV exposure and rinsing 

 

Similarly to Fig. 3.19, in this survey it is hard to notice the peaks of bromine and 

nitrogen. In the following pages the high resolution spectra are shown and 

analysed. 
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Figures 3.24, 3.25 and 3.26 show the XPS spectra in the C1s, N1s and Br 3p regions 

for an a-C700 sample drop-cast with compound DBP, exposed to 2h UV from a 

mercury lamp and subsequently rinsed with methanol 

 C1s 

 

Fig. 3.24: High resolution spectrum of C1s of DBP film on a-C700, exposed 2h to UV, 

followed by rinsing with methanol 

The C1s region was resolved using 4 components at 284.8, 285.7, 286.8 and 288.9 

eV as was the case for the pristine a-C samples. Table 3.7 reports the components 

percentages in comparison with pristine a-C. 

Table 3.7: comparison between a-C and annealed a-C carbon peak components 

Table 3.7 Percent in a-C Percent in annealed a-C 

Sp2 hybridized C 64.3 71.2 

Sp3 hybridized C 21.9 14.7 

COx 10.8 10.1 

π-π* satellite 3.0 4.0 

 

The effects of the annealing are visible in the higher sp2 content and lower sp3 

content. Annealing in fact is known to be a process that increases both sp2 content 

and crystallinity3.   
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 N1s 

Fig. 3.25: High resolution spectrum of N1s of DBP film on a-C700, exposed 2h to UV, followed by 

rinsing with methanol 

There are two distinct N1s bands, centred respectively at 399.3 eV, FWHM 1.8 eV 

and at 402.1 eV, FWHF 2.2. The position of the first peak is consistent with the 

presence of pyridinic nitrogen groups87. The second peak instead seems to indicate 

the presence of EWG in the chemical neighbourhood, like oxidized carbons88. The 

ratio between the two peaks is roughly 3:2. 

 Br3d 

Fig. 3.26: High resolution spectrum of Br3d of DBP film on a-C700, exposed 2h to UV, followed by 

rinsing with methanol 

The Br 3d peaks could be fitted with a doublet at 70.8 eV, FWHM 1.7 eV and 71.9 

eV, FWHM 2 eV with a relative ratio of 3:2 as expected of the 3d5/2 and 3d3/2 

components.  

In this case the ratio of Br over C was 1.37% and over N was 1:1 
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Table 3.8: characteristics of the immobilized DBP film on annealed a-C 

 

Table 3.8 summarizes the atomic composition at the surface. The measured N/C 

percent on a drop-cast sample with no further treatment was 3.5, so, like seen for 

the GC sample, the majority of the starting material is lost upon rinsing after the 

reaction. Again the N/Br ratio close to 1 seems to indicate that the surface reacts as 

well with the residuals of the photoreaction, maintaining the proportion between 

N and Br close to the original ones. 

These results suggest that UV irradiation has an effect on the surface composition 

of the carbon. Nitrogenated compounds appear to remain bound at the surface 

after UV irradiation, thus suggesting either chemisorption of the DBP moieties at 

the surface or polymerisation of the molecule leading to the formation of oligomers 

that are more difficult to remove via solvent rinsing.  

  

Table 3.8 N/C percent N/Br ratio 

DBP on annealed a-C+2hUV+rinsing 1.6% 0.85 
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3.5 Effects of UV exposure duration on surface composition 

A monitoring of the effect of UV exposure time on the reaction between DBP on 

the three substrates used was made by mean of XPS measurement on GC, a-C and 

annealed a-C samples exposed to UV for different periods. The percentage of N to 

C and the ratio between N and Br were both monitored in a range of 15 to 120 

minutes of UV. 

Fig. 3.27a and b: Trends of N/C% (left) and N/Br% (right) vs time of UV exposure of DBP on GC 

An in-depth study of how the duration of UV irradiation was influencing the 

surface composition was carried out on GC samples. Figure 3.27 shows the trend 

of N to C percent on surface upon different UV exposure duration; values were 

calculated using the high resolution XPS spectra. It clearly emerges from the graph 

how both the N/C and the Br/C ratios tend to level off, reaching a plateau around 

1.4%. This suggests that the reaction is self-limiting, as if no more than a certain 

portion of the surface was available for the grafting. 

An analysis of the 3/2 component of the Br 3d peak showed that no significant shift 

could be observed in the binding energy of this atom, as if it was not involved in 

the photo-reaction and the grafting did not follow a dehalogenation pathway. 
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Fig. 3.28: Br/N ratio vs time of UV exposure of DBP on a GC sample 

A further analysis on the XPS data obtained for the GC samples was done to get 

better understanding of the chemistry involved in the immobilization happening 

under UV irradiation. Fig. 3.28 shows the calculated values of Br/N ratios at the 

tim time points investigated: no significant change from the 1:1 ratio of the starting 

material can be observed. This lead to the conclusion that no dehalogenation was 

involved in the photoinduced grafting of DBP on the GC surface. 

Given the comparable results obtained for a-C and annealed a-C in the XPS it was 

concluded that the reaction followed similar trends also for the other two 

substrates. 
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3.6 Photochemistry on other molecules 

As the previous results suggest, the immobilization of N-rich moieties on the 

carbon surface does not seem to depend on the presence of halogens on the 

precursors, therefore other tests were performed on GC substrates using different 

starting materials. 

The first choice has fallen upon the parent compound of DBP that is 1,10-

phenanthroline (phen). The sample was prepared by drop-casting a solution of 

phen 10-4 M in MeOH and then following the same procedure described for DBP. 

The graph (Fig. 3.29a and b) shows the XPS spectrum for a sample exposed for 1h 

to the UV irradiation. 

Fig. 3.29a and b: survey (left) and high resolution N1s (right) spectra of phen on GC 

 

The survey already shows a clear difference between the irradiated sample and the 

reference: a N peak is visible in the region around 400 eV and the O peak at 532 eV 

is quite higher for the phen on GC film. The presence of pyridinic N on the surface 

is confirmed by the high resolution spectrum where the signal is fitted with a single 

component centred at 400eV with a FWHM of 2.4 eV. 

A second experiment was performed using a halogenated Tribenzopentaphene 

derivative (TBPP). This large aromatic molecule resembles the monomers used by 

Prof. Klaus Müllen, Dr. Petra Tegeder and their co-workers to fabricate graphene 

nanoribbons for electronics applications cited in the introduction to this work62-65. 

Film (phen on GC)  
Reference (rinsed GC) 
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The TBPP used for this test was synthetized by Dr. Colm Delaney in the group of 

Prof. Sylvia Draper, whose work largely focuses on synthesis of similar aromatic 

structures69. 

The sample was prepared again creating a film of starting material by drop-casting 

from a solution of TBPP 10-4 M in MeOH and then proceeding like before. The 

results presented (Fig. 3.30 a and b) were obtained after 1h of UV exposure and 

did not differ substantially from what was found with DBP. 

Fig. 3.30a and b: survey (left) and high resolution N1s (right) spectra of TBPP on GC 

 

The survey spectrum shows differences between the sample and the reference in 

the small peaks of Br around 70 and 180 eV and of N around 400 eV. Again the O 

peak is significantly higher compared to C from the sample to the reference, 

providing indirect support to the hypothesis of molecules of MeOH coordinated 

to the pyridinic nitrogens in the crystal structure. 

 

  

Film (TBPP on GC)  
Reference (rinsed GC) 
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3.7 Electrochemical properties of modified GC electrodes 

Electrochemistry was performed on polished glassy carbon disks and UV-modified 

disks. Fundamental studies were done on functionalized GC disks using CV and 

EIS techniques. Tests for ORR activity were also performed Hereby the overlapped 

cyclic voltammetry and bode phase diagrams are reported. 

The electrolyte solution was a 0.1 M KCl, with 1mM [Ru(NH3)6]2+/3+ as reference 

red-ox couple and Ag/AgCl as reference electrode. EIS was performed at the formal 

potential of the red-ox couple found by mean of CV. 

 

3.7.1 Cyclic Voltammetry 

 

Fig. 3.31: CV diagrams of bare GC disk (blue) and UV-modified GC disk (red) 

 

Table 3.9: characteristics of the two diagrams in Fig. 3.30 

 

 

Fig. 3.31 shows the CV diagrams of a reference polished GC electrode and of a 

functionalised GC electrode. Table 3.9 summarizes the results of the analysis: in 

both cases the peak separation as well as the formal potential were found to be the 

same. In particular the 60mV peak separation indicates that in both cases the red-

Peak separation Formal potential 

60 mV -0.171 V 

Film (DBP on GC)  
Reference (polished GC) 
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ox process is highly reversible, which means that both sample show good 

conductivity towards the red-ox process under investigation. The only noticeable 

difference between the two CV diagrams is the peak current (here reported as 

current density). In fact for the UV-modified sample a lower value both for anodic 

and cathodic peak current is recorded. The difference in peak height is calculated 

to be around 5∙10-5 A/cm2. An explanation for this could be a lower availability of 

active sites for the fast electron transfer to the [Ru(NH3)6]2+/3+ complex, or a slower 

kinetics of the charge-transfer itself. This hypothesis is nonetheless less likely to 

be correct given the outer-sphere nature of the process involved. The 

[Ru(NH3)6]2+/3+ is in fact not to be considered as surface-sensible3 as other species 

whose electron-transfer mechanism is inner-sphere type. 

 

3.7.2 Electrochemical Impedance Spectroscopy 

 Fig. 3.32a and b: Bode Phase diagrams (left) and Nyquist diagrams (right) of bare GC disk (blue) 

and UV-modified GC disk (red) 

 

The high conductivity and diffusion dependence of the process under investigation 

is rather clear in the Bode Phase diagram here reported in Fig 3.31a. The two curves 

have a similar look and both converge at low frequencies to a phase value of 45°, 

which is theoretically predicted for a diffusion controlled faradaic process. The 

only small differences can instead be seen at high and medium frequencies: the 

bare GC disk and the modified one show two similar, very smooth peaks, around 

Film (DBP on GC)  
Reference (polished GC) 
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104 Hz and 102 Hz respectively, which could mean that the charge transfer is more 

sluggish in the latter case because of the film deposited on the surface. It is hard to 

draw a conclusion from that anyway, also because the two Nyquist plots (Fig. 

3.32b) almost overlap perfectly and do not show any semicircle, not allowing for 

the equivalent-circuit interpretation of the surface. Measurements using more 

surface sensitive redox species, like [Fe(CN)6]4-/3- or dopamine would be needed to 

get better insight on the electroactive surface. 

 

3.8 Metal chelating capability and ORR catalysis 

The DBP layer has been tested in its ability as a metal ion trapping agent, taking 

advantage of the chelating properties of the two pyridinic nitrogens. The potential 

applications for this kind of system would go from sensors for analytical devices to 

ORR catalyst for fuel cells. 

The DBP functionalized GC samples were exposed to aqueous solutions of two 

metal ions, known for their interesting electrochemical properties: Pt2+ and Fe2+. 

XPS analysis and ORR testing were carried out on both of them. 

 

3.8.1 Pt2+ complexation 

Fig. 3.33a and b: survey (left) and hi-res spectrum (right) of DBP on GC exposed to Pt2+ solution 
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Fig. 3.33 shows the XPS analysis of a DBP layer on top of a GC substrate exposed 

to a Pt2+ solution: already from the survey the contribution of the noble metal is 

visible in the characteristic peak between 70 and 80 eV (Pt 4f orbitals) and the 

doublet between 313 and 334 eV. The high resolution spectrum on the right shows 

the resolved doublet of the 4f 7/2 and 5/2 signals. The fitting was made using an 

asymmetric Lorentzian curve, as suggested in the CASAxps manual. The 

quantification calculations gave as a result a 3.3% of Pt/C ratio against the 1.5% 

found for a bare polished GC plate exposed to the same solution. The organic layer 

increased therefore the Pt trapping on the carbon surface. 

 

3.8.2 Fe2+ complexation 

Fig. 3.34a and b: survey (left) and hi-res spectrum (right) of DBP on GC exposed to Fe2+ solution 

 

Fig. 3.34 shows the presence of Fe ions in the organic layer detected with XPS. In 

the high resolution spectrum on the right the 2p3/2 peak of Fe is visible and the 

deconvolution is also reported. The model used for getting the best fit was taken 

from a fundamental work published in 2011 by Prof. Roger Smart on the journal 

Applied Surface Science93. In this article several transition metals XPS spectra are 

fully analysed and models are given to fit a generic sample and resolve the 

contributions by the multiple states of oxidation that may exist in samples 

containing this kind of ions93. In this case in particular it was found that a small 

percent (~1%) of Fe2+ had turned into Fe3+: this was somehow expected as the 
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incubating solution had not been deaerated and the sample had been exposed to 

air after the reaction and before the analysis. 

The most interesting thing emerging from the quantitative calculation was that, 

compared to freshly polished GC, the functionalized surface was able to retain 

much more Fe: in particular the atomic ratio vs carbon passed from 0.6% in the 

reference to an astonishing 4.5% in the sample. The chelating activity of the 

pyridinic nitrogens therefore proved to be extremely active towards Fe2+ and 

possibly other transition metals. 

 

3.8.3 ORR activity tests 

Ultimately the aim of this project was to test the materials prepared in the lab in 

their ability to catalyse the oxygen reduction reaction in alkaline media. All the 

samples prepared on GC have been tested in this regard. In the following figures 

the results obtained for bare GC, DBP on GC, DBP+Pt on GC and DBP+Fe on GC 

as well as their annealed analogues are reported. 

Fig. 3.35a and b: Alkaline ORR testing of 4 fresh samples (left) and their annealed analogues 

(right); only the onset region is shown 

 

Fig 3.34a shows the comparison between four different samples focusing on the 

onset region: the best performing electrodes are the one where the layer of DBP 

has been exposed to the metal ions solutions. The pure DBP instead does not 

Polished GC 

GC + DBP layer 

GC + DBP(Fe) layer 

GC + DBP(Pt) layer 

GC + DBP(Fe) 900˚C 

GC + DBP(Pt) 900˚C 

GC 900˚C 

GC + DBP 900˚C 
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provide an improvement compared to a standard polished GC, suggesting that the 

pyridinic nitrogens are not able, in this configuration, to play the role of improving 

the oxygen molecules absorption, for which they are believed to catalyse the ORR. 

On the other hand metals like Pt and Fe are well-known catalysts for the ORR and 

their presence is what, with high probability, helped improving the onset for those 

samples. 

Fig 3.35b shows the onset region for other four samples, prepared in the same way 

as before and then annealed for 1h at 900°C. This is a protocol widely reported in 

the literature to embed metal ions and in general to improve catalysis in ORR3, 13, 

29, 56, 67-68, 94-101. The annealed samples actually show improvements in the onset 

potential with respect to the non-annealed ones, the surprising data is although 

that the best performing electrode was the bare GC, suggesting that cleaner 

smoother and more graphitic carbon surface alone is perhaps a better starting 

point for the synthesis of ORR active materials. 

Further studies on how to tailor the annealing protocol are needed in order to 

obtain better performing catalysts. 
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Conclusions 

Glassy carbon (GC) and amorphous carbon (a-C) substrates were exposed to 

surface doping through photochemical grafting of N-containing moieties. The 

molecule chosen as starting material was 3,8-dibromo-1,10-phenanthroline (DBP) 

dissolved in MeOH to be drop-cast and subsequently be exposed to UV light in 

time range ranging from 15 to 120 minutes. Spectroscopic (XPS) and 

electrochemical (CV and EIS) measurements were performed to chemically 

characterize the grafted film and test its electroactivity towards outer-sphere red-

ox reactions as well as its catalytic activity in ORR. XPS analysis revealed that the 

photochemical reaction is crucial to covalently bond the doping agent to the 

surface, studies on samples rinsed or annealed after drop-casting without UV 

exposure showed no traces of the N+Br containing moieties. To get a better 

understanding of the chemistry going on at the surface, six different time points in 

photoreaction duration were explored, at 15, 30, 45, 60, 90 and 120 minutes of UV 

exposure. Time-resolved calculations on the composition of the surface, obtained 

from the XPS data analysis, provided insight on the kinetics of the photochemical 

reaction. In particular it was shown how the reaction on polished GC surfaces tends 

to be self-limiting, reaching a plateau in the N/C and Br/N ratios. It is believed that 

oxidized groups on the surface, whose EW nature and coordinating ability play a 

major role in these differences, could actually change the chemical activity of the 

surface towards the photoreaction. In particular the role of MeOH used as a solvent 

for drop-casting may have as consequence the presence of several molecules of 

methanol coordinated to the crystal structure of the film on the surface. 

Electrochemical studies have proven the electroactivity of the films prepared 

towards outer sphere redox processes; successful trapping of metal ions lead to the 

test of eight different nitrogenated carbon surfaces against the oxygen reduction 

reaction in alkaline media. Annealing the samples has emerged as a way to improve 

the ORR activity. Further studies are desirable to answer the still numerous 

question marks raised by the work described above: these should focus in 

particular to the use of different solvents for drop-casting, to the use of more 

surface sensitive redox couples and to develop an annealing protocol towards a 

better performance in ORR catalysis. 
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Future work 

Following the results obtained, further characterization and new experiment are 

desirable to address the problems we came up against and to answer those 

question that our findings have raised. 

On a first stage a deeper characterization of the surface could be achieved thanks 

to the following techniques: 

 XPS in high resolution instrument to quantitate sp2/sp3 on carbon and to 

determine O/C content accurately  

 AFM to study homogeneity of the layer 

 Tests with surface sensitive redox species like [Fe(CN)6]4-/3- and dopamine 

 Solid fase UV spectroscopy on the 3,8-dibromo-1,10-phenanthroline film 

 Test of other solvents (like CHCl3) where to dissolve the DBP in order to 

avoid high oxygen percentages on the surface 

On a later stage instead, a study of electrochemical applications of N-modified 

compounds in electrocatalysis could be carried out. Its development can follow 

three main ways: 

 study of precursors for N-doping of carbons, the idea is to start from N-rich 

compounds where the N atom is in a different hybridization state and see 

how this influences the doping 

 study of modified surfaces for electrocatalysis in analytical applications 

such as detection of heavy metals in fluids 

 study of the possibility of anchoring moieties for electrocatalytic metal 

nanoparticles. 
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