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Abstract

To meet the demands of ambition, innovation and development of the technology of electronic

devices manufacturing, two-dimensional (2D) materials, which have the potential to replace the

conventional Si-based materials, must be synthesized with high quality and performance using

well-engineered, controlled, and reproducible synthetic methods. New strategies for altering their

electrical and chemical structures should also be developed. Therefore, it is important to understand

the chemical composition and electrical structures of these materials. This thesis presents an electron

spectroscopic study of 2D materials, mainly by using X-ray photoemission spectroscopy (XPS)

and ultraviolet photoelectron spectroscopy (UPS). The 2D materials under investigation include

free-standing nanoporous graphene (NPG), NPG functionalized with atomic hydrogen (H) and

deuterium (D), potassium-doped NPG, ternary boron carbon nitride (B-C-N) layer on Ti substrates,

and a preliminary study of MoS2 layer growth on Si and quartz substrates. For the őrst time to

our knowledge, H-(D-) functionalization of free-standing graphene samples was achieved with high

quality, high H(D) coverage and low defects using four different clean and non-destructive irradiation

techniques, typically Kaufman ion source, electron beam induced thermal energy ion source, hot

ribbon and cracking capillary gun. The H-(D-) coverage was estimated by bringing to light the

sp3-like modiőed bond in the C 1s core-level line-shape. The quality was veriőed by the C 1s

line shape and the very low D peak in Raman spectroscopy. Furthermore, the band gap opening

was veriőed by the valence band (VB) spectral density measured by UPS. K doping of NPG was

performed in UHV with clean and controlled conditions, as veriőed and monitored by XPS. XPS of

B-C-N on Ti substrate revealed the homogeneity through the stoichiometric ratio and the bonding

scheme between the constituent elements, showing that B-C-N layers are formed by h-BN and C

rich nanodomains with high doping levels of C and of B and N, respectively. Preliminary chemical

vapour deposition (CVD) growths of MoS2 monolayer on Si and quartz substrates were investigated

by optical spectroscopy and Raman spectroscopy, showing a homogeneous nanocrystalline MoS2

monolayer. In conclusion, these results may introduce a valuable reference, and hopefully, this

can support the perspective of manufacturing of highly efficient energy storage, electronic and

optoelectronic devices.
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Chapter 1

Introduction

The continuous development and innovation in electronic devices and energy storage have widely

contributed to the prosperity of industry, economy, communications and many aspects of life, where

human life has become more civilized and comfortable than in the past, thanks to the continuous

progress and development in the scientiőc research of materials science and technology. Therefore,

the ambition has become more urgent to őnd new materials with higher efficiency to replace the

conventional ones used in the manufacturing of electronic devices, whose efficiency development has

become limited.

Since 1954, Si-based semiconductors (SC) still have been the most usable material for the fab-

rication of electronic and optoelectronic devices up to date [1]. These Si-based SC devices were

developed to increase their efficiencies and performances by adding more transistors inside the same

integrated circuits (ICs). The need to reduce the dimensions of these devices in a compact and

high-performance form is desired, which can be done by down-scaling the material to the nanoscale.

As the dimension of the Si-based transistors is reduced to the nanoscale, the edges, defects and

impurities, as well as the quantum effects, can become dominant, limiting the performance of the

devices [2]. The quantum effect is the most effective in these nanoscale devices since the behavior of

charge carriers strongly depends on their quantum characteristics relative to the dimensions of con-

stituent materials and their intrinsic properties. Therefore, using conventional Si-based materials

in manufacturing can no longer meet the continuous need to produce more compact devices with

higher performance. To solve this challenging dilemma, a large variety of methods and new mate-

rials such as carbon nanotubes, nanowires and two dimensional (2D) materials have been proposed

and developed to fabricate advanced nano-scaled electronic devices to replace Si-based materials

[3, 4].

The discovery of graphene, which exhibits unique properties such as extremely high mobility,

high thermal conductivity, high chemical stability has enhanced the growing interest and research of

2D materials [5, 6]. 2D materials such as graphene, boron nitride (h-BN), transition metal dichalco-

genides (TMDCs) are potential candidates for the large-scale production of the next-generation

energy storage, electronic, and optoelectronic devices [7].

This thesis is dedicated to the functionalization and characterization of two-dimensional mate-

rials, starting from studies of the chemical compositions and of the electronic structures of a few

signiőcant 2D materials: typically nanoporous graphene (NPG) and ternary boron carbon nitride
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(B-C-N) ultra-thin layer as carbon-based materials. These exemplary 2D materials, in particu-

lar NPG, have also been functionalized with alkali metal or hydrogen/deuterium to control the

electronic properties, like gap opening or increased density of states at the Fermi level, respectively.

The experimental techniques used are mainly devoted to investigate the electronic properties,

such as X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS).

XPS was used to determine the chemical composition and stoichiometry of the samples, and the

bonding scheme between the constituent elements. UPS, a more surface-sensitive technique, was

employed to measure the density of the electronic states in the valence band (VB) of the samples to

monitor the change in their band structures due to functionalization. Furthermore, preliminary op-

tical characterizations of CVD-grown MoS2 monolayer as a transition metal dichalcogenide material

(TMDC) are presented for future study by XPS and UPS. The accomplishments of this research

work were achieved thanks to strong collaborations with other experimental groups in Italy, in Spain

and in Japan, with complementary expertise.

The main motivations and activities in this thesis are summarized as follows:

(i) Hydrogenated and deuterated NPG. the motivation of this study is that hydrogen (H)

functionalization of graphene is promising to achieve a semiconducting two-dimensional (2D)

material with the analogous morphological and mechanical properties of graphene, while mod-

ifying the electronic properties towards graphane. In this way, the pristine pure sp2-bonded C

lattice mesh of graphene is modiőed by HśC sp3 bond distortion, leading to a semiconducting

behavior with an energy band gap, depending on the H- coverage and on the speciőc HśC spa-

tial conőguration [8ś10]. Such properties of hydrogenated graphene are promising for different

potential applications, such as electronics, hydrogen storage, catalysis, and sensors [11, 12].

Previous studies on hydrogenated graphene were carried out, using a variety of hydrogenation

methods such as hot hydrogen plasma, cold hydrogen plasma [13], ion impinging and molecular

hydrogen cracking, for H- functionalization of different graphene samples of different qualities

and shapes either exfoliated from graphite [14], synthesized via chemical vapour deposition

(CVD) method, transferred graphene ŕakes [15, 16] or in situ grown metal-supported mono-

layer graphene [17, 18]. In the most of these studies, the H- upload on graphene has been

investigated by Raman spectroscopy and sometimes by the C 1s core-level line-shape through

focusing on the sp3-like component, which is a clear signature of bond deformation because of

H-C bonding. On the other hand, the temperature stability of hydrogenated graphene is still

an open question since the de-hydrogenation has been observed to start between 350 K [19]

and 470 K [14], while complete desorption of H and recovery to pristine graphene has been

observed at a temperature between 570ś580 K [15, 16] and 620ś770 K [19, 20]. These wide

temperature ranges strongly depend on the sample’s shapes, the preparation method and the

functionalization method. Therefore, the H- functionalization of free-standing high-quality

graphene to achieve a high H upload, with a good thermal stability, is still an open issue.

Nanoporous graphene (NPG) represents a realistic system of free-standing unsupported graphene,

which can be functionalized with H or D towards 3D compact and bulk-scalable graphane.

NPG is a very compact graphene sheet made up by a bi-continuous and interconnected three-

dimensional (3D) arrangement of high-quality graphene [21]. NPG exhibits the excellent 2D

electronic properties of graphene [22, 23] as well as 1000 m2/g speciőc surface area and >99
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% porosity. Previously, a high quality NPG synthesized via Ni-based CVD method was inves-

tigated and the preservation of 2D characteristics of graphene was veriőed by photoemission

valence band spectroscopy, core-level XPS spectroscopy and Raman spectroscopy [22], pre-

senting different intrinsic curvatures at the scale of hundreds of nm [22, 23]. Such intrinsic

graphene ripplings are preferable for atomic H chemisorption since the local curvature of the

hexagonal C lattice [24] reduces the H chemisorption energy barrier from 0.4-0.6 eV [19, 25, 26]

to about 0.2 eV [27]. Accordingly, NPG can be an outstanding template for hosting H-isotopes

through H- (D-) functionalization in a clean and controlled conditions. In this present work,

the synthesis of NPG via Ni based CVD method was done by the research group of Prof.

Yoshikazu Ito lab [28] at the University of Tsukuba, Japan. H-(D-) functionalization of NPG

was achieved by using four different techniques in different laboratories: typically the hot rib-

bon and the cracking gun irradiation techniques in our lab (LOTUS lab [29] at the Sapienza

University of Rome) with my main contribution; other irradiation techniques were used by

other collaborating research groups, namely the Kaufman ion irradiation and electron beam

induced thermal ion irradiation. The research group of OSNM lab [30] at Sapienza University

of Rome carried out the Kaufman irradiation, whereas the electron beam induced thermal ion

irradiation was performed at CIEMAT lab [31] in Madrid (Spain). We studied H- (D-) func-

tionalized NPGs by the four irradiation techniques by XPS and UPS at our lab (LOTUS lab

[29]) to study the effect of H (D) adsorption on the chemical composition and the electronic

structure of the samples. The main aim of this collaborative research work is to prepare a

high-quality and low defect H- isotopes functionalized free-standing graphene towards large

scale free-standing graphane. While the hydrogenation of graphene deposited on different

substrates was widely investigated [17, 32ś35], to our knowledge, this study is the őrst prac-

tical study on the hydrogenation of fully free-standing graphene eventually achieving a high

hydrogen uptake. .

(ii) XPS of potassium (K)- doped NPG. the motivation of this study is that potassium

(K) doping can improve the electrical properties of carbon-based materials such as carbon

nanotubes, graphite and graphene [36ś41]. In K-doped graphite, alkali metal (Am) K atoms

donate electrons to bind ionically and become delocalized. When Am coverage exceeds a

certain limit, a 2D metallic sheet is formed [36]. A stable (
√
3×

√
3R30◦) surface structure was

reported by K doping of graphene/Ir(111) at room temperature (RT), shifting the graphene

Dirac point by about 1.30 eV below the Fermi level [42]. Praveen et al. theoretically predicted

1.07 eV an energy shift for the Dirac cone for K/graphene at coverage of 1/8 monolayer (ML)

[38]. Experimentally, to our knowledge, the K-doping of free-standing graphene is still an open

issue. Therefore, it is worthy to examine the K doping of NPG, which can be an outstanding

template for doping with K because of the aforementioned properties of NPG. In this present

work, we deposited K on NPG by evaporation from K-dispenser in a UHV chamber and

studied by XPS in the LOTUS lab [29] to understand the deposition of K on NPG. This

study was the őrst step for the next study by UPS VB to monitor the change in the band

structure of NPG with K deposition.

(iii) Ternary boron carbon nitride (B-C-N) layer. The motivation of this study is that
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B-C-N layer exhibits intermediate properties between semi-metallic graphene and h-BN insu-

lator; therefore, B-C-N is a promising material for many applications, such as semiconductor

devices and catalysis [43ś46]. Interestingly, B-C-N has been used as an active electrocata-

lyst for the hydrogen evolution reaction (HER) [43ś45] and for the oxygen reduction reaction

(ORR) [44, 46]; however, few studies focused on the electrocatalytic activity of B-C-N for the

oxygen evolution reaction (OER) [47]. These electrocatalytic activities may be arises from

the heteroatom bonding scheme in B-C-N layers since the high-quality graphene layers are

poor electrocatalysts, but the surface catalytically active sites are because of defects [48] or

impurities [49]. The strong tendency of segregation of B-C-N into graphene and h-BN domains

makes the growth of a homogenous B-C-N layer challenging [50, 51]. Such segregation results

from the fact that C-C and B-N bonds are much stronger than C-N and C-B bonds. Several

CVD growths have been reported to grow homogeneous B-C-N layers using various precursors

containing B, C and N atoms. Different precursors containing C and B-N separately, such as

CH4 and NH3BH3 or C2H6 were used, forming B-C-N layers with segregation into graphene

and h- BN domains [52ś54]. Recently, CVD growths using single-source precursors containing

B, C and N atoms have been used to grow homogeneous B-C-N layers such as trimethylamine

borane (C3H9NBH3)(TMAB) [55], dimethylamine borane (C2H6NHBH3)(DMAB) [56], bis-

BN cyclohexane (B2N2C2H12) [57] and methylamine borane (CH3NH2BH3)(MeAB) [58, 59].

In this present work, ternary B-C-N layers on Ti substrates were synthesized via plasma-

enhanced (PE) CVD method [60], using MeAB as a single source precursor by the research

group of MIRE lab at the University of Madrid (Spain). My participation was XPS measure-

ment and analysis of the synthesized B-C-N layers. We carried out the XPS measurements

in LOTUS lab in Rome to identify the quality, chemical composition and bonding scheme

between B, C and N elements in the layer.

(iv) Molybdenum disulfide (MoS2) layer. The main aim of this preliminary study is the

growth of a high quality and homogeneous nanocrystalline layer of MoS2 on different sub-

strates via NaCl-assisted CVD method [61, 62], which is a cheap, reproducible and efficient

synthetic route. MoS2 is promising for many applications, such as electrodes in electrochem-

ical cells, optoelectronics and sensor devices [63ś68]. More speciőcally, the electrocatalytic

activity of nanocrystalline MoS2 layer is interesting since both computational and experi-

mental results show that the catalytic activity of MoS2 plates results from its sulfur edges

[69, 70]. Nano-sized MoS2 exhibits active sulfur edges, so it is more reactive to the electro-

catalysis of HER relative to the bulk MoS2 [71]. Several studies presented the enhancement of

the HRE through the usage of nano-sized MoS2 of different forms such as nanoparticles [72],

nanowalls [73] and nanoŕowers [74] as electrochemical catalyst. Therefore, the development of

reproducible and cheap synthetic methods with high control of the crystal size and quality is

desired. The CVD based synthesis methods are cost effective and simplest routes for growing

single crystalline TMD monolayers [75]. In this present thesis, NaCl-assisted CVD growth of

MoS2 layer on Si and quartz substrates with some optical spectroscopy measurements were

taken place in MIRE lab at the University of Madrid (Spain), with my main contribution since

I spent one month in this lab, funded by Sapienza University. NaCl-assisted CVD method

facilitates the growth of MoS2 layers on a different sort of substrates by reducing the growth

temperature down to 600 °C without compromising the crystal quality of MoS2 layers [61, 62].
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There are nine chapters in this thesis. The őrst chapter introduces the general guideline for the

present thesis.

The second chapter presents the literature review and the state-of-the art of the research on

2D materials, typically free-standing graphene (NPG), H-functionalized graphene, ternary B-C-N

and MoS2, including their crystal structures, electronic structures, and properties, as well as some

interesting characterizations and the most relevant synthesis methods.

The third chapter describes the technical details of the experimental methods involved in this

research work. It includes the used CVD synthetic methods (for NPG, B-C-N layer and MoS2

layer samples), H isotopes irradiation methods (hot ribbon, cracking gun, Kaufman ion source and

electron beam-induced thermal ion source) as well as a review and technical details of the spec-

troscopic techniques, typically XPS, UPS, Raman, and microscopy like SEM. In addition, optical

reŕectance/transmittance by spectrophotometer and micro-reŕectance/transmittance spectroscopy,

which were used for the preliminary study of MoS2 layers in Madrid, are also presented.

The fourth chapter presents the careful characterization of the pristine NPG after synthesis,

to verify its high quality, morphology, chemical composition and the semimetallic character, using

different characterization techniques, typically SEM, Raman, XPS and UPS.

The őfth chapter reports the comparison of the results of H- and D- functionalization of NPG

with different methods, i.e. cracking molecules and ions irradiation techniques. The cracking

molecules techniques were the hot ribbon and the cracking capillary gun, while the Kaufman source

and the electron beam-induced ion source were used as ion irradiation techniques. The quality and

defects of the samples were identiőed by Raman spectroscopy. The C 1s core-level has been mea-

sured to estimate the distortion of the sp2 bonding due the H- or D- adsorption on NPG, bringing

to light to sp3 component in C 1s core-level. The band gap opening due to H or D adsorption was

conőrmed by UPS VB measurements as NPG becomes a semiconductor at increasing H (D) dose.

In the sixth chapter, XPS preliminary study of K- doped NPG is illustrated at different alkali

dose. XPS has been employed to monitor the K deposition on NPG up to saturation. This is a

preliminary study for the next future investigation to identify the change of the electronic band

structure due to the injection of electrons in the conduction band of graphene due to the alkali

metal K.

The seventh chapter presents XPS study of the ternary B-C-N ultra-thin layer on Ti substrates,

illustrating the chemical composition of the layers and the ratio between their constituent elements

B:C:N and the mutual bonding between the atoms of these elements. This study shows the effect

of CVD growth time on the chemical compositions of the formed layers. Also, SEM and Raman

spectroscopy were provided to show the sample’s morphology, homogeneity, and quality.

The eighth chapter is devoted to a preliminary study of the MoS2 layer grown on quartz and Si

substrates. Raman and optical spectroscopy measurements were carried out, conőrming the homo-
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Chapter 1. Introduction

geneity and estimating the number of layers. The analysis present in the present Thesis constitutes

an initial step for the next study by electron spectroscopy (XPS and UPS), then application as an

electrocatalyst in electrochemical cells in the future.

Finally, the last chapter summarizes the experimental results and conclusions on these 2D ma-

terials, and the obtained results may give convenient reference with valuable indications for further

investigations using similar processes; hopefully, it can support the development of 2D materials

implementation in electronic, energy storage and hydrogen production devices.
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Chapter 2

Literature review

2.1 Two dimensional (2D) materials

Two dimensional (2D) materials have an economical, scientiőc and industrial value since they are

promising for developing and innovating applications and devices for electronics, gas storage, catal-

ysis and highly efficient sensors [7]. 2D materials exhibit numerous size-dependent chemical and

physical properties, which are promising for the mentioned applications. In principle, 2D materials

are constituted by a single layer of atoms. They are classiőed into 2D allotropes of single element

2D materials and binary or compounds 2D materials composed of two or more covalent bonded

elements. [76]

All started in the 1990s, when one-dimensional carbon nanotubes (CNTs) were explored. CNTs

exhibit extraordinary properties, which are different from bulk C materials such as graphite, dia-

mond, and amorphous carbon, etc. [77]. This exploration led to growing interest and evolution

of quasi-two-dimensional (Q2D) materials like graphene [78], hexagonal boron nitride (h-BN) [79],

honeycomb silicon [80], black phosphorous [81] and layered transition metal dichalcogenides (TMDs)

such as molybdenum disulőde (MoS2) and tungsten disulőde (WS2) [82]. The discovery of graphene,

which was exfoliated from graphite in 2004 by Geim and Novoselov, opened the 2D research due to

exceptional properties of graphene, such as its zero-band gap, high electrical conductivity (about

104-105 S/m), high thermal conductivity (4000 Wm−1K−1) and Young’s modulus (1.1 TPa) [83].

Indeed, 2D materials are promising candidates, compared to conventional bulk materials, due to

their unique properties. The weak van der Waals (vdW) interactions, for instance, enable exfolia-

tion of atomically thin sheets from layered solids, so a direct assembly of heterojunctions consisting

of distinct 2D materials can be constructed [84ś86]. Also, 2D materials can be integrated with

other electronic materials, such as quantum dots, 1D nanotubes, and bulk semiconductors [87].

The weak vdW interactions between layers facilitate relaxation of the conventional lattice matching

constraints, leading to assembly of relatively strain-free and charge-free heterointerfaces for most

2D materials [88, 89]. Consequently, a wide array of vdW heterostructures can be constructed with

potential applications in photodetectors, photovoltaic cells, and digital circuits [90ś92].

In this chapter, a short review is provided about the most interesting 2D materials explored in

this thesis, typically graphene, H- functionalized graphene, ternary boron-carbon-nitride (B-C-N)

and molybdenum disulőde (MoS2). The reason for choosing these materials is due to their promising
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2.1. Two dimensional (2D) materials

properties for electronic and optoelectronic applications, and also the ability to tailor their electronic

structures. The concern in this chapter is to understand the crystal structures, the electronic band

structures, optical and electrical properties to have a useful background for the experimental results,

analysis and elaboration.

2.1.1 Nano porous graphene (NPG)

Graphene, a two-dimensional (2D) sheet of sp2-hybridized carbon (C) atoms, was initially pro-

posed as a theoretical model until Geim and Novoselov experimentally created graphene sheets

via mechanical exfoliation of graphite in 2004 [93]. The unique properties of graphene immedi-

ately attract the focus and the interest of scientiőc research [94]. Different synthetic methods have

been developed for fabricating graphene, e.g. chemical vapor deposition (CVD) [95], liquid phase

exfoliation of graphite [96], thermal exfoliation of graphite [97], ultrasonic dispersion of graphitic

oxide [98], etc. The goal of developing these synthesis methods is to őnd a suitable technique for

large-scale production [93, 99, 100], which is desired for manufacturing and producing electronic

devices. Graphene reveals outstanding electronic properties such as the quantum Hall effect [101]

and the ambipolar electric őeld effect [102] as well as thermal properties such as high thermal

conductivity (about 4000 Wm−1K−1) [103]. Consequently, graphene is a potential candidate for

several technological applications, for example, energy-harvesting applications. Also, it has impres-

sive optical and mechanical properties, such as optical transparency [104], high room-temperature

carrier mobility, an ultra-broad optical absorption spectrum [105], and fracture strength of about

130 GPa [106]. Furthermore, graphene properties can be tailored by modifying its structure (basal

planes or edges). Accordingly, new graphene-based materials can be produced, which are beneőcial

for designing nanoscale transistors, solar cells, organic light-emitting diodes (OLEDs) displays, gas

sensors, fuel cells, and bio-related sensors [107].

Recently, a novel nanoporous graphene (NPG) of pore sized in range of 100ś300 nm (Fig. 2.1)

has been synthesized via Ni-based chemical vapor deposition method by Ito et al. [21, 108ś110]. This

3D NPG is constructed by a wrinkled and bent graphene sheet constituted by a bi-continuous and

very compact interconnected three-dimensional (3D) arrangement of high-quality graphene. The

2D characteristics of graphene is preserved in NPG as conőrmed by various studied using Raman,

XPS core-level spectroscopy and photoelectron valence band spectroscopy [22, 23]. These studies

showed that NPG is a very high quality of weakly interacting turbostratic few-layers graphene,

presenting different intrinsic curvatures at the scale of hundreds of nm. NPG synthesized via the

Ni-based CVD method represents a realistic system of free-standing for graphene applications in 3D

electronic, optoelectronic and energy storage devices. In this present thesis, we are concerned about

NPG synthesized via Ni-based CVD method [21, 108ś110] because of the above-mentioned features,

and we expect to achieve high efficient H(D)- functionalization of NPG towards 3D compact and

bulk-scalable graphane in very clean vacuum conditions.
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2.1. Two dimensional (2D) materials

Figure 2.1: SEM image of nanoporous graphene (NPG) synthesized via Ni-based chemical vapor (CVD)
deposition method. [109]

Crystal structure and electronic band structure of NPG

It is crucial to investigate the graphene crystal and electronic structures to understand the properties

of NPG.

Graphene Graphene is a 2D allotrope of carbon, composed of C atoms positioned in a hexagonal

lattice. Each C atom is covalently bonded to three other carbon atoms [111]. Due to the strength

of the covalent bonds between C atoms, graphene exhibits great stability and a very high tensile

strength. Fig. 2.2 presents the hexagonal lattice of monolayer graphene [112].

Figure 2.2: Hexagonal lattice of graphene monolayer, where white (black) circles indicate carbon atoms on
A (B) sites. [112]

The lattice constant, which is the distance between unit cells, is a =
√
3a0 =

√
3× 1.42 = 2.46

A, where a0 is the inter-atomic distance between two bonded C atoms [112]. Investigating the

electronic band structure of graphene is desired to interpret its unique electronic properties. Fig.

2.3 presents the band structure of graphene calculated by tight-binding method [112]. Because of

the consideration of symmetry, the hopping of electrons between the two equivalent C triangular

sub-lattices gives rise to the formation of two energy bands (Fig 2.3a), namely the upper conduction

band (CB) and the lower valence band (VB) [112]. Those two bands intersect at points where Ej(k)

is identically zero. The Fermi level is located at these points, which are named Dirac points. The

particular line scan of the band structure in Fig. 2.3b is the Fermi level, where the energy bands

are plotted as a function of the wave vector component kx along the line ky = 0. In the inserted
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2.1. Two dimensional (2D) materials

graph, Γ is the center of the Brillouin zone, whereas the two corners are k+ and k−, separately.

The dispersion near point k+(k−) is linear and it can be expressed by a Dirac-like Hamiltonian

[113ś115]. This zero band gap and the linear dispersion are the reason for the remarkable electronic

and thermal properties of graphene.

Figure 2.3: (a) Band structure of graphene calculated by a tight-binding method. (b) Cross-section through
the band structure, where the energy bands are plotted as a function of wave vector component kx along
the line ky = 0. [112]

The electronic band structure of graphene monolayer was calculated using periodic ab initio

quantum-mechanical simulation by La Pierre et al. [116] as shown in Fig 2.4, which conőrmed the

zero band gap feature of graphene.

Figure 2.4: Computed electronic bands of pure graphene using ab initio quantum-mechanical simulation.
Energies are in Ha (1 Ha = 27.211 eV). The Fermi level is represented by a red dashed horizontal line. [116]

CVD growth of NPG

Many synthesis methods of NPG have been developed, focusing on obtaining high quality and high

throughput array holes. These methods are classiőed into top-down and bottom-up methods. The

top-down methods are based on the processing of NPG after the synthesis of single or multi-layer

graphene: focused beam irradiation, block copolymer lithography (BCL), nano-particle lithogra-

phy (NPL), nano-imprint lithography (NIL) and oxygen plasma etching [117, 117]. The bottom-up

methods involve the generation of nanoporous structures in the graphene during the preparation
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process. These methods are limited, presently, to chemical vapor deposition (CVD) based meth-

ods [117, 118]. The NPGs synthesized by top-down methods usually present disordered and rough

pore edges that may interact with the transported molecules. This leads to increasing the scatter-

ing of electrons, decreasing the carrier mobility, and reducing the sensitivity [119]. On the other

hand, bottom-up methods overcome these limitations. Therefore, in this thesis, we are interested

in CVD-based methods. CVD-based methods were widely used in the synthesizing of NPGs. In

the beginning, a barrier-guided chemical vapor deposition (BG-CVD) method was developed in

2012 by Safron et al. [118]. This method depends on self-terminating growth processes rather than

the harsh chemical etchants to deőne edges, leading to the transformation of rationally designed

nanopore patterns. Following this work, many CVD-based synthesis methods for NPG were sug-

gested. Pourmand et al. [120], in 2015, synthesized NPG by CVD method using porous zinc oxide

as a catalyst. Also, Tu et al. synthesized NPG őlms by a CVD method, using nanoporous copper as

a catalytic substrate. The prepared NPG presented improved surface-enhanced Raman scattering

efficiency relative to pure planar graphene due to the porosity of NPG. Zhan et al. synthesized a

3D NPG via plasma-enhanced CVD on a nanoporous anodic alumina substrate in 2016 [121]. The

plasma-enhanced graphitization could produce better quality NPG than thermal graphitization. A

high-quality NPG with preserved 2D electronic properties, tunable pore sizes, and high electron

mobility for electronic applications was synthesized via the nano-porous Ni-based CVD method by

Ito et al. [109]. This free-standing and large-scale NPG (Fig. 2.1), with preserved 2D electronic

properties and high electron mobility, is very promising for practical applications in 3D electronic

devices. Still, the research progress in the CVD method is growing to őgure out the most efficient

way for fabricating high-quality wafer-scale NPGs. The Ni-based CVD growth method, which was

used for the preparation of our NPG samples, is brieŕy explained in chapter 3.

Characterization and properties of NPG

The properties of NPG depend on factors such as the pore size and defect density. Researchers are

concerned about fabricating 3D NPG while maintaining the outstanding properties of 2D graphene,

such as large speciőc surface area, high thermal conductivity, high electron mobility, and mechanical

strength [122]. The conductivity of NPG [22] was reported as 104 S/m, which is consistent with

the theoretical value [123]. This measured conductivity of NPG conőrms that the 3D structure can

maintain a 2D graphene-like quality. NPG is featured by its high speciőc surface area, which is

deőned as the ratio between its mass to the surface area. Therefore, NPG is a potential candidate

for many practical applications where the adsorption of other atoms or ions on the surface is desired,

such as capacitors and batteries [124]. The speciőc area of NPG strongly depends on its porosity.

For instance, Ito et al. reported the speciőc area of two NPG samples with different porosity [125],

which were synthesized via CVD method. The speciőc area was about 1220 m2/g for NPG with a

pore size of about 228 nm, while it decreases to 964 m2/g for NPG with a larger pore size of 1-2 µm.

Accordingly, the smaller porosity of NPG enables a larger adsorption capacity and higher efficiency

in the storage of foreign atoms or ions. The highest value of the speciőc area was reported in 2018

for the NPG sample with porosity about 8 nm, which is about 1598 m2/g due to the small pores

size [124].
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Linear VB dispersion in NPG As aforementioned, graphene exhibits unusual electronic prop-

erties, originating from the conőnement of electrons in two dimensions and unique geometrical

symmetries. The electronic structure of graphene at the Fermi energy EF is determined by the

bonding and antibonding parts of the π band, which touch at the corners of the hexagonal Brillouin

zone (BZ). The energy dispersion E(k), shown in Fig 2.3, is a good approximation, which shows

a linear behaviour near the BZ corners (Dirac points). This implies that electrons and holes can

propagate as if they were massless fermions [126]. The Fermi surface of graphene, which is deőned

by the set of K and K’ points, shows that graphene is a semimetal or a zero-gap semiconductor.

Likewise, NPG can show a similar feature when investigating its valence band (VB). A surface-

sensitive nano-scanning photoelectron spectroscopy measurement of NPG revealed electronic and

vibrational properties similar to those of pure graphene [22]. Fig. 2.5 shows a spatially integrated

VB spectrum of NPG in comparison with that of highly oriented pyrolytic graphite (HOPG). The

typical linear spectral density near the Fermi level is clearly observed in the NPG spectrum. This re-

sult has fundamental importance; however, NPG involves the presence of bent and wrinkled regions,

perturbing the Dirac cone with a tiny band gap opening.

Figure 2.5: Spatially integrated valence band (VB) spectrum of NPG sample and of HOPG shown for
comparison (gray line) using photon energy of 100 eV. In the inset, zoomed region around the Fermi level is
presented. [22]

Fig. 2.6 presents a spatial mapping of the NPG sample to correlate the sample topology to

the density of states (DOS) close to the Fermi level [22]. In the ŕat regions, the VB is well őtted

with a linear function, whereas the linear őt does not match appropriately at the curved areas of

the surface. This perturbation due to curvature is not present everywhere on the surface of the

sample. Consequently, the 2D electrical properties can be retained. The linear density of states

(DOS) dispersion near the Fermi level of NPG, together with a very low defect density throughout

the sample and the absence of sharp edges conőrm the 2D graphene-like electrical conductivity (104

S/m) and mobility (5000 cm2V−1s−1) [22].
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Figure 2.6: Spatially resolved VB taken at 100 eV photon energy on NPG sample with 300 nm spatial
resolution. Left panel (a) intensity map of the VB signal taken over 300 × 300 nm2 pixels in 12 × 12 µm2

sized zone. Center (b) and right (c) panels: spectral DOS in the low-BE region taken at a flat area (b) and
edge (c) zones marked by red and blue stars, respectively, in the mapping; insets: zoomed energy regions
close to EF , showing either a linearly decreasing (b) or an edge-like DOS toward EF (c). [22]

Core-level Photoemission spectroscopy (XPS) of NPG The XPS C 1s core-level spectrum

of NPG exhibits a similar line shape to that of pure graphene. The difference between them is due

only to the curvature of the surface, which produces re-hybridization of some C atoms from sp2

to sp3-like bonding structures. The important feature of using XPS is that the intensity of the

core-level peaks is directly proportional to the density of atoms.

Figure 2.7: (a) Spatially resolved C 1s core-level mapping of NPG on 12× 12 µm2 area. (d) C1s spectrum
spatially averaged over the mapping, fitted with sp2-like (284.4 eV) and sp3-like (285.1 eV) components.
(b) and (c) are the sp2 and sp3-like mappings obtained by energy integrating. The C 1s core-level spectra
with the dominant sp2-like component (red star in the total mapping a) and with a more intense sp3-like
component (blue star in the total mapping a) are reported in panels (e) and (f), respectively. [22]

The C 1s binding energy (BE) of the sp3 and sp2 hybrids are different, so the C 1s spectrum

is deconvoluted into two components associated to sp3 and sp2 bonding of C atoms. The sp3

component present at about 0.9 eV higher binding energy relative to the sp2 component in C 1s

core-level [127]. Fig. 2.7 reveals the XPS spectrum for both the bent and the ŕatter areas of

NPG sample [22]. The sp3 component appears larger in the curved regions, as expected. Likewise,
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this effect is observed in ŕat monolayer graphene upon adsorption of foreign atoms on the surface,

deforming the angle and the length of C-C bonds, in a similar way as an intrinsic curvature does. For

graphene grown on a substrate, another contribution to the main C 1s core-level peak, originating

from their mutual interaction, is considered. However, NPG is usually synthesized as self-standing,

as the template or mixture is removed at the end of the synthesis process.

Raman spectroscopy of NPG Raman spectroscopy enables to investigate the quality of the

samples and probe their chemical composition. Since both NPG and graphene are formed by a

single layer of C atoms arranged in a hexagonal lattice, their Raman spectra are comparable. Ito

et al. [109] presented the Raman spectroscopy of two NPG samples, synthesized via Ni-based CVD

method, of different pores sizes before and after removing porous Ni substrates (Fig. 2.8).

Figure 2.8: Raman spectra of NPG samples with and without Ni substrates. [109]

The Raman bands observed in the spectra of NPG samples are consistent with that of pure

graphene [128, 129]. All Raman spectra are featured by characteristic Raman G (around 1582

cm−1) and 2D peaks (around 2700 cm−1). The G peak is associated to a double degenerate zone

centre E2g mode, and corresponds to a primary in-plane vibrational mode. The 2D has no relation

to the G peak; otherwise, it is a second-order overtone of the D peak that appears around 1340

cm−1. The D peak is due to another in-plane vibration, which is activated by defects as the electron

undergoes inelastic scattering őrst, and then it is elastically scattered by a defect or edge. This

peak represents an intraband scattering process near the K point of the Brillouin zone [130]. The

defect-induced characteristic band D’, observed around 1621 cm−1, is activated by single-photon

intraband scattering. The quality of NPG can be identiőed by Raman spectroscopy. Both the

sharpness of 2D bands and the high-intensity ratio I2D/IG bands points out that the 3D NPG

samples are high-quality monolayer graphene [131]. Different regions of the samples were probed,

and the intensity ratio between the 2D and G bands remains nearly constant, indicating that these

samples were mainly constituted by monolayer graphene. There was no change in the Raman bands

after removing the nanoporous Ni substrates, conőrming that chemical exfoliation does not cause

noticeable structural damage to NPG. The synthesized NPG can be self-supported as a free-standing

bulk material for device applications. The weakness of D bands in the Raman spectra refers to low

structural defects in NPG, which likely arise from the curved parts of the graphene sheets, which

are geometrically desired to coordinate the 3D nanoporosity. Therefore, a smaller pore size with a
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larger curvature gradient leads to a relatively stronger D-band intensity and a lower I2D/IG ratio.

2.1.2 H- functionalized nanoporous graphene

The main goal of H- functionalization of graphene is to obtain a 2D material with the same morpho-

logical and mechanical properties as graphene while altering its electronic response. Particularly,

graphane is expected to be 2D extended form of a covalently bonded hydrocarbon [8] maintaining

the continuous 2D morphology of graphene through modiőcation of the pristine pure sp2-bonded C

lattice mesh by H-C sp3 bond distortion. Consequently, the semiconducting character of graphane,

whose actual energy gap ≥ 3.5 eV, is expected to depend on H- coverage and on the speciőc HśC

spatial conőguration [8, 9]. The semiconductor graphane, preserving the mechanical characteris-

tics of graphene, is very promising for potential uses as part of different devices such as catalysis,

sensors, and electronics, as well as a novel material for the chemical storage of H [11, 132, 133].

The atomic H covalent bonding to C atoms in the sp2 lattice mesh involves pull-out of the C atom

bonded to H by about 0.3 Å from the average graphene plane due to deformation towards sp3

bond. H chemisorption energy barrier reduces from 0.4-0.6 eV [19, 25, 26] to about 0.2 eV [27] due

to the local curvature of the hexagonal C lattice [24]. Accordingly, intrinsic graphene ripplings are

favourable for atomic H chemisorption.

Many experimental efforts have been developed for achieving graphane in the last years through

applying different H- functionalization methods such as cold hydrogen plasma, hot hydrogen plasma,

high-temperature molecular hydrogen cracking and ion impinging [14, 19, 20, 134] to graphene sam-

ples of different qualities and shapes, including graphite-exfoliated, in situ grown metal-supported

mono-layer graphene [32, 33, 135] and chemical vapour deposition (CVD) synthesized and trans-

ferred graphene ŕakes [34, 35].

As aforementioned, Nano-porous graphene (NPG), which is a very compact and bi-continuous

interconnected three-dimensional (3D) arrangement of high-quality graphene, is very promising for

H- functionalization towards 3D compact graphane since NPG represents a realistic system of free-

standing unsupported graphene.

Crystal structure and electronic band structure of H-NPG

The crystal structure and the electronic band structure of H-graphene should be investigated to

understand H-NPG since NPG is a wrinkled and bent graphene sheet constituted by a bi-continous

and compact interconnected 3D graphene arrangement, as previously explained.

H-graphene For hydrogenated graphene, Santosh et al. proposed őrst-principle calculations of

the crystal structure as shown in Fig. 2.9 [136]. The structure reveals a primitive centred trigonal

lattice structure, where the H atoms are bond below and above the plane of graphene. Hydro-

genation of graphene converts the hybridization of the C from sp2 to sp3. The optimized structure

involves four atoms per unit cell with symmetry of α = 90◦, β = 90◦, and γ = 120◦. The calculated

values of the lattice parameter (a) is about 2.545 Å, the bond lengths (dC−C is 1.538 Åand dC−H is

1.113 Å, and the bond angles ( θC−C−C = 111.55◦ and θC−C−H = 107.3◦), consistent with previous

studies [8, 137, 138]. In addition, the band structure was calculated along with the high-symmetry

points (G-M-K-G) of the Brillouin zone (Fig. 2.10). The calculated energy band gap is about 3.42
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eV, in agreement with previously reported values [8, 137, 138].

Figure 2.9: A schematic representation of hydrogenated graphene, where H atoms are represented by white
circles and C atoms by dark-grey circles: (a) side view and (b) top view. [136]

Figure 2.10: The calculated band structure of hydrogenated graphene. [136]

Hydrogenation methods of graphene

Graphene is chemically inert, and any chemical changes require the use of extremely powerful

reagents. Because of its large aromatic network, graphene’s symmetry must be broken before any

reaction can take place. When a chemical bond forms with graphene, the geometry of the C atom

at the reaction site changes from sp2 trigonal planar to sp3 pyramidal, straining the rest of the

hexagonal lattice [8]. Many hydrogenation methods have been applied to obtain hydrogenated

graphene since its őrst fabrication in 2009 [20]. They are based on either activation of hydrogen

(H-activation) or activation of the graphene lattice (C-activation) to induce the reaction. The most

prominent routes are the thermal cracking of hydrogen, plasma hydrogenation, dissolving metal

reduction and electrochemical hydrogenation [130].

In this thesis, we are concerned about thermal cracking and plasma methods, which prove their

ability to perform clean, non-destructive and low defect hydrogenation processes. Since graphene

and H are the only chemical species in these hydrogenation methods, the chance for contamination

is lower, which is not exist in wet chemical methods.

Thermal cracking method Balog et al. obtained the őrst hydrogenated graphene via thermal

cracking method in 2009 [139]. A hot tungsten őlament at 1400 °C was used to crack H2 gas
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into atomic H, to which epitaxial graphene on SiC(0001) was exposed [139ś141]. The product was

subsequently studied by scanning tunnelling spectroscopy, showing for the őrst time that individual

H adatoms have a clear effect on the local density of states extending several angstroms from the

atomic site. Bostwick et al. [141] explained this observation as a result of localization effects,

leading to metal-to-insulator transition. Thermal cracking is expected to be a clean method since

the only species involved in the reaction are atomic H and graphene. Therefore, it is cleaner

than wet chemical methods. Specialized equipment is desired for thermal cracking, in particular, a

vacuum chamber setup with a precisely controlled atmosphere of H2 gas, exposing to a hot őlament.

Therefore, thermal cracking is less accessible to most researchers than wet chemical methods.

Plasma hydrogenation Plasma hydrogenation was initially presented by Elias et al. [20], in

which H2 gas is activated via an electric discharge or applied RF őeld to form a reactive plasma.

The exposed graphene adsorbs H adatoms to form hydrogenated graphene. Plasma hydrogenation

can be done either by direct or remote plasma conőgurations (Fig. 2.11) [142].

(a) (b)

Figure 2.11: (a) Schematic of graphene hydrogenation reaction in the direct plasma chamber [143]. (b)
Graphene hydrogenation set-up in the remote plasma configuration [144].

In direct plasma conőguration (Fig. 2.11a), plasma was generated in a parallel plate electrode

conőguration and the graphene was mounted directly on one of the plates. However, when using

a remote plasma setup, the plasma is generated approximately 15 cm from the graphene sample

(Fig. 2.11b) [145]. The plasma hydrogenation method has advantages over wet chemical methods:

(i) the chemical species are C (from graphene) and H. Thus, very little risk of contamination of the

graphene with other elements can be expected. (ii) plasma methods are őne-tunable by temperature,

composition, energy, and electric őeld, so it enables őne-tune of the coverage of H atoms on the

graphene [146]. The plasma hydrogenation of graphene has a limitation, compared to using other

methods. This limitation is due to the balance between the rate of hydrogenation and the rate of

irreversible etching and damaging graphene samples. Even at low energies, hydrogen plasma can

produce sputtering defects such as dislocations and vacancies [147ś149]. Like thermal cracking, the

plasma hydrogenation method requires special facilities access to the plasma chamber, which is not

accessible to most researchers.
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Characterization and properties of hydrogenated graphene

As discussed, NPG is a 3D compact construction of graphene with high quality as conőrmed by

Raman, XPS core-level and UPS VB spectroscopy [22, 108, 109]. Thus, NPG is a realistic form

of free-standing unsupported graphene, which can be hydrogenated towards 3D compact and bulk-

scalable graphane. To our knowledge, this thesis is the őrst practical study on the hydrogenation

of free-standing graphene with high hydrogen uptake. However, the hydrogenation of graphene

deposited on a substrate was demonstrated [17, 32ś35], which is a guidance for our work on hy-

drogenation of NPG. In one of these works, Luo et al. studied the plasma hydrogenation of CVD

grown graphene on Cu foil [135]. The evolution of electronic structures with different amount of H-

coverage was presented through using XPS and UPS (Fig. 2.12). The C 1s spectra (Fig. 2.12a)

were őtted by two components: (i) sp2 component (at 284.4 eV) due to sp2 hybridized C atom

in graphene. (2) sp3 (at 285.1 eV) component associated to C-C and C-H bonds formed after

hydrogenation [19, 135].

(a) (b)

Figure 2.12: C 1s core-level XPS (a) and UPS VB using He II spectra (b) of pristine CVD grown
graphene/Cu and after hydrogenation with increasing H- coverage. [135]

A clear increase of sp3 component is observed with increasing plasma treatment dose until H-

coverage saturation of about 32 %. The H- coverage was estimated by Isp3/(Isp3 + Isp2) ×100 %.

Therefore, C 1s XPS is powerful in identifying the C-H bonding through bringing the light to the

associated sp3 component in C 1s core-level. Fig. 2.12b shows the corresponding valence band (VB)

spectra using He II radiation (40.8 eV) of the pristine CVD graphene/Cu and after hydrogenation

with increasing H coverage. The spectrum of pristine CVD graphene is featured by őve bands,

namely C 2p π, C 2p σ + π, C 2p σ, s-p hybridized state and 2s σ. At low H coverage, part of the

delocalized 2p π states is converted to C-H states, reducing 2p π peak with increasing H coverage.

However, The VB spectra are still similar to that of the graphitic system. At high H- coverage,

a complete depression of 2p π state is observed, while two new electron states appear due to the

sp2 C clusters encircled by sp3 C matrix [26, 150]. Son et al. presented the hydrogenation using

indirect hydrogen plasma of a monolayer chemical-vapour deposited graphene on Si-SiO2 without

structural defects [15]. A band gap opening in the electronic structure was observed that could

be tuned up to 3.9 eV by varying H- coverage. Fig. 2.13 shows the synchrotron radiation X-ray

photoemission spectroscopy (PES), revealing that the VB of hydrogenated graphene (H-Gr) was
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shifted down to energy much lower than that of graphene (Gr) or Au. This shift increases and

then saturates at 3.5 eV (green arrow in Fig 2.13a) as the H- coverage increases until saturation

at 25 %. However, in the CB minimum by near-edge X-ray absorption őne structure (NEXAFS)

spectroscopy, small shifts of about 0.4 eV (black arrow in Fig. 2.13a) are clearly observed, which

is not signiőcantly altered with H- coverage. The resulting band gap of H saturated- graphene was

3.9 eV. Also, the π peak is disappeared, and π∗ is signiőcantly reduced with H- coverage, which are

a signature of graphene material. This implies the re-hybridization of sp2 orbitals with the local

sp3 orbitals due to hydrogenation. Furthermore, the thermal desorption of H-graphene was studied

Fig. 2.13b through heating H- graphene at 550 K for 2 h in PES chamber ( < 8 × 10−10 torr).

Recovery of the π orbital below the Fermi energy is observed, indicating the thermal desorption of

H and recovery to metallic graphene. This reversibility enables to control the band gap either by

hydrogenation of graphene or by thermal treatment of the resulting H-graphene.

Figure 2.13: (a) PES and NEXAFS spectra of Gr/Si-SiO2 and H- Gr/Si-SiO2. Red, blue and green arrows
refer to the VB maximum of as-prepared Gr, H-Gr (H- coverage= 12 %) and H-Gr (H- coverage= 25 %),
respectively. The black arrow indicates the shift in the CB of both H-Gr (H- coverage= 12 %) and H-Gr (H-
coverage= 25 %). The band gap was tunable up to 3.9 eV by the change of H- coverage. (b) recovery of the
Π orbital of Gr in PES spectra after annealing of H-Gr in vacuum at 550 K for 2h. [15]

2.1.3 Boron carbon nitride (B-C-N)

Graphene, as previously explained, is one of the most promising 2D materials. Graphene has

a hexagonal layered structure made up of sp2-hybridized carbon atoms. At room temperature,

it has excellent electrical conductivity and high stability. In addition, graphene’s unique cone-

shaped electrical band structure at the Dirac points, as well as its superior mechanical, thermal,

and optical properties, have attracted considerable attention. Another interesting 2D material is

hexagonal boron nitride (h-BN), which can be exfoliated into stable nanoŕakes [151]. In boron

nitride nanosheets (BNNSs), boron (B) atoms and nitrogen (N) atoms are alternatively bound

through partially covalent bonds with sp2 hybridization, exhibiting similar thermal and mechanical

properties of graphene. Unlike graphene, h-BN is an insulator with a 5.1-6 eV indirect band gap

[152]. For effective band gap modulation of h-BN, the integration of h-BN with graphene is very

promising. The doping of C atoms into the h-BN lattice forms complex interfacial BxCyNz layers,

which creates a new class of semiconducting materials [153]. BśCśN ternary systems can be formed

through the combination of h-BN and graphene structures either in-plane [154] or out-of-plane [155].

The ternary B-C-N due to in-plane combination is obtained when B, C and N atoms meet
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each other in the x-y plane, forming a few-layer materials. On the other hand, the ternary B-C-

N due to out-of-plane combination formed at the interface of graphene/BN heterostructures, in

which a graphene layer meets a single sheet of h-BN vertically, forming graphene/BN stacking.

Experimentally, phase segregation is often observed and the h-BN and C domains are mostly dis-

tinguishable [155, 156]. Therefore, a homogeneous distribution of B, C, and N is not simply formed

inside a layer. Well-controlled synthesis conditions are required since many properties are extremely

stoichiometry-dependent, and it is hard to obtain reproducible structures.

Crystal structure of B-C-N

To understand the crystal structure of the in-plane and heterostructure of BśCśN, a deep insight

into the crystal structures of graphene and h-BN monolayers is needed. Graphite is composed of

different layers of carbon atoms that are covalently bonded in a honeycomb structure. These layers

are bounded by weak van der Waals forces, which are easily overcome during exfoliation into single

layers of graphene [157]. The weak van der Waals forces arise from the presence of delocalized

electrons in pz orbitals perpendicular to the surface. The in-plane C-C interactions in graphene are

originated from the network of strong covalent bonds (σ-bonds), leading to the superior mechanical

properties of graphene [158]. h-BN has a similar layered structure with in-plane covalent bonds (σ-

bonds) and out-of-plane van der Waals interactions. The σ bonds are partially ionic and interlayer

forces are (lip-lip) interactions [159] because of the electronegativity difference between B and N. In

graphene, to form a vertically stacked structure, each C atom is sharing an electron. However, in

h-BN, Npz in one layer and Bpz in the adjacent layer are giving electron pairs and empty orbitals,

respectively [160]. This semi-polarity gives rise to stronger interactions between atoms and decreases

the interlayer distance of BN compared to graphene. Consequently, the exfoliation process is slightly

more challenging in BN. Also, the stacking sequences of layers in graphene and BN are different.

The bi-layer graphene structure is presented from a top view (Fig. 2.14a) as AB sequence, i.e.

hexagons of each layer shift by half a hexagon relative to the previous layer.

On the other hand, BN layer sequences are AA’ (AA with two alternating atoms) since the atoms

of each layer are located at the same x-y position in the next adjacent layer except for an offset in

the z-direction (interlayer distance). Consequently, each N atom meets B atoms in the same position

exactly below and above itself and vice versa (Fig. 2.14b) [162]. The layer edges of 2D materials have

two possible layouts, namely zigzag or armchair, as indicated in Fig. 2.14 c and d. The reactivity of

the materials and the edge chemistry are affected by these edge conőgurations. Further edge sub-

sectioning of h-BN into N-terminated and B-terminated edges is considered, unlike the graphene

case. The N-terminated edges, in either form of a zigzag or armchair, exhibit better stability than

B-terminated edges or any other combinations, since N-terminated sides have faster edge passivation

compared to B-terminated ones. According to h-BN and graphenes, two general nano-morphologies

can be considered for the B-C-N phases, namely in-plane and out-of-plane heterostructures presented

in Fig. 2.14 e and f, respectively. The conőgurations of out-of-plane G/h-BN do not necessarily

follow the stacking sequence AA or AA’. Accordingly, a layer of graphene can be sandwiched between

two h-BN monolayers with either a different or the same edge conőguration (zigzag or armchair,

N-terminated, or B-terminated). Theoretically, each layer should be oriented by the underlying

layer, but this alignment may be disrupted by internal structural defects, or strain [163].
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Figure 2.14: Schematic illustration of the side view of bilayer (a) graphene, (b) h-BN. Top view of (c) AB
stacking sequence in graphene and (d) AA’ in h-BN. (e) Side view of vertical BCN consisting of individual
layers of h-BN and graphene stacking. (f) In-plane B-C-N system consisting of distinct C and BN domains
distributed in a single sheet. [161]

Electronic band structure of B-C-N

The electronic band structures of BśCśN phase still have not been well understood because of

the metastability of the formed phases and a lack of practical knowledge of graphene and h-BN

nanodomain distribution. h-BN is an ultra wide band gap SC, whose band gap between valence

band maximum (VBM) and conduction band minimum (CBM) is about 5.3ś5.9 eV [164]. It has

been debatable whether h-BN has an indirect transition of KśM or a direct band gap along with

K. Experimentally, an indirect band transition along KśM, giving a gap of 5.5 eV for bulk BN (Fig

2.15a), has been recently reported [164].

The band gap increases as the bulk BN is nano-structured to BN nanosheets (BNNSs) or nan-

otubes (BNNTs). It can reach up to 6.5 eV in BNNS monolayers owing to synergistic effects of

quantum conőnement [165]. This band gap is originated by low-delocalized π electrons and a negli-

gible possibility of π to π∗ transitions between N and B pz orbitals. The density of states (DOS) of-

h-BN reveals a clear electron deőciency of pz orbitals of B in the CB, while electron-rich pz orbitals

of N are located in the VBM [164]. On the other hand, graphene has a zero-bandgap with two

inequivalent Dirac points of K and K’ as shown in Fig. 2.15b and c. The combination of BN and

graphene in the BśCśN forms a structure-dependent complex band structure that can be elaborated

through ab initio density functional theory (DFT). In principle, there are two important factors for

determining the electronic band structure of BśCśN phases: (i) the atomic ratios which forms

BxCyNz compositions by differing x,y and z values, and (ii) the distribution of atoms throughout

the surface, giving the different possibilities of CśC, BśC, BśN, and NśC bond formation [166].

In general, the band gap of B-C-N and the associated energy to sub-electronic states of the gap

are closely dependent on the B/N ratio. The higher the number of B atoms, a hole-doped struc-

ture is obtained. However, an electron-doped structure is obtained When N is predominant [167].

Symmetric electronic states below and above the Fermi level can be achieved by an equal B and N
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concentration, neutralizing the overall charge [168]. An equal concentration of B and N can give

rise to h-BN domains (B3N3) and C rings (C6) connected inside a plane forming (B3N3)x (C6)1−x,

which is an alternative representation of BxCyNz emphasizing domain segregation. A theoretical

simulation [167] was performed by Kaloni et al. using őrst-principles DFT calculations for graphene,

G-12.5%BN, G-25%BN, G-43.75%BN, G-56.25%BN and G-75%BN (Fig. 2.16aśf), respectively, to

clarify the different possible conőgurations of the BśCśN phases and their corresponding electronic

band structures.

Figure 2.15: Electronic band structure of (a) hexagonal boron nitride [169]. (b) graphene. (c) 3D repre-
sentation of the cone-shaped band structure of graphene [170].

As the BN concentration increases, the curvatures of both CB and VB decrease due to enhancing

the effective mass because of real space asymmetry in BCN; consequently, the band gap increases.

This band gap opening results from the damaged sublattice symmetry in the presence of B and

N and the change in the on-site energy of C because of the isoelectronic co-doping of BN. This

increment in band gap can be plotted as a semi-quadratic relationship of concentration and band

gap as presented in Fig. 2.16g, connecting 0 eV of graphene to 5 eV for BN [166]. The fractional

concentration dependency of the band gap is estimated by Eq. (2.1).

Eg(x) = 2.16x2 + 2.42x (2.1)

,where Eg energy gap and x is BN fractional concentration. Furthermore, the band gap is

sensitive to the number of layers, i.e. it decreases by increasing the number of layers (Fig. 2.16h).

Experimentally, a recent study of B-C-N őlms using a Tauc plot conőrmed that B-C-N has a remark-

able narrower band gap relative to BN. The band gap decreases from 5.5 to 2.5 eV with increasing

the C content to 24 at % [171]. This band gap variation is also observed in the case of graphene

stacked with BN vertically. A small opening of 0.43 eV along the Dirac points of graphene is resulted

from adding the BN and the presence of NśC and BśC bonds at the interface is observed, whereas

a signiőcant reduction (3.5 eV) is reported in the reverse condition in BN [172].
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Figure 2.16: Electronic band structure of (a) graphene with Dirac point at Fermi level, (b) graphene-12.5
% BN, (c) graphene-25 % BN, (d) graphene-43.75 % BN, (e) graphene-56.75% BN and (f) graphene-75% BN
calculated by DFT. (g) Predicted variation of bandgap by increasing the h-BN concentration. (h) Thickness
dependence behavior of the band gap while increasing h-BN addition into graphene. [167]

CVD growth of B-C-N layer

Several methods have been reported to synthesize BśCśN structures [161], which are classiőed into

four categories: chemical vapor deposition (CVD), physical vapor deposition (PVD), pyrolysis and

molten salt method (MSM).

In our present work, we are interested in the CVD method, which is a widely used bottom-

up approach for the synthesis of 2D materials. In CVD synthetic route [161], gaseous materials

are reacting in the vapor phase or on the surface of substrates. Therefore, solid products on the

substrates are formed. Through controlling the experimental parameters, the number of layers, their

size, morphology and orientation can be controlled [173]. These experimental parameters include

the relative composition of the precursors, pressure, temperature and the gas ŕow rate, as well as the

distance between the source and the substrate. The őrst graphitic BśCśN was reported by Kaner

et al. by thermal decomposition of boron trichloride, ammonia and acetylene [174]. Thereafter, the

CVD route progressed and developed into a reliable technique. Several CVD methods for B-C-N

growth have been reported not only for high-quality products but also for controllable growth of

layered products tailored to speciőc applications as well. Various CVD routes for BśCśN system
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were developed, including thermal catalytic CVD [54], ambient pressure CVD (APCVD), [175],

microwave plasma CVD (MPCVD)[176] and plasma-enhanced CVD (PECVD) [177].

The properties of the BśCśN nanosheets are affected by their morphology, size, as well as h-BN

and graphite interface (if present), which can be controlled by reasonable design and the growth

process. Different parameters affect the growth process, such as precursors, temperature, substrate

and pressure [173].

First, there are three Precursors, which are the reactants in the CVD process. To convert the

precursors into nanosheets, three reactions are involved, typically thermal decomposition reaction,

chemical synthesis reaction, and chemical transport reaction [173]. For the growth of 2D BśCśN

nanosheets, either single and multiple source precursors can be employed. Through using single-layer

GO, NH3 and B2O3 as the three precursors, B and N atoms from the precursors were incorporated

on the substrate where B and C bind with N forming CśN and BśN bonds [178]. Ammonia borane

(NH3BH3) and CH4, as precursors, have been reported for thermal catalytic CVD [54].

Second, the temperature is an effective parameter since it inŕuences the reactions of the pre-

cursors, the ŕow of the carrier gas and deposition rate on the substrate. According, it impacts the

uniformity and the composition of the obtained layer. High temperature is often needed for high-

quality growth, but controlling the temperature is desired with the rest of the parameters. Through

experimental results carried out at different temperatures, the atomic ratios point out that B and

N atoms are incorporated into the BśCśN nanosheets at higher temperatures. For instance, at 900

°C, the atomic ratios of B:C:N were 0.6:1.0:0.5, whereas the ratios are 1.2:1.0:1.3 at 1100 °C [178].

Third, substrates, over which materials are grown during the CVD process, can be catalytically

inert or active. Previously, Cu was used as a substrate for the growth of h-BN and graphene [95].

Also, Cu is one of the őrst substrates implemented for the growing of BśCśN hybrid monolayers

[54]. In this case, a 50 mm fused quartz tube was used for introducing B and N precursors through

heating ammonia borane into the growth chamber [95]. Inside the furnace, the substrate was

annealed at 600 °C for 20 min under Ar/H2 ŕow. Subsequently, a gradual increase of temperature

up to 900ś1000 °C for 40 min is employed. The grown őlm is mostly uniform and transparent,

with an average thickness of 1 nm. The őlms contain two or three atomic layers, as shown by

high-resolution transmission electron microscopy (HRTEM) images. The őlms made by this route

can be lithographically shaped and patterned into various structures through exposure to oxygen

plasma. Therefore, this CVD method facilitates the fabrication of devices from an atomic layer.

Recently, plasma enhanced chemical vapor deposition (PE-CVD) has been reported as a fast,

direct and efficient method to grow B-C-N layer on Cu substrates, formed by C-rich and h-BN-rich

nano-domain patchworks with high doping levels with interactions of B and N with C at the Gr

borders as well as interaction of C at the h-BN [58, 60]. In this thesis, PE-CVD was used for growing

B-C-N ultra-thin layer on Ti substrates. The details of the used PE-CVD in our work is described

in chapter 3.

Characterization and properties of B-C-N

Understanding the physical and chemical characteristics of BśCśN sheets is very important for

further applications. In this subsection, the most common and useful characterization techniques

are summarized to quantify various aspects of these materials.
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X-ray photoelectron spectroscopy (XPS) of B-C-N XPS has been used extensively to study

the surface chemical compositions of B-C-N nanosheets. The survey spectrum of a B-C-N phase

manifests B 1s, N 1s and C 1s core-levels. The high-resolution 1s core-level spectra of B, C, and

N in BśCśN can be deconvoluted into several components, corresponding to different chemical

environments. For instance, Fig. 2.17 [179] shows the overall őtting envelopes (black lines) are

őtted to the experimental data, whereas the őtting components (coloured curves) are attributed to

atoms that present in different chemical environments. These XPS measurements were performed

for synthesized BśCśN nanosheets through plasma-enhanced chemical vapor deposition (PECVD)

[179].

Figure 2.17: XPS of B–C–N corresponding to B 1s (a), C 1s (b), and N 1s (c) core-levels. [179]

First, The B 1s core-level spectrum (Figs. 2.17a) can be őtted into three peaks corresponding

to atoms bonds of B-C, B-N and B-O at 189.4 eV 191.3 eV and 192.8 eV, respectively (Fig. 15a).

Second, the C 1s core-level (Figs. 2.17b) is often deconvoluted into four peaks at 283.2 eV, 284.6

eV, 285.2 eV, and 287.5 eV associated to the bonds of C-B, C-C, C-N and C-O, respectively. CśC

is associated to graphene domains, whereas CśB and CśN often appear at domain boundaries due

to the coexistence of graphene and h-BN domains in B-C-N layer. Finally, the N 1s core-level

(Figs. 2.17c) shows a peak at 398.6 eV associated to N-B bonding, while the peak at 399.2 eV

arises from N atoms in pyridinic, graphitic and pyrrolic sites [54]. Compared to N 1s core-level

of pure h-BN, the intensity of NśB peak in BśCśN samples is less due to the substitution of B

atom with C [180]. The intensity of BśN peak in B 1s and N 1s does not change upon addition

of C in h-BN to construct BśCśN, indicating that the h-BN domains almost remain intact [180].

The strong affinity of B atoms to N atoms is the reason for this observation, due to differences in

their electronegativity. Thus, BśN bonds in h-BN domains are more thermodynamically favourable

than the formation of new BśC bonds [181]. These XPS results indicate a highly mixed bonding

scheme. Through integrating the 1s core-level peaks, the B: C: N ratio was estimated as 1.8: 1.0:

2.2. Furthermore, through increasing the C content in the h-BN structure, π electrons gradually

move into the BśCśN system, leading to delocalizing charges in h-BN domains. Consequently, the

higher C content in the B-C-N sample gives rise to the sharper CśN signal in C 1s due to an increase

in π-π interaction between atoms in the system [180]. Similar results were obtained by Wang et

al. through measuring XPS for four BśCśN samples with different chemical compositions, and

calculating the relative percentages of B: C: N [182].
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Raman spectroscopy of B-C-N Raman spectroscopy is an excellent technique to characterize

2D materials. The Raman spectroscopy of h-BN samples reveals a sharp peak at 1370 cm−1 due

to the őrst-order Raman effect, and is associated to the zone-centre, counter phase B-N vibrational

mode (E2g) within BN sheets [183]. For graphene, the Raman spectrum is dominated by two peaks

at 1597 cm−1 and 2695 cm−1 attributed to G band and 2D band, respectively [131].

Figure 2.18: Raman spectra of BCN−x samples (x: 1–4) synthesized with different ratios of boric acid,
urea and glucose, which are 4:4:2, 3:3:4, 2:2:6, and 1:1:8, respectively. [182]

The G band originates from the doubly degenerate zone centre E2g mode, and the 2D band is

the second-order mode of zone-boundary phonons [60]. Additional peaks due to the D band (at

1350 cm−1) and a D’ band (at 1622 cm−1) can be observed if disordered regions are presented in

the graphene sample. Generally, the D’ shoulder appears close to the G band in highly disordered

layers [179]. For BśCśN samples, the Raman spectra manifest a mixed broad D−E2g band at 1360

cm−1 and G band at 1609 cm−1 as well as a relatively weak 2D band at 2740 cm−1, which indicates

the presence of few BśCśN sheets (Fig. 2.18) [182]. The stretching of BśN in h-BN is much weaker

than the G band in graphene under the same excitation conditions. The band at 1360 cm−1 is due

to the D band associated to the presence of defects. The G band in BśCśN shifts relative to that

of pure graphene due to the structural distortion of the graphitic C atomic lattice with different

bond lengths of C=N and NśB [182]. The 2D peak becomes more prominent with increasing the C

content in the B-C-N composition. Also, the ID/IG ratio decreases as the sp2 domain size increases

[182].

UV-visible spectroscopy of B-C-N The optical band gap of the BśCśN phases can be inves-

tigated by UVśvisible absorption measurements. Graphene has a weak absorption peak at 268 nm

associate to resonant excitonic effects, arising from electron-hole interaction in the π and π∗ bands

at the M point [184]. For h-BN, the absorption peak appears at about 200 nm. The band gap of

h-BN, calculated by using Tauc’s plot [185], is about 5.6 eV for the bulk material.

[131]. Fig. 2.19 [180] presents the absorption spectra of h-BN and BśCśN samples of different

compositions. It reveals two peaks at 200 nm and 245 nm associated to σ electron and non-bonding

electron excitation of h-BN. For B-C-N samples, an additional peak at 330 nm appears, which arises

from π electron excitation since C atoms are forming π electron system as well as a red shift of the

absorption peaks is observed with increasing the C content. This can be explained by changes in

the electronic band structure. The optical band gap of BśCśN is smaller than that of pure h-BN
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because of the presence of C 2pz orbitals from graphene domains. Consequently, an increase in

graphene domains leads to a decrease in the optical energy band gap and shifting of the absorption

peaks towards higher wavelengths. Furthermore, the tail peaks in the visible region become stronger

with increasing the amount of C in BśCśN samples since carbon materials absorb more strongly in

the visible region [186].

Figure 2.19: UV-vis spectra of BCN−x samples. Suffixes 10, 20, 40. Insert: pictures of the samples. [180]

2.1.4 Molybdenum disulfide (MoS2)

In contrast to graphene, layered transition metal dichalcogenides (TMDCs) have band gap approx-

imately equivalent to Si or GaAs with the capability for down-sizing the semiconductor technology

to nanoscale [187]. TMDCs were implemented in many applications, such as solid-state lubricants,

photovoltaic devices, and rechargeable batteries [188]. TMDCs monolayers are atomically thin

semiconductors of the form MX2. M refers to a transition-metal atom (Mo, W, etc.), and X is a

chalcogen atom (S, Se, or Te). One layer of M atoms is sandwiched between two layers of X atoms,

as shown in Fig. 2.20.

(b)

(a)

Figure 2.20: (a) side view of the structure of a hexagonal TMD monolayer. M atoms are in black and X
atoms are in yellow. (b) top view of a hexagonal TMD monolayer. [187]

Molybdenum disulphide (MoS2) is the most optimistic 2D material among the several combina-

tions of TMDCs because its fundamental constituents are abundance and innoxious [189]. Different
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synthesis methods are used for synthesizing TMDCs such as vapor deposition, chemical vapor depo-

sition, etc. MoS2 is more developed than other TMDCs since the synthesis of a single or few layers

of MoS2 is practically easier, compared to corresponding selenides and tellurides [190]. 2D MoS2

exhibits appreciable mobility of about 200 cm2 (Vs)−1 at room temperature and high on/off current

ratio 108. As MoS2 transforms from bulk to nanoscale, it can convert from an indirect band gap (of

about 1.2 eV) to a direct band gap (of about 1.9 eV). These features of MoS2 make it a promising

material for electronic and optoelectronic applications [191]. Furthermore, MoS2 is also favourable

for many applications such as energy storage and conversion, hydrogen evolution reaction (HER),

electrode material for lithium and sodium batteries, optoelectronics, and in nano powering devices

[192].

For better understanding, we are discussing, in this chapter, some fundamental aspects of MoS2

such as its crystal and electronic structures, properties and some characterization as well as CVD

method of growth.

Crystal structure of MoS2

Bulk MoS2 consists of layers having an arrangement, in which one Mo atom is surrounded by

six S atoms. MoS2 layers are linked by weak Van der Waals, facilitating the MoS2 layers sliding

on each other [193]. MoS2 exhibits three different forms, which are 1T [194], 2H [195] and 3R

[196], belonging to point group D6d, D6h and C3V . Different allotropes and morphology, such as 3D

(ŕowers, snowŕakes, and dandelion), 2D (nanosheets, nanostripes, and nanoribbons), 1D (nanowires

and nanorods) and 0D (nanoplatelets) can be obtained through some modiőcations in the synthetic

methods. 2H (Hexagonal) MoS2 (Fig. 2.21(a)) is the most stable conőguration [197], having a

lattice parameters a = 3.15 A° and c = 12.30 A°.

Figure 2.21: Top and side views of 2H (a) and 1T (b) arrangement of MoS2. The trigonal prism coordination
for the Mo atom in 2H-MoS2 and the octahedral coordination for the Mo atom 1T- MoS2 are depicted. S
atoms are represented by yellow, and Mo atoms are represented by cyan colour. [197]

This conőguration belongs to the P63/mmc space group, and the hexagonal structure is its Bra-

vais lattice structure. This conőguration behaves like an n-type semiconductor (SC) and possesses

a charge carrier capacity of 100 cm2(Vs)−1. It is thermodynamically stable till 1203 °C then it

transforms to Mo2S3. For synthesizing 2H MoS2, various methods have been used such as chemical

28



2.1. Two dimensional (2D) materials

vapor deposition, hydrothermal and ball milling method, etc. 2H MoS2 can be transformed from

semiconducting to metallic by heating above 800 °C. Also, it can be converted into superconducting

with the doping of rubidium (Rb) at low temperatures of 6.9 K with intercalation process [198].

2H MoS2 is promising to remove sulfur from fuel and organic compounds through a process of hy-

drodesulfurization to get a clean fuel. Another metastable state of MoS2 (1T (Tetragonal) MoS2)

is presented in Fig. 2.21(b). This conőguration has lattice parameters a = 5.60 A°, c = 5.99 A°. It

shows paramagnetic as well as metallic nature [199]. MoS2 is a promising candidate for the source

and drain electrodes in the (FET) devices [200] because of its electrical properties, such as less

contact resistance (about 200 Ω µm) and the highly efficient performance. 1T-MoS2 is synthesized

by an electron beam process to use in the FET devices [201]. 3R (Rhombohedral) MoS2 [202] is

an additional stable form of MoS2. It presents in less than 3 % of molybdenite ore. It has lattice

parameters a = 3.17 A° and c = 18.38 A°, and it belongs to R3m space group. This polytype can be

converted into 2H polytype by heating. This polytype is implemented in non-linear optical devices

due to nonlinear properties arising from broken inversion symmetry [203]. A multi and monolayer

of 3R MoS2 can be synthesized by the mechanical exfoliation technique. The 3R MoS2 together

with 2H MoS2 are used as dry lubricants.

Electronic band structure of MoS2

Understanding the band structure of MoS2 is very important for its implementation in optoelectronic

and electronic devices. The band structure of MoS2 calculated by őrst-principles reveals an indirect

band gap of 1.2 eV. As decreasing the number of layers, there is an increment in the indirect band

gap. A single layer of MoS2 exhibits 2D direct band gap SC of 1.9 eV [204]. Several values for the

band gap of MoS2 were reported within the range 1.6-1.9 eV [204, 205] because of using various

approximations for the exchange and correlation functions. The band gap of MoS2 of 1.9 eV is based

on theoretical results using Perdew-BurkeśErnzerhof (PBE) functional form of generalized gradient

approximation (GGA) [204]. The GW calculation anticipated a more corrected band gap and

speculated that the monolayer MoS2 has a band gap in the range of 2.7ś2.9 eV due to the inŕuence

of environment and conőnement on the exciton binding energy (BE) and electronic structure [206].

Indeed, it is important to accurately calculate and understand the many-electron properties of

MoS2 since it is expected to have strong excitonic effects, which will inŕuence its optical properties.

One common approach to compute quasiparticle (QP) band structure and the optical response,

including electron-electron interactions and excitonic contributions, is the GW plus Bethe-Salpeter

equation (GW-BSE) approach. Qiu et al. [207] presented őrst-principles calculations of the band

structure of monolayer MoS2, employing the GW-Bethe-Salpeter equation (GW-BSE) approach

including self-energy, excitonic, and electron-phonon effects as shown in Fig. 2.22, which presents a

comparison of the local density approximation (LDA) and GW band structures. They found that

MoS2 is a direct gap semiconductor at both the LDA and G0W0 calculations. The LDA gap is 1.74

eV and the G0W0 gap is 2.78 eV at both the K and K’ points. Spin-orbit (SO) coupling splits the

valence band at the K point by 146 meV.
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Figure 2.22: The local density approximation (LDA) (dashed blue curve) and GW approximation (solid
red curve) band structure of monolayer MoS2 [207].

Chemical vapor deposition (CVD) method of preparation for MoS2 monolayer

MoS2 layers can be achieved either by preparation methods based on the up-bottom approach or

bottom-up approach. Mechanical exfoliation method, exfoliation in the liquid phase are examples

of up-bottom approach methods. On the other hand, physical vapor deposition, solution chemical

process, chemical vapor deposition and atomic layer deposition are methods based on the bottom-up

approach [71].

In this thesis work, we are interested in the chemical vapor deposition (CVD) method for syn-

thesizing MoS2 layers, which is based on the bottom-up approach since it is preferred to manage

the morphology, defects, crystallinity. CVD synthetic route controls the different synthesis param-

eters to obtain high purity and high-quality 2D nanomaterials. Mainly, in CVD method, three

different classes of precursors such as molybdenum trioxide powder (MoO3) [208, 209], ammonium

thiomolybdate solution (NH4)2MoS4 [210] and elemental molybdenum [211] can be exploited.

Conventional CVD has been widely used to grow high-quality uniform crystalline 1L-MoS2 at

high temperature 700ś850 °C [212, 213]. A high optical quality 1L-MoS2 on SiO2, sapphire and

glass substrates was grown at 900 °C by Wu et al. [213] using this method; However, such high-

temperature limits the direct growth on ŕexible substrates, such as muscovite mica. Therefore,

many attempts have been made to achieve comparatively low-temperature synthesis through using

different growth promoters/catalyst since the reduction of growth temperature without compromis-

ing the quality of MoS2 layers is a challenge [61]. Gong et al. used tellurium as a growth promoter

and obtained a reduced-temperature of about 500 °C for the growth of MoS2 monolayers [214].

Alkali halides such as NaF have been used to lower down the growth temperature for the growth

of MoS2 őlms on glass substrates [215]. The obtained crystalline quality of MoS2 was resulted by

the formation of an intermediate solution of Na2Sx·MoS2. NaCl, which is another metal halide, has

also been used by Barreau et al. to grow MoS2 layer since the formation of intermediate compound

Na2MoS2, having the same structure as MoS2, acts as a suitable template for 2D planar nucleation

and facilitates the growth of MoS2 layers [62]. Accordingly, the usage of alkali metal halides helps to

reduce the growth temperature and also provides a template for the growth of MoS2 by the forma-
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tion of intermediate compounds. Singh et al. reported NaCl-assisted CVD growth of high-quality

MoS2 on amorphous, crystalline and layered substrates [61]. NaCl assists the formation of seeding

promoter, which is a water-soluble layer of Na2S and/or Na2SO4 on the substrate. This layer helps

in 2D planar nucleation of MoS2. The details of NaCl-assisted CVD growth that we used in this

present work in described in chapter 3.

Characterizations and properties of MoS2

Herein, the most interesting characterization summarized to quantify various aspects of MoS2.

Raman spectroscopy of MoS2 monolayer Raman spectroscopy is an outstanding character-

ization technique to investigate materials while transforming from 3D conőguration to 2D conőg-

uration. Lee et al. demonstrated the structural aspects of monolayer and a few layers of MoS2

through measuring Raman spectroscopy [216]. The Raman spectra were featured mainly by two

Raman peaks, namely E1
2g and A1g. These peaks are associated with S atoms that vibrate in-plane

and out-of-plane. For a monolayer of MoS2, E1
2g and A1g are observed at 381 cm−1 and 405 cm−1,

respectively. The Raman spectra of MoS2 őlms deposited on Si substrate [217] exhibits two signiő-

cant Raman peaks at 405 cm−1 and 380 cm−1 associated to A1g mode E1
2g. E1

2g corresponds to the

oscillates of Mo and S atoms in crystal plane direction, whereas A1g mode is associated with the

oscillates of these atoms out of, as shown in Fig. 2.23.

Figure 2.23: Raman spectrum of MoS2 film on Si substrate. Schematic demonstrations of E1
2g and A1g

oscillating modes are presented in the inset displays. [217]

In addition, it is reported that when bulk MoS2 is transformed into a single layer, E1
2g gets blue-

shifted whereas A1g is red-shifted [216]. The reason of such shifts is that E1
2g shows a stiffening effect

due to long-range Coulomb interaction lies between Mo atoms and also due to signiőcant dielectric

screening as the number of layers increases from single to bulk form. [82]. The frequency spacing

of E1
2g and A1g in bulk and a monolayer of MoS2 is about 25 cm−1 and 19 cm−1, respectively. The

intensities of these two peaks ramp up linearly with the thickness of layers up to four layers, while

it decreases for bulk MoS2 [216]. The peak position and line width in the Raman spectrum are also

affected by thermal effects [218].

Optical spectroscopy of MoS2 monolayer The optical absorption spectroscopy is a remarkable

characterization method for investigating MoS2. Dhakal et al. [66] studied the optical absorption
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at different regions of mechanically exfoliated MoS2 having different numbers of layers (Fig. 2.24a

and b). For the MoS2 monolayer, three main features are observed, namely A at 1.88 eV and B

at 2.03 eV exciton peaks embedded in a continuous spectrum, with a maximum peak near 2.84

eV associated to exciton C. The splitting energy between the A and B is about 0.15 eV in the

monolayer and increased with increasing the thickness of MoS2 őlm, reaching 0.16 eV for the bilayer

and 0.19 eV in the bulk case. This splitting arises from the splitting in VB, which is mostly due to

spin-orbit coupling (SOC) and some interlayer coupling present in the multilayer MoS2 őlm [219].

This observation of increasing splitting energy was also observed in the ARPES study on MoS2

[220]. Interestingly, only the A exciton band shows a clear red shift with increasing thickness of

MoS2. Fig. 2.24c shows a model using a simple band transition scheme to understand the observed

absorption spectra and their dependence on the atomic thickness. The top of the valence band (VB)

at the K-point was used as a reference in this diagram. The shift of the A exciton peak arises from

the change in exciton-binding energy (BE) or the gap between the bottom CB and the top of VB at

the K-point, or a combination of both effects. The B exciton position did not change signiőcantly

because the reduction in the exciton level was offset by an increase in the VB splitting.

(a) (b)

(c)

Figure 2.24: (a) Absorption spectral mapping image showing the integrated absorption intensities for 1L,
2L, and FL regions. (b) The corresponding absorption spectra. (c) Schematic diagram showing the optical
transition at the K-point in the monolayer, bilayer, and bulk MoS2 regions. [66]

In other studies [221ś223], differential reŕectance and transmittance have proven to be very pow-

erful techniques for studying 2D materials with a lateral resolution of about 1 µm and spectral range

of spectral range 400ś900 nm. Frisenda et al. [222] studied the optical reŕectance and transmittance

of mechanically exfoliated MoS2, with different thicknesses. Both the differential reŕectance and

transmittance spectra presented the three excitons peaks A, B and C, in agreement with previous

photoluminescence studies [67, 224, 225]. Micro-reŕectance and transmittance are interesting for

determining the number of layers of MoS2. Fig. 2.25a shows the differential reŕectance spectra
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acquired for MoS2 ŕakes with a thickness ranging from one to seven layers, and Fig. 2.25b presents

the thickness dependence of the A, B and C exciton resonances.

Figure 2.25: (a) Differential reflectance spectra of MoS2 flakes with different numbers of layers. (b)
Thickness dependence of the exciton energy. [222]

It is observed that the exciton A blue shifts upon reduction of the number of layers, consistent

with previous photoluminescence measurements [67], whereas the B exciton shows a weaker thickness

dependence. The C exciton peak strongly shifts with the number of layers.

XPS of MoS2 monolayer XPS has been used widely to investigate the chemical composition of

MoS2 and estimate the ratio of contents. Wang et al. studied the CVD-grown few layers of MoS2

on SiO2/Si substrate at different growth temperatures, as presented in Fig. 2.26 [226].

Figure 2.26: XPS of few-layer MoS2 on SiO2/Si substrate grown at 300 °C , 500 °C and 900 °C. (a) and
(b) the corresponding binding energies (BEs) of Mo and S. [226]

The Mo(IV) core-level spectra (Fig. 2.26a) present two peaks centred within the range of

229.1ś229.6 eV and 232.3ś232.7 eV, associated with Mo 3d5/2 and Mo 3d3/2, respectively. In S2p

core-level spectra (Fig. 2.26b), S 2p3/2 and S 2p1/2 are observed at 162.3 eV and 163.4 eV, respec-

tively. All the XPS positions of the peaks are in agreement with the reported values in literature

[227, 228]. The small peak centered at 235.5 eV is attributed to the residuals of Mo(VI) grown at
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300 °C. With increasing the growth temperature, there are no observable changes in the line shapes

of the peaks. Also, the ratio of Mo to S is close to 1:2. Consequently, it suggests that the formation

of MoS2 is independent of growth temperature.
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Chapter 3

Experimental Methods

Many experimental methods were involved in this present research work for the synthesis and charac-

terization of two dimensional (2D) materials, typically carbon-based materials and transition metal

dichalcogenides (TMDCs). The carbon-based materials were free-standing nanoporous graphene

(NPG), H- (D-) functionalized NPG, potassium (K)- doped NPG and an ultra-thin layer of boron

carbon nitride (B-C-N) on Ti substrate, whereas molybdenum disulőde (MoS2) layer on Si and

quartz substrates was studied as a TMDC material.

In the present thesis, we have investigated several 2D materials samples synthesized and func-

tionalized in different collaborative laboratories:

(i) NPG was synthesized via the Ni-based chemical vapour deposition (CVD) method by the

research group of Prof. Yoshikazu Ito lab [28] at the University of Tsukuba in Japan.

(ii) H- (D-) functionalization of NPG was obtained by four different irradiation techniques, typi-

cally cracking irradiation and ion irradiation techniques, as attempts to maximize the H-(D-)

upload to NPG. Hot ribbon and cracking capillary gun were used as cracking irradiation tech-

niques, whereas Kaufman source and electron beam irradiation techniques were the used ion

irradiation techniques. Both hot ribbon and cracking capillary gun irradiation methods were

carried out in ultra-high vacuum (UHV) at the lab of Low-Temperature Ultraviolet Photo-

electron Spectroscopy (LOTUS) [29] at the Sapienza University of Rome, Italy. Mainly, I

handled these experiments for controlling and performing the irradiation procedures. The

research group of Optical Spectroscopy of Nanostructured Materials (OSNM) lab [30] at the

Sapienza University of Rome carried out the Kaufman irradiation of NPG. The electron beam

induced ion irradiation method was used for irradiating NPG samples by the research group

of the Center for Energy, Environmental and Technological Research (CIEMAT) [31] at the

University of Madrid, Spain.

(iii) NPG was doped with K by evaporation from K- dispenser in UHV in LOTUS lab [29], where

I was the person who controlled and was in charge of this experiment.

(iv) B-C-N on Ti substrate was grown via the plasma-enhanced (PE) CVD method by the research

group of MIRE lab at the University of Madrid.
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(v) MoS2 was grown via the NaCl-assisted CVD method in the MIRE lab, where I was in charge

of this experimental work for controlling and growth procedures.

Various characterization techniques were used to obtain complementary detailed information

about the surface morphology, chemical compositions and electronic properties. X-ray photoemis-

sion spectroscopy (XPS) was carried out for investigating the chemical composition and bonding

scheme between the constituent elements in the LOTUS lab [29]. Also, the valence band electronic

structure was measured by ultraviolet photoelectron spectroscopy (UPS) in the LOTUS lab. For

XPS and UPS measurements, I was mainly responsible for the experimental procedures and analysis

of the spectra. Raman spectroscopy was measured for identifying the quality of the samples, defects

and number of layers by the research group of OSNM lab [30]. Microscopic images were obtained

by scanning electron microscope (SEM) of the Laboratory for Nanotechnologies and Nanosciences

of Sapienza (SNN) [229] at the Sapienza University of Rome, showing the surface morphology and

samples quality. Optical spectroscopy was performed for investigating the sample’s quality, ho-

mogeneity and the number of layers in the MIRE lab, where I was the person of charge in these

measurements during my mission to Madrid university.

To give general information about the applied methods, this chapter summarizes the sample

synthetic routes and a brief technical description of the analyzing techniques.

3.1 Synthesis, functionalization and doping of the samples

In this section, carbon-based materials (NPG and B-C-N) synthesis, functionalization (to obtain

H- (D-) functionalized NPG) and doping (to obtain K- doped NPG) are described as well as the

synthesis of MoS2 as TMDC material. Initially, Free-standing semimetallic NPG was synthesized

by the nano-porous Ni-based CVD method [21, 23, 108ś110], which is a highly efficient, clean

and low defect synthetic method [109]. Thereafter, these NPG samples were functionalized by

stable hydrogen isotopes, namely hydrogen (H) or deuterium (D), by using either ionic irradiation

or thermally cracked molecules irradiation techniques to obtain high H or D absorption with lower

defects. In this way, the transformation from semi-metallic NPG into a tunable semiconducting H or

D functionalized NPGs could be achieved, depending on the amount of adsorbed H or D. Such work

has signiőcance in H-storage research, and a large step forward to producing clean semiconducting

graphane on a large scale. K- doping of NPG was performed in UHV by evaporation from K-

dispenser. K- doping is expected to increase the electron injection from K as an alkali metal into

the VB of NPG, improving its electronic properties and its electrical conductivity [42]. B-C-N ultra-

thin layer on Ti substrate was synthesized by the CVD method, using a single-source precursor [59]

to grow a nearly homogeneous layer since hybrid B-C-N exhibits excellent adjustable semiconducting

properties between semi-metallic graphite and insulating hexagonal boron nitride (h-BN) depending

on composition and structure [50, 230]. This feature is very promising for semiconducting and

electronic applications. MoS2 layer on quartz and Si substrates were synthesized via NaCl-assisted

CVD method. MoS2 as a TMDC material is a promising candidate for next the generation of

optoelectronics, sensing and energy conversion devices [66].
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3.1.1 Chemical vapour deposition (CVD) growth of free-standing NPG

Several synthesis methods were developed in the last years to construct the 2D graphene into 3D

structures such as gel [231], template [232],layer stack [233] and chemical vapor deposition (CVD)

[234] with controllable pore sizes. Remarkably, the 3D nanoporous graphene (NPG) can preserve

the unique 2D coherent electronic properties in the 3D nanostructure. These properties, such as bi-

continuous porous structure, the large surface area and the high electron mobility are very promising

for practical applications in 3D devices [109].

Herein, a novel highly efficient and low defect nanoporous Ni-based CVD method [21, 23, 108ś

110], presented in Fig. 3.1, was used to synthesize a high-quality 3D NPG, allowing to tailor the

porosity of 3D graphene.

Figure 3.1: (a) Image of Ni30Mn70 foil. (b) SEM image of dealloyed nanoporous Ni. (c) SEM image
of nanoporous graphene (NPG) on nanoporous Ni after CVD. (d) SEM and optical images of NPG after
removing the nanoporous Ni substrate using HCl solution. [109]

This synthetic method was performed on several steps by the research group of Prof. Yoshikazu

Ito lab [28] at the University of Tsukuba in Japan. First, through using an Ar-protected arc melting

furnace, Ni30Mn70 ingots were prepared by melting pure Ni and Mn (purity of about 99.9 %). After

overnight annealing at 900 °C to achieve homogenization of the composition and microstructure,

the ingots were cold-rolled into thin sheets (50µm) at room temperature (RT). Second, nanoporous

Ni was prepared from the Ni30Mn70 sheets by chemical dealloying in a 1.0 M (NH4)2SO4 aqueous

solution at 50 °C for 24 hours. The samples were then washed thoroughly with distilled water and

rinsed with ethanol, then dried in a vacuum. Third, the CVD growth of the graphene layer on the

nanoporous Ni substrates was carried out. The resulting nanoporous Ni substrates were placed in a

quartz tube (∅26× ∅22× 250mm), inside another quartz tube (∅30× ∅27× 1000mm) and heated

to 800 °C under a mixed gas stream of H2 at 100 sccm and Ar at 200 sccm for 3 min for reduction
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pretreatment. Thereafter, a gas mixture of benzene (0.5 mbar, 99.8 %, anhydrous, Ardrich), H2

(100 sccm) and Ar (200 sccm) was introduced for graphene growth at 800 °C for 1.5 min. The

furnace was then opened for the rapid cooling of the inner quartz tube. Finally, NPG was obtained

by dissolving the graphene/nanoporous Ni substrates in 1.0 M HCl solution and then transferring

to 2.0 M HCl solution to completely remove the remaining Ni. The NPG samples were repeatedly

rinsed and stored in distilled water.

3.1.2 Hydrogen stable isotopes (H and D) functionalization of NPG

Different irradiation methods have been used, in this present work, for H- or D- functionalization of

NPG to obtain highly qualiőed H- or D- NPG samples with high H- or D- coverage over NPG with

the presence of low defects. These functionalization techniques can be classiőed into ion irradiation

techniques and thermally cracked molecules irradiation techniques. In ion irradiation techniques

such as Kaufman source and electron beam induced ion irradiation, the irradiating particles are

H+ or D+ ions. On the other hand, the used thermal cracking techniques were hot ribbon in situ

and H- (D-) cracking gun (electron beam evaporator (EFM)), in which the irradiating particles are

thermally cracked H2 or D2 molecules.

Ion irradiation techniques

Kaufman ion irradiation Through using the Kaufman ion irradiation technique presented

schematically in Fig. 3.2a, low defects and excellent H+ (D+) adsorption over NPG could be

achieved. The H+ (D+) ion irradiation of NPG via Kaufman source (Fig. 3.2b) was carried in

collaboration with the research group OSNM lab [30] at Sapienza university of Rome, Italy.

(a) (b)

Figure 3.2: (a) Schematic diagram of the Kaufman ion irradiation source [235]. (b) Kaufman set-up with
Low-energy (1-500 eV) in OSNM lab, Sapienza University of Rome, Italy [30].

In this system, the sample is őxed in a vacuum chamber (main chamber) above metal support

that ensures thermal and electrical (ground) contact. In the ionization chamber, H+ (D+) is ionized

by a hot electron-emitting őlament. The ejected electrons dissociate the molecules into ions and

the grid system focuses the H+ (D+) ions onto the target sample, which is suitably heated and
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electrically grounded. The ion irradiation via the Kaufman source can be performed at low energy

(1-500 eV) with an operating temperature between RT and 600 °C.

For H+ (D+) ion irradiation of NPG, low beam energies were chosen, based on previous studies

on other layered materials such as TMDC, which shows low defect formation [235ś237]. In addition,

other experimental parameters were modiőed, such as pressure, dose, and also sample temperature,

to obtain optimized conditions for the highest H (D) upload in NPG. The optimized condition is that

the chamber pressure is about 10−6 mbar, the sample is kept at RT, and the protons (deuterons)

generated in the ionization chamber are accelerated with a beam energy of 6 eV through a system

of grids to irradiate the samples with an ion current density of about 0.5 µA/cm2 [238].

Electron beam induced ion irradiation D+ ions irradiation of NPG via electron beam induced

ion irradiation (Fig. 3.3) was carried out by the research group of CIEMAT lab [31] at the University

of Madrid, Spain.

Figure 3.3: Photo of the sample holder with copper (Cu) electrodes to induce deuterium (D+) ions by an
applied electric field. [239]

In this system, electron beam induced D+ ion irradiation of NPG was performed by using a

Van de Graaff electron accelerator to ionize the D2 gas. The NPG sample was placed in a cell

with two copper (Cu) electrodes, one polarized at -0.5 kV and the other was grounded. The NPG

sample was placed on the negative electrode. The cell was placed in a sealed chamber őlled with

D2 gas at 1 bar. The sealed chamber was installed in the beam-line of a Van de Graaff electron

accelerator. A 0.05 mm thick aluminium (Al) foil separated the accelerator beam-line and the gas

chamber in a vacuum. In this way, the 1.8 MeV electrons passed through the Al foil into the gas

chamber between the two Cu electrodes without touching the sample or the electrodes. Therefore,

the D2 gas is ionized between the two electrodes without irradiating the sample. After the D2 gas

was ionized by the 1.8 MeV electron beam, to which an electric őeld is perpendicular, the D+ ions

were directed to the negative electrode (-500 V) where the NPG was located. However, the free

electrons generated by the ionizing beam were driven to the grounded electrode at the pressure of 1

bar. The NPG samples were irradiated with a current of ion density 1.4 mA/cm2 for 4 hours. The

őnal exposure of D+ ions loaded in the NPG sample was estimated to be ≤ 1.3× 1020 ions. As we
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can see, the function of the 1.8 MeV electron beam was to ionize the D2 gas without irradiating the

sample. Due to the pressure of the D2 gas, the ions drifting to the NPG could not reach enough

energy to damage the NPG sample. Therefore, this irradiation technique could be a clean and

low-defect method for H- or D-functionalization of NPG.

Cracked molecules techniques

Hot ribbon cracking in situ. Thermal cracking by the hot ribbon is an efficient and clean

method of H or D irradiation. H- irradiation of NPG via hot ribbon was carried out in LOTUS

lab [29] at the Sapienza University of Rome, using a full UHV in situ method. I was in charge

of optimizing this hydrogenation process. The experimental set-up requires special equipment, in

which a vacuum chamber in UHV condition is provided with a hot őlament exposed to precisely

controlled H2 gas. Fig. 3.4 shows a schematic diagram of thermal cracking using a hot ribbon.

Figure 3.4: Schematic of the hot ribbon thermal cracking set-up.

The hot tungsten őlament is mounted in the UHV chamber, connected to a power generator

that provides the desired current to reach the cracking temperature. The őlament’s temperature

was measured by a pyrometer. Molecular H2 gas ŕows into the UHV chamber at the desired

pressure through a gas line by controlling a leak valve. The temperature of the hot őlament can

vary from 1400 °C to 2000 °C [240]. Various factors, such as the ŕow rate of the H2 gas and the

temperature of the őlament, affect the irradiation process. For example, an increasing H2 ŕow rate

leads to a signiőcant increase in the chamber pressure. Accordingly, the number of collisions with

the hot őlament surface increases, and more atomic H is produced. During this irradiation process,

molecular H2 is allowed to ŕow through a hot őlament held in UHV between the gas source and

the NPG sample, which is negatively biased at - 1.3 V with respect to the grounded to enhance H+

adsorption onto NPG [241]. The hot őlament is set at about 1800 °C. Therefore, a high amount of

H2 molecules dissociation is produced (50 % expected around this temperature [242]).

The H- exposure was estimated as the total exposure of the sample in the langmuir unit. The

langmuir is deőned by the multiplication of the pressure of the gas by the exposure time. One

langmuir corresponds to an exposure of a gas at a pressure of 10−6 Torr during one second (1 L

=10−6 Torr.s) [243, 244]. H- irradiation of NPG was carried out with subsequent H- exposures until
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reaching saturation of XPS C 1s core-level line shape. The H adsorption leads to the formation of

C-H bonding through the transformation of C-C sp2 to C-H sp3 bonding. This widens the C 1s line

shape by increasing the sp3 component inside C 1s spectrum line shape. Therefore, reaching the

maximum width of C 1s is a signature of H- saturation. In other words, after each H- exposure,

the samples were directly measured by XPS under UHV conditions. The saturated H-exposure was

approximately about 30 kL.

Cracking capillary gun (electron beam evaporator (EFM)) The atomic H (or D) capillary

gun source EFM [245] is based on the principle of thermal dissociation of H2 or D2 molecules. This

H (or D) cracking source can be used for cleaning or etching surfaces with atomic H or D, passivation

of surfaces, improving thin őlm growth, and other applications. EFM has outstanding features such

as a cracking efficiency of nearly 100 % [245], a ŕat, smooth and sharply deőned spot proőle, low

background pressure and low power consumption, proving outstanding performance.

In this present work, atomic H (or D) irradiation of NPG was performed using Omicron atomic

H (or D) source EFM (Fig. 3.5a) mounted in situ in UHV system at the LOTUS lab [29] at the

Sapienza University of Rome. This irradiation procedure was controlled, optimized and performed

by me, since I was the person in charge of this experimental work.

Gas admission 

Tungsten 

Capillary
Filament

Cooling Shroud

(b)(a)

Figure 3.5: (a) Omicron EFM cracking capillary gun source with its technical drawing. (b) The corre-
sponding schematic cross section. [245]

In the EFM cracking capillary gun system, the molecular H2 or D2 is inserted into the cracking

source at the CF16 ŕange, which is equipped with a leak valve, and then ŕows into the vacuum

chamber through a hot tungsten capillary, as shown in Fig. 3.5b, which is heated up to 2600 K by

electron bombardment. At such a temperature, negligible molecules remain dissociated. Therefore,

the intensity of the beam depends mainly on the mass ŕow of the molecules. The angular distribution

of the atomic H (or D) beam depends on the temperature of the tungsten capillary, in particular

on the length of the heated region, and the pressure inside the capillary, i.e. on the length of the

molecular ŕow region inside the capillary. The direct view of the H (or D) beam onto the sample is

covered by a shutter, which is useful for protecting the sample during the degassing process. The
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electron beam heater and water cooling shroud allow the capillary heater to operate in the pressure

range of 10−10 mbar (without H or D). A thermocouple is mounted to monitor the temperature of

the cooling shroud temperature during degassing. The position of the tungsten capillary is carefully

preset to obtain a reproducible angular distribution. The typical kinetic energy of the H (or D)

atoms produced is about 250 meV. Since the distinct copper cooling shroud efficiently shields the

heated region, the outgassing level is negligible. The geometry of the EFM cracking capillary gun

allows excellent alignment of the H (or D) beam with the sample. For example, it allows an atomic

H(or D) ŕux of 2× 1015 cm−2s−1 at a chamber background pressure of 2× 10−6 mbar, depending

on the heating power.

In conclusion, the main advantage of using cracking capillary over hot ribbon is that when using

the capillary gun, the H2 gas is efficiently cracked since it passes through a narrow hot tungsten

capillary tube, and consequently concentrated over the target sample in addition to well controlling

and optimization. On the other hand, in hot ribbon irradiation, the H2 gas őlls whole the chamber

so the cracking takes place around the hot őlament, and irradiation happens between the őlament

and the sample. consequently, cracking capillary gun irradiation is more efficient than hot ribbon

irradiation.

3.1.3 Potassium (K) doping of NPG

Alkali metal dispensers (AMDs) are small sources of alkali metals, which are applicable to the

fabrication of X-ray image intensiőers, photomultipliers, image converters and surface studies [246].

In general, the alkali metal is presented in a mixture of a reducing agent and an alkali metal

chromate, which anhydrous alkali metal salts of chromic acid (Me2CrO4), where Me refers to an

alkali metal (Cs, K, Na, Rb and Li).

This mixture is held within a metal container having a trapezoidal cross-section, having a slit

to permit the evaporation of the alkali metal vapour (Fig. 3.6a). The heating of the dispenser is

carried out by an electric current. All the alkali metals evaporate between 550-850 °C [246]. The

temperature is controlled by the provided current, which is in the range of 4.5-7.5 A, depending

on the needed deposition rate. Higher current leads to higher deposition rate and higher yield, as

shown in Fig. 3.6b.
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Figure 3.6: (a) Schematic of alkali metal dispenser of terminals [246]. (b) Performance curve of K dispenser
[246].

42



3.1. Synthesis, functionalization and doping of the samples

The K-doping of NPG was performed using K- dispenser of terminals in UHV. This experiment

was done in LOTUS lab [29] at the Sapienza University of Rome in Italy, where I was the main

participant in this experimental work for operating, optimizing and evaporating. The K- dispenser

was resistively heated with a current of 5.8 A, which is compatible with a slow evaporation rate.

Before using, the K- dispenser was thoroughly degassed. The background pressure was around

10−10 mbar during the K- exposure. The K- deposition of the NPG was monitored by XPS.

3.1.4 Plasma-enhanced CVD growth of B-C-N ultra-thin layer

The growth of homogeneous B-C-N layers is a big challenge due to the strong tendency of the

ternary system to segregate graphene and h-BN domains [50, 51]. The main reason is that C-C and

B-N bonds are much stronger than C-N and C-B bonds. Therefore, many synthetic routes have

been tried to grow homogeneous B-C-N őlms, among which CVD growths using various precursors

containing B, C and N atoms were applied. In previous works, different precursors containing C

and B-N separately (such as C2H6 or CH4 and NH3BH3) were used, resulting in forming B-C-N

layers with segregation of h- BN and graphene domains [52ś54]. Recently, single-source precursors

containing B, C and N atoms in the same molecules have been investigated to obtain homoge-

neous B-C-N layers, e.g., dimethylamine borane (C2H6NHBH3)(DMAB) [56], trimethylamine bo-

rane (C3H9NBH3)(TMAB) [55] and bis- BN cyclohexane (B2N2C2H12) [57].

In this present research work, a novel molecular single-source precursor was used, namely methy-

lamine borane (CH3NH2BH3)(MeAB) [58, 59]. The growth of B-C-N ultra-thin layer on Ti substrate

via plasma-enhanced chemical vapor deposition (PECVD) method was performed by the research

group of MIRE lab at the University of Madrid in Spain in several steps [60].

First, the single precursor (MeAB) was synthesized in a Schlenk line by reacting sodium boro-

hydride and methylamine hydrochloride in anhydrous tetrahydrofuran (THF) [58]. In this synthesis

method, 0.1 mol of methylamine hydrochloride was added to a suspension of sodium borohydride

(0.1 mol) in 200 ml anhydrous THF and the reaction mixture was stirred (at 550 rpm) at about

30°C for about 24 hours. Thereafter, the solid residues were őltered and the solvent was eliminated

in a vacuum, resulting in obtaining MeAB as a white crystalline solid. The MeAB precursor was

carefully stored and handled in a glove box ( MBraun, H2O < 5 ppm).

Second, Ti substrate (Goodfellow, 99.5 %, 1 mm of thickness) was cleaned in a mixture of 30

wt % HNO3 and 4 wt % HF for 0.5 min, rinsed in deionized water, and then dried in air before the

growth process.

Third, the Ti substrate was placed into Pyrex ampule, hermetically closed with a valve and

inserted in a glove box (MBraun, < 1 ppm H2O, < 10 ppm O2). 1.0 mg of the precursor (MeAB

powder) was inserted into the bottom of the Pyrex ampule by using a large funnel. Thereafter, the

ampule containing the precursor and the substrate under Ar atmosphere was brought out from the

glove box, and then connected to a diffusion pump to fuse and seal them under a residual vacuum

in a pressure of about 10−6 mbar. The bottom part of the ampule, at which MeAB was presented,

was dipped in a liquid N2 bath to avoid MeAB sublimation. Once the sealed ampule reaches room

temperature (RT), the MeAB is partially sublimated until reaching a pressure around 6×10−3 mbar

(its vapour pressure).

Finally, at the center of a conventional microwave oven (2.45 GHz, 800 W), the ampule was
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inserted and irradiated for a few seconds, so a plasma was created inside the ampule, leading to

growing B-C-N layer on Ti substrate. The effect of growth time on the chemical and morphological

structure of B-C-N layer is investigated in chapter 6.

3.1.5 NaCl-assisted CVD growth of MoS2 monolayer

The NaCl-assisted CVD growth of the MoS2 monolayer on quartz and Si substrates were performed

in MIRE laboratory at the University of Madrid in Spain. I was the main participant in this experi-

mental work during my one month visit to the University of Madrid. The home-made experimental

setup of the CVD growth of MoS2 monolayer is shown in Fig. 3.7.

Figure 3.7: Experimental setup of CVD of MoS2 monolayer. label (1) represents the furnace, label(2)
refers to the Al boat where the substrate and the metal oxide source precursor are located. Label (3) refers
to the glass boat containing S. Label (4) refers to the quartz tube. Label (5) refers to the rail. Label (6)
refers to the thermocouples. Label (7) refers to EUROTHERM temperature controller.

It consists of a movable electric furnace placed on a rail to facilitate the movement of the furnace

horizontally. A 1.5 m long quartz tube is placed through the circular hole of the furnace. For

precursors, the metal oxide source is put inside Al boat, holding the substrate, whereas S is placed

in a glass boat. Both boats are placed away from each other at a őxed distance according to the

sublimation temperatures of the precursors. The positions are determined by the temperature proőle

of the furnace. In order to measure the temperatures, two thermocouples are őxed at the centers

of each boat outside the quartz tube. EUROTHERM controller was used for programming the

maximum temperature with a certain heating rate. The growth was performed in a similar procedure

described in the previous work [247]. The furnace consists of a series of resistors distributed in a

certain arrangement that the centre has the maximum temperature, and it decreases away from

the centre, i.e., there is a temperature gradient along the furnace axis. The temperature proőle

along the axial axis of the furnace was measured by heating the furnace at 600 °C, then recording

the temperature by a thermocouple at different distances away from the centre through moving the

furnace over the rail relative to a őxed thermocouple on the quartz tube. The temperature proőle

is presented in Fig. 3.8.

A cleaning process is very desired to remove contaminants and impurities before growth. The

substrates were cleaned with acetone then ethanol. Thereafter, they were immersed in an ultrasound

bath, and also oxygen plasma cleaning can be used for additional cleaning. The Al boat was

cleaned with soap and water, and then ethanol. The quartz tube was cleaned by heating to a high
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Figure 3.8: The temperature profile of the furnace.

temperature of about 900 °C with a ŕow of Ar at 100 sccm for 30 min. In order to grow MoS2

monolayer, a mixture of MoO3 (of purity around 99.5%) and NaCl salt of 18% percentage was

used as the metal oxide source precursor. The presence of NaCl serves to lower the sublimation

temperature of MoO3 to be around 590 ºC [248]. The substrate was placed over the Al boat near

to one side as shown in Fig. 3.9a, so the Ar ŕow could carry the sublimated precursors and deposit

the MoS2 layer on the substrate.

(a) (b)

Figure 3.9: (a) The mixture of MoO3+NaCl (the metal oxide source precursor) with quartz substrate
before growth (bottom panel) and after growth of MoS2 layer (top panel). (b) The growth temperature as
a function of time.

The Al boat, containing the metal oxide source precursor (MoO3+NaCl) and holding the sub-

strate, was placed inside the quartz tube at the centre of the furnace. S sublimation temperature

is around 150-200 ºC, which is corresponding to 16 cm from the centre of the furnace as estimated

from the temperature proőle of the furnace shown in Fig. 3.8. After placing the precursors at the

proper positions, i.e. Al boat at the centre of the furnace and the S glass boat at 16 cm away from

the centre of the furnace, the quartz tube was sealed, and the leakage was tested by a ŕow of H2

of about 50 sccm with using H2 detector. Once no leakage was detected, an Ar ŕow of about 150

sccm was inserted. The heating of the furnace was started with a ramp programmed at 10 ºC/min

to reach 600 ºC. After reaching the maximum temperature, the furnace was moved along the rail to
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adjust the Al boat at the centre of the hot furnace. The growth was continued for 15 min, during

which the temperature was recorded with the growth time as shown in Fig. 3.9b for MoS2 layer on

a quartz substrate. After completing the growth, the system was let to cool down to RT, and then

the precursors were weighted to estimate the amount of evaporated S and the mixture MoO3+NaCl.

The same procedures were repeated for the growth of MoS2 layer on Si substrate.

3.2 Characterization techniques

In order to obtain complementary information about the samples, several characterization tech-

niques and analyzes were carried out. The main used techniques were X-ray photoemission spec-

troscopy (XPS), ultra-violet photoemission spectroscopy (UPS), scanning electron microscope (SEM)

and Raman spectroscopy as well as the optical reŕectance and transmittance using a spectropho-

tometer as well as micro-reŕectance and transmittance spectroscopy. XPS was used to obtain

information about the chemical compositions, bonding scheme and electronic structure. UPS was

employed to obtain the valence band (VB) structure. Raman spectroscopy was measured to identify

the bonding and the layer thickness. Furthermore, the optical reŕectance and transmittance using

a spectrophotometer, micro-reŕectance and micro-transmittance spectroscopy were manipulated for

studying MoS2 monolayer as part of my duty during my mission in Madrid.

3.2.1 X-ray photoemission spectroscopy (XPS)

Electron spectroscopy points out a group of techniques that are based on the analysis of the ener-

gies of emitted electrons such as X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron

spectroscopy (UPS), electron energy loss spectroscopy (EELS) and Auger electron spectroscopy

(AES). These electron spectroscopic techniques are employed to identify the elements and their

electronic structures of the materials, which can be solids, gases or liquids [249]. Electron spec-

troscopy is signiőcant as a technique for surface chemical analysis. The chemical information is

only provided from the uppermost atomic layers of the sample (depth ≤ 10 nm) as the energies

of photoelectrons and Auger electrons are quite low (20-2000) eV [250]. In this thesis, mainly, the

electron spectroscopy measurements were done by means of XPS and UPS techniques. Therefore,

a brief review of the working principles is shown in this chapter. X-ray Photoelectron Spectroscopy

(XPS) is the main used technique in our study of 2D materials since it can give detailed information

about chemical composition of materials and their bonding scheme. In principle, XPS is based on

the photoelectric effect [251, 252], in which the electromagnetic radiation of energy (hν) emitted by

the x-ray source interacts with the surface atoms and photo-emit their electrons. In XPS of solid

material, the core-level electrons of atoms absorb the high energy of X-ray, which is enough energy

to overcome their binding energy (Eb) and the work function of the sample (φs) to escape from the

surface of the sample with a certain kinetic energy (Ek) as schematically shown in Fig. 3.10 and

represented by conservation of energy equation (Eq. (3.1) [252, 253]).

Ek = hν − Eb − φs (3.1)

A schematic diagram of the XPS set-up is shown in Fig. 3.11a, showing the alignment of the main

components: X-ray source, a sample and the electron spectrometer used to obtain a photoemission
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Figure 3.10: Schematic of the photoemission principle. [253]

spectrum of the intensity of the emitted electrons versus their kinetic energies. The photoemission

spectrum is a őngerprint of the chemical composition of the material since the detected electrons

with different kinetic energies are coming from the core-levels of the constituent elements. The

XPS system should be maintained in ultra-high vacuum (UHV) conditions to minimize the surface

contamination from residual gases and avoid collision between gas molecules and the photoelectrons

[254]. The kinetic energy of an emitted photoelectron reaching the spectrometer (E′

k) is described by

Eq (3.2) [252, 255]. The kinetic energy of the photoelectron at the spectrometer (E′

k) is lower than

that at the sample’s surface (Ek) by the difference in the work function between the spectrometer and

the sample (φspec. − φs) to overcome that barrier and reach the electron spectrometer as illustrated

in Fig. 3.11b.

E′

k = Ek − (φspec. − φs) = hν − Eb − φspec. (3.2)

(a)
X-ray source

UHV

(P< 10-7 mbar)

hν

sample

(b)

(Energy analyzer)

Spectrometer

Figure 3.11: (a) Schematic of XPS set-up [256]. (b) An energy diagram, showing the transition of the
photoelectron from the sample to the electron spectrometer [255].

Photoemission theory in solids: three-step model

In this thesis, we are dealing with 2D materials, which are solid samples. Therefore, the photoe-

mission theory in solids is our concern. The process of photoemission in solids can be theoretically

well-described by the three-step model [252, 257], schematically shown in Fig. 3.12.

The three-step model describes the photoemission process in solids by considering three main
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Figure 3.12: Schematic representation of the three-step model for the photoemission in solids. [257]

independent contributions: (i) the excitation of electrons by incident photons from a Bloch state

of energy Ei (core-level) into a Bloch state of energy Ei + hν (a bulk őnal state), (ii) the trans-

portation of the photoelectrons to the surface of the solid, including inelastic scattering with the

other electrons, and (iii) escaping of the electrons from the surface of the semi-inőnite crystal into

the vacuum to be detected by the energy analyzer. Consequently, the total photoemission intensity

can be given by multiplication of all these three contributions, which are corresponding to the ab-

sorption probability, the scattering probability inside the material and the transmission probability

through the surface of the sample, respectively.

In the őrst step, when a photon of energy hν incident on an electron from an initially occupied

Bloch state φi, the electron transit into a őnal Bloch state φf of free-electron out of the crystal. The

photoelectron current is given by the sum of the transition probabilities per unit time (Wif ) weighted

by the Fermi-Dirac distribution function f(E) for the initial/őnal state to be occupied/empty:

Je ∝
∑

if
f (Ei) [1− f (Ef)]Wif =

∑

if
f (Ei) [1− f (Ef)] ⟨Φi |H′

int|Φf⟩2×
δ [Ekin − (Ef − Φ)]× δ (Ef − Ei − hv) =

∑

if
f (Ei) [1− f (Ef)]M

2
if
×

δ [Ekin − (Ef − Φ)]× δ (Ef − Ei − hv)× δ (ki +G− kf )

(3.3)

, where H′

int is the perturbation Hamiltonian and Mif is the matrix element for the transition.

The second step involves the transmission of the electrons through the bulk solid, which either

travel without encountering any scattering (primary electrons) or undergo multiple inelastic scatter-

ing (secondary electrons) due to mainly electron-electron scattering. The primary electrons, which

are a small fraction of the whole current, can be expressed by the coefficient d(Ef , k) representing

the primary electrons with energy Ef and momentum k.

d (Ef , k) = αλ/(1 + αλ) (3.4)

, where λ is the mean free path between two collisions, and α is the optical absorption coefficient

of the solid.
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For the third step, the normal component of the momentum of the electrons, overcoming the

surface and escaping into the vacuum, must different from zero. Since they are free electrons,

this component can be deőned as k⊥ext = 1/ℏ
√

(2mEkin)cosθ, where Θ is the angle between the

normal to the surface and the emission direction. The transmission coefficient T (Ef ,Kext) takes

the value zero if k⊥ext ≤ 0; otherwise, T (Ef ,Kext) < 1 since not all the arriving electrons at

the surface overcome it. The transmission function can be represented using Bloch functions as:

T (Ef ,Kext) = 1/2
√

1− (EF + φ)/Ef if Ef > EF + φ; otherwise, T (Ef ,Kext) = 0.

Finally, the photoemission current can be expressed as the product of these three independent

contributions.

Je ∝
∑

if
f (Ei) [1− f (Ef)]M

2
if
T (Ef , kext) d (Ef , k) δ [Ekin − (Ef − Φ)]

×δ (Ef − Ei − hv)× δ (ki +G− kf )× δ
(

k
//
i +G// − k

//
f

) (3.5)

Photoemission spectrum

The photoemission spectrum can be understood by using the three-step model and considering the

őnal state as a nearly free-electron state as illustrated in Fig. 3.13.

Figure 3.13: Kinematics of the photoemission process: (a) the optical transition in a solid. (b) free-electron
final state in the vacuum. (c) the corresponding photoemission spectrum. [258]

The observed background in the photoemission spectrum is due to photo-electrons that undergo

inelastic scattering in the sample before escaping into the vacuum [252]. The background intensity

increases towards higher binding energies, since a higher BE is typical of bigger atoms and a larger

atomic number, indicating a higher probability of scattering processes. In the case of using an

x-ray source (from 100 eV to 100 keV), the core-levels can be probed, which are a őngerprint of the

chemical compositions of the sample. Therefore, the stoichiometry of the system can be estimated

by the relative intensities of the different core-level peaks. i.e. the quantity of certain elements

relative to others can be estimated.

The photoemission spectrum of the material involves some features such as chemical shift,

spin-orbit splitting, multiple splitting and satellite structures [252]. In this thesis, mainly we are

concerned about the chemical shift through which the bonding scheme inside the material can be
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identiőed. The chemical shift is deőned as the change of the binding energies (BEs) of the core hole

electrons due to the chemical environment of the atoms. To clarify the reason for this observation,

the photoelectron spectrum of the Ethyltriŕuoroacetate molecule [259] is shown in Fig. 3.14 as a

simple example.

Figure 3.14: C 1s photoelectron spectrum of ethyl trifluoroacetate, presenting four different lines due to
the chemical shift. This spectrum was excited by monochromatized radiation of energy 340 eV [259].

In the Ethyltriŕuoroacetate molecule, there are four carbon (C) atoms bonded in four different

chemical environments. Each C atom leads to a different core photoemission peak. This feature

allows to investigate the molecular electronic structure with an atomic-scale resolution. This ob-

served chemical shift can be interpreted in terms of simple electrostatic interactions. When an atom

is bound to another with a higher electronegativity, the binding energy increases as the screening

charge on the atomic site is reduced relative to the free atom and vice versa. Therefore, the chem-

ical shift is useful to provide chemically signiőcant information about the initial state electronic

structure of materials.

It is worth mentioning, the core-level peak intensity is an indicator of the concentration of one

element to another. The molar fraction content XA of the element A can be estimated through

analyzing the intensities of the core-level peaks (Eq. 3.6) [260].

XA =
IA/σA

Σi(Ii/σi)
(3.6)

, where IA and Ii is the peak intensities of element A and other element i, respectively. σA and

σi are the photoemission cross-section of the core-level of element A and element i, respectively.

The photoemission cross-sections [261] is deőned as a measure for the probability of a photon to

excite a speciőc transition, which depends on the element and the core-level.

XPS set-up of LOTUS lab

According to the working principle of XPS [259, 262, 263], the energy of the photons emitted from

the X-ray source (in the range of keV) allow the ionization of core-level electrons (Fig. 3.15a). Ac-

cordingly, XPS can give quantitative information about the elemental compositions of the materials

and their chemical states.
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(a) (b)

Figure 3.15: (a) Schematic of XPS system [259]. (b) XPS set-up of LOTUS lab at Sapienza University of
Rome, Italy [29].

Some important issues should be considered during XPS measurements. For example, the pho-

toemission cross-section of speciőc core-level of elements should be considered [264], when analyzing

the elemental composition. Also, to increase the energy resolution, different parameters can be ap-

plied to the hemispherical analyzer, such as the pass energy.

In this thesis work, The XPS experiments were carried out by the system shown in Fig. 3.15b,

which is presented in LOTUS lab [29] at the Sapienza University of Rome, Italy. Mainly, I was the

responsible for performing and controlling the XPS measurements as well as analyzing the spectra.

In this UHV XPS system with base pressure about 10−10mbar range, an X-ray photon source (PSP

TA10 Mg Kα) with photon energy 1253.6 eV was used. The photoelectrons were collected by a

hemispherical VG Microtech Clam-2 electron analyzer set at 50 eV in constant pass energy (PE)

mode with an overall energy resolution of ≤ 1 eV . The binding energy (BE) scale was calibrated

on a freshly sputtered gold (Au) foil, which is in electrical contact with the sample, by considering

the Au 4f7/2 core-level at 84.0 eV BE.

3.2.2 Ultraviolet photoelectron spectroscopy (UPS)

Ultraviolet Photoelectron Spectroscopy (UPS) is based on the same photoemission principle of XPS,

except that the energies of the ionizing radiation used for inducing the photoelectric effect are within

the range of 10s eV [265]. However, in XPS, the photon energy is greater than 1 KeV [252]. In

the UPS experimental set-up, a gas discharge lamp, őlled with helium (He), argon (Ar) or neon

(Ne), is used for emitting UV photons. In the case of He lamp, the emitted photons have energies

about 21.2 eV (He I) and 40.8 eV (He II) [266]. Most core-level photoemissions are not accessible

using UPS since lower energy photons are used. Consequently, the spectral acquisition is limited to

the valence band (VB) region. UPS enables to perform two important measurements, namely VB

measurement and electronic work function measurement.
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Valence band (VB) measurement

The VB measurement is predominantly performed for material characterization since the shifts in

VB peaks BE are far more subtle and varied than those observed for core-level XPS photoemission

peaks. The reason is that many molecular orbitals, giving the VB photoelectron signal, exhibit a

high degree of hybridization.

Figure 3.16: Difference in the information depth in XPS and UPS. [265]

However, the VB spectra are not used for quantiőcation because of the ambiguity of the assign-

ment of valence band peaks [267]. UPS exhibits greater surface sensitivity than XPS [268]. The

inherent surface sensitivity of XPS results from the short inelastic mean free path (λ) of free elec-

trons within a solid, with an information depth of about 3λ, from which > 99 % of a photoemission

signal originates. The information depth is approximated about 10 nm [269, 270] in XPS as λ of

an electron is determined by the material properties of the solid and kinetic energy of the photo-

emitted electrons. In UPS, the information depth is approximated as 2-3 nm [270] since the lower

incident photon energies give rise to the emission of photoelectrons of much lower kinetic energies

than those measured in XPS.

Work function measurement

The electronic work function is deőned as the difference between the Fermi level and Vacuum level

[271, 272], which is an important property in determining the application of materials in electronic

devices.

For instance, the matching of VB and CB in multilayered electronic devices is desired. The work

function is a surface property, so it is strongly affected by variation in composition or the struc-

ture at the surface. When measuring the electronic work function of material using photoelectron

spectroscopy, a small bias of 5-10 V should be applied to the sample surface to deconvolute the

true work function of the surface from the internal work function of the spectrometer [265]. The

electronic work function (φ) of the sample can be calculated by Eq. 3.7

φ = hν − (cutoff − EF ) (3.7)
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Figure 3.17: Work function measurement using UPS [265].

UPS set-up of LOTUS lab

The ultraviolet (UV) photoemission spectroscopy (UPS) is commonly used for studying the elec-

tronic structure of materials. According to its working principle [263, 273], UV photons excite

valence band electrons of the material, then the density of the electronic states is obtained by ana-

lyzing the energy of these photoelectrons (Fig. 3.18a and b). Many physical properties of materials

can be interpreted from their electronic structures; therefore, UPS is a very useful and powerful

technique for the studies of nanomaterials. The working principle of UPS is pretty similar to XPS,

except that a UV light source is used in UPS instead of an X-ray source.

(a) (c)

(b)

Figure 3.18: (a) The working principle of UPS[274]. (b) The schematic setup of the UPS and the trajectory
of photoelectrons [274]. (c) UPS LOTUS system in Sapienza University of Rome, Italy [29].

In this present research work, UPS experiments were performed using the UPS system (Fig.

3.18c) of LOTUS lab [29] at Sapienza University of Rome. I was a participant in this work. The

UHV chambers had a base pressure around 10−11 mbar range. The UPS spectra were acquired

with a Gammadata VUV 5000 microwave excited monochromatised He source, with He(I) emission
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(hν = 21.2 eV ) or He(II) emission (hν = 40.8 eV ). The photoelectrons were collected and analyzed

with an electrostatic hemispherical Scienta SES 200 analyzer equipped with a multi-channelśplate

detector, which is operating with an overall 20 meV energy resolution.

3.2.3 Raman spectroscopy

Raman spectroscopy [273, 275], based on inelastic scattering of light by matter, is a powerful

technique that can provide information about the chemical bonding in materials. It is based on

inelastic scattering of monochromatic laser radiation, usually in the near-infrared (IR), visible (V), or

near-ultraviolet (UV) range. Different from the common IR spectroscopy, the Raman spectroscopy

measures the energy difference of the incident photon and that after inelastic scattering. Since

Raman spectroscopy is a scattering-based technique, it has great advantages, which are the minimum

sample preparation and ambient air environment. A schematic of the Raman spectroscopy setup is

depicted in Fig. 3.19.

Figure 3.19: Schematic diagram of Raman set-up. [273]

When an incident photon couples with the material, Stokes and anti-Stokes are the two possible

inelastic scattering processes. Their intensities are much weaker than Rayleigh scattering (elastic

scattering). When the incident light loses energy, stokes radiation occurs. However, anti-Stokes

occurs when the incident light gains energy from the system associated with the vibrational energy

levels in the electronic ground state of the system. Since only vibrationally excited molecules before

irradiation give rise to the anti-Stokes line(s), the anti-Stokes radiation intensity is less than Stokes

radiation. Therefore, the Stokes scattering is usually measured in Raman spectroscopy. The Raman

spectra are usually expressed in Raman shift, which is the wavenumber difference between Rayleigh

(elastic) and Stokes (inelastic) scattering.

The Raman experiments were carried out by the research group of OSNM lab [30] at the Sapienza

University of Rome, Italy. The used excitation laser has an emission wavelength of 532.2 nm with

54



3.2. Characterization techniques

a single-frequency Nd:YVO4 lasers (DPSS series by Lasos). A confocal microscope equipped with

a Leitz 10× objective (NA=0.2) or with a Zeiss 100 objective (NA=0.75) was used for exciting

and collecting the light in a back-scattering conőguration [242]. To prevent sample damaging, a

moderate laser power (≤50 µ W) was used, which is measured at the entrance of the objective.

Such laser power did not cause any changes in the spectra. The signal was analyzed by a 750 mm

focal length monochromator (ACTON SP750) with a 1200 groove/mm grating and detected by a

back-illuminated Si CCD Camera (model 100BRX by Princeton Instruments). The reŕected laser

light was őltered out by using a very sharp high-pass Razor edge őlter at 535 nm (Semrock). The

spectral resolution of the used Raman setup was 0.7 cm−1. Also, the Raman band intensities and

experimental uncertainties were derived by a Lorentzian őtting.

3.2.4 Scanning electron microscope (SEM)

Scanning electron microscope (SEM) is a useful technique for revealing information about the sam-

ple’s external morphology (texture), crystalline structure, chemical composition, and orientation of

materials [276, 277]. A focused beam of high-energy electrons is used in order to generate a variety

of signals at the surface of solid specimens. In most applications, SEM data are collected over a

selected surface area of the sample, and a two-dimensional (2D) image is generated. The imaged

areas are ranging from approximately 1 cm to 5 µm in width using conventional SEM techniques in

a scanning mode (magniőcation ranging from 20X to approximately 30000X, spatial resolution of

5 nm to 100 nm). A schematic representation of the components of SEM is depicted in Fig. 3.20a.

In the SEM system, when the thermal energy of the source allows to promote electrons above its

work function, the primary electrons are emitted. Thereafter, they are accelerated by the positive

anode and then focused through two lenses, which consist of a magnetic őeld generated by a current

passing in two coils.

Figure 3.20: (a) Schematic diagram of SEM set-up [278]. (b) SEM system presented in CNIS at the
Sapienza University of Rome [229].

The őrst lens (the condenser) determines the size of the beam and the resolution of the micro-

scope. The second lens (objective lens) focuses the beam on the sample. The lens system contains
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the scanning coils, which deőne the path of the beam to create a map of the specimen.

SEM measurements for this research work were carried out using a high-resolution őeld-emission

Zeiss Auriga microscope (Fig. 3.20b) by the research group of the Laboratory for Nanotechnologies

and Nanosciences of Sapienza (SNN) Lab [229], belonging to the Research Center for Nanotechnolo-

gies applied to Engineering (CNIS), Sapienza University of Rome. This SEM system has a nominal

resolution of 1 nm at maximum magniőcation using 10 keV beam energy at a working distance of

about 3.5 mm. The system is provided with a vacuum pump system to reach pressure down to 10−6

torr to avoid contamination of the electron column and deŕection of the beam.

3.2.5 Spectrophotometer

Spectrophotometry is a method of measuring how much a material absorbs light. The basic principle

is that the material absorbs or transmits light over a certain range of wavelength. Spectrophotometry

is widely used as quantitative analysis in various őelds such as chemistry, biochemistry, physics,

material and chemical engineering as well as clinical applications [279]. UV-vis spectrophotometer

uses a source of light emitting within ultraviolet (UV) range 185-400 nm and visible (Vis) range

(400-700 nm) of electromagnetic radiation spectrum. IR spectrophotometer uses light over the

infrared (IR) range (700-15000 nm) of the electromagnetic radiation spectrum [280]. Fig. 3.21

shows a schematic of the main components of a dual-beam spectrophotometer [281].

Figure 3.21: Schematic diagram of a dual-beam spectrophotometer. [281]

The diffraction grating, presented in the monochromator, disperses the light emitted from a

broadband source (usually a quartz-tungsten-halogen (QTH) or arc lamp) into a range of angles,

and then a narrow band of wavelengths is selected by an adjustable slit. In a dual-beam spec-

trophotometer, a beam splitter is used to split the probe beam into reference and measurement

beams. The reference beam goes directly to the detector though a reference attenuator, whereas

the measurement beam passes through the sample towards the detector. The spectrum is obtained

from the ratio of the signals from the two beams, as the wavelength is scanned over a broad range.

In an actual spectrophotometer, a more complex system of optics and electronics is presented to

avoid measurement errors and also introduced due to alignment issues, scattered light, imperfect

components and other electronic and optical noise sources.
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In this present work, the spectrophotometer measurements were carried out at the MIRE lab

at the University of Madrid in Spain. I was the in charge of these measurements. The measure-

ments were performed by using LAMBDA 1050 UV/Vis/NIR spectrophotometer (Fig. 3.22) [282].

LAMBDA 1050 UV/Vis/NIR spectrophotometer [282] is a commercial spectophotometer designed

to offer the higher sensitivity, highest performance and ŕexibility to analyze a wide range of sample

types, including an analysis of high performance glass, coatings and advanced materials for research

and manufacturing.

Figure 3.22: Photo of LAMBDA 1050 UV/Vis/NIR spectrophotometer. [282]

LAMBDA 1050 UV/Vis/NIR spectrophotometer is provided with a reŕecting optical system

(SiO2 coated) with holographic grating monochromator with 1440 lines/mm blazed at 240 nm

and 360 lines/mm NIR blazed at 1100 nm. The detectors are photomultiplier R6872 for high

energy in the entire UV/Vis wavelength range and combination of high performance, Peltier-cooled,

Narrowband InGaAs detector covering 860-1800 nm wavelength range and a high performance

Peltier-colled PbS detector covering 1800-3300 nm in the NIR wavelength range. The light source

is pre-aligned tungsten-halogen and deuterium. The working wavelength range is 175-3300 nm with

UV/Vis resolution ≤ 0.05 nm and NIR resolution ≤ 0.20 nm

3.2.6 Micro-reflectance and micro-transmittance spectroscopy

The optical microscopy-based characterization techniques were closely used with the birth and

growth of the research őeld of 2D materials [67, 93, 283]. These techniques are featured as fast

and simple to implement and non-destructive characterization methods [222]. The Differential

reŕectance has been used recently to investigate the optical properties of 2D materials such as tran-

sition metal dichalcogenides (TMDCs) [66, 223, 284]. The optical microscopy setup can be used

to perform differential reŕectance and transmittance spectroscopy measurements on 2D materials

with about 1 µm spatial resolution in the wavelength range of 400ś900 nm (1.4ś3.1 eV) [222]. Fig.

3.23a presents a photograph of the micro-reŕectance/transmittance set-up, developed by the re-

searchers of MIRE laboratory at Physics Department, University of Madrid in Spain to characterize

2D materials, and a schematic diagram for the set-up is shown in Fig. 3.23b.

The set-up consists of a metallurgical microscope, a modiőed trinocular port, a halogen light

source with a őber-coupled CCD spectrometer. In the modiőed trinocular, A 90:10 beam splitter

is connected to the C-mount trinocular in order to divide the light beam of the trinocular into two

paths. In one of the paths (10 % of the intensity) a CMOS camera is placed at the image plane

of the optical system to acquire images of the studied sample. In the other path (90 % of the
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(a)

(b) (c)

Figure 3.23: (a) Photograph of the experimental set-up for performing micro-reflectance and transmittance
spectroscopy. label (1) represents Thorlabs program to analyze spectra on the computer. Label (2) refers to
CCD spectrometer. Label (3) refers to digital camera. Label (4) refers to the modified trinocular. Label (5)
refers to the fiber optical cable. Label (6) refers to the halogen lamp. Label (7) refers to the objective lenses.
Label (8) refers to the platform. Label (9) refers to the light source for transmission mode. Label (10) refers
to light source for reflection mode. (b) Schematic diagram of the optical path of the set-up operated in
reflection mode [222]. (c) Microscope calibration graphs with different objectives.

intensity), a multimode őber is placed, also at the image plane, projecting an image of the studied

sample onto the surface of the őber end. The optical őber only collects the light coming from a

small region of the studied sample since the size of the őber core behaves as a confocal pinhole.

For determining the dimensions of the images of the samples taken by the optical microscope

with using a certain objective, a calibration was done by taking the images of objects of well-

known dimensions such as diffraction gratings of different line densities (10, 100, 300, 500 and 600

lines/mm), a silver wire with a diameter of 25 µm, and a CD of known tracks [285]. The calibration

graphs representing the pixel to µm conversion for each objective is shown in Fig. 3.23c.

In order to acquire a micro-reŕectance spectrum, the microscope is set in epi-illumination mode.

The reŕected light from the sample (illuminated by halogen lamp) is collected through 50× micro-

scope objective (NA 0.55) and directed to the modiőed trinocular with closing the őeld aperture

of the microscope (60 µm in diameter) to reduce the stray light collected by the őnite numerical

aperture of the objective lens. On the other hand, transmittance spectra can also be measured

by turning off the microscope lamp and placing the sample onto a sample holder connected to the

halogen light source by a őber bundle (NA 0.57). The sample holder has a see-through hole where

the őber bundle can be slid in. The sample is directly placed onto the end facet of the őber bundle

without using other lenses.
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Chapter 4

Free-standing nanoporous graphene

(NPG)

Nanoporous graphene (NPG), which is a three-dimensional (3D) arrangement of high-quality graphene

that is very compact and bi-continuous interconnected, is very promising for implementation in 3D

compact devices since it represents a realistic system of free-standing unsupported graphene, as

explained in chapter 2. To synthesize a high quality functionalized nanoporous graphene (NPG), it

is vital to carefully prepare, clean and characterize the pristine NPG. Free-standing NPG is more

promising for 3D electronic applications than single layer or few graphene layers on a supporting

substrate [18, 32, 135, 286], which limits the functionalization efficiency and the applications. There-

fore, unsupported free-standing NPG is expected to achieve high efficient H (or D) functionalization

towards 3D compact and bulk scalable graphane in very clean vacuum conditions.

In this research work, novel highly efficient, and low defect free-standing NPG samples were

synthesized via nanoporous Ni-based chemical vapour deposition (CVD) method [21, 23, 108ś110]

that is described in chapter 3. Several characterization methods were used to investigate the high

quality of NPG samples. These methods include images by scanning electron microscope (SEM).

Also, methods associated with electronic and vibrational properties measurements, typically X-ray

photoemission spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) as well as Ra-

man spectroscopy. This chapter summarizes the results obtained by the mentioned characterization

techniques, and also the interpretation of the data, conőrming the high quality of NPG samples.

4.1 The morphological structure of NPG by SEM

The morphological structure of NPG was investigated by optical microscopy and SEM as shown

in Fig. 4.1. The NPG sample microscopically presents as an apparent non-homogeneous texture

by optical microscopy (Fig. 4.1a). However, higher magniőcation reveals a different aspect. Fig.

4.1b, c, d show SEM images of NPG at different magniőcations, where the electron high tension

(EHT) was set to 15 kV. Fig. 4.1b presents NPG as a folded graphene sheet, which is continuously

interconnected and decorated with a pore size of hundreds of nm. Also, the most magniőed images

(Fig. 4.1c and d) reveal three-dimensional compact graphene sample formed by bi-continuous veils

without frayed edges, with a porous structure and 300-900 nm diameter pore size. Fig. 4.2 shows

the corresponding histogram of the porous distribution analyzed from different SEM images. The
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4.2. Raman spectroscopy of free-standing pristine NPG

average pore size is around 800 nm. Although the distribution is not perfectly symmetrical, a

standard deviation from the central value is estimated to be around 200 nm. Therefore, these SEM

images reveal the continuous uniform 2D structure of the prepared NPG.

Figure 4.1: (a) Optical image of a pristine NPG sample obtained with a 100× magnitude objective. (b),
(c), (d) Scanning electron microscopy (SEM) image of the NPG sample at different magnifications.
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Figure 4.2: Histogram of the porous distribution analyzed from different SEM images.

4.2 Raman spectroscopy of free-standing pristine NPG

The quality of the pristine NPG sample structure was investigated by Raman spectroscopy. The

Raman spectrum of clean NPG is shown in Fig. 4.3, and the corresponding Lorentzian őttings of

the Raman peaks are shown in Table 4.1. The Raman spectrum of NPG specimen displays two main

dominant bands [287], which are the G band (at 1580 cm−1 ) and 2D band (at 2690 cm−1). The

G band is a characteristic of clean monolayer graphene, which corresponds to a primary in-plane

vibrational mode. The 2D band is considered as a second-order overtone of a different in-plane

vibration. The D band at 1350 cm−1 is activated by defects, at which the electron undergoes

inelastic scattering őrst and then it is elastically scattered by a defect or edge. In fact, the D peak
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4.3. XPS of free-standing pristine NPG

is the most important feature for studying hydrogenated or deuterated graphene because in clean

graphene, the second-order scattering process violates the conservation of momentum, and it is

therefore strictly forbidden. As mentioned before, the presence of defects relaxes the momentum

conservation requirements and the D peak becomes more prominent [130]. Therefore, the intensity

ratio of D band over G band (ID/IG) can serve as a convenient measurement of the amount of

defects in graphitic materials [135].

In
te

n
s
it
y
 (

a
rb

. 
u

n
.)

1200 1600 2000 2400 2800 3200

Raman shift (cm-1)

D

G

2D

Figure 4.3: Raman spectrum of the pristine NPG sample. Laser λ= 532 nm, grating 1200, slit width 2
µm.

The Lorentzian őtting function (f) is given by f = y0+A/((x−x0)2+B), where x0 is the band’s

position, I is the band intensity (peak area) and full width at half maximum (FWHM) =2
√
B. The

D peak, őtted at 1360.8 cm−1, is very small, indicating the good quality of NPG sample. The G

and 2D peaks appear at 1591.0 cm−1 and 2705.1 cm−1, respectively. It is noticed that the peaks

are shifted by about 10 cm−1 from the standard position because of the mechanical strain on the

surface in the bent regions. In fact, the impact of strain on phonon vibration of graphene can be

correlated with the change in the Raman characteristic peaks’ position. More speciőcally, the blue

shift observed is induced by a small phonon stiffening, due to a compressive kind of strain [30] in

the lattice regions where pores are present. This strain can be attributed to the drying process

after NPG growth. Finally, from the 2D line shape and the relative intensity ratio I2D/IG, it is

concluded that NPG is constituted by 1-3 layers of high quality.

Table 4.1: Fitting results of the Raman spectrum of NPG in pristine conditions.

Raman band Position (cm−1) FWHM (cm−1) Peak area (a.u.) Area/AreaG (%)

D 1360.8 44.0 29626 7.7

G 1591.0 25.5 384810 1

2D 2705.1 59.0 516940 134.3

4.3 XPS of free-standing pristine NPG

The XPS of free-standing NPG was performed (Fig. 4.4) for the as-received (pristine) sample and

after annealing in UHV in order to get rid of the possible residual contamination.
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(a)

(b) (c)

Figure 4.4: (a) XPS survey of as-mounted pristine free standing NPG and after annealing at 600 °C
temperature in UHV; (b) C 1s core level XPS spectra of pristine NPG and as a function of annealing
temperature and time, from the bottom 450 °C for 5 h, and 600 °C for 30 min; (c) O 1s core level XPS
spectra of prisitne NPG and after annealing at 600 °C for 1 h.

Fig. 4.4a shows a survey spectrum before and after cleaning the sample at 600 ◦C, showing a

dominant peak of C 1s (at 284.6 eV binding energy (BE)) with a lower intensity O 1s peak (at 533

eV), reduced after heating the sample. In addition, the C 1s and the O 1s core levels as a function

of annealing temperature and time are depicted in Fig. 4.4b and c. In Fig. 4.4b, the pristine

NPG sample is characterized by the main C 1s peak at 284.6 eV, which is associated with the

covalent sp2 bond between adjacent C atoms in the graphene mesh, accompanied by a broad peak

approximately centered at 286 eV, attributed to multiple COx bonds [59, 288, 289] because of the

residual contamination resulting from sample synthesis chemical procedures. The residual oxygen is

the only intense contamination corresponding to O 1s presented in the survey spectrum (Fig. 4.4a),

whose concentration ≥ 20 at. % estimated by considering the relative excitation cross-sections of

the O 1s and C 1s core levels [290]. The O 1s core level of the pristine sample in Fig. 4.4c is

a convolution of two main components at 531.3 eV and 533.0 eV BE, which are characteristics of

the C=O and C-O bonding, respectively [291, 292]. The long annealing (several hours) at 450 ◦C

could reduce the broad high-BE COx band in the C 1s line shape, up to the őnal annealing at 600
◦C, at which the COx band is reduced to <9 %. The corresponding O 1s residual contamination

decreases in concentration and modiőed in composition, remaining the dominant C=O component.

We remark that, despite the use of higher annealing temperatures for cleaning NPG samples could

reduce the C=O contamination, it can also cause some graphene amorphisation. Therefore, the

cleaning temperature was terminated to be no more than 600 ◦C. The cleaning procedures were
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performed in UHV to highly reduce the contaminants and to eventually obtain the typical C 1s line-

shape of the clean graphene. Also, it was found that once NPG samples were properly UHV-cleaned

by annealing, the C 1s core level did not regain the same intense COx band even after exposure to

ambient pressure.

The C 1s line-shape of cleaned NPG at 600 ◦C for 30 mins was deconvoluted into different

components as shown in Fig. 4.5, representing the different chemical bonding, after subtracting a

Shirley background. In particular, asymmetric Doniach-Sunjic (DS) lineshape was used for the main

sp2 component (asymmetry parameter ≤ 0.1 [293, 294]), where the asymmetry is presented because

of the intrinsic semi-metallicity of graphene. For the other components, Gaussian-Lorentzian (Voigt

line-shape) curves were used, considering both the intrinsic excitation line-width (Lorentzian proőle)

and the overall experimental uncertainty (Gaussian proőle). Fitting data are presented in Table

4.2.

Figure 4.5: C 1s core level XPS spectra of UHV-clean NPG at 600 °C for 30 mins.

Table 4.2: Fitting values of the C 1s core level of UHV-clean NPG.

C 1s component BE (eV) Asym. FWHM (eV) Area/Areatot (%)

Sp2 284.6 0.1 1.1 71.3

Sp3 285.3 0 1.30 14.8

Π− plasmon 291.3 0 4.0 5.3

COx 286.3 0 1.7 8.6

The most dominant component of the C 1s spectra is attributed to the sp2 bonding at 284.6 eV

BE. Aside, the component at about 285.3 eV BE is associated with a sp3-like distorted bond. This

structure results from the highly bent or wrinkled regions of the nano-pores, as explained in micro-

spectroscopy experiments [22, 23]. Another broad component characteristic of the π bonding in

graphene is presented at about 291.3 eV BE, which is at 6.7 eV from the main peak. This beak is due

to the plasmon associated to the π collective excitation [295, 296]. Finally, the component at about

286.3-287.0 eV is related to the residual C-to-O bond in the different possible COx conőgurations

[59, 289]. We underline that there is no low-BE C 1s core-level component that can be considered
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for unsaturated C dangling bonds at the vacancy site [297ś299], conőrming the absolutely non-

destructive cleaning of NPG at 600 ◦C.

4.4 UPS of free standing pristine NPG

The UPS measurement of clean NPG after annealing at 600 ◦C is presented in Fig. 4.6. The typical

electronic spectral density of graphene is observed: (i) the linear behavior towards the Fermi level

(EF ) indicating the Dirac cone band dispersion, (ii) the π-state peak at about 3 eV BE; (iii) the

broad features between 6 and 8.5 eV BE related to the σ − π band [23], demonstrating the high

quality of this free-standing graphene sample.

Figure 4.6: Valence band of UHV-clean NPG at 600 °C for 30 mins.

4.5 Summary of the chapter

This chapter presents an electron spectroscopy study showing a high quality and low defect free

standing NPG, prepared via high efficient and clean Ni based chemical vapor deposition (CVD)

method [21, 23, 109, 110]. NPG is the 3D form of graphene while maintaining its 2D properties,

such as morphological and mechanical properties [21, 23, 108, 110]. Therefore, it is an outstanding

candidate for 3D electronic applications. SEM images show NPG as folded graphene sheet, which is

continuously interconnected and decorated with porous size of hundreds of nm. The high quality and

low defect of NPG was conőrmed by the small D peak in Raman spectroscopy, which is associated

with defects. In addition, the relative intensity ratio I2D/IG in Raman spectroscopy proposed that

NPG is formed of 1-3 layers of high quality. The line shape of C 1s core-level in XPS points out the

high quality of NPG through the dominance of sp2 component attributed to C-C π bonding in the

hexagonal lattice of graphene, except a small sp3 component due to the bent and wrinkled regions of

pores. A temperature of 600 ◦C was enough to clean NPG, as observed by XPS measurement of the

annealed NPG at subsequent temperatures, which is nondestructive and reproducible temperature

enough to remove a large amount of contaminants such as oxidation and water. Furthermore, the

UPS VB measurement conőrms the high quality of the semi-metallic NPG through the presence of

the π-state peak, σ−π band and the linear behavior towards the Fermi level (EF ) due to the Dirac

cone [23], pointing out the high quality of this free-standing graphene sample. Therefore, not only
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NPG is promising for 3D electronic applications but also it is an outstanding template for doping

and functionalization with other atoms or molecules as well.
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Chapter 5

Hydrogen isotopes functionalization of

NPG

Hydrogenation of graphene is promising for achieving a semiconducting material with the analogous

morphological and mechanical properties, while altering the electronic response towards graphane.

Such properties are promising for different applications, such as hydrogen (H) storage, electronic

devices [11, 12]. After H adsorption, the pristine pure sp2 bond C lattice mesh of graphene is dis-

torted by HśC sp3 bond, resulting in semiconducting characteristics depending on the speciőc HśC

spatial conőguration and the H- coverage [8ś10]. Previously, H- functionalization of graphene was

carried out for different graphene samples of different qualities and shapes either synthesized via

exfoliated from graphite [14], chemical vapour deposition (CVD) method or in situ grown metal-

supported mono-layer graphene [17, 18], using different hydrogenation techniques such as molecular

hydrogen cracking, hydrogen plasma and ion impinging [13]. The H adsorption on graphene has

been studied in the most of these studies by Raman spectroscopy and the C 1s core-level line-shape

through bringing the light on the sp3-like component, which is a clear őnger bright of bond de-

formation due H-C bond. However, the temperature stability of hydrogenated graphene is still an

open issue. A temperature range between 350 K [19] and 470 K [14] of starting de-hydrogenation

have been reported, whereas the complete recovery to pristine graphene has been reported at a

temperature ranges 57-80 K [15, 16] and 620ś770 K [19, 20]. The sample’s shapes, the preparation

method and the hydrogenation method may be the reason of such wide temperature ranges. To

our knowledge, there is no previous study on hydrogenation of free-standing graphene. Nanoporous

graphene (NPG), that investigated in chapter 4, represents a realistic system of free-standing un-

supported graphene, so it can be functionalized with H or D towards 3D compact and bulk-scalable

graphane. The intrinsic graphene ripplings in NPG are preferable for atomic H chemisorption. The

H chemisorption energy barrier decreases from 0.4-0.6 eV [19, 25, 26] to about 0.2 eV [27] due to

the local curvature of the hexagonal C lattice [24].

The accomplishment of semiconducting graphane [8] through hydrogen isotopes (H and D) ad-

sorption on semi-metallic graphene is a worthy challenge in terms of the stability and the quality

of the hosting graphene material, as well as the efficiency of the irradiation method. The high

quality and low-defect free-standing nano porous graphene (NPG), which is synthesized by a nano-

porous Ni-based chemical vapour deposition (CVD) method [109], is an excellent hosting graphene

template for increasing the loading of H and D because NPG is self-suspended without a holding
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substrate and it has a large surface-to-volume ratio [27]. In this chapter, the achievement of high

quality, efficient and low defect H- and D- functionalized free-standing graphene is presented. The

H- and D- functionalizations were carried out by highly efficient, clean and low defect irradiation

techniques. These techniques are classiőed according to the chemical state of the irradiating par-

ticles into ion irradiation techniques and cracking molecules irradiation techniques. The used ion

irradiation techniques were Kaufman irradiation source and electron beam induced thermal ion ir-

radiation, in which the irradiating particles are H+ or D+ ions. On the other hand, the thermal

cracking techniques were hot ribbon in situ and H/D cracking capillary gun (electron beam evap-

orator (EFM)), in which the irradiating particles are atomic H and D, created through cracking

H2 or D2 molecules by a very hot őlament before irradiating the NPG samples. The technical

details of the irradiation techniques are presented in chapter 3. Through H- (D-) irradiation, the

transformation from semi-metallic NPG into SC H- or D- functionalized NPGs could be achieved,

leading to modiőcation from the pure planar C-C sp2 bonding towards sp3 bonding conőguration

[238, 239]. Furthermore, these efficient methods to stabilize the bonding of H-NPG (and D-NPG)

pave the way not only for high efficient H and D storage in graphene materials and semiconductor

applications, but also a safe guidance for tritium (T, the radioactive isotope of H) functionalization

of graphene for futuristic advanced detectors for the β-spectrum analysis [300].

Several characterization techniques were used for characterizing the functionalized samples to

obtain complementary information about their properties and characterizations. This chapter deals

with the characterization of the samples using X-ray photoemission spectroscopy (XPS), Raman

spectroscopy, ultra-violet photoelectron spectroscopy (UPS). XPS is a powerful technique for iden-

tifying the chemical composition and to correlate the distortion of the sp2 bonds to the amount of

H (D) adsorbed in NPG through őtting analysis of C1s core-level line-shape. The presence of the

H- (or D-) NPG bond formation is pointed out by bringing the light on the emergence of a H- (or

D-) related sp3-distorted component in the C 1s core-level, which is a őngerprint of HśC (or DśC)

covalent bonding. The band gap opening was conőrmed by UPS valence band (VB) measurement

of the functionalized samples. The quality of the samples and defects was investigated by Raman

spectroscopy, and thus the efficiency of the irradiating techniques.

5.1 H- and D- functionalized NPG via ion irradiation techniques

5.1.1 Kaufman H+ and D+ ions irradiation

The technical details of the Kaufman irradiation process are explained in chapter 3. A large NPG

sample was split into two similar pieces to produce two analogous H- and D- irradiated samples.

Before H and D irradiation, each NPG sample was annealed at 650 ◦C in ultra-high-vacuum (UHV)

to remove residual contaminants. This pre-thermal treatment is a critical step in obtaining clean

NPG for efficient functionalization.

For H-(D-) exposure quantiőcation in Kaufman irradiation, the areal density (number of ions

per cm2) of H+(D+) ions adsorbing by the sample surface is used to calculate the H(D) total

exposure. Irradiation was carried out with subsequent H(D) exposures until reaching saturation

by using low energy (about 6 eV) ions. After each exposure, the samples were dry transferred and

directly measured and analyzed by XPS under UHV conditions until XPS C 1s showed saturation

of induced H(D) bonding in C 1s (this will be explained in XPS measurement section), with a őnal
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exposure of (5.5± 0.3)× 1016 ions/cm2 and (5.8± 0.8)× 1016 ions/cm2 for H and D, respectively.

XPS of H- and D- NPG via Kaufman source

XPS of the C 1s core-level is a unique technique to study the H- (D-) functionalization of NPG.

It gives a direct evidence of the formation of sp3 bond between C atoms and H (or D) though

deconvoluting the C 1s line shape into its constituent components. Initially, in order to determine

the H- (D-) saturated exposure of NPG, a clean NPG sample was exposed to increasing H- exposures,

and XPS was measured each time until saturation of the C 1s line shape. The XPS survey and C

1s core-level evolution as a function of subsequent H- exposures on clean NPG are shown in Fig.

5.1a and b, respectively.
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Figure 5.1: (a) XPS survey of clean NPG and H- NPG with increasing H exposures until reaching the
saturation exposure using Kaufman irradiation source. (b) the corresponding C1s spectra. During exposures,
the sample was kept at room temperature (RT).

The survey spectrum of clean NPG (Fig. 5.1a, black spectrum) shows a dominant peak at 284.7

eV associated to C 1s peak and a small peak at 532 eV attributed to O 1s. The relative percentage

% of oxygen (O) with respect to C is about 4.6 %, indicating efficient cleaning of NPG at 650 ◦C.

The relative percentage of O is calculated by Eq. (5.1)

O % =
IO1s/σO1s

IO1s/σO1s + IC1s/σC1s
× 100 % (5.1)

, where IO1s and IC1s are the peak areas of O 1s and C 1s and their corresponding cross sections
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are σO1s (63.54 × 10−3 (Mbarn)) and σC1s (22.28 × 10−3(Mbarn)), respectively [261]. After H+-

exposure, the O % increases a little up to about 6.7 % and 9.3 % for 2.7× 1016 (ions/cm2) (green

spectrum) and 5.5 × 1016 (ions/cm2)(red spectrum) exposures, respectively. The increasing of

O% due to irradiation is small, indicating a clean irradiation procedure, considering the subsequent

transfer of the sample in air before inserting in the vacuum chamber. The relative O % is appreciated

in the őtting C-O component of C1s core-level line shape. Fig. 5.1b shows the C1s evolution with

different exposures: a clear line shape widening is observed after increasing the H+- exposure,

associated with the presence of the C-O component around 286.5 eV. Therefore, the őnal exposure

could be determined, corresponding to (5.5± 0.3)× 1016 ions/cm2.

The XPS survey and C 1s core-level of clean NPG, H-saturated NPG and D-saturated NPG are

presented in Fig. 5.2 with the őtting analysis whose values are reported in Table 5.1.
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Figure 5.2: (a) XPS survey spectra of clean, H saturated- NPG and D saturated- NPG using Kaufman
irradiation source. (b) C 1s XPS spectrum of clean NPG (c) C 1s XPS spectra of H saturated- NPG (down
panel) and D-saturated- NPG (top panel). The experimental data (gray dots), sp2 fitting component (red
line), sp3 component (blue line), C-to-O component (green line), π- plasmon excitation (violet line) and
fitting sum curve (black line) are presented.

The survey spectra (Fig. 5.2a) show the dominance of C 1s peak with increasing of O 1s peak,

i.e. O % is about 4.6 % for clean NPG, 9.3 % for H saturated- NPG and 16.5 % for D saturated-

NPG. This oxidation may be due to the partial air exposure of the sample during transferring from

Kaufman source to the XPS system, and also due to the high vacuum condition of about 10−8

mbar of the Kaufman system. To de-convolute C 1s line shape into the constituent components,

the spectral data were őtted with Voigt components, i.e. Lorentzian-Gaussian curves considering

the intrinsic line-width and experimental uncertainty, respectively. Exceptionally, the main sp2

component was őtted as an asymmetric Doniach-Sunjic (DS) line-shape with asymmetry parameter
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≤0.1 [293, 294] associated to the semimetallic nature of NPG. The C 1s line-shape of clean NPG (Fig

5.2b) is featured by the main component associated to the sp2 bonding at 284.6 eV binding energy

(BE), with a slightly skewed tail at higher BE owing to a small sp3 peak at 285.2 eV. This peak

is ascribed to the slight bond deformation at wrinkled/bent regions of NPG as recently reported

by spectro-microscopy experiments [301]. In addition, the broad component at about 291.1 eV (6.5

eV away from the main sp2 peak) arises from the plasmon associated to the π collective excitation

[295, 296]. Finally, the component centered at about 286.5 eV is attributed to a small residual

C-to-O structure [288, 289].

After H- and D- saturation exposure, the binding energy of all the components, namely the sp2

and sp3, the π-plasmon excitation and the small C-to-O residual peaks, present within the experi-

mental uncertainty; however, their relative intensities are changed. For intensity quantiőcation, the

relative percentage of intensities of sp3 component to sp2 component intensities is expressed as Θ

ratio (Eq. (5.2)).

Θ% =
Isp3

Isp3 + Isp2
× 100 % (5.2)

The increase of sp3 peak intensity (Isp3) after H- (D-) functionalization leads to a Θ ratio of

about 25 ± 3 % for H saturated- NPG and 36 ± 3 % for D saturated- NPG. These maximum Θ

ratios were obtained after H- and D- saturation exposure for fully free-standing self-suspended NPG

sample in clean and controlled condition. The functionalized samples are very stable against air-

exposure. We remark the absence of any defect-related C 1s core-level component at lower BE side

of the sp2 peak, indicating the absence of unsaturated C dangling bonds at vacancy sites [32, 297ś

299, 302]. Consequently, Kaufman ion irradiation is revealed as a non-destructive functionalization

process. This high uploading percentage of atomic H (D) to C of fully protonated (deuterated)

graphene agrees with the best results reported for hydrogenated graphene in various graphene

morphologies, whether in form of substrate-supported [18, 32] or transferred mono-layer ŕakes [15,

19]. Particularly, it is in excellent agreement with the saturation value obtained for H (25 %) and

D (35 %) chemisorption on Au-intercalated graphene/Ni, where the different saturation value is

attributed to a different kinetics and higher desorption barrier for D than for H owing to quantum-

mechanical zero-point energy effects associated to the D-C and C-H vibrations [286].
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Table 5.1: Fitting results of the C 1s core-level of clean NPG and H saturated- NPG and D saturated-
NPG using Kaufman irradiation source. The different components are tabulated with binding energy (BE)
(±0.1eV , ±0.3eV for the π-plasmon), asymmetry parameter, full-width at half-maximum (FWHM, ±0.1eV )
of the Gaussian component and the relative intensity (±5%).

clean NPG
C 1s component BE (eV) Asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.09 1.1 88.0

sp3 285.2 0 1.2 4.3

π-plasmon 291.1 0 3.4 5.5

C-to-O 286.5 0 2.2 2.2

H-saturated NPG
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.09 1.1 71.3

sp3 285.2 0 1.2 24.0

π-plasmon 291.1 0 3.4 2.0

C-to-O 286.5 0 2.2 2.6

D-saturated NPG
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.09 1.1 59.1

sp3 285.3 0 1.2 33.7

π-plasmon 291.2 0 3.4 1.5

C-to-O 286.5 0 2.2 5.7

Furthermore, the thermal stability of the saturated H-(D-) NPG was studied through measuring

XPS at different annealing temperatures in UHV, as presented in Fig. 5.3 respectively. The survey

spectra of H- saturated NPG and D- saturated NPG (Fig. 5.3 aI and bI) show the dominance of

C1s peak, and the small reduction of the small peak of O 1s due to annealing. Annealing up to 500
◦C leads to reducing the C 1s line shape width (Fig. 5.3 aII and bII) until complete recovery of

clean NPG at 650 ◦C.

The őttings of C 1s of the annealed H saturated-NPG (Fig. 5.4aI) and D saturated-NPG (Fig.

5.4aII) at 500 ◦C and 650 ◦C were analyzed. The corresponding őtting results are presented in

Table 5.2. After annealing at 500 ◦C, the BE of all the components are within the experimental

uncertainty, but their relative intensities are modiőed. The reduction of sp3 peak leads to the

reduction of a Θ ratio to about 20.1 % for H and 32.8 % for D as shown in Fig. 5.4b. The reduction

of the Θ ratio indicates the partial desorption of H(D). Further annealing leads to increasing the

thermal desorption until reaching an almost complete H(D) desorption and recovery of clean NPG

at 650 ◦C.
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Figure 5.3: (a) XPS survey spectra of annealed H saturated- NPG (I) using Kaufman irradiation source,
and the corresponding C 1s spectra (II). (b) XPS survey spectra of annealed D saturated- NPG (I) at
different temperatures and the corresponding C 1s spectra (II).
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Figure 5.4: (a) C1s fitting of annealed H saturated- NPG (using Kaufman irradiation source) at 500 °C
and 650 °C (I) and the annealed D saturated- NPG at 500 °C and 650 °C (II). The experimental data
(gray dots), sp2 fitting component (red line), sp3 component (blue line), C-to-O component (green line), π-
plasmon excitation (violet line) and fitting sum curve (black line) are depicted. (b) Θ ratio evolution at the
different stages: clean NPG, H(D) saturated NPG and the annealed H(D) saturated- NPG at 500 °C and
650 °C
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Table 5.2: The fitting results of C 1s of the annealed H saturated- NPG and D saturated- NPG (using
Kaufman irradiation source) at 500 °C and 650°C. The different components are tabulated with binding
energy (BE) (±0.1 eV , ±0.3 eV for the π-plasmon), asymmetry parameter, full-width at half-maximum
(FWHM, ±0.1 eV ) of the Gaussian component and the relative intensity (peak areas, ±5%).

annealed H saturated- NPG at 500 °C
C 1s component BE (eV) Asymm. param. FWHM (eV) Area/Areatot

sp2 284.5 0.09 1.1 73.6
sp3 285.2 0 1.2 18.5

π-plasmon 291.0 0 3.4 3.6
C-to-O 286.4 0 2.2 3.7

annealed H saturated- NPG at 650 °C
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.09 1.1 84.1
sp3 285.2 0 1.2 8.2

π-plasmon 291.1 0 3.3 5.5
C-to-O 286.4 0 2.2 2.2

annealed D saturated- NPG at 500 °C
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.7 0.09 1.1 63.2
sp3 285.3 0 1.2 30.9

π-plasmon 291.2 0 3.4 2.4
C-to-O 286.5 0 2.2 3.5

annealed D saturated- NPG at 650 °C
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.7 0.09 1.1 79.3
sp3 285.3 0 1.2 12.3

π-plasmon 291.2 0 3.4 5.9
C-to-O 286.5 0 2.2 2.5

As a matter of fact, the π-plasmon excitation is an excellent őngerprint of the quality of graphene

[295], which is resulted from a collective excitation spread over the π-coordinated lattice. Zoomed

plots of the π-plasmon excitation energy region with the corresponding őtting results and the relative

intensity evolution of are shown in Fig. 5.5 a and b, respectively. The π-plasmon peak intensity

deőnitely decreases at H saturated-NPG and D saturated-NPG, indicating the reduction of the π

bonding of graphene [296]. This is another observation of increasing bond deformation towards

sp3. The intensity reduction of the plasmon peak after H (D-) functionalization (Fig. 5.5 b) is

25 % higher in the case of D-C chemisorption in D saturated-NPG than H-C chemisorption in

H saturated-NPG. consequently, this conőrms the higher coverage for D than H over NPG. After

annealing at 500 ◦C, a slight increase of the π-plasmon intensity (less for D than for H) is observed,

but still much lower than clean graphene, accompanied by a Θ ratio decreased by less than 10 %

(Fig. 5.4). However, only after annealing above 650 °C, full recovering of the π-plasmon is observed

with a deőnite reduction of Θ ratio. i.e. recovery to C 1s line shape of the clean NPG C 1s. This

is an indication of complete H(D) desorption and healing to clean graphene at 650 ◦C annealing

temperature.

Previous publications of graphene uploaded with H by different techniques such as plasma gen-

eration [15, 19] and electron-beam-induced de-hydrogenation of molecular species [134] reported
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Figure 5.5: (a) zoom of the π-plasmon excitation energy region of C 1s for the clean, fully saturated
H-NPG and D-NPG (using Kaufman irradiation source) and annealed saturated H-(D-) NPG samples at
500 °C, 650 °C. (b) normalized intensity evolution of the π-plasmon excitation as a function of exposure and
temperature.

that annealing temperatures from about 380 K (107 ◦C) upwards are enough to observe a clear

desorption process until recovering to pristine graphene above 680 K (407 ◦C) [16, 19, 134]. Anal-

ogous partial H desorption and recovering of hydrogenated transferred graphene ŕakes to pristine

graphene was reported by high-vacuum annealing at about 750 K (477 ◦C) [303]. However, much

less thermal stable H-C bonding was reported for supported/transferred graphene hydrogenated

with different methods, i.e. graphene healing temperature range between 570-580 K (297-307 ◦C)

[15, 16] and 620-720 K (347-447 ◦C) [19, 20]. Our experimental results conőrm the deőnitely much

higher thermal stability of the C-H and C-D chemical bonds for the present vacuum in situ H (D)

molecular dissociation and absorption in fully free-standing NPG.

UPS valence band (VB) of H- and D- NPG via Kaufman source

The adsorption of H or D on graphene leads to convert graphene from a semimetal to a semicon-

ducting graphane [8, 10, 15, 304]. As both H and D bonding to C atom in graphene are very

similar, the band gap opening in the valence band (VB) of H-NPG and D-NPG points out a further

signature of the functionalization towards graphane. The UPS VB spectra of H saturated- NPG

and D saturated- NPG in comparison with that of clean NPG, using excitation of HeI radiation of

about 21.2 eV photon energy, are shown in Fig. 5.6.

The VB spectrum of clean NPG (black spectra) presents the graphene’s electronic spectral

density features. First, the Dirac cone band dispersion effect appears as the linear behavior towards

the Fermi level (EF ). Second, the peak at 3 eV is due to π-state peak. Third, the wide band
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Figure 5.6: UPS valence band (VB) spectra of H saturated- NPG (using Kaufman irradiation source) at
different annealing temperatures (lower panel), and D saturated- NPG at different annealing temperatures
(top panel). the UPS VB of clean NPG is depicted in black. Spectra were acquired using HeI of about
21.218 eV photon energy.

between 6 eV and 8.5 eV BE is associated to π − σ [22]. These features point out the high quality

of the free-standing NPG sample. After H- and D- functionalization, several changes are observed

for H saturated- NPG (red spectrum in Fig. 5.6, lower panel) and D saturated -NPG (red spectrum

in Fig. 5.6, top panel) comparing to that of the clean NPG: (i) π-state peak is a quenched; (ii)

π − σ states is redistributed; (iii) the spectral density of states below the Fermi level (EF ) with

the top of the VB (at 3.8 eV from EF ) is strongly depressed, which agrees with the observations

reported for H-decorated graphene [15]. Accordingly, these observations of band gap opening in H

saturated- NPG and D saturated-NPG are a further conőrmation of the transition from semimetal

graphene into semiconducting graphane. Moreover, the thermal desorption of H-NPG and D-NPG

is studied through measuring VB at different annealing temperatures. The π-state peak starts

to clearly recover at about 500 ◦C, indicating the partial thermal desorption of H and D; the π-

state peak becomes more intense with increasing temperature, pointing out the recovering to the

semimetallic behavior of clean graphene. This also further proof of high thermal stability of the H-

(D-) functionalized NPG up to 500 ◦C. In addition, we note that at 600 ◦C, the VB measurement

does not show complete recovery despite C 1s shows complete reduction of sp3 component. This

is because the UPS experiment is more surface sensitive than XPS [268ś270] and the details of the

valence band close to the Fermi level are more sensitive to the bond formation. Thus, the UPS VB

measurement indicate that the clean NPG recovering is not complete at 600 ◦C.
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Raman of H- and D- NPG via Kaufman source

Raman spectroscopy is very essential to identify the NPG sample quality, the number of layers and

the presence of defects and impurities. The Raman spectrum of pristine graphene is featured by G

and D bands. The G band is attributed to the őrst-order scattering process, involving lattice modes

with zero momentum (q = 0) at the center of the Brillouin zone (Γ point); the 2D peak is associated

to the second-order process, involving two phonons with opposite momentum (q′ − q) near the K

point [305]. Further modes associated to second-order processes are the D and D’ peaks, which

may arise from the presence of defects, disorder or following the formation of new bonds [305]. It

is worth mentioning, both H bonding to graphene and the formation of defects have an analogous

effect on the Raman spectrum, resulting in increasing intensities of the D and D’ peaks. This

makes it difficult to distinguish between both effects. In previous publications [19, 34, 135, 143],

the increases in the D and D’ peaks were often directly interpreted only as a signature of the C-H

bond formation.

(a)

(b)

Figure 5.7: (a) Raman spectra of clean NPG (black spectrum), H-saturated NPG (red spectrum) and D-
saturated NPG (blue spectrum) using Kaufman irradiation source. The data were normalized to the G peak
height. The spectra were obtained by focusing a 532.2 nm laser by using a 100× objective with NA=0.75,
with a laser power density ≤ 50 µW at the entrance of the objective. (b) Intensity ratio between I2D/IG
(left panel)and the ID/IG (right panel) of Raman bands in the pristine, annealed and H- (D-) functionalized
samples.

The Raman spectrum of the clean NPG sample (after annealing at 650 ◦C) (Fig. 5.7a, black

spectrum) shows the predicted 2D band (at 2896 cm−1) and G band (at 1581 cm−1) of high-quality

graphene, with a very minor defect peak (D) at 1350 cm−1, referring to a very low density of lattice

defects. The presence of the D peak is due to the small defect density at acute curvatures of the
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nano-porous structure and bent regions [22].

In addition, a low structureless bump below the main bands is observed, which results from a

slight amorphous signal resulting from the annealing process (at 650 ◦C) to clean the sample (as

explained in chapter 4). The relative intensity I2D/IG of this graphene continuous structure points

out the presence of bi-layer or few-layers graphene, and also the line shape indicates the presence

of a turbostratic stacking, showing a weak bonding between the planes [22, 301]. In order to clearly

understand the Raman band variation due to H- and D- functionalization of NPG, the intensity ratio

I2D/IG and the ratio ID/IG of Raman bands of the pristine, cleaned and H- (D-) functionalized NPG

are depicted in Fig. 5.7b. After H or D irradiation, the I2D/IG ratio (Fig. 5.7b, left panel) does not

show much change (within 1 0%) with respect to the clean NPG. This is an indication that H- and D-

functionalization does not alter the few-layers graphene sheet quality. On the other hand, the Raman

bands associated to defects (D, D’ and D+D’) are more intense after H- and D- functionalization

of NPG. It is observed that the Raman band evolution is qualitatively in consistence with the

previous studies on few-layers and substrate-supported graphene functionalization via plasma and

other hydrogenation methods [14, 17, 19, 143, 303, 306], which is attributed to H-C bond distortion.

However, we remark that the used low-energy ion H+ (D+) irradiation using Kaufman source of self-

standing NPG induces a much lower defect peak, i.e. the ratio ID/IG is <1 (Fig. 5.7b, right panel).

This ratio is much lower than previously reported with other methods of irradiation and/or graphene

sample fabrication and qualities, for which a Raman ID/IG band intensity ratio >>1 (from 2.5 to

5) [17, 19, 143, 307]. Therefore, this present in-vacuum and low-energy H+ and D+ ion adsorption

of NPG via Kaufman irradiation source is an efficient, clean and low-defect non-destructive method

for atomic H and D uploading in graphene.

Summary of H- and D- NPG via Kaufman source

Atomic H- and D- functionalization of NPG towards graphane formation have been achieved using

Kaufman irradiation source with low-energy (about 6 eV) H+ (D+) ion irradiation. The H-C and

D-C bonding was studied and quantiőed by the C 1s core-level line-shape őtting analysis through

quantifying the relative percentage of the sp3 bond of C with protons (or deuterons) with respect

to the planar sp2 bonds, which is about 25 ± 3 % (36 ± 3 %). Those results are outstanding and

in consistent with best results in literature whether of transferred mono-layer ŕakes [19, 308] or

substrate-supported [18, 32]; although similar high H (or D) upload had been previously reported

on graphene ŕakes/sheets with different morphologies and with other exposure method [17, 26, 307],

we obtained an outstanding much lower presence of defects after H+(D+) irradiation. Therefore, the

in-vacuum H+(D+) irradiation of free-standing NPG with low-energy ion irradiation via Kaufman

source is a very clean non-destructive and stable method for chemically uploading protons (or

deuterons) on graphene, as conőrmed by XPS and Raman spectroscopy. Moreover, the saturated

H-NPG and D-NPG show a high thermal stability, i.e. the HśC- (or DśC-) associated to sp3 bonding

component in the C 1s core level is stable within 10 % up to 500 ◦C, while complete recovery and

healing of graphene is only obtained at unprecedented high temperatures (> 650 ◦C) as observed

by both XPS and UPS, and also conőrmed by the regained intensity of the π-plasmon excitation in

C 1s only above that high temperature. In addition, the band gap opening was conőrmed by UPS

VB of H-(D-) functionalized NPG samples, indicating the conversion into SC behavior.

To summarize, three main accomplishments have been achieved in the present work. First,
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unsupported free-standing graphene sample of high quality was veriőed as an excellent template for

uploading with a high percentage of H and D. Second, the quality of the functionalized samples is

the best quality, i.e. lowest defect-density ever reached. Finally, the highest temperature stability

of functionalized samples was conőrmed. These evidences promote free-standing NPG and the

in-vacuum protonation (and deuteration) via low energy (< 10 ev) ion irradiation using Kaufman

source as an outstanding and an efficient method to stabilize the bonding of H-(D-) to NPG. It

is worth mentioning that this present work of H-(D-) functionalization of NPG via Kaufman ion

irradiation source was published in Nanotechnology journal [238].

5.1.2 Electron beam induced D+ thermal ion irradiation

Electron beam induced thermal ion irradiation was used to functionalize NPG by D. The technical

details of this method are provided in chapter 3. The őnal exposure was estimated as 1.3 × 1020

D+ ions irradiating the actual NPG sample. In this irradiation method, the 1.8 MeV electron beam

was used just to ionize the D2 gas without irradiating the sample. Because of the 1 bar pressure of

the D2 gas, D+ ions directed to NPG could not reach enough energy to produce any damage to the

sample as they hit NPG at thermal energy <0.1 eV. Therefore, this method is nondestructive and

clean. In order to overcome the limitations in D incorporation, NPG sample should be annealed

at 600 ◦C in UHV for several hours before irradiation. This pre-thermal treatment minimizes the

defects and the contamination of NPG samples, so a clean high-quality free-standing graphene is

guaranteed.

XPS of D- NPG via electron beam induced D+ ion irradiation

XPS was measured for pristine NPG samples and after an annealing at 600 ◦C. We remarked that

600 ◦C is the proper annealing temperature because higher annealing temperature would produce

some graphene amorphisation [238] despite it could highly reduce the C=O contamination. XPS

survey and C 1s core-level of clean NPG, as adsorbed D-NPG, and thermally treated D-NPG at 150
◦C, 250 ◦C and 330 ◦C are presented in Fig. 5.8 with de-convolution into different components. The

survey spectra (Fig. 5.8a) presents the predominance of C 1s peak at 284.6 eV, and the small O 1s

peak at 532 eV. The O % (Eq. (5.1)) was estimated as 12.0 %, 14.0 %, 13.7 %, 13.1 % and 12.4 %

for clean NPG, D-NPG, and thermally treated D-NPG at 150 ◦C, 250 ◦C and 330 ◦C, respectively.

These O % values were considered when őtting the C 1s line-shape spectra.

The C 1s core-level spectra of the clean NPG, D-NPG sample as-adsorbed D-NPG and D-NPG

after subsequent temperature annealing steps with őttings are depicted in Fig. 5.8b and c. The

C 1s experimental data were őtted with different components representing the different chemically

shifted environments with subtracting a Shirley background. For őtting the C 1s line-shape, an

asymmetric DoniachśSunjic (DS) line-shape was used for the main sp2 component (asymmetry

parameter 0.1) [293, 294], where the asymmetry is associated to the intrinsic semi-metallicity of

pristine graphene. For the remaining components, GaussianśLorentzian (Voigt line-shape) curves

was used, considering both the intrinsic excitation line-width (Lorentzian proőle) and the overall

experimental uncertainty (Gaussian proőle). The corresponding őtting results are presented in Ta-

ble 5.3. In C 1s spectrum of clean NPG (Fig. 5.8b, bottom panel), the sp2 bonding (at 284.6 eV)

BE is the most prominent component of the C 1s spectra. At its higher BE side, sp3-like distorted
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Figure 5.8: (a) XPS survey of clean NPG, as adsorbed D-NPG (using electron beam induced ion irradiation)
and pre-thermal treated D-NPG at 150 °C, 250 °C and 330 °C. (b) C 1s core-level spectra of UHV-clean NPG
(bottom panel), as-adsorbed D-NPG (top panel). (c) C 1s core-level spectra of D-NPG after annealing at 150
°C (bottom panel), 250 °C (middle panel) and 330 °C (top panel). The experimental data are represented in
black dots, sp2 components are in red, sp3 components are in blue, COx components are in green, π-plasmon
peaks are in violet, Shirley background is in black dashed, and fitting sum curve are in gray.

bond is presented at about 285.3 eV BE. The reason of sp3 peak in C 1s of clean NPG is the highly

bent or wrinkled regions of the nano-pores of NPG [22, 23]. The plasmon peak associated with the π

collective excitations [295, 296, 309] appears at 291.3 eV BE (at 6.7 eV from the main peak). At last,

the wide band at about 286.3ś287.0 eV is due to the residual CśO bond with different possible COx

conőgurations [59, 288, 289]. We remark that there is no any low-BE component due to unsaturated

C dangling bonds at vacancy sites [32, 297ś299, 302] can be observed for the D-NPG, conőrming

nondestructive D- functionalization of NPG. After D- functionalization of NPG (Fig. 5.8b, top

panel), several variations of C 1s line shape are noticed. First, the sp3 component increases; the

relative intensity of the sp3 component points out the bond deformation relative to the pure C-C

π-bonding owing to the formation of DśC chemical bonding. Also, the bonds distortion due to D

adsorption is noticed through the broadening of the sp3 component as compared with the clean

NPG as shown in Table 5.3. The relative percentage θ ratio of the as-adsorbed D-NPG sample is

estimated as about 51 ± 5 % using Eq. (5.2), corresponding to the fraction of D atoms bonded to

C atoms in the graphene mesh. This value is higher than that obtained using Kaufman low-energy

ion irradiation of free-standing NPG described in the previous section and published [238]. Sec-

ond, the π-plasmon excitation peak is quenched, which is a clear signature of the bond distortion
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because of the D-C bonding, whose relative intensity is reduced from 5.3 % for clean NPG to al-

most be negligible in as-adsorbed D-NPG (Table 5.3). Third, the wide band of COx increases after

deuteration, as some residual oxygen contamination signal are observed in C 1s of the as-adsorbed

D-NPG. Therefore, D-NPG was annealed to increasingly higher temperatures up to 330 ◦C (Fig.

5.8c), which is safe to avoid D desorption from the functionalized sample [238]. As presented in Fig.

5.8c and corresponding őtting (table 5.3), after annealing at 330 ◦C, the residual contamination is

clearly minimized and the sp3-related peak (at 285.3 eV BE) becomes sharper. The decreasing of

the peak width shows how spurious sp3 bonds introduced during D adsorption are already improved

at the moderate temperature of 150 °C. Furthermore, the őnal θ ratio remains stable at about 50

%, corresponding to the unprecedented value of adsorption of D bonded to the C atoms in graphene.

Table 5.3: Fitting results of the C 1s core-level of clean NPG, as-adsorbed D-NPG (using electron beam
induced ion irradiation) and annealed D-NPG at 150 °C, 250 °C and 330 °C, with presenting the Com-
ponents, binding energy (BE) (±0.1 eV, ±0.3 eV for the π-plasmon), asymmetry parameter, full-width at
half-maximum (FWHM, ±0.1 eV), relative intensity (peak areas in %, ±5 %)

clean NPG
C 1s component BE (eV) Asymm. Param. FWHM (eV) Area/Areatot

sp2 284.6 0.1 1.1 71.3
sp3 285.3 0 1.3 14.8

π-plasmon 291.3 0 4.0 5.3
COx 286.3 0 1.7 8.6

as-adsorbed D-NPG
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.1 1.1 41.3
sp3 285.6 0 1.9 42.8

π-plasmon 291.0 0 4.0 0.3
COx 287.0 0 2.5 15.6

D-NPG annnealed at 150 °C
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.1 1.1 42.3
sp3 285.6 0 1.7 43.6

π-plasmon 291.1 0 4.0 0.3
COx 287.0 0 2.2 13.8

D-NPG annnealed at 250 °C
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.5 0.1 1.1 43.1
sp3 285.4 0 1.7 43.7

π-plasmon 291.0 0 4.0 0.7
COx 286.7 0 2.2 12.5

D-NPG annnealed at 330 °C
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.5 0.1 1.1 44.3
sp3 285.3 0 1.6 43.6

π-plasmon 291.0 0 4.0 1.9
COx 286.3 0 2.1 10.2
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UPS of D- NPG via electron beam induced D+ ion irradiation

The VB measured by UPS of D-NPG in comparison with that of clean NPG, using excitation with

He I radiation, is presented in Fig. 5.9.
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Figure 5.9: UPS valence band (VB) spectra of UHV-cleaned NPG (black spectrum) and D-NPG (using
electron beam induced ion irradiation)annealed at 330 °C (blue spectrum)(using photon energy of about
21.218 eV).

The VB spectrum of UHV-clean NPG (black spectrum) shows the typical electronic spectral

density of graphene. The VB spectrum of D-NPG after thermal treating at 330 ◦C (blue spec-

trum) shows changes with respect to that of clean NPG: (i) the π-state peak is a quenched, (ii)

π − σ states are redistributed, (iii) the spectral density of states below the Fermi level (EF ) with

the top of the VB at 3.8 eV from EF are strongly reduced, in agreement with the observations of

H-decorated graphene [15]. This observation of band gap opening in D-NPG indicate also in this

case the transformation into semiconducting graphane after chemisorption of D with unprecedented

highly D-adsorped graphene with very high quality. The top of the VB is estimated above 4 eV.

Also, considering the energy difference from the EF to CB minimum could lead to a wide energy gap.

Raman of D- NPG via electron beam induced D+ ion irradiation

In order to have a comprehensive characterization of the D- functionalized NPG sample, Raman

spectroscopy was measured for both cleaned NPG and D-NPG as depicted in Fig. 5.10.

The Raman spectrum of clean NPG (dashed black line) manifests both the G peak (at 1578

cm−1) and the 2D peak at (at 2700 cm−1) with comparable intensities, pointing out the high quality

of the graphene sample. Furthermore, the low intensity of the defect-related D peak (at 1348 cm−1)

is another veriőcation of the high quality sample. The peaks associated to higher order scattering

process, namely D+Dž, 2D’ and G+2D, are clearly observed. Accordingly, Raman spectroscopy of

this clean NPG manifests a very low defect/disorder related peaks. After D- functionalization of

NPG, the Raman spectrum of D-NPG (blue solid line) presents minor changes with respect to the

Raman of clean NPG, i.e. a very small intensity decrease of 2D peak and modest increase of the

D and D’ peak intensities are observed. However, the remaining higher order peaks are nearly the
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Figure 5.10: Raman spectra of the D- NPG sample (blue line)(using electron beam induced ion irradiation)
and of the pristine clean sample (black dashed line) acquired with excitation laser at λ = 532.2 nm

same. Consequently, Raman spectroscopy could only show a small increase in the defectśrelated

peaks, which cannot be attributed only to D incorporation. However, a direct XPS of D-NPG could

verify the chemical bonding and quantify the D adsorption on NPG through C 1s core-level őtting

analysis. We remark that Raman is a bulk sensitive probe, while photoemission is surface sensitive.

Therefore, we suggest that XPS and UPS detect the effect of D-C bonding, whereas Raman is more

inŕuenced by the internal layers of clean NPG.

Summary of D- NPG via electron beam induced D+ ion irradiation

NPG has been efficiently functionalized with D by using electron beam induced D+ thermal ion

irradiation, achieving an unprecedented, very high D uploading (50 ± 5 %) with very low defects.

The őtting analysis of C 1s core-level line shape of D-NPG manifests the distorted DśC sp3 bonds

comparing to the pristine sp2 C-C bonds. The efficiency of this functionalization method was

conőrmed by the moderate increase of the defect-related peaks in the Raman spectrum of D-NPG,

suggesting a clean, nondestructive, and low defect functionalization. The electronic spectral density

close to EF in UPS VB of D-NPG reveals the band gap opening after D- functionalization of NPG,

conőrming the conversion into semiconducting graphane. Therefore, both the high quality NPG

prepared by the nano-porous Ni-based CVD method and the electron beam induced ion irradiation

are very promising for achieving highly efficient free standing D-NPG with low-defects. This present

work on D- functionalization of NPG using electron beam induced ion irradiation was published in

Nanomaterials journal [239].

5.2 H- and D- functionalized NPG via cracked molecules techniques

5.2.1 Hot ribbon cracking of H2 in situ irradiation

H- functionalization of NPG was carried out also via hot ribbon cracking irradiation in situ. The

hot ribbon cracking irradiation process is illustrated in chapter 3. Before hot ribbon irradiation, the

NPG sample was annealed at 650 ◦C in UHV to remove undesired contaminants. H- irradiation via

hot ribbon cracking was carried out with subsequent H- exposures until reaching saturation of C 1s
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core-level line shape. After each H- exposure, the samples were directly measured by XPS under

UHV conditions until C 1s showed saturation of H- bonding in C 1s. The saturated H-exposure

was about 30 kL.

XPS of H- NPG via hot ribbon cracking

In order to őnd out the H- saturated exposure to NPG sample using hot ribbon cracking, a clean

NPG sample was exposed to an increasing H exposures, and XPS was measured each time until

saturation of the C 1s line shape width. The XPS survey spectra of clean NPG and H-NPG at

subsequent exposures, shown in (Fig 5.11a), demonstrating the dominant C1s peak (at 284.6 eV)

and the small peak O 1s (at 532 eV). The estimated relative O% percentage (using Eq. (5.1)) is

about 3.1 %, 5.6 %, 5.7 %, 5.9 % for clean NPG, H-NPG with 3 kL, 10 KL and 30 kL, respectively.

The corresponding C 1s spectra (Fig 5.15b) show a clear widening of C 1s line-shape around 285.2

eV BE because of the increasing sp3 component at saturation.
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Figure 5.11: (a) XPS survey of clean NPG and H-NPG using hot ribbon cracking irradiation with increasing
H exposures until reaching saturation at 30 kL. (b) the corresponding C 1s spectra.

The őttings of C 1s core-level of clean NPG, H-saturated NPG are depicted in Fig. 5.12, and

the corresponding őtting values are tabulated in Table 5.4. The main sp2 component is őtted by an

asymmetric Doniach-Sunjic (DS) line-shape, with asymmetry parameter ≤0.1 [293, 294] related to

the semimetallic nature of nano-porous graphene. However, the remaining components were őtted

with a Voigt line shape, accounting for the intrinsic line-width and experimental uncertainty. The
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C 1s line-shape of clean NPG (Fig.5.12, bottom panel) is characterized by the main component

of sp2 bonding at 284.7 eV BE with a slightly skewed tail due to a small sp3 peak at higher BE

(285.3 eV), which arises from the slight bond deformation at wrinkled/bent regions of NPG [22, 23],

as already described for analogous samples. The broad component (at 290.8 eV) arises from the

plasmon associated to the π collective excitation [295, 296]. The last component centered at about

286.5 eV is attributed to a small residual C-to-O structure [288, 289]. After H saturation exposure

(Fig.5.12, top panel), the increasing of sp3 peak leads to a Θ ratio of about 28±5 % for H saturated-

NPG, i.e. this maximum intensity ratio estimated by Eq. (5.2) reached after H- saturation exposure

using hot ribbon cracking irradiation for fully free-standing self-suspended NPG sample in clean and

controlled condition. The absence of any defect-related C 1s core-level component at lower BE lower

side of the sp2 peak is remarked, conőrming the absence of unsaturated C dangling bonds at vacancy

sites [32, 297ś299, 302]. Consequently, we suggest that hot ribbon cracking irradiation method is

revealed as a non-destructive H-functionalization method. This uploading percentage of atomic H

to C is in agreement with the best results reported for hydrogenated graphene in various graphene

morphologies, whether in the form of substrate-supported [18, 32] or transferred mono-layer ŕakes

[15, 19].
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Figure 5.12: C 1s XPS spectrum of clean NPG (bottom panel)and H saturated- NPG (top panel) using hot
ribbon cracking irradiation, including The experimental data (gray dots), sp2 fitting component (red line),
sp3 component (blue line), C-to-O component (green line), π- plasmon excitation (violet line) and fitting
sum curve (black line).
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Table 5.4: Fitting results for the C 1s core-level of clean NPG and H saturated-NPG using hot ribbon
cracking irradiation. The different components are tabulated with binding energy (BE) (±0.1 eV , ±0.3 eV
for the π-plasmon), asymmetry parameter, full-width at half-maximum (FWHM, ±0.1 eV ) of the Gaussian
component and the relative intensity (peak areas, ±5%).

clean NPG
C 1s component BE (eV) Asymm. param. FWHM (eV) Area/Areatot

sp2 284.7 0.06 1.1 78.9

sp3 285.3 0 1.6 12.2

π-plasmon 290.8 0 3.3 3.9

C-to-O 286.5 0 2.0 5.0

H-saturated NPG
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.06 1.1 66.7

sp3 285.3 0 1.6 26.0

π-plasmon 291.0 0 3.2 1.6

C-to-O 286.4 0 2.0 5.7

The thermal stability of the saturated H-NPG was studied through measuring C 1s after anneal-

ing H saturated-NPG at different annealing temperatures in vacuum as shown in Fig. 5.13. The

survey spectra of the clean NPG and the H saturated NPG (as adsorbed) and after annealing at 450
◦C and 650 °C (Fig. 5.13aI) presents the dominant C1s peak (at 284.6 eV) and the small O 1s peak

(at 532 eV) with O% of about 5.0 %, 5.8 %, 5.3 %, 5.1 % ,respectively (using Eq. (5.1)). Annealing

up to 450 ◦C leads to reducing the width of C 1s line shape ((Fig. 5.13aII) until complete recovery

of clean NPG at 650 ◦C. The őttings of C 1s of the annealed H saturated-NPG at 450 ◦C and

650 ◦C are presented in Fig. 5.13bI and II, respectively, and the corresponding őtting results are

presented in Table 5.5. After annealing at 450 ◦C, the BE of all the components are stable within

the experimental uncertainty; however, their relative intensities are re-distributed. The sp3 peak

is reduced, leading to the reduction of a Θ ratio of about 24.5 % (Fig.5.13cI), which indicates the

partial desorption of H. Further thermal annealing induces the thermal desorption until complete

healing of clean NPG at 650 ◦C.

The π-plasmon peak intensity deőnitely decreases at H- saturated NPG relative to clean NPG

(Fig. 5.13cII), referring to the reduction of continuity in the π bonding of graphene, which is an

additional observation of increasing bond deformation towards sp3. After annealing H saturated-

NPG at 450 ◦C, a slight increase of the π-plasmon intensity is noticed, but still much lower than

clean graphene. However, only after annealing above 650 ◦C, full recovering of the π-plasmon is

observed with a deőnite reduction of Θ ratio.
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Figure 5.13: (a) XPS survey spectra of clean NPG, H saturated- NPG and annealed H saturated-NPG at
450 °C and 650 °C (I), and the corresponding C 1s spectra (II). (b) C1s fittings of annealed H saturated-
NPG at 450 °C (I) and 650 °C (II), including the experimental data (gray dots), sp2 fitting component (red
line), sp3 component (blue line), C-to-O component (green line), π- plasmon excitation (violet line) and
fitting sum curve (black line). (c) Θ percentage ratio evolution at each sample stage (I) and the normalized
π- plasmon evolution with each stage of the sample (II).
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Table 5.5: The fitting results of C 1s of the annealed H saturated- NPG at 450 °C and 650°C. The different
components are tabulated with binding energy (BE)(±0.1 eV , ±0.3 eV for the π-plasmon), asymmetry
parameter, full-width at half-maximum (FWHM, ±0.1 eV ) of the Gaussian component and the relative
intensity (peak areas, ±5%).

annealed H-NPG at 450 °C
C 1s component BE (eV) Asymm. param. FWHM (eV) Area/Areatot

sp2 284.6 0.06 1.1 70.1

sp3 285.3 0 1.5 22.8

π-plasmon 290.9 0 3.3 1.8

C-to-O 286.4 0 2.0 5.3

annealed H-NPG at 650 °C
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.7 0.06 1.1 78.2

sp3 285.3 0 1.6 13.9

π-plasmon 290.9 0 3.1 3.4

C-to-O 286.4 0 2.0 4.5

Raman of H- NPG via hot ribbon cracking

Raman spectroscopy was measured for both pristine NPG and H saturated-NPG as shown in Fig.

5.14.

Figure 5.14: Raman spectra of the H saturated- NPG sample (red solid line) and of the pristine clean
sample (black dashed line) acquired with excitation laser at λ = 532.2 nm

The Raman spectrum of pristine NPG (dashed black line) shows a low defect and high-quality

graphene sample because of the low intensity of the D peak (at 1346 cm−1). After H- irradiation,

the Raman spectrum of H saturated-NPG (red solid line) manifests a small intensity decrease of

2D peak and modest increase of the D and D’ peak intensities; however, the remaining higher order

peaks are nearly unchanged. Therefore, Raman spectroscopy could show only a small increase in

the defectśrelated peaks, implying low defect functionalized samples.
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Summary of H-NPG via hot ribbon cracking irradiation

H-functionalization of NPG towards graphane transformation has been achieved using hot ribbon

cracking H irradiation. Through the C 1s core-level line-shape őtting analysis, The H-C was iden-

tiőed and quantiőed by estimating the relative percentage of the sp3 bond of C with H relative to

the planar C-C sp2 bonds, which is about 28 ± 5 % in agreement with literature [26, 34, 135]. In

addition, this present research work shows a lower presence of defects for the H functionalized NPG

samples. Consequently, the in-vacuum hot ribbon H cracking irradiation of free-standing NPG is

a very clean and non-destructive H irradiation method via high thermal stability, as conőrmed by

XPS and Raman spectroscopy. The HśC associated to sp3 bonding component in the C 1s core-

level is stable within 10 % up to 450 ◦C , while complete healing to clean NPG is only obtained at

650 ◦C. This also veriőed by the recovery of π-plasmon excitation in C 1s only above 650 °C. The

high quality and low defect of the H-NPG was conőrmed by Raman spectroscopy. In conclusion,

H functionalization of NPG via hot ribbon cracking irradiation is conőrmed as an efficient method

to stabilize the bonding of H- to NPG. This work was presented as a talk and a poster [310] in

łGraphene and 2DM Online conferencež.

5.2.2 H(D) cracking capillary gun (electron beam evaporator (EFM))

In this study, a large NPG ŕake was divided into two similar pieces of samples to produce two H-

(D-) functionalized samples via cracking capillary gun irradiation. The details of the H/D cracking

capillary gun irradiation process are mentioned in chapter 3. Before H and D exposure, each NPG

sample was annealed at 600 ◦C in UHV to remove undesired contaminants.

The H (D) exposure was quantiőed in unit of langmuir (L) [311], which is deőned by multiplying

the pressure of the gas by the time of exposure. H- (D-) irradiation was performed with subsequent

exposures until reaching saturation of C 1s core-level line shape. After each exposure, the samples

were directly measured and analyzed by XPS under UHV conditions until XPS showed saturation

of H (D) bonding in C 1s.

XPS of H-NPG and D-NPG using H(D) cracking capillary gun

In order to determine the saturation exposure of H or D to the NPG sample using an EFM cracking

capillary gun, a clean NPG sample was exposed to an increasing exposure, and XPS was measured

each time until saturation of the C 1s line shape width. The XPS survey and corresponding C 1s

core-level evolution as a function of subsequent H exposure steps on clean NPG is shown in Fig.

5.15. The survey spectra of clean NPG and H-NPG at subsequent exposures (Fig 5.15a) present

a dominant peak at 284.5 eV corresponding to C 1s core-level, with a small peak O 1s at 532 eV.

The relative percentage O% is about 5.2 %, 5.4 %, 6.5 %, 7.3 % for clean NPG, H-NPG at 0.1 kL,

1 KL and 3 kL, respectively, calculated by Eq. (5.1). The corresponding C1s spectra (Fig 5.15b)

reveal a clear line-shape widening around 285.2 eV BE, associated to the increasing sp3 component.

Therefore, the őnal exposure could be determined, corresponding to the total exposure of about 3

kL.
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Figure 5.15: (a) XPS survey of clean NPG and H-NPG (using cracking capillary gun irradiation) with
increasing H exposures until reaching saturation at 3 kL. (b) the corresponding C 1s spectra.

A large NPG ŕake was split into two similar samples to obtain two analogous H- and D- NPG

samples by irradiating with 3 kL (saturation exposure) of H and D respectively using the cracking

capillary gun irradiation. The XPS survey and the C 1s core-level of clean NPG, H-saturated NPG

and D-saturated NPG are presented in Fig. 5.16 with the őtting analysis that reported in Table

5.6.
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(b) 𝑠𝑝2𝑠𝑝3𝐶𝑂𝑥𝜋 − 𝑝𝑙𝑎𝑠𝑚𝑜𝑛𝑠𝑝2𝑠𝑝3𝐶𝑂𝑥𝜋 − 𝑝𝑙𝑎𝑠𝑚𝑜𝑛

Figure 5.16: (a) XPS survey of clean NPG and H saturated- NPG and D saturated- NPG using cracking
capillary gun irradiation. (b) C 1s XPS spectrum of clean NPG (c) C 1s XPS spectra of H saturated-
NPG (bottom panel) and D saturated- NPG (top panel). The experimental data (gray dots), sp2 fitting
component (red line), sp3 component (blue line), C-to-O component (green line), π- plasmon excitation
(violet line) and fitting sum curve (black line) are presented.

A dominant peak at 284.5 eV associated to C 1s peak, with a small peak of O 1s at 532 eV,
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5.2. H- and D- functionalized NPG via cracked molecules techniques

appears in the survey spectra of clean NPG, H saturated -NPG and D saturated -NPG (Fig 5.16a).

The relative percentage O % of clean NPG, H saturated- NPG and D saturated- NPG are about

11 %, 21.4 % and 15.9 % respectively, calculated by Eq. (5.1). In order to perform the őtting

of the C1s of clean NPG, and H (D) saturated -NPG (Fig 5.16b and c), the spectral data were

őtted with Lorentzian-Gaussian curves (Voigt line shape), except the main sp2 component őtted

by using an asymmetric Doniach-Sunjic (DS) lineshape with asymmetry parameter ≤0.1 [293, 294]

associated to the semimetallic nature of NPG. Fig.5.16b shows the C 1s lineshape of clean NPG,

featured by the main component associated to the sp2 bonding (284.5 eV BE) with a tail at higher

BE due to a small sp3 peak (285.2 eV BE) because of the slight bond deformation at wrinkled/bent

regions of NPG. The broad component, originated from the plasmon associated with the π collective

excitation, appears at about 291.0 eV (6.5 eV away from the main sp2 peak [295, 296]. Finally, the

small residual C-to-O structure appears as a component centered at about 286.3 eV [288, 289].

Table 5.6: Fitting results of the C 1s core-level of clean NPG and saturated H- NPG and saturated D-
NPG using cracking capillary gun irradiation. The different components are tabulated with binding energy
(BE) (±0.1 eV , ±0.3 eV for the π-plasmon), asymmetry parameter, full-width at half-maximum (FWHM,
±0.1 eV ) of the Gaussian component and the relative intensity (peak areas, ±5%).

clean NPG
C 1s component BE (eV) Asymm. param. FWHM (eV) Area/Areatot

sp2 284.5 0.1 1.1 61.4
sp3 285.3 0 1.7 20.1

π-plasmon 291.0 0 4.0 11.0
C-to-O 286.3 0 2.5 7.5

H-saturated NPG
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.5 0.1 1.1 47.2
sp3 285.2 0 1.7 28.7

π-plasmon 291.0 0 4.0 9.6
C-to-O 286.3 0 2.2 14.4

D-saturated NPG
C 1s component BE (eV) asymm. param. FWHM (eV) Area/Areatot

sp2 284.5 0.1 1.1 57.2
sp3 285.3 0 1.7 30.1

π-plasmon 291.0 0 4.0 5.3
C-to-O 286.9 0 2.5 7.4

After H- and D- saturation irradiation, the increasing of sp3 peak leads to a Θ ratio of about

38±5 % for H saturated- NPG and 35±5 % for D saturated- NPG, estimated by Eq. 5.2. Also, we

noticed the absence of any defect-related C 1s core-level component at lower BE side of the sp2 peak,

referring to the absence of unsaturated C dangling bonds at vacancy sites [32, 297, 302, 312]. In

conclusion, cracking capillary gun irradiation is a non-destructive H-(D-) functionalization method.

Comparing the plasmon peak relative intensities (Table. 5.6), the π-plasmon peak intensity is

reduced at H- and D- saturated NPG relative to clean NPG, implying the reduction of metallicity

of graphene [296].
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UPS valence band (VB) of H- NPG via cracking capillary gun source

The UPS VB of H saturated-NPG comparing to that of clean NPG, using excitation with HeI

radiation, is shown in Fig. 5.17. The VB spectrum of UHV-clean NPG (black spectrum) shows

the electronic spectral density of high quality graphene material [22]. After H- (D-) irradiation,

the quenching of π-state peak is observed and the intensive depression of spectral density of states

below the Fermi level (EF ) with the top of the VB (at 3.8 eV from EF ) is realized, agreeing with

the observations reported in previously [15]. Therefore, the band gap opening in H-NPG is another

observation of the transition from semimetal graphene towards semiconducting graphane.

Figure 5.17: UPS valence band (VB) spectra of H saturated- NPG using cracking capillary gun irradiation.
The UPS VB of clean NPG is depicted in black. Spectra were acquired using He I of 21.218 eV photon energy.

Summary of H- and D- NPG via cracking capillary gun

Cracking capillary gun in the UHV environment was used for atomic H- and D- functionalization

of NPG towards graphane formation with saturated Θ % percentage value of H (or D) covalent

bonding with C of about 38 ± 5 % for H saturated- NPG and 35 ± 5 % for D saturated- NPG.

These percentage values were deduced by the őtting of the C 1s core-level through estimating the

relative percentage of the sp3 bond of C to H (D) atoms relative to the planar C-C sp2 bonds.

A lower presence of defects for the functionalized samples was observed as pointed out by the

absence of dangling bond component in C 1s. Accordingly, the in-vacuum H (D) irradiation via

cracking capillary gun of free-standing NPG is a clean, non-destructive, stable method for H (D)

functionalization of free standing graphene. The electronic spectral density close to EF in UPS

VB measurement of H saturated- NPG manifests the band gap opening,implying the conversion

towards graphane.

5.3 Summary of the chapter

It is worth to achieve semiconducting graphane from graphene in order to have analogous mechan-

ical and surface morphology, but different electronic structure and response. Such achievement has

a great importance in implementing graphene-based materials in high efficient electronic devices.

In addition, őnding H (D) high storage material is very promising for several applications. The
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conversion of semi-metallic graphene into semiconducting graphane by H isotopes adsorption is a

challenge because of many factors, such as the quality and stability of the hosting graphene mate-

rial and also the irradiating method. We remark that the high quality and low-defect free-standing

nano porous graphene (NPG), which is synthesized by a nano-porous Ni based chemical vapour

deposition (CVD) method [109], is an excellent hosting graphene template in order to enhance the

adsorption of H stable isotopes owing to its large surface-to-volume ratio [27] and the absence of

any holding substrate.

We present achievement of high quality, efficient and low defect H- (D-) functionalized free

standing NPG samples by using some clean and efficient irradiation techniques, which are classiőed

into ion irradiation techniques and cracking molecules irradiation techniques according to the state

of the irradiating particles. The used ion irradiation techniques were Kaufman irradiation source

and electron beam induced ion irradiation, which both require the sample to transfer to different

vacuum apparatus for functionalization. The thermal cracking techniques were hot ribbon in situ

and H(D) cracking capillary gun, which both enable to functionalize the samples and measure the

photoemission spectroscopy, all in situ. The resulted H- or D- functionalized NPGs by these irra-

diation methods show low-defect, non-destructive adsorption, and high H and D coverage on NPG

as conőrmed by the characterization techniques. XPS manifests the high H (or D) up-load through

bringing to light the sp3-distorted component in the C 1s core-level, which is a signature of H-C (and

D-C) covalent bonding. Raman spectroscopy reveals remarkably high quality and low-defect H- and

D-functionalized NPG. In addition, the thermal stability of the functionalized samples was studied

through annealing the functionalized samples to higher temperature, and observing the variation

of the C 1s line shape or VB UPS spectra. The H- (D-) functionalized NPGs samples were very

stable at unprecedented high temperatures, up to 450-500 ◦C, with complete H (D) desorption only

above 600-650 ◦C. The calculated θ ratio for H- (D-) coverage and the temperature stability for the

functionalized samples by the four techniques are summarized in Table 9.1. Furthermore, UPS VB

spectroscopy reveals the band gap opening, pointing out the semiconducting behavior of H (D-)

functionalized NPG samples towards graphane.

We remarked that the highest θ ratio (51±5 %) (Table 9.1) is obtained when using the electron

beam ion source, also the D peak of the corresponding Raman spectrum of D- functionalized NPG

is the lowest among the other H-(D-) functionalized NPG using the other techniques, showing more

efficient and non-destructive functionalization. The reason may be attributed to the experimental

set-up of the electron beam-induced ion irradiation method described in chapter 3, in which the 1.8

MeV electron beam was used to ionize the D2 gas without irradiating the sample. Subsequently,

D+ ions were directed to the NPG sample because of the 1 bar pressure of the D2 gas. Therefore,

it could not reach enough energy to produce any damage to the sample since D+ ions irradiated

NPG at thermal energy <0.1 eV.

Another observation is that when comparing between hot ribbon and capillary gun thermal

cracking techniques, the θ ratio of H-NPG obtained via cracking capillary gun is higher. Also, the

saturation exposure using the cracking capillary gun is 3 kL, whereas it is 30 kL when using hot

ribbon. There is a factor 10 compared to each other. The reason for the higher efficiency of cracking

capillary gun over hot ribbon is because of their experimental set-ups described in chapter 3. The
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H2 gas is efficiently cracked when using the capillary gun, as it passes through a narrow capillary

tube heated by electron bombardment, so it is concentrated over the target sample as well as the

well-optimization, and controlling. On the other hand, the H2 gas őlls the whole chamber when

using the hot ribbon method in situ; therefore, the H2 cracking occurs around the hot őlament, and

irradiation of NPG takes place between NPG and the őlament.

Table 5.7: Summary of the estimated H(D) coverage (θ ratio) and temperature stability for H-(D-) NPG
functionalized by the Kaufman ion source, electron beam induced ion source, hot ribbon, cracking capillary
gun irradiation techniques

Irradiation technique Functionalized sample θ ratio % Tstable (°C)
Kaufman ion H-NPG 25± 3 500
Kaufman ion D-NPG 36± 3 500
Electron beam ion D-NPG 51± 5
Hot ribbon cracking H-NPG 28± 5 450
Capillary gun cracking H-NPG 38± 5
Capillary gun cracking D-NPG 35± 5

In conclusion, this present work can be appreciated as a step forward in producing a clean,

high quality and efficient semiconducting graphane on a large scale. These results of the low-defect

and highly loaded H- and D- functionalized NPG of high chemical and temperature stabilities are

not only valuable and promising for high efficient H and D storage in graphene materials and SC

applications, but also an instruction for tritium (T) implementation in T-graphene for futuristic

advanced detectors for the β−spectrum analysis [300]. All published papers, a poster and a talk

resulting from this present work are included in the thesis’s Appendix. Our paper [238], published in

Nanotechnology journal, shows the H-(D-) functionalization of NPG using the Kaufman ion irradi-

ation source. The work of D- functionalization of NPG using electron beam induced ion irradiation

was published in Nanomaterials journal [239]. In addition, our studies of H-(D-) functionalization

using hot ribbon and Kaufman ion source were presented as a talk and a poster [310] in łGraphene

and 2DM Online conferencež.
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Chapter 6

XPS study of K- doped NPG

Alkali metal (AM) doping of carbon-based materials is an outstanding method to improve their elec-

tronic properties. The adsorption of AM in carbon materials such as carbon nanotubes, graphite

and graphene has been studied with different techniques [36ś41]. The most commonly observed

stoichiometries obtained by depositing AM atoms on graphitic surfaces are MC6 and MC8 (depend-

ing on AM), which are corresponding
√
3×

√
3R30◦ and 2× 2 reconstructions with respect to the

carbon (1× 1) lattice, respectively [36, 38, 42]. These regular patterns of AMs are formed because

of the mutual repulsion of the vertical dipoles generated by the partial AM ionization. For K-doped

graphite, the AM adheres non-destructively to graphite that keeps its electronic properties. The

AM atoms bind ionically by donating electrons, which then become delocalized. They interact with

each other when their coverage exceeds certain values and ultimately forms a 2D metallic sheet [36].

The Gurney’s quantum mechanical model [313] predicted a change in the work function of graphite

due to the charge redistribution, following the adsorption of an AM atoms. The valence electrons

of the AM atoms are partially transferred to graphite, and the dipole formed in the topmost layer

lowers the work function. The work function measurements carried out at 90 K on the K/graphite

surface [314] reported a quite linear decrease with respect to coverage in the dispersed phase. The

work function decrease is explained by the dipoles created by the presence of dispersed K adatoms,

which have transferred electronic charge to graphite. In K-doped metal supported graphene, the

calculations almost pointed out that intercalation is an energetically preferable state for all AM

atoms with respect to adsorption on graphene surface. Deposition of K on graphene/Ir(111) at

room temperature (RT) leads to a stable (
√
3×

√
3R30◦) surface structure, having an intrinsic elec-

tron doping that shifts the graphene Dirac point by 1.30 eV below the Fermi level [42]. For K-doped

free standing graphene, theoretically, Praveen et al. [38] calculated the energy shift of about 1.07

eV for the C-π band and of the Dirac cone for K/graphene at coverage of 1/8 monolayer (ML)

corresponding to a 2 × 2 superlattice. Experimentally, to our knowledge, most studies have been

performed only for AM adatoms on nearly-free metal-supported graphene, whereas the electronic

properties of K-doped free-standing graphene are still an open question.

In this chapter, the achievement of K-doped NPG is presented. K-doping of NPG was performed

by sublimation from resistively heated K-dispensers in ultra-high vacuum (UHV), which is described

in Chapter 3. We used X-ray photoemission spectroscopy (XPS) technique for characterizing the

chemical compositions and bonding scheme of the K-doped NPG in our lab (LOTUS lab in Rome).

The technical details of XPS measurement are described in Chapter 3.
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6.1 XPS of K-doped NPG

NPG was synthesized via highly efficient and low defect nanoporous Ni based CVD method, ex-

plained in Chapter 3. The K-doping of NPG was performed by evaporation from K-dispenser source

in UHV, which was resistively heated with a current of 5.8 A. The K source was thoroughly degassed

before use. The background pressure remained around 10−10 mbar during the K exposure. The

cleanliness of the surface was monitored by XPS. The pristine NPG sample was annealed at 610 ◦C

for cleaning before exposure, as explained in Chapter 3. The K doping and XPS measurement were

performed in the LOTUS lab [29] at Sapienza University of Rome, and I was the main participant

of this work

For K-exposure quantiőcation, the K-deposition of NPG was performed with different exposure

times, and before each new longer exposure the sample was cleaned in situ at 610 ◦C to recover the

clean sample, because K is highly reactive and may rapidly oxidize [315]. Also, XPS was measured

as soon as each K-deposition was completed. The relative percentage (K/C %) is estimated by the

relative percentage of the intensities of the core-levels K 2p to C 1s, weighted by their respective

excitation cross sections [290]. The deposition was continued until reaching saturation of K/C

%. Unfortunately, that ratio is not accurate enough to estimate the full saturation, because of

intercalation of K inside the pores of NPG. The uptake of K was also estimated over the surface

of Ta frame of NPG sample that őxes the sample over the XPS sample holder, where K does not

intercalate, so to have a reference point for exposures.

The XPS survey and the corresponding high-resolution (HR) C 1s and K 2p core levels of

clean NPG and after K-deposition with different exposure times are shown in Fig 6.1. The survey

spectrum of clean NPG (black spectrum in Fig. 6.1a) shows the main dominant peaks of C 1s (at

284.6 eV) associated to C bonding in graphene material, with the appearance of the small peak of O

1s (at 531.5 eV) corresponding to a small oxygen contamination, indicating good thermal cleaning

of NPG. After subsequent K-exposures, an additional double peak appears around 294.3 eV and

297.5 eV corresponding to K 2p3/2 and K 2p1/2, respectively. This double peak is associated to

deposited K on NPG, which becomes more intense upon increasing the K-exposure time.

(a) (b)

Binding Energy (eV)
Binding Energy (eV)

Figure 6.1: (a) XPS survey spectra of clean NPG at 610 °C and K-exposed NPG at different K-exposures
15 min, 30 min, 1 h, 2 h and 4 h. (b) The corresponding high-resolution (HR) C 1s and K 2p core-levels
spectra.
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The HR C 1s and K 2p core-levels for the clean and the subsequent K-exposed NPG (Fig. 6.1b)

reveal signiőcant changes in the C 1s and K 2p line shapes, i.e., C 1s becomes wider and asymmetric

as the intensity of the K 2p peaks increases. Such changes in the C 1s and K 2p core-levels spectra

point out the deposition of K. The time evolution of the relative percentage of the intensity ratio of

IK2p
/IC1s

(over K-NPG) and the relative intensity ratio of IK2p
/ITa4f (over Ta frame) are shown in

Fig. 6.2a and b, respectively. The őtting analysis over Ta frame shows saturation around 3.24±0.98

h. The őtting was performed by using an exponential function of the form y = A× (1−exp(−x/T ),

where T is the saturation time.
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Figure 6.2: The time evolution of the relative percentage of the intensity ratio of IK2p
/IC1s

over K-NPG
(a), and the relative intensity ratio of IK2p/ITa4f over Ta frame (b)

The signiőcant increasing of K 2p intensity points out the increasing of the amount of deposited

K on NPG, and the increasing of its width indicates the presence of different double peak components

inside K 2p line shape. The components may be associated to ionic K (K 2p3/2 at 295.4 eV and K

2p1/2 at 298.2 eV), metallic K (K 2p3/2 at 294.4 eV and 2p1/2 at 297.2 eV) and partially oxidized

K (2p3/2 at 292.3 eV and 2p1/2 at 294.6 eV) [41, 316, 317]. Voigt line shape was used for őtting

the double peak components, i.e., Lorentzian-Gaussian curves, considering the intrinsic line-width

and experimental uncertainty, respectively. Fig 6.3 shows the őtting of K 2p core-level at 15 min,

30 min, 1 h and 4 h, and the corresponding őtting values are presented in Table 6.1. Initially, for

15 min K-exposure (Fig. 6.3I), the only component present in the K 2p is due to metallic K in

the form of clusters or islands [41, 316], formed on the surface of NPG. Another small component

appears due to partially oxidized K for 30 min K-exposure (Fig. 6.3II) since K is highly reactive to

oxygen [315]. For 1 h K-exposure (Fig. 6.3III), a third component due to ionized K in the form of
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6.1. XPS of K-doped NPG

separate atoms over NPG surface is presented aside, whereas the metallic K is still dominant. For

2 h and 4 h K-exposure in Fig. 6.3IV and V, respectively, the three components are present with

the dominance of metallic K. Consequently, in this present work, the K deposition on NPG tends

to form islands or clusters more than forming separate atoms over the surface of NPG.
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Figure 6.3: The fitting of HR K 2p core-level at different K-exposure time, namely 15 min (I), 30 min (II),
1 h (III), 2 h (IV) and 4 h (V). The experimental data (red dots), metallic K (blue line), oxidized K (green
line), ionized K (violet line) components are depicted.
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Table 6.1: The fitting results of K 2p for different K-exposure time, namely 15 min, 30 min, 1 h, 2h and
4h. Position (binding energy, BE), peak width (full width at half maximum, FWHM) and relative intensities
for the different contributing components are included. Fitting values using pseudo-Voigt line-shape double
peaks are presented.

K-exposure K 2p Core-level BE FWHM Relative
time (min) component (eV) (eV) intensity (%)

15 min metallic K 2p3/2 294.6 1.6 100
metallic K 2p1/2 297.5 1.6

30 min oxidized K 2p3/2 293.2 1.3 7.3
oxidized K 2p1/2 296.0 1.3

metallic K 2p3/2 294.6 1.6 92.7
metallic K 2p1/2 297.4 1.6

1 h oxidized K 2p3/2 293.2 1.3 8.5
oxidized K 2p1/2 296.0 1.3

metallic K 2p3/2 294.5 1.6 81.7
metallic K 2p1/2 297.3 1.6

ionic K 2p3/2 295.5 1.1 9.8
ionic K 2p1/2 298.4 1.1

2 h oxidized K 2p3/2 293.2 1.3 9.0
oxidized K 2p1/2 296.1 1.3

metallic K 2p3/2 294.5 1.6 82.0
metallic K 2p1/2 297.3 1.6

ionic K 2p3/2 295.6 1.2 9.0
ionic K 2p1/2 298.4 1.2

4 h oxidized K 2p3/2 293.2 1.3 9.7
oxidized K 2p1/2 296.1 1.3

metallic K 2p3/2 294.5 1.6 82.8
metallic K 2p1/2 297.3 1.6

ionic K 2p3/2 295.6 1.1 7.5
ionic K 2p1/2 298.4 1.1
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6.2 Summary of the chapter

NPG is an outstanding template to study the K- doping in free standing graphene, which is still an

open question. K as an electron-donor dopants is expected to transfer its valence electron to the π∗

states of C, leading to increasing the electron density on the surface of carbon-based material and

variation in the electronic properties is expected [40, 41].

In the present work, NPG was successfully doped with K by sublimation from K dispenser

in UHV. The XPS of K-doped NPG reveals the tendency of K to form islands or clusters more

than forming separate ions over the surface of NPG. These results are a preliminary study for K-

doping of free standing graphene. The work of K-doping of NPG is still in progress and continued

by the colleges in LOTUS lab for further investigation by using angular resolved photoemission

spectroscopy (ARPES).
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Chapter 7

Boron carbon nitride (B-C-N) layer on

Ti substrate

In the last few decades, graphene (Gr) and hexagonal boron nitride (h-BN) layers have been at-

tracting the interest of many research groups for fabrication and characterization, due to their

isoelectronic, isostructural properties and their small lattice mismatch (< 2%). Gr is a semimetal

with zero band gap, whereas h-BN is an insulator with 6 eV band gap. The differences in their

band structure are because of the different polar nature of the BśN bond with respect to the CśC

bond. Therefore, ternary boron carbon nitride (BśCśN) layers have been predicted to behave as a

semiconductor with a tunable band gap depending on the relative B, C and N contents [50, 230].

Not only such tunable semiconducting characteristics nominate B-C-N as a promising candidate

for semiconducting and 2D applications, but also it is relatively abundant and cheap compared to

transition metal chalcogenides [58]. In addition, BśCśN possesses excellent chemical and thermal

resistances as it presents poor oxidation tendency even at high temperatures [60]. Furthermore,

B-C-N is an outstanding candidate as an active electrocatalyst for water splitting because of its

cheapness, abundance and being metal free. In fact, water spitting is very a promising for synthetic

fuel (hydrogen) production, which is an outstanding form of energy storage. Water splitting is

produced by electrolysis to generate hydrogen (H, the energy carrier) and oxygen. B-C-N has been

employed as an active electrocatalyst for the hydrogen evolution reaction (HER) [43ś45] as well as

for the oxygen reduction reaction (ORR) [44, 46]. However, few publications focused on the oxygen

evolution reaction (OER) properties of BCN [47]. These electrocatalytic activities may be due to

the heteroatom bonding scheme in B-C-N layers since it has been reported that high-quality pure

graphene layers are poor electrocatalysts and surface catalytically active sites are resulted from

defects [48] or impurities [49].

In this chapter, the growth of B-C-N layers on Ti substrates are presented. Plasma-enhanced

chemical vapor deposition (PE-CVD), with methylamine borane as a single-source molecular pre-

cursor, was used for the synthesis, which is a fast and direct synthetic route. Details on the PE-CVD

growth method of B-C-N are reported in Chapter 3. This synthetic route has recently been veriőed

as an efficient method to grow B-C-N on Cu substrates, obtaining ultrathin layers formed by C-rich

and h-BN-rich nano-domain patchworks with high doping levels; interaction of B and N with C

at the Gr borders as well as interaction of C at the h-BN-edges were reported for B-C-N layers

synthesized on Cu [58, 60]. However, the usage of Cu substrates for B-C-N growth presents some
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limitations, since its electrochemical response in alkaline solutions is quite complex. It does not allow

a complete analysis of the electrochemical behavior of the B-C-N layer because of the unavoidable

pinholes present in the őlm. Therefore, titanium substrate (Ti) has been chosen as a better suitable

substrate to grow B-C-N layers, as its electrochemical response to the oxygen evolution reaction

(OER) in alkaline aqueous solutions is very weak. Herein, we will show that the growth time of

B-C-N via PE-CVD has an effective impact on the resulting structure: (i) using a short growth

time (about 5 s), ŕat B-C-N layers on top of an amorphous titanium oxide layer present at the Ti

surface is obtained (BCN/Ti); such layers grow on top of a thin amorphous titanium oxide layer,

formed on the Ti substrate, because of the unavoidable presence of oxygen traces; (ii) using longer

growth times (about 10 s), core/shell structures formed by vertical wall B-C-N layers and titanium

carbonitride phases are obtained (BCN/TiCN).

A variety of characterization techniques were used for studying the B-C-N samples, BCN/Ti and

BCN/TiCN, to obtain complementary information, summarized in this chapter. The morphological

and structural properties of B-C-N layers has been investigated by scanning electron microscopy

(SEM) and Raman spectroscopy. The chemical composition and bonding scheme has been studied

by X-ray photoelectron spectroscopy (XPS).

7.1 BCN/Ti

7.1.1 Raman spectroscopy and SEM of BCN/Ti

The morphology of the B-C-N sample has been investigated by scanning electron microscopy (SEM)

using a Hitachi S3000 instrument. Also, Raman spectroscopy was used for analyzing the samples

with a WITec ALPHA 300AR instrument using a confocal microscope with different lenses (20×

and 100×), using a laser with excitation wavelength of 532.3 nm and a power of 2 mW. These

measurements were done at the Physics Department, Autonomous University of Madrid, Madrid

(Spain).

The Raman spectroscopy and the corresponding SEM image of the BCN/Ti sample (short

growth time) are depicted in Fig. 7.1. The PE-CVD synthesis method facilitates a fast and

continuous growth of B-C-N layers on Ti as conőrmed by observation of the typical D (at 1350

cm−1) and G (at 1590 cm−1) bands in the Raman spectrum (Fig. 7.1a), which are a characteristic

of sp2- hybridized C [22, 23, 318] and B-C-N layer formation [54, 58, 60, 319].

The relative intensity ratio between the D and G Raman bands reveals a high defect density

[320] and their width suggests a poorly crystalline nature of the B-C-N layer, with possibly a non-

homogeneous chemical composition. An additional broad band around 290 cm−1, with two broad

shoulders at 195 cm−1 and 515 cm−1, are also present; these Raman signatures can be ascribed to

the presence of an amorphous TiOx layer [321ś323], which seems to be formed due to residual oxygen

species present in the ampules used for PE-CVD growth. Further conőrmation of the presence of

TiOx species at the surface of the BCN/Ti sample has been obtained based on XPS measurements,

as it will be shown below. The growth time has a clear effect in the morphology as shown in SEM

image of BCN/Ti (Fig. 7.1b): the BCN/Ti obtained by using low growth times (5 s), shows the

same morphology of the pristine Ti surface [59], pointing out the formation of very thin B-C-N ŕat

layer.

101



7.1. BCN/Ti

Figure 7.1: (a) Raman spectroscopy of BCN/Ti synthesized via PE-CVD method after 5 s. (b) the
corresponding SEM image; the scale bar is 5 µm.

7.1.2 XPS of BCN/Ti

The surface chemical composition of BCN/Ti has been has been characterized by XPS, with a

low base pressure around 10−10 mbar range. Mg Kα photon source (hν= 1253.6 eV) was used for

photoelectron excitation. The photoelectrons were measured with a hemispherical electron analyzer

(VG Microtech Clam-2) in constant pass energy (PE) mode set at 100 eV, with energy resolution

of 1 eV). After each measurement, the binding energy (BE) was calibrated by acquiring the Au

4f7/2 core-level, which set at 84.0 eV BE. The sample after growth was air-transferred and mounted

in the XPS ultrahigh-vacuum (UHV) system. It was measured in the as-prepared state and after

annealing at 500 ◦C in UHV. The XPS measurement was performed in the LOTUS laboratory

at Sapienza University of Rome with my main contribution. XPS measurements of BCN/Ti were

carried out to enlighten the surface stoichiometry and element chemical bonding state. The XPS

survey of BCN/Ti as-prepared and after thermal annealing at 500 ◦C in UHV is shown in Fig. 7.2.

Figure 7.2: XPS survey spectra of BCN/Ti as-prepared (in black) and after annealing at 500 ◦C (in red).
The main spectral features are the B 1s, C 1s, N 1s core-levels, and also the Ti 2p and the O 1s peaks.

The survey spectrum of as-prepared BCN/Ti (black spectrum) reveals the main dominant peaks

of C 1s (at 285.5 eV), B 1s (at 193.5 eV) and N 1s (at 399 eV), indicating the formation of B-C-N

layer with the appearance of O 1s peak (at 533 eV) corresponding to oxygen contamination. In
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7.1. BCN/Ti

addition, the double Ti 2p peak is observed at 459.5 eV (Ti 2p3/2) and 465.2 (Ti 2p1/2), which is

the signal associated to the Ti substrate. To remove ambient surface contamination, the sample

was annealed to 500 ◦C and the corresponding survey spectrum (red data) reveals a reduction of O

1s peak pointing out the removal of some contaminants after annealing.

In order to determine the chemical competition and bonding scheme in BCN/Ti as well as the

effect of annealing, the B 1s, C 1s, N 1s and Ti 2p core-levels measured for BCN/Ti, as-prepared

and after annealing shown in Fig. 7.3a and b, respectively, were őtted with analytical curves into

different components. The corresponding őtting parameters are presented in Table 7.1 and Table

7.2, respectively. In fact, the spectral line shapes of all core-levels appear with a large width

because of presence of several components, attributed to the mutual bonding among the elements.

The őtting analysis was done to deconvolute the core-levels into the different components inside the

core-level line shape. We used pseudo-Voigt line shapes, a combination of Gaussian and Lorentz,

representing the experimental uncertainty and the intrinsic excitation line shape for each core-level,

respectively, after subtracting a Shirley background. For the Ti peaks, the 2p spin-orbit splitting

and intensity ratio are kept őxed. The single and sum őtting curves are plotted along with the

experimental data.

The B 1s core-level of as-prepared BCN/Ti in Fig. 7.3aI (annealed BCN/Ti in Fig.7.3bI)

presents two components due to B-C bonding at 190.1 eV (190.0 eV) binding energy (BE) and B-N

bonding at 191.0 eV (190.9 eV) BE [54, 58, 60, 324]. Also, a broader peak at 192.6 eV (192.8 eV) is

observed, associated to multi-component coordination of B with oxygen (O) [58, 60, 132, 319]. The

B-O component is reduced after annealing due to less contaminating oxygen. In addition, there

is a small increase in the B-N component after annealing, indicating formation of extra bonding

between B and N, which is the dominant interaction at B 1s core-level.

The C 1s core-level of as-prepared BCN/Ti in Fig. 7.3aII (annealed Ti-BCN in Fig. 7.3bII)

reveals four main components corresponding to different chemical bonding [54, 58, 60, 324, 325].

First, The C-C bonding component at 284.9 eV (284.7 eV). The shift of the C-C bond peak after

annealing towards lower BE is due to the C-C bonding transformation from sp3 to sp2 conőguration;

also the clear increasing and dominance of C-C peak intensity refers to the increasing of the C-

C sp2 bonding after removing some O contaminants after thermal annealing. Second, the C-N

bonding component at 285.4 eV (285.5 eV). Third, the C-B bonding component at 284.2 eV (283.8

eV). Fourth, a broader feature at higher BE about 286.0 eV (286.3 eV) associated to the C-to-O

contamination, which clearly reduced after annealing.

The N 1s core-level of as-prepared BCN/Ti in Fig. 7.3aIII (annealed Ti-BCN in Fig. 7.3bIII)

is characterized by the lower BE bonding component of N-B bonds at 398.2 eV (398.2 eV), which

is a signature of the hexagonal planar B-N bonding, and by the N-C bonding component at 399.1

eV (399.0 eV) [54, 58, 60, 324, 325]. After annealing, an increasing and dominance of the N-B

component is observed.

103



7.1. BCN/Ti

(a) as-prepared BCN/Ti (b) annealed BCN/Ti at 500 °C
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Figure 7.3: XPS core-level data of the as-prepared BCN/Ti. (a) and of annealed BCN/Ti at 500 °C (b).
From the top to the bottom: B 1s, C 1s, N 1s and Ti 2p core-levels. Experimental data (dots), Shirley
background (dashed lines) fitting curve (black continuous line) and single fitting components (colored lines)
are included.
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7.1. BCN/Ti

Table 7.1: The fitting results of B 1s, C 1s, N 1s and Ti 2p of as-prepared BCN/Ti. Position (binding
energy, BE), peak width (full width at half maximum, FWHM) and relative intensities for the different
contributing components are included. Fitting values from pseudo-Voigt line-shape peaks were presented
with 50 % Lorentzian and 50 % Gaussian weight. For the C-C peak, an asymmetric line-shape is used [293],
considering the semi-metallic nature of the layer.

As-prepared BCN/Ti
Core Core-level BE FWHM Relative Relative intensity
level component (eV) (eV) intensity (%) excluding O (%)
B 1s B-C 190.1 1.8 14.8 45.0

B-N 191.0 1.4 18.0 55.0
B-O 192.6 2.8 67.2 -

C 1s C-B 284.2 1.7 7.8 15.9
C-C 284.9 1.4 21.5 43.8
C-N 285.4 1.3 19.8 40.3
C-O 286.0 2.1 51.0 -

N 1s N-B 398.2 1.9 32.2 32.2
N-C 399.1 2.0 67.8 67.8

Ti 2p Ti (2p3/2) 454.0 1.2 6.4
Ti (2p1/2) 460.0 1.2

Ti+2 (2p3/2) 455.5 2.1 20.1
Ti+2 (2p1/2) 461.5 2.1

Ti+3 (2p3/2) 457.4 1.3 4.5
Ti+3 (2p1/2) 463.4 1.3

Ti+4 (2p3/2) 459.2 2.8 69.0
Ti+4 (2p1/2) 465.3 2.8
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7.1. BCN/Ti

Table 7.2: The fitting results of B 1s, C 1s, N 1s and Ti 2p of the annealed BCN/Ti at 500 °C. Position
(binding energy, BE), peak width (full width at half maximum, FWHM) and relative intensities for the
different contributing components are included. Fitting values from pseudo-Voigt line-shape peaks were
presented with 50 % Lorentzian and 50 % Gaussian weight. For the C-C peak, an asymmetric line-shape is
used [293], considering the semi-metallic nature of the layer.

Annealed BCN/Ti at 500 °C
Core Core-level BE FWHM Relative Relative intensity
level component (eV) (eV) intensity (%) excluding O (%)
B 1s B-C 190.0 2.1 12.1 28.8

B-N 190.9 1.9 30.0 71.2
B-O 192.8 2.4 57.9 -

C 1s C-B 283.8 1.7 11.8 12.4
C-C 284.7 1.7 67.7 70.9
C-N 285.5 1.3 16.0 16.7
C-O 286.3 1.3 4.5 -

N 1s N-B 298.2 1.8 54.1 54.1
N-C 399.0 2.0 45.9 45.9

Ti 2p Ti (2p3/2) 454.3 2.5 26.3
Ti (2p1/2) 460.1 2.5

Ti+2 (2p3/2) 455.4 1.4 7.1
Ti+2 (2p1/2) 461.2 1.4

Ti+3 (2p3/2) 457.8 2.9 59.5
Ti+3 (2p1/2) 463.6 2.9

Ti+4 (2p3/2) 459.2 1.5 7.1
Ti+4 (2p1/2) 465.0 1.5

106



7.2. BCN/TiCN

In conclusion, the analysis of the B 1s, C 1s, and N 1s core-levels reveal the typical features

associated with mutual chemically interacting sp2-bonded elements. This is a clear signature of

formation of ternary B-C-N planar layers in BCN/Ti sample, which is made up by heavily C-doped

h-BN and heavily B- and N-doped graphene. The estimated intensity ratio is B:C:N ≃ 0.3:1.0:0.3

for as-prepared BCN/Ti and ≃ 0.3:1.0:0.4 for the annealed BCN/Ti at 500 ◦C. The stoichiometric

ratio is uneffected by annealing, pointing out that 500 ◦C is a proper annealing temperature for

removing O contamination without affecting the B-C-N layer; therefore, the thermal stability of

B-C-N layer of BCN/Ti is high up to 500 ◦C. This stoichiometric ratio was calculated by estimating

the normalized peak area of each core-level B 1s, C 1s and N 1s, excluding the oxygen component

inside each core-level, divided by the photoexcitation cross-section, which is 0.01095 Mbarn for

B 1s, 0.02228 Mbarn for C 1s and 0.03958 Mbarn for N 1s [290]. Finally, the Ti 2p core-levels

whose signal arises from the substrate reveals different surface chemical status for the as-prepared

BCN/Ti and after annealing. In the as-prepared BCN/Ti sample in Fig. 7.3aIV (annealed BCN/Ti

Fig. 7.3bIV), there are several Ti components which are Ti, Ti+2, Ti+3 and Ti+4, corresponding

to metallic Ti, TiO, Ti2O3, and TiO2 compounds [326] present in the Ti surface, respectively.

After thermal annealing, intensity re-distribution of Ti components is observed. Due to the oxygen

reduction, increasing of metallic Ti and Ti(III) peaks is observed in addition to decreasing of Ti(II)

and Ti(IV) peaks. Hence, several coordinated TiOx thin surface oxides are formed by short-time

PE-CVD exposition, which is exposed to reduction process by thermal annealing in UHV.

7.2 BCN/TiCN

7.2.1 Raman spectroscopy and SEM of BCN/TiCN

The growth time of PE-CVD growth of B-C-N on Ti substrate has a clear effect in both the

morphology and the composition of the formed B-C-N layers. BCN/TiCN is obtained after a longer

(10 s) growth time. The Raman spectrum of BCN/TiCN (Fig. 7.4a) reveals the D (at 1350 cm−1)

and G (1590 cm−1) Raman bands, which are a signature of sp2-hybridized C [22, 23, 318] and B-C-N

layer [54, 58, 60, 319]. The relative intensity ratio of D and G Raman bands points out a high defect

density [320], and their width reŕects a poorly crystalline nature of the B-C-N layer.

Figure 7.4: (a) Raman spectroscopy of BCN/TiCN grown by PE-CVD growth after 10 s. (b) the corre-
sponding SEM image; the scale bar is 5 µm.
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In addition, four additional Raman bands at about 285 cm−1, 355 cm−1, 600 cm−1, and 660

cm−1 are observed, indicating the formation of titanium carbonitride phases (TiCxNy) [327, 328]

as a result of the longer PE-CVD growth time and the subsequent higher temperatures.

The SEM image of BCN/TiCN (Fig. 7.4b) presents a rough surface morphology, indicating

the growth of vertical wall structures, typically observed in graphene samples grown by PE-CVD.

Usually ŕat layers are initially formed during PE-CVD growth, while vertical wall ŕakes are formed

after longer growth times; this is the morphology observed for the B-C-N samples grown with

different times. These results point out the enhanced versatility of the PE-CVD method compared

to the conventional CVD process, to efficiently grow B-C-N layers on Ti substrates. Simple CVD is

not able to grow B-C-N layers on Ti, whereas PE-CVD allows the formation of different structures

on Ti depending on the growth conditions. In conventional CVD growth, the molecular species

giving rise to the formation of the B-C-N layers, are the products of the thermolytic decomposition

of the molecular precursor [58, 59]. These molecular species possess a lower reactivity with the Ti

substrate than the residual oxygen species existing in the reactor, so a rutile- TiO2 phase is formed

[59]. On the other hand, the PE-CVD route leads to the formation of free radicals and ion species,

which are much more reactive with the Ti substrate than the neutral molecules formed by MeAB

thermolysis. This leads to a much faster growth mechanism, resulting in the successful synthesis of

B-C-N layers on top of the Ti substrates.

7.2.2 XPS of BCN/TiCN

XPS was used for characterization of the elemental chemical bonding state and surface stoichiometry

of TiCN-BCN, with the similar XPS measurement conditions used for BCN/Ti shown in the previous

section. The XPS survey spectra of the as-prepared BCN/TiCN and after thermal annealing at 500
◦C are presented in Fig. 7.5.

Figure 7.5: XPS survey spectra of BCN/TiCN as-prepared and after annealing at 500 °C. The main
spectral features are the B 1s ,C 1s, N 1s core-levels, the Ti 2p peak and the O 1s peak.

The dominant peaks of C 1s (at 284.8 eV), B 1s (at 190.3 eV) and N 1s (at 397.8 eV) for as-

prepared BCN/TiCN (black spectrum in Fig. 7.5), point out the formation of B-C-N layer with the

presence of oxidation as inferred by O 1s peak (at 532 eV). Also, a double peak (at 454.8 eV and

460.3 eV) is observed associated to the Ti 2p peak due of the Ti substrate. After annealing at 500
◦C (red spectrum in Fig. 7.5) to remove undesired contamination, a reduction of the O 1s peak is
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observed in the survey spectrum. Further core-level measurement was needed to investigating the

chemical bonding scheme and identifying the effect of annealing process.

The B 1s, C 1s, N 1s and Ti 2p core-levels for BCN/TiCN as-prepared and after annealing at 500
◦C are shown in Fig. 7.6a and b, respectively, with the őtting analysis into different components.

The corresponding őtting parameters are tabulated in Table 7.3 and Table 7.4 for as-prepared and

annealed BCN/TiCN, respectively. It is observed that the spectral line shapes of all core-levels

are large in width, implying a convolution of more than one peak inside the line shapes due to

the mutual bonding and interaction among the elements. In order to deconvolute into made up

components, a őtting was performed using pseudo-Voigt curves, after subtraction of the Shirley

background.

For the as prepared BCN/TiCN in Fig. 7.6aI (annealed BCN/TiCN in Fig. 7.6bI), the B 1s

core-level reveals three components [58, 60, 132, 319] associated to B-C bonding at 190.2 eV (190.1

eV) BE, the dominant B-N bonding peak at 191.1 eV (191.0 eV) BE and the broad B-O peak at

192.3 eV (192.3 eV) BE due to multi-component coordination of B with O. After annealing at 500
◦C, the B-O component is slightly reduced, still B and N interactions are dominant, pointing out

the hexagonal planar B-N bonding.

The C 1s core-level of as-prepared BCN/TiCN in Fig. 7.6aII (annealed BCN/TiCN in Fig.

7.6bII) is deconvoluted into őve components [54, 58, 60, 324, 325]. The őrst peak is due to C-

C bonding at 284.9 eV (284.8 eV) BE. The small shift to lower BE of the C-C component after

annealing is attributed to the C-C bonding transformation from sp3 to sp2. Also, an increasing

of the C-C peak intensity is observed, pointing out increasing the C-C sp2 bonding after removing

contaminants by thermal annealing. The second peak represents the dominant C-N bonding at 285.5

eV (285.4 eV) BE, which increases after annealing, indicating an additional interaction between C

and N after oxygen reduction. The third peak is associated to C-B bonding at 283.4 eV (283.6 eV)

BE. The fourth broader peak at higher BE about 286.3 eV (286.3 eV) is attributed to the C-to-O

contamination, which is clearly reduced after thermal annealing. The last peak at lower BE about

282.1 (282.1) is a signature of C-Ti bonding [329] in the BCN/TiCN sample, which is absent in

BCN/Ti. The C-Ti peak is clearly depressed after annealing, indicating the dissociation of C-Ti

bond with annealing.

The N 1s core-level of as-prepared BCN/TiCN in Fig. 7.6aIII (annealed BCN/TiCN in Fig.

7.6bIII) is deconvoluted into three peaks [54, 58, 60, 324, 325]. The more intense of N-B bonds at

398.6 eV (398.5 eV) BE indicate the hexagonal planar B-N bonding. The peak at 399.3 eV (398.9

eV) BE is associated to N-C bonding. The further peak at 397.4 eV (397.1 eV) BE indicates the

presence of Ti-N bonding , which is absent in BCN/Ti sample. After annealing, the Ti-N is de-

pressed, pointing out the bond dissociation between Ti and N with heating at 500 ◦C, while N-C

peak increases in agreement with the increasing observed in C-N peak in C 1s, indicating more

interaction between N and C.

109



7.2. BCN/TiCN

(a) as-prepared BCN/TiCN
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Figure 7.6: XPS core-level data of the as-prepared BCN/TiCN (a) and of annealed BCN/TiCN at 500 °C
(b). From the top to the bottom: B 1s, C 1s, N 1s, and Ti 2p core-levels. Experimental data (dots), Shirley
background (dashed lines) fitting curve (black continuous line), and single fitting components (colored lines)
are depicted.
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Table 7.3: The fitting results of B 1s, C 1s, N 1s and Ti 2p of as-prepared BCN/TiCN. Position (binding
energy, BE), peak width (full width at half maximum, FWHM) and relative intensities for the different
components contributing are included. Fitting values from pseudo-Voigt line-shape peaks are presented with
50 % Lorentzian and 50 % Gaussian weight. For the C-C peak, an asymmetric line-shape is used [293],
considering the semi-metallic nature of the layer.

As-prepared BCN/TiCN
Core Core-level BE FWHM Relative Relative intensity
level component (eV) (eV) intensity (%) excluding O (%)
B 1s B-C 190.2 1.0 8.0 10.9

B-N 191.1 1.3 65.7 89.1
B-O 192.3 1.3 26.3 -

C 1s C-Ti 282.1 1.0 13.7 18.9
C-B 283.4 1.2 3.6 5.0
C-C 284.9 1.3 23.2 32.0
C-N 285.5 1.3 32.0 44.1
C-O 286.3 2.1 27.5 -

N 1s N-Ti 397.4 1.5 19.2 19.2
N-B 398.6 1.2 47.6 47.6
N-C 399.3 1.4 33.2 33.2

Ti 2p Ti-C (2p3/2) 455.2 1.2 24.7
Ti-C (2p1/2) 461.2 1.2

Ti-N (2p3/2) 456.2 1.8 32.7
Ti-N (2p1/2) 462.2 1.8

Ti+3 (2p3/2) 457.6 1.3 8.8
Ti+3 (2p1/2) 463.6 1.3

Ti+4 (2p3/2) 459.3 2.5 33.7
Ti+4 (2p1/2) 465.0 2.5
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Table 7.4: The fitting results of B 1s, C 1s, N 1s and Ti 2p of annealed BCN/TiCN at 500 °C. Position
(binding energy, BE), peak width (full width at half maximum, FWHM) and relative intensities for the
different contributing components are included. Fitting values from pseudo-Voigt line-shape peaks are pre-
sented with 50 % Lorentzian and 50 % Gaussian weight. For the C-C peak, an asymmetric line-shape is
used [293], considering the semi-metallic nature of the layer.

Annealed BCN/TiCN at 500 °C
Core Core-level BE FWHM Relative Relative intensity
level component (eV) (eV) intensity (%) excluding O (%)
B 1s B-C 190.1 1.0 9.3 12.5

B-N 191.0 1.3 65.2 87.5
B-O 192.3 1.4 25.5 -

C 1s C-Ti 282.1 1.0 6.3 7.1
C-B 283.6 1.7 4.6 5.2
C-C 284.8 1.4 26.3 29.7
C-N 285.4 1.4 51.4 58.0
C-O 286.3 1.6 11.3 -

N 1s N-Ti 397.1 1.0 5.7 5.7
N-B 398.5 1.5 46.6 46.6
N-C 398.9 1.8 47.8 47.8

Ti 2p Ti-C (2p3/2) 455.2 1.2 27.5
Ti-C (2p1/2) 461.0 1.2

Ti-N (2p3/2) 455.9 2.1 36.2
Ti-N (2p1/2) 461.9 2.1

Ti+3 (2p3/2) 457.5 2.5 22.4
Ti+3 (2p1/2) 463.2 2.5

Ti+4 (2p3/2) 459.3 1.7 13.9
Ti+4 (2p1/2) 464.9 1.7
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As a result, the B 1s, C 1s, and N 1s core-levels point out the formation of ternary B-C-

N planar layer, consisting of heavily C-doped h-BN and heavily B- and N-doped graphene. The

stoichiometric ratio is estimated as B:C:N ≃ 0.9:1.0:1.0 for as-prepared BCN/TiCN and ≃ 0.6:1.0:0.9

for the annealed BCN/TiCN at 500 ◦C, showing an increase in N and C contents relative to B in

B-C-N layer after annealing because of the dissociation of TiCN at 500 ◦C.

The Ti 2p core-levels signal, resulting from the Ti substrate, is deconvoluted into different peak

associated to different bonding and surface chemical status. These components are Ti-C, Ti-N, Ti+3,

and Ti+4 components corresponding to Ti-C bonding, Ti-N bonding [329], Ti2O3, and TiO2 [326]

present at the Ti surface, respectively. Hence, a surface TiCxNy is produced for longer exposure

times (10 s) for BCN/TiCN, while coordinated TiOx thin surface oxides are formed by short-time (5

s) as obtained in the BCN/Ti case. After thermal annealing of BCN/TiCN, intensity redistribution

of the components is noticed. A depressions of Ti-C, Ti-N and Ti+4 peaks is observed while an

increasing of Ti+3 is present due to oxygen reduction process, leading to more interaction between

C and N as shown in C 1s and N 1s core-levels.

7.3 Summary of the chapter

Boron carbon nitride (B-C-N) has a great economical, scientiőc and industrial value because of

its intermediate properties between semimetallic graphene and insulating hexagonal boron nitride

(h-BN) [50, 230], besides its abundance and cheapness of the constituent elements. Such unique

properties besides its excellent chemical and thermal resistances [60] nominate B-C-N for imple-

mentation in electronic and water splitting devices [43ś46].

In this chapter, we report the growth and characterization of B-C-N layer on Ti substrate via

plasma enhanced chemical vapor deposition (PE-CVD) with methylamine borane as a single-source

molecular precursor [59, 60]. This synthetic method was conőrmed as an efficient, fast and direct

method for fabricating B-C-N layers. The Ti substrate was selected due to its weak electrochem-

ical response of the OER in alkaline aqueous solutions. It is remarked that the growth time is an

important factor in PE-CVD method since it affects the formed structure and morphology. For a

short time growth (about 5 s), B-C-N layers are grown on top of a thin amorphous titanium oxide

layer, formed on the Ti substrate because of the unavoidable existence of oxygen traces. For longer

growth time (about 10 s), vertical wall core/shell structures are formed by B-C-N and titanium

carbonitride phases. The XPS analysis of the chemical composition and bonding scheme of B-C-N

layers demonstrates that the samples are formed C and h-BN rich nanodomains with high doping

levels of B and N and of C, respectively. This present work on B-C-N layer on Ti substrate was

published in ACS Applied Energy Materials journal [59].

These aforementioned results could have a signiőcant impact on the development of B-C-N lay-

ers for metal-free photochemical water splitting applications as conőrmed by the electrochemical

measurements that done in a three-electrode cell by the collaborative research group of MIRE lab.

These electrochemical measurements were not presented in my thesis, but it is presented well in

our published paper [59]. Both BCN/Ti and BCN/TiCN showed a good electrocatalytic activities

for oxygen evolution reaction (OER) in alkali aqueous solution. This electrocatalytic activities may

be resulted from the heteroatom bonding scheme in B-C-N layers of both samples that were in-
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vestigated by XPS since it has been recently reported that pure and high-quality graphene layers

are poor electrocatalysts, and surface catalytically active sites are due to impurities [49] or de-

fects [48]. Therefore, the high heteroatom doping by B and N of C-rich nanodomains obtained by

PE-CVD growth in the present layers of both samples may be responsible for the improved electro-

catalytic activity for the OER. Moreover, for the electrochemical measurement of BCN/Ti during

intermittent illumination with Xe lamp (vs-UV light source), an increasing of the electrochemical

current was observed due to the photochemical response of the underlying titanium oxide layer.

This observation is attributed to that ultrathin BCN layers grown on titanium oxide layer act as

transparent electrodes with high conductivity for the photo-generated charge carriers formed in the

underlying titanium oxide layer, thus preserving the photocurrents of the underlying titanium oxide

layer, while improving the surface electrocatalytic activity for the oxidation of water to oxygen gas.

This photochemical response was not observed in BCN/TiCN sample since TiCxNx inner layer has

a metallic character, possessing a very low transmittance for the incident light and does not have

an optical band gap. By this way, improving the overall OER reaction along with a signiőcant

reduction in the cost of raw materials can be achieved instead of the usage of small metal islands

like Pt islands/nanoparticles deposited on top of the photocatalysts like TiO2 to facilitate the OER

Reaction. Therefore, this study may have important applications in the development of metal-free

photochemical water splitting devices.
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Chapter 8

Molybdenum disulfide (MoS2) layer on a

substrate

During the past decades, semiconducting two dimensional (2D) transition metal dichalcogenides

(TMDCs) monolayers, e.g. MoS2, WS2, WSe2, MoSe2, etc., have been attracting intensive research

because they are very promising for ultrathin device technology [67, 330]. Their unique physical

properties, such as the optical response [67, 68], the electrical őeld effect [63], the photoluminescence

(PL) [64, 65] make them as potential candidates for next generation of optoelectronic, electronic,

sensing and energy conversion devices [66]. Therefore, it is useful to develop reproducible and cheap

synthetic methods with high control of the crystal size and quality. There are many synthetic ap-

proaches for the growth of TMD monolayers, such as chemical vapor deposition (CVD) [331, 332],

physical vapor deposition (PVD) [333] sulfurization of precursor őlms [334, 335]. Among these

synthetic methods, the CVD based synthesis is the cost effective and simplest route for growing

single crystalline TMD monolayers [75]. For monolayer MoS2, the valence band (VB) is split at

the K-point due to spinśorbit coupling (SOC) as well as the interlayer interaction energy in multi-

layers, leading to two separate exciton bands, the A and B [336]. In a typical CVD growth of MoS2

monolayer [75], powders of MoO3 (metal oxide) and Sulfur (S) (chalcogen) are used as precursors.

Inside a reaction tube in open crucibles, these precursors are placed and heated to appropriate

temperatures to be evaporated in a presence of an inert carrier gas transporting them to the target

substrate, where they are thermally activated to react and to form the desired MoS2 monolayers.

The experimental absorption spectra have shown the A and B exciton transitions at the same en-

ergy positions observed in PL measurements [337]. A 2D layered Molybdenum disulőde (MoS2) is

very interesting for optoelectronic applications [66, 330, 336]. As the thickness of MoS2 decreases

down to a monolayer (ML), a unique transition from an indirect band gap to a direct band gap

is expected; as a result, the MoS2 ML exhibits a photoluminescence (PL) band at around 1.9 eV,

associated with band gap transition in the K-point of the Brillouin zone [224, 336, 338]. An inter-

esting application of MoS2 layers is the usage as an electrocatalyst for hydrogen evolution reaction

(HER) for hydrogen production, which is considered as a future energy carrier [339]. HRE requires a

catalyst that minimizes the over potential and enhances the efficiency of signiőcant electrochemical

processes [340]. Both computational and experimental results show that the catalytic activity of

MoS2 plates results from its sulfur edges [69, 70]. Nanosized MoS2 exhibits active sulfur edges, so

it is more reactive for electrocatalysis in HER, in contrast to MoS2 in bulk form [71]. Several works
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8.1. MoS2 layer on quartz substrate

presented the enhancement of the HRE though usage of nanosized MoS2 of different forms such as

nanoparticles [72], nanowalls [73] and nanoŕowers [74] as electrochemical catalyst.

In this chapter, the NaCl-assisted CVD growths of nanocrystalline MoS2 on two different sub-

strates, namely quartz as transparent substrate and Si as a semiconductive substrate, are presented.

As precursors, the mixture of MoO3 with NaCl was used as metal oxide source and S is the chalco-

gen source. It is expected that the evaporation temperature of MoO2 will be reduced by 200 ◦C

since NaCl serves to reduce the sublimation point of MoO3. Therefore, such route enables to grow

MoS2 at lower temperature (around 600 ◦C) [248]. The CVD growth of MoS2 monolayer is de-

scribed in chapter 3. As characterization methods, different techniques were used, typically Raman

spectroscopy, optical transmittance and optical reŕectance by spectrophotometer, as well as micro-

transmittance and micro-reŕectance spectroscopy. The reason for using quartz, the transparent

substrate, is its transparency that is compatible with the transmittance measurements. On the

other hand, Si as a semiconductive substrate is more suitable for electron spectroscopy measure-

ments. The CVD growth and the optical measurements were carried out at the Physics Department

of the Autonomous University of Madrid (Spain). I was a participant in that work through a one

month training funded by the Sapienza University of Rome.

8.1 MoS2 layer on quartz substrate

NaCl-assisted CVD growth of MoS2 on quartz substrate of about 1 mm thickness was carried out

following the route described in Chapter 3, using a furnace with internal shiftable manipulator.

The concentration of NaCl in metal oxide source was about 19.7 %, and the total mass of that

mixture was about 3.79 mg. The distance between S (in a glass boat) and the mixture MoO3+NaCl

(in Al boat) was set about 16 cm. The Ar ŕow was set about 150 sccm. A heating ramp of the

furnace was programmed at a rate of 10 ◦C/min to reach the maximum temperature of 610 ◦C.

Once the furnace reached that temperature, the Al boat containing the mixture MoO3+NaCl with

the quartz substrate was moved to the center of the furnace. The growth was let for 15 min, while

the temperature as a function of time was collected as shown in Fig. 8.1. The S temperature was

set at about 220 ◦C. The evaporated metal oxide mixture mass was about 0.91 mg, whereas the

evaporated S was about 32.23 mg.

8.1.1 Spectrophotometer measurements of the optical reflectance and trans-

mittance of MoS2 layer/quartz substrate

LAMBDA 1050 UV/Vis/NIR Spectrophotometer [341] of operation range 175-3300 nm was used for

the optical reŕectance and transmittance of MoS2 prepared on the quartz substrate. PerkinElmer

LAMBDA 1050 UV/Vis/NIR spectrophotometer is designed to offer faster scan rates, better re-

sponse time, the highest performance and ŕexibility as explained in Chapter 3. A bare quartz

substrate was used as a reference for these optical measurements. For the reŕectance measurement,

the spectrophotometer was set in the reŕection mode. The differential reŕectance of MoS2 layer is

calculated as (R−R0)/R0, where R is the reŕectance of MoS2/quartz and R0 the reŕectance of the

bare quartz substrate. It is related to the absorption coefficient α(λ) of MoS2 layer, as presented in
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Figure 8.1: Time-dependent temperature collected by the thermocouple located at Al boat, containing the
metal oxide source and holding the quartz substrate.

Eq. (8.1) [66, 342].

R−R0

R0

= α(λ)× d× 4n

n2
0 − 1

(8.1)

, where n and n0 are the refractive indices of MoS2 layer and the quartz substrate, respectively,

and d is the thickness of the MoS2 layer. For the transmission measurement, the spectrophotometer

was set in the transmission mode. The optical density (OD) of the MoS2 layer is deőned as in Eq.

8.2 [66, 342].

OD = −log10(T ) (8.2)

, where T is the transmittance of the MoS2 layer. The OD of the MoS2 layer was calculated as

the subtraction of the measured OD of MoS2 on quartz minus the OD of a bare quartz substrate.

The OD of MoS2 layer is related the absorption coefficient (α(λ)) of MoS2 layer as OD = α(λ)× d.

Fig. 8.2 shows the differential reŕectance and the optical density of MoS2 on quartz. It is clear

that there are two prominent narrow peaks observed at photon energies 1.78 eV and 1.93 eV in

the differential reŕectance spectrum (Fig. 8.2a), and at 1.87 eV and 2.01 eV in the optical density

spectrum (Fig.8.2b).

These peaks are due to the direct transitions at the K point of the Brillouin zone and are

associated with the generation of the A and B excitons, respectively. This observation is consistent

with the previous studies [66, 222]. The valence band (VB) is split because of the strong spinśorbit

interaction for the Mo atoms, leading to two direct band gap transitions at the K point. A broad

feature is observed around 2.67 eV in the differential reŕectance spectrum and 2.84 eV in the optical

density spectrum, which is referred as the C exciton peak. It arises from singularities in the joint

density of states between the őrst VB and conduction bands (CB) near the Γ point of the VB, which

leads to multiple optical transitions that are nearly degenerate in energy [66, 207, 222, 343]. The
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(a) (b)

Figure 8.2: Differential reflectance spectrum (a) and optical density (b) for MoS2 on quartz.

observation of the two exciton peaks A and B at 1.87 eV and 2.01 eV, respectively, in the optical

density spectrum (Fig.8.2b) with separation of about 0.14 eV is an indication of forming MoS2 layer

as reported in literature [66].

8.1.2 Micro-transmittance spectroscopy of MoS2/quartz substrate

The experimental setup for performing micro-reŕectance and transmittance spectroscopy is pre-

sented in Chapter 3. The optical microscopy-based characterizations are fundamental basic tech-

niques for 2D materials [67, 222], they are widely used because they are fast and simple to implement

and non-destructive [222]. For micro-transmittance measurement, the transmittance of the MoS2

layer (T) was estimated as the ratio between the measured transmittance of the MoS2 on quartz

substrate to that of a bare quartz substrate. The micro-transmittance measurement of MoS2 on

quartz is shown in Fig. 8.3 taken in different regions of the sample.

50 μm 

I

50 μm 

III

50 μm 

II

50 μm 

IV

(b)(a)

Figure 8.3: (a) Optical microscope images in different regions of MoS2 on quartz labeled as I, II, III and
IV. (b) The corresponding optical density measured by micro-transmittance. Each region has an area of
136.3 µm× 242.1 µm
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The images of different regions in Fig. 8.3a were taken by setting the optical microscope with

an objective lens 20x. The area of each region was 136.3 µm × 242.1 µm. The corresponding OD

spectra (estimated by Eq. 8.2) for each region are shown in Fig. 8.3b. The spectra are closely

consistent, indicating a homogeneous MoS2 layer on quartz substrate. The two peaks, appearing at

at photon energies about 1.9 eV and 2.0 eV, are corresponding to the optical absorption due to the

direct transitions at the K point of the Brillouin zone. This leads to the generation of the A and B

excitons, while the C exciton peak is observed at 2.8 eV. This leads to multiple optical transitions

that are nearly degenerate in energy. These observations are in agreement with reŕectance and

transmittance measurements by spectrophotometer reported above in the previous subsection, and

another indication of the formation of MoS2 layer.

8.1.3 Raman spectroscopy of MoS2/quartz substrate

Raman spectroscopy, which is a vibrational spectroscopy technique, is a unique technique that is

used for obtaining information about the quality and the thickness of the materials. The Raman

spectroscopy of MoS2 on quartz substrate is shown in Fig 8.4. The optical image of the sample is

depicted in Fig. 8.4a, showing the homogeneity of the MoS2 layer. The Raman spectrum presented

in Fig. 8.4b is an averaged spectrum over the area shown in Fig 8.4a of about 57 × 77.3 µm. The

two peaks around 385 cm−1 and 407 cm−1 are due to in-plane vibration mode E1
2g and out-of-plane

vibration mode A1g, showing a difference of 22 cm−1. It is known that the frequency difference

between E1
2g and A1g modes is usually less than 21 cm−1 for monolayer MoS2 by Granados et al.

[344] and other works on nanocyrstaline MoS2 [345ś347]. However, the peak separation and the

intensity ratio between A1g and E12g modes in the nanocrystalline MoS2 (IA1g
> IE

2g1
) differs from

that in MoS2 monolayer or trilayer. This might suggest that in-plane conőnement changes the

scattering cross section with in-plane phonon modes as reported by Granados et al. [344] and the

other works on nanocrystalline MoS2 in literature [348, 349, 349]. Therefore, The Raman spectrum

of our MoS2 on quartz shown in Fig. 8.4b suggests that the formed layer is nanocrystaline MoS2.

(a) (b)

Figure 8.4: (a) Optical microscope image of MoS2 on quartz substrate taken over an area of 57× 77.3 µm
using an objective 100x 0.95NA. (b) The corresponding averaged Raman spectrum over that area.
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8.2 MoS2 layer on Si substrate

MoS2 layer was also grown on a Si substrate, via NaCl-assisted CVD method described in Chapter

3, similar to the growth on quartz described in the previous section. The mass of the metal oxide

source (mixture of MoO3 and NaCl) was about 3.45 mg, with 19.7 % percentage of NaCl in that

mixture. The distance between the glass boat of S and the Al boat of the metal oxide source was

őxed to be 16 cm. The Ar ŕow was set at 150 sccm. 10 ◦C/min was set for the heating ramp of

the furnace to reach a maximum temperature of 600 ◦C. After reaching the maximum temperature,

the furnace was moved along the quartz tube to place Al boat, holding the metal source and Si

substrate, at the center of the furnace. The growth was continued for 15 min. The S temperature

was about 315 ◦C. The evaporated metal oxide mixture mass was about 0.32 mg, and the mass of

the evaporated S was about 32.37 mg.

8.2.1 Spectrophotometer measurement of the optical reflectance of MoS2/Si

substrate

LAMBDA 1050 UV/Vis/NIR Spectrophotometer [341] was used for the optical reŕectance of MoS2

on Si substrate sample by the same procedure described in the previous section. The spectropho-

tometer was set in the reŕection mode and a bare Si substrate was used as a reference. The

differential reŕectance of MoS2 layer is deőned as (R − R0)/R0, where R is the reŕectance of the

MoS2 on Si and R0 the reŕectance of a bare Si substrate. R is related to the absorption coefficient

α(λ) of MoS2 layer as presented in Eq. (8.1). The differential reŕectance of the MoS2 layer is shown

in Fig 8.5.

Figure 8.5: Differential reflectance spectrum of MoS2 grown on a Si substrate.

The two peaks due to A and B excitons are observed at 1.87 eV and 2.01 eV, respectively,

which are associated to the direct transitions at the K point of the Brillouin zone [66, 222], and

the C exciton peak appears as a broad feature around 2.80 eV. These observations of A, B and

C exciton peaks in the differential reŕectance spectrum of MoS2 on Si substrate is consistent with

the measurement of MoS2 on quartz substrate shown in the previous section and with the previous
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publications [66, 207, 222, 284, 343].

8.2.2 Micro-reflectance spectroscopy of MoS2/Si substrate

The differential reŕectance of MoS2 layer was calculated as (R−R0)/R0, where R is the reŕectance

of the MoS2 on Si and R0 the reŕectance of a bare Si substrate. Eq. (8.1) shows the relation

between R and the absorption coefficient α(λ) of MoS2 layer. The micro-differential reŕectance

spectrum of the MoS2 layer is shown in Fig. 8.6b, and the corresponding measured region of about

136.3 µm× 242.1 µm is shown in Fig 8.6a (image taken by using objective lens 20x of the optical

microscope). The two exciton peaks, A and B, are present at photon energies of 1.87 eV and 1.97 eV,

and the C exciton peak appears at 2.83 eV. The observation of the exciton peaks is consistent with

measurement by spectrophotometer shown in the previous subsection, and with the measurements

of MoS2 on quartz substrate shown in the previous section. Thus, the growth of MoS2 on the

semiconducting Si substrate is of the same quality as that previously obtained on the transparent

quartz substrate.

(a)

50 μm 

(b)

Figure 8.6: (a) Optical microscope image at a region of area 136.3µm× 242.1µm of MoS2 on Si substrate.
(b) The corresponding micro-differential reflectance spectrum of the MoS2 layer.

8.2.3 Raman spectroscopy of MoS2/Si substrate

The Raman spectroscopy of MoS2 on Si substrate is shown in Fig. 8.7. The optical image of the

sample in Fig. 8.7a reveals the homogeneity of the MoS2 layer. The Raman spectrum is an averaged

spectrum shown in Fig. 8.7b. over an area of about 57×77.3 µm. The in-plane vibration mode E1
2g

and out-of-plane vibration mode A1g are present at about 385 cm−1 and 408 cm−1 (the separation

is about 23 cm−1) with the intensity IA1g
/IE

2g1
> 1. These observations are consistent with the

Raman spectrum of nanocrystalline MoS2 reported in literature [344ś347] that explained in the

previous section of MoS2 on quartz substrate. Therefore, the Raman spectrum of our MoS2 on Si

substrate suggests the formation of nanocrystalline MoS2.

Furthermore, Raman maps based on the difference in peak position A1g − E1
2g and intensity

ratio A1g/E
1
2g were performed for MoS2 on Si substrate over an area of about 7.6×7.6 µm as shown
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(a) (b)

Figure 8.7: (a) Optical microscopic image of MoS2 on Si substrate taken over an area of 57 × 77.3 µm
using an objective 100x 0.95NA. (b) The corresponding averaged Raman spectrum over that area.

in Fig. 8.8a and b, respectively, with the corresponding histograms. The histogram of the Raman

mapping based on the difference in peak position A1g − E1
2g (Fig. 8.8a) shows a mean value of

about 24.6 ± 0.02 cm−1 with a narrow full width at half maximum (FWHM) of about 1.01 ± 0.06

cm−1, pointing out the homogeneity of the nanocrystalline MoS2 layer. Similarly, the histogram of

the Raman mapping based on the intensity ratio A1g/E
1
2g (Fig. 8.8b) presents a mean value about

1.88 ± 0.01 with a narrow FWHM about 0.43 ± 0.03, showing the formation of a homogeneous

nanocrystalline MoS2 layer.

(a)

(b)
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Figure 8.8: (a) Raman mapping based on the peaks position difference between A1g and E1
2g taken over

an area of 7.6 × 7.6 µm(left panel), and the corresponding histogram (right panel). (b) Raman mapping
based on the peaks intensity ratio between A1g and E1

2g over an area of 7.6 × 7.6 µm (left panel), and the
corresponding histogram (right panel).
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8.3 Summary of the chapter

MoS2 as 2D TMDC, has been attracting a huge research effort due to its outstanding optical

properties [64, 65, 67, 68]. These characteristics make MoS2 promising for next generation of

optoelectronic and energy conversion devices as well as the other TMDC materials [66]. Accordingly,

the development of a clean, high quality, reproducible and cheap synthetic methods is very desired.

The CVD method for the MoS2 growth is a cost effective and the simplest route for growing single

crystalline TMDC monolayers [75].

In this present work, NaCl-assisted CVD method was used, in which NaCl of concentration

about 19.7 % was added in the metal oxide source precursor to reduce the sublimation tempera-

ture of MoO3 to enable to grow MoS2 layer at about 600 ◦C. The CVD growth of MoS2 on two

different substrates, quartz and Si, was successfully performed as conőrmed by the characterization

techniques. In the case of MoS2 on quartz, the reŕectance and transmittance measurements by

spectrophotometer show the exciton peaks A, B and C conőrming the growth MoS2 layer, and also

the micro-transmittance measurement show the same peaks as well as the homogeneity of MoS2

layer in the range of µm. The Raman spectrum of MoS2 on quartz reveals vibrational modes as-

sociated with the MoS2 layer and also it shows the formation of MoS2 nanocrystalline layer. For

MoS2 on Si, the reŕectance measurement by spectrophotometer reveals the exciton peaks A, B and

C, which are the signature of the growth MoS2 layer, consistent with the micro-reŕectance mea-

surement that shows the homogeneity of MoS2 layer in µm range. The Raman spectrum of MoS2

on Si presents the vibrational modes associated to nanocrystalline MoS2 layer. Furthermore, the

Raman maps based on the peak position difference A1g − E1
2g and intensity ratio A1g/E

1
2g point

out the homogeneity of the formed nanocrystalline MoS2 layer through the narrow FWHM of the

corresponding histograms.

The purpose of using quartz as a transparent substrate is its compatibility with the optical

transmittance measurement. On the other hand, the reason for growing MoS2 on Si as a semi-

conducting substrate is the suitability for electron spectroscopy measurements. These preliminary

results may have an impact on the development of high quality, cheap, clean and reproducible

synthetic methods for growing nanocrystalline MoS2 layers that can be implemented in the next

generation of optoelectronics, energy conversion devices and catalytic applications in the future.

It is worth mentioning that further experimental work and analysis still have been in progress for

studying the electrocatalytic activity of MoS2 layers on different substrates by our collaborative

research group of MIRE lab at the University of Madrid (Spain).
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Conclusion

In this thesis, we concern about two dimensional (2D) materials because of their economic, scientiőc

and industrial value. They are very promising for future applications in electronics, energy storage,

catalysis, sensors, etc. since the conventional Si-based materials cannot meet the requirements of

ambition, innovation and fast growing and development of electronic devices manufacturing and

advanced technology.

The present work is dedicated to the functionalization and characterization of two-dimensional

(2D) materials, typically nanoporous graphene (NPG) and ternary boron carbon nitride (B-C-N)

layer, as carbon-based materials. In addition, NPG has been functionalized with hydrogen/deu-

terium for band gap opening in its electronic structure, and also NPG was doped with K for

increasing density of states at the Fermi level. Furthermore, a preliminary study of the optical

spectroscopy of CVD grown MoS2 monolayer is presented. This research work was achieved thanks

to strong collaborations with other experimental groups from different universities in Italy, Spain

and Japan.

The motivations of the present thesis are presented as follows:

(i) NPG is a graphene sheet made up by a bi-continuous, very compact and interconnected three-

dimensional (3D) arrangement of high-quality graphene [21]. NPG has three dimensional (3D)

structures with 1000 m2/g speciőc surface area, >99 % porosity, high transport properties

[109, 125] and excellent 2D electronic graphene properties [22, 23]. The high quality of NPG

synthesized via Ni-based CVD method was investigated previously by Raman and photoemis-

sion valence band and core-level spectroscopy [22], presenting different intrinsic curvatures at

the scale of hundreds of nm whose spectroscopic őngerprints were fully brought to light [22, 23].

Therefore, NPG represents a realistic system of free-standing unsupported graphene, that can

be functionalized with H or D towards 3D compact and bulk scalable graphane. Through H-

(D-) functionalization of graphene in a clean and controlled conditions, a 2D material with

the analogous morphological and mechanical properties of graphene could be obtained while

changing its electronic response. The atomic H covalently bonded to C atoms in the sp2 lat-

tice mesh of graphene involves pull-out of the C atom bonded to H by about 0.3 Å from the

average graphene plane because of the bond deformation towards sp3 conőguration. Intrinsic

graphene ripplings are expected to be favorable for atomic H chemisorption since the local
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curvature of the hexagonal C lattice [24] can reduce the H chemisorption energy barrier from

0.4-0.6 eV [19, 25, 26] to about 0.2 eV [27]. Consequently, NPG is an outstanding free standing

graphene template for hosting H isotopes. To our knowledge, there was no previous study on

hydrogenation of free standing graphene. The previous studies were performed on different

graphene samples either exfoliated from graphite [14], in situ grown metal-supported mono-

layer graphene [17, 18] or transferred graphene ŕakes [15, 16]. The H- upload on graphene

has been studied by Raman spectroscopy and C 1s core-level line-shape through bringing the

light to the sp3-like component, which is a clear őngerprint of H-C bond. In addition, the

temperature stability of hydrogenated graphene is still an open issue [14ś16, 19, 20] since it

depends on the shapes, synthesize method and hydrogenation method.

(ii) Alkali metal (AM) doping of carbon-based materials is an outstanding method to improve

their electronic properties through electron injection from the Am to valence band of carbon

materials [36ś41]. potassium (K)- doping of graphene/Ir(111) at room temperature (RT)

shows a stable (
√
3×

√
3R30◦) surface structure, shifting the graphene Dirac point by about

1.30 eV below the Fermi level [42]. Theoretically, Praveen et al. predicted 1.07 eV energy shift

for the Dirac cone of K doped- graphene [38]. To our knowledge, the K-doping of free-standing

graphene experimentally is still an open issue. Thus, NPG is promising a template for doping

with K because of the aforementioned properties of NPG.

(iii) B-C-N, which is a carbon-based material, has an intermediate properties between semi-metallic

graphene and hexagonal boron nitride (h-BN), which is an insulator (5.1-6 eV indirect band

gap). The combination of BN and graphene in the BśCśN forms a structure-dependent

complex band structure. It has been predicted to behave as a semiconductor with a tunable

band gap depending on the relative B, C and N contents [50, 230]. Not only such tunable

semiconducting characteristics nominates B-C-N as a promising candidate for semiconducting

2D applications, but also B-C-N has been used as an active electrocatalyst for the hydrogen

evolution reaction (HER) [43ś45] as well as for the oxygen reduction reaction (ORR) [44, 46].

However, few publications focused on the oxygen evolution reaction (OER) properties of

BCNs [47]. The growth of a homogeneous layer of B-C-N is challenging because of the strong

segregation tendency into carbon and BN domains in B-C-N layer [50, 51]. Several single-

source precursors, containing B, C and N atoms, have been reported for CVD growth of MoS2

layers. Among of them, methylamine borane (CH3NH2BH3)(MeAB) [58, 59] was used with

plasma-enhanced (PE) CVD method [60] for growing B-C-N layer, which conőrmed as a fast,

direct and efficient growth method.

(iv) MoS2, which is a semiconducting two dimensional (2D) transition metal dichalcogenide (TMD),

is very promising for next generation of optoelectronic, sensing and energy conversion devices

[66] because of its unique physical properties such as the optical response [67, 68], the elec-

trical őeld effect [63], the photoluminescence (PL) [64, 65]. The catalytic activity of MoS2

nanocrystalline layer is interesting. Both computational and experimental results showed that

the catalytic activity of MoS2 plates results from its sulfur edges [69, 70]. Nano-sized MoS2

exhibits active sulfur edges, so it is more reactive for electrocatalysis in HER in contrast to

MoS2 in bulk form [71]. Several studies presented the enhancement of the HRE by the usage of

nano-sized MoS2 of different forms such as nanoŕowers [74], nanoparticles [72] and nanowalls
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[73]. It is important to develop reproducible and cheap synthetic methods with high control

of the crystal size and quality. The CVD based synthesis methods are the cost effective and

simplest routes for growing crystalline TMD layers [75]. Recently, NaCl-assisted CVD growth

was investigated as an efficient and low-cost method for growing of high-quality MoS2 on a

variety of substrates: amorphous, crystalline and layered substrates [61].

In the present thesis, an electron spectroscopic study of 2D materials is presented, involving

X-ray photoemission spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) study

of free standing nanoporous graphene (NPG), H- (D-) functionalized NPG, K-doped NPG, ternary

boron carbon nitrite (B-C-N) layer on Ti substrates. In addition, a preliminary study of the optical

spectroscopy of CVD grown MoS2 nanocrystalline layer is presented. XPS was used to identify the

chemical composition and bonding scheme between the constituent elements of the materials. UPS,

the more sensitive technique, was employed to measure the valence band (VB) of some samples to

understand their electronic band structures. To obtain information about the chemical structure,

quality and number of layers of samples, Raman spectroscopy was measured. The surface morphol-

ogy was clariőed by scanning electron microscope (SEM) images.

Some achievements are presented in this present work, which include:

(i) The high quality of free standing NPG, synthesized via clean and high efficient Ni-based chem-

ical vapor deposition (CVD) method [21, 23, 109, 110] was veriőed by Raman spectroscopy

and XPS. The morphology was shown by SEM. NPG is very promising for 3D electronic ap-

plications because it is a more applicable 3D form of graphene while maintaining its analogous

properties, such as morphological and mechanical properties [21, 23, 108, 110].

(ii) We achieved, for the őrst time in our knowledge, high quality, efficient and low defect H-

(D-) functionalized free standing NPG samples by using four clean and efficient irradiating

techniques, typically cracking irradiation techniques (hot ribbon and cracking capillary gun)

and ion irradiation techniques (Kaufman ion source and electron beam induced ion source).

The different irradiation techniques were applied to maximize the H (D) adsorption in free

standing graphene for conversion towards a large scale graphane and maximizing H storage

for clean energy source as well as a guidance for the tritium heavier isotope (T) adsorption

on graphene for future detector of β spectrum analysis [300]. XPS C 1s was measured and

analyzed to estimate the H(D) coverage on NPG through bringing the light to the sp3-distorted

component in the C 1s core-level, which is a őngerprint of H-C (and D-C) covalent bond.

(iii) K-doped NPG was prepared by K deposition from K- dispenser in ultra-high vacuum (UHV)

with clean and controlled conditions. The amount of deposited K was monitored by XPS. This

K doping may lead to electron injection into graphene’s valence band (VB) [40, 41], improving

its electronic properties, which is useful for electronic and optoelectronic applications. This

study is a step towards a further study by UPS VB and angular resolved photoemission

spectroscopy (ARPES) to monitor the change in band structure with K deposition.

(iv) Ternary boron carbon nitride (B-C-N) layers on Ti substrates grown by fast high efficient

plasma-enhanced CVD method [59, 60] were studied by XPS to identify the chemical compo-

sition, bonding and estimate the stoichiometric ratio of the contents B:C:N through measuring
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the core-levels. There were two samples, resulting from using different growth time, namely

BCN/Ti for using 5 s growth time, and BCN/TiCN obtained after 10 s. In fact, a homoge-

neous semiconducting layer of B-C-N has an intermediate properties between semi-metallic

pure graphene and h-BN insulator, so it is useful for many applications such as semiconductor

devices and as an active electroctalyst for water splitting [44, 46].

(V) MoS2 layer on substrate (Si and quartz) was grown via CVD method. The samples were

studied by Raman spectroscopy and the optical transmittance/reŕectance spectroscopy. The

main aim is growing a high quality and homogeneous nanocrystalline layer of MoS2. These

studies were performed as a result of a one month mission in Madrid university funded by

Sapienza university. Also, the provided measurements in this thesis are preliminary to further

measurements by XPS and UPS. In fact, 2D layered MoS2 is very interesting for optoelec-

tronic applications [66, 330, 336] and as a catalyst in different applications [71].

Our studies of the aforementioned 2D materials lead to some important results and conclusions:

(i) SEM images of NPG show a continuously interconnected and folded graphene sheet, which is

decorated with porous size of hundreds of nm. Raman spectroscopy presents the high quality

and low defect of NPG through the low D peak associated with defects. Also, through the

relative intensity ratio I2D/IG, NPG is composed of 1-3 layers of high quality. XPS C 1s

core-level reveals the high quality of NPG through dominance of the sp2 component in C 1s

line shape, associated with C-C π bonding in the hexagonal lattice in graphene. Furthermore,

the UPS VB measurement conőrms the high quality of NPG through the observation of the

π-state peak and the linear behavior towards the Fermi level E(F ) due to the Dirac cone band

dispersion. Consequently, NPG is promising since it is a 3D form graphene, and also it is an

outstanding template for functionalization and doping with other atoms or molecules.

(ii) For H-(D-) functionalized NPG, the high quality and low-defect H- and D- irradiation was

conőrmed by Raman spectroscopy of the functionalized samples by the four abovementioned

irradiation techniques. XPS C 1s core-level measurements reveal high θ ratio representing H-

(or D-) coverage (Table 9.1) by focusing on the sp3-distorted component in the C 1s core-level

for all the functionalized samples, in agreement with the best results of in literature of hydro-

genated graphene either substrate-supported [18, 32] or mono-layer ŕakes [19, 308]. However,

our H-(D-) functionalized self-suspended NPG samples show lower defects and higher quality.

In addition, the thermal stability of our functionalized NPG samples is higher with unprece-

dented high temperatures (up to 450-500 °C) (Table 9.1) with complete H (D) desorption

(above 600-650 °C). Moreover, the band gap opening was observed by UPS VB measurements

of some functionalized samples, indicating the semiconducting behaviour towards graphane.

We noticed that the highest coverage (51± 5 %) in Table 9.1 is observed for the D- function-

alized NPG via the electron beam induced ion irradiation method. In addition, its Raman

spectrum shows the lowest D peak among the other H-(D-) functionalized NPG obtained via

the other techniques. These observations point out that the electron beam induced ion method

127



Chapter 9. Conclusion

is the most efficient and non-destructive irradiation technique among the others because of

its experimental set-up (described in chapter 3) that allows to irradiate the sample without

producing large damage or defects. In the electron beam induced ion method, a 1.8 MeV

electron beam was used to ionize the D2 gas without irradiating the sample. Thereafter, D+

ions irradiate NPG at thermal energy <0.1 eV without producing high defects because of the

1 bar pressure of the D2 gas. Another remark is that when comparing the capillary gun to the

hot ribbon cracking techniques, the capillary gun shows higher H- functionalized NPG with

a higher H-coverage (Table 9.1). Another observation regarding the H- saturation exposures,

the cracking gun shows 3 kL while the hot ribbon presents 30 kL; i.e., the ratio is about 10,

suggesting that the capillary gun is higher efficient. The reason may be attributed to their

experimental set-ups described in chapter 3. When using the capillary gun, the H2 gas passes

through a hot tungsten capillary tube, so the cracked H2 molecules are concentrated on the

target NPG sample besides the well-optimized and controlled set-up. On the other hand,

in the hot ribbon method, the H2 gas őlls the whole chamber, so the cracking takes place

around the hot őlament, and irradiation of NPG occurs between NPG and the őlament. In

conclusion, this present work can be considered as a step forward to fabricating high stability,

high quality, and low-defect semiconducting graphane on a large scale. Also, it is promising

for high efficient H and D storage in graphene materials and an instruction for tritium (T)

adsorption in graphene for advanced detectors for β− spectrum analysis [300]. Some of the

aforementioned results have been published. The results of H-(D-) functionalization of NPG

via Kaufman ion irradiation source were published Nanotechnology journal [238]. The results

of the work of D- functionalization of NPG via electron beam induced ion irradiation were

published in Nanomaterials journal [239]. The works of H-(D-) functionalization using hot

ribbon and Kaufman ion source were presented as a talk and a poster [310] in łGraphene and

2DM Online conferencež.

Table 9.1: Summary of H(D)- coverage and temperature stability for H-(D-) NPG functionalized by different
irradiation techniques, typically the Kaufman ion source, electron beam induced ion source, hot ribbon and
cracking capillary gun

Irradiation technique sample coverage % Tstable (°C)

Kaufman H-NPG 25± 3 500

Kaufman D-NPG 36± 3 500

Electron beam induced ion D-NPG 51± 5

Hot ribbon cracking H-NPG 28± 5 450

Capillary gun cracking H-NPG 38± 5

Capillary gun cracking D-NPG 35± 5

(iii) K- doping of NPG was successfully performed. XPS of K- doped NPG presents the K depo-

sition on NPG, and revealed the tendency of K to form islands or clusters more than forming

separate ions over the surface of NPG. These results are a preliminary for UPS VB measure-

ment of K- doping of free standing graphene. In the meantime, further experimental work on

K-doping of NPG is continued by the colleagues in LOTUS lab.
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(iv) The XPS core-levels analysis of B-C-N layer on Ti substrates reveals two different structures,

namely BCN/Ti and BCN/TiCN, depending on the CVD growth time of the samples. The

BCN/Ti is formed at a short growth time (5 s), where B-C-N layer is formed on top of a thin

amorphous titanium oxide layer due to the unavoidable existence of oxygen traces. However,

BCN/TiCN is formed after longer growth time (about 10 s), in which vertical wall core/shell

structures are formed by B-C-N and titanium carbonitride phases. For both samples, The

XPS analysis of the chemical composition and bonding scheme of B-C-N layers shows that

B-C-N layers are composed of C and h-BN rich nanodomains with high doping levels of B

and N and of C, respectively. The stoichiometric ratio was calculated for both samples. For

the grown BCN/Ti, the B:C:N ratio is estimated as 0.3:1.0:0.3 whereas it is about 0.9:1.0:1.0

for the grown BCN/TiCN. These results of the B-C-N layers on Ti substrates was published

in ACS Applied Energy Materials journal [59]. These results could have a signiőcant impact

on the development of B-C-N layers for metal-free photochemical water splitting applications

as presented by the electrochemical measurements using a three-electrode cell by our collabo-

rative research group of MIRE lab at the University of Madrid (Spain). This electrochemical

measurements were not shown in this thesis; however, they are presented and explained well

in our published paper [59] in ACS Applied Energy Materials journal. Both BCN/Ti and

BCN/TiCN exhibited a good electrocatalytic activities for oxygen evolution reaction (OER)

in alkali aqueous solution, which may arise from the heteroatom bonding scheme in B-C-N

layers of both samples that were investigated by our XPS. Furthermore, under intermittent

illumination with vs-UV light source, the electrochemical activity of BCN/Ti showed an en-

hancement due to the photochemical response of the underlying titanium oxide layer. The

ultrathin BCN layers grown on titanium oxide layer act as transparent electrodes with high

conductivity for the photo-generated charge carriers created in the underlying titanium oxide

layer. Therefore, an improvement in the overall OER reaction with a signiőcant reduction in

the cost of raw materials could be achieved. These BCN layers could be alternatives of usage

of small metal islands like Pt islands/nanoparticles deposited on top of a photocatalyst like

TiO2 to facilitate the OER Reaction. Consequently, this study may have a signiőcant impact

on the development of metal-free photochemical water splitting devices.

(v) The growth of MoS2 layer on two different substrates, typically quartz and Si, was carried out

via CVD method. The growth of a homogeneous MoS2 nanocrystalline layer on quartz (Si)

was conőrmed by the Raman spectroscopy through the A1g and E1
2g Raman peaks separation

and their intensity ratio as well as the micro-reŕectance and micro-transmittance optical spec-

troscopy measurements through observing the exciton peaks A and B conőrms the homogenity

of the formed layers. This was preliminary work for the next characterization by XPS for inves-

tigating the chemical composition. Also, these results may impact the development of cheap,

reproducible, and high-quality growth methods for synthesizing MoS2 monolayers, useful for

the next generation of electrochemical devices for hydrogen production in the future. Further

experimental work and analysis still have been continued and in progress for studying the

electrocatalytic activity of MoS2 layers on different substrates by our collaborative research

group of MIRE lab at the University of Madrid (Spain).
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The aforementioned experimental results and conclusions regarding the carbon-based materials,

typically NPG, H-(D-) functionalized NPG, K doped- NPG and ternary B-C-N layers and MoS2

layers as transition metal dichalcogenide (TMDC) material may have convenient and valuable ref-

erence for further investigations using similar processes. Hopefully, this experimental work can

support the development of 2D materials for implementation in manufacturing and innovating of

futuristic highly efficient electronic, energy storage and hydrogen production devices.
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