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Resumo 

Neste trabalho foi estudada e demonstrada a síntese direta e livre de substrato de nano-materiais 

carbónicos, com recurso a um plasma de árgon, mantido por micro-ondas, à pressão atmosférica. O 

método consiste na injeção de moléculas vaporizadas/gasosas no plasma, contendo carbono e azoto, 

sendo decompostas em espécies mais simples (iões, átomos e moléculas). Estas continuam em fluxo 

até à região fria do plasma onde a redução da temperatura leva à transição de fase gás-sólido.  

O processo de síntese pode ser controlado através de parâmetros como a potência de micro-

ondas usada para manter o plasma, o fluxo de árgon e fluxo/tipo/concentração relativa das substâncias 

precursoras. Nano-diamantes foram produzidos usando um plasma de Ar/CO2/CH4 (fluxo de árgon: 

2000 sccm; fluxo de CO2/CH4: 20-80 sccm) usando uma potência de micro-ondas de 1 kW. N-Grafeno 

foi sintetizado usando um plasma de Ar/NH3/C2H5OH, (fluxo de árgon: 1200 sccm; fluxo de 

NH3/C2H5OH: 50-120 sccm) gerado com uma potência de 2 kW. Radiação IR e UV foram usadas 

durante/após a nucleação, com vista ao aumento da qualidade (aumento do rácio sp2/sp3) e da pureza 

(removendo oxigénio) do N-Grafeno.  

Na análise das amostras, foram usadas espectroscopias de Raman e XPS e microscopia 

eletrónica (HRTEM/SEM). O plasma foi estudado com recurso a OES (espectro de emissão no visível 

do plasma) e FT-IR (análise do fluxo de gás para o exterior do plasma). Usando este método foram 

encontradas evidências da presença de nano-diamantes com estrutura cristalina hexagonal tendo 

conseguindo-se também a produção seletiva de N-Grafeno (~0.5 % de N/C). 

Palavras-Chave: N-Grafeno, Nano-diamantes, Plasmas de micro-ondas, Síntese direta, Materiais 

livres de substrato. 



 
 

Abstract 

This work was devoted to the study of direct synthesis of free-standing carbon nanostructures, 

using an argon microwave-induced plasma, sustained by surface waves at atmospheric pressure 

conditions. The method consists of injecting carbon/nitrogen molecules into the plasma environment 

where they are subsequently decomposed into simpler carbon/nitrogen species (atoms, ions, diatomic 

molecules, etc.). These, by flowing to the post-plasma zone where the temperature drops, agglomerate 

and nucleate into the solid structures. The synthesis process can be controlled by a few parameters, 

such as the microwave power, background gas flux and the flux/type/concentration of the precursors 

used. 

Nanodiamonds synthesis was achieved using an Ar/CO2/CH4 plasma, keeping the argon flux at 

2000 sccm, the CO2/CH4 flux varied between 20-80 sccm and the microwave power at 1 kW. Synthesis 

of N-Graphene was accomplished in an Ar/NH3/C2H5OH plasma, using an argon flux of 1200 sccm, 

the NH3/C2H5OH flux between 50-120 sccm, and a microwave power of 2 kW. In the case of N-

Graphene, IR and UV irradiation were applied on the plasma assembly zone, to the flow of 

nanostructures, to improve both the quality (sp2/sp3 ratio) and the purity, by removing the oxygen atoms 

off the structure. The samples were studied (morphologically, structurally and chemically) using HRTEM, 

SEM, XRD, XPS and Raman spectroscopy, whereas the plasma high-energy density environment was 

characterized by OES and the outlet plasma gas by FT-IR. Selective synthesis of N-Graphene with a 

doping level of ~0.5% was achieved and evidence of nanodiamonds particles with hexagonal crystalline 

structure was also found. 

Keywords: N-Graphene, Nanodiamonds, Microwave-Induced Plasmas, Direct synthesis, Free-

standing material. 
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Chapter I: Introduction 

I.1. Motivation 

I.1.1 Nanoscale carbon materials 

Carbon [1], the 6th element in the periodic table, is one of the most abundant elements in the 

universe and possesses an essential role on our ecosystem. Carbon is a special atom; with a nucleus 

composed by six protons and six to eight neutrons surrounded by six electrons, distributed in an 

electronic structure given by 1s22s22p2, it possesses four valence electrons available for bonding. This 

electronic arrangement leads to a small energy difference between the 2s and 2p orbitals (4 eV). Thus, 

when forming chemical bonds, those orbitals tend to overlap and create hybrid orbitals from different 

kinds: sp1, sp2 or sp3; consequently, giving carbon many bonding possibilities. Indeed, carbon-based 

molecules are so important that there is a whole chemistry field devoted to their study, the organic 

chemistry. Even when carbon bonds with itself, creating the so-called carbon allotropes, it forms 

markedly different substances: diamond (sp3), graphite(sp2), carbynes (sp) etc. An excellent description 

of the carbon atom bonding versatility was made by D.I. Mendeleev (author of the periodic table of 

elements) [2]: 

 “…none of the elements reveals such a capability to complication to the extent we see it in 

carbon. There are still no grounds which would permit us to suggest the limit to polymerization of a 

carbon, graphite or diamond molecule; the only thing we know for certain is that they contain Cn, where 

n is a large figure”  

Carbon materials have been part of the humankind for a long time. Coal has been in use since 

the prehistory and is still a major source of fuel, fuelling around forty per cent of the electricity production 

worldwide, annually [3]. The history of graphite began in the 1500s and its main application have been, 

since then, as pencil lead. The 20th-century saw the appearance of synthetic carbon-based materials, 

divided into graphitic- (carbon fibres, carbon blacks, highly oriented pyrolytic graphite (HOPG), etc.) and 

diamond-like (diamond thin films, etc.) groups [4]. Moreover, at the nanoscale, a new set of carbon 

materials surged (Figure I.1). Nanodiamonds (NDs) were discovered in the 1960s; fullerene or 

“Buckminsterfullerene”, hypothesized in 1973, was experimentally observed in 1985; carbon nanotubes, 
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diamond nanorods and films (early 90s), culminating with the isolation of a single graphite sheet, known 

as graphene, in 2004 [2,5].  

From the list above, graphene and nanodiamonds are two of the most “eye-catching” materials. 

Graphene is a curious, yet strange, material. Physicists only viewed it as a pure theoretical system, 

since Landau and Peierls showed that the growth of strictly two-dimensional (2D) crystals was 

impossible [6]; at the temperature of growth (fusion temperature) the thermal vibrations would destroy 

the long-range order by melting the atomic network before it could crystallize. However, the path taken 

by Andre Geim and Konstantin Novoselov was not to synthesize it using a “bottom-up” approach but to 

isolate it (far from the fusion temperature), starting from graphite powder, with a careful and meticulous 

peel-off method, a method that became known as the “scotch tape method”. The subsequent 

experimental characterisation of graphene’s physical properties granted them the Nobel Prize in 20101 

[7]. 

Nanoscale diamond particles, on the other side, have a rich history, well detailed in [8]. Sub-

micron diamond crystals synthesis with explosion methods was already achieved, by DeCarli and 

Poulter Laboratories in 1961 [9], inducing the phase transition graphite-diamond through shock-waves. 

Synthesis of nanodiamonds with the detonation of carbon-containing explosives started in 1963. The 

process has been refined and nowadays represents the main method used for large-scale production of 

ND particles. In 1987 nanodiamonds, from extra-terrestrial origin, were discovered in meteorites being 

dated back to the prehistory of the solar system [2,5]. Later (1994), Gruen and his research group, at 

                                                      
1The history of its isolation is quite funny and can be heard in his Nobel Prize lecture, “Random Walk to Graphene” , where Andre Geim explains how its discovery was a 

product of the famed “Friday Night Experiments”, where he and his coworkers would conduct a series of experiments to test unconventional ideas that they would be mulling 

on.  

 

Figure I.1 – Scheme representing the different members of the carbon nanoscale family [1]. 
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the Argonne National Laboratory, started the synthesis of ultra-nanocrystalline diamond films [10] using 

a plasma-enhanced CVD method and hydrocarbons as precursors.  

Carbon-based materials are of great interest for investigation and industrial activities owing to 

their abundance, chemical stability across a wide temperature range in either acidic or basic media, and 

relative environmental friendliness. Their physical properties (mechanical, thermal, electrical, etc.) opens 

many applications prospects, for example, in electronics (semiconductors) and as energy storage and 

conversion devices [11] (solar cells, fuel cells, batteries, supercapacitors, etc.). However, many 

challenges still need to be addressed in the carbon nanomaterial science [12], being one of the most 

relevant the development of controlled, large-scale and economically viable production methods, 

delivering high-quality material for the target applications. Most of the existing synthesis methods do not 

meet these requirements, however, plasma-based methods are a viable option, as it will be 

demonstrated in this work. 

I.1.2 Plasmas – A synthesis route 

Plasma, a word from the ancient Greek for “moldable substance”, is one of the four fundamental 

states of matter. Another common designation used for “plasma” is the term “ionized gas”, referring to 

the fact that ions and electrons coexist dynamically in the form of gas. In Earth plasmas do not exist 

freely, however, there are some exceptions; whenever a lightning bolt falls on the sky it ionizes the gases 

present in the atmosphere, the interaction of the solar wind with the higher Earth’s atmosphere forms a 

plasma that is observed in the form of the polar aurorae. In the universe, however, plasmas are 

everywhere: the stars, nebulas, quasars, etc. are mostly in the plasma state. Plasmas are also created 

artificially, in the laboratory, since 1879 (by William Crookes and his cathode-ray tube), although the 

word was only coined almost fifty years later by Langmuir. 

Plasmas, particularly plasma torches [13], have a great range of applicability across all branches 

of science and technology, including in the materials science branch. The plasma environment provides 

simultaneously high-temperatures, high-density fluxes of particles such as electrons and ions, excited 

molecules and high-energy photons, as well as electric fields in the sheath regions, which may strongly 

influence the assembly pathways at the atomic level, allowing the creation of singular assembly routes 

leading to the synthesis of unique nanostructures. These properties, i.e. the presence of charged 

particles, photons, free radicals and electric fields, highlight the plasma-based techniques relatively to 

other non-plasma methods. Moreover, plasma-based processes ensure a high-level of controllability 

and reduced environmental risk via control on plasma parameters. 

The subject of this thesis is indeed the application of a microwave plasma torch, a type of low-

temperature non-equilibrium plasma, driven by surface waves at atmospheric pressure, to synthesize 

different carbon nanostructures, including nanodiamonds, graphene and even to achieve direct doping 

of graphene with nitrogen, forming N-Graphene, by using carbon and nitrogen gas/liquid precursors that 

are injected in the plasma. The use of this plasma method surges as an alternative to the commonly 

employed synthesis methods (reviewed in this thesis), carrying the edge by being environmentally 
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friendly, a single-step method, and by having the ability to produce high-quality structures in a “low-cost” 

process. It is demonstrated that the synthesis of the different nanostructures is achievable by controlling 

a few parameters such as the plasma temperature (through the microwave power), the flux of 

background gas (argon) and the type/flux of the carbon/nitrogen precursors.



 
 

Chapter II: Microwave plasmas sustained by surface 

waves 

II.1 Introduction 

II.1.1 Microwave plasma torches (MPT) 

Plasmas can be distinguished in high-temperature and low-temperature plasmas. The main 

difference consists in the state of ionisation: whereas high-temperature plasmas tend to be in a full 

ionisation state, low-temperature plasmas are in a state of partial ionisation, where all kinds of species 

(molecular, atomic, ionic, etc.) coexist dynamically. Furthermore, low-temperature plasmas can be 

classified as “thermal” and “non-thermal”, concerning the thermal equilibrium between the different 

species. Plasma torch [14] is the name given for devices that generate a constant flow of plasma, usually 

through an electrical discharge on a gas, either through DC or AC current.  

DC plasma torches require the use of electrodes, and the heating of the gas is achieved mainly 

through Joule effect and thermal ionisation. AC plasma torches, using high-frequency radiation, do not 

require the use of electrodes. The heating process is also different, being the electrons the main 

responsible for the absorption and, by elastic and inelastic collisions, they redistribute the power through 

all heavy species in the plasma. Due to this fact, AC plasma torches are usually non-equilibrium plasmas 

as different degrees of freedom (translational, rotational, etc.) are not in thermal equilibrium and one 

often finds different temperatures for the different species (electrons, atoms, ions and molecules) [15]. 

When AC plasma torches operate between 0.3 GHz and 10 GHz, they are designated as microwave 

induced plasmas (MIP). Due to the high frequencies used, these plasma torches are usually formed by 

coupling waveguide elements to wave-launchers, where the plasma reactor is attached, being the gas 

inserted axially through the wave-launcher gap.  

II.1.2 Microwave plasmas torches driven by surface waves (MPT-SW) 

In AC plasma torches, the discharge occurs by means of a wave-launcher where the gas is 

inserted through a gap on the launcher, axially. The microwave power is conducted to the wave-launcher 

using a waveguide system or a coaxial line. To maximize the power at the launcher an impedance 

system is employed, and if a rectangular waveguide geometry is used, a mode converter. 

A specific type of microwave plasmas is called surface wave plasmas (SWP), generated by 

surface waves, standing or travelling (depending on the geometry of the launcher and the waveguide 

elements). The term “surface wave” is used because the propagation of the microwaves happens 

between the dielectric (plasma reactor wall) and the plasma surface. If travelling waves are used, the 

plasma is designated as travelling wave discharge (TWD) [16]. For a TWD with cylindrical geometry, 

the surface wave propagates radially and axially (TM00 mode), where the non-zero components are the 
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radial and axial components of the electric field (Er, Ez) and the azimuthal magnetic field (Bφ). Physically, 

the non-zero components of the electric field accelerate the plasma electrons, which by collisions with 

the gas particles, dissipate the power.  

This causes simultaneously gas ionisation, excitation (rotational and vibrational degrees of 

freedom) and heating (translational degrees of freedom). The plasma column modelling assumes as the 

fundamental parameters: i) The wave power transfer is represented by L(z), i.e. the power delivered per 

unit length at axial position z, from the wave to the plasma; ii) P(z), the power absorbed by the electrons, 

from the wave at the same position.  

As observed in the Figure II.1, the wave propagates from z=0 cm, where P(z) assumes its 

maximum value (P0), denoting that most of the power absorption by the electrons occurs close to the 

wave-launcher. Both parameters continue to decrease along the plasma column, where at z=l cm 

(plasma afterglow zone), the column ends, and consequently, the power absorption stops. 

Figure II.1 - Sketch of the axial distributions of the wave power flux, P(z), and of the power absorbed in 
the plasma unit length, L(z), along with a surface-wave-sustained plasma column. The plasma column 
ends at z=l cm [17]. 
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Several wave-launchers are used to sustain these plasma columns. One of the options is the use 

of the waveguide-surfatron (Figure II.2) [18], a structure built to conjugate the characteristics of two 

different wave-launchers, the surfatron [19] and the surfaguide [20]. The waveguide-surfatron works like 

a mixture of the surfatron and the surfaguide, possessing the high-power handling capability of the 

surfaguide (through the adoption of waveguide elements), as well the ability to operate at higher 

frequencies, like the surfatron.  

II.2 Plasma characterisation methods 

II.2.1 Optical emission spectroscopy (OES) 

OES [21] is a non-intrusive diagnostic used to detect the visible emission spectrum, from the 

plasma. The plasma emission spectrum contains information about the species of interest (atomic, ionic 

and molecular). Diatomic molecules like the diatomic carbon (C2), the cyanide (CN), the hydroxyl radical 

(OH), etc. have emissions in the visible region (Figure II.3). These emissions are result of the excitation 

of rotational degrees of freedom. Important atomic lines, like the hydrogen alpha line (Hα) can also be 

seen in the spectrum. From these molecular bands/atomic line, important plasma parameters can be 

extracted such as the gas temperature, electron temperature and density [14].  

The molecular bands are particularly important for the gas temperature estimation. Assuming 

thermodynamic equilibrium between the different rotational energy levels, the emission intensities 

distribution can be assumed to follow the Boltzmann distribution (equation II.1). For atmospheric 

pressure discharges, where the typical plasma electron density is high (~1020 m-3), it is expected that 

the collision rates are high enough to ensure local thermodynamic equilibrium between the different 

degrees of freedom, and thus the rotational temperature can be assumed to be a measure of the gas 

Figure II.2 – Waveguide-surfatron. Schematic view (left image). Axial cut (right image) [18]. 
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(kinetic) temperature. There are several rotational bands from which the gas temperature can be 

estimated, the one used in this work corresponds to the Q1 branch of the OH radical, measured in the 

range 307.5-315 nm. The emission lines intensities follow the distribution given by [23]: 

Irot = a AJh 
c

λJ
e

−EJhc

kBTrot  (II.1) 

Where all variables and constants are defined in Table II.1. Rewriting the equation II.1, one can 

express it as a linear function of the variable EJ:  

Constant Name 

a Instrumental factor 

AJ (s-1) Transition probability 

h (J.s) Planck’s constant 

c (m.s-1) The speed of light 

λJ (m) Emission line wavelength 

EJ (m-1) Energy level of the upper electronic state having the J rotational level 

kB (J.K-1) Boltzmann constant 

Trot (K) Rotational temperature 

Figure II.3 – UV-visible emission spectrum from an Ar/H2/CH4 microwave-induced plasma where 100 
ppm of N2 was inserted. Both C2 (Swan system) and CN (violet system) are visible [22]. 

Table II.1 – Definition of the variables/constants present on equation II.1. 
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log
𝐼𝑟𝑜𝑡𝜆𝐽

𝐴𝐽 
= −

𝑎 ℎ𝑐 log 𝑒

𝑘𝐵𝑇𝑟𝑜𝑡
𝐸𝐽 + log ℎ𝑐  (II.2) 

Where the slope d (considering a=1) can be related to the rotational temperature (Trot): 

𝑑 =  
−0.625

𝑇𝑟𝑜𝑡
  (II.3)  

By measuring the intensities of specific transitions line of the rotational band (Figure II.4), using 

the data in Table II.2 and equation II.2, a linear fit was done, and the slope extracted. Through the 

equation II.3 the rotational temperature was then estimated.  

The measurements were conducted by collecting the light emitted by the plasma with an optical 

fibre pointed perpendicularly to the reactor, at a specific axial distance from the launcher, and directed 

to the entrance of a Jobin-Yvon Spex 1250 spectrometer (2400 g.mm−1 grating) equipped with a charge-

coupled device (CCD) camera. It should be noted that the estimated temperature is based on the 

emissions from all radial positions, thus consisting on a radial average. However, the plasma model [24] 

assumes a sharp radial temperature gradient, a conclusion taken from the temperature measurements 

of the wall temperature. Thus, is possible to conclude, that the estimated temperature could be 

approximated to the temperature on the plasma axis (r=0) as most of the plasma emissions must come 

from this region. 

The experimental procedure followed before each measurement, consisted on the calibration of 

the spectrometer using a mercury lamp on the roof of the laboratory. Mercury has a very well-defined 

atomic emission line centred at 546.075 nm. Different acquisitions were made at different axial locations 

Figure II.4 – OH rotational spectrum in the range 307.5-315 nm and respective transition lines (Table 
II.2). 
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of the plasma to investigate both the emitting species and the plasma temperature. No calibration was 

made concerning the frequency response of the spectrometer for the different wavelengths. 

 

II.2.2 Fourier-Transform Infrared Spectroscopy (FT-IR) 

Fourier-transform infrared spectroscopy (FT-IR) [26] is a spectroscopy technique used to obtain 

the infrared spectrum of a solid, liquid or gas specimen. Molecular vibrational and rotational degrees of 

freedom can be excited through the absorption of IR radiation. The measurement is conducted by 

making an infrared beam passing through the sample and measure the intensity that goes through, 

using a suitable IR detector. The ratio between the two intensities is then plotted as a function of 

frequency in one of three formats: as transmittance, reflectance or absorbance. These quantities are 

mathematically expressed as: 

Lines 

Wavelength (nm) 
Excitation energy 

(102 m-1) 

Transition probability 

(107 s-1) Branch J 

Q1 

2 307.995 32543 17.0 

3 308.154 32644 25.3 

4 308.328 32779 33.7 

5 308.520 32948 42.2 

6 308.734 33150 50.6 

8 309.239 33652 67.5 

9 309.534 33952 75.8 

10 309.859 34283 84.1 

13 311.022 35462 100.6 

14 311.477 35915 108.8 

15 311.967 36397 125.2 

16 312.493 36906 133.3 

17 313.057 37444 141.5 

18 313.689 38008 149.6 

19 314.301 38598 157.7 

Table II.2 - Values used in the construction of the Boltzmann plot [25]. 
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T =
IT

I0
   (II.4) 

R =
IR

I0
   (II.5) 

A =  − log T = αbc  (II.6) 

Where T and R are, respectively, the transmittance and the reflectance and A the absorbance. 

The absorbance can be expressed as a linear relation of several material characteristics (equation II.6), 

being α the absorption coefficient (generally depends on the radiation frequency), b the sample 

thickness, and c is the concentration of chemical bonds responsible for the infrared absorption. 

An infrared spectrometer is constituted by three fundamental parts: i) the source of infrared 

radiation; ii) the interferometer; iii) the infrared detector. The source of infrared radiation is usually an 

infrared lamp, whose energy distribution curve is close to that of a theoretical black body. The beam of 

light, collimated by lenses, enter in the interferometer, typically a Michelson interferometer, where it 

interferes with itself generating the interferogram. Finally, the interferogram interacts with the sample 

being acquired by the infrared detector. The radiation energy is converted into electrical energy which 

is processed by the computer using the FFT algorithm, originating the infrared spectrum. 

FT-IR was applied in this work to real-time measurement of the reactor outlet gas flux [27], with 

the plasma turned on and off. The aims of this measurement were to estimate the precursor’s conversion 

efficiency inside the plasma environment and observe what type of residual gases were being produced. 

With the plasma off (control measurement), the detected spectrum had lines corresponding to the 

precursors injected in the tube whereas when the plasma was on, these lines were no longer present 

and were substituted by new lines corresponding to the waste gases. For IR spectrum identification, 

NIST database was used (https://webbook.nist.gov/chemistry/form-ser/).  

The spectrometer used in the measurements corresponds to a Fourier-Transform Infrared Nicolet 

5700 spectrometer functional in the wave number range from 0-7000 cm-1. The gas was collected by a 

tube directed from the outlet plasma zone to the gas cell of the spectrometer, where the light was passing 

through. The spectrometer has several display modes available, being the absorption mode used in all 

obtained spectra.



 
 

Chapter III: Nanodiamonds 

III.1 Theoretical background 

Diamond [28] possesses amazing properties; the sp3 hybridized carbon atoms form strong and 

stable σ-bonds, arranging in a tetrahedral configuration. This atomic structure leads to superior physical 

properties, such as an extraordinary hardness, a high thermal conductivity and a wide bandgap. At the 

nanoscale, diamond preserves its macroscopic properties, however, due to the particle’s volume 

reduction, the specific surface area increases and thus the surface becomes highly reactive, with a rich 

chemistry and many functionalisation possibilities, which, as it will be seen, is a highly explored property 

of the so-called nanodiamond (ND) particles. 

Nanodiamond [22,29] is a term widely accepted in the literature to describe many different 

materials (Figure III.1): diamond particles, films and clusters of particles with diameters ranging from 

few to several hundred nanometres. Other commonly used names include ultrananocrystalline diamond 

(UNCD), which is a term reserved for diamond particles with sizes ranging from 2-10 nm (single-digit 

diamonds) and pure-phase ND films with a characteristic grain size of 2-5 nm, and Nanocrystalline 

diamond (NCD), which is used to designate diamond particles (mono- or polycrystalline) and films with 

sizes from 10 to 100 nm. Finally, “diamondoid” is reserved for diamond molecules with sizes between 1 

to 2 nm, composed by a few tens of carbon atoms, usually terminated with hydrogen groups; these 

particles can be found on crude oil. 

Figure III.1 – Representation of the different types of ND particles: (From left to right and top to bottom) 
NCD particle (monocrystalline), UNCD particles, NCD particle (polycrystalline), diamondoids [22]. 



13 
 

III.1.1 Diamond – General properties: 

In the crystalline phase, diamond can assume several crystalline geometries: cubic, hexagonal 

(Lonsdaleite) [30], n-diamond and i-diamond [31,32]. However, this is still a debated subject in the 

literature [33] and the most common and better-studied is the cubic-diamond phase. The cubic-diamond, 

has a face-centred cubic (fcc) lattice structure with two atoms per primitive cell, as represented in Figure 

III.2. The unit cell vectors are: 

a⃗ 1 =
a

2
(0, 1, 1) ,   a⃗ 2 =

a

2
(1, 0, 1) , a⃗ 3 =

a

2
(1, 1, 0)   (III.1) 

where a = 0.3567 nm is the cell parameter. The corresponding reciprocal lattice vectors are: 

b⃗ 1 =
2π

a
(−1, 1, 1) ,   b⃗ 2 =

2π

a
(1, −1, 1) , b⃗ 3 =

2π

a
(1, 1, −1)    (III.2) 

Calculation of the full electronic band structure of diamond is a complex task. Due to the localized 

nature of the σ-bonds, the electrons interact strongly with the nucleus and neighbouring electrons, 

meaning that the electron-electron and electron-ion Coulomb interaction cannot be neglected, thus 

leading to the need for approximated calculation methods. Several different approaches have been 

used: i) tight-binding method; ii) orthogonalized plane wave method (OPW); iii) augmented plane wave 

method (APW); iv) empirical pseudopotential method. By using a modified linearized version of the APW 

method, the band structure is given as shown in Figure III.3. 

Figure III.2 - Crystalline structure of diamond (left image). First Brillouin zone of diamond (right image) 
[28]. 
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In diamond’s electronic band structure, a feature to be noted is that the maximum of the valence 

band and the minimum of the conduction band are not located at the same �⃗�  points; the former is located 

at the Γ-point, whereas the latter is between the Γ-point and the X-point, meaning that diamond’s 

fundamental bandgap is indirect, with a theoretical value of ~4.8 eV. 

Despite representing an underestimation when compared to the experimentally determined value 

presented in Table III.1, it still attests the insulator character of diamond. This bandgap value reflects 

how tightly the p states (valence states) are bounded to the nucleus, a characteristic feature of the sp3 

hybrid orbitals. The mixing of p and s orbitals in sp3 orbitals, leads to a reduction in the screening effect 

on the valence states, and consequently, those electrons feel a stronger attraction from the nucleus. 

The density of states (DOS) of diamond, and respective individual contributions from s- and p-like states, 

can also be calculated theoretically, as shown in Figure III.4. 

Figure III.4 - Density of states of the valence and conduction bands [28]. 

Figure III.3- Electronic band structure of diamond, calculated by the Linearized APW method [28]. 
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Diamond’s electronic properties, which can be derived from its electronic band structure, including 

mobilities of the carriers (holes and electrons), optical properties, transport properties and vibrational 

properties, are summarized in Table III.1.  

III.1.1.1 Doping of diamond with other elements 

Although diamond can be doped with several elements, it was found that natural diamond is 

mainly doped by boron or/and nitrogen. This led to the classification of diamond in types I and II: Type I 

diamonds contain nitrogen atoms as their main impurity, whereas type II is used to classify either pure 

or boron-doped diamond. These definitions are further refined, by distinguish diamonds based on the 

different concentrations of nitrogen doping and type of bonding (types Ia and Ib) and the presence/or 

not of boron in the diamond’s lattice (types IIa (pure diamond) and IIb (mainly boron-doped)). However, 

many others doping attempts were conducted, with sodium, lithium, aluminium, phosphorus, etc. 

Properties Diamond 

Lattice constant (nm) 0.3567 

Interatomic separation (nm) 0.154 

Angle between the valence bonds 109o29´ 

Density (g/cm3) 3.5174 

Bandgap (eV) 5.5 

Electron mobility (cm2/Vs) at 300 K 1,900-2,300 

Hole mobility (cm2/Vs) at 300 K 1,500-2,300 

Dielectric constant (102-104 Hz) 5.7 

Index of refraction 2.4 

Thermal conductivity for natural diamond, type IIa (W/m. K) 2000 

Thermal expansion linear, at T = 300 K (K-1) 10-6 

Electron saturation velocity (107 cm/s) 2.5 

Breakdown field (105 V/cm) 100 

Debye temperature (K) 1,860 

Bulk modulus (GPa) 450 

Young modulus (GPa) 1,100 

Hardness (Mohs scale) 10 

Table III.1 – Cubic-diamond properties [2,4]. 
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The investigation of dopants was motivated by the high potential of diamond to be applied as a 

high-temperature semiconductor, due to its wide bandgap. However, this is dependent on the existence 

of suitable p- and n-type dopants. Boron have been found to be a shallow acceptor, with an activation 

energy of 0.37 eV (for nB<1018 cm-3) [28,34]. Nevertheless, n-type doping investigation with several 

different elements from group V (periodic table), did not led to great results. Within the investigated 

elements to be used as possible n-type dopants, were included nitrogen, phosphorus, etc. [35]. Although 

nitrogen appears to be the best option, as its insertion in diamond occurs naturally, it was found to be a 

deep-level donor, with the lowest energy level at 1.7 eV, which excludes diamond doped with nitrogen 

as a semiconductor at room temperature. 

Although there is a great interest on the application of nitrogen-doped diamond as a 

semiconductor material, other applications can be found. Particularly, if the nitrogen atom is inserted 

next to a vacancy, it forms the so-called N-V centres, which are a type of point defect. These N-V centres 

can be either neutral (N-V)0 or negative (N-V)-, being luminescent colour centres. N-V centres possess 

fluorescence properties, being possible to excite and emitting radiation with different wavelengths. 

Moreover, the (N-V)- centre has two unpaired electrons, which form an integer spin. These properties 

confer diamond with (N-V) centres defects many applications such as bioimaging [36] and as magnetic 

sensors with nanoscale resolution [37]. 

 

III.1.2 Properties of diamond at nanoscale 

III.1.2.1 Formation 

It is common knowledge that the most stable carbon phase at ambient temperature (300 K) and 

pressure conditions (1 atm) is graphite, whereas diamond is metastable. Although the energy difference 

between the two phases is only 0.02 eV/atom, the energy needed to interconvert both phases is ~0.4 

eV/atom. This means that both high-temperatures and/or high-pressures are needed to interconvert 

diamond and graphite. However, at the nanoscale, several studies have shown that the roles are 

reversed, and the formation of nanodiamond particles is energetically favourable over nanographite, 

sheets for sizes from ~2-10 nm [38,39]. 

Both experimental/theoretical studies have been conducted to understand how the carbon phase 

diagram is modified at the nanoscale [5,29]. A simplistic starting point is to note that an additional 

parameter, the cluster size, must be included in the Gibbs free energy alongside the pressure and 

temperature. This extra parameter influences the Gibbs free energy by weighing the influence of the 

surface energy, thus affecting the stability of the several carbon phases. In the case of diamond and 

graphite, its influence can be seen by noting that for an equal number of atoms, a diamond particle will 

have a smaller radius than a graphite sheet. When a particle becomes smaller, its specific surface area, 

i.e. the ratio between the surface area and the volume, increases proportionally, leading to an higher 

influence of the surface in the particle’s stability. More advanced models showed that other contributing 
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factors to the stability may include particle’s morphology (cubic, octahedral, etc.), which drastically 

influence surface’s terminations; whereas cubic diamonds possess bare surfaces (similarly to bulk 

diamond), preferentially hydrogenated, octahedral, cube-octahedral and spherical diamonds generally 

present sp2 (and sp2+x, for 0<x<1) reconstructed surfaces. These particles are also known as “bucky 

diamonds”. The models were also updated to include both temperature and pressure influences in the 

relative stability. Surface passivation and functionalization also showed influence on the stability, 

possible terminations include oxygen- and nitrogen-containing functional groups, which are also 

dependent on the formation environment. 

Summarizing, what could be a generalized model for a nanodiamond particle? [40] The starting 

point should be to consider a diamond core, preserving the bulk diamond properties such as the 

chemical inertness, hardness, thermal conductivity, etc. (Table III.1), with several structural defects and 

dopants such as nitrogen and boron. This diamond core would be surrounded by layers of amorphous 

carbon, with sp2+x hybridization (x is a number between zero and one). It should be noted, once more, 

that the surface reconstruction would be dependent of the particle’s characteristics. Finally, many 

functional groups, including OH, COOH, could also be attached to the surface (Figure III.5). 

III.1.2.2 Properties and applications 

As stated before, nanodiamonds share most of bulk diamond properties, while adding new 

surface-related properties. These properties confers ND particles a great number of applications, as 

extensively reviewed in [36], [39] and [40]. The extraordinary mechanical hardness combined with the 

smooth graphitic surface terminations and the small size, gives ND particles applications such as 

additives in lubricants and fuels, leading to a decrease in the friction. The high thermal conductivity, 

conjugated with the mechanical properties and the rich surface chemistry, promotes nanodiamonds as 

an excellent filler material for nano-composites. Its optical properties, such as a high refractive index 

and UV-absorption, conjugated with ND’s biocompatibility makes them appealing for use in healthcare 

products such as sunscreens. Doping (with nitrogen) confers ND photoluminescent properties useful as 

Figure III.5 - (a) Nanodiamond particle structure model. (b) Nanodiamond model transversal cut [2]. 
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fluorescent bio-labels or biomarkers in the life-science community. Such colour centres include the NV 

centres (mentioned before), that can be optically detected, stimulating developments of high-resolution 

magnetometers [37], atomic-size sensors for electric fields and quantum measurement of the 

temperature gradient within living cells. 

However, the rich surface chemistry of NDs (due to their small size) is their main explored feature 

[39]. Typical ND surfaces features include sp2 carbon and/or several different functional groups, which 

are critical for different applications. The presence of sp2 carbon (e.g. carbon-onions) is useful for 

electromagnetic shielding applications, but when considering fluorescence applications, the presence 

of sp2 carbon can quench the emission, being also linked to biological toxicity [40]. Several functional 

groups can also be attached to the ND surface, being this achieved either during the synthesis or by 

means of post-synthesis treatments. As an example, COOH functionalized NDs can be produced by air 

or ozone purification, and starting from there, many other possibilities can be achieved by thermal 

treatment under several different atmospheres: hydrogenated ND (microwave plasma treatment), 

formation of N-H or N-C bonds (ammonia treatment), etc. The main interest of these ND particles 

functionalized is for biological applications, such as drug delivery, imaging, protein mimic, etc.[36]



 
 

III.2 Nanodiamonds synthesis/production  

Within nanodiamonds synthesis methods [29,41], the most widespread and applied for 

commerical production [44], are detonation synthesis (DND) [42] and high-energy ball milling of 

microdiamond crystals synthesized under high-pressure and high-temperature (HPHT) 

conditions [45,46]. 

Other less-known synthesis methods include: i) Laser ablation of graphite [47-49] ii) ion 

irradiation of graphite [50,51]; iii) electron irradiation of carbon onions [52]; iv) ultrasound 

cavitation [53,54]; v) hydrothermal method [55]; vi) chlorination of carbides [56]. High-pressure and 

high-temperature conditions can also be used to interconvert exotic carbon allotropes such as 

nanotubes [57] and fullerenes [58] into ND particles. 

Plasmas are mainly applied for nanodiamond films synthesis by means of PE-CVD [10]. The 

synthesis of diamond with nanometric dimensions by precipitation from gas-phase, was also reported 

in a few papers, using microwave plasma torches [59-63], which is commonly referred in the literature 

as a “CVD-based” method. Nanodiamonds have also been discovered in space; In 1987, their discovery 

in meteorites was announced (sizes around 5 nm) and due to the anomalous presence of isotopes such 

as krypton and xenon, they were dated back to the formation of the solar system [2]. Astronomical 

observations suggest that as much as 10 to 20 % of the interstellar carbon is in the form of 

nanodiamonds. The formation of these ND particles was attributed either to a “gas-phase condensation” 

(similar to the plasma process discussed in this work) or a shock-wave induced metamorphism in a 

supernovae. However, the comparison of the defects on both kind of NDs, synthesized with artificial 

methods (CVD and shock-wave synthesis), led to the conclusion that the main formation process should 

be gas-phase condensation [5]. 

III.2.1 Synthesis methods - General 

III.2.1.1 Detonation synthesis 

The first developed (more than 50 years ago) and most popular method for ND particles 

production, is the detonation method [42]. Detonation synthesis represents a process that combines the 

energy of an explosion, usually with hexogen (RDX) and trinitrotoluene (TNT), and different carbon-

containing precursors to achieve the extreme temperature and pressure conditions needed to crystallize 

the carbon in the form of diamond. 

The synthesis of single-digit ND with the sizes ranging from 3-6 nm, with an average size peaking 

sharply around 5 nm, was achieved by employing high-energy explosive mixtures containing carbon 

(without the need of extra carbon sources) [43]. The method consists on the use of a detonation charge, 

with a mass between 0.1-1 kg, placed inside a closed chamber with a volume varying between 2 and 5 

m3. Additionally, to reduce the average particle’s size, fast cooling is applied using either a gaseous or 
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solid medium inside the explosion chamber. This medium can be nitrogen (gas) or water (in the form of 

ice), being the methods distinguished as “dry” and “wet” synthesis, respectively. 

The resultant product from the method described above, detonation soot, is a mixture of carbon 

phases, including diamond and graphitic carbon and metallic impurities (from the chamber and the 

explosive ad-mixtures), on typical proportions that vary from 30-75 wt. % (diamond phase), 1-8 wt. % 

(metals and metal oxides) and the rest being mainly graphitic carbon. After synthesis, the detonation 

soot needs to be treated with a two-fold purpose: remove the metallic impurities and the sp2 carbon 

phase; accomplish the de-aggregation of ND clusters. To accomplish those goals, acids such as HNO3 

and gaseous methods, including air [64] or ozone-enriched air at elevated temperatures, are employed 

to remove the sp2 carbon phase. For impurity removal, acids, such as HCl, HBr and HF, or alkalis, like 

NaOH, are also used. Following the purification of the detonation soot, the next problem to tackle is the 

de-aggregation of the formed clusters. Primary ND particles tend to be formed in clusters, which can 

withstand ultrasonication (due to the strong bonds) and need further separation strategies. Usual 

methods include milling with ceramic microbeads or microbead-assisted ultrasonic disintegration; dry 

milling, using water-soluble salts and sugars; ND reduction in borane accompanied by ultrasonic 

treatment; high-temperature hydrogen treatment, etc.[39] 

Summarising, although detonation synthesis offers significant advantages: industrial-scale 

production; ability to synthesize single-digit ND particles; being controllable (particle size, diamond 

content; surface functionalization, etc.), the obtained product needs both purification and de-aggregation 

treatments which significantly increases the overall cost [39] and are environmentally hazardous, being 

the exception made for the gaseous methods. Also, de-aggregation methods introduce pollutants to the 

final product. Concluding, detonation synthesis may be the best option when considering large-scale 

applications, however, there still room for optimising the process, including further reduction of the 

primary particle size and a better control of the level of aggregation at the synthesis stage (to reduce 

the need for post-synthesis treatments). 

III.2.1.2 Application of high-pressure and high-temperature (HPHT) methods for ND synthesis 

While detonation synthesis relies on dynamical methods, for extremely short periods of time, to 

achieve the required formation conditions, diamond synthesized from HPHT relies on submitting solid 

carbon precursors to static conditions of high temperature and pressure (>6 GPa and >1500oC in the 

presence of catalysts) for a long period of time (minutes to hours) to grow diamond particles with sizes 

around the micron (10-6 m).  

The diamond microcrystals obtained by HPHT growth can then be used to obtain diamond 

particles with nanometric sizes. This second synthesis stage employs crushing techniques such as ball 

and/or jet milling. Ball milling consists on the use of a milling media, such as zirconia, tungsten carbide, 

stainless steel, etc. (sizes from 50 μm to > 10 mm) which are mixed with the diamond and rotated at 

high speed. The milling process depends on the milling particle size. If large particles (>1 mm) are used, 

the crush is made via cleavage along susceptible crystallographic planes. For smaller particles, the main 
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responsible are the shear force generated during the rotation. Jet mill is another technique which 

employs a high-pressure gas flow to promote self-impact between the particles. This technique is not 

very efficient on reducing the individual particle size under 1 μm, being usually conjugated with ball 

milling [34]. This method promotes the formation of ND particles with the smallest average size around 

20 nm. However, recently, it was reported the achievement of NDs with sizes as small as 1.1 nm, 

introducing an annealing phase between the HPHT synthesis and the milling step [45]. 

HPHT method can also be applied for direct conversion of other carbon nanostructures, without 

the need of the milling step, using lower temperature and pressure conditions. The use of both 

nanotubes [57] and fullerenes [58] was reported. Although a clear advantage lies on the extreme 

condition’s relaxation, these exotic forms of carbons require their own synthesis methods, which are not 

large-scale methods. This represents the biggest obstacle. 

HPHT NDs are reported to be one order of magnitude more expensive than ND from detonation 

synthesis, most off all from the growth stage. However, the HPHT method is the main source of nitrogen-

doped NDs, which as it was seen before, are valuable for possessing fluorescence properties (100-200 

ppm substitutional nitrogen). The method’s disadvantages consist in its multi-step nature, the high-costs 

of the HPHT synthesis and the contamination/graphitisation induced during the milling phase leading to 

the need of further purification methods. 

III.2.1.3 Other methods 

Within other used methods, the most relevant is the laser-assisted ND synthesis, also known as 

pulsed-laser ablation (PLA) [47,48]. PLA uses a solid target immersed in a liquid media (benzene, water, 

etc.), usually graphite, where the laser is focused. The exact process that leads to diamond formation is 

still not well-known, but it is thought that the interaction of the high-power laser with the surface, ejects 

material and by overheating the surrounding liquid, generates a “bubble” containing a cloud of the 

evaporated substrate. The bubble expands until a critical combination of pressure and temperature is 

achieved, thus collapsing. The temperature achieved may be as high as a thousand of degrees and the 

pressure several gigapascals, conditions of diamond formation. PLA shows advantages over the 

detonation synthesis, HPHT and other multistep methods, by achieving the synthesis of ND particles 

without introducing contamination and/or produce agglomerated structures. The particle size can also 

be controlled by adjusting the laser parameters, being possible to produce as small as 4-5 nm NDs. 

Interestingly, recently, contrary to the usual use of a carbon solid source, nanodiamonds were 

synthesized using a femtosecond laser-focused on ethanol [49]. 

Other methods are not so well-known. Cavitation-assisted synthesis of ND was first hypothesized 

in 1973 by Galimov [53] when he affirmed that a possible way for natural diamond to be formed is in 

kimberlitic pipes from the magma cavitation, which was verified experimentally almost forty years later 

[54]. The process consists on generating bubbles in liquid mediums with ultrasounds. The pressure and 

temperature inside the cavity, preceding the collapse, may reach extremely high instantaneous values 

of 105-106 bar and 1000 K. The use of this method leads to the formation of nanocrystals of diamond 
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polytypes. Destroying benzene in the cavitation process led to the formation of aggregates of 

nanoparticles with sizes in a range from 10-30 nm. Another method of ND formation includes the direct 

transformation of carbon solids to ND. Recent experiments have shown that heavy ion or electron 

irradiation induces the nucleation of diamond crystallites inside concentrically nested carbon fullerenes. 

High-energy electron irradiation (1.25 MeV) was successfully used to convert the cores of concentric-

shell graphitic onions into nanometre-sized diamonds [52]. Using Ne+ ions instead of electrons, with an 

energy of three MeV it was possible to increase the yield [51], but it remained low (~0.01 ND/ion). 

Graphite can also be used as a starting material under MeV ion irradiation [50]. Chemical methods can 

also be employed to synthesize nanodiamond particles under high-temperature conditions, such as the 

chlorination of carbides [56], by removing the metal from carbides composites using chlorine-containing 

gases at high-temperature (~1000 oC) and hydrothermal method [55]. 

III.2.2 Plasma-based synthesis methods 

The use of plasmas to produce nanodiamond particles has been restricted to the synthesis of 

ultra- and nanocrystalline films by means of PE-CVD [10]. Using plasmas as a direct route of 

nanodiamond synthesis in free-standing form has been reported as far as could be checked, in few 

papers. Frenklach and co-workers reported, from 1989 to 1991 [59-61], the synthesis of nanodiamond 

powder, using several mixtures of hydrocarbons and oxygen as precursors in a low-pressure microwave 

argon plasma. In [59] it was described the nucleation of diamond powder containing several diamond 

polymorphs, i.e., with cubic, 2H-hexagonal (Lonsdaleite) and 6H-hexagonal crystal structures. The 

average reported size of the particles was 50 nm. Using several mixtures of hydrocarbons diluted in 

argon, hydrogen or oxygen were used in the reaction. The nucleation of diamond, after treatment with 

wet oxidation, was clearly observed (TEM, electron diffraction and Raman). In 1990 [60], a subsequent 

work from the group used mixtures of acetylene and oxygen in the same experimental apparatus and 

achieved the synthesis of diamond powder, containing several diamond polytypes with sizes ranging 

from 10-500 nm. The effect of the pressure and C/O ratio on the diamond formation and particle size 

were investigated. Finally, the last work (1991) [61] investigated the effect of the addition of silane or 

diborane into a mixture of acetylene in hydrogen/argon, oxygen also being added. With the diborane 

present they were able to produce diamond particles 5 to 450 nm in diameter, under conditions where 

no diamond at all would be produced without diborane, i.e, with lower C/O ratios (0.4). It was also 

claimed the reach of a production rate of 1.3 mg.h-1. 

Other works include [62], where it is described the production of nanodiamond powder, free-

standing, using a microwave plasma torch operating at near atmospheric pressure. Gas mixtures of CH4 

with Ar or N2 were used for ND particle synthesis. The average size of the nanoparticles was between 

25-50 nm. The use of microwave torches applied to the synthesis of free-standing nanodiamonds was 

also reported by [63]. It describes, in a very detailed way, the production of several diamond polymorphs 

(cubic, n and hexagonal diamond phases) through the decomposition of ethanol in a microplasma 

environment. The few NDs can be observed among many other carbon allotropes (e.g. nanospheres of 

carbon, graphene, etc.) as evidenced by the presented Raman and XPS results. The average particle 
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size obtained was between 2-5 nm. Interestingly, it is confirmed the effect of hydrogen addition in the 

purification of the synthesized product, allowing the production of pure nanodiamonds, however, the 

presented results have demonstrated indication of acid purification of NDs before HRTEM analysis. The 

percentage of ethanol vapour that was injected into the argon plasma, was around 0.02 % which is 

considerably low. In the article is mentioned that several arrays of microplasma apparatus could be a 

way to easily achieve production rates > 1g.h-1, however, it does not mention the total cost 

corresponding to one apparatus. Our method is predicted to use a single plasma, where the scalability 

of the method is achieved by using larger tubes or precursor flows. 



 
 

III.3 Material characterisation techniques  

III.3.1 Electron microscopy – SEM and HRTEM 

III.3.1.1 Theoretical background 

Electron microscopy [65] was developed in the 1930s, when Ruska and Knoll published a paper 

describing how focusing an electron beam through electromagnetic lenses, could lead to imaging. A 

microscope resolution is limited by the radiation wavelength used to probe the object. Visible light, 

whose wavelength range from 300 nm to 700 nm, can only resolve dimensions of the order of its 

wavelength, and thus the achievement of higher resolution is dependent on the use of radiation with 

shorter wavelengths. Matter, as shown by Louis DeBroglie, also possess wave-like features, and 

electrons by being smaller than the atoms, would in principle allow the achievement of sub-atomic 

resolutions. Indeed, its wavelength (ignoring relativistic effects) can be shown to be:  

𝜆 ≅  
𝑘

√𝐸
  (III.3) 

Where λ is the electron’s wavelength, E the energy and k=1.22, a constant with the correct 

physical dimensions. For example, by accelerating electrons with electric fields of energies about 100 

keV, wavelengths as short as 4x10-3 nm can be achieved, about 100x smaller than the typical diameter 

of an atom. The general scheme of an electron microscope is: i) electron gun; ii) magnetic lenses 

system; iii) image recording system. The “electron gun” can work either by thermionic emission or field 

emission, being the emitted electrons accelerated by an electric field, and collimated in beams by coils 

situated inside the electron gun. The magnetic lenses system works as the imaging system (in analogy 

with glass lenses used to focus light), directing the beam to the sample.  

The principal electron-based microscopies are the Transmission Electron Microscopy (TEM) and 

the Scanning Electron Microscopy (SEM) [66]. These two microscopy techniques are powerful tools 

when applied to material analysis, but with different potentialities. This fact resides in the different ways 

that TEM and SEM create an image; whereas TEM works with the transmitted beam (which is 

scattered/diffracted), SEM uses the backscattered or the knocked-off electrons to create a sample’s 

surface image. In that way, TEM gives the possibility to obtain information about the inner structure of 

the sample, such as the crystal structure, morphology, defects, etc. and SEM provides information about 

the sample’s surface and elemental composition. Although remarkedly different, SEM and TEM can be 

combined in the form of STEM, which allows to scan the sample’s area while forming the image with the 

transmitted electrons. When working in STEM mode, the microscope allows the use of other signals, 

such as X-rays and electron energy loss, in spectroscopy techniques such as EDX and EELS. 

TEM, in principle, can achieve subatomic-level resolution based on the electron wavelength. 

However, due to lens aberrations like spherical and chromatic aberrations, the resolution is limited to 

about 0.14-0.17 nm (about 100x times worse than the electron wavelength). Recent techniques, based 
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on spherical aberration-correction, led to improvements in the resolution, and modern instruments 

working in TEM mode (also STEM) are now able to achieve image resolutions <50 pm. For this reason, 

TEM became known as HRTEM, and its magnification power can go up to more than 50 million times. 

The typical electron acceleration voltages used in TEM/HRTEM are between 60-300 kV, and the 

analysed sample needs to be extremely thin to allow for a significant beam transmission (<150 nm). 

SEM on its turn uses much lower acceleration voltages (1-30 kV) and has lower magnification (up to 1-

2 million times) and resolution (~0.5 nm) powers. However, it does require little (or not at all) sample 

preparation. Another fundamental difference between SEM and TEM is the type of obtained images. 

Whereas SEM can probe the three-dimensional structure of the sample, TEM is limited to two-

dimensional images which are different depending on the sample’s orientation. 

HRTEM/SEM are commonly applied to nanodiamond structural analysis [67] as their typical 

dimensions are of the order of the nanometre. It allows a detailed analysis of the particle’s atomic 

structure. In Figure III.6. are represented a SEM and HRTEM image of detonation soot and a spherical 

detonation nanodiamond presenting twinning defects.  

III.3.1.2 Experimental procedure 

SEM characterisation of the samples was performed by a JEOL, JSM-7001F field emission gun 

scanning electron microscope, operating in secondary electron imaging mode (SEI) using 15 kV 

accelerating voltage. The samples were deposited on a double-sided conductive carbon tape, mounted 

on an aluminium stub. The sample analysis met some problems, as the electron beam started to interact 

with the sample causing a phase transition from amorphous carbon/nanodiamonds to carbon-onion 

shells, as described in [52]. To prevent this phase transition, the solution adopted was to reduce the 

exposure time, in detriment of the resolution. 

Figure III.6 - (Left) Typical SEM image from detonation nanodiamond powder produced from a mixture 
of TNT and RDX (proportions 60/40) purified with nitric acid. (Right) HRTEM image showing a 5nm ND 
with multiple-twinning [29]. 
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III.3.2 X-ray diffraction (XRD) 

III.3.2.1 Theoretical background 

XRD [68] is a technique that uses the diffraction of X-rays (wavelengths from 0.01 to 10 nm) in a 

solid to characterize crystals at atomic level. A crystal is defined by an ordered atomic structure, where 

the atoms have fixed distances between them. The typical dimensions of a crystal’s lattice, i.e. inter-

atom distance, are of the order the angstrom (10-10 m) close to the X-ray’s wavelength. The XRD 

spectrum obtained represents the “fingerprint” of a crystalline structure, as there are never two crystals 

with the same diffraction pattern.  

The crystal is irradiated with X-rays that are scattered by the atoms with different angles, either 

continuing its path within the crystal (absorption) or being redirected out of the crystal (reflection). The 

reflected X-rays can interfere with other X-rays reflected by other atoms. As the X-rays reflected by 

different atoms have different optical paths, they will interfere constructively, if and only if, their path 

difference is a multiple of the X-ray’s wavelength. This difference can be mathematically expressed in 

terms of the inter-atomic distances and the X’ray’s incidence angle as: 

2 𝑑ℎ𝑘𝑙  sin 𝜃 =  𝑛𝜆   (III.4) 

Where dhkl represents the distance between the atoms, θ is the incidence angle (or reflection) and 

λ is the radiation wavelength. The distance between the atoms is characterized by three sub-indexes, 

(h,k,l), which correspond to the so-called Miller indexes. Different crystals have their atoms organized 

in different geometries. Depending on the orientations, the atoms will form different atomic planes which 

are characterized for different inter-atomic spacings (dhkl). Depending on the crystal geometry, different 

mathematical expressions can be derived to relate the inter-planar distances with the Miller indexes.  

For the cubic and hexagonal cases, the formulas are: 

1

𝑑2 =
ℎ2+𝑘2+𝑙2

𝑎2   (III.5) 

1

𝑑2 =
4(ℎ2+ℎ𝑘+𝑘2)

3𝑎2 +
𝑙2

𝑐2  (III.6) 

The parameters a and c are the cell parameters: a cubic cell is defined by one parameter a for 

the edge size, but the hexagonal cell needs two different parameters, a for the hexagon edge and c for 

its height. 

III.3.2.2 Experimental procedure 

The obtained XRD spectrum will contain peaks located at certain 2θ positions that can be related 

with different inter-atomic distances. A crystal, with a fixed geometry, has a discrete number of possible 

reflections, each one causing the appearance of a diffraction peak in the spectrum. The analysis of the 
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XRD spectrum can be conducted with different levels of profundity; the 1st level, identification, consists 

in associating the observed peaks with the correspondent crystalline phase (several different crystalline 

structures may be mixed within a sample). At the 2nd level, through spectral analysis, a more refined 

analysis allows to get information about the crystalline size, strain, and quantitative analysis. In Figure 

III.7 is shown several spectra from different ND powders, showing the presence of the characteristic 

diamond peaks from different phases (cubic and hexagonal). 

Several experimental factors may affect an XRD spectrum, from both instrumental and physical 

origin, leading to peak enlargement and deviations from the “true” peak angular positions. Peak 

enlargement can be useful, providing information about the crystallite size and strain, however, if the 

sample contains a large percentage of amorphous material (non-crystalline structures), the peaks will 

present severe broadness. Moreover, there is an inherent instrumental broadening. The peak’s angular 

positions can be affected by systematic errors, related with the sample holder position in the 

diffractometer but also with the radiation wavelength used. A common wavelength used is the Cu-Kα 

emission, which corresponds to two different emissions, Cu-Kα1 e Cu-Kα2. These different wavelengths 

generate two independent diffraction peaks, which can appear convoluted, if the instrument resolution 

is not enough. Furthermore, the sample preparation may influence the relative intensities, if the 

crystallites are preferentially oriented in some direction, introducing anisotropy in the measurement.  

Figure III.7 - XRD patterns of NDs. (A) NDs from graphite precursor. (B) NDs from graphite-RDX 
mixture. (C) NDs from detonation wet synthesis. The main diamond peak (111) is fitted assuming a 
Pearson VII shape [29]. 



 
 

III.3.3 Raman spectroscopy 

III.3.3.1 Theoretical background 

Raman spectroscopy [69] is a type of vibrational spectroscopy based on the Raman scattering, 

also known as the inelastic scattering of light. In the Raman scattering, an incoming photon can excite 

phonons (quanta of the crystal lattice vibrations) being the outcoming photon shifted in frequency. These 

phonons are originated by the resonance behaviour of the molecular bonds “normal modes” with the 

incoming photons frequency, generating net changes in the bond polarizability and consequently, 

vibrations in the solid. Raman spectroscopy is commonly used to characterize carbon nanostructures 

from zero to three dimensions (0D – 3D), such as graphite/diamond, graphene, carbon nanotubes and 

fullerenes [70].  

When applied to nanodiamonds, Raman spectroscopy can be used to obtain information about 

the crystal size, sp3/sp2 ratio, particle’s surface chemistry and homogeneity. A standard ND Raman 

spectrum does not exist, being strongly dependent from the synthesis method employed in the ND 

synthesis and/or post-synthesis treatments. However, some common features were identified in the 

course of the investigations and generalized for all ND spectra [39]. Diamond has a characteristic sharp 

Raman peak present at 1333 cm-1. Due to the crystal size reduction, this peak gets shifted towards lower 

wavenumbers (ca. 1326 cm-1) being also broadened while developing a shoulder at ca. 1250 cm-1. This 

shoulder appears due to particle’s size reduction or the existence of smaller coherent scattering domains 

(within the particle). As ND particle’s surface has a rich chemistry, the influence of the several different 

functional groups (attached on the surface) can also be identified in the Raman spectrum. Two common 

features are seen at 1640 cm-1 (O-H vibrations) and 1740-1760 cm-1 (C=O stretching). Also reported, is 

the presence of two modes at ca. 1150 cm-1 and ca. 1450 cm-1, which are attributed to trans-

polyacetylene [71,72].  

Due to either particle’s surface reconstruction or material contamination, sp2 carbon contributions 

are frequently present in the Raman spectrum with two principal features, the D-peak (ca. 1350 cm-1) 

and the G-peak (ca. 1580 cm-1). These modes are proper of sp2 carbon rings, being necessarily 

attributed to graphite. The D-peak shows a dispersive character, red-shifting with the increase of the 

excitation wavelength. The G-peak, if caused by graphitic sheets, has its position affected only by the 

reduction of the crystal size, going from 1580 cm-1 to ca. 1600 cm-1 for nanocrystalline graphite. This 

peak is also present in case of amorphous-carbon, where a mixture of sp2 and sp3 bonds occurs, 

demonstrating more complex behaviour, including dispersion. Summarizing, the features are numerous, 

and employing Raman spectroscopy for nanodiamond’s characterisation is difficult [71]. 

III.3.3.2 Experimental procedure 

The measurements were conducted using a LabRAM HR Visible (Horiba Jobin-Yvon) Raman 

spectrometer with 1 cm-1 spectral resolution and a He-Ne laser with a laser spot size of 2 m. The power 

of the laser, Pl = 0.054 mW, was kept low to avoid sample overheating and damage. Synthesized 
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nanostructures were freely suspended on a glass substrate and the Raman spectra from different 

regions on the substrate were obtained. Several wavelengths were used in the case of ND samples, 

456nm, 515 nm e 633 nm. 

Experimentally there are several factors that affect the obtained spectrum. First, when the heat 

conduction is low (presence of amorphous material), the sample can overheat despite keeping the laser 

power low, which in turn influences the Raman spectra causing several modifications in the spectrum, 

including shifts in the peaks. Second, except for UV excitation, the Raman spectra are dominated by 

the sp2-carbon, because the excitation resonates with the π-bands, in detriment of the sp3 bonds. At 

visible wavelengths, visible Raman spectroscopy is 50-230 times more sensitive to sp2 sites, which 

difficults the measurement of the sp3-sites signals [73]. 

 



 
 

III.4 Experimental setup 

III.4.1 Experimental scheme 

Figure III.8 - Experimental setup scheme used on ND experiments. 

The nanodiamonds experiments were conducted on a microwave plasma sustained by surface 

waves at 2.45 GHz. A schematic representation of the experimental setup is presented in Figure III.8. 

Microwaves with a maximum power of 1 kW and with a frequency of 2.45 GHz travel through waveguide 

elements (WR-340) and are delivered to a wave-launcher, a waveguide-surfatron, where the power is 

coupled to a quartz tube, through which the background gas, argon, is being injected under laminar flow 

conditions. The precursors are delivered into the plasma region through a thinned concentric quartz 

tube (5mm/3mm external/internal diameter).  
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The discharge is ignited, first, with only argon, creating a filamentary plasma. The precursors are 

then added to the discharge, making it more compact and with a characteristic pulsing. The colour, 

originally violet, turns to green, characteristic of the carbon molecular emissions.

III.4.2 Experiment constituents 

III.4.2.1 Precursors injection system 

The flow of the gases is controlled by flowmeters Brooks, model 5850TR (Figure III.9, right). The 

readout of the flowmeters is calibrated relatively to nitrogen (N2). When other gas is used, the flowmeter 

needs to be calibrated with a conversion factor, supplied on a table that comes on the installation and 

operation manual supplied by the manufacturer. 

Argon and the precursors (CO2 and CH4), are supplied by pressurized gas cylinders and are 

separately conducted through independent injection lines, with 6 mm of external diameter and 1 mm 

wall thickness (Figure III.9, left).  

Figure III.9 - Tube where both background precursors gases are injected to the plasma (left image). 
Flow mass controllers (right image). 
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III.4.2.2 Microwave generation and power transference 

The microwave power is provided by a generator SAIREM GMP 20KED B with IR mode (Figure 

III.10). The generator is composed by a high-voltage source and a magnetron working at 2.45 GHz. The 

generator’s maximum power is 2 kW, under different operation modes (pulsed, continuous, etc.). In the 

generator front panel screen are showed the values of reflected power, applied power and the tension 

at the filament in the magnetron (4.5 V). If the reflected power reaches 400 W, the device is turned off 

as a safety measure. The power is adjusted manually by rotating a knob. The generator is fed with a 

triphasic current of 200-208 V, but it can operate at monophasic current with 230 V. The magnetron is 

water-cooled, in series with the water load located at the 3rd port of the circulator (Figure III.11).  

The microwave power is delivered to a waveguide element (WR-340) through a 3-port circulator. 

The circulator is a type of directional coupler which transmits all the incoming power, at one port, in 

clockwise direction. In this case, the 1st port is connected to the exit of the magnetron, the 2nd port is 

connected to the rest of the waveguide system, and the 3rd port is connected to a water container, that 

is constantly being renewed and acts as a dissipative load designed to handle up to 400 W of microwave 

Figure III.10 – Magnetron used to generate the microwave power. 

Figure III.11 – Circulator. 
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power. In this port is also located a crystal detector to measure the reflected power, which is shown on 

the generator front panel screen.  

The stub on the waveguide is an impedance matching element that introduces a small 

perturbation in the otherwise perfect rectangular cross-section waveguide, changing the balance 

between forward and backward propagating waves. The short-circuit modifies the effective length of the 

waveguide system, allowing the positioning of a strong electric field region at the centre of the wave-

launcher, promoting the achievement of maximum coupling efficiency, thus minimizing the reflected 

power measured at the 3rd port of the circulator. 

The microwaves are finally delivered to the wave-launcher, a waveguide-surfatron, that works as 

a propagation mode converter, from rectangular to cylindrical geometry, applying the microwave power 

in the plasma. The waveguide-surfatron is a surface-wave launcher that creates a wave propagating 

along the interface between the plasma and the dielectric tube surrounding it, which in this case is 

quartz. Finally, the waveguide-surfatron is placed between the stub system and the movable short-

circuit. The complete assemble of the waveguide system is shown on Figure III.12. 

III.4.2.3 Material collection and gas extraction systems 

The synthesized material and gas flows down through the reactor, being conducted to an external 

circuit. The material that follows from the gas stream is first collected on a filter placed right after the 

plasma reactor. The material not retained in this first region continues its course through another tube 

that leads to a second container partially filled with water, where structures that escaped are captured. 

The remaining gases are extracted by an exhaust system.  

III.4.2.4 Cooling system: Compressed-air and water 

To cool down the several components of the experimental apparatus, compressed-air and water 

are used. The water circuit is composed of two sub-circuits running in parallel. One serves the water 

Figure III.12 - Waveguide elements. Short-circuit, launcher, waveguide WR-340 and circulator (from left 
to the right). 
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deposit in the circulator in series with the magnetron head, the other cools down a cooper water sleeve 

of the inner conductor of the coaxial element in the waveguide-surfatron. Common tap water is used in 

both circuits. Compressed-air is used to cool down the plasma reactor wall near the gap of the wave-

launcher. A custom-made adapter couples the compressed-air to the space between the coaxial inner 

conductor of the waveguide-surfatron and the exterior wall of the quartz reactor.



 
 

III.5 Results and discussion 

Direct and simultaneous synthesis of nanodiamonds and graphene sheets was achieved, using 

the experimental apparatus described in section III.4. Methane (CH4) and carbon dioxide (CO2) were 

used as carbon precursors. The argon flux and the microwave power were kept constant for all 

measurements, while the ratios of CO2 and CH4 were varied, respectively, between 20-60 sccm and 20-

80 sccm. The results of two different samples (Table III.2) are analysed and discussed. 

Table III.2 - Experimental conditions of the two best samples produced on the nanodiamond 
experiments. 

III.5.1 Plasma characterisation 

The emission spectrum of the Ar/CO2/CH4 plasma in the range 200–680 nm, close to the 

launcher, in the plasma hot region, was measured (OES) with the plasma tuned for the experimental 

conditions of the sample ND2 (Table III.2). In the spectrum was detected, predominantly, the presence 

of the C2 Swan band (electronic transition d3Πg → a3Πu), with several different vibrational transitions 

identifiable at 473.7 nm (1→0), at 516.5 nm (0→0) and at 563.5 nm (0→1) (Figure III.13, left).  

Furthermore, the OH Q1 branch, in the range 307.5-315 nm was measured and used to determine 

the gas temperature through the classical Boltzmann plot method. Finally, the atomic line corresponding 

Sample QAr (sccm) QCO2 (sccm) QCH4 (sccm) P (W) 

ND1 2000 60 20 1000 

ND2 2000 20 40 1000 

Figure III.13 – Emission bands of the diatomic molecules C2 (left) and CN (right). Intensities are 
normalized. 
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to the hydrogen, the Balmer-alpha line Hα (656.3 nm) was also detected. As the plasma reactor is 

sustained at atmospheric pressure conditions, thus containing air, the transition line (0→0) at 388.3 nm, 

belonging to the CN violet system (electronic transition B2Σ+→X2Σ+) was also detected (Figure III.13, 

right).  

The relative intensities of the detected bands indicate that the carbon dimer (C2) dominates the 

emissions close to the launcher, particularly the line corresponding to the (0→0) vibrational transition 

(ΔE = 2.5 eV) which explains the plasma typical green colour. The OH spectrum was detected in the 

range 307.5 - 315 nm, also close to the launcher, directly from the plasma hot region. The spectrum, 

normalized, is presented in Figure III.14 (left). The temperature estimated. was T≈ 2030 K at the axial 

position, close to the launcher from where the plasma emission was collected. 

FT-IR analysis of the outlet gas stream has been performed in the cases where plasma was 

turned on or off to analyse the precursor's conversion efficiency and detect the composition of the gas 

flux going out of the reactor. The spectrum was collected in the range 500 and 4000 cm-1 for the 

experimental conditions corresponding to sample ND1 (Figure III.15). When the plasma was off, the 

identifiable lines belong to the precursors used, CH4 and CO2. When the plasma was turned on, a clear 

reduction in the intensity of the precursors lines and the appearance of new lines is seen, belonging to 

carbon monoxide (CO) and acetylene (C2H2).  

Figure III.14 - (left) Rotational band spectrum of the OH radical. (right) Boltzmann plot and respective 
linear fit (experimental conditions of sample ND2). 
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From the relative precursors line’s intensities, it is possible to conclude that the precursors are 

converted in the argon plasma, into other species, with an efficiency ~50 %. Such low conversion can 

be attributed to the high reactivity of the carbon dioxide molecule: although disassociating inside the 

plasma, when close to the reactor’s walls it becomes CO2 again. Relatively to the by-products of the 

reactions, particularly carbon monoxide, which is detected in higher intensity, is highly toxic, which is a 

setback when considering this plasma method, a “green” solution on the synthesis of the pretended 

carbon nanostructures. 

Figure III.15 – FT-IR spectrum of the outlet gas stream with the plasma turned on and off for sample 
ND1 conditions. 



 
 

III.5.2 Material characterisation 

Material characterisation was done using the techniques described in section III.3: -SEM/HRTEM; 

-Raman; -XRD. 

III.5.1.1 SEM  

SEM, with a resolution of 100 nm, was employed as the 1st characterisation technique, to evaluate 

the sample’s morphology. If graphene (sp2) is being produced, it is expected the presence of sheet-like 

structures, identifiable through the smooth surfaces, optical transparency and the brightness in the 

regions where the sheets are folded. Conversely, if particle-like (sp3) structures are the main observable 

feature, it is expected a higher probability of finding diamond-like particles in that sample. The 

comparison between the SEM images from samples ND1 and ND2 is conducted. 

The SEM image belonging to the sample ND1 (Figure III.16) sample reveals that the main feature 

produced is graphene-sheets, although mixed with other structures. The SEM image from ND2 (Figure 

III.16), on the other way, shows particle clusters. This image resembles the SEM image shown in Figure 

III.6 (a), from detonation soot as produced. The scenario was repeated for all SEM images taken from 

different regions of the sample, attesting the sample’s homogeneity. 

Interestingly, the change in the ratios of the precursors, while keeping the other parameters fixed, 

led to the nucleation of remarkably different structures, going from graphene (ND1 sample) to carbon 

particles (ND2 sample). This result was obtained by increasing the methane flux relatively to the carbon 

dioxide flux.  

Figure III.16 - SEM images for samples ND1 (left image) and ND2 (right image). 



39 
 

III.5.1.2 XRD 

The XRD spectrum of ND2 (Figure III.17) show the presence of several peaks. The prominent 

feature of the spectrum is the peak at 25.9o, which is attributed to the plane (002) of graphite. This peak 

is the defining peak of the graphitic phase, which based on its intensity means that graphite is the 

dominant phase in the sample. The inter-planar distance calculated (using equation III.5) based on its 

2θ position (d = 3.44 nm) is higher than the expected theoretical value. This indicates that the graphite 

sheets are “less-bounded” than in a typical graphite crystal. Other peaks were also found, associated 

with several diamond polytypes, such as cubic-, hexagonal (Lonsdaleite)- and n-diamond, being the 

data compiled in the Table III.3.  

Due to the presence of amorphous material, some broadness is observed in the XRD spectrum, 

which affects the peak’s resolution, however it is clear that diamond phases exist, possibly in the form 

of different polytypes as the obtained spectrum fits the different spectra. Interestingly, another diffraction 

line fitting the spectrum is the line corresponding to a reflection of the plane (200), forbidden for the 

cubic-diamond (symmetry). This line has been attributed to another diamond polytype, n-diamond.  

Figure III.17 – XRD spectrum from sample ND2. Different diamond phases are represented with 
different colours. 
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Table III.3 - Peaks present on the XRD spectrum of sample ND2. 

III.5.1.3 HRTEM 

The results of XRD showed that diamond-like structures are very likely to exist in the sample ND2 

in the form of several diamond polytypes. To prove conclusively that this analysis correct, HRTEM was 

used for crystalline structure identification. Figure III.18 shows the presence of crystalline structures 

with diameters in the range 5-10 nm. To measure the distance between the atomic planes, the Fast 

Fourier-Transform (FFT) algorithm was applied to the regions where the crystalline structures were 

identified, and the results crossed with the XRD analysis.   

FFT results show the presence of bright spots whose position from the central spot can be related 

to different atomic planes. In Figure III.18, the distances measured were 0.2 and 0.14 nm. Crossing this 

with the information in the Table III.3, it is concluded that these estimated distances can be matched 

with the interplanar distances extracted from the diffraction angles. Although the distance 0.2 nm could 

be associated with the planes belonging to cubic-diamond (111), hexagonal-diamond (002) and graphite 

(101), the distance 0.14 nm can only be a consequence of a reflection of the hexagonal-diamond plane 

(102).  

2θ (o) dexp(Å) 

Graphite Hex. Diamond (Lonsdaleite) Cubic-Diamond 

dteo(Å) h k l dteo(Å) h k l dteo(Å) h k l 

25.9 3.440 3.376 0 0 2 - - - - 

41.5 2.176 - - 2.190 1 0 0 - - 

42.9 2.108 2.139 1 0 0 - - - - 

43.9 2.062 2.039 1 0 1 2.060 0 0 2 2.060 1 1 1 

45.8 1.981 - - 1.920 1 0 1 - - 

52.5 1.743 - - - - 1.780 2 0 0 * 

55 1.670 1.681 0 0 4 - - - - 

60.5 1.530 - - 1.500 1 0 2 - - 

77.8 1.228 - - 1.260 1 1 0 1.260 2 2 0 

78.8 1.215 1.234 1 1 0 - - - - 

81.5 1.181 - - 1.170 1 0 3 - - 

82.5 1.169 1.160 1 1 2 - - - - 

85.5 1.136 1.121 0 0 6 - - - - 
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Concluding, the sample ND1, based on SEM analysis, showed the presence of graphene sheets 

mixed with sp3 carbon structures. ND2 showed that mainly particle-like structures were present. Further 

analysis with XRD and HRTEM showed conclusively that diamond crystalline structures existed within 

the sample, and although it is dominated by graphitic carbon, the presence of diamond-phases cannot 

be doubted. Using FFT, it was further possible to identify the distances between lines of atoms and 

correlate those with the XRD results. The conclusion is that hexagonal-diamond phase exists, but there 

is also evidence of cubic- and n-diamond

Figure III.18 – HRTEM image from sample ND2. In the image are visible two different crystalline 
structures. The interplanar distance was estimated by doing the FFT of the ordered regions, being the 
estimated distances 0.2 nm and 0.14 nm. 

0.2 nm 

0.14 nm 



 
 

III.5.1.4 Raman spectroscopy 

The Raman spectrum from sample ND2 was analysed at three different wavelengths: 456 nm, 

515 nm and 633 nm, being the full spectra represented in Figure III.19. All spectra show a main broad 

band located from 1000-1800 cm-1. The spectrum ND2-633 nm has an additional peak, located ~2650 

cm-1, which is not present on the other spectra measured with different wavelengths and could be 

attributed to the 2D peak (graphene). Two main features dominate the main band, located at ~1350 cm-

1 and ~1600 cm-1. These could be attributed to the Raman peaks D and G, from sp2 carbon, however, 

a closer look shows that more contributions could be extracted. Moreover, the intensity of the main band 

is lower in the spectra taken with shorter wavelengths and the feature located at ~1350 cm-1 presents a 

dispersive character. 

A detailed analysis of the main band is shown in the Figure III.20. The fit of the possible individual 

contributions was made. It is concluded that the sp2 carbon phase dominates the spectrum, as observed 

by the fitting of the peaks that should be matched with the D-, G- and D’- peaks. Moreover, the D-peak 

shows a dispersive character and its intensity decreases with the wavelength of the laser used. Two 

different G-peaks should be fitted, one considering the presence of graphene sheets (~1580 cm -1) but 

also nano-graphite crystallites, which as shown in [71], presents a G-peak located at ~1600 cm-1. The 

D’-peak surges at ~1620 cm-1 on both graphite/graphene. Beside the sp2-carbon phase, other peaks 

can be found at ~1150 cm-1, ~1250 cm-1 and ~1450 cm-1. These peaks have been attributed to the 

presence of trans-polyacetylene (Oshiro, Yamazato, Higa, & Toguchi, 2007), long linear chains of 

carbons bonded in alternating single and double bonds. The peak at ~1250 cm-1 has been considered 

as a diamond-related peak, being a consequence of the reduction of the crystalline-domains size, which 

Figure III.19 - Raman spectra of the sample ND2 at different wavelengths. 
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broadens and shifts the diamond peak (~1332 cm-1) towards smaller wavenumbers. However, this peak 

could also be attributed to trans-polyacetylene, and considering that the main diamond peak could not 

be fitted, it is unlikely that this peak should be a consequence of the diamond phase. 

Concluding, the identification of nanodiamond particles was achieved based on the combined 

results of HRTEM and XRD. However, these results are preliminary and an effort to produce more 

nanodiamonds within one sample should be conducted. Only in that way HRTEM and XRD will be able 

to provide a clearer direct evidence. The Raman spectra obtained can only be used as an indication 

and must be combined with other techniques. 

 

Figure III.20 – Detailed analysis of the Raman spectra taken with different wavelengths. 



 
 

Chapter IV: N – Graphene 

IV.1 Theoretical background  

IV.1.1 Graphene  

Graphene [74,75] is a single graphite layer, a two-dimensional hexagonal planar structure where 

each carbon atom bonds with three others, in a trigonal planar geometry. The bonds are established 

through sp2 orbitals, consisting in in-plane σ-bonds. The remaining 2pz orbital is oriented perpendicularly 

to the sheet plane, and contains the remaining electron, overlapping with a neighbour pz orbital, forming 

π-bonds. This means that each carbon atom establishes two simple bonds and one double bond with 

its three nearest-neighbours. The π-electrons are highly delocalized in energy and are the responsible 

for graphene’s electronic band structure, from where the electronic and transport properties of graphene 

are derived.  

This bonding configuration means that graphene’s lattice geometry is a hexagonal lattice (Figure 

IV.1), which consists of two sublattices, A and B, that are triangular Bravais lattices. Consequently, the 

unitary cell is defined by containing two atoms from types A and B. The unit vectors in real space are 

defined as: 

a1⃗⃗  ⃗ =
a

2
(√3, 1),     a2⃗⃗  ⃗ =

a

2
(√3,−1)  (IV.1) 

Where a is the lattice constant and is equal to 0.246 nm. The corresponding reciprocal lattice 

vectors, defined by the condition 𝒂𝑖 ∙ 𝒈𝑗 = 2𝜋𝛿𝑖𝑗, are:  

Figure IV.1 - a) Graphene's lattice, where the letters A and B denote the two inequivalent sublattices. 
b) Graphene's first Brillouin zone [75]. 
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g1⃗⃗⃗⃗ =
2π

a
(
√3

3
, 1 ),     g2⃗⃗⃗⃗ =

2π

a
(
√3

3
, −1 ) (IV.2) 

The electronic band structure of graphene (Figure IV.2) can be calculated considering just the 

contribution of the π orbitals as the σ-bonds established between the in-plane carbons are very localized 

in energy. The calculation is conducted using the tight-binding approximation, including only the hopping 

to the nearest neighbour. The resulting energy dispersion is then: 

𝐸(𝑘𝑥, 𝑘𝑦) =  ±𝛾√1 + 4 cos (
3

2
𝑘𝑥𝑎) cos (

√3

2
𝑘𝑦𝑎) + 4 cos (

√3

2
𝑘𝑦𝑎)

2

  (IV.3) 

where 𝛾 is the hopping parameter and has an experimental value of about 2.8 eV. In the energy 

dispersion formula, kx and ky are the components of the k vector (reciprocal space), and the plus/minus 

signs denote the upper (π*) and the lower (π) bands. These bands degenerate at two special point of 

the first Brillouin zone, the so-called K points (Dirac points), where the dispersion relation vanishes, and 

the Fermi energy level is located. The two carbon atoms per unit cell contribute two electrons to the π-

system, meaning that the lower π band is therefore filled, leaving the upper π* band (conduction band) 

empty. For this reason, graphene is considered a zero-gap semiconductor (or a semi-metal). 

Near the K points (Figure IV.2), the energy dispersion relation (Equation IV.3) can be 

approximated (Taylor expansion) by a linear dependence in |k|, with a proportionality constant (vF) that 

represents the Fermi velocity. This dispersion relation contrasts with the typical quadratic dependence 

assumed by the 2D electron gas (2DEG). Moreover, the Fermi velocity has a constant value, whereas 

in the 2DEG is dependent in the electronic density. The low-energy excitations in graphene resemble 

massless particles with constant velocity and became known as massless Dirac fermions [76], described 

by a massless Dirac equation. This linear energy dispersion relation has a form given by: 

Figure IV.2 – Graphene’s electronic band structure. a) Three-dimensional band structure, where a zoom 
is made in one of the Dirac points (K), showing the conic form of the band structure. b) Transversal 
section of graphene’s electronic band [75]. 
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𝐸(𝑘) = ±ℏ𝜈𝐹|𝑘|   (IV.5) 

The proportionality constant νF is the Fermi velocity, whose value is: 

𝜈𝐹 =
√3𝛾𝑎

2ℏ
≈ 106 𝑚𝑠−1  (IV.6) 

The corresponding density of states per unit cell is approximated as: 

𝜌(𝐸) =
2𝐴𝑐

𝜋

|𝐸|

𝑣𝐹
2    (IV.7) 

where AC is the unit cell area. The density of states depends linearly on the dispersion energy, vanishing 

at zero energy. The unusual graphene’s electronic band structure leads to many new properties. For 

example, the cyclotron mass is dependent on the electronic density (instead of being constant as in the 

case of the electron gas). The Klein’s paradox [77] that predicts that the chiral fermions can tunnel 

through a potential barrier (an electrostatic potential, for example) with a probability equal to one 

(although this is only strictly true for the case that there is normal incidence) and thus cannot be confined 

by an electrostatic potential.  

Graphene’s properties under a perpendicular magnetic field (B) applied to the sheet are also 

different from the conventional 2DEG. First, the cyclotron frequency scales with √𝐵, instead of the linear 

dependence on B. For this reason, the quantum Hall effect observed on graphene subsists even at room 

temperature (for sufficiently high magnetic field) whereas in a 2DEG, is only observed for low 

temperatures. Moreover, the quantum Hall effect in graphene has an integer character, which implies 

that even without the application of a magnetic field, the Hall conductivity has a minimum finite value. 

Concluding, graphene (monolayer, bilayer, nanoribbon, etc.) is an unusual condensed matter 

physics system with a behaviour that grants it a set of properties not observed in any other material. 

Those properties make it a very interesting system from both theoretical and experimental perspectives. 

For further information, the reader is referred to the excellent reviews about all the theoretical and 

experimental work developed with graphene and perspective applications [78-80]. 

IV.1.2 Nitrogen-doped graphene (N-Graphene) 

Graphene can also be used as a scaffold, from which new 2D materials can be created by doping 

with other elements such as boron, nitrogen, etc. [81] Since its isolation in 2004, one of the fields that 

graphene has been expected to revolutionize is the electrochemical energy storage devices field [82], 

where its properties such as a high theoretical specific surface (2675 cm-1) and high specific electric 

double-layer capacitance (EDLC) could lead to its application as an anode material in both 

lithium/sodium batteries and electrochemical capacitors. However, some of the challenges faced that 

has been preventing the breakthrough of graphene-based batteries/capacitors are the re-stacking 

tendency of the individual sheets leading to a lower specific surface area and the high-irreversible 
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character of the electrochemical reactions happening on the sheet’s surface leading to a lower cycling 

life. 

One of the presented solutions is the doping of graphene with other elements, particularly 

nitrogen, which by having a smaller radius than carbon and containing five valence electrons (one more 

than carbon) is a common option. Nitrogen bonds with graphene mainly through three different ways: i) 

quaternary-N; ii) pyridinic-N and iii) pyrrolic-N (Figure IV.3). From those, only quaternary-N should be 

acquainted as “true” doping, as it is the only configuration where a nitrogen atom replaces a carbon 

atom in the lattice, establishing three σ-bonds with the adjacent carbons. The remaining lone pair of 

electrons are engaged respectively in the formation of a π-bond with one of the carbon atoms and the 

other is partially contributed to the π*-state (it stays partially localized on the nitrogen), becoming part of 

the conduction band. Quaternary-N doping tends to form on mono-vacancy defects. Pyridinic- and 

pyrrolic-N doping on the other way represent a sheet functionalization. Pyridinic-N is a configuration 

where the nitrogen bonds in a hexagon of carbon atoms and involves the nitrogen atom in sp2 

hybridization bonding with two carbons in a hexagonal ring by means of two σ-bonds and one π-bond. 

It usually has the tendency to appear close to larger defects (or at the edges of graphene’s sheet), the 

lone electron pair gets withdrawn to the vacancy, generating an active spot. Pyrrolic-N, name derived 

from pyrrole, bonds with two carbons in the pentagon, with the nitrogen atom in sp3 configuration. It also 

forms preferentially close to defects or the edges. In this configuration it gives two p electrons to the π 

system.  

Introducing nitrogen atoms in graphene, leads to the modification of graphene’s electronic and 

electrochemical properties, without affecting its intrinsic properties [84,85]. The main modifications 

induced by the nitrogen doping are: -creation of bandgap [86]; -generation of electrochemical active 

spots; -enhancement of graphene’s chemical stability (preventing re-aggregation). It is a fact that 

Figure IV.3 - Nitrogen-doped graphene lattice, showing the main nitrogen groups that are formed on 
graphene. 
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graphene is a zero-gap semiconductor, which limits its applicability in most of the electronic applications. 

With nitrogen doping, it is possible to open graphene’s bandgap, either above (n-doping) or lower (p-

doping) than the Fermi level [86]. Nitrogen doping is also an effective way to modulate the 

electrochemical properties, by increasing the quantum capacitance (Quaternary-N doping leads to an 

increase of the conductivity) and introducing pseudo-capacitance (Pyridinic- and Pyrrolic-N), also 

creating anchor places for cations, displaying a higher electrocatalytic activity than graphene. 

The doping of graphene with nitrogen atoms is reported to modify, not only graphene’s electrical 

properties but also the optical and magnetic properties [83]. It is also a fact that the different doping 

configuration leads to different properties. Nitrogen higher electronegativity, compared to carbon (3.04 

to 2.55 on Pauli scale), causes a modification in the electronic charge distribution on graphene scaffold. 

Graphene in its single-layer form is optical transparent displaying photoluminescence quenching 

properties, by doping it with nitrogen it is possible to enhance the PL of graphene significantly. Moreover, 

this emission peak intensity is dependent on the doping level, by red-shifting with the increase of the 

doping level. Magnetic properties are also reported to change with the nitrogen doping. Pyridinic- and 

pyrrolic-N are reported to have a significant effect on the spin distributions.  

IV.2 Synthesis methods and applications 

IV.2.1 Synthesis methods – General 

Dope graphene with nitrogen can be achieved by many different methods, divided into “direct 

methods” (also known as “in situ”) or “post-treatment methods”. This separation is a consequence of 

whether the doping is conducted during the graphene’s synthesis stage or if it done on previously 

synthesized graphene.  

Several methods recently became available for synthesis of N-graphene [83,84,87]. Within direct 

methods are CVD [88-91], solvothermal synthesis [92] (or Wurtz-type reductive reaction), arc 

discharge [93,94] and segregation growth [95,96]. Post-treatment methods include hydrothermal 

synthesis [97-99] (wet-chemical methods), thermal annealing [99-103], and irradiation methods 

(particles and photons) [104-107]. 

IV.2.1.1 Post-synthesis methods 

 The use of graphene oxide (GO), synthesized in large scale by chemical exfoliation of graphite, 

has been reported as an effective and large-scale way to synthesize NG. The synthesis can be 

achieved, by submitting the GO, either to thermal annealing or wet-chemical methods. Thermal 

annealing submits the GO to high temperatures under an atmosphere containing the nitrogen precursors 

(commonly NH3), sometimes joined with a background gas to assist in the nitrogen precursor 

decomposition. This method works in a two-fold way: i) attempts to recover the sp2 carbon network by 

burning out the oxygen; ii) achieves nitrogen doping in the presence of the nitrogen precursors. The 
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annealing temperature is a crucial factor on the doping process, intervening on both doping level and 

bond configurations. 

Another form is the use of hydrazine hydrate for N-graphene synthesis by reducing Graphene 

oxide in a solution of NH3 and N2H4. The nitrogen content reaches up to 5 % when the reduction 

temperature is about 80 oC; however, the absorbed N2H4 takes a nonnegligible proportion in the total 

nitrogen content. If the reaction temperature rises to 160 oC or higher, the N2H4 will be desorbed and 

the nitrogen content decreases to ~4 at. %. Interestingly, the morphology of N-graphene also changes 

with the temperature. Hydrothermal method is a chemical method that usually uses graphene oxide 

mixed with different N precursors (urea, ammonia, etc.). Although it is time-consuming and multistep it 

consists of simple and reproducible methods with a good yield, making it a promising method for N-

graphene production. Irradiation methods consist on irradiating the GO sheets with high-energy particles 

and radiation. The purpose is to create defects in the sheet, which supposedly assists the insertion of 

the N atoms in the scaffold. In [104], the irradiation with N+ ions was followed by the annealing in NH3 

atmosphere, in [105] and [106] the use of irradiation was used to active the surface and simultaneously 

reduce it. Curiously, in [107] Ozone/UV treatment was used to insert the oxygen atoms of the material’s 

surface, creating activation spots and followed by annealing in NH3 atmosphere. Although these 

methods are pointed as easy ways to achieve large-scale and cheap production, and higher doping 

levels, the material obtained is usually highly oxidized which affects the material electrical conductivity. 

IV.2.1.2 Direct-synthesis methods   

Chemical vapour deposition (CVD) is a method used to synthesize graphene films being also 

applied for the direct synthesis of NG. CVD synthesis uses solid, liquid and gaseous carbon and nitrogen 

precursors, under high temperatures (from 400o to 1000o C) and low/atmospheric pressure, to dissociate 

them and promote its precipitation on a substrate, usually a Si/SiO2 wafer (hundreds of nanometres) 

coated with a metal catalyst (Ni or Cu), being the final product a NG film. CVD has some advantages; it 

allows the growth of large, continuous, defect-free, single- or few-layered NG films. Furthermore, the 

method presents some controllability in the number of layers, doping level and on the way that nitrogen 

bond within graphene scaffold. However, the experimental apparatus required to establish the 

necessary conditions turns it into an expensive method, and the final product is in the form of a film, 

which limits its range of applicability. Although there are separation processes, these constitute another 

extra-step which involve the use of chemicals, increasing costs. The transfer of graphene from the 

original substrate to the arbitrary substrate without deteriorating the crystallinity of the graphene is still 

a challenging task. Either gas and liquid mixtures can be used to form N-graphene. Studies have shown 

that the use of liquid precursors is fundamental to the formation of N-graphene. The reason lies on the 

skeletal bonds that these organic and more complex molecules have that contribute better to the 

synthesis of N-graphene. Acetonitrile, pyridine and urea are two precursors that have been used in liquid 

form. Within gas mixtures, the most common seems to be CH4/NH3, although other hydrocarbon gases, 

CnHm, have also been used. Layer distribution of the synthesized N-graphene depends strongly on the 

precursor used, being also dependent on the flowing time. To achieve a uniform-layer film is challenging, 
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but results report films with few-layer from the CH4/NH3 mixture, a monolayer with the gas mixture 

C2H4/NH3. With the liquid precursor’s monolayer is reported. The nitrogen content can also be controlled 

by changing the flow rate and the ratio between carbon source and nitrogen source. Typical doping 

levels lie between 4-9 at. %. The bonding configuration of nitrogen within N-graphene varies with 

different studies. Curiously, the substrate has a strong influence on the type of nitrogen bonding. Using 

Cu as the catalyst (CH4/NH3) quaternary-N is obtained   

Solvothermal process was the 1st large-scale graphene production process, being adapted for N-

graphene production. It achieved a gram-scale production of graphene. The method is mainly chemical 

and involves reacting carbon and nitrogen precursors at moderate temperatures (around 300oC). An 

example is given by mixing lithium nitride with tetrachloromethane or cyanuric chloride with lithium nitride 

and CCl4. N-graphene with different nitrogen contents was obtained. It consists of 1-6-layer graphene.  

The arc-discharge technique consists in evaporating graphite at high temperatures where the 

evaporation is caused by passing a high DC current (120 A) through two electrodes, made of pure 

graphite. The electrodes are brought close together causing the electrical discharge, which results in 

the formation of a microplasma in the region where the electrodes touch. The discharge is carried under 

a nitrogen-containing atmosphere (NH3) at atmospheric pressure. The doping is usually low (~1%) and 

although reported as “large-scale” method (9.6 g/h), bonds mainly in pyridinic the resulting product of 

this method is multi-layered graphene, a fact well-evidenced by the Raman spectra shown on the papers 

reporting the method. In other work, a similar DC apparatus was used, however, some differences are 

to be noted. First, the nitrogen atmosphere consisted on N2 previously heated to 800oC and second the 

cathode and anode were different, being the cathode pure graphite and the anode a mixture of graphite 

and metal oxides. Also, the discharge current was significantly lower (25-30 A). However, the nitrogen 

content was low (<1%), and the produced material again multi-layered graphene (Raman spectra). 

In the segregation growth approach, nitrogen-containing boron layers and carbon-containing 

nickel layers are sequentially deposited on the SiO2/Si substrate by electron beam evaporation, then 

during the vacuum annealing process, the boron atoms are trapped by nickel, and the carbon atoms 

segregate out onto the nickel surface and combine to form N-graphene. The resulting material, on the 

surface presents large-area sheets, few-layer and uniform. The nitrogen doping content can be 

controlled by adjusting the thickness of the boron and nickel films and even specific areas can be doped 

by inserting nitrogen at specific regions of the boron layer. 

IV.2.2 Plasma-based synthesis methods 

Plasmas possess a unique set of characteristics that make them an effective tool for both 

synthesis and doping of graphene; their very reactive medium has a unique ability to activate the 

surfaces and provide the fixation of different chemical species to the graphene structure in small reaction 

times. Atmospheric non-thermal plasmas favour low-temperature material processing and do not require 

sophisticated and expensive vacuum equipment. It is also a low-power consumption method.  
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Plasma-induced methods for graphene doping consists mainly of plasma treatment [108]-[111] is 

a technique that has been employed to treat previously synthesized graphene (or GO) by exposing it to 

N2 or ammonia plasma. It was reported doping of CVD synthesized graphene by nitrogen plasma (P = 

150 W) up to 19.7 %, achieving a doping rate of about 0.06% per second. A doping level in the range 

5-15 % at the surface of graphene and HOPG was achieved using low-pressure RF nitrogen plasma 

treatment. Microwave N2-Ar post-discharge plasma was used for N-doping of free-standing graphene, 

with a maximum level of doping achieved of 5.6 %. Recently, plasma was applied for in situ doping of 

graphene by using an ammonia plasma to gas-phase control doping on graphene, however only 

achieving a doping level of about 0.4 %. 

Generally, plasma-based post-treatment seems to provide a higher level of N-doping as 

compared to the direct method. However, they have some major drawbacks. Firstly, the fact that the 

process is two-step implies that it is slower, more complex and expensive, and commonly is performed 

at low pressure. Secondly, plasma post-treatment affects the only surface of the sample which 

significantly reduces its effectiveness. The sample needs to be extremely thin to provide uniform 

distribution of dopants. Therefore, the amount of treated material per one charge is very small. The 

advantage of an in situ method of N-graphene production involves the single-step fabrication of uniformly 

doped material. Consequently, it has a potential to significantly increase the production yield with respect 

to the post-treatment methods.  

IV.2.3 Conclusions 

What are the challenges associated with N-graphene production? As it was highlighted above, 

the standardization of the properties of the produced n-graphene is far from being accomplished; the 

material properties vary strongly with the synthesis method employed. Currently, commercially available 

products (https://graphene-supermarket.com/) exhibit a large variability of physical properties, which 

heavily affects their usability. The fabrication of N-graphene meets significant unresolved problems such 

as uncontrolled N bonding type and distribution; N-doping at non-specific positions and not tuned doping 

content and most importantly, the controllable production of high-quality material on a large scale, at low 

cost and in a reproducible manner. Plasmas, with their abilities (as described previously), can come as 

effective tools to cover these challenges.

https://graphene-supermarket.com/


 
 

IV.3 Material characterisation techniques 

IV.3.1 X-Ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) [112] is a surface sensitive (penetrating as much as 10 

nm in the sample) characterisation method that provides information on the chemical bonds present in 

the samples. XPS can clearly distinguish sp2 from sp3 bonds of carbon atoms, and it is very useful for 

the detection of impurities in graphene, typically oxygen. 

XPS relies on the fact that electrons, depending on its atomic shell, have different binding 

energies. When the atoms are bonded with other atoms (covalent for example) the energy of its 

electrons suffer a small shift on the order of electron-volts in their energy, which carry the information of 

what type of chemical bond is established. The XPS technique is based on photo-effect: the sample is 

irradiated by X-ray with defined energy and photoelectrons are emitted from atomic core levels. The 

removed electrons are collected, and its kinetic energy measured. From the kinetic energy (Ek), the 

binding energy can be calculated through the formula: 

𝐸𝑘 = 𝐸𝑟𝑎𝑑 − 𝛷(IV.8) 

Where Erad is the radiation energy and Φ is the binding energy. The experiments were conducted 

on a XSAM800 spectrometer from Kratos. The characterisation involves irradiating a sample area 

around 1 mm2 with X-radiation from a Mg or Al Kα sources (1253.6 eV and 1486.7 eV, respectively) in 

ultra-high vacuum regime (10-9 bar). The irradiation happens from a fixed angle, that can be adjusted 

by tilting the sample holder. The samples are mounted on the XPS holder with a double face tape. If 

silicon is not detected, the interference of the tape spectrum can be discarded. This control indicates 

that the sample covers the tape area. The measure electrons come from the shells with a higher cross-

section, which for low atomic-number elements is frequently the 1s.  

In the case of graphene/N-graphene, the peaks scanned are the C1s, N1s and O1s. The spectra 

need correction for the electrostatic charge that gets accumulated in the sample. Being carbon the major 

contribution, identifying all the important contributions to the C1s is crucial, yielding information about 

the type of bonding between carbons (sp2 and sp3), carbon and nitrogen or carbon and oxygen. The 

N1s peak is fitted for its different functional group’s contributions. O1s is mainly used to quantify the 

sample’s oxidation state. As the exact peak’s values vary from experiment to experiment, in this work, 

the values used are summarized in Table IV.1. 
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Table IV.1 – Main XPS peaks that are detected in N-graphene samples. 

IV.3.2 Raman spectroscopy 

Graphene’s Raman spectrum is well known, both theoretically [113,114] and experimentally [115]. 

This is due to the few phonon modes that contribute to the spectrum. There are two main features in its 

Raman spectrum, the well-known G-peak (~1580 cm-1), the “graphitic peak”, which is an in-plane 1st 

order vibrational mode, and the 2D-peak (~2650 cm-1), a 2nd order process, involving two phonons and 

no defects. This peak is particularly important to distinguish between single-layer graphene and multi-

layered graphene. Single-layer graphene is characterized by a ratio of the peak’s intensities 

I(2D)/I(G)~2.5, which decreases with the increasing number of layers. Moreover, the 2D-peak is blue-

shifted for multi-layered graphene in comparison to single-layer graphene. Less important modes, but 

also present, are the D+D’’ and 2D’. When the graphene sheet has defects (either the edges and the 

in-sheet defects), other modes are activated. The most important is the D-peak (~1350 cm-1), a 1st order 

peak caused by the inelastic scattering of a phonon and a charge carrier (defect), but there’s also two 

more, D’ and a conjugation of these two modes D+D’. The peaks and its approximated frequencies are 

summarized in Table IV.2. Moreover, both D- and 2D-peak are dispersive, which means that their 

position varies as a function of the laser wavelength. 

Besides the identification of these modes, other important structural and electronic information 

can be extracted from the Raman spectrum. The effects of multi-layered graphene are particularly well 

studied. In the case where the layers are in AB-stacking, the 2D-peak splits into several peaks 

(depending on the number of layers) increasing its FWHM and becoming asymmetric, further, it suffers 

a reduction in its intensity (relatively to the G-peak) and blueshifts. This means that, for AB-stacked 

graphene, the number of layers can be derived from the ratio of peak intensities, I2D/IG, as well as the 

position and shape of these peaks. However, if the stacking is disordered (no coupling between layers), 

the intensity of the 2D does not change significantly regardless of thickness, though its position and 

FWHM can still depend on the number of layers. 

Peak Binding Energy (eV) 

C1s ~284 

C sp2 284.4 

C sp3 284.8 

N1s ~400 

Pyridinic-N 398.7 

Pyrrolic-N 400.2 

Quaternary-N 402.3 

O1s ~533 
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The D-band is used to characterize the level of ‘disorder’ of the system as it is defect-sensitive; 

possible defects can be due to bond-angle disorder, bond-length disorder and hybridization, and 

dangling bonds at the flake edges. The ratio between the integrated intensities of the G- and D-peak 

(ID/IG) can be related to the number of defects. Several empirical formulas have been employed. 

Originally Tuinstra-Kunig related the D-peak with the crystallite size of graphite. More recently studies 

concerning punctual defects on the lattice have been also studied; these punctual defects are mainly 

vacancies and double vacancies. The empirical expressions used for the distance between defects[116] 

LD and crystallite size [117] La are: 

𝐿𝐷
2 = (1.8 × 10−9)λ𝐿𝑎𝑠𝑒𝑟

4 (
𝐼𝐷

𝐼𝐺
)−1  (IV.9) 

𝐿𝑎 = (2.4 × 10−10)λ𝐿𝑎𝑠𝑒𝑟
4 (

𝐼𝐷

𝐼𝐺
)−1 (IV.10) 

where λLaser is the laser wavelength used in the spectroscopic measurements. The doping of graphene 

can be also reflected in the Raman spectrum. The characteristic modification is on the D-band, which 

due to the defects induced by the nitrogen atoms has its intensity increased. It is common to use the 

ratio of D- to G-peak to establish a comparison between doped and undoped graphene. It has also been 

reported that the ratio between 2D and G depends on the electron concentration, however, this 

characteristic can only be observed if the number of layers is kept the uniform, otherwise, it loses validity. 

Nitrogen doping has also been suggested to induce a blueshift on the G-peak due to the variation of 

charge density, however, this effect can be overshadowed by the presence of multi-layered graphene 

and the presence of defects that on its turn may induce redshift on the G-peak. 

Peak Type ~Position (cm-1) 

G 1st order 1580 

2D 2nd order / no defects 2690 

2D’ 2nd order / no defects 3200 

D+D’’ 2nd order / no defects 2450 

D 1st order / w/ defects 1350 

D’ 1st order / w/ defects 1620 

D+D’ 2nd order/ w/ defects 2950 

Table IV.2 - Peaks characteristic of Graphene’s Raman spectrum. 



 
 

IV.4 Experimental setup 

IV.4.1 Experimental scheme 

The experiments were conducted in an experimental setup like the one used in the ND 

experiments. A microwave plasma sustained by surface waves at 2.45 GHz with the microwave power 

kept at 2 kW. A schematic representation of the experimental setup is shown in Figure IV.4. However, 

some differences from the ND setup are to be noted. 

First, the reactor, where the discharge was kept, consists of a quartz tube with two different 

sections united by a conical section, the respective external and internal radii are 0.9-0.75 cm and 2.3-

2.15 cm. Second, the precursor used consisted in ammonia (NH3) dissolved in ethanol (C2H6O), in a 

mass fraction of 4 %, vaporized and dragged by the passage of argon in the container and introduced 

into the discharge through a thinned concentric quartz tube (5mm/3mm external/internal diameter). 

Third, and last, heat through IR irradiation was applied in the post-discharge region in order to influence 

both sheet growth and quality and UV irradiation to lower the oxygen level by efficiently breaking the 

bonds between the oxygen and nitrogen/carbon atoms. 

Figure IV.4- Experimental setup used for NG synthesis. 
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The discharge is first ignited with argon only, creating a filamentary plasma, as can be observed 

in the plasma picture (Figure IV.5, left picture). The addition of carbon/nitrogen precursors visibly 

modified the plasma characteristics, turning the discharge more homogenous, but with the same pulsing 

characteristic (Figure IV.5, right picture). 

IV.4.2 Experimental constituents  

As mentioned before, argon was used as background gas and its flux was varied between 1000 

and 1500 sccm. Part of this flow was conducted to the tank where the solution of ethanol/ammonia 

(QEt/Am) was kept under a sonication bath with a controlled temperature (T=40oC), to drag the 

ethanol/ammonia molecules (Figure IV.6, Figure IV.7). The precursor flow was varied in the range of 

50 to 120 sccm. The total gas flow then consisted of Qtot = QAr + QEt/Am.  

Figure IV.5 – Plasma kept using only argon (left image) and after joining the precursors (right image). 

Figure IV.6 - Detailed scheme of the precursors and argon injection system. (A) Quartz tube where the 
precursors are injected. (B) Larger quartz tube where the background gas flows. 

A 

B 
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The IR lamps were kept for an extension of 20 cm, 30 cm distant from the launcher. The wall heat 

(due to IR irradiation) was monitored using a FLIR thermal imager. The nanostructures were captured 

by a Hurricane Cyclone system (Figure IV.8) with a tangential injection of the inlet gas.  

The remaining structures not collected on the container were passed through a water tank where 

they were trapped. The UV irradiation (λ=300-400 nm, P = 4 W) was applied to the powder collected on 

the container with the main purpose of oxygen elimination.

Figure IV.7 - Sonication bath, with controlled temperature, used for the solution ethanol/ammonia (4%) 
(left image). Solution container (right image). 

Figure IV.8 – Hurricane cyclone collecting system. The collected structures were deposited in a 
container. 



 
 

IV.5 Results and discussion 

Direct and selective synthesis of nitrogen-doped graphene (NG), with ~ 0.5 % doping level, was 

achieved using the experimental setup shown in Figure IV.4. An ammonia (4 wt. %) in ethanol solution 

was used as a precursor for both carbon and nitrogen. Argon was used as the background gas to sustain 

the plasma. The samples chosen for analysis were produced using an argon flux of 1200 sccm and a 

microwave power of 2 kW, while the ammonia/ethanol flow was varied (Table IV.3). The effect of heating 

(IR irradiation) and UV irradiation in the N-Graphene sheets was also investigated. 

 Table IV.3 - Experimental conditions used for sample synthesis. 

IV.5.1 Plasma characterisation 

IV.5.2.1 OES and FT-IR 

The microwave plasma visible spectrum was collected in the range 200-900 nm from two different 

axial positions, relatively to the launcher, z= 2.5cm and 6 cm. Several atomic/molecular species were 

identified, including the C2 Swan band (electronic transition d3Πg → a3Πu) (Figure IV.9), with several 

Samples QEt/Am (sccm) QAr (sccm) Heating w/ IR (⁰C) UV 

NG1 100 1200 - - 

NG2_IR 120 1200 200 - 

NG2_IR+UV 120 1200 200 
 

NG2 120 1200 - - 

Figure IV.9 – C2 Swan band from two different axial positions, showing all vibrational transitions. 
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different vibrational transitions seen at 438.3 nm (2→0), 473.7 nm (1→0), 516.5 nm (0→0), 563.5 nm 

(0→1) and 619.1 nm (0→2), the CN violet system (electronic transition B2Σ+ → X2Σ+) (Figure IV.10), 

with the vibrational transitions at 359.0 nm (1→0), 388.3 nm (0→0) and 421.6 nm (0→1) observable. 

Moreover, atomic lines were also detected, the hydrogen Balmer-alpha line Hα (656.3 nm) and several 

Ar lines (at z=2.5 cm). From the relative intensities it is possible to conclude that the emissions from 

both C2 and CN are now comparable, which was expected as nitrogen was inserted into the plasma. 

Furthermore, the relative intensities at z=2.5 cm and 6 cm indicate that the density of C2 must be higher 

away from the launcher (z=6 cm), a conclusion not to be taken straightforward, as thermal equilibrium 

between the populations on the excited and ground state levels must be assumed. For CN, the 

emissions are higher close to the launcher (z=2.5 cm). The CN molecule emissions are higher than the 

Figure IV.10 – CN violet system band from two different plasma axial regions, showing all vibrational 
transitions. 

Figure IV.11 – (Left) OH Q1 branch in the range 307.5-315 nm. (Right) Linear fit of the relative intensities 
for the temperature estimation, based on the Classical Boltzmann plot method. 
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C2 emissions at z=2.5 cm, a tendency inversed at z=6 cm. This explains the transition of the plasma 

colour from violet to green along the axis (Figure IV.5).  

The plasma gas temperature was also estimated by the classical Boltzmann plot method, using, 

once more, the relative intensities of the Q1 branch (OH radical) taken in the range 307.5-315 nm (Figure 

IV.11). The rotational temperature of the radical OH was then estimated and assumed equal to the 

plasma gas temperature, relying on the assumption of local thermal equilibrium. The estimated 

temperature, using the Boltzmann plot method is T ≈ 3000 K.  

FT-IR was used to analyse the composition of the outlet gas flux from the plasma reactor when 

the plasma was either turned on or off (Figure IV.12). The absorption spectra measured in the range 

500-4000 cm-1. With the plasma off, the spectral lines observed correspond to the precursor’s lines, 

ammonia and ethanol. When the plasma was turned off, these lines disappeared completely, being 

substituted by new ones, attributed to acetylene and carbon monoxide. From these results is possible 

to infer that the precursors were completely decomposed inside the plasma.

Figure IV.12- FT-IR spectra of the outlet gas stream with the plasma turned on and off (conditions of 
samples NG2). 



 
 

 IV.5.2 Material characterisation 

To characterize the samples in terms of chemical composition, structure and morphology, Raman 

spectroscopy, SEM and XPS techniques were applied.  

IV.5.1.1 XPS 

The XPS analysis of the synthesized NG samples reveals the presence of nitrogen in all samples. 

A survey spectrum of the sample NG1 is shown in Figure IV.13. It is possible to see peaks about 284.5 

eV, 400 eV, and 533 eV binding energy, which correspond to the photoelectron lines of C1s, N1s and 

O1s, respectively. The detailed XPS binding energy regions detected at high resolution for N1s, C1s 

and Auger C KLL for the samples NG2, NG2_IR, and NG2_IR+UV are shown in Figure IV.14 and Figure 

IV.15. The N1s is fitted to different contributions corresponding to different nitrogen functional groups.  

In N-Graphene samples (NG2_IR and NG2_IR+UV) where the additional external heating (200 

ºC) was applied, three peaks centred at 398.7 ± 0.3 eV, 400.2 ± 0.3 and 402.3 ± 0.1 eV were identified. 

They can be attributed to pyridinic, pyrrolic and graphitic nitrogen, respectively (). N1s line taken from 

N-Graphene synthesized without additional heating (NG2), presents an extra feature at 403.2 eV, which, 

besides graphitic nitrogen, can also include nitrogen bound to oxygen, like nitroso groups.  

C 1s region shows a main peak centred at 284.4 ± 0.1 eV, assigned to sp2 carbon atoms and the 

expected energy losses associated with π-π* excitations, shifted to slightly higher binding energies. 

Less intense peaks between 285 eV and 289 eV correspond to sp3 carbon atoms bound to other 

carbons, hydrogen, nitrogen and oxygen. Another meaningful feature is the C KLL Auger regions and 

their first derivatives, which can confirm strong electron delocalization of these carbon structures which 

is a graphene’s defining feature. The D parameter, defined as the energy difference between two 

Figure IV.13 – Survey spectrum of the sample NG1. 
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consecutive absolute maximum and minimum of the first derivative, equals 20.6 eV for NG2. This value 

is close to the one reported for graphite.  

All samples show a similar D parameter, but the data from C KLL is usually noisy and needs to 

be arbitrarily smoothed. This introduces some uncertainty on the estimated D parameter, thus, no further 

conclusions can be drawn. Nevertheless, the differences detected in the fine dN/dE Auger structure 

could be related to the slightly different relative amounts of nitrogen detected. It can be noted that 

NG2_IR+UV and NG2, that have more nitrogen and are less oxidized than NG2_IR, show a relative 

Figure IV.14 - Detailed XPS C 1s regions for NG samples: a) NG2; b) NG2_IR; c) NG2_IR+UV. d) Auger 
C KLL structures of samples NG2 (black line), NG2_IR (blue line) and NG2_IR+UV (yellow line) and 
respective 1st derivatives. The curves were smoothed with several successive moving averages (width 
= 1.8 eV). 

Figure IV.15 - Detailed XPS N 1s regions of NG samples: a) NG2; b) NG2_IR; c) NG2_IR+UV. 
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maximum at ~260 eV in the Auger fine structure of dN/dE that is absent in NG2_IR. This small difference 

can be related to the different local density of the valence states which depend on the chemisorbed 

species. 

The atomic concentrations and atomic ratios for all synthesized samples are shown in Table IV.4. 

It can be seen, that the samples NG1 and NG2_IR+UV have the highest relative nitrogen amount (~0.5 

%). However, the sample NG2_IR+UV also shows the largest sp2/sp3
all atomic ratio (where “sp3

all” 

includes all sp3 carbon atoms: C-C, C-H, C-N, C-O, C=O, etc. and is less oxidized (CO < 2 %) as 

compared to the other N-Graphene samples. The decrease of the oxygen amount in NG2_IR+UV can 

be attributed to the UV irradiation, which efficiently breaks C-O bonds. Additionally, the sequence of 

heating and UV irradiation leads to a slight increase of sp2%, which means an increase in the quality of 

the NG.  

 Since NG1 and NG2_IR+UV present a similar nitrogen doping level (~0.5 %), the difference 

between their C 1s regions is shown in Figure IV.16. Prior to the subtraction, backgrounds were 

subtracted and the main peak of NG1 was normalized to the maximum of NG2_IR+UV to highlight the 

less intense spectral features: the positive peak shows that NG1 has more sp3 carbon (reflected on 

bonds like C-C, C-H and C-O) than NG2_IR+UV; the slightly negative “band” of the peaks in the region 

of π-π* excitations (between 290 and 295 eV) shows that NG1 has less delocalized electrons than 

NG2_IR+UV, pushing it further away from graphene structure. 

Figure IV.16 - Comparison of C1s peaks for sample NG1 (green) and NG2_IR+UV (black). The red line 
represents their difference, being amplified 5 times. 
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Table IV.4 – Results from XPS characterisation from samples NG1 and NG2 (all three). 

IV. 5.1.2 Scanning Electron Microscopy 

The typical SEM images of the synthesized samples of interest NG1 and NG2_IR+UV are shown 

in Figure IV.17. The images reveal the inherent characteristics for the graphene morphology, i.e. the 

smooth folded surfaces with curved edges (brighter regions). The curly and smooth features are 

observed on both images, which indicated that the graphene structure is retained after doping. The 

morphology of the samples does not change noticeably after the heating and UV irradiation. Moreover, 

when compared to graphene sheet’s SEM images, NG sheets present a higher aggregation, which could 

be a result of the doping. 

Sample NG1 NG2_IR NG2_IR+UV NG2 

QEt/Am (sccm) 100 120 120 120 

Heating °C - 200 200 - 

UV irradiation - - ✓  - 

CC (%) 96.1 97.2 97.7 97.7 

CO (%) 3.4 2.7 1.9 2.1 

CN (%) 0.48 0.16 0.44 0.22 

sp2/sp3all 2.0 2.8 3.8 2.8 

Figure IV.17 - SEM images corresponding samples NG1 (left) and NG2_IR+UV (right). 
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IV.5.1.3 Raman spectroscopy 

The Raman spectra of NG samples with the higher doping level (NG1 and NG2_IR+UV) and 

pristine graphene are shown in Figure IV.18. Each Raman spectrum shown in Figure IV.18 is an 

average of the spectra taken from different locations in the same sample. All three spectra consist of 

the same three dominant peaks at about 1332 cm-1, 1583 cm-1, and 2658 cm-1, attributed to D-, G-, and 

2D-peaks, respectively. The effect of the nitrogen doping can be correlated with the increase of intensity 

of D-peak and a decrease of the 2D-peak, measurable in the ratio between the band maximum.  

The 2D to G intensity ratio in pristine graphene (PG) is 1.5 while increasing the flow of 

ethanol/ammonia from 100 sccm to 120 sccm (NG1 and NG2_IR+UV) leads to a decrease of I2D/IG to 

1.3 and 1.28, respectively. These results point to the fact that the synthesized structures are indeed 

graphene (the ratio between 2D and G is still high enough), however with induced nitrogen defects. XPS 

results show the highest sp2/sp3
all level for the NG2_IR+UV sample, which implies the smallest relative 

number of defects.  

To account for the homogeneity of each NG sample, three spectra from different arbitrary spots 

from each sample were collected. Figure IV.19 shows the Raman spectra from NG2, NG2_IR and 

NG2_IR+UV. For the sample obtained without the application of IR and UV irradiations (NG2), the 

intensity ration of the D-band to G-band at different locations on the sample vary significantly, from 0.26 

to 0.83, while the intensity ratio of the 2D-band to G-band varies from 1 to 1.2. Similar behaviour is 

observed for the post-plasma IR irradiated material (NG2_IR). The results demonstrate a non-

homogeneous defects distribution on the graphene scaffold. However, by applying simultaneously IR 

and UV irradiation (NG2_IR+V) an increase of the intensity ratio of the D-band to G-band up to ~0.9 is 

observed. This ratio is nearly constant for the three different locations on the NG sample. These are 

preliminary results only, and more investigations should be done. Nevertheless, it seems that more 

Figure IV.18 – Raman spectra of pristine graphene (black), sample NG1 and samples NG2_IR+UV 



66 
 

homogeneous distribution of the defects, in particular, N-doping, of graphene scaffold is achieved 

applying heating and UV irradiation. Besides, the possible reason for the increase of the intensity of the 

D-line may be the increase of the N doped sites. 

Additionally, the ratio of D- to G-peak integrated intensities (ID/IG) is commonly a quantitative 

measure for the defect in graphitic materials and can be used to estimate the crystallite size (La) of 

graphene via the equation IV.2. The ID/IG of pristine graphene, NG1 and NG2_IR+UV are 0.77, 0.78 and 

0.86, which correspond to crystalline sizes 50, 49 and 45 nm, respectively. The decrease in the 

crystallite size with the increase of doping, in this case, is quite small due to the slight doping 

concentration (CN  ~ 0.5 %).  

Table IV.5 - Parameters of some lines from the Raman spectra and their intensity ratios. 

Sample I2D/IG ID/IG FWHM 2D La (nm) LD (nm) 

PG 1.556 0.623 51 50 21 

NG1 1.27 0.74 51.9 49 19.7 

NG2_IR 1.17 0.51 46.5 - 23.8 

NG2_IR+UV 1.3 0.8 53.3 45 19 

Figure IV.19 – Raman spectra from samples NG2, NG2_IR and NG2_IR+UV, from three different sample 
locations. 



67 
 

The increase in ID/IG ratio with the amount of nitrogen dopant for the samples NG1 and NG2_IR+UV 

clearly show the presence of defects due to the doping, which is consistent with the XPS results. The 

widths of D, G and 2D-peaks in NG samples are slightly broadened in respect to PG, which can be 

ascribed to various bonding structures and defects due to the doping.  

Another parameter which can be deduced from the equation IV.3; gives the distance between the 

defects LD. The expression is valid for graphene samples with point defects separated by LD ≥ 10 nm 

using visible excitation laser light. The values for La and LD for our samples obtained using the model 

are presented in Table IV.5. At the same time, using the XPS results we can estimate the surface 

concentration of the incorporated nitrogen into graphene sheets. The relative concentration CN/CC 

obtained from XPS measurements is equal to the absolute concentrations of the two elements nN/nC. 

Carbon surface concentration can be estimated using the hexagonal lattice structure and the lattice 

parameter 142 pm, i.e. nC = 3.8 x 1015 cm-2. Therefore, sample NG1, the estimation of the nitrogen 

surface concentration is nN = nC CN/CC = 1.9 x 1013 cm-2. Assuming uniform doping over the sample, the 

mean distance between nitrogen atoms is LN = 1/nN
1/2 = 2.3 nm. The obtained LN is ten times smaller 

than the distance between the defects LD, determined using the theory. This discrepancy can be 

explained by the following: the presence of vacancies introduces much stronger perturbations in 

graphene lattice vibration than the incorporation of nitrogen atoms.



 
 

Conclusions 

By using a microwave plasma-based method, direct synthesis of ND particles with sizes from 2-

10 nm, possessing hexagonal crystalline structure and N-Graphene nanoflakes (100-500 nm) with a 

level of nitrogen doping ~0.5% was achieved. Nanodiamonds were synthesized by using carbon dioxide 

and methane as carbon precursors whereas N-Graphene has been obtained using a solution of 

ammonia in ethanol (4 wt %) as carbon and nitrogen precursors. Choosing between the synthesis of 

both NG and ND was possible by using different precursors and changing the plasma parameters (gas 

temperature) through the background gas flux and the microwave power supplied. Furthermore, within 

each experiment, to optimize the synthesis process, the ratio of the precursors was changed. By 

changing the precursor's fluxes, it was possible to modify the chemical equilibrium within the system 

and thus change the assembly paths. In the case of N-graphene, the irradiation with IR and UV light 

was used in the post-discharge zone of the plasma where the structures assemble, to increase the 

sp2/sp3
all ratio. The extra heat supplied by the IR irradiation modified the thermodynamic equilibrium 

toward the assembling of sp2 carbon instead of sp3 carbon. The effect of the UV irradiation could be 

seen in the decrease of the level of oxygen detected (by XPS) in the samples irradiated (<2%) and 

consequently in the reduction of the sp3 bonds between carbon and oxygen, whose effect was translated 

in the increase of the ratio sp2/sp3
all. 

However, some questions remained. First, the synthesis process for nanodiamonds should be 

optimized in order to produce more nanodiamonds. The results obtained with HRTEM allowed the 

identification of diamond crystalline structures, but only a few atomic planes were observed. The XRD 

spectrum also showed, mainly, the presence of amorphous material. The Raman spectra obtained were 

not conclusive. More tests should be conducted. The N-Graphene produced also showed a low-doping 

level, which should be increased. The process itself, raises some questions. What were the exact 

modifications in the plasma conditions that allowed the interchange between the synthesis of N-

Graphene and nanodiamonds? A clear difference consisted in the estimated temperature of the plasma 

used for ND production, which was considerably lower than the temperature of the plasma used for N-

graphene synthesis (2300 K to 3700 K); also, the type and ratio of the precursors used were determinant 

for what type of structure was produced. Note that the sample where ND particles were detected (see 

Table IV.4) correspond to the sample where the flux of methane was higher. In methane, the carbon 

atom is sp3 hybridized, which could work as a “seed” from where the diamond structure was built upon. 

Therefore, a comprehensive and systematic study concerning the temperature effect and the 

precursor’s role in the synthesis should be done. Moreover, the sample ND2 presented evidence of 

several diamond polymorphs, and although only the presence of the hexagonal structure could be 

confirmed, in the XRD spectrum lines corresponding to cubic diamond and n-diamond were also 

identified. So, potentially this could be a route to understand the exact nature of the different diamond 

polymorphs, which is a question still debated. 

To conclude, during the past century every time a new carbon-based material was discovered it 

would be labelled as the “material of tomorrow”. Their predicted properties carried the promise of a 
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revolution in the material science branch, however, that “tomorrow” seems to be delayed forever. So, 

what is delaying this announced revolution? The problem resides in the development of controlled 

synthesis methods. The planet Earth is environmentally compromised, and changes must happen soon. 

Carbon-based materials are for sure a route to follow. Their application for energy production could cut 

out the dependence from rare materials (whose reserves are limited). The plasma method described in 

this work lived up to its potential as a controllable material fabrication tool. The studies conducted 

allowed to understand that the synthesis of remarkably different carbon nanostructures can be achieved, 

with the same experimental apparatus, by just modifying the type of precursors and the plasma 

parameters. Moreover, it was clear that both the quality and quantity of the synthesized structures could 

be easily optimized by modifying the precursor's ratio and by tailoring the thermodynamic conditions in 

the assembly region. All these conditions are controlled in one single-step and at atmospheric pressure 

conditions. Furthermore, this plasma-based method is economical, a conclusion taken from its high 

efficiency in the precursor’s conversion, which even considering the losses through the outlet gas and 

deposition of solid carbon on the reactor’s wall, is high; the precursors used are cheap and abundant 

substances like ethanol, ammonia, etc. and even common (and greenhouse) gases like carbon dioxide 

and methane. The need for post-synthesis treatments can also be reduced by optimizing the synthesis 

process through the parameters aforementioned.  
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