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Supramolecular approaches to graphene: Generation of functional hybrid assemblies

“Pense a la solution, pas au probleme”

“La passion domine la raison, pour le meilleur et le pire.

*k*x

“Think of the solution, not the problem”

“Passion rules reason for better or for worse”

Terry Goodkind



Résumé

Le grapheéne est un matériau bidimensionnel composé d’atomes de carbone qui sont arrangés
en nid d’abeilles.” Il a été isolé expérimentalement pour la premiére fois en 2004 et le nombre
de travaux le concernant ne cesse d’augmenter.”® Ses excellentes propriétés électriques,
thermiques, mécaniques et optiques le rendent incontournable pour des applications dans les
domaines de 1’électronique, des photoniques, des matériaux composites (membranes hybrides,
encres conductrices et revétements techniques), du stockage de gaz et d’énergie, des senseurs
et enfin dans les bio-applications.>® La fabrication du graphéne a I’échelle industrielle est
donc nécessaire afin de développer son énorme potentiel. Cependant, I'un des facteurs
critiques qui limite ’utilisation de certains procédés de fabrication disponibles, est la
production de graphene sans défauts et de taille contr6lée. Par conséquent, beaucoup d'efforts
sont réalisés afin de synthétiser, a la fois des feuillets monocouches mais aussi des feuilles de
graphéne ayant 2 a 5 couches et ce par plus d’une vingtaine de procédés différents.
L’exfoliation par voie liquide du graphéne est actuellement trés prometteuse.10 Ceci est
avantagé par le faible codt de production et par une qualité et quantité de feuillets supérieures
aux autres techniques. L’exfoliation par voie liquide implique 3 étapes: dispersion du graphite
dans un solvant, I'exfoliation, et la purification. Le choix du solvant est important, puisque
seuls les solvants ayant une tension de surface proche de celle du graphéne peuvent étre
capables de stabiliser les feuillets de graphéne. L'exfoliation du graphite se produit lorsque les
ultrasons cassent les interactions de van der Waals entre les feuillets et que le solvant est
capable de stabiliser les feuillets qui se sont détachés. Afin d’augmenter le rendement
d’exfoliation et/ou la qualit¢ des feuillets, certains groupes de recherche utilisent des
molécules organiques telles que des tensioactifs, des biomolécules, des super-acides ou des

molécules fonctionnalisées.*™* Ces molécules agissent principalement comme des agents de



Supramolecular approaches to graphene: Generation of functional hybrid assemblies

dispersion/stabilisation par physisorption de leurs fragments hydrophobes sur la surface de
graphéne durant l'exfoliation du graphite par sonication. L’exfoliation en phase liquide du
graphite dans l'eau est plus difficile en raison de la nature hydrophobe des feuilles, mais
I'addition de molécules telles que des tensioactifs ou des sels a montré une production de
suspensions stables. Cependant, I'utilisation de I'eau comme milieu liquide pour I'exfoliation
est généralement peu recommandée dans les domaines des appareils électroniques, encres
conductrices et membranes. Par conséquent, I'utilisation de solvants organiques en tant que
milieu liquide pour I’exfoliation doit étre explorée. Dans la derniére décennie, 1’effort
exceptionnel dédié afin de relever ce défi, a mis en avant que certaines molécules organiques
sont capables de dynamiser I'exfoliation du graphite avec des rendements toujours plus éleves.
Mais, la question fondamentale, encore extrémement important, afin de savoir ce qui fait
qu’une molécule est un bon candidat pour promouvoir 1’exfoliation de graphite reste ouverte.
Ici, une compréhension fondamentale sur une approche supramoléculaire simple est présentée
afin de préparer des dispersions homogeénes de nano-feuillets de graphéne non fonctionnalisés
et non oxydés dans quatre solvants organiques. Afin d’explorer 1’exfoliation en phase liquide

du graphene en présence et en absence de molécules, nous avons étudié les systémes suivants :

. La premiére étude porte sur la détermination des parametres non
explorés de I’exfoliation en phase liquide et de permettre un contrdle total de la

fabrication de graphéne.

J Ensuite nous avons exploré ’influence de 1’ajout de molécules lors de
I’exfoliation. Ces molécules ont été strictement sélectionnées grace a leur
affinit¢  particuliecre avec les surfaces carbonées, c’est 1’approche
supramoléculaire. La taille de leur chaine alkyle linéaire ainsi que les groupes

fonctionnels greffés sur ces chaines ont été analysés.

o Une molécule d’azobenzeéne comprenant deux anneaux phényles liés par

un double pont N=N a aussi été utilisée afin promouvoir I’exfoliation du



Abstract

graphene. Cette molécule permet aussi de doper directement le graphéne et

d’obtenir de nouvelles propriétes.

Dans le but de comprendre le procédé d’exfoliation et de déterminer 1’influence de chaque
parametre sur 1’exfoliation, nous avons décidé d’étudier dans un premier temps la fabrication
de graphéne sans 1’addition d’agents dispersants/stabilisants. De plus, les parametres tels que
la puissance des ultrasons, la température du bain a sonication, la durée de sonication, les
vitesses de centrifugation, la variation de la de source de graphite, les différentes masses de
graphene et le volume des solvants ont été testés. Quatre solvants différents ont été
sélectionnés pour I’exfoliation en phase liquide, i.e. N-methyl-2-pyrrolidinone (NMP), N,N-
dimethylformamide (DMF), o-dichlorobenzene (0-DCB) and 1,3,5-trichlorobenzene (TCB)
puisque leur tension de surface est proche de celle du graphene. Trois parametres apparaissent
plus importants que les autres: la puissance des ultrasons (600 watts et 1000 watts), la
température du bain (20 et 50 °C) et le solvant. En effet, I’exfoliation du graphite a la
température de 50 °C dans les quatre solvants a différentes puissances ne montre aucun
changement en termes de quantité et de qualité de feuillets. Pour une température de 20 °C,
NMP et DMF ne montrent pas de changement méme lorsque la puissance varie. Mais
I’exfoliation dans les solvants chlorés, i.e. 0-DCB et TCB, montre une dépendance a la
puissance. L’utilisation de 1000 watts permet de fabriquer des nano-feuillets qui font 16 nm
en moyenne et sont majoritairement de forme ronde. Ces nano-feuillets sont trouvés sous la
forme de mono et bi-feuillets et les mesures XPS confirment la qualité de ces feuillets. Ces
nano-feuillets de graphéne présentent des propriétés photoluminescentes ayant une efficacité

de 2.4 % ce qui est trés intéressant pour des matériaux purement carbonés.

Une fois que les bonnes conditions d’exfoliation ont été déterminées et maitrisées, nous avons
mis en place une nouvelle approche qui est dite supramoléculaire. Cette approche est basée sur
I’utilisation des interactions faibles, telles que 1’interaction de van der Waal et la liaison
hydrogéne. Aussi, toute la science de 1’auto-assemblage de surface peut étre potentiellement
appliquée, d’autant plus que le substrat utilisé dans ce domaine est principalement du graphite

hautement ordonné (HOPG) qui peut étre utilisé comme source de graphite pour I’exfoliation.
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Les molécules organiques ayant une grande affinité avec la surface de graphene sont de
parfaits candidats. Ces molécules doivent donc répondre a deux criteres : 1) leur énergie
d'adsorption sur le graphéne doit étre supérieure a l'adsorption des molécules de solvant; 2)
elles doivent étre bien solubles/miscibles dans les milieux organiques tels que CHCI3. Nous
nous sommes concentrés sur deux modules moléculaires simples qui sont 1-phenyloctane
(NOTBZ) et l'acide arachidic, dont I'énergie d'adsorption calculée sur le graphéne est
beaucoup plus élevée que I'‘énergie d'adsorption du solvant (19.1 et 28.2 kcal.mol™,
respectivement). NMP a été choisi puisque c’est le solvant qui montre la meilleure stabilité,
une bonne qualité des feuillets de graphéne et une haute concentration en graphene (-8.5
kcal.mol™ pour NMP). Afin de controler le nombre de molécules & ajouter, une formule
simple a été développée. En considérant que la poudre de graphite initial forme un feuillet
unique de graphéne, nous avons calculé le nombre de molécules nécessaires a la formation de
monocouches denses sur le graphéne. L’auto-assemblage de ces molécules a été image par
microscope a effet tunnel et I’analyse de ces images a permis la détermination de 1’unité
cellulaire sur la surface de graphite/graphene. Etant donné que le nombre de molécules
calculées sera plus élevé que la surface réelle de graphite sous forme de poudre, nous avons
utilisé 5, 10, 15, et 20% de molécules nécessaires pour couvrir la surface entiére du graphéne.
L’ajout de ces molécules lors de I’exfoliation a permis d’augmenter la concentration de
graphene. En effet, si on compare la concentration de graphéne exfoliee dans NMP (~
80ug.mL™) avec celle de NOTBZ (~ 100 pg.mL™) et celle de I’acide arachidic (~ 130 pg.mL
1), une hausse de 20 % et 50 % a été observée respectivement. En collaboration avec les
groupes de Ovidiu Ersen et Cinzia Casiraghi, ’analyse de ses dispersions par TEM et par
spectroscopie Raman confirme deux choses: premierement, 1’addition de molécule ayant des
chaines alcanes n’affecte ni la qualité ni la structure du grapheéne et deuxiemement ’ajout de
NOTBZ permet d’augmenter de 10 % le nombre de mono-feuillets tandis que I'acide arachidic
augmente que légérement le nombre de mono-feuillets. De plus les dispersions de graphene
fabriquées avec notre procédé se sont révelees étre une encre conductrice. Nous avons
démontré que par la maitrise d'une approche supramoléculaire, il est possible d'améliorer le
rendement d’exfoliation du graphéne et de produire des feuillets de graphéne de haute qualité

a partir de la poudre de graphite.
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Puisque 1’acide arachidic est capable d’améliorer I’exfoliation du graphéne, nous nous
sommes penchés sur I’influence les différentes fonctions quant a 1’exfoliation. Une molécule
ayant une chaine de 21 atomes de carbone a €té décorée avec quatre fonctions, i.e. amine
(NH,), alcane (CHg), alcool (OH) et acide carboxylique (COOH). Ces molécules possedent
une chaine carbonée longue et auront tendance a s’adsorber sur la surface du
graphene/graphite puis de former une monocouche auto-assemblée. Ces molécules, a
I'exception de l'alcane, sont équipées de fonctions connues pour former des dimeéres via
liaisons hydrogene dans la majorité des solvants organiques, ce qui conduit a la formation
d'une structure supramoléculaire stable sur la surface de graphene/graphite. Le microscope a
effet tunnel a été utilisé afin de prouver la formation de ses réseaux sur la surface de graphite.
Puisque ces molécules montrent une grande affinité avec les surfaces carbonées, différents
pourcentages pour chaque molécule ont ¢été testés. L’acide carboxylique montre une
augmentation de plus de 60 %, 30 % I’alcane et seulement 15 % pour 1’alcool et I’amine en
terme de concentration. L’analyse de ses dispersions par TEM et par spectroscopie Raman
montre que D’exfoliation en présence de [’acide carboxylique permet de fabriquer
majoritairement des feuillets allant 1 & 3 couches et de grande qualité. Par contre pour les
autres molécules, peu de mono et bi-feuillets ont été observés. Ceci prouve que 1’acide

carboxylique est le meilleur candidat pour I’exfoliation en phase liquide.

Puisque certaines molécules organiques sont capables de tirer parti de I'exfoliation en phase
liquide du graphite et d’augmenter la quantité et la qualit¢ du graphéne, nous avons étendu
notre simple approche supramoléculaire a 1’étude d'alcanes linéaires de différentes longueurs
terminés par le groupe d’acide carboxylique (C6, C12, C18, C14 et C30). De plus quatre
solvants ont été testés, i.e. NMP, 0-DCB, DMF et TCB, afin d’atteindre le plein controle sur la
production de graphéne. En effet, ces molécules agissent comme des agents de
dispersants/stabilisants du graphéne pendant le processus d'exfoliation. L’efficacité de
I'exfoliation en termes de concentration de graphene exfolié se trouve étre proportionnelle a la
longueur de la chaine de I'acide gras utilisé. Dans NMP et pour une longueur de chaine C30,
des valeurs de concentration proche de 240 pg.mL™ ont été mesurées, tandis que pour 0-DCB
et TCB, c’est une longueur de chaine C24 qui donne les meilleures concentrations, 180
pg.mL™* et 150 pg.mL™. De plus, un pourcentage élevé de feuillets de graphéne monocouche a

Vv
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est révélé par microscopie électronique a transmission a haute résolution et analyse par

spectroscopie Raman pour ces trois dispersions.

Puisque ’exfoliation en présence de NOTBZ molécules présente le meilleur pourcentage de
mono-feuillets, nous nous sommes intéressés a 1’exfoliation du graphite dans les quatre
solvants, i.e. NMP, 0-DCB, DMF et TCB, tout en contrélant le nombre de NOTBZ molécules.
Seul NMP et 0-DCB ont montré des resultats intéressant ; en particulier la concentration en
graphéne exfolié a été trouvée étre le plus élevé pour 15 % de NOTBZ, soit 250 pug.mL™ pour
NMP et 190 pg.mL™ pour 0-DCB. Plus surprenant encore, la concentration maximum en
graphene dans tous les solvants a été trouve pour 15 % de NOTBZ. De plus, un pourcentage
élevé de graphéne monocouche a été révélé par I'analyse HR-TEM et la spectroscopie Raman.
En utilisant une nouvelle technique de dép6t mise au point dans notre laboratoire, des films de
graphene homogenes ont été déposés sur des substrats de quartz. La résistance des feuillets a
été mesurée entre 3000 a 1000 Q/carré avec 75 % de transparence a 550 nm pour les

dispersions dans 0-DCB.

L'isomérisation trans-cis photo déclenchée des azobenzénes alkylés peut étre utilisée pour
promouvoir I'exfoliation du graphéne dans des milieux liquides et de communiquer une
réponse électrique réversible aux stimuli optiques dans les matériaux a base de graphéne pour
I'électronique. En particulier, nous avons préparé du graphene par sonication en phase liquide
exfoliation du graphite, en présence de molécules photochromiques. L’irradiation in situ via
de la lumiere ultraviolette pendant le processus d'exfoliation déclenche I'isomérisation de
trans a cis de molécules d'azobenzene, qui est accompagné par un grand changement de
conformation dans les molécules photochromiques, entrainant finalement une augmentation
significative du rendement d'exfoliation de graphéne. Lorsque les molécules sont prises en
sandwich entre des feuillets de graphene dans leur forme trans linéaire, la distance entre les
couches est plus petite que lorsque les molécules adoptent la forme cis plus volumineuse.
Nous avons démontré que lors de I'utilisation ces molécules photochromiques, il est possible
d'améliorer le rendement d’exfoliation du graphite en graphéne dans NMP. En particulier,

I'exfoliation la plus efficace a été obtenue pour des molécules irradiées par la lumiere UV dans

Vi
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NMP & 40 °C, donnant une concentration de graphéne exfoli¢ de 110 pg mL™. Ceci
correspond a une augmentation de pres de 80% du rendement d'exfoliation par rapport aux
échantillons préparés dans le pur NMP (63 pg mL™). Nous avons également démontré avec
succes que les films minces hybrides sensibles a la lumiére peuvent étre formés lors du
processus de co-déposition en une seule étape. La conductivité du matériau peut étre modulée
de maniére réversible par l'utilisation de la photo-isomérisation cis-trans des molécules
d’azobenzeénes. Le systéme hybride présenté posséde un grand potentiel dans des applications
telles que la mémoire optique variable pour la programmation assistée par lumiere ou des

photo-capteurs a haute sensibilité par le choix des configurations de dispositifs appropriés.

Nous avons donc étudi¢ le mécanisme de 1’exfoliation en phase liquide, et plus
particuliérement I’influence des différents parametres. En ajustant la puissance, la température
et en choisissant le solvant approprié, il est possible de controler la taille des feuillets de
graphéne et de fabriquer des nano-feuillets photo-luminescents ou du graphéne. L’utilisation
de I’approche supramoléculaire permet d’augmenter la quantité et la qualit¢ des feuillets
obtenus. La molécule qui semble étre le meilleur candidat pour I’exfoliation est un acide
carboxylique équipé d’une longue chaine alcane (C30 pour NMP et C24 pour 0-DCB). Aussi
I’ajout de NOTBZ montre des résultats intéressants surtout en nombre de mono-feuillets
exfoliés. Notre approche supramoléculaire est simple mais efficace et elle permet de tirer parti
de la production de graphéne dans un milieu liquide tout en s’appuyant sur l'effet synergique
de modules moléculaires simples et du solvant. Cette approche est adéquate et générale et
permet de créer des encres de graphéne stables et trés concentrés. La fixation de certaines
unités fonctionnelles a la fin des chaines alcanes peut ouvrir la voie a la fabrication de

matériaux nano-composites multifonctionnels a base de graphéne.

vii



Supramolecular approaches to graphene: Generation of functional hybrid assemblies

Abstract

Graphene is a two-dimensional material composed of carbon atoms which are arranged in a
honeycomb lattice." Albeit this 2D system is known since a few decades, in 2004
groundbreaking experiments have been carried out on graphene providing unambiguous
evidence for their extraordinary physical and chemical properties. This pioneering work has
sparked works on graphene during the last decade.®* Its excellent electrical, thermal,
mechanical and optical properties make it an ideal building-block for applications in the fields
of electronics, photonics, composite materials (hybrid membranes, conductive inks and
coatings technology), storage of gas and energy, sensors and finally in bio-applications.>® The
fabrication of graphene on an industrial scale is therefore necessary to exploit its enormous
potential. However, a critical factor which limits the use of certain manufacturing processes
available is the production of graphene without defects and controlled size. Therefore, a great
effort have been made to synthesize, both monolayer sheets but also sheets of graphene with
2-5 layers and those with more than twenty different processes. The exfoliation of graphene
liquid process is currently very promising.™ Since it combines cost effective production and a
higher quality and quantity of sheets, compared to other techniques. Exfoliation in liquid
media involves three steps: dispersion of graphite in a solvent, exfoliation, and purification.
The choice of solvent is important, as only solvents having a surface tension similar to that of
graphene may be able to stabilize the graphene sheets. Exfoliation of the graphite occurs when
ultrasounds break the van der Waals interactions between the sheets and the solvent is capable
of stabilizing sheets which are detached. To increase the yield of exfoliation and/or quality of

the sheets, some research groups use organic molecules such as surfactants, biomolecules,
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super acids or functionalized molecules.**** These molecules function primarily as
dispersants-stabilizing agent by physisorption their hydrophobic moieties on the graphene
surface during exfoliation of the graphite by sonication. Exfoliation of the graphite in the
liquid phase in water is more difficult because of the hydrophobic nature of the sheets, but the
addition of molecules such as surfactants or salts showed a production of stable suspensions.
However, the use of water as a liquid medium for exfoliation is generally not recommended
for applications in electronics, conductive inks and membranes. Therefore, the use of organic

solvents as the liquid medium for exfoliation must be explored.

In the last decade, the exceptional effort dedicated to this challenge, showed that some organic
molecules are able to stimulate the exfoliation of graphite. It however remains open the
fundamental question: what makes a molecule a good candidate to promote exfoliation of
graphite? Here, a fundamental understanding of a simple supramolecular approach is
presented in order to prepare homogeneous dispersions of non-functional and non-oxidized
nanographene sheets in these four solvents. To explore the liquid phase exfoliation of

graphene in the presence and the absence of molecules, we study the following systems:

e The first study focuses on determining the unexplored parameters of the
liquid phase exfoliation and allowing total control during the production

of graphene.

e Then we explored the influence of the addition of molecules during the
exfoliation that have been strictly selected by their particular affinity
with the carbon surfaces, the supramolecular approach. The size of the
linear alkyl chain and the grafted functional groups on these chains were

analyzed.



Supramolecular approaches to graphene: Generation of functional hybrid assemblies

e An azobenzene molecule comprising two phenyl rings linked by a
double bridge N = N has also been used to promote the exfoliation of
graphene. This molecule also provides direct dope graphene and obtains

new properties.

The technological exploitation of the extraordinary properties of graphene relies on the ability
to achieve full control over the production of a high-quality material and its processing by up-
scalable approaches in order to fabricate large-area films with single-layer or a few atomic-
layer thickness, which might be integrated in working devices. A simple method is reported
for producing homogenous dispersions of unfunctionalized and non-oxidized graphene
nanosheets in N-methyl-2-pyrrolidone (NMP) by using simple molecular modules, which act
as dispersion-stabilizing compounds during the liquid-phase exfoliation (LPE) process,
leading to an increase in the concentration of graphene in dispersions. The LPE-processed
graphene dispersion was shown to be a conductive ink. This approach opens up new avenues
for the technological applications of this graphene ink as low-cost electrodes and conducting

nanocomposite for electronics.

Since the arachidic acid is capable of improving exfoliation of graphene, we decided to
explore the influence of the different functions grafted to an alkyl chain. Here we report on a
fundamental study on the fabrication of unfunctionalized and non-oxidized graphene sheets
dispersed in an organic solvent, namely NMP, by using a supramolecular approach. In
particular, we focused our attention on the study of LPE of graphene in the presence of
heneicosane linear alkanes terminated with different head groups. These molecules act as
graphene dispersion-stabilizing agents during the exfoliation process. The efficiency of the
exfoliation in terms of concentration of exfoliated graphene is found to depend on the
functional head group, in particular in view of the strength of their dimerization through

dipole-dipole interactions. Importantly, a high percentage of single-layer graphene flakes were
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revealed by high-resolution transmission electron microscopy and Raman spectroscopy

analyses.

As COOH function is showing the highest increase of concentration, we extended our interest
to the importance of the length of the alkyl chain. In this thesis, a fundamental understanding
on a straightforward supramolecular approach for producing homogenous dispersions of
unfunctionalized and non-oxidized graphene nanosheets in four different solvents is attained,
namely NMP, N,N-dimethylformamide, ortho-dichlorobenzene (0-DCB), and 1,2,4-
trichlorobenzene (TCB). In particular, a comparative study on the liquid-phase exfoliation of
graphene in the presence of linear alkanes of different lengths terminated by a carboxylic-acid
head group is performed. These molecules act as graphene dispersion-stabilizing agents
during the exfoliation process. The efficiency of the exfoliation in terms of concentration of
exfoliated graphene is found to be proportional to the length of the employed fatty acid.
Importantly, a high percentage of single-layer graphene flakes is revealed by high-resolution

transmission electron microscopy and Raman spectroscopy analyses.

As n-octylbenzene (other name to 1-phenyloctane) molecules acted as graphene dispersing-
stabilizing agents during the graphite LPE process, we wanted to explore the importance of
the volume percentage in different solvents. In this way, we have demonstrated that by tuning
the ratio between organic solvents such as NMP or 0-DCB, and n-octylbenzene molecules, the
concentration of exfoliated graphene can be enhanced by 230% as a result of the high affinity
of the latter molecule for the basal plane of graphene. The LPE processed graphene
dispersions were further deposited onto solid substrates by exploiting a new deposition
technique called spin-controlled drop casting, which was shown to give uniform highly

conductive and transparent graphene films.

Multifunctional materials can be engineered by combining multiple chemical components,
each conferring a well-defined function to the ensemble. In this thesis, we show that the large

conformational change associated with the trans-cis photochemical isomerization of alkyl-

Xi
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substituted azobenzenes can be used to improve the efficiency liquid phase exfoliation of
graphite, with the photochromic molecules acting as dispersion-stabilizing agents. We also
demonstrate reversible photo-modulated current in two-terminal devices based on graphene-
azobenzene composites. We assign this tunable electrical characteristics to the intercalation of
the azobenzenes between adjacent graphene layers and the resulting increase in the interlayer
distance upon (photo)switching from the linear trans-form to the bulky cis-form of the
photochromes. These findings may pave the way towards the development of new optically
controlled memories for light-assisted programming and high-sensitive photo-sensors.

Therefore, we examined the exfoliation mechanism in the liquid phase, especially the
influence of different parameters. By adjusting the power, temperature and choosing the
appropriate solvent, it is possible to control the size of graphene sheets and manufacture of
photo-luminescent nanosheets or graphene. The use of the supramolecular approach allows
increasing the quantity and quality of the sheets obtained. The molecule appears to be the best
candidate for exfoliation is a carboxylic acid with a long chain alkane (C30 and C24 for NMP
and 0-DCB). Also adding NOTBZ shows interesting results especially number of exfoliated
single sheets. Our supramolecular approach is simple but effective and it allows leveraging the
production of graphene in a liquid medium while drawing on the synergistic effect of simple
molecular modules and solvent. This approach is adequate and general and allows creating
stable graphene inks and very concentrated. The attachment of certain functional units at the
end of alkane chains may pave the way for the manufacture of multi-functional nano-

composites based on graphene.
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Chapter 1  Introduction

1.1 Background

The scientific and technological progresses are the key for the development of new application
areas ranging from materials to components and systems. Graphene and graphene based
materials have the potential to impact many areas in view of its unique properties. However,
what makes graphene really special, and gives it a disruptive value, is the assemblage of many
properties in a single material. For instance its high transparency, conductivity and elasticity
can find use in flexible electronics; its high mobility and ultimate thinness in efficient
transistors for radio frequency applications, while transparency, impermeability and
conductivity can be exploited for transparent protective coatings. Such combination of
properties cannot be found in any other material or material systems. In fact researchers

already list the survey of applications:

. Lower cost of display screens in mobile devices

. Lithium-ion batteries that recharge faster

. Ultracapacitors with better performance than batteries
. Components with higher strength to weight ratios

. Storing hydrogen for fuel cell powered cars

. Lower cost fuel cells

. Low cost water desalination
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. Lightweight natural gas tanks

. More efficient dye sensitized solar cells

. Electrodes with very high surface area and very low electrical resistance
. Lower cost solar cells

. Transistors that operate at higher frequency

. Sensors to diagnose diseases

. Membranes for more efficient separation of gases

. Chemical sensors effective at detecting explosives

This long list of applications is even expected to growth more and more. In fact, by looking at
the rapid development of graphene production and the diversification of these methods, it is
reasonable to expect to see graphene in technological applications on the market with 10

years.
1.2 Objectives and approach

Since graphene re-discovery and the evidence of its amazing properties,® many efforts have
been devoted for its production and isolation.”™ In fact, graphene was first isolated using a
simple scotch-tape approach that is not suitable for larger production.™ ® Graphene can be
prepared in bulk solution or as atomically thin films on a surface;” ® it can be functionalized
on the edges or basal plane and selectively patterned;’ and small sections can be synthesized
using chemical methods.™ In this way, each fabrication method produces flakes, which have
different characteristics. The key for graphene commercialization lies in its production
method, which essentially determines its cost-effectiveness.’* In terms of mass production of
graphene, the main factors are the production cost, scalability, reproducibility, processability
and the quality of the graphene products.'? Considering the low cost and abundance of
graphite flakes, the liquid-phase exfoliation (LPE) approaches of graphite to graphene seem to
meet all the requirements. In fact solvent-processable graphene offers many advantages and

can be produced by LPE of graphite into graphene and in particular by sonication assisted
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liquid-phase exfoliation.” Very recently, some groups tried to improve this process by using
ad hoc molecules during the LPE process.*® ** Despite an increasing number of reported
molecules used for the LPE of graphite, the explanation which molecules are the best
candidates for the LPE and the reason why they act as a stabilizing agent for graphene is still

missing.

In this thesis we will discuss a successful approach for stabilizing graphene flakes in organic
solvents by adding a certain type of molecular building blocks, which allows fabricating high
quality of graphene sheets. More importantly by using our expertise in supramolecular
chemistry, we explain in details the physical chemistry behind the LPE. In particular, we use
our knowledge in molecular self-assembly of designed molecular systems on graphite surfaces
in order to understand the different mechanisms behind LPE. Supramolecular chemistry relies
on the use of non-covalent interactions to self-assemble, with a precision in the sub-nanometer
scale, chemical entities forming materials with pre-programmed chemical and physical
properties.® The main non-covalent interactions expected for surfactant-graphene interactions
are electrostatic interactions, m-7 interactions and van der Waals interactions.'® Despite that
hydrogen-bonding is one of most known non-covalent interactions, it will only be used as a
intramolecular interaction for forming dimers of molecules. Electrostatic interactions are
mainly used in the case of water based LPE of graphite, in particular by using ionic molecules.
Also m-7 interactions of different conjugated or non-conjugated molecules are widely used for
LPE process in water, and more recently in organic solvents, like N-Methyl-2-pyrrolidone
(NMP) that is commonly used. In this thesis we study the importance of van der Waals
interactions between molecules and graphene surface. Typically molecules that self-assemble
on graphite or graphene surface are designs with alkyl chains having different lengths. This

class of molecules might be good candidate for molecules assisted LPE process.

1.3 Structure of the thesis

This thesis consists of 11 chapters and is organized as follow:

Chapter 1 provides a brief introduction about graphene and liquid-phase exfoliation.
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Chapter 2 introduces in detail graphene and its properties. It also describes some applications
of graphene in several technological areas. Different production methods of graphene are also

presented.

Chapter 3 focuses on one production method, the liquid phase exfoliation in the presence and

absence of surfactants in different types of solvents.
Chapter 4 describes the experimental techniques and methods used in the thesis.

Chapter 5 investigates different parameters of surfactants-free LPE process, which allows
having a better control over the production in terms of quality, quantity and dimension.

Chapter 6 presents a simple method for producing homogenous dispersions of
unfunctionalized and non-oxidized graphene sheets in NMP by using simple molecular
modules, which act as dispersion-stabilizing compounds during the liquid-phase exfoliation
(LPE) process, leading to an increase in the concentration of graphene in dispersions. As-

prepared graphene dispersions were shown to be conductive ink.

Chapter 7 investigates the ability of long linear alkane decorated with four different functions

to improve the exfoliation of graphene in terms of quantity and quality.

In Chapter 8, a fundamental understanding on a straightforward supramolecular approach for
producing homogenous dispersions of unfunctionalized and non-oxidized graphene
nanosheets in four different organic solvents is presented. In particular, a comparative study
on the liquid-phase exfoliation of graphene in the presence of linear alkanes of different
lengths terminated by a carboxylic-acid head group is performed.

Chapter 9 describes how a simple molecules, i.e. n-octylbenzene act as graphene dispersion-
stabilizing agent during the graphite LPE process. It also describes a new developed technique
called spin-controlled drop casting for the deposition of graphene dispersions on solid

substrates.

Chapter 10 shows that the large conformational change associated with the trans-cis
photochemical isomerization of alkyl-substituted azobenzenes can be used to improve the
efficiency liquid phase exfoliation of graphite, with the photochromic molecules acting as

dispersion-stabilizing agents.
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Chapter 11 provides a summary of the thesis and a perspective into the future of graphene.
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Chapter 2  Graphene: Theory and
Background

2.1 Background

Graphite is a 3D material, which consists of many flat layers of hexagons composed of carbon
atoms that are arranged in a honeycomb lattice with a distance between adjacent C atoms
amounting to 0.142 nm and a layered structure where the distance between planes is 0.335 nm
(see Figure 2.1). The term graphite was introduced in 1789 by Abraham Gottlob Werner as a
writing stone. Graphene is obtained by isolation of single graphite layer that is composed of
sp® hybridized carbon atoms. Historically, the word graphene comes from the Greek word
graphein, which means to write, i.e. one of the earliest uses of this material." > Graphene as a
monolayer of graphite was studied theoretically for the first time in 1947 by P. R. Wallace and
followed by J. W. McClure in 1956 and G. W. Semenoff in 1984.%° Later Peierls, Landau, and
later Mermin estimated that the isolation of graphene was thought to be not possible
thermodynamically at room temperature as they expected that the 2D lattice melts due to

thermal fluctuations and long range crystalline order would therefore be prevented.®’

Figure 2.1. Single layer graphene and graphite.
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It is quite interesting that graphite is widely used as a substrate for Scanning Tunneling
Microscopy (STM) studies and such investigations involves the pealing using scotch tape to
expose fresh basal plane of graphene. Understandably, researchers used to throw away the
Scotch tape with graphitic flakes on it. However, in 2004 A.K. Geim and K. Novoselov
isolated the graphene by adhesive Scotch tape and characterized it successfully which enable
them to be awarded the Nobel Prize in Physics in 2010.2 They used a simple mechanical
exfoliation method to produce single graphene sheet from graphite. Exfoliated graphene flakes
were transferred onto silicon dioxide substrate. Their morphology was characterized by
optical microscopy and Atomic Force Microscopy (AFM) and their electrical properties were

measured.

However, it should be noted that graphene oxide (GO) and graphite intercalation compounds
(GICs) have been already known since 1840s by German scientist Schafhaeutl who reported
the insertion of acid or alkali metal between the carbon lamellae, i.e. intercalation, and
exfoliation of graphite with sulfuric and nitric acids.® A lot of different intercalants and
exfoliants have been used, including potassium, other alkali metals, fluoride salts of various
types, transition metals (iron, nickel, and many others).'® In fact the synthesis of GO has
probably been obtained by the use of strong acids as intercalants.'’ In general, GO is
synthesized by either the Brodie, Staudenmaier, or Hummers method, or some variation of
these methods.*"** All three methods involve oxidation of graphite to various levels. Brodie
and Staudenmaier used a combination of potassium chlorate (KCIO3) with nitric acid (HNO3)
to oxidize graphite, and the Hummers method involves treatment of graphite with potassium
permanganate (KMnO,) and sulfuric acid (H2S04).***® Boehm et al. found that the chemical
reduction of dispersions of GO in dilute alkaline media with hydrazine, hydrogen sulfide, or
iron (I1) salts produced thin, lamellar carbon that contained only small amounts of hydrogen
and oxygen and tried to prove that the thinnest lamella by transmission electron microscopy
(TEM) (See Figure 2.2a-b). However exact identification of monolayer carbon at that time
was a hard task due to the experimental error due to the thickness calibration standards.*
Starting from 1970, epitaxial growth on metal substrates, on insulating carbides like SiC in
1975 and TiC, TaC in 1993 and on graphite in 2001 emerged as a new technique and ultrathin
graphitic films and even monolayer pristine graphene were found.'>*® However, before 2004,
epitaxial growth was not the only way to produce pristine graphene, as a paper from the
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Kurz’s group had shown that a tape method (mechanical exfoliation) to get ultra-thin graphite
films had been already used in 1990."° They used transparent tape to peel thin layers of
graphite from highly ordered pyrolytic graphite (HOPG) and studied carrier dynamics of the

sample.

Figure 2.2. a) Graphite oxide suspension in water, b) TEM image of ultra-thin graphitic flakes
from the early 1960s,* c) SEM image of thin graphite platelets by mechanical cleavage® and d)
STM of graphene grown on Pt (image size is 100x100 nm?).%

In 1995, visualization of a few -nm thick graphite was reported using AFM on top of HOPG

20.22 (see Figure 2.2¢) Production

and in 1999 using a Scanning Electron Microscope (SEM).
and visualization of ultra-thin graphite samples were not conducted alone and electrical
properties were also analyzed for the samples with thickness down to 60 layers between 1997
and 2001.%% Ultrathin epitaxial growth of graphite films composed of typically 3 graphene
flakes from SiC in 2004 were reported by W. A. de Heer and coworkers.?* In August 2004,
Philip Kim’s group described electronic properties of ultra-thin graphite platelets (down to
~35 layers), which were obtained by mechanical cleavage using a nanopencil.® But it is only
in October 2004, that K. S. Novoselov and A. K. Geim carried out in depth and

groundbreaking characterizations of monolayer graphene sheets.?
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2.2 Properties of graphene

Graphene is defined as a single layer of carbon atoms arranged in a hexagonal honeycomb
lattice (Figure 2.3a). A single carbon atom has four valence electrons with a ground-state
electronic shell configuration of [He] 2s® 2p°. In the case of graphene, the carbon-carbon
chemical bonds are due to hybridized orbitals generated by the superposition of 2s with 2py
and 2py orbitals (Figure 2.3b). The planar orbitals form the energetically stable and localized
c-bonds with three nearest-neighbor carbon atoms in the honeycomb lattice. They are also
responsible for most of the binding energy and for the elastic properties of the graphene sheet.
This carbon-carbon bond is very strong which gives rise to excellent strength, as well as
chemical and structural stability. Its mechanical strength is higher than diamond and over 300
times greater than a steel film of the same thickness, but still light, flexible and stretchable up
to 20% of its initial length.?*%

sp?

Figure 2.3. a) Schematic illustration of structural and electronic properties of graphene and b)
sp2 hybridization illustrated in graphene.

The remaining free 2p, orbitals present 7 symmetry orientation and the overlap of these orbital
states between neighboring atoms plays a major role in the thermal and electronic properties
of graphene. Graphene has a thermal conductance (>5000 W/m K) that is also higher than all
the other carbon structures and theoretical surface area of 2600 m%g.2* ** Electrons move up
to 100 times faster in graphene than in silicon and can flow through graphene more easily than
even through copper.®® In fact, graphene is a zero band gap semiconductor and charge carriers
in graphene have very small effective mass so that carrier mobilities are as high as up to

200000 cm?V's™ at a carrier density of 1012 cm 2.3 The opacity of a single layer graphene is

10



Graphene: theory and background

2.3 % (Figure 2.4), therefore its optical transparency is 97.7 % observed in the visible range
and decreases linearly as the number of layers increases. Consisting of a single layer of carbon

atoms, graphene is the thinnest material and is completely impermeable even for He atoms.*®
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Figure 2.4. a) The transmittance of single or two-layer graphene prepared by mechanically
exfoliated method, b) Transmittance spectrum of single-layer graphene.®

Adsorption and desorption of gases such as hydrogen and carbon monoxide is possible on
graphene surface like on graphite.®® Well design molecules can adsorb on graphene surface
via weak interactions as van der Waals interaction or n-m stacking interaction through air,
vacuum or liquid deposition. These non-covalent molecular building blocks make possible to
tune or boost graphene properties.*® Besides forming weak adsorbate on graphene surface,
graphite can be also oxidized to graphene oxide (GO) that is the functionalized form graphene
with functional groups like epoxy and carboxyl.®” Further chemical or thermal reduction of so-

called graphene oxide yields to reduced - graphene oxide (rGO).

11
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2.3 Potential application of graphene

These exceptional properties enable graphene to meet challenges within diverse areas (Figure

2.5). Four main areas were prioritized in the following sections.

High speed Transistor Conductive ink
RFIC, Sensor EMI screen ink

Flexible Display
Touch Panel -

Chemical sensors

Solar cell, Battery LED lighting
Supercapacitor ECUPC
"i"" S

Automobile
Air plane components

Figure 2.5. Overview of applications of graphene in different sectors ranging from conductive
ink to chemical sensors, light emitting devices, composites, energy, touch panels and high
frequency electronics.*®

2.3.1 Energy

Graphene-based systems for energy production (photovoltaic, fuel cells, and solar cells),

energy storage (supercapacitors and batteries) and hydrogen storage are suggested to bring

disruptive solutions to the current industrial challenges.

12
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Increasing energy storing capacity in smaller volumes is the key-driving factor in the battery
research. Commercially available cathodes for lithium-ion batteries have a relatively low
conductivity, which can be tuned by the addition of graphite or carbon black. Graphene with
its layered structure can be used as conductive filler but also as novel sandwich-type
nanocomposite structures. By designing new systems having a higher conductivity it would be
possible to overcome the main limiting factor, which is the low specific power density. For
example, a lithium-ion battery fabricated from on a graphene ink anode and a lithium iron
phosphate cathode exhibits a high battery performance in terms of specific capacity with 165
mA h g%, and an estimated energy density around 190 W h kg ™. Also a stable operation for
over 80 charges—discharge cycles is proven.®® More recently, other examples of new graphene

based batteries have been published.****
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Figure 2.6. Schematic overview an advanced lithium-ion battery based on a graphene anode and
a lithium iron phosphate cathode.®

Supercapacitors combine the high-energy storage capacity of batteries and the high power
possibility of capacitors. They store electrical energy directly in form of electronic charge
within electrochemical double layer capacitor, compared to batteries storing electrical energy
in form of chemical bonds.*? The conversion of chemical energy to electrical energy is a time
consuming process and therefore by circumventing this conversion, a supercapacitor can

charge up as well as deliver electricity at a very high rate. For his high electrical conductivity,

13
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accessible and defined pore structures and high stability temperature graphene based materials

is one of the best candidates. Recent works have shown the possibility to develop graphene-

based supercapacitors with even higher performance.****

Taking the advantage of its unique properties, i.e. highly optical transparence, highly electrical
conduction, and mechanical flexibility, graphene and its derivatives have been investigated in

the field of solar cells. In particular, it has been shown that graphene can be used as

45-47

electrodes, (transparent anodes,**™*’ non-transparent anodes,*® transparent cathodes,* *°) and

counter electrodes,” °2. But graphene can also be used as active layer or in other terms as light
harvesting material.>®* ** In 2013, Wang and his co-workers demonstrated graphene based

solar cells with notable performance of up to 15.6 % conversion efficiency (Figure 2.7.).>
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Figure 2.7. Cover page of solution-processable perovskite-based solar cells showing remarkable
performance of up to 15.6 % conversion efficiency.>

2.3.2 Electronics

One of the most promising areas for graphene applications is flexible electronics. In fact,
electronic products like E-paper, organic light-emitting diodes (OLEDs), piezoelectric devices

14
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or touch screen displays require more than 90 % transmittance and a low sheet resistance.
Research in foldable electronic circuits for paper substrates by using graphene nanoflakes is
increasing (see Figure 2.8.)° Also flexible mobile phones application is showing new
concepts. Light-emitting diodes (LEDs) made by stacking metallic graphene, and other well-

chosen 2D materials can be designed.”’

Figure 2.8. Photographs of applications. a, b, ¢) Operation of a LED chip with graphene circuits
on a paper substrate under —180° folding and 180° folding, d) array of LED chips on a three-
dimensional circuit board including negative and positive angle folding and e, f, g) operation of
a LED chip on the paper-based circuit board before and after crumpling.*®

Realization of printable radio frequency identification (RFID) antenna by low temperature
processing of graphene ink was demonstrated. The required low resistance is achieved by
applying at the same time compression and winding of graphene laminate. This result in an
increase of the conductivity of graphene laminates by more than 50 times compared to that of

as-deposited one.*® Graphene is in its general state non-piezoelectric but it has been shown

15



Supramolecular approaches to graphene: Generation of functional hybrid assemblies

that piezoelectric effects could be tuned into non-piezoelectric graphene by taking advantage
of the selective surface adsorption of atoms.>® Graphene thermal conductivity was proven to
be the highest of known materials and is dominated by phonons near the room temperature. It
has been confirmed that graphene heat spreaders can lower the hot-spot temperature during

device operation which results in enhanced performance and reliability of the devices.®* ®

High frequency transistors have been accepted from the very beginning as one of the most
promising fields of applications for graphene having the potential to significant outperform all
transistors in terms of speed. Charge carrier mobility, large saturation velocity and 2D nature
of graphene may open new prospects for up-scalable devices. Graphene transistors have the
potential to break the frequency limits of well-established materials within the near future.
These make possible to dream about novel fields of applications not conceivable with state-of-

the-art technologies ranging from ultrafast data-communication to spectroscopy.®2®®

2.3.3 Sensors

The rapidly increasing use of sensors and the demand for cheaper and better devices with less
power consumption is governed by the emergence of new sensor materials. Graphene has
potential for sensor development within a very wide range of applications, including industrial
monitoring, surveillance, security, interactive electronics, communication, lab-on-chip, point-
of-care, environmental monitoring, transportation and automation. Electrochemical sensors

(H,0, H,0,, glucose, nucleic acids, protein markers, chemical and biomolecules),®®"

electronic sensor (mechanisms, gases, chemical and biomolecules),” "

and optical sensors
(fluorescence, UV-Vis, IR)"®® are widely studied. For example, a lot of efforts are made on
pressure sensors for pressure sensitive displays % and on graphene bio-sensors fabricated for

detection of cancer risk biomarker.®

16
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2.3.4 Coating and Composites

Coating plays an important role for the development of surface quality and provides protection
for substrates. For example, transparent conductive coating deposed on copper substrate via
the combination of plasma chemical vapor deposition (CVD) and roll-to-roll process could
impact touch panel application.®® Graphene is an effective barrier toward oxidation and
corrosion of a substrate. The potential of graphene based materials as anti-corrosion and anti-
oxidation coating on different substrates with different coating methods has been reported.2*%°
Also the unique structure of graphene-based materials can find a place in absorbent
applications. For example, a hydrophobic and oleophilic sponge was fabricated by coating
graphene on melamine via dip coating (Figure 2.9.) exhibiting absorption capacities up to 165
times of its weight, high selectivity, recyclability, lightweight, good robustness, and inertness

to corrosive environments.®*

Polymer composites have become an important part as the incorporation of graphene-based
materials into polymer can enhanced several properties at the same time such as electrical
properties and mechanical properties. There has been considerable effort for the incorporation
of graphene into polymer matrices. So far, the research results have shown large increases in
Young’s modulus, tensile stress, electrical conductivity, and thermal conductivity.®”** For
example, scientists used CVD to create 2-inch-by-2-inch sheets of graphene, contained in a
polymer composite. (See Figure 2.9) Layering graphene between polymer matrices is forming

new materials which are showing high mechanical properties and electrical conductivities.”
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a Type 1 samples: Type 2 samples:
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Figure 2.9. a) Scheme of laminates and fibers/scrolls. b) (Gr/PMMA) laminate. ¢) UV/ vis
spectra of (Gr/PMMA);s and (PMMA)y6 laminates. d) Photograph of (PMMA); fiber (left) and
(Gn)6/(PMMA); fiber (right).”

Despite considerable amount of works reported on polymer-graphene composites in the

literature, the use of graphene for reinforcing ceramics and glass matrices is relatively limited.

In a recent study graphene nanoplatelets (GNP) and graphene oxide nanoplatelets (GONP)

were used to reinforce silica. It was also reported that the new composite has a better

machinability compared to pure silica.** Incorporation of graphene nanoparticles in cement

paste showed interesting modifications in microstructural, morphological, electrical and

thermal properties of the paste.*® Also very recently, silk directly spun by spiders produced

after the exposure of spiders to dispersions of graphene (See Figure 2.10a-b) were found to

improve mechanical properties.®®
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Figure 2.10. a) Arrangement of graphene around MASP2 fiber protein, b) corresponding
dissipated energy (here called toughness)® and c) Schematic diagram of the different structures
of graphene composite materials.”’

Also graphene-nanoparticle composites are able to offer numerous unique and advantageous

properties for various applications depending on the particular characteristics possessed by the

nanoparticles used to form the composites. Various metal (Au, Ag and Pt)***%
oxide nanoparticles (FeO,, TiO2 SnO,, MnO,, and more)

101-105

and metal

are widely studied, either in

graphene-encapsulated nanoparticles and graphene decorated with nanoparticles (See Figure

2.10¢).
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2.4 Synthesis of graphene

Over 20 methods have been proposed and exploited in the last decade for the production of

graphene and they give graphene with different dimension, shape, thickness, number of

defects and quality. In this case, the targeted final application is fully depended of the

production methods. In this way each production method should be promote in order to cover

the maximum of applications (See Table 2.1).

Micromechanical
Cleavage

1,000

LPE of graphite 0.01-1

LPE of GO >1

Growth on SiC 100

50,000

Crystallites
Size, pm

Sample
Size, mm

0.1-1
(0 as

overlapping
flakes)

>1
(o0 as
overlapping
flakes)

100
(6”)

1,000

[

2x10° cm?/V-s
10°cm?/V-s
(@T=4K)
2x10* cm?/V-s
@RT

100 cm*/V-s
(for a layer of
overlapping
flakes)
@RT

1 cm?/V-s
(for a layer of

overlapping
flakes)

@RT

6x10° cm?/V-s
@T=4K

6.5x10* cm?/V-s
@T=1.7K
3x10* cm?/V-s
@RT

Applications

Fundamental research and
proof of principle devices

Inks, coatings, paints,
batteries, supercaps, solar
cells, fuel cells,
composites, sensors, TCs,
photonics, flexible
electronics and
optoelectronics, bio-
applications
Inks, coatings, paints,
batteries, supercap, solar
cells, fuel cells,
composites sensors, TCs,
photonics, flexible
electronics and
optoelectronics, bio-
applications
RF transistors
other electronic devices
Photonics,
nanoelectronics, TCs,
sensors, bio-
applications,flexible
electronics

Table 2.1. State of the art of the main production approaches and foreseen applications.*®
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Two distinct strategies have been undertaken for graphene production, i.e. the bottom-up and

the top-down approaches as summarized in Figure 2.11.

Mechanical
exfoliation
Buiddjzun

Figure 2.11. Overview of the main graphene production techniques.'%

2.4.1 Bottom-up approaches

The large choice of chemical species and preparation methods makes the bottom-up
fabrication an important candidate. Since graphene can built from discrete atomic or small
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molecular entities, the fabrication can be done with atomic-level precision using synthetic

chemical techniques that have been developed over the past century.

2.4.1.1 Chemical vapor deposition

Chemical vapor deposition made it possible to grow large area and uniform graphene films
from solid, liquid or gaseous precursors. There are many different kinds of CVD process:
thermal, plasma enhanced, cold or hot wall, reactive, etc. Depending on the precursor,
materials quality, specific equipment and conditions for CVD, the final graphene film can
vary in terms of performance.’” Basically, the procedure involves a high-temperature
decomposition step of a carbon source in the presence of a transition-metal catalyst on which
carbon atoms will deposit and rearrange into carbon structures (Figure 2.12.). The carbon
source is usually a gaseous species such as methane, ethane, or propane, although the use of a
solid source has also been demonstrated. %% 1°

= b c PMMA coating
Ga
&
> >
CVD growth Transferring of
graphene film
™ T 2"

W Recycling - ’

\/ d

W i -
e Ay ~ ~

(:an‘ -

Ga etching

Graphene on SiO,

Figure 2.12. Schematic illustration of graphene growth over liquid Ga supported on a W
substrate. a) A droplet of Ga is placed on a W support foil, b) CVD growth of graphene on the
liquid Ga surface, c¢) the as-grown graphene is coated with a PMMA layer by a spin-coating
process, d) graphene coated with PMMA is gradually separated from the W foil driven by H2
bubbles produced at the interface between the graphene and the Ga—W substrate, e) graphene
transferred onto a SiO2/Si substrate and f) the W foil can be reused as Ga-support.'*°
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2.4.1.2 Synthesis of SiC

Graphene growth has been achieved on SiC substrates by heat treatment at high temperatures
under ultrahigh vacuum (UHV) conditions.™ During the process, Si atoms sublimate to leave
an exposed layer of carbon atoms that will rearrange to form epitaxial graphene.™*? Precise
control of the sublimation temperatures may lead to the formation of very thin graphitic
layers, occasionally of single sheets. The properties of graphene grown on SiC are different
than those of mechanically exfoliated graphene. This is mainly due to the presence of
substrate-induced corrugations and irregular orientations of the graphene layers, which alter
the electronic properties.**®

2.4.1.3 Molecular self-assembly

The synthesis of small “graphene molecules™ represents a very interesting route because it
allows the preparation of graphene sheets with well-defined shape and controlled edge
structures from organic molecules with diverse functionalities available as the elementary
building blocks with tunable properties. Recently, it has been proved that self-assembled
monolayers of aromatic molecules on copper substrates can be converted into high-quality
single-layer graphene using low-energy electron irradiation and subsequent annealing.*** By
using this approach it is also possible to fabricate nitrogen-doped graphene, which is among
the most promising metal-free catalysts for replacing platinum.*®> Also Miillen and co-worker
demonstrated the first synthesis of graphene nanoribbons of 30 nm in length and the largest

graphene molecule consisting of 222 carbons with a size of 3.2 nm among others.*'®

23



Supramolecular approaches to graphene: Generation of functional hybrid assemblies

2.4.2 Top-down approaches

Exfoliation of bulk graphite is the most commonly used method for mass production of
graphene sheets. Depending on the strategy used, there are considerable differences in yield,
efficiency, cost, accompanying pollution, ease of production and scalability of the
manufacturing process, and in the morphology, structure and properties of the products such
as thickness, lateral size, surface chemistry, solubility, defect and impurity contents, and
electrical and thermal conductivities. Among all top-down techniques, only five methods will

be discussed.

2.4.2.1 Mechanical exfoliation

One of the most important method is the micromechanical cleavage of highly oriented
pyrolitic graphite (HOPG), which was the first method used to isolate a single layer
graphene.? This method involves repetitively peeling off layers of graphene from HOPG with
the help of an adhesive tape to give single graphene layers that can be transferred onto an
appropriate surface through a wet or dry transfer technique. (See Figure 2.13) Also named as
“Scotch-tape method”, this method is extremely simple, enables the isolation of single layer
graphene with a dimension up to 1 mm in size and causes minimal modification to the

graphene sheet.''’

Although micromechanical exfoliation is not a good candidate for mass
production, it is still the method of choice for fundamental studies, as the majority of new

device concepts were obtained by using this technique.
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Figure 2.13. a-d) Step by step formation of graphene via Scotch-tape method.?

2.4.2.2 Liquid-phase exfoliation of graphite

Graphite can be successfully exfoliated in liquid environments by exploiting shear force to
extract individual layers.'*® After exfoliation, the solvent-graphene interaction needs to
balance the inter-sheet attractive forces. Several approaches to prepare dispersed graphene
flakes in a liquid phase have been reported, including blender, mixer, ultrasounds, temperature
and ball milling. In this thesis, we will focus our attention on ultrasound assisted graphite
exfoliation and it will be discussed in Chapter 3.

A ball-milling treatment can be employed to exfoliate graphite through interactions with
commercially available melamine under solid conditions. This procedure allows the fast
production of relatively large quantities of material with a low presence of defects. The
milling treatment can be modulated in order to achieve graphene flakes with different sizes.
Once prepared, the graphene samples can be redispersed in organic solvents or water forming

stable dispersions that can be used for multiple usages.**®

In 2014, Coleman and co-workers showed that high-shear mixing of graphite in suitable
stabilizing liquids results in large-scale exfoliation to give dispersions of graphene as shown in
Figure 2.14. They have developed a simple model that shows exfoliation to occur once the
local shear rate exceeds 10* s* (Figure 2.14). By fully characterizing the scaling behavior of
the graphene production rate, they show that exfoliation can be achieved in liquid volumes

from hundreds of milliliters up to hundreds of liters and beyond.
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Rotor  Stator

Figure. 2.14. Production of graphene by shear mixing. a) A Silverson model L5M high-shear
mixer with mixing head in a 5 L beaker of graphene dispersion. Close-up view of b) a D = 32
mm mixing head and c) a D = 16 mm mixing head with rotor (left) separated from stator. d)
Graphene—NMP dispersions produced by shear exfoliation. €) Wide-field TEM image of SEG
nanosheets after centrifugation. TEM images of f) individual nanosheets and g) a multilayer and
monolayer as evidenced by its electron diffraction pattern. h) HRTEM of a monolayer.'?

2.4.2.3 Oxidation-reduction of graphene oxide

In general, graphene oxide is synthesized by either Brodie, Staudenmaier, or Hummers
method, or some variation of these methods.™™ ** * All these methods involve oxidation of
graphite to various levels. Brodie and Staudenmaier used a combination of potassium chlorate
(KCIO3) with nitric acid (HNO3) to oxidize graphite, and the Hummers method involves
treatment of graphite with potassium permanganate (KMnQO,) and sulfuric acid (H,SQO,). (See
Figure 2.15) GO flakes can be produced via sonication, stirring, thermal expansion and of
graphene oxide. Liquid-phase exfoliation of graphite oxide is how one of the most widely

used methods for preparation of graphene. One of the aces of GO is certainly is easily
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121

processible in liquid media such as water.”~ Moreover all the different functional groups that

are exposed on GO, including hydroxyl, epoxy, carbonyl and carboxyl groups, can be used to
covalently and non-covalently attach functional units, thereby changing its physical and

chemical properties.’* 1%

® COOH, OH, -O-

Graphite

Figure 2.15. Representation of the processes occurring during the experiment. (A) Hummers
oxidation of graphite: (i) NaNOs, H,SO,4, KMnOy,, 0 °C, (ii) H,O,. (B) Hydrothermal reduction
at 180 °C and different pH values in the 3—11 interval. As a function of the pH, drastic changes
in the morphologies and sizes of the obtained carbon forms can be observed.**

2.4.2.4 Electrochemical exfoliation of graphite

In 2008, Liu et al. developed an electrochemical exfoliation method to obtain graphene sheets
from graphite in ionic liquid and water. These treated graphene sheets can be individually
dispersed in DMF, DMSO or NMP without the need of further deoxidization.'”®
Electrochemical approaches to the fabrication of graphene typically involve the use of a
electrolyte and an electrical current to run structural deformation of a graphite-working
electrode. When a positive potential is applied, the graphite electrode is oxidized and the
intercalation of negatively charged ions from the solution into the graphitic layers starts. This
step is then followed by the application of a negative potential that facilitates the exfoliation

process (See Figure 2.16.)
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Figure 2.16. Photograph of a) graphite flakes after electrochemical exfoliation, b) dispersed
Exfoliated Graphene (EG) in DMF solution (concentration~2.5 mg mL %), ¢) EG powders on a
bulk scale (~110.3 g) and d) Schematic illustration of the mechanism of electrochemical
exfoliation.'?°

For example, the exfoliation of graphite into graphene sheets has been achieved by using
sulfuric acid and poly(styrenesulfonate) as electrolytes among others.**” Electrochemical
routes allow the production of milligram and gram scale quantities of few-layer graphene
materials having different degrees of quality and purity related to the conditions employed, for
example the operating voltage of the exfoliation procedure. Being a relatively new technique,

much effort is necessary before mastering all the parameters.

2.4.2.5 LPE of intercalated graphite

Graphite intercalation compounds (GIC) are formed by insertion of atomic or molecular
species between graphene layers. This technique was introduced by Schafhaeutl in 1840.° This
method begins with the intercalation of different compounds in graphite. The second step is
the expansion of graphite via a rapid increase in the vapor pressure of the volatile intercalated
substance under microwave or thermal treatment. Hundreds of GICs with donor (alkali, alkali

earth metals, lanthanides, metal alloys or ternary compounds, etc.) or acceptor intercalates (i.e.
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halogens, halogen mixtures, metal chlorides, acidic oxides, etc.) have been reported.'?® This
makes GICs promising to produce graphene via LPE. However, although the exfoliation
process is often called spontaneous, due to the absence of ultrasonication, it requires
mechanical energy, often provided by stirring. The role of the solvent and intercalates is
crucial to achieve large quantities of graphene. Also the majority of recipes are limited by

using either poisonous chemical agents or dangerous chemical reactions.'® **
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Figure 2.17. Main mass production methods of graphene.**
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2.5 Conclusions

In this chapter, a background on graphene was presented in addition to a brief explanation
about its different fundamental properties. Furthermore, basic description of the several
potential applications in various field were explained. Finally, the main production methods
for graphene fabrication were developed highlighting the importance of choosing the right

approach to produce graphene for targeted applications.
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Chapter 3  Liquid-Phase Exfoliation
of Graphite

3.1 Background

In the last decade graphene has emerged as an exciting new material, with potential to impact
many areas of science and technology. It can be produced using top-down or bottom-up
approaches.* There is no such a thing as the best method to produce graphene; the method has
to be chosen in view of the application that is targeted. Different types of production provide
graphene with different lateral size, number of defects, etc., thereby varying its properties.
Several approaches to prepare dispersed graphene flakes in a liquid phase have been reported
including oxidation-reduction of graphene oxide, surfactant free liquid-phase exfoliation
(LPE) using organic solvents, surfactant assisted LPE, ball milling and electrochemical
exfoliation followed by dispersion in organic solvents.? Out of all these techniques, ultrasound
assisted LPE of graphite adopted in this thesis is a good method, which results in graphene
dispersions for applications in conductive inks, opto-electronics, composites, coatings and

paints.®

3.2 Liquid-phase exfoliation of graphite

The LPE process typically involves three steps: 1) dispersion of graphite in a solvent, 2)
exfoliation, and 3) purification. Graphene can be produced via chemical wet dispersion
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followed by ultrasonication, in aqueous and non-aqueous solvents. Exfoliation through
sonication is controlled by hydrodynamic shear-forces, associated with cavitation (this process
is detailed in Chapter 4). After the exfoliation, the solvent-graphene interactions compensate
the loss in inter-sheet attractive forces. Solvents dispersing graphene need to minimize the
interfacial tension [MN m™] between the liquid and graphene flakes. If the interfacial tension
is high, the flakes tend to adhere to each other and the cohesion between them is high,
hindering their dispersion in liquid. In this way, liquids with surface tension y ~ 40 mN m™ are
the best solvents for the dispersion of graphene, since they minimize the interfacial tension
between solvent and graphene.

3.2.1 Organic solvents

After efficaciously dispersing carbon nanotubes by sonication, Coleman’s group reported the
fabrication of graphene by the ultrasound assisted liquid-phase exfoliation of graphite.* In
their work, graphite powder was dispersed in specific organic solvents, such as N,N-
dimethylformamide (DMF, y ~ 37.1 mN m™), benzyl benzoate (y ~ 45.95 mN m™), gamma-
butyrolactone (GBL, y ~ 45.95 mN m™), 1,3-Dimethyl-2-Imidazolidinone (DMEU, y ~ 42.5
mN m™) and N-methylpyrrolidone (NMP, y ~ 40 mN m™) to name only a few, followed by
sonication and centrifugation. Concentrations up to ~ 0.01 mg mL™ were prepared showing a
high quality of unoxidized monolayer graphene at yields of 1 wt %. Also the process could
potentially be improved to give yields of up to 12 wt % of the starting graphite mass with
sediment recycling. The number fraction of monolayer graphene can be estimated as 28%
(Figure 3.1d). They started to increase graphene concentration and tried to keep at the same
time the graphene quality. In this aim, sonication time and centrifugation speed were boosted

for LPE in NMP in order to increase the concentration up to >1 mg mL™°
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Figure 3.1. Bright-field TEM images of monolayer graphene flakes deposited from the
following solvents: a) GBL, b) DMEU and c) NMP. d) Histogram of the number of visual
observations of flakes as a function of the number of monolayers per flake for NMP dispersions
and e) Graphite concentration measured after centrifugation for a range of solvents plotted
versus solvent surface tension.”

Graphite powder was suspended by applying 1 hour of sonication in a series of perfluorinated
aromatic solvents to afford moderately dark-gray colloidal dispersions (Figure 3.2).° To
demonstrate the existence of a colloid in these dispersions, the Tyndall effect is often used. It
consists of light scattering by particles in suspensions or a colloid. Depending on the solvent,
the concentrations of the dispersions after settling were varied between 0.05 and 0.1 mg mL™.
Pentafluorobenzonitrile provided the highest colloidal concentration (0.1 mg mL™) with
octafluorotoluene and pentafluoropyridine equally exhibiting the poorest function (0.05 mg
mL™). Hexafluorobenzene displayed an intermediate efficacy within this series, for example,

0.07 —0.08 mg mL™.
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Figure 3.2. Colloidal dispersions obtained after liquid-phase exfoliation of graphite using perfluorinated
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aromatic solvents®

Recently Schuhmann and co-workers showed the graphite exfoliation yielding few-layer
graphene (FLG) using number of new solvents.” They show that graphene can be exfoliated
and dispersed at higher concentrations in four dispersing agents, namely 3,30-iminobis-(N,N-
dimethylpropylamine) (DMPA), N-[3-(dimethylamino)propyl] methacryl-amide (DMAPMA),
2-(tert-butylamino)ethyl methacrylate (BAEMA) and 2-(dimethylamino)-ethyl methacrylate
(MAEMA) than in any previously used solvents or surfactants. Starting with pre-exfoliated
graphite in isopropanol obtained after 12 h of bath ultrasonication greatly promoted the
exfoliation reaching a graphene concentration of up to ~ 1.4 mg mL™ which can be further
enhanced to 3.5 mg mL™ in a yield of ~ 41% upon redispersing the graphite sediments by

means of 15 min of mild ultrasonication.

3.2.2 lonic liquids

Noteworthy, in 2011 Mariani and co-workers demonstrated that graphene could be obtained
by sonication of graphite powder in ionic liquid, namely 1-hexyl-3-methyl-imidazolium
hexafluorophosphate (HMIH).2 Unfortunately, while the graphene concentration was
estimated as being as high as 83 mg mL™, the AFM analysis showed the presence of 2 nm

thick graphite-like flakes, highlighting a low exfoliation yield. Novel ionic liquids were
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designed and synthesized to contain aromatic groups on the imidazolium cation that non-
covalently interact with graphene surfaces.? Table 2.2. shows the different ionic liquids tested.
IL-1 and IL-4 did successfully disperse graphene, and notably, IL-4 yielded an unusually high
graphene concentration of 5.8 mg mL ™. These results indicate a much stronger interaction of
graphene with IL-4 than with IL-1.

NTf2 NTf2 Br© NTf2

& © ©

" iy SN AN N
O YT g YT

IL-1 1L-2 IL-3 1L-4

Table 2.2 List of ionic liquids tested for dispersion of graphene.9

3.2.3 Aqueous dispersions

Exfoliation of graphite towards graphene in water is very challenging, as graphene sheets
exhibit hydrophobic properties. Nevertheless, in 2014 Ricardo and co-workers report an
ultrasound exfoliation of graphite in a weakly basic solution to produce multi-layer graphene
dispersion.”® A unique feature of this process is that no surfactant was added to stabilize the
exfoliated graphene in water. The concentration of the graphene dispersion prepared by this
approach can be up to 0.02 mg mL™ and dispersions were stable at room temperature for
several months. But the surface tension of water (y ~ 72.8 mN m™) is unsuitable considering
the above-mentioned optimized surface tension. This limits the direct exfoliation and

dispersion processes, and thus additional materials are required, such as molecules.
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Figure 3.3. a) UV-Vis spectrum of exfoliated graphene in a NaOH solution (pH = 11). Inset:
photographic image of the exfoliated graphene, b) Raman spectrum of exfoliated graphene, c)
TEM micrograph of a graphene flake and d) AFM image of a graphene flake on an HOPG
substrate.'°

3.3 Surfactants assisted exfoliation

The use of small molecules can promote the exfoliation of graphite into graphene. The high
adsorption energy on graphene surface of these molecules has to be higher than the one of
solvents. The procedure of molecules assisted LPE is similar to the surfactant-free LPE and
include the same three steps. New solvents in addition to well-chosen molecules might boost
the exfoliation in terms of graphene flakes concentration, quality and size. Different types of
molecules can be chosen, including ionic and non-ionic molecules with different stabilization
mechanisms. lonic molecules can provide both electrostatic and steric repulsion, between
graphene flakes covered by molecules, and prevent them from aggregation. In the case of non-
ionic molecules, the presence of nonelectrical steric barrier between the graphene flakes

covered by molecules stabilizes the graphene flakes in the solution.
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3.3.1 Aqueous dispersions

Water is a preferable choice because of its non-toxicity which opens perspective for the
formation of biocompatible graphene based materials for biomedical applications. Exfoliation
and dispersion of graphene in water is challenging because of its unsuitable surface tension
and the hydrophobic nature of the sheets. The use of molecules appears to be the only way to

satisfy the conditions for exfoliation.

3.3.1.1 Pyrenes

Various groups have used pyrene derivatives to stabilize carbon nanotube and graphene
dispersions. Adsorption of these compounds onto the graphene surface occurs through n—n
interactions between the planar n-conjugated surfaces, by reducing the surface free energy of
the dispersion. In these interactions both aromatic planar surfaces share the electrons of -

orbitals through a non-covalent bond.

He and co-workers reported the exfoliation of graphite into graphene by sonication in an
aqueous solution of two pyrene molecules that had been functionalized with different water-
soluble groups, i.e. 1l-pyrenemethylamine hydrochloride (Py-NH2) and 1,3,6,8-pyrene-
tetrasulfonic acid (Py-SO3).** The sizes of the graphene flakes are in the micrometer range
and the thickness of a single-layer graphene-Py-NH2 ranges from 0.7 to 1.1 nm with an

average of 0.9 £ 0.3 nm.

By using a similar approach to those using pyrene derivatives, Palermo and co-workers went
one step further into the thermodynamics of liquid-phase exfoliation of graphite.** They
studied four pyrene derivatives with varying number of polar functionalization for their
efficiency as exfoliation agents in the preparation of stable, aqueous graphene suspensions
with liquid phase exfoliation. They found that the four studied derivatives exfoliate graphite,
yielding stable suspensions in water. Figure 3.4a is clearly showing the effect of pH on the
exfoliation yield. The total concentration of suspended graphene depends significantly on the
polar functionalization present on the pyrene core (Figure 3.4b). The exfoliation efficiency is
highest at neutral pH and decreases in strongly basic or acidic conditions (Figure 3.4c). Also
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the adsorption of the molecules from solution to bulk graphite is simply inversely proportional

to the number of polar sulfonic groups present.
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Figure 3.4. a) Image of the solutions obtained on sonicating graphite with the different pyrenes
at pH = 2, 7 and 10, b) contribution of the different components of pyrenes to the interaction
energy of the molecules with graphene, c) electrostatic and van der Waals contributions of the
pyrene core of adsorbed molecules with the surrounding aqueous medium.?

3.3.1.2 Other surface stabilizers

Several alternative surfactants, also called surface stabilizers, have been used to promote the
exfoliation of graphite in aqueous solutions, including 7,7,8,8-tetracyanoquinodimethane
(TCNQ)," coronene tetra- carboxylic acids (CTCA),* perylene-based bolaamphiphiles,*

pyrene-based hydrophilic dendrones,*® to name a few.

In particular, it has been demonstrated that stable dispersions of graphene can be prepared in
sodium cholate/water systems.” Concentrations up to 0.3 mg mL™ were found through this
low-cost and scalable process. The dispersed concentration increases sublinearly with
sonication time, while high-quality dispersions are obtained for centrifugation rates between
500 and 2000 rpm.

More recently, Jiang et al reported the use of urea, a cheap and environmentally friendly
reagent, as a stabilizer for highly efficient aqueous exfoliation of natural graphite to prepare

high-quality graphene sheets.'® Exfoliated graphene with concentration of up to 0.15 mg mL™
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is achieved in water with the presence of urea, which outperforms the exfoliation in DMF

under similar conditions.

Also Khademhosseini and co-workers propose a facile, green, and inexpensive approach for
preparing stable aqueous graphene dispersions, which involves the exfoliation and
fragmentation of graphite into graphene through sonication in bovine serum albumin (BSA)
aqueous solution, as shown in Figure 3.5a."° Figure 3.5b is showing that the final exfoliation
yield of graphene is depending of the starting amount of BSA molecules added for exfoliation.
TEM images showed that most graphene sheets had a maximum lateral dimension from tens
of nm to a few um, as shown in Figure 3.5¢c. In addition, the AFM images of the graphene
sheets revealed that they had a thickness of 10.7 + 4.6 nm, suggesting the presence of single-

layered to few-layered graphene flakes in the aqueous dispersion (See Figure 3.5¢).

A

Sonication
in water
—‘
+BSA~T};‘(Z{

Graphite

=]

Graphene concentration
(mgmL)

=)

_

Height (nm)

~

0 50 100
Cross sectional distance (nm)

44



Liquid-phase exfoliation of graphite

Figure 3.5. a) Pictures and schematic representation of the fabrication of aqueous graphene
dispersion from graphite, b) different concentrations of graphene dispersion as a function of
BSA concentration in the medium (*p < 0.05) and representative pictures are shown to the right
of the corresponding bars, ¢) TEM images of graphene, d) SEM images of graphene and e)
AFM image and corresponding height profile of graphene.*

Carbon quantum dots (CQDs) were used as stabilizers and exfoliation agents to exfoliate
graphite to graphene in an aqueous medium (Figure 3.6.).”* The functions of CQDs are to
reduce the surface tension of water to match that of graphite and to make weak interactions
with the graphite surface. The concentration of exfoliated graphene was found 0.4 mg mL™*
based on measuring the membrane mass difference before filtration of exfoliated graphene at a

constant volume.
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Figure 3.6. a) AFM image and b) the corresponding height profiles of the exfoliated graphenes,
¢) TEM image and d) the corresponding SAED pattern of the exfoliated graphene, e) Schematic
of the transformation of exfoliating graphite (3D material) with the aid of CQDs (0D material)

into graphene (2D material).21

3.3.2 Organic dispersions

The use of water as an exfoliation medium is not recommended for the exploitation of

graphene in electronic devices such as field-effect transistors (FETS) because the presence of
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residual water molecules at the interface with dielectrics can improve the charge-trapping
phenomena. Therefore, the use of organic solvents as exfoliating media has to be explored.
Despite the increasing interest in the field, the knowledge gathered about the molecules-
assisted LPE of graphite in organic solvents is still relatively poor.

Graphene  flakes directly exfoliated from graphite using sonication and
cetyltrimethylammonium bromide (CTAB) as a stabilizer have been demonstrated by
Valiyaveettil and co-workers.?? Mild ultrasonication of HOPG, in presence of a cationic
surfactant CTAB and acetic acid yielded graphene nanoflakes, which formed a stable colloidal
suspension in organic solvent such as DMF. The yield of this approach was found to be ~
10%.

Another method for preparing graphene has been developed by making use of three porphyrin
derivatives and tetrabutylammonium hydroxide (TBA) for exfoliation of graphite in NMP, as
shown in Figure 3.7.2® As shown in Figure 3.7b, only porphyrin-3 exfoliate graphite. The n—n
interactions between graphene and porphyrin-3 were identified by using UV-visible
spectroscopy (Figure 3.7¢). The graphene sheets prepared by this method have undisturbed sp?
carbon networks. Graphene prepared in NMP with the aid of the porphyrin-3 and TBA, has a
concentration of ~ 0.05 mg mL™.
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Figure 3.7. a) Porphyrin structures used for preparing graphene, b) optical images of (1) solvent
NMP, (2) a graphene dispersion in NMP, (3) a graphene dispersion in a porphyrin-3/TBA
solution in NMP and c) UV-visible spectra of graphene dispersions.

Jo and co-workers demonstrate the formation of a stable dispersion of pristine graphene in
ethanol by exfoliating graphite flakes into individual graphene layers using a non-ionic
polymer surfactant under sonication.** Oligothiophene-terminated poly(ethylene glycol)
(5TN-PEG) was synthesized and used as a non-ionic and amphiphilic surfactant for
exfoliating graphite into graphene (see Figure 3.8a). Figure 3.8b is showing that ethanol is a
better solvent in this case than tetrahydrofuran (THF). A high-quality graphene film was
fabricated from the exfoliated graphene solution by the vacuum filtration method. In Figure

3.8d, TEM and SEM reveal that the size of exfoliated graphene flakes is larger than 1 pum.
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Figure 3.8. a) Chemical structure of 5TN-PEG, b) comparison of graphite-5TN-PEG in THF and
ethanol, ¢) UV-vis absorption spectra of 5STN-PEG—ethanol (dashed blue) and graphite—5STN-PEG—ethanol
(solid blue), STN-PEG-THF (dashed red), and graphite-5TN-PEG-THF (solid red) and d) TEM image of
exfoliated graphene.?*

3.4 Characterization methods

Typically, for graphene prepared by LPE process, the first parameter to analyze is the

exfoliation yield, which can be defined as:
e the yield by weight, Y [%]
e the yield by single layer of graphene (SLG) percentage, Y v [%]
e the yield by SLG weight, Ywwm [%]

The yield by weight, Yy [%], is the ratio between the weight of dispersed graphitic material
and that of the starting graphite flakes.* Yy is calculated through the concentration c in [g L™]
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of dispersed graphitic material. This concentration can be determined via UV-Vis absorption
spectroscopy, exploiting the Beer-Lambert Law: A=acl.?®> Another method is to filtrate 1 mL

of dispersions on p-porous filter.

Yw is the ratio between the number of SLG and the total number of graphitic flakes present in
the dispersions.* In this case TEM and AFM are needed. AFM can be used to determine layer
numbers of graphene flakes.”® ' It is based on measuring the thickness of the flakes by
comparison with a substrate of known thickness. Although it can be very precise and reliable,
AFM is a low throughput technique for counting layers, and any surface roughness of the
substrate can be misleading. Then, one of the most unambiguous methods to determine the
number of layers in graphitic flakes is TEM, in particular through the analysis of electron
diffraction patterns and by counted both by analyzing the edges of the flakes.?® Also Raman
spectroscopy is providing information about the determination of exfoliation yield and to
confirm the results obtained with TEM and/or AFM.?

Yww is defined as the ratio between the total mass of dispersed SLG and the total mass of all
dispersed flakes.* This yield determination is difficult and is time consuming, as recycling of
sediment and HR-TEM are needed.

Techniques such as Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) can also be used to study the quality of graphene, with XPS providing the
composition of graphene samples. Thermal gravimetric analysis (TGA) is typically used to
determine the content of defects or amount of functional groups of the graphene samples.

3.5 Non-covalent interactions with graphene

3.5.1 Background

Alfred Werner introduced the principles of supramolecular chemistry in 1893 with the idea of
coordination chemistry and by Emil Fisher in 1894 with the lock and key concept. However,

the concept of supramolecular chemistry was introduced in 1979 by Jean-Marie Lehn as: “the
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chemistry of molecular assemblies and of the intermolecular bond” > Supramolecular

31,32 s a highly interdisciplinary field of science covering the chemical, physical and

chemistry
biological features of the chemical species. The latter are held together and organized by
means of intermolecular (non-covalent) interactions. Supramolecular species are characterized
both by spatial arrangement of their components, to attain tunable architectures or
superstructures, and by the nature of the intermolecular bonds that hold together these
components. Such structures possess well-defined structural, conformational, thermodynamic,
kinetic and dynamical properties. Supramolecular chemistry relies on the use of non-covalent
interactions such as: metal ion coordination, electrostatic forces, hydrogen bonding,*® van der
Waals interactions (Figure 3.9.).* In terms of energy, the van der Waals interactions are the
lowest (ca. 0,5-2 kcal mol™), and H-bonding are middle interactions (ca. 1-40 kcal mol™),
electrostatic interactions may be strong (ca. 50 kcal mol™) and coordination bond are the

strangest (ca. 40-70 kcal mol™)® (See Figure 3.9. bottom).

m X-H g Y ee— —@ e @—
H-Bond Electrostatic
o 7
i F —. e ._ uh
T N
I-11 van Der Waals
I1-Cation iti
il Recognition Pattern
— ] 0 ] — — XM=Y —
Metal-Metal Interaction CoordinationBond

V.DDW. H E C Cov.

0.5-2 2-10 1550 30-70 100 Kcal/mol

Figure 3.9. Schematic representation of toolbox of reversible intermolecular interactions (top)
and their energy (bottom).®
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3.5.2 Molecule-graphene interactions

3.5.2.1 II-interactions

Aromatic compounds with extended m-systems such as pyrene, perylene, graphene quantum
dots or porphyrins are the most suitable candidates to interact with the graphene surface by n-
stacking. Also known as aromatic stacking, m-stacking is a noncovalent attractive force
between two aromatic rings.*® The electrons of the aromatic rings are localized on both sides
of the ring, so that there is a small partial negative charge on the face, and a small partial
positive charge on hydrogens on the edge, which gives the possibility of electrostatic
interactions. Basically, pairs of phenyl ring centroids that are separated by a favored distance
of between 4.5 A to 7 A allow justifying the denomination of aromatic-aromatic interactions
as shown in Figure 3.10a. Side chain aromatic rings tend to stack with edge to face at an angle
of 60-90° in about 2 out of 3 interactions (Figure 3.10b); when they stack face to face, the
rings are offset so that the partial charges may interact. The binding energy is of the order of
1-2 kcal mol™.* Graphene can be considered as a large and indefinite aromatic system. In this
way, a large number of molecules have the potential to interact through these n-n interactions

during the liquid-phase exfoliation of graphite into graphene.
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Figure 3.10. Schematic representation a) delocalization of partial charges in benzene and b)
face to face and face to edge interactions between two benzenes.
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3.5.2.2 Electrostatic interactions

Electrostatic interactions have been exploited to non-covalently bind ionic molecules like
polymers, surfactants, metal ions, GDs, or macromolecules devoid of aromatic moieties to
graphene sheets. Electrostatic interactions can be described as the electric force between two
charged objects.®’ lonic surfactants were first introduced to assist the exfoliation process and
as the first example, Valiyaveettii et al. used a cation surfactant named
cetyltrimethylammonium bromide (CTAB).?? For these ionic surfactants, graphite flakes were
first exfoliated by sonication-derived cavitation and shear force, and the exfoliated graphene
sheets were then adhered by charged surfactant molecules (See Figure 3.11). It has been
recently demonstrated that graphene flakes dispersed in a solvent are charged. This allows
researchers to consider the mechanism of stabilization of the surfactant-coated graphene and
in particular the Derjaguin and Landau, Verwey and Overbeek (DLVO) theory for
stabilization of charged colloids.® The theory clarifies the aggregation of aqueous dispersions
quantitatively and describes the force between charged surfaces interacting through a liquid
environment. It combines the effects of the van der Waals attraction and the electrostatic

repulsion due to the so-called double layer of counter ions.
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Figure 3.11. Schematic representation of DLVO stabilization process.

3.5.2.3 Van der Waals interactions

For non-ionic surfactants, the graphene sheets adhered by the surfactant molecules were
merely charged, and the double layer electrostatic force becomes much lower. When the
hydrophobic tails (hydrocarbon chain) of the surfactant molecules from two coated graphene
sheets interact, the steric repulsion force plays a more important role. Steric force was used to
explain the lack of adhesion or aggregation of uncharged lipids, and it was proved to be
dominating over the electrostatic force and Van der Waals force in a short distance.* Van der
Waals interaction comes from the polarization of an electronic cloud close to a nucleus,
resulting in a weak electrostatic attraction. These van der Waals interactions are non-
directional and unspecific. They can be divided into the dispersion interactions®® and the
exchange repulsion. The dispersion interaction is an attractive component that results from the
interactions between fluctuating multipoles in adjacent molecules. The exchange repulsion
defines molecular shape and equilibrates dispersive forces. So the van der Waals interactions
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result a general attractive interaction for polarizable species with interaction energy
proportional to the surface area of contact. Van der Waals forces come into play at first
instance in the adsorption of molecules on atomically flat surfaces. Alkanes have been
reported to have a stronger adsorption on HOPG if compared to aromatics having the same
number of carbon atoms. For example, the hexane has a desorption barrier of 17 kcal mol™ on
HOPG* and 13 kcal mol™ on Au(111);* conversely the desorption barrier of benzene is 11.5
kcal mol™ on HOPG.* When exploiting van der Waals interactions, especially the dispersive
forces, stabilization of the 2D self-assembly can be achieved by equipping the molecules of
interest with long aliphatic chains. These molecules have the potential to be used as surface-

stabilizing agent during the LPE of graphite into graphene.

3.6 Conclusion

In this chapter, a background on the liquid phase exfoliation was presented in addition to a
brief explanation of molecular assisted exfoliation of graphene in different solvents.
Furthermore, basic principle on supramolecular chemistry were explained, and in particular
the different interactions used for graphene stabilization in a liquid medium during exfoliation

process.
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Chapter 4  Experimental Techniques

4.1 Liquid-phase exfoliation process

4.1.1 Introduction

Since the first successful exfoliation of graphite into graphene in an organic solvent such as
NMP in 2008, improvements in concentrations of graphene dispersions have been achieved.
The two out of many important parameters is the type and time of sonication, which allows
the exfoliation of graphite. The uses of ultrasonication have become increasingly important in
analytical chemistry since 10 years, in particular for carbon nanotubes, graphene and other 2D
materials. To reach a total control of LPE, a fundamental comprehension of the ultrasonication

and all involved parameters is mandatory.

4.1.2 Sonication

4.1.2.1 Cavitation

Ultrasounds can be transmitted through any physical environment by waves. These waves can
compress and stretch the molecular spacing of the environment through which it crosses.
When the negative pressure is powerful enough, the distance between the liquid molecules
surpasses the minimum distance required to hold the liquid together, and then the liquid

breaks down (See Figure 4.1). Those voids are the called cavitation bubbles.>* The cavitation
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bubbles process is dictated from two main ways.” First, bubbles formed at relatively low
ultrasonic intensities (1 — 3 Wem™) oscillate for many cycles: stable cavitation. The second,
bubbles are made using sound intensities exceeding of 10 Wcm™: transient cavitation.
Transient bubbles expand through a few acoustic cycles and collapse brutally on compression.
The second process is considered to be the main source of the chemical and mechanical
effects of ultrasonic energy. Ultrasonication is exceptional, since no other method can produce

such effects.> ®

@ { /\ /\ /\ R = Rarefaction

Bubbles > Bubbles grows in > Reaches > Undergoes
forms successive cycles unstable size violent collaps

Figure 4.1. Schematic overview of a) transient cavitation mechanism and b) the graphite
exfoliation process to form few-layer graphene.

4.1.2.2 Temperature

First, high temperatures improve to cut strong solute—matrix interactions like Van der Waals
forces, hydrogen bonding and dipole attractions. Then, cavitation can be easily obtain at lower
temperatures.® As the temperature of the solvent rises, its vapor pressure does increase also
and so more solvent vapor fills the cavitation bubbles. Hence a compromise between
temperature and cavitation must be attained. If the temperature is not controlled some
undesired effects could occur. The most obvious is the degradation of compounds of interest,
but also the volatilization of low volatile can occur.’® In addition, as the temperature is
increased, the physical characteristics of the liquid media change in such a way that the

ultrasonic transmission can be affected and no cavitation is achieved. This phenomenon is
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known as decoupling.® * It is not easy to control the temperature when ultrasonication is

applied with an ultrasonic probe.

4.1.2.3 Dead zones

After a certain time, the ultrasonic intensity quickly falls both radially and axially from the
ultrasonic probe. This is why, the space between the probe and the wall of the bath has to be
minimum and constant, as shown in Figure 4.2. Keeping dead zones to a minimum certifies a
maximum contact between the sample and the cavitation zones, and also among the sample
particles, which helps to diminish their size by collisions.”® The final result will be an
increment in desired effects, such as, for example, a decrease in the solid-liquid exfoliation

efficiency.

Position of Position of
high intensity low intensity

/

Ultrasound generators

Figure 4.2. a) Photograph of our ultrasonic bath been used for 1 year and b) Schematic
overview of two ultrasound generators working in the same time
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4124 Time

The ultrasonication duration is typically a parameter that is specific to each experiment. In the
case of graphene, each group uses its own exfoliation time, i.e. from 20 minutes to several
hundreds of hours. High concentration of graphene dispersions can be obtained by using
drastically longer sonication times (~ 500 h® mg mL™)."* Such a time consuming approach
needs high energy; in addition, as previously observed for nanotubes, with the increasing
sonication time, the size of the flakes is severely reduced™ being a serious parameter for

several applications. Very long sonication of graphite can also affect the quality of graphene.

4125 Setup

There is no standard model and each facility is different. In the graphene majority of groups
focused their research on the Ultrasonic Baths, Bioruptors and the Ultrasonic Probes. In
Chapters 5, 6, 7, 8 and 9, ultrasonic baths connected to a thermal controller were preferred to
prepare graphene dispersions. And in Chapter 10, an ultrasonic probe was used for exfoliation,
because it was necessary to establish a system for which the UV irradiation was possible.
Figure 4.3 shows the 3 different set-ups.

Figure 4.3. Photograph of the different setups used for graphite exfoliation: a) probe sonication,
b) constant intensity bath sonication and c) advanced ultrasonic bath with frequency and
intensity controller.
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4.1.3 Graphite

In order to explore and understand the liquid-phase exfoliation process, the first important
parameter that should be well select is the graphite. Graphite is one of two naturally occurring
crystalline forms of the sixth element on earth: carbon. Graphite can be found in different
sources, i.e. crystalline flake graphite, highly ordered pyrolitic graphite, lump graphite or
amorphous graphite. Natural crystalline graphite flakes exist in different forms with flakes of
different size and different thickness, pre-treated and having high or low quality. It is a 3D
material and has a layer structure in which the atoms are arranged in a hexagonal pattern
within each layer and the layers are stacked in the AB sequence, as shown in Figure 1.b. For
our work, we explored different graphite sources for exfoliation, in particular crystalline flake
of graphite and HOPG. As HOPG didn’t give any results in terms of concentration and quality
of graphene flakes, we focused our attention on natural crystalline graphite flakes. In order to
test different flakes sizes, a milling system was used to separate flakes by size: 5 mm, 3 mm, 1
mm, 0.5 mm (see Figure 4.4). But the best result in terms of concentration, size and quality
was found with the mixture of all sizes. Also graphite flakes with a carbon content of 98 %
were better than 96 %, 94 % and 93 %.

Figure 4.4. a) Photographs of HOPG and graphite flakes and b) STM images of HOPG surface.
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4.2 Thin film preparation from LPE graphene

Liquid-phase exfoliation of graphite results in graphene flakes, which are suspended in a
solution and can be considered as conductive inks. Many applications require the deposition
of graphene on specific substrates, like optoelectronic devices, transparent and/or flexible
electrodes or coatings. Several methods have been developed to fabricate graphene thin film
from inks based on solution-processed graphene, including spin coating, drop casting, spray
coating, inkjet printing, doctor blade, filtration, dip coating and layer-by-layer using
Langmuir-Blodgett technique. In fact, these methods have been extended in advanced
technique for the graphene area. Among these methods, only the one used during the thesis

will be presented.

4.2.1 Drop casting

In the drop casting method, a few pL of dispersion are deposed in the middle of the substrate
and depending of the wettability between the substrate and the solvent, the drop can cover the
entire surface and sometime heating of the sample is necessary to speed-up the evaporation
process. (See Figure 4.5a) This method is very simple and all the materials will remain on the
substrate. Typically, the film thickness is proportional to the concentration of the dispersions.
However, the film thickness is hard to control and exhibits a poor uniformity.
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Figure 4.5. Schematic representation of a) drop casting technique and b) spin coating technique.
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4.2.2 Spin coating

In a spin coating method, a few drops of dispersions are deposed in the center of a substrate,
which is then spun at a specified rotational speed during a certain time. In this case, the
dispersion will be spread on the substrate and cover it to form a thin film by centrifugal force,
as shown in Figure 4.5b. This method has a good uniformity and reproducibility. The

thickness of the films is controlled by the rotation speed and the concentration of graphene

dispersion.

4.2.3 Spray coating

In a spray coating method, substrate is hit by a vaporized solution flux of graphene dispersions
and droplets merge on the hot substrate into a full wet film before fast drying, as shown in
Figure 4.6. This method permits to form adjustable thickness layer and to cover large area, but
is independence on substrate topology. The thickness and morphology of the films is
controlled by many parameters, like air pressure, solution viscosity, solvent properties, gun tip

geometry, distance between nozzle and substrate, etc...

Nozzle

Nozzle trajectory

N

Evaporation

LA S S S .

Figure 4.6. Schematic representation of the spray coating technique.
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4.3 Experimental characterization techniques

4.3.1 Scanning tunneling microscopy

STM, made it possible to visualize and manipulate single molecules, therefore study a variety
of physicochemical properties and processes of nanostructured materials, as shown in
Figure4.7. The main working principle of STM is based on the concept of quantum
tunneling.”* *> STM can operate under various environmental conditions including ultra-high
vacuum (UHYV), gas stream, air and liquid, thus making it possible to investigate structure and
reactivity in 2D with a single molecules resolution.?® STM at the solid-liquid interface has
provided detailed insight into the molecule-substrate and molecule-molecule interactions
responsible for the ordering of molecules on the atomically flat surface. In most of the studies
performed at the solid-liquid interface the STM tip is immersed in an almost saturated solution
in a poorly volatile and apolar solvent (1-phenyloctane, 1,2,5-trichlorobenzene,
tetradecane...). In order to obtain good resolution during STM imaging, substrates featuring
an atomic flatness over several hundred squared nanometers area are required. A typical
conductive substrate used for STM investigations is Highly Oriented Pyrolitic Graphite
(HOPG), which is a layered substrate that can be freshly prepared by simple cleaving its
surface with an adhesive tape. STM measurements were performed using a Veeco multimode
Nanoscope I, at the interface between a highly oriented pyrolitic graphite substrate and a
supernatant solution. Scanning tunneling microscopy analyses were carried out at the interface
between a highly oriented pyrolitic graphite substrate and a supernatant solution by means of a
Veeco multimode Nanoscope 111 set-up. Solutions of long linear alkane decorated with four
different functions were applied to the basal plane of the surface. First the substrates were
glued to a magnetic disk and an electric contact was made with silver paint (Aldrich
Chemicals). Tips were mechanically cut from a Pt/Ir wire (90/10, diameter 0.25 mm). The raw
STM data were processed through the application of background flattening and the drift was
corrected using the underlying graphite lattice as a reference. Before starting our
measurements, the graphite lattice was visualized by lowering the bias voltage down to 20 mV
and raising the current up to 65 pA. This allows confirming the good quality of the tip and the

flatness substrate.
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Figure 4.7. a) Schematic overview of STM working principle, b) Photograph of our STM set-up.

4.3.2 Transmission electron microscopy

The transmission electron microscope (TEM) is used to characterize the microstructure of
materials with very high spatial resolution. Information about the morphology, crystal
structure and defects, crystal phases and composition, and magnetic microstructure can also be
obtained by a combination of electron-optical imaging, electron diffraction, and small probe
capabilities.?” The transmission electron microscope uses a high-energy electron beam
transmitted through a very thin sample to image and analyze the microstructure of materials
with atomic scale resolution. The electrons are accelerated at several hundred kV, giving
wavelengths much smaller than that of light (200 kV electrons). Thus, TEMs can reveal the
finest details of internal structure, in some cases as small as individual atoms. The thickness,
lateral size and the number of layers of graphene flakes were determined by High-Resolution
Transmission Electron Microscopy using a JEOL 2100 F microscope, a FEI Tecnai 20 TEM
and a Philips CM120 Transmission Electron Microscope operating at 100kV with a LaB6
cathode. Areas of structures of interest are recorded at a magnification of 120x on a Pelletier

cooled scan CCD camera.
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4.3.3 Scanning electron microscopy

The scanning electron microscope (SEM) is a powerful and frequently used instrument to
study surface topography, composition, crystallography and properties on a local scale (see
Figure 4.8.). Besides surface topographic studies the SEM can also be used for determining
the chemical composition of a material, its fluorescent properties, formation of magnetic
domains and so on. SEM was used to characterize graphene and graphene hybrids structures,
in particular to analyze the surface coverage of graphene on different treated substrates and
the morphology. A normal scanning electron microscope operates at a high vacuum. The basic
principle is that a beam of electrons is generated by a suitable source, typically a tungsten
filament or a field emission gun.?® The electron beam is accelerated through a high voltage,
e.g. 1 to 30 kV, and passed through a system of apertures and electromagnetic lenses to
produce a thin beam of electrons, and then the beam scans the surface of the specimen by
means of scan coils. Electrons are emitted from the specimen by the action of the scanning
beam and collected by a suitably positioned detector. The SEM can be operated in many
different modes where each mode is based on a specific type or signal. The choice of
operating mode depends on the properties of the sample and on what features one wants to
investigate. We mainly used secondary electrons and backscattered electrons. SEM images
were registered using FEI Quanta 250 FEG on different systems deposed on Al or Si

substrate.
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Figure 4.8. a) Schematic overview of SEM working principle, b) Photograph of our SEM set-up

4.3.4 Ultraviolet-visible absorption spectroscopy

Ultraviolet-visible absorption spectroscopy has been extensively used for characterization of
materials due to the versatility, simplicity, speed, and inexpensive nature of this technique, in
particular for graphene dispersions and graphene thin film characterization. Ultraviolet-visible
spectroscopy (UV = 200-400 nm, visible = 400-800 nm) corresponds to electronic excitations
between the energy levels that correspond to the molecular orbitals of the systems. In
particular, transitions involving 7 orbitals and lone pairs (n = non-bonding) are important and
so UV-Vis spectroscopy is of most use for identifying conjugated systems which tend to have
stronger absorptions. Ultraviolet-visible absorption spectra of thin films and solutions were
recorded on JASCO V670 and JASCO V650 (in a dark room) spectrophotometers. All
dispersions were also transferred on 10 mm path length quartz cuvette and analyzed by UV-
vis-IR absorption spectroscopy equipped with a Peltier thermostated cell holder at 20 +

0.05°C.
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4.3.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy is a technique for analyzing the surface chemistry of a
material. (See Figure 4.9) XPS can measure the elemental composition, empirical formula,
chemical state and electronic state of the elements within a material. For our study, XPS were
used to analyze the presence of molecules, impurities and defects. XPS allows quantification
of the amount of oxygen present, and identification and quantification of the C-C and C-O
bonding. When an atom or molecule absorbs an X-ray photon, an electron can be ejected. The
kinetic energy (KE) of the electron depends upon the photon energy (hv) and the binding
energy (BE) of the electron, i.e. the energy required removing the electron from the surface.
By measuring the kinetic energy of the emitted electrons, it is possible to determine which
clements are near a material’s surface, their chemical states and the binding energy of the
electron. XPS analyses were carried out on a Thermo Scientific K-Alpha X-ray photoelectron
spectrometer with a basic chamber pressure of ~10° mbar and an Al anode as the X-ray
source (X-ray radiation of 1486 eV). Spot sizes of 400 um were used and pass energies of

200.00 eV for survey scans and 50.00 eV for high-resolution scans were used.
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Figure 4.9. a) Photograph of our STM set-up, b) Schematic overview of STM working principle
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4.3.6 Thermo gravimetric analysis

Thermogravimetric Analysis measures weight changes in a material as a function of
temperature or time under a controlled atmosphere. Its principal uses include measurement of
a material's thermal stability and composition. TGA were used to characterize the amount of
molecules that are trapped or adsorbed into graphene layers. Also TGA can provide
information about physical phenomena: second-order phase transition, including vaporization,
sublimation, absorption, adsorption and desorption. Likewise, TGA can provide information
about chemical phenomena including chemisorption, desolvation (especially dehydration),
decomposition, and solid-gas reactions, e.g., oxidation or reduction. In particular, a TGA/DSC
2 STAR?® System coupled with p-balance from Mettler Toledo allows measuring our sample
deposed in Aluminia crucibles. Also, some thermogravimetric analyses were performed on a

Perkin Elmer Pyris 6TGA and samples were heated to 800 °C at 20 °C/min in N2 atmosphere.

4.3.7 Raman Spectroscopy

Raman spectroscopy is a vibrational technique that is extremely sensitive to geometric
structure and bonding within molecules. Raman spectroscopy measures the vibrational
motions of the molecule and in particular the light scattering.?® Even small differences in
geometric structure lead to significant differences in the observed Raman spectrum of a
molecule. This extreme sensibility to geometric structure made it the perfect tool for the study
of the different allotropes of carbon, i.e. diamond, graphite, fullerene, nanotubes. In the
graphene field, Raman spectroscopy is used to determine the number and orientation of layers,
the quality and types of edge, and the effects of perturbations, such as electric and magnetic
fields, strain, doping, disorder and functional groups. Raman measurements were carried out
with a Renishaw 1000 at 532nm and 632.8nm and a 100X objective, with an incident power
of =<1 mW. Also some micro Raman measurements were carried out with a Renishaw
spectrometer in confocal mode and backscattering geometry with excitation energy of 488 nm,
514.5 nm and 633 nm. A 100X objective with a NA of 0.95 was used for the characterization.
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Chapter 5 Tuning the size of
graphene

5.1 Introduction

In the last decade, graphene has emerged as an exciting new material, with potential to impact
many areas of science and technology since its first experimental isolation in 2004.* However,
the zero band gap of graphene strongly limits its direct applications in photonics and opto-
electronic. To open and tune this band gap, different tactics, like surface functionalization, or
size confinement of graphene into nanoribbon and quantum dots have been developed to tune
the band gap.? A quantum dot (QD) is a nanometers-sized object, where excitons are confined
in all three special dimensions. In extension, graphene fragments that are small enough to
cause quantum size effect and excitons confinement are considered as QDs. Typically GQDs
are defined as the graphene sheets with dimensions below 100 nm, in single-, double- and
few- layers and the shape can be defined, i.e. circular, triangular, hexagonal or even randomly
distributed; depending mainly on their fabrication method. GQDs became attractive for a
wide range of applications due to their biocompatibility,® chemical inertness,* low toxicity,’
ultrafine dimensions ° and for their luminescence 8. GQDs can be produced by size reduction

3, 9

processes of graphene sheets (top-down approach) or by synthesis of well-defined

structures of graphene-like molecules (bottom-up approach) *°. Typical top-down approaches

for GQDs productions are based on hydrothermal ' ** and solvothermal synthesis ** 4,

8, 15 16

electrochemical exfoliation and physical routes like microwaves irradiation -,

17, 18

nanolithography , and other advanced techniques " *°. Bottom-up methods for GQDs

fabrications are stepwise organic synthesis, pyrolysis or carbonization of organic precursors .
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Not all these production methods are economical synthetic routes and lead most of the time to
graphene flakes or GQDs with defects. For the fabrication of GQDs using top-down method,
it is important to start from defect- and oxide-free graphene flakes that can be obtained by
liquid phase exfoliation (LPE) in organic solvents (top-down approach) such as N-Methyl-2-
pyrrolidone (NMP) that was first demonstrated in 2008 to be a successful solvent . Since
then, improvements in concentrations of graphene dispersions have been achieved by varying
many factors in the exfoliation process, including the choice of an appropriate solvent or a
dramatic increase of the sonication time. For example, concentrations as high as 83 mg mL™
were obtained in ionic liquid **. Moreover, the use of new surfactants 3, can boost not only
the concentration but also the quality of the graphene flakes. Multiple sonication of such
restacked films, gave dispersed concentrations of up to 60 mg mL™ but only 25 mg/ml
remained dispersed indefinitely **. Increasing the sonication time to more than 400 hours is a
way to tune the concentration of graphene flakes in the solvent up to 0.3 mg mL™. Such a time
consuming approach requires high energy and results in a reduction of the sheet size,
introduction of defects at the edges and sometimes on the basal plane; therefore affecting the
quality of graphene being a critical parameter for several applications *>*’. Recently, GQDs
has been produced via one step wet chemical reaction through acid treatment of carbon fibers
8 Alternatively, it was demonstrated that GQDs could be synthesized by LPE using graphite
nanoparticles (GNPs) with a diameter of 4-6 nm *. Also graphite intercalation compounds
approach was used to synthetized GQDs *. However the challenge remains the development
of novel strategies to produce GQDs with a controlled and a low oxidation degree in large
quantities for industrial applications. Different sources of starting material have been tried,

like GNPs, carbon fibers or coal but they are all exhibiting a high oxidation degree * 34

5.2 Scope

Therefore, here we present the synthesis of GQDs starting from LPE of graphite powder. We
investigate the influence of the power and the temperature of the ultrasonic bath on the

exfoliation process carried out in different solvents. Particularly, we demonstrate how by
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optimizing these parameters, GQDs can be obtained using this simple technique without

involving any chemical reaction.

5.3 Experimental

5.3.1 Materials

Graphite powder (product 332461, batch number 08722AH), ortho-dichlorobenzene (0-DCB)
(product number 240664), 1,2,4-trichlorobenzene (TCB) (product number 256412) and N-
methyl-2-pyrrolidone (NMP) (product number 332461) have been purchased from Sigma
Aldrich and used as received.

5.3.2 Preparation of graphene

Graphene dispersions were prepared by adding 1 wt% of graphite powder in 10 mL of 0-DCB,
TCB and NMP followed by 6 hours of ultrasonication at two different temperatures, i.e. 20°C
and 50°C, and two different sonication powers, i.e. 600 W and 1000 W. A Hygea Ultrasonic
Meter from Ultrawave was used to verify the power levels and uniformity. In order to have a
uniform exfoliation for all dispersions, a mechanical stirring of all the samples was utilized
(30 rpm). Sonication of graphite powder led to grey liquid consisting of a homogeneous phase
and large numbers of macroscopic aggregates. As previously reported, these aggregates can be
removed by centrifugation (Eppendorf 5804, rotor F-34-6-38, 30 min at 5000 rpm followed by
15 min at 8000 rpm and 15 min at 10000 rpm), yielding homogeneous dispersions
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5.3.3 Characterizations

To quantify the concentration after centrifugation, a mixture of graphene dispersion and
chloroform (CHCI3) was first heated up to 50 °C for 30 min and then passed through
polytetrafluoroethylene (PTFE) membrane filters (pore size 100 nm). The remaining solvent
molecules were washed away several times with diethyl ether and CHCI;. Careful
measurements of the filtered mass were performed on a microbalance (Sartorius MSA2.75) to
give the concentration of graphene. In the case of the dispersions prepared at 20 °C in
chlorinated solvents, while all the material is passing through the 100 nm pore size, the
dispersions were placed in an oven (100°C) under vacuum for 3 days to evaporate all the
solvent. 5 pl of graphene dispersion were deposed on a 10 nm thick carbon film coated on a
400 Cu mesh grid. After 1 min of adsorption, the drop of material is drained away and
replaced by another 5ul drop of dispersion. After reproducing 3 times the same procedure,
TEM grids were dried under vacuum.

Fluorescence spectroscopy was performed on a Spex Fluorolog spectrofluorimeter (JY
Horiba). Emission spectra were excited at wavelengths as indicated in Figure 5 using a slit
size of 2 nm (emission was collected through 5 nm slits). The corrected emission signal was
divided by the intensity of the lamp at the respective irradiation wavelength, as to compensate

for the different output efficiencies at different wavelengths of the Xenon arc lamp.

5.4 Results and discussion

5.4.1 Liquid-phase exfoliation

In order to fully control the LPE of graphene, we tested two important parameters:
temperature of exfoliation (at 20 and 50°C) and ultrasound power (600 and 1000 Watt) by
keeping the exfoliation time at 6 hours for all experiences. For this study, we selected three
solvents: NMP, orthodichlorobenzene (0-DCB) and Trichlorobenzene (TCB). The
concentration of the graphene dispersions was measured by filtration (See Methods). Figure

1a shows the variation of the concentration of graphene obtained after the exfoliation process
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carried out at 20°C and at 50°C in three different organic solvents using two different
sonication powers. First, the exfoliation was performed at two different temperatures, i.e.
20°C and 50°C at a constant power of 600 W. In order to keep the temperature constant, an
automatic thermal cooler was used via a cooling coil in a closed circuit. For graphene
dispersions prepared in NMP, no significant change in terms of concentration were observed,
i.e. 80 pg.mL™ at 20°C and 78 pg.mL™ at 50°C. Similarly, there was no change in the
concentration of graphene if exfoliated in TCB at these temperature. The obtained values were
65 ug.mL™ at 20°C and 60 ug.mL™ at 50°C. As for dispersions in 0-DCB, the concentration

was slightly decreasing with the temperature, from 100 to 80 pg.mL™.

By increasing the power to 1000 W, two different types of colored dispersions were observed
i.e. dark black and yellow in the case of chlorinated solvents, i.e. 0-DCB and TCB depending
on the temperature used. Figure 5.1b shows pictures of the supernatant taken after
centrifugation of the solutions in 0-DCB at 1000 W at 50°C (left side image) and at 20°C
(right side image). At 20°C the dispersions in chlorinated solvents were yellowish and
exhibited a very poor concentration of 20 pg.mL™ for TCB and 25 pg.mL™ for 0-DCB. These
values are much lower than the ones obtained for the same solvents at 20°C at 600 W. If the
temperature is increased to 50°C, higher concentrations, up to 98 ug.mL™ for 0-DCB and 63
pg.mL™ for TCB were obtained at 1000 W and were comparable to the ones obtained at the
same temperature using 600 W. However, for the case of NMP, dark dispersions of a
concentration of around 80 pg.mL™ were obtained regardless of the temperature and the

power used.

These results indicate that the temperature strongly influence the exfoliation for high power
sonication. Interestingly, the changes of the power had a great impact on the exfoliation yield
when 0-DCB and TCB were used as liquid media. In view of the results of exfoliation and in
order to gain a better understanding of the origin of this yellowish solution we decided to
deeply investigate graphene obtained in the DCB at 20°C.

76



Tuning the size of graphene
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Figure 5.1. a) Average concentrations of dispersions exfoliated in 0-DCB, TCB and NMP at
two different temperatures (average of 15 exfoliations for each parameter). Full and patterned
bars correspond to the exfoliation at 20°C and 50°C, respectively. B) Images showing the
supernatant taken after centrifugation and corresponding to 50°C (left side) and 20°C (right
side) at 1000 Watt in 0-DCB.

5.4.2 High resolution transmission electron microscopy

We focused our attention on the characterization of the dispersions prepared at 20°C in o-
DCB in order to investigate the change of the color observed. Figure 5.2a and b show TEM
images of graphene prepared at 1000 watt in 0-DCB. Their diameters are mainly distributed in
the range of 10 to 20 nm with a maximum diameter at 16.7 nm (see Figure 5.2c). This well-
defined graphene nanosheets are known as GQDs. Here we note that the contrast between
GQDs and the carbon coated TEM grids is very low; therefore, the determination of the
number of layers by HR-TEM was difficult. The obtained GQDs have in most cases a rather
isotropic shape (as depicted in both Figures 5.2a and b) and an average surface area ~224 nm?
(see Figure 5.2d). Furthermore, we investigated the morphology and height distribution by
AFM. The phase image in Figure 5.2d shows a spherical like shape of these dots. GQDs
dispersions were deposed on ozone cleaned silicon substrate. Their height was mostly
distributed in the range of 0.6 to 1.2 nm and it was around 1.03 nm on average (See Figure
5.2e for the height distribution and Figure 5.2g for the topography image) suggesting that the
GQDs consist of 1-3 layers. Typically, graphene flakes on silicon have usually a thickness of

0.9 nm for the first layer and lower 0.4 nm on mica **
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Figure 5.2. a) TEM, b) HRTEM images c) Diameter distribution, d) surface area distribution, €)
height distributions, f) AFM phase image and g) AFM height image of GQDs prepared at 20°C

with 1000 watt.

By lowering the power to 600 watt, the size of graphene sheets increased even more as

demonstrated in the TEM image in Figure 5.2a. Their lateral sizes are distributed in the range
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of 100 to 650 nm with a maximum average around 195 nm (see Figure 5.3b). These graphene
sheets exhibit a surface area distributed between 10 to 10 pm? with a maximum average
around 1.9 x 10 pm? (see Figure 5.3c). In this case, the majority of graphene are 1-2 layers
thick. HR-TEM was used to determine the number of layers by analyzing the edges of

graphene flakes (see TEM image in Figure 4.3d and statistics in Figure 5.3e). These results are
3,43,52

in good agreement with previous studies
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Figure 5.3. a) TEM, b) lateral size, c) surface area d) HRTEM and e) number of layers of
graphene prepared at 20°C with 600 watt.
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5.4.3 Raman spectroscopy

Figure 5.4a plots the Raman spectrum measured at 532nm excitation wavelength, of
representative GQDs deposited on Si/SiO, substrate. The G peak corresponds to the Ej,
phonon at the Brillouin zone centre **. The D peak is due to the breathing modes of sp” rings
and requires a defect for its activation by double resonance **>°. The 2D peak is the second
order of the D peak. This is a single peak in single layer graphene (SLG), whereas it splits in
few-layer graphene (FLG), reflecting the evolution of the electronic band structure. The 2D
peak is always detected, even when no D peak is present, since no defects are required for the
activation of two phonons with the same momentum, one backscattered from the other.
Double resonance can also happen as intra-valley process, i.e. connecting two points

belonging to the same cone around K or K’. This process gives rise to the D’ peak.
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Figure 5.4. a) Raman spectrum at 532nm for representative GQDs. b) Distribution of 1(D)/I(G)
as a function of FWHM(G).

Statistical analysis, based on 20 measurements for each excitation wavelength (532 and
633nm), give an average position of the 2D peak, Pos(2D), ~2694cm ™, while Pos(G) is
peaked at 1585cm . These two peaks, however, are very broad. Indeed, FWHM(2D) is ~92
cm ! while FWHM(G) is 45 cm™, both larger with respect to LPE graphene flakes, where in
average FWHM(2D) is <70cm ! and FWHM(G)<25cm . This broadening of the G and 2D
bands can be attributed to both the size- and edge effect. Indeed, in finite-size domains there is

the relaxation of momentum conservation rule. Moreover, as the lateral size of the flakes
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shrinks, the fractions of edge carbon atoms, which act as defects by breaking the translational

symmetry of the lattice " *

, increase. Furthermore, as reported by XPS analysis, the GQDs
have oxygen-containing functional groups such as C-O and COOH. The higher
electronegativity of oxygen with respect to carbon results in hole doping of the GQDs,
resulting in stiffening of Pos(G), as well as charge inhomogeneity between edge and basal
plane . The latter could be responsible for the broad G band (FWHM(G)=45cm™) of our
GQDs. Our GQDs show also high I(D)/I(G) ratio, 1.20 in average, see Figure 5.4b). However,
this is attributed to the edges of the as-prepared GQDs rather than to the presence of a large
amount of structural defects within the GQDs themselves. This observation is supported by
the lack of a clear correlation between I(D)/I(G) and FWHM(G) (see Figure 5.4b), an
indication that the major contribution to the D peak comes from the sample edges. In fact,
combining I(D)/1(G) with FWHM(G) allows us to discriminate between disorder localized at
the edges and disorder in the bulk. In the latter case, a higher I(D)/I(G) would correspond to

higher FWHM(G).

5.4.4 X-ray photoelectron characterization

X-ray photoemission spectroscopy (XPS) measurements were carried out to probe the
composition of GQDs and graphene sheets. In Figure 5.5a, the XPS shows the C1s spectra
with a C-C peak at 284.7 eV, C-O peak at 285.8 eV and a COOH peak at 288.7 eV. When the
power is increasing, the size of the graphene flakes is decreasing. We observed a slight
increase of the COOH peak and the C-O peak (see Figure 5.5b) with the size, which might be
due to an increase of the number of defects. The reductions in size enhance the contribution of
the oxygen-containing functional groups that are mostly located at the edges. This is in good
agreement with the values obtained for GQD exfoliated, as an increase of COOH peak is also
observed at 288.8 eV coming from the edges oxidation during cutting process *. Also the C:0

atomic ratios for graphene and GQDs are 19.2 and 13.7 respectively.

For the two studied solutions, i.e of graphene exfoliated in 0-DCB at two different sonication

powers and at a constant temperature of 20°C, we found that the Ionization Energy (IE) of the
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graphene or GQDs films is influenced by their size which is in turn affected by the sonication
power used (see Figure 5.5¢). IE values vary from 5.1 eV for Graphene to 5.65 eV for GQDs.
Tuning the electronic properties is an attractive target for many technological applications.
The dependence of the IE on the size is in line with theoretical calculation performed on
nanographenes with various sizes *. Particularly, the value measured for our GQDs is in the
same range as the one calculated for a similar structure (i.e. GQD) featuring 42 carbon atoms
in the main core ®. Here we note that the IE values of drop-casted films of graphene or GQDs
(determined by ambient photoelectron spectroscopy) vary from the theoretical calculation

simulated for one molecule %,
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Figure 5.5. a) C1s XPS spectra of graphene at 600 Watt, b) C1s XPS spectra of graphene at
1000 Watt and c) UPS spectra of graphene exfoliated at different temperatures and different
powers.
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5.4.5 Photophysical properties

All dispersions were also characterized by UV-vis absorption spectroscopy. The spectra
displayed in Figure 5.6a are as expected, featureless in the visible region for the dispersions
exfoliated at 20°C. The result reveals that the power of the ultrasonic bath affects the
absorption properties of graphene exfoliated in 0-DCB. It indicates a clear trend with the size
and interestingly it shows an absorption shoulder between 350 and 400 nm for the high
sonication power sample that is comparable to previously reported results of nanographene
and graphene nanoribbon in 0-DCB. The sample sonicated at 600 W showed a more graphene
like absorption envelope. A Lambert — Beer behavior was observed for all samples (Figure

5.6b), with extracted values of the regression from the linear fitting amounting to 0.98 for all

samples.
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Figure 5.6. a) UV-Vis spectra of graphene dispersions exfoliated at different powers and b)
Optical absorbance (at A=660 nm) divided by cell length (A/l) as a function of concentration for
graphene in 0-DCB, showing Lambert — Beer behavior. Red dashed line is the fitting.

The emission properties of the dispersions exfoliated at low temperatures were compared to
graphene dispersion exfoliated at high temperature. All dispersions show an excitation
wavelength dependent emission profile, where short wavelength excitation generated a
stronger emission response. The dependence of excitation wavelength can be explained by a
distribution of graphene sizes and the variation in emission strength on excitation can be

explained by the fact that smaller polyaromatic hydrocarbons in general are more fluorescent
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(and mostly absorb at shorter wavelengths) than larger ones. In Figure 5.7, graphene is

exfoliated at different power but same temperature.
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Figure 5.7. Photoluminescence spectra of dispersions of graphene exfoliated in DCB at a) 600
watt and b) 1000 watt. A Raman scattering peak at 3000 cm™ from the excitation wavelength is
visible in some of the spectra.

The difference of intensity in the emission is nearly one order of magnitude even though the
concentration of graphene is larger for the dispersion sonicated at low power (see Figure 5.1
for concentration differences), this most likely is a consequence of the smaller flake size in the
dispersions exfoliated at high power and in figure 5.7, photoluminescence spectra of the two
different dispersions exited at 320 nm are plotted showing a clear decrease in terms of
intensity when the size of graphene sheets is increasing. It should be noted that even though
we know the size distribution of the graphene exfoliated at different temperatures and
intensities, we do not know which sizes in that distribution that emits light. It might be so that
only the smallest sizes in each size distribution actually emits light, and the differences in
intensities seen reflects a difference in concentration of these emitting species. (See figure 5.8)
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Figure 5.8. Photoluminescence spectra of all dispersions exited at 320 nm.

5.5 Conclusion

In conclusion, we developed a system that allows us to control the liquid-phase exfoliation
process. By simply choosing the right parameters, graphene quantum dots can be produced.
Moreover, we found that the solvent chosen for the exfoliation plays a key role. 0-DCB and
TCB seems to exfoliate and stabilize better the small sheets. By using chlorinated solvents for
exfoliation, we are able to form graphene with variable width from GQDs to nanosheets with
luminescent properties. In fact, TEM reveals that the size of GQDs is around 16.7 nm and
AFM shows that the height was mostly distributed in the range of 0.6 to 1.2 nm suggesting
mono and few-layers sheets. Furthermore, our GQDs exhibiting photoluminescence could

have promising applications in opto-electronic devices.
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Chapter 6 Harnessing LPE using
aliphatic compounds

6.1 Introduction

It was shown that the exfoliation of graphite in a liquid media could be assisted by using
organic molecules such as surfactants,” ? functionalized pyrenes,®® diazaperopyrenium
dications’ and biomolecules.® ° The organic molecules mainly act as a stabilizer via
physisorption of their hydrophobic moieties on the graphene surfaces once graphite is
exfoliated by sonication. The exfoliation of graphene in water is particularly challenging due
to the hydrophobic nature of the sheets, but surfactants can solve this problem and help
exfoliated sheets to remain suspended. However, the use of water as a media is not
recommended for the exploitation of graphene in electronic devices because the presence of
residual water molecules at the interface with dielectrics can enhance charge trapping
phenomena.’® Thus, the use of organic solvents as an exfoliating media has to be explored. It
was recently shown that the exfoliation in an organic media could be promoted by adding a
further organic molecule acting as dispersion-stabilizing agent during the exfoliation process.
In particular, only two examples were reported so far on the use on non-charged small organic
molecules. Graphene dispersions were prepared in NMP with the aid of nonionic porphyrin
molecules.* Organic molecules such as e.g. 1,2-distearoyl-sn glycero-3-phosphoethanolamine-
N-[methoxy (polyethyleneglycol)-5000] (DSPE-mPEG) were also used to stabilize graphene
sheets at the end of the exfoliation process to inhibit the re-stacking of graphene sheets.® It has

been also shown recently, that polymeric systems can have an impact on exfoliation yield.? *
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6.2 Scope

Here we show that the concentration of defect-free, few layer thick (with about 30% single-
layers) graphene dispersions in NMP can be increased by addition of simple alkane molecules
in the LPE process. The chosen dispersion-stabilizing compound needs to meet primarily two
criteria: (i) its adsorption energy on graphene has to be larger than the adsorption of solvent

molecule; (ii) it needs to be very well soluble/miscible in/with organic media such as CHCls.

Solvent molecule
(e.g. N-Methyl-2-pyrrolidone (NMP) )

Liquid-phase exfoliation

graphite

X

3y

Rt

Surfactant-assisted
Liquid-phase exfoliation

Surfactants / intercalators
(so-called surface stabilizers)

graphene

Scheme 6.1. Schematic representation of the liquid-phase exfoliation process of graphite in the
absence (top-right) and presence (bottom-right) of surfactant molecules.

We focused our attention on two simple molecular modules, i.e. 1-phenyloctane and arachidic
acid, whose calculated adsorption energy on graphene (-19.1 and -28.2 kcal mol™,
respectively) is much higher than the adsorption energy of NMP (-8.5 kcal mol™), thus
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fulfilling with criterion (i). Additionally, to qualitatively test the affinities of both molecules

for graphene surface we performed scanning tunneling microscopy (STM)**°

experiments at
the solid-liquid interface, using highly oriented pyrolitic graphite (HOPG) as a substrate. Self-
assembly of molecular building blocks capable of undergoing controlled self-assembly from
solution at surfaces and interfaces relies on a subtle balance between molecule—molecule,
molecule—substrate, molecule-solvent, and solvent—substrate interactions leading to the
targeted 2D patterns.'® In fact, alkanes and in particular carboxylic acids are one of the first
molecules visualized with the sub-molecular resolution at the solid-liquid interface by STM."
Because of its simple structure, capability to form highly ordered architectures on graphite
surface, as well as its low-cost we decided to focus our attention on its Cyo derivative, i.e.
arachidic acid. Noteworthy, it is well accepted in the STM community that 1-phenyloctane
(typically used as a solvent in STM experiments) by itself doesn't form ordered monolayers (at
room temperature) at the solution-HOPG interface. Although its adsorption energy on
graphene is as high as -19.1 kcal mol™, the dynamic nature of adsorption/desorption process
of this small molecule on HOPG occurs on a time scale, which is much faster than the

scanning speed of STM tip, hindering its visualization by STM. (See Scheme 6.1)

6.3 Experimental

6.3.1 Materials

Arachidic acid, 1-phenyloctane and N-Methyl-2-Pyrrolidinone (spectrophotometric grade,
99%) were purchased from Sigma-Aldrich, and used as received, i.e. without purification.
Graphite powder was purchased from Aldrich (Aldrich product 332461, batch number
08722AH).

Volume Mass of Mass of molecules Mass of
of NMP graphite 100% SA (mg) molecules
(mL) (mg) 20% SA (mg)
Graphene
exfoliated with 9.71 100 108 21.6
arachidic acid
Graphene
exfoliated with 9.71 100 14.03 2.81
1-
phenyloctane
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Graphene
exfoliated
without 9.71 100 / /
additives
compounds
Table 6.1. Masses of graphite, solvent and organic molecules used in LPE process.
6.3.2 Device

In order to obtain graphene dispersions, graphite flakes were sonicated for 6 hours at 40 + 2°C
(100 W) in the chosen solvents, keeping the graphite weight percent constant, i.e. 1 wt%.
Since the ratio between graphite powder and the solvent was kept constant, different masses of
graphite flakes have been used. Sonication of graphite powder led to grey liquid consisting of
a homogeneous phase and large numbers of macroscopic aggregates. As previously reported,
these aggregates can be removed by centrifugation (Eppendorf 5804, rotor F-34-6-38, 60 min

at 10 000 rpm), yielding a homogeneous dark dispersion.

6.3.3 Characterizations

Centrifugation of graphene dispersions was perform by using Eppendorf 5804, rotor F-34-6-
38, 1h at 10000 rpm.

SEM images were recorded by using Strata 400 Dual Beam. After drop-casting graphene
dispersions on patterned n++ - Si/SiO2 the samples where annealed at 80° C. In order to avoid

charging of Si/SiO2 substrate during imaging with SEM, thin layer of platinum was spattered.

NMR experiments measurement of self-diffusion coefficients were performed on a BRUKER
600 MHz spectrometer - Avance 11, equipped with a high strength z gradient probe DOTY
Scientific, developing a pulse field gradient of 50 G/cm/A. The gradient coil is cooled by air
flow and the sample was thermostated at 298 K. Diffusion NMR data were acquired using a
Stimulated Echo pulse sequence with bipolar z gradients. Limited Eddy current Delay was
fixed to 5 ms. The gradient strength varied linearly between 6 and 304 G.cm-1 in 30-40

experiments. The diffusion time and the duration of the sinusoidal gradients were optimized
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for each sample. Typically the diffusion time was set between 6 and 8 ms, and the half-

gradient delay between 0.6 and 1 ms. The gradient recovery delay was set to 1ms.

The viscosities of solutions were measured using a falling ball micro-viscometer Anton Paar,
at 298 K (thermostat Peltier effect). The samples were prepared in CDCI3 with a constant
concentration of 4.5 mM of non-deuterated DMSO and/or NMP and 0.5 mM of arachidic acid

for each measurements and the experiment were repeated at least two times.

The extraction of the sheet resistance from two-terminals devices was performed starting from
n"" - Si/SiO, substrates exposing pre-patterned interdigitated gold electrodes pairs (IPMS
Fraunhofer). The same substrates were successively used in order to apply a gate voltage and
study the current modulation with varying the bias on a third electrode. Before the deposition
of graphene, the substrates were treated with ozone (5 min irradiation followed by 25 min of
incubation). Subsequently they were transferred to the glove-box (nitrogen atmosphere) and
they were treated with either HMDS or OTS. In the former case, HMDS was deposited by
spin-coating 100 pL at 1500 rpm for 60 s and then annealed at 120°C for 1 hour. Whereas in
the latter case, the substrates were immersed for 15 h in OTS solution (10 mM in toluene) then
thoroughly rinsed with toluene and heated at 60°C for one hour. Then, 200 puL of graphene
dispersion were drop-casted (in air) onto the treated substrates followed by a gentle annealing

in a vacuum oven at 45°C for 3 days.
The sheet resistance was calculated by considering the following relationship:

L
tW 4

Rior =0
(1)

where Rror is the ration between V and I(V), L is the electrode gap, t is the material thickness
and W is the effective width of the material covering the inter-electrodic region as estimated
through an optical microscope. Assuming that in the case of graphene t is negligible the

previous formula becomes:

()
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The field-effect mobility values we reported in the main text were extracted from the linear

regime in Ip-Vgs curves by means of the following relationship:

o, L 1 1
Nes W Ci . Mos]

Hyin =
3)

where Vps and Vgs are the source-drain and source-gate voltage, respectively, Cisioz is the
capacitance of the silicon dioxide (thickness: 230 nm) which amounts to 1.5 10® F/cm?. In our
case the parameters' extraction was done at Vps = 0.6 V (electron mobility) or -0.6 V (hole
mobility).

The linear conductance, gp jin, Can be written as:

Weff Weff
= 8V— = 1Cis _L Ves =Vin) = 4Cip _L Vs
os @)

under the assumption that the neutrality point could be seen as the transistor threshold voltage

and it is close to zero, (I Vgs | >> 1 Vy ).

6.4 Results and discussion

6.4.1 Scanning tunneling microscopy and coverage calculations

The self-assembly of arachidic acid in 2D has been investigated by applying 4 uL drop of a
(100 + 2) uM solution on the freshly cleaved HOPG surface. Given that the solvent used for
STM experiments has to be apolar (dielectric constant (¢) = 2-4), STM measurements cannot
be performed by using NMP as a liquid medium (¢ = 31), thus 1-phenyloctane was chosen as a
solvent. The STM current image in Figure 1 shows a monocrystalline lamellar structure. In

this 2D crystal, arachidic acid molecules are physisorbed flat on the surface forming H-
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bonded dimers, which are interdigitated between adjacent lamellae, as shown in Figure 5.1.1.
Conversely, the 1-phenyloctane molecules have not been found to pack on HOPG. In light of
this observation the calculated adsorption energy of arachidic acid on graphene is twice the
one the monomeric specie, thus amounting to —26.4 kcal mol-1. The unit cell, containing two
molecules, exhibits the following parameters: a = (0.84 = 0.10) nm, b = (2.52 £ 0.10) nm, and

o = (88 + 2)°, leading to an area A = (2.12 + 0.25) nm2, in agreement with previous reports.'®
19

Figure 6.2. a) STM current image of arachidic acid monolayer at the HOPG-solution interface; b)
molecular packing motif. Tunneling parameters: average tunneling current (It) = 20 pA, tip bias
voltage (Vt) = 350 mV.

Proposed molecular packing motif of arachidic acid on graphene surface has been shown in
Figure 6.2. As described in the main text, 1-phenyloctane (typically used as a solvent in STM
experiments) does not form any ordered monolayers at the HOPG surface. Nevertheless,
theoretical assumption of 1-phenyloctane packing motif on graphene (Figure 6.3) has been

used for calculation the coverage areas.
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Figure 6.3. a) Proposed molecular packing motif of arachidic acid on graphene surface as
observed with scanning tunneling microscopy at the solid-liquid interface. The red cell parameters,
a=(0.98 £0.10) nm, b = (2.52 £ 0.10) nm, and a = (90 + 2)°, lead to an area A = (2.46 = 0.05)
nm2, where each cell contains 2 molecules, therefore the area occupied by single molecule equals
to A = (1.23 + 0.05) nm2. b) Theoretical molecular packing motif of 1-phenyloctane on graphene
surface. The area occupied by single molecule equals to A = (5.92 + 0.9) nm*

The areas A occupied by single dispersion-stabilizing molecules (Aps), as well as area of
graphene unit cell (Gynit cen = (0.052 £ 0.004) nm2.) determined by STM can be used for
calculating the mass (and number) of dispersion-stabilizing molecules needed to cover
accessible graphene area (MDS.). Noteworthy, in our calculations graphite powder has been

considered as a single (rectangular) graphene sheet (Sgraphene)-

(Sgraphene)
A
Mps, = <+S> X Mwps. ®)

A

Where

Mgraphite powderXNA) (6)

S = Gunit ceu X (
graphene unit cell Mc atom
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6.4.2 DOSY NMR

Although the formation of spatially extended, ordered and stable self-assembled monolayer on
graphene sheets during the sonication process is unlikely, the presence of the alkane
molecules leads to an increased yield of exfoliation. As expected from different adsorption
energies of phenyloctane and arachidic acid on graphene sheets, the latter exfoliates the
graphene more efficiently, highlighting the importance of the molecular length in the structure
of dispersion-stabilizing agents. In this regard, in order to explore the propensity of arachidic
acid molecules to undergo dimerization in NMP, 2D 1H NMR (DOSY) experiments have
been carried out (see Table 6.2). Surprisingly, diffusion coefficients provided evidence for the
existence of monomeric species of arachidic acid in NMP. Although the majority of molecules
exist as monomeric species in solution, it is likely that they undergo dimerization through H-
bonding when the dimensionality is reduced from the 3D of a solution to the 2D on the
graphene surface. This is in line with previous STM observations of H-bonded patterns
obtained by dissolving molecules in similarly polar media like dimethylsulfoxide and further
diluted with other solvents to form ordered monolayers at the solid-liquid interface, ultimately
proving the key templating effect of the substrate. Statistical analysis of the flake thickness
revealed that the use of dispersion-stabilizing molecules increases the amount of produced
graphene flakes, i.e. increases the exfoliation yield, but also rises the percentage of mono- and
bilayer graphene flakes produced in LPE process. An average value of the determined
diffusion coefficient (D) and viscosity (1) values were used for determination of the

preferential form.

D measured n measured Dimono calculated Dgim calculated
Avrachidic acid in 7.45x10%0 800x10™ 1.08x10° 10.58x10™°
CDCl,
Avrachidic acid and 3.17x10%° 1.702x10°° 3.36x107%° 2.05x10%°
NMP in CDCls
Arachidic acid and 3.92x10%° 1.231x10° 4.65x107%° 2.84x10%°
DMSO in CDCl,

The diffusion coefficient of dispersion-stabilizing molecules in solution depends on the

effective size and shape (dimer or monomer) in the given conditions (i.e., solvent,
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temperature). The size of the molecules can be determined by using the diffusion coefficient.
In the case of a spherical particle in a homogeneous solution, the hydrodynamic radius r can
be calculated by using the Stokes-Einstein equation. However, in our case, the molecules are
in the dimer or monomer form that can be described by the prolate ellipsoid model (Prolate:
a,b,b):

1/3 (") /3
kpXT (4mN Vs
D =2r(T0a) T x e ™

Where Na is Avogadro’s number, M is the molar mass, v the partial specific volume, kg, is
Boltzmann’s constant, T the absolute temperature, 1o the viscosity of water at 20.0” C and P is

defined as Perrin function (named in recognition of F. Perrin).

72 (8)

The diffusion coefficients of arachidic acid in the presence of NMP or DMSO were
determined by diffusion NMR spectroscopy in CDCls. In order to estimate the preferred form
of the molecule, the obtained diffusion coefficients were compared with the diffusion

coefficient calculated with the equation (7).

6.4.3 Liquid-phase exfoliation

To test the capability of the two molecules to increase the graphene exfoliation yields we

prepared dispersions by adding graphite powder in NMP (1 wt%) by bath sonication (6 h), in
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presence of the dispersion-stabilizing compounds, and compared it with the blank
experiments, i.e. graphene dispersion prepared in absence of additional molecules. By
considering the initial graphite powder as a single graphene sheet, we calculated the number
of molecules needed to form densely packed monolayers on graphene. Given that the
calculated quantity of the molecules will be higher than the real surface of graphite in the form
of powder, we have used only 20% of molecules needed to cover the entire graphene surface.
Sonication of all samples, i.e. two samples containing organic molecules and the one in their
absence, led to grey liquids consisting of a homogeneous phase and large numbers of
macroscopic aggregates. As previously reported, these aggregates can be removed by

centrifugation, yielding a homogeneous dark dispersion.

To quantify the concentration after centrifugation, a mixture of graphene dispersion and
CHCI3 was heated at 50°C and passed, through polytetrafluoroethylene (PTFE) membrane
filters (pore size 100 nm). The remaining NMP solvent molecules were washed away with
diethyl ether. The presence of adsorbed molecules on graphene sheets may affect the mass
measurements and ultimately the exfoliation yields. Thus, we found that the heating process is
necessary, in order to nearly completely remove, i.e. desorb, the dispersion-stabilizing
compounds from graphene. Careful measurements of the filtered mass gave the concentration

of dispersed phases after centrifugation (see Figure 6.4).

Graphene exfoliated in:
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i . RARA A
NMP in the presence of: A
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graphene dispersion
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Figure 6.4. Average concentration of three dispersions after the filtration process. The error bars
correspond to the different values obtained in 10 independent experiments.

6.4.4 UV-Vis-IR spectroscopy

Graphene dispersions were characterized by UV-Vis—IR absorption spectroscopy. As
expected, the spectra are featureless in the visible — IR region. Each of these three dispersions,
i.e. graphene, graphene with 1-phenyloctane and graphene with arachidic acid (all in NMP)

was diluted a number of times and the absorption spectra recorded (Figure 6.5 and 6.6).
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Figure 6.5. a) Images of graphene dispersions, b) UV—-Vis spectra of graphene dispersion in
NMP at different concentrations, ¢) UV-Vis spectra of graphene/1-phenyloctane dispersion in
NMP at different concentrations, d) UV-Vis spectra of graphene/arachidic acid dispersion in
NMP at different concentrations.

In order to quantify the concentration after centrifugation, a mixture of graphite dispersion (1
mL) and chloroform (20 mL) was heated at 50°C and passed, through polytetrafluoroethylene
(PTFE) membrane filters (100 nm). The remaining NMP solvent molecules were washed

away with diethyl ether (20 mL). The presence of adsorbed dispersion-stabilizing molecules
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on graphene sheets may affect the mass measurements and ultimately the exfoliation yields.
Therefore, we found that the heating process is necessary, in order to remove, i.e. desorb, the
organic compounds from graphene. Among the two compounds, i.e. 1-phenyloctane and
arachidic acid, only the former absorbs light (270-275 nm) in the UV-vis range.
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Figure 6.6. a) Absorption spectra for graphene flakes dispersed in NMP, in the presence and
absence of dispersion-stabilizing compounds; b) Optical absorbance (at A = 660 nm) divided by
cell length (A/l) as a function of concentration for graphene in the three samples, showing
Lambert — Beer behavior. The x-axis error bars are due to the uncertainty in measuring the mass
of graphene/graphite in solution.

As shown in Figure 6.7, filtration-washing process of graphene dispersions allows removing
molecules from dispersions as proven by the analysis of re-sonicated graphene dispersion after
removal of 1-phenyloctane, which is mandatory for the determination of concentration of
graphene-dispersions. Note that all the dilutions were treated equally, i.e. even if the

dispersion-stabilizing compounds were not added into graphene dispersions
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Figure 6.7. UV-Vis spectra of graphene/1-phenyloctane dispersions in NMP before and after
heating-filtration-washing cycle.

6.4.5 Thermogravimetric analysis

The presence of dispersion-stabilizing compounds and residual solvent at a significant amount
(i.e. ~ 15% of NMP, and ~ 7% of dispersion-stabilizing compounds) in the graphene products
indicates their adsorption on the surface of graphene flakes after filtration. After heating and
washing in chloroform/diethyl ether, remaining solvent and organic molecules were

completely removed (Figure 6.8.)
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Figure 6.8. TGA curves for graphite, dispersion-stabilizing compounds, solvent and graphite
exfoliated in NMP in the presence of dispersion-stabilizing compounds with and without
washing.

6.4.6 X-ray Spectroscopy

Survey spectra were collected in the carbon and nitrogen region (see Figure 6.9) for all
samples in order to obtain the residual NMP content after samples preparation. The results

indicate that NMP can be almost completely removed, leaving less than 2% residual traces of
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nitrogen in the case of graphene/NMP and graphene/1-phenyloctane samples, and 8% in the

graphene/arachidic acid drop-cast film.
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Figure 6.9. XPS spectra of the N1s, C1s region.

The variance with respect to the TG analyses, can be related to the higher surface sensitivity

of XPS compared to TGA. The NMP residual trace amounts are summarized in Table 6.3.

Sample XPS

C (%) N (%) from NMP C (%) fromNMP | C (%) from C (%) graphenic

solvent

Graphene 98.3 1.7 8.5 0.0 91.5
Graphene + | 919 8.1 40.5 10.5 49.0
Arachidic  Ac.
filtered
Graphene + | 98.3 1.7 8.5 0.0 91.5
Arachidic  Ac.
filtered

Table 6.3. Surface composition from XPS
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The spectra in Figure 6.10 reveal the presence of graphene by the peak at 284.5 eV BE,
showing the typical asymmetric Doniach-Sunjic profile of graphene, in agreement with
literature. The residual contribution (green and blue lines) stemming from NMP is apparent in
all spectra. In Figure 6.10b the amount of residual NMP is 40.5% and also some traces of

arachidic acid are still detectable after filtration.
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Figure 6.10. High-resolution C1s spectra for graphene a), graphene + arachidic acid b), and
graphene + 1-phenyloctane c). Experimental data are shown as black dots, the total fit curves as
thick black lines, and the individual deconvolved components as solid colored lines (red, green,

blue, violet); the filled area highlights the graphene component.

6.4.7 High resolution TEM

Graphene dispersions were also investigated by means of High Resolution Transmission
Electron Microscopy (HR-TEM). In a number of cases we observed folded monolayer
graphene sheets as seen in Figure 6.11a with a size below 1 pm, as typically observed in LPE
processed graphene. The average lateral size of the monolayer graphene (MLG) sheets was

nearly identical in all dispersions and amounts to 0.051+0.012 pm?. The number of layers per

103



Supramolecular approaches to graphene: Generation of functional hybrid assemblies

sheet was determined by analyzing the flake edges using HR-TEM. Statistical analysis of the
flake thickness is displayed in the histogram in Figure 6.11b.
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Figure 6.11. a) Representative TEM image of graphene deposited from NMP dispersion
showing folded graphene sheet, b) Histogram of the number of flakes observed as a function of
number of layers per flake from NMP dispersions.

Since the first successful exfoliation of graphene in an organic solvent such as NMP in 2008,
improvements in concentrations of graphene dispersions were achieved, e.g. through the
addition of dispersion-stabilizing compounds such as nonionic porphyrins, obtaining
concentrations as high as ca. 0.05 mg mL™, or by using drastically longer sonication times (ca.
500 h — 1.2 mg mL™). The latter approach is time consuming and requires high-energy
consumption; in addition, it is known that with the increasing sonication time, the size of the
flakes are severely reduced, being a critical parameter for several applications. Therefore, a
comparative study like the one presented here it is extremely important in order to gain a deep
understanding on the role of surface-stabilizing molecules in the graphene exfoliation process,
which potentially can result in shortening and simplifying the LPE process. Noteworthy, we
found that graphene dispersions prepared in the presence of arachidic acid molecules (0.12 mg
mL™) are more concentrated if compared to samples prepared just in NMP (0.08 mg mL™),

therefore corresponding to a 50% increase in the yield of exfoliation.
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Figure 6.12. a) TEM image of a monolayer graphene flake; example HR-TEM images taken on
the edges of monolayer (b,c) and bi-layer (d) graphene flakes; ) HR-TEM image taken in the
center of a bi-layer graphene flake.

6.4.8 Raman spectroscopy

We then focused our attention on comparing the quality of three graphene dispersions by the
means of Raman spectroscopy, which is a powerful tool for the investigation of graphene.?®
We performed micro Raman measurements by casting the suspensions on a silicon substrate,
heated at 60°C to facilitate NMP evaporation. In order to avoid damage and heating induced
effects, which can desorb or damage the molecules,® the laser power was kept well below 1
mW. Note that the Raman spectrum of graphene produced by LPE is very different from the
one of graphene produced by micro-mechanical exfoliation (MME).? This is expected since
during sonication, the material is strongly interacting with the solvent and it is subjected to

strong mechanical stress due to the collapse of bubbles and voids in the liquid, which
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ultimately break the flakes into smaller pieces: overall the process may produce considerable
changes in the Raman peaks, which could be related to structural changes, but also doping,

solvent residuals, and re-stacking.
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Figure 6.13. Typical Raman spectrum of graphene produced in NMP, NMP/arachidic acid and
NMP/ phenyloctane. The single peak shape of the 2D peak indicates that the flake is a single-
layer.

Figure 6.13. shows the typical Raman spectra obtained from the NMP/aliphatic dispersions as
compared to NMP-based dispersions. The first order Raman spectrum of LPE graphene is
characterized by the G and D peak, at about 1580 and 1350 cm™, respectively. While the D
peak is usually not visible in the Raman spectrum of MME graphene, this features is always

2 23 which acts as “defects” in the

observed in LPE graphene and it is attributed to its edges,
Raman scattering process.® Noteworthy, the D peak intensity increases with decreasing size of
the flakes® (typically smaller than the size of the laser beam) and it also depends on the

excitation energy.”* Therefore comparisons between different Raman spectra of LPE graphene
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should be done with care, and statistical analysis of intensities of both G and D peaks should
be performed. For example in our case, although the D peak in Figure 6.13. looks very strong,
as compared to the G peak intensity, by performing statistical analysis (Figure 6.14) is
possible to observe that for the NMP dispersions prepared in the presence of additional
molecules, the intensity ratio between D and G peak intensity, 1(D)/I(G), can change
considerably from flake to flake (between 1 and 2.4). The average I(D)/I(G) obtained for
NMP dispersions is 1.6, showing that the dispersions are of comparable quality. This will be

further confirmed by electrical measurements.
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Figure 6.14. a) Raman spectra (measured at 2.41 eV) of the flakes obtained from the graphene/NMP dispersion
b) ID/IG ratio analysis of three graphene dispersions, and ¢) Typical 2D peaks observed in graphene/NMP
dispersion

The second order Raman spectrum is very important because it allows qualitative
identification of the thickness of the flakes through the 2D peak shape:*' in the case of MME

graphene, a single layer has a single and intense peak, while few layers are composed by at
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least 2 broad components for AB stacking. However, in the case of graphene-based
dispersions, the 2D peak can also assume complex lineshapes due to re-aggregation and
folding. This can also affect the 2D peak intensity, making the Raman spectrum very different
from the one of MME graphene.” Therefore, one can only distinguish between three cases:
single-layers, AB thick flakes (i.e. graphite residuals) and thin flakes (with or without AB
stacking). Thus, we compared the Raman spectra measured on 30-40 flakes of the dispersions
obtained with and without the dispersing agent. While the first order Raman spectra did not
show strong differences, we observed a different 2D peak shape distribution between the
dispersions: thick AB stacked flakes have been rarely observed in the NMP/dispersing agent
(either arachidic acid or phenyloctane), as compared to the NMP dispersion (see Figure 6.14.).
This provides unambiguous proof that the dispersing agent plays a key role in the exfoliation
mechanism (i.e. in breaking the multilayered pieces of graphite), thereby increasing the
overall yield. Furthermore, Raman spectroscopy shows that the addition of dispersion-
stabilizing compounds does not affect the quality and structure of graphene, as compared to
the use of NMP alone since there are no major changes in the first order Raman spectrum
(Figure 6.13.). From the analysis on the 2D peak shape one can qualitatively estimate the
thickness composition of the flakes in suspension: we found that overall the percentage of
single-layers graphene amounts to ~ 30% and ~ 40% for NMP/arachidic acid and NMP/1-
phenyloctane dispersion, respectively. The rest of the material is composed by thin flakes (<10
layers), probably mostly re-aggregated MLG flakes, since AB stacking was never observed.
This result is only qualitative as re-aggregation can happen after deposition of the material on
the substrate. However, in first approximation, this analysis can be used for a first quantitative
comparison between the quality and composition of different dispersions. In fact the results

obtained by Raman are in good agreement with HR-TEM analysis (Figure 6.11.).

6.4.9 Electrical properties

To probe the electrical properties of the graphene exfoliated with and without dispersing
agents, devices were prepared by drop-casting NMP dispersions onto dielectric substrates

exposing pre-patterned interdigitated gold electrodes with variable channel length. Prior to the
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drop cast of graphene, the SiO, surfaces were treated with either hexamethylsilazane (HMDS)
or octadecyltrichlorosilane (OTS) in order to evaluate the impact of the surface wettability on
the electrical performances. The sheet resistance, Rs was extracted from the two-terminal I-V
traces after taking into account the actual inter-electrode area coverage. The channel coverage,
typically within 6 and 20% of the total area, was estimated by optical microscope on each
single device and the effective W was consistently employed in the sheet resistance
determination. Drop-casting of solutions was employed as the deposition method because it is
the closest to real ink-jet printing or roll-to-roll processes which allow mass production of

large-area and low-cost electronics.

After the dispersion deposition on the test devices, a first set of measurements was recorded
upon annealing samples at 45 °C for 2 days in order to get rid of residual solvent. However,
the electrical characterization revealed high and inhomogeneous sheet resistance values which
we ascribed to the presence of residual NMP in the film (see Figure 6.15 for details). This
intuition was experimentally verified by a 100 - fold current increase upon annealing of the
samples at 415°C overnight. Hence, the latter is a key step in order to gain a deep
understanding on the transport properties, as the presence of residual NMP could be strongly
detrimental for the conduction while not providing a reliable estimate of the electrical
properties of the materials under test.

Figure 6.15a shows the lowest resistance measured in the 16 devices in every chip with
different exfoliating agent and surface treatment. We found that the sheet resistance depends
not only on the coverage but also on the concentration of the graphene flakes in the channel.
When an OTS self-assembled monolayer was formed on silicon oxide, the drop-casted
graphene solutions had greater tendency to sit on the gold electrodes resulting in a higher
density of material between the electrodes when compared to the HMDS surface case,
resulting in a typically lower average sheet resistance (see Table 5.1.3 for contact-angle

measurements).
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Figure 6.15. a) Comparative values of sheet resistance (R;) for graphene with different exfoliating agents on
OTS (circles) and HMDS (squares) treated substrate. Plotted values represent the lowest measured resistance in
the device in every chip. The values were corrected for coverage as the actual channel width (W) was found to
be lower than the nominal channel width of the electrodes (W). b) Current-voltage curves after and before the
annealing cycle at 415 °C. The curves were measured on the same device [L = 2.5 um, W = 800 um, Rs was 71
kQ after annealing at 415 °C].

Sample SiO, SiO,/HMDS SiO,/0TS SiO,/OTS after
annealing @450 °C

Contact-angle 27.4+0.16 33.6 +0.13 62.5+0.18 27.6 +0.23

[]

Table 5.1.3. Contact-angle data

The absolute values were found to fall in the 10 - 25 kQ sq”' range over several batches and
roughly - fold larger than in common CVD - grown graphene. This behavior is somehow
expected if one considers that the injected charges undergo flake-to-flake percolation in order
to be collected at the other electrode. The flake-to-flake charge hopping could be clearly more
detrimental for charge transport than in the case of a continuous layer with a few defects

(CVD - graphene) where charges do not need to hop from a flake to another.
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Figure 6.16. Representative transfer curves showing a marked Dirac point a) before annealing at 415 °C and b)
p-type doping after annealing at 415 °C.

In addition, in order to quantify field-effect mobility the three different materials were
characterized in Si-n"*/SiO2 test patterns with the possibility of applying an additional (gate)
voltage. Before the annealing at 415°C, the FET devices showed ambipolar behavior with a
clear Dirac point in the transfer curves (see Figure 6.16a). After annealing at 415°C, the
graphene dispersion resulted p-doped with no clear Dirac point, which can be ascribed to
reappearance of the silanol groups after the annealing of the OTS and HMDS SAMs at such
high temperatures. It has been widely reported that the Si-OH groups act as efficient electron
traps. In this case, the mobilities extracted from the transfer curves were found to range
between 0.3 and 1 cm? V! s™. (See Figure 6.17) These mobilities are in good agreement with
those recently reported on devices integrating LPE-graphene deposited by means of a more
cumbersome method such as Langmuir-Blodgett. The lon/loff ratio was always found to be
below 2, further indicating that LPE, likewise scotch-tape and CVD-grown graphene, could be
best exploited to fabricate electrodes for electronics applications rather than acting as the

active layer in FET devices.
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Figure 6.17. Comparative (I -Vpg) curves traced at Vgg = 7 V for graphene with (red circles)
and without (black squares) arachidic acid used as the intercalating compound. The curves were
corrected for coverage as the actual channel width, W, was found to be lower than the channel
width of the electrodes, W. These curves were recorded on devices having the same channel
length (L =2.5 pm).

6.5 Conclusion

We demonstrated that by mastering a supramolecular approach it is possible improve the yield
of graphene exfoliation in an up-scalable LPE-based method to produce high-quality graphene
flakes from powdered graphite. By using a molecular module possessing high affinity for the
graphite surface as dispersion-stabilizing agent, high concentration dispersions of graphene
were obtained. Our exfoliation protocol is effective: graphitic AB stack flakes were rarely
observed by Raman spectroscopy. Notably, the latter technique revealed that the addition of
the simple alkane (i) does not affect the quality and structure of graphene, as compared to the
use of NMP alone, highlighting the non-invasive nature of our procedure, and (ii) leads to an
increase the percentage of mono- and bilayer graphene flakes. In particular, by using 1-
phenyloctane as dispersion-stabilizing agent the amount of MLG increases by ca. 10% and
graphene concentration increases of 25%, with respect to graphene exfoliated in pure NMP.
Conversely the addition of arachidic acid resulted in slightly lower increase of percentage of
MLG and 50% increase of concentration. The LPE processed graphene dispersion was shown
to be conductive ink. Our approach opens up new avenues for the technological applications

of our graphene ink as low-cost electrodes and conducting nanocomposite for electronics.
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Chapter 7 Unraveling the role of
functional groups

7.1 Introduction

To promote the exfoliation of graphite in the sonication process, organic molecules can be
used, in particular molecules having a high energy of adsorption on the graphene surface.
These so-called surface-stabilizing agents should exhibit higher adsorption energy than the
one of the solvent interacting with graphene. In fact, the solvent dictates the choice of
surfactants. For example exfoliation in water is not possible due to the hydrophobic nature of
the graphene sheets and its high surface tension, but by adding charged molecules as pyrenes,
linear chain surfactants or polymers exfoliation could be performed. However, the use of
water is not recommended for certain types of applications in opto-electronics like field-effect
transistors. Therefore, organic solvents have been tested in the presence of surface-stabilizing
agents. Recently, it has been shown that LPE of graphene in NMP can be assisted by the use
of porphyrins *, lignin molecules derivatives % salt derivatives ® and polymeric systems.
Despite the increasing interest in the use of surfactants during the LPE of graphite in organic
solvent, fundamental research is still required to get a full understanding over the role of the
molecules during the LPE process and as stabilizers once the sheets have been exfoliated,
ultimately identifying the best molecule(s) to promote the LPE process.
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7.2 Scope

Here we show that the quantity and the quality of defect-free, few layer thick graphene
dispersions in NMP can be increased by addition of a long linear alkane decorated with four
different functions, i.e. amine, alcohol, carboxylic acid and alkyl. In particular, we explore the
role of these functional groups by focusing our attention on four docosane derivatives:
docosane, docosan-1-amine, docosanoic acid and docosanol (Scheme 7.1). Since these
molecules possess a long aliphatic chain, they will have tendency to adsorb to the
graphite/graphene surface forming tightly packed crystalline lamellar structures. These
molecules, except docosane, are equipped with functions known to form hydrogen-bonded
dimers in a majority of organic solvents, which results in the formation of stable
supramolecular structure on graphite surface. Such a comparative study will make it possible
to cast further light onto the role of thermodynamics of self-assembly on graphene as a route

to promote it exfoliation in liquid media.

Docosan-1-amine Docosanol

H
Cz«”aa\c/

A

Docosanoic acid Docosane

Scheme 7.1. Chemical structures of investigated heneicosane derivatives.
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7.3 Experimental

7.3.1 Materials

N-methyl-2-pyrrolidinone (NMP - product number (p.n.) 332461), was purchased from
Sigma-Aldrich and used as solvent for the exfoliation. Graphite powder (p.n. 332461) was
also acquired from Sigma-Aldrich and used without further treatment. docosanoic acid (p.n.
216941), docosanol (p.n. 169102), docosane (p.n. 43942) were purchased from Sigma-Aldrich
and used as surface stabilizing agent. 1-phenyloctane (p.n. 113190) purchased from Sigma-
Aldrich and highly oriented pyrolitic graphite (HOPG, grade ZYH) was used for scanning
tunneling microscopy measurements. All chemicals were used as received, i.e. without

purification.

7.3.2 Synthesis of docosan-1-amine

The compound was prepared in 77% yield over three steps from 1-docosanol according to a

modification of the procedure of Sugandhi and coworkers. >

7.3.3 Preparation of graphene

Graphite flakes were sonicated for 6 h at 50 + 2 °C (100 W) in the chosen solvents, keeping
the graphite weight percent constant, i.e. 1 wt %. The temperature was kept constant to 50 °C
by using a thermal controller and a cooling coil during sonication. Since the ratio between
graphite powder and the solvent was kept constant, different masses of graphite flakes have
been used. To remove the large numbers of macroscopic aggregates of graphite, centrifugation
(Eppendorf 5804, rotor F-34-6-38, 30 min at 10 000 rpm) was performed. 3 mL of graphene

dispersions were pipetted for each molecules, and a homogeneous dark phase was obtained.
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7.3.4 Characterizations

The amount of exfoliated graphene was measured on a Cubis Ultramicro-Balance MSA2.7S-
000DM using a membrane holder. The filters were weighted 5 times before and after the
filtration process in order to average the mass of graphene. Dispersions were first transferred
in 10 mm path length quartz cuvette and analyzed by means of UV-vis-IR absorption
spectroscopy using a Jasco V670 spectrophotometer equipped with a Peltier thermostated cell
holder at 20 + 0.05°C.

A mother solution of each molecule in Scheme 1 was dissolved in chloroform and diluted with
1-phenyloctane to give 20 mM solutions for docosanoic acid and docosanol, and 50 mM
solution for docosane and docosan-1-anime. Solutions were heat over night at 80 °C to better
dissolve the molecules. STM imaging was carried out in constant height mode without turning
off the feedback loop, to avoid tip crashes. 2D pattern formation was achieved by applying 4
pL of a warm solution onto freshly cleaved HOPG. The STM images were recorded at room

temperature once a negligible thermal drift was achieved.

7.4 Results and discussion

7.4.1 Scanning tunnelling microscopy

To fully understand the effect of the head group attached at the end of the docosane chain on
the molecular self-assembly on graphite, we used STM at the solid-liquid interface to
investigate the physisorbed monolayers. This comparative study was performed by applying a
drop of a 20 mM solution of each derivative in 1-phenyloctane onto freshly cleaved HOPG.
Because of its high dielectric constant, the NMP solvent employed for LPE process cannot be
used to perform STM measurements. The molecules were all found to pack forming lamellar

crystalline patterns (Figure 7.1), use characteristic parameters are reported in Table 7.1.
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C22 derivative Chemical formula a (nm) b (nm) o Ay (nm?) N Aol

CHs Cx1Ha3-CH3 04+0.1 31+01 (90+2)° 1.2+0.2 1 12+02
NH; C21H43-CH,NH, 04+0.1 101+0.1 (86+2)° 12+02 2 1.3+02
COOH CxH43-COOH 09+0.1 31+01 (88+2)° 28+0.2 2 14+£01
OH C21H4s-CH,OH 04+0.1 10.0+0.1 (88+2)° 24+02 2 12402

Table 7.1. Unit cell parameters of investigated carboxylic acids at the solid—liquid interface, *a
and b are the vector lengths and « the angle between those vectors; A, is the unit cell area, n
the number of molecules in the unit cell and A, (= Au/ny) is the area occupied by single
molecules within the unit cell.

Initially we investigated the self-assembly of docosane. Figure 7.1a shows that it forms a
monocrystalline lamellar structure at the graphite-solution interface. The interaction between
CHs; groups belonging to adjacent lamellae is of van der Waals type. The molecules are
oriented 90° with respect to the main lamellar axis, they are physisorbed flat on the surface

and do not exhibit interdigitation between molecules belonging to contiguous lamellae.

A similar packing has been also observed for docosan-1-amine (Fig. 7.1c), consisting of
lamellar architectures with molecular lying flat on graphite and oriented at 90° from the
lamella main axis. Also in this case, no interdigitation between molecules belonging to
adjacent lamellae has been observed. The NH, groups exposed in the a-position interact via
weak hydrogen bonds with analogue groups exposed on molecules belonging to the

contiguous lamella.

Docosanoic acid also self-assembles flat on the graphite surface forming monocrystalline
lamellar motifs exhibiting 90° between the molecule and lamella main axis (Figure 7.1e). The
molecules forms H-bonded dimers, which are interdigitated between adjacent lamellae, in

accordance with previous observations on carboxylic acids.

Docosanol physisorbed flat on HOPG forming lamellae, but in this case the OH groups
(forming weak H-bonds between molecules belonging to adjacent lamellae) dictates the 60°
between the molecule and lamella main axis as a result of the geometry of the non-covalent

interaction (Figure 7.1g).
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Figure 7.1. STM current images of monocrystalline lamellar structures, as well as proposed
molecular packing models, obtained from (a-b) docosane, (c-d) docosan-1l-amine, (e-f)
docosanoic acid and (g-h) docosanol. Tunneling parameters: average tunneling current (I;) = 20
pA, tip bias voltage (V) =350 mV.

The unit cells parameters reported in Table 7.1 are in good agreement with previous reports.”®
Interestingly, the self-assembled monolayers of all these derivatives with different functions
can be also formed at the CVD graphene/solution interface, showing poorly resolved 2D
patterns. One reason for the poor resolution is the fact that CVD graphene grown on copper
were used, and the surface of these samples is not perfectly flat which is a required condition

for a good molecular resolution.

7.4.2 Liquid-phase exfoliation

In order to test the ability of these four molecules to increase the yield of exfoliation if
graphene, we have prepared dispersions by adding graphite powder in NMP and sonication in
ultrasound bath in the presence of the four molecules in Scheme 1 as dispersion-stabilizing
agents. These four dispersions have been compared to the blank experiment, i.e. graphene
without dispersion-stabilizing agents. The theoretical number of molecules needed to cover
the entire surface on graphene was calculated by knowing the area of graphite occupied by

each molecules type (as revealed by STM). Also the initial graphite powder was
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hypothetically considered as a single sheet on which molecules can adsorb on both phase. The
number of molecules needed to form densely packed monolayers on graphene would be
higher than the real surface of graphite powder; different percentages of molecules were
therefore tried (2.5%, 5%, 7.5 %, 10%, 15% and 20%). After sonication and centrifugation
step, homogeneous dark dispersions were obtained and characterized by UV-vis-IR absorption

spectroscopy (see Figure 7.3.).
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Figure 7.2. a) Photographs of graphene dispersions prepared by exfoliation of graphite flakes in
NMP, in the presence/absence of surfactant molecules at 20 s.a. %; b) Average concentration of
graphene dispersions after the filtration process. The error bars correspond to the different
values obtained in 10 independent experiments.

In order to quantify the amount of graphene present in the dispersions, a mixture of graphene
dispersion and chloroform was annealed up to 50 °C for 30 min and filtered through PTFE
membrane (pore size 100 nm). The remaining solvent and C21 derivative molecules were
washed three times with diethyl ether and chloroform. Careful measurements of the filtered

mass gave the final concentration of graphene in dispersions.

By analyzing 10 independent experiments, we found that when exfoliation is performed in the
absence of dispersion-stabilizing agents (called blank experiment), comparable concentrations
of graphene were observed with NMP (86 +10 pug mL™). The graphene-dispersed
concentrations reported in this work are in good agreement with those previously reported

using the same experimental set-up.

Then, we extended our LPE studies by using heneicosane derivatives as dispersion-stabilizing

agents (Scheme 7.1). Interestingly, we found that the concentration of graphene prepared in
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NMP in the presence of these molecules increases almost linearly with the number of ad-hoc
molecules (s.a.%) and the highest concentrations were found at 20 s.a.%. Noteworthy, the
most significant increase in graphene concentration is obtained by using docosanoic acid
molecules, where it amounts to 160 ug mL™. This latter corresponds to nearly 100% increase
in the yield of exfoliation, when compared to samples prepared in pure NMP (86 pg mL‘l).
Surprisingly, the use of docosane molecules leads to 135 pg mL™ of graphene, which is more
concentrated than exfoliation with docosanol and docosan-1-amine molecules (109 pug mL™
and 112 pg mL™ respectively). These results demonstrate that the use of carboxylic acids as

dispersion-stabilizing agents leads to a significant increase in the yield of exfoliation.

7.4.3 UV-Vis-IR spectroscopy

All dispersions were also characterized by UV-vis—IR absorption spectroscopy. The spectra
are as expected being featureless in the visible — IR region. Each of these dispersions was
diluted a number of times and the absorption spectra recorded. The absorbance (660 nm)
divided by cell length is plotted versus concentration. A Lambert — Beer behavior was

observed for all samples (See Figure 7.3).
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Figure 7.3. UV-Vis spectra of graphene dispersion in NMP in the presence/absence of
dispersing-stabilizing agents at different concentrations for 20 s.a. %.

123



Supramolecular approaches to graphene: Generation of functional hybrid assemblies

744 HR-TEM

HR-TEM was exploited to gain qualitative information and many relevant details such as the
percentage of single-layer graphene (SLG) flakes, the lateral size of the flakes and the
presence/absence of defects. In particular the analysis of the folded edges of the graphene
sheets was used to estimate the number of layers composing the flakes. First, we focused our
attention on dispersion prepared in NMP in the absence of the dispersion-stabilizing agents.
The TEM micrographs revealed that the majority of dispersions are composed by a large
fraction of bilayer graphene sheets folded over themselves, with lateral sizes < 0.8 pum, as
typically observed for LPE graphene. We mainly focused our attention on the characterization
of graphene dispersion exfoliated with 20 s.a.% of molecules. In terms of the lateral size of
LPE graphene, no major differences were observed between the blank sample and graphene
exfoliated in the presence of the different docosane molecules, with a majority of flakes
having a size of 200 nm. Moreover, the HR-TEM analysis allowed us to define the number of
layers of the graphene sheets, which is estimated ranging between 1 — 3 layers for docosan-1-
amine, docosanoic acid and docosane, and between 2 — 4 layers for docosanol. The statistical
analyses of the graphene sheet thickness and lateral flake size are reported in Figures 7.4a and

7.4c, respectively.
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Figure 7.4. Statistical analyses of HR-TEM results of graphene exfoliated in pure NMP and in
NMP in the presence of docosane, docosan-1-amine, docosanoic acid and docosanol molecules.
(a) Histogram of the distribution of the flake thickness. (b) HR-TEM micrograph of the edge of
a monolayer and elative fast Fourier transform (FFT), showing the typical hexagonal pattern
from graphene/graphite lattice at 0.21 nm. (c) Histogram of the lateral flake size distribution.
The fitting of the distribution has been obtained with a LogNormal distribution. (d) TEM
micrograph of a monolayer.

7.5 Conclusion

In conclusion, we have demonstrated that by mastering the self-assembly of ad-hoc molecules
on the graphene surfaces, in a process operating under thermodynamic control, it is possible to
improve the yield of exfoliation of graphite in liquid media. This finding was attained by
unraveling the interplay of molecule-graphene, molecule-molecule, solvent-substrate and
solvent-molecule interactions. We used equally long linear alkanes as dispersion-stabilizing
agents during the liquid phase exfoliation of graphene, and we found a dependence of the
yield of exfoliation on type of head group exposed at the end of the alkane chain. In our

comparative study, simple yet chemically representative head groups have been chosen
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including methyl, carboxylic acid, amine and alcohol. Our investigation revealed that the
yield of exfoliation (i) scales with the strength of the H-bond formed between the head groups,
and (i) increase linearly with the s.a.%. The most effective exfoliation was obtained with
docosanoic acid molecules at 20 s.a.% in NMP, with a concentration of exfoliated graphene of
160 pg mL™ that corresponds to a nearly 100% increase in exfoliation yield when compared to
samples prepared in pure NMP (85 pg mL™). Furthermore, a remarkable increase of single-

layer graphene (SLG) flakes was observed in some cases with TEM
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Chapter 8 Unraveling the role of the
length of fatty acids

8.1 Introduction

As the potential applications of graphene multiply, being able to produce defect-free graphene
in large quantities in up-scalable ways is becoming more and more important. While small-
molecule assisted graphite LPE has been widely investigated in water, only a few examples
have been reported so far on the use ad hoc molecules in organic media *™. In recent years, it
has been shown that graphene dispersions can be prepared in NMP with the aid of nonionic

°  modified polyethyleneglycol ° and oligothiophene-terminated

porphyrin molecules
polyethyleneglycol 7, and more recently with the use of polymeric systems ® °. However, the
fundamental yet extremely important question of what makes a molecule a good candidate to

promote the LPE of graphite remains open.

Self-assembly of molecular building blocks at the solid-liquid interface relies on a subtle
interplay between molecule—-molecule, molecule—substrate, molecule—solvent, and solvent-
substrate interactions leading to the targeted 2D nanopatterns *°. The use of small organic
molecules such as dispersion-stabilizing agents is expected to promote the exfoliation of
graphite when the chosen molecules have a strong affinity for the basal graphitic planes and
stronger than that of the solvent molecules interacting with graphene. A good starting point
can be the use of alkanes which are known to exhibit a high affinity for the surface of
graphite/graphene **. In this framework, it has been very recently demonstrated that arachidic
acid can be successfully exploited to promote the exfoliation of graphene in NMP 2. Such a
finding opened the question on the optimal design of the fatty acid to assist the exfoliation, for
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example on the role of the length of aliphatic side chain. In fact, surfactants stabilize
exfoliated graphene in water and organic solvents, where the { potential of the surfactant-

coated graphene nanosheets controls the dispersed concentration .

8.2 Scope

Here we show that both the quantity and the quality of defect-free, few layer thick graphene
dispersions in four different solvents, i.e. N-Methyl-2-pyrrolidone (NMP), ortho-
dichlorobenzene (0-DCB), 1,2,4-trichlorobenzene (TCB) and N,N-Dimethylformamide
(DMF) can be increased by the addition of linear alkanes exposing a carboxylic acid head
group. In particular, we explore the role of the length of the alkane chain by focusing our
attention on five linear modules, i.e. hexanoic acid (C6), lauric acid (C12), stearic acid (C18),
lignoceric acid (C24) and melissic acid (C30) (Scheme 8.1), whose different adsorption
energies on graphene and marked tendency to form tightly packed crystalline self-assembled
monolayers on such a surface are expected to play a major role during the LPE process.
Alkanes and in particular carboxylic acids are one of the first molecules visualized with the
sub-molecular resolution at the graphite—liquid interface by STM °. Among different o-
functionalized alkanes, those equipped with carboxylic acid head group are of particular
interest as they are known to form hydrogen-bonded dimers in majority of organic solvents,
which results in the formation of extremely stable supramolecular structure on graphite
surface. Scanning tunneling microscopy " at the solid-liquid interface using highly-oriented
pyrolitic graphite as a model substrate was performed to test both the affinity and the self-
assembly behavior of the various carboxylic-acid derivatives on graphene. Finally, the quality
of the exfoliated graphene was quantitatively investigated by means of high-resolution
transmission electron microscopy and Raman spectroscopy. Noteworthy, while many other
groups focused their attention on LPE process using rather random molecular building blocks
as surfactants/dispersion-stabilizers, none of them reported systematic studies in which the
choice of molecules and their role during LPE is well explained. A comparative analysis like

the one presented here is extremely important to gain a deeper understanding on the role of
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dispersion-stabilizing molecules in the LPE of graphite, which can potentially result in

shortening and simplifying the production of graphene for technological applications.

o
HOJK/\/\ (65}
Q
HOJJ\/\/\/\/\/\ C12
o]
HOJJ\\/\/\/\/\\/\/\/\/\ C18
0]
HOJJ\/\/\/\\/W\N\/\/\/\ C24

o}

HOJK/\/\/\/\/\/\/\/\/\/\/\/\/\/\ c30

Scheme 8.1. Chemical structures of investigated carboxylic acid derivatives.

8.3 Experimental

8.3.1 Material

In a typical exfoliation process, N-methyl-2-pyrrolidinone (NMP - product number (p.n.)
332461), N,N-dimethylformamide (DMF, p.n. 33120), ortho-dichlorobenzene (0-DCB, p.n.
240664) and 1,2,4-trichlorobenzene (TCB, p.n. 256412) were purchased from Sigma-Aldrich
and used as solvent for the exfoliation. Graphite powder (p.n. 332461) was also acquired from
Sigma-Aldrich and used without further treatment. Hexanoic acid (p.n. 153745), lauric acid
(p.n. L556), stearic acid (p.n. S4751), lignoceric acid (p.n. L6641) and melissic acid (p.n.
134805) were purchased from Sigma-Aldrich and used as surface stabilizer. 1-phenyloctane
(p.n. 113190) purchased from Sigma-Aldrich and highly oriented pyrolitic graphite (HOPG,
grade ZYH) was used for scanning tunneling microscopy measurements. All chemicals were

used as received, i.e. without purification.
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8.3.2 Preparation of graphene

In order to obtain graphene dispersions, graphite flakes were sonicated for 6 h at 40 + 2°C
(100 W) in the chosen solvents, keeping the graphite weight percent constant, i.e. 1 wt%.
Since the ratio between graphite powder and the solvent was kept constant, different masses of
graphite flakes have been used. Sonication of graphite powder led to grey liquid consisting of
a homogeneous phase and large numbers of macroscopic aggregates. As previously reported,
these aggregates can be removed by centrifugation (Eppendorf 5804, rotor F-34-6-38, 60 min

at 8000 rpm), yielding a homogeneous dark dispersion.

8.3.3 Characterizations

XPS analyses were carried out on a Thermo Scientific K-Alpha X-ray photoelectron
spectrometer with a basic chamber pressure of ~10® mbar and an Al anode as the X-ray
source (x-ray radiation of 1486 eV). Spot sizes of 400 um were used and pass energies of
200.00 eV for survey scans and 50.00 eV for high-resolution scans were used. 150 uL of
dispersions were spin coated on Au substrate for 1 minutes at 1000 rpm and substrates were

annealed for 1 day at 100°C in a oven under vacuum.

A mother solution of each carboxylic acid in Scheme 1 was dissolved in chloroform and
diluted with 1-phenyloctane to give 20 mM solution. STM imaging was carried out in constant
height mode without turning off the feedback loop, to avoid tip crashes. Monolayer pattern
formation was achieved by applying 4 pL of a warm solution onto freshly cleaved HOPG. The

STM images were recorded at room temperature once a negligible thermal drift was achieved.
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8.4 Results and Discussion

8.4.1 Scanning tunneling microscopy

To achieve a full understanding of the self-assembly at the solid-liquid interface of the five
carboxylic acids in Scheme 1, we performed a sub-molecularly resolved STM study of
physisorbed monolayers on graphite. This comparative study was carried out by applying a
drop of a 20 mM solution of each carboxylic acid in 1-phenyloctane onto freshly cleaved
HOPG. Given that the solvent used for STM experiments has to be apolar (dielectric constant,
¢ = 2-4) and have a low vapor pressure, STM measurements cannot be performed by using the
solvent commonly employed during liquid-phase exfoliation process, e.g. NMP has a
dielectric constant of 31, thus 1-phenyloctane was chosen as a solvent. From the crystalline
pattern obtained for each self-assembled monolayer on HOPG, the unit cell parameters, i.e.
the length of the vectors a and b, the angle between the vector a, the unit cell area (Ay), the
number of molecules in the unit cell (nyc), and the area occupied by a single molecule in the

unit cell (Amol, With Amer = Auc/Nyc), are given in table 8.1.

Acid derivative Chemical formula a (hm) b (nm) o Ay (nm?) N | Amal

C12 CH3(CH>)1,COOH 0.95+0.2 181+02 | (90+2)° | 1.72+0.24 2 0.86 £ 0.14
C18 CHj3(CH>)1,COOH 0.94+0.2 2.61+0.2 (88+2)° | 245+0.23 2 1.23+0.09
C24 CHs(CH,)22COOH 0.95+0.2 336+02 | (90+2)° | 3.19+0.22 2 | 159+0.07
C30 CH3(CH>),sCOOH 0.95+0.2 41502 | (92+2)° | 3.94+0.22 2 1.97 £0.05

Table 8.1. Unit cell parameters of investigated carboxylic acids at the solid—liquid interface. *a
and b are the vector lengths and « the angle between those vectors; A, is the unit cell area, ny
the number of molecules in the unit cell and Ano (= Ay/Nye) is the area occupied by single
molecules within the unit cell.

Initially we investigated the self-assembly of hexanoic acid (C6) molecules, and as expected,
C6 molecules have not been found to form ordered monolayer at the HOPG-solution interface.
Noteworthy, since the affinity of hexanoic acid to graphite surface is relatively low, this

molecule (liquid) is commonly used as a solvent in STM measurements ***°.
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The STM current image in Figure 8.1a shows a monocrystalline lamellar structure of lauric
acid (C12) molecules self-assembled on HOPG surface. In this 2D crystal, C12 molecules are
physisorbed flat on the surface adopting in-plane zig-zag conformation and forms H-bonded
dimers, which are interdigitated between adjacent lamellae. Carboxylic acids exposing longer
aliphatic chains showed similar self-assembly behaviors at the graphite-solution interface.
Regardless of the length of the chain the observed monolayers of C18 (Figure 8.1c), C24
(Figure 8.1e), C30 (Figure 8.1g), exhibit an akin motif consisting of lamellar structures, with
molecules adopting in-plane zig-zag conformation and forming H-bonded dimers, which are
interdigitated between adjacent lamellae. Furthermore, the comparison of the unit cell
parameters of the various self-assembled monolayers (Table 8.1) reveals that the only
difference between these architectures is the value of the b vector, which affects the area
occupied by a single acid molecule (Anq). Interestingly, the difference between An,C12 and
AnoiC18 matches the difference between AnoC18 and AmaC24, as well as AnoC24 and
AmnoiC30, being 0.37 nm?, consistent with the area occupied by the additional molecular
fragment, i.e. a hexane moiety, whose van der Walls surface area projection on graphite
amounts to 0.35 nm?. The unit cells parameters reported in Table 1 are in good agreement
with previous report.% Interestingly, the self-assembled monolayers of carboxylic acids can be
also formed and studied at the CVD graphene/solution interface,” showing 2D patterns having

the exact unit cell parameters as those observed on HOPG/solution interface.
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Figure 8.1. STM current images of monocrystalline lamellar structures, as well as proposed
molecular packing models, obtained from (a-b) C12, (c-d) C18, (e-f) C24 and (g-h) C30.
Tunneling parameters: average tunneling current (Iy) = 20 pA, tip bias voltage (V,) = 350 mV.

8.4.2 Liquid-phase exfoliation

To test the capability of the carboxylic acids to increase the graphene exfoliation yield, we
prepared dispersions by adding graphite powder in four solvents, i.e. NMP, o-DCB, TCB and
DMF, and sonication in ultrasound bath (6 hours) in the presence of dispersion-stabilizing
agents, i.e. the five carboxylic acids in Scheme 8.1. Graphene dispersions prepared in such a
way have been compared with the blank experiments, i.e. dispersion prepared in the absence
of additional molecules. By considering the initial graphite powder as a single graphene sheet,
and knowing the area of graphite occupied by each acid molecule type (as revealed by STM)
we calculated the theoretical number of molecules needed to form densely packed monolayers
on graphene 2. Given that the calculated quantity of the molecules would be higher than the
real surface of graphite in the form of powder, we have used only 20% of molecules needed to
cover the entire graphene surface. Sonication of all samples led to grey liquids consisting of a
homogeneous phase and large numbers of macroscopic aggregates, i.e. unexfoliated graphitic
material. As previously reported !, these aggregates can be removed by centrifugation,
yielding homogeneous dark dispersions (see Figure 8.2.), which were characterized by
different technics.

To quantify the concentration of graphene after centrifugation, a mixture of graphene
dispersion and chloroform was first heated up to 50 °C for 30 min and then passed through
polytetrafluoroethylene membrane filters (pore size 100 nm). The remaining solvent and acid
molecules were washed several times with diethyl ether and CHCI3. Careful measurements of
the filtered mass were performed on a microbalance (Sartorius MSAZ2.75) to give the
concentrations of graphene. The presence of adsorbed molecules on the graphene sheets may
affect the mass measurements and ultimately the exfoliation yields. Thus, heating was
necessary to completely remove, i.e. desorb, the acid molecules from graphene. Careful
measurements of the filtered mass provided the concentration of the dispersed phases after

centrifugation (see Figure 8.2).
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By analyzing 15 independent experiments, we found that when exfoliation is performed in the
absence of dispersion-stabilizing agents (called blank experiment) comparable concentrations
of graphene were observed with NMP (86 + 10 pg mL™) and 0-DCB (98 + 9 pg mL™),
whereas lower concentrations were obtained when TCB (64 + 7 ug mL™) and DMF (47 + 7 pg
mL™) were used. It is worth noting that these values of graphene concentration cannot be
directly compared with the results reported by other research groups. In fact, benchmarking
the values of graphene concentration is one of the biggest issues in the community, since the
final concentration of graphene and lateral flake size differ significantly from one group to
another. This can be simply explained by the fact that different experimental conditions, such
as initial graphite concentration, solvent volume, sonication power and temperature, are (with
a few exceptions) commonly omitted or not discussed. In any case, the graphene-dispersed
concentrations reported in this work are in good agreement with those previously reported

using the same experimental set-up & *°.

Finally, we extended our LPE studies by using carboxylic acids as dispersion-stabilizing
agents (Scheme 8.1). Interestingly, we found that the concentration of graphene prepared in
NMP, o-DCB and TCB increases almost linearly with the length of the aliphatic chain (Figure
8.1b), except for the data points at highest alkane length. Surprisingly, the use of acid
molecules (regardless of their length) has no major influence on the concentration of
dispersions prepared in DMF, although the quality of dispersion improves (see below). In
contrast to the case of blank experiments, the highest concentrations of graphene obtained in
acid-assisted LPE were obtained in NMP. Consistently, NMP is the most widely used organic
exfoliation medium, not only for its well-matched surface tension and Hansen solubility
parameters but also because it provides the exfoliated graphene with excellent stability;
therefore it is not surprising that the highest gain in concentration upon addition of carboxylic
acid molecules was observed using this solvent. Noteworthy, The most significant increase in
graphene concentration was obtained by using C30 molecules, where it amounts to 240 ug
mL™. This latter corresponds to nearly 200% increase in the yield of exfoliation, when
compared to samples prepared in pure NMP (85 pg mL™). In the case of the chlorinated
solvents, i.e. 0-DCB and TCB, the highest increase in the yield of exfoliation was monitored
when C24 molecules were used, and amounts to ca. 50% and ca. 90% increase, in case 0-DCB
and TCB, respectively. Surprisingly, an enormous drop in the exfoliation yield was observed
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when using the C30 molecules. This is explained by the marked tendency of long fatty acids
to form gel-like dispersions in chlorinated solvents at room temperature ®2. Despite these two
particular cases, a linear correlation between the concentration of exfoliated graphene and the
length of the carboxylic acid is evident in all solvents (see Figure 8.2). These results
demonstrate that the use of carboxylic acids as dispersion-stabilizing agents leads to a
significant increase in the yield of exfoliation. Although the formation of spatially extended,
ordered, and stable self-assembled monolayers of fatty acids on graphene sheets during the
sonication process is unlikely, the presence of the acid molecules unambiguously leads to an
increased yield of exfoliation, proving that molecule-molecule as well as molecule-graphene

interactions play necessarily a major role during LPE process.
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Figure 8.2. a) Photographs of graphene dispersions prepared by exfoliation of graphite flakes in
NMP, o-DCB, TCB and DMF, in the presence/absence of carboxylic acid molecules; b)
Average concentration of graphene dispersions after the filtration process. The error bars
correspond to the different values obtained in 15 independent experiments.

8.4.3 UV-Vis-IR spectroscopy

Graphene dispersions were characterized by UV-vis—IR absorption spectroscopy. As

expected, the spectra are featureless in the visible — IR region. Each of these dispersions in
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NMP, i.e. graphene, graphene with C6 to C30 was diluted a number of times and the

absorption spectra recorded (Figure 8.3).
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Figure 8.3. UV—Vis spectra of graphene dispersion in NMP in the presence/absence of C6 to
C30 at different concentrations.

The absorbance (660 nm) divided by cell length is plotted versus concentration (Figure 8.4). A

Lambert — Beer behavior was observed for all samples, with extracted values of the regression

from the linear fitting amounting to 0.988 for all samples.
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Figure 8.4. Optical absorbance (A = 660 nm) divided by cell length (A/L) as a function of
concentration showing Lambert—Beer behavior of all dispersions.

Graphene dispersions in 0-DCB, TCB and DMF were also characterized by UV-vis-IR
absorption spectroscopy (Figure 8.5). As expected, the spectra are featureless in the visible —

IR region
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Figure 8.5. UV-Vis spectra of graphene dispersion a) in DCB, b) in DCB with C24, ¢) in TCB,
d) in TCB with C24, €) in DMF, f) in DMF with C24 and g) in DMF with C30 at different
concentrations.
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The absorbance (660 nm) divided by cell length is plotted versus concentration (Figure 8.6). A
Lambert — Beer behavior was observed for all samples, with extracted values of the regression

from the linear fitting amounting to 0.988 for all samples.
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Figure 8.6. Optical absorbance (A = 660 nm) divided by cell length (A/L) as a function of
concentration showing Lambert—Beer behavior of all dispersions.

8.44 HR-TEM

In order to fully characterize the exfoliated graphitic material, both qualitative and quantitative
information are reported. While quantitative information can be assessed simply by providing
the yield of exfoliation expressed in terms of concentration (in pg mL™), the qualitative
analysis provides more relevant details such as the percentage of single-layer graphene (SLG)
flakes, the lateral size of the flakes and the presence/absence of defects. Currently, the only
method for the identification of the number of graphene layers in material produced by LPE is

based on High Resolution Transmission Electron Microscopy (HR-TEM) 2. Together with the
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information coming from electron diffraction patterns, in HR-TEM the number of layers can

be directly counted by analyzing the edges *'.

8.4.4.1 Dispersions in NMP

First, we focused our attention on dispersion prepared in NMP in the absence and/or the
presence of fatty acids as dispersion-stabilizing agents. The TEM micrographs reveal that the
majority of dispersions are composed by a large fraction of monolayer graphene sheets folded
over themselves, with lateral sizes < 1 pum, as typically observed for LPE graphene. The
analysis of the folded edges of the graphene sheets provides estimates of the number of layers
composing the flakes (Figure 8.7a). In terms of the thickness of LPE graphene, no major
differences were observed between the blank sample and graphene exfoliated in the presence
of C18, C24 and C30 molecules, where the percentage of mono- and bi-layer thick flakes
amounts to 16 £ 1 % and 20 £ 1 %, respectively. Surprisingly, the use of C6 and C12
molecules as dispersion-stabilizing agents resulted in a drastic decrease of the dispersions
quality, in which mono- and bi-layer flakes were not observed. Based on such observation we
decided to omit the dispersions prepared in the presence of these shorter acids in the further
investigation by TEM. Moreover, the TEM analysis allowed us to define the average lateral
size of the graphene sheets, which is estimated to be 224 + 50 nm, 405 *+ 28 nm, 279 = 21 nm
and 247 £ 20 nm, for graphene exfoliated in NMP and NMP/C18, NMP/C24 and NMP/C30,
respectively. The statistical analyses of the graphene sheet thickness and lateral flake size are

reported in Figure 8.7a and 8.7b respectively.
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Figure 8.7. Statistical analyses of HR-TEM results of graphene exfoliated in pure NMP and in
NMP in the presence of C18, C24 and C30 molecules. (a) Histogram of the distribution of the
flake thickness, data fitted with Lorentzian function (best fit among the other functions). (b)
Histogram of the lateral flake size distribution. The fitting of the distribution has been obtained
with a Lorentzian distribution. (c) HREM micrograph of a monolayer folding, and (d) relative
Fast Fourier Transform (FFT), showing the typical hexagonal pattern from graphene/graphite
lattice at 0.21 nm (yellow circles), and a twisted one correspondent to the folded layer (green
circles).

8.4.4.2 Dispersions in 0-DCB, TCB and DMF

We now focus our attention on the samples prepared in the three other solvents, i.e. those
prepared in pure 0-DCB, TCB and DMF, as well as on dispersions of the highest
concentration prepared in the presence of acid molecules, namely 0-DCB/C24, TCB/C24 and
DMF/C24 and DMF/C30. As previously described, the use of C30 molecules during LPE in
chlorinated solvents, does not allow for a successful exfoliation of graphite, as reflected by the

low concentration of produced graphene inks (Figure 8.2).

Similarly to the NMP samples, the TEM micrographs recorded on the samples prepared in o-
DCB revealed that the majority of dispersions are composed by a large fraction of mono- and
bilayer graphene sheets, typically folded over themselves. In terms of thickness composition,

in contrast to the case of NMP dispersions, the use of C24 molecules resulted in a notable
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decrease of monolayer thick flakes from 26% (blank) to 13% (Figure 8.8a). Interestingly,
while the percentage of monolayer graphene flakes strongly decreases, we observed a rather
surprising increase in the lateral size of the flakes (Figure 8.8b), from ca. 200 nm (blank) to
440 nm.

TEM analysis of the dispersions produced in TCB revealed that the poor quality of the
samples (only 3% of MLG — Figure 8.8d) can be sufficiently improved by the use of C24
molecules, where the percentage of single-layer graphene (SLG) flakes amounts to 18%.
However, in this case no difference in lateral flakes size was observed. Through the “blank”
samples prepared in pure DMF are of the lowest quality, in terms of concentration and
stability (precipitation after several days), we found that the use of acid molecules, i.e. C24
and C30, allows production of dispersions, which are stable over several weeks. Furthermore,
if compared to blank experiment, the aid of C24 and C30 molecules results in 8% and 16%

increase of SLG respectively.
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Figure 8.8. (a-h) Statistical analyses of TEM and HR-TEM results of graphene dispersions in
pure (a) 0-DCB, (d) TCB, and (g) DMF, as well as in the presence of C24 (o-DCB, TCB, DMF)
and C30 molecules (DMF). Histograms of the lateral flake size distribution of graphene flakes
prepared in (b) 0-DCB, (e) TCB, and (h) DMF. The fitting of the distribution has been obtained
with a Lorentzian distribution. (c, f, i) TEM micrographs of folded monolayer graphene flakes
prepared from dispersions in (c) 0-DCB/C24, (f) TCB, and (i) DMF/C24.

8.4.5 Raman spectroscopy

The results obtained by TEM are confirmed by Raman spectroscopy. Although the Raman
analysis is more qualitative, it has been shown that this technique is sensitive to the changes in
thickness composition under different experimental conditions & * 2. Figure 8.9a shows the
representative Raman spectrum of the blank sample as compared to the spectrum of the
graphene suspension obtained with the C30 molecule.
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Figure 8.9. (a) Typical Raman spectrum of single-layer graphene produced in NMP and in
NMP with the C30 molecules. The 2D peak is in both cases highly symmetric. I(D)/1(G) is also
comparable. (b) Percentage of single-layer graphene derived by the 2D peak shape analysis as a
function of the length of the carboxylic acid molecules. The highest percentage is observed with
the addition of the C24 and C30 molecules, but this strongly depends on the solvent used.
Strong improvements are observed for the poorest solvents, such as DCB and DMF.

The D peak is typical of LPE graphene ! and it is activated by the edges, being the flakes
smaller than the laser spot size (Figure 8.7 and 8.8). Figure 8.9b shows the single-layer
percentage as derived from the 2D peak shape analysis as a function of the carboxylic acid
length. The addition of carboxylic acids to NMP increases the relative percentage of single
layers from 41% to about 48%. However, the increase in single-layer concentration is not
directly proportional to the length of the carboxylic acid, as also observed by TEM (Figure
8.7b). The highest concentration is obtained with the addition of the C30 molecules, while
C18 and C24 molecules give single-layers concentrations comparable with NMP alone. A
drastic decrease in graphene concentration is observed for the C12 and C6 molecules, in
relatively good agreement with TEM (Figure 8.7). Note that 1(D)/I(G) does not show any
strong change for the dispersions obtained with NMP alone and NMP with the C30 molecules,
showing that the quality and the size of the flakes are comparable (at least within the Raman
resolution), which is consistent with the TEM results (Figure 8.7). By and large, Raman
spectroscopy shows a slight increase in the graphene concentration when the C30 molecules
are used; in contrast, no improvement or even a decrease in concentration of single-layers is

observed when the other carboxylic acid molecules are used.
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Figure 8.2 shows that NMP gives higher concentration of graphene, while TCB and DMF are
poor solvents for exfoliation of graphite. 0-DCB gives intermediate results. However, NMP
seems to give a slightly higher I(D)/1(G) compared to the other solvents. HR-TEM analysis
shows that the addition of carboxylic acids strongly improves exfoliation, in particular when
C24 and/or C30 molecules are used (Figure 8.7 and 8.8). The highest increase is observed for
the poorest solvents such as TCB and DMF. The Raman analysis confirms these results: the
percentage of single layers increases from 10% to 25% when the C24 molecules are added to
TCB, and from 16% to 28% when the C30 molecules are added to DMF. Strong changes in
I(D)/1G) are not observed after addition of carboxylic acids, indicating that the C24 and C30
molecules do not produce defects. The thickness composition analysis shows that the addition
of the C24 and C30 molecules reduces the amounts of thick graphite (called >5 [AB] in Table
8.2) by increasing the amount of thin layers and single-layers (Figure 8.8b). Ultimately, this
confirms that the use of carboxylic acids improves the exfoliation of graphite even in poor

solvents.

I(DYI(G) | >5[AB]

NMP 06-1.0 3%
NMP + C30 06-15 0%
0-DCB 04-038 23%

0-DCB + C24 03-05 6%

TCB 04-0.8 41%
TCB + C24 08-1.2 12%
DMF 04-0.8 0%
DMF + C30 04-0.8 0%

Table 8.2. Table showing the I(D)/I(G) and the percentage of thick graphitic (i.e. with AB
stacking configuration) flakes. The addition of the C24 and C30 molecules reduces significantly
the amounts of thick graphitic flakes.
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8.4.6 X-ray photoelectron characterization

We used XPS to analyze graphene + C24 dispersions in 0-DCB or NMP before and after
washing the C24 molecules. (See Figure 3.5.10)
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Figure 8.10. High-resolution C1s spectra of graphene exfoliated in the presence C24 a) in NMP,
b) in NMP after washing step, ¢) in 0-DCB and d) in 0-DCB after washing step. Experimental
data are shown as black line, and the individual deconvolved components as colored lines.

The high-resolution C1s XPS spectrum of the graphene + C24 sheets from NMP dispersions
showed a sharp peak at 284.3 eV that corresponded to C-C bonds of carbon atoms in a
conjugated honeycomb lattice. Peaks at 285.7, 287.4, 287.9 and 289.2 eV could be attributed
to different C-O bonding configurations due the presence of C24 molecules and NMP
residues. Also the peak at 2810.6 eV can be assign to C-N bonds coming also from NMP.
After the washing step, the intensities of all of the related oxygen peaks were significantly
decreased in the sample, indicating that the C24 molecules were removed. Also the C-N peak
is present in a lower intensity corresponding to 4% of NMP molecules. The high-resolution
C1s XPS spectrum of the graphene + C24 sheets from DCB dispersions showed a sharp peak
at 284.2 eV corresponding to delocalized m conjugation from the sp? atomic structure of
graphite. Peaks at 285.6, 287.3, 287.8 and 289.1 eV could be attributed to different C-O
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bonding configurations due the presence of C24 molecules. After the washing step, the related

oxygen peaks are not present, indicating that the C24 molecules were removed.

8.5 Conclusion

We have demonstrated that by mastering a supramolecular approach it is possible to enhance
the yield of graphite exfoliation in an up-scalable molecule assisted LPE-based method to
produce high-quality graphene flakes from powdered graphite. To attain a fundamental
understanding over the role of molecule-graphene interaction on the yield of graphene LPE,
we have carried out a comparative study by using as prototypical dispersion-stabilizing agent
fatty acids with increasing the length of the aliphatic chain. Simple washing step allowed us to
completely remove the molecules used during LPE process. Careful analysis revealed a
significant increase in the yield of exfoliation with the length of the aliphatic chain. In
particular, the most effective exfoliation was obtained with C30 molecules in NMP as a
solvent, with a concentration of exfoliated graphene of 240 pg mL™ that corresponds to a
nearly 200% increase in exfoliation yield when compared to samples prepared in pure NMP
(85 pg mL™). In the case of the chlorinated solvents, i.e. 0-DCB and TCB, the most effective
exfoliation was observed using the C24 molecules, which produced ca. 50% and ca. 90%
increase in the exfoliation yield with o-DCB and TCB, respectively. Furthermore, a
remarkable increase of single-layer graphene (SLG) flakes was observed in some cases. TEM
analysis of dispersions produced in TCB and DMF revealed that the poor quality of the
samples (only 3% of SLG) is sufficiently improved by the use of C24 (TCB) and/or C30
(DMF) molecules, which results in a 16% increase of SLG respectively. The Raman analysis
fully supports the TEM results. The observed dependence of the exfoliation yield with the
length of the aliphatic chain has been interpreted by means of a straightforward yet effective
thermodynamic model of molecular self-assembly on graphene. Our analysis shows that the
shorter the aliphatic chain, the larger the (translational and rotational) entropic cost of forming
a 2D self-assembled monolayer will be. These results suggest that a model based on molecular
mechanics for the energetics and a statistical mechanic treatment of entropy, could be used to
predict the efficiency of supramolecular building blocks as graphene dispersion-stabilizing
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agents and eventually guide the chemical design of the next generation of exfoliators. Our
simple yet efficient supramolecular approach to leverage the graphene production in a liquid
media, relying on basic molecular modules, is generally applicable to create stable and highly
concentrated graphene-inks. The attachment of functional units to the end of the alkane chains

can pave the way towards the generation of graphene-based multifunctional nanocomposites.
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Chapter 9  Enhancing LPE upon
addition of n-octylbenzene

9.1 Introduction

More recently, it has been reported that the use of small organic molecules acting as
dispersion-stabilizing agents can promote the exfoliation of graphite when the chosen
molecules have a strong affinity for the basal graphitic planes, being these interactions also
stronger than those between the solvent molecules and graphene . Indeed suitably designed
molecules, possessing adsorption energy on graphene larger than the adsorption of solvent-
molecules, are able to form highly ordered physisorbed monolayers on the graphene surface.
In this framework, it has been recently demonstrated that the addition of simple linear alkanes
of different length terminated by a carboxylic-acid head group during the LPE process
increases not only the exfoliation yield but also the percentage of graphene monolayers *.
Nevertheless, molecule-assisted LPE in organic solvents, and in particular when the molecules
contain aliphatic tails, is limited by the fact that a maximum amount of molecules added
during LPE cannot exceed 25 s.a. %, which can lead to the gelation of graphite/molecule

dispersions °.
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9.2 Scope

To overcome this issue, in this part we extended our study to the use of molecules which at
room temperature exist as a liquid, and we investigate the effect of their addition on the LPE
process performed in two different commonly used solvents, i.e. NMP and ortho-
dichlorobenzene. In particular, we focus our attention on n-octylbenzene (NOTBZ) as
dispersion-stabilizing agent due to its total miscibility in the selected solvents and its known
capacity to promote the exfoliation yield of graphene *. In this framework, it has been very
recently demonstrated that NOTBZ molecules can be successfully exploited to promote the
exfoliation of graphene in NMP. Here we explore the effect of the presence of different
volume ratios of NOTBZ in either NMP or 0-DCB during the LPE process on the quality and
quantity of produced graphene flakes. We describe also a new deposition technique used for
fabrication of uniform graphene films deposited from solution on flat solid surfaces. The set-
up includes an integrated heating system to guarantee the fast evaporation of the solvent. More
importantly, the as-obtained graphene film shows low sheet resistance and high optical

transparency.

9.3 Experimental

9.3.1 Materials

N-methyl-2-pyrrolidinone (NMP - product number p.n. 332461), ortho-dichlorobenzene (o-
DCB, p.n. 240664), N,N-dimethylformamide (DMF, p.n. 33120) and 1,2,4-trichlorobenzene
(TCB, p.n. 256412) were purchased from Sigma-Aldrich and used as solvent for the
exfoliation. N-octylbenzene (NOTBZ, p.n. 113190) and graphite powder (p.n. 332461) were

also acquired from Sigma-Aldrich and used without further treatment.
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9.3.2 Preparation of graphene

Graphite flakes were sonicated for 6 h at 40 £ 2°C (600 W) in four different solvents, i.e.
NMP, 0-DCB, DMF and TCB. Since NOTBZ is a liquid at room temperature, we decided to
fix the total volume of the mixture at 10 mL. For each solvent, we varied the amount of the
added molecules and fix the amount of graphite powder. The latter was changed for each of
the solvents used. Sonication of graphite powder led to grey liquid consisting of a
homogeneous phase and large numbers of macroscopic aggregates. As previously reported %,
these aggregates can be removed by centrifugation (Eppendorf 5804, rotor F-34-6-38, 30 min
at 10 000 rpm), yielding to a homogeneous dark dispersion.

9.3.3 Characterizations

Atomic Force Microscopy (AFM) characterization was carried out by using a Veeco
Dimension 3100, running with a Nanoscope IV controller. The analysis of AFM images and
the extraction of the topographical profiles, for measuring the thickness of the different films,

were done using Gwyddion.

XPS analyses were carried out on a Thermo Scientific K-alpha X-ray photoelectron
spectrometer with a basic chamber pressure of ~10® mbar and Al anode as the X-ray source
(x-ray radiation of 1486 eV). Spot sizes of 400 um were used and pass energies of 200 eV for
survey scans and 50.00 eV for high-resolutions scans were used. 150 pL of dispersions were
spin coated on Au substrate for 1 minute at 1000 rpm and substrates were annealed for 1 day

at 100 °C in an oven under vacuum.

9.3.4 Graphene thin film and sheet resistance measurements

Prior to use, quartz substrates were washed by applying 2 cycles of acetone and isopropanol
and cleaned by UV ozone treatment. 70 pL of the as-prepared graphene dispersions in 0-DCB
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or NMP were deposed on freshly cleaned quartz substrate using our spin-controlled drop-
casting set-up. A custom high torque step motor, with 1.8°/step and 200 step/revolution was
used. We explored different parameters, i.e. rotation angle (from 0 to 35 steps), speed (from 1
to 35 step/s) and temperature (from 20 to 80 °C). The best condition giving a homogeneous
film was by setting the rotating angle and speed at 22 steps and 11 steps/s respectively while
heating at 50 °C. One deposition corresponds to one cycle of drop-casting 70 pL of graphene
dispersion, 30 minutes of rotation and 180 min of post annealing at 100°C under vacuum. The
numbers of deposition were varied between 1 and 9. Sheet resistances were measured with a
four probes Jandel (RM3000) platform. The analysis of AFM images and the extraction of the
topographical profiles, for measuring the thickness of the different films, were done using

Gwyddion

9.4 Results and discussions

9.4.1 Liquid-phase exfoliation

In order to cast light onto the role of the addition of NOTBZ in the graphene liquid-phase
exfoliation, we first prepared dispersions by adding graphite powder in four different solvents
most commonly employed for LPE, i.e. NMP, 0-DCB, DMF and TCB. Sonication has been
applied for 6 h in an ultrasonic bath at 600 watts. Different volumes of NOTBZ were added to
NMP and o-DCB dispersions. Sonication of all samples yielded grey liquids consisting of a
homogeneous phase and large numbers of macroscopic aggregates. To remove the
unexfoliated graphitic material, centrifugation at 10 000 rpm for 30 min was carried out, and
the obtained homogeneous dark dispersions (see Figure 9.1a and 9.1b) were characterized by
different technics. To quantify the concentration of graphene after centrifugation, graphene
dispersion was mixed with chloroform and heated up to 50°C for 30 min and then passed
through polytetrafluoroethylene membrane filters (pore size 100 nm). The remaining solvent
and NOTBZ molecules were washed several times with diethyl ether and CHCIl;. As
previously reported %%, the presence of adsorbed molecules on the graphene sheets may affect
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the mass measurements and ultimately the exfoliation yields. Careful measurements of the

filtered mass provided the concentration of the dispersed phases after centrifugation

9.4.1.1 NMP and o-DCB dispersions in the presence/absence of NOTBZ

The LPE studies started by analysing the result of do independent blank experiments
performed using pure NMP and o-DCB. The average concentration of graphene amounted to
85 + 5 ug mL™ for NMP, and 100 + 6 pg mL™ for 0-DCB as portrayed in Figure 9.1c and
9.1d, respectively. These results are in a good agreement with those previously reported ' *
using the same experimental set-up. It is worth noting that in general the concentration of
graphene in LPE process is influenced by the centrifugation speed, sonication power,

temperature and time, amount and type of initial graphite, as well as the volume of the solvent.

We have then extended our LPE studies to the use of NOTBZ as dispersion-stabilizing agent.
At room temperature and ambient pressure, NOTBZ is a liquid which is perfectly miscible
with NMP and o-DCB. Among the four solvents used, upon addition of NOTBZ at specific
percentage, we found that the concentration of graphene was more pronounced in NMP and o-
DCB, and the highest yield was obtained for NMP as displayed in Figure 9.1c and 9.1d. This
result is in contrast with the blank experiments. Noteworthy, the most relevant increase in
graphene concentration amounting to 250 ug mL™ was reached upon addition to the NMP
dispersion of 15 volume % of NOTBZ.
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Figure 9.1. Photographs of graphene dispersions prepared by exfoliation of graphite flakes in a)
NMP and b) o-DCB, at different percentage of NOTBZ volume. Average concentration of
graphene dispersions after the filtration process at different percentage of NOTBZ volume in ¢)
NMP and d) o-DCB. The error bars correspond to the standard deviation on the average values
obtained through 10 independent experiments.

In the case of 0-DCB, the maximum of graphene concentration is 190 pg mL™ and is also
observed upon addition of 15 volume % of NOTBZ. These concentrations correspond to an
approximate increase of the exfoliation yield by 230 % for NMP and 100 % for o-DCB as
compared to the blank experiments. It is worth noting that 15 volume % corresponds to a
surface of graphene fully covered by NOTBZ molecules as detailed in Figure 9.3 and reported
elsewhere *. Interestingly, the exfoliation at 100 volume % of NOTBZ, i.e. in pure NOTBZ,
resulted in dramatic decrease of the exfoliation yield. In fact, no graphene was exfoliated, as
revealed by TEM analysis. The exfoliation was successfull only when the amount of NOTBZ
is below 40 %. This phenomenon can be expained by the fact that NOTBZ itself is a bad
solvent for liquid-phase exfoliation. While, recent reports have demonstrated that solvents
with surface tensions of ca. 40 mJ m 2, e.g. NMP, 0-DCB, are the best candidates for carying
out LPE experiments, the relatively low surface tension of NOTBZ (ca. 30 mJ m?) and
notably high increase of the LPE vyieds in the case of NMP-NOTBZ and o-DCB-NOTBZ

provided unambigous evidence that NOTBZ molecules can act as dispersion-stabilizing agent.
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9.4.1.2 DMF and TCB dispersions in the presence/absence of NOTBZ

The average concentration of graphene amounted to 50 = 5 pg mL™ for TCB, and 60 + 6 ug
mL™ for DMF as portrayed in Figure 9.2b. During the exfoliation of graphene in the presence
of NOTBZ molecules, the concentration of graphene slighly increase in both solvents.
Surprisingly, at the same percentage, i.e. 15%, the concentration of graphene in each of the

solvents even TCB and DMF is also the highest.
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Figure 9.2. a) Photographs of graphene dispersions prepared by exfoliation of graphite flakes in
TCB and DMF at different NOTBZ volume percentage, b) average concentration of graphene
dispersions after the filtration process. The error bars correspond to the standard deviation on
the average values obtained through 10 independent experiments.

9.4.2 Surface area

Typically NOTBZ does not form any ordered monolayers at the HOPG/graphene surface at
room temperature and ambient pressure. Nevertheless, theoretical assumption of NOTBZ
packing motif on graphene has been used for calculation the coverage areas. The area
occupied by single molecule amounts to A= (5.92+ 0.9) nm?. The areas A occupied by single
dispersion-stabilizing molecules, as well as area of graphene unit cell (Gunit cen = (0.052%
0.004) nm?) estimated by theoretical assumption can be used for calculating the mass and
number of dispersion-stabilizing molecules needed to cover accessible graphene area.

Noteworthy, in our calculations graphite powder has been considered as a single (rectangular)
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graphene sheet. We found a correlation between the best ratio, i.e. 15 % and the surface area
coverage. Interestingly, only 100 % of graphene coverage gives the highest exfoliation yield

and for all the solvents we tested (Figure 9.3).
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Figure 9.3. Correlation between surface area and volume percentage for all dispersions.

9.43 HR-TEM

In order to characterize the exfoliated graphene sheets, qualitative analysis providing more
relevant details such as the percentage of single-layer graphene (SLG) flakes, the lateral size
of the flakes and the presence/absence of defects is needed. Currently, the most relable
method for the identification of the number of graphene layers in material produced by LPE is
based on High-Resolution Transmission Electron Microscopy. Typically, the analysis of the
folded edges of the graphene sheets provides estimates of the number of layers composing the
flakes. Moreover, from the TEM analysis, the average lateral size of the graphene sheets can
be defined.

First, we discuss dispersions prepared in NMP in the absence and/or the presence of NOTBZ
molecules at the highest concentration obtained, i.e. the 15 %. The TEM micrographs reveal
that the majority of dispersions in NMP are composed of a large fraction of monolayer 15 %
and bilayer 18 % graphene sheets folded over themselves with lateral size smaller then 500
nm. In the presence of NOTBZ, graphene flakes were found mainly in a monolayer 35 % and
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in a bilayer 28 % form (Figure 9.4c). Also, the majority of flakes were found to be smaller
than 200 nm (Figure 9.4a). Figures 9.4b and 9.4d show HRTEM images of monolayered

graphene.

We then focused our attention on the samples prepared in 0-DCB in the presence and/or
absence of NOTBZ as dispersion-stabilizing agent at the highest concentration obtained, i.e.
the 15 %. The TEM micrographs reveal that the majority of dispersions in 0-DCB are
composed of a large fraction of monolayer 25 % and bilayer 22 % graphene sheets folded over
themselves with lateral size smaller than 500 nm (Figure 9.4a). In the presence of NOTBZ, 25
% of graphene flakes were found mainly in a monolayered form and 24 % in a bilayered one.

Additionnaly, the majority of flakes were found to be smaller than 500 nm.
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Figure 9.4. Statistical analyses of HR-TEM results of graphene exfoliated in pure NMP and o-
DCB in the presence of NOTBZ molecules. a) Histogram of the lateral flake size distribution, b)
HRTEM micrograph of a monolayer, c) Histogram of the distribution of the flake thickness, and
d) TEM micrograph of a monolayer.
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Also DMF and TCB dispersions were subject to TEM analysis. By analyzing hundreds of
TEM micrographs, we were able to make statistic on the number of layers and the size of
graphene sheets as shown in Figure 9.5. Exfoliation in the presence of NOTBZ in the four
solvents leaded to a majority of mono and bi-layer flakes with more than 50 % of the total
graphene flakes. More than 25 % of the total flakes are present in a monolayer form. But the
size of the exfoliated graphene sheets is comprised between 100 and 400 nm. For DMF and

TCB, the majority of graphene flakes have a lateral size larger than 200 nm.
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Figure 9.5. Statistical analyses of TEM and HR-TEM results of graphene dispersions exfoliated
in the presence of NOTBZ in NMP, 0-DCB, DMF and TCB. a) Histograms of the number of
layer distribution of graphene flakes and b) histograms of the lateral size flakes size distribution
of graphene flakes.

9.4.4 Raman spectroscopy

To complement the characterization result by HR-TEM, Raman spectroscopy was used. In
fact, Raman analysis is more qualitative and it has been shown that this technique is sensitive
to the changes in thickness composition under different experimental conditions. It has been
revealed that Raman spectroscopy offers a simple and fast analysis of graphene sheet
thickness with the evolution of 2D peak shape > . However, due to the effect of the solvent,
edge effects and strain and doping caused during exfoliation, the Raman spectrum of LPE

graphene is more difficult to analyze compared to the spectrum of mechanically exfoliated
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graphene. Therefore, the analysis is only quantitative and must be used in combination with
HR-TEM results.
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Figure 9.6. a) Typical Raman spectra observed for dispersions obtained by adding NOTBZ. b) Statistical
analysis, based on Raman spectroscopy, on the thickness distribution of the flakes in NMP and DCB before and
after addition of NOTBZ

Figure 9.6a shows the typical Raman spectra of LPE graphene obtained by adding NOTBZ to
NMP and o-DCB solvents. Based on the shape of the 2D peak, we can distinguish between
single-layer (SLG), few-layers graphene (FLG) and graphite (>10 layers). Statistical analysis
shows that upon addition of NOTBZ to NMP and 0-DCB, the percentage of SLG strongly
increases for 0-DCB, while it stays constant for NMP (Figure 9.6b). Therefore, based on
Raman spectroscopy, NOTBZ seems to have a bigger effect on o-DCB than NMP. Figure 9.6
shows that the increase of single-layer concentration observed for 0-DCB is related to a
decrease in the percentage of thick layers, showing that NOTBZ is an effective exfoliation

agent in o-DCB.
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Figure 9.7. Statistical analysis, based on Raman spectroscopy, on the thickness distribution of
the flakes in DMF and TCB before and after adding NOTBZ.

Note that all the spectra show a D peak, which is typical for LPE graphene *. We did not
observe any particular difference in the intensity ratio between the D peak and G peak,
I(D)/1(G), which indicates that NOTBZ does not introduce any structural defect in graphene
when added either in NMP or 0-DCB (Table 9.2).

Statistical analysis shows that upon addition of NOTBZ to DMF and TCB, the percentage of
SLG strongly decreases for DMF, while it stays almost constant for TCB. Figure 9.7 shows
that the majority of flakes are observed as few layers graphene flakes. Also the concentration

of thick layers graphene increase for DMF in the presence of NOTBZ whereas for TCB is the

opposite.
% of flakes 1(D)/1(G) % of flakes 1(D)/1(G) % of flakes 1(D)/1(G)
SLG FLG Graphite
NMP+NOTBZ 38.9 0.6-1.9 50 0.3-1.8 111 0.3-0.6
0-DCB+NOTBZ 38 0.6-1.7 48 0.2-1.3 14 0.2-0.7
DMF+NOTBZ 0 NA 82 0.3-1.2 18.4 0.2-0.5
TCB+NOTBZ 10.2 0.6-0.7 61 0.3-0.9 28.6 0.2-04

Table 9.2. Comparative table of the % of flakes and ratio 1(D)/I(G) for the four solvents in the
presence of NOTBZ molecules.

Noteworthy, the thickness analysis based on Raman spectroscopy is only quantitative and
must be used in combination with HR-TEM results. Commonly, the results based on TEM are
more reliable for liquid-phase exfoliated graphene, and the determination of number of layers

based on Raman spectra is more suitable for graphene prepared by micromechanical
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exfoliation and CVD methods. Therefore, the small discrepancy in the flake thickness analysis

between the Raman and TEM is not surprising.

9.4.5 XPS characterization

We used XPS to analyze graphene + NOTBZ in NMP before and after washing the NOTBZ.
The high-resolution C1s XPS spectrum in figure 9.8a of the graphene sheets from NMP
dispersions showed a sharp peak at 284.3 eV that corresponded to C-C bonds of carbon atoms
in a conjugated honeycomb lattice. Figure 9.8b represents the high-resolution Cls XPS
spectrum of graphene + NOTBZ showed a larger peak at 284.6 eV corresponding to
delocalized m conjugation from the sp? atomic structure of graphite. Also this peak exhibits a
larger behavior as the C-C bond from NOTBZ is also contributed. After the washing step, the
peak at 284.4 eV became sharp again (Figure 9.8c) and confirmed the removal of NOTBZ.

The same behavior is observed for each of the four solvents.
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Figure 9.8. High-resolution Cls spectra of a) graphene exfoliated in NMP, b) graphene
exfoliated in the presence of NOTBZ in NMP and c) graphene exfoliated in the presence of
NOTBZ in NMP after washing the NOTBZ molecules.
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9.4.6 Graphene thin film

Despite the increase of the exfoliation yield and the successful production of mono and few
layers thick graphene sheets, the deposition of these graphene dispersions on commonly used
substrates (mainly SiO, and quartz) to form uniform films for applications in electronics
remains a challenge. The solvents used for LPE have high boiling points, which results in a re-
aggregation problem particularly when drop-casting method is used. Moreover, spin-coating
of such dispersions is very challenging because as a results of the poor wetting, only few
graphene sheets remains on the surface of the substrate, making it an unsuitable technique to
form uniform films of graphene. Another well-known phenomenon observed when a drop of
graphene dispersion is drying on a surface, is the coffee-ring effect #°. Some graphene flakes

accumulate at the drop periphery, yielding a characteristic ring shape pattern.
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Figure 9.9. a) Schematic scheme of the developed technique for depositing graphene
dispersions. b) Operating principle of the technique showing a rotation of the axis in a
counterclockwise direction (image on the left) and a clockwise direction (image on the right).
SEM images of graphene film prepared by c) spin-controlled drop-casting (using the set-up in
a), d) drop-casting, and e) spin-coating.
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Consequently, we thought of controlling the deposition from solution by devising a new
simple technique, called spin-controlled drop-casting. It consists of a stepper motor featuring a
rotating axis controlled by custom software as shown in Figure 9.9a. The substrate is
connected to a heating plate fixed on the axis. First the drop is deposited at a zero angle, i.e.
when the substrate is in its planar configuration. Then the x-axis is rotated back and forth in
counterclockwise (Figure 9.9b left) and clockwise directions (Figure 9.9b right) by the stepper
motor at controlled speed and angles configured by the software. These movements
accompanied by the underneath heating of the substrate allow to avoid the coffee ring-effect
and obtain a complete evaporation of the solvent. Interestingly, a uniform film with more
dispersed and less aggregated sheets is obtained (see Figure 9.9¢) unlike the normal casting
method (see Figure 9.9d) or spin coating (see Figure 9.9¢). Moreover, this new method allows
the fabrication of graphene films fully covering the substrate on a scale of 100 pm? (see

Figure 9.10).

A,

Figure 9.10. Large-scale SEM images of graphene film for N=1 prepared by a) spin-controlled
drop-casting, b) drop-casting, and c) spin-coating.

AFM and SEM were used in order to investigate the change of morphology of these films,
when different numbers of deposition (n) are applied. The graphene sheets are forming islands

(as observed in Figure 9.9c) with a height up to 24 + 4 nm (Figure 9.11).
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Figure 9.11. AFM images of graphene film prepared by spin-controlled drop-casting for a)
N=3, b) N=5, ¢) N=7 and d) N=9 from NMP + NOTBZ dispersion.

The subsequent depositions of multiple dispersion drops allow increasing the surface coverage
of the film, while the thickness of the films remains constant at 24 nm. Noteworthy, as many
as nine depositions (n = 9) is needed in order to form a film with more than 95% of surface
coverage. A correlation between the coverage and the number of deposition has been
extracted from AFM analysis (Figure 9.12).
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Figure 9.12. Estimation of the surface coverage

Optical transmittance and electrical resistance of graphene films are two important
characteristics for many opto-electronic applications requiring transparent electrodes.
Therefore, benefiting of the advantages offered by our developed set-up, we prepared on
quartz substrates conductive graphene films from graphene dispersions in 0-DCB or NMP in
the presence and absence of NOTBZ molecules. The preparation mechanism is depicted in
Figure 9.9. Prior to deposed graphene dispersions, quartz substrate were ozone treated in order
to clean the surface. UV—Vis spectroscopy was used to measure the optical transmittance
versus the number of deposition as shown in Figure 9.13a. In the visible range, graphene films
prepared in 0-DCB or NMP, with and without NOTBZ molecules, show transmittance of ~ 93
% at 550 nm for the first deposition (n = 1) regardless the type of solvent or the presence or
absence of NOTBZ. In all cases and as expected, the transmittance decreases when the
number of deposition or the surface coverage increases. For n = 9, where the sample is
uniform with coverage exceeding 95%, the transmittance at 550 nm is lowered as compared to

a single deposition and it decreases from ~93 to 72 %.
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Figure 9.13. a) The optical transmittance at A=550 nm, and b) the sheet resistance of graphene
film versus number of deposition. The error bars correspond to the standard deviation on the
average values obtained by performing 6 independent measurements.

The measured sheet resistances of the 24 nm thick graphene film led to very high values for
films prepared from only three depositions (see Figure 9.13b). This is mainly due to the fact
that these sheets are not perfectly overlapped. Average resistance values were in the range of
2500 to 1000 Q/square for graphene prepared from 0-DCB, and were higher in the case of
NMP (3200 to 2200 Q/square) and in the presence of NOTBZ because of the low conductivity
of the molecule. However, if more depositions are performed, the film resistance decreases
(see Figure 9.13b) due to the better physical interconnection among adjacent graphene sheets
and the increased surface coverage. The presence of the added molecules, because of their
electrically insulating nature, results in higher resistances as well. Our best sample (graphene
from 0-DCB only) shows a surface coverage close to 100 % for 9 depositions with 72 % of
transmittance and 680 /square. With a surface coverage amounting 100 %, the thickness of
the graphene film times the sheet resistance value expressed in Q/square is equal to the
volume resistivity in Q m of the graphene film. In our case the volume resistivity is as low as
1.6x10" Q m. Also our sheet resistances and transparency are very close to those reported for
graphene deposed by casting-dropping graphene/acetone suspension onto a polystyrene glass
ride (~ 1000 Q/square, 80 % at 550 nm) 19 or electro-chemically exfoliated graphene treated
with HNO3 (~ 400 Q/square and 73 % at 550 nm) ** but still far from CVD-graphene doped
with HNO; (~ 30 Q/square and 90 % at 550 nm) *2.
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9.5 Conclusions

We have demonstrated that it is possible to enhance the yield of graphite exfoliation by
mastering a molecule-assisted LPE-based approach to produce high-quality graphene flakes
from bulk graphite. To attain a fundamental understanding of the role of molecule-graphene
interaction on the yield of graphene LPE, we have carried out a comparative study by using
NOTBZ as dispersion-stabilizing agent upon increasing the volume ratio of NOTBZ in two
organic solvents, i.e. NMP and o-DCB. Careful analysis revealed a significant increase in the
yield of exfoliation with the volume percentage of NOTBZ until a maximum. In particular, the
most effective exfoliation was obtained with 15 volume % of NOTBZ in NMP as a solvent,
with a concentration of exfoliated graphene of 250 pg mL™ corresponding nearly to 230 %
increase in exfoliation yield when compared to samples prepared in pure NMP (85 pg mL™).
In the case of 0-DCB, the most effective exfoliation was observed using also 15 volume % of
NOTBZ, which led to ca. 100% increase in the exfoliation yield. Furthermore, a remarkable
increase of single-layer graphene (SLG) flakes was observed in some cases. Careful
investigation made it possible to correlate the 15 % NOTBZ volume to 100 % of surface area
estimated which was found to be accurate for all studied solvents. TEM analysis of
dispersions produced in NMP revealed that the quantity of SLG is improved by 100 % when
using NOTBZ molecules. In the case of 0-DCB, the quantity of SLG was found amounting 25
% even after addition of NOTBZ molecules, although a qualitative Raman analysis showed an
opposite trend between NMP and 0-DCB after adding NOTBZ. Graphene ink produced with
our approach was deposed uniformly on SiO, or quartz substrate by using a new deposition
technique relying on a spin-controlled drop casting. These graphene films exhibit sheet
resistance as low as 1 kQ/square and transparency of 70 % at 550 nm. By controlling the
number of depositions and the concentration of graphene dispersions, film resistance and
transparency can be tuned. Our approach opens up new avenues for the technological
applications of graphene ink as low-cost electrodes and conducting nanocomposite for

electronics.
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Chapter 10 Light enhanced LPE and
photoswitching current in
graphene-composite

10.1 Introduction

Small organic molecules such as surfactants or dispersion-stabilizing agents, can promote the

2 in particular when such a molecules have higher

exfoliation of graphite into graphene,
adsorption energies on the basal plane of graphene, than those involved in solvent-graphene

interaction.®*

Photochromic molecules, and in particular azobenzene-based molecules either physisorbed
directly® ® or trough pyrene anchoring groups’ on the graphene surface or even when graphene
is adsorbed on an azobenzene self-assembled monolayer ® can result in reversible modulation
of the electronic properties of the 2D material. Nonetheless, the use of additional responsive
functions exposed on a suitably designed molecule to assist the LPE of graphene into
functional inks is still unexplored. This approach could lead to the production of functional

hybrid materials and nanocomposites in a one-pot process.
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10.2 Scope

Here we combine photochromic systems and LPE graphene exploiting the properties of these
materials. We focus on 4-(decyloxy)azobenzene molecules and demonstrate that their use has
two major advantages: first, the quantity of graphene dispersions in N-methyl-2-pyrrolidone
(NMP) can be enhanced by exploiting the photoisomerization of azobenzene molecules during
exfoliation process. Second, the isomerization of azobenzenes from trans to cis form and vice
versa, when physisorbed in-between adjacent graphene flakes, leads to a reversible
modulation of the inter-flake distance on the sub-Angstrém scale. This is reflected in a light-

response of the electrical properties of the hybrid material.

10.3 Materials

10.3.1 Materials

Graphite flakes (Sigma-Aldrich, Product Nr. 332461), 4-(decyloxy)azobenzene (Sigma-
Aldrich, Product Nr. S931950) and N-methyl-2-pyrrolidone (NMP, Product Nr. 270458) were

purchased from Sigma-Aldrich.

10.3.2 Preparation of graphene

Graphene dispersions have been prepared by adding graphite powder (100 mg) in NMP (10
mL), and tip-sonication (Labsonic M, Platinum tip, diameter 2 mm) for 3 hours either in dark
or under UV light irradiation using a portable laboratory UV lamp (8 W, 365 nm, 0.34 mW
cm?, Herolab GmbH), at two different temperatures, namely 20 and 40 °C in glass vials
(Pyrex), in the presence of azobenzene molecules (5.5 mg). (See Figure 10.1) Subsequently,
the dispersions were allowed to settle for 15 min and 90 vol.% of the dispersions were

decanted and centrifuged (Eppendorf, centrifuge 5804) for 1 hour at 10.000 rpm. From the
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centrifuged dispersions 70 vol.% were pipetted off the top for characterization and sample
preparation. To quantify the concentration of graphene after centrifugation, the dispersions
were passed through polytetrafluoroethylene (PTFE) membrane filters (pore size 100 nm).
Measurements of the filtered mass were performed on a microbalance (Sartorius MSA2.75)

tip sinicator

Labsonic M,

Platinum tip,
diameter 2 mm

UV lamp <-> sample
fixed distance 8.5 cm

-+
UV lamp,
8 W, 365 nm, coil connected to
0.34 mW cm?, water cooling system

Herolab GmbH

water bath

Figure 10.1. Photograph of experimental set-up

10.3.3 Device fabrication

For the device fabrication, n**Si substrates with a thermally grown SiO, layer (230 nm) and
pre-patterned interdigitated gold source and drain electrodes (IPMS Fraunhofer) with different
channel length (L = 2.5, 5, 10, 20 um) and constant channel width (W = 10 mm) were used.
The substrates were cleaned prior to the device fabrication in an ultrasonic bath (FB 15047,
Fisher Scientific) of acetone and isopropanol, 15 min in each solvent, and treated 5 min (+ 30
min incubation) with a UV surface decontamination system (PSD-UV, Novascan) to improve
wetting of the solvent. The graphene dispersions (50 [JL) were drop-cast on the cleaned
substrates and dried for 48h in vacuum at 30°C.
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10.3.4 Characterizations

The electrical characterization was carried out in inert atmosphere (glovebox) with an
electrometer (Keithley 2636A) interfaced with LabTracer™ software. For the light induced
switch, a Polychrome VV monochromator (Till Photonics) was used as UV light (350 nm, 5.64
mW/cm™) and visible light source (450 nm, 4.83 mWcm™). For the Raman experiments,
graphene dispersions were drop-cast onto pre-cleaned n**Si substrates with a thermally grown
SiO, layer (300 nm) and dried for 48h. Raman spectra were collected with a Renishaw InVia
spectrometer at 457, 514.5 and 633 nm. The excitation power was kept below 1 mW to avoid
effects of local heating. The scattered light was collected with a 100x objective. HR-TEM was
out with a FEI Tecnai F20 TEM/STEM equipped with a Schottky emitter and operated at a
120 keV primary beam energy. SEM images were recorded with a Quanta FEG 250 from FEI.

The thickness of the hybrid films was determined with an Alpha-Step 1Q Surface Profiler
from KLA Tencor. XPS analyses were carried out on a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with a basic chamber pressure of ~10® mbar and an Al anode as
the X-ray source (X-ray radiation of 1486 eV). Spot sizes of 400 um were used and pass
energies of 200.00 eV for survey scans and 50.00 eV for high-resolution scans were used. 150
uL of dispersions were spin coated on Au substrate for 1 minute at 1000 rpm and substrates
were annealed for 1 day at 100°C in a oven under vacuum. Samples for XRD diffraction
analysis were prepared by precipitating graphene and/or graphene/azobenzene by adding
water:ethanol (1:1, vol:vol) into NMP dispersions. Collected precipitate was dried under
vacuum for 24h. The powder X-ray diffraction (XRD) patterns of all the samples were
obtained using a Bruker AXS D2 Phaser (LYNXEYE detector) with Ni-filtrated Cu-Ka
radiation (1 = 1.5406 A) with 1 mm of air-scattering slit, 0.1 mm equatorial slit. Samples were
deposited on the surface of single crystal Si wafer (cut of (911)). XRD patterns were collected

with degree step of 0.016° and time step increments of 10 sec/step from 8 to 80°.
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10.4 Results and discussions

10.4.1 Liquid-phase exfoliation

To test the capability of the alkyl-substituted azobenzenes to increase the yield of graphene
exfoliation and to exploit the photochromic nature of such molecules when interacting with
graphene, vials containing NMP, graphite powder and azobenzene molecules underwent 3
hours of tip sonication. Such process was carried out either in dark or under UV light
irradiation using a portable laboratory UV lamp, at two different temperatures, i.e. 20 °C and
40 °C. Subsequently, the dispersions were allowed to settle for 15 min and 90 vol% of the
dispersions, were decanted and centrifuged for 1 hour at 10 000 rpm. Graphene dispersions
prepared in such a way have been compared with control samples, i.e. dispersion prepared in
the absence of azobenzene molecules, both in dark and irradiated at 365 nm at either 20 °C or
40 °C.

To quantify the concentration of graphene after centrifugation, a mixture of graphene
dispersion and 2-propanol (IPA) was first heated up to 50 °C for 30 min and then passed
through polytetrafluoroethylene (PTFE) membrane filters. The remaining solvent and
azobenzene molecules were washed several times with diethyl ether and IPA. Careful
measurements of the filtered mass were performed on a microbalance to infer the
concentrations of graphene (see Figure 10.2b). The presence of adsorbed molecules on the
graphene sheets may affect the mass measurements and ultimately the exfoliation yields.
Thus, the heating step was necessary to completely remove, i.e. desorb, the azobenzene

molecules from graphene, as proven with X-ray photoelectron characterization (XPS).
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Figure 10.2. Azobenzenes, light-assisted graphene’s LPE process in the presence of azobenzene
and yield of exfoliation. a) Chemical structure of 4-(decyloxy)azobenzene and reversible trans-
cis photoisomerization under UV and visible light. b) Average concentration of graphene
dispersions after the filtration process. The error bars reflect a statistical analysis on 20
independent experiments. c¢) Schematic representation of LPE process under different
experimental conditions: in NMP (reference experiment), in NMP with azobenzene molecules in

dark and under UV-vis irradiation.
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By analysing the results of 20 independent experiments, we found that when exfoliation is
performed in the absence of azobenzene molecules (control experiments), comparable
concentrations of graphene were observed when dispersions were kept at 20 °C (64 £ 5 pug
mL™) or heated at 40 °C (62 + 6 ug mL™). Moreover, the irradiation of such dispersions at 365
nm did not affect the quantities of produced material, neither at 20 °C nor at 40 °C (63 + 6 ug
mL*and 63 + 8 pg mL™?, respectively).

It is worth noting that these values of graphene concentration cannot be directly compared
with the results reported by other research groups. In fact, benchmarking the values of
graphene concentration is one of the hottest issues in the community, since the final
concentration of graphene and lateral flake size differ significantly from one group to another.
This can be simply explained by the fact that different, subtle experimental conditions, such as
initial graphite concentration, solvent volume, sonication power and temperature, are (with a
few exceptions) commonly omitted or not discussed. Furthermore, concentration of
dispersions prepared by tip-sonication cannot be compared with those made by bath-
sonication, because the different density as well as the power of ultrasounds highly affects the
exfoliation yields.® While the majority of graphene dispersions reported in literature are
produced by bath-sonication, in order to exploit the photochromic nature of azobenzene
molecules, we used tip-sonicator, which allowed us to in-situ irradiate the dispersions with
ultra-violet light continuously during LPE process.

LPE exploiting alkoxy-substituted azobenzene as dispersion-stabilizing agents can occur
according to different scenarios depending on the isomeric form of the photochromic
molecule (Figure 10.2c). We found that the presence of azobenzene molecules has no major
influence on the concentration of dispersions prepared in dark, which amounts to 71 = 5 ng
mL™*and 72 + 7 pg mL™ at 20 °C and 40 °C, respectively. As previously reported, the use of
small organic molecules, and in particular those based on aromatic cores,® and alkyl
functionalization® * can promote the exfoliation of graphite into graphene. Therefore, even a
minor increase of graphene concentration (6-9 pg mL™) upon addition of a relatively small
amount of azobenzene molecules (5 wt%), highlights the importance played by the molecules
during the LPE.
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In contrast to the case of the experiments performed in dark, irradiation with UV light at 365
nm of dispersions during LPE process resulted in a remarkable increase of the graphene
concentration. In particular, substantial enhancement in graphene concentration was obtained
at 20 °C, amounting to 81 + 5 pug mL™, which corresponds to a nearly 30% increase in the
yield of exfoliation, when compared to blank samples (63 pg mL™). Yet, the most significant
increase in graphene concentration was obtained by irradiating graphene/azobenzene
dispersions heated at 40 °C, amounting to 110 + 8 pg mL™, which corresponds to a 75%
increase in the yield of exfoliation. These results demonstrate that the addition of azobenzene
molecules during LPE leads to a significant increase in the yield of exfoliation only in samples
containing azobenzenes being irradiated at 365 nm. Therefore, the increase in graphene
concentration can be attributed directly to trans-to-cis photoisomerization. Moreover, notable
temperature dependence on the LPE yields was observed, which may be due to differences in
molecule-graphene interactions at 20 and 40 °C, as well as different kinetics of trans-to-cis

photoisomerization process.

10.4.2 Trans-to-cis photoisomerization and cis-to-trans relaxation

The transition from the thermodynamically stable trans to the metastable cis form can be
induced by irradiation with UV light, and takes place on the picoseconds timescale,*®
whereas the cis-to-trans isomerization is typically triggered by light or heat. The latter can
also be activated by the use of ultrasound-induced mechanical force. Although, it has been
considered that mechanoisomerization of azobenzene typically results in the cleavage of the
N=N azo bond,*? recent theoretical calculations'® and experimental results** have challenged

this view.
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Figure 10.3. UV-vis spectra of the trans-to-cis isomerization of 4-(decyloxy)azobenzene in
NMP showing disappearance of the 353 nm band and increase of 442 nm band upon irradiation
with UV-light (A = 365 nm) for 3h under different experimental conditions: a) 20 °C, b) 40 °C,
¢) 20 °C / sonicated and d) 40 °C / sonicated.
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Figure 10.4. UV-vis spectra the cis-to-trans relaxation of cis-4-(decyloxy)azobenzene in NMP
showing disappearance of the 442 nm band and increase of that at 353 nm as a function of time
(samples kept in dark and sonicated) under different experimental conditions: a) 20 °C, b) 40
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To gain a quantitative understanding of the photoisomerization of azobenzene, we performed
a simple yet insightful kinetic analysis of both trans-to-cis and cis-to-trans isomerization. The
UV-vis spectra of azobenzene dissolved in NMP (Figure 10.5a, black line) shows an
absorption maxima at 353 nm, arising from the n—n* transition, and a peak at 442 nm arising
from the n—n* transition. The UV-vis spectra of the above solution when irradiated with UV
light at A = 365 nm showed a dramatic reduction of the band at 353 nm, and an increase in
absorbance of the 442 nm (n—x* transition) peak, which is a characteristic feature attributed to
the photoisomerization from trans to cis (Figure 10.5a, red line). The photostationary state can
be reversibly converted back to the trans isomer upon irradiation at A = 450 nm. The
conversion is more than 95% back to the thermodynamically stable trans-azobenzene (Figure
10.5a, black dashed line).

To probe cis-to-trans isomerization of the azobenzene molecules, under the experimental
conditions corresponding to those used during the LPE process, i.e. at 20 °C and 40 °C, in the
presence of ultrasound-induced mechanical forces, a stock solution of azobenzene in NMP
(110.2 mM) was prepared, and then exposed to UV light at A = 365 nm and sonicated for 3
hours. Every 30 min (except a first measurement after 5 min) 0.2 mL of UV irradiated
solution was transferred (in the dark) into a quartz cuvette, diluted 10 times with NMP, and
the optical absorption spectrum was recorded (shown in Figure 10.3 and 10.4). Lastly, to
ensure stability of the azo bond during the sonication, a solution sonicated for 3 hours was
exposed to white light and an absorption spectrum was recorded. Similar procedure was

applied for blank experiments, i.e. in the absence of ultrasound-induced mechanical forces.
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Figure 10.5. Spectroscopic characterization of trans-to-cis isomerization and cis-to-trans
relaxation. a) UV-vis spectra of 4-(decyloxy)azobenzene in NMP (1.62 mM) showing the
disappearance of the 353 nm band and an increase of the 442 nm band upon irradiation with
UV-light (A = 365 nm). The solid black line corresponds to the parent trans-azobenzene
spectrum, the red line represents typical spectrum of solution irradiated with UV-light (cis-
azobenzene), the black dashed line — cis-azobenzene irradiated with visible light (thus re-
transformed in trans-azobenzene), b) Difference in percentage of conversion from trans to cis
isomer as a function of UV irradiation time at 20 and 40 °C, c) First-order Kinetic plots and rate
constants (Kyanscis) for the trans-to-cis isomerization of at 20 and 40 °C, d) Difference in
percentage of conversion from cis to trans isomer as a function of time at 20 and 40 °C, e) First-
order kinetic plots and rate constants (Kgs.trans) fOr cis-to-trans relaxation of at 20 and 40 °C. b-e)
Blank samples, i.e. samples prepared without sonication: blue (20 °C) and red (40 °C); sonicated
samples: green (20 °C) orange (40 °C).

Analysis of the absorption and 'H-NMR spectra (see Figure 10.6) acquired at different
experimental conditions allowed us to quantify the percentage of conversion from trans- to

cis-azobenzene, as well as the rate constants for trans-to-cis isomerization. Moreover, the
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NMR results show that the molecules do not suffer from poor stability when sonicated, i.e. the

decyloxychains are not being chopped of from the azobenzene core.
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Figure 10.6 *H-NMR spectra of 4-(decyloxy)azobenzene in NMP:CDCl; (1:30 vol:vol, 1.6
mM): a) initial spectrum consisting of 79 and 21% of the trans and cis species respectively; b)
spectrum of the solution irradiated for 1 h at 365nm consisting of 58 and 42% of the trans and
cis species respectively, c) spectrum of the solution irradiated for 2.5 h at 365nm consisting of
27 and 73% of the trans and cis species respectively, d) spectrum of the solution (c) irradiated

with white light consisting of 71 and 29% of the trans and cis species respectively.

The slow kinetics of the trans-to-cis isomerization of azobenzene molecules in the present

case can be explained by the fact that both spectroscopic experiments and LPE process, are

carried out under unusual conditions, including low power of UV-light (0.34 mW cm?).

Significantly different time (30 min) between blank and sonicated samples, are needed for

converting all molecules from trans- to cis-isomer, as clearly shown in Figure 10.2b. Previous

studies on the trans-to-cis isomerization of azobenzene in the presence of UV light showed

that the reaction follows first-order kinetics and the rate constant k for the process can be

obtained from Eq. 10.

14,15
1,
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(Aoo - At) _

In —=
(Aoo - AO)

—kt  (Eq.10.1)

where Ao, A, and A_, are the absorbances before irradiation, at irradiation time t, and after
irradiation for prolonged time (ca. 6h). Applying Eq. 1, the isomerization constant Kirans-cis for
azobenzenes isomerized at 20 °C was found to be similar to the Kyanscis fOr azobenzenes
isomerized at 40 °C, and amounts to 2.96 h™ and 2.89 h%, respectively. Significantly different
Kirans-cis Were observed for the samples exposed to ultrasound-induced mechanical forces, i.e.
2.28 h and 0.79 h™* for dispersions prepared at 20 and 40 °C, respectively. To ensure the
stability of the azo bond during the sonication, the two samples were exposed to white light
and the absorption spectra were recorded. The absorption at A = 365 nm in both cases was
found to be consistent with the trans-azobenzene spectra in both cases, which clearly indicates
that the molecules, and in particular the azo bond, are stable during the sonication at various

temperatures.

Because of the slow kinetics of the trans-to-cis isomerization, attributed to the UV light power
and to the experimental conditions, we decided to shed light into competing processes
promoting the cis-to-trans isomerization. Noteworthy, since the trans-to-cis isomerization and
the LPE processes were performed under UV light, the possible cis-to-trans back conversion
can be considered being promoted by thermal- or mechano-thermal relaxation, in the case of
experiment performed in the absence or presence of ultrasound-induced forces, respectively.

To probe both thermal- and mechano-thermal isomerisation of azobenzene molecules, four
solutions (110.2 mM) were prepared in NMP and the UV-vis spectra were recorded. The
solutions were then irradiated with UV light (A = 365 nm) for 3 hours to photoisomerize the
azobenzene from its trans to cis configuration (see Figure 10.4. for absorbance spectra). The
solutions were then kept for 3 hours at 20 °C and/or 40 °C, in the presence and/or absence of
ultrasound-induced mechanical forces. Every 30 min 0.2 mL of solution was transferred (in
dark) into quartz cuvette and diluted 10 times with NMP and absorption spectra was recorded.
As expected, because of the lack of the white light during the 3 hours of the relaxation
process, azobenzene molecules did not convert fully from their cis to trans-isomer.

Noteworthy, notable dependency/sensitivity of/to the experimental conditions was monitored.
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As shown in Figure 2c, the percentage of cis-to-trans conversion in the blank samples
(without sonication) at 20 and 40 °C, amounts to 8.6 % and 27.6 %, respectively. In contrast,
the ultrasound-induced conversion was found to be much higher, i.e. 29.8 % and 51.2 %, for
samples kept at 20 and 40 °C, respectively. Similarly to the trans-to-cis isomerization, cis-to-
trans relaxation of azobenzenes follows first order kinetics and the rate constant k for the
process can be obtained from Eq. 10.1. The thermal-relaxation constant Kgsrans fOr
azobenzenes kept at 20 °C was found to be lower than the Ks.irans fOr azobenzenes relaxed at
40 °C, i.e. 0.03 h™* and 0.11 h™, respectively (Fig. 5.d). Notably different Keis.rans Were
observed for the samples exposed to ultrasound-induced mechanical forces, i.e. 0.10 h™* and

0.24 h™* for dispersions kept at 20 and 40 °C, respectively.

The above results indicate that the trans-to-cis isomerisation of azobenzene molecules
strongly depends on the experimental conditions. In particular, the trans-to-cis conversion is
strongly hindered by the ultrasound-induced mechanical forces, which most likely cause the
occurrence of the competing cis-to-trans isomerisation. Furthermore, comparison of Kirans-cis @S
well as Kgis-trans OF processes taking place at 20 and 40 °C, reveals that at higher temperature
the process is more dynamic. As a result, the highest concentration of graphene obtained at 40
°C (110 © g mL™) can be attributed to the dynamic conformational trans-to-cis and cis-to-
trans changes of azobenzene molecules triggered simultaneously by the competing effect
activated by UV light, temperature and ultrasounds.

10.4.3 HR-TEM

In order to fully characterize the exfoliated graphitic material, both qualitative and quantitative
information are required. While quantitative insights can be assessed by providing the yield of
exfoliation expressed in terms of concentration (in pg mL™), the qualitative analysis must give
more relevant details such as the percentage of single-layer graphene (SLG) and multi-layer
graphene (MLG) flakes, the lateral size of the flakes and the presence/absence of defects.
Currently, the best methods for the identification of the number of graphene layers in material

produced by LPE are based on High Resolution - Transmission Electron Microscopy (HR-
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TEM) and on Raman statistical analysis. Together with the information coming from electron
diffraction patterns, in HR-TEM the number of layers can be directly counted by analysing the
edges. (See Figure 10.7)

Figure 10.7. High Resolution image of a) azobenzene-exfoliated graphene double-layer. The
corresponding FFT is shown in the inset, b) azobenzene-exfoliated graphene double-layer. The
corresponding FFT is shown in the inset and c) low magnification TEM image of an
azobenzene-exfoliated graphene flake.

We focussed our attention on the graphene samples exfoliated at 40 °C in the presence of
azobenzene molecules while irradiating with UV-light (highest concentration), and compared
them to those exfoliated in pure NMP at 40 °C under UV-irradiation (in absence of
azobenzene). TEM samples were prepared by drop casting the graphene dispersions on
standard Quantifoil holey carbon copper grid, followed by solvent evaporation at 150 °C for
10 min. The TEM micrographs revealed folded SLG, with lateral sizes below 1 um, as
typically observed for LPEG.? The statistical analyses of the graphene sheet thickness and the
lateral flake size are reported in Figure 10.8a and 10.8b, respectively.
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Figure 10.8. a) Histogram of the distribution of the flake thickness based on statistical analyses

of HR-TEM results of graphene exfoliated in NMP (grey) and in NMP/azobenzene (red), b)
Histogram of the lateral flake size distribution. The fitting of the distribution has been obtained

with a lognormal distribution.

10.4.4 Raman spectroscopy

Raman spectroscopy was carried out on the same set of samples in order to characterize the

quality of graphitic material. Figure 10.9a plots a typical Raman spectrum of our azobenzene-

exfoliated graphene flake measured at 514.5 nm.
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Figure 10.9. a) Raman spectrum of azobenzene-exfoliated flake. b) Zoom around the D peak
region showing the Raman peaks due to the azobenzene molecules, C1-C5. ¢) Raman spectrum
of pure azobenzene powder.

The Raman spectrum of graphite and multilayer graphene (MLG) consists of two
fundamentally different sets of peaks. Those, such as D, G and 2D, present also in SLG, and

1617 and others, such as the shear (C) modes™ and the layer

due to in-plane vibrations,
breathing modes (LBM),*® due to the relative motions of the planes themselves, either
perpendicular or parallel to their normal. The G peak corresponds to the high frequency Ezg
phonon at I'. The D peak is due to the breathing modes of six-atom rings and requires a defect

for its activation.?® It comes from TO phonons around the Brillouin Zone (BZ) edge K, % is
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active by double resonance (DR),? and is strongly dispersive with excitation energy due to a
Kohn Anomaly (KA) at K.? connecting two points belonging to the same cone around K or
K'. This gives the so-called D' peak. The 2D peak is the D peak overtone. The 2D' peak is the
D' overtone. Since 2D and 2D' originate from a process where momentum conservation is
satisfied by two phonons with opposite wave vectors, no defects are required for their
activation, and are thus always present.”® The 2D peak is composed of a single lorentzian in
SLG, whereas it splits in several components as N increases, reflecting the evolution of the

electronic band structure.?®

10.4.5 XPS characterization

We used XPS to analyse graphene/azobenzene dispersions in NMP before and after washing
the azobenzene molecules. The high-resolution Cls XPS spectrum shows a sharp peak at
284.4 eV that corresponded to C=C bonds in a conjugated honeycomb lattice (Figure 10.10a).
Peak at 285.7 eV and 285.1 eV could be attributed to different C-O and C-C bonding
configurations respectively.* Also the peak at 2810.4 eV can be assign to C-N bonds coming
also from NMP. The C1s XPS spectrum of the azobenzene molecules provides a major peak
at 285.1 eV and a minor one at 287.0 eV. These two peaks can be attributed to C-C and C-N
bonding configurations respectively. The C1s spectrum of graphene/azobenzene dispersions
exhibits four peaks including a sharp at 284.3 eV, assigned to delocalized © conjugation from
the sp® atomic structure of graphite. A peak at 284.9 is attributed to C-C due to the presence of
azobenzene molecules. Also minor peaks at 285.7 eV and 287.1 eV corresponding to C-O and
C-N bond are present and can be assigned to the trace of NMP residues and azobenzene
molecules. After washing, the intensities of all C-N and C-C peaks significantly decrease,
until reaching the same intensities as pristine graphene, indicating removal of azobenzene

molecules.
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Figure 10.10. High-resolution Cls and N1s spectra of graphene exfoliated in NMP of a),
azobenzene b), graphene exfoliated in NMP at 40 C in the presence of azobenzene molecules, c)
and after washing step and d) Experimental data are shown as black line, and the individual

deconvolved components as colour lines.
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The high-resolution N1s XPS spectrum of the graphene doesn’t show any nitrogen signal
(Figure 10.10a). A peak at 400.4 eV corresponds to azobenzene molecules (Figure 10.10b).
The same peak is observed in the spectrum of graphene/azobenzene (Figure 10.10c), but it is
absent after the removal of molecules following the washing step (Figure 10.10d).

10.4.6 X-Ray analysis of graphene-azobenzene hybrid materials

Powder X-ray diffraction was further used to characterize the structure of the graphene-
azobenzene hybrid powder and compared to control samples, i.e. powders composed of
graphene without ad hoc azobenzene molecules (see Methods for sample preparation).
Similarly to graphite, the powder prepared from LPE graphene displays a typical sharp peak at
210.7°, corresponding to an interlayer spacing of ~ 0.33 nm (see Figure 10.11a). To validate
the hypothesis that the insertion of a trans-/cis- azobenzene molecules sandwiched between
two graphene layers could result in different spacing between adjacent graphene sheets, we
extended our XRD analysis to powders prepared from graphene/trans-azobenzene and
graphene/cis-azobenzene hybrid materials. The XRD pattern of these powders (see Figure
10.11b and 10.11c) shows newly arise peaks at 26 =12.3° (dspacing ~0.72 nm) and 9.9° (dspacing
~0.89 nm), for the material containing trans- and cis-azobenzene molecules, respectively.
Figures 10.11d and 10.11f show simulated (using modelled sandwich structures) XRD
patterns for graphene/trans-azobenzene and graphene/cis-azobenzene, respectively. Such
experimental evidence confirms the presence of trans and/or cis azobenzenes sandwiched

between two graphene sheets.
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Figure 10.11. XRD patterns of graphene of a) hybrid material composed of graphene/trans-
azobenzene, b) and graphene/cis-azobenzene, c) Simulated XRD patterns of calculated
structures of trans-, d) and cis-azobenzene and e) intercalating graphene sheets.

10.4.7Electrical characterization of graphene-azobenzene hybrid materials

In order to probe electrical properties of graphene-azobenzene hybrid and in particular to

explore potential light-responsive nature of the material, we drop-cast a ~100 nm thick

graphene-azobenzene film from NMP dispersions on cleaned n**Si/SiO, substrates exposing

pre-patterned interdigitated gold electrodes (channel length = 10 [Om), and performed

electrical characterization by measuring the charge transport properties of the film. Typical I-

V curve exhibit a non-linear resistive behaviour, as shown in Figure 10.12a.
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Figure 10.12. a) I-V characteristics, b) Optical modulation of device current response illustrated
for a static bias and dynamic alternative UV and visible light irradiation (channel length
between Au electrodes is 10 pm), ¢) SEM image of interdigitated Au electrodes covered with a
graphene-azobenzene hybrid film, d) Scheme of the two-terminal device configuration, e)
mechanism which occurs in thin graphene-azobenzene hybrid films under UV and visible light
irradiation cycles.

Noteworthy, the conductivity of the graphene-azobenzene hybrid material is lower compared
to pure graphene films (Figure 10.13), which is due to the introduction of the poorly
conducting azobenzene layer. Remarkably, modulation of the current in a two terminal device
comprising a graphene-azobenzene hybrid film was observed upon cycles of UV and visible
light irradiation (Figure 10.12b), when a constant bias of 1 V was applied between the two
electrodes. One cycle consisted of 10 sec UV-light (365 nm), 1 min rest in dark followed by
40 sec visible light (450 nm) irradiation. Under UV-light exposure (pink background) a
prompt decrease in the current was monitored which reversibly increased to about the initial
value under visible light irradiation (violet background) over various cycles. Noteworthy, no
fatigue was observed during 6 cycles of photoisomerization. Conversely, the electrical
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characteristics of devices incorporating graphene exfoliated in pure NMP showed no response
to light stimuli (Figure 10.13).
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Figure 10.13. Optical modulation of device current response illustrated for a static bias and
dynamic alternative UV and visible light irradiation cycles (channel length between Au
electrodes is 10 pm).

Figure 10.12c portrays the interdigitated Au electrodes homogeneously covered with a thin
film of graphene-azobenzene material as observed by SEM. It indicates that the electrodes are
well connected with the hybrid material. A scheme of the two-terminal device configuration is
depicted in Figure 10.12d.

In the azobenzene-graphene hybrid film, the molecules are physisorbed on top and in between
the graphene sheets. When the photoisomerization is triggered by UV-light, the azobenzene
molecules undergo conformational change from the trans to the cis form, a process that is
accompanied by an increase in the graphene inter-sheet distance, thereby hindering the charge
transport between the sheets, resulting in lower conductivity of the hybrid film. Significantly,
the conductivity of the hybrid material can be fully restored by irradiating it with the visible
light, which highlights the reversibility of the process and occurrence of the back cis-to-trans
photoisomerization.
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10.4.8 Spectrophotometrical analysis of hybrid material film

As a further proof for the reversible isomerisation we carried our spectrophotometrical
analysis of drop casted grapheme-azobenzene hybrid films on quartz slides using a Jasco V-
670 spectrophotometer. Samples were prepared by drop casting the graphene-azobenzene
dispersion on a quartz substrate and drying the substrate for 48 h at 30 °C in vacuum.

The absorbance band of azobenzene at 365 nm typically decreases upon UV light irradiation
when the photochromes isomerizes to the cis form and a new band arises at 450 nm. This
behaviour is reversible when the molecules switch back to the trans isomer upon visible light
excitation. Figure 10.14a shows a typical UV-Vis spectrum of a graphene-azobenzene hybrid
on quartz. The absorbance bands of azobenzene at 365 and 450 nm in graphene-azobenzene
hybrid reversibly change upon UV and visible light (VL) irradiation cycles (30s for each
wavelength) as for Figures 10.14b and 10.14c. This shows the repeated trans-cis

conformational changes of the photochromes in the hybrid film.
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Figure 10.14. a) UV-Vis spectrum of a graphene-azobenzene hybrid film. Absorbance at b) 365
nm and c) 450 nm under repeated light irradiation cycles.

10.5 Conclusions

We demonstrated that photochromic molecules can act as photo addressable surfactant and
dispersion-stabilizing agents to enhance the yield of exfoliation in an upscalable molecule
assisted LPE-based method. The simultaneous use of UV-light irradiation promoting the
trans-to-cis isomerization as well as thermal annealing at 40 °C and mechanical forces
generated by sonic bath, both favouring cis-to-trans isomerization, we can generate
mechanical motions in the azobenzene intercalated between adjacent graphene flakes,
ultimately promoting the exfoliation in liquid media. The most effective exfoliation was
obtained with azobenzene molecules irradiated with UV-light in NMP at 40 °C, with a
concentration of exfoliated graphene of 110 pg mL™ that corresponds to a nearly 80% increase
in exfoliation yield when compared to pure NMP (63 ug mL™). By applying such a hybrid
component into Au pre-patterned SiO, substrates, light responsive thin hybrid films, formed in
a one-step co-deposition process can be realized, whose conductivity can be reversibly
modulated by making use of trans-cis photoisomerization of the azobenzenes. As cost
effective printing techniques such as ink-jet printing towards flexible graphene electronics
gain pace, more complex device designs and architectures could be envisaged, e.g.
miniaturization of electronic circuits and multilayer devices can be realized. The hybrid
system presented, combining the unique electrical characteristics of graphene with the stimuli-
responsive nature of azobenzene, holds great potential as key component for future
applications as optically controllable memory switching elements for light-assisted

programming and high-sensitive photo-sensors.
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Chapter 11 Conclusions and
Perspectives

11.1 Attainments

Liquid-phase exfoliation of bulk graphite is an extremely mild, versatile and potentially up-
scalable approach to obtain high-quality graphene inks using equipment available in all
chemistry labs. Liquid-phase exfoliation is interesting for the preparation of stable inks that
can be processed in thin films and composite materials; in this regard future research is
needed to control on-demand the number of layers and lateral size. In this way, we decided to
focused our researches on controlling the temperature and the power of sonication during the
LPE of graphite for different organic solvents. By choosing the right combination, it is
possible to produce size controlled graphene from nanoflakes to GQDs. These GQDs were
found to have an average diameter of 16 nm and 1-3 layers with photoluminescence

properties.

To take full advantages of the structural uniqueness and exceptional properties of graphene as
reinforcement in composites, harvesting well-dispersed graphene is essential. LPE in the
presence of a given solvent molecule with the aid of an additional predesigned molecule as a
dispersion-stabilizing agent is a relevant solution. LPE assisted by molecules leaded to an
increase of the exfoliation yield. Well-chosen molecules avoid graphene re-aggregation due to
van der Waals attraction between graphene surface and dispersion-stabilizing agent. We
demonstrated that by mastering a supramolecular approach it is possible to improve the yield
of graphene exfoliation in an up-scalable LPE-based method to produce high-quality graphene

flakes from powdered graphite. Molecules possessing high affinity for the graphite surface
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were tested as dispersion-stabilizing agent. In particular, two molecules were chosen: 1-
phenyloctane and arachidic acid. Sonication followed by centrifugation gave graphene
dispersions with their concentration increased by 25% and 50%, respectively. Also TEM
revealed that the number of SLG was as high 10% for 1-phenyloctane and 5% for arachidic

acid. These dispersions were shown to be conductive inks.

In order to extend our understanding, we have explored the importance of the functional
groups. We focused our attention on the study of LPE of graphene in the presence of
heneicosane linear alkanes terminated with different head groups, i.e. alkane, amine,
carboxylic acid and alcohol. These molecules act as graphene dispersion-stabilizing agents
during the exfoliation process. The efficiency of the exfoliation in terms of concentration of
exfoliated graphene is found to depend on the functional head group, in particular in view of
the strength of their dimerization through dipole-dipole interactions. Importantly, a high
percentage of single-layer graphene flakes were revealed by high-resolution transmission

electron microscopy and Raman spectroscopy analyses.

To attain a fundamental understanding of the role of molecule-graphene interaction on the
yield of graphene LPE, we explored a new type of dispersion-stabilizing agent. In this way
fatty acids with increasing the length of the aliphatic chain were chosen. Dispersions prepared
in the presence of C30 in NMP showed an increase of 200% in exfoliation yield when
compared to samples prepared in pure NMP. In chlorinated solvents, 0-DCB and TCB, the
most effective exfoliation was obtained with C24 molecules, which corresponded to ca. 50%
and ca. 90% increase in the exfoliation yield respectively. TEM revealed that the % of SLG
was increased in some case. Dispersions prepared in pure DMF and TCB presented a poor
quality of flakes but the addition of molecules improved up to 16% the quantity of SLG.
Raman analysis fully supports TEM results. Furthermore a linear dependence of the

exfoliation yield with the length of the aliphatic chain was observed.

A deeper study on LPE-assisted by NOTBZ molecules allowed us to understand the
importance of different parameters. By tuning the ratio between organic solvents such as
NMP or 0-DCB, and NOTBZ molecules, the concentration of exfoliated graphene can be
enhanced by 230% as a result of the high affinity of the latter molecule for the basal plane of

graphene. TEM and Raman showed high % of SLG. The LPE processed graphene dispersions
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were further deposited onto solid substrates by exploiting a new deposition technique called
spin-controlled drop casting, which was shown to give uniform highly conductive and

transparent graphene films.

Graphene is at the center of an every growing research effort due to its combination of unique
properties. We showed that the large conformational change associated with the trans-cis
photochemical isomerization of alkyl-substituted azobenzenes can be used to improve the
efficiency liquid phase exfoliation of graphite, with the photochromic molecules acting as
dispersion-stabilizing agents. We also demonstrated reversible photo-modulated current in
two-terminal devices based on graphene-azobenzene composites. We assigned these tuneable
electrical characteristics to the intercalation of the azobenzenes between adjacent graphene
layers and the resulting increase in the interlayer distance upon (photo)switching from the

linear trans-form to the bulky cis-form of the photochromes.

11.2 Outlooks

The impressive increase of graphene applications using graphene dispersed in a liquid media
will force scientists to produce graphene with even higher purity and in larger quantities.
Despite its advantages for large-scale production, liquid phase exfoliation results in graphene

sheets with uncontrolled sizes and thicknesses.

Graphene-based membranes and functional films, in particular composite membrane,
extraordinary permeation properties, opening the door to ultrafast and highly-selective

transport of water, gases and some specific small molecules.

Graphene can also be used as a carrier to form three-dimensional materials. Composite
materials have many properties and seem to have great potential in the field of gas storage and
energy. The formation of these new materials is often dependent on binding agents, which are
likely covalent or non-covalent linked to graphene.

Exfoliation techniques have been extended to a wider range of other 2D materials (boron

nitride, molybdenum disulfide, and even more). The availability of dispersions containing
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different 2D materials opens up a range of application in composites, thin films and inks.
Combining different 2D materials can leads to hybrid super-structure with enhanced

properties.
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Résumé

Cette thése démontre le potentiel dont dispose I'exfoliation en phase liquide du graphite dans le but d’obtenir des
feuillets de graphéne dispersés dans un solvant organique. Ainsi le mécanisme d’exfoliation a été étudié en
profondeur, en particulier, I'influence de plusieurs paramétres (température, puissance et solvants). Le choix de ses
paramétres se montre crucial dans le contréle du procédé, et pour I'obtention des feuillets de graphéne ayant une
taille ciblée. Il est donc possible de fabriquer des nano-feuillets de quelques dizaines de nanometre qui en plus
possédent des propriétés de photoluminescence.

Dans le but de comprendre le mécanisme d’exfoliation en phase liquide assistée par des molécules, une nouvelle
approche a été mise au point : 'approche supramoléculaire. Cette approche se base sur I'utilisation de surfactants
d’'un nouveau type. En effet, les molécules sélectionnées possédent une longue chaine alkyle. Cette chaine
s’adsorbe sur la surface du graphéne et permet de stabiliser les feuillets lors de I'exfoliation. L'influence de Ia taille
de la chaine alkyle de ces molécules lors de I'exfoliation a été vérifiee. De plus, ces molécules ont été équipées de
différentes fonctions supramoléculaires afin qu’elles puissent former des diméres sur la surface du graphéne. L’ajout
de ces molécules augmente non seulement le rendement d’exfoliation mais aussi le nombre de mono-feuillets
présents dans ces dispersions. Ces dispersions présentent des propriétés conductrices lorsqu’elles sont déposées
sur des substrats. Une nouvelles méthode de déposition a été mise au point afin d’améliorer et d’augmenter la
conductivité mais aussi le pourcentage de transparence.

Mots clés: graphene, exfoliation en phase liquide, chimie supramoléculaire, film de graphene ultrafin

Résumé en anglais

This thesis demonstrates the potential of exfoliation of the graphite in the liquid phase in order to obtain graphene
sheets dispersed in an organic solvent. Thus the exfoliation mechanism has been studied, in particular, the influence
of several parameters (temperature, power and solvents). The choice of parameters is actually crucial for the control
of the process, and to obtain graphene sheets having a targeted size. It is therefore possible to manufacture nano-
sheets of several tens of nanometers, which in addition exhibit photoluminescence properties.

In order to understand the exfoliation mechanism in liquid phase assisted by molecules, a new approach has been
developed: the supramolecular approach. This approach is based on using a new type of surfactant. Indeed, the
selected molecules carry a long alkyl chain. This chain is adsorbed on the surface of graphene and can stabilize the
sheets during exfoliation. The influence of the size of the alkyl chain of these molecules during exfoliation was
verified. Furthermore, these molecules have been equipped with various supramolecular functions, which can form
dimers on the surface of graphene. The addition of these molecules not only increases exfoliation performance but
also the number of mono-layers present in these dispersions. These dispersions have conductive properties when
deposited on substrates. A new deposition method was developed to enhance and increase conductivity but also the
percentage of transparency.

Keywords: graphene, liquid-phase exfoliation, supramolecular chemistry, graphene thin film




