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Abstract 

This thesis describes the graphitisation and further modification of diamond and nanodiamond 

surfaces that have been investigated in-situ using multiple photoelectron spectroscopy 

techniques, including real-time and near-ambient pressure X-ray photoelectron spectroscopy.  

The low-temperature graphitisation of boron-doped polycrystalline diamond to produce multi-

layer graphene was demonstrated using real-time photoelectron spectroscopy by annealing the 

sample in-situ, in an ultra-high vacuum. A thin overlayer of iron of approximately 10 nm was 

deposited to catalytically lower the conversion temperature of sp3 to sp2 carbon. The iron 

overlayer interacted with nickel present on the surface of the polycrystalline diamond to further 

reduce the onset graphitisation temperature to lower than had been previously demonstrated 

for single-crystal substrates. X-ray photoelectron spectroscopy and Raman spectroscopy was used 

to characterise the graphene. 

Both the non-catalytic and catalytic graphitisation of hydrogen-terminated nanodiamonds were 

investigated by annealing the nanodiamond samples in an ultra-high vacuum and monitored in 

real-time. When a thin iron overlayer was deposited onto the nanodiamond film, multi-layer 

graphene/HOPG was produced demonstrating that the process of producing graphene on single-

crystal and polycrystalline diamond samples can be extended to nanodiamonds.  

Amine-terminated nanodiamonds were annealed in pure hydrogen gas and measured using near-

ambient pressure X-ray photoelectron spectroscopy and near-edge X-ray absorption fine 

structure spectroscopy. During the anneal to 500 oC, the surface of the nanodiamonds were 

further modified where the potential encapsulation of nitrogen from the amine groups to 

between the sub-surface and surface layers of nanodiamond was observed in XPS. 
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1.  Introduction and Thesis Layout 

The primary objective of this work is to investigate the further modification of nanodiamond 

surfaces for a variety of potential applications. Nanodiamonds are a promising nanomaterial 

being considered for an increasing number of applications as they possess many of the 

exceptional bulk diamond properties, such as hardness and non-toxicity, but at a sub-micron 

length scale, making them bio-compatible. The termination, functionalisation, and 

modification of the nanodiamond surface is an important factor when considering its 

potential applications due to its high surface to bulk ratio and surface reactivity. There is 

interest in nanodiamonds as fluorescent biomarkers due to the well-explored defect in 

diamond known as the nitrogen-vacancy (NV-) centre. Incorporation of the NV- centre, which 

is sensitive to external magnetic fields and can be detected optically, has been successfully 

achieved in bulk diamond and larger nanodiamonds but is still challenging for smaller 

nanodiamonds. There is an interest in the amine-terminated nanodiamond surface 

specifically as it would allow a variety of functional molecules, such as DNA, antibodies, and 

polymer building blocks, to be more easily and straightforwardly attached to the 

nanodiamond due to the presence of this amine group. The further modification of amine-

terminated nanodiamond surfaces has been studied for its potential biophysical applications. 

Detonation synthesis of nanodiamonds produces shells of graphitic carbon around the 

nanodiamond core which exhibits the same cubic structure as bulk diamond. The graphitic 

shell is desired in some applications such as electronic device fabrication, where adding a 

semiconducting layer onto nanodiamonds is required. 
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This body of work investigates the controlled graphitisation of hydrogen-terminated 

nanodiamonds for the potential formation of graphene/graphite following the graphitisation 

procedure applied to single-crystal samples, previously conducted at Aberystwyth University. 

Due to its extraordinary thermal and electrical conductivity as well as its light absorption 

properties, graphene has the potential to be a transformative material to replace existing 

technologies. It has been extensively researched by many industries for use in applications 

such as batteries, drug delivery, photovoltaics and microelectronics to name a few. It has been 

shown that the growth of epitaxial graphene can be controlled by depositing a thin film of 

iron onto a single crystal diamond substrate, resulting in single or multi-layer graphene at the 

iron-vacuum interface. This catalytic approach has been extended for nanodiamonds and 

inexpensive metal substrates.  

Photoelectron spectroscopy techniques both in ultra-high vacuum and near-ambient 

pressure environments have been used to characterise the modification of the nanodiamond 

surfaces, as well as other complementary techniques including Raman spectroscopy, Fourier 

transform infrared spectroscopy, and atomic force microscopy.  

Chapter 2 introduces and discusses the materials that were used in these experiments, or 

were of relevance to this study, and includes diamond, nanodiamonds, and graphene. 

Chapter 3 introduces and discusses the techniques that were used to measure and 

characterise the samples including photoelectron spectroscopy techniques and optical 

spectroscopy techniques. 

Chapter 4 details the specific instrumentation that was used to conduct these experiments 

including the facilities available in the laboratory at Aberystwyth University and the 

synchrotron facilities used. 
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Chapter 5 presents the results and discussion of the graphitisation of boron-doped 

polycrystalline diamond which was used as an iron deposition and graphitisation calibration 

and reference for the graphitisation of nanodiamonds.  

Chapters 6 and 7 present the results and discussion of the graphitisation of the hydrogen-

terminated nanodiamonds; Chapter 6 on the graphitisation without the aid of a metal 

catalyst, and Chapter 7 on the graphitisation with the aid of a metal catalyst. 

Chapter 8 presents the results and discussion of the annealing of amine-terminated 

nanodiamonds in ambient conditions to further modify the surface, and Chapter 9 introduces 

the further work planned and provides a summary of the thesis. 

Unless explicitly stated, all figures, tables, images, and data are the work of the author. 

  



4 
 

2.  Properties, Applications, and Production of 

Carbon-Based Materials 

This chapter will introduce and review the different carbon materials studied in this 

investigation. Diamond and nanodiamond will be the primary focus of this chapter as the main 

materials studied in this body of work, where the history, structure, electronic properties, 

surfaces, defects, and formation will be discussed. Previous research on the surface 

termination and modification of nanodiamonds conducted at Aberystwyth University is 

introduced. 

Graphene, another important allotrope of carbon is also discussed, as a focus of this work is 

the formation of graphene from diamond; therefore, its current production methods, 

properties, and applications are detailed here. 

 

2.1. Carbon and its Allotropes 

Carbon is one of the most abundant elements in the universe and is the common element to 

all known life on earth. We rely on the many different allotropes of carbon for a vast variety 

of different applications including electronic, optical, mechanical, thermal, and quantum 

mechanical [1,2]. Our reliance on carbon materials is due to the unique and exceptional 

properties the different allotropes possess, its biocompatibility, the reduced costs and the 

continually improving production methods, and the sheer abundance of carbon.  
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Carbon is the sixth element in the periodic table and has six electrons; at ground state, two 

electrons fill the closed 1s2 shell (K shell) and four electrons fill the 2s and 2p states in the 

second shell (L shell) with the configuration of 2s2 and 2p2. Two electrons with opposite spins 

fill the 2s orbital, whilst the other two electrons occupy two separate p orbitals (Figure 2.1). 

Carbon has three naturally occurring isotopes; 12C which makes up 98.9% of natural carbon 

and 13C which makes up 1.1% of natural carbon, both of which are stable [3], and 14C which is 

unstable and has a decay half-life of 5730 years [4].  

 

 

Figure 2.1. The electron configuration of the carbon atom at the ground state. 

 

Hybridisation is the process of forming bonds by mixing different orbitals, in particular, the s- 

and p-orbitals. The properties of the carbon allotropes differ as the atoms are bonded to each 

other in different configurations, most notably the sp2 bonding present in graphene, graphite, 

nanotubes, fullerenes and amorphous carbon, and the sp3 bonding in diamond (Figure 2.2).  
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Figure 2.2. Structures of carbon allotropes. a) diamond unit cell b) diamond, c) graphene, d) graphite, e) carbon 

nanotube, f) fullerene, and g) amorphous carbon. 

 

The trigonal geometry of graphene, graphite, nanotubes, fullerenes and amorphous carbon 

can be explained by sp2 hybridisation. In sp2 hybridisation, the 2s orbital mixes with two of 

the three available 2p orbitals; this forms three, sp2 orbitals which are orientated at 120⁰ with 

repulsion, the frontal lobes of the sp2 orbitals arrange in a trigonal planar structure (Figure 

2.3).  

 

Figure 2.3. The change in the electron configuration of a carbon atom from the ground state to an excited 

state, to sp2 hybridisation.  
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The tetrahedral structure of diamond can be explained by sp3 hybridisation, where the 2s 

orbital mixes with all three 2p orbitals and forms four sp3 orbitals (Figure 2.4). To minimise 

electron repulsion, the orbitals are orientated at an angle of 109.5⁰ with respect to each other 

[5].  

 

Figure 2.4. The change in the electron configuration of a carbon atom from the ground state to an excited 

state, to sp3 hybridisation. 

 

Carbon is an extremely versatile material that can configure in many different ways and can 

display different degrees of dimensionality (Figure 2.2). Zero-dimensional carbon 

nanomaterials include carbon dots and fullerenes, one-dimensional carbon nanomaterials 

come in the form of carbon nanotubes, two-dimensional carbon comes in the form of 

graphene; and graphite and diamond are examples of three-dimensional carbon. 

Although the body of this work primarily looks at detonation nanodiamonds that exhibit sp3 

hybridisation, it is important to have an understanding of the different carbon allotropes and 

the influence of sp2 hybridisation on the surface of nanodiamonds. There is interest in layering 

different carbon allotropes into devices, such as graphene-on-diamond devices for 

electronics, therefore a more broad and general insight into the other forms of carbon is 

required [6,7]. Previous research conducted at Aberystwyth University has focused on 

graphitising diamond surfaces to form graphene on diamond (Benjamen Reed, Thesis [8]). In 
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this body of work, the graphitisation technique used for creating graphene on diamond was 

applied to nanodiamonds; this work is detailed in Chapter 7. 

 

2.2. Graphene 

Since 2004, when Giem and Novoselov were the first people to successfully separate graphite 

to form a free-standing sheet of single-layer graphene, the interest and research in graphene 

has erupted, with the number of publications increasing steadily each year (Figure 2.5)[9]. 

The interest in graphene as a material continues to grow due to its many exceptional physical, 

chemical, and electronic properties, allowing graphene to be used in a vast range of 

applications including electronics, sensing, medicine, and energy solutions [10]. 

Graphene, shown in Figure 2.2(c), is a two-dimensional crystalline allotrope of carbon 

arranged in a hexagonal configuration and is the basis of some other carbon allotropes 

including graphite, carbon nanotubes and fullerenes. Graphite is layers of graphene sheets 

bonded by weak van der Waals forces where the stacked graphene layers are slightly offset 

from each-other [11]. Graphite can be stacked either in a hexagonal form or rhombohedral 

form [12]. Carbon nanotubes (CNT) are formed when the two-dimensional hexagonal lattice 

is rolled up to form a hollow cylinder where the diameter is on the nanometre scale but the 

length of the CNTs can be thousands of times longer (Figure 2.2 (e))[13]. CNTs can either be 

single-walled (SWCNT) or multi-walled (MWCNT), which is where single CNTs are nested 

within one another. Ab-initio calculations for a graphene sheet show that it is not 

thermodynamically stable below a diameter of 20 nm and will therefore convert into its most 
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stable form as a fullerene [14]. Fullerenes are hollow spheres of carbon atoms that are made 

up of 5 and 7 carbon atom rings, both single and double-bonded as shown in Figure 2.2(f). 

 

 

Figure 2.5. The number of publications with 'graphene' in the title per year for the period of 2004-2018. Data 

sourced from Web of Science on 05/09/2019. 

 

2.2.1. Graphene Production 

In 2004 Giem and Novoselov were the first people to isolate a single layer of free-standing 

graphene through ‘mechanical exfoliation’ which is where layers of graphite were 

mechanically peeled off using scotch tape until just a single layer remained [9]. These single-

atom-thick graphene layers were transferred onto silicon dioxide to conduct measurements 

on graphene’s electronic properties. Back in 2004, the mechanical exfoliation method 
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produced sheets of single-layer graphene only a few 10s of micrometres in size. Now, the 

evolved micromechanical exfoliation method can produce sheets of graphene on the order 

of millimetres [15]. This method is still one of the common production methods of graphene 

as it yields high-quality graphene and at a low cost, however, it is time-consuming, therefore 

this method isn’t appropriate for large-scale graphene production. The most common 

alternative synthesis methods of graphene are chemical exfoliation, chemical synthesis, and 

thermal chemical vapour deposition (Figure 2.6)[16]. 

 

 

Figure 2.6. Process flow chart of different methods of synthesising graphene. 

 

Chemical exfoliation creates single-layer graphene by producing a colloidal suspension to 

modify graphite to produce graphene. The interlayer van der Waals forces between layers are 

reduced to increase the interlayer spacing between the graphite layers by forming graphene 

intercalated compounds (GICs)[17]. One method of creating GICs is to soak graphite in 

sulphuric and nitric acid mixtures long enough for the acid molecules to penetrate the 
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graphite and sit between the layers. The GICs are thermally annealed to exfoliate graphene 

by rapidly evaporating the intercalant at high temperatures. Further exfoliation is achieved 

through ultrasonication. An advantage of this method is that it can be easily scaled up for 

large scale production and the graphene can be functionalised during the same process; 

however, it tends to produce multi-layer graphene sheets. To produce single-layer graphene, 

the process has to be repeated with various intercalants and exfoliation, and the flakes of 

graphene tend to be only small scale (100s nm)[16,17]. Chemical synthesis is a similar process 

in which graphite oxide is dispersed instead of graphite, and then is followed by a reduction 

with hydrazine [18]. 

Chemical vapour deposition (CVD) for graphene synthesis has the benefit of being a well-

established technique that can be easily adapted for graphene growth allowing for various 

precursors and substrates to be used, depending on what area size and thickness graphene is 

required, and what doping is desired.  Graphene produced via CVD is grown on top of a metal 

substrate. The most commonly used metal substrates for graphene production are copper 

and nickel [19].  

 

2.2.2. Physical and Chemical Properties of Graphene 

The free-standing single layer of graphene has many interesting and unique properties 

including a very high thermal conductivity of between 3000 to 5000 W m-1 K-1; twice that of 

diamond and ten times that of copper [20]. Graphene has a Young’s modulus of 1 TPa and 

intrinsic tensile strength of 130 GPa making it the strongest material on Earth [21]. Graphene’s 

optical properties include being able to absorb light over a wide range of the electromagnetic 
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spectrum including the visible region to near- and far-infrared [22]. Graphene is also highly 

chemically reactive and its reactivity increases with the number of defects found in the 

graphene sheet [23]. Graphene is so highly chemically reactive as it is the only carbon 

allotrope that has all the carbon atoms in the material accessible for a chemical reaction (i.e. 

from both sides of the sheet). 

 

2.2.3. Electronic Properties of Graphene 

As previously stated in Section 2.1, the carbon atoms in graphene are sp2 hybridised and are 

arranged in a hexagonal configuration, creating a two-dimensional crystalline honeycomb 

arrangement of atoms (Figure 2.7)[24]. Graphene has a lattice constant of 2.46 Å and a C-C 

bond length of 1.425 Å [25]. The bonding in graphene consists of three in-plane sp2 bonds 

(sigma bonds, σ) between the carbon atom and its three nearest neighbours; and an out-of-

plane pi (π) bond which is made up of the third p-orbital. In a sheet of graphene, the pi bonds 

are delocalised and form pi bands and pi* bands [26]. The delocalised pi and pi* bands allow 

for free-moving electrons resulting in some interesting and unique properties [27].  
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Figure 2.7. Schematic top-down view of Graphene's bipartite honeycomb lattice demonstrating the two 

equivalent sub-lattices, A (orange) and B (black). Grey shaded region is the unit cell of graphene with the lattice 

vectors a1 and a2. 

 

The electron interaction with the periodic potential of the graphene lattice leads to a 

quasiparticle that can be described, at low energies, by the Dirac equation (with an effective 

speed of light of VF ≈106 m-1 s-1)[28].  The quasiparticles, described as massless Dirac fermions, 

can be thought of as electrons with no rest mass [3,26]. Graphene’s crystal structure consists 

of two carbon sublattices A and B which are equivalent to each other (Figure 2.7). Between 

the sublattices, there is quantum mechanical hopping which leads to the formation of two 

energy bands [29]. Near the edges of the Brillouin zone, these bands intersect at the “Dirac” 

points K and K’. This results in the quasiparticles behaving as if they were massless relativistic 

particles due to the linear dispersion relation; 

 𝐸𝑘 = ℏ𝑣𝑓|𝑘| Eq.2.1 
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where 𝐸𝑘 is kinetic energy, ℏ is reduced Planck’s constant, 𝑣𝑓 is the Fermi velocity in graphene 

(106 m s-1), and 𝑘 is the wavevector at the K point. The Fermi velocity replaces the role of the 

speed of light in this equation [29].  

The linear dispersion (Figure 2.8) suggests that the kinetic energy of the electron is greater 

than the rest mass energy and therefore the quasiparticles can be seen as relativistic. As a 

result, graphene has several desirable characteristics such as extremely high electron mobility 

(exceeding 15000 cm2 V-1 s-1) which can be improved by limiting impurity scattering, very low 

resistivity at room temperature (1 x 10-6 Ω cm), and it is electrically conductive [9,30,31]. The 

zero band-gap of unmodified graphene does have its disadvantages in electronic applications 

like transistors, however, graphene can be modified to create artificial bandgaps through 

doping or the creation of graphene nanoribbons [32]. 

 

 

Figure 2.8. a) Band structure for hexagonal graphene along the G->M->K->-G path. b) A high-resolution band 

structure for hexagonal graphene around the Dirac point demonstrating the linear dispersion of graphene. 

 

a b 
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2.2.4. Graphene vs Graphite 

When discussing graphene, it is important to distinguish when graphene or multi-layered 

graphene becomes graphite as the electronic properties of these two materials are vastly 

different. There have been differing opinions on when multi-layer graphene becomes 

graphite as the electrical, physical, and chemical properties of graphene change slightly with 

the increasing layers. However, in literature, it appears to be generally accepted that the 

transition between multi-layer graphene to graphite occurs at number of layers > 10 [33].  

The aim of the nanodiamond and polycrystalline diamond experiments in this thesis is to 

produce single or multi-layer graphene on top of diamond and nanodiamond to work towards 

free-standing graphene production (Section 2.3.4). The distinction between graphene and 

graphite in this body of work is especially important as the surface of the nanodiamonds are 

contaminated by layers of graphitic sp2 carbon which does not exhibit the same electrical and 

physical properties as graphene (Table 2.1). The sp2 contamination of nanodiamonds will be 

discussed further in Section 2.4.1 and 2.4.2. 
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Table 2.1. Comparison of some of the mechanical and electrical properties of graphene and graphite. 

Property/Material Graphene Graphite 

Thermal Conductivity 3000 to 5000 W m-1 K-1       [20] (bulk graphite) 2000 W m-1 K-1       

[34] 

Electron Mobility Exceeding 15000 cm2 V-1 s-1    [9] 2000 – 6000 cm2 V-1 s-1  [35] 

Young’s Modulus 1 TPa [21] (Isotropic graphite) 25.5 GPa  [36] 

Tensile Strength 130 GPa [21] 2-14 Pa [37] 
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2.3. Diamond 

Diamond has a long-standing history in modern society. The earliest known trade of diamond 

as precious gemstones dates back to 4th century India where diamonds that were found 

washed up on river beds were used in trade, for taxation purposes, and as a source of royal 

revenue [38]. At the very end of the 14th century, the Portuguese explorer Vasco da Gama 

opened up trade routes between Lisbon and the Indies leading to a subsidiary link between 

Lisbon and Antwerp. This initiated the trade of diamonds between India and Europe through 

Antwerp that would last until the 18th century, where in the 18th century, Britain took over 

the supply. Antwerp is still considered the diamond centre of the world where approximately 

80% of the world's rough uncut and unpolished diamonds pass through Belgium [39]. In the 

19th century, the start of the modern diamond era, large deposits of diamond were found in 

South Africa, leading to the formation of many major diamond and mining companies, 

including De Beers Group and Anglo-American plc [40]. 

Diamond is a metastable carbon allotrope where the carbon atoms are sp3 hybridised and 

bonded in a tetrahedral configuration, therefore it has four nearest neighbours and twelve 

next-nearest neighbours, forming the diamond cubic crystal structure [41]. Diamond is 

classed as metastable; precursor carbon under ambient conditions, i.e. at atmospheric 

pressures and low temperatures, would form graphite, not diamond. Figure 2.9 shows the 

high cohesive energy required to convert graphite to diamond despite the relatively small 1.9 

kJ mol-1 energy gap between the two final allotrope forms [42]. 
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Figure 2.9. Energy diagram for the conversion of graphite to diamond, showing the cohesive energy of diamond 

at 717 kJ/mol and a small energy gap of 1.9 kJ/mol between graphite and diamond. 

 

At room temperature, the lattice constant of diamond is 3.567 Å with a C-C bond length of 

1.54 Å. The diamond lattice is a face-centred cubic lattice with a two-atom basis at positions 

(0,0,0) and (1/4,1/4,1/4)[43]. The structure of diamond can be shown in Figure 2.10. The 

highly symmetric structure and the strong and direction bonds give diamond many of its 

exceptional and unique properties, making diamond a well-established material in a range of 

different applications. The strong directional bonds and low surface reactivity means that 

diamond is biocompatible as it doesn’t react and break down in the body or other biological 

environments. Intrinsic diamond has a band-gap of 5.5 eV making it a wide band-gap 

semiconductor [44]. Diamond has three principal facets, the (001), (110), and (111) which all 

exhibit different surface properties; more detail on these surfaces will be provided in Section 

2.3.3 Diamond Surfaces. 
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Figure 2.10. Conventional diamond unit cell showing the face-centred cubic lattice structure of diamond, the 

lattice constant and bond length. 

 

2.3.1. Diamond Production and Synthesis 

The majority of the world’s diamonds are either formed naturally or formed synthetically 

through high-pressure, high-temperature (HPHT) synthesis or chemical vapour deposition 

(CVD). 

Most natural diamonds, except super-deep diamonds, are formed in either the upper mantle, 

the transition zone, or the lower mantle, with the principal source being the deep subcratonic 

lithosphere. A craton is a stable part of the continental crust that has survived geological 

activity and the movements of continents. It is the lithospheric mantle underneath this craton 

layer where the majority of natural diamonds form at a depth of between 140-200 km below 

the earth's surface [45]. Diamonds are formed in this area of the mantle as it is stable and it 

provides the high-temperature and high-pressure conditions required for diamond formation 

and growth. In this area of the mantle, from 140 km deep, the temperature-dependent 
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gradient transition from graphite to diamond can be inferred [45]. Figure 2.11 is the phase 

diagram for carbon and demonstrates the high pressures and high temperatures required to 

form diamond. Natural diamond forms at high pressures of 5-6 GPa, and high temperatures 

of between 900-1400 oC in catalytic metallic systems, and at pressures greater than 7 GPa and 

temperatures greater than 1600 oC in non-metallic, non-catalytic systems [46]. The diamond-

graphite equilibrium line is also known as the Simon-Berman line. Above this line, diamond is 

stable, below it, graphite is stable [47]. 

 

 

Figure 2.11. Carbon phase diagram showing the pressure and temperature conditions required to form 

different carbon allotropes taken from Burkel et al [48]. The schematic also shows the pressure and 

temperature conditions by which diamond can be synthesised through chemical vapour deposition, high-

pressure, high-temperature synthesis, catalysed HPHT synthesis, and shockwave synthesis. 
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The majority of the diamonds that are formed in the subcratonic lithosphere, which were 

formed between approximately 1 and 3.5 billion years ago, are brought to the earth’s surface 

through seismic events such as volcanic eruptions. Kimberlite, a type of magmatic rock, can 

rise to the surface at a rate of between 4-20 ms-1 during a volcanic eruption. When travelling 

through the kimberlite volcanic pipe, the magma collects xenoliths, in this case, the diamonds, 

which then become embedded into the kimberlite rock. Once the kimberlite rock has reached 

the earth surface and has cooled down, the diamonds are then mined [49]. 

The parameters required for synthesising diamond using HPHT synthesis are pressures of 

between 5-6 GPa, temperatures of 1300-1600 oC, a group VIII transition metal such as nickel, 

cobalt, iron or manganese to act as a catalyst, a carbon source such as graphite, and seed 

diamond [50,51]. Transition metals are used in HPHT synthesis as they act as a solvent for the 

carbon source to dissolve into and transport through, and they also act as a catalyst for the 

carbon source by lowering the breakdown temperature of carbon [52].  

Graphite is used as both the carbon source and the ‘seed’ material when producing smaller 

industrial type diamonds such as those used in tools and grits. In this method, spontaneous 

nucleation from graphite is used to create the ‘seeds’ required for growth. When larger, 

higher quality gems are required, diamond seeds embedded in the seed pad are used as the 

seed material instead of graphite, and a separate carbon source, usually graphite, is used. 

HPHT synthesis works on a temperature gradient where the carbon source is at a higher 

temperature than the diamond seeds, inducing diffusion of carbon atoms through the molten 

metal solvent towards the diamond seeds, to form a synthetic diamond crystal [53–55]. 

Nitrogen is prevalent in the HPHT growth system which often causes the diamond crystals to 

be yellow. This will be discussed further in Section 2.3.5. 
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Diamonds that are grown using HPHT synthesis have applications in tools for cutting and 

drilling, in gemstones for those looking for more ethical and environmentally sourced 

diamonds, in electronics in devices such as field-effect transistors, or they are milled down to 

create larger nanodiamonds with colour centres [56–59].  

Chemical vapour deposition is a method of synthesising diamond that overcomes the high-

pressure and high-temperature barrier by growing diamond atomic layer by atomic layer. 

Most CVD techniques use similar growth parameters which require an existing diamond 

substrate or diamond seeds, pressures of between 1.3-27 kPa, temperatures of between 700-

1100 oC, and a carbon (CH4)/hydrogen (H2) gas-phase mix of approximately 1-5% [60–63]. 

The standard CVD model assumes that the diamond substrate will be hydrogen-terminated 

and that there is a large abundance of H2 in the CVD gas mixture. A hot filament or microwave 

plasma dissociates the H2 into hydrogen atoms, and the CH4 into CH3 and CH2 radicals. The 

dissociated hydrogen atoms will react to the hydrogen present on the diamond surface, 

forming H2 and creating dangling bonds in the process [64]. Due to the high presence of 

hydrogen in the gas mixture, the dangling bonds are most likely to be immediately re-

terminated with hydrogen as it stabilises the surface and it is readily available. However, 

instead of a hydrogen atom, sometimes the dangling bond will react with a CH3 radical. When 

two CH3 radicals attach to two adjacent exposed surface carbon atoms, the carbons of the 

CH3 link up to form a new layer of carbon on the diamond surface [65]. Due to the CH3 radical 

being very easily desorbed from the diamond surface, and due to the high hydrogen presence 

which reacts with the majority of free dangling bonds, CVD is a slow process. As the hydrogen 

atoms provide stability to the diamond surface and react with any non-diamond forming 

carbon, if the carbon/hydrogen ratio were to increase to include a greater percentage of 
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carbon, diamond-like-carbon, or other non-diamond carbon allotropes would more likely 

form instead [66]. Because of the slow and precise measure by which CVD diamond is grown, 

the films of diamond produced are often of higher quality than HPHT and natural diamonds, 

making CVD diamond suitable for optical and electronic applications [62,67]. 

 

2.3.2. Properties and Applications of Diamond 

Due to the recent progress in synthetic diamond manufacturing, diamond is becoming more 

readily available and cheaper to produce, meaning that in some applications, diamond can 

compete with the other top semiconducting materials such as silicon and gallium nitride. 

Table 2.2 compares the properties of diamond to silicon and gallium nitride. 

As well as the properties listed in Table 2.2, diamond is also chemically inert and an excellent 

electrical insulator [68]. Carbon is a group IV element along with silicon, germanium, tin, lead, 

and flerovium which all contain four electrons in their outer shell which are shared with four 

other neighbouring atoms, creating four single bonds such that there are no free electrons. 

Carbon is less reactive compared to the other group IV elements and is chemically inert. This 

is because the carbon atoms are smaller than the other group IV elements and therefore the 

bonds are stronger, requiring more energy to break them. The properties discussed in Table 

2.2 mean that diamond is an ideal candidate for a wide range of applications. Table 2.3 lists 

the current and potential applications of diamond. 
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Table 2.2. Properties of the wide band-gap semiconducting diamond, in comparison to the semiconducting 

materials silicon and gallium nitride. All values not specifically referenced are from reference[69]. 

 

Property/Material Diamond Silicon Gallium Nitride 

Band-gap (eV) and Band-gap Nature 5.5 Indirect [44]  1.1 Indirect 3.44 Direct 

Thermal Conductivity (W cm-1 K-1) 25 [70] 5 1.3 

Electron Mobility (cm2 V-1 s-1) 200-2800 1450 440 

Hole Mobility (cm2 V-1 s-1) 1800-2100 450 220 

Breakdown Field (MV cm-1) 10 0.3 5 

Hardness (kgf mm-2) 10200 [71] 990 [72] 1224 [71] 

Young’s Modulus (GPa) 1180 [73] 130-170 [74] 295 [75] 

Dielectric Constant 5.8 [76] 11.8 [76] 9.5 [77] 
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Table 2.3. The properties and the related applications of diamond. All applications are referenced in [78–80]. 

Property Application 

Wide band-gap Semiconducting devices, high-temperature and high power 

devices and electronics. Sensors and detectors. 

High thermal conductivity Heat sinks and spreaders for electronic devices. High power, 

high frequency, and high-temperature electronics.  

Hardness Cutting and polishing tools, wear-resistant coatings. High 

power, high frequency, and high-temperature electronics. 

Chemical inertness Diamond films and coatings, biomedical applications, and 

diamond windows. Detectors and sensors. 

Low loss dielectric material Substrates in high-speed circuitry. 

Transparent to all visible 

wavelengths 

Optical components, diamond windows. 

Defects in diamonds 

including the NV centre 

Quantum technology, sensing, photonics, and single-photon 

sources. Metrological and biomarking applications. 
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2.3.3. Diamond Surfaces 

When considering diamond for different applications it is important to take into consideration 

the role that the surface plays and what effect it might have on the desired application, as the 

surface can heavily influence the electronic properties of diamond. Due to the difference in 

bonding, structure and behaviour, the diamond surface can be considered and treated as a 

separate system to bulk diamond. The synthesis method, the cleaning treatments used, and 

any additional or post-growth treatments can have a large effect on the surface chemistry, 

and consequently, its electronic properties.  

Common commercial diamond surfaces available for research purposes include hydrogen-

terminated, oxygen-terminated, hydroxyl-terminated and carboxyl-terminated, with 

hydrogen- and oxygen-terminated surfaces being most popular for electronics and devices. 

Less common terminations include surfaces that have undergone amination, chlorination, 

and fluorination treatments [81–84]. A surface that has undergone relaxation, reconstruction, 

or termination can give rise to surface states which will alter the surface properties of 

diamond. Diamond has three principal facets, (001), (110), and (111)[44]. The (001) surface 

has two free electrons on the surface where a fully hydrogen-passivated surface would 

contain two hydrogen atoms per carbon. If the hydrogen was removed, the surface would 

reconstruct to form C-C dimers [85]. The (111) and (110) unreconstructed surfaces only have 

one dangling bond on the surface where the (111) surface exhibits preferential bonding with 

hydroxyl when exposed to atomic oxygen, whilst the on (110) surface, oxygen atoms forms a 

bridge between exposed two carbon atoms [86–88]. The difference in preferential bonding 

and reconstruction of the different surfaces alters the work function and the electron affinity, 

and causes band bending, thus giving rise to different surface states. 
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CVD diamond is often terminated with hydrogen due to the high concentration of hydrogen 

in the synthesis process; or a hydrogen-terminated diamond surface can be created using a 

hydrogen plasma [89]. Oxygen-terminated diamond surfaces can be created in several 

different ways depending on which oxygen groups are desired on the surface, the uniformity 

of the surface, and the surface coverage. The standard methods include using an oxygen 

plasma, a sequence of acid treatments, or ambient annealing treatments in either air or 

oxygen environments [90–92]. The traditional method of mechanically polishing diamond 

with olive oil and diamond grit produces an oxygenated surface and sp2 carbon, especially if 

the diamond is polycrystalline. The diamond usually undergoes post-polishing treatments to 

clean and further modify the surface. 

As previously mentioned, all the above-listed factors have a large effect on the surface 

electronic properties, causing band bending at the surface and therefore changes in the 

values of the work function and electron affinity. A hydrogen-terminated surface exhibits a 

negative electron affinity with values a low as -1.3 eV being reported, whereas the oxygen-

terminated surface exhibits a positive electron affinity with values as high as +1.7 eV (Figure 

2.12)[87,90,93,94]. The oxygen-terminated surface can be further modified to produce a 

surface with a negative electron affinity by depositing monolayers of metal, such as lithium, 

onto the surface [95].  

Band bending is caused by a modification of the spatial distribution of charge at the diamond 

surface. Upward band bending is shown to create an accumulation layer of holes, forming a 

conduction layer [96]. This occurs when the surface of diamond is terminated with hydrogen, 

which is less electronegative than carbon, producing a positive polarisation of the surface. 

The reverse of this is true for downward bend bending which is shown to create a depletion 
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layer for holes. Oxygen is more electronegative than carbon, producing a negative 

polarisation at the diamond surface [97]. Hydrogen-terminated surfaces of diamond are 

hydrophobic, whereas the oxygen-terminated surfaces are hydrophilic [98,99]. 

 

 

Figure 2.12. Band diagram of the hydrogen-terminated diamond surface and the oxygen-terminated diamond 

surface, demonstrating the upwards band bending and the negative electron affinity of the hydrogen-

terminated surface, and the downwards band bending and the positive electron affinity of the oxygen-

terminated surface. 

 

2.3.4. Graphene on Diamond 

In previous research conducted by the materials group at Aberystwyth University, the 

successful formation of single-layer graphene on diamond was achieved (Cooil et al [100] and 

Benjamen Reed, Thesis [8]). A (111) single-crystal diamond was annealed at high 

temperatures in ultra-high vacuum to convert sp3 carbon to sp2 carbon, producing graphene 

films. The experiment was repeated using a (0001) silicon carbide substrate where similar 
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graphene formation results were obtained. When no metal catalyst was present, the 

graphitisation temperature in UHV was approximately 1000 oC. Using a Knudsen cell, a few 

nanometres of iron were deposited onto the surface of the (111) single-crystal diamond and 

(0001) silicon carbide to act as a catalyst to lower the conversion temperature from sp3 to sp2 

carbon. The presence of the metal catalyst lowered the graphitisation temperature to 

approximately 500 oC in UHV [100,101]. The premise of using a metal catalyst to lower the 

graphitisation temperature of diamond has been applied to nanodiamonds in this thesis to 

control and characterise the graphitisation of nanodiamonds. 

There is an interest in graphene on diamond devices as it pairs the exceptional properties of 

diamond such as high thermal conductivity, transparency, and hardness, with graphene’s 

exceptional properties such as high electron carrier mobility, allowing for high frequency and 

high power devices with increased current carrying capacity [6,7]. However, so far, these 

devices have proved expensive, difficult, and time-consuming to produce due to the expense 

of the diamond substrate, and the production method. 

Graphene production on two different types of diamond have been investigated in this body 

of research to determine how much importance the underlying registry of the surface atoms 

of the diamond substrate has when forming the graphene layer either via a catalytic or non-

catalytic reaction, i.e. how much of the hexagonal surface structure of the (111) single-crystal 

diamond substrate influences the assembly of carbon atoms to form the produced graphene 

layer. Therefore, the graphitisation of nanodiamonds and polycrystalline diamond has been 

explored as they do not possess the same surface configuration of carbon atoms. 
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2.3.5. Defects and Doping in Diamond 

Crystallographic defects in the diamond lattice are common, from the many different types 

of point defects to lattice dislocations, metal inclusions, stacking faults, and platelets to name 

a few. Dislocations, metal inclusions, stacking faults, and platelets are examples of defects 

that occur more frequently in natural diamond [102–106]. Point defects are present in both 

synthetic and natural diamond, and they often give rise to a range of colours of diamond 

[107]. When point defects are added deliberately into diamond, such as the addition of 

nitrogen and boron atoms to the diamond lattice, this is known as doping.  

 

2.3.5.1. Nitrogen 

Nitrogen is the most common extrinsic defect found in diamond and it can comprise up to 1% 

of the diamond lattice [108]. Nitrogen is so common in diamond that the classification of types 

of diamonds are based on whether nitrogen is present in the lattice. Figure 2.13 demonstrates 

how diamond is classified. 

The presence of nitrogen in diamond causes it to be a yellow colour. Nitrogen is prevalent in 

diamond, both natural and synthetic, as it is present in the primitive mantle conditions where 

natural diamond is formed, and it is present in high concentrations in the HPHT method of 

synthesising diamond [45,109]. As there is no or very little nitrogen in the CVD synthesis of 

diamond, diamond synthesised through CVD tends to be colourless and of high quality. 

Nitrogen defects and doping can be in the form of both interstitial or substitutional.  
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Figure 2.13. Types of diamond classified by whether they contain nitrogen as an impurity [110]. 

 

One of the most important and most studied point defects in diamond is the nitrogen-vacancy 

(NV) centre. An NV centre, as shown in Figure 2.14, is where two neighbouring carbon atoms 

have been substituted, one with a nitrogen atom, and the other with a vacancy. The NV centre 

can exist in three states, neutral, positive, or negative, with the neutral and negative NV 

centres being charge states. 

The neutral nitrogen-vacancy centre (NV0) involves 5 electrons. Three of the five valence 

electrons of the nitrogen are covalently bonded to the three neighbouring carbon atoms 

whilst the other two electrons act as a lone pair, and therefore provide two electrons to the 

NV centre [111]. The vacancy provides three unpaired electrons from the three dangling 

carbon bonds. In the neutral nitrogen-vacancy centre, two of the unpaired vacancy electrons 

form a quasi-covalent bond leaving one unpaired electron [112]. In the negative nitrogen-

vacancy centre (NV-), six electrons are involved. Two are from the nitrogen and three are from 

the vacancy, whilst the sixth electron is one that has been captured by the lattice from nearby 

charge donors (often other nitrogen’s); this makes the overall charge state NV- [113]. 
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There is a lot of interest and research in the NV- centre for quantum and sensing applications 

as the NV- centre can act as a single-photon source. There is an interest in the NV- centre in 

biosensing, bioimaging, and drug delivery as the NV- centre is biocompatible and photo-

stable. Optical readout of the NV- centre has been heavily studied and is frequently 

demonstrated in diamond magnetometry, however, diamond magnetometry is mainly 

conducted on bulk diamond where there is a high concentration of near-surface single NV- 

centres [114]. The ability to embed single (i.e. not clustered) NV- centres into nanodiamonds 

that would be used for biophysical purposes such as drug delivery could potentially create a 

dual drug delivery/biomarker system. Creating and measuring NV- centres in nanodiamonds 

has already been done, however, these tend to be on large scale nanodiamonds, i.e. in the 

region of 10’s to 100’s of nm [115–117], leading to limitations for biophysical applications, as 

for the majority of biophysical and biomedical applications, nanodiamonds with an average 

diameter of <10 nm are required [118,119].  

 

 

Figure 2.14. Nitrogen vacancy centre in diamond. Two neighbouring carbon atoms are substituted by a 

nitrogen atom (blue) and a vacancy. 
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The current interest in the NV- centre is also due to its many other unique properties including 

its spin manipulation, optical spin readout, high photostability, fluorescence, nano-resolution, 

and long spin coherence time. For example, the NV- centre exhibits the longest room 

temperature coherence time of any solid-state electron spin system [120–122]. The NV- 

centre is of interest in many applications including room temperature highly sensitive electric 

and magnetic field probes, solid-state qubits in quantum computing, sensing, and fluorescent 

markers [113,123–125]. 

 

2.3.5.2. Boron 

There is a lot of interest surrounding boron-doped diamond as boron-doped diamond exhibits 

electrical conductivity and the electrical conductivity can be carefully controlled but the 

density of doping. Boron atoms provide positive charge carriers, i.e. holes, generating an 

acceptor level in the band-gap making it a p-type dopant.  

One of the most common uses of boron-doped diamond is in the field of electrochemistry as 

electrodes. The boron-doped diamond electrode exhibits a wide solvent window, and 

electrochemical reversibility; and its intrinsic diamond properties such as hardness and high 

thermal conductivity make it robust, less susceptible to fouling, and can allow it to survive the 

harshest of environments such as high pressures, high temperatures, and corrosive chemicals 

[126–129].  
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2.4. Nanodiamonds 

Nanodiamond refers to a diamond that is sub-micron in size, with the smallest nanodiamonds 

having a diameter of only a few nanometres, to the largest nanodiamonds being 100 times 

greater in size with a diameter of a few hundred nanometres. Although they are all classed as 

nanodiamonds, due to the difference in surface-to-bulk ratios, the synthesis methods, and 

the inclusions and defects in the nanodiamonds, they have slightly different properties 

attributed to their size. 

The first synthesis of nanodiamonds was by DeCarli and Jamieson in 1961 with what they 

described as an explosive shock method that produced large nanodiamonds with a diameter 

of ‘sub 10 microns’ [130]. At the other end of the size scale, what is now commonly referred 

to as detonation nanodiamonds, were first discovered in 1963 by USSR scientists. It was later 

reported in the 1980s that these ‘ultra-dispersed diamonds’ had a diameter of 4-6 nm [131]. 

Natural diamonds of nanoscale size have also been discovered in meteorites. Studies on the 

nanodiamonds found in meteorites suggest that the nanodiamonds are from outside of our 

solar system and were formed before the suns formation [132,133].  

 

2.4.1. Nanodiamond Synthesis 

Nanodiamonds can be synthesised in a variety of different ways, including through the 

common methods of synthesising bulk diamond via CVD and HPHT synthesis [134–137]. 

Detonation synthesis and laser ablation are also common methods of creating nanodiamonds 

[131,138,139], whilst a top-down plasma etching approach is often used to create individual 
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1D nanodiamond structures for applications in electronics and quantum technology [140]. 

The HPHT and detonation synthesis methods are the most widely used methods of producing 

nanodiamonds. 

The majority of the work in this thesis will focus on nanodiamonds that have been produced 

through detonation synthesis which have an average diameter of 5 nm. 

Detonation synthesis utilises the shock wave caused by detonating explosives such as TNT or 

RDX with a negative oxygen balance in a closed chamber to decompose the explosive 

molecules. The explosive molecules act as both the carbon source for nanodiamond 

formation but also as the energy source required for the conversion to diamond. The 

detonation process is considered wet if the chamber is filled with water (ice) as a coolant, or 

dry if it is filled with an inert gas. During the detonation, both the pressure and temperature 

inside the chamber rise instantaneously, reaching a critical point that falls within the region 

of liquid carbon, as shown in Figure 2.10, with cluster sizes of 1-2 nm. As the pressure and 

temperature inside the chamber start to decrease, the clusters condense to form larger 

droplets and start to crystallise into nanodiamonds. When the temperature and pressure drop 

below the diamond formation line and into the graphite region, the growth of diamond stops 

and is replaced by the growth of graphitic material around the nanodiamond core [131,141–

143].  

HPHT synthesis method of producing nanodiamonds simply involves milling down micron-

sized diamonds formed through HPHT. 
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2.4.2. Deagglomeration, Purification, and Deaggregation of 

Detonation Nanodiamond 

As just mentioned in Section 2.4.1., during the detonation synthesis method of producing 

nanodiamonds, the nanodiamond core becomes encapsulated with non-diamond sp2 carbon 

and the encapsulated nanodiamonds begin to agglomerate as the pressure and temperature 

in the closed chamber continues to decrease. For the majority of applications, this non-

diamond carbon needs to be removed to take advantage of the exceptional properties of the 

nanodiamond and to further modify and functionalise the nanodiamond surface. Metals and 

oxides can also become trapped within the agglomerated materials and also need to be 

removed [144]. 

To separate the agglomerated particles, oxidation treatments are used to break down and 

remove the sp2 bonds surrounding the nanodiamond cores. These oxidation treatments can 

either be liquid oxidants in the form of a series of chemical treatments including HNO3 (nitric 

acid), a mix of HNO3 and H2SO4 (sulphuric acid), KOH (potassium hydroxide) and KNO3 

(potassium nitrate), HNO3 and H2O2 (hydrogen peroxide), and Na2O2 (sodium peroxide); or 

gas oxidation where the nanodiamonds are annealed in air, oxygen or air/ozone gas 

environments [141,145–150]. The oxidising deagglomeration process leaves the 

nanodiamonds terminated with various oxygen groups. The nanodiamonds are then ready for 

further modifications.  
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Nanodiamonds even after deagglomeration treatments and further modifications tend to 

aggregate into larger clusters. For some applications such as chromatography, this can be 

useful, but for the majority of applications, monodispersed nanodiamonds are more 

advantageous and desirable [151]. Nanodiamond clusters are de-aggregated by ball milling 

the nanodiamonds with ceramic microbeads. Zirconia microbeads are a common ceramic 

used in this ball milling process. The ball milling process often contaminates the 

nanodiamonds with large traces of the bead material and it can induce graphitisation of the 

nanodiamond surface [152–154]. Contributions from zirconia can be observed in the X-ray 

photoelectron spectroscopy measurements of detonation nanodiamond where the 3d peak 

of zirconium can be observed (Figure 2.15).  

 

 

Figure 2.15. XPS measurement of amine-terminated 5 nm detonation nanodiamond showing the 

contamination of zirconia during the ball-milling process. 
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2.4.3. Detonation Nanodiamond Surface 

Much like the bulk diamond surface, the nanodiamond surface can be modified and 

terminated with a wide variety of different terminations, the most common being oxygen and 

hydrogen. Due to the greater surface-to-bulk ratio of nanodiamond, the surface plays a much 

more important role when considering properties and applications compared to that of a 

single-crystal diamond [155].  

In previous research conducted by the materials group at Aberystwyth University (Simon 

Astley, PhD Thesis [156]), the further modification and oxidation of detonation nanodiamonds 

were characterised. Hydrogen-terminated nanodiamonds were annealed at increasing 

temperature steps in an oxygen environment over 48 hours from 200 oC to 420 oC to observe 

the further modification of hydrogen-terminated nanodiamonds and to characterise the 

evolution of oxygen species on the surface. The nanodiamonds were characterised using X-

ray photoelectron spectroscopy (XPS), the details of which are described in Chapter 3. Figure 

2.16 shows the XPS spectra of the O1s core level of hydrogen-terminated nanodiamonds 

during the oxidation process. The spectra show that at 200 oC, ether (C-O-C), ketone (C=O), 

and hydroxyl (C-OH) groups are present at the surface and between 200 oC and 280 oC there 

is an uptake in ether and a peroxide (C-O-O-C) formation. Between 280 oC and 320 oC the 

peroxide remains stable, however by 420 oC the peroxide is gone.  

For many nanodiamond applications, a very specific, uniform, and homogeneous surface is 

required, therefore having a comprehensive understanding of the different surfaces of 

nanodiamonds and the effects of various treatments and environments is vitally important.  
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Figure 2.16. XPS spectra of the O1s of hydrogen-terminated nanodiamonds at annealing steps of 200 oC, 280 

oC, 320 oC, and 420 oC, showing the evolution of oxygen species on the nanodiamond surface as it undergoes an 

oxidation treatment, taken with permission from Simon Astley’s thesis. 

 

2.4.4. Properties and Applications of Detonation Nanodiamond 

Nanodiamond inherits many of the unique and exceptional properties of bulk diamond and 

delivers them on a nanoscale. These include diamonds extreme hardness, high thermal 

conductivity, optical properties, chemical inertness and stability [157]. The nanoscale size of 

the nanodiamonds and the greater surface-to-bulk ratio in addition to diamond’s many 

superior properties make nanodiamond a great candidate for many applications, including 

200 oC 280 oC 

320 oC 420 oC 
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biomedical applications [119,158], quantum technology [159], labelling [160], composites 

[161], chromatography [162], and CVD diamond growth [163,164]. 

As mentioned in Section 2.4, the properties and applications of the nanodiamonds can vary 

greatly depending on the synthesis method. For example, when comparing nanodiamonds 

produced through detonation synthesis and HPHT synthesis, there are large differences in the 

size and shape of the nanodiamonds and the embedded nitrogen concentration. HPHT 

nanodiamonds are typically larger than detonation nanodiamonds due to a size-limiting 

milling process, whereas detonation nanodiamonds are typically smaller as the time 

conditions that allow for the conversion from sp2 carbon to sp3 carbon is on the nano/micro 

scale. Recently there has been a progression in the milling and treatment process, reducing 

the size of nanodiamonds produced via HPHT synthesis [51,165–168]. The milling process 

means that HPHT nanodiamonds don’t tend to be as spherical as detonation nanodiamonds, 

but instead have a more flake-like geometry as the milling process cleaves the larger micron-

sized diamonds along the planes; as opposed to detonation synthesis where the diamond is 

formed through the crystallisation of liquid carbon droplets [57,169]. The HPHT 

nanodiamonds have a higher nitrogen concentration than detonation nanodiamonds due to 

the presence of nitrogen during the HPHT synthesis [136,170]. The difference in size, shape 

and nitrogen concentrations makes the different types of nanodiamonds appropriate for 

different applications. 

Detonation nanodiamonds are considered a promising candidate for drug delivery. The very 

small size of detonation nanodiamond would allow the drug or molecules to be transported 

around the body, move through cell walls, and penetrate the smallest pores in the body [171]. 

The large surface area and the easy modification of the surface allow the nanodiamond to be 
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tailored for the attachment of specific drugs, molecules, or proteins, or to withstand or suit a 

specific environment [155,172,173]. The chemical inertness and stability of diamond means 

that nanodiamonds exhibit low toxicity in the body and they can be incorporated into hybrids 

and composites [118,160,161,174,175].  

A disadvantage of detonation nanodiamonds is a lack of fluorescent centres compared to 

larger nanodiamonds, bulk diamond, or nanodiamonds produced through HPHT synthesis 

[176]. As mentioned in Section 2.3.5, the NV- centre in diamond is fluorescent under certain 

conditions. Active NV- centres in detonation nanodiamonds that are being used for 

biomedical purposes could potentially act as a biomarker for dual drug delivery and tracking 

applications [177]. 
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3.  Experimental Techniques 

This chapter will introduce and detail the experimental techniques used in this project to 

characterise the diamond and nanodiamond surfaces. The main characterisation techniques 

used are surface sensitive photoelectron spectroscopy techniques and bulk optical 

techniques. A variety of techniques was used to gain the most insight and to provide 

complementary information about the surface. Due to the very high surface-to-volume ratio, 

where approximately 20% of the atoms are on the surface, and the nanoscale of 

nanodiamonds, the bulk optical techniques were still able to provide information on the 

nanodiamond surface. 

 

3.1. Interaction of Electromagnetic Radiation with Matter 

The interaction of photons from different regions of the electromagnetic spectrum (Figure 

3.1) can provide detailed information about the physical, chemical, and electronic properties 

of a material [178]. When these interactions are measured, characterised and analysed, this 

is known as spectroscopy. Due to the difference in wavelength and energy of the interacting 

photons, different regions of the electromagnetic spectrum interact with the material in 

different ways, providing distinct information, the details of which are described below  [179]. 
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3.1.1. Microwaves to Ultraviolet 

Microwaves have photon energies of micro- to milli-electronvolts which when interacting 

with matter, cause rotational transitions in molecules. 

The photon energy of infrared radiation is in the order of milli- to single electronvolts. Infrared 

radiation is used to study the vibrational and rotational structure of matter and molecules by 

probing the transitions in the vibrational and rotational states [180–182]. Fourier Transform 

Infrared Spectroscopy (FTIR) is a technique that uses infrared radiation [183].  

Visible light has photon energy in the order of a few electronvolts and can cause excitation of 

electronic states in a material, i.e. the elevation of electrons from a ground state to a higher 

energy level [184–186]. Raman spectroscopy is a technique that uses visible light in the form 

of lasers. 

Ultraviolet radiation has photon energy in the range of a few to 10s of electronvolts and is 

strongly absorbed by a material and can induce electronic transitions [187,188]. UV photons 

from the lower end of the region are considered non-ionising as they do not have enough 

energy per single photon to completely remove an electron from a molecule or an atom, 

whereas photons at the higher energy end of the UV region are considering ionising [189]. 

Ultraviolet photons are utilised in experimental techniques such as ultraviolet photoelectron 

spectroscopy, and UV-VIS spectroscopy [190]. 
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Figure 3.1. The electromagnetic spectrum in respect to wavelength, showing the seven different regions of the 

spectrum. 

 

3.1.2. X-rays 

When discussing X-rays, they can either be characterised as soft X-rays with photon energies 

of between 100 and 2000 eV or hard X-rays with photon energies greater than 2000 eV [191–

193]. X-rays are classed as ionising radiation as when X-rays interact with an atom or 

molecule, they cause an electron to be removed. X-rays interact with matter in three main 

ways, one primary interaction being photoabsorption, also known as the photoelectric effect, 

and the others being Compton scattering (inelastic) and Rayleigh scattering (elastic)[194]. X-

ray photoelectron spectroscopy (XPS), a principal technique used in this body of research, 

utilises the effects of the photoelectric effect for elemental detection. X-ray scattering and 

diffraction are used for bulk structure determination at nanometre length scales, however, it 

is not relevant to this work and therefore not considered further. 
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3.2. X-ray Photoelectron Spectroscopy 

In 1981 Kai Siegbahn was awarded the Nobel prize in physics for his work on developing the 

experimental technique ‘Electron Spectroscopy for Chemical Analysis’ (ESCA) or as it is now 

more commonly known, XPS. He and his colleagues developed this technique during the 

1940s-1950s at the University of Uppsala, Sweden [195,196]. XPS utilises the photoelectric 

effect, first described by Albert Einstein in 1905 in the journal Annalen der Physik, for which 

he later won the 1921 Nobel Prize [197,198].  

 

3.2.1. Basic Principle 

As mentioned in Section 3.1.2, when an X-ray photon is incident with the surface of a material, 

one of three things can occur:  

1. Rayleigh scattering: The photon passes through the atom with no interaction and loss 

of energy.  

2. Compton Scattering: The photon interacts with the atomic orbital and becomes 

scattered, losing energy. 

3. Photoelectric Effect: There is a total transfer of energy from the photon to the 

electron, causing the ejection of the electron from the atom [199].  

Scenario three, the photoelectric effect, is the basis of XPS and other electron spectroscopies 

such as NEXAFS and UPS. 
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The photoelectric effect states that when a material is irradiated with a monochromatic light 

source (with sufficient energy to cause ionisation of the material), that the energy of the 

electron emitted (kinetic energy) will have the energy of the incident photon minus the 

energy with which the electron was bound to the material (binding energy) (Equation 

3.1)[200].  

 𝐸𝐾
𝑆 = ℎ𝑣 − 𝐸𝐵

𝑆 Eq.3.1 

Where 𝐸𝐾
𝑆 (eV) is the kinetic energy of the ejected electron from the sample, ℎ is Planck's 

constant, 𝑣 is the frequency of the photon, the product of which, ℎ𝑣 (eV), gives the value for 

the energy of the incident photon, and 𝐸𝐵
𝑆 (eV) is the binding energy of the ejected electron 

from the sample. From here on, ‘K’ denotes kinetic energy, ‘B’ denotes binding energy, ‘S’ 

denotes sample, and ‘Spec’ denotes spectrometer. 

To successfully remove an electron from an atom, sufficient photon energy must be 

transferred to the electron so that it can escape. The energy difference between the Fermi 

level of the material and vacuum is known as the work function of the material (Equation 3.2).  

 Φ𝑆 = 𝐸𝑣𝑎𝑐𝑢𝑢𝑚 − 𝐸𝐹𝑒𝑟𝑚𝑖 Eq.3.2 

The work function can be substituted into Equation 3.1 to produce Equation 3.3: 

 𝐸𝐾
𝑆 = ℎ𝑣 − 𝐸𝐵

𝑆 − Φ𝑆 Eq.3.3 

The spectrometer in an XPS system has its own work function and when the system is 

grounded, the Fermi level of the material (providing that the sample material is conductive) 
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and the Fermi level of the spectrometer are equal (Figure 3.2). When travelling from the 

surface of the material to the spectrometer, the ejected electrons travel through a potential 

difference due to the difference in the material and spectrometer work functions, therefore: 

 𝐸𝐾
𝑆 + Φ𝑆 = 𝐸𝐾

𝑆𝑝𝑒𝑐 + Φ𝑆𝑝𝑒𝑐 Eq.3.4 

Rearranged, this equation can be written as: 

 𝐸𝐾
𝑆𝑝𝑒𝑐 = 𝐸𝐾

𝑆 + Φ𝑆 − Φ𝑆𝑝𝑒𝑐 Eq.3.5 

Substituting Equation 3.5 into Equation 3.3 and then rearranging the equation in terms of 

binding energy produces Equation 3.6 which states that to successfully calculate the binding 

energy for an ejected electron, the values for the kinetic energy of the ejected electron 

measured by the spectrometer, the incident photon energy, and the work function of the 

spectrometer need to be known [199].  

 𝐸𝐵
𝑆 = ℎ𝑣 − 𝐸𝐾

𝑆𝑝𝑒𝑐 − Φ𝑆𝑝𝑒𝑐 Eq.3.6 

 

The work function of the spectrometer is usually calculated by calibrating the spectrometer 

with a known reference sample such as gold (Au) or copper (Cu). The instrumental settings 

are adjusted such that the Fermi edge of the reference gold or copper sample, which have 

known binding energy, is set to zero [199]. 

The binding energy is described as the minimum energy required to remove an electron from 

an atom. By being able to accurately measure and calculate the binding energy of ejected 

electrons from a material, a significant amount of information can be gained about the 
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measured material and its properties, as the binding energy of an electron is specific to the 

atom the electron was bound to, the orbital the electron was bound to, and to the local 

bonding environment of the atom that the electron was bound to, i.e. providing information 

on what other elements was the parent atom bound to [199,201].  

 

Figure 3.2. Energy level diagram of a conductive sample and a spectrometer when they are in electrical contact 

and grounded. When the sample is grounded to the spectrometer and the Fermi levels are equal, the binding 

energy measurement of the ejected electrons from the sample is dependent on the spectrometer work function 

(𝛷𝑆𝑝𝑒𝑐), and not the sample work function (𝛷𝑆). 
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3.2.1.1.  Photoemission Spectra Fitting 

The photoelectron spectrum records the intensity of the binding energy of the photoelectrons 

and other features. The shape and profile of the core level peak are dependent on the 

different chemical species associated with that core level. For example, a clean diamond 

surface that contained only sp3-sp3 carbon bonding would have a carbon 1s core level peak 

made up of a single component. However, a diamond surface terminated with oxygen will 

also have component peaks from the C=O, C-O, and C-OH bonding due to the difference in 

local electron environments. 

The peaks are normally fitted with a Voigt profile which is a convolution of Gaussian and 

Lorentzian distribution [202]. A Voigt function is used because the peak is a convolution of 

different line shapes from different causes, all of which need to be taken into account. For 

example, non-monochromated X-ray sources provide a Lorentzian contribution whereas 

synchrotron sources are Gaussian in nature. The photoelectron analyser broadens the peaks 

and provides a Gaussian contribution, whereas the lifetime of the core-hole system is a 

Lorentzian function. 

Peak symmetry is also something to considered when fitting XPS spectra, especially when 

fitting conducting samples like metals. When electrons in a metal sample are excited, they 

travel through an area of a high density of states near the Fermi level. Some of the excited 

photoelectrons will lose kinetic energy due to interactions with electrons in this region before 

they are ejected into the vacuum and detected by the analyser, producing a tail on the higher 

binding energy side of the peak [203]. 

 



50 
 

3.2.1.2. Auger Emission 

After a core electron has been removed from the atom, the parent atom is in an unstable 

state due to this removal. Electrons from a higher molecular orbital can do one of a couple of 

things to re-stabilise the atom. The electrons may drop to a lower molecular orbital and emit 

an X-ray photon during this de-excitation process, known as X-ray fluorescence, or Auger 

emission can occur.  

In Auger emission, an electron from a higher molecular orbital drops down to the vacant core 

level which triggers a secondary electron from the same or higher level to be emitted to 

compensate for the gain in energy. As the Auger electrons are caused by the transition of 

electrons between the energy levels, they are not dependent on the incident X-ray photon 

energy. The kinetic energy of an Auger electron, Ekin, is given by Equation 3.7. 

 𝐸𝑘𝑖𝑛 = 𝐸𝐾 − 𝐸𝑙,1 − 𝐸𝑙+1 Eq.3.7  

Where EK is the energy of the shell that contains the core-hole that was created by the 

removal of an electron via photo ejection, El,1 is the energy of the initial state of the electron 

which undergoes de-excitation, and El+1 is the energy of the initial state of the electron that 

undergoes Auger emission. 

 

3.2.1.3. Other Features and Effects 

Other features that may arise from the multi-electron system include plasmon features, spin-

orbit splitting, or satellites. Plasmon loss is the loss of energy of a photoelectron from the 
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interaction with other electrons in the system. For conductive metals, the plasmon features 

occur in well-defined quanta, the values of which arise from the quantised oscillations of 

electrons in the valence band, i.e. the energy of a plasmon of a free electron [204].  

X-ray satellites are caused by non-monochromatic X-ray sources where it emits not only the 

characteristic X-ray but also minor X-ray components at higher photon energies, therefore for 

each photoelectron peak that will result from the characteristic X-ray photons, there will also 

be peaks at lower binding energies with a spacing an intensity that is specific to the X-ray 

anode material [204]. As it is a feature of non-monochromated sources, these satellite peaks 

are not observed at synchrotrons. 

All orbital levels, apart from the ‘s’ level which has an angular momentum quantum number 

(l) of 0, give rise to doublet peaks where the two possible states have different binding 

energies; this is known as spin-orbit splitting. The splitting of the electronic state is a result of 

the interaction between the spin magnetic dipole moment, s, and the orbital angular 

momentum, l. The ratio, R, of the areas of the two peaks is based on the total angular 

momentum of the electrons (j)(Table 3.1).  

 

 𝑗 = |𝑙 + 𝑠|;      𝑠 =
1

2
 Eq. 3.8 

 𝑅 =
2𝑗+ + 1

2𝑗− + 1
 Eq. 3.9 
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Table 3.1. Table showing the spin-orbit coupling j values and area ratios. 

Subshell j-number Area Ratio 

s 
1

2
  n/a 

p 
1

2
     

3

2
 1:2 

d 
3

2
     

5

2
 2:3 

f 
5

2
     

7

2
 3:4 

 

 

3.2.2. Surface Sensitivity 

The surface of a material or object is difficult to measure and characterise due to the size 

scale in which it exists, typically being nanometres. Instruments and techniques which can 

characterise this nanoscale often only provide information on the physical structure. Since its 

invention, XPS has increasingly become one of the most popular techniques for characterising 

the surface and its chemical properties [205].  

XPS is considered surface-sensitive as the escape depth of the ejected electrons is typically 

less than 10 nm despite the incident X-rays with a photon energy of 1000 – 1500 eV (typical 

laboratory X-ray source range) having a penetrating depth of ~1 µm. Electrons that escape 

from the top 10 nm of the surface have a high probability of escaping without any scattering 

or inelastic collisions with other electrons and atoms compared to the electrons escaping 

from deeper within the material; electrons that do escape the surface from deeper within the 

material will have reduced kinetic energy due to the collisions and scattering events[205]. The 

unscattered electrons escaping from close to the surface produce sharp narrow peaks relating 
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to specific binding energy in an XPS spectrum where the intensity of which being the total 

number of electrons emitted, whereas the lower kinetic energy scattered electrons 

contribute to the background, and not the photoemission peak [199]. 

The mobility of an electron within a material can be statistically described by the inelastic 

mean free path (IMFP). When an electron with specific kinetic energy is travelling in a 

particular solid, the IMFP describes the mean distance it can travel before interacting with its 

surroundings and losing energy, i.e. being inelastic scattered [205]. Seah and Dench from the 

National Physics Laboratory proposed the following ‘universal’ expression for the IMFP 

(𝜆𝐼𝑀𝐹𝑃 , 𝑛𝑚) in 1979 (Figure 3.3.)[206]: 

 
𝜆𝐼𝑀𝐹𝑃 =

538𝑎

𝐸2
+ 0.41𝑎(𝑎𝐸)0.5 Eq. 3.10 

Where 𝐸 is the energy of the electron (eV) and 𝑎 is the mean atomic distance (nm). This 

universal expression often yields inaccurate values for the IMFP as it is not material 

dependent [207].  
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Figure 3.3. The universal inelastic mean free path (𝜆𝐼𝑀𝐹𝑃) curve proposed by Seah and Dench in 1979, taken 

from reference [206]. The data points shown are an accumulation of many studies of different elements. 

 

Between 1988 and 1994, Tanuma, Powell, and Penn started developing a predictive formula 

for IMFP (in Å) which was material dependent, called the TPP-2M [208], and published a series 

of papers calculating the IMFP for different elements, inorganic compounds and materials, as 

shown in Figure 3.4 [209–212]. The expression is as follows: 

 

 
𝜆𝐼𝑀𝐹𝑃 =

𝐸

𝐸𝑝
2 [𝛽 ln(𝛾𝐸) − (

𝐶
𝐸) + (

𝐷
𝐸)]

 Eq. 3.11a 

 
𝐸𝑝

2 = 28.8 (
𝑁𝑣𝜌

𝑀
)

0.5

 Eq. 3.11b 
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 𝛽 = 0.10 + 0.944(𝐸𝑝
2 + 𝐸𝑔

2)
−0.5

+ 0.069𝜌0.1 Eq. 3.11c 

 𝛾 = 0.191𝜌−0.5 Eq. 3.11d 

 𝐶 = 1.97 − 0.91𝑈 Eq. 3.11e 

 𝐷 = 5.34 − 20.8𝑈 Eq. 3.11f 

 
𝑈 =

𝑁𝑣𝜌

𝑀
=

𝐸𝑝
2

829.4
 Eq. 3.11g 

 

Where 𝐸 is the electron energy (eV), 𝐸𝑝 is the free electron plasmon energy (eV), 𝑁𝑣 is the 

number of valence electrons per atom or molecule, 𝜌 is the density (g cm-1), 𝑀 is 

atomic/molecular weight, and 𝐸𝑔 is the bandgap (eV). Figure 3.5 shows the IMFP curves for 

the materials of interest in this body of work. 

By substituting 𝜆𝐼𝑀𝐹𝑃 into the Beer-Lambert equation (Equation 3.12) which calculates the 

intensity of electrons (𝐼) emitted from depths greater than 𝑑, then an approximation of how 

much of the electron spectroscopy signal comes from a certain depth can be calculated. 

 
𝐼 = 𝐼0𝑒

(
𝑑𝑐𝑜𝑠(𝜃)
𝜆𝐼𝑀𝐹𝑃

)
 Eq.3.12 

Where 𝐼0 is the intensity from an infinitely thick and uniform substrate and 𝜃 is the angle of 

emission normal to the surface. Therefore, assuming that 𝜃 = 0𝑜, i.e. the electrons are being 

emitted at an angle normal to the surface, then 63.2% of the photoelectron intensity will 
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come from within depths of 𝑑 = 𝜆 to the surface, 86.5% from 𝑑 = 2𝜆, and 95% from 𝑑 = 3𝜆 

[213]. 

 

Figure 3.4. The IMFP curves for 41 elemental solids, including diamond, calculated using the predictive formula 

TPP-2M taken from reference [214]. The IMFP curve for diamond is labelled (black arrow). 

 

Figure 3.5. Theoretical IMFP values for materials and elements of interest in this thesis, i.e. the different carbon 

allotropes and also for iron for electron energy values of between 50 eV to 30 keV. Graph created from the data 

published using the Penn algorithm in the 2011 TPP paper [214]. 

Diamond 
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3.2.3. Instrumentation 

The primary components that make up an XPS instrument are a vacuum system, an X-ray 

source, an analyser, and a detection system. The XPS system must be designed and built in a 

way that allows electrons to successfully traverse the distance between the sample and the 

detector, typically around 1 m in distance, and without interference and effects from external 

magnetic and electrostatic forces [205]. 

 

3.2.3.1.  Vacuum 

Most XPS systems are designed to operate under ultra-high vacuum for two primary reasons 

[213]; 

1. To reduce the likelihood that the ejected electrons will be involved in scattering events 

when travelling from the surface of the sample to the detector. 

2. To keep the surface of the sample as clean as possible and to prevent adsorption of 

contaminants on the surface. As XPS is a highly surface sensitive techniques, any 

adsorption of unwanted contaminates can greatly affect the experiment. 

An ultra-high vacuum is defined as a pressure range of between approximately 10-9 mbar and 

10-12 mbar. When considering the importance of ultra-high vacuum for an XPS system, the 

ideal gas law is considered. The ideal gas law can be used to calculate the gas density and 

states the relationship between gas molecules to its environments such as temperature or 

pressure. 
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 𝜌 =
𝑁

𝑉
=

𝑃

𝑘𝑇
 Eq. 3.13 

Where 𝜌 is the gas density (molecules per m-3), 𝑁 is the number of gas molecules, 𝑉 is the 

volume (m3), 𝑃 is the pressure (N m-2), 𝑘 is the Boltzmann constant (1.38 x 10-23 JK-1), and T is 

the absolute temperature (K)[215]. 

By substituting in the ideal gas law (Equation. 3.13) and the Maxwell-Boltzmann distribution 

(𝑐̅)(Equation 3.14) into the incident flux equation (F)(Equation. 3.15), then this produces the 

Hertz-Knudsen formula for the incident flux (F, molecules m-2 s-1)(Equation 3.16)[216]. 

 

𝑐̅ = √
8𝑘𝑇

𝑚𝜋
 Eq. 3.14 

 𝐹 =
1

2
𝑛𝑐̅ Eq. 3.15 

 𝐹 =
𝑃

√2𝜋𝑚𝑘𝑇
 Eq. 3.16 

Where 𝑐̅ is the mean molecular speed (m s-1), 𝑚 is the molecular mass (kg), and 𝜋 is pi. The 

incident flux can be used to estimate the minimum length of time it takes for a monolayer to 

form (𝑇𝑀𝐿) using the following equation; 

 
𝑇𝑀𝐿 =

1019

𝐹
 Eq. 3.17 

The mean free path of particles in the gas phase (𝜆𝐺𝑃) determines the average distance a 

particle will travel between collisions in the gas phase; this is not to be confused with the 
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IMFP described earlier(𝜆𝐼𝑀𝐹𝑃). The mean free path of particles in the gas phase (𝜆𝐺𝑃, m) is 

given in Equation 3.18. 

 
𝜆𝐺𝑃 =

𝑘𝑇

√2𝑃𝜎
 Eq. 3.18 

Where 𝜎 is the collision cross-section (m2). 

Using the above expressions, Table 3.2, which displays values for the gas density, mean free 

path, and monolayer formation time with respect to pressure, is produced. The values for the 

mean free path and the monolayer formation time demonstrate the importance of 

maintaining an ultra-high vacuum when conducting XPS measurements. These values are 

approximate values and true values are dependent on the molecular mass of the particle and 

the temperature. 

 

Table 3.2. Table showing the values for gas density, mean free path and monolayer formation time at different 

pressure ranges. 

Pressure, 𝑃 
(mbar) 

Degree of 
Vacuum 

Gas Density, 𝜌 
(molecules m-3) 

Mean Free 
Path, 𝜆𝐺𝑃 

(m) 

Monolayer 
Formation 

Time, 𝑇𝑀𝐿 (𝑠) 

1 x 103 Atmospheric 2.4 x 1025 5 x 10-8 1 x 10-9 

1 Low 2.4 x 1022 5 x 10-5 1 x 10-6 

1 x 10-3 Medium 2.4 x 1019 5 x 10-2 1 x 10 -4 

1 x 10-6 High 2.4 x 1016 5 x 101 1 

1 x 10-10 Ultra-High 2.4 x 1012 5 x 105 1 x 104 

<1 x 10-12 Extremely High 
Vacuum 

<2.4 x 1010 >5 x 107 >1 x 106 
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Not all samples can be accurately measured in a UHV system as the UHV can cause a change 

in the structure or composition at the surface. To overcome this obstacle, a new technique 

called ‘near-ambient pressure XPS’ (NAP-XPS) has been developed where the samples are 

measured in a low vacuum environment. This will be explained in more detail in Section 

3.2.4.2. 

An XPS system is typically made up of at least two vacuum chambers which are made out of 

stainless steel with mu-metal lining, the first chamber being a load-lock chamber, which is a 

chamber where the sample is transferred into from atmosphere [199]. The chambers are 

joined together usually through flanges that contain knife-edges. Copper gaskets are placed 

between the knife-edges which are then tightened. Copper and other metals such as silver or 

gold are used as when the flanges are tightened, the knife-edge presses into the gasket, 

forming a tight seal [205]. Once this chamber has been evacuated and pumped down to a 

sufficiently high vacuum, the sample is then transferred into the main/analytical chamber 

which is where the XPS measurements are taken. The evacuation process in the load lock 

ready for transfer can take between minutes and hours. Some systems have additional 

chambers for preparation or deposition purposes, or to conduct additional spectroscopic 

techniques. 

The UHV in the chambers is created and maintained through a series of pumps, which operate 

to different pressure thresholds. The three main stages of pumping are [205,217]; 

1. Positive displacement pumps such as rotary pumps evacuate the chamber from 

atmospheric pressure to medium vacuum ~ 10-3 mbar. 
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2. Momentum transfer pumps such as turbomolecular pumps evacuate the chamber 

from starting pressures of ~ 10-3 mbar to ~ 10-10 mbar. However, due to the frequency 

of which the load-lock chamber is brought back up to atmosphere and opened and 

due to how frequently the samples are transferred between the chambers, when 

routinely operated, the best pressure that can be expected within a reasonable 

experimental time frame is limited to approximately 10-7 mbar. 

3. Entrapment pumps such as ion pumps and titanium sublimation pumps are pumps 

that are used to maintain and improve vacuum conditions down to approximately ~ 

10-10 mbar. These pumps should not be operated at pressures greater than a 

medium/high vacuum.  

To monitor the pressure in the system, two main types of gauges are commonly used. These 

gauges are the Pirani gauge which is typically used for a pressure range of 1 mbar to 10-3 mbar, 

and the ionisation gauge which is typically used for a pressure range of 10-3 mbar to 10-10 

mbar [199,216]. 

 

3.2.3.2. X-ray Sources 

Laboratory X-ray sources can either be monochromatic or non-monochromatic and are based 

on a basic X-ray tube design where X-rays are generated through the bombardment of a 

metallic anode with high energy electrons. Monochromated sources are fitted with a 

monochromator which transmits the desired individual wavelengths and usually has an 

aluminium anode. Monochromators work by using diffraction and constructive or destructive 

interference in a crystal lattice, as described by the Bragg equation; 
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 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 Eq. 3.19 

Where 𝑛 is the diffraction order, 𝜆 is the X-ray wavelength, 𝑑 is the crystal lattice spacing, and 

𝜃 is the Bragg angle of diffraction. Quartz is the commercially available diffraction crystal for 

aluminium Kα radiation. Quartz is used as it can withstand the UHV conditions and it is 

relatively inert [213]. A popular example of a non-monochromatic X-ray source is the twin 

anode X-ray source which is an X-ray tube fitted with two anodes, conventionally aluminium 

and magnesium [218]. The twin-anode X-ray source will be described in more detail in the 

instrumentation Section 4.1.2. 

Synchrotron sources are used when a greater flux of radiation is required and when standard 

magnesium and aluminium wavelengths are not suitable. Synchrotron sources utilise the 

premise that when relativistic electrons move on a curved path at nearly the speed of light, 

they emit electromagnetic radiation [219]. Synchrotron sources are tunable and therefore 

can generate radiation from the far-infrared to the hard X-ray region [220].  

The standard production of synchrotron radiation, for third-generation synchrotrons, is as 

follows (Figure 3.6); An electron gun generates and emits electrons through thermionic 

emission. The electron beam is accelerated using a linear accelerator (linac). After the initial 

acceleration, the electrons travel into a small circumference circular accelerator called a 

‘booster ring’ which increases their energy and further accelerates the electrons. Once the 

electrons have reached the threshold energy, they are injected into the storage ring which is 

a large circumference ‘circular’ accelerator [220,221]. The radiation produced is diverted into 

experimental stations known as branchlines. Before it reaches the experimental hutch, the 

beam will go through a series of optics to focus and monochromate the beam. 
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Figure 3.6. Schematic diagram of a third-generation synchrotron. 

 

Due to the presence of the bending magnets and insertion devices (wigglers and undulators), 

the shape of the main storage ring is more of a polygon with bends produced by the bending 

magnets, and the insertion devices sitting on the straight sections. The bending magnets 

control the travel of the electron, however, when the electrons move around the curved path 

of the bending magnets, they lose energy in the form of photons, therefore the booster ring 

continuously tops up the storage ring so that there remains a near-consistent flux. In third-

generation synchrotrons, it is the insertion devices that produce the radiation used in 

measurements, as well as the bending magnets. Both types of insertion devices can be 

described as a series of magnets that are designed to cause the electron beam path to travel 
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in an oscillatory manner to induce a change in electron acceleration and therefore emission 

of light from the electron beam.  

The main difference between a wiggler and an undulator is the degree to which the electrons 

are forced to deviate from their path. Wigglers force electrons to deviate more from their 

path than undulators, so much so, that the radiation packets produced at the bend of the 

oscillations, don’t overlap, producing a broad range of radiation. The oscillation path of the 

electron beam when travelling through an undulator is much more narrow, meaning that the 

radiation packets overlap, producing a narrower range but more intense radiation (Figure 

3.7). 

 

 

Figure 3.7. Schematic demonstration of the difference between a wiggler and undulator insertion device. Due 

to the wide oscillation path of the electron beam when passing through a wiggler, a broad range of radiation is 

produced, whereas an undulator produces a narrower but more intense range of radiation. 
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3.2.3.3. Analyser 

Energy analysis of the collected electrons is performed in an analyser, where the analyser 

measures the kinetic energy of the electrons [201]. Nowadays, the most commonly used 

analyser is the hemispherical electrostatic analyser (HEA), however, previous popular options 

included the cylindrical mirror analyser (CMA) and the cylindrical deflection analyser (CDA). 

To accurately and effectively analyse the emitted electrons, the energy filter that the 

electrons pass through must exhibit high energy resolution and transmission. High energy 

resolution means that closely spaced peaks can be separated, and high transmission means 

that the sensitivity can be maximised [205]. 

The electrons emitted from the sample surface are focused into the analyser using an 

electrostatic lens system. Inside the analyser, the electrons are dispersed depending on their 

kinetic energies and detected at the other end of the analyser [222]. The hemispherical 

analyser used in this body of research is explained in more detail in Section 4.1.7. 

 

3.2.3.4. Detection System 

The role of the detector is to count the number of electrons that pass through the analyser 

over a range of different kinetic energies [201]. XPS spectra plots energy versus intensity, 

where the energy is defined by the analyser and the intensity is defined by the number of 

electrons that are recorded by the detector. Multichannel detectors (MCDs), such as charged 

coupled devices (CCDs) are a popular choice of detector, however, on some older systems, 

you may also see channeltron detectors [205]. Before the electrons reach the detector, a 

microchannel plate is used for electron multiplication. A microchannel plate is an array of 



66 
 

miniature electron multipliers arranged parallel to one another. The matrix is usually 

fabricated from lead glass where the inside of the channels is coated in a way that allows 

secondary electrons to be produced, multiplying the number of electrons that are detected 

for increased intensity and resolution.  

 

3.2.4. Other Photoelectron Spectroscopy Techniques 

As previously mentioned in Section 3.2.1, the basic principle of XPS can also be applied to 

other photoelectron spectroscopy techniques.  

 

3.2.4.1. Ultra-violet Photoelectron Spectroscopy 

Ultra-violet photoelectron spectroscopy (UPS) uses the same principle but using lower energy 

ultra-violet radiation, in the region of 10’s of electronvolts, instead of X-rays to remove 

valence electrons from the atom as opposed to the core electrons. UPS is used to collect 

information on the valence band of the sample and the work function [223]. The valence 

electrons can be used to establish the density of states of the material and the hybridisation 

of the molecular orbitals. To determine the work function (Φ) of a material through UPS, 

Equation 3.20 is used. 

 Φ = ℎ𝑣 − (𝐸𝐶𝑂 − 𝐸𝐹) Eq. 3.20 
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Where ℎ𝑣 is the incident photon energy (eV), and 𝐸𝐹 is the Fermi level (eV) and 𝐸𝐶𝑂 is the low 

kinetic energy cut off (eV). UPS uses the same instrumental set up and vacuum system as XPS 

in the laboratory but with a UV source with internal differential pumping instead of an X-ray 

source. The excited electrons are collected by the hemispherical analyser and detected using 

the CCD. 

 

3.2.4.2. Near-Ambient Pressure X-ray Photoelectron Spectroscopy 

Near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is an X-ray 

photoelectron spectroscopic technique that is performed at ambient pressures instead of 

ultra-high vacuum and allows XPS to be performed in a gaseous environment. NAP-XPS is used 

to measure samples that would otherwise normally degrade or be chemically altered under 

ultra-high vacuum conditions. As NAP-XPS is performed under ambient conditions, the 

flowing in of various types of gas can be achieved to further modify or treat the surface. An 

additional benefit of NAP-XPS is that when the surfaces are modified, it gives a more realistic 

understanding of what would happen to that sample under standard conditions [224]. NAP-

XPS uses the same basic set-up as XPS using the vacuum system and a hemispherical analyser 

to collect the electrons but also contains what is known as a NAP-cell. The NAP-cell is an 

additional chamber which is where the sample is housed for near-ambient pressure 

measurements and where the gas is flowed in to and it utilises differential pumping in the 

analyser to reach and maintain the near-ambient pressures. 
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3.2.4.3.  Near-Edge X-ray Absorption Fine Structure Spectroscopy 

Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) is a photoemission 

technique where instead of bombarding the sample with a fixed incident X-ray photon energy 

and collecting all the electrons that are ejected, producing a spectrum of the number of 

electrons vs electron energy; the X-ray energy is scanned and the absorbed X-ray intensity is 

measured, producing a spectrum of intensity vs photon energy [225]. Typically, the 

measurements have a photon scan range of roughly 10-20 eV before and after the edge of 

interest, depending on the scans. NEXAFS spectroscopy, as the name suggests, measures the 

absorption fine structure, close to an absorption edge, for example, the K-edge.  In XPS, which 

is dominated by photoemission, just the initial free photoelectron is measured, whereas, in 

NEXAFS spectroscopy, Auger electrons, fluorescent photons, and inelastically scattered 

photoelectrons are also measured. NEXAFS is considered a fingerprint of a material's 

composition and symmetry as it can provide information on the density of empty states, can 

probe empty states, provide information on the symmetry and orientation of the material, 

unoccupied molecular orbitals, and antibonding states [226]. Most laboratory X-ray sources 

are limited to 2 photon energies, therefore NEXAFS measurements are mainly conducted at 

synchrotrons where there are variable and tunable photon energies, using the same UHV 

system as XPS. 

NEXAFS measurement can be taken in total electron yield (TEY) or Auger/partial electron yield 

(AEY/PEY). TEY measurements measure all the photoelectrons that are created by the 

absorbed X-rays, as opposed to directly measuring the absorbed X-ray intensity. In TEY 

measurements, X-rays are absorbed which promotes the excitation of core electrons to 

empty states above the fermi or vacuum level. The holes that are created are then filled by 
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other electrons through the process of Auger decay. Auger electron yield (AEY) spectroscopy 

is a measurement of the intensity of just the emitted primary Auger electrons and is a direct 

measurement of the X-ray absorption process, whereas TEY is a measurement of these 

electrons plus all other produced electrons. Primary Auger electrons create scattered 

secondary electrons, and it is this secondary process that dominates the TEY intensity.  

 

3.3. Raman Spectroscopy 

Raman spectroscopy uses monochromatic light sources typically in the ultraviolet, visible, and 

infrared range to probe the vibrational and rotational modes of a molecule or material. 

Raman spectroscopy utilises the inelastic scattering of photons, known as Raman scattering 

to gain information on the structure and chemical composition of a material or molecule. 

When the monochromatic light interacts with the electrons in the material or molecules, 

different scattering events occur, the most important ones to understand for Raman 

spectroscopy being the elastic scattering events known as Rayleigh scattering and the 

inelastic scattering event which results in the loss or gain of energy known as Raman 

scattering. 

In Rayleigh scattering, an electron is excited from the ground state to a virtual state which is 

unstable and therefore the electron falls back down to the ground state. As the electron 

transitions between the same state, the process is considered elastic as there is no change in 

the energy of the incident photon [227]. 
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Raman scattering is different from Rayleigh scattering as it involved the vibrational transitions 

of electrons and it can be classified into either Stokes or anti-Stokes scattering [228]. Stokes 

scattering occurs when an electron is excited from the ground state to a virtual state, 

whereupon falling back down, it transitions to a vibrational state instead of the ground state 

(Figure 3.8). During this process, the material/molecule has absorbed some of the energy and 

therefore the energy of the scattered photon is less than the energy of the incident photon. 

Anti-Stokes scattering is the reverse of this whereby an electron in a vibrational state is 

promoted to a virtual state, where after a short time, it transitions back down to the ground 

state (Figure 3.8). There is a transfer of energy from the material/molecules to the scattered 

photon, meaning that the scattered photon has greater energy than the incident photon 

[229]. This energy shift that occurs during these transitions is known as the Raman shift and 

it is specific to chemical bonds in a molecule or a material, and can, therefore, be considered 

as a structural fingerprint for different molecules and materials [230]. 

 

Figure 3.8. Elastic Rayleigh scattering vs inelastic Raman scattering showing the loss of energy through Stokes 

scattering and the gain in energy of the photon in anti-Stokes scattering. 
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The basic components that make up a Raman spectrometer are a light source (laser), the 

sample that is being measured, a dispersion system, and a detection system [231]. An intense 

monochromatic source such as a laser is required as the signal from Rayleigh scattering is in 

the orders of four to five orders greater than the Raman scattering signal, therefore an intense 

light source is required to activate the Raman modes. When conducting Raman spectroscopy, 

the excitation signal needs to be filtered out before the detector, therefore a notch filter is 

used to do this. 

As the Raman shift is dependent on the energy spacing of the molecules vibrational modes, 

not all modes are what is described as ‘Raman active’, and therefore will not appear in the 

Raman spectra. For a mode to be considered as Raman active, there must be a change in 

polarizability. This effect is known as spectroscopic selection [232]. To probe states that aren’t 

Raman active, the complementary technique, infrared spectroscopy, can be used. Infrared 

spectroscopy has its own spectroscopic selection rule which states that the only transitions 

that can be observed in the infrared spectra is when there is a change in the dipole moment 

[231]. Because this is a different vibrational transition to the ones found in Raman 

spectroscopy, the two techniques used together provide complementary information about 

the molecules/material. Because of this, centrosymmetric molecules, if they are Raman 

active, are infrared inactive, and vice versa. An example of infrared spectroscopy used in this 

research is Fourier transform infrared spectroscopy (FTIR). 
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3.4. Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is an infrared spectroscopy technique that 

uses the mathematic process, Fourier transform, to convert the raw data into the spectrum. 

The Michelson interferometer is the most common interferometer used in FTIR spectroscopy 

and in its simplest form is made up of a radiation source, two perpendicular mirrors (one 

moving, one stationary), a beam splitter, and a detector. In a Michelson interferometer 

(Figure 3.9), a collimated beam is passed into a beam splitter. The ideal beam splitter will split 

the incident radiation 50:50 where 50% of the incident radiation will be transmitted to a 

moving mirror, and the other 50% will be transmitted to a stationary mirror. The two beams 

are reflected by the two mirrors where they return to the beam splitter where they recombine 

and interfere. The recombined beam passes through the sample where the beam is then 

detected by the detector [233].  

A path difference is produced by the moving mirror, producing interference of radiation, and 

therefore produces an interferogram. Fourier transformation is used to convert this 

interferogram into a readable spectrum [234].  

FTIR spectra can be presented as either a function of absorbance, transmission, or 

reflectance. Both absorption and transmission spectroscopy is conducted in the same way, 

which is based on the absorption of IR radiation at specific wavelengths as it passes through 

a sample, and the sample thickness, using the Beer-Lambert law to calculate the attenuation 

of transmitted light at different thicknesses [235]. The difference between the two is how the 

data is presented. In reflectance spectroscopy, the IR radiation interacts with the surface of a 

material where it is reflected from an interface [233].  
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Figure 3.9. Schematic of the basic set-up of the Michelson interferometer used in FTIR. 

 

3.5. Atomic Force Microscopy 

Atomic force microscopy (AFM) is a type of scanning probe microscopy that can be used to 

quantify the sample surface structure and its attached components at a nanometre scale 

using a physical probe to scan the sample. AFM uses a sharp probe tip of only a few atoms 

width on a cantilever to raster scans over a sample following the surface and mapping it out 

as a three-dimensional profile. As the tip moves across the surface, attractive forces and Van 

der Waals forces between the tip and the sample surface cause the cantilever to bend 

towards the surface and deflect away from the surface respectively. These bends and 

deflections in the cantilever are measured as the tip moves around the sample allowing a 

three-dimensional profile of the sample to be produced [236].  
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3.6. Chapter Summary 

This chapter has introduced the theory behind the interaction of radiation with matter, 

including X-rays, UV, Visible, and Infrared radiation, and has summarised experimental 

techniques that utilise this interaction to determine chemical and physical properties of a 

material. The principles and applications of various photoelectron spectroscopic techniques 

and optical techniques that have been used to measure, characterise, and further modify the 

diamond and nanodiamond surface have been discussed. 
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4. Instrumentation 

This chapter will introduce and go into detail about the specific instruments that were used 

during this body of work, how they work, what techniques they can perform, why they were 

used, and the bespoke elements of the instrumentation. Both in-house laboratory facilities 

and national facilities were used including the ASTRID2 synchrotron at the accelerator 

laboratory (ISA) at Aarhus University, Denmark, the NAP-XPS at the University of Manchester 

as part of the Harwell XPS EPSRC National Facility, and the B07 beamline at the Diamond Light 

Source synchrotron. 

 

4.1. REES 

The REES (Real-Time Electron Spectroscopy) system is the main system out of two XPS 

systems at Aberystwyth University and was the in-house laboratory instrument that was used 

for this body of research.  

 

4.1.1. Chambers 

The REES has two large stainless steel chambers, the transfer chamber and the analysis 

chamber; and two smaller stainless steel chambers, the plasma chamber and the load lock 

(Figure 4.1). Samples are loaded into the system via the load lock. Attached to the load lock 

is a leak valve for faster venting. A small turbopump is attached to the load lock for the 

evacuation of the chamber which can reach a base pressure of ~ 5 x 10-7 mbar. The analysis 
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chamber can be set up to conduct XPS (in real-time), UPS, LEED (low energy electron 

diffraction), Raman and mass spectrometry measurements, heating and annealing of 

samples, and thin-film metal deposition. The techniques conducted in the REES for this 

research were UPS, XPS, Raman spectroscopy, and thin-film metal deposition. The transfer 

chamber is used for the transfer of samples between the load lock, the analysis chamber, and 

the plasma chamber, and as a place to temporarily hold samples so that multiple samples can 

be in the system at the same time. Additionally, the transfer chamber has also been set up 

for heating, thin-film metal deposition, patterning of samples, and four-point probe 

measurements. The analysis and transfer chambers have base pressures of approximately ~ 

3 x 10-10 mbar and ~5 x 10-10 mbar respectively. The plasma chamber, which has a base 

pressure of ~ 1 x 10-8 mbar,  is connected to a gas line to allow for the generation of different 

plasmas, including hydrogen and oxygen, which has previously frequently been used during 

studies on single-crystal diamond surfaces, and other materials, by the materials group at 

Aberystwyth University (Cooil et al [101,237]). UHV gate valves separate the chambers and 

help to maintain and protect the relative pressures. 

 

4.1.2. X-ray Source 

In the analysis chamber is a ‘Pre-vac RS 40B1’ non-monochromatic twin anode X-ray source, 

used for XPS measurements. The two anodes are aluminium (Kα radiation) and magnesium 

(Kα radiation), with photon energies of 1486.6 eV and 1253.6 eV respectively. X-rays are 

generated by heating a filament to the point where it emits electrons which are then 

accelerated towards the anode with the anode potential of 15 kV. Upon impact with the high 

voltage anode, which is coated with either magnesium or aluminium, X-rays are emitted, 
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generating the emission of either magnesium Kα or aluminium Kα. The X-ray source is cased 

in an external housing where at the tip of this housing is an aluminium window for the X-rays 

to pass through to irradiate the sample whilst removing the low energy Bremsstrahlung 

radiation. The casing also houses a water cooling supply, to cool down the source due to the 

large amount of heat generated by the high voltage anode. The X-ray gun is designed so that 

only radiation from one anode should be produced at a time, however, there is some small 

crosstalk between the anode faces (<0.35%) which can be observed in the XPS spectra. The 

source is mounted on a linear drive so that it can be moved closer or further away from the 

sample to maximise the photon flux, depending on the sensitivity and sample size, etc. It also 

means that the X-ray source can be withdrawn from the sample to protect it when completing 

other tasks.  

 

 

Figure 4.1. The bespoke Real-Time Electron Spectroscopy (REES) system at Aberystwyth University, which can 

perform in-situ XPS, UPS, mass spectrometry, and in-situ Raman spectroscopy measurements. 
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4.1.3. UPS 

Also attached to the main chamber is the ultra-violet photoelectron spectroscopy (UPS) line. 

The UV source is a ‘SPECS UVS 300 Very High-Intensity UV Lamp’ which uses helium gas to 

produce two different monochromatic photon energies options in the UV range. The first 

being He Iα at a photon energy of 21.2 eV, and the second being He IIα with a photon energy 

of 40.8 eV. The UV rays are generated via duoplasmatron discharge. A high density plasma is 

generated by guiding electrons that are created from a hot cathode filament along the lines 

of a strongly inhomogeneous magnetic field towards a small discharge region along the axis 

of the helium source. The interaction between the electrons and the gas causes the helium 

atoms to split and become ionised, forming a plasma. Ultraviolet radiation is extracted from 

this dense plasma using the combination of a metal and quartz capillary. One stage 

differential pumping is used to maintain the vacuum in the analysis chamber, whilst the 

plasma is being produced in the main UPS chamber.  

 

4.1.4. Pumping and Vacuum 

To evacuate the chambers and maintain the ultra-high vacuum, a series of pumps as described 

in Section 3.2.3.1., are used. After the initial evacuation of the chambers by the rotary pumps 

and the turbopumps, the evacuation process hits a pressure barrier which to overcome, a 

‘bake’ is required to desorb any contaminants and water that can’t be removed simply 

through the use of pumps. The bake involves heating the walls of the chamber to between 

120-150 oC over a few days. Once the bake has completed and the pressure continues to drop, 

the ion and titanium sublimation pumps (TSP) are turned on. The REES system uses a roughing 
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and a backing pump system connected to turbopumps on the transfer chamber, plasma 

chamber, load lock, and UPS line. The larger turbopump attached to the transfer chamber is 

used during the bake out as the main pump and remains closed to the chamber the majority 

of the time. The valve to this turbopump is opened when the pressure in the analysis or 

transfer chamber starts to rise due to annealing and degassing of the sample, or during some 

measurements. Both the transfer and analysis chamber have their own TSP/ion pump each. 

The pressure in the roughing and backing line, as well as the pressure in the load lock, plasma 

chamber, and UPS line is monitored through the use of Pirani gauges, whilst the pressure in 

the analysis and transfer chamber is monitored through ion gauges.  

 

4.1.5. Sample Holder, Mount, and Transfer 

Samples are transferred between the chambers through the use of two magnetic arms, one 

between the load lock and the transfer chamber, and the other between the plasma, transfer 

and analysis chamber. The sample holder (Figure 4.2) used to hold and transfer samples is 

made from 0.5 mm thick tantalum, fashioned into a plate with two wings that slot and clip 

into a bayonet fitting at the end of the magnetic arms. At the top and bottom of the sample 

holder are two strips of tantalum foil that run parallel to the sample holder which act as a 

cushion/spring to keep the sample holder in place when it is mounted into the sample 

mount/heating stage.  Samples are secured onto the sample holder using tantalum foil or 

tantalum wire depending on the size, shape, and thickness of the sample.  
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Figure 4.2. Sample holder used in the REES system for the mounting and transferring of samples. 

 

The sample mounts that are attached to the bottom of the manipulator arms of the analysis 

and transfer chambers are used to either temporarily hold samples during the transfer 

process, or to hold them during depositions, measurements, and annealing. The faceplate on 

the sample mount that is used to keep the sample holder in place when in the system, and 

the rods that are used to guide the sample into the mount, are also made out of tantalum. 

Tantalum has been used in this system as it is thermally stable at high temperatures in UHV 

conditions and it is unreactive to the transition metals that are deposited using Knudsen cells 

(such as copper and nickel) that are heated to high temperatures (up to 1000 oC) in the 

system. One of the sample mounts attached to the transfer chamber manipulator is covered 

by a patterned faceplate, allowing for patterned deposition or masking of samples. On both 

the analysis and transfer sample mounts are BORALECTRIC® heaters attached to the sample 

mount for the heating and annealing of samples up to approximately 1000 oC. The 

BORALECTRIC® heater is made up of a dielectric ceramic material, pyrolytic boron nitride 

(PGN), with an embedded electrically conductive material, pyrolytic graphite (PG), layer.  
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4.1.6. Knudsen Cell Deposition 

To conduct the thin-film deposition, a hand-made Knudsen cell is used (Figure 4.3). A Knudsen 

cell, sometimes denoted as a K-cell, is a simple effusion evaporator source that is frequently 

used in molecular beam epitaxy for thin-film deposition of single crystals and pure multi-

layered structures and can be used to deposit both metals and organic molecules.  

 

 

Figure 4.3. Hand-made Knudsen Cell made at Aberystwyth University, used for deposition thin films of 

transition metals such as iron and nickel. 

 

K-cells have been used in this body of research to deposit thin-films of the transition metal 

iron onto the diamond substrate in-situ. There is a K-cell attached to one of the ports in both 

the analysis chamber and transfer chamber. The heating filament of the K-cell is made up of 

tantalum metal wire carefully threaded through twin-bore aluminium oxide ceramics and is 
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wrapped around an aluminium oxide crucible containing the desired material. Twin-bore 

ceramics are used to prevent contact between the sections of the heating filament and 

therefore prevent shorting or burning. This is encased in a tantalum shroud which houses the 

crucible and heating assembly whilst also acting as a collimator for the evaporated metal and 

a heat shield. The tantalum wires are attached to D.C power wires and supply and 

thermocouple wires are used to monitor the internal temperature of the K-cell. The whole 

structure is attached to a support rod which is attached to a vacuum flange. Attached to an 

adjacent port is an orifice shutter to keep the k-cell protected when not in use, and to prevent 

the sample or the inside of the chamber from being coated when the K-cell is being degassed 

or ramping up to temperature. An external, detachable water cooling chiller is used to 

maintain the temperature and prevent overheating. The typical rate of the K-cell is up to a 

few nanometres an hour deposition depending on the condition of the K-cell and the material. 

The deposition rate of the K-cell is determined by measuring the attenuation of the signal 

from the substrate through core XPS intensity measurements and using the calculated 

electron effective attenuation length for the specific deposition material and the underlying 

substrate, and the Beer-Lambert law [238].  

 

 𝑑 = 𝜆 ln [1 +
𝐼′𝜎𝑠

𝐼𝑠𝜎′
] (Eq. 4.1) 

 

Equation 4.1 is used to derive the deposited overlayer thickness, 𝑑 (nm), where 𝜆 (nm) is the 

electron effective attenuation length, 𝐼𝑠 and 𝐼′ is the signal intensity of the underlying 

substrate before and after the deposition of the overlayer respectively (a.u), and 𝜎′ and 𝜎𝑠 is 

the cross-section of the overlayer and substrate material respectively.  
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4.1.7. Electron Analyser 

The electron analyser used in the REES system is the ‘SPECS Phoibos 100 Hemispherical Energy 

Analyzer’, which as the name suggests, is a hemispherical electrostatic type analyser. The 

hemispherical analyser consists of two concentric hemispheres with radii of R1 and R2. 

Potential is applied to the two hemispheres producing an electrostatic field between them. 

The potentials are applied such that there is a 1/R2 dependence, where R is the radial distance 

from the centre of the analyser. The electrons ejected from the sample are focused into the 

analyser using an electrostatic lens system and are then dispersed inside the analyser 

depending on their kinetic energies [239]. The lens system is responsible for defining the 

analysis area and the accepted solid angle, imaging the emitted electrons onto the entrance 

slit of the analyser, and accelerating or decelerating the electrons with the observed energy, 

to the pass energy. The lens system can be operated in several different modes for angular 

and spatially resolved studies, and transmission optimised studies; including different 

magnification modes, different angular modes, different area modes, and a changeable iris 

aperture of between 5 – 45 mm. The dispersed electrons are detected on the other side of 

the hemispherical analyser – 180o with respect to the entrance [222]. Only electrons which 

follow the correct trajectory will be able to travel the full 180o to exit the analyser. Electrons 

are described as having a perfect trajectory if they follow a circular path with a constant 

radius. The energy of the electrons that have this perfect trajectory is known as the pass 

energy. If they enter the analyser with the pass energy of Eo, they must have a radius of Ro 

(Equation 4.2) where [240];  

 
𝑅𝑜 =

(𝑅1 + 𝑅2)

2
 Eq. 4.2 
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Where 𝑅1 and 𝑅2 are the inner and outer radii of the two hemispheres respectively. The pass 

energy of the electrons can be calculated using Equation 4.3; 

 
𝐸𝑜 = (−𝑞)ΔV (

𝑅1𝑅2

𝑅2
2 − 𝑅1

2) Eq. 4.3 

 

Where 𝑞 is the electron charge (eV), and Δ𝑉 is the voltage difference between the two 

hemispheres. Equation 4.3 demonstrates how the pass energy can be altered by changing the 

voltage difference between the two hemispheres. The pass energy influences the resolution 

of the spectra as lowering the pass energy will produce higher resolution spectra; however, 

by lowering the pass energy, more electrons will be rejected and therefore there will be a loss 

of intensity as a result, but higher signal to noise. The potentials that are applied by the two 

concentric hemispheres are defined by the dimensions of the analyser and by this pass 

energy. The SPECS Phoibos 100 has a diameter of 100 mm.  

As the analyser on the REES is a SPECS Phoibos analyser, SpecsLab Prodigy is the data 

acquisition software and experimental control package used on the REES. 

 

4.1.8. Detection and Analyser Modes 

The REES uses an optical image position-sensitive detector (PSD) made up of a microchannel 

plate (MCP), a phosphor screen, and a charge-coupled device (CCD) to optically image the 

energy distribution of the incoming electrons exiting the plane the hemispherical analyser 

[241,242]. A PSD is used as it allows for spatially resolved electron counting.  The MCP is an 

array of photomultiplier tubes that are in parallel with each other, to amplify the number of 

electrons which will impinge the detector. The electrons enter the photomultiplier tubes and 
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collide with the walls, generating more electrons. As the tubes are in a parallel array, the 

spatial resolution of electron energy is maintained. The electrons generated in the MCP 

impinge on a phosphor screen which in turn induces fluorescence which is optically imaged 

by the CCD. The CCD is an array of metal oxide semiconductors (MOS) capacitors that are 

photosensitive and create a charge which is dependent on the intensity of the fluorescence.  

There are two primary modes that the hemispherical analyser on the REES system at 

Aberystwyth University uses. The first being the ‘fixed analyser transmission (FAT)’ mode and 

the second being ‘fixed retard ratio’ (FRR) mode. In FAT made, the pass energy is fixed and 

therefore the angular resolution is dependent of the kinetic energy of the electrons. In FRR 

mode, the pass energy is varied, therefore, all electrons are decelerated by a set ratio with 

respect to their kinetic energy. This means that with increasing kinetic energy, the energy 

resolution decreases. The primary mode that is used in the REES system during XPS 

measurements is FAT mode. All measurements taken for this thesis were taken using FAT 

mode. 

A feature of the REES system is that quick, successive measurements can be taken in real-time 

during annealing or deposition. To do this, iterations of quick ‘snapshots’ are taken.  Snapshot 

mode works by using specific lens settings and pass energy to allow only a single component 

of the spectrum, for example, a core level, to be imaged on the detector at any one time. The 

image is integrated over several seconds to create a ‘single snapshot’ of that component. This 

process has been set up on the REES to be continuously repeated, which therefore allows for 

the measurement and quantification of a component evolution as it undergoes in-situ 

annealing, or deposition, etc, aka, in real-time [243–246]. 
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4.2. Raman Spectrometer 

Raman spectroscopy was conducted in the home laboratory at Aberystwyth University using 

a Horiba LABRAM HR Raman Spectrometer. The samples were measured using a 532 nm laser. 

Due to the laser intensity, the laser power was usually restricted to 10% to prevent the 

thermal damage of the nanodiamond samples. As the nanodiamonds are essentially a core of 

diamond surrounded by graphitic carbon, increasing the laser power would cause the 

graphitic diamond layers to burn, altering the surface chemistry. As the nanodiamonds have 

very little bulk, and Raman is primarily a bulk technique, the signal intensity is very low, a 

diffraction grating of 1800 grooves mm-1 was used to increase the intensity. For all scans, 

either an x50 or x100 microscope objective was used. 

 

4.3. ASTRID2, ISA 

ASTRID2, (Aarhus Storage Ring in Denmark) is a third-generation synchrotron light source at 

the ISA, centre for storage ring facilities, Aarhus University, Denmark and was officially 

opened in 2012. ASTRID2 is an addition to ASTRID which was a second-generation light-source 

originally built for ion-storage experiments (Figure 4.4). The original ASTRID ring which is 

square in shape and has a circumference of 40 m, now acts as an injector for a continuous 

top-up of the beam generated in ASTRID2 for a near-constant current as opposed to having a 

beam that decays over time, as the original ASTRID ring only had a lifetime of between 50-

100 hours. ASTRID2 has a hexagonal structure with four straight sections and has a 

circumference of 45.7 m. The synchrotron currently has seven beamlines in total; four from 

insertion devices, and three from bending magnets. ASTRID2 can produce tunable 
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wavelengths in the electromagnetics regions of ultraviolet, X-rays, and the mid-infrared, 

allowing for valence band, XPS, and IR measurements (0.062 eV – 1 keV). ASTRID2 is a low 

energy synchrotron with an electron energy of 580 MeV [247]. 

 

 

Figure 4.4. ASTRID2 synchrotron with the original ASTRID synchrotron on the left which now acts as the booster 

ring. The image is taken from the official ASTRID2 website. 

 

4.3.1. AU-MATline 

The XPS measurements that were performed at ASRTID2 were performed on the beamline 

AU-MATline, a beamline specialising in material science. AU-MATline utilises a multipole 

wiggler to create a usable energy range of between 20 eV to 700 eV [248]. Total electron yield 

NEXAFS measurements were also taken on AU-MATline, with the tunable energy range 

allowing for the measurements of the carbon, nitrogen, and oxygen K-edge. The beamline 
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uses a SX-700 monochromator and a Scienta electron energy analyser which produces a 

monochromator resolution of approximately 0.88 eV. The UHV chambers have a base 

pressure of ~ 1 x 10-9 mbar and there is a resistive heater for in-vacuo annealing of samples. 

AU-MATline uses SpecsLab Prodigy for its data acquisition and experiment control package.  

 

4.3.2. AU-IR 

The AU-IR beamline is an infrared beamline that is equipped with a Bruker Vertex 70v FTIR 

spectrometer. The low eV infrared radiation is generated using the edge radiation from a 

bending magnet on ASTRID2 [249].  The Vertex 70v spectrometer allows FTIR measurements 

to be taken in air, in a low vacuum, or in a nitrogen environment. The energy range of AU-IR 

is 500 – 16’000 cm-1 which is a photon energy range of 0.062 eV – 2 eV. The AU-IR beamline 

was used for FTIR measurements of the samples. 

 

 

4.4. NAP-XPS, The University of Manchester 

As previously mentioned, the XPS system at the University of Manchester is configured for 

near-ambient pressure measurements. Analysis of samples can be conducted in a gaseous 

environment with a total pressure of up to 25 mbar. The NAP-XPS system uses a 

monochromatic Al Kα X-ray source and SPECS PHOIBOS 150 NAP differentially pumped 

analyser with a ‘Devi-Sim’ cell NAP environment attached to it [250,251]. 
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Sample preparation and analysis can be performed either in the main UHV chamber, which 

has a base pressure of 5 x 10 -10 mbar, or in the specialised NAP cell. The DeviSim NAP reactor 

cell, which has a volume of 400 ml, is built onto a manipulator which can be directly coupled 

onto the PHOIBOS 150 NAP analyser. When the NAP cell docks onto the analyser, it creates a 

tight seal, allowing both the UHV environment analyser and the NAP environment cell to keep 

their relative pressures. Ambient pressure in the NAP cell is achieved through three 

differential pumping stages between the main analyser entrance slit and the NAP chamber, 

where the entrance slit of the analyser is under UHV conditions [252]. Three differential 

pumping stages are used to maintain the UHV environment that is required in the HSA for 

high-voltage operation, and to reduce the number of inelastic collisions between the 

electrons emitted from the sample surface and the molecules in the gas phase. 

The PHOIBOS 150 NAP analyser has a cone aperture of 1 µm which is brought in such that it 

sits just above the sample surface. The cone space between the cone aperture and the 

analyser entrance slit is split into sections which each have their own dedicated turbopump. 

In the first stage, low vacuum is achieved, in the second stage medium/high vacuum is 

achieved, and in the third stage, ultra-high vacuum is achieved (Figure 4.5). Inside the NAP 

cell itself, gas is flowed directly over the sample to create the desired near-ambient pressures 

and gaseous conditions, and there is also a roughing pump attached to the chamber to 

prevent over-pressurisation inside the chamber.  
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Figure 4.5. Schematic of the differential pumping stages of the Specs PHOIBOS 150 NAP Analyser which has 

three stages of pumping from low vacuum to ultra-high vacuum. 

 

 

To heat samples, an E-beam heater is used which is where a current is placed across a filament 

to produce thermionic electrons which are then accelerated towards the sample plate by 

placing a high voltage bias between the sample and the filament. The sample is heated up 

through the bombardment of high energy electrons.   

A mass flow controller is used to control the flow of gas inside the NAP chamber, where the 

flow rate was controlled in terms of mL per minute. A flow rate of 0.3 mL per minute equated 

to an internal pressure of approximately 0.5 mbar. As the temperature of the samples 

increased, so did the internal pressure (due to the ideal gas law), therefore during the 

annealing of the samples, the pressure and flow rate were monitored very closely and 

adapted as necessary. 
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4.5. Diamond Light Source 

Diamond Light Source is the UK’s national synchrotron and is a third-generation light source. 

Diamond is a medium-energy synchrotron where the electron energy in the storage ring is 3 

GeV [253]. As of April 2020, Diamond Light Source has 32 beamlines and 11 electron 

microscopes operational with further beamlines either under commission, construction, or 

optimisation as the synchrotron has the ability to support up to 40 beamlines (Figure 

4.6)[254]. Diamond utilises three particle accelerators, a linear accelerator, a booster 

synchrotron (158 m in circumference), and a large storage ring which has a circumference of 

561.6 m producing light in the ultra-violet, infrared and X-ray range. Diamond operates under 

a continuous top-up regime from the booster ring. As with all synchrotrons, Diamond isn’t 

strictly round; instead is a pentacontagon made up of 50 straight sections angled together 

using 50 bending magnets. 

 

4.5.1. BO7: VerSox Beamline 

B07, the Versatile Soft X-ray (VerSox) is a soft X-ray beamline branch of the Diamond Light 

Source that focuses on using soft X-rays to study the chemical nature and composition of a 

wide variety of surfaces and materials, and also focuses on non-standard sample 

environments, for example, near-ambient pressure XPS instead of standard XPS.  
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Figure 4.6. Schematic of the current beamlines as of April 2020 at the Diamond Light Source synchrotron, 

showing the main storage ring and the booster ring. Taken from the official Diamond Light Source Annual 

Review 2019-2020 (publically available). 

 

B07 is split into two branches. B07-B is the NEXAFS/High Throughput UHV XPS End Station 

whilst B07-C is the Ambient Pressure XPS End Station (AP-XPS)[255]. B07-B branchline is used 

for more typical UHV condition XPS measurements and NEXAFS measurements. B07-B has 

been designed such that it is held under ultra-high vacuum conditions for typical XPS and 

NEXAFS, but that it can also operate in high vacuum conditions of up to 10-6 mbar and with 

automated sample transfer and manipulation so that a high throughput of samples can be 

measured. NEXAFS measurements can be taken in either total electron yield or total 

fluorescence yield. B07-B has an operating photon energy range of 50 – 2200 eV. 
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B07-C can perform NAP XPS measurements in pressure conditions of up to 100 mbar. B07 

uses the same analyser as The University of Manchester’s system with the differential 

pumping cone to maintain UHV conditions in the analyser, however, instead of having the 

additional NAP cell which docks onto the end of the analyser, the whole chamber is held under 

near-ambient conditions. As it is a synchrotron, measurements can be taken over a large 

range of photon energies, increasing the sensitivity of the surface measurements.  B07-C has 

a photon energy range of 250 – 2800 eV. The gas flow rate at B07 is controlled using a needle 

valve and monitored using a capacitance manometer whilst samples were heating using a 

resistive heater that has a molybdenum surface that was in contact with the sample substrate. 

 

4.6. Chapter Summary 

This chapter provided an introduction into the specific instruments, both local and national 

facilities, that were used for the characterisation and further modification of diamond and 

nanodiamond samples.  

The majority of the data collected for this thesis was using the REES system, a bespoke XPS 

system at Aberystwyth University where in-situ and real-time measurements were taken 

during the deposition of metals and the annealing of samples. NAP-XPS measurements were 

taken at the University of Manchester and the B07 branch at Diamond Light Source. NEXAFS 

measurements were conducted at B07, Diamond Light Source, and also at ASTRIS2, ISA, 

Aarhus.  
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5. Graphitisation of Polycrystalline Diamond 

This chapter will detail and discuss the catalytic graphitisation of polycrystalline diamond with 

the aim of producing single- to multi-layer graphene on the surface to help understand the 

process and provide a comparison/baseline when conducting the spontaneous and catalytic 

graphitisation of nanodiamonds. 

 

5.1. Introduction 

The premise for the experiment of the catalytic graphitisation of nanodiamonds was based 

on previous studies conducted at Aberystwyth University on the graphitisation of diamond, 

silicon carbide, and boron nitride materials both with and without the aid of metal catalysts 

to lower the graphitisation temperature (Cooil et al [100], and Benjamen Reed, Thesis [8]) . In 

the case of diamond and silicon carbide, these materials acted as a substrate for the epitaxial 

growth of single to multi-layer graphene. Doped substrates including a boron-doped (111) 

single-crystal diamond have also been investigated. 

The catalytic graphitisation of boron-doped polycrystalline diamond with a deposited metal 

overlayer was conducted to act as an experimental baseline and an XPS reference for the 

graphitisation of nanodiamonds. Due to the sample roughness of nanodiamonds deposited 

onto a metal substrate, an alternative material with a surface roughness of only a few 

nanometres was required to accurately calibrate the Knudsen-cell for iron deposition, and to 

calculate an accurate deposition rate. Due to the growth method of producing polycrystalline 

diamond, unlike single-crystal diamond, the boron-doped sample will have different facets 
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exposed on the surface and will have small areas of exposed grain boundaries, which normally 

have small amounts of sp2 carbon in them. As nanodiamonds are multi-faceted and are often 

encapsulated in a layer of non-diamond carbon at the surface, the polycrystalline diamond 

makes an excellent reference material when comparing the XPS measurements.  

There is an additional interest in the boron-doped diamond sample for the potential creation 

of boron-doped graphene which has been investigated for its incredible properties, such as 

being more conductive than non-doped graphene, and its many applications, such as in 

supercapacitors, electrode materials, quantum dots, and solar cells [256–260].  

 

5.2. Experimental Method 

The polycrystalline diamond sample is an Element Six Ltd electrochemical processing grade 

free-standing CVD boron-doped sample that has a boron concentration in the range of 2 – 8 

x 1020 atoms cm-3, making it a highly doped sample (~0.1 – 0.5% doping). Ashcheulov et al 

estimate the resistivity of polycrystalline boron-doped diamond with a boron concentration 

of 2 – 8 x 1020 atoms cm-3 to be approximately 10-2 Ω cm. The 10 mm x 10 mm sample is 0.6 

mm thick and has been polished on both sides to a surface roughness of less than 30 nm Ra. 

The polycrystalline sample is grey and is therefore not transparent.   

This experiment (Figure 5.1) was conducted using the REES system at Aberystwyth University. 

Before loading the sample, the boron-doped polycrystalline (BD PC) diamond sample was 

cleaned using a solvent bath. After initial measurements were taken, the BD PC diamond 

sample was degassed at 300 oC for 6 hours to remove any loosely bound surface 

contaminants. A layer of iron, approximately 10 nm thick, was deposited onto the BD PC 
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diamond sample, in-situ, using the iron Knudsen-cell in the main REES chamber. Real-time 

measurements were taken during the deposition to monitor the growth and to calculate the 

thickness of the deposited iron overlayer. After 10 nm of iron was deposited onto the sample, 

the sample was then annealed to high temperatures to graphitise the surface. Real-time 

measurements were also taken of the in-situ graphitisation of the sample. During the 

graphitisation of the sample, the BD PC diamond was annealed to a maximum temperature 

of 800 oC. The sample was annealed slowly, following a temperature ramp of 150 oC an hour, 

with the total ramp-up in temperature taking approximately 5 hours. The controlled cool-

down of the sample was performed over a two hour period. A slow ramp-up anneal was 

chosen to allow snapshot measurements to be taken every two or three degree increase in 

temperature, so an onset graphitisation temperature could be accurately determined. It was 

also chosen to ensure that the actual sample temperature is close to the recorded 

temperature on the thermocouple which is attached directly to one of the bolts on the 

BORAELECTRIC heater by allowing sufficient time for the transfer of heat to the sample as the 

sample temperature isn't directly measured.  

 

 

Figure 5.1. Flowchart of the experimental method of catalytically graphitising boron-doped polycrystalline 

diamond. This process is also the basis for the catalytic graphitisation of the nanodiamonds. 
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All measurements discussed in this chapter were taken using the 1253.6 eV magnesium Kα 

anode of the X-ray source, and all data is fitted using a pseudo-Voigt profile with a G/L ratio 

set to 0.7. For the real-time snapshot data, each snapshot spectrum was fitted with a single 

peak, and the peak binding energy position and peak intensity was extracted from each 

snapshot in the time series. 

 

5.3.  Results and Discussion 

5.3.1. Pre- and Post-Degas Measurements 

Figures 5.2a and 5.2b are the widescan spectra of the BD PC diamond as-loaded and post-

degas. In the initial scan (Figure 5.2a), carbon (C1s) and oxygen (O1s) peaks are observed as 

expected, however, nickel is additionally observed. Nickel can be further observed in Figures 

5.4a and 5.4b, the core level spectra for Ni2p pre- and post-degas.  Boron is not observed in 

the widescans as the concentration of boron is not great enough as the surface sensitivity of 

boron is below the detection limit [261]. Transition metals such as nickel are often used in 

both production method of growing polycrystalline diamond, but also in the post-growth 

treatments such as polishing and therefore it is not unexpected that nickel would be present 

on this diamond surface [262]. As can be seen in Figure 5.2b, after the 300 oC degas, the 

amount of nickel seen on the surface of the diamond is greatly increased; a direct comparison 

of the Ni2p core peaks can be seen in Figure 5.4a and 5.4b. Atomic percentage estimations 

from the as-loaded and post-degas widescans presented in Table 5.1 show an increase in the 

total nickel signal from 4.8% to 13.7%, a reduction in the total oxygen signal from 12.6% to 
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3.4%, and whilst the carbon signal remains the same. A nickel signal of 13.7% equates to a 

nickel overlayer thickness of about 0.2 nm which is roughly a monolayer of nickel.  The 

reduction in oxygen signal is consistent with the reduction/removal of the associated oxygen 

components in the C1s core scans (Figures 5.3a and 5.3b).  

 

Figure 5.2a. As loaded widescan of the boron-doped polycrystalline diamond pre-300 oC degas, showing the 

presence of nickel on the diamond surface. 

 

Figure 5.2b. Widescan of the boron-doped polycrystalline diamond post-300 oC degas, showing the increase in 

nickel on the surface of the diamond and the reduction of the oxygen groups due to increased mobility of nickel 

and the reduction in surface contaminants respectively. 
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Table 5.1. Estimations of the atomic percentage of the different peaks before and after the 300 oC degas. These 

values have been estimated using CasaXPS with using the relative sensitivity factors, from the as-loaded and 

post-degas widescans.  

Component Before 300 oC Degas 

Atomic Percentage (%) 

After 300 oC Degas 

Atomic Percentage (%) 

C1s 82.6 82.9 

O1s 12.6 3.4 

Ni 2p 4.8 13.7 

 

Figures 5.3a and 5.3b show the C1s for the BD PC diamond, as loaded before the 300 oC degas, 

and post-degas respectively. In the pre-degas measurement, two peaks labelled A and B can 

be seen on the higher binding energy side of the diamond sp3
 peak, with respective shifts of 

0.7 eV, and 2.0 eV, whilst a peak on the lower binding energy side with a shift of 1.6 eV can 

also be observed, attributed to sp2 carbon [128,263,264].  In the post-degas measurements, 

there is a reduction in the intensity of peak A and the peak attributed to sp2 carbon, and the 

complete removal of peak B. 

The higher binding energies of peak A and peak B are commonly associated with the carbon-

oxygen bond formation, however, due to the polycrystalline nature of this diamond surface, 

it is difficult to attribute these peaks to specific carbon-oxygen groups and components such 

as ethers, ketones, or carboxyl, as the polycrystalline diamond is made up of different facets 

which have different preferential bonding. The interpretation of oxygen on diamond when 

looking at the C1s is further complicated by the presence of nickel and the potential formation 

of nickel-oxygen-carbon groups. 

The reduction and removal of peaks A, B, and sp2 seen after the post 300 oC degas is attributed 

to the removal of loosely bound contaminants on the surface. It is expected that some oxygen 
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components will remain as the BD PC diamond will be partially oxygen terminated due to the 

polishing and cleaning methods when treating the BD PC diamond before use in this 

experiment [265,266], as the sample was not sputtered to remove these components before 

the iron deposition and graphitisation.  

 

Figure 5.3a. As-loaded initial measurements of the C1s core level scan of boron-doped polycrystalline diamond. 

Bulk diamond sp3 carbon (green) and non-diamond sp2 carbon (purple) are observed, as well as higher binding 

energy components labelled Peak A and B. 

 

Table 5.2. Fitting results for the spectra in Figure 5.3a, the as-loaded C1s core level scan of boron-doped 

polycrystalline diamond. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(kcounts) 

sp2 sp2 282.7 1.4 0.7 0.24 

sp3 sp3 284.3 1.4 0.7 (0.52 Asym) 11.52 

Peak A Carbon Oxygen 285.0 1.4 0.7 8.91 

Peak B Carbon Oxygen 286.3 1.4 0.7 0.55 
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Figure 5.3b. C1s core level scan of the boron-doped polycrystalline diamond after a 300 oC degas of the sample 

to remove surface contaminants. There has been a reduction of peak A and the removal of peak B whilst the 

increase in the ratio between sp3 and sp2 carbon shows the removal of some adventitious carbon. 

 

Table 5.3. Fitting results for the spectra in Figure 5.3b, the post-degas C1s core level scan of boron-doped 

polycrystalline diamond. 

Component Likely Origin Position (eV) FWHM 

(eV) 

G-L Ratio Area 

(kcounts) 

sp2 sp2 282.8 1.4 0.7 0.16 

sp3 sp3 284.3 1.4 0.7 (0.50 Asym) 21.35 

Peak A Carbon Oxygen 285.0 1.4 0.7 1.89 

 

 

The small amount of sp2 carbon on the BD PC diamond is attributed to non-diamond carbon 

found in the grain boundaries in polycrystalline diamond due to the growth method and 

polishing  [267,268], and in the pre-degas scan, also due to some adventitious carbon. After 



102 
 

degassing the sample, the ratio between sp3 carbon and sp2 carbon increases, showing the 

removal of some surface contaminants but also demonstrating that there has been no low-

temperature catalytic graphitisation of the diamond at the grain boundaries during the low-

temperature annealing. 

In the post-degas spectrum, the binding energy for the bulk diamond sp3 peak is 284.3 eV 

with a peak width of 1.4 eV, which is consistent with other literature for samples with similar 

boron doping levels [94,261,264,269]. Literature values range from 283.8 – 285.4 eV for 

different boron concentrations of polycrystalline diamond; the greater the doping, the lower 

the binding energy.  As the sample is highly boron-doped, the bulk diamond is conductive, 

and therefore the sp3 peak is expected to be at lower binding energy than insulating and semi-

conducting diamond, as it should not exhibit the same charging effects during XPS 

measurements [87,90]. For a diamond that is boron-doped, if the doping density is greater 

than approximately 1020 atoms cm-3 then the sample can be considered semi-metallic 

[127,270]. As the doping in this sample is between 2 to 8 x 1020 atoms cm-3,  the sample can 

be considered semi-metallic and can therefore be fitted with an asymmetry parameter [271]. 

Another interpretation of the assignment of peak A in the C1s core level scans as-loaded and 

post-degas is that it is not an oxygen component, but is instead a shifted sp3 carbon-carbon 

bond. As mentioned, the sample is heavily boron-doped, making it semi-metallic and 

therefore it doesn’t experience the same shift to higher binding energy due to charging effects 

on the surface that semiconducting and insulating diamond does. It is possible, due to the 

polycrystalline growth, post-growth polishing and cleaning treatments, and the presence of 

additional components on the surface, that the surface is boron-depleted compared to the 

bulk, that different areas and grains exhibit different boron concentration, or that the surface 
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is more insulating compared to the bulk, due to boron being stripped away during these 

processes, due to reconstruction at the surface, or due to the surface components interacting 

with the boron and neutralising it.  This effect has been observed before; Wilson et al found 

two different conductivity domains across boron-doped polycrystalline diamond electrodes, 

suggesting a depletion of charge carriers in some regions [272].  Peak A is at a binding energy 

of 285.0 eV in both the as-loaded and post-degas scans which is the binding energy associated 

with insulating single-crystal diamond samples. After the degas where the sample has been 

annealed and removal of loosely bound contaminants has been demonstrated, the reduction 

in peak A could be attributed to the surface becoming less boron-depleted and becoming 

more metallic after the removal of interacting and neutralising species such as oxygen, and 

also due to the increased mobility of boron.  

Figures 5.4a and 5.4b are the nickel 2p core level scans before and after the 300 oC degas. In 

both scans, the metal nickel peak at a binding energy of 852.7 eV with a 17.3 eV split and a 

nickel oxide peak sitting on the higher binding energy side at 856 eV, can be observed, both 

of which are consistent with literature (Ni2p3/2 = 852.6 - 852.9 eV and N-O = 855.8 – 857.3 

eV)[273]. In the post-degas spectrum, an additional peak that has a binding energy of 858.8 

eV can be seen and is associated with a satellite peak [274].  

The most likely hypotheses for the increase in nickel post-degas is that during the anneal, the 

removal of surface contaminants such as the adventitious carbon and loosely bound oxygen, 

has caused the nickel layer to become more exposed. As nickel is a transition metal, it works 

in the same way as iron to induce a catalytic graphitisation of diamond at lower temperatures 

than spontaneous graphitisation; therefore, a degas temperature of 300 oC was chosen as it 
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is sufficient to drive off most unwanted surface contaminants, but not high enough to induce 

the catalytic graphitisation. 

 

 

Figure 5.4a. Nickel 2p core level scan of the boron-doped polycrystalline diamond sample pre-degas. Nickel 

metal at a binding energy of 852.7 eV and nickel oxide at a binding energy of 856.0 eV can be seen. 

 

Table 5.4. Fitting results for the spectra in Figure 5.4a, the as-loaded Ni2p core level scan of boron-doped 

polycrystalline diamond. 

Component Position (eV) FWHM (eV) G-L Ratio Area (kcounts) 

Ni Metal 852.7, 870.0 2.0, 1.8 0.7 (0.38 Asym) 2.94, 0.92 

Ni-O 856.0, 873.3 2.0, 2.0 0.7  1.35, 0.67 
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Figure 5.4b. Nickel 2p core level scan of the boron-doped polycrystalline diamond sample post-degas. The same 

nickel metal and nickel oxide peaks can be seen after the degas as well as an additional satellite peak at the 

higher binding energy of 858.8 eV. 

 

Table 5.5. Fitting results for the spectra in Figure 5.4b, the post-degas Ni2p core level scan of boron-doped 

polycrystalline diamond. 

Component Position (eV) FWHM (eV) G-L Ratio Area (kcounts) 

Ni Metal 852.7, 870.1 2.0, 2.6 0.7 (0.38 Asym) 12.28, 5.92 

Ni-O 856.0, 873.3 2.0, 2.0 0.7  1.04, 0.52 

Satellite 858.8, 876.1 2.0, 2.0 0.7 2.19, 1.08 

 

 

Figure 5.5a and 5.5b are the oxygen 1s core level scans as loaded and after the 300 oC degas. 

The as-loaded spectrum can be fitted with four components, whereas the post-degas 

spectrum can only be fitted with three. Peak A on the low binding energy side at 

approximately 530 eV in both spectrums can be assigned as a metal oxide peak, whilst peak 

B (~531.4 eV) has been assigned as a metal carbonate peak [275–277]. Both the higher binding 

energy peaks of C and D are assigned as carbon-oxygen groups. The assignment of these peaks 
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as carbon-oxygen peaks is consistent with the as-loaded and post-degas carbon 1s core level 

scans, as, in both sets of spectra, complete removal of a carbon-oxygen component can be 

observed. The assignment of a metal oxide peak in both the as-loaded and post-degas O1s 

spectra is consistent with the nickel 2p core level scans where a metal oxide peak consistent 

with literature was fitted as mentioned previously.  

 

Figure 5.5a. Oxygen 1s core level scan of the boron-doped polycrystalline diamond pre-degas, where four 

peaks, labelled A, B, C, and D can be fitted. 

 

Table 5.6. Fitting results for the spectra in Figure 5.5a, the as-loaded O1s core level scan of boron-doped 

polycrystalline diamond. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(kcounts) 

Peak A Metal Oxide 529.9 1.6 0.7 0.69 

Peak B Metal Carbonate 531.4 1.6 0.7  4.16 

Peak C Carbon-Oxygen 532.3 1.6 0.7 3.48 

Peak D Carbon-Oxygen 533.2 1.6 0.7 1.79 
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Figure 5.5b.  Oxygen 1s core level scan of the boron-doped polycrystalline diamond post-degas, where only 

three peaks, labelled A, B, and C can be fitted. 

 

Table 5.7. Fitting results for the spectra in Figure 5.5b, the post-degas O1s core level scan of boron-doped 

polycrystalline diamond. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(kcounts) 

Peak A Metal Oxide 530.1 1.6 0.7 0.19 

Peak B Metal Carbonate 531.5 1.6 0.7  2.09 

Peak C Carbon Oxygen 532.4 1.6 0.7 0.90 

 

 

5.3.2.  Iron Deposition on BD PC Diamond 

Iron was deposited on the BD PC diamond sample at a target rate of approximately 3.5 – 4 

nm/hr; therefore, a total deposition time of 2 hours and 45 minutes was required to deposit 

10 - 11 nm of iron. When considering the effective attenuation length, an 11.2 nm overlayer 
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of iron should be sufficient to completely bury the carbon signal. The aim was to bury the 

carbon signal to try and specifically bury the diamond peak signal to allow for differentiation 

between the bulk diamond substrate and the newly formed graphene layers during and post 

graphitisation.  

When considering the effective attenuation length, the thickness of the iron overlayer 

required to bury the Ni2p3/2 peak is calculated to be 5.2 nm, which when taking into account 

a constant deposition rate of between 3.5 – 4 nm/hr, it is expected that the Ni2p3/2 peak 

intensity should be buried between after 80-90 minutes of deposition, and it should therefore 

take between 170-190 minutes to bury the carbon 1s signal. 

 

5.3.2.1. Real-Time Snapshot Measurements During Iron Deposition 

Figures 5.6A and B are image plots of the raw real-time snapshot carbon 1s core peak spectra 

(Figure 5.6A) and the raw real-time snapshot iron 2p3/2 core peak spectra (Figure 5.6B) during 

the iron deposition. From these images, the peak intensity, i.e. the burying of the carbon 

signal and the growing iron signal can be observed and extracted, as well as the peak 

positions, the width, and the narrowing or widening of the peaks. In Figure 5.6B, a small shift 

in the binding energy of the Fe2p3/2 peak can be seen with increasing deposition time. This 

shift can be observed in more detail in Figure 5.8.  
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Figure 5.6. Two-dimensional image plots of the intensity (A) carbon 1s core peak and (B) iron 2p3/2 peak with 

deposition time, on a ‘yellow-hot’ colour scale where the more yellow the pixel, the greater the intensity. 

 

From Figure 5.7A, which is a semi-logarithmic plot of the intensity with deposition time, when 

following the fitted linear curves which shows the initial linear iron deposition trend, the 

deposition rate, R, (nm/hour) can be calculated using the following series of equations: 

 I = Io𝑒−
𝑥
𝜆 (Eq. 5.1a) 

 𝑥 = 𝑅𝑡     𝑤ℎ𝑒𝑟𝑒       𝑅 = 𝐶𝜆 (Eq. 5.1b) 

 ln 𝐼 = ln 𝐼𝑜 − 𝑅𝑡/𝜆 (Eq. 5.1c) 

 ln 𝐼 = ln 𝐼𝑜 − 𝐶𝑡 (Eq. 5.1d) 

 
𝐶 = ln (

𝐼

𝐼𝑜
) 𝑡 (Eq. 5.1e) 
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 𝑅 = −𝐶𝜆 (Eq. 5.1f) 

 

Where I is the intensity (a.u.), Io is the initial intensity (a.u.), t is time (minutes), C is the 

attenuation rate, and 𝜆 is the average EAL (nm). The values for ln (
𝐼

𝐼𝑜
) for when calculating 

the deposition rate can be calculated by taking the gradients of the C1s and the Ni2p curves 

which have the units of nm/min. When t = 60 minutes, the units for C can be converted into 

nm/hr. To calculate the deposition rate, the attenuation rate is multiplied by the EAL for the 

respective photoelectrons.  

Ni2p3/2, which for its kinetic energy of approximately 401 eV has an EAL for quantitative 

analysis value of 0.78 nm and a gradient of -0.074 nm min-1 (Figure 5.7a), gives an 

experimental deposition rate of 3.5 nm hr-1. C1s, which has a kinetic energy of approximately 

969 eV and therefore has an EAL for quantitative analysis of 1.502 nm, has a gradient value 

of -0.047 nm min-1 (Figure 5.7a), which produces an experimental deposition rate of 4.2 nm 

hr-1. These values are similar considering their very different attenuation rates and they both 

seem to deviate from the initial fitted linear trend after a deposition time of approximately 

30 minutes. This suggests that for at least the first 30 minutes of deposition, the deposition is 

constant and uniform and that the iron is growing layer by layer. After 30 minutes, 

approximately 2 nm of iron would have been deposited onto the BD PC diamond surface 

which is about 10 monolayers of iron as a single monolayer of FCC iron is calculated to be 

around 0.2 nm [278]. The slight deviation in the deposition rate (orange lines on Figure 5.6a) 

after approximately 30 minutes could be due to small inaccuracies being introduced in the 

fitting due to the drop in intensity, or due to a shadowing effect on the surface of the 

polycrystalline diamond as the surface isn’t atomically flat.  
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Figure 5.7a. A semi-logarithmic plot of the intensity of the attenuating nickel 2p3/2 and the carbon 1s signal 

with deposition time. From this plot, an experimental value for the deposition rate can be calculated using the 

attenuation of the Ni2p3/2 signal and the C1s signal, by using the fitted gradients.  

 

Figure 5.7b. The normalised intensity of the attenuating carbon 1s, nickel 2p3/2, and the growing iron 2p3/2 core 

peaks during the deposition of the iron overlayer. The Ni2p and C1s show an exponential decay in their signals 

whilst the Fe2p shows exponential growth in the signal. After 165 minutes of deposition, the minimum 

thickness of the deposited iron layer is 10 nm. 
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The small difference in the deposition rates calculated using the C1s and the Ni2p3/2 peak 

intensities could be due to an interaction between the nickel and the iron. It is possible that 

not all the nickel is at the diamond surface and that as the iron is deposited on top, that the 

nickel diffuses into the iron overlayer. At room temperature, an alloy can start forming 

between iron and nickel when the atomic percentage is greater than 65% nickel [279]. 

As can be seen in Figures 5.7a and 5.7b, the complete attenuation of the relative intensities 

of Ni2p3/2 and C1s is consistent with what was previously predicted (80-90 minutes for Ni2p3/2, 

and 170-190 minutes for C1s). From Figure 5.6b, the Ni2p3/2 peak appears to be buried after 

80 minutes whilst the C1s peak appears to be buried >165 minutes. It can therefore be 

assumed that the iron was being deposited at a constant and uniform rate and that a 10 nm 

uniform overlayer of iron was successfully deposited. The EAL, MFP, and the required 

thickness overlayer for Ni2p3/2 and C1s were calculated using the NIST EAL83 database using 

Tanuma, Powell, and Penn’s optical data and predictive formula, as discussed in Section 3.2.2.  

Figure 5.8 shows the shift in the binding energy of the fitted Fe2p3/2 peak with increasing 

deposition time. During the first few layers of iron deposition, the iron will be forming bonds 

with the exposed carbon, oxygen, and nickel atoms present at the surface, therefore iron 

carbide, iron oxide, or nickel-iron alloys will form first, inducing a shift to higher binding 

energy from the iron metal peak. As the iron deposition continues, the binding energy 

remains constant as iron deposits on top of iron, forming Fe-Fe bonds with a binding energy 

of 706.9 eV.  
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Figure 5.8. The binding energy of the fitted iron 2p3/2 peak with increasing iron deposition time, showing the 

shift in binding energy with the growing iron layers. During the deposition of the first few layers, iron carbides, 

iron oxides and iron-nickel alloys form causing a shift to the slightly high binding energy of the Fe2p3/2 peak.  

 

5.3.3. Post-Deposition Core Scans 

Post-deposition core level scans of the carbon 1s (Figure 5.9) show a significant reduction in 

the carbon signal, however, there is still a small carbon signal present. As the deposition 

thickness was calculated to be approximately 10 nm with the overlayer thickness for complete 

attenuation of the signal required to be 11.2 nm, reminiscence of a carbon signal is to be 

expected as with an overlayer thickness of 10 nm, the signal is expected to be attenuated to 

0.02%. The remaining carbon signal appears to be shifted to the lower binding energy of 

around 282-283 eV which is typically where the iron-carbide peak sits in the carbon 1s spectra. 
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Therefore, it is possible that it is the iron-carbide instead of the underlying diamond substrate 

that is being observed, however, as there is so little signal, the post-iron deposition C1s core 

level scan is unable to be fitted to differentiate between the peaks.   

 

Figure 5.9. Carbon 1s core scans post-degas (green) and post-iron deposition (blue) showing the near-complete 

burying of the underlying diamond substrate. 

 

In Figure 5.10, the post-iron deposition widescan, as well as there being iron and a small 

amount of carbon at the surface, there is also a remaining oxygen component present. The 

presence of oxygen is further supported by Figure 5.11, the post-iron deposition Fe2p core 

scan where an iron oxide component, an iron carbide component, as well as the iron metal 

component, can be fitted, with peak positions of 710.5 eV, 707.9 eV and 706.9 eV 

respectively, which is consistent with literature (Fe2p3/2 = 706.7 - 707.2 eV, iron oxides = 709.2 

– 711.3 eV, iron carbide = 707.2 – 708.5 eV)[280–282]; and Figure 5.12, the oxygen 1s core 

level, where two main peaks can be identified. The two peaks labelled peak A and peak B 

respectively, are attributed to iron oxide and C=O with binding energies of 520.0eV and 531.7 
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eV respectively [283,284]. The split between the Fe2p3/2 and Fe2p1/2 metal component is 13.1 

eV, also consistent with the literature (ΔE = 13.1 eV)[285]. 

The fits suggest that iron oxide is present either just below or on the surface and not just at 

the iron-diamond interface as the escape depth of the electrons for X-rays of photon energy 

1253.6 eV is less than 10 nm, i.e. smaller than the deposited overlayer thickness; or it suggests 

that the mixing/bond formation between the deposited iron and oxygen at the interface is 

more than one layer thick and has penetrated deeper into the deposited iron layer. The theory 

that there is an iron-carbide formation is supported by the Fe2p core level scan and the post-

deposition widescan as despite depositing sufficient iron to, in-theory, bury the carbon signal, 

carbon still makes up approximately 10 atomic percent of the surface (Table 5.8).   

 

 

Figure 5.10. Post-iron deposition widescan of the boron-doped polycrystalline diamond sample showing the 

presence of carbon, iron, and oxygen species on the deposited iron overlayer. 
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Table 5.8. Estimations of the atomic percentages of the Fe2p, O1s, and the C1s peaks in the widescan after 

iron-deposition. These have been estimated in CasaXPS using the appropriate relative sensitivity factors. 

Peak Atomic Percentage (%) 

Fe2p 79.4 

C1s 10.6 

O1s 10.0 

 

 

 

Figure 5.11. Iron 2p core level scan post iron deposition. Iron metal, iron oxide, and iron carbide peaks can be 

fitted. 

 

Table 5.9. Fitting results for the spectra in Figure 5.11, the Fe2p core level scan of post-deposition boron-doped 

polycrystalline diamond. 

Component Position (eV) FWHM (eV) G-L Ratio Area (Kcounts) 

Fe Metal 706.7, 719.9 1.7, 2.1 0.7 (0.4 Asym) 23.35, 11.43 

Fe-C 707.9, 720.9 2.0, 2.0 0.7  10.50, 2.59 

Fe-O 710.5, 722.5 2.0, 2.0 0.7 1.45, 0.75 
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Figure 5.12. Oxygen 1s core scan post iron deposition with iron oxide and a double carbon-oxygen bond fitted. 

The presence of iron oxide in the O1s is consistent with the fitted Fe2p core scan. 

 

Table 5.10. Fitting results for the spectra in Figure 5.12, the post-deposition O1s core level scan of boron-doped 

polycrystalline diamond. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

Peak A Metal Oxide 530.0 1.6 0.7 2.73 

Peak B Carbon Oxygen 531.7 1.6 0.7 0.95 
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5.3.4. Graphitisation of BD PC Diamond 

Graphitisation of the BD PC diamond was done in-situ, in the same chamber as the iron 

deposition, directly after the post-iron deposition core scans were taken. Real-time snapshot 

measurements were taken during the graphitisation whilst simultaneously recording the 

heater temperature, and post graphitisation core scans were taken after the sample had 

cooled down to room temperature.  

Figure 5.13 shows the normalised intensity of the carbon 1s, iron 2p3/2, and nickel 2p3/2 core 

peaks during the annealing and cooling down of the iron-on-diamond sample.  

The intensity for both peaks remains constant during the anneal up until 280 oC where 

between 280 oC and 350 oC, the intensity of the Fe2p3/2 increases slightly. This increase in 

intensity could indicate that there is some re-ordering of the iron film at this temperature and 

that at the diamond-iron interface the carbon is starting to become mobile and move up 

through the iron film. As the diamond-iron interface is approximately 10 nm below the 

surface, what is happening to the carbon at the diamond-iron interface cannot be observed 

using the laboratory XPS set-up. This increase in iron intensity has been observed before on 

studies done by the materials group Aberystwyth University for iron deposited onto (111) 

single-crystal diamond, as was attributed to the conversion from FCC to BCC iron (Cooil et al  

[100]). A more likely cause to the increase in iron intensity in this region is the formation of a 

type of bainite. Bainite, a form of steel, forms at temperatures of between 125 – 550 ⁰C 

depending on the carbon concentration/alloy content [286,287]. Although on the (111) single 

crystal diamond sample the onset graphitisation temperature is higher, the iron appears to 

reorder in the same way just before the carbon signal starts to come through. 
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Figure 5.13. Normalised peak intensity of the C1s, Fe2p3/2, and Ni2p3/2 core peaks during the graphitisation of 

the BC PC diamond. The green region represents the temperature at which the intensity of the Ni2p3/2 and the 

Fe2p3/2 starts to increase. The greyed out region represents the onset temperature of graphitisation and the 

end temperature of the graphitisation process. The red dashed line represents the temperature of single-layer 

graphene formation. The number of iterations refers to the snapshot measurement cycle number. 

 

In the (111) single-crystal comparison, this increase in iron intensity is greater, approximately 

15%, whereas, for the BD PC diamond sample, the increase in intensity is only about 5-6% 

percent. The (111) single-crystal sample had a clean nickel-free surface before iron deposition 

and the graphitisation and therefore the difference in the iron intensity increase is most likely 

due to the additional presence of nickel on the BD PC surface. It is at approximately 280 oC, 

the onset for the increase in iron intensity, that the Ni2p3/2 peak starts to come through. This 

indicates that the nickel is starting to become mobile at this temperature and is starting to 
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interact with and move up through the iron, or potentially starting to separate from the alloy 

formed at the diamond-iron interface. 

The increase in the C1s intensity and the decrease in the Fe2p3/2 intensity is initiated at the 

same onset graphitisation temperature for both peaks at around 350 oC, and both peaks reach 

their respective maximum and minimum intensity at approximately the same temperature of 

650 oC. This onset graphitisation temperature of 350 oC is significantly lower than has been 

previously recorded in literature where the (111) single-crystal diamond sample recorded an 

onset graphitisation temperature of 675 oC (Cooil et al [101]). The significant decrease in 

onset graphitisation temperature could potentially be because of the following reasons or a 

combination of both. The decrease in onset graphitisation temperature could be a result of 

an iron-nickel alloy or the presence of the additional nickel, which could potentially have a 

greater catalytic effect at breaking the diamond bonds at the iron-diamond interface; which 

has not previously been investigated. The other cause for the difference in onset 

graphitisation temperature could be due to the difference in heating profiles. The annealing 

of the BD PC diamond sample was a much slower approach compared to the (111) single-

crystal, therefore the BD PC diamond was ‘held’ at the lower temperatures for a relatively 

‘longer’ time, allowing relatively more time for the process to initiate, and for the carbon, 

nickel, and iron atoms to mobilise. A quicker ramp-up in annealing temperature could also 

mean that there is a time delay between the actual temperature of the sample and the 

readout of the thermocouple, increasing the uncertainty of the readout temperature for that 

measurement.  

If only the iron 2p3/2 intensity is considered, one monolayer of carbon on the surface, i.e. 

single-layer graphene would attenuate the iron signal to approximately 80% of the initial 
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intensity. This would produce a formation temperature for a monolayer of graphene of 430 

oC. The annealing was allowed to continue beyond its monolayer graphene formation, hence 

the continued increase in the carbon intensity, therefore, by the end of the annealing which 

reached a maximum temperature of 800 oC, multi-layer graphene, transitioning into highly 

ordered graphite, will be present on the surface, not monolayer graphene. 

At 650 oC, the intensities for the Fe2p3/2 and Ni2p3/2 reach their minimum and the intensity 

for the C1s reaches its maximum, suggesting that all three elements are interacting with each 

other, and not acting independently during this graphitisation temperature window. Between 

650 oC and 700 oC, the carbon signal starts to decrease whilst the nickel signal simultaneously 

increases. At this point, it can be suggested that the nickel has separated from the iron and 

starts to mobilise again, rising towards the surface, attenuating the carbon signal. The carbon 

signal is only attenuated to 90% which is a thickness of approximately 0.2 nm suggesting that 

only one monolayer of nickel has formed on the surface or that nickel has migrated close to 

the surface. After 700 oC the relative intensities of the C1s and the Ni2p3/2 stay fairly stable 

which could indicate that the nickel is capped to one layer in the case of the former situation, 

or that if the nickel is just below the surface, that it is no longer mobile once the temperature 

continues to decrease.  

When looking at the post-graphitisation carbon 1s core level scan (Figure 5.14), a small peak 

at the lower binding energy side (282.4 eV), typically associated with a carbide formation can 

be fitted. This is consistent with the notation that there is an interaction occurring between 

the carbon and the nickel close to or on the surface. The small area of the peak suggests that 

this isn’t a top-surface effect, but it happening deeper into the surface, potentially at the 

interface between the deposition iron and the new multi-layer graphene overlayer. It is more 
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likely that it is nickel carbide forming and not iron carbide as, as mentioned previously, we 

see the effect of the nickel signal growing and the carbon signal attenuating simultaneously, 

indicating that there is an interaction occurring between the two. 

 

 

Figure 5.14. Carbon 1s core scan post graphitisation taken at room temperature. As well as the typical 

symmetric peak of multi-layer graphene/highly ordered graphite, nickel carbide, sp2 carbon, and some oxygen 

components can be observed. 

 

Table 5.11. Fitting results for spectra in Figure 5.14, the post-graphitisation c1s core level scan of boron-doped 

polycrystalline diamond. 

Component Likely Origin Position (eV) FWHM 

(eV) 

G-L Ratio Area 

(Kcounts) 

Carbide Carbide 282.4 1.0 0.7 0.16 

sp2 sp2 283.6 1.0 0.7  1.60 

C-C (Graphene) C-C (Graphene) 284.3 1.0 0.7 (0.58) 18.56 

Peak A Oxidised Graphene 285.1 1.0 0.7 0.88 

Peak B Oxidised Graphene 286.1 1.0 0.7 0.51 
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The main feature of the post graphitisation C1s scan is the main peak which has a binding 

energy of 284.3 eV and which is asymmetric in shape and is consistent with literature fits for 

highly ordered pyrolytic graphite (HOPG) and multi-layer graphene [288–292]. Previous 

binding energy literature values for HOPG and multi-layer graphene are in the range of 284.0 

- 284.5 eV. 

The C1s core level spectrum also shows a small sp2 component at a binding energy of 283.6 

eV. As discussed before, the surface of the BD PC diamond isn’t atomically smooth, therefore 

when the 10 nm of iron was deposited onto the surface, it was suspected that the apparent 

change in the deposition rate was due to ‘shadowing’ on the surface. It is likely that the 

graphene formation on the iron overlayer on the BD PC is made up of multiple small 

interconnected areas of graphene. At the steps and valleys caused by the surface roughness 

and underlying grain boundaries, it is possible that nice graphene layers may not have formed 

here, instead forming amorphous carbon.  

Peak A and peak B, which have respective binding energies of 285.4 eV and 286.2 eV, are 

thought to be carbon-oxygen components associated with oxidised graphene/graphite 

[293,294].  

In the post-graphitisation widescan (Figure 5.15), the intense peak of the multi-layer 

graphene/highly ordered graphite can be seen as well as the presence of oxygen, nickel and 

iron. Table 5.12, which shows the relative atomic percentage of different components in the 

widescan, shows that the iron signal is largely attenuated. The iron intensity has attenuated 

by approximately 95% which if assuming that it is covered by just carbon, gives a value of 4-5 

nm thick carbon overlayer. Exact experimental values for the thickness of multi-layer 

graphene are hard to measure, however, theoretic values report a thickness of 0.335 nm for 
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monolayer graphene and values of 0.81 nm, 1.285 nm, 1.76 nm, and 3.185 nm for bilayer, 

triple-layer, four-layer, and seven-layer graphene respectively [295]. From this theoretical 

data, it can be approximated that there are between 8-10 layers of carbon, making it multi-

layer graphene [296].  

 

Figure 5.15. Widescan of the BD PC diamond sample after graphitisation. See growth in the C1s peak and 

presence of oxygen, nickel, and iron on or near the surface. 

 

Table 5.12. Estimations of the atomic percentages of the C1s, O1s, Fe2p and Ni2p peaks in the widescan after 

iron-deposition and graphitisation. These have been estimated in CasaXPS using the appropriate relative 

sensitivity factors. 

Peak Atomic Percentage (%) 

C1s 93.7 

O1s 2.4 

Fe2p 1.7 

Ni2p 2.2 
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5.4. Conclusion 

A 10 nm film of iron was deposited onto boron-doped polycrystalline diamond where it was 

then successfully graphitised in-situ to produce areas of multi-layer graphene on top of the 

deposited iron.  

Before the iron deposition and graphitisation, nickel on the surface of the BD PC diamond 

could be observed. The presence of this nickel is most likely due to the production and post-

growth treatments. During the degassing of the sample, the nickel signal increased, and 

during the deposition of the iron, it is thought that the nickel and iron formed some form of 

an alloy. 

During the graphitisation process, which had an onset graphitisation temperature of around 

350 oC, and a monolayer graphene formation temperature of approximately 430 oC, the iron-

nickel alloy had some interesting effects where it appeared that the nickel was becoming 

mobile and separating from the alloy. 

The onset graphitisation temperature and the monolayer formation graphene temperature is 

lower than has been previously reported for studies on single-crystal diamond (111) and 

silicon carbide. This is thought to be due to the slow ramp at which the BD PC sample was 

annealed to, or due to the iron-nickel alloy/interaction. 

The post-graphitisation C1s core level scan shows an asymmetric peak that has an FMWH and 

binding energy position consistent with multi-layer graphene/HOPG. The difference in FWHM 

and the asymmetry parameter suggest that we are seeing a material different to the 

underlying BD PC substrate which had a very similar binding energy position.   
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6. Spontaneous Graphitisation of 

Nanodiamonds 

This chapter will investigate the spontaneous graphitisation of nanodiamonds, i.e. without 

the use of a metal catalyst, in-situ, and in-real time using XPS. The spontaneous graphitisation 

of nanodiamonds has been investigated for its use in many interesting and unique 

applications, but to also act as a reference and comparison when monitoring the catalytic 

graphitisation of nanodiamonds with a deposited iron overlayer. 

 

6.1. Introduction 

The graphitisation of nanodiamonds has many interesting potential applications due to the 

unique properties of nanodiamonds, the range of nanodiamond sizes available, and the range 

and variety of nanodiamond surfaces. One of the main interests in the graphitisation of 

nanodiamonds has primarily been in the conversion of nanodiamonds to onion-like carbon.  

The high-temperature annealing of nanodiamonds has proven to be a low-cost, effective, and 

easy way to produce onion-like carbon (OLC), which are fullerene-like concentric stacked 

spheres of carbon [297,298]. There is great interest in OLC in tribology as a lubricating additive 

to oil, as electrode materials for electrochemical double-layer capacitors (supercapacitors), in 

polymer composites, drug delivery, and in catalysis [299–306]. There are varying reports on 

the annealing conditions required for this conversion of nanodiamonds to OLC, however, 

most studies report requiring temperatures of above 900 oC [297,307]. 



127 
 

There has also been great interest in nanodiamond-graphene structures, such as 

heterostructures and high current devices. For example, Zhao et al, reported using 

nanodiamonds as an alternative substrate to Si/SiO2 substrates in heterostructures for 

increased current-carrying capabilities [308]. Graphene/nanodiamond composites have also 

been investigated for their use in electrocatalysis and the formation of highly conductive and 

flexible mesoporous films [309,310]. 

As mentioned previously, there is a great interest in nanodiamonds in drug delivery as a 

carrier. For safe and effective use in drug delivery, it is vital to have a thorough understanding 

of the surface of the nanodiamonds, their termination, and their graphitic content when 

attaching different drugs and molecules. Previous studies have demonstrated that drugs react 

and adhere differently to the various terminations of diamond and graphite and demonstrate 

different compatibilities and biotoxicity [171–173,175,311]. 

The spontaneous graphitisation of nanodiamonds in a UHV system has been investigated due 

to its many potential applications stated above. By annealing the nanodiamonds in UHV, a 

controlled graphitisation of nanodiamonds can be observed, an onset graphitisation 

temperature of graphitisation can be obtained, and an understanding of what the clean and 

graphitised nanodiamond surface looks like can be gained. 

 

6.2. Experimental Method 

The nanodiamonds samples are hydrogen-terminated detonation nanodiamonds in 

suspension from Element Six Ltd, 2.5 weight percent in deionised water and have an average 

size of 5 nm (the average size measurement was provided by the manufacturer). The 
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nanodiamonds were treated through a series of solvent and milling processes and then 

exposed to a hydrogen plasma to make them hydrogen-terminated by Element Six Ltd, and 

therefore they were hydrogen-terminated as-received. Previous dynamic light scattering 

(DLS) measurements conducted at Aberystwyth University (Simon Astley, Thesis [156]) show 

that the hydrogen-terminated nanodiamonds agglomerate into particle sizes of between 9 

and 100 nm with an average particle size of 15 nm. 

The nanodiamonds were deposited onto a 99.9% purity, 0.05 mm thick tantalum foil substrate 

and were deposited via the in-vacuo evaporation method in the load lock. Tantalum was 

chosen as the substrate as it has demonstrated in previous graphitisation experiments on 

single crystal diamonds that it is inert at high temperatures (~1000 oC) in UHV and therefore 

shouldn’t have a catalytic effect on the graphitisation of nanodiamonds [100]. In-vacuo 

evaporation is where a droplet of the nanodiamond solution is deposited onto the tantalum 

foil substrate which has already been loaded into the load lock, and the roughing pump 

attached to the load lock is used to slowly evaporate the chamber over one to two minutes 

and subsequently, remove the water from the nanodiamond solution to leave a nanodiamond 

film behind. The nanodiamonds received no treatment at Aberystwyth University before 

being deposited and loaded.  

The experiment was conducted in the REES system at Aberystwyth University as discussed in 

Section 4.1, where the in-situ graphitisation of nanodiamonds was monitored in real-time 

using the snapshot function. The nanodiamond samples were degassed in-situ at 350 oC in 

UHV for approximately 20 hours to remove surface contaminants. A much longer degas 

compared to the polycrystalline diamond sample was required due to the high surface-to-

volume ratio. The nanodiamonds were annealed to a maximum temperature of 850 oC, 
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following a temperature ramp rate of 150 oC an hour, totalling a 5-hour ramp-up. The sample 

was steadily cooled over a two hour period. The real-time snapshot measurements were 

taken continuously during the entire annealing process, and core level scans were taken post-

degas and post-graphitisation. 

All measurements were taken using the 1253.6 eV magnesium Kα anode of the X-ray source, 

and the annealing of the sample was done using the BORALECTRIC heater as previously 

discussed in Section 4.5.1. For the real-time snapshot data, each snapshot spectrum was fitted 

with a single peak, and the peak binding energy position and peak intensity was extracted 

from each snapshot in the time series. 

As the average size of these nanodiamonds is only 5 nm and the probing depth of the Mg Kα 

source is approximately 10 nm, it can be assumed that when probing the nanodiamonds with 

XPS, that it is not just the surface of the nanodiamonds that is being measured, but the bulk 

too. 

FTIR measurements of the as-received hydrogen-terminated nanodiamonds were conducted 

on the AU-IR beamline at ASTRID2. A droplet of the nanodiamonds in suspension was 

deposited onto the FTIR window. The Vertex 70x spectrometer can perform under low-

vacuum conditions, therefore the FTIR chamber was evacuated for in-vacuo evaporation 

deposition of the nanodiamonds. FTIR measurements of the nanodiamonds were taken under 

a low vacuum of approximately 200 mbar. 

Raman spectroscopy measurements were conducted at Aberystwyth University using the 

Horiba LABRAM HR spectrometer as previously mentioned in Section 4.2. The power form of 

the hydrogen-terminated nanodiamonds was deposited onto a silicon substrate and excited 
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using a 532 nm laser. An x 50 objective lens was used and the laser power was attenuated to 

10% to prevent burning and heating of the nanodiamond samples.  

 

6.3. Results and Discussion 

6.3.1. As-Loaded Hydrogen-Terminated Nanodiamonds 

In a separate previous experiment to the spontaneous nanodiamond graphitisation 

experiment, pre-degas, as-loaded spectra of the hydrogen-terminated nanodiamonds were 

taken. The protocol for treating and measuring the nanodiamonds in the REES system for this 

experiment was the same as described in Section 6.2 for the spontaneous graphitisation 

experiment except for a difference in the X-ray gun.  

Figure 6.1 is the as-loaded widescan of the hydrogen-terminated nanodiamonds. In the 

widescan, peaks at the binding energies of the carbon 1s, oxygen 1s, nitrogen 1s, chlorine 2p, 

and zirconium 3d can be observed as well as auger peaks for carbon and oxygen. In Figure 6.1 

a C1s peak excited by X-rays from an oxidised anode can also be seen at a binding energy of 

approximately 1010 eV. 

As mentioned in Section 2.4.2 it is not uncommon for remnants of the purification process of 

detonation nanodiamonds to be observed in the XPS spectra. The zirconium and chlorine 

peaks observed in Figure 6.1 are from the ball milling and acid deagglomeration and cleaning 

processes [312]. Only trace amounts of these elements are found in the nanodiamonds with 

relative atomic percentages calculated at 0.6% for chlorine and 0.3% for zirconium. Oxidation 

treatments are used to breakdown and remove the encapsulating sp2 carbon around the 
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nanodiamond core, leaving the surface oxidised. Although these nanodiamonds have 

received further treatment to hydrogenate the surface, not all oxygen components are 

completely removed. This is due to the multi-faceted nature of the nanodiamonds, where the 

different surfaces have different dangling bonds and preferential bonding, and due to the 

presence of sp2 carbon which makes the surface reactive, making it difficult to replace all the 

carbon-oxygen bonds with carbon-hydrogen bonds [313,314]. Some of this oxygen will also 

be from loosely bound surface contaminants. This is similar to the effect that was seen in the 

polycrystalline diamond sample. Oxygen components make up approximately 2.9% of the 

nanodiamond before they have been degassed, which equates to less than a monolayer of 

oxygen. 

 

 

Figure 6.1. The widescan of the hydrogen-terminated nanodiamonds on tantalum foil, as-loaded, pre-degas. 
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Table 6.1. Estimates of atomic percentages of the components in Figure 6.1, the as-loaded widescan of 

hydrogen-terminated nanodiamonds on tantalum foil. These have been estimated in CasaXPS using the 

appropriate relative sensitivity factors. 

Peak Atomic Percentage (%) 

C1s 94.6 

O1s 2.9 

N1s 1.6 

Cl2p 0.6 

Zr3d 0.3 

 

 

Nitrogen is also featured in the widescan, making up approximately 1.6% atomic percent of 

the nanodiamonds. The presence of nitrogen comes from the detonation process of 

producing nanodiamonds. The explosives that are used in the production of detonation 

nanodiamonds, such as RDX and TNT, contain nitrogen which becomes encapsulated within 

the nanodiamond [176]. 

In Figure 6.2, the C1s core level spectrum for as-loaded hydrogen-terminated nanodiamonds, 

the main sp3 diamond carbon peak can be fitted at a binding energy of 286.6 eV, sp2 non-

diamond at a binding energy shift of 0.7 eV on the lower binding energy side, and three higher 

binding energy components with a binding energy shift of 0.7 eV, 1.5 eV, and 2.4 eV can also 

be fitted, and have been labelled as peak A, peak B, and peak C, respectively.  

The binding energy of the sp3 diamond carbon peak of the nanodiamonds is 2.3 eV greater 

than the boron-doped polycrystalline diamond and is consistent with other literature for the 

binding energy of nanodiamonds (~286 – 287 eV)[315–317]. As the nanodiamond isn’t doped 

to be electrically conducting and is encapsulated by these layers of sp2 non-diamond carbon, 

the nanodiamond is electrically insulated and therefore has a relatively higher binding energy 
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due to charging. Due to their small size, the nanodiamonds are more sensitive to charging 

effects and therefore the shift may be greater in nanodiamonds compared to insulating 

single-crystal diamonds. 

 

Figure 6.2. C1s core level spectrum for as-loaded, pre-degas, hydrogen-terminated nanodiamonds on tantalum 

foil. 

 

Table 6.2.  Fitting results for the spectra in Figure 6.2, the as-loaded C1s core level scan of hydrogen-terminated 

nanodiamonds on tantalum foil. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

sp2 sp2 285.9 1.25 0.7 1.59 

sp3 sp3 286.6 1.25 0.7  9.35 

Peak A Sub-surface 287.3 1.25 0.7 9.04 

Peak B Carbon Oxygen 288.1 1.25 0.7 6.74 

Peak C Carbon Oxygen 289.0 1.25 0.7 0.84 
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Peak A is most likely to be a convolution of multiple components. Peak A sits at a higher 

binding energy region which is often associated with a carbon-oxygen bond, or a carbon-

nitrogen bond. When looking at the contribution of the different elements in the widescan, 

there isn’t sufficient atomic percentage of oxygen and nitrogen to justify the intensity of peak 

A. It is, therefore, speculated that there is another contribution to this peak in the form of 

sub-surface carbon or other carbon-carbon bonds. It is known and understood that the effects 

of termination and reconstruction on the diamond surface penetrate a few layers down into 

the diamond bulk, affecting the bond lengths and position of the carbon atoms. The high 

surface-to-bulk ratio, the spherical shape, and the small size of the detonation nanodiamonds 

make it more likely that just below the terminated surface, that the carbon bonds aren’t in a 

perfect uniform tetrahedral structure, and that the effects of this will be felt more than in 

single-crystal diamond. The effect of this can be seen in the C1s core level scan in peak A and 

has been dubbed as a sub-surface effect. An alternative interpretation is that, similar to the 

BD PC diamond sample, peak A may also be a differently charged region of the nanodiamond. 

Peak B and C are attributed to carbon-oxygen components found on the surface of 

nanodiamonds. Similar to the polycrystalline diamond, it is difficult to specify which particular 

oxygen groups are on the nanodiamond surface based on the C1s core scan and therefore 

difficult to determine which specific components are associated with peak B and C. Previous 

work conducted by the materials group at Aberystwyth University on the oxidation of 

hydrogen-terminated nanodiamonds (Simon Astley, Thesis [156]) have used the O1s core 

level spectra to determine which oxygen groups terminate the nanodiamond surface. Figure 

6.3 is the O1s core level spectrum for as-loaded hydrogen-terminated nanodiamonds. In the 

spectrum, four components labelled as C=O, C-O, C-O-C, and C-O-O-C have been fitted. The 

assignment of these peaks was based on the oxidation work previously mentioned which was 
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introduced in Section 2.4.3. The fitting results of this spectrum are consistent with the 

aforementioned previous work. 

 

Figure 6.3. O1s core level spectrum of the as-loaded, pre-degas, hydrogen-terminated nanodiamonds on 

tantalum foil. 

 

Table 6.3. Fitting results for the spectrum in Figure 6.3, the as loaded O1s core level scan of the hydrogen-

terminated nanodiamonds on tantalum foil. 

Component Position (eV) FWHM (eV) G-L Ratio Area (Kcounts) 

C=O 531.0 1.65 0.7 1.44 

C-O 532.2 1.65 0.7  1.44 

C-O-C 533.4 1.65 0.7 1.60 

C-O-O-C 534.3 1.65 0.7 0.94 

 

Figure 6.4 is the FTIR spectrum of as-received hydrogen-terminated nanodiamonds. At 1460 

cm -1 is a feature associated with sp3C-H, whilst at 2830 – 2980 cm-1 another C-H can be 

observed; both of these features are characteristic for hydrogen-terminated nanodiamonds 
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[318,319]. As mentioned previously, the hydrogen-terminated nanodiamonds are also 

terminated with some oxygen functional groups which can also be seen in the FTIR with C-O 

and C=O bonds showing features at 1150 cm-1, 1320 cm-1 and 1640 cm-1. The spectrum also 

contains a few O-H features which come from two different sources. The first is from the 

hydroxyl groups at the surface which can be observed as a broad feature between 3100 – 

3400 cm-1, and the second is water adsorbed onto the surface which wasn’t fully removed 

during the evaporation process. The O-H features specifically associated with water can be 

seen at 1555 cm-1 and 3690 cm-1. This effect has been seen in other literature for the FTIR of 

hydrogen-terminated nanodiamonds and is seen primarily on the hydrogen-terminated 

surfaces [314,320]. This effect isn’t really seen on oxygen-terminated nanodiamonds due to 

the way that water interacts differently between the two surfaces due to the difference in 

surface hydrophobicity.  

 

Figure 6.4. FTIR of the as-received hydrogen-terminated nanodiamonds taken at ASRID2. 
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Figures 6.5 and 6.6 are the Raman spectra for hydrogen-terminated nanodiamonds and 

previously unmodified detonation nanodiamonds that were oxygenated via a 420 oC anneal 

in air. Both spectra can be fitted with the characteristic diamond peak at 1332 cm-1 which is 

downshifted to 1328 cm-1 due to phonon confinement effects [313,321]. The diamond peak 

is Raman active, not infrared active and therefore a characteristic diamond peak cannot be 

seen in the FTIR. The ratio of the ‘G band’, the broad feature between 1450 cm -1 and 1750 

cm-1, to the diamond peak is much greater in the hydrogen-terminated nanodiamonds than 

in the oxygenated nanodiamonds. This broad feature is a convolution of disordered sp2 

carbon, C-H, and O-H features and therefore it is expected that the hydrogen-terminated 

nanodiamonds would exhibit stronger Raman features in this region compared to the 

oxygenated nanodiamond as large contributions of the C-H and O-H can be seen in the FTIR 

data [322,323]. A ‘D peak’ (~1310 – 1450 cm-1), which is associated with a different mode of 

disordered sp2 carbon, can be fitted in the hydrogen-terminated nanodiamonds and not the 

oxygenated diamond [297]. This ‘D’ peak is often found in defects in graphene [324]. The 

presence of the ‘D’ peak in the hydrogen-terminated nanodiamonds is most likely due to the 

presence of encapsulating sp2 carbon at the nanodiamond surface caused by the detonation 

process. The oxidation of nanodiamonds removes the majority of this graphitic carbon and 

therefore this is why this ‘D peak’ is not seen in the oxygenated diamond spectrum.  
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Figure 6.5. Raman spectroscopy of as-received hydrogen-terminated nanodiamonds.

 

Figure 6.6. Raman spectroscopy of as-received detonation nanodiamonds after they have been oxygenated via 

a 420 oC anneal in air. 
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6.3.2. Pre-Graphitisation Hydrogen-Terminated Nanodiamonds 

 

Figure 6.7. Post-degas, pre-graphitisation C1s core level scan of the hydrogen-terminated nanodiamonds on 

tantalum foil. 

 

Table 6.4. Fitting results for spectrum in Figure 6.7, the post-degas hydrogen-terminated nanodiamonds on 

tantalum foil. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

sp2 sp2 285.9 1.2 0.7 3.82 

sp3 sp3 286.6 1.2 0.7  23.02 

Peak A Sub-surface 287.3 1.2 0.7 15.37 

Peak B Carbon Oxygen 287.9 1.2 0.7 8.28 

Peak C Carbon Oxygen 289.0 1.2 0.7 0.70 

 

Before being graphitised the nanodiamonds were degassed to remove loosely bound 

contaminants from the surface. In the C1s core level spectrum for hydrogen-terminated 

nanodiamonds, post-350 oC degas (Figure 6.7), there is a significant decrease in the relative 
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intensity of peaks A, B, and C relative to the sp3 diamond carbon peak when compared with 

the pre-degas spectrum. 

The reduction in peaks A, B, and C shows the successful removal of some loosely bound 

surface contaminants. The sp2 to sp3 peak ratio in both the as-loaded and post-degas C1s 

spectra is 17% and 16.6% respectively. It is unlikely that the 0.4% difference in the ratio is due 

to the removal of sp2 carbon during the degassing, and can instead be put down to the fact 

that they were different samples. The nanodiamonds undergo rigorous cleaning and 

oxidation to remove the sp2 from the nanodiamonds, therefore it is unlikely that the low-

temperature anneal in a UHV environment will have any great effect on the further removal 

of sp2 non-diamond carbon. The removal of oxygen-based surface contaminants is further 

backed up by Figures 6.8 and 6.9 which are the O1s and the widescan of the hydrogen-

terminated nanodiamonds respectively. 

 

Figure 6.8. Post-degas, pre-graphitisation O1s core level scan of the hydrogen-terminated nanodiamonds on 

tantalum foil. 
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Table 6.5. Fitting results of the spectrum in Figure 6.8, the post-degas O1s core level scan of hydrogen-

terminated nanodiamonds on tantalum foil. 

Component Position (eV) FWHM (eV) G-L Ratio Area (Kcounts) 

C=O 530.8 1.7 0.7 1.49 

C-O 531.9 1.7 0.7  1.40 

C-O-C 533.4 1.7 0.7 0.83 

C-O-O-C 534.5 1.7 0.7 0.42 

 

In Figure 6.8 and Table 6.5, it can be observed that the ratio between components labelled as 

C-O, and C=O have remained roughly the same pre- and post-degas, however, there is a 

significant reduction in the peaks associated with C-O-C, and C-O-O-C. From the widescan 

(Figure 6.9) and Table 6.6, it can be calculated that the reduction in oxygen on the surface is 

from 2.9% to 1.1%. Measurements of post-degas oxygen-terminated 5nm nanodiamonds also 

from Element Six Ltd give an estimation of 5.4 atomic percent oxygen on the surface, 

therefore these nanodiamonds do appear to be hydrogen-terminated. 

 

Figure 6.9. Widescan of hydrogen-terminated nanodiamonds on tantalum foil post-degas, pre-graphitisation. 
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Table 6.6. Estimates of atomic percentages of the components in Figure 6.9, the post-degas, pre-graphitisation 

spectrum of hydrogen-terminated nanodiamonds on tantalum foil. These have been estimated in CasaXPS 

using the appropriate relative sensitivity factors. 

Peak Atomic Percentage (%) 

C1s 96.4 

O1s 1.1 

N1s 1.9 

Cl2p 0.4 

Zr3d 0.2 

 

 

6.3.3. Graphitisation of Hydrogen-Terminated Nanodiamonds 

Figure 6.10 is the two-dimensional image plot of the raw real-time snapshots of hydrogen-

terminated nanodiamonds on tantalum foil as they underwent the graphitisation anneal and 

cool down.  

From the snapshots, the peak binding energy positions could be extracted to see the shift in 

binding energy with graphitisation. This data is presented in Figure 6.11. 

The shift in the binding energy of the C1s core level during graphitisation can be separated 

into three primary regions, labelled A, B, and C. It is important to note that from the snapshot 

data, a single peak is fitted, and not individual components. 
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Figure 6.10. Two-dimensional image plots of the intensity of the raw real-time snapshot data of the C1s core 

level of hydrogen-terminated nanodiamonds on tantalum foil, during the graphitisation annealing, on a 

‘yellow-hot’ colour scale where the more yellow the pixel, the greater the intensity. The number of iterations 

refers to the snapshot measurement cycle number. 
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Figure 6.11. Shift in the binding energy of the C1s core level real-time snapshot scans during the annealing and 

cool down process of graphitising the hydrogen-terminated nanodiamonds on tantalum foil. The number of 

iterations refers to the snapshot measurement cycle number. 

 

In region A, there is a total binding energy shift of 0.19 eV over the anneal temperature range 

of 50 oC to 545 oC. The shift in binding energy moves at a constant rate. As mentioned 

previously, low-temperature annealing is used to remove surface contaminants loosely 

bound carbon and oxygen components which typically sit on the higher binding energy side 

of the sp3 carbon peak, therefore in region A, this small 0.19 eV shift is most likely caused by 

a reduction in the intensity of higher binding energy components relative to the sp2 and sp3 

components.  

A B C 
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Region B is over an annealing temperature range of 545 oC to 850 oC. At 545 oC the rate at 

which the binding energy shifts greatly increases, it is therefore at this point that it can be 

postulated that the nanodiamonds start to undergo spontaneous graphitisation. The 

downwards shift in binding energy is due to a simultaneous increase in the sp2 carbon 

intensity and decrease in sp3 carbon as the temperature increases, and the materialisation of 

another peak, potentially the C-C peak of graphene/graphite. The total binding energy shift 

in this region is 0.56 eV. 

Region C is the cool down of the sample from 850 oC to room temperature. Between 850 oC 

and approximately 600 oC the binding energy continues to shift downwards suggesting that 

during this initial cool-down period, that the graphitisation of the nanodiamonds is still 

occurring.  After 600 oC during the cool down, the binding energy of the sample remains 

relatively stable with only a minute shift of 0.05 eV to higher binding energy, it can therefore 

be assumed that at cool down temperatures lower than 600 oC, that the graphitisation and 

breakdown of sp3 carbon stopped. It can be assumed that if the nanodiamonds were annealed 

past temperatures of 850 oC that they would have continued to graphitise. 

Throughout the graphitisation process, the intensity of the C1s core level peak (Figure 6.12) 

has remained relatively constant, apart from a small increase between approximately 550 oC 

and 850 oC, with the greatest C1s intensity being between 650 oC and 850 oC. This increase in 

intensity is observed in the same temperature range as when the graphitisation of 

nanodiamonds is thought to occur. The further increase in intensity at 650 oC could be due to 

the materialisation of another peak.  
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Figure 6.12. The extracted intensity of the C1s core level real-time snapshot data with temperature. The 

number of iterations refers to the snapshot measurement cycle number. 

 

The formation of a C-C peak and the shift in binding energy during the anneal caused initially 

by the loss and reduction of higher binding energy components, and then caused by the 

increase and formation of components on the lower binding energy side, is supported by the 

post-graphitisation C1s core level spectrum as shown in Figure 6.13, the post-graphitisation 

O1s core level spectrum in Figure 6.14, and the post-graphitisation widescan as shown in 

Figure 6.15. 
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Figure 6.13. C1s core level spectrum of hydrogen-terminated nanodiamonds on tantalum foil, post-

graphitisation. 

 

Table 6.7. Fitting results for the spectrum in Figure 6.13, the C1s core level scan of post-graphitisation 

hydrogen-terminated nanodiamonds on tantalum foil. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

C-C C-C 284.6 1.3 0.7 8.37 

sp2 sp2 285.5 1.3 0.7 5.39 

sp3 sp3 286.2 1.3 0.7  18.63 

Peak A Sub-surface 287.0 1.3 0.7 9.96 

Peak B Carbon Oxygen 287.7 1.3 0.7 6.59 

Peak C Carbon Oxygen 288.7 1.3 0.7 0.47 

 

In Figure 6.13 and Table 6.7, an additional peak at binding energy 284.6 eV can be fitted. This 

shift of 1.6 eV from the diamond peak on the lower binding energy side is consistent with 



148 
 

literature results and the BD PC diamond for the formation of graphite as mentioned in 

section 5.3.4 [325]. 

When looking at individual peak positions, there is a shift across the entire spectrum and all 

its components of 0.3-0.4 eV to lower binding energy. Both the sp2 carbon and the graphite 

that has formed and evolved during the graphitisation process have lower electrical resistivity 

than diamond and nanodiamond materials, therefore this shift to lower binding energy is 

most likely due to the graphitised nanodiamonds becoming less sensitive to charging as a 

result [326–329]. Kuznetsov et al investigated the dimensionality of electrical conductivity of 

‘ultra-dispersed diamonds’, which had an average size of 4.7 nm, whilst they underwent 

graphitisation and conversion to onion-like carbon and compared it to carbon black and 

carbon soot [330]. They saw an increase in the dimensionality of the electrical conductivity 

during this conversion, therefore it is possible that in this study, a similar effect in the increase 

in conductivity during the graphitisation process is also occurring.  

In the O1s core level spectrum, in Figure 6.14, only two components can be fitted in the 

spectrum. The binding energy positions of the peaks are also shifted by 0.3-0.4 eV to lower 

binding energy, consistent with the C1s, with further supports the notation that the 

graphitised nanodiamonds aren’t are sensitive to charging. 
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Figure 6.14. O1s core level spectrum of the graphitised hydrogen-terminated nanodiamonds on tantalum foil, 

showing the loss of two components on the higher binding energy side. 

 

Table 6.8. Fitting results for the spectrum in Figure 6.14, the O1s of graphitised hydrogen-terminated 

nanodiamonds on tantalum foil. 

Component Position (eV) FWHM (eV) G-L Ratio Area (Kcounts) 

C=O 530.6 1.7 0.7 1.30 

C-O 531.9 1.7 0.7  0.66 

 

 

In the widescan, Figure 6.15, the increase in carbon signal, the reduction in oxygen signal, and 

the new presence of a tantalum signal can be observed. The graphitisation process also 

appears to have removed the chlorine remnants. 
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Figure 6.15. Widescan of the graphitised hydrogen-terminated nanodiamonds on tantalum foil. 

 

Table 6.9. Estimates of atomic percentages of the components in Figure 6.15, the post-graphitisation spectrum 

of hydrogen-terminated nanodiamonds on tantalum foil. These have been estimated in CasaXPS using the 

appropriate relative sensitivity factors. 

Peak Atomic Percentage (%) 

C1s 97.7 

O1s 0.4 

N1s 1.3 

Zr3d 0.2 

Ta4d 0.4 
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6.4. Conclusions 

Hydrogen-terminated detonation nanodiamonds with an average diameter of 5 nm have 

been degassed and graphitised in-situ and in real-time. The graphitisation of the 

nanodiamonds was not induced or lowered by the presence of any catalyst and therefore it 

can be considered spontaneous. 

Degassing the nanodiamonds over a long period, approximately 20 hours, using a low 

temperature anneal is an effective way of removing the surface contaminants such as loosely 

bound oxygen on the surface before annealing the nanodiamonds to high temperatures for 

graphitisation. 

Using real-time snapshot measurements, the onset temperature of the graphitisation of 

nanodiamonds was calculated to be at approximately 545 oC where a large downwards shift 

in the binding energy was observed. This shift in binding energy has been attributed to the 

loss of components on the higher binding energy side associated with carbon-oxygen 

components and an increase and the materialisation of components on the lower binding 

energy side, specifically the increase in sp2 non-diamond carbon and the materialisation of a 

new peak associated with graphite. 

Between the pre- and post-graphitisation C1s and O1s core level spectra, there is a downward 

shift in the binding energies of all the core level fitted components by 0.3-0.4 eV. There is a 

change in conductivity between the non-graphitised and graphitised nanodiamonds and 

therefore they are not as sensitive to a charging effect seen during XPS measurements. 
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7. Catalytic Graphitisation of Nanodiamonds 

This chapter will investigate the graphitisation of nanodiamonds using a metal catalyst with 

the aim of reducing the onset graphitisation temperature. The catalytic graphitisation of 

nanodiamonds has been approached in two directions. The first is where nanodiamonds have 

been deposited onto an iron foil substrate, therefore the catalyst for graphitisation lies 

underneath the nanodiamonds; whilst the second is where the iron has been deposited as an 

overlayer on top of the nanodiamonds which sit on a tantalum substrate.  

The first approach where the nanodiamonds are deposited onto the catalytic metal is 

intended to replicate the spontaneous graphitisation on nanodiamonds experiment in 

Chapter 6, to draw a direct comparison between the effect of the underlying metal, one 

catalytic and one not. 

The second approach where the iron is deposited in the form of a thin film on top of the 

nanodiamond film is intended to replicate the single-crystal and polycrystalline diamond 

graphitisation (Chapter 5) experiments to draw a direct comparison between the different 

diamond materials. This comparison should indicate how important the form of the 

underlying carbon substrate is and the registry of the carbon atoms when it comes to 

graphene formation. 

By comparing the graphitisation of nanodiamonds sitting on top of the catalytic metal versus 

sitting below it, it should provide insight into how important it is for the carbon atoms to 

diffuse through the deposited metal layer and restructure on top to form graphene when 

using nanodiamonds as the carbon source, or whether just the presence of the catalyst is 

enough for the conversion of the top layers of nanodiamond into graphene. 
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7.1. Introduction 

There are many applications for the potential by-products of the catalytic graphitisation of 

nanodiamonds, with the potential by-products being graphene, onion-like carbon (OLC), and 

carbide nanoparticles.  

The presence of iron as a catalyst has the potential to lower the graphitisation temperature 

of nanodiamonds and therefore lower the conversion temperature of nanodiamonds to OLC, 

which as previously mentioned in Section 6.1, most studies reported this conversion not 

occurring until an annealing temperature of above 900 oC. In single-crystal studies on 

diamond and silicon carbide, the presence of the metal catalyst lowered the graphitisation 

temperature by a few hundred degrees compared to spontaneous graphitisation [100,101]. 

The lowering of the graphitisation temperature can also apply to some of the other structures 

discussed in Section 6.1, such as nanodiamond-graphene structures and composites. 

The hypothesis behind depositing a thin film of iron onto the nanodiamonds is that in the 

same way the top layer of single-crystal and polycrystalline diamond is converted from sp3 to 

sp2 diamond and diffuses through the iron overlayer to form graphene, that the same will 

occur here. Nanodiamonds are significantly cheaper than single-crystal and polycrystalline 

diamond and are easily and readily available. Due to the nanosize, the lack of uniformity over 

a large scale, the roughness of a deposited nanodiamond film over a large scale, and the lack 

of long-range crystal structure, if graphene is produced, it is more likely to be small areas of 

low-quality graphene. 

As was seen in the spontaneous graphitisation of nanodiamonds, at high temperatures, 

carbides can form. An interesting by-product of using iron as the catalyst in catalytically 
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graphitised nanodiamonds is the formation of iron carbide nanoparticles. There is interest 

and discussion around the use of iron carbide nanoparticles for applications in catalysis, drug 

delivery, and imaging [114,280,331]. 

The two methods of the catalytic graphitisation of nanodiamonds will be separated and 

discussed as two separate experiments; ‘7.2. Nanodiamonds on Iron Foil’, and ‘7.3. Deposited 

Iron on Nanodiamonds’. 

 

7.2. Nanodiamonds on Iron Foil 

7.2.1. Experimental Method 

Hydrogen-terminated nanodiamonds from Element Six which have an average diameter of 5 

nm and were in a 2.5 weight percent deionised water solution, were deposited onto a 0.125 

mm thick 99.9% purity iron foil in the load lock using the in-vacuo evaporation method.  

Once loaded, the nanodiamonds were degassed at 325 oC for 20 hours. A slightly lower 

degassing temperature was chosen for the nanodiamonds on iron foil to guarantee that there 

would be no graphitisation of the sample before the graphitising anneal.  

Core level scans were taken post-degas and post-graphitisation whilst real-time snapshot 

measurements were taken during the entire graphitisation annealing process and were taken 

using the REES system at Aberystwyth University. Like with the nanodiamonds on the 

tantalum experiment, the sample was annealed over a slow ramp-up period of five hours to 

reach a maximum temperature of 850 oC and allowed to cool down over two hours, following 

the annealing profile in Figure 7.1. 
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Figure 7.1. Annealing profile of the graphitisation of hydrogen-terminated nanodiamonds on iron foil. The 

number of iterations refers to the snapshot measurement cycle number. 

 

As can be seen in Figure 7.1, during this experiment, during the cool down, power was lost to 

the heater control causing the sample to cool naturally causing a rapid decrease in 

temperature between 400 oC and 200 oC, snapshot measurements were still continuously 

taken during this time.  

All measurements were taken using the 1253.6 eV magnesium Kα anode of the X-ray source, 

and the sample was done in-situ in the main REES chamber using the BORALECTRIC heater. 

For the real-time snapshot data, each snapshot spectrum was fitted with a single peak, and 

the peak binding energy position and peak intensity was extracted from each snapshot in the 

time series. 
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7.2.2. Results and Discussion 

Post-degas, the C1s core level spectrum (Figure 7.2) for the hydrogen-terminated 

nanodiamonds on the iron foil can be fitted with the same peaks at similar relative positions 

and intensities as the C1s core level spectrum for the hydrogen-terminated nanodiamonds on 

tantalum foil. Therefore, it can be assumed that during the degassing process for the two 

samples on the catalytic and non-catalytic metal, that the nanodiamonds have remained 

unaffected by the underlying substrate up until at least 325 oC and 350 oC respectively. 

 

 

Figure 7.2. Post-degas, pre-graphitisation C1s core level spectrum of hydrogen-terminated nanodiamonds on 

iron foil. 
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Table 7.1. Fitting results for the spectrum in Figure 7.2, the C1s core level scan for hydrogen-terminated 

nanodiamonds on the iron foil. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

sp2 sp2 285.9 1.2 0.7 2.92 

sp3 sp3 286.6 1.2 0.7  21.68 

Peak A Sub-surface 287.2 1.2 0.7 14.07 

Peak B Carbon Oxygen 287.8 1.2 0.7 9.68 

Peak C Carbon Oxygen 289.0 1.2 0.7 0.56 

 

Peaks A, B, and C in the nanodiamonds on the iron spectrum have been attributed to the 

same components as peaks A, B, and C on the nanodiamonds on the tantalum spectrum. Peak 

B for nanodiamonds on iron has a greater relative intensity than nanodiamonds on tantalum. 

This is most likely due to the degassing of nanodiamonds on iron at a lower temperature, 

therefore this did not allow for the complete removal of loosely bound surface components 

such as the carbon-oxygen component assigned to peak B.  

Much like the nanodiamonds on the tantalum sample, carbon, oxygen, nitrogen, zirconium, 

and chlorine can be seen in the widescan of nanodiamonds on the iron foil. The estimation of 

the atomic percentages of the different elements can be seen in Table 7.2. 

 

Table 7.2. Estimates of atomic percentages of the components in the post-degas, pre-graphitisation widescan 

spectrum of hydrogen-terminated nanodiamonds on iron foil. These have been estimated in CasaXPS using the 

appropriate relative sensitivity factors. 

Peak Atomic Percentage (%) 

C1s 96.9 

O1s 1.4 

N1s 1.1 

Cl2p 0.3 

Zr3d 0.3 
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Figure 7.3. Two-dimensional image plots of the intensity of raw real-time snapshot data of the (A) C1s core 

level and (B) the Fe2p3/2 for hydrogen-terminated nanodiamonds on iron foil during the graphitisation 

annealing, on a ‘yellow-hot’ colour scale where the more yellow the pixel, the greater the intensity. The number 

of iterations refers to the snapshot measurement cycle number. 

 

Figure 7.3 is the two-dimensional image plots of the raw snapshot data of the C1s and Fe2p3/2 

core level scans during the graphitisation annealing and cool down, where the shift in binding 

energy with temperature change and the broadening of peaks can be observed which has 

been interpreted as being caused by the disappearance and emergence of the components.  

Initiation of the broadening of the C1s which can be seen in Figure 7.3a starts at a temperature 

of approximately 515 oC heating. The broadening of the C1s can be seen in more detail in 

Figure 7.4 which is a plot of the line width vs temperature. A steady increase in the broadening 

can be seen between 515 oC and up to the maximum annealing temperature of 850 oC. During 
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the cool down, the line width remains constant until approximately 300 oC, where between 

300 oC and 130 oC there is a rapid increase in the width where the line width nearly doubles. 

The line width then stabilises during the cool down between 130 oC and room temperature. 

 

Figure 7.4. The extracted line width of the C1s core level snapshot scans during the annealing of hydrogen-

terminated nanodiamonds on the iron foil. The number of iterations refers to the snapshot measurement cycle 

number. 

 

The temperature regions where the changes in line width can be observed matches perfectly 

with the temperature regions where the shifts in binding energy can be seen, as shown in 

Figure 7.5. These regions have been subsequently labelled A, B, C, D, and E in both figures. 

In region A, there is a total binding energy shift of 0.11 eV to the lower binding energy most 

likely caused by the loss or reduction of components on the higher binding energy side, similar 
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to what is seen for nanodiamonds on the tantalum. The constant line width in this region 

would suggest that there has been no loss of components, just a reduction in intensity.   

 

Figure 7.5. The extracted binding energy of the C1s core level snapshot scans during the annealing of hydrogen-

terminated nanodiamonds on the iron foil. The red line on the temperature axis indicates the maximum 

annealing temperature of 850 oC and the start of the cool down. The number of iterations refers to the 

snapshot measurement cycle number. 

 

During region B, there is a total binding energy shift of 0.43 eV to lower binding energy and 

an increase in line width of 0.65 a.u. The onset graphitisation temperature of this shift of 515 

oC is considered to be the onset of graphitisation of the hydrogen-terminated nanodiamonds 

on the iron foil. This is 30 oC lower than the onset graphitisation temperature of 

nanodiamonds on tantalum demonstrating that the iron is having some form of catalytic 
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effect and thus lowers the graphitisation temperature. The shift in this region is due to the 

increase in the sp2 carbon peak and the formation of an additional component on the lower 

binding energy side, resembling what occurs during the spontaneous graphitisation of 

nanodiamonds on tantalum. The increase in the line width supports the notion that an 

additional peak has been formed. 

Like the spontaneous graphitisation of nanodiamonds on tantalum, during region C, both the 

line width and the binding energy remains fairly stable indicating that during the initial stages 

of cool down not much is happening at the surface of the sample.  

Region D is the cool down of the sample between 300 oC and 130 oC. During this time, the 

binding energy of the nanodiamonds on iron shifts by 0.64 eV to lower binding energy whilst 

the line width nearly doubles. This is indicative of a new peak materialising during this time.  

In the final stages of cool down, region E, the line width and binding energy remain fairly 

unchanged, therefore it is assumed the sample has undergone no further change during this 

time. In region E, uncertainty is introduced in the line width and binding energy values due to 

the large decrease in the C1s intensity, as seen in Figure 7.6, where after 300 oC the intensity 

of the C1s drops to 30% of its initial intensity. 

Figure 7.6 is the normalised intensity of the C1s and the Fe2p3/2 core level snapshot scans 

during annealing. On the sample surface, only carbon can be observed up until approximately 

800 oC during heating. At 800 oC heating, a small increase in iron whilst simultaneously a small 

decrease in carbon can be seen. The relative intensities of iron and carbon remain stable 

during the rest of the heating and the initial stages of cool down up until 300 oC where the 

iron intensity rapidly increases and the carbon intensity rapidly decreases to 30% of its initial 

intensity. As can be seen from Figure 7.7 and Table 7.3, the final atomic percentages of the 
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carbon and iron at the sample surface at the end of the annealing process is 52% and 44.8% 

respectively.  

 

Figure 7.6. The extracted intensity of the C1s and the Fe2p3/2 core level snapshots during the annealing of 

hydrogen-terminated nanodiamonds on the iron foil. The red line on the temperature axis indicates the 

maximum annealing temperature of 850 oC and the start of the cool down. The number of iterations refers to 

the snapshot measurement cycle number. 
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Figure 7.7. Widescan of hydrogen-terminated nanodiamonds on the iron foil post-graphitisation. 

Table 7.3. Estimations of atomic percentages of the components in Figure 7.7, post- graphitisation spectrum of 

hydrogen-terminated nanodiamonds on the iron foil. These have been estimated in CasaXPS using the 

appropriate relative sensitivity factors. 

Peak Atomic Percentage (%) 

C1s 52.0 

Fe2p 44.8 

Sn3d 1.05 

Zr3d 2.15 

 

As well as the standard carbon, iron, and zirconium components that were expected, the split 

orbit peak of tin 3d can also be seen in the widescan with an approximate atomic percent 

presence of 1.05%. As this whole experiment was conducted in-situ and there was no 

presence of tin in the pre-graphitisation widescan, it is thought that the tin has come from 

the iron foil substrate and has become exposed during the graphitisation process.  
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In the post-graphitisation C1s core level spectrum (Figure 7.8), an increase in the sp2 peak and 

the formation of a carbide peak can be observed as suggested. Most importantly, there is a 

formation of a new peak at a binding energy of 284.5 eV which can be fitted with an 

asymmetric peak. The fitting results for the post-graphitisation C1s can be found in Table 7.4. 

The binding energy and the asymmetric fit of this peak are consistent with highly-ordered 

pyrolytic graphene (HOPG)[325,332,333]. In the post-graphitisation C1s spectrum, the sp2 and 

the sp3 carbon peak are only shifted by 0.1 eV compared to the pre-graphitisation spectrum 

which suggests that their sensitivity to charging effects remains essentially the same. This 

further suggests that independent HOPG has formed that is separated from the 

nanodiamonds, as if it were just the surface of the nanodiamonds that were to become 

graphitised or undergo a conversion to onion-like carbon, it would be expected for the entire 

spectrum to shift in binding energy, as observed in the spontaneous graphitisation of 

nanodiamonds on tantalum.  
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Figure 7.8. The C1s core level spectrum for hydrogen-terminated nanodiamonds on iron foil, post-

graphitisation. 

 

Table 7.4. Fitting results for the spectrum in Figure 7.8, the C1s core level scan of post-graphitisation hydrogen-

terminated nanodiamonds on iron foil. 

Component Likely Origin Position (eV) FWHM (eV) G-L Ratio Area 

(Kcounts) 

Carbide Carbide 283.45 1.2 0.7 0.50 

C-C C-C 284.5 1.2 0.7 (0.7 Asym) 3.90 

sp2 sp2 285.8 1.2 0.7 1.95 

sp3 sp3 286.5 1.2 0.7  3.46 

Peak A Sub-surface 287.4 1.2 0.7 1.75 

Peak B Carbon Oxygen 288.0 1.2 0.7 0.75 

Peak C Carbon Oxygen 289 1.2 0.7 0.14 
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Due to the inhomogeneity of the nanodiamonds deposited on to the iron substrate, there will 

be regions where some surface nanodiamonds will have been less graphitised, hence why 

carbon peaks associated with nanodiamonds can still be seen in the C1s spectrum. 

 

7.2.3. Graphitisation Mechanism and Conclusions 

The data suggests that between room temperature and 515 oC that there is no conversion of 

sp3 carbon to sp2 carbon, just a reduction in the carbon-oxygen components found at the 

higher binding energy side of the C1s. Due to the large shift in binding energy consistent with 

an increase in the sp2 carbon peak and the formation of additional components, it was 

calculated that the onset temperature for graphitisation is 515 oC for nanodiamonds on iron, 

30 oC lower than for nanodiamonds on tantalum showing that compared to tantalum, the iron 

is having a catalytic effect. 

The ratio of the additional C-C peak to the diamond sp3 peak post-graphitisation for 

nanodiamonds on iron is 1.1:1, whereas it is 0.45:1 for nanodiamonds on tantalum further 

demonstrating the catalytic effect that the iron has had on the conversion of sp3 carbon to 

sp2 carbon. 

As the nanodiamonds are deposited on top of the iron, is it thought that between 515 oC and 

800 oC, the iron ‘eats’ away at the nanodiamonds from underneath, breaking down the 

diamond carbon bonds from below, where the ‘free’ carbon then diffuses into the iron foil, 

forming iron carbide, mobile carbon, or the carbon remerges but as sp2 carbon. At 800 oC, the 

carbon signal is attenuated by 4-5% due to the presence of iron; this 4-5% equates to 

approximately a single monolayer of iron. The appearance of iron at 800 oC could be due to 
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the iron having ‘eaten’ its way through all the nanodiamond deposited on top of it, or due to 

the iron diffusing its way up through the sp2 carbon. The vapour pressure of iron at 800 oC is 

~5 x 10 -10 mbar, therefore it is expected that in the UHV system, the iron will be mobile. 

During the rapid cool down of the sample between 300 oC and 180 oC, the iron intensity 

increases and attenuates the carbon signal to 30% of its initial intensity; if the iron were to be 

treated as if it had formed an overlayer on top of the carbon, an overlayer thickness of 1.3 

nm would be required to attenuate the carbon signal to 30%. It is inconclusive what is 

happening during this stage, however, it is suspected that the rapid change seen in this 

temperature region is due to the loss of power to the heater. The loss of power to the heater 

could have changed the potential of the charge field between the sample surface and the 

analyser and induced a change in the sample as this effect is not seen in any of the other 

graphitisation experiments; or the rapid change in temperature could have induced an effect 

due to thermal shock. 

The formation of multi-layer graphene/HOPG during this stage is supported by the additional 

asymmetric peak in the post graphitisation C1s spectrum, the large shift in binding energy and 

the increase in line width. 
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7.3. Iron Deposited on Nanodiamonds 

7.3.1. Experimental Method 

Hydrogen-terminated nanodiamonds in solution (same as 7.2.1) were deposited onto a 0.05 

mm thick tantalum foil substrate in the load lock of the REES system at Aberystwyth University 

and in-vacuo evaporated to remove the water and leave behind a nanodiamond film.  

The samples were degassed at 350 oC for 20 hours where post-degas core level scans were 

taken. Approximately 10 nm of iron was deposited in-situ onto the nanodiamonds using the 

Knudsen-cell in the main REES chamber. During the deposition process, in-situ real-time 

snapshot measurements were taken. Due to the sample roughness of the nanodiamonds, it 

is difficult to calculate an accurate deposition rate, therefore the parameters, such as voltage 

applied to the Knudsen-cell and deposition time that was used to deposit 10 nm of iron onto 

the boron-doped polycrystalline diamond, as discussed in Section 5.3.2, were applied when 

depositing onto the nanodiamond sample. 

The sample was annealed following the five-hour ramp-up profile to reach a maximum 

annealing temperature of 850 oC and was cooled down over two hours. During the 

graphitisation annealing, real-time snapshot measurements were taken, and a set of core 

level scans were also taken post-deposition and post-graphitisation.  

All measurements were taken using the 1253.6 eV magnesium Kα anode of the X-ray source, 

and the sample was done in-situ in the main REES chamber using the BORALECTRIC heater.  
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7.3.2. Results and Discussion 

The fit of the post-degas C1s core level spectrum of the nanodiamonds on tantalum for this 

experiment resembles the C1s of the nanodiamonds on tantalum for the spontaneous 

graphitisation experiment. 

Figure 7.9, the widescan for the hydrogen-terminated nanodiamonds on tantalum post-degas 

shows that the underlying tantalum substrate can be seen as well as the other expected 

carbon, oxygen, zirconium, and nitrogen components, however, the atomic percentage of 

tantalum is less than 1% and therefore was not a concern when proceeding with the 

experiment.  

 

 

Figure 7.9. Widescan of the hydrogen-terminated nanodiamonds on tantalum foil post-degas. 
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Table 7.5. Estimations of atomic percentages of the components in Figure 7.9, the post-degas spectrum of 

hydrogen-terminated nanodiamonds on tantalum foil.  

Peak Atomic Percentage (%) 

C1s 93.4 

O1s 2.0 

N1s 3.6 

Zr3d 0.3 

Ta4d 0.7 

 

 

Figure 7.10. Post-deposition Fe2p core level spectrum for hydrogen-terminated nanodiamonds on tantalum foil. 

 

Table 7.6. Fitting results for the spectrum in Figure 7.10, the Fe2p core level scan of post-graphitisation 

hydrogen-terminated nanodiamonds on iron foil. 

Component Position (eV) FWHM (eV) G-L Ratio Area (Kcounts) 

Fe Metal 706.7, 719.8 2.0, 2.6 0.7 (0.6 Asym) 9.71, 6.38 

Fe2+ 708.9, 722.1 3.0 0.7  2.22, 0.28 

Fe-O 711.5 3.0 0.7 1.93 

Satellite 714.5 3.0 0.7 0.89 
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Figure 7.10 is the Fe2p core level spectrum after 10 nm of iron was deposited on the 

nanodiamonds on tantalum.  As well as the metal peak at 706.7 eV and 719.9 eV (peak split 

of 13.1 eV), the Fe2p can also be fitted with three other components. The peak at binding 

energy 708.9 eV is associated with Fe2+ with the peak at binding energy 714.5 eV being 

associated with the satellite for this peak; whilst the peak at 711.5 eV is associated with Fe2O3 

[334–339]. 

The two-dimensional image plots of the fitted C1s and Fe2p3/2 during the graphitisation 

annealing can be shown in Figure 7.11. 

 

 

Figure 7.11. Image plots of the intensity of the fitted (A) C1s and (B) Fe2p3/2 core level snapshots during the 

annealing and cool down of the sample, on a ‘yellow-hot’ colour scale where the more yellow the pixel, the 

greater the intensity. The number of iterations refers to the snapshot measurement cycle number. 
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In Figure 7.11A, the C1s peak starts to emerge at an annealing temperature of approximately 

435 oC whilst simultaneously seeing a change in the Fe2p3/2 peak (Figure 7.11B). A narrowing 

of the C1s occurs during the cool down between 800 oC and 600 oC which is due to the sample 

not feeling the same effects of thermal broadening as it does at the higher temperatures 

[325]. By 180 oC during the cool down, the Fe2p3/2 signal is completely buried by emerging 

carbon. 

Figure 7.12 is a plot of the intensity of the fitted C1s and Fe2p3/2 snapshot peaks during the 

annealing and cool down. 

 

 

Figure 7.12. Normalised intensity of the C1s and Fe2p core level snapshot spectra during the annealing and cool 

down of the sample. The red line on the temperature axis represents the maximum annealing temperature of 
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850 oC and the start of the cool down. The number of iterations refers to the snapshot measurement cycle 

number. 

Between 320 oC and 435 oC there is an increase in the intensity of the Fe2p peak similar to 

that observed in the same pre-graphitisation region for the BD PC diamond associated with 

the reordering of the iron and the start of the diffusion of carbon. This demonstrates that 

during the initial stages, the iron overlayer and the nanodiamonds are following the same 

mechanism for graphitisation as the polycrystalline and single-crystal diamond samples. 

The temperature at which a change in the intensity of the C1s in Figure 7.12 occurs can be 

considered the onset graphitisation temperature as this is when the converted sp3
 to sp2 

carbon bonds start to diffuse through the iron and emerge on the surface; this occurs at 435 

oC as mentioned previously. This is onset graphitisation temperature occurs 85 oC higher than 

the boron-doped polycrystalline sample. It would be expected that due to their nanoscale, 

the higher surface-to-bulk ratio, and the reactive sp2 surface that the nanodiamonds would 

graphitise at lower temperatures than the polycrystalline sample. However, as this is not the 

case in this experiment, this could therefore suggest that the presence of nickel had a large 

influence at lowering the graphitisation temperature when graphitising the boron-doped 

polycrystalline sample and that the iron and nickel together work as a more effective catalyst 

than one metal individually. This seems feasible as the use of nickel, iron, and cobalt alloys 

for the catalytic role the alloys has in HPHT diamond synthesis have been previously well 

documented [340–342].  

The temperature at which the iron intensity has been attenuated to 80% of its initial intensity 

signifying that one monolayer of graphene has formed is at 465 oC. This is only 30 oC higher 

than the onset graphitisation temperature on nanodiamonds compared to the 80 oC higher 

for BD PC diamond. As could be seen in the post-degas spectra for hydrogen-terminated 



174 
 

nanodiamonds (Figure 6.7, Section 6.3.2), the nanodiamonds are encapsulated with non-

diamond carbon which requires less energy to break these bonds, therefore ‘free’ carbon that 

can diffuse through the iron will be available at a comparatively closer temperature to the 

onset graphitisation temperature.   

The C1s reaches maximum intensity at approximately the same temperature as when the 

Fe2p3/2 reaches its minimum, at 660 oC. There are some small changes in the C1s and Fe2p 

intensity as the nanodiamonds continue to anneal to the maximum temperature of 850 oC 

and during the cool down up until 600 oC, where both the C1s and Fe2p intensity then seem 

to stabilise.  

During the 660 oC heating and 600 oC cool down window, the small changes in intensity are 

most likely due to the mobility of the atoms and continued graphitisation of different regions 

of the nanodiamonds on the tantalum sample. These small changes were not seen on the BD 

PC diamond as it has a relatively smooth surface of average roughness, Ra < 30 nm compared 

to the nanodiamonds deposited on a tantalum substrate and therefore doesn’t exhibit long-

range scale-length roughness. The tantalum substrate which the nanodiamonds are 

deposited onto has a Ra value of between 60 nm and 80 nm and exhibits peaks and valleys 

caused by polishing, as can be seen in Figure 7.13a.  When the nanodiamonds are deposited 

onto the metal substrate, the aggregation of the nanodiamonds and the removal of water 

through in-vacuo evaporation can cause coagulation of the nanodiamonds and 

inhomogeneous deposition. The nanodiamonds tend to ‘fill in’ the smaller valleys caused by 

polishing as can be seen in Figure 7.13b, however, the long-range roughness of nanodiamonds 

deposited onto the metal substrate is greater than the metal alone, with Ra values of between 
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100 – 250 nm, as the inhomogeneous deposition of nanodiamonds causes the presence of 

large islands, valleys, and peaks of nanodiamonds. 

 

 

Figure 7.13. Atomic force microscopy 40 µm x 40 µm topography image and the roughness profile over a 40 µm 

scale length of (a) metal substrate, and (b) nanodiamonds on a metal substrate. 

 

This, in turn, will affect the thickness and roughness of the iron film deposited over the 

nanodiamonds on the tantalum sample. The thin-film deposition over these hills, valleys, and 

islands will create shadow regions where there will be no iron and areas where the iron 

overlayer will be thicker than 10 nm. This will cause different areas of the sample to show 

signs of graphitisation, and different degrees of graphitisation, at different temperatures.   

Figure 7.14 is the C1s core level spectrum of the post-graphitisation hydrogen-terminated 

nanodiamonds on tantalum. The C1s spectrum shows strong similarities to the BD-PC 

diamond post-graphitisation with most noticeably a C-C asymmetric peak at binding energy 

a 

b 
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284.4 eV and an FWHM of 1.0 eV, which was not observed in the pre-graphitisation C1s 

spectrum for nanodiamonds on tantalum. This peak has therefore been assigned as multi-

layer graphene/HOPG. 

 

 

Figure 7.14. Post-graphitisation C1s core level spectrum of hydrogen-terminated nanodiamonds on tantalum. 

 

Table 7.7. Fitting results for the spectrum in Figure 7.14, the C1s core level spectrum of hydrogen-terminated 

nanodiamonds on tantalum post-graphitisation. 

Component Likely Origin Position 

(eV) 

FWHM 

(eV) 

G-L Ratio Area 

(Kcounts) 

sp2 sp2 283.3 1.0 0.7 0.69 

C-C C-C 284.4 1.0 0.7 (0.4 Asym) 16.64 

Peak A Oxidised Graphene 285.2 1.0 0.7 1.01 

Peak B Oxidised Graphene 285.9 1.0 0.7 1.03 

Peak C Oxidised Graphene 286.8 1.0 0.7 0.53 
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The similarities between the C1s core level spectra of the BD PC diamond sample and the iron 

deposited on nanodiamonds on the tantalum sample is further evidence to suggest that the 

mechanism for catalytic graphitisation using an iron overlayer is the same regardless of the 

underlying registry of the carbon atoms. However, due to the difference in long-range sample 

roughness as discussed previously, it would be expected that the multi-layer graphene film 

produced on the BD PC diamond sample would be of higher quality and have fewer defects 

than ones produced from the nanodiamond sample. 

The shifted lower binding energies of the other components, A, B, C, and sp2 carbon compared 

to the pre-graphitisation C1s core level spectrum suggest that the multi-layer graphene 

formed sits on top of the iron layer and is completed separated from the nanodiamonds as 

there are no higher binding energy peaks produced by the charging of the sample caused by 

insulating diamond. Peaks A, B, and C are most likely to be carbon-oxygen components in the 

form of oxidised graphite/graphene as in the widescan (Figure 7.15) there is a strong oxygen 

presence.  

 

Table 7.8. Estimations of atomic percentages of the components in Figure 7.15, post-graphitisation spectrum of 

hydrogen-terminated nanodiamonds on tantalum foil. 

Peak Atomic Percentage (%) 

C1s 87.9 

O1s 2.6 

N1s 6.2 

Fe2p 1.4 

Ta4d 2.0 
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Figure 7.15. Widescan of the post-graphitisation of the hydrogen-terminated nanodiamonds on tantalum 

substrate. 

 

7.3.3. Graphitisation Mechanism and Conclusions 

Evidence of the formation of multi-layer graphene/HOPG could be seen in the post-

graphitisation C1s core level spectrum when an iron overlayer was deposited onto hydrogen-

terminated nanodiamonds. The formation of multi-layer graphene/HOPG from 

nanodiamonds has potentially exciting applications in diamond/nanodiamond-graphene 

structures. 

When an iron overlayer is deposited onto a nanodiamond on tantalum sample, the 

graphitisation of the nanodiamonds appears to follow a similar process to the graphitisation 

of single-crystal and polycrystalline diamond samples with the diffusion of non-diamond 
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carbon atoms through the iron overlayer to then re-order into graphene/multi-layer 

graphene/HOPG depending on the graphitisation parameters, i.e. depending on how long 

they are annealed for and to what maximum temperature. 

The onset graphitisation temperature of 435 oC for nanodiamonds is higher than for the BD 

PC diamond sample and it is suspected that this is due to the additional presence of nickel in 

the BD PC diamond sample forming an alloy with the iron, further lowering the temperature 

of graphitisation for the BD PC diamond sample. 

 

7.4. Conclusions 

When comparing the two catalytic graphitisation methods for nanodiamonds, one with the 

metal above, and one with the metal below, it becomes apparent that to form multi-layer 

graphene/HOPG separated from nanodiamonds, that a metal overlayer is required for the 

carbon atoms to diffuse through so that they can rearrange on top into their lowest energy 

from. This is not the case for (111) single-crystal diamond where the non-catalytic 

graphitisation of the diamond surface produces graphene by following the registry of the 

diamond carbon atoms underneath [100]. It, therefore, appears that when the carbon can 

diffuse through a metal overlayer, the underlying diamond source doesn’t play a significant 

role in whether graphene/HOPG can be formed. This doesn’t necessarily extend to all pure 

carbon sources therefore it would be difficult to infer whether non-diamond carbon sources 

would produce the same results. It is suspected that the quality of the graphene produced 

will be dependent on the quality of the underlying diamond surface, i.e. a diamond with an 

atomically smooth surface with little to no defects and long-range crystallinity would produce 
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higher-quality graphene over larger areas. Angle-resolved photoelectron spectroscopy, low-

energy electron diffraction, and NEXAFS measurements would be required to assess the 

quality of the produced multi-layer graphene/HOPG on hydrogen-terminated nanodiamonds.   

 

7.5. Comparison of the Graphitisation of Diamond Materials 

 

  
Boron-doped polycrystalline diamond post-

degas, pre-graphitisation. 
 

 

Boron-doped polycrystalline diamond post-
graphitisation. 

  
Hydrogen-terminated nanodiamonds on 

tantalum foil post-degas, pre-graphitisation. 
 
 

Hydrogen-terminated nanodiamonds on 
tantalum foil post-graphitisation. 
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Hydrogen-terminated nanodiamonds on iron 
foil post-graphitisation. 

Iron deposited on hydrogen-terminated 
nanodiamonds post-graphitisation. 

Figure 7.16. Summary of the C1s' of boron-doped polycrystalline diamond and hydrogen-terminated 

nanodiamonds pre- and post-graphitisation. 

 

As already discussed, the presence of iron during annealing of diamond samples in UHV has a 

catalytic effect, lowering the onset graphitisation temperature to form multi-layer graphene 

from diamond substrates. When looking at the C1s of the post-deposition, post-graphitisation 

of the iron overlayer deposited onto boron-doped polycrystalline diamond and the C1s of the 

post-deposition, post-graphitisation of the iron overlayer deposited onto hydrogen-

terminated nanodiamonds (Figure 7.16), a direct comparison can be drawn in the formation 

of an asymmetric C-C peak which has been assigned as multi-layer graphene/HOPG, 

suggesting that the graphitisation process is the same for both these diamond samples. 

When comparing the spontaneous vs catalytic graphitisation of nanodiamonds by depositing 

the nanodiamonds onto different metal substrates, a non-catalytic tantalum substrate and a 

catalytic iron substrate respectively, as hypothesised, the nanodiamonds on the tantalum 

substrate had a higher onset graphitisation temperature than the nanodiamonds on iron. 

There was the formation of an additional C-C peak in both the nanodiamonds on tantalum 
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and nanodiamonds on iron spectra. For nanodiamonds on tantalum, this additional C-C peak 

was assigned as graphite as opposed to multi-layer graphene/HOPG as an asymmetry 

parameter could not be fitted. When the iron was underneath the nanodiamonds as a 

catalytic metal substrate, this additional C-C peak was assigned as multi-layer 

graphene/HOPG as it could be fitted with an asymmetry parameter similar to the boron-

doped polycrystalline diamond and the nanodiamonds with the iron overlayer.  
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8. Amine-Terminated Nanodiamonds 

This chapter will investigate the further modification of as-received amine-terminated 

nanodiamonds by annealing the nanodiamonds in-situ in a hydrogen environment using NAP-

XPS with the aim of tailoring the surface to enhance the nanodiamond properties for 

biophysical applications. Synchrotron facilities were used to investigate the amine-

terminated nanodiamond surface including NAP-XPS measurements conducted at the 

Diamond Light Source and The University of Manchester, and NEXAFS measurements at 

ASTRID2.  

 

8.1. Introduction 

Nanodiamonds are being considered for biophysical applications due to their many 

exceptional properties. The nanoscale of the diamonds means that they have the potential to 

move easily in and around the body and the spherical shape and high surface-to-bulk ratio of 

nanodiamonds allows for high surface coverage and carrying capabilities. Studies have shown 

that detonation nanodiamonds are chemically inert and exhibit low toxicity and are therefore 

compatible with a lot of the potential drugs and molecules that might be attached and also 

biocompatible with the body [157,171,343–346]. 

The amine termination of nanodiamonds has been investigated in this study for biophysical 

applications such as drug delivery as it is one of many readily available commercial 

nanodiamond surfaces along with hydrogen-terminated and oxygen-terminated; the latter 

two have already previously been studied at Aberystwyth University for their applications in 



184 
 

drug delivery (Simon Astley, Thesis [156]). The various available terminations exhibit different 

surface properties such as different charging and hydrophobicity and will react differently to 

the attachment of drugs and molecules; therefore, the addition of an amine-terminated 

surface increases the range of drugs and molecules that can be carried via nanodiamonds. 

One benefit of the amine-terminated surface is that the amine group on the nanodiamonds 

is thought to act as an important linker as many other drugs and molecules contain this 

functional group[167]. An example of this is when grafting peptides onto nanodiamonds 

[347]. 

One of the disadvantages of nanodiamonds produced via detonation synthesis is the lack of 

fluorescent NV- centres previously discussed in Section 2.3.5.1. Active NV- centres in 

nanodiamonds could have potential applications in biomarking and sensing meaning that 

nanodiamonds could be used for dual drug delivery and tracking [114,177,348]. One aim of 

this study is to see if the surface of the amine-terminated nanodiamonds can be modified to 

further utilise the amine group for drug delivery and biomarking applications. 

 

8.2. Experimental Methods 

The binding energy positions of the core level scans have not been normalised to a particular 

binding energy, therefore there are slight shifts in peak positions due to different charging of 

the samples in the different systems and different environments. 
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8.2.1. As-Received and Post-Degas Characterisation 

The nanodiamond samples used in the following experiments discussed in this chapter were 

amine-terminated nanodiamonds in suspension from Element Six Ltd, 1 percent weight of 

mass in deionised water and have an average diameter of 5 nm.  

The XPS and NEXAFS measurements of amine-terminated nanodiamonds deposited onto a 

platinum substrate were taken at ASTRID2, the Danish synchrotron facility mentioned in 

Section 4.3.1. Deposition of the amine-terminated nanodiamonds via in-vacuo evaporation 

was not possible at the ASRID2 facility, therefore the water was evaporated from the 

nanodiamonds using a hotplate, leaving behind a nanodiamond film. As previously 

mentioned, MatLine on ASTRID2 is a low energy X-ray line with a tunable photon source 

between 20 eV and 700 eV, therefore the XPS measurements that were taken were very 

surface sensitive. Once loaded, the nanodiamonds were degassed for 2 hours at 300 oC in 

UHV, in-situ and core level measurements were taken at an X-ray photon energy of 600 eV. 

FTIR measurements of the as-received amine-terminated nanodiamonds were conducted on 

the AU-IR beamline at ASTRID2. A droplet of amine-terminated nanodiamonds in suspension 

was deposited onto the FTIR window. The FTIR chamber was evacuated for in-vacuo 

evaporation deposition of the nanodiamonds and FTIR measurements of the nanodiamonds 

were taken under a low vacuum of approximately 200 mbar. 

Raman spectroscopy measurements were conducted at Aberystwyth University using the 

Horiba LABRAM HR spectrometer as previously mentioned in Section 4.2. The powder form 

of the amine-terminated nanodiamonds was deposited onto a silicon substrate and excited 
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using a 532 nm laser. An x 50 objective lens was used and the laser power was attenuated to 

10% to prevent burning and heating of the nanodiamond samples.  

 

8.2.2. NAP-XPS: Annealing in Hydrogen 

NAP-XPS measurements of amine-terminated nanodiamonds annealed in a hydrogen 

environment were taken at The University of Manchester and at the B07 beamline at the 

Diamond Light Source, where NEXAFS measurements were also taken. 

At The University of Manchester, amine-terminated nanodiamonds in suspension were drop-

cast onto a platinum substrate in the load lock and in-vacuo evaporation was used to produce 

an amine-terminated nanodiamond film. The sample was transferred into the NAP-cell where 

the nanodiamonds were annealed firstly to 100 oC and then 300 oC in 1 mbar of pure hydrogen 

gas and core level XPS measurements were taken with a 1486.6 eV Al Kα monochromated X-

ray source. Platinum was chosen as a substrate as it is a well-known and documented catalyst 

for surface reactions involving hydrogen [349–352]. 

At the B07 NAP branchline at the Diamond Light Source, the amine-terminated 

nanodiamonds were also in-vacuo evaporated onto a platinum substrate in-situ via the load 

lock. They were annealed in 1 mbar of pure hydrogen to a maximum temperature of 500 oC. 

Core level XPS using an X-ray photon energy of 840 eV and 1486 eV and NEXAFS 

measurements were taken post 300 oC and 500 oC. 
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8.3. Results and Discussion 

8.3.1. Pre-Anneal Characterisation 

The as-received amine-terminated nanodiamonds were characterised using transmission FTIR 

spectroscopy, as shown in Figure 8.1. The feature at 843 cm-1 corresponds to C-Cl bonds 

where the presence of chlorine originates from the acid treatments used to deagglomerate 

the nanodiamonds and to remove sp2 carbon. Evidence of this has been previously seen in 

the XPS for hydrogen-terminated nanodiamonds. 

 

Figure 8.1. Transmission FTIR spectroscopy of as-received amine-terminated nanodiamonds on platinum. 

 

Features at 950 cm-1, 1035 cm-1, and 1105 cm-1 are all associated with C-O-C and C-O groups 

in the form of ether and ester groups [353,354]. The features at 1514 cm-1 and 1540 cm-1 are 
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attributed with N-H and N-O/C-N (amide) bonds respectively. Contribution from C=O groups 

can be seen at 1350 cm-1 and 1655 cm-1, with the latter feature associated with amide 

[355,356]. A feature associated with imine (-C=N) can be seen at ~1600 cm-1 to the left-hand 

side of the C=O feature [357]. The large features at 2832 cm-1 and 2860 cm-1 correspond to C-

H bonds, as does the feature at 1455 cm-1. The broad feature between 3000 and 3500 cm-1 is 

most likely a convolution of the hydroxyl O-H group at 3400 – 3600 cm-1, and at 3200-3450 

cm-1, the primary amine [235,315,358]. 

From the FTIR it can be deduced that the amine-terminated surface is also functionalised with 

nitro groups (-N-O), amides (-HN-CO), conjugated amine structures such as –CH2-NH2 and –

NH-CO, hydroxyl groups (-OH), carboxylic acids (-COOH), and hydrogen, as well as the primary 

amine (-NH2). The variety of functional groups on the surface is expected; such as with the 

hydrogen-terminated surface that was previously mentioned, it is extremely difficult to get 

full coverage of just one functional group. The variety of functional groups on the amine-

terminated nanodiamonds is consistent with the literature and is also illustrated in the XPS 

[235,315].  

Figure 8.2 is the Raman spectroscopy of the as-received amine-terminated nanodiamonds 

where the downshifted characteristic diamond peak can be seen at 1328 cm-1. The amine-

terminated nanodiamond surface shows a large ‘D peak’ associated with desorbed sp2 carbon 

most likely due to the encapsulation of the nanodiamond with sp2 carbon during the 

detonation process [313,359]. Some features related to the C-N bond will be present in the 

broad G band, however, it is extremely difficult to differentiate between the C-N bonds and 

the other amorphous carbon bonds in this region. 
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Figure 8.2. Raman spectroscopy of as-received amine-terminated nanodiamonds. 

 

Figure 8.3 is the C1s core level spectrum of the post-degas amine-terminated nanodiamonds. 

The C1s can be fitted with 6 components with the sp3 peak at a binding energy of 285.9 eV. 

This is lower than the binding energy of hydrogen-terminated nanodiamonds in the REES 

system, however, a downward shift is seen across all the elements, both in the widescans and 

in the core levels and therefore it has been attributed to a difference in charging due to the 

different systems and due to the difference in terminated surfaces. 

Peaks A is attributed to the same convolution of carbon-oxygen and sub-surface bonding as 

hydrogen-terminated nanodiamonds. In the C1s of amine-terminated nanodiamonds, the 

ratio between peak A and sp3 carbon is greater than that of hydrogen-terminated 

nanodiamonds. 
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Figure 8.3. C1s core level spectrum of the amine-terminated nanodiamonds on platinum post-degas. 

 

Table 8.1. Fitting results for the spectrum in Figure 8.3, the C1s of the amine-terminated nanodiamonds on 

platinum post-degas. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

sp2 sp2 285.2 1.4 0.3 10.95 

sp3 sp3 285.9 1.4 0.3 67.38 

Peak A Sub-surface 287.1 1.4 0.3 53.16 

Peak B Carbon Nitrogen 288.3 1.4 0.3 41.57 

Peak C Carbon Oxygen 289.5 1.4 0.3 18.90 

Peak D Carbon Oxygen 290.8 1.4 0.3 15.92 

 

The single carbon-nitrogen bond also sits at the approximate binding energy shift of peak A 

and therefore it is thought that the relative increase in this peak is because of the additional 

presence of carbon-nitrogen bonding. Peaks B, C, and D are all associated with carbon-oxygen 
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bonds and carbon-nitrogen bonds, the specific bonds can be more easily assigned from 

Figures 8.4 and 8.5, the O1s and the N1s core level spectrums respectively.   

 

 

Figure 8.4. The O1s core level spectrum for amine-terminated nanodiamond on platinum, post-degas. 

Table 8.2. Fitting results for the spectrum in Figure 8.4, the O1s core level for amine-terminated nanodiamonds 

on platinum, post-degas. 

Component Position (eV) FWHM (eV) G-L Ratio Area (Kcounts) 

C=O 530.1 1.7 0.3 2.06 

C-O/O-H 531.5 1.7 0.3 3.30 

C-O-C 532.8 1.7 0.3 4.19 

C-O-O-C 534.3 1.7 0.3 3.19 

O-C=O 535.8 1.7 0.3 1.24 

 

The amine-terminated nanodiamonds can be fitted with the same carbon-oxygen 

components as the hydrogen-terminated nanodiamonds (peaks, A, B, C, and D) with the 
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addition of a 5th peak on the higher binding energy side of 535.8 eV. This peak has been 

assigned as O-C=O and is consistent with the presence of an additional peak seen on the 

higher binding energy side of the C1s, and the presence of C-O, and C=O features in the FTIR 

spectrum. 

 

Figure 8.5. N1s core level spectrum of the amine-terminated nanodiamonds on platinum, post-degas, taken at 

ASTRID2 with 600 eV photon energy. 

 

Table 8.3. Fitting results for the spectrum in Figure 8.5, the N1s core level for amine-terminated nanodiamonds 

on platinum post-degas. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

sp3C-N sp3C-N 400.0  1.7 0.3 1.84 

Peak A C=N/sp2C-N 401.8 1.7 0.3 1.22 

N-O N-O 403.6 1.7 0.3 0.72 
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Figure 8.5 is the N1s core level spectrum for the post-degas amine-terminated nanodiamonds 

The post-degas N1s core level spectrum can be fitted with three components; a C-N peak at 

binding energy 400.0 eV associated with C-NH2, and an oxidised nitrogen peak at 403.6 eV 

consistent with literature (C-NH2 ~ 400.0 eV and oxidised nitrogen = 400.0 – 406.0 eV), and 

peak A [360–362]. Peak A is a peak that is only observed in the post-degas 600 eV photon 

energy core level scans. It is not observed in post-degas core level scans measured using an 

Mg Kα X-ray source, and it is also not observed in the NAP and UHV XPS measurements during 

and post the anneal in hydrogen. It is therefore thought that this peak is very close to the 

surface as it is only detected at very surface sensitive photon energies. The IMFP for diamond 

at photon energies of 600 eV, 1253.6 eV, and 1486.6 eV are ~7.5 Å, ~ 16.3 Å, and ~19.0 Å, 

meaning that the different instruments have different surface sensitives. Figure 8.6 is the N1s 

core level spectrum post-degas measured in the REES system using an Mg Kα source for 

comparison. 

 

Figure 8.6. N1s core level spectrum of amine-terminated nanodiamonds on platinum post-degas, taken using 

the REES system at Aberystwyth University using an Mg Kα X-ray source. 
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Table 8.1. Fitting results for spectrum in Figure 8.6, the N1s core level for amine-terminated nanodiamonds on 

platinum post-degas, in the REES system using an Mg Kα X-ray source. 

Component Position (eV) FWHM (eV) G-L Ratio Area (Kcounts) 

C-N 401.2 1.7 0.7 0.28 

N-O 404.8 1.7 0.7 0.04 

 

The difference in binding energy positions between the C-N and the N-O peaks is the same 

for both the 600 eV and the 1253.6 eV scans of 3.6 eV. The additional peak is theorised to be 

an sp2 carbon-nitrogen bond related to the C=N; this would be consistent with C=N features 

observed in the FTIR and the presence of sp2 and C-N bonding in the C1s [315,363].  

Figure 8.7 is the C K edge of the amine-terminated nanodiamonds on platinum post-degas 

taken at ASTRID2. The NEXAFS exhibits the characteristic diamond edge at ~289.0 eV and the 

2nd band-gap feature at 302 eV [364–367]. The NEXAFS has a pre-edge π* feature at 283-285 

eV which is associated with the surface states, mainly with the C=C π*at ~284.0 eV, which will 

be caused by the presence of sp2 carbon, and also potentially C=N π* [368,369].  The features 

between 286 eV and 289 eV are associated with C-O π* (~286-287 eV), C=O π* (~288-298), 

and C-H σ* (~287-288 eV)[370–374]. The presence of C-C σ* and C-N σ* features can be seen 

at 292 eV. 

 Figure 8.8 is the N K edge of amine-terminated nanodiamonds which also exhibits a pre-edge 

π* feature at 400 eV, showing that there is some sp2 binding nitrogen on the surface 

[370,375]. Two components that are associated with this energy are the N-H σ* and the N-C-

O π*. The large feature > 401 eV is the C-N σ* and the N-H σ* features of amine [376].  
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Figure 8.7. TEY NEXAFS of the C K Edge of amine-terminated nanodiamonds on platinum, post-degas. 

 

 

Figure 8.8. TEY NEXAFS N K edge of amine-terminated nanodiamonds on platinum, post-degas. 
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8.3.2. NAP-XPS Manchester 

Figure 8.9 is the N1s core level spectrum of amine-terminated nanodiamonds on platinum 

taken whilst the nanodiamonds were being annealed at 300 oC in hydrogen in the NAP cell.  

 

Figure 8.9. The N1s of the amine-terminated nanodiamonds on platinum during the 300 oC anneal in 1 mbar of 

hydrogen. 

 

Table 8.5. Fitting results for the spectrum in Figure 8.9, the N1s of the amine-terminated nanodiamonds on 

platinum during the 300 oC anneal in 1mbar of hydrogen. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

C-N C-N 400.4 1.7 0.7 0.17 

N-O N-O 403.9 1.7 0.7 0.05 

Peak A Nitrogen Oxygen 406.0 1.7 0.7 0.03 
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During the anneal, the formation of an additional component, peak A, can be seen at binding 

energy 406 eV, which has disappeared by the time the sample is re-measured in UHV. As 

shown seen in Figure 8.10, this component is not observed in the UHV as-loaded N1s, the 100 

oC hydrogen anneal in the NAP cell, or the post 300 oC hydrogen anneal in UHV scans. 

Peak A is thought to be associated with pyridinic nitrogen oxide or with N-N bonding [377–

382]. During the hydrogen anneal, it is hypothesised that the platinum acts as a catalyst for 

the dissociation of hydrogen forming reactive hydrogen radicals that react with hydrogen and 

oxygen species on the surface such as hydroxyl groups, carboxylic groups, and N-H groups to 

form H2 or H2O. As a result, dangling bonds that are exposed form temporary bonds with 

neighbouring carbon, nitrogen, or oxygen atoms, forming functional groups that were 

previously unseen including oxidised pyridinic nitrogen and N2. During the cooling of the 

sample and the transfer back to UHV, the surface reconstructs therefore these active sites are 

no longer observed in the XPS. 



198 
 

 

Figure 8.10. The unfitted N1s spectra for the amine-terminated nanodiamonds on platinum pre-anneal in UHV 

(red), during the 100 oC anneal in 1 mbar of hydrogen in the NAP cell (green), during the 300 oC anneal in 1 

mbar of hydrogen in the NAP cell (purple), and post-anneal in UHV (blue), with the additional peak at 406 eV 

observed during the 300 oC anneal highlighted. Some spectra have been multiplied and offset in Y for easier 

comparison. 

 

As can be seen in Figure 8.11, during the anneal in hydrogen, there is an evolution of the 

oxygen species where, between 100 oC and 300 oC, the intensity of the O1s has attenuated 

suggesting that the hydrogen radicals are reacting with the oxygen on the surface and 

removing them in the form of water vapour. During the cool down, free oxygen or oxygen 

from water vapour has been re-adsorbed onto the surface, reforming oxygen-containing 

groups on the surface. It should be mentioned that the decrease in signal between the UHV 

and NAP scans is a function of the NAP-XPS, not due to the removal of oxygen on the surface.  



199 
 

 

Figure 8.11. The unfitted O1s spectra for the amine-terminated nanodiamonds on platinum pre-anneal in UHV 

(red), during the 100 oC anneal in 1 mbar of hydrogen in the NAP cell (green), during the 300 oC anneal in 1 

mbar of hydrogen in the NAP cell (purple), and post-anneal in UHV (blue). Some spectra have been offset in Y. 

 

Figure 8.12 shows the unfitted C1s spectra of amine-terminated nanodiamonds on platinum 

in UHV and at NAP. The is a large reduction in the width from the higher binding energy side 

between the as-loaded scan in UHV and the 100 oC anneal in hydrogen and there is an overall 

change in shape. This is attributed to the removal of surface contaminants and the removal 

of carbon-oxygen groups during the low temperature anneal.  
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Figure 8.12. The unfitted C1s spectra for the amine-terminated nanodiamonds on platinum pre-anneal in UHV 

(red), during the 100 oC anneal in 1 mbar of hydrogen in the NAP cell (green), during the 300 oC anneal in 1 

mbar of hydrogen in the NAP cell (purple), and post-anneal in UHV (blue). Some spectra have been normalised 

in Y for easier comparison. 

  

Between 100 oC and 300 oC there is a further reduction on the higher binding energy side 

attributed to the further removal of oxygen as seen in the O1s for the same temperature 

region. In the post-300 oC spectrum in UHV, there is a total binding energy shift of 0.1 eV of 

the C1s, most likely due to a change in surface charging caused by the further modification of 

the amine-terminated surface.  
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8.3.3. NAP-XPS B07 

At B07, the anneal in 1 mbar of hydrogen was taken to a higher temperature of 500 o where 

XPS and NEXAFS measurements were taken.  

Figure 8.13 is the N1s of the amine-terminated nanodiamonds on platinum during the 500 oC 

anneal in 1 mbar of hydrogen at B07 and was measured using a photon energy of 1486 eV. 

 

Figure 8.13. N1s core level spectrum of the amine-terminated nanodiamonds on platinum post 500 oC anneal in 

1 mbar of hydrogen. 

 

Table 8.6. Fitting results for spectrum in Figure 8.13, the N1s core level scan of amine-terminated 

nanodiamonds on platinum post-500 oC anneal in 1 mbar of hydrogen at B07. 

Component Likely Origin Position 

(eV) 

FWHM (eV) G-L Ratio Area 

(Kcounts) 

C-N C-N 400.0 1.7 0.3 5.68 

Peak A Quaternary Nitrogen 400.9 1.7 0.3 1.26 

N-O N-O 403.4 1.7 0.3 1.28 
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As well as the C-N and N-O peak that has been present in previous N1s core level spectra, an 

additional component peak A can be fitted at a binding energy shift of 0.9 eV. The literature 

suggests that peak A is quaternary nitrogen, also known as substitutional nitrogen, which 

could indicate that the surface nitrogen in the amine-group has become embedded in the 

sub-surface layer of nanodiamond[383–388]. During the 300 oC anneal a change in surface 

species focusing around nitrogen could be observed. It is speculated that at higher annealing 

temperatures in hydrogen, this aforementioned reaction and change in surface species 

continues where during this process or during the cool down and reconstruction of the 

surface, the nitrogen becomes encapsulated and embedded just below the surface. 

The 500 oC NEXAFS supports the modification of the amine-terminated nanodiamond surface 

during the hydrogen anneal; Figures 8.14 and 8.15 are the N K edge and the C K edge 

respectively. There is a shift in the photon energy position of the π* surface states of 

approximately 2 eV. The feature at ~398 eV are states associated with the C=N π* [389–391]. 

There is not much difference in the large feature < 401 eV so the assignment of the C-N σ* 

and the N-H σ* bonds of amine remains the same. 

In Figure 8.15, C=N π* and C=C π* states can be seen in a prominent feature at 285 eV. At an 

energy just above this, ~285.5 eV, is a sharp feature that has been attributed to empty surface 

states caused by the movement of nitrogen into the nanodiamond. Similar to the post-degas 

C K edge, the feature between 286 and 289 eV is an overlap of C-O π* (~286-287 eV), C=O π* 

(~288-298), and C-H σ* (~287-288 eV), and <292 eV is the C-C σ* and C-N σ* bonds. Between 

286-287 eV there is a relative increase in intensity which could be due to the presence of C=C-

N as its π* state is at this energy [392]. 
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Figure 8.14. AEY NEXAFS N K edge of the amine-terminated nanodiamonds on platinum, 500 oC anneal in 1 

mbar of hydrogen. 

 

 

Figure 8.15. AEY NEXAFS C K edge of the amine-terminated nanodiamonds on platinum, 500 oC anneal in 1 

mbar of hydrogen. 
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The NEXAFS taken at ASTRID2 were taken using total electron yield whereas the B07 NEXAFS 

were taken using Auger electron yield. Auger electron yield is more surface sensitive and less 

bulk sensitive hence why the 2nd band-gap feature of nanodiamonds in the C K edge is less 

prominent in the 500 oC anneal NEXFAS spectrum. 

The N K and C K edge support the theory that the anneal in hydrogen has further modified 

the surface to incorporate the nitrogen into the nanodiamond just below the surface. The 

formation of C=N and C=C-N bonds is likely to occur during the reconstruction of the surface 

when the nitrogen becomes embedded. 

This has exciting implications because as previously mentioned in the introduction, a 

disadvantage of detonation nanodiamonds is their lack of fluorescence states, in particular 

the NV- centre. This is because the traditional methods of implanting nitrogen or activating 

the present nitrogen-vacancy centres using ion implantation etc., would destroy the 

nanodiamonds in the process. Therefore, if nitrogen was to be successfully embedded into 

the nanodiamond via annealing in hydrogen this could potentially be a source of nitrogen for 

NV centres in nanodiamond. 

 

8.4. Conclusions 

Amine-terminated nanodiamonds on platinum as-received and post-300 oC anneal in UHV 

were comprehensively characterised using synchrotron FTIR, XPS, and NEXAFS at ASTRID2. 

The as-received surface is terminated with amine as well as many other functional groups 

including carboxylic acids, nitro groups, amides, hydroxyl, hydrogen, and other conjugated 

amine structures. Post-degas, the sp2 bonded nitrogen, sp3 bonded nitrogen, and nitrogen-



205 
 

oxides can be observed in the XPS spectra whilst the amine and nitro groups can be observed 

in the NEXAFS.  

During the 300 oC anneal in 1 mbar of hydrogen using NAP-XPS at The University of 

Manchester, the formation of an additional peak can be seen at 406 eV which is attributed to 

the materialisation of N2 or pyridinic nitrogen oxide during the annealing process. The 

formation of these peaks is due to the hydrogen removing hydrogen and oxygen from the 

surface of the nanodiamonds allowing for the creation of temporary new bonds and 

structures. This feature disappears in the post-anneal UHV spectrum. 

The anneal was extended further at the B07 beamline at the Diamond Light Source where the 

amine-terminated nanodiamonds were taken to 500 oC in 1 mbar of hydrogen. At 500 oC a 

new peak at 400.9 eV associated with quaternary nitrogen can be seen which would suggest 

that during the anneal, the nitrogen has become free of its original functional group and has 

become mobile and become embedded into the nanodiamond just below the surface.  
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9. Thesis Summary and Further Work 

This chapter will summarise the main findings of the thesis and discuss the further work 

planned on the nanodiamond surface.  

9.1. Thesis Summary 

There is increasing use of nanodiamonds for a variety of applications as nanodiamonds 

possess many of diamonds advantageous bulk properties such as hardness, stability, and non-

toxicity, but with increased surface reactivity and surface-to-bulk ratio.  

The focus of this thesis was to investigate the different surface terminations of nanodiamonds 

using multiple complementary surface and bulk techniques to develop a comprehensive 

understanding of what the surface of the different terminations of nanodiamonds look like. 

To successfully use nanodiamonds for a variety of applications such as electronics, quantum 

technology, and biophysical applications, an understanding of the effects of different 

treatments, environments, and conditions is imperative.  

The effects of further modification of the hydrogen and amine-terminated nanodiamond 

surfaces were investigated. Hydrogen-terminated nanodiamonds were successfully 

graphitised to produced multi-layer graphene/HOPG at low temperatures in UHV. The 

process for the graphitisation of nanodiamonds was based on previous graphitisation work 

conducted at Aberystwyth University (Cooil et al [100,101] and Benjamen Reed, Thesis [8]) 

which used a deposited thin iron overlayer to reduce the graphitisation temperature of 

diamond and produced epitaxial graphene.  
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Boron-doped polycrystalline diamond post-

degas, pre-graphitisation. 
 

 

Boron-doped polycrystalline diamond post-
graphitisation. 

  
Hydrogen-terminated nanodiamonds on 

tantalum foil post-degas, pre-graphitisation. 
 
 

Hydrogen-terminated nanodiamonds on 
tantalum foil post-graphitisation. 

  

Hydrogen-terminated nanodiamonds on iron 
foil post-graphitisation. 

Iron deposited on hydrogen-terminated 
nanodiamonds post-graphitisation. 

 

Figure 9.1. Summary of the C1s' of boron-doped polycrystalline diamond and hydrogen-terminated 

nanodiamonds pre- and post-graphitisation.  



208 
 

Graphitisation of boron-doped polycrystalline diamond was conducted to act as an iron 

deposition reference and graphitisation reference for the nanodiamond samples. The onset 

graphitisation temperature of BD PC diamond was calculated to be 350 oC with monolayer 

formation at 430 oC. These values are lower than that for previous single-crystal diamond 

studies and this is thought to be because of an alloying effect occurring between the iron 

overlayer and nickel already present on the diamond surface left behind from the post-growth 

polishing and processing.  

Non-catalytic graphitisation of hydrogen-terminated nanodiamonds produced an onset 

graphitisation temperature of 545 oC. Hydrogen-terminated nanodiamonds were catalytically 

graphitised using two different methods. The first is where the nanodiamonds were deposited 

on top of a catalytic substrate (iron) and the second where the iron was deposited on top of 

the nanodiamonds, mimicking the BD PC diamond experiment. The onset graphitisation 

temperatures for these two experiments were 515 oC and 435 oC respectively. 

When an iron overlayer is deposited on top of the nanodiamonds, the formation of multi-

layer graphene/HOPG appears to follow the same process of the sp3 carbon being broken 

down and converted into sp2 carbon where it then diffuses through the iron and reorders on 

top into graphene as the single-crystal and polycrystalline diamond samples. A summary of 

the C1s’ of the BD PC diamond sample and the hydrogen-terminated nanodiamonds pre- and 

post-graphitisation can be seen in Figure 9.1. 

The annealing of amine-terminated nanodiamonds in 1 mbar of hydrogen demonstrated the 

successful modification of the amine surface with it being theorised that the nitrogen from 

the amine group has become mobile during the anneal and has traversed into the 

nanodiamond, becoming trapped beneath the nanodiamond surface. During this process, the 
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platinum substrate acted as a catalyst to produce reactive hydrogen which stripped away 

some of the oxygen and hydrogen components on the surface during the anneal. A modified 

surface was restored once the annealing stopped.  

 

9.2. Further Work 

9.2.1. Carboxyl-Nanodiamonds 

The next phase of the nanodiamond surfaces work was the further modification of carboxyl-

terminated nanodiamonds; initial FTIR and NEXAFS measurements to characterise the un-

modified surface have been performed. Experimental time was awarded at The University of 

Manchester’s NAP-XPS to conduct further modification by annealing in gas, however, due to 

Covid-19, this time was cancelled. The carboxyl-terminated nanodiamonds were from 

Element Six Ltd and have an average diameter of 5nm and are in 5 weight percent suspension 

of deionised water. 

Figure 9.2 presents synchrotron FTIR taken at ASTRID2 of the as-received carboxyl-terminated 

nanodiamond surface. A droplet of carboxyl-terminated nanodiamonds in suspension was 

deposited onto the FTIR window and the FTIR chamber was evacuated for in-vacuo 

evaporation deposition of the nanodiamonds. FTIR measurements of the nanodiamonds were 

taken under a low vacuum of approximately 200 mbar. 

As can be shown in Figure 9.2, many features associated with the COOH group can be 

observed in FTIR. At 1410 cm-1 and 1780 cm-1, features related to C=O can be seen, whilst 

between 1070 – 1150 cm-1 and ~1270 cm-1, C-O features can be seen [149,354,393]. Hydroxyl 



210 
 

groups both from water and from the carboxyl group can be seen at 1620 cm-1 and at a broad 

feature around 3200 – 3600 cm-1 also [117,394]. Only a small contribution from C-H bonds 

can be seen at ~2800 – 2900 cm-1 which is expected as the oxygenation of the nanodiamonds 

will remove most of the single carbon-hydrogen bonds from the surface. 

 

 

Figure 9.2. Transmission FTIR spectroscopy of as-received carboxyl-terminated nanodiamonds on platinum. 

 

Figures 9.3 and 9.4 are the C K edge and the O K edge of post-degas carboxyl-terminated 

nanodiamonds respectively. The carboxyl-terminated nanodiamonds were deposited onto a 

platinum substrate where the water was removed using a hotplate. Once loaded, the 

nanodiamonds were degassed for 2 hours at 300 oC in UHV in-situ where post-degas NEXAFS 

measurements were taken.  
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The C K edge exhibits the same 2nd band-gap at 302 eV and the diamond edge at ~289 eV as 

the amine-terminated nanodiamonds. A large π*/ surface region can be seen in the C K edge 

of carboxyl-terminated nanodiamonds which is mainly associated with C=C π*. A large 

contribution from the C=O π* can be seen around 288-290 eV [395]. 

In the O K edge, a large π* feature associated with C=O can be seen [396,397]. The large 

feature > 534 eV is associated with O-H σ*, C-O π*, C-O σ*, and C=O σ* [398–401]. The 

presence of features associated with O-H, C-O, and C=O groups is consistent with it being a 

carboxyl-terminated nanodiamond.  

 

 

Figure 9.3. TEY NEXAFS of the C K Edge of carboxyl-terminated nanodiamonds on platinum, post-degas. 
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Figure 9.4.TEY NEXAFS of the O K Edge of carboxyl-terminated nanodiamonds on platinum, post-degas. 

 

 

9.2.2. Nanodiamond Graphitisation 

Hard X-ray photoelectron spectroscopy (HAXPES) measurements and NEXAFS measurements 

of the graphitised nanodiamonds samples were planned to be conducted at the ASTRID2 and 

BESSY beamtimes that were successfully awarded, however, due to Covid-19, these 

beamtimes have been postponed until further notice. HAXPES measurements were planned 

to investigate the diamond-iron interface during graphitisation. 

The next step in the nanodiamond graphitisation work would be to characterise the multi-

layer graphene/HOPG formed using techniques such as Raman spectroscopy, low-energy 

electron diffraction (LEED), and angle-resolved photoelectron spectroscopy (ARPES). 
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9.2.3. Attachments of Molecules 

The next phase after the initial characterisation of nanodiamonds and then the further 

modification would be to attach other molecules such as drugs to the different nanodiamond 

surfaces. Initial work on this has been conducted by a member of the materials group at 

Aberystwyth University where the chemotherapy drug fluorouracil (5FU) was attached to the 

hydrogen-terminated and oxygen-terminated nanodiamonds (Simon Astley, Thesis [156]). 

The characterisation of the attachment of drugs and molecules to the amine-terminated 

nanodiamonds would be very interesting to gain an understanding of how the different 

terminations interact with biocompatible molecules and systems. 
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