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Titre : Solutions de graphenure et films transparent
conducteur de graphene

Résumeé : Les travaux de recherche effectués lors de cette thése sarticulent
autour de matériaux graphene. Une méthode est développée pour produire graphene
en masse avec solution de graphenure. Les études effectuées les solutions de
graphenure sont basées sur les composés d'intercalation du grpahite (GICs)
synthétisé avec du potassium et I'exfoliation de GIC dans un solvant organique.
Différentes techniques d'analyse ont été employées pour caractériser les graphéne
produits. Afin de tirer parti des propriétés électriques du graphéne, les solutions de
graphenure ont ensuite été utilisées pour produire des films transparents
conducteurs. Des traitements de recuit a sous atmosphere d'argon ont été effectués
pour améliorer les propriétés électriqgues du film. Les résultats de caractérisation
montrent que I'élimination des groupes fonctionnels contenant des atomes d'oxygéne
et I'amélioration structurale peuvent largement améliorer les propriétés électriques
des films de graphéne avec ce traitement de recuit.

Mots clés : Solutions de graphenure, composé d’intercalation du graphite, film,
transparent, conducteur, spectroscopie Raman

Title: Graphenide Solutions and graphene Films

Abstract: The graphene is promising materials in future industrial applications
due to its excellent properties. In recent years, different production methods have
been developed in order to pave the way for applications. One topic of this thesis
focuses on graphenide solutions, which provide an efficient route to produce
graphene. Using this method, graphite intercalation compounds (GICs) can be
exfoliated into negativelz charged grapheme organic solvent under inert atmosphere.
With its high conductivity and bendable feature, one of the promising applications of
graphene is flexible transparent conductive films. The second main topic of this thesis
consists in applying produced graphene to produce transparent conductive films.
With mild thermal treatments, the electrical properties of graphene film can be largely
improved.
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Résumeé

Le graphéne est un cristal bidimensionnel de carbone, composé simplement d’une feuille
d’atomes de carbone hybridés sp” formant un réseau d’hexagones. L’empilement de graphéne
constitue le graphite. Il a été isolé en 2004 par Andre Geim et Konstantin Novoselov de
I’université de Manchester. Avec cette découverte, ils ont regu le prix Nobel de physique en
2010. Depuis la découverte de graphéne, les chercheurs ont étudié¢ d’abord les propriétés du
graphéne. Les résultats expérimentaux ont montré que le graphéne possede des propriétés
spectaculaires, telle que la mobilité électronique qui peut atteindre 200 000 cm?V:s ; le
graphéne est I’'un des matériaux mécaniquement le plus résistants testés jusqu’a maintenant,
ayant un module d’Young de 1 TPa, etc. Ces propriétés excellentes font du graphéne un
composant potentiel dans divers domaines d’ingénierie de matériaux, d’électronique et de
matériaux composites. Toutefois, I’exploitation du graphéne bute sur la production de

graphene qui reste encore onéreuse.

Les premiers échantillons de graphene ont été obtenus par exfoliation mécanique du graphéne
a l'aide de ruban adhésif. Cette méthode permet de produire des graphenes de grande qualité,
mais son rendement faible restreint son utilisation a la recherche scientifique. Différentes
méthodes ont ensuite été développées pour produire du graphéne en masse, tel que la CVD
(déposition en phase vapeur), la production de graphéne a partir de carbure de silicium et des
voies chimiques (solution de graphenure, graphene oxide, dispersion de graphéne a l'aide de
tensioactif ou superacide etc). Chaque méthode possede des avantages et des inconvénients;
les graphenes produits ont des qualités différentes et en conséquence correspondent a
différentes utilisations. Parmi ces méthodes, tenant compte de son avantage en termes de prix

et la compatibilité avec des technologies existantes, la production de graphéne par voie
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chimique porte un trés fort potentiel pour les applications du graphene dans le domaine de

matériaux composites, stockage d'énergie et encore électronique etc.

En 2008, notre équipe a mis au point une méthode de production de graphéne en s’inspirant
de la solubilisation des sels de nanotubes de carbone dans le DMSO (Diméthylsulfoxyde). La
méthode est effectuée en deux étapes sous atmosphére inerte. La premiere étape consiste a
préparer un composé d'intercalation du graphite (GIC). La deuxiéme étape correspond a
I'exfoliation de ce GIC dans un solvant organique afin de synthétiser la solution de graphenure
(graphéne charge négativement). Les études effectuées précedemment sur les solutions de
graphenure sont basées sur les GICs synthétisé avec du potassium, spécialement sur les GICs
de stade 1 KCg et K(THF)4C,4. Dans cette these, nous étendons les études systématiques au
stade 2 KCy4 et stade 3 KCzs. Avec I’objectif de mieux comprendre le systéme, les matériaux
de départ, graphites issue de différent fournisseurs, ont été étudiés par différentes techniques
afin d'analyser précisément leur nature chimique et structure cristallographique. La synthése
en phase vapeur a été employée pour préparer KCg, KCy; et KCgz. Deux types de solvant
organique, le NMP (N-méthyl pyrolidone) ayant une température d'ébullition de 202 °C et le
THF (tétrahydrofurane) ayant une température d'ébullition de 66 °C, ont été utilisés pour
dissoudre les GICs synthétisés. Les concentrations de chaque solution ont été déterminées par
extrait sec. L'absorption UV-visible a été employée pour caractériser les solutions de
graphenure. Les spectres d'absorption montrent que les solutions de graphenure présentent
une bande caractéristique a 300 nm pour les solutions KCx (x = 8, 24, 36) dans le solvant
NMP quel que soit le nombre de stade. Pour les solutions KCx (x = 8, 24, 36) dans le solvant
THF, on observe deux bandes d'absorption situées a 280 nm et 328 nm. Les graphénes
synthétisés via les solutions de graphenure, spécialement KCg dans THF, ont été caractérisés

par microscopie a force atomique (AFM), microscopie électronique a haute résolution
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(HRTEM) et Raman. Les résultats des caractérisations nous permettent d’avoir des
informations sur le nombre de feuillets, la qualité du graphéne et la morphologie du graphene
déposé sur un substrat. En paralléle des études sur les solutions de graphene, une étude de
résonance Raman a été effectuée pour les GICs synthétisés (KCg, KCy4 et KCszg) en variant
I'énergie d'excitation de I’'UV au proche infrarouge. Au cours de l'intercalation du potassium
entre les couches de graphite, il y a transfert de charge entre la couche de graphite et celle du
potassium. Cela change la structure électronique de graphite. On peut étudier ce changement
avec la spectroscopie Raman. Dans le stade 3, nous avons observé une résonance a 2.5 eV.
Par des calculs théoriques, cette résonance a été attribuée a la transition 1 — ©* pour les

couches extérieures de graphéne dans KCgs.

Les caractérisations effectuées sur les dépdts de graphéne montrent que les graphites peuvent
étre exfoliés avec cette méthode pour produire du graphene sans produire trop de défauts. Par
rapport aux autres méthodes chimiques, on peut produire de graphéne ayant une relativement
bonne qualité. Afin de tirer partie des propriétés électriques du graphéne, on a ensuite utilisé
les solutions de graphenure, KCg + THF, pour produire des films transparents conducteurs.
Tout d'abord, la solution de graphenure, KC8+THF, a été filtrée sur membrane sous
atmospheére inerte. Ce film est ensuite ré-oxydes sous air sec, puis transféré sur substrat
flexible PET (Polyéthylene téréphtalate) en éliminant la membrane de filtration. En effet, avec
cette méthode, le film de graphene peut étre transféré sur tous les substrats désirés. Le film de
graphene sur PET montre de bonnes propriétés électriques et propriétés optiques par rapport
aux autres films de graphéne synthétisés par voie-liquide. Les caractérisations de films avec
SEM (microscopie électronique a balayage), AFM et TEM montrent que les graphénes sont
empilés de facon aléatoire pour construire le film. Les résultats de XPS montrent que pour le

film de graphene la teneur en oxygéne s'augmente par rapport au graphite de départ. Des
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traitements de recuit a 450 °C sous atmosphere d'argon ont été effectués pour diminuer la
teneur en oxygene. Apres le traitement, la teneur en oxygene diminue, et la résistivité
surfacique du film diminue d’un facteur 4. La spectroscopic Raman a été utilisée pour étudier
les films avant et apres traitement. Le rapport Ip/lg est en général employé pour évaluer les
défauts de graphéne. La cartographie Raman effectuée sur une large zone montre que le
rapport Ip/lg diminue de 1.13 & 0.73 apreés le traitement, ce qui signifie que le film est moins
défectif aprés traitement. La technique de diffraction de rayons X a été utilisée pour étudier
les changements structuraux aprés traitement. Les résultats montrent que le traitement
thermique peut améliorer également la structure du film. L’élimination des groupes
fonctionnels contenant des atomes d’oxygene et I’amélioration structurale peuvent largement
améliorer les propriétés électriques des films de graphéne. Un autre traitement de recuit
effectué a 120 °C sous atmosphére d'argon montre que la résistivité surfacique du film
diminue. Une étude de traitement effectu¢ a 1’aide de laser indique que 1’on peut non
seulement diminuer la résistivité surfacique du film, mais aussi augmenter la transmittance

optique du film avec ce type de traitement.

Avec la solution de graphenure, on peut produire des graphénes en masse et de bonne qualite.
La solution de graphenure peut ensuite étre exploitée pour élaborer des films transparents
conducteurs. Les propriétés électriques des films peuvent étre améliorées significativement en
faisant des traitements a température relativement basse. Avec ses propriétés électriques

intéressantes, les films peuvent servir d’¢lectrodes conductrices flexibles.



Abstract

Graphene, a one atom layer carbon material, has been studied theoretically for long time as a
fundamental concept. In 2004, Geim et al. reported a simple and feasible way to exfoliate
graphene from graphite. Since then, based on experimental results from exfoliated graphene,
researchers have constantly reported that this two-dimensional material has unique properties,
such as high charge carrier mobility, mechanical properties, field effect behavior, high
thermal conductivity etc. Meanwhile, researchers and engineers have exploited this material
in application studies and obtained exciting results, which make graphene materials promising
in future industrial applications. Nowadays, graphene is one of the priority research areas both

in theoretical and application research.

Despite the exciting properties reported and the high expectations that people have placed on
this material, there are still challenges about the development of graphene and materials
derived from it. First, to pave the way for applications, industrially scalable production
methods have to be developed. One topic of this thesis focuses on graphenide solutions,

which provide an efficient route to produce graphene.

In recent years, different production methods have been developed. Graphene materials
produced from different methods possess different qualities and properties, thus different
graphene materials will be applied in different fields according to their properties,
accessibility, processability etc. Due to its high conductivity and bendable feature, one of the
promising applications of graphene is flexible transparent conductive films. The second main
topic of this thesis consists in applying produced graphene to produce transparent conductive

films.
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In chapter I, at first, the structure and properties of graphene will be presented; different
graphene production methods will be described. Some general presentations about graphite
and graphite intercalation compounds (GICs) which we have used to produce graphenide
solutions (negatively charged graphene solutions), will also be given in this chapter. Finally,
the state of the art concerning recently developed materials for transparent conductive

electrodes is presented in this chapter.

Chapter 1l is dedicated to a description of common characterization techniques of graphene.
Several techniques and methods have been developed for graphene characterization to
investigate the structure, morphologies and properties of graphene produced. We present in
this chapter the techniques we have used. These techniques have proven to be efficient. Some
review of characterization results concerning graphene materials are presented at the end of
each section. The measurement of surface conductivity is essential for investigating and
evaluating transparent conductive materials. The techniques for measuring surface

conductivity are also presented.

Chapter 111 is devoted to the production method of graphenide solutions. The production
method have been developed by Pénicaud and coworkers since 2008 based on graphite
intercalation compounds (GICs) formed by alkali metals and graphite. The previous works
performed by Dr. Cristina Vallés and Dr. Amélie Catheline established a feasible and efficient
way to produce graphenide solutions, which consists in dissolving GICs in organic solvent
under inert atmosphere. In their work, K(THF)«C»4 and KCg were used; both compounds are
stage 1 GICs. In order to make a systematic work and understand further graphenide solutions,
in this work, we have extended to higher stage GICs, stage 2 KC,4 and stage 3 KCgs. The

characterization work practiced with starting materials graphite and GICs are also included in

Vi
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this chapter. The characterization studies of graphenide solution and graphene produced from

graphenide solutions are one of the main subject in this chapter.

Chapter IV presents the study of graphene films produced from graphenide solutions by using
vacuum-filtration method. The vacuum-filtration method is largely used to produce graphene
films with graphene produced by solution-route methods. Thermal treatments were performed
to improve the electrical properties of graphene film. Several techniques described in chapter
I were applied to evaluate as-produced graphene and treated film. Beside thermal treatment,
laser-assisted treatment was also performed to improve electrical and optical properties.
Finally, an initial experiment concerning hybrid films made of graphene and carbon

nanotubes is summarized in this chapter.

vii
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Chapter I: Introduction

Carbon is the 15" most abundant element on earth, and one of the few elements known since
antiquity. 220 years ago, Lavoisier identified the versatility of carbon, because he determined
that carbon was the elementary component of diamond and graphite. ™ Today, carbon
materials are still among the most studied materials. Beside diamond and graphite, new
carbon allotropes have been discovered, like fullerenes and carbon nanotubes. All those
carbon materials share the same feature: they are formed by sp? carbon atoms, except
diamond. Graphene, on the other hand, the basal plane of graphite, is composed of sp® carbon
atoms. For many years this hexagonal array of carbon atoms, graphene, was considered a
concept. It was thought that under normal conditions, graphene plane will stacked together to
form the most thermodynamically stable form of carbon, graphite. However, in 2004, Andre
Geim and Konstantin Novoselov from the University of Manchester reported that they
succeed in producing graphene from highly oriented pyrolytic graphite (HOPG) with a simple
method.”? In parallel, in the same year, de Heer, Berger et al. showed that thermal
reconstruction of SiC led to a carbon single layer that behaves electronically as graphene.®!
Since then, this new two-dimensional (2D) carbon nanomaterial has drawn tremendous

attention both from the experimental and theoretical scientific aspects.

In a few years, by performing numerous studies, it was found that graphene demonstrates
extraordinary electronic, thermal and mechanical properties. With those properties, graphene
is expected to be one of the most promising candidates for future materials engineering. But
for exploiting graphene in a variety of applications, a prerequisite is to find ways to produce

processable graphene in large quantities.



Chapter I: Introduction

Part 1 of this chapter will present graphene, its properties and production techniques. In part 2,
graphite and graphite intercalation compounds will be introduced. With graphite intercalation
compounds, an alternative production process to produce graphene in large quantities has
been developed. Part 3 introduces transparent conductive films, including existing
commercial materials, Indium Tin Oxide (ITO), and reviews different potential materials for

ITO replacement.



Chapter I: Introduction

1. Graphene
Graphene, a single atomic layer of sp? hybridized carbon atoms covalently bonded in a
honeycomb lattice, is a building block for carbon materials of different dimensionalities

shown in figure 1.1, including OD fullerene, 1D nanotubes, and graphite.

29

3D graphite

0D fullerene

Wrapping ’

Figure 1.1: Conceptually, graphene is base for carbon materials of other dimensionalities. It can be
wrapped up into 0D fullerene necessitating pentagons though, rolled into 1D carbon nanotubes or

stacked into graphite.

1.1 Structure of graphene

Graphene has a simple two dimensional crystal structure. The unit cell for graphene contains
two carbon atoms, A and B, each forming a triangular 2D network with 3 surrounding carbon
atoms. Each carbon atom shares one ¢ bond with its 3 neighbors, which contributes to the

stability of graphene plane. This unit cell can be characterized by carbon-carbon inter-atomic
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length (ac.c) of 1.42 A and a degree of 120 ° between bonds. Perpendicular to the graphene
plane, along the z-direction, there is a © orbital which can be visualized as a pair of symmetric
lobes above and below the graphene plane. Each atom has one of these m-orbitals, which are
then hybridized together to form a particular band structure, which are referred to as the n-
band (valence band) and n*-band (conduction band). These bands are responsible for most of
the peculiar electronic properties of graphene. ! Since in benzene the bonding is the same,

graphene can also be considered as a gigantic polycylic aromatic hydrocarbon.

For a given material, its band structure is often studied to better understand its electronic
properties. Graphene has a remarkable band structure due to its crystal structure. With this
kind of structure, graphene possesses a very special electronic band structure: the conduction
and the valence bands are not separated by a gap, and do not overlap either. Indeed, they
intersect in two in-equivalent points (K, K’), called Dirac points in the first Brillouin zone.
Looking closely at the region near one of the Dirac points (K and K”) as illustrated in figure
1.2, the cone-formed linear dispersion relation is evident. The Fermi energy for neutral
graphene is at the Dirac energy. In graphene devices, the Fermi energy can be significantly

different from the Dirac energy.

“onduction band 7*

Valence band n
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Figure 1.2: (a) Crystal lattice of graphene; (b) Full band dispersion over the whole Brillouin zone for
valence band 7 (red surface) and conduction band * (blue surface); (c) The energy of & (n*) band

along the high symmetry directions in the first Brillouin zone.

In low energy region, electrons within about 1eV of Dirac energy have a linear dispersion
relation. This dispersion relation near the K point can generally be expressed as follows:
linear dispersion region is well-described by the Dirac equation for massless fermion. That is,
the effective mass of the charge carriers in this region is zero. The dispersion relation near the

K points is generally expressed as follow:
Ei = ihvplk - Kl

where ve = 10° m/s is Fermi velocity, k is wavevector. Since at Dirac point, the energy is zero,
the effective mass of the charge carriers in this region can be considered as zero. So in
graphene, at low-energy region, this linear electronic band dispersion leads to the description
of carriers in graphene as “massless Dirac fermions”. Charge carriers in graphene behave like
relativistic particles with an effective ‘speed of light’ (C« ~10® m/s) given by the Fermi
velocity. ' This behavior is one of the most interesting aspects in graphene, and is

responsible for the remarkable properties that have been demonstrated in graphene.
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For stacked graphenes, for example bilayer graphene shown in figure 1.3 (a) where the two
monolayer stacks in the Bernal (AB) stacking arrangements (see section 2), due to the inter-
plane interaction, the charge carriers is no longer featured by massless Dirac fermions; on the
contrary, they can be described by massive chiral fermions. The interaction of the two m and

n* bands of each graphene plane produces two parabolic bands illustrated in figure 1.3.

@ massless massive (b)
Dirac fermions chiral fermions
H=v.5p H=5-p*/2m’
<=
¢ A
y. \
/
(
monolayer graphene bilayer graphene

X XX 1\ L i 3 if
AP 5
oy ( i | »
A N N Ny i! ,, 15
i O O 'I 2 ' 1
y 2 Y a1l , )‘
<

Figure 1.3: (a) Band structure of monolayer graphene and bilayer graphene. (b) Energy band diagram
of bilayer graphene with (solid lines) and without (dashed lines) a bandgap. The electronic levels form

Mexican-hat like energy bands with a potential energy asymmetry AU and a bandgap of E,

Unlike the zero bandgap in monolayer, in bilayer graphene theoretical calculations have
predicted the possibility of a bandgap opening in bilayer graphene. ® With the inter-plane
interaction, the charge carriers can be described by massive chiral fermions as illustrated in
figure 1.3 (a). The interaction of the two m and ©* bands of each graphene plane produces two
parabolic bands. In bilyer graphene with Bernal stacking structure, researchers have

investigated a bandgap by breaking the symmetry of the bilayer stack with the application of a
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transverse electrical field, which have demonstrated that the bandgap can reach values up to

250 meV. [

1.2 Properties of graphene

With this particular structure, graphene possesses various remarkable properties. It’s
noteworthy that there is no perfect graphene. In fact, there are always some kinds of defects in
as-synthesized graphene, those kinds of disorders can reduce the properties of graphene, for
example carrier mobility of graphene on 4H-SiC increases from 3000 cm?/V-sec to > 11 000
cm?/V-sec at 0.3 K after annealing under hydrogen which can eliminate Si dangling bonds.
In addition to those, monolayer, bilayer, few-layer graphene and even graphene oxide (see
section 1.3.2) have different properties. It’s not worth to make an exhaustive review for all
kinds of graphene in the following section. Most of properties mentioned below were reported
for monolayer graphene produced by mechanical exfoliation with which one can produce

graphene samples with the best quality.

1.2.1 Electronic properties

In paragraph 1.1, the special band structure of graphene was mentioned, in the low energy
region, electrons can be considered as massless Dirac fermions. Indeed, experimental results
from transport measurements show that graphene has remarkably high electron mobility. The
highest mobility was reported in suspended and annealed graphene device, the mobility can
exceed 200 000 cm?/V-sec. ! In graphene, charger carrier mobility, for both electrons and
holes, is temperature-independent between 10 and 100 K. The extraordinary mobility of
monomlayer graphene has only been observed on suspended graphene samples at low

temperatures. However, supported graphene has limited mobility due to the scattering effects



Chapter I: Introduction

of the underlying substrate that are still under investigation. ™% In neutral graphene, the Fermi

level can easily be set by adjusting the doping level.

In addition to these properties found in graphene from mechanical exfoliation, thin films of
CVD grown graphene as well as solvent exfoliated graphene or reduced graphene oxide
possess high conductivity and good optical transparency. Graphene oxide is insulator but its
conductivity can be improved by reduction treatment. Graphene grown by CVD method on
nickel, and then transferred onto an insulating substrate can produce large area films with

surface resistivity of ~ 280 €/sq and transparency beyond 80 % in the visible range. ™!

With these remarkable electrical properties, graphene has a high potential for high charge

carrier mobility applications and transparent conductive materials.

1.2.2 Optical properties

For monolayer and bilayer graphene produced by mechanical exfoliation, the measured white
light absorbance is 2.3 % and 4.6 % respectively. ™! In the visible range, thin graphene films
have a transparency that decreases linearly with film thickness. The theoretical transmittance

(T) of a free standing graphene can be given: [**!

T= (1+0.570)? ~ 1- 7a = 97.7 %

where a is the fine structure constant. It has been demonstrated that the transparency of
graphene depends only on the fine-structure constant a = 2ne?/hc = 1/137, which describes the
coupling between light and relativistic electrons. Thus the absorbance can be calculated as A

= 1-T =wa = 2.3 %, which is in excellent accordance with the measured value.

Graphene only reflects < 0.1% of the incident light in the visible region. The absorbance of
few-layer graphene is simply the product of za by the number of layers. The monolayer

8
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graphene film produced by CVD has a similar optical transmittance, 97.6%. % Indeed, the

transmittance of graphene depends on its crystal quality. And the transmittance linearly

decreases when the number of layers increases.
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Figure 1.4: (a) Transmittance of mechanically exfoliated monolayer and bilayer graphene. ™! (b)

Transmittance spectrum of mechanically exfoliated single-layer graphene. 4

1.2.3 Mechanical properties

Graphite, diamond and carbon nanotubes have remarkable mechanical properties; especially
they all have high Young’s modulus. Both theoretical and experimental results show that
graphene is not an exception in terms of mechanical properties. The reported breaking
strength for graphene is about 42 N/m, which is 200 times higher than steel. 71 The elastic
stiffness is in the order of 300-400 N/m; "1 the estimates of the Young’s modulus yielded
approximately 0.5-1.0 TPa which is very close to the accepted value for bulk graphite.

Even in graphene oxide sheets which contain defects, the Young’s modulus can still be up to

0.25 TPa, (8
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1.2.4 Thermal conductivity

Since in graphene sheet, the carbon atoms based in-plane bonding is very strong, graphene
exhibits a very high sound velocity, close to cpn ~ 20 Km/S, due to the phonon dispersion
relation in graphene. ™ This large sound velocity is responsible for the very high thermal

conductivity of graphene that is useful in many applications.

The thermal conductivity due to phonons is given by x ~ cphCy(T)A, where Cy(T) is the
specific heat per unit volume and A is the phonon mean free path. This indicates that we can
expect a large thermal conductivity because of very large cpn in graphene. In fact, from
experiments performed near room temperature, researchers obtain « ~ 3080-5150 W/mk and a

phonon mean free path of A = 775 nm for graphene flakes. %

These results indicate that graphene is a good candidate for applications in electronic devices,
since a high thermal conductivity facilitates the diffusion of heat to the contacts and allows for

more compact circuits.

1.2.5 Chemical properties

Graphene has a large theoretical surface area of 2600 m?g for monolayer graphene, #+?2
while the surface area of multilay graphene is 270-1550 m%g. *? Similar to the surface of
graphite, graphene can absorb and desorb various atoms and molecules. Weakly attached
adsorbates often act as donors or acceptors and lead to changes in the carrier concentration, so
graphene remains highly conductive. This can be exploited for application as sensors for

chemicals.

Other than weakly attached adsobates, graphene can be functionalized by several chemical
groups, like -OH, -F, forming graphene oxide and fluorinated graphene. It has also been

observeded that single-layer graphene is more reactive than 2, 3 or a higher number of layers
10



Chapter I: Introduction

of graphene. ?Y! Also, the edge of graphene has been shown to be more reactive than the
surface. ! Unless exposed to harsh reaction conditions, graphene is chemically stable

material.

1.3 Synthesis of graphene

With the above described significant properties, graphene could be applied in many
engineering fields from flexible transparent electronics to high performance electronic devices.
The development of this magic material could pave the way to future technologies featured as
faster, thinner, stronger, flexible devices. However, a key for those applications is the
development of production processes in industrial scale with a balance between fabricating

cost and materials quality. In this section, the main production approaches are summarized.

1.3.1 Micromechanical exfoliation

Micromechanical exfoliation, called also micromechanical cleavage, was used in 2004 by
Novoselov et al. to prepare single layer graphene with an adhesive tape to cleave. Actually, in
1999 scientists had reported a controlled way to cleave graphite in order to produce films with
several layers of graphene. **! Now, micromechanical exfoliation has been optimized to
produce high quality graphene, which can currently reach millimeter lateral size. ' This
method can produce the graphene with best quality. As-produced graphene can be identified
rather easily by optical microscope. The charge carriers mobility can reach up to 10’ cm?/V-s
at 25 K for a monolayer graphene on the surface of bulk graphite. %! At room temperature,
for as-prepared monolayer graphene by micromechanical exfoliation, the charge carriers

mobility is ~ 20 000 cm?/V/-s.

11
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Although this method produces graphene with the best quality, it’s impractical for large scale
applications. It still can be a method for fundamental studies. Beside the mechanical way,
people have developed other kinds of method to exfoliate graphite via electrostatic forces ')

and photo-exfoliation (i.e. laser assisted) in air, vacuum or inert environment. 28!

1.3.2 Liquid phase exfoliation of graphite and graphite oxide

In liquid phase exfoliation, the starting material is graphite. The method consists in exfoliating
graphitic materials in liquid environment with intensive energy assistance. In general, the
liquid phase exfoliation involves the following steps: (1) dispersion and exfoliation of
graphite or graphite oxide in a solvent with exploiting ultrasonic and/or surfactant; (2)

centrifugation to separate exfoliated graphene layers from un-exfoliated flakes.

(a) Liquid phase exfoliation of graphite intercalaction compounds

Graphite intercalation compounds (GICs, see section 2.2) are formed by intercalation of
atoms or molecules between the graphene planes. The intercalation process increases the
graphite interlayer spacing, and can change dramatically the properties of pristine graphite.”
The alkali metals intercalated graphite intercalation compounds (GICs), such as KCg and
K(THF)<C.s, are easy to exfoliation when they are exposed to organic solvents; %! and these
negatively charged graphene sheets form supple two dimensional polyelectrolytes. Cathelina
et al. reported that the entropic gain from the dissolution of counterion and the increased

degrees of freedom of grpahene in solution drives exfoliation process, which is spontaneous

process without using sonication.

12
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Figure 1.5: Negatively charged graphene layers from graphite intercalated compound spontaneously

dissolved in NMP. B

Beside above presented alkali metals intercalated GICs, GICs can also be produced by
intercalation of halogens and halogen mixtures. From these GICs, the expanded graphite can
be produced by thermal shock by volatilizing intercalants. The as-produced expanded graphite
can be used to produce graphene solutions with sonication. ¥ 31 Strano et al. claimed that a

predominance of bi- or trilayer graphene solutions can be produced from these GICs.

(b) Liquid phase exfoliation of graphite

In general, interfacial tension is an important factor when a solid surface is immersed in a
liquid medium. B8 A high interfacial tension between solid and liquid will generally lead to a
poor dispersion of the solid in the liquid. According to the research from Coleman’s group,
the best solvents for the dispersion of graphene have a surface tension, y ~ 40 mN/m, since
they minimize the interfacial tension between solvent and graphene flakes. % In reference 39,
they list the main solvents, which possess y ~ 40 mN/m like N-Methyl-2-pyrrolidone (NMP),
Dimethylformamide (DMF), Benyl benzoate etc, they all have a rather high boiling point that
makes it difficult to remove the solvent for successive processing. Thus, low boiling point
solvents, such as acetone, isopropanol, and ethanol even water etc, can also be used. After
exfoliation, the solvent-graphene interaction needs to counteract the attractive forces of

graphene sheets dispersed in solvent. Thus, the surfactants sometimes have to be used for
13
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stabilizing graphene flakes to avoid reaggregation of graphene sheets, especially for graphene
dispersed in water which has y ~ 70 mN/m too high for dispersing graphene. The most
commonly used surfactants to disperse graphene are sodium deoxycholate (SDC), Sodium
dodecylbenzenesulfonate (SDBS), polymer and bile salts, which are also used to disperse
carbon nanotubes. It is noteworthy that the presence of surfactant or polymer may decrease
the properties of graphene obtained (for example conductivity between graphene sheets), thus

depending on the final application one should make a compromise.

(c) Graphene oxide and reduced graphene oxide

Beside liquid phase exfoliation of pristine graphite, exfoliation of oxidized graphite and then
reduction of graphene oxide is another important method to produce graphene. The most
commonly used method to produce graphitic oxide was developed by Hummers in 1958, and
in this process graphite is oxidized by using a mixture of sulphuric acid (H,SO,), sodium
nitrate (NaNOs) and potassium permanganate (KMnO,). ! With these aggressive oxidation
treatments, the sp? structure of graphene is highly disrupted and functional groups are created
in the graphene plane, which results in insulating graphene oxide (GO). The introduction of
these functional groups, which make GO flakes hydrophilic, is essential for the dispersion of
GO in liquid after sonication of graphite oxide. Graphene oxide flakes can reach a several
microns lateral size, ) but they are defective and insulating. For example, the surface
resistivity of a thin film produced with GO can be 10 Q/sq. ¥ Thus, in order to repair the
graphene structure, reduction treatments have to be done to eliminate the oxygen-containing
groups. There are several methods to do the reduction, such as chemical reduction, like
hydrazine, 3 hydride, ¥ thermal reduction. ¥ *! Even after reduction treatment, the
attached functional group cannot completely be removed, thus for reduced graphene oxide the

electronic and thermal properties are not as good as pristine graphene.

14
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(d) Liquid phase exfoliation of graphite with superacid

Superacids have been used to disperse single-walled carbon nanotube (SWNTSs) due to
protonation of the SWNT sidewalls. ™! Na et al. reported in 2009 that superacids can also be
used to exfoliate graphite into graphene. (8! They claimed that superacid acid protonates the

graphene, which induce repulsion between layers.

Although liquid phase exfoliation method has several kinds of disadvantage, but one can
produce graphene with low cost, which can satisfy the scalable production of functional films

and composites.

1.3.3 Chemical vapor deposition (CVD)

CVD is widely used in many industry sectors to produce thin films from solid, liquid and
gaseous precursors. For producing graphene by CVD method, the metal substrate, like copper,
nickel, ruthenium, that have different carbon solubility and catalytic effect, is exposed to
hydrocarbon gas, such as methane, ethane or propane to produce high quality and large area

graphene film.

The mechanism of graphene film growth on a substrate by CVD method can be explained by
nucleation of carbon atoms decomposed from hydrocarbons and then growth of those nuclei
into large domains. ™* % The nuclei density can be controlled by temperature and gas
pressure. Thus by changing those factors, one can optimize the CVD process in order to
produce good quality large area graphene film for a given substrate. In 2010, a graphene sheet,
30 inches in diagonal, produced by Low-pressure CVD (LPCVD) on Cu foil was made, with
mobility p ~7350 cm®V 'st at 6K. The transferred graphene on polyethylene terephthalate
(PET) flexible substrate has a sheet resistance as low as ~125 Q/o with 97.4 % optical

transmittance at 550 nm. B!
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For application of graphene produce by CVD on metal substrates, the catalytic metal substrate
must be removed and graphene can be transferred onto arbitrary substrates. Figure 1.6
illustrates a typical process to transfer graphene from metal substrate. At first, graphene is
coated by a thin layer of polymethyl methacraylate (PMMA), and then the metal layer is
removed by etching, leaving only the PMMA/graphene film. This film can be transferred onto
a desired substrate. ® The transfer method can trap ionic species, located between graphene
and substrate interface, which act as scattering sources; as a result, the electrical properties of
as-produced graphene degrade. Furthermore, the etching process also results in loss of metal,
which increases dramatically the production cost, especially if oriented single crystal substrate
is used. These drawbacks limit to a certain extent the graphene production in large scale by
CVD method. But CVD method is still one of the most promising ways to produce graphene

with good quality in industrial mass production.
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Figure 1.6: Transfer process of CVD produced graphene from substrate to desired substrate. (b) wafer-
scale synthesis of graphene on evaporated Ni film and Cu foil. (c) graphene films on glass substrate; (d)

graphene films on a Si/SiO,; (e) graphene films on PET film. %

1.3.4 Thermal reconstruction
The production of graphene on SiC is also called “epitaxial growth”. The method consists of
production of graphene films by thermal decomposition of SiC above 1000 °C. For thermal

decomposition production method, the control of layer number for large area is difficult. >4

The growth rate of graphene on SiC substrate depends on the specific polar SiC crystal
surface. Graphene grows faster on the C-face than on the Si-face. **! Graphene grown on the
Si-face has mobility up to ~500-2000 cm?/V-sec, while higher values ~10 000 - 30 000
cm?/V-sec are obtained on the C-face. > *®! The high mobility on C-face is attributed to
rotational stacking faults whereas why the mobility on Si-face stays low is still under

discussion. !

Since SiC substrate is well studied for modern high frequency electronics, light emitting
devices, etc. a considerable advantage of this method is that there is no need for transferring
graphene from insulating SiC substrates to another substrate. Furthermore graphene produced
by this method is of high quality, but a challenge for this technology is to achieve large scale
productions. Compared to Si technology in electronic applications, one drawback of this
method is the production cost. SiC wafers cost almost 30 times higher than same size of Si

wafer.
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1.3.5 Chemical synthesis

Graphene can also be chemically synthesized with polycyclic aromatic hydrocarbons (PAHS),
through surface-mediated reations. There are two approaches generally used in this method.
The first is to use dendritic precursor transformed by cyclodehydrogenation and planarization
48] This approach can produce small and almost pure graphenes with a molecular diameter of
several nanometers, called nano-graphenes. Another approach is based on PAH (Polycyclic
aromatic hydrocarbons) pyrolysis at high temperature to grow the PAH into larger graphene
[57. 581 " Chemical synthesis may allow a true control at the atomic level, but the synthesis

processes are complicated, which restrains its possibility for large scale production.
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2. Graphite and Graphite Intercalation Compounds

2.1 Graphite

Graphite is an ordered carbon allotrope consisting of the stacking of hexagonal individual
graphene layers in the direction perpendicular the graphene plane (c-axis). In the c-axis
direction, the neighboring graphene planes interact by overlapping n-bands between the

unhybridized carbon 2p orbitals.

The stacking sequence of the graphene planes along the c-axis follows a typical ~ABAB—
pattern (or Bernal stacking pattern) as shown in Figure 1.7 (c). In AB stacking graphite, the
crystal unit cell consists of four carbon atoms A;, A,, B; and B, on the two layers shown in
Figure 1.7. In basal plane, the carbon-carbon bond length is a = 1.421 A, and the inter layer
spacing is 3.354 A. The AB stacking crystalline graphite is found in nature as a natural

mineral.
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Figure 1.7: (a) A top view of the unit cell of monolayer graphene showing the two atoms A and B and
unit vectors a; and a,. (b) A top view of the AB stacking bilayer graphene. The light/dark gray dots
and the black circles/black dots represent respectively the carbon atoms in the upper and lower layers

in bilayer graphene. (c) The structure of AB stacking graphite
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As mentioned in section 1, graphene is an excellent conductor of electricity. The bonding
force between the graphene planes (van der Waals interaction) is almost 1/300™ of C-C bond
strength. It is this difference between the in-plane graphene bonding and the out-of plane
interactions that cause the large anisotropic properties. The electrical resistivity of graphite is
almost one thousand times higher along the c-axis than it is in any direction in the graphene

basal plane where free electrons have greater mobility. 2%

Within the graphene plane, the binding energy is 7 eV/atom. Graphene is modeled as a zero
band-gap semiconductor. The unit cell of graphite has a weak overlap of the n-bands, with
around 0.02 eV/atom binding energy between the planes. Thus, in graphite the weak inter-
plane interaction between AB stacked graphene planes modifies the electronic structure into a
semimetallic structure. With is special semimetallic electronic structure, the graphite material
possesses the same ionization potential and electron affinity (4.6 eV), which makes graphite

an oxidant as well as a reducer in chemical reactions.

Besides the AB stacked graphite (also named 3D crystalline graphite), there is also
turbostratic graphite in which there is no stacking order between adjacent graphene layers and
the interlayer distance is larger than that of AB stacking graphite. Because of the absence of
stacking order between the graphene planes, the turbostratic graphite has modified physical
properties compared with 3D crystalline graphite. There is another common forme of
crystalline graphite called HOPG (highly oriented pyrolytic graphite). HOPG is obtained from
synthetic AB stacked graphite prepared from carbon-based precursors by heat treatment at
high temperature (over 3200°C under high pressure). % Natural graphite exhibits imperfect
structure due to defects. Pyrolytic graphite is a graphite material with a high degree of
preferred crystallographic orientation of the c-axes. HOPG is a higly-ordered form of high-

purity pyrolytic graphite. HOPG is characterized by the highest degree of three-dimensional
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ordering. The density of HOPG is close to those of natural graphite. However, HOPG displays

a better electric conductivity than that of the polycrystal graphite.

The graphite is three-dimensional (3D) layered material; it is nonporous with a surface area
typically under 20m%g. ! The open structure between the layers in graphite is an
interlamellar spacing that accepts rather easily guest species. It is often referred to as
“galleries”. Graphite can accepts a great number of different chemical elements, and many of
them can stay stably inside the lattice under certain environment. This process is called
intercalation. During the process of intercalation, graphite is “host” and accepts intercalated
“guests”. And the result of intercalation is called graphite intercalation compound, which will

be presented in the following part.

2.2 Graphite intercalation compounds and synthesis

Graphite intercalation compounds, also abbreviated as GICs, are formed by the insertion of
atomic or molecular species between graphene layers in graphite. The intercalated chemical
elements are called the intercalant. The insertion of intercalants results in the increase of
interlayer distance between graphene planes. During the intercalation, a charge transfer occurs
between the graphene plane and the intercalant species. Electron can be transfered from
graphite to intercalants, but also from intercalants to graphite (or graphene) planes. Those

kinds of charge transfer can be described in the following reactions:
xC +D > D'Cy, (1.1)
xC+A > CA (1.2)

where C, D and A are respectively graphite, donor and acceptor. D and A are not always

monovalents. There exist also higher valency compounds such as CaCg for example. %
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The reactions above are called intercalation reaction. People have succeeded in intercalating a
large number of species into the galleries of graphite. From the point of view of charge

transfer, GICs can be classified into two types: donor and acceptor.

2.2.1 Donor Intercalation compounds

For donor type GICs, the electron is transferred from the intercalant species to graphite, which
renders graphene planes negatively charged. The alkali metal, alkali earth metal and rare earth
can be intercalated into graphite. Those can form typical donor type GICs. Alkali metal GICs
are the best known and most intensively investigated donor type GICs, since they are easily
prepared. In fact, the first discovery of GICs was made with potassium more than 160 years
ago (Schaffautl, 1841). ¥ During our study, we have used potassium to synthesize different

kinds of GICs.

GICs have the ability to accept further guest species, forming so-called ternary (or higher-
order) GICs, for example hydrogen can be intercalated in the alkali metal GICs. Donor GICs
with alkali metal, alkali earth metal and rare earth metal accept third intercalant elements to
form ternary donor GICs. Usually these additional intercalants are organic compounds such as

Tetrahydrofuran (THF).

2.2.2 Acceptor Intercalation compounds

For acceptor type GICs, the electron is transferred from graphite to the intercalant species.
The graphene plane is thus positively charged in acceptor type GICs. The most well known
acceptor GICs are acid GICs, like HNO3, H,SO, —GICs etc. Acid GICs can only form under
reasonably oxidizing condition. Under intense oxidizing condition with acid, graphite is

converted to graphite oxide in which the graphite m-bonds are broken. ¥ %2 Besides acide
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GICs, chloride, fluoride and halogen species (except iodine) can be acceptors and be

intercalated into graphite to form acceptor type GICs.

Many GICs are unstable in air, with donor compounds being easily oxidized and acceptors
being easily desorbed. For this reason, most intercalation compounds should be protected
under inert atmosphere to ensure chemical stability. It is important to note that alkali metal -
GICs are in general very sensitive to oxygen, moisture and other impurities. Exposing these
GICs to air can result in rapid, irreversible degradation, sometimes even combustion. Even in
atmospheres with a very low proportion of oxygen, oxidation and desorption of the intercalant
are observed, resulting in the return of the coloured GICs sample to the grey tone of pristine

graphite.

From the electronic structure point of view, for donor type GICs, the electron transfered from
donor to graphite occupies the anti-bonding m*-band of graphene which is initially empty. For
the acceptor type GICs, the electron transfers from graphite to the intercalant, emptying the

top of the n-band of graphene.
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Figure 1.8: The electronic structures of graphene (a), graphite (b), donor GICs (c) and acceptor GICs

(d). D(E) is the density of states and E is the Fermi energy in the neutral state. %

2.2.3 Structure of potassium intercalated graphite

We introduce principally potassium intercalated GICs in this part, but it is worth noticing that
some conceptions, like staging phenomenon, stacking sequence etc, are similar to other kinds
of GICs. A remarkable structural feature in intercalated graphite is a phenomenon called
staging occurring in the c-axis direction. The potassium atoms can occupy galleries of
graphite with some periodical way. When potassium atoms occupy every graphitic gallery,
this is stage-1 KCg. The stage number corresponds to the number of graphene layers between
two adjacent intercalated atom layers. Figure 1.9 shows the staging phenomenon in graphite-

potassium compounds for stages 1< n < 3.
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Figure 1.9: The staging phenomemon in graphite-potassium compounds

The stage dependenc of the c-axis lattice spacing . is given by

Ic(A) = ds + 3.35(n-1) (1.3)
where n is the stage number, and d; is the interlayer distance of a fully-intercalated gallery.

The charge transfer in different stage leads to characteristic colour properties of those
compounds. These colours are related to the electronic band structure of the compounds and
thus related to the charge density. Pure KCg is a golden-orange colour and KC,4 a metallic
blue. Higher stages become progressively greyer until indistinguishable from the grey of
unadulterated graphite. The purity of the staging in a sample can easily be identified by
observing the sample colour. If one sample is homogenous then the sample has a high degree
of purity, especially for low stage compounds. This method was used to select the best quality

samples for experimentation.

Figure 1.10: Model for KC8 according to Rudorff showing the stacking of graphite layers (networks of

small solid balls) and of potassium layers (networks of large hollow balls). The graphite and
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intercalate layers are arranged in an AaABAYAS stacking sequence, where A refers to the graphite

layers and the Greek letters to the intercalate layers. !

In potassium GICs, there are two competing forces. First, as illustrated in figure 1.10, the
potassium atoms tend to be located at the hexagon centers due to the strong graphite
corrugation potential. This would cause the opposing basal planes to overlap in an A | A
sequence, where the vertical bar represents the potassium layer. Second, graphite planes tend
to form its original stacking order, ABAB. It is the competition between these two driving
forces that leads to the formation of discrete GIC stages. At low metal concentrations like
KC,4 and KCg, it is energetically favorable for metal layers to only occupy every 2nd and 3rd
graphite gallery, respectively. The non-intercalated layers can maintain a staggered AB
sequence, while the intercalated layers have an A | A sequence. If the potassium concentration
is increased further, the system will eventually reach KCg stoichiometry. The actual
concentration of potassium within the GIC is determined by its relative chemical potential in
the intercalated phase and in the vapor phase. By controlling the graphite temperature and the
potassium vapor pressure (via the temperature of the melt), different potassium GIC stages

can be synthesized (see Figure 1.11).

The stage 1 KCg has AcABAYASA stacking sequence. ! For the stage-2 and higher stage,
there is no well characterized stacking sequences. Nixon and Perry recommended the
following stacking sequence: ©*°!

Stage 2 AB|BC|CA|A
Stage 3 ABA| ACA|A

Stage 4 ABAB | BCBC | CACA |
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An in situ X-ray diffraction study of the potassium GICs allowed to identify stages 1 to 7, the
investigation shows that there is no appreciable evidence of the intermediate state in which
intercalants are passing through the phase boundary region so that the c-axis disorder occur.!®®!
When potassium is inserted into the host graphite, the interlayer spacing expands from 3.35 A

to 5.40 A. Meanwhile the unintercalated galleries keep at 3.35 A.

2.2.4 Synthesis of graphite intercalation compounds

In the long history of research on GICs, a number of different methods have been developed
to prepare graphite intercalation compounds, such as the two-zone vapour transport technique,
the liquid intercalation method, the electrochemical method and cointercalation techniques. 2
The objective is to bring the intercalant species in contact with graphite and have them
sufficiently mobile in order to insert the intercalant into the galleries of graphite. For this
reason, it is usually necessary to have the intercalant into either the gaseous or liquid state.
For potassium GICs, the most common method is the vapour transport technique because this
method allows us to obtain well-staged samples. In this method, the most important synthesis
parameters are temperature and vapour pressure. Because we applied this method to make
different stages of potassium GICs during our studies, we focus on the two-zone vapour

transport technique in this part.

In the two-zone vapour transport technique, the intercalant metal potassium and graphite are
placed separatively in a reactor. Then the reactor is sealed and evacuated as illustrated in
figure 1.11. The sealed reactor is placed in an oven where the temperature can be carefully
regulated. The intercalant is typically heated at some temperature T; to vaporize the potassium.
In the graphite zone, which is some distance away, the temperature Ty will be regulated in

function of the desired stage of compound. The vapour is then taken up by the graphite. A
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well controlled thermal gradient, T4-T;, is placed over the two zones. The compounds with
desired stage are produced by the difference in vapour pressure over metal at temperature T;

and graphite at temperature Tq (Tg > T;).

Metal Graphite
Glass tube

Ti = \ ( Tg

c > J —
(a)
T4

C D —

(b)

Figure 1.11: (a) Two-zone vapour transport technigque. (b) One-zone vapour transport technique

An excess of intercalant can be used for two-zone vapour transport technique as in this
method, the vapour pressure gradient/thermal gradient (T4-T;) is the key issue to determine the
maximum amount of intercalation and thus the staging of the sample. The smaller values of
Tg- Ti produce compounds with lower stage as shown in figure 1.11. It should be notice that
with increase of stage number it becomes more difficult to produce homogenous staging
samples. The time taken for intercalation to be finished completely depends strongly on the
intercalant species, the amount of intercalant in the reactor and the microstructure of the host
graphite. For example, small and thin graphite are easier to be intercalated and the resulting
compounds are more well-staged and homogeneous. Also single crystal graphite flakes
intercalate more readily than highly oriented pyrolytic graphite (HOPG) and carbon fibers. ¢
%] Typical time can range from a few seconds for easily-intercalated metals like potassium in

graphite, to many weeks for the alkali-earth or rare-earth metals in HOPG. ! Once the
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intercalant enters in graphite, the intercalant must remain mobile in order to create a
homogenous structure and so a process of annealing is used for a further period of time
dependent on the temperature and the intercalant species. This allows the diffusion of
intercalant ions and the creation of homogenous compounds. Beside this two-zone vapour
transport technique, one can also use one-zone vapour transport technique shown in figure
1.11 to produce low stage compounds. Unlike two-zone vapour transport technique, the
intercalant is sealed in the same space as graphite. In this way, there is no thermal gradient;
the desired stage is produced by placing an accurate amount of intercalant and graphite in the
reator and the amount is determined by their stoichiometry, as KC,4, KC3g etc. Cointercalation
IS a process where two or more species are intercalated at the same time. For example, lithium
alloys can be used with other metals that do not intercalate alone; in this case, both lithium
and other species can enter graphite. [ Electrochemical techniques are also a commonly
used technique to prepare GICs, especially for acid intercalants. Graphite serves as the
working electrode, held by a platinum cap. The second platinum is employed as the counter

electrode. In this method, the stage is controlled by the electrode voltage. 1° !
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Figure 1.12: Isobar for growth of graphite-potassium GICs showing intercalant uptake versus

temperature difference T,4-T; between graphite and potassium. (29
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Liquid method is very useful technique to synthesize ternary GICs. In this method, graphite is
immersed in solutions of the intercalant to produce GICs. For example, organic solvent
tetrahydrofuran (THF) is a polar solvent with a strong affinity for donor metals. The solutions
penetrate graphite very well, with the electrons going to the carbon layers and forming metal-
THF-GICs. Another example is ammonia. | once used solution of potassium in THF, and then

added pure degassed graphite to create ternary GIC K(THF)C,4 which is a stage 1 GIC.
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3. Transparent conductive electrodes

Transparent conductive electrodes, being electrically conductive and optically transparent,
play an important role in information and energy technologies. These materials, particularly
for the current market of transparent conductive oxides, are widely exploited as transparent
electrodes across technical fields from liquid crystal display (LCD), touch panels to electronic
paper (e-paper), solar cells and low-emissivity coatings etc. LCD with annual growth of 9 %
is still the largest usage of transparent conductive materials. But the rise and booming
development of SmartPhone, which are always equipped of touch panel (annul growth of
20 %), and thin film solar cells enhance strongly the demand of those materials in foreseeable
future. Over the last decade, the increasing demand in electronic devices, which require
transparent conducting electrodes, draw researchers both from industry and academic research

world into this field.

The most commonly used transparent conducting materials today are transparent conducting
oxides. Those kinds of materials have been studied for over half century, especially indium tin
oxide (ITO) and Zinc oxide. Those materials have been widely used in industry, and they are
still the first choice because of many good properties they offer. However, they do have
certain drawbacks. Since the increasing demand for raw materials, especially indium which
suffers from its scarcity of supply, as consequence the price of indium have increased rapidly
(from 100 $/kg in 2002 to 600 $/kg in 2012), scientists are currently searching for alternatives
to indium tin oxide. Moreover, due to brittleness feature of ITO the current devices are
typically built on rigid substrates, such as glass. And the new trend is lean to the development
of flexible devices, even wearable electronic devices. ITO is apparently unsuited for such
applications. Thus, the next generation of transparent electrode materials listed in table 1.1,

such as conducting organic materials, carbon nanotube, graphene and metal nanowire
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networks, as well as regular metal grids, have been rapidly developed and investigated. In this

section, a summary of those materials will be made.

ITO 100-200 >90 10-25 1.4 120 $/m?
PEDOT:PSS 15-33 80-88 65-176 3-5 2.3$/ml
Silver NWs ~ 160 92 100 ~1.2 40 $/m?

CNT 7 90 500 ~11 35 $/m?
Graphene 0.34 90 ~35 ~7 45 $/m?

Table 1.1: Properties of different materials for transparent conducting electrodes '

3.1. Transparent conducting oxide

Glass fibers are electrical insulators, but they are almost lossless light conductors. Whereas,

depending on dopant, silicon and semiconductors can be electrical conductors, but they are

generally optical resistor. Transparent conducting oxides (TCOs) can be tuned from insulating

via semiconducting to conducting as well as their transparency adjusted. They can be

produced as n-type and p-type conductors. In transparent conducting oxides, the nonmetal

part, B, consists of oxygen, while by combining with different metals, A, they lead to

semiconductors, AyB,, with different opto-electrical characteristics which can be changed by

doping, like AyB,:D (D=dopant, like metals, metalloids or nonmetals). [T Up to this time, for

TCOs compounds, tin-, indium- and zinc oxides, which means A can be tin, indium and zinc,

have provided outstanding good optical characteristics, hence, those compounds have been
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largely developed and studied. The well known examples are indium tin oxide (ITO) and the

zinc oxide doped with aluminum (ZnO:Al). ['™

3.1.1 Indium Tin oxide (ITO)

Indium tin oxide (ITO) is a solid solution of 90 %wt indium oxide (In,O3) and 10 %wt tin
oxide (SnOy). ITO is the most widely used transparent conductive oxide materials not only
because of its excellent properties both in electrical conductivity and optical transparency, but
also its production techniques are very mature after its development for about half a century.
[72] Several methods can be used to deposit the yellowish colored ITO bulk materials onto
desired substrate to form transparent and colorless thin film, such as ion assisted plasma
evaporation, low temperature electron beam evaporation, radio frequency magnetron

sputtering, and thermal evaporation or pulsed laser deposition. ['>7®!

ITO has some drawbacks associated with its properties and economic issues. ITO is a ceramic
materials, it can crack at relatively low strains of 2-3 %. ["®! Furthermore, salts or acids present
in the environment can cause corrosion of ITO layer, thus the application range of ITO are
limited. " And another important threat is coming from its high cost due to materials supply
and deposition process. In ITO, nearly 75 %wt of elements are indium, and indium is a rare
metal. All of those disadvantages lead scientist and engineers to find new materials for its

replacement.

3.1.2 Aluminum Doped Zinc Oxide
As transparent conducting thin film material, aluminum doped zinc oxide thin film contains
different dopants and can be produced by different techniques, such as electron deposition,

plasma enhanced chemical vapor deposition, atomic layer deposition etc. Normally, pure zinc
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oxides are with aluminum, it can also be doped with other metals such as Cu, Ag, Cd, Sn etc.
Those dopants can change properties of produced zinc oxide. The substrate also have an
influence on the grown structure of zinc oxide, thus the opto-electronic properties of the thin
film can be changed.["™ With its properties, beside transparent electrodes, zinc oxide can also

be used as varistors, piezoelectric devices and transparent oxide thin film transistors.

3.2 Conducting polymer

Polymers are typically used in electrical and electronic applications as insulators because of
their high resistivity. However, there are several semiconducting polymers that have been
developed so far, including conjugated conducting polymers, charge transfer polymers,
ionically conducting polymers and conductively filled polymers. Each polymer has already
found widespread use in many applications, mainly optical and electronic applications, such

as batteries, displays, solar energy conversion and optical signal processing etc...

In this section, we will focus on electrically conducting polymers. Polyacetylene was the first
reported polymer to demonstrate high conductivity with addition of p or n-dopants.’”? In the
1980s, scientists found electrical conductivities in some commonly used polymers, such as
polyprrole, polythiophene and polyaniline etc, via chemical doping. Among those polymers,
two main polymers, polythiophene and polyaniline, gain much attention both in fundamental
and application level due to the ease of manipulation and their stabilities after dopant. The
most commonly used polythiophene materials, PEDOT stabilized by polystyrenesulfonic acid
(PSS), has received the largest technical and application success. PEDOT: PSS can exhibit a
resistivity as low as 7x10* Q-cm. "® The conducting polymer’s electronic conductivity

results from polaron and soliton species formed from the charge doping in the polymer
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backbone. The PSS performs two critical roles in that it stabilizes the positive charges as well

as adding aqueous solubility to the PEDOT oligomers.

Even though the conductivity of conducting polymer is lower than that of transparent
conducting oxides, conducting polymers can still be used in transparent conductive devices,
displays and organic light-emitting diodes (OLED). The expectation that electronics will
gradually move towards flexible formats requires non-brittle transparent conductors. The non-
brittle nature of polymer films can minimize defect generation during fabrication process.
Conducting polymers are often used as a thin coating over ITO in many devices for enhanced
charge injection. And conducting polymers can be used in flexible transparent electrodes, but
for widespread application of conducting polymer there is still one important issue to be
overcome, its stability. The properties of conducting polymer electrodes can degrade with

exposing the materials to high temperature, humidity and UV light. [’

3.3 Metal thin film and nanogrids

Metals possess a very high conductivity at room-temperature; however, ultrathin metal films
demonstrate poor sheet conductance due to electron scattering from the surface and grain
boundaries. Over last decades, several metal based nanostructures have been developed for
achieving high performance in optical transparency and sheet resistance. Like many other
materials, metals become more transparent as the thickness decreases down to nanometers
ranges, however, their sheet resistivity increase sharply at this thickness. Scientists have
succeeded in producing ultrathin continuous metal film with a thickness of less than 10 nm
with nickel, which demonstrates sheet resistance between 30-1200 /sq and transmittance

between 40-80 %. [
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To exploit the performances of metal based transparent electrode, one approach is metal
nanogrid with periodic metal lines. Because the thickness of the metal lines is much larger
than that of metal films, electron scattering due to the substrate and grain boundaries decrease,
therefore the conductivity increase. But one consideration should be taken account; the line
width of the metal mesh is subwavelength to provide sufficient transparency. Y Different
methods have been developed to enhance the performance of metal based nanostructure, like
metal grid and solution-processed silver nanowire network. The transparent conductive film
prepared from solution-processed Ag nanowire demonstrates excellent performances with a ps
value of 13 Q/sq and transmittance of 85 %. % In an effort to decrease cost, solution
processed copper nanowire and nanofibre have been studied, which show good performances
in terms of transmittance and sheet resistance, ~20 /sq with transmittance of 60 % for
copper nanowires and 200 Q/sq with transmittance of ~96 % for copper nanofibre. ¥ 84
Metal nanostructure-based transparent electrodes exhibit good performance in terms of optical
transparency, electrical conductance and relatively good flexibility; they can fin applications
in many optoelectronic devices such as displays, touch screens and solar cells. With its
particular performance, the metal based nanostructures are promising candidates for next-
generation transparent electrodes. However, to fully integrate these new electrodes into
commercial devices, challenges such as long-term environmental stability, contact resistance,

uniformity, defects, must be overcome.
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Figure 1.13: (a) Scanning electron microscopy image of an as-fabricated metal electrode, ! (b) Ag
nanowire (NW) ink in ethanol solvent with a concentration of 2.7 mg/mL; (c) Scanning electron
microscopy images of an Ag NW mesh on a plastic substrate. The red dashed line indicates the

electron transport path. (*!

3.4 Carbon nanotubes

Carbon nanotubes (CNTSs), with their cylindrical nanostructure, have shown very exciting
properties. They have a high aspect ratio of typically 1000 or greater with a diameter of a few
nanometers. It is well known that CNTs have a high elastic modulus of 1-2 TPa. The charge
carrier mobilities of individual CNTs can be in excess of 100 000 cm?/Vs. (8! After extensive
studies performed on CNT synthesis, purification and dispersion, CNT can finally be used to
produce thin film. Unlike conventional ITO film, CNT films exhibit excellent flexible
characteristics, which make CNTs premising materials for producing transparent conducting

films.

Many techniques can be used to produce transparent conductive CNT films, including both
dry and solution processing methods. In most dry processing methods, a nanotube film is first
grown on substrate by CVD method, and then the nanotube film is transferred from the
substrate to a flexible substrate. There are a number of reported methods to transfer CVD-
grown CNTs. Commonly, a metal layer is deposited on top of the CNTs film and a “transfer
substrate” such as PDMS or heat release tape is used to transfer the Metal/SWNT layer from
the original to the receiving substrate. ¥ Then the metal layer is removed by using chemical
etchants, see figure 1.14. Although CVD-grown nanotubes generally yield better electrical
performance, the CNTs film fabrication processing is relatively complicated. Thus, solution
based methods are preferred because of their simplicity and compatibility with existing

coating processes. The production of transparent conductive film with CNTs includes
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generally three steps: (i) CNTs treatment; (ii) CNT-solution preparation, and (iii) film

preparation.

Nanotube Gold/adhesive tape

Receiving substra

Figure 1.14: Schematic diagram of CVD-grown SWNT film transfer from quartz substrate to glass or

PET substrate. 7

In 2004, Wu et al. found that the CNTs were capable of forming robust random network in a
transparent film and provide low sheet resistance and high transmittance with a few of CNTSs.
881 They used filtration method to filter surfactant-based suspension of purified nanotube onto
a filtration membrane. After washing away the surfactant, the film can be transferred onto the
desired substrate by dissolving the filtration membrane in solvent. The as-prapered SWNT

film with thickness of 50 nm displays a sheet resistant of 30 Q/sq and transmittance of 70 %.
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Figure 1.15: Transparent single wall carbon nanotube films. (A) Films of the indicated thickness on
guartz substrates. (B) A large, 80nm thick film on a sapphire substrate 10cm in diameter. (C) Flexed
film on a Mylar sheet. (D) AFM image of a 150-nm-thick SWNT film surface (color scale: black to

bright yellow, 30 nm). 88!

In addition to vacuum filtration, there other simple deposition techniques which are useful for
CNTs transparent film production. From well dispersed CNT solutions, transparent
conductive CNTs film can be produced by spray coating, % spin coating, °® dip coating,
and draw-downs using a Mayer rod coating bar. ¥ Spray coating consists in spraying CNT
solutions onto the surface of a heated substrate. For spray method, heating the substrate is
important so that the sprayed droplets dry immediately when they reach the substrate surface,
thus avoiding the “coffee ring” effect which effects homogeneity of film. Mayer bar coating is
one of the most popular coating techniques in paint industry. The Mayer rod is a stainless
steel rod that is wound tightly with stainless steel wire of varying diameter. The rod is used to
remove the excess coating solution and control the coating weight. The coating thickness is

controlled by the diameter of the wire used to wind the rod. By controlling the solution

concentration and quantity of CNTs solution used, the film density can be easily controlled.
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Another advantage of these methods is that after formation of large-area continuous CNTSs
film, conventional photolithography and reactive ion etching can be applied to remove the
unwanted SWNTs materials on the surface, which enable the produced transparent electrode

to satisfy the end application that requires some patterning in the transparent conducting film.

Beside those methods, CNT ink can be deposed onto large area of plastic substrate by roll to
roll coating. This technique can coat film of 2 m wide with a speed of 500 m/min. ** The ink
printing methods can obviously increase throughput of large-area CNTs films, and with this
lithographic technique, one can also avoid the wasting of material, then reduce the production
cost. In this regard, several groups have studied ink-jet/aerosol printing method to make
SWNT film for application in flexible electronics.l®® Kordas et al. reported large-area CNTs
film printed on paper and on flexible polymer substrates by using a commercially available

ink-jet printer. ¢!

Figure 1.16: a) CNT film spray coated onto large area plastic substrate. ** b) Mayer rod coating ¥?.c)

roll-to-roll technique printed CNTSs film. d) Inkjet printed CNT lines. %
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For CNTs film, its conductivity is the most important factor. And this property of CNT
transparent film is limited by the large junction resistance between nanotubes. The magnitude
of this inter-tube resistance is typically on the order of 200 KQ~20 MQ, P while the
resistance along a single tube one micrometer is ~ 6 KQ/um. °® Therefore, in CNTs films the
resistance is dominated by the inter-tube resistance. One can conclude that longer CNTs could
produce high performance CNTs film, but it will be more difficult to disperse longer CNTs in
solvent. Another method to reduce the inter-tube junction is to control the alignment of
SWNTs. The alignment of SWNTSs is achieved either by the application of an external force
such as electric field, liquid flow, centrifugal force, or by self-assembly methods such as
convective flow. % 1 From current development of emerging transparent conductive
materials, CNT, graphene and metal based nanostructures, CNTs are perhaps the most

promising and mature technology for application in transparent conductive electrodes.

3.5 Graphene

Graphene is an emerging material being studied both for fundamental science and application.
Recent advances in the synthesis and characterization of graphene indicate that it would be
suitable for future electronic applications including as a transparent conductor. Graphene can
be produced by several methods, but not every method is adequate for producing transparent
conductor. Graphene produced from liquid-phase route could be ideal for coating because this
would enable the relatively low-cost methods, like spin-coating, and spray coating to be used.
Graphene synthesis by chemical vapor deposition are also promising candidates for

transparent conductor, especially for large area and high quality demand.
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Among all graphene production method, it seems that CVD technique is one of the most
promising routes to synthesize near perfect graphene. The decomposition of carbonaceous
sources at high temperature and growth on metallic substrates leads to high quality graphene
films which are comparable to the pristine graphene exfoliated from HOPG. Once graphene is
grown on metal substrates, one can use the method illustrated in figure 1.6 to transfer
graphene on flexible substrates. The properties of as-transferred film can be varied from 280
Q/sq with transmittance of 80 % to 350 Q/sq with transmittance of 90 %. %1% Researchers
have found optimal catalysts and conditions to produce large area monolayer graphene by the
CVD method. The recent record is 30 inch graphene producd by CVD on copper substrates,
and then graphene was transfered onto PET substrate. This large area graphene films
demonstrate outstanding properties with ps ~ 275 Q/sq for single layer and ~ 40 Q/sq for four

layer graphene films after p-type doping with HNO3. ¥

100
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Figure 1.17: (a) A transparent, 35-inch flexible PET sheet supported ultralarge-area graphene film,
which was synthesized by chemical vapor deposition (CVD); (b) Ultraviolet-visible (UV-vis) spectra
of the CVD graphene films with 1 to 4 layers. The inset in (d) is the comparison of transmittance of a

10 nm thick thermal reduced graphene film (red), ITO (black) and fluorine tin oxide (FTO, blue). !
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Liquid phase route provide another way to produce graphene films. The sonication and/or
surfactant involved exfoliation of graphite in organic solvents has been shown to be efficient
and low cost method to produce suspended graphene. Due to the nature of dispersion of
exfoliated graphene, vacuum filtration, spray coating, Langmuir-Blodgett (LB) techniques can
be used to produce graphene films. By wusing graphene dispersed in DMF
(Dimethylformamide) solvent without surfactant, Novoselov et al. reported spray-coated
graphene film with ps ~5 K€/sq and transmittance of ~ 90 %. "% For surfactant stabilized
graphene dispersions, small graphene flakes can assemble to form a monolayer graphene film
at the water/air interface. By repeating LB cycles, Dai et al. reported graphene film with ps ~8
KQ/sq and transmittance of 80 %. 4 Compared to spray-coated film, they claimed that the
higher resistance of these LB method produced films could be attributed to the small size of
the graphene sheets and the presence of surfactant molecules between the graphene flakes.
Vacuum filtration can also be applied to produce homogenous films with surfactant stabilized
graphene dispersions. In this way, graphene films with ps ~ 4 kQ/sq and transmittance of ~ 80 %
after 500 °C thermal annealing have been obtained. % Even though the liquid exfoliation
methods can produce graphene in large scale and low cost, the resistance of these films is still
quite high when compared to pristine graphene because of the large contact-resistance
between the adjacent graphene sheets and the presence of adsorbed solvent molecules and

surfactants. 310
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Figure 1.18: (a) Light transmittance through an original glass slide, the right side covered with
graphene film. (b) Scanning electron micrograph (SEM) of a thin graphene fi Im obtained by spray-
coating from a liquid phase exfoliated graphene dispersion. ™! (c) Photograph of a two- layer
graphene film fabricated by the Langmuir-Blodgett (LB) technique from the surfactant stabilized
graphene dispersion (scale bar is 10 mm). (d) Transmittances of one-, two-, and three-layer graphene
films. (e) Resistance and transparencies of one-, two- and three-layer LB graphene films. % (f)
Photograph of 6 nm thick graphene film on PET substrate prepared by filtration and transfer process
from the surfactant stabilized graphene water dispersion. (g) SEM image of the surface of graphene

film. ™% (h) Transmittance plotted as a function of Rs for both as-produced and annealed films. %!

Reduced graphene oxide (rGO) is another low cost method to produce graphene on a large
scale. Due to its low cost and easy solution processing, a great number of studies have been
made to improve the electronic properties of rGO. Using well dispersed graphene oxide (GO)
and reduced graphene oxide is another way to the production of graphene based transparent
conductor. Graphene oxide film can be easily prepared by spray-coating, dip-coating, spin-
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coating, vacuum filtering and LB techniques. With oxygen-containing groups presented on
graphene oxide flake, the suspended GO flakes can form monolayer on desired substrate by
using LB technology. ™ Spin-coating is also a convenient way to produce GO transparent
film, and with this method the thickness of the film can be easily adjusted by the spin-coating
speed and the concentration of the GO dispersion %, The in-plane conductivity in reduced
graphene oxide film is much higher than that in the vertical direction because of the large
resistance in the junction between two rGO sheets. %! Therefore, the preparation of ultra-

large GO flakes is interesting because of the reduction of inter-junction resistance.

Figure 1.19: (a-d) SEM images showing the collected GO monolayers on a silicon wafer at different
regions of the isotherm. Scale bars in (a-d) represent 20 um. % (e) Schematic of the resistance of
RGO nanosheets between two electrodes and the corresponding resistor network model (bottom). 1%
(f) Photograph of an unreduced (left most) and a series of high temperature reduced GO films prepared

by spin coating with increasing thickness. **!

The oxygen content in insulating GO is as high as ~ 40 wt%, which can strongly disrupt the

pristine sp’ structure. In order to increase the conductivity, the sp? structure has to be repaired.
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Thermal and chemical reductions have been used to improve the electrical properties of GO

films.

Beside the methods mentioned, a method to improve the conductivity of graphite oxide films
is to fill the graphene oxide film with conductive filler material. Watcharotone et al. reported
a film produced from mixture of silica matrix and GO. Then the film was thermally annealed.
The film demonstrates a conductivity of 0.45 S/cm with transmittance of 94 %. M Since
carbon nanotubes are being actively studied for use of transparent conductors, the films

produced with mixture of graphene oxide and carbon nanotube were also reported. ! Their

properties are shown in table 1.2.

Graphene Material Sheet resistivity Transmittance Reference
exf-graphite SKQ/sq 90% [103]
exf-graphite 8KQ/sq 83% [104]
exf-graphite 1K-1MQ/sq 35-90% [105]

rGO 1.8KQ/sq 70% [112]
rGO 1 KQ/sq 80% [113]
rGO 5 KQ/sq 80% [114]
rGO 11 KQ/sq 96% [115]
rGO 70 KQ/sq 65% [116]
rGO-silica 0.45S cm™ 94% [110]
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rGO-CNT 240Q/sq 85% [111]

rGO-CNT 151KQ/sq 93% [117]

Table 1.2: Resistivity and transmittance for graphene film.

Graphene-based transparent conductors are listed in table 1.2. From these results, for solution
processed graphene, the graphene-CNTs hybrid seems to be the most promising way for
producting transparent conductive film. This method is relatively low-cost and scalable, and

prepared films can be deposed on flexible substrate.
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4. Conclusion

Graphene, a one atom thick layer of carbon material, is the basal plane of graphite. It is
mechanically stable, optically transparent, chemically inert and an excellent electrical and
thermal conductor. These properties make graphene a promising candidate for various
applications, like transparent conductor, electrodes with high surface area and very low
electrical resistance for energy device, transistors operating at higher frequency, composite,

chemical sensors etc.

The production of graphene is essential for its applications. Currently, there are several
methods being developed and used to prepare graphene of different shapes and quality. For
example liquid phase methods can produce scalable and low-cost graphene with lateral
dimension of micrometer and nanometer, CVD method can produce large area and high
quality graphene films. But it’s worth to notice that each kind of produced graphene
corresponds to different applications. Graphene or reduced graphene oxide flakes, which
contain more defects, can be exploited for composite materials, conductive paints etc. High
quality graphene can be used for high-performance electronic devices. The application
depends very much on the quality of the material which is determined by the production

method.

Transparent electrodes are one necessary component in many modern electronic devices, such
as touch screens, LCD, solar cells etc. ITO is still dominant in the transparent electrodes
market. Since the market of transparent electrodes is rapidly growing and scarcity of indium,
there is need to find a replacement for ITO. Currently, several materials have been developed
for application in transparent electrodes, like CNTs, metal-base nanomaterials. Up to now
there have been a great number of reports which suggest that graphene is indeed a promising

transparent conductor. Novel graphene-based transparent electrodes on flexible substrates for
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organic electronics show excellent flexibility. Depending on applications, the industry
requires different kinds of transparent electrodes, which means that graphenes with different
performances can be used in different kinds of electronic devices. Although the liquid-phase
produced graphene films have significantly lower conductivity than that of CVD graphene, it
still works in certain applications, like OFET (organic field-effect transistor) and LCDs. The
availability and esay processhility of graphene on substrates or on liquid phase have already
shown to be premising as transparent electrodes in organic electronics. There will be many
improvements in this direction in the near future. Carbon is once more paving the way toward

new advanced materials, this time towards light, flexible, resilient and efficient directions.
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Chapter I1: Characterization Techniques and
Experimental Methods

In chapter I, we presented that graphene have attracted great interests in both fundamental
sciences and industrial technologies due to its excellent electronic, mechanical and thermal
properties. Only after a few years of study, graphene based materials have shown promising
performances for high-performance nanoelectronis, transparent conductive electrodes,
composites etc. To pave the way to applications, several production methods which can be
scale-up have been developed to synthesize graphene and its derivatives materials such as

graphene oxide (GO).

Different production methods can produce graphene materials with different quantities,
properties and cost; in consequence, graphene produced from different methods corresponds
to different applications. Before applying graphene materials, one key issue is to
identify/characterize these thinnest two dimensional nano-materials. Especially for graphene
produced by exfoliation methods, both their thickness and lateral dimension are in nano-scale,
and the characterization studies of these graphene are therefore complex. Characterization is
also crucial for studying the microstructures of graphene such as surface morphology, degree
of wrinkles, overlaps, and folds of individual sheets, which heavily affect the properties of
graphene. Meanwhile, the characterizations results can provide immediate feedback to
improve production and processing methods. In general, there are several common techniques
and methods that have been applied to characterize graphene: such as (i) optical microscopy;
[ (ii) AFM (Atomic Force Microscopy); ™ (iii) STM (Scanning Tunneling Microscopy); 1!
(iv) TEM (Transmission Electron Microscopy); ' (v) Raman spectroscopy; ' (vi) SEM
(Scanning Electron Microscopy) [ etc. Each technique has its advantages and requirements.
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In this chapter, we will not give a state-of-the-art concerning all characterization results
obtained from graphene materials. Instead, we provide some general aspects about the
techniques that we have largely used during our study. Some overview of current

characterizations results concerning graphene will also be included in this chapter.
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1. Atomic force microscope (AFM)

1.1 Principle of AFM

Unlike the traditional microscopes, such as optical or electron microscopes which rely on
electromagnetic radiation, the AFM does not rely on photon or electron beams to create an
image. The images obtained from optical and electron microscopes are typically in the plane
horizontal to the surface of observed samples. These microscopes do not give information
about vertical dimensions of a sample. AFM is a mechanical imaging instrument which can be
used to measure three dimensional topography and physical properties of materials with a
sharp probe. This sharpened probe is positioned close enough to the sample surface so that it
can interact with the force fields associated with these studied surfaces. In AFM, an image of
the surface is reconstructed by monitoring the precise motion of the probe as it is scanned
over the surface. The probe of an AFM is typically less than 50 nm in diameter and the areas
scanned by the probe are less than 100 pm in laterl size.”” The atomic force microscope
(AFM) was invented and introduced by Binning, Quate and Gerber in the mid-1980s. It was
based on the scanning tunneling microscope (STM) and took advantage of the existence of

strong inter-atomic forces between atoms from specimen surface and the scanning tip.

In AFM, the force between the nanoscopic probe and the surface is measured with a force
sensor. The typical force sensor is constructed with light lever in which the laser beam is
focused on the backside of a cantilever and reflected into a photo-detector. The interaction
between the probe located at the end of cantilever and the sample can bend the cantilever. As
a result, light path changes, which can cause the amount of light in the detector to change. The
output of the force sensor is then sent to a feedback controller which can control a Z motion
generator. The feedback controller uses the output of force sensor to maintain a fixed distance

between the probe and surface of the observed sample. X-Y motion generators are applied to
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move the probe over the surface in the X and Y direction. The motion of the probe is

monitored and used to create an image of the surface.

Laser Photo detector -V Motion Image Qut ~1==="===r===n 1
Generator —p 1
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< So Z Motion
Generator = Feedback
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! kAF_L———.
Sample | |
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Figure 2.1: (a) lllustration of cantilever force sensor; (b) Basic block diagram of AFM.

1.1.1 AFM tip
One of the most important parts in AFM is the probing tip, because AFM generates image
with the aid of a sensing tool, the tip. The AFM tip is micro-fabricated, as shown in figure 2.2,

as a particularly sharp point made of solid material, like Si, SiO, or SiC.

Spring

Tip

(a) (b)
Figure 2.2: (a). Scanning electron microscope (SEM) image of an AFM tip used to probe the structure

of a sample surface; ") Magnification approximately x 10,000; (b). Spring depiction of cantilever
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The tip, which must have good elastic properties in the used range, is installed at the end of a
cantilever. The cantilever allows the tip to move up and down in the z-direction. The force
constant of the cantilever is suited to respond to the force between the tip and the sample. The
resolution of an AFM depends strongly on the shape of the tip.The smaller and sharper the tip
the better the AFM image. ¥ The deflection of cantilever as a spring can be converted to force,

according to Hooke’s law:
F=-k-d (1.2)

Where k;, is the force constant of the cantilever (typically ~ 0.1-1 N/m) and d is its

displacement. The minus sign indicates the force is opposite to the displacement of tip.

1.2 Modes of AFM

In general, AFM has three operating modes for imaging: the contact mode, semi-contact mode
and non-contact mode. In these three modes, the cantilever scans across sample surface, and
the topography of a sample is produced by cantilever deflections. As tip approaches the
surface, an attractive force (non-contact region) is experienced on the tip due to the long-
range atomic potential. The attractive force is exerted on the tip until equilibrium point where
the attractive force reaches its maximum. Over this point the repulsive component of the
atomic potential starts to be larger than the attractive part. This is the contact region. The

region around the minimum is used in the intermittent contact mode (tapping mode).
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Figure 2.3: Plot of force as function of probe-sample separation

1.2.1 Contact mode

When the studied samples are sufficiently hard, i.e. metal and ceramic materials etc, using the
tip in contact mode is appropriate, and the tip is in close contact with the sample surface. For
softer samples, this mode may destroy the surface. An advantage of the scanning under

contact mode is that it can be executed in air, vacuum and fluid environments.

Figure 2.4: Schematic of nano-indentation performed with AFM in contact mode on suspended

graphene membrane (left); AFM image of a fractured graphene membrane (right). ©

In this mode, care must be taken to keep the tip always in close contact. This can be obtained
by using an appropriate feedback to maintain the deflection signal at the set point value. The
set point value should not be too far from the zero deflection level, for example the tip should
not be pressed too much on the surface, because this might result in the destruction of the tip

and of the surface. On the other hand, a too small difference between the value of set point
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and the zero deflection level could cause instabilities in the tracking system. [”! The contact
mode can also be a basis for the operation of other contact techniques, because the contact
mode uses the tip deflection, which can be converted into a net force according to Hooks low.
The net force is composed of a long range attraction and a short range repulsive interaction
between the probe and sample. [ With an appropriate detection system, lateral forces can be
measured. Since the tip is in stable contact with the surface, the scanning motion results in
some torsion of the tip in the lateral x-y plane that also reflects the frictional properties of a
surface. ¥ Indeed, Lee et al. reported elastic properties of free-standing monolayer graphene
membranes by nanoindentation, shown in figure 2.4. These experiments were performed with

AFM in contact mode. !

1.2.2 Non-contact mode

The non-contact mode of AFM is used to study long-range attractive forces. In this mode, the
tip does not actually touch the sample surface during the scanning. However, the forces
applied to the tip are extremely low, resulting in low deformation and shear. Thus, the non-
contact mode is the most suitable method for soft samples. In non-contact mode, van der
Waals forces would have little deflective effect on stiff cantilever, a flexible tip with a low
resonant frequency is important. /) The non-contact mode can also be used to characterize
various tip-surface interactions, such as magnetic and electrostatic interactions. For some
measurements, a special coating for the tip is necessary. For example, one can use an AFM tip
coated with a thin magnetic film to study magnetic properties of sample. The obtained
magnetic force imaging can provide information about the surface magnetization of the

sample.

64



Chapter I1: Characterization Techniques and Experimental Methods

1.2.3 Semi-contact mode/Tapping mode

The semi-contact mode is also known as the “tapping mode”. In the tapping mode, the tip is
oscillating (frequencies in air 50 — 500 kHz) with amplitude of ~ 100 nm. This oscillation is
driven by the cantilever piezodriver, so that the tip approaches the surface several thousands
of times per second, slightly touching or “tapping” the surface. ©® The contact time between
the tip and the sample is greatly reduced by using the tapping mode, and the friction force is
minimized while the tip is scanning over the surface. This could prevent the tip form
attracting the molecules on the surface. In tapping mode, because the various material
properties lead to a phase shift of the tip oscillation, phase image can also be obtained.

Therefore, using phase image we can also indentify the sample.

1.3 AFM of graphene

Measuring the atomic steps presented on surfaces with AFM is relatively easy. This ability to
determine heights of specimens with atomic precision makes it suitable for characterizing the
thickness of graphene and functionalized graphene flakes, for example graphene oxide.
Graphene oxide has a variety of functional groups, such as epoxides, carbonyls (=CO),
hydroxyls (-OH) groups etc, attached to its surfaces. The attachment of these functional
groups makes the height of GO to be larger than pristine graphene. GO is thicher than a
prinstine graphene sheet, which is only 0.34 nm, the typical thickness of a single graphene
oxide sheet is within the range of 1-1.6 nm. It is expected that some water molecules could be
trapped between the sheet and substrate or between the sheets, since the functional groups

make graphene oxide strongly hydrophilic. [10-12]

AFM also turned out to be a useful tool with which one can investigate the mechanical

properties of graphene. As presented in section 1.2.1, AFM was used to investigate elastic
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properties of free-standing monolayer graphene. The tribological properties of few-layer
graphene have also been studied by using AFM. The studies show that the frictional
properties of graphene vary with the number of layers. The friction decreases as the number
of layers increases. They attributed this variation of friction to the interlayer surface attractive

forces between layers and to electron-phonon coupling. 1!
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2. Raman spectroscopy

Raman spectroscopy has long been used as a powerful tool to analyze carbon materials. And
many studies have been performed in order to understand Raman scattering effect and the
origin of the different Raman bands present in graphitic materials. After several years of
research on Raman spectroscopy of graphitic materials, both theoretical and experimental
researchs about Raman spectroscopy of graphene have been well developed. Raman

spectroscopy is becoming an indispensable characterization tool for graphene based materials

and other two dimensional materials.

2.1 Raman scattering and Raman spectroscopy

Raman spectroscopy is based on vibrational and rotational modes of molecules in different
states. This phenomenon was primarily observed by an Indian physicist Dr. Raman in 1928.
Two years after, he won the Nobel Prize due to his ground breaking contribution in the field
of Raman scattering. The Raman scattering can be simply understood as a frequency shift of
the scattered photons, after incident photons (monochromatic light source) is applied onto
materials. During this process, not only elastic scattering, but also some particular vibrational

modes and additional scattered photons with different frequencies can be observed, as shown

in figure 2.5.
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Figure 2.5: Schematic diagram of light scattering in molecule H,O
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The basic concepts of Raman spectroscopy can be introduced with classical electromagnetism
theory. In crystal structures, the induced polarization P due to the electric field E produced
from incident light can be expressed as following:

P=a-E (2.1)
where a is polarizability which is related to the vibration of the atom in the crystal lattice after
being excited by the incident monochromatic light. When the incident light is a

monochromatic source, the equation 2.1 can be rewritten as; %!
P= (ao + a;sin(w, t)) (Eo sin(wpt)) = Eq agsin(wyt) + sEoas cos((wg — wy) )

— 2> Eg ay cos((@y + wy) ) 2.2)
where oq is the vibrational frequency of the atom in the lattice when it is excited by an
incident photon of frequency wo. Thus, we can see that incident light will be scattered both
elastically and inelastically. From equation 2.2 the three terms are associated with three
different scattering processes: the first one can be regarded as an elastic scattering process in
which the scattered photon has the same frequency as the incident photon wo, this scattering
process is also known as Rayleigh scattering. The second and third terms are inelastic
scattering which can produce frequency shift. The frequency is down-shifted by the vibration
frequency mq of the atom; this is the Stokes process for the emission of a phonon. While in
anti-Stokes process the frequency is up-shifted for the absorption of a phonon. Figure 2.6

illustrates an energy diagram to explain these three different scattering processes.

For Rayleigh scattering, the molecule comes back to its original ground state after the
transition, which means that the scattered photon has the same frequency as that of the
incident one. This is the scattering process with higher probability to arise in light scattering

process. In Stokes Raman scattering, electrons are excited from the ground state to a virtual
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high energy state, and then electrons are back to a vibrational state which has a higher energy
level than the ground state by a relaxation process associated with the emission of phonons.
For the anti-Stock Raman scattering, corresponding to the third term, electrons first adsorb the
phonon energy and are excited to virtual state by incident light. Then, the electrons are back
to the ground state by a relaxation process. Generally, it is expected that most of the electrons
stay at the ground state and shift to a higher energy level by light excitation, so stokes Raman

scattering usually has larger intensity than that of anti-stokes as shown in figure 2.6.
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Figure 2.6: Energy-level diagram of Rayleigh and Raman scattering. The line thickness is roughly

proportional to the signal strength from the different transitions.

2.2 Raman of graphene

As shown in figure 2.7 (top), in perfect graphene (without defects), Raman spectrum shows
two main features: the G band the 2D band. In graphene containing defects, as shown in
figure 2.7 (down), the D and D’ bands become active, and in high Raman shift region, their
combination mode D + D’ is also active. ") Raman is an inelastic scattering of light, which

can be originated from different interactions between the light source and solids. In graphitic
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materials the inelastic scattering is mainly resulting from electro-phonon interaction. ™8 *°!
For this reason, it is important to analyze the phonon dispersion of graphitic materials in order

to analyze their Raman spectra.
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Figure 2.7: Raman spectra of pristine (top) and defected (bottom) graphene. The main peaks are

labeled. 171

As there are two carbon atoms in the unit cell of graphene, there are six possible phonon
dispersion branches: three optical and three acoustic. The different vibrations are defined as in
plane formed by the graphene lattice or vibrations perpendicular to graphene plane (or out of
the plane). The in plane displacements can also be separated in two: longitudinal and
transverse, which are related to atomic vibrations parallel or perpendicular to the vector
formed between the two carbon atoms in the unit cell of graphene. %2 Then, three optical
branches are associated with the out-of-plane, in-plane longitudinal and in-plane transverse
optical phonon dispersions; and in similar way we can find acoustic phonon dispersion. In

figure 2.8, we can see the in-plane transverse (TO, TA) and the in-plane longitudinal (LO, LA)
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branches, the out-of-plane branches are not displayed because they do not contribute to the
Raman scattering. It should be noticed that this is established for a perfect and flat graphene

sheet.

From figure 2.8, at the 1" point, the TO and LO branches located at ~ 1580 cm™, this is also
called Epy symmetry mode. At the K point, for the TO branch, we can find one A; symmetry
mode. This degeneracy is called Kohn anomaly. The Kohn anomaly can give rise to a strong
interaction between electrons and phonons. 24 It is possible to define electron-phonon
coupling (EPC) at the E»q and A; symmetry points that are responsible for the main features of

the Raman spectra of graphene.
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Figure 2.8: Phonon dispersion of graphite. [22]

2.2.1 The G band
The Eyq point symmetry give rise to the G band and this is due to the in-plane stretching of the
carbon-carbon bonding as shown in figure 2.9. The G band is the signature of all sp? carbon

allotropes (graphene, graphite, carbon fibers, CNTs etc). The G band is first-order stokes

Raman scattering process in graphene, which means that only one scattering process occur

71



Chapter I1: Characterization Techniques and Experimental Methods

and it can be represented in figure 2.9 (b). In this process, the electrons are excited to the
valence band, and then a phonon with a small momentum (g = 0) is emitted (G band in the
Raman spectra), and finally it is the electron-hole recombination process. The G band is
sensitive to changes of electronic structure of graphitic materials, thus both Raman shift and
line-width of G band can be changed by doping, temperature and strain.
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Figure 2.9: (a) I-point phonon-displacement pattern for graphene and graphite. Empty and filled
circles represent inequivalent carbon atoms in the unit cell of graphene. Red arrows show atom
displacements. Grey arrows show how each phonon mode in graphene gives rise to two phonon modes
of graphite, Raman-active (R), infrared-active (IR) and inactive (unlabelled) modes."*” (b) Resonance
process for the G band. The wavy arrows indicate the incoming (green) and outgoing (red) photons.
The electronic transitions induced by the incoming photon (green), the G band phonon (black), and the

outing photon (red) are indicated by the vertical arrows. '

2.2.2 The D band
The figure 2.10 demonstrates the atomic displacement associated with this vibration mode,
which is called D band. This process is prohibited in perfect graphene, and the intensity is

dependent on the amount of defects. The D band is a second-order Raman process where the
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excited electrons are elastically scattered from K to K, then the electron is scattered back,
emitting a phonon of momentum q (g # 0), and finally the recombination process occurs, as
shown in figure 2.10 (b). Because the electron scattering takes place between the two cones
(K and K), thus this is an inter-valley process. Like the D band, D’ mode is the result of an
elastic scattering (defect) and an inelastic scattering but takes place in the some cone and is

called intra-valley process.
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Figure 2.10: (a) Atom displacements (red arrows) for the A, mode at K.} (b) multiple-resonance
processes for the D and D’ bands, the first Brillouin zone showing two electronic Dirac cones for the ©
electron dispersion in the nonequivalent K and K’ points. The green wavy arrow indicates the
incoming photon. The electronic transition induced by the incoming light is indicated by the green
upward arrow. The phonon-induced transitions are indicated by black arrows: the G band phonon
(vertical downwards), the D and D’ band phonons (diagonal black solid arrows) and a nonresonant

process (diagonal black dashed arrow). !

The D band is the main sp? Raman signature of disorder or defects. Unlike G band, the D
band displays different properties. The Raman shift of D band, wp, changes with the change

of laser excitation energy. The D band intensity can be used to quantify disorder. Because
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absolute intensity measurement is difficult to acquire, the normalized intensity Ip/lg ratio is
largely used to measure the amount of disorder. This ratio depends not only on the amount of
disorder, but also on the excitation laser energy, since lg o E* laser, while Ip is Ejaser
independent. Being defects associated mode, the D band linewidth can change from several
cm™ to dozens even hundred of cm™ (for very defective graphite materials). Compare to ©p
band, the Raman shift of D’ band, wp (~ 1620 cm™), demonstrates an Ejuser independent

feature.

2.2.3 The 2D band

The 2D band, also called G’ in early articles, is the most intense band present in Raman
spectrum of monolayer graphene. It is also an inter-valley process as the D band. The excited
electrons are inelastic scattered from K to K’ by emitting a phonon of momentum q and then
inelastically scattered back to K by a phonon of momentum — g for momentum conservation.
The Raman shift of 2D band, w,p, IS approximately two time of D band. For this reason, the
2D band is considered as the overtone of D band. This second-order sp?> Raman band is

changing with Ejaer.

The line shape of 2D band depends on the number of graphene layers: one-layer graphene
demonstrates a single Lorentzian peak as shown in figure 2.11 (a). For bilayer graphene with
AB Bernal stacking graphene, the 2D band exhibits four Lorentzian components. For AB
Bernal stacking trilayer graphene, there are 15 possible scattering processes, but these 15
components locate so close in Raman shift that they cannot be distinguished from each other.
In general, the 2D band of trilayer graphene can be fitted by 6 Lorentzian components. The
2D band of HOPG has two Lorentzian components. Care should be taken when 2D band is

used to identify the number of layers. Turbostratic graphite, i.e. graphite with uncorrelated
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layers (to be opposed to Bernal and hexagonal graphite), demonstrates only one single 2D

band. Therefore, the shape (single or multi peaks) of 2D band feature can be used to assign

the stacking order for graphitic materials. It is important to note that the high intensity of 2D

band is one signature for good quality graphene.
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Figure 2.11: (a) The measured 2D Raman band with 2.41 eV laser energy for AB stacked graphite

(Bernal stacking)1-LG, 2-LG, 3-LG, 4-LG, HOPG; 1® (b) Second-order resonance Raman spectral

processes for the double resonance 2D band of monolayer graphene.
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3. X-ray photoelectron spectroscopy

Photoelectron Spectroscopy (PES) is based on the photoelectric effect in which electrons are
emitted through electromagnetic radiation. In X-ray Photoelectron Spectroscopy (XPS), X-
rays are used to generate the emission of photoelectrons (PE). The energy of X-rays is in the
order of a few thousand eV. XPS can excite electrons from the outer and inner core shells of
molecule. The information depth of XPS is roughly in the order of up to 10 nm (depending on
the material), but is most sensitive in the first 4 nm. 2! Auger lines are also recorded during
XPS measurements. Auger electrons are emitted by a three electron process shown in figure
2.13 (b). At first, under irradiation of X-ray, a core hole is created (e.g. in the K-shell). This
hole is filled by a second electron from an outer shell (e.g. L;). During this relaxation process,
energy is released, which can be used to emit an electron (e.g. L,3) with a lower binding

energy (Eg) than the second electron.

Development of XPS

More than a hundred year ago, in 1907, Innes recorded the velocity of electrons emitted from
different metal surfaces when exposed to irradiation by X-rays.?”? The experimental setups
that he used contain almost all the necessary parts that are still used today. Sixty years later
technical improvements in the setup have been implemented mainly by Dr. Siegbahn and his
group. Siegbahn’s group also noted that the XPS spectra can be used for chemical analysis;
therefore XPS is sometimes also called Electron Spectroscopy for Chemical Analysis (ESCA).

Siegbahn received the Nobel Prize in 1981.
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analyser

photon
source

detector

Figure 2.12: Principle of a modern photoemission spectrometer. Monochromatic photons with energy
hv and polarization (A is the vector potential of the electromagnetic field) are produced by a light
source, e.g. an Al-K, x-ray anode, and hit the sample surface under an angle y with respect to the

surface normal. The Kkinetic energy Ey;, of the photoelectrons can be analyzed by using electrostatic
analyzer as a function of the experimental parameters, e.g. emission angle (6, ®), the electron spin
orientation o, or the photon energy or polarization. The whole setup is evacuated to ultra high vacuum

(UHV, typically p < 10™ mbar). !

The modern photoemission spectroscopy, as shown in figure 2.12, is basically performing the
same as 100 years ago. The sample is irradiated by photons from a monochromatic light
source, which can be a laboratory source, ultraviolet (UV) or x-ray radiation. Compared to
XPS, in ultraviolet photoelectron spectroscopy (UPS) the energy of radiation is only a few
tens of eV, therefore UPS is only able to excite electrons from the outer valence band. XPS
and UPS are both surface sensitive methods to probe the chemical elements for materials.
Under photoelectric effect, the photons liberated from sample are analyzed with respect to
emission angle and Kkinetic energy by an electrostatic analyzer. The properties of the

photoelectrons basically reflect the electronic eigenstate of the investigated materials.
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3.1 The photoemission process

In XPS, the photoelectric effect is used to investigate the binding energy (Eg) of the electrons
in the sample. The studied materials are exposed to X-rays with a defined energy, hv. If the
energy is high enough, electrons can be emitted from the sample (see figure 2.13). With XPS,
not only are the intensity of emitted electrons detected, but also their kinetic energy Exi, can
be studied. Eg can be calculated in a first approximation as the difference between the photon

energy hv, E and ®:

Eg = hv - Eyin— @ (3.1)
where @ is the work function, i.e. a potential including surface potential of the sample and a
correction factor to the actual referencing point for Eg./?® The latter is characteristic not only
for each element but also for its electronic surrounding. Therefore this method can be used to
investigate quantitatively the elemental composition and its chemical environment. While it
is easy to detect qualitatively the chemical elements, even traces of elements below 0.1 %, it

is quite difficult to determine a quantitative concentration rates within the order of 1%.

A s .

= —e—w— 3q Eg

‘Auger

a) K

Figure 2.13: Schematics of XPS (a) and Auger electron spectroscopy (b) 1%
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3.2 XPS analyses

The position and line shape of XPS spectrum contain important information concerning the
detected elements and their origin. In photoelectron lines, main lines are caused by
photoelectrons that are emitted either from any core level or the valence band. Auger lines are
caused by a three electron process, first an electron is emitted due to the photoelectric effect,
and secondly an electron from outer shells fills the created hole via photo emission and can
transmit the gained energy to third electron which is emitted from the atom. The Kinetic
energy of Auger electrons is therefore much lower than the one of photoelectrons. Beside
these peaks, there are other peaks, for example, X-ray satellites refer to peaks due to non-
monochromatic radiation of an ideally pure X-ray anode; Plasmon peaks caused by the
excitation of electrons of the conduction band. The oscillations are quantized and therefore

the Plasmon peaks repeat in constant energy distances with decreasing intensity.

3.2.1 Line shapes analyses

The evaluation of the XPS spectra require a precise peak analysis, therefore it is essential to
use the correct line shape to fit the peak. In order to find the correct line shape, a full
understanding of what is causing the line shape is needed. Several groups initially studied
theoretical core line shapes.”>*3 Among these theoretical studies, Mahan line shape have
been largely applied to practice line shapes analyses.®? The Mahan line shape is a
combination of a Gaussian and a Lorentzian line shape.¥! The reason for the Lorentzian part
is the lifetime broadening, while the Gaussian broadening originates from the response
function of the instrument and from phonon or vibrational excitation.4 In these theoretical
studies of XPS line shape, they showed that there is an asymmetric shape term, which is

caused by elastic scattering of the emitted photoelectrons in the conducting band.
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3.2.2 Background

In every spectrum there is noise and, additionally, the intensity on both sides of the peak does
not drop to zero. For peak analysis, this background (BG) has to be taken into account. To
properly analyze a given spectrum, the BG subtraction is important. An incorrect BG
subtraction can result in wrong peak intensities and consequently result in misinterpretation of
XPS spectra. In order to select the correct BG, it is necessary to understand its origin.
Photoelectrons are emitted from depth up to 10 nm. As they emit from sample, on their way to
the surface they undergo inelastic and elastic scattering. During these inelastic processes,
photoelectrons lose energy. Besides the inelastic scattering, excitation due to the created core
hole participate also in the raise of the BG.[?® Therefore a background correction is always
required. For simple BG subtraction, such as a linear BG or Shirley functions BG substraction

are widely used. Most of these are available in common XPS evaluation programs.

Linear background This background simply gives a linear line between the limits of spectral
region. The linear BG is often used for polymers and insulators, since it is hard to observe any
increase in the BG for these materials. *®! Insulators have a big band gap and therefore show a

low energy loss. 1!

Shirley background Probably the most commonly used BG type is the Shirley BG. B**! The
Shirley BG is an empirical background subtraction technique that iteratively adjusts the
background as a function of the intensity of the photoelectron line. It is therefore proportional
to the peak intensity and shows the highest slope at the peak center. For practical applications
it has the advantage that only a short energy range of 20 eV has to be recorded. And this
algorithm is suitable for spectra that show only a small intensity increase when going from the

low to high binding energy side of a peak; it is conveniently used as a BG for one or two non-
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overlapping peaks. The Shirley background corrected spectra (F(E)) of the kinetic energy E

over an interval [Emin, Emax] 1S given as:

F(E) = I(E) — kffw’:;ix F(E"dE" (3.2)

where I(E) is the intensity at the Kinetic energy E and k is adjusted in such a way that the BG

adjusts to the spectrum at the lower energy side, F(Enin) = 0.

In this report, we have mainly used Shirley background subtraction. In some specific cases,
Tougarrd background can also be used. 2% Both background treatments are integrated in the

XPS analysis software.

3.3 XPS of graphene
XPS is an excellent technique to carry out the compositional analysis for graphene based
materials. Actually, XPS has been largely used to study graphene oxide. We summarize in

this section the XPS results of graphene oxide.

XPS spectra can be used to reveal the presence of elements, such as carbon, oxygen, nitrogen
etc. The spectra analysis can provide information about their relative content and the nature of
the bonds. However, precautions should be taken when XPS is used to carry out
compositional and structural analysis for graphene materials. Since monolayer graphene is
only ~ 0.34 nm thick and monolayer graphene oxide is ~ 1 nm thick, in measured XPS spectra
the presence of peaks from substrate is unavoidable. Additional measurements for substrates
are suggested. To minimize the effects of substrate, a careful selection of the substrate can
produce more precise measurement results. For XPS study of a graphene sample, a preferable
substrate should not contain elements like carbon and/or oxygen. In most case, to carry out

XPS analysis, the graphene oxide samples were collected to form multi-layer “paper-like”
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sample. Figure 2.14 shows typical XPS spectra of Cls and O1s recorded from a graphene
oxide film deposited on silicon nitride — on silicon substrate. ! The graphene oxide film was

annealed at different temperature under argon for oxygen reduction.

C=0
a b C-OH
C=0 C-OH 0=C-OH

0=C-OH
l/i\J/\\ Graphene Oxide S _Graphene Oxide

/‘\A Ar 200 °C _,/\ \ Ar 200 °C
e
Vs /\ Ar 500 °C ] _#,/\ \“f}f 500 °C

7 /
_,_H,,/\ Ar 1000 °C | / \‘ Ar 1000 °C

T T T T T T T T r T T T T

T 1
296 294 292 290 288 286 284 282 280 278 542 540 538 536 534 532 530 528 526 524

Figure 2.14 : XPS spectra for graphene oxide films on SizN4-on Si substrate after 200, 500, and

1000 °C treatment in flowing Argon: (a) comparison of C1s peaks, (b). comparison of O1s peaks.""!

The decomposition of XPS spectra allows us to identify different component. For quantitative
analysis, the spectrum of C1s can be decomposed into individual components by fitting the
entire spectrum with different component. As shown in figure 2.15 (a), the Cls peak of
graphene oxide consists of several chemically shifted components: sp? carbon (284.6 eV), C-
OH (286.4 eV), C=0 (287.8 eV), O=C-OH (288.9 ¢V), and n — * shakeup satellite peak
(290.6 eV). B34 After thermal reduction, the intensities of oxygen containing groups
decreases, even reduction at 1000 °C, there is still a sp® component around 289.7 eV. For
high resolution of XPS spectra, the fraction of sp® and sp® functional groups can be estimated

by evaluating the intensities of the corresponding components.

The C-O bonds in graphene oxide can be attributed to epoxy and hydroxyl groups in the basal

plane. The XPS measurements of O1s, which includes typical contributions from C-OH (533
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eV), C = O (531.2 eV), O = C-OH (530 eV), can be used to estimate the content of these
groups.*** The disappearance of component located at 531.2 eV and 530 eV after 1000 °C

reduction indicates loss of oxygen during the thermal reduction.
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4. Surface conductivity measurements

In articles, surface resistance and surface resistivity are both used to characterize the electrical
properties of materials. But from their definitions, there is difference between the two terms.
Surface resistance is defined as the ratio of a DC voltage U to the current, I, flowing between
two electrodes of specified configuration that are in contact with a thin film under test. The

surface resistance can be calculated with:

U
Rs = Z (41)

On the other hand, surface resistivity is determined by the ratio of DC voltage U drop per unit

length L to the surface current I per unit width D. 2
v
ps =1 (4.2)
D
/0\
No s
L
D
electrodes™™ material

Figure 2.15: Basic conception of surface resistance and surface resistivity measurement.

Surface resistivity is a property of materials. In effect, the surface resistivity is the resistance
between two opposite sides of a square. Thus, it should remain constant regardless of the
method and configuration of the electrodes applied for the surface resistivity measurement.

The surface resistance measurement depends on both the material and the configuration of the
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electrodes applied in the measurement. The surface resistance is expressed in ohms (). The

surface resistivity is expressed by ohms/square (€/sq).

For surface resistance measurement with four-point probe, as shown in figure 2.16, there are
several resistances. The probe has a probe resistance Rp. At the interface between the probe tip
and the sample, there is a probe contact resistance, Rc,. When the current flows from the tip
into sample and spreads out in the sample, there will be a resistance associated with current
spreading, noted as Rg,. Finally the sample itself has a resistance Rs. The equivalent circuit for
measurement of surface resistance of thin film by using four-point probe is shown in figure
2.16 (c). Two probes provide the current and the other two probes measure the voltage. Each
probe has a probe resistance R,, a probe contact resistance R¢, and a spreading resistance Rgp.
However, there resistances can be neglected for the two probes associated with voltmeter as
the voltage is measured with a high impedance voltmeter, which draws very little current.
Thus, the voltage shown in voltmeter is approximately equal to the voltage drop across the

measured sample.

(a) R () — 1 D) I —

b _/

R
® Ro R, R, R, R,
-'—L’Rs

(b)f chl chZ chB cpd
spl RSD2 RSDJ RSD“

R

Figure 2.16: Four-point probe for surface resistance measurement of thin film

By contrast, the two-point probe system has relatively high measurement noise and as a

consequence, this method has substantial uncertainty in resistance measurements. The four-
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point probe system can decrease the effect introduced by the probe resistance, probe contact
resistance and spreading resistance. Therefore it has more accuracy than the two-point probe

method.

4.1 “four-point” surface resistivity measurement methods

4.1.1 The van der Pauw technique

The van der Pauw technique was reported for the first time in 1958. ¥ The advantage of the
van der Pauw technique is that this technique can be used to sample without knowing the
geometry of sample. L.J.van der Pauw showed that the resistivity of a certain material with

arbitrary shape can be determined without knowing the current pattern.

4

\

// / Vep \

"IQ
A ¢ -
A
D

1AB

Figure 2.17: Contact disposition on the edge of an arbitrarily-shaped sample for van der Pauw

technique.

As shown in figure 2.17, in van der Pauw technique, the current flows from A to B. The
voltage is measured across C and D. Then current flows from B to C, and voltage is measured
across A and D. The resistance Rag cp can be expressed as:

Rag.co =(Vb-Vc)liag (4.3)
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and iag is the current fed in the sample through contact A and drained from contact B. A
similar relation defines Rgc, ap- Ras co and Rgc, ap are related to the surface resistance Rs

through the Van der Pauw equation:

TRAB cD 4
( )

e p +e p =1 (4.4)

where d is the thickness.

For a sample of arbitrary shape, it is possible to write resistivity in the form:

_ ERAB cp+Rpc pa Rap cp (4 5)
In2 2 Rpc,pa .

where f is the correction function, and can be numerically calculated by exploiting the relation:

Rz cp—Rac, f in2/f)
~AB.CD™ "BC.DA = J=arccosh (—eXp = ) (4.6)

Rap ,cp +Rpc pa In 2

4.1.2 One line four-point probe for surface resistivity measuring

The four-point probe measuring system is largely applied to measure the surface resistivity of
thin films and semiconductors wafers. The measured surface resistivity values help us
characterize the quality of produced thin films. This technique was firstly reported by
L.Valdes in 1954. ¥ The technique was further improved by F.M.Smits in 1957. ! In this
setup the sheet resistance is measured by sending a DC current to measured sample through
the outer two probes. This connection completes an electrical circuit which then induces a

voltage in the inner two probes. This voltage is read through a digital multimeter.

GALVANOMETER
@ ® POTENTIOMETER
MILLIAMMETER VOLTMETER
DIRECT _|
CURRENT
SOURCE *®

PROBES

«—— SAMPLE
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Figure 2.18: Circuit used for surface resistance measurements.

By applying measurement conception shown in figure 2.18 for sample having infinity

dimension, the resistivity po can be expressed by equation:

po = ; 2ms (4.7)

where s is distance between electrodes shown in figure 2.18.

For a thin film with thickness of e, the resistivity can be calculated:

_ po
P=56 (48)

where f(e/s) is correction factor for applying the equation to the case of thin film.
In the case that thickness e is small enough compare to distance between electrodes, e/s = 0,

then the correction factor can be expressed:

f(3)=2m2 (4.9)

By introducing a correction factor associated with the dimensions of the samples, Smits
developed the method for a material with finite dimension as shown in figure 2.20:

py==e-C-F (4.10)

where C and F are correction factor. C is related to dimension of sample, a, d and s. For small
d/s the quantity C’'=(s/d)C is close to unity. In these cases the sheet resistivity can be
expressed as:

ps=7-C =~ (4.11)
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Figure 2.19: Arrangement of a four-point probe on a rectangular sample **!

4.2 Four-point probe system applied

For surface resistivitance measurement of graphene film, the four-point probe is a common
method. During our study concerning graphene film, one four-point probe system developed
by Dr. Amélie Catheline was used. It is proved to be very useful for studying conductive
CNTs films. As shown in figure 2.20 (a), four electrodes (gold) with equidistance were at first
deposited onto the film by using a mask shown in figure 2.20 (b). The technique has the

advantage to eliminate contact resistance as presented by Valdes and Smits.

(a) (b)

Figure 2.20: (a) graphene film with four deposited electrodes. (b) Mask for electrodes deposition
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The electrical measurement was realized by home-made four-point probe, as shown in figure
2.21. The current is applied between the two exterior electrodes and a tension is measured at

inner electrodes. Surface resistivity is calculated by using equation 4.11. Electrodes are 1 mm

width and are separated 3 mm from each other.

—®

Contact points

Film is placed in this arca

@) (b)

Figure 2.21: (a) home-made four-point probe; (b) front view of four-point probe.
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5. Scanning electron microscopy

Scanning Electron microscopy (SEM) is widely used to characterize microstructure and
morphology of materials. SEM images are obtained by using backscattered electron which
can reproduce difference in the brightness and contrast resulting from different phases and
materials. In 1937, Von Ardrenne showed a prototype of a SEM. Further SEM development
occurred in 1951; Charles Oatley and his colleagues obtained the first SEM images at
Cambridge University. Since then there have been great improvements in the electron

microscopes. At the present, SEM has been widely used for characterization of materials.

5.1 Principle of SEM

SEM is based on the emission of electrons onto the surface of a sample to generate signals.
The schematic diagram with the main parts of a scanning electron microscopy is presented in
figure 2.22. SEM can be divided into several sections with different vacuum levels. The
highest vacuum is obtained at the electron gun section. An electron beam is generated in the
top of the microscope’s column where is the highest vacuum section. When a steady stream of
electrons is generated, it is passing through the condenser lenses which adjust the beam
current. And the objective lens determines the final size of electron beam. The scan coils
control the beam scanning across the sample. As the electron beam traces over the specimen,
it interacts with the specimen. As a result, the electrons can be backscattered or they can
generate secondary electrons. [45. 481 Moreover some of the electrons can be absorbed or pass

through the specimen.
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Figure 2.22: overview of Scanning Electron microscopy

The electron emitted (signal) from the surface is registered by different detectors:
backscattered and secondary electron. The detector counts the number of electrons from each
point of sample surface. The intensity of these emitted electrons is displayed as brightness on

SEM image.

Electron interaction with atoms

For a better understanding of the SEM, it is important to know the interactions between the
primary electrons (PE) beam and the atom. The primary electrons are charged particles and so
they can interact strongly with the electrically charged particles of the atoms in the sample.
When this electron beam reaches the sample, the electrons are scattered many times before
they are deflected into different ways. The interaction between the electron and the sample’s

atoms may be inelastic or elastic.
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Figure 2.23: Schematic illustration of inelastic (a) and elastic (b) interaction between electron and

atom

As shown in figure 2.23, in inelastic interaction, some of the energy of the primary electron is
lost during the interaction; while in elastic interaction, no energy is lost during the interaction.
The area where the elastic or inelastic interaction takes place is called the “interaction volum”
as shown in figure 2.24 (a). The size of the interaction volume depends on the electron’s
energy and the atomic number of sample. For an element with lighter atomic number, the
penetration depth of the primary electrons is higher than that observed for a heavier atomic

number.

Emitted lower-energy electrons resulting from inelastic scattering are the secondary electrons
(SE). Secondary electrons can be formed by inelastic collision which results in the emission
of lower energy electrons. They are detected by a SE detector. SE is abundant and they are
used to give topological and morphological information of the sample. High-energy electron
is come from elastic collision of an incident electron, typically with atom’s nucleus of sample,
are referred to as backscattered electrons (BSE). The energy of BSE will be comparable to

that of incident electrons. Compare to secondary electrons, these high-energy electrons can
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escape from deeper areas. So surface topography produced from BSE is not as accurately
resolved as image from secondary electrons. However, BSE are highly influenced by atomic

number of the sample. And BSE is responsible for the phase contrast of image.
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Secondary electrons
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(a) (b)

Figure 2.24: (a) Interaction volume and (b) interaction diagram of SEM

The key to produce a good quality SEM image is to understand well the equipment’s
parameters (accelerating voltage, probe current, working distance) and their impact on the

SEM image.

5.2 SEM of graphene

Although AFM and SEM can provide visual information by scanning the substrate surface
containing graphene, SEM is still largely applied to characterize graphene based materials,
especially for graphene films. SEM is faster in scanning samples surface for imaging the
morphologies of materials. Moreover, SEM has the advantages in detecting rapidly impurities,
folds and discontinuities for graphene film. However, it is difficult to make SEM image for an
atomic thick graphene layer because of resolution limitation of SEM. Moreover, the ultra-thin

graphene film is transparent to high energy electron beams. Therefore, SEM images sometime
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display the morphologies of the substrate on which graphene films were deposited, not the
graphene film itself. Thus the interpretation of SEM image of graphene film is sometimes
complicated. In the following part, we will summarize some contrast study to understand

SEM imaging of graphene films.

A perfect graphene film shoud be smooth and continuous, but in many cases, graphene film
produced by CVD method are required to transfer the film onto substrates, this transfer
process usually produces wrinkles, folds and ruptures. For graphene film produced from
solution ways, the graphene flakes are assembled together to form continuous film. These

wrinkles, folds and edges can create different contrast under electron scanning.

e ... St
- Intensity

Graphene

substrate

Figure 2.25: (a) SEM images of as-grown graphene films on thin (300-nm) nickel layers and thick (1-

mm) Ni foils (inset); *"! (b) the roughness contrast for a corrugated graphene sheet.

The roughness contrast is the most common contrast that one can observe on SEM image.
These contrasts have a complex origin and they depend on the intensity and trajectories of
electrons (SE and BSE). 8 In a higher magnification image, a wrinkled structure can be seen
clearly, shown in figure 2.25 (a). The contrast in the red circle represents roughness of film. In

figure 2.25 (b), a schematic image indicates that roughness contrast of a graphene film comes
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from different number of SE detected. For rougher surfaces, more SE will come from the
graphene surface within the same area resulting in higher signal intensity than that from the
background. I Thus, it is reasonable to relate the signal intensity with the height of the

feature.

Signal
Iy

substrat
e

Figure 2.26: (a) SEM images showing bright contour lines around cracked graphene film; (b) edge

contrast caused by both edge effect and EBIC.

Generally, the edge of grpahene can also be detected under SEM imaging. As shown in figure
2.26, at the edge area, a larger part of the beam/specimen interaction volume will be in the SE
escape zone. Therefore more secondary electrons can emit from the side of the edge resulting
in higher signal intensity than that from a flat surface. The contrast mechanism of electron
beam induced current (EBIC) could be used to explain the observed edge of grpahene films as

well.

SEM can be used to distinguish few-layer graphene as thickness contrast of graphene films
can be observed in SEM images. % It was reported that the work function of graphene

increases with the number of layers: from ~ 4.3 eV for monolayer to ~ 4.6 eV for quadrilayer,
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and it saturates for more layers. °* ! The SE yield § is related to the work function according

to the following formula; %

a5 _ FE

0E,  (Ex+0) (5.1)

Where @ is the work function of graphene, Ex is the energy of SE and F’ is a normalization
factor. The equation indicates that the SE yield is in inversely proportional to the work
function of the material. Hence a graphene with a lower work function produces more

secondary electrons than a few layer graphene.

97



Chapter I1: Characterization Techniques and Experimental Methods

6. Conclusion

Graphene, a 2D material with a thickness of the order of a single atomic unit, have stimulated
great interest due to its promising properties. Since the properties of graphene are influenced
by the production method, and can be largely changed by its morphology and environment,
such as doping, temperature, strain, stacking order etc, thus the characterization of graphene is

crucial for further study and applications of graphene and its derivatives materials.

Several characterization techniques are presented in this chapter. Among these techniques,
both atomic force microscopy (AFM) and scanning electron microscopy (SEM) can be
applied to characterize the morphology of materials. AFM, with its atomic precision, can be
used to determine the thickness of graphene, while SEM can rapidely display morphology of
graphene. Since the theoretical and experimental Raman studies concerning sp? carbon
materials, like carbon nanotube, graphite etc, have been well established, this technique have
been quickly used to study graphene materials. Raman scattering is highly sensitive to the
physical and chemical properties of the observed materials. Raman scattering can also be used
to study any environmental effect that may change properties of graphene. Moreover, this
technique is relatively simple to perform and it is a nondestructive characterization tool. For
these reason, the Raman spectroscopy is now evolving into one of the most useful tools for
studying graphene materials. X-ray photoelectron microscopy is a chemical elements analysis
technique. This technique is largely used for studying functionalized graphene materials, such
as graphene oxide and reduced graphene oxide materials. Surface conductivity measurement

techniques were also introduced in this chapter.

Even though, the characterization studies with techniques introduced in chapter were well
established for graphene materials, most of these characterization results were developed on

mechanically exfoliated graphene, graphene produced from CVD, GO. One can of course use
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these results to interpret characterization results obtained from graphene produced by different
ways, but care should be taken. If it is necessary, several techniques should be used to

elucidate correctly the observed graphene specimens.
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Chapter I11: Graphenide solutions

Several graphene production methods via liquid-route exfoliation were introduced in chapter |
including the dispersion of graphite in organic solvents and reduction of soluble graphite
oxides. For reduced graphene oxide, there are still significant oxygen-containing groups on
graphene plane, which degrades its electrical properties. For the dispersion of graphite in
organic solvent, a great challenge one has to face is the stability of dispersed graphene flakes
in a given solvent. Although added surfactant or polymer can improve the stability, dispersion
of graphene is still instable and the system will aggregate which is a major disadvantage for

further application.

Beside those methods, an alternative method has been developed in our group since 2008. The
approach is to start with synthesis of potassium intercalated graphite intercalation compounds
(GICs). Then, those GICs can be dissolved in aprotic organic solvents to produce
thermodynamically stable graphenide solutions. The earlier studies concerning graphenide
solutions in our group were performed with ternary GICs K(THF)C,4 in which both potassium
and THF molecule are intercalated into the graphene galleries. ™ The result shows that a
spontaneous dissolution of the ternary GICs in N-methyl pyrrolidone (NMP) can produce a
stable solution which contains negatively charged monolayer graphene flakes and ribbons and
K* ions. A further study was performed with stage-1 KCg. ™ In both case, the charge on the
graphene flakes and the counterions prevent aggregation of the graphene sheets, thus the
obtained solutions are stable as long as they are protected from air. In this work, we have
expanded our studies of GICs from stage-1 KCg to stage-2 KC,4 and stage-3 KCss, which hold
different charge transfer between the graphene planes and intercalated potassium. These GICs

were then used to produce corresponding graphenide solutions.
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In this chapter, we will at first present a detail study of starting materials, different kinds of
graphite from different suppliers. Several characterization techniques were used to help us to
identify the best starting materials from five different graphite samples. Then we have
synthesized and studied stage-1, stage-2 and stage-3 potassium intercalated graphite
intercalation compounds (K-GICs) and the graphenide solutions produced from these
compounds. To better understand properties of graphenide solutions, we have also studied the
GICs with different techniques. Since there are few techniques which can characterize
efficiently charged graphene in solution, several conventional techniques introduced in this

chapter were developed and used to study depositions of graphenide solutions.
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1. Potassium-graphite intercalation compounds stage-1, 2 and 3

Graphite has a layered structure, in which the carbon atoms are arranged in parallel planes.
There is no covalent chemical bonding between the layers and so alkali metals can be inserted
rather easily between the layers. Alkali-metal graphite intercalation compounds have been
studied extensively as they are extremely interesting materials. The previous works were
based on potassium intercalated compounds, in this work, we continue using potassium as
intercalant to synthesize GICs and study the graphenide solutions prepared from these

compounds.

Based on the intercalant density, GICs demonstrate different charging feature for 2D graphene
sheets. They have long-distance homogeneity in the positioning of intercalated metal ions
within graphite galleries. A stage-1 KCg contains metal ions between every graphene layer
and is one of the most densely intercalated compounds under normal laboratory condition. It
should be noticed that there is still another type of stage-1 potassium intercalated GICs with
even higher contents of potassium. The general formula is KCy,, so it contains two times more
alkali metal than KCg, leading to a higher charge transfer than KCg. But KC, is synthesized
under high pressure 8-10 kbar at a temperature of 160 °C. ** The compound is unstable at
ambient pressure; when the pressure is released at room temperature below 1.5 Kbar, the
sample decomposes instantly to less saturated KCg and potassium. Because of its instability at
ambient pressure, we didn’t study this compound. Stage-2 KC,4 has alternatively intercalated
and empty galleries. KC,4 contains less potassium than KCg, and graphene layers are thus less
charged. In stage-3 KCgg, there are three graphene layers between two adjacent intercalated
potassium layers. Thus, those layers are not equivalent, which results in different electronic
properties. The stage-1 KCg, stage-2 KC,4, stage-3 KCzs were synthesized and studied during

this work.
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Figure 3.1: Layer arrangements and stoichiometries of K-GICs

1.1 Characterization of starting graphite

We have five different graphite samples from different suppliers. In order to produce K-GICs
graphenide solutions with best quality, these graphite samples were all characterized by
Scanning electron microscope (SEM), X-ray photoelectron spectrometry (XPS), Raman

spectroscopy and X-ray diffraction (XRD).

1.1.1 Graphites morphologies
Among the five graphite samples, three samples are of flake form. The powder-form graphite
samples come from Madagascar. SEM image shows the powder particles have dimension up

to ~ 20 um. The five graphite samples are listed in table 3.1.

Samples Supplier Morphology

Nacional de Grafite
Natural small flake with micron dimension
LTDA Brazil
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SA Sigma-Aldrich small flake with micron dimension

TIMCAL TICMAL Graphite Powder

Nacional de Grafite
Expanded Graphite Worme-like expanded graphite
LTDA Brazil

Madagascar Unknown Powder

Table 3.1: Five graphite samples from different supplier

The expanded graphite was produced by thermal shock of acid intercalated GICs by the
supplier. ! The expanded graphite sample was intercalated by H,SO.. Then the prepared
H,S04-GICs were washed and dried for further heat treatment which was performed by
inserting expandable H,SO4-GICs in a muffle furnace. Finally the thermal shock leads to

removal of H,SO, and formation of expanded graphite.

SEM was preformed for the five graphite samples to observe their surface morphologies.
Figure 3.2 shows the SEM images of five graphite samples. Image (a) and (b) are SEM for
natural graphite. This graphite sample is composed of small graphite platelets of ca. 300
micron size. Actually some have dimensions up to Imm. From edge of these platelets, one
magnified SEM image, figure 3.2 (b), shows the compact layers of graphene sheet. From
naked-eye observation, the graphite from Sigma-Aldrich has the morphology as natural
graphite, they are small flakes. Figure 3.2 (c) SEM image of Sigma-Aldrich, these platelets
show similar dimension as natural graphite. Graphite from TIMCAL and Madagascar are both
in form of powder. Figure (f) show the “worm-like” structure of expanded graphite. The
intercalation of H,SO, into graphite results in extension of the interlayer spacing of graphene

plane, as shown in inserted SEM photo in figure 3.2 (f).
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250 pm 20 pm
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Figure 3.2: SEM micrograph of five graphite samples. (a-b) natural graphite; (c) graphite from Sigma-

Aldrich; (d) graphite from TIMCAL; (e) graphite from Madagascar; (f) expanded graphite.
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SEM images of those samples provide us information of surface morphologies and a three-
dimensional appearance of the samples. To understand better their crystal structure, XRD

were performed for the samples.

1.1.2 X-ray Diffraction analysis (XRD)
Characterization of structural parameters of graphite samples, such as crystallite size, is
important for identifying the best starting graphite sample. X-ray diffraction line profile

analysis was preformed to estimate crystallite sizes over large volumes.

a) Sample preparation

In order to increase the peak intensity at high 20, the sample size should not be too large.
Since natural graphite and graphite SA are in platelet form, the samples were at first ground
into powder in agate mortar, and then the ground samples were sieved through a 270mesh
sieve for separating the small graphite particle from relatively larger graphite particle. The
graphite TIMCAL and Madagascar graphites were just sieved through the sieve. For
expanded graphite, the hand grind can turn samples into graphite foil, thus for XRD we used

unground materials.

b) X-ray diffraction analysis

The X-ray diffraction line broadening analysis includes: 1) diffraction pattern acquisition, 2)
profile fitting, 3) in-plane (L,) and out-of-plane (L) crystallite sizes calculation. Figure 3.3
shows schematically an image of graphite and its sizes: in the basal plane/in-plane L, and

perpendicular to the basal plane/out-of-plane L..
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Figure 3.3: The schematic image of graphite

The diffraction patterns were acquired on a Philips 1050-diffracometer (Cu K, radiation, from
8 °to 79 °, 0.02 °/ step). All X-ray diffraction acquisitions were performed with Mr. Eric
Lebraud in the Institut de Chimie de la Matiere Condensée de Bordeaux (ICMCB). The
obtained X-ray diffraction patterns were analyzed with a popular XRD data analysis package
MDI Jade (Version 6.0), which can be used to perform empirical peak profile fitting and
estimate of crystallite size. ' These XRD patterns were carefully smoothed to avoid
distortion of the line shape. The diffraction line widths were determined by fitting with

Peason VII function. [
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Figure 3.4: X-ray diffraction patterns of five graphite samples.
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From XRD patterns of graphite samples, illustrated in figure 3.4, we can see two major peaks
(002) and (004) located respectively around 26.5 ° and 54.5 °. These two peaks represent
perpendicular direction (c-axis) to the graphene hexagonal planes. "' With Bragg’s law:
2dsind = n4, where d is the spacing between diffracting planes, 260 is the incident angle (002)
peak (26.2 °), 4 is the wavelength of diffraction beam (Cu K,, 1.5405 A), we can calculate the

basal spacing dooz = 3.36 A.

The conventional way to obtain the average Crystallite size Lpg of microscopic powder

particle in the [hkI] direction is to apply the Scherrer equation: &

Llhkl] = —KA
[hkl] = Bria COS(6)

h,k, I are Miller indices;

- K: Scherrer constant;

- A the wavelength of the diffraction beam;

- 20hq : the position of the (hkl) line;

- P : the full width at half maximum (FWHM) of the (hkl) line;

This equation implies that the crystallite size varies inversely with the width of the diffraction

peak; as the crystallite size gets smaller, the peak gets broader. The value for K is usually 0.89.

The average in-plane crystallite sizes (L,) were determined from the FWHM values of (110)
peak, whereas the out-of-plane crystallite sizes (L.) were determined from the (002) FWHM
by using Scherrer equation. The calculated values of the in-plane (L;) and out-of-plane (L)

crystallite sizes are listed in table 3.2.
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(002) (110)
20 crystallite size L. (nm) 20 crystallite size L, (nm)
Natural 26.48 35.5 77.6 52.4
Sigma-Aldrich 26.60 36.3 77.41 27.8
TIMCAL 26.47 21.9 77.36 17.9
Expanded graphite | 26.02 7.1 76.96 37.5
Madagascar 26.41 23.3 77.38 25.5

Table 3.2: Calculated average crystallite size L, and L. according to Scherrer equation

It should be noticed that the instrumental profile width should be corrected when one applies
Scherrer equation for estimation of crystallite size. ™ This can be performed with standard
silicon specimen described in “Standard Reference Materials” SRM 640c. Unfortunately, we
don’t have this standard silicon, so the calculated crystallite sizes are not accurate. They are
smaller than estimated values with correction of instrumental broadening. Since the error
caused by instrumental broadening presents in all XRD patterns, the calculated values can still
be used to help us to evaluate microstructures of samples. The results show that except for
expanded graphite all the graphite samples have similar crystallite size and natural graphite

has the largest crystallite size L, in graphene basal plan.

1.1.3 Study of Crystallite size with Raman Spectroscopy
Besides XRD, Raman spectroscopy can also be used to estimate crystallite size of graphitic

materials. In the pioneering work of Tuinstra and Koenig in the 1970s, they performed
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systematic Raman and x-ray diffraction characterizations. Their studies show that there is a
proportional relationship between the intensity ratio of the D and G bands (Ip/lg) and the
inverse of crystallite size L,. ™ This work was based on a fixed excitation laser energy.
Later work performed by Mernagh et al. showed that the ratio Ip/lg depends strongly on the
excitation laser energy (E)). (31 In 2006, Pimenta et al. performed X-ray diffraction and
Raman characterizations (varying excitation laser energy from 647 nm (1.92 eV) to 457.9 nm
(2.71 eV)) to determine the crystallite size L, from Raman spectrum. [14] They found that Ip/lg

is inversely proportional to the fourth power of the laser energy used:

-1

I
L,(nm) = (2.4 x 10710)} (13)
G

where 4, is the excitation laser used in nanometer units, and Ip/lg is the integrated intensity

ratio of the D and G bands.

We thus applied Raman spectroscopy to characterize our sample natural graphite. Raman
scattering experiments were performed with JOBIN YVON Xplora Raman microscope at
room temperature using the following excitation laser energies: 785 nm (1.58 eV), 638 nm
(1.94 eV) and 532 nm (2.33 eV). The spectra were collected under a microscope (x 100
objectives). The Raman acquisition was performed by a holographic grating with 1800
lines/mm and detected by a charge-coupled device (CCD) camera. By using a laser filter, very
low incident power (<1 mW) was used to avoid local heating and graphitization effects

caused by incident laser. ™!
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Figure 3.5: Raman spectra of graphite Nature 4 under three different excitation laser energy (2.33 eV,

1.94 eV and 1.58 eV). Fitted D band and G band for 532 nm (2.33 eV) and 638 nm (1.94 eV).

Raman spectra in figure 3.5 demonstrate an intens G band which doesn’t change despite the
change of excitation energy. And there is a smaller band around 1350 cm™ called D band.
However, for 785nm (1.58eV) laser energy, there is a large oscillation from 1200 cm™ to
1500 cm™, which totally covers the D band, resulting in uselessness of this spectrum. Finally,
the line-shape analyses were performed for 523 nm and 638 nm Raman spectra. D band were

fitted by two Lorentizan function whereas G bands can be fitted with only one Lorentzian

function.
D band (cm™) G band (cm™)
D; band | D, band G band lo/le La (nm)
532nm (2,33 eV) 1348 1360 1586 0.15 128
638nm (1,94 eV) 1330 1340 1585 0.25 159

Table 3.3: D and G band position (op and og) and intensity (Ip and Ig). L, values estimated from
equation

The results listed in table 3.3 show that the G band position don’t change with excitation laser
energy, whereas D band displays a red-shift when laser wavelength varies from green to red.
From their ratios Ip/lg and equation, the calculated crystallite sizes L, from two laser
excitation energy are shown in table 3.3. These estimated crystallite sizes are bigger than the

crystallite size calculated from XRD pattern.

1.1.4 Elemental composition analyses
X-ray photoemission spectroscopy (XPS) is often used for surface analysis in order to obtain
elemental composition information of carbon materials. XPS analyses of the five graphite

samples were performed in PLACAMAT analysis centre by Dr. Christine Labrugere. The
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graphite samples were fixed on a sample-holder by using double sided adhesive copper tape.
In this way, samples could be smooth, flat and free from contamination, which ensure good
quality data. XPS were performed with a VG Escalab 220i XL X-Ray Photoelectron
Spectrometer under ultrahigh vacuum conditions. All spectra were taken using Mg non-
monochromatized source (1253.6 eV) at 200 W. The spot size was approximately 25 pm. The
acquired spectra were treated with Labspec 4.18. XPS analyses of all graphite samples are

shown in figure 3.6.

B si
B Fe
I Vg
B Al
B o
I C

Figure 3.6: XPS Elemental composition analyses of graphite samples

From the results of XRD and XPS characterizations, we chose natural graphite which has the
largest in-plan crystallite size and highest sp® graphitic carbon contents as our starting

graphite material to synthesize GICs.
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1.2 GICs synthesis

Since the potassium is very sensitive to oxygen and moisture, sample preparations were
performed in a glove box where the ambient environment inside the box is filled with inert
gas (Argon) and oxygen level is controlled as low as 5-10 ppm, as well as the moisture level.
The starting materials are natural graphite and potassium metal (from Sigma-aldrich, 98%
trace metals basis, potassium chunks stored in mineral oil). Before synthesis, the potassium
was washed with ether to remove the paraffin oil and the oxide part was cut away. Graphite
sample was degassed in anti-chamber under vacuum for ~12 hours to remove any residual

water or solvent that may have been adsorbed on surface.

The GICs sample were prepared by using one-zone vapour transport technique for stage-1
KCs synthesis and two-zone vapour transport technique for stage-2 KC,4 and stage-3 KCsg.
With those two techniques we can produce GICs with well-defined stage. In one-zone vapour
transport technique, the weighted graphite and potassium were placed together in Pyrex tubes;
in two-zone vapour transport technique, graphite and potassium were placed separately in a
Pyrex tube as illustrated in figure 1.11, and the tube was evacuated to 10 mbar and sealed.
The sealed tube was then placed in a furnace for 3 day in order to get homogenous GICs
samples. Since one-zone vapour transport technique was applied for stage-1 KCg, the tube
was placed in one furnace where the temperature is fixed at 250°C. For stage-2 KCy4 and
stage-3 KCsg, tube was placed in a two-zone furnace where graphite and potassium were
maintained at different temperatures T4 and T; (Tg> T;). The temperatures used for synthesis
are listed in figure 3.7. T; is maintained at 250°C in order to have a high enough potassium
vapour pressure and a satisfactory reaction rate for the intercalation reaction. By adjusting the

temperature difference Tgy- T;, well intercalated stage-2 KCy4 and stage-3 KCgzs were obtained.
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They can be qualitatively identified by their color: golden for stage-1 KCg, blue for stage-2

KC.4 and dark-blue for stage-3 KCss, shown in figure 3.7. [*°]

K (Ti=250°C)
Stage Tq (°C)

1 (KCy) 250 m
stage 1

B

2 (KCs2) 350-400 N
3 (KCss) 450-480 ﬁ
© stage 3

Figure 3.7: “two-zone furnace” for GICs synthesis, T; and T for the preparation of potassium-GICs by

stage 2

the two zone vapour transport method. !

After reaction, a thin film of potassium was typically plated onto the glass which meant that

not all of the loaded potassium was necessarily intercalation into the sample.

1.2.1 XRD Characterization of GICs

X-ray diffraction measurements can be used to verify phase purity of GICs samples
synthesized from graphite sample. Unlike the starting graphite, we can’t use hand grinding to
prepare the sample for XRD since potassium-GICs (K-GICs) are sensitive. Hand-grind will
cause de-intercalation of K-GICs samples. So K-GICs were carefully sealed into 1.5 mm glass
capillary tube in order to protect the sample from oxygen and moisture during XRD
measurements. The XRD patterns were collected on a PANalytical X’Pert Pro diffractometer
[Cu-Ka radiation (A = 1.54056nm), X’Celerator detector] within the range 5 — 100 ° (20). All
measurements were collected at room temperature in Laboratoire Ondes et Matiere

d’Aquitaine (LOMA) with Dr. Philippe Négrier.
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Figure 3.8: Comparison of the XRD patterns of stage-1 KCg, stage-2 KC,4 and stage-3 KCss K-GICs

XRD patterns of the three K-GICs samples are shown in figure 3.8. A summary of lattice
parameters for three synthesized K-GICs is listed in table 3.5. The lattice parameter refers to

the distance between intercalated potassium layer.

Sample [00I] Lattice parameter (A)
Natural 26.48° 3.36

KCsg 16.58° 5.34

KCy4 10.02° 8.81

KCss 7.30° 12.09

Table 3.5: Lattice parameters of synthesized graphite intercalation compounds
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Analysis of figure 3.8 and table 3.5 shows that graphite 002 peak located at 26.48° is
disappeared in all XRD patterns of GICs. GICs XRD patterns show their characteristical

diffraction peaks, which implies the synthesized compounds are desired GICs.

1.2.2 Raman spectroscopy

Raman spectroscopy was used as an alternative method to verify the phase of prepared GICs
samples. The GICs were sealed into quartz cuvettes in a glove box for Raman
characterizations. Raman measurements were performed with JOBIN YVON Xplora at room
temperature by using 532 nm (2.33 eV) excitation laser. The spectra were collected under a
microscope (x 50 objectives). The Raman-scattered light was dispersed by a holographic
grating with 2400 lines/mm for high spectral resolution and detected by a charge-coupled
device (CCD) camera. Since laser induced heating effect upon K-GICs samples can easily
cause the de-intercalation, the special attention should be paid when the Raman study is
performed for GICs samples. By applying a laser filter (1%) integrated in Raman
spectroscopy, the laser power was always kept below the power values leading to de-
intercalation. The laser power after the filter can decrease to 0.16 mW. It is important to
mention that once the sample is highly intercalated, the spectra acquisition should be with low
exposure time to avoid laser induced de-intercalation. During the whole experiment the
samples were checked by verifying their color to ensure the samples were not de-intercalated.

The studies of deintercalation caused by laser-induced heating effect are included in annex.

Raman spectrum for pristine graphite, KCg, KCy4 and KCgs are displayed in figure 3.9. In
Raman spectrum of graphite, the peak around 1580 cm™, called G band, is typically assigned
to the E»y mode. Because, in KCgthe graphene planes are heavily charged and surrounded by

two potassium layers, both the line-shape and the position of the G band are thus strongly
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affected. In stage-2 KCy4, the G band is located around 1600 cm™ is assigned to the E,y mode
of graphite where the graphite layer is bounded by an intercalant layer on one side and a
graphene layer on the other side. For stage-3 KCsg, the G band is split into two bands, one
corresponds to boundary layer which is bounded by one potassium layer and graphene layer,
another band corresponds to interior layer which is surrounded by two charged graphene

layers.

- 332nm2.33el” T

Intensity Normalized (a.u.)
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Figure 3.9: Raman scattering spectra G band of pristine graphite and three synthesized potassium-
GICs: stage-1 KCg, stage-2 KC,4 and stage-3 KCs at room temperature. Measured scattering was from

individual flakes.

These G bands show a strong change in character with doping. To investigate these doping
effects in more detail, line-shape analysis were performed for the G band of the three K-GICs
samples. In the previous section, it has been noticed that the G peak of graphite can be fitted

with a single Lorentizan function. However in GICs samples, regarding the line shape, the G
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bands of three K-GICs samples have been fitted by a Breit Wigner Fano (BWF) function of

the form:

(1+° ;rwo)z
W — Wy

I:IO
1+ (77?2

where wpn is the phonon frequency, 1" is the full width at half maximum (FWHM) or damping,
g the asymmetry parameter. Those special G peak line shapes are due to coupling between the
phonon and an electronic continuum, %7 and it is commonly found in the Raman spectra of
doped graphitic systems. The G band is split into two bands in stage 3 KC3s, and two BWF

functions were employed to fit these G bands.
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Figure 3.10: The detailed line-shape analysis of the three compounds: KCg, KC,4 and KCsg

In the Raman reponse of graphitc materials, optical vibration modes are presented in the

following irreducible representation:
F = 2A2u + 2BZg + 2E]_u + 2E29

The Eyq mode is Raman active. Indeed, the common band present in Raman spectra of
graphite materials, G band, corresponds to this first-order Raman active mode Ey. Previous
Raman studies in GICs confirmed that the presence of the Ex, mode is around 1600 cm™, 18]
For stage-1 KCg illustrated in figure 3.10, a detailed and accurate analysis of G peak analysis
is illustrated by introducing four components named as: D, Ejgp, Ezg1, and Gsp. Each
individual component was fitted by using a BWF function. From fitted results, we can
observe the Eaq mode at ~1525 cm™, which is attributed to not homogeneous, de-intercalated
or not complete intercalation in stage-1 compounds with asymmetry q = -1.5. ?? The Eyy
mode is around ~1510 cm™ with a clear and strong Fano behavior (q = -1.1 and 7" = 125 cm™)
which is the characteristic peak for stage-1 GICs. ™ 2% 22 The D mode at 1274 cm™ is

attributed to intrinsic defects on the edges and / or the presence of disorder due to high

intercalation. ** 24 The last mode GD is located ~ 1560 cm™. For stage-2 KC,, Raman
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spectra illustrated in figure 3.10 shows an intrinsic Gs., mode at 1606 cm™ with 7" = 20 cm™,

which is in agreement to experimental results previously reported. 2* %

KCsg KCa4 KCss

) I q w I q ) I q

D 1265 25 10°| — — — | — —

Eype 1510 125 -11| — — — - _

Epq 1525 58 -15| — — — | — —

GD 150 20 10°| — — — | — —

Gsr -~ —  —|1606 20 65 | — — @ —
Gext - — — | — — — |1578 8 10°
Gint _ - — | = —  — 1604 19 10°

Table 3.6: Fitting parameters to the components of the G line in Raman spectra of stage-1

KCs, stage-2 KCy, stage-3 KCsg.

The parameters of fitting results are summarized in table 3.6. For stage-3 KCgs, the
asymmetry of two bands was q=10° approaching a Lorentzian function, which means we can
also use two Lorentzian functions to fit two G bands of stage-3 KCss. The detailed analysis of
the G peaks in stage-3 KCgzs and an intrinsic Raman resonance of stage-3 will be presented in

next section.
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2. Raman resonance of stage-3 KCgg

In GICs, due to the charge transfer between the layers of graphene and the intercalated
potassium layers, the Fermi levels are strongly shifted. Thus, properties of GICs are highly
dependent on the number of graphene layers between intercalant layers. Potassium is known
to give its electron leading to a large charge transfer fc close to —1/8 for stage 1 (KCg) and
—1/24 for stage 2 (KCa4).?**" Charge transfer per carbon atom fc and density of charge ¢ of

the graphene layer are related by:
fc =0.0026 o

with & in 102 cm™. Raman scattering is a powerful technique which has proven in-valuable
for characterization of pristine graphene. For graphite, only Eyq represents the Raman-active
modes, and there are two first-order doublet Raman-active optical modes of E;y symmetry. [28]
One of these represents an intra-layer vibration mode which involves an out-of-phase

displacement for carbon atoms in adjacent layers, and the other one corresponds to rigid-layer

vibration which is in-phase displacement, as illustrated in figure 3.11. (24

Raman
active

;

Figure 3.11: Optical modes of graphite

Due to the fabrication of graphene transistors, the electron-phonon coupling leading to non
adiabatic effects has been accurately investigated. As a consequence, Raman spectra obtained

on GICs have been revisited recently. ' In previous section, the line-shape analysis of the
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three K-GICs was presented for 532 nm laser excited Raman spectrum to understand the
electron-phonon coupling. So far, resonant Raman scattering of potassium intercalated
graphite with different excitation energies is still missing as several empirical laws show a
linear behavior and consequently,™** *! one could suppose that nothing is expected by varying
the excitation energy. Besides a better understanding of graphene physics, 2% 3 a thorough
analysis of potassium GICs should prove invaluable as a comparative analysis tool for

graphenide solutions, a choice method to exfoliate graphite in large quantities. [t 3% 3% 34

The electron-phonon coupled mode, G band, is particularly interesting for investigating the
doping effect.®>* Three effects are present: the lattice expansion softens the G band
vibration, the carbon potassium interaction leads also to a decrease of the G band wave-
number and finally the non adiabatic effects harden the G band. As the non adiabatic effects
are modulated by the lifetime of the coupled state, determining the charge transfer from only

the Raman shift is nearly impossible without the help of ab-initio calculations.

Resonant Raman scattering has brought information on the electronic modifications induced
by intercalants by monitoring relative intensity for p-type doping. B The situation is more
complicated for n-type doping. From the work of Lazzeri and Mauri, “°! the Fermi level shift
er is linked to the charge transfer fc (without unit) by:

ep (eV) = —sign(fy) X 6.04 x \/W

This value obtained from first principle calculations is more accurate than the expression used

in the past derived from tight binding: "%

er(eV) = —sgin(fy) x ‘/yozn\/3|fc| = —sgin(f;) x 6.76 x \/If.|

where y0=2.90 eV is the next-neighbor C-C overlap integral. The charge transfer from the

potassium atom is nearly complete. 1
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2.1 Raman scattering

For Raman analysis, the samples were placed in sealed cuvettes and performed in CEMES
Toulouse with Dr. Pascal Puech. The color of the flake under study, indication of the stage,
was visually verified before the measurements. An objective with long working distance was
used (NA = 0.5). The laser power was always kept below the value leading to deintercalation,
typically selecting a value of 2 mW with a magnification objective of 40x. Raman spectra
were acquired with various spectrometers (UV Dilor, T64000 Jobin-Yvon Horiba, visible

Dilor, XPlora) depending on the available laser sources.

For stage 1, a Fano shape is well marked, with a small q value (-1.2) at 2.33 eV, whereas in
the UV range, the Fano shape is less well marked (q tending to large value). For stage 2 at
2.33 eV, the background is higher for longer wavenumbers after the coupled mode,
characteristic of a Fano shape with a positive coupling factor. In the UV, the Fano shape tends
to a simple lorentzian. The wavenumber fluctuations in the fitted Raman spectra are due to the
intercalation process. The stoichiometry of each stage can vary a little and is easily observed
with liquid p-type doping. ! If a coupled mode has a large half width at half maximum
(HWHM), its wavenumber cannot be accurate. In order to have an idea of the dispersion, we
have acquired 80 Raman spectra on KCss at different locations. We have selected nice
surfaces with dark blue color and rejected spectra too far from our average spectrum. The

deduced histograms are reported in Figure 3.12.

The standard deviation for the G band of the interior layer is 0.4 cm™ and for the bounding
layer 0.8 cm™. As expected, the larger the HWHM, the larger the standard deviation. We are
in the optimal conditions with visual checks, and even in that case, some fluctuations appear.
The laser power was really low, and de-intercalation is nearly impossible. This strategy is not
possible with all samples as all our spectrometers are not equipped with binocular.
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Fluctuations in the G band positions are consequently due to statistics as we probe at each
time a different location of the sample. At the micrometric scale, a small fraction of the

sample that could be estimated to 1% is not intercalated at the same stage.

Number
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Figure 3.12: Histogram for G band position associated to Raman spectra of KCzs at 638 nm (1.94 eV)

Typical Raman spectra of KCszs using several excitation wavelengths available in our
laboratory are reported in Figure 3.13. The highest available energy was 4.13 eV (300 nm).
For stage-3 GICs, the interior layer is not equivalent to the boundary layers; hence, two G
lines are expected, as observed. Their relative intensities change as a function of the laser
energy. They can be fitted with two Lorentzians (corresponding to Fano shape with large g
coupling factor q = 10°). An average value of 1580 cm™ for the G mode of the interior layer is
obtained with an HWHM of 4 cm™. This small value of the HWHM proves that a residual
doping is present. 4 A intermediate charge transfer and lattice expansion due to the
neighboring expanded boundary layers are present as recently reported. ! For the boundary

layers, a wavenumber value of 1605 cm™ with an HWHM of 10 cm™ is observed. The
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boundary layers have a wavenumber higher than the value obtained for KC.,: 1595 cm™ and

the HWHM is weaker at 10 cm™ to be compared with 14 cm™ for KCy;.
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Figure 3.3: Typical Raman spectra of KC3 at various excitation energies. For sake of clarity, intensity

of spectrum has been normalized to the highest mode. Only the relative intensities of the two G lines

are meaningful.

The differences in the broadening and position between KC,4 and the outer layers of KCs
could be attributed to doping. The fractional layer charge for the bounding layer is a little
lower for KC3s than for KC,4 as the interior layer bears some fractional charge. The first-
principle calculations for stage-3 were performed by using a trilayer ABA surrounded by
potassium. Charge transfer of 0.83 e for the potassium atom, with a fractional charge of 0.37
e for the A layers and 0.08 e for the B layer were obtained. These values are close to
previous first-principle calculations. “*! As the rigidity of the assembly of n layers varies as n®,

one can suppose that KCzg is more rigid than KC,,4 and that the graphene layers in KCzs are
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less distorted (corrugated) than in KCy. As a consequence, the electron—phonon coupling
could be larger for KCzg corresponding to an increased wavenumber upshift in comparison
with KCy4 at the similar doping level and also to a reduction of the HWHM between KC,4 and

KCgg as observed. 1
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Figure 3.14: Ratio of the integrated intensity of the G band for boundary over interior layer (40 to 50
spectra depending on the excitation energy). Color codes for statistics: the number of times the
experiment yields the corresponding ratio. The black line corresponds to the average value. It is clearly
seen that measurements give very narrow distribution away from the resonance and highly dispersed

data near and on the resonance.

In Figure 3.14, the ratio of Raman G band intensities of the bounding versus interior layers for
KCgg is reported. In order to better ascertain the trend around the maximum value, some
statistics have been obtained considering a sampling of 40-50 different crystals. A strong

increase of the bounding versus interior G band intensity ratio is observed around 2.5 + 0.1
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eV. Away from 2.5 eV, statistics show a narrow distribution, while data around 2.5 eV are
highly dispersed, as is expected close to a resonance. Above 2.5 eV, the ratio of intensity
bounding/ interior is between 2 and 3, which is roughly close to the weight of 2 expected
considering the number of layers. For exciting energies below 2.5 eV, the ratio of intensity
bounding/interior increase with increasing exciting energy, and the fluctuations are very small.
Around 2.5 eV, Yang and Eklund have reported strong vertical transitions associated with the
interband structure in the optical dielectric function for the bounding layer. 1 Other weaker

transitions (1.1 eV for interior layer and1.7 eV for interlayer) are also mentioned.

2.2 ab-initio simulation of Electronic band structure of KCzg

In order to check the origin of this maximum value at 2.5 eV, total-energy density functional
theory calculations were performed by Dr. lann Gerber in INSA with the Vienna ab initio
simulation package, " All atoms have been fully relaxed until the forces on individual
atoms were smaller than 0.01 eV//A™. Cell shape and cell volume were also allowed to relax.
The calculation cell used contained three layers of 24C atoms and 2K atoms [electronic

configuration (Ne) 3s%3p°4s°3d].
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Figure 3.13: Electronic band structure of KCzs. The solid blue (dashed red) arrow corresponds to the

bounding (interior) 7 — x* transition. The Fermi level position is indicated.

A trilayer of graphene with ABA stacking is surrounded by potassium. Because of the
presence of a symmetry center, there is no band gap in the structure reported in Figure 3.13.
The electronic band structure is similar but more accurate than in the case of Yang and
Eklund. Moreover, we obtain directly the whole structure in the three-dimensional Brillouin
zone. 1 With this full electronic band structure, one can observe that at 2.5 eV, the transition
m — n* for the bounding layer is near the Fermi level. The inspection of the electronic band
structure has not allowed to find another consistent explanation. Hence, we reason that
resonance effects originating from the n — m* transition account for the strong changes in the

G band intensities ratio observed around 2.5 eV. 2%
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3. Graphenide solutions

Carbon macromolecular materials, like carbon nanotubes, carbon nanocorn and graphene, are
difficult to dissolve because of their high surface energy. The ordinarily used dispersion ways
with aide of surfactant and/or sonication do reduce surface energy, but these kinds of
dispersion are always unstable. In 2005, Pénicaud and coworkers succeeded for the first time
in obtaining a thermodynamically stable carbon nanotube solution in a polar solvent Dimethyl
sulfoxide (DMSO), B! which originated from the spontaneous dissolution of Na reduced
carbon nanotubes. By varying potassium/carbon ratios, later work on these solutions
established a thermal model of the Gibbs free energy of dissolution revealing that counterions
entropy gain drives this spontaneous dissolution. 2 Those reduced carbon naotubes show
similar behavious of stiff polyelectrolytes. The solubility depends strongly on the charge

density.

The intercalation of graphite with different quantities of potassium makes the basal graphene
planes to be reduced with different charge densities, which provide us with a system similar to
reduced carbon nanotubes. Previous works concerning graphenide solutions performed by Dr.
Amélie Catheline and Dr. Cristina Vallés showed that potassium intercalated compounds,
such as stage-1KCg and K(THF)C,4, can be dissolved in various organic solvents, N-methyl-
2-pyrrolidone  (NMP), Dimethylformamide (DMF), Tetrahydrofuran (THF), 2-
Methyltetrahydrofuran(Me-THE), Cyclopentyl methyl ether (CPME), Dimethyl sulfoxide
(DMSO0), Acetone etc.?% In this work, we used the K-GICs presented in previous part to
synthesize the graphenide solutions in two polar organic solvent, one high boiling point
solvent NMP with boiling point of 202 — 204 °C and one low boiling point solvent THF with

boiling point of 66 °C.
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graphenide solution

Figure 3.16: production process of graphenide solution B! a

3.1 Synthesis of graphenide solutions

As illustrated in figure 3.16, the production method of graphenide solution consists of two
steps under inert atmosphere without applying surfactants and sonication. The first step is
synthesis of K-GICs; in our work, we have made three kinds of K-GICs from stage-1 KCg to
stage-3 KCgzs. Then these compounds were dissolved in organic solvents with a magnetic
stirrer bar to accelerate the dissolving process. The dissolutions of K-GICs in solvents were
performed by 2mg of GICs in 1mL solvents. NMP used in this work was purified with reflux
method in order to eliminate impurities and water before dissolving the GICs in the solvents.
After stirring 5 days, a mild centrifugation process was used to remove insoluble material.
The GICs+NMP solutions were centrifuged at 2870 g for 1 hour. The centrifugations of
GICs+THF solutions were generally performed at 785 g for 15-20 mins. The produced

solutions were stable and stored under inert atmosphere for further characterizations. At first,
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we practiced dry extract of the solutions to determine the concentration of each graphenide

solution.

NMP THF
Stage 2 KCy4 0.24 mg/ml 0.2 mg/ml
Stage 3 KCg; 0.21 mg/ml 0.12 mg/mi

Table 3.7: Concentrations of GICs in NMP and THF.

The concentrations obtained from dry extracts are listed in table 3.7. All dry extracts were
performed in a homemade vacuum heater for more than 10 hours in glove box. The
temperatures of practicing dry extracts are 60 °C and 160 °C respectively for THF and NMP
solution. From table 3.7, we can see that graphenide solution KCg+THF has the highest
concentration, and stage 2 and stage 3 in THF show lower concentration compared with these

compounds in NMP.

3.2 Absorption UV-Visible of graphenide solutions

In Dr. Amélie Catheline’s work, the graphenide solution, KCg+NMP, was characterized by
UV-Visible absorption. The as-produced soltution, KCg+NMP, is characterized by a band in
the UV range at 300 nm (4.14 eV) with no tailing into higher wavelength region (FWHM =

50 nm). @

We also characterized graphenide solutions K-GICs+NMP and K-GICs+THF with UV-
visible absorption. The air-sensitive graphenide solutions were loaded into a quartz cuvette
under argon atmosphere inside glove box and then sealed with paraffin. The absorption

spectra of dilute K- GICs+NMP and K- GICs+THF are illustrated in figure 3.17. We can see
136



Chapter I11: Graphenide solutions

that for GICs+NMP system there is always absorption at 300 nm (4.14 eV) despite the charge

density. With Beer-Lambert law:

A, =cle

where A, is absorbance, | is optical path (2 mm), & represents extinction coefficient, we can

calculate extinction coefficient for three K-GICs+NMP solutions: KCg + NMP (eg300= 26.5

L-g™em™), KCoe+NMP (g300= 25.5 L-g™:cm™), KCae+NMP (g300= 27.1 L-g™-cm™).
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Figure 3.17: (a).UV-Visible absorption spectrum of dillute K-GICs+NMP; (b). UV-Visible absorption

spectrum of dilute K-GICs+THF.

To explain the absorption band at 300 nm in GICs+NMP solutions despite the charge density,
we can make a hypothesis that the dissolution of stage 1 KCg, stage 2 KC,4 and stage 3 KCsg
in NMP produced some materials. We suppose that the absorption band at 300 nm was
originated from dissolution of KCg. Thus in solution KCy4+NMP and KC3s+NMP, there exit
respectively disproportionation in these solutions:

KCy — KCg+ Cys

KC3s — KCg+ Cys
Both KC,4 and KCgs could be dissolved into KCg and neutral carbon. These hypotheses need

to be proven by further characterization of solutions.

On the other hand, for GICs+THF, we can find two absorption bands in the ultraviolet. One
located around 280 nm, the intensity of which varies according to charge density, the other at
328nm one doesn’t change. The oxidation of graphenide solutions in air results in oxidation of
negatively charged graphene flakes in solvents, thus aggregation of graphene flakes appears.
The insert in figure 3.16 shows that initial graphenide solution KCg + THF is transparent
under inert atmosphere inside the glove box. After opening the cap outside the glove box, the
solution is oxidized, and aggregates precipitate at the bottom of the vial, accompanied by a

change of the UV-Visible spectrum. The evolution of this oxidation is reflected in figure 3.18.

We can see that once the solution was exposed to air, the absorbance decrease with time of
oxidation. From UV-visible absorption of KCg+THF, we didn’t observe the absorption band
around 328 nm which is observed at dilute KCg+THF illustrate in figure 3.17 (b). The

absorption band at 328 nm was also observed by Dr Amélie Catheline in KCg + THF
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protected under inert atmosphere. ®® In figure 3.18, a great absorbance decrease was observed
between 25 minutes and 45 minutes due to man-made agitation for accelerating oxidation
process. The concentration obtained from dry extract shows that concentration of charged
graphene in solvent NMP is in general higher than in solvent THF, but for analyzing the
deposits of graphenide solution with other techniques, such as AFM and Raman, we prefer the

K-GICs + THF system because of low boiling point of THF which makes sample easier to

prepare.
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Figure 3.18: Evolution of UV-Visible spectra of one graphenide solution KCg+THF once the solution
was exposed to air. Insert: photos of exposing graphenide solution KCg+THF to air (top); absorbance

vs. time of oxidation of solution KCg+THF (below).
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3.3 Observation with Transmission electron microscopy

Transmission electron microscopy (TEM) was used to observe produced graphene flakes.
This technique can provide us information about morphology, defect and size. With high-
resolution transmission electron microscopy (HRTEM) image, an unambiguous identification
of the layer number can be carried out by counting the number of dark lines along the folding
at the rim of a given graphene flake. The selected area electron diffraction can also be used to
identify the number of layers and crystal structure. The HRTEM characterizations were
performed in CEMES Toulouse by Dr. Célia Castro and Dr. Marc Monthioux. Some samples

were also characterized with TEM in CRPP.

An unambiguous sample characterization via TEM requires clean specimen without surface
contamination. And most samples for TEM characterization must be supported on some kind
of a thin electron transparent film which can hold the specimen in place while in the objective
lens of the TEM. In our case, the grids used for TEM characterization are coated by holey or
lacey carbon film. With those kinds of TEM grids, graphene flakes in solutions can be rather
easily deposited in the grids while solvent can be easily eliminated in the following washing
and drying treatment. The preparations of TEM grid with graphenide solution have to be
performed in the glove box. At first, several drops of graphenide solutions (~ 60 pl) were
deposited on grid with micro-pipette. The solvent in solution flows away from holes in carbon
films, and graphene flakes remain on the carbon film. The grids were then taken out of glove
box in order to oxidize the graphene flakes. After oxidation, these grids have to be washed in
order to eliminate the particles composed of potassium which were formed by reaction
between counterion K*and oxygen. A simple washing process with distilled H,O, acetone and
isopropanol can efficiently eliminate these particles. The TEM images of graphene flakes

produced from K-GICs + THF are illustrated in figure 3.109.
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Figure 3.19: TEM images of graphene flake produced from (a) KCg+THF solution; (b) KCy,+THF

solution; (¢) KCsg+THF solution.

The TEM images show that the flakes fold and overlap with themselves. The lateral size of
the graphene can be up to several micrometers. Since KCg+THF solution has the highest
concentration compare to KCy+THF and KC3s+THF solution, we then focused our attention
on this solution. In order to identify the number of layer with TEM, one grid prepared with
KCg+THF was characterized with HRTEM in CEMES Toulouse. The number of graphene
layers is simply and reliably characterized by counting lines of contrast along a backfolded
edge of a graphene flake illustrated in figure 3.20 (b), similar to determining the number of

walls of carbon nanotube.

As shown in figure 3.20, a large graphene flake with size of ~ 8.6 x 6.4 um?® was observed by
HRTEM. Like graphene flakes presented in figure 3.19, this large graphene flake is also
folded. The image in figure 3.18 (f) illustrates that this graphene is pocked with holes. We
then observed the number of layer varies from 2 layers to 10 layers in different location
according to lines of contrast accounted along a self-backfolded edge of the graphene flake,

which could probably mean that the observed graphene flake was a bilayer graphene.
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Figure 3.20: Determination of the number of graphene layers via HRTEM images: (a) schematic of
backfolded edges of monolayer (1L) and bilayer (2L) graphene. (b) TEM image of a large graphene
flake. The HRTEM images on right side from top to down correspond respectively to 2 layer, 4 layers

and 10 layers. The scale in HRTEM is 5nm.

3.4 Characterization of deposit of KCg+THF solution with AFM
Atomic force microscopy (AFM) is also considered as a very useful tool for characterizing the
number of layers of graphene on a support, the shape of deposited graphene etc. Since the

previous TEM images demonstrate that the graphene flakes on TEM grid feature a self-folded
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morphology, determination of number of layers with AFM in our case could not give
promising information about number of layers. However, AFM can provide a direct-viewing
topology of graphene on a continuous substrate, which could be helpful for the future
application of graphene. The topology of graphene is sensitive to the surface on which it is
deposited. Indeed, graphene tends to follow the underlying topology of substrate; this can
make identification of the number of layers by height measurements somehow tricky. ®** For
the moment, the most used substrates for AMF study of graphene are SiO, and mica. We also
tested SiO, and mica as substrate. Mica exhibits a smoother landscape than pristine SiO,

support. For our AFM measurement, mica was used as substrate.

Beside substrate, the preparation of specimen is a critical factor for AFM characterization of
graphene produced by liquid-phase route, especially when organic solvents are applied during
the production process. The trace of organic solvents can easily “submerge” graphene flakes,
which lead to difficulty of characterization of graphene flake. In addition, the surface
contamination induced by improper preparation method can also ruin the specimen. We have
developed one simple process which helps us to prepare a suitable sample for AFM
characterization. The deposit of graphenide solution KCg + THF was performed in glove box
on freshly cleaved mica surface by successive drop-casting of KCg +THF solution with micro-
pipette. The as-prepared sample was dried in anti-chamber under vacuum for more than
30mins, and oxidized out of the glove box. The sample was then washed with fresh MillQ
H,0, acetone (ReactPur) and Isopropanol (RectPur). Finally, the washed sample was dried in
an oven for overnight at 60 °C. We employed amplitude AFM with tapping mode to

characterize the topography of graphene samples.
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Figure 3.21: AFM image showing a deposit of graphenide solution on Mica surface (left). The height
profiles of folded (red), crumpled (blue) graphene flake and histograme of height are shown on the

right side.

AFM in figure 3.21 shows that the graphene flakes are either folded or crumpled on mica
surface. Those morphologies are in accordance with TEM images shown in figure 3.18 and
3.19. From height profiles of two graphene flakes illustrated in right side, it seems that the
folded graphene flake, which shows height profile varying from 4 nm to 7 nm, is less high
than the crumpled one. The histogram of height shows that average height of graphene flake
is around 4 nm. In 2009, Petr Kral et al. demonstrated by molecular dynamics simulations that
water nanodroplets can activate and guide folding of graphene nanostructures. The folding
can be realized by different types of motions, such as bending, sliding, rolling, or zipping that
lead to stable or metastable structures. > Moreover, the previous works from Dr. Amelia

Catheline had modeled that graphene folding can be triggered by the presence of nanodroplets
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of solvent. 2 During our sample preparation step, we had applied washing process involving

water and solvents, which might be another cause for changing morphologies of graphene.

3.5 Raman study of deposit from KCg+THF solution

Raman spectroscopy is a powerful tool to characterize sp? carbon allotropes. Raman has been
widely used in graphite and carbon nanotubes to study the defects, diameters, optical
transition energies etc. ** % In 2006, the first Raman spectroscopy experiments of graphene
showed that Raman spectroscopy can be used to determine the number of graphene layers for
graphene stacked in the Bernal (AB) configuration. ! Raman can also be used to probe
electron and phononon properties, strain effects, 2! doping  in graphene materials. Recent
Raman scattering studies in graphene have made this technique to be an integral part of
graphene research. We also applied this technique to characterize our specimen. The most
used substrate is Si/SiO, for Raman study. During our work, we used both Si/SiO; substrate
and Mica substrate for Raman study. Here we will present one spatial Raman mapping study
performed on deposits of graphene on Si/SiO,. For graphene Raman study, extreme care has
to be taken to avoid sample damage induced by laser irradiation. In reference [57], Ferrari et
al. performed Raman measurements on graphene prepared by micromechanical cleavage.
They varied incident laser power from ~ 4 to ~ 0.04 mW, and no significant spectral change

was observed in this range. [*

But one should notice that graphene prepared by
micromechanical cleavage present almost perfect graphene crystal microstructure which make
them to be more resistant to laser damage. For our Raman mapping, we used a laser power of
1.66 mW, low enough but with which we can obtain relatively strong intensity. The Raman

measurements were performed with JOBIN YVON Xplora at room temperature using laser of

532 nm (2.33 eV). The spectra were collected under a microscope (x 500bjective). The
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Raman-scattered light was dispersed by a holographic grating with 2400 lines/mm for high

spectral resolution and detected by a charge-coupled device (CCD) camera.
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Figure 3.22: Raman mapping of graphenide solution KCg+THF deposited on Si/SiO, substrate. The
Raman mapping is reconstructed by intensity of G peak. Two Raman spectra on the right correspond

to two points indicated in Raman mapping.

From two Raman spectra presented on the top right in figure 3.22, we can find three
characteristic bands of graphitic materials: D band around 1346 cm™, G band (1589 cm™) and

2D band (2685 cm™). The details of Raman spectra line-shape analysis are displayed in figure
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Figure 3.23: Raman mapping of graphenide solution KCg+THF deposited on Si/SiO, substrate. The

Raman mapping is reconstructed by intensity of G peak. Two Raman spectra on the right correspond

to two points indicated in Raman mapping. Raman shape-line analysis of graphene deposition: (a) and

(b) D band analysis for point 2 and pointl; (c) and (d) G band analysis for point 2 and point 1; (e) and

(f) 2D band analysis for point 2 and point 1.

Unlike D band of graphite, which is fitted by two Lorentzian functions shown in figure 3.5,

for graphene, D band can be fitted by one single Lorentzian function. The analysis of the G

band shows that there is another small band on the shoulder of G band, called D’ band located

around 1620 cm™. G band is fitted with a single Lorentzian function, but D’ band is fitted by a
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Fano function. The analysis of the 2D band illustrated in figure 3.20 (c) and (f) show a simple
and monolayer-like 2D band which can be fitted by a single Lorentzian function. Ferrari et al.
demonstrated that monolayer graphene produced from micromechanical cleavage method
display also a single 2D band which can be fitted by one single Lorentzian function, and for
AB stacked bilayer graphene 4 Lorentzian functions were used to fit its 2D band. ©” Since
our method is liquid-route exfoliation, care should be taken in asserting that a single
Lorentzian 2D peak is proof of monolayer graphene. Once graphene solution was deposited
on substrate, any relative orientation and stacking of graphene layers could be possible, and
this would be reflected in a significant change of the band structure. * This twisted and/or
disorientated stacking order can result in a monoylayer-like 2D peak. ! We studied then the

Raman mapping in more detail.

By analyzing the intensity, frequency and line width of the characteristic D, G and 2D Raman
band for the whole scanned area, we are able to deduce some valuable information about
graphene produced. From the observation of whole graphene, G band is from 1580 cm™ to
1585 cm™X. The frequency of the G band is often used as a measure of the doping level. B¢
Compare to reported G band frequency (~ 1580 cm™) of graphene produced by
micromechanical cleavage method and deposited on Si/SiO, substrate, ©” ¢ there is no
significant G band shift for this observed graphene, which means that most part of the
observed graphene doesn’t get too much doping from production and deposition process. In
addition, og can be up to 1590 cm™ in certain zone, which implies the inbomogeneity of the
doping level. These doping may be caused by production method or by the substrate. From
figure 3.24 (b), we can clearly see that the linewidth of G band is ~ 7.5 cm™ for edge and ~ 10
cm’* for centre. For 2D band, we observe the average of frequency of 2D is around 2685 cm™,

in the bottom left part, the frequency of 2D is even shifted to 2700 cm™. Compare with
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reported ®,p of monolayer graphene, located around 2670 cm™, 7 %4 the 2D bands are
largely blue-shifted. For linewidth of 2D band, the average I';p IS ~ 20 Cm'l; thus the FHWM
of 2D is ~ 40 cm™, which is twice larger than the reported monolayer graphene FHWM (2D)
(~ 23 cm™). Both frequency wzp and width I'»p imply that the observed graphene are not
monolayer. The Ip/lg image figure 3.24 (e) shows us that the maximum is not at edge. And
the ratio of I,p/lg varies from 1.5 to 4. These results support that the observed graphene is not

monolayer. It is more like a randomly stacked few layer graphene or self-folded graphene.
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Figure 3.24: Spatial maps of the Raman features of a graphene sample: (a) and (c) are respectively the
G band and 2D band frequency, g and w,p; (b) and (d) the G mode and 2D band line width, I'g and
I';p; (€) the ratio of integrated intensity of D mode to that of the G mode, Ip/lg; (f) the ratio of the
integrated intensity of the 2D mode to that of the G mode, I,p/ls. Data in (a) and (f) are based on fits

of line shape to the experimental data.

Starting from graphite (Bernal stacking), Raman analyses demonstrate that there is no
fingerprints from multilayer of AB stacked multilayer graphene, but rather uncorrelated,
stacked or self-folded graphene,graphenide solutions allow us to exfoliate completely the

starting graphite.

We also noticed that D and D’ band are presented both in centre and edge, which indicates
that the observed graphene samples are defective. From HRTEM observation, we have
noticed that there are holes in the graphene flakes. This is one reason for explaining the
presence of D band. At the same time, both HRTEM and AFM reveal that graphene flake are

folded and crumpled on substrate. When one monolayer graphene flakes folds into these
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morphologies, the graphene flakes can be considered as multilayer graphene stacked with
random stacking order, as illustrated in figure 3.25. Gupta et al. observed two peaks in the D-
band region on a sample in which monolayer graphene was folded back upon itself into
skewed bilayer, although the parent monolayer does not exhibit a D band. [ Thus not only
the structure defects, like vacancies and pentagon-heptagon pair, contribute to the D band, but

rotationally stacked structure can also produce a D band.

Optical image Schematic image
before fold before fold —2 layer

— 1 layer
1+1 layer folded graphene

G band 2D band

A A

1 layer

(©)
After fold After fold

Intensity

@ 4500 2000 2500 3000
Wavenumber(cm")
Figure 3.25: (a) and (b) show the optical image of single layer graphene (SLG) before and after
folding. (c) and (d) give the schematic image of SLG before and after fold. (On right side)The Raman

spectrum of bilayer graphene, monolayer graphene, and 1+1 layer folded graphene. !

We also noticed that the D band is intense both on centre area (point 2) and on edge (point 1).
In general, one can find a more intense D band on edge than in centre of a given graphene
because more defects are presented in edge. Beside the reasons described above for the
presence of D band, we rechecked the Raman measurement, for example laser energy. Indeed,

laser-induced degradation had been observed previously for a weak laser power (ImW) over a
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long time scale (~18 h) on the monolayer graphene deposited on SiO, substrate. 4 For the
Raman mapping where graphene sample is scanned by laser spot under fixed exposure time,
not only the laser energy have to be considered, but one must also take laser exposure time
into account for Raman measurements. For our Raman mapping measurement, it took almost
one days to finish whole Raman mapping because of applying small increment, exposure time

of 1 second and large scanning area. This could also cause slight sample degradation.

Raman mapping is a powerful tool for characterizing sample in spatial scale, but one should
not only pay attention to laser energy, the acquisition time should also be taken into account
in order to avoid laser-induced sample damage. In the following part, all the Raman mapping
measurements were performed by taking both laser energy and acquisition time into account.
For ending this Raman characterization part, a summary concerning the quality of graphene
will be made in order to comparing quality of graphene produced by different liquid-route
exfoliation method, like reduced graphene oxide, graphene suspension in organic solvent by
sonication and graphene produced by our method. Raman has been widely accepted as tool to

investigate quality of produced graphene, since the D band is a defect-active mode.
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Figure 3.26: (a) Raman spectrum of graphite (Nature 4) with laser excitation energy 2.33 eV (523 nm);
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insert: line-shape analysis of graphite 2D band; (b) Raman spectra of as-grown (black) and chemically
reduced (2 h, blue, and 2 h + 5 h, red, in hydrazine) GO2 and GOc thin films and thermally reduced
(1000 °C and 2400 °C) GOc powder. ©* (c) Raman spectra of graphene produced by suspension of
graphene in organic solvent Top: Raman spectra of (red) a small flake and (blue) a larger flake.

Bottom: C1s XPS spectrum of a thin film of graphene flakes. The contributions marked by arrows are

due to the solvent. ™!

In all the liquid-route exfoliation methods, the starting material is graphite. One typical
Raman spectrum of Bernal stacked graphite (Natural graphite) is presented in figure 3.26 (a).
The 2D band can be fitted by two Lorentzian functions illustrated in the insert image of figure
3.26 (a). In figure 3.5, the line-shape analysis of D band shows that the D band can be fitted
by two Lorentzian functions located respectively at 1348 cm™ and 1360 cm™. The results are

in accordance with previously reported analysis in reference 57. In graphene oxide, the basal
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graphene sp? structure is converted into sp® structure, which results in insulating GO. In figure
3.26 (b), the Raman spectra of graphene oxide and reduced graphene oxide are shown. Due to
oxidation effects, a huge D band is apparent in GO Raman spectra and 2D band has almost
disappeared. Reduction can repair sp? structure and restore the 2D band, but it seems only
high temperature treatment (2400 °C) and chemical reduction for long time (7h in hydrazine)
that can decrease significantly the D band and restore the 2D band. For graphene suspended in
organic solvent, Coleman claimed that this method can produce a defect-free graphene. ® But
in figure 3.26 (c), we can still observe a visible D band which is attributed to edge effect by
the authors. It also displays a broad 2D band which is characteristic of few layer flakes. For
the Raman spectrum below, which doesn’t display a D band, but the 2D band more or less
demonstrate a line-shape of graphitic 2D band, there is a small band on the low frequency side
of the 2D band. These two Raman spectra demonstrate that with graphene suspension in
organic solvent one can hardly exfoliate completely the graphite into monolayer graphene. On
the other hand, from the Raman spectra obtained from graphene produced by our method,
even though a D band due to structure defects and self-folding is visible, the monolayer-like
2D band has a characteristic of uncorrelated graphene layers, shows that the graphite has been

thoroughly exfoliated by the dissolution procedure.

154



Chapter I1I: Graphenide solutions

4. Conclusion

Our group has developed an alternative method to produce graphene from graphite by
dissolving graphite intercalation compounds (GICs) in organic solvents. The dissolution of
GICs allows to produce thermodynamically stable graphenide solutions under inter
atmosphere. Compared to previous studies concerning graphenide solutions, we have

performed a systematic study from starting materials graphite to graphenide solutions.

In order to produce graphenide solutions with best quality, different techniques were used to
characterize their crystal structure and elemental composition. The best graphite sample was
used to synthesize potassium intercalated compounds (K-GICs) by using one-zone and two-
zone vapour transport techniques. Stage-1 KCg, stage-2 KC,; and stage-3 KCgg were
synthesized and studied during this work. X-ray diffraction and Raman scattering were mainly
applied to verify the phase purity and electronic properties changes due to charge transfer
between layers of graphite and intercalated potassium layers, which can lead to a strong shift
of the Fermi level. By performing a Raman resonance study for three K-GICs, we observed a
Raman resonance effect for stage-3 KCz at room temperature. In stage-3 KCgg, the intensity
of the boundary layers G band versus that of the interior layer is maximum at 2.5 eV. Using
first-principle calculation, we associate this transition to m—=n* of the bounding layers of

graphene.

The three K-GICs were then used to dissolve in two organic solvents, NMP with high boiling
point and THF with low boiling point. With the highest charge density in stage-1 KCsg, this K-
GIC can allow us to obtain the most concentrated graphenide solutions. Because of low
boiling point of THF, graphene produced from KCg+THF solution was then characterized

with HRTEM, AFM and Raman. Characterizations from these techniques show that graphene
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can be produced with a good quality without using surfactants and sonication. These
graphenide solutions can be applied to produce graphene based materials. This will be

described in the following chapter.
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In the previous chapter, with several analysis techniques we demonstrated that
thermodynamically stable graphenide solutions can allow us to produce graphene materials
with relative good quality compared to graphene produced by reduced graphene oxide or
suspension of graphene in organic solvents. These graphenide solutions can be produced in
large scale under inert atmosphere. These advantages render the produced graphene a
promising material for further application. It is largely reported that graphene production via
liquid-phase exfoliation can be used for the scalable production of functional films and

composites.

In fact, for application of graphene produced from liquid-phase exfoliation, one is always
faced with several common challenges. For example, one challenge is that liquid-phase
exfoliation methods offer limited control over the number of layers in the dispersed graphene
sheets, which makes the produced graphene and rGO solutions or suspensions to suffer from
polydispersity. As a matter of fact, for this challenge, Hersam et al. reported a density gradient
ultracentrifugation (DGU) to isolate graphene sheets with controlled thickness. ! For some
applications, this polydispersity is not a problem. Another challenge is that by whatever
exfoliation methods one applies, the produced graphene possesses relative small lateral size.
Among the published articles concerning liquid-phase production, Pénicaud et al. reported the
observation of a monolayer graphene flake with lateral size up to 50 um. @ This observed
graphene sheet was produced from graphenide solution. For reduced graphene oxide, Dong et
al. demonstrated monolayer reduced graphene oxide flake (up to 50 um in lateral size). [3]
These are the largest monolayer graphene flakes reported for liquid-phase produced graphene.
Indeed, the average size of the graphene flakes typically ranges from tens of nanometers to

several microns. *®°! They are often too small for some kinds of applications. The question
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one might ask here is how can we apply these liquid-phase exfoliated graphene? Actually,
scientists and engineers have worked with different techniques to apply graphene produced
from liquid-route methods to make device and materials. As introduced in chapter I, rGO and
graphene suspension have been largely reported to produce transparent conductive films

(TCFs).

In this chapter, we will present a method to produce graphene TCFs by using as-produced
graphenide solutions. The optical and electrical properties of produced graphene films were
then characterized. In second place, one simple and effective thermal treatment will be
presented. With this treatment, the properties of films can be significantly improved. Several
characterization techniques were employed to support the efficiency of this treatment. Based
on results obtained from thermal treatment, laser treatment was also applied to improve
electrical and optical properties of graphene films. Finally, some primary results concerning

graphene/carbon nanotube hybrid films will be also introduced in this chapter.
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1. Elaboration of transparent conductive graphene films

In chapter I, we made a summary about graphene films, which can be prepared by several
methods, such as vacuum filtering, spray-coating, dip-coating and Langmuir—Blodgett (LB)
techniques. All these reported graphene films were made either from reduced graphene oxide
or from graphene suspension. We can also adopt these introduced methods to elaborate TCFs
with graphenide solutions. Since graphenide solutions are sensitive to air and moisture, in our
case the elaboration method for producing film should be applicable under inert atmosphere.
Dr Amélie Catheline had developed an effective vacuum filtering method to produce CNTs
films from reduced carbon nanotube solutions. © The produced CNTSs films exhibit very good
electrical and optical properties. By adapting this developed production method, we used

filtration method under inert atmosphere to produce graphene TCFs.

1.1 Films production method

The filtration method possesses several advantages: (i) the homogeneity of the film can be
control by the process itself. When graphene flakes accumulate on the membrane, they
generate a self-controlled network. When a region becomes thicker, the local permeation of
solvent becomes slow, this can allow thinner part to accumulate more graphene flakes and
become thicker. (ii) By controlling concentration and/or volume of graphenide solution used

for film production, the thickness of film can also be controlled.

Graphene film production process is shown in figure 4.1. The filtration of graphenide
solutions was performed under inert atmosphere in a glove box. At first, the graphenide
solutions, KCg+THF, were filtered onto Al,O3 membrane (Anodisc 47, 0.02um, Whatman)
with a vacuum filtration apparatus (figure 4.1 (1)). In Dr Amélie Catheline’s work concerning

CNT films, before filtration the CNTs solution was diluted several times because as-produced
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CNT solutions are concentrated. In case of KCg +THF, the solution doesn’t need to be diluted
because of their relatively low concentration. Care is taken in pouring the graphenide solution
into the filter funnel to avoid bubbles on the solution surface. Bursting bubbles disrupt the
film uniformity when it is still wet and fragile. As the solutions are filtered down, vacuum is
kept on filtration apparatus until the film is mostly dried (~ 20 min). The filtrated film on
Al,O3; membrane is further dried in the glove box overnight, and then oxidized with dry air
outside of the glove box (figure 4.1(2)). The film can be then transferred onto any desired

substrate.

Under inert atomsphere

Film on Al2Os

KCs+ THF solution m . (2)

NaOH bath for elimination
Film on PET substrate of membrane

Figure 4.1: Filtration method for preparing graphene film
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The transfer process is done in 1.5 M NaOH bath illustrated in figure 4.1 (2-3). The Al,O3
membrane is dissolved in the NaOH bath. After complete dissolution of the membrane, a
transparent homogeneous film is floating on the liquid surface. Then, several washing process
with MillQ H,0 are done until the pH value of the washing bath is 7. Free-standing films can
then be transferred to a desired substrate, such as pre-washed PET film, glass, Si/SiO, wafer
etc. We first transferred the film onto polyethylene terephthalate (PET) substrate (PET,
GoodFellow, biaxially oriented PET film). For PET film, one has to use biaxially oriented
film. PET substrate suffers several organic solvents (acetone and isopropanol) involved in the
washing process before transferring the graphene film onto it. These organic solvents can
damage PET which hasn’t had biaxially oriented treatment; especially optical properties of
the PET substrate will be degraded after washing with organic solvents. The transferred film
is dried in oven at 50 °C overnight. Several films were prepared with this method by varying

volume of graphenide solutions.

1.2 Characterizations of graphene films

The electrical-optical properties of as-transferred films were tested. Several common
techniques were also applied to study these films. During these studies, we made some
detailed comparison between our film and graphene films produced by other solutions routes.
This can help us understand better our films, thus we can find efficient way to improve their

properties.

1.2.1 Surface resistivity and transmittance
An image of a transferred film on PET is shown in figure 4.1. The film is transparent,

continuous and flexible. The surface resistivity of films was measured by four-point probe
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method presented in chapter 2. After the transfer of graphene film onto the substrate, the film
is patterned by four gold contacts through a mask to ensure electrical contact between film
and measuring instrument. The current—voltage was measured by Keithley 6220 and 2000
Multimeter. The optical transmittance of films is characterized by UV-Visible-NIR

Microspectrophotometer (CRAIC 20/20 PV™ Dual Microscopectrophotometer).

0 77— 1E-3 E—”"I T T g
. —— Graphene Film ] [
164 L .
90+ i :
_IESE .
< :
80 = 8 |
] B Ee6k .
= E
- U o
4 1E-7 |.- .
1E-8 r L]
0 PR SR RNPUR (U (U WS T S R R ST BT BRI R TTT M SN R TTT] B A TTTT) A AT TTT] R
300 450 600 750 900 1050 1200 1350 1500 1E-5 1E-4 1E-3 0,01 0,1 1
Wavelength (nm) Potentail (V)
(a) (b)
100 — T r T
90 .
80+ J &‘
c
704 § ‘::’ 1
c
680 0
L .
3J
50~ 4 O
404 -~ 320nm 7
30 T T T T T v T T 14
200 400 600 800 1000 1200 o
wavelength (nm) Potential (V)
(c) (d)

166




Chapter IV: Transparent Conductive Graphene Films

Figure 4.2: (a) UV-Visible transmittance spectrum of graphene film on PET substrate; (b) | -V curve
of the graphene film; the current and potential scale are in logarithmic scale; (c) UV-Vis transmittance
spectrum of multilayer graphene (11 layers) synthesized by CVD method; insert: graphene samples on

Cu and fused quartz (right); ! (d) 1-V curves of GO; ® insert: graphene oxide paper/film.

From a typical transmittance spectrum of graphene film on PET substrate illustrated in figure
4.2 (a), we can see that there is an absorbance peak around 310 nm in our film. The graphene
film synthesis by CVD method displays an absorbance peak around ~ 268 nm. ! Yang et al.
attributed this peak to resonant excitonic effects. ” The reported transmittance spectra of
reduced GO films were shown only in visible region (400 - 800 nm). ™! But from their UV-
visible absorption spectra which have been largely studied, one can also obtain information
concerning their optical properties. The GO film showed a dominant absorbance peak around
233 nm, which is ascribed to m — m* transition of aromatic C-C bonds, and a shoulder at 300
nm, associated with n — m* transition of C=0 bonds. % ' The shoulder around 300 nm
disappeared after chemical reduction treatment, most likely due to the decrease in the
concentration of carboxyl groups. ™ For rGO film the main peak was red-shifted to 270nm

as the electronic conjugation was restored. 2 **]

From the comparisons of optical properties in UV to visible wavelength region with CVD
graphene film and rGO film, we can see that our films show similar transmittance profiles as
CVD graphene and reduced rGO film. This shifted peak may indicate that the observed film
contain some sp>-like characters and/or contamination. But one should also notice that optical
properties of multilayer graphene film depend on its electronic band structure which can also
be dramatically changed by their stacking order.™**! Indeed, in some multilayer graphene films

synthesized by CVD, as shown in figure 4.2 (c) one can observed a small peak around ~ 320
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nm in the corresponding transmittance spectrum. [I The red-shifted peak observed in our film

could possibly be due to stacking order of graphene planes.
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Figure 4.3: Surface resistivity and optical transmittance at 550nm for 4 films produced

The I-V curve illustrated in figures 4.2 (b) shows a linear behavior which is observed in a
large tested range (from 10nA to 1mA). Graphene films synthesized by CVD method also
show this linear behavior in 1-V curve. ©! This linear behavior indicates that the film has good
electrical properties. Indeed, the calculated surface resistivity from this film is around 2700
Q/sq. On the other hand, the GO film exhibits nonlinear and slightly asymmetric behavior
illustrated in figure 4.2 (d). The GO films show a different conductivity value ranging from
8.07x10™ to 5.42x10°% S/m. [ Figure 4.3 shows transmittance and surface resistivity for
the films prepared with 15-30 ml of graphenide solution. The surface resistivity varies from
1700 to 5500 Q/sq, while transmittances increase from 33 % to 60%. Like all kinds of
graphene film, the surface resistivity obviously decreases with decrease of transmittance

because of increase of thickness. But compared to graphene films produced by other liquid-
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phase routes (table 2 in chapter 1), films from graphenide solutions show better electrical

properties.

1.2.2 Characterization of SEM, AFM and HRTEM

AFM, SEM and TEM were used to probe film morphology. For AFM characterization, one
graphene film was transferred onto PET substrate. Figure 4.4 displays characteristic AFM
images of transferred film. The atomic force microscopy (AFM) image was measured by a
tapping mode (Digital Instruments NanoScope MultiMode Scanning Probe Microscope). We
observed that graphene sheets stack together to form continuous film and large graphene
sheets are folded. It is also possible to distinguish edges of individual sheets from AFM image.
In chapter 3, from observation of individual graphene sheet by HRTEM and AFM, individual
graphene sheet show similar morphology. The thickness of such film was characterized also
by AFM. Figure 4.4 (b) show thickness measurement performed on a film prepared with 30
ml KCg + THF solution. The white parts are contamination particles adsorbed on the film.

The height profiles (c) and (d) demonstrate that average thickness of the film is around 25 nm.
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Height (nm)

Height (nm)

T3 4 s 6 7 8
X (um)

(©)
Figure 4.4: (a) and (b) AFM image of graphene film on PET substrate; (b) Thickness measurement of

X (m)
(b)

graphene film with AFM; Height profile of blue section (c) and red section (d).

Scanning electron microscopy (SEM) image were obtained by JEOL 6700F high resolution
instrument. Figure 4.5 (a) shows a morphology similar to that of AFM image (figure 4.4). The
insert in figure 4.5 (a) shows also a folded graphene sheet deposited on another graphene
sheet. The SEM image of edge of film shown in figure 4.5 (b) demonstrates that the film

consists of a disordered array of graphene/graphitic sheets lying approximately in the plane of

the film.
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Figure 4.5: SEM of graphene film on Al,O; substrate. (a) centre of film; (b) edge of film.

Compared to AFM and SEM studies performed on other graphene films produced by other
solution routes, graphenide film displays a similar morphology. But some self-folded
graphene sheets were observed in our film, which is not reported neither for rGO films nor for
films produced from graphene dispersion. " 18 Especially, self-folded graphene sheets were
seldom observed in graphene films produced from surfactant stabilized graphene dispersions,
which can prevent graphene sheets from forming self-folded configuration. But surfactant

decrease electrical performance of produced thin film.
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Figure 4.6: (a, b) TEM images of graphene film transferred onto Cu grid. (c) High-resolution TEM
image of monolayer graphene sheet. (d) High-resolution TEM image of multilayer graphene sheet. (e,f)

Selected area electron diffraction pattern (SAED) of graphene film.

For characterization by HRTEM, a graphene film was transferred onto one special TEM grid,
Cu grid having 2000 mesh. Then the Cu grid was dried in oven at 50 °C overnight. The
observations of HRTEM specimen was performed by Dr. Célia Castro in CEMES Toulouse.
The TEM images also demonstrate (figure 4.6 (a) and (b)) similar morphology as illustrated
by AFM and SEM. A HRTEM image of one individual graphene sheet shown in figure 4.6 (c)
illustrates one monolayer graphene. In figure 4.6 (d), The number of layer shown in the blue
rectangle is ~ 7. Selected area electron diffraction (SAED), figure 4.6 (e) and (f), indicate a
graphene-like disordered nature with turbostatic arrangement of hexagonal layers in film.
Especially, in diffraction pattern shown in figure 4.6 (f), individual spots are barely visible as
the contributing patterns merge into a ring pattern characteristic of a polycrystalline sample.
This suggests that there are no preferred stacking orientations between graphene sheets when
the thin film is formed in this way. Starting from graphite, we got uncorrelated stacked

graphene films.

1.2.3 Characterization of as-produced film with XPS

The objective of this study is to evaluate chemical changes of very thin films composed of
graphene sheets by using X-ray photoelectron spectroscopy (XPS). XPS measurements were
performed with a VG 200i XL ESCALAB spectrometer. All spectra were taken using an Mg
non-monochromatized source (1253.6 eV) at 200 W. The typical operating pressure was
2x107 Pa. Both the starting graphite and graphene films were stamped on a XPS sample

holder by using conductive copper adhesive tape. The measurement of chemical composition
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from XPS shows that in the starting graphite the atomic concentration of oxygen is 1.71 %,

whereas in graphene films it has increased to 5.24 %, which leads to a C/O atomic ratio of

21.3.

In order to understand whether this important increase of oxygen content is due to oxidation

provoked during production process and other cause, we studied C1s and O1s XPS spectra for

starting graphite and as-prepared graphene film.
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Figure 4.7: XPS spectra for graphene film and graphite: (a) C1s peaks; (b) O1s peaks; De-convolution

of graphene film C1s and O1s peaks: (c) de-convolution of C1s peak into four components centered at
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284.5 eV (green), 285.3 eV (blue), 286.6 eV (cyan), 288.5 eV (oliver) and 290.8 eV (violet); (d)

deconvolution of O1s peak into two components centered at 532.4 eV (green) and 534.5 eV (blue)

The XPS spectra shown in figure 4.7 (a) and (b) are respectively Cls and Ols spectra of
graphite and graphene film transferred on glass substrate. From C1s peaks, we can see that
C1s peak of graphene film are broaden at relatively high binding energy (BE) (from ~ 285
eV). In general, the binding energy of C - C and C - H bonding are assigned around 285 eV.
And their chemical shifts of + 1.5, + 2.5 and + 4.0 eV are typically attributed to C - OH, C =

O and O = C - OH functional groups, > %! which are observed in GO film.

A detail studies for Cls and Ols of graphene peaks were performed by XPS peaks de-
convolution analysis. The XPS peaks were fitted with Voigt function having 80% Gaussian
and 20% Lorentzian character, after performing a Shirley background subtraction. From
figure 4.7 (c), we can see that the C1s peak of graphene film can be mathematically fitted with
four components, which are located at BE of 284.5 eV (FWHM ~ 0.75 eV) assigned to
graphitic sp® peak, 285.3 eV (FWHM ~ 1.20 eV), 286.6 eV (FWHM ~ 1.50 eV), 288.5 eV
(FWHM ~ 2 ¢V) and 290.8 eV (FWHM ~ 5.00 eV) assigned to 1 — 7©* shake-up satellite
peak of graphitic carbon band. The ©1 — =n* shake-up satellite peak located at ~ 290.8 eV
(FWHM ~ 5.00 eV) indicates that a delocalized © conjugation, characteristic of aromatic C
structures. It is significant to note that for GO materials there is no 7 — n* shake-up satellite
peak and this peak won’t appear until 400 °C for thermally reduced graphene oxide materials.

(21231 Thus, there is a fundamental different between our film and oxidized graphene material.

It was found that the bands appearing at higher energy tended to be broader (FWHM > 1 eV)
than the sp? component (FWHM ~ 0.75 eV). The larger FWHM and broad tail towards higher

binding energy imply that contributions of a variety of different carbon bonding
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configurations are superimposed. This makes precise assignment difficult. For GO materials,
one can find a component at 285.6 eV which is generally attributed to C atoms directly
bonded to oxygen in hydroxyle configurations (shifts of 1 - 1.5 eV to higher BE), and de-
convolution analyses show that their FWHM are always around 1 eV.[?+%**% |n our film, the
assignement of component located at 286.6 eV (FWHM ~ 2.85 eV) is a little tricky, some
author assign the peak around 286.5 eV to epoxy/ether C-O groups, %32 while others assign
them to defective graphite structure and C sp®. B¥ It is a little subjective to assign this
component to special functional groups, because almost all of these de-convolution studies
were based on graphite oxide for which FWHM of functional peak is around 1 eV. For high
temperature (~ 1000 °C) reduced graphene oxide materials, Yang et al. attributed one peak
around 286.4 eV to C-OH species. Based on high resolution XPS study performed on
graphene oxide, the small peak ~ 288.5 eV can be associated to carboxyl groups (COOH or
HO-C=0). % Regardless of peaks assignment, the C1s peaks shows that the graphitic C = C

species are dominant, which has huge difference with C1s of GO film. 234

The shape of the O1s peak obtained from graphene film suggests a de-convolution into two
components at 532.4 eV (FWHM ~ 2.1 eV) and 534.5 eV (FWHM ~ 1.9 eV). The assignment
of peaks for Ols spectra is of interest, as there are some conflicting assignments of the
“carbon-oxygen” functional groups in the literature. *°*"1 Researchers suggest using analysis
results of O1s spectra to provide complementary information for C1s spectra. The generally
accepted de-convolution for Ol1s peaks consists of components at the lowest BE
corresponding to doubly-bonded oxygen groups, such as C = O or carboxyl groups O = C —
OH, and another component at higher BE corresponding to singly-bonded oxygen C — 0. B
In published articles, researchers have assigned O1s peak around 531 eVtoC=0andO0=C

— OH groups and assigned peak at 533 eV to C — OH groups. ?® "8 The photoelectron
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kinetic energies of Ols are lower than those of Cls; therefore the Ols spectra are more
surface specific compare to C1s. This means increased O1s intensity could also be due to

oxygen-containing elements absorbed on surface of materials.

1.2.4 Characterization of film with Raman spectroscopy

The Raman spectra were acquired by Raman spectroscopy HORIBA Xplora with 532, 638
and 785 nm wavelength incident laser light at room temperature. We used 1 % laser power
filter which can decrease the laser power to < 0.2 mW to avoid laser induced defects
discussed in chapter 3. The spectra were collected under a microscope (x 50 objectives). The
Raman-scattered signal was dispersed by a holographic grating with 1800 lines/mm for high

spectral resolution and detected by a charge-coupled device (CCD) camera.

Raman spectra of graphene film transferred on glass substrate are shown in figure 4.8. The
Raman spectra of as-produced graphene film display a D band located ~ 1340 cm™, a G band
at 1580 cm™ corresponding to an ideal graphitic lattice vibration mode with Eoq Symmetry and
a 2D band located ~ 2650 cm™. The line-shape analysis of D band shown in figure 4.7 (b)
exhibits a single Lorentzian curve, which is different from D band of starting graphite
illustrated in chapter 3. In graphite, D band is fitted by two Lorentzian curves (see figure
3.26(a)). While for G band, one Lorentzian curve was applied to fit G band and the small
band at the shoulder of G band was fitted by one Fano function. 2D band can also be fitted by
one single Lorentzian curve, which demonstrates that uncorrelated graphene sheets stacked
randomly in the film without reforming graphitic AB stacking order. Meanwhile, D band and
D’ band were observed under three laser excitation energy. The presence of D and D’ band is
commonly attributed to the defects. 9*? Since the intensity of G band 1(G) o E* laser, while
the I(D) is independent of the laser energy for the 1.9 eV (652 nm) — 2.7 eV (459 nm) laser
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excitation, [**! we can see from figure 4.8 (a) and table 1 the relative intensity of D band I(D)

decreases with laser excitation energies compare to 1(G).

We discuss in following part about defect-active band, D band. It is known that the D band
results from symmetry breaking occurring at the edges of graphite planes in sp? carbon
materials. Y Indeed, Raman spectrum of turbostratic graphite also exhibits an additional first-
order defect D band known to be a characteristic of disordered graphite lattice. > “°!
Theoretical calculations have shown that each of first-order Raman bands in spectra of highly
ordered and disordered graphitic materials can be attributed to the vibrational modes the ideal
graphitic lattice. Charlier et al. performed in 1992 a simulation results for pregraphitic
(disordered) carbon by using tight-binding calculation. [*®! They reported that the density of
states of m-electrons in turbostratic graphite present a 2D behavior.®! This is also the reason
that in turbostatic graphite 2D band displays a simple peak configuration so that turbostratic
graphite can be considered to be 2-D graphite, like monolayer graphene. In this structure, the
graphitic layers are shifted and rotated at random and interlayer spacing varies from plane to
plane. The irregularities of such a stacking sequence can lead to a “fuzziness” of bottoms and
tops of the electronic band edges, like amorphous carbon. M6 |t is well known that in a
Raman spectrum of amorphous carbon film there is a huge D peak. ¥ These D bands
correspond to a graphitic lattice vibration mode with A;q symmetry. In addition to D band, in
disordered graphite there is another first-order band called D’ band located around 1620 cm™.
The D’ band feature is associated with the presence of defects in the lattice and originates
from a double resonance process close to the Brillouin zone centre. ! Similar to the G
band, the D’ band corresponds to a graphitic lattice mode with Epq symmetry. [50. 511 The

relative intensity of D’ bands increases with increasing incident laser wavelength which is
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also attributed to resonance effects. ? The intensity of D’ band is in function with density of

disorder.
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Figure 4.8: (a) Raman spectra of graphene film with 532nm, 638nm and 785nm laser excitation. Line-
shape analysis for Raman spectra acquired with 532 nm laser excitation: (b) D band; (c) G band; (d)

2D band.

Like Raman spectrum acquired by 532 nm laser excitation, the Raman spectra for laser
wavelength excitations of 638 nm and 785 nm shown in figure 4.8 (a) can also be fitted by
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Lorentizan and BWF functions. The Raman shift and FWHM (2 I') of D band, G band, D’
band and 2D band deduced from line-shape analyses are summarized in table 1. The Raman
shift of G band is independent of laser energy, so o (G) are located ~ 1585 cm™ for three
lasers wavelength, while FWHM of G band increase with decrease of laser excitation energy.
The bleu-shifted ® (G) implies that graphene film is slightly dopped. We can see the
frequencies of D band and 2D band display a red-shift when laser excitation energy change

from 532 nm to 785 nm.

D band G band D' band 2D band

o(m?) [ Tem?) | o(m?) | T'em?) | o(em) | T(em?) | o (em™) | T (cm™)
532 nm 1349 15 1585 12 1620 5.5 2695 29.5
638 nm 1326 16 1586 15.5 1616 7 2654 28
785 nm 1310 16 1587 16.5 1613 7.5 2621 25.5

I(D)YI(G) | AD)A(G) | I(DYI(G) | AD)YAG) | 1(2D)/I(G) | A(2D)/A(G)
532 nm 1.05 0.85 0.10 0.05 1.35 0.60
638 nm 1.92 1.83 0.28 0.15 0.61 0.97
785 nm 2.54 2.57 0.39 0.19 0.77 0.52

Table 1: Raman spectra parameters of graphene for 3 laser energy excitation.

The ratio of I(D)/I(G) is often used to study the defects in graphitic materials. Note that in
some cases the integrated area (A) is also used as intensity to evaluate disorder in graphitic
materials.®® Thus, for disorder study we can use peak intensity (the height of the peaks) ratio
denoted as I(D)/I(G) or integrated intensity (the integrated area) ratio A(D)/A(G). It is then
interesting to compare the evolution of | and A to investigate disorders. From table 1, we can
see that I(D)/I(G) ratios are similar to that of A(D)/A(G) for three laser energy and both of
ratios increase as laser excitation decrease. For large disorder the intensity ratio 1(D)/I(G) can
provide enough informations about disorders.**>* In general, groups using BWF +

Lorentzian functions report peak height ratio, while groups using two Gaussains report the
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area ratio. [*! This difference is not so important for in our graphene film, since BWF and
Lorentzian functions were used to practice shape analyses. Taking into account that 1(G) is
constant, [(D’) is simply proportional to I(D). Thus I(D’)/I(G) exhibits similar behaviors. In

the following part of this chapter, 1(D)/1(G) will be used to study the defects.

In the previous part, we compared C1s peak of our graphene film with that of thermal reduced
GO film, as high temperature thermal reduction (~ 1000 °C) is considered as the most
effective reduction method. Both C1s peaks have a very similar profile and they have an
almost equal C/O ratio. With Raman spectra, we can also make a comparison between our
film and high temperature reduced GO films (see figure 3.26(b)). We can see there is great
difference between our film and rGO films. In Raman spectrum of rGO films, there is one
intensive D band and 2D band is almost invisible. Thus, we have reason to believe that in our
film the increase of oxygen content raised from different cause than rGO films. Thus a series
of thermal treatments were performed onto our film to reveal the reason and improve

properties of films.
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2. Evaluation of graphene films

Before performing a thermal treatment, thermogravimetric experiments were performed on

graphene films in order to understand the thermal properties of as-produced graphene films.

In order to obtain sufficient material for thermogravimetric experiments, more than six

graphene films (for the 6 films m = 1.37 mg) were prepared and transferred onto an alumina

sample holder. To better control and understand the thermal treatment process, films were

placed into thermogravimetry (TG, SETARAM Setsys) and heated at 900 °C for 1 hour under

constant Ar flow. The ramp up time from room temperature is 5 °C/min, so is cooling rate.

Figure 4.8 (a) show TG results of graphene materials under Argon. Once these graphene

materials were treated and/or deoxygenated under argon, they were then submitted to

calcination under air at 900 °C for 1 hour. Figure 4.9 (b) shows that the treated film are highly

stable up to 500 °C.
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Figure 4.9: (a) TG results of graphene films under Ar. (b) TG results of calcination of deoxygenated

graphene films under air. (c) Normalized TGA plots for graphite, graphene oxide and reduced

graphene. ! (d) TGA curve of graphene materials produced from dispersion method in ortho-

dichloro benzene (ODCB) with aide of sonication. ©*°

Figure 4.9 (a) shows under argon atmosphere a slight mass decrease around 100 °C, which
can be ascribed to the removal of adsorbed water. The main mass loss (~ 38 %) occurs from
150 °C to 900 °C. By considering weight-loss rate / slope of TG curve, we can divide the
main mass loss region into three zones. From 150 °C to 310 °C, there is a steady mass loss (~
20 %). TG curve displays another steady mass loss (~ 13 %) from 310 °C to 450 °C. The
mass loss for temperatures above 450 °C is only ~ 5 %. This implies that the film contains
some substances which can be easily removed by mild thermal treatment. This could be some
residual THF solvent trapped in film, functional groups ions like OH™ and HsO" originating

from water and solvent molecules attached on film.

Compared to TG plots shown in figure 4.9 (a), GO, rGO (figure 4.9 (c)) and graphene

produced from dispersion of graphite (figure 4.9 (d)) exhibit different TG curves. For
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graphene oxide, the main mass loss (~ 30 %) occurs around 200 °C, and this mass loss is
attributed to the decomposition of labile oxygen functional group. B* °" *® The steady loss
observed for temperatures above 300 °C and up to 1000 °C, which amounts to ~ 20%, is
assigned to the release of more stable oxygen functionalities. ®° On the other hand, as
illustrated in figure 4.9 (c), the chemically reduced graphene oxide film also shows a steady
mass loss for temperature above 100 °C. Paredes et al. interpret such a result by assigning this
mass loss to decomposition of more stable oxygen functional groups which cannot be
eliminated by chemical reduction. * " For graphene materials produced from dispersion of
graphite in solvent with sonication, the TG curve shown in figure 4.9 (d) manifests that the

major mass loss (~ 5 %) occurred at around 680 °C.

Returning to our films, once the graphene materials were treated under argon, a second cycle
was performed under dry air. The heating-rate and cooling-rate are both set for 5 °C/min.
Figure 4.9 (b) shows that thermal treated graphene materials didn’t exhibit any moss loss until
530°C, and that around 600 °C the graphene material was all burnt away. Although the
comparison of TG curves among different graphene materials cannot provide us decisive
conclusion concerning the oxidation of our film, together with XPS and Raman results we
believe that there are others reason to explain the increase of oxygen content and that some
impurities might be removed from our film by simple thermal treatment. Based on these TG
results, we decided to perform a thermal treatment for our graphene film at 450°C under

argon.

2.1Thermal treatment of graphene films
For thermal treatment, one film was prepared with 30ml KCg + THF solution, and transferred

on glass substrates which had been washed with MillQ H,O, acetone and isopropanol prior to
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transfer. One film was preserved as reference film. The other films were submitted to a series
of annealing treatment. The samples were then air dried under ambient lab conditions. As
illustrated in figure 4.10, the films were treated by thermogravimetry (TG, SETARAM Setsys)
at 900 °C for 1 hour (TF1) and 2 hours (TF2) under constant Ar flow. Both heating rate and
cooling rate were set at 5 °C/min. The surface resistivity and transmittance at 550 nm were
measured for reference film and treated films. In order to study the thermal treatment, XPS,
Raman and XRD measurements were performed. The flow diagram of processing steps and

measurement with different characterization techniques is shown in figure 4. 10.
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NPS/Raman

Figure 4.10: Flow chart of the experimental procedure. RF: reference film; TF1: treated film 1

(annealed at 450 °C for 1 hour); TF2: treated film 2 (annealed at 450 °C for 2 hours)
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As shown in figure 4.11, a steady mass loss was observed in TG curves for both treatments.
Like TG curves in figure 4.9 (a), the mass loss began around 100 °C. Almost all the
removable substances were eliminated during heating stage. When temperature arrived at
450 °C, the mass became stable. During isothermal stage, the films did not demonstrate mass

loss. TG curves show there were ~ 35 % of mass losses for both films.
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Figure 4.11: Thermal treatment of graphene films treated at 450 °C for 1 hour (a) and 2 hours (b).

After treatment, we firstly tested the surface resistivity and transmittance at 550 nm of treated
films. The characterized results are presented in figure 4.12. From I-V curve shown in figure
4.12 (a), we can see that after treatment for both films the I-v curve still demonstrate a linear
behavior. The fitted curve of I-V show that the resistivity of the films decreased. From I-V
curve, we calculated the surface resistivity of films, which decreased significantly from 1900
Q/sq to 446 Q/sq and 443 Q/sq respectively for TF1 and TF2. As shown in figure 4.12 (b), the
transmittance at 550nm is constant at ca.30 % before and after annealing treatment. The
annealing treatment doesn’t change the position of the absorption peak which is located at

310nm. By analogy with GO and rGO film in which the absorption peak are drastically
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changed before and after reduction treatment duo to elimination of oxygen containing groups,

we can hypothesize that the functional groups is not the main reason for explaining the

dramatically decreased surface resistivity.

In the following sections, the different

characterizations will give a strong support to this assertion.
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Figure 4.12: (a) I -V curve of films; the current and potential scale are in logarithmic scale; (b) UV-

2.2 Characterization of graphene films

Visible absorption spectra of graphene films before and after treatment; Table: calculated surface

resistivity and transmittance at 500nm for film before and after treatment.

With these annealing treatments, we can improve significantly the electrical properties of

graphene films due to elimination of impurities. In next section, we will present the

characterization results obtained by different techniques.
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2.2.1 XPS characterizations

Evaluations of chemical changes before and after treatment were performed by XPS. The
XPS measurements for films before and after treatment were performed by a VG 200i XL
ESCALAB spectrometer with an Mg non-monochromatized source (1253.6eV) at 200W

under pressure of 2x10” Pa. The atomic percentage of each detected elements are summarized

in table 2.
Cls Ols K2s Si2p Nals
Graphite 98.29 1.71 - - -
Reference film 935 5.24 ~0.16 1.05 ~0.05
TF1 (450 °C_1H) 95.4 3.12 ~0.14 1.31 ~0.03
TF2 (450 °C_2H) 95.94 2.62 ~0.25 1.17 ~0.01

Table 2: XPS analyses: atomic percentage of carbon, oxygen, potassium, silicium, sodium, estimated

from their corresponding peak.

As seen in table 2, after annealing treatment, the oxygen content decreased. We also noticed
that there was a small amount of potassium which can be attributed to residual potassium
oxide. And sodium was also found in graphene film. During film transfer step, we used NaOH
to dissolve Al,O3; membrane. This is probably the reason why sodium was also observed in
minute quantities in graphene films. Potassium and sodium content are very low, so oxygen
associated with these elements can be ignored. Silicium was also detected in reference and

annealed films due to contamination for reasons unknown to us.

A depth profile of the sample in terms of XPS quantities can be obtained by combining a
sequence of ion gun etch cycles interleaved with XPS measurements from the current surface.
The objective of these experiments is to plot the trend in the quantification values as a
function of depth. We also applied this experiment to study our films to understand the

evolution of each detected element in the films.
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The etchings of film were realized with Ar® ion gun. Since the films were very thin, for
etching procedure we used soft conditions: 500 eV energy, low mode, 1 mm of diameter of
Ar" ion spot. Depending on the Ar® spot diameter, the estimated sputtering rate is 0.2 nm/s.
The XPS measurements were acquired with VG 200i XL ESCALAB spectrometer with an
Mg non-monochromatized source (1253.6eV) at 200W. The contents of detected elements in

function of etching-depth are displayed in figure 4.13.
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Figure 4.13: XPS Depth Profile of C1s, O1s, K2s, Si2p, Nals for (a) reference film and (b) TF1

(450°C_1H) film.

The atomic percentage of carbon and oxygen in reference film and TF1 change in opposite
directions in function of the depth analyzed. As oxygen decrease in function of depth, atomic
percentage of carbon increase, as shown in figure 4.13. In the reference film, the atomic
content of oxygen is around 6% at surface of film. The at.% of oxygen quickly decreases to 3 %
at depth of ~ 6 nm and then becomes constant. After annealing treatment, the at.% of oxygen
at surface decreased to 3 %, and the oxygen content further decreased to 2 % at depth of ~ 6

nm. These depth-depending changes of oxygen content could be explained by two ways: (i)
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on the surface of the films there were absorbed oxygen-containing substances; (ii) there were
also oxygen-containing functional groups on the surface of film. Even though treatment under
inert atmosphere can eliminate some of these substances, there are still some oxygen-
containing substances remaining on the surface. In both film, atomic percentage of silicium is
constant in films before and after treatment, always around 0.9 %. We could attribute the
presence of silicum to contaminations in XPS. Potassium and sodium are also constant along

the thickness of film.

—— Graphite Graphite
Reference film —— Grpahene film
o ——TF1 (450°C_1H)
e TF2 (450°C_2H)
TF2 (450°C_2H) »

T T T T T T T

| — T — 7T
296 294 292 2 288 286 284 282 280

U M T

T : . .
540 538 536 534 532 530 528 526

Binding Energy (eV) o B
Binding energy (eV)
(a)
(b)
——TF1 Clss
fitted curve 1 1 1F10ls
— fitted curve 2 fitted curvel
B |:lllL‘d curve 3 7 | —fitted curve2 E
| —I_lll_cd curve 4 —fitting curve
— fitting curve
206 204 292 290 288 286 284 282 540 538 536 534 333 530 508 506
Binding Energy (eV) Binding energy (eV)
() (d)

Figure 4.14: (a,b) C1s and O1s of starting material graphite (black), reference film (red), two films

after thermal treatment TF1 (blue) and TF2(green). Deconvolution of TF1 film C1s and O1s peaks: (c)
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deconvolution of C1s peak into three components centered at 284.5 eV (green), 285.3 eV (blue), 286.8
eV (cyan) and 290.8 eV (violet); (d) deconvolution of O1s peak into two components centered at

531.2 eV (green) and 532.7 eV (blue)

The comparison of C1s and O1s peaks between the graphene film before and after treatment
is shown in figure 4.14. From C1s peak, we can see that after annealing treatment C1s profiles
of graphene film are close to that of graphite compare to Cls peak before the treatment.
Especially, the Cls intensity at binding energy around 285eV is slightly decreased, which
could be assigned to the decomposition of functional groups and/or elimination of impurities
during the annealing treatment. C1s peak for TF1 and TF2 films are undistinguishable. After
annealing treatment, O1s peak intensity is also decreased, that of TF2 being a little smaller
than TF1. The center of the Ols peak is slightly shifted after treatment. The duration of

treatment doesn’t change Cls peak, thus we only analyzed C1s peak for TF1.

Since the C1s and O1s peaks of TF1 and TF2 films are similar, we present here only a XPS
peak de-convolution analysis for TF1. The Cls and O1s peaks were fitted with Voight
functions. From figure 4.14 (c), we can see that for Cls peak of TF1 there are four
components which are located at 284.5 eV (FWHM ~ 0.70 eV), 285.3 eV (FWHM ~ 1.50 eV)
286.8 eV (FWHM ~ 1.50 eV) and 290.8 eV (FWHM ~ 5.30 eV). The peak at 284.5 eV is
assigned to graphitic sp? species. FWHM of this sp? peak is equal to that of starting graphite
and reference film presented in section 1.2.3. It was found that the bands appearing at the
higher energy region tended to be much broader than the sp? component. The 1 — ©* shake-
up satellite peak located around 290.8 eV was also found in Cls peak after annealing

treatment.

In addition to the sp® graphitic component at 284.5 ¢V and © — n* shake-up satellite peak at

290.8 eV, we found only one component around 285.9 eV which is broader than two peak
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(285.5 eV and 286.9 eV) found in reference film shown in figure 4.6. Hontora-Lucas et al.
reported the presence of a weak C — O peak centered at ~ 285.5 eV in graphite. They claimed
that this C — O peak in graphite can be explained by assuming an atmospheric oxidation. 2
Meanwhile, Barinov et al. assigned a peak at ~ 285.6 eV to epoxy and ether configurations by
studying oxidation of multiwalled carbon nanotubes. ! They claimed its close BE is shifted
~1-1.5 eV to higher BE relative to sp? peak. Thus, we similarly assign the peak at ~ 285.3

eV to C — O single bond coming from atmospheric oxidation.

The shape of the experimental O1s peak obtained for graphene film suggests a de-convolution
into two components at 532.7 eV (FWHM ~ 2.6 eV) and 531.2 eV (FWHM ~ 2.5 eV). As
discussed previously in 1.2.3, these two peaks can be assigned to singly-bonded oxygen and
doubly-bonded oxygen groups. The important point is that after annealing treatment, oxygen

content in film decreases.

2.2.2 Raman spectroscopy

Raman spectroscopy was also applied to study the films after annealing treatment. The Raman
spectra were acquired by Raman spectrometer HORIBA Xplora with 532, 638 and 785 nm
incident laser wavelength at room temperature. In order to avoid any laser induced defects,
the laser power on the film were decreased to 0.166 mW by using one 1% and exposition time
of laser light were limited to 2 second. The spectra were collected under a microscope (x 50
objectives). The Raman-scattered light was dispersed by a holographic grating with 1800

lines/mm for high spectral resolution and detected by a charge-coupled device (CCD) camera.

The Raman spectra of films before and after treatment under three lasers excitation are shown

in figure 4.15. We can see that they display three bands: D band, G band (~ 1580 cm™) and
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2D band. The D’ band can also be found at shoulder of G band. As explained in previous

section, the relative intensity of D band increase when laser excitation energy decrease.

M T ¥ T ¥ T 7F T ¥ T ¥ T T T T T T
2 | [ } ] [ .
‘53- nm Reference Film * 638 nm —— Reference film _ 783 mm —Rcfcrcncc; film
Fool I ——TFI (450°C-1H)  p - ——TF1 (450°C-1H) = A ——TF1 (450°C-1H)
| o [\ = TF2 (430°C-2H) L) TF2(450°C-2H)
f I ——TF2(450°C-2H) | =, —
A / \.\ ( FAY = ‘\ A" - L/ W h R MW”’\W
T«-«A‘J P AR P AT v = ‘w i
Z t 5
2 £
- T 1 =
L ] 5 <)
M z 1 2z L ]
i svuli ’ - h 7 | s . v ) M‘l’!
1200 1400 1600 1800 2400 2600 2800 1200 1400 1600 1800 2400 1 2600 2800 1200 1400 1600 1800 2400 2600 2800
Raman Shift (cm']) Raman Shift (cm™) Raman Shift (cm™)

(@)

m TF2 D band
fitting curve

® TF1 D band
fitting curve

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

I 1 I Il
1300 1320 1340 1360 1380 1400

1320 1340 1360 1380 1400
Raman Shift (cm™) Raman Shift (cm ™)

(b) (c)
u ®m  TF2_G+D'band
fitted G band
— fitted D' band
fitting curve

m  TF1_G+D' band
Fitted G band
Fitted D' band
— Fitting curve

Normalized Intensity (a.u.)

Normalized Intensity (a.u.)

1540 1560 1580 1600 1620 1640 1660 1540 1560 1580 1600 1620 1640 1660

Raman Shift (cm'l) Raman Shift (cm™)

(d) (€)

193



Chapter IV: Transparent Conductive Graphene Films

_ | = TFi_2Dband ol i T m TF2 2D band »

= fitting curve =2 o af]

s s — fitting curve

= =

= ‘&

= =

2 5

= =

=2 3

2 3

= =

£ £

g 3

Z Z

1 L 1 L 1 L 1 L 1 1 1 1 Il 1 -
2640 2670 2700 2730 2760 2640 2670 2700 2730 2760
. -1 . -
Raman Shift (cm ) Raman Shift (cm 1)

Figure 4.15: (a) Raman spectra of graphene film before and after treatment with 532nm, 638nm and
785nm laser excitation wavelength. (b-g) Peak analysis of D, G, and D’ band and 2D band for TF1
and TF2 film; Raman spectra were acquired with 532nm laser wavelength. D and 2D bands can be

fitted with one Lorentzian function. The G and D’ bands can be fitted by one Lorentzian function and

one Breit-Wigner-Fano (BWF) function.

The line-shape analyses of film were performed for reference film, TF1 and TF2 film. In
figure 4.8, we demonstrated analyses results for one film before treatment. We here
concentrate on analyzing TF1 and TF2. The analyses of their Raman spectra obtain under 532
nm laser wavelength are illustrated in figure 4.15 (b-g). Like reference film, their D bands
contain one single Lorentzian form. G bands around 1585 cm™ can be fitted by one single
Lorentzian function. And it is clearly shown that around 1620 cm™ one D’ band is fitted by
BWF function with q around -5. The 2D bands around 2700 cm™ can also be fitted by one
Lorentzain function. This is typical profile of 2D band in Raman spectra of graphene film
formed by randomly stacked graphene sheets. However, for a thermal reduced GO film, only
in high temperature (> 1500 °C) reduced GO film in which O/C atomic ratio is inferior to

0.001, one can also observe one similar 2D band. "]

D band G band
o (cm™) I (cm™) o (cm™) [ (cm™)
RF TF1 TF2 | RF | TF1 | TF2 RF TF1 TF2 | RF | TF1 | TF2
532nm| 1349 | 1352 | 1355 | 15| 155 | 16 | 1585 | 1581 | 1583 | 12 | 135 | 14
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638nm| 1326 | 1330 | 1332 | 16 | 16 16 1584 | 1580 | 1581 |15.5| 14.5 | 135
785nm| 1311 | 1315 | 1320 | 16 | 16 | 16.5 | 1587 | 1582 | 1580 |16.5| 13.5 | 135
D' band 2D band
o (cm™) [ (cm™) o (cm™) [ (cm™)
RF TF1 TF2 |RF| TF1 | TF2 RF TF1 TF2 |RF | TF1 | TF2
532nm| 1621 | 1621 | 1623 | 55| 55 6 2696 | 2698 | 2700 |29.5| 28 | 275
638nm| 1621 | 1620 | 1622 | 7 | 55 | 75 | 2654 | 2659 | 2661 | 28 | 25 | 275
785nm| 1614 | 1617 | 1620 | 75| 6 8 2621 | 2623 | 2621 |25.5| 26.5 | 26.5

Table 3: Raman spectra parameters of graphene films under 3 laser energy excitations.

The Raman shift and FWHM (2I') of D band, G band, D’ band and 2D band for reference film,

TF1 and TF2 film are summarized in table 3. The Raman shift of D band display a small blue-

shift after annealing treatment, but FWHM are always remain the same. For G band, o (G) are

close to neutral graphene, ~ 1581 cm™, which implies the treatments can remove residual

doping, like OH™ and H3O" originating from water or organic solvent molecules which could

be attached to the surface. These ions and absorbed molecules can make graphene film to be

slightly charged. The D’ band exhibit a similar behavior as D band before and after treatment.

Before and after treatment, 2D band didn’t exhibit a change in terms of Raman shift and

FWHM. Thus, low temperature annealing treatment didn’t change stacking order of graphene

film.
I(D)/1(G) I(D')/I(G) 1(2D)/1(G)
RF | TF1 | TF2 | RF | TFL | TFR2 | RF | TF1 | TR2
532nm | 1.05 | 0.66 | 0.68 | 0.10 | 012 | 012 | 1.35 | 062 | 065
638nm | 192 | 136 | 1.35 | 028 | 0217 | 021 | 061 | 111 | 1.09
785nm | 254 | 275 | 2.63 | 0.39 | 0487 | 046 | 077 | 064 | 065

Table 4: Raman analysis of graphene film under 3 laser energy excitations.

From the table 4, we can see that the intensity ratio I(D)/(G) and I(D’)/I(G) slightly decrease

for the film after treatment for laser excitation wavelength of 532 nm and 638 nm, which
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indicate that the thermal treatment can decrease the disorder. But at 785 nm, these two ratio

increase, which remain incomprehensible for us.

Since the thermal treatment can eliminate some “impurity” from the film without damage
graphitic structure, this effect results in a remarkable decrease of surface resistivity. One can
expect that this effect can be reflected by decrease of D band in Raman spectra over whole
graphene film. With 532nm wavelength incident laser light, Raman mapping analyses were
employed to observe global structural information for the reference film and two thermally
treated films within 12 x 16um area. During Raman mapping analyses, the incident laser
power were carefully tuned to be 0.16 mW to avoid any damaged caused by laser. Meanwhile,
the acquisition time were strictly limited to be inferior to 8 hours which implies acquisition
time of each scanning spot is 1 second. The study of intensity ratio of D band to G band
shows efficiency of treatment. As can be seen in Raman mapping shown in figure 4.16, the

Raman mapping and frequency histogram show a slight decrease of average ratio I(D)/1(G)

after thermal treatment.
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Figure 4.16: Raman analysis for the film before and after thermal treatment. (a,b) mapping and
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histograms of 1(D)/1(G) for reference film; (c,d) mapping and histograms of 1(D)/I(G) for reference

TF1 film; (e,f) mapping and histograms of I(D)/I(G) for reference TF1 film.

For the film before treatment, as shown in figure 4.16(a), the ratio I(D)/I(G) of whole

analyzed area is located in green zone (0.9 - 1.2). The histograms of 1(D)/I(G) in figure 4.16

(b) demonstrate that mean ratio is ~ 1.03. After treatment, Raman mapping 1(D)/I(G) of TF1

and TF2 film are down-shifted to light-blue zone (0.5 - 1.0). The mean I(D)/I(G) are

decreased to 0.73 and 0.71 respectively for TF1 and TF2 film. We can conclude from these
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mapping analyses that after annealing treatment intensity of D band decrease over whole film
area, which indicates that the treatment decreases the disorder of films. Together with TG
results and XPS analyses, we think that it could be residual solvent confined in graphen film
and ions/moleculs attaching on graphene film, which results in a higher surface resistivity and
oxygen concentration. If our hypothesis was correct, structure of the film would be different

before and after the treatment.

2.2.3 X-Ray scattering

To test this idea, X-Ray scattering was peformed. X-Ray scattering measurements were
performed on a rotating anode and under vacuum, to optimize the signal over background
ratio, using monochromated MoK, radiation (A = 0.711 A). For X-ray scattering experiments,
the graphene film was deposited onto an ultra thin silicon wafer (~10 pum thick), to minimize
scattering from the substrate. As shown in figure 4.17, the incident X-ray beam is parallel to

film.

/]

Incident

Xrays/

Figure 4.17: Schematic diagram of X-ray scattering with ultrawafer.

As-deposited film and heated film were studied at room temperature. Scattering patterns were
recorded on imaging plates, in transmission, with the wafer plane containing the direction of

the incident X-ray beam. On the diffraction pattern of figure 4.18, two diffraction peaks from
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the graphene film, located at Q ~ 1.85 A™, are clearly visible, along with Bragg peaks and
thermal diffuse scattering of silicon. ®* The peaks at Q ~ 1.85 A™ reveal the staking of the
graphene planes forming the film. With Bragg’s law and scattering vector:

4

Q = 1 sin(6)

mean interlayer distance, d = 3.40 (+/-0.05)A, can be calculated. Moreover, these peaks
display an asymmetric feature with higher intensity at low Q values for the as-deposited film,
which indicates a distribution of interlayer distances towards larger distances (see figure 4.19).
The same peaks become symmetrical and narrower after thermal treatment which corresponds
to a smaller distribution of interlayer distances centered around the mean value d. Azimuthal
integration curves at Q =1.85A" are shown in figure 4.20. The width of the curve is related to
the angular disorientation between the stacked graphene planes. Both curves are fitted with a
Lorentzian lineshape and are characterized by their Full Width at Half Maximum (FWHM).
After thermal treatment, the angular extent of the graphene stacking peaks becomes narrower
(FWHM = 8.4° after thermal treatment, compared to 12° before treatment). Therefore, it
follows that thermal treatment improved both the stacking of the graphene planes and the

relative orientation of the assemblies of stacked planes.
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Figure 4.18: Diffraction pattern obtained from the graphene film on silicon wafer before the thermal
treatment. White arrows point to the scattering peaks at Q ~1 85A" of graphene using X-ray radiation
(A=0.711 A).
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Figure 4.19: X-ray scattered intensity along the horizontal direction in figure 1, through the scattering
peak of graphene before and after thermal treatment.
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Figure 4.20: Azimuthal integration of the scattered intensity at Q=1.85 At (from 1.80 to 1.90 A'l),

before and after thermal treatment. Circles: experimental data, lines: fits with a Lorentzian function.
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XRD, Raman and XPS results support the “impurities” in the film are not the oxygen-
containing functional groups. During filtration process, some residual solvent THF can be
trapped in graphene sheets. These residual solvent are rather stable under atmosphere and act
like scattering sources which increase the surface resistivity. But with annealing temperature,
they can be evaporated, thus surface resistivity can be decreased. Back to figure 4.9 (a), it was
noticed that the film begun to lose the weight at ca. 100 °C, so thermal treatments at low
temperature may also improve the film performances. Thus, another thermal treatment, under
Argon at 120°C for 2 hours, was also tried. After this treatment, the surface resistivity was
decreased to 680 Q/sq. The XPS and Raman analysis performed for this treated film were
summarized in annex. Considering that the temperature range of PET film is from -70 °C to

150 °C (Ampef™), this low temperature opens a route to improve the electrical properties of

the graphene film deposited on a flexible polymer substrate.

Grgphene Film production methode ps(§urfgce Transmittance | Ref
production methode resistivity)
Thermal reduction of : , 1,8+/- 2N
GO Dip-Coating 0,08KVsq 60% [60]
Graphene dispersion .
in DME spray-coating 5KQ/sq 90% [61]
polycyclic aromatic S N Mo
hydrocarbons (PAHs) Spin-coating 1,6KQ/sq 50% [62]
GO — rGO(Chemical o _ a0
reduction of GO) Spin-coating 800Q/sq 82% [63]
Chemical reduction >1KQ/sq - ~30% - ~90%
of GO spin-coating, drop-castin ~100KLY/sq [64]
thermal reduction of | P 9. drop g ~100QY/sq -
~5% - ~90%
GO ~100KQ/sq
chemical and thermal A 750
reduction of GO vacuum-filtration ~43kQ/sq 75% [65]
graphene dispersion P B _
i1 DME vacuum-filtration 22KQ/sq 60% [66]
TBA and oleum
intercalated graphite langmuir blodgett ~15(E)§’K28 and ~93é§3 and [67]
dispersed in DMF 0
chemical é(eociuctlon of vacuum-filtration 2000K€/sq 96% [13]
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chemcial and thermal

reduction of GO spray-coating, drop-casting 188KQ/sq ~98% [68]
GO — rGO(chemical spin-coating 100k€Q)/sq 85% [69]
or thermal reduction) 5KQ/sq ~50%

GO — GO
(chemicalor thermal langmuir blodgett 19MQ 95% [70]
reduction)
GO = rGO(chemical vacuum-filtration 70KQ/sq 65% [71]

or thermal reduction)

GO — rGO (chemical Self-Assembled GO

0,
reduction) hydrosol 16K /sq 85% [72]
GO — reparative L 0
reduction of GO Spin-coating 2,85KQ/sq 95% [73]
. . - 1KQ/sq 54%
graphene dispersion Vacuum Filtration 2KQsq 5% [3]
graphite exfoliated in N 6KQ/sq 70%
organic solvants vacuum filtration 200KQ/sq 90% [74]
(before 0 Our
. . Vacuum treatment) 1900Q/sq 30% film
Graphenide solution | _.. ~"-
Filtration (after Our
450Q/sq 30% -
treatment) film

Table 5: Resistivity and transmittance for graphene film produced from solution routes

As presented in chapter 1, researchers and engineers has already made graphene film from
graphene produced by liquid-phase route, such as reduced graphene oxide, dispersion of
graphene in organic solvent etc. In table 5, we made a relatively exhaustive list concerning
surface resistivity and transmittance of reported graphene transparent conductive electrodes.
From this table, we can see that electrical property of our films after annealing treatment show
very promising properties compared to other films. This is probably due to the relatively good
quality of graphene produced by graphenide solution. For reduced graphene oxide material,
in addition to vacuum filtration, spin-coating and spray-coating were also used to produce
graphene film. These techniques were also employed for our graphenide solution to produced
graphene film from graphenide solutions. Unfortunately, films prepared by these techniques
do not demonstrate very good electrical properties. Results concerning these films are

presented in annex.
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Besides thermal treatment, we also noticed an interesting phenomenon in our film. As
presented in chapter I, graphene possess a very unique electronic structure. In pristine
graphene shown in figure 4.21(c), the valence and conduction bands touch at the Brillouin
zone corners thus forming a zero-band-gap at the Dirac point. Graphene can be doped by
electric field, by adsorption of atoms and by substrate. Here, we will focus on chemical
doping. In chemical doping, charge transfer is often involved. In this case, doping is achieved
by electron exchange between graphene and a dopant. In general, charge transfer involved
doping does not disrupt the structure of graphene and most cases of these doping can be
reversible. This is a fundamental difference from another type of chemical doping,
substitutional doping. For substitutional doping, carbon atoms in the honeycomb lattice are
substituted by other atoms, such as nitrogen and boron. [> " Figure 4.20 (c) shows the shift
of the Fermi level induced by charge transfer. Graphene can be p-type or n-type doped via
charge transfer. p-type doping drives the Fermi level of graphene below the Dirac points. On

the contrary, in n-type doping, the Fermi level is above the Dirac points.

In some articles, researchers announced that the sheet resistance of graphene film decreases
by p-doped with acid, Br, and I,. [’ In these systems, the p-doping creates a high density
of holes around the Fermi energy, thus the carrier concentration increase and the resistance is
reduced. Since our film is prepared from negatively charged graphene flakes, the electrons
transferred from potassium atom to graphene will partly fill the anti-bonding n*-band which
is initially empty in neutral graphene. The electrons added to the anti-bonding band behaving

as carriers, they increase the electrical properties of the film.
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.electron doping hole dopig

<-EF

Energy

(©)

Figure 4.21: (a). One freshly filtrated graphene film with Al,O; membrane in glovebox. (b). Graphene

film after 30 mins of drying in glove box; (c) Representation of the Dirac cone (Ep) at the K point in
(B) depicting the linear dispersion of conduction and valence bands that meet at the Dirac point. Rigid
band shifts due to charge transfer to and from graphene are depicted as electron or hole doping,
respectively, wherein the Fermi level (Eg) is displaced to higher or lower energy with respect to the

Dirac point. [’ (UDOS: unoccupied density of states; ODOS: occupied density of states)
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We prepared one film and measured its surface resistivity in glove box. As shown in figure
4.21 (a), the freshly filtrated graphene film on Al,O3 membrane exhibits a yellow-brown color
which is similar to that of stage-1 KCsg. It’s interesting that the color of this film turn rapidly
into black in less than 10 mins. The image shown in figure 4.21 (b) demonstrate that the film
is in black color after 30 mins of drying in glove box. The surface resistivity was determined
from the measured four-probe sample resistance R. The surface resistivity of freshly filtrated
(still in yellow-brown color) is 645 Q/square. However, the surface resistivity of dried film
(30min drying in glove-box, black color) decreased to the remarkable value of 155 Q/square.
When the film was dried, there were less residual THF in the film, which means there were
less scattering sources in the film. As discussed previously, the elimination of impurity will
significantly increase the electrical performance of film. Unfortunately, it has not been

possible to measure the transmittance of the film inside the glove box.
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3. Film treatment with laser

The annealing treatment can largely improve electrical properties of graphene film. But the
transmittances at 550 nm are always ~ 30%. The increase of transmittance can be achieved by
making film thinner. If we could manage to eliminate the impurity and make the film thinner,
both electrical and transmittance of film will be improved. Lee et al. reported that
conductivity and transparency of carbon nanotube film produced from surfactant dispersed
solution were improved by laser treatment. % They claimed that individual nanotubes absorb
the laser energy and generate heat to vaporize the surrounding surfactant. As a result, the
conductivity was increased. To improve conductivity and transmittance of our film, laser
induced thermal treatments were also tested with Mr. Anthony KIRSCH in Centre

Technologique Optique et Lasers (ALPhANOV).

One film was prepared and transferred on PET substrate. The transferred film was then
divided into 4 small bands (5 mm x 28 mm) for laser treatment. The band 1 was conserved as
reference. Band 2, 3 and 4 were treated with laser beam under different conditions. The
treatments were performed by using a laser with cadence of 50 KHz. The power of this laser
is 0.05 W. The laser beam having a diameter of ~ 30 um scanned the bands with scanning rate
of 750 mm/s. The flux of energy is around 1.32 x 10 J/mm?. The laser beam scanned band 2
one time in crosshatch scanning fashion. The band 3 and band 4 were scanned respectively
50 and 100 times over. The sheet resistance and transmittance of the reference film and
treated bands were measured to analyze treatment. The sheet resistances were measured by
using a 4-probe and the transmission spectra were obtained with a UV-Visible-NIR

microspectrophotometer.

Surface resistivity (£2/sq) Transmittance at 550 nm (%)
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Band 1 1700 32
Band 2 920 36
Band 3 613 45
Band 4 770 47

Table 5: surface resistivity and transmittance at 550 nm for reference band and laser treated bands.

From table 5, we can see that laser treatment can improve the surface resistivity and
transmittance. As scan number increase, the surface resistivity of bands decrease. The
graphene film can absorb laser energy which can remove oxygen-containing functional
groups and impurities. As a result, the surface resistivities decrease with increasing of
irradiation time. Band 4 exhibits an increased surface resistivity compare to band 2 and band
3. This can be explained that laser irradiation of laser create too much defect in band 4. The
laser treatment study of CVD graphene film performed by Kiisk et al. shown laser irradiation
(~ 200 mJ/cm? can produce visible damage. ® In our laser treatment, the laser irradiation can
remove the graphitic materials. Thus, the transmittance at 550 nm of films increases as
irradiation time increase.

The reference film and treated films were characterized by Raman to understand laser
treatment. The Raman spectra of films and PET substrate were obtained by Raman
spectrometer HORIBA Xplora with 532 nm wavelength incident laser light at room
temperature. 1% laser power filter was used to decrease the laser power to 0.166 mW in order
to avoid any damage produced by laser irradiation. The acquisition time was always inferior
to 2 seconds. The spectra were collected under a microscope (x 50 objective). The Raman-
scattered light was dispersed by a holographic grating with 1800 lines/mm for high spectral

resolution and detected by a charge-coupled device (CCD) camera.
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Figure 4.23: Raman spectra of graphene film treated by laser irradiation and PET substrate at 532 nm

wavelength excitation laser.

Before and after treatment, we found three intensive bands located at 1348 cm™, 1582 cm™
and 2696 cm™ which correspond to D band, G band and 2D band. These bands show no
significant difference compare to spectra of graphene films deposited on glass/wafer substrate
shown in previous sections. For graphene film, there is peak at shoulder of G band around
1620 cm™which is assigned to defect-active D’ band. We focused on analysis of D band and

G band.

With 532nm wavelength incident laser excitation, Raman mapping analyses were performed
within 14 x 14pum areas for films before and after treatment. During Raman mapping analyses,
the incident laser power was carefully tuned to be 0.16 mW. Meanwhile, the acquisition time
of whole Raman mapping were strictly limited to be inferior to 8 hours; in other word, for
each scanning spot, the acquisition time is 1 second. We studied the intensity ratio of D band

to G band intensity for further understanding the efficiency of treatment over large area. The
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Raman mappings presented below were constructed strictly by the intensity height of D band

(~ 1344 cm™) and G band (~ 1580 cm™).
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Figure 4.24: Raman analysis for films before and after laser treatment. (a, b) 1(D)/I(G) mapping and
histograms for Band 1(reference film); (c, d) 1(D)/I(G) mapping and histograms for Band 2; (e, f)

1(D)/1(G) mapping and histograms for Band 3; (g, h) I(D)/I(G) mapping and histograms for Band 4.

The 1(D)/1(G) mapping and histograms of reference film and laser treated films are shown in
figure 4.24. The mean ratio I(D)/1(G) of reference film is ~ 0.87. After laser treatment, mean
I(D)/1(G) of band 2 increases to ~ 0.9. But mean 1(D)/I(G) of band 3 and I(D)/1(G) of band 4

decrease respectively to ~ 0.83 and ~ 0.61. For band 2, after laser treatment, surface resistivity
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decreases. But why mean I(D)/I(G) of band 2 shows a contradict result? We think that during
laser irradiation, the laser power was so powerful that graphitic materials can be removed by
laser beam scanning, which means the laser treatment process itself can cause defects on this
graphitic material. Compare to annealing treatment which removed only residual THF and
improved stacking structure of film without creating defects, mean I(D)/I(G) of laser treated
film could be increased. In essence it is important to understand that an increase or decrease
of 1(D)/1(G) is not necessarily correlated with increase or decrease of defects in graphitic
materials. For example, chemically reduced graphene oxide materials show an increased
I(D)/1(G).[* Stankovich et al. interpret such a result by assuming that reduction increases the
number of aromatic domains of smaller overall size in graphene, which would lead to an
enhancement of the 1(D)/I(G) ratio.?” Thus we suggest that care should be taken when one
use only I(D)/I(G) to evaluate the defects of graphitic materials. To better understand
evaluation of defects of graphitic materials, one should understand treatments that the
materials suffered and several techniques should be used in order to have reasonable

interpretations.
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4. Production of mixed graphene-nanotube films

Graphenide solutions can be used to produce large area and continuous graphene films which
exhibit good electrical and optical properties. The electrical properties can be largely
improved by annealing treatment. The laser treatment can both improve electrical and optical
properties of produced graphene film. Even though these properties are promising compared
to other graphene films produced from solution routes, the surface resistivity and
transmittance are still far from industry requirements for application as transparent conductive
electrodes. In chapter I, from review of transparent conductive electrodes, it appears that
transparent conductive electrodes made from carbon nanotubes demonstrate very promising
electrical and optical properties, better than that of reported graphene films. We then
performed some experiments to make transparent conductive films by using graphenide

solutions and carbon nanotube solutions together.

Several groups have reported graphene-Carbon nanotube hybride materials for transparent
conductors. 2% The idea consists to produce nanocomposite comprised of graphene and
carbon nanotubes. Figure 4.25 shows schematically the carrier transport in graphene-carbon
nanotube film. Carbon nanotubes act as a link between graphene flakes, which can enhance
carrier transport and improve the conductivity of this hybrid material. Most of reported
graphene-carbon nanotube hybrid films were synthesized by mixing reduced GO solution and
aqueous dispersion of carbon nanotube. Yang et al. reported one graphene-carbon nanotube
film produced from solution-based method that exhibits 240 Q/sq and 86 % transmittance. [/

They demonstrated that electrical properties of produced hybrid film are improved compared

to both CNT films and reduced GO films.
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Carrier
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Graphene

Figure 4.25: Carrier transport in graphene-carbon nanotube hybrid materials

Unlike those reported hybrid film, we have used negatively charged CNT solution and
graphenide solution to make hybrid films. Negatively charged carbon nanotubes HiPco (High
Pressure Carbon Monoxide Process) were prepared by Dr Fabienne Dragin in glove box as a
CNTs salt. Then the CNT salt was dissolved in DMSO. After centrifugation at 4000 RPM (~
3000 g) for 2 hours, the supernatant was removed from undissolved carbon nanotubes. The
concentration of this solution is ~ 3.851mg/ml, which is calculated from dry-extract. The
prepared carbon nanotube solution is viscous, thus to prepare a film, the solution needs to be
diluted. In previous work concerning CNT films performed by Dr. Amélie Catheline, carbon
nanotube solutions were always diluted more than 100 times in DMSO solvent in order to
make CNT films. In this experiment, the CNT solution was diluted 1000 times, which lead to
a concentration of 0.00385 mg/ml. Graphenide solution (KCgin THF) was prepared by the
method presented in chapter Ill. The concentration of KCgin THF is ~ 0.15 mg/ml. The
prepared graphenide solution was diluted in THF for 10 times. In order to compare to
electrical and optical properties of films, one reference film was prepared by using only 15 ml
of diluted CNTs solution. The mass of CNTs film is around 57.75 ug. This mass is used as

reference mass. During hybride films preparation, quantity of CNTs solution and graphenide
213



Chapter IV: Transparent Conductive Graphene Films

solution were determined by keeping total mass of hybrid materials equal to this reference

mass. In this way, we can compare the properties of films.

Two ways were employed to prepare graphene-CNT films. Route (I): CNT solution was first
filtrated and then graphenide solution was filtrated, which can lead to a layered structure.
Route (11): CNTs solution and graphenide solution were mixed, and then this mixed solution
was used to make films. As for the production of graphene films, the solutions were filtrated
onto Al,0; membrane with a vacuum filtration apparatus. In first way in which CNTs solution
and graphenide solution are filtrated successivley, care was taken when pouring the
graphenide solution onto filtered CNTs film to avoid damage of CNTs. For both production
way, the quantity of CNTs were varied from 80 wt % , 50 wt % and 20 wt %, thus the
corresponding quantity of graphene were 20 wt %, 50 wt% and 80 wt%. The sheet resistances
were measured by using a 4-probe and the transmission spectra were obtained with a UV-

Visible-NIR Microspectrophotometer.

. Surface resistivity | Transmittance at
Reference film (Q/sq) 550 nm (%) FOM
CNTs film 1460 55 872
route (1) Surface resistivity Trgr;sérr;llrt;a(rlz(; at FOM
CNTs (20 Wt.%); Graphenide (80 wt.%) 11531 85 1874
CNTs (50 Wt.%); Graphenide (50 wt.%) 2395 70 854
CNTs (80 Wt.%); Graphenide (20 wt.%) 1389 60 709
route (1) Surface resistivity Trgr;sérr;llrt;a(rlz(; at FOM
CNTs (20 Wt.%); Graphenide (80 wt.%) 28035 95 1438
CNTs (50 Wt.%); Graphenide (50 wt.%) 8837 82 1753
CNTs (80 Wt.%); Graphenide (20 wt.%) 2367 57 1330

Table 6: Surface resistivity and transmittance of graphene-carbon nanotube hybrid films
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A surface resistivity around 1460 Q/sq and 55 % transmittance was obtained for reference
CNT film. The surface resistivity of most hybrid films is larger than CNT film. With FOM,
we compare films by considering both surface resistivity and transmittance.

T
FOM = —R lnm

where R is surface resistivity, T is transmittace.

In both routes, the surface resistivity of hybrid film decrease as quantity of CNTs increase,
which implies that the conductivity of the film is dominated by carbon nanotubes. The
transmittance displays an opposite tendency. By comparing surface resistivity and
transmittance of produced hybrid films, we can clearly see that hybrid films produced by
route (1) show a lower surface resistivity than those produced by route (II). It should be
noticed that charged carbon nanotubes and charged graphenes were dissolved in different
solvents. The mixture of these two solutions could not form a homogeneous solution, thus the
idea of using carbon nanotube as link is hard to achieve. Except the third film in route I, the
electrical and optical properties didn’t get improve when we employed two solutions to make
hybrid film. Maybe, in our methods, graphene and carbon nanotube didn’t well connect
together to form an ideal network shown in figure 4.25. Further characterization and

procedure optimization should be performed to improve performances of hybrid film.
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5. Conclusion

Graphenide solutions, KCg in THF, were explored to produce transparent conductive
electrodes by using vacuum filtration method. The filtrated films can be transferred onto any
desired substrate. As-filtrated films were transferred at first onto flexible substrate PET to
characterize surface resistivity and optical transmittance. The as-produced film exhibits a
relatively good electrical properties and reasonable transmittance. Like all other graphene

films produced from solution ways, surface resistivity increases as transmittance decreases.

To characterize furthermore these graphene films, several films were produced and
transferred onto glass and wafer substrate. SEM, AFM and TEM results show that these films
consist of a disordered array of graphene sheets lying randomly in the plane of the film. XPS
results show that oxygen content of film is increased compared to starting graphite, which led
us to think that the films are either oxidized or there are other reasons to explain increased
oxygen. The detail analyses of XPS spectra, C1s and O1s spectra, demonstrate that there are
some oxygen-containing groups in the films. Raman spectroscopy was also used to
characterize the graphene films. The detailed comparison of XPS and Raman results between
our film and reduced graphene oxide film having similar oxygen content made us to believe
that the oxidation is not the reason to explain the increased oxygen content. Especially,
Raman spectra of film possess a relative low I(D)/I(G) ratio and an intense 2D band which
can be fitted only by one Lorentzian function, which demonstrate that our films have a better
sp? graphitic structure. This pronounced 2D band confirms the randomly stacking order of
film. Under this structure, graphene films present a 2D behavior similar to monolayer
graphene. After all, there are fundamental differences between our film and reported rGO film.

By eliminating those oxygen-containing impurities, the properties of film can be improved.
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To improve performances of graphene film, annealing treatments at 450 °C under argon
atmosphere were performed for graphene films transferred onto glass substrates. After
annealing treatment, the surface resistivity was decreased from 1930 /sq to 450 €)/sq while
the transmittances remained the same. The XPS, Raman and XRD analysis were performed
for graphene films before and after treatment. After treatment, oxygen contents had largely
decreased, and XPS-etching profile of oxygen shows that there is higher oxygen content at the
surface of film. C1s of treated film demonstrate a similar envelope to that of starting graphite
because of de-oxygenation. The Raman ratio 1(D)/1(G) were used to evaluate defects change
before and after treatment. By using Raman mapping, the observation of 1(D)/I(G) for a large
area shows that after treatment this ratio decreased from 1.13 to 0.73 which implies that after
treatment, the film are less defective. The structural changes were characterized by X-ray
scattering. Scattering patterns of graphene film exhibits one clearly visible diffraction peak,
located at Q ~ 1.85 A™!, which reveal the staking of the graphene planes forming the film and
correspond to a mean interlayer distance of d = 3.40 (+/-0.05)A. Before treatment, these peaks
appear asymmetric with a higher intensity at low Q values, which indicates a distribution of
interlayer distances towards larger distances. The same peaks become symmetrical and
narrower after thermal treatment which corresponds to a smaller distribution of interlayer
distances. Azimuthal integration curves at Q =1.85 A™ were also performed to study the
angular disorientation between the stacked graphene planes. After thermal treatment, the
angular extent of the graphene stacking peaks becomes narrower (FWHM=8.4° after thermal
treatment, compared to 12° before treatment). The thermal treatment can eliminate scattering
sources, residual solvent THF, meanwhile both the stacking of the graphene planes and the
relative orientation of stacked graphene planes were improved during the annealing treatment.
As a result, the surface resistivity can be largely decreased. The low temperature annealing

treatment performed at 120 °C also shows that surface resistivity was decreased. This means
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that the electrical properties of films transferred on PET can be improved by low temperature
treatment. To improve electrical properties and optical transmittance, a series of laser
treatment were performed on the films transferred on PET. After laser treatment, both
conductivity and transmittance were increased. In laser treatment process, graphene films
absorb the laser energy and generate thermal effect which can vaporize the residual THF
solvent in films, which result in decreasing of surface resistivity. Meanwhile, the laser power

is high enough to remove some graphitic materials, thus transmittances were also improved.

The graphene film produced from graphenide solution KCg+THF demonstrate very promising
electrical properties compared to other graphene film from solution routes. The thermal
treatments provide very efficient way to improve performance of graphene films. These films
can be further used in flexible conductive electrodes field where the requirement of

transmittance is not too demanding, like supercapacitor and sensor etc.
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The liquid-phase exfoliation of graphite is considered as one of the most promising way to
produce graphene in industrial scale because of its cost-effectiveness, processability and
compatibility with current techniques. The developed liquid-route exfoliation methods are
always based on exfoliating graphite or graphite oxide in a solvent with sonication and/or
surfactant, which can decrease the properties of graphene produced. Moreover, graphene
dispersions are unstable due to the strong © — = stacking of large graphene sheets produced,

and yield of these methods are relatively low.

The objective of this thesis was to produce graphenide solutions without using surfactants or
sonication and exploit these solutions to produce transparent conductive graphene films. The
production of graphenide solutions consist in the synthesis at first of graphite intercalation
compounds with graphite and potassium, and then to dissolve these compounds in organic
solvents. The production process is performed under inert atmosphere. During this work,
stage-1 KCg, stage-2 KCy4 and stage-3 KCzg were synthesized by using one-zone and two-
zone vapour transport techniques and studied during this work. After characterization of X-
ray diffraction and Raman scattering which allow us to identify these compounds, the
compounds were dissolved in NMP (high boiling point organic solvent) and THF (low boiling
point organic solvent). TEM observations demonstrated that both solvent can be used to
dissolve GICs. The work performed on potassium reduced carbon nanotubes reported that
counterions entropy gain drives the dissolution process, thus by varying potassium/carbon
ratio, the solubility of carbon nanotube salts can be changed. For graphenide solutions, the

same phenomenon was found. Both dry extract and absorption UV-Visible results show that
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graphenide solutions from stage 1 KCg show the highest concentration. And concentration of

graphenide salts decreases with the increase of potassium/carbon ratio.

Graphenide solutions show particular optical properties. From UV-Visible absorption spectra,
K-GICs+NMP system have an absorption peak at 300 nm (4.14 eV) independently from the
charge density. Whereas, two absorption bands, one located around 280 nm and the other at
328 nm were found in K-GICs+THF system. Those charge density independent features lead
us to make a hypothesis that there is a disproportionation phenomenon in graphenide solutions
when graphenide salts dissolve in an aprotic solvent. To understand further those special
optical properties, more experimental and theoretical studies should be performed in the
future. In parallel with studies of graphenide solution, we also performed a Raman resonance
study for three synthesized K-GICs by changing the laser excitation engery from UV to near
infrared. In stage-3 KCss, we observed a Raman resonance effect at 2.5 eV. By comparing
with first principle calculations, we can find the 1 — 7* transition for the bounding layer at

2.5 eV. We attribute the observed resonance effect to this 1 — w* transition.

As THF is a low boiling point solvent, the post-treatment of KCg+THF solution is easier than
KCg+NMP. Therefore, deposition of KCg+THF was studied by HRTEM, AFM and Raman.
HRTEM and AFM show that deposited graphene demonstrate self-folded and crumpled
morphologies which make it difficult to determine the number of layer for observed graphene.
The Raman spectra obtained for graphene produced from graphenide solution show three
characteristic band of sp? carbon: D band, G band and 2D band. The detailed band analysis
shows that the produced graphene possesses relative good quality compared to graphene
materials produced by other liquid-route methods. The starting material graphite has been

thoroughly exfoliated by the dissolution procedure.
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By using vaccum filtration method, graphenide solutions KCg+THF were used to produce
transparent conductive films on flexible substrate PET, which exhibit relatively good
electrical properties and reasonable transmittance compared to other graphene films produced
by solution routes. Characterization results from SEM, AFM and TEM observations show that
graphene sheets are stacked randomly to form a continuous film. The analyses of as-produced
graphene film Raman spectra imply that uncorrelated graphene sheets in films do not re-stack
into Bernal stacking order. XPS results show the oxygen content of the as-produced films
increase compared to starting graphite; and further C1s peak line-analyses demonstrate that
some oxygen-containing groups are present in the films. In order to improve the performances
of graphene films and decrease their oxygen content, annealing treatments at 450 °C under
argon atmosphere were performed for graphene films transferred onto glass substrates. After
the annealing treatment, the surface resistivity decreased from 1930 Q/sq to 450 Q/sq while
the transmittance didn’t change. XPS analyses shows that after treatment oxygen contents
decreased, which result from removal of oxygen-containing groups under thermal effects.
Raman spectroscopy was applied to evaluate film before and after treatment. The Raman ratio
In/lc was used to investigate the defects. By performing Raman mapping within a large area,
a statistic study of the ratio Ip/lg shows that after treatment this ratio decreased from 1.13 to
0.73. After annealing treatment, the film are less defective, thus its electrical properties are
improved. X-ray scattering was used to characterize structural changes. From X-ray scattering
pattern, one clearly visible diffraction peak (Q ~1.85 A™) was observed. The position of this
peak corresponds to a mean interlayer distance of d = 3.40 (+/-0.05) A. Azimuthal integration
curves at Q =1.85 A™ were also performed to study the angular disorientation between the
stacked graphene planes. After thermal treatment, the angular extent of the graphene stacking
peaks becomes narrower which implies that the graphene sheets have a more homogeneous

orientation after treatment. These characterization results indicates that thermal treatment can
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Conclusion and Prospective studies

eliminate scattering sources, such as residual solvent, attached like OH™ and HsO™ originating
from water and solvent molecules; meanwhile the stacking of graphene sheets and relative
orientation can be improved. Thus, the surface resistivity of graphene film can be largely
decreased. The results from annealing treatment at 120 °C show that low temperature can also
improve the electrical properties of graphene films, a result of importance since it is
applicable to films deposited on flexible polymer substrates such as polyethylene
terephthalate (PET). To improve both conductivity and transmittance, laser-assisted
treatments were also attempted. The laser power is high enough to generate thermal effect
which removes scattering source and some graphite materials, thus the treated films exhibit

better electrical and optical properties.

Due to the good quality of graphene produced from graphenide solutiosn, the graphene films
produced from these solutions exhibit good electrical properties after mild annealing
treatment compared to the most graphene film produced by solution routes. Further studies
should, however, focus on improving the optical transmittance. With their promising

electrical properties, these graphene films could be used in flexible conductive electrodes field.
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Acronym

AFM: Atomic Force Microscopy

BE: binding energy

CVD: Chemical vapor deposition

CPME: Cyclopentyl methyl ether

DMF: Dimethylformamide

DMSO: Dimethyl sulfoxide

EBIC: Electron beam induced current

GICs: Graphite intercalation compounds

GO: Graphene oxide

HiPCO: High pressure carbon oxide (carbon nanotubes)
HOPG: Highly oriented pyrolytic graphite

ITO: Indium tin oxide

K-GICs: Potassium intercalated graphite intercalation compounds (K-GICs)
LPCVD: Low-pressure Chemical vapor deposition
NMP: N-Methyl-2-pyrrolidone

Me-THE: Methyltetrahydrofuran

PET: Polyethylene terephthalate

PMMA: Polymethyl methacraylate

rGO: Reduced graphene oxide

SEM: Scanning electron microscopy

TEM: Transmission electron microscopy

THF: Tethrahydrofurane

TG: Thermogravimetry

XPS: X-ray photoemission spectroscopy

XRD: X-ray diffraction
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Annex 1

De-intercalation of GICs with laser irradiation

Potassium intercalated GICs, stage 1 KCg, stage 2 KC,4 and stage 3 KCgg, are very sensitive.
Especially the highly intercalated GICs are sensitive to laser-induced deintercalation from a
local heating of the sample with different laser power density. “*! At high laser power, GICs
can easily deintercalate into other stages. Thus to obtain correct Raman response of the K-

GICs, laser-induced deintercalation studies were performed by changing laser power.

For Raman characterizations, the K-GICs samples were sealed into a quartz cuvette inside
glove box. Raman measurements were performed on a JOBIN YVON Xplora at room
temperature using 532 nm (2.33 eV) laser light. The spectra were collected under a
microscope (x 50 objective). The Raman-scattered light was dispersed by a holographic
grating with 2400 lines/mm for high spectral resolution and detected by a charge-coupled
device (CCD) camera. The laser power can be varied by an integrated power filter which can

change laser power from 16 mW (100 %) to 0.16 mW (1 %).

Normalized Intensity(a.u.)
Increase of laser power
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400 '600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm'l)



Annex

Figure 1A: Raman G band of laser induced deintercalation for stage-1 KCg

In figure 1A, the D- to G-band region of stage-1 intercalation GICs KCg under different laser
power excitation are shown. We can see that at lower laser power the G band has a Breit-
Wigner-Fano (BWF) line shape. At high laser power excitation, one band appears around
1600 cm™, which is the G band of stage-2 GICs. Another band around 530 cm™, which is
called as “C, mode”, ¥ didn’t show any change even at high power excitation. Thus for
Raman study of highly doped GICs, care must be taken in order to prevent the GICs

specimens from laser induced deintercalation.

o
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Figure 2A: Raman G band of laser induced deintercalation for stage-2 KC,,

The Raman spectra of the stage-2 GICs KC,4, which were acquired under excitation with
different laser power, are shown in figure 2A. One G band having Fano form is around 1600
cm™, which doesn’t change with increase of laser power. But we noticed a band located

around 500 cm™ displaying a visible change at high laser power.



Annex

1.0

35 -
z P

S 30f / 4
100 % N\ 5
z 2
%) 25 | ] 2
< a
= 20F _ o
2 =
N 15k 3 L'5'
T‘ﬁ Q
:
O —
Q
Z RS

0.5

0.0

12I50 | 15I00 | 17I50 | 20I00 | 2250 | 25I00 | 27I50 | 3000
Raman shift (cm'l)
Figure 3A: Raman spectra of laser induced deintercalation for stage-3 KCzs
In stage 1 and stage 2, the graphene layers are doped by intercalated potassium layers.
However, in stage 3, there is one graphene layer surrounded by two doped graphene layers.
Since the charge transfers are mainly carried out between these two graphene layers and
adjacent potassium layers, the interior graphyene layer is barely charged. In Raman spectra
shown in figure 3A, the barely charged graphene layers give rise to the 2D band which is not
present in stage 1 and stage 2 GICs. Under different laser power excitation, the Raman spectra
of stage-3 GICs KCgg are shown in figure 3A. Two G band having Fano form are around 1600
cm™, which doesn’t change with increase of laser power. And 2D band around 2660 cm™
doesn’t show any invisible change with increase of laser power. Even though stage 3 KCsg IS
less sensitive to laser induced heating, we still performed Raman study of KCgs under low

laser power (<0.2 mW) as stage 1 and stage 2.
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Annex 2

Thermal treatment of graphene film at low temperature (120°C for 2H)

1. Thermal treatment process

One film (diameter ~ 47mm) was prepared using a 30ml KCg + THF solution, and transferred
onto glass substrates which had been washed with MillQ H,0, acetone and isopropanol prior
to the transfer step. The as-prepared film was then air dried under ambient lab conditions. The
thermal treatment of the film was performed by thermogravimetry (TG, SETARAM Setsys) at

120 °C for 2 hours under constant Ar flow. Both heating rate and cooling rate were set at

5 °C/min.
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Figure 4A: Thermal treatment of graphene films treated at 120 °C for 2 hours

From figure 4A, we can see that the mass loss began around 100 °C, which is similar to the

thermal treatment at 450 °C. After treatment, there was ~ 25 % of mass loss. After treatment,
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the surface resistivity and transmittance at 550 nm of treated films were measured. The

surface resistivity is 680 €/sq, the transmittance is ~ 30 % at 550 nm.

2. XPS and Raman analyses

Both the reference film and the film treated at 120°C were analyzed by XPS. The C1s peaks

and O1s peaks concerning the reference film and the treated film are shown in figure 5A.

Reference film
Reference film ——Film treated at 120 °C for 2 hours
——Film treated at 120°C for 2 hours
[ S S S R S S R (PR U NP S SR SR SR SR
296 294 292 290 288 286 284 282 536 535 534 533 532 531 530 529 528
Binding Energy (eV) Binding Energy (eV)
(a) (b)

Figure 5A: C1s and O1s of reference film (red) and treated film (blue).

From the figure 5A (a), we can see that the Cls peaks are superposed before and after
treatment. The film was only mildly treated by annealing treatment at 120 °C, which is not
sufficient to eliminate the oxygen-containing groups as we discussed in chapter 4. In figure B
(b), the Ols peaks demonstrate similar form before and after treatment. With this low
temperature treatment, we improve electrical properties of films without removing oxygen-
containing groups, thus the reasonable interpretation of this improvement is that the annealing
treatment can remove residual solvent and some ions like OH™ and H;O" associated with

water or solvent. These ions can be attached onto the film surface and act as scattering sources

E
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which affect the charge transport behaviors, thus the film before treatment demonstrate a

higher surface resistivity.

Raman mapping analyses were performed for the film after thermal treatment within
10x10um area with 532nm wavelength incident laser light. The incident laser power is
inferior to ImW. After the treatment, the Ip/lg ratio slightly decrease to 0.83, which indicates

that after the treatment the film is less defective.
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Figure 6A: Raman mapping analyses for the film after treatment
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Annex 3

Film fabrication with spray and spin-coating methods

As discussed in chapter 1 and chapter 4, besides vacuum filtation, spray-coating and spin-
coating have also been largely applied to produce large area graphene film with graphene

produced by liquid-phase routes.

1. Spray-coating

The spray-coating process was practiced in glove box. The graphenide solution KCg+THF
was prepared by following production process presented in chapter 2. The substrate,
polyethylene terephthalate (PET) substrate (PET, GoodFellow, biaxially oriented PET film),
was used to perform spray-coating. The PET substrate was washed by MillQ H20, acetone,

isopropanol, and then dried in oven at 50 °C.

The spraying was done using a Preval ValPak sprayer onto the substrates which were
preheated to ~ 60 °C in order to evaporate rapidly the THF solvent. 50 ml of graphenide

solution was used to prepare a large-area graphene film (6 x 15 cm), as shown in figure C (b).

~60°C

15cm

(@) (®)

Figure 7A: (a) Schematic image of spray-coating technique; (b) Image of spray-coated film (6x15 cm)

G
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As we can see from figure 7A (b), the as-prepared film is inhomogeneous. There are visible
spots on the film, which indicate that during spraying of KCg+THF the in-homogeneity of
spray distribution occurred. Instead of hand-made spraying, the automatic spray-coating

system may prevent the appearance of spots.

The as-prepared film was then oxidized and dried outside the glovebox at 60 °C in an oven
overnight. The surface resistivity was measured by four-point probing method. The surface
resistivity is > 600000 Q/sq. This large surface resistivity implies that at above-described
condition the spray-coating could not make graphene sheets to cover homogeneously the PET

substrate.

2. Spin-coating

The graphene films were prepared on glass substrate (18x18mm) and PET substrate by spin-
coater (Novocontrol, SCC-200). The glass substrate and PET substrate were washed by MillQ
H20, acetone, isopropanol, and then dried in an oven at 50 °C. The spin-coating dispersion of

graphenide solution KCg+THF was performed in glove box.

(a) (b)

Figure 8A: (a) The different “stages” of spin coating a) Dispensation; b) acceleration; c) flow

dominated; d) evaporation dominated. (b) Image of spin-coating of graphenide solution.
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The spin-coating process, which is composed of 4 stages, is illustrated in figure D (a). From
one image of as-prepared film on glass substrate, shown in figure 8A (b), we can see that the
as-prepared film is inhomogeneous. This film was then oxidized and dried outside the
glovebox at 50 °C in an oven overnight. The surface resistivity was measured using a four-
point probe method. The surface resistivity is > 3000000 €/sq, which implies that it is hard to
form a good film on glass substrate by spin-coating. The film spin-coated on PET substrate is
hardly conductive no matter how much solution we used during spin-coating process.
Actually, to get homogeneous and good quality films in spin-coating process, several
important factors have to be considered: (a) evaporation rate of the solvent; (b) viscosity of
the fluid; (c) concentration of the solution; (d) rotating speed; (e) spinning time. For the
process it is necessary to have a solvent that evaporates fast at room temperature. For
graphenide solution KCg+THF, solvent THF is low boiling-point solvent. We varied rotating
speed and spinning time to prepare the film, the results were similar. Thus, we think it could

be helpful by changing the viscosity of the fluid to form a continuous and homogenous film.
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