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Abstract

Graphene, a one-atom thick two-dimensional (2D) material, is at the core of an ever-growing
research effort due to its combination of unique mechanical, thermal, optical and electrical
properties. Two strategies are being pursued for the graphene production: the bottom-up and
the fop-down. The former relies on the use of covalent chemistry approaches on properly
designed molecular building blocks undergoing chemical reaction to form 2D covalent
networks. The latter occurs via exfoliation of bulk graphite into individual graphene sheets.
Amongst the various types of exfoliations exploited so far, ultrasound-induced liquid-phase
exfoliation (UILPE) is an attractive strategy, being extremely versatile, up-scalable and
applicable to a variety of environments. In this review, we highlight the recent developments
that have led to successful non-covalent functionalization of graphene and how the latter can
be exploited to promote the process of molecule-assisted UILPE of graphite. The
functionalization of graphene with non-covalently interacting molecules, both in dispersions
as well as in dry films, represents a promising and modular approach to tune various physical
and chemical properties of graphene, eventually conferring to such a 2D system a

multifunctional nature.
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1. Introduction

Graphene has emerged in the last decade as an exciting material possessing unique
mechanical, optical, thermal and electrical properties.l!) Because of this reason it holds
potential to impact future emerging technologies, including flexible and wearable
electronics.?! Numerous other technological applications of graphene are being extensively
explored,’® including solar cells,* ! light-emitting devices,® photodetectors,” % 191 touch
screens,!!!! spin valves,!!? 3] ultrafast lasers,!'* 151 and biological labelling!!! to name a few.
Furthermore, its surface area, experimentally measured being as high as 700 m? g™!,[!7- 18] have
made graphene an appealing component for applications in energyl!’- 1%- 20211 and gasl?2 23 24]

26,27,28,29] a5 well as in and

storage, energy conversion,!!” 23l micro- and optoelectronics,|
catalysis.3% 31 Nevertheless, the translation of these outstanding properties, which are
observed on lab-scale experiments, into real-world applications on an industrial scale suffers
from major drawbacks associated to graphene production.

Two approaches are being undertaken to produce graphene, i.e. bottom-up and top-
down 3% 331 The former includes the production of graphene’s very high quality sheets yet in
limited quantities by exploiting the covalent assembly of suitably designed small molecular
building blocks, undergoing chemical reaction to generate 2D covalent networks.
Unfortunately, bottom-up techniques, and in especially those based on organic syntheses

34,35, 361 when performed in liquid media, are both size

starting from small molecular modules,!
limited, because macromolecules become less soluble with the increasing size,** and suffer
from the occurrence of side reactions with the increasing molecular weight.[*> The growth on
(catalytically active) solid surfaces makes it possible to circumvent these issues. Substrate-
based growth can also be achieved by chemical vapour deposition (CVD),37- 381 or via silicon

(391 which rely on the ability to follow a narrow

evaporation from silicon carbide,
thermodynamic path. Though the wafer-scale synthesis of graphene has been effectively

carried out recently, ) this mass-produced material frequently exhibits more modest
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properties when compared to pristine graphene isolated by exploiting the ‘scotch tape
approach’. Top-down approaches, which rely on the exfoliation of the three-dimensional
graphite into the two-dimensional graphene, can be accomplished under different
environmental conditions.!*!: 2l While defect-free sheets can be obtained by exploiting the
micromechanical cleavage,*3 approaches such as ball-milling!4+ 43 46.47.48. 491 cap trigger the
formation of defects in graphene. Amongst the top-down approaches, liquid-phase exfoliation
(LPE), which can be further sub-divided into different methods, i.e. solvothermal-assisted
LPE (SALPE),% 31 electrochemical LPE (ELPE),[% 5354 35,561 high-shear mixing (HSM),57-
>8] ultrasound-induced LPE (UILPE),[3% 60. 61,62, 63,64, 651 gn{ the use of superacids,®®
represents an extremely versatile approach which can be carried out in a variety of
environments. While bottom-up methods, and in particular CVD, can yield large size, LPE
gives limited sheet sizes.[!: 67-68. 69T Nevertheless, LPE has several advantages. It is a viable
cost effective process, which can be easily up-scaled to mass-produced dispersions. These
inks can be processed on surfaces and interfaces by making use of well-established techniques,
such as spin-coating, drop-casting, screen-printing, ink-jet printing and potentially also roll-
to-roll (R2R).I7% 71- 721 High-yield exfoliation and dispersion of graphene in high quantities
into the liquid phase is crucial for fundamental studies as well as for practical applications.?!
Although the aggressive oxidation of graphite, pioneered by Brodie,[”*) Staudenmaier,’* and
Hummers,!”] allows its exfoliation in polar solvents, it results in a major re-hybridization of
the sp? carbons of the pristine graphene into sp? , thereby altering drastically the exceptional
physical properties of the material.l’"! The oxides that are formed, i.e. carboxyl and hydroxyl
groups as well as the epoxy bridges, can be (partially) removed by reduction of the GO to
form rGO. Such a reduction can be carried out using chemical, electrochemical and thermal
processes. However, as in all cases the reduction process does not allow to reduce the GO
with a yield > 95%, many structural defects are still present in rGO. Because of this reason,

the physical properties of the rGOU”- 78 7801 are markedly different from those of the pristine
4
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graphene. Among the various altered characteristics, the disruption of the band structure of
graphene upon oxidation reduces its high electrical and thermal conductivity that make
graphene exceptional. Nevertheless, in some applications the use of GO and rGO can be
beneficial as they feature great chemical complexity. In addition to being component in
electronic devices,®!- ¥ GO and rGO have been successfully used in catalysis,®* I energy
storage,® and biomedical applications.3¢!

The characteristic graphene band structure leads to an extraordinary high electron
mobility thus allowing graphene-based transistors to process data at very high rates. On the
other hand, the lack of band gap makes it difficult to turn off the flowing current. This hinders
the implementation of graphene in (nano)electronics. Therefore, it is crucial to open a band
gap in graphene to confer to this material a semiconducting nature to also precisely control the
charge carrier type (p-type vs. n-type) and density.

Another major challenge when dealing with graphene, and more generally with carbon
allotropes, is its controlled processing.[®”! Hitherto graphene has been found to be processable
only in a very few solvents; however, re-aggregation into graphitic material occurs even in
these special solvents. Such a re-aggregation can be hindered by combining graphene with
suitably designed molecules. The interaction between these two “nano-objects” can be
modulated by exploiting a supramolecular approach, the latter relying on the non-covalent
functionalization of graphene with small molecular building blocks. Such interaction tailoring
can offer substantial advantages in terms of processing of graphene and tunability of the
properties of this wonder 2D material, thereby opening novel pathways in various research
fields.

The functionalization of graphene with molecules interacting at the non-covalent level,
both in dry films as well as in dispersions, has recently gathered a great interest, and the
fundamental knowledge of this process has increased substantially. In this review, we discuss

the principles of the supramolecular approach applied to graphene, which led to the successful
5
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modification of graphene properties and enhancement in its production in liquid media. In
particular, we discuss the use of molecular self-assembly as a method towards the non-
covalent functionalization of graphene. We then describe the UILPE of graphite and methods
that are employed for the characterization of graphene produced thereof. We also highlight a
variety of successful UILPE results by categorizing them into two major classes, i.e.

molecule-free and molecule-assisted UILPE.

2.When graphene meets molecules — the supramolecular approach

The interaction between graphene and molecules is accompanied by an adjustment of
the properties of both initial components. Such interaction can occur via the physisorption of
molecular building blocks through non-covalent interactions or through the chemisorption of
reactive species undergoing chemical reactions with graphene to form covalent bonds onto its
basal plane. Numerous approaches have been devised to tailor the electronic properties of
graphene. In particular, atomic chemical doping by nitrogen or boron atoms has been
proposed as a way to open the band gap and form p-type or n-type graphene.[3% %]
Nevertheless, the doping is typically difficult to be controlled and frequently introduces
defects and thus destroys the band structure. Another approach relies on the covalent
modification, where the chemisorbed molecules form chemical bonds with graphene.®®°1- 921
However, since the covalent bond formation occurs through sp? to sp® hybridization, it often
leads to undesirable modification or even destruction of the graphene electronic properties.
Alternatively, the electronic properties of graphene can be modified by non-covalent

93.94.95.961 where the interactions between graphene and adsorbates are

functionalization,!
dispersive. Following such a strategy the properties that make unique graphene are retained. It
is well known that aliphatic or aromatic molecules can adsorb on sp? carbon-based surfaces,

forming highly ordered supramolecular (crystalline) architectures. Consequently, this

approach is very useful to create a periodic electronic modulation of the graphene surface via
6
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self-assembly. Generally, molecular self-assembly from solution at surfaces and interfaces
towards the formation of an ordered 2D structure takes place under thermodynamically
control, being governed by the subtle balance between molecule—substrate, molecule—
molecule, solvent—substrate and molecule—solvent interactions.

Van der Waals forces play a major role in the process of adsorption of atoms and molecules
on the basal plane of the atomically flat surface of graphene. Van der Waals interactions
originate from London dispersion forces,”- *81 which emerge from the attraction between the
instantaneous dipoles generated by atomic electron clouds. London dispersion forces can be
exploited to stabilize the 2D non-covalent architectures, and in particular by functionalizing
the molecules with long aliphatic substituents. The formation of crystalline patterns is
triggered by the interdigitation of alkyl chains belonging to adjacent molecules.®! This
process takes place via entangling of an alkyl chain in-between two neighboring ones with an
energy of interaction of ca. 0.7 kcal mol! per methylene unit,['%! which is ca. four times
lower than the energy of adsorption of methylene unit on graphene.!'®! In the case of
(poly)aromatic molecules n-r interactions govern the molecular assembly, and therefore these
molecules have a strong tendency to stack over each other and over graphene. In particular,
the computed values of n-m interaction energy of benzene with graphite/graphene may
fluctuate between 8.6 to 11.1 kcal mol! for common density functional theory (DFT) and
force field calculations, 19?1 as compared to the experimental values of 11.5 kcal mol'!
determined from thermal desorption experiments.['%3! Noteworthy, in molecules constituted by
the same number of carbon atoms, the interactions between alkanes and graphene are stronger
than the ones between poly-aromatics and graphene. This effect that can be explained in terms
of the larger polarizability of hydrogen atoms relative to carbon, which is expected to enhance
the interaction with graphene surface. The desorption barrier of hexane from graphite has
been indeed estimated as 17 kcal mol.["% In analogy to large aromatic compounds,!'® these

superficial large exothermic deviations are strongly countered by endothermic de-solvation
7
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phenomena. The exothermic nature of the adsorption process can be heavily influenced by the
choice of the solvent.

By and large, in the case of aliphatic and aromatic molecules the molecular assembly is
govern by van der Waals and n-m interactions, respectively, and regardless of the type of the
non-covalent forces these molecules have a strong tendency to interact with graphene, which
will certainly make it appealing for future applications in (nano)electronics. Section 3 of this
review will highlight the advances of this approach.

For a number of years before the ‘graphene rush’ had started, various groups had
investigated the exfoliation and dispersion of carbon nanotubes (CNTs) in solvents.[®”] ITn
2008, by combining experimental results with thermodynamic modeling Coleman and co-
workers demonstrated that the best solvents for the CNTs exfoliation possess surface energies
similar to that of the nanotubes.!'*] Once the role of surface energy was established, it became
immediately clear that because graphite has a surface energy similar to that of carbon
nanotubes, it might be possible to exfoliate graphite into graphene using the very same
solvents. A successful exfoliation of graphite towards graphene requires the overcoming of
the van der Waals attractions between the adjacent sheets. One among the most effective and
straightforward approaches to reduce the strength of the van der Waals interactions is the
liquid immersion, where the potential energy between adjacent graphene sheets is given by
the dispersive London interactions, which in the presence of a liquid media are considerably
reduced with respect to vacuum. The distance between adjacent sheets of graphene in pristine
graphite amounts to 3.35 A. While the van der Waals interactions among adjacent sheets are
weak enough to let them slide over each other in the direction perpendicular to the c-axis, the
attraction is strong enough to inhibit the exfoliation of graphite into individual graphene
sheets. This issue can be overcome by applying external physical forces to the graphite
immersed in the solvent thereby promoting the graphite exfoliation. Among different physical

forces the use of ultrasound in liquid environments is a viable method to extract individual
8
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layers.[14. 61, 63,67, 68,106,107, 108, 109] Dyring UTLPE the exfoliation of graphite occurs thanks to
the shear forces and the cavitation, acting on the bulk material during ultrasonication.
Acoustic waves, in fact, consist of alternating regions of compression and rarefaction
transmitting in a medium along the wave propagation direction. When a negative pressure is
exerted onto a liquid, the van der Waals interactions between the molecules are overcome and
micrometer size bubbles of gas or cavities are grown, nucleate and then collapse.l''% This
phenomenon is known as cavitation. When the bubbles collapse against graphite, this
determines a shockwave resulting in the fragmentation the graphite. On the other hand, when
the bubbles collapse in the liquid in the proximity of the graphite flakes, a jet of liquid hits the
graphite. Following the theory of stress waves, once a compressive wave enters in contact
with the plane of graphite a tensile stress on the graphite has to be reflected back causing the
exfoliation (Figure 1). A second phenomenon, which causes the exfoliation, is the unbalanced
lateral compressive stress, which will cause a shear effect causing delamination and
dispersion of the flakes (Figure 1). Finally, the jet of liquid can also penetrate in-between two
graphene sheets causing the separation, i.e. the exfoliation of the individual sheets.[*!: 1]
After the exfoliation, the solvent-graphene interaction needs to balance the inter-sheet
attractive forces. Interestingly, the use of a molecule such a surfactant when properly selected
can promote the exfoliation of graphite into graphene, even in solvents such as water, where
the potential of the surfactant-coated graphene nanosheets controls the dispersed
concentration.[®8] Moreover, the use of ad hoc molecules can be exploited to enhance the
performance of UILPE in organic solvents, in particular when the molecule have a high
energy of adsorption on the basal plane of graphene, being higher than the one of the solvent
molecules interacting with the graphene. Pioneering contributions towards the quantitative
understanding of molecular adsorption on carbonaceous surfaces have came from temperature
programmed desorption (TPD), where early analyses of linear alkanes on graphite have

shown that the binding energy increases linearly with the number of carbon atoms in the
9
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alkane chain,[!!?] with each methylene group contributing ~2 kcal mol™.['13] Nevertheless,
with longer alkanes it was discovered that the increased configurational entropy loss upon
physisorption decreases the total binding energy per carbon atom, which results in a non-

M4 TPD analyses on a range

linear dependence of the desorption energy on the chain length.!
of polycyclic aromatic hydrocarbons (PAHs) provided a lower binding energy per carbon
atom of ~1.2 kcal mol!.['3] Because the self-assembly of molecules at graphene surface is
primarily driven by the thermodynamics, the design of the molecules used during the UILPE
processes can be very challenging, and depending of the chosen solvent can require the
modification of their chemical structure/nature. In particular, in the case of the charged
molecules used in aqueous dispersions, the stabilization of graphene sheets occurs via the
interplay between molecule-graphene interactions and repulsive forces between surfactant-
coated flakes. Slightly different types of interactions have to be considered in the case of
organic dispersions, where apolar molecules are used and interact with graphene through van

der Waals forces and therefore m-n re-stacking between graphene sheets is thermodynamically

hindered. UIPLE and molecule-assisted UILPE will be discussed in details in Section 4.

3. Non-covalent functionalization of graphene

Over the past decade, the self-assembly of molecular building blocks on graphite
surface has attracted a considerable attention because it represents a hottom-up approach for
tailoring interfaces with a sub-nm precision, ultimately producing under thermodynamic
control structurally well-defined functional nanostructures through the proper design of
organic molecules.[*%- 115 116. 117. 118] Gjyen that graphite can be seen as a stack of graphene
sheets, the knowledge gathered on the formation of supramolecular patterns on graphite can
be potentially transferred for the non-covalent functionalization of graphene.['!* 129 In general,
the research on non-covalent functionalization of graphene, i.e. the functionalization of

graphene with ordered supramolecular patterns, is targeting two challenges: (i) the
10
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understanding and control over the intermolecular and interfacial interactions in order to
decorate surfaces with complex multicomponent ordered assemblies, (ii) the modulation of
the physico-chemical properties of graphene for technologically relevant purposes such as

doping or facilitating atomic layer deposition.

3.1. Non-covalent functionalization of graphene: towards structural complexity
Early attempts of molecular functionalization of graphene were focused on the

characterization and comparison of self-assembled patterns on the basal plane of epitaxial

graphene (EG) prepared by CVD, with self-assembled monolayers generated on highly

).[121. 1221231 The need to explore well-ordered patterns at

oriented pyrolitic graphite (HOPG
the molecular scale has made Scanning Tunneling Microscopy (STM)!24 125 an extensively
employed and extremely powerful tool to study supramolecular materials with a sub-

126,127, 128, 129, 130] The sub-nanometer resolution that can be reached by

molecular resolution.!
STM makes it possible to gain exhaustive information on the interactions between molecule-
molecule and molecule-graphene (or graphite) surface. In the last years, the majority of the
investigations of the non-covalent functionalization of graphene were focused on well-known
organic semiconductors featuring an extended aromaticity taking advantage of their unique
chemical structure promoting n-x interactions with graphene. This includes perylene-3,4,9,10-
tatracarboxylic dianhydride (PTCDA), fullerene and metallophthalocyanines (MPc), see
Figure 2.

The pioneering work of Lauffer and co-workers in 2008,[!2!] showing that PTCDA
self-assembled patterns can be grown on graphene bilayers supported on SiC(0001), has been
a source of inspiration for several groups.!1?2 123: 131 1321 Tt hag been found that PTCDA
molecules self-assemble on graphene in the similar fashion as on HOPG surface, i.e. the

molecules adsorb flat on the surface with their aromatic core parallel to the basal plane of

graphene. The supramolecular structure is stabilized both by molecule-graphene n-nt
11
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interactions and by intermolecular C-H~-O-C hydrogen bonds. Typical STM image of
PTCDA molecules arranged in a herringbone motif on EG/SiC(0001) is portrayed in Figures
3a-b.

Metallophthalocyanines (MPc) represents another class of aromatic compounds
investigated on EG grown on various metal substrates such as Ru(0001), Ni(111), Pt(111) or
Ir(111), to name a few.[133: 134, 135,136,137, 138, 139, 130, 141] EG has relatively strong interactions
with substrates such as Ru(0001) or Ni(111), whereas it interacts weakly with Ir(111) and
SiC(0001).1'421 While graphene grown on weakly interacting substrates exhibits HOPG-like
adsorption landscapes, once grown on strongly interacting substrates it displays moiré
superlattice, which strongly affects the molecular physisorption. In 2009 Gao and co-workers
investigated the self-assembly of various phthalocyanines on an epitaxial graphene monolayer
by means of STM.['*3] The formation of regular Kagome lattices (Figure 3¢), which duplicates
the lattice of the moiré pattern of single layer graphene (SLG), was observed, demonstrating
that SLG can act as a template for the fabrication of supramolecular architectures. Moreover,
by varying the central metal ion of the phthalocyanine, the molecule self-assemble into
Kagome lattices with tunable molecular spins. More recently, Sainio and co-workers
investigated the adsorption of CoPc¢ molecules on SLG on Ir(111),[!3¥ and showed that CoPc
self-assembles on SLG at room temperature, forming a nearly square lattice (Figure 3d). In
contrast to previous studies of SLG interacting strongly with metallic substrates, and with
more strongly corrugated moiré structures, the moiré pattern on Ir(111) does not affect the
self-assembled structure of CoPc.

To date, various examples of Ceo self-assembly on EG have been reported,[!43 144 145,

146] and show that differently than in the case of Pc, the supramolecular architectures formed

by Cso molecules are not substrate dependent, and close-packed structures are formed on SLG

grown on either strongly or weakly interacting metallic supports (see Figures 3e and 3f).

12
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Behm and co-workers also explored the influence of graphene superlattice on

1471 and showed that the influence of moiré corrugation is even more

molecular adsorption,|
drastic in the case of 2-phenyl-4,6-bis(6-(pyridin-3-yl)-4-(pyridin-3-yl)pyridin-2-yl)-
pyrimidine (3,3’-BTP, Figure 2). 3,3’-BTP molecules form supramolecular networks
stabilized by weak C-H-N intermolecular hydrogen bonds and n-m molecule/graphene
interactions. The physisorption of 3,3'-BTP on EG/Ru(0001) resulted in the formation of
multiple random architectures that include triangular, linear and circular structures. This
behavior of 3,3’-BTP molecules is in stark contrast to that observed on HOPG, wherein well-
ordered 2D patterns were monitored.['*81 On EG/Ru(0001) the molecules exclusively occupied
the ‘valley’ sites while most of the bright ‘hill” sites remained vacant. This observation was
found being in good accordance with theoretical calculations, which revealed the difference in
adsorption energy between ‘valley’ and ‘hill” sites as high as ~ 0.36 eV.

De Feyter and co-workers investigated the molecular self-assembly at the interface
between graphene and organic solution.!'*”) The formation of supramolecular networks of a
dehydrobenzo[12]annulene derivative equipped with long alkoxy chains containing
diacetylene units (DBA, Figure 2) was explored on different types of graphene, i.e.
EG/SiC(0001), EG/Cu and exfoliated graphene on mica. DBA formed well-ordered 2D
porous networks on all three types of graphene. These networks are held together by van der
Waals interactions between interdigitated alkoxy chains and between DBAs and graphene.

The field of investigation of molecular assembly on graphene is at its infancy, and
there are plenty of opportunities to tailor more and more complex and multicomponent
supramolecular structures on graphene surface. Achieving a higher control over the non-
covalent functionalization of graphene will be key, as it will make it possible to decorate this
unique 2D material with ad hoc functional groups in pre-defined positions. Towards this end,
beside the extensive use of n-n and van der Waals interactions, two other non-covalent forces

featuring greater geometrical control such as H-bonding and metallo-ligand interactions will
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be valuable tools to improve the structural and functional complexity of self-assembled

monolayers on graphene.

3.2. Non-covalent functionalization of graphene: modulating the physico-chemical
properties of graphene for functional applications

Besides the interest in controlling the molecular self-assembly on graphene to unravel
how one can modulate the physical properties of graphene, such a supramolecular approach is
also appealing for technological perspectives, as it may be used to tune the doping upon
physisorption of ordered arrays of organic molecules. In this sub-section we will highlight a
few examples on the effect of the supramolecular organization on the electrical properties of
graphene. Although there are quite a number of examples on doping graphene with organic
molecules, we will focus exclusively on those based on patterns whose order at the
supramolecular level has been proven and detailed by the means of structural mapping
through STM and/or Atomic Force Microscopy (AFM) imaging.

Recently, De Feyter and co-workers have demonstrated that cis-1-amino-9-octadecene,
also known as oleylamine (OA, Figure 2), self-assembles into ordered lamellar structures on
both HOPG and graphene surfaces.[!>% The detailed molecular ordering was investigated by
AFM and STM. The latter tool showed that the OA molecules arrange in a head-to-head non-
interdigitated fashion with their carbon chains lying parallel on the basal plane of the surfaces
and running perpendicular to the lamellar directions (Figure 4a). To examine the electronic
interaction effects of OA pattern in graphene, back-gated graphene field-effect transistor (G-
FET) devices (Figure 4b) were characterized electrically. Figure 4c shows the transfer curves
of drain current (I4s) vs. back-gate voltage (V) for a G-FET device before and after formation
of self-assembled OA structures. Interestingly, the doping levels were tuned by varying the
OA deposition conditions, with the maximum electron doping concentration up to 7.7x10!2

cm?.

14
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In 2010 Neves and co-workers showed that p-type doping of graphene can be achieved
under ambient conditions through non-covalent functionalization of graphene with
octadecylphosphonic acid (OPA, Figure 2) molecules.['>!'l AFM images demonstrated that
OPA molecules, which comprise phosphonic acid headgroups on linear alkyl chains (Figure
5a), self-assemble into ordered 2D crystals by drop-casting onto SLG surface (prepared by
mechanical exfoliation), supported on SiO. Raman spectroscopy analysis of OPA-
functionalized graphene revealed that the position of graphene G peak shifts to higher
wavelengths. Moreover, the width at half maximum of this peak is significantly reduced
compared to pristine graphene (Figure 5b).

Feringa and co-workers used bis-urea substituted ter-thiophene derivative (BUT3,

[152] A combined

Figure 2) as a molecular building block for functionalizing CVD graphene.
STM study of the self-assembly of molecular lamellas formed on graphene surface and its
effect on the electrical properties of graphene showed that commercially available CVD
graphene can be used as a substrate for the self-assembly of BUT; molecules into ordered
architectures. Changes in charge carrier mobility and in doping levels were observed in G-
FET after BUT3 functionalization.

The possibility of tuning graphene properties by its non-covalent functionalization
with highly ordered molecular nanopatterns remains an interesting and versatile method,
which will certainly be explored in the upcoming years. Although a body of literature
generated to date on organic functionalization of graphene demonstrates its potential, the
control and tunability of the electronic properties of graphene remain unexplored. Using the
supramolecular chemistry, it will be possible to precisely tune the position and density of
functional groups on graphene surface, therefore allowing attaining a full control and
ultimately harnessing the doping process. Moreover, in the recent years graphene has emerged

as interesting substrate to carry out biological experiments such as sensing. It has been shown

that electrodes modified with graphene or graphene-composite can be directly used as
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transducers for electrochemical sensing.!!>3 Different approaches have been explored for the
fabrication of novel biosensors relying on graphene or graphene composites as sensing
elements,[1% 155, 136. 157] yet there is still room for further improvements. In particular, non-
covalent functionalization of graphene with ordered 2D arrays of bioactive entities can boost

the performance of biosensors and, more generally, be of interest for bio-related applications.

4. Molecule-assisted ultrasound-induced liquid-phase exfoliation

The in-depth understanding over the effect of forces existing between molecules and
graphene when they are brought together from the structural and functional point of view is
key in order to unravel and control the interactions that can compete to the n-n stacking
holding together graphene layers in graphite. In this regard, following the discussion in the
Section 2, one of the most effective methods to reduce the strength of the van der Waals
interactions between graphene sheets is the liquid immersion, followed by ultrasound-induced
liquid-phase exfoliation. As a result, increasing research efforts are being devoted to the
production of graphene via LPE, and in particular via UILPE, with a close look on improving
the material’s physico-chemical properties. Remarkably, because of its the versatility UILPE
can be applied to different 2D layered systems,>% 60 1581591 gych as transition metal
dichalcogenides (TMDs) exhibiting different composition, e.g. MoS», WS, NbSe;, TaS,, as
well as black phosphorus!'®l and graphene-like (hexagonal) structures like 2-BN,['®!] thereby
enabling the tuning of various physico-chemical properties of these materials.

Solvents with surface tension (y) ~ 40 mJ m2,[¥] are reported to be ideal for dispersing
graphene and graphitic flakes, since they minimize the interfacial tension between the
graphene and the solvent. Therefore the solvents of choice are very few and include N-
Methyl-2-pyrrolidone (NMP; v - 40 mJ m2), N,N-Dimethylformamide (DMF; y - 37.1 mJ m"
2), ortho-dichlorobenzene (0-DCB; y - 37 mJ m2),[%%] see Figure 6. Unfortunately, the use of

these solvents has some drawbacks that cannot be neglected, e.g. NMP and o-DCB can cause
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irritation of the eyes and respiratory tract. Furthermore NMP and DMF are toxic for multiple
organs.[1%163] Because of these reasons, the search of alternative solvents for graphene
exfoliation has attracted considerable attention in the past few years.

In 2009 Bourlinos and co-workers!!¥] tested the efficiency of a peculiar class of
fluorinated solvents. In particular, perfluorinated analogous of hydrocarbon solvents, i.e.
benzene, toluene, nitrobenzene, and pyridine, have been employed. The performance of each
solvent was reported as follows: octafluorotoluene ~ pentafluoropyridine <
hexafluorobenzene < penta fluorobenzonitrile (see Figure 6). The mechanism of stabilization
most likely involves charge transfer through n-r stacking between electron-rich graphene
sheets and electron-deficient aromatic molecules; the performance of the solvents directly
depends on the chemical nature of the solvent molecules, i.e. the strength of electron-
withdrawing fluorine atoms. Moreover, depending on the solvent, the concentrations of the
graphene dispersions, mostly composed of a few-layered graphene (FLG), ranged between
0.05 and 0.10 mg mL"!. Adamson and co-workers have investigated the use of
hexafluorobenzene as UILPE media in 2012,11%%) and they showed that by mixing it with
benzene at 1:1 ratio, graphene dispersions characterized by extremely high concentrations (50
mg mL™!) could be obtained.

166] and co-workers have demonstrated that graphene can be

Recently, Sun!
successfully dispersed in amine-based solvents, namely 3,3’-iminobis(N, N-
dimethylpropylamine) (DMPA), N-[3-(dimethylamino)propyl]methacrylamide (DMAPMA),
2-(tert-butylamino)ethyl methacrylate (BAEMA) and 2-(dimethylamino)ethyl methacrylate
(MAEMA), see Figure 6. Molecular dynamics (MD) simulation justified the existence of
strong solvent—graphene interactions resulting in small free energy costs by dispersion. Albeit
the concentration of graphene dispersions was reported being as high as 15 mg mL!

(estimated via analysis of absorption coefficient), no information on the sheet(s) thickness

was given.
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Among numerous solvents successfully employed for dispersing graphene, ionic
liquids (ILs), molten salts comprising organic and inorganic ions with melting temperatures
below 100°C, are gathering substantial attention in the field.['¢” In 2003, Aida and co-workers
observed that imidazoilum-based ILs could be used for untangling carbon nanotubes
(CNTs).1'681 1t was concluded that this process relies on overcoming the n-m interactions
between CNTs by the use of positively charge of imidazolium ring. Few years latter, Han and
co-workers reported the use of IL 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM][PFs]; see Figure 7) as a solvent to disperse and chemically modify graphene with a
polymerized IL.I'%) Noteworthy, the latter example deals with the use of ILs as a media for
chemical modification of graphene. Dispersions of unoxidized and unmodified graphene
sheets via [L-assisted UILPE have been obtained for the first time in 2010 by Wang and co-
workers.['’% In their process, natural graphite flakes were dispersed in 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)amide [BMIM][Tf:N] (Figure 7), and
subjected to tip sonication. X-ray photoelectron spectroscopy (XPS) studies showed the
graphene dispersion was stabilized by strong non-covalent interactions of the ILs with the
graphene sheets. Following this approach, Mariani and co-workers exfoliated graphene
exploiting 1-hexyl-3- methylimidazolium hexafluorophosphate [HMIM][PFs] (Figure 7) as an
IL.1"71 In 2014, Quitevis and co-workers investigated the use of various ILs as a liquid media
in UILPE.['"21 Among the four different ILs, the use of 1,3-Bis(phenylmethyl)imidazolium
bis(trifluoromethanesulfonyl)amide [(BnzM):IM][Tf:N] (Figure 7) and its asymmetric
analogue, 1-phenylmethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
[(BnzM)MIM][Tf;N] resulted in graphene concentration estimated as 5.8 and ~ 0.1 mg mL™!,
respectively.

It is important to note that benchmarking values of graphene concentration is one of
the biggest matters in the field. The concentration of graphene as well as the lateral flake size

differs significantly from one article to another. This can be justified by the fact that different
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experimental conditions, such as initial graphite concentration, solvent volume, sonication
power and temperature employed by various groups, are (with a few exceptions) commonly
omitted or not discussed. Therefore, it is extremely important to define a reproducible
protocol relying on the best experimental conditions for the UILPE and in LPE in general, as
well as the use of defined standards for describing the graphene dispersions. In particular, the
yield of UILPE can be determined as the ratio between the mass of graphene flakes suspended
in the liquid and mass of the starting material (Yw [%]),*?) or as Ys[%]), i.e. the ratio between
the single- and multi-layer flakes in the dispersion. Furthermore, the ratio between the weight
of SLG and the total weight multi-layer flakes gives the information about Yws [%], i.e. the
yield by SLG weight. While Yw can give only qualitative information, Ys and Yws are more
informative and describe the quality of the dispersions.

In order to fully illustrate the performance of UILPE process and characterize the
graphene dispersions, both quantitative and qualitative description have to be presented. The
number of graphene layers (N) can be quantified using High Resolution - Transmission
Electron Microscopy (HR-TEM)*% 53] and Raman spectroscopy.l%® 7% Together with the
information coming from electron diffraction patterns, in HR-TEM the number of layers can
be directly counted by analyzing the folded sheet edges.!'’”3] The N can be also estimated by
exploiting AFM imaging. However, it is important to note that SLG height via AFM depends
on the substrate and on the environmental conditions, especially the relative humidity.
Because of different hydrophilic nature of various substrates the thickness of SLG can vary.
In particular, on mica SLG thickness amounts to ~ 0.4 nm,[!”# while on SiO> SLG appear to
have a height of ~1 nm,**) which is typically ascribed to the water layer being trapped
between SLG and SiO,. Raman spectroscopy makes it possible to identify structural damages,
electronic perturbations, as well as non-covalent functionalization and chemical modifications
(possibly) taking place during the LPE, processing or deposition of graphene on various

substrates.[!”>-17] The analysis of Raman spectra can also provide information on the number
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and position of broken-conjugation areas in graphene, known as graphene atomic- or point-
defects, which can affect the electronic properties of graphene. Over the past years, there has
been a major effort towards the understanding of Raman spectroscopy of graphene, powered
by new results on doping,!!77- 178, 179, 180, 181, 182] e qge defects,[!83: 184, 185, 186, 187] e]ectrical
mobility[!%8: 189 and oxidation.[*?]

The use of properly selected organic molecules can enhance the exfoliation of bulk
graphite into graphene, in particular when the molecules have a high energy of adsorption on
the basal plane of graphene. It is worth noting that these molecules do not act as graphene
dispersants or graphene exfoliators, i.e. they do not trigger the exfoliation of the flakes, as
commonly misinterpreted in various articles. These molecules mainly act as graphene
dispersion-stabilizing agents (DSAs) via non-covalent functionalization of graphene, i.e.
through the physisorption of their hydrophobic moieties on the graphene surface during the

exfoliation of graphite in liquid media. Therefore, DSAs prevent re-aggregation of the

exfoliated sheets.

4.1. Aqueous dispersions

Water, the natural” solvent, has y ~72 mJ m2,[!°!] which is too high (~30 mJ m™

192

higher than NMP) for dispersing graphene and graphite.['*] Moreover, due to the

hydrophobic nature of graphene sheets they tend to re-aggregate in aqueous dispersions.
Nevertheless, the use of water as a liquid medium in UILPE of graphite opens perspectives to
green chemistry and to the development of graphene-based biocompatible materials.[!?3 1941
Remarkably, the low performance of water in UILPE can be overcome by using DSAs
molecules to help the exfoliated graphene sheets to remain dispersed and prevent their

aggregation [195, 196, 197, 198, 199, 200, 201, 202, 203]

4.1.1. Polycyclic aromatic hydrocarbons
20



WILEY-VCH

Among DSAs, polycyclic aromatic hydrocarbons (PAHs)2%4 203,206, 207] gypgtituted
with various side groups are the most studied compounds.!'%%- 298] Adsorption of PAHs onto
the graphene surface occurs via m—n interactions between the planar n-conjugated surfaces. In
these non-covalent interactions both PAHs and graphene aromatic planar surfaces share the
electrons of m-orbitals, ultimately resulting in the reduction of the surface free energy of the

dispersion. Hitherto different PAHs have been employed:

Pyrenes:

In the past decade, pyrene derivatives have been successfully used to stabilize CNTs
dispersions,'?* and as in the case of NMP, they have been adopted for UILPE of graphite.*!*
211,212,213, 214, 215,216, 217, 218] Noteworthy, DSAs suitable for dispersing CNTs with a curved
surface may not always be ideal for dispersing graphene with a flat surface. Figure 8 portrays
the chemical formulae of different pyrene derivatives used as the DSAs. In particular, in 2010
He and co-workers!?'®! dispersed SLG into an aqueous dispersion by exploiting 1,3,6,8-
pyrenetetrasulfonic acid tetrasodium salt (Py(SO3)4) (see Figure 8) and aminomethylpyrene
(PyMeNH>) as DSAs, and fabricated transparent conductive films. Yet, neither the yield nor
the effectiveness of the protocol was discussed, and aggregates likely remained in these
dispersions beside the final products. In 2012, a variety of pyrenes were employed by Green
and co-workers!?!%) to test their performance as DSAs. Among all investigated pyrene
derivatives, i.e. Pyrene (Py), 1-Pyrenecarboxylic acid (PyCA), 1-Pyrenebutyric acid (PyBA),
1-Pyrenesulfonic acid hydrate (PySAH), I-Aminopyrene (PyNHb>), 1-Aminomethyl pyrene
(PyMeNH>), 1-Pyrenebutanol (PyBOH), 1-Pyrenesulfonic acid sodium salt (PySO3) and
1,3,6,8-Pyrenetetrasulfonic tetra acid tetra sodium salt (Py(SO3)4), the PySO3 was found being

the most efficient, yielding graphene dispersion concentration as high as 1 mg mL"!. To

quantify the amount of SLG and FLG in the dispersions, the PySOs-stabilized graphene
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samples were characterized by HRTEM, which revealed the presence of 2-4 layers thick
sheets, as commonly observed in UILPE samples.

213] went one step further by investigating the
1Y y g g

In 2013 Palermo and co-workers!
thermodynamics of molecule-assisted UILPE of graphite. In particular, the authors studied the
mechanism of physisorption of various pyrenes on graphene surface, and successive UILPE in
water. A detailed analysis was performed on pyrenes functionalized with sulfonic groups. In
particular, 1-Pyrenesulfonic acid sodium salt (PySOs3), 6,8-Dihydroxy-1,3-pyrenedisulfonic
acid disodium salt (Py(OH)2(S0s)2), 8-Hydroxy-1,3,6-pyrenetrisulfonic acid trisodium salt
(PyOH(S03)3), and 1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt (Py(SO3)s4) were tested.
Experimental results collaborated with molecular dynamics simulations provided evidence for
a correlation between molecule-graphene adsorption energy and the amount of dispersed
graphene sheets; for example the potential of mean force (PMF) of the adsorption process
within several sampling windows can be seen on Figure 9. Remarkably, the results obtained
imply that the performance of pyrene-assisted UILPE is indirectly driven by the molecular
dipoles, which are not important per se, but since they facilitate the adsorption of pyrenes on
graphene sheets, they promote the lateral displacement of the solvent molecules intercalating
between the graphene sheets and pyrene cores.

Noteworthy, some other attempts to enhance UILPE of graphite in water by making
use of pyrene-graphene n-w interactions have been reported. In 2011, Lee and co-workers!?!2]
showed that an aromatic amphiphile based on a conformationally flexible aromatic segment
including four pyrene units (PyHD), stabilizes graphene dispersions in water with the
concentration of 1.5 mg mL!. In other works Shi,?'] Miillen,?°?) and Honma!?!!! used
pyrenebutyrate (PyBA) and/or pyrenesulfonic acid (Py-SAH) to stabilize graphene in water
for use in electrochemical, solar cell, and composite applications. The examples above

demonstrate that the use of Py molecules enables a rational modification of both the electronic

structure and the conductivity of graphene sheets as well as its performance in Li-ion batteries.
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Naphthalenes:

Recently, Liu and co-workers!??Y designed a naphthalene diimide (NDI) with ionic
groups attached to the NDI unit through flexible alkyl spacers (NDICA in Figure 8) and
successfully used it as DSAs. They showed that NDICA exhibit an excellent capability to
exfoliate graphite and disperse graphene in an aqueous solution, as revealed by the ability to
produce few-layered graphene with concentration as high as 5 mg mL™! after centrifuging at
1000 rpm or 1.2 mg mL™! after centrifuging at 5000 rpm. The superior performance of the
surfactants is attributed to their chemical structures, which enable strong n-m interactions
between NDICA and graphene and electrostatic (ionic) interactions between COO" groups of

NDICA and water molecules.

Perylenes:

Several perylene-based DSAs have been used to promote the exfoliation of graphite in
aqueous solutions, including sophisticated perylene diimide (PDI)-based bolaamphiphiles2%%:
2211 (PDIBBA,; Figure 8) and PDI-sulfonic acid (PDI(SO3),).[22! An effective and efficient
method for the preparation of graphene by UILPE in aqueous dispersions, was demonstrated
by Stupp, Stoddart and co-workers, 2?2l by using N,N’-dimthyl-2,9-diazaperopyrenuim

dichloride (PDAP; see Figure 8) molecules to stabilize dispersed graphene sheets in water via

electrostatic repulsion between the positively charged PDAPs physisorbed on graphene flakes.

Aqueous dispersions stabilized by other PAHs:
Because of the good improvement of the UILPE in presence of small polycyclic
aromatic hydrocarbons such as pyrenes, NDIs and PDIs acting as DSAs, other PAHs are also

expected to be suitable to stabilize graphene produced by the means of UILPE. Not

el201 [199]

surprisingly, it has been recently demonstrated that both coronenel?°!! and anthracene,
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could also be used as DSAs. In particular, Lee and co-workers showed that the exfoliation of
graphite can be also attained by non-covalent functionalization using 9-anthracene carboxylic
acid (ACA), yielding in FLG dispersions.'*”) Remarkably, ACA-graphene based composite
possesses notable electronic properties, i.e. it exhibits high specific capacitance value of 148 F

g!, as demonstrated by fabricating ACA-graphene based ultracapacitor.

4.1.2. Polymers as DSAs

Over the past years, it has been proven that graphene can be dispersed in water by
using a wide range of polymers acting as DSAs, [14 195197, 198,215,216, 217, 223, 224, 225, 226, 227, 228, 229,
230,231,232 gych as cellulose acetate (CA),!?*3 ethyl cellulose (EC),1***) polyvinylpyrrolidone
(PVP),2241 1ignin, 3% gum arabic (GA),??> 2261 gelatin derived from animal skin and
bones,'?2”] and even more complex systems such as bovine serum albumin (BSA),[2?*]
hyaluronan (PyHA)?!®) and DNA['%8] functionalized with pyrene head-groups.

While majority of DSAs used in UILPE of graphite feature a ionic nature, in their
pioneering work Guardia and co-workers,??] investigated a variety of nonionic DSAs, and
compared them with their ionic analogues. It was concluded that the non-ionic DSAs
significantly outperform their ionic counterparts. The best result, being a graphene dispersion
of ~1 mg mL!, was achieved by using the triblock copolymer Pluronic® P-123 (see Figure 6).
AFM analysis revealed that graphene sheets obtained with P-123 had lateral sizes in the range
of hundreds of nanometers, and almost all the sheets were thinner than 5 layers thick (ca. 15%
SLG), in accordance with other investigations of DSAs-assisted UILPE.

More recently, Farris and co-workers performed UILPE of graphite in water with the
assistance of three polysaccharides, namely nonionic pullulan, cationic chitosan, and anionic

alginate.[

1 The effects of polymer type, initial concentration of graphite, and ultrasonication
time on the graphene concentration and quality were compared. Upon ultrasonication

treatment for 30 min it was possible to produce graphene dispersions with concentrations
24



WILEY-VCH

reaching 2.3 mg mL! in pullulan-stabilized dispersions and 5.5 mg mL™! in the case of
chitosan. The obtained graphene sheets were characterized as low-defect SLG, and FLG (<5).
The findings arising from these studies suggest that pullulan and chitosan are outperforming
alginate as DSAs, due to the different surface free energy and thermodynamic affinity.

The use of polymers as DSAs in the UILPE process is unquestionably more beneficial
than the use of organic molecules in terms concentration of the obtained graphene dispersion.
However, because of the strong polymer/graphene interactions the majority of graphene
produced by exploiting this approach cannot be separated from the polymer/graphene
composites. Nevertheless, high fraction of polymer can be removed following the approach

(2241 which relies on the use of graphene “bad solvents”.

proposed by Bourlinos and co-workers,
Towards this end, the authors showed that majority of PVP can be removed from the
graphene/PVP composite by washing it with ethanol/chloroform mixture followed by
centrifugation, yielding in water suspendable PVP-coated graphene sheets.

Interestingly, in some cases the removal of the polymeric DSAs is not required, and in
fact their presence can have some advantages. In this framework, Yoon and co-workers have
shown that graphene dispersions can be stabilized by four different polymers based on either
poly(vinyl alcohol) (PVA) or dextran functionalized with conjugated moieties, such as phenyl
or pyrene (see PyDT and PyPVA in Figure 10).2!7] The ability of these polymers to stabilize
graphene dispersions was systematically investigated. Moreover, graphene hydrogels and
aerogels were prepared from the aqueous dispersion of the graphene/polymer. The cross-
linking of the dispersed polymers in the solution yielded hydrogels with embedded graphene
flakes inside the polymeric networks, and the subsequent freeze-drying of the hydrogel
resulted in an aerogel. Figure 11a shows that the graphene/polymer gel can recover its original
shape after a compression of more than 50% in height. Furthermore, a gel electrolyte was
demonstrated as a second model application of the graphene/polymer composite (Figure 11b).

Compared with a control experiment on a PVA gel electrolyte (84.2 £ 5.2 F g '), the use of
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graphene/polymer gel electrolyte (107.5 + 3.1 F g!) led to higher specific capacitances and
long-term cycling stability, a result that was assigned to the fact that graphene embedded into

1'[234

the gel enhances the ionic conductivity of the gel.[?3# These results clearly support the variety

of possible applications for graphene/DSAs composites.

4.1.3. Other DSAs

Despite the few examples discussed above, residuals of the PAHs and polymeric
DSAs can drastically affect the electrical performance of graphene-based devices. Therefore,
the search of inexpensive DSAs that have high stabilization efficiency yet which can be easily
removed with minimal environmental has attracted a notable attention,!!°6 23> 236, 237,238,239, 240,
241,242,243, 244] a5 it holds potential for facilitating the industrialization and application of
graphene produced in aqueous dispersions.

Various examples of small DSAs have been reported (see Figure 12), and include urea
(U),[24% sodium salt of flavin mononucleotide (FMNS),[?*31 1H,1H,11H-eycosofluor-1-
decanol polyglycidyl ether (FAPGE),?**] amphiphilic compound consisting of alternating
phenylene and thienylene subunits (PTPTP),!>*! and (1,3,5-tris[(1E)-2’-(4’-benzoic
acid)vinyl]benzene) (Ramizol®).l?**] Recently, Palermo and co-workers>**! described the
UILPE, processing and inclusion in polymer composites of FLG by using indanthrone blue
sulphonic acid sodium salt (IBS), a very common industrial dye, and showed that IBS can be
used to stabilize FLG dispersions in water. To demonstrate that their method is suitable for
applications in composites, graphene/IBS hybrids were processed into PVA, enhancing its
electrical conductivity by several orders of magnitude.

In 2014 Chen and co-workers described the UILPE of graphite in water into SLG and
FLG exploiting pyridine (P) as DSA.[2*7] Conductivity of graphene films prepared by filtration
of dispersions was reported being as high as 5100 S cm™!'. Moreover, the performance of

exfoliated graphene was tested as hole transport layer (HTL) and compared with N,N-
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di(naphthalene-1-yl)-N,N-diphenylbenzidine (NBP; commercial HTL; see Figure 13a) in
organic light-emitting diode (OLED). As depicted in Figure 13b, unusual negative differential
resistance (NDR) occurred in both devices. In Figure 13c the efficiency of luminance in the
graphene-based LED device was found to be roughly twice higher than that in the NPB-based
one.

The same group has also reported on another DSA, namely imidazole,*¢! which
interacts with the exfoliated graphene sheets significantly improving the concentration of
graphene dispersion (1 mg mL™!) in water. Graphene film prepared from the exfoliated
material exhibited an electrical conductivity of 131.7 S cm!. Furthermore, an all-solid-state
supercapacitor with a new design fabricated using the exfoliated graphene sheets delivered an
ultrahigh area capacitance (~72 mF/cm?).

Recently, Francis and co-workers demonstrated fine patterning of graphene by screen
printing using a silicon stencil and a high conductivity ink based on graphene dispersions
prepared by ethyl cellulose (EC) assisted UILPE in ethanol.[>**! The screen-printed graphene
patterns (Figure 14a) on polyimide films exhibited high electrical conductivity of 1.86 x 10* S
m ! and remarkable mechanical flexibility, suitable for electronic applications. With the high-
quality and flexible graphene patterns as source and drain electrodes, all-printed electrolyte-
gated transistors on flexible substrates displayed desirable transfer and output characteristics,
as well as durable operation over many bending cycles (Figure 14e).

Regardless of the exfoliation yields and the stability of graphene aqueous dispersions,
the use of water as an exfoliation media is not recommended for the exploitation of graphene
in electronic devices such as field-effect transistors (FETs). In particular, the presence of
water remaining at the interface with the dielectric substrate can enhance charge-trapping

246

phenomena.[?*¢! Therefore, the use of DSAs-assisted UILPE in organic solvents has to be

explored.
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4.2. Graphene dispersions in organic solvents

Despite the increasing interest in the field, the knowledge gathered about the DSA-
assisted UILPE of graphite in organic solvents is still relatively poor.[22% 233, 247, 248, 249,250, 251,
252.253] The first reported example dealing with this approach involves the use of 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-5000]
(DSPE-mPEG; Figure 15) molecules in a combination with TBA-inserted oleum-intercalated
graphite.>’l Such a mixture was sonicated in DMF to give homogeneous graphene dispersion,
which was further deposited on various transparent substrates, including glass and quartz, by
exploiting Langmuir-Blodgett (LB). The one-, two- and three-layer LB films on quartz
afforded sheet resistances of 150, 20 and 8 kQ and transparencies of 93, 88 and 83%,
respectively.

Porphyrins are known to interact with various carbon-based materials, such as graphite,
CNTs and fullerenes through n-m stacking that takes place between porphyrinic electron—
abundant aromatic cores and conjugated surfaces.[23% 255 256.257] Therefore, similar interactions
are expected to take place between porphyrins and graphene.[?’% 2% To explore this idea, Jung
and co-workers dispersed graphene in the presence of 5,10,15,20-tetraphenyl-(4,11-
acetyltioundecyl-oxyphenyl)-21H,23H-porphin (TATPP; Figure 15) in NMP containing
organic ammonium ions. It was found that the TATPP-assisted UILPE of graphite could be
employed to produce high quality SLG sheets.

Successful UILPE of graphite can be also attained in ethanol by exploiting
quinquethiophene-terminated PEG (STN-PEG) as a DSA. Highly graphene films exhibiting
interesting opto-electronic properties were fabricated from the graphene dispersions by
vacuum filtration. After washing the surfactant with THF followed by chemical treatment
with HNOs and SOCla, the graphene films exhibited a remarkable light transmittance of 74%

at 550 nm combined with a sheet resistance of 0.3 kQ sq! and 64c/Gac = 3.65.
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Graphene can be directly exfoliated from graphite using UILPE and CTAB (Figure
15) acting as a DSA, as demonstrated by Valiyaveettil and co-workers.[>>?! The sheets could
be dispersed in common organic solvents such as DMF. The characterization of the flakes by
various techniques such as TEM, AFM and SEM, revealed the successful exfoliation of
graphite into graphene flakes having an average thicknesses of ~1.2 nm. Field emission
measurements showed a turn on voltage of 7.5 V um™! and emission current densities of 0.15
mA cm?2,

The use of small organic molecules such as DSAs is expected to promote the UILPE
of graphite when the DSA molecules have a strong affinity for graphene, being stronger than
that of the solvent/graphene interactions. A good starting point in terms of molecular design
relies on the use of alkanes which are known to exhibit a high affinity for the basal plane of
graphite/graphene.[® In this framework, we have recently demonstrated that arachidic acid
(CI19CA; Figure 15) and n-octylbenzene (NOTB) can be successfully exploited to promote
the exfoliation of graphene in NMP.[?*7] Notably, the addition of the C19CA and/or NOTB
does not affect the quality and structure of obtained graphene, as compared to the use of NMP
alone, highlighting the non-invasive nature of the process. Furthermore, the use of alkyl chain
based DSAs lead to an increase the percentage of SLG and bilayer graphene flakes. In
particular, by using NOTB as DSA the amount of SLG increases by ca. 10 % and graphene
concentration increases of 25%, with respect to graphene exfoliated in pure NMP. Conversely,
the use of C19CA resulted in a slightly lower increase of percentage of SLG and a 50%
increase of the concentration.

We have also shown that the performance of linear alkanes exposing a carboxylic acid
head group as DSAs directly depends on the length of the linear alkane chain.*’! Towards
this end, we explored five linear modules, i.e. hexanoic acid (C6CA), lauric acid (C12CA),
stearic acid (C18CA), lignoceric acid (C24CA) and melissic acid (C30CA) (Figure 15),

whose different adsorption energies on graphene and marked tendency to form tightly packed
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self-assembled monolayers on such a surface affected their performances as DSAs. The
analysis of the carboxylic acid assisted UILPE revealed that the concentration of graphene
dispersions prepared in NMP, 0-DCB and TCB increases linearly with the length of the
aliphatic chain (Figure 16). The observed dependence of the UILPE yield with the length of
the aliphatic chain has been interpreted by means of a thermodynamic model of molecular
self-assembly on graphene. Our analysis shows that the shorter the aliphatic chain, the larger
is the (rotational and translational) entropic cost of forming a 2D structure (Figure 16¢). 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 DSAs and guide the chemical design of the next generation of DSAs.
Nevertheless a role of kinetics cannot be fully ruled out.

Besides the above examples on the use of simple DSAs in organic solvents, only a
limited number of polymers have been exploited to this end in the past years. In particular,
through a modelling study, the group of Coleman have predicted that maximal graphene
concentration can be reached when the polymer and solvent have similar Hildebrand
solubility parameters as the graphene sheets.[?*3] Though effective, graphene concentration in
the dispersions obtained therein is however often very low, e.g. 0.141 mg mL"! in
cyclohexanone or 0.02 mg mL™! in THF. The search for suitable polymers acting as DSAs in
conventional low-polarity, low-boiling-point organic solvents organic solvents is thus
important to render highly concentrated graphene dispersions of high quality.

It has been shown recently, that the exfoliated graphene in NMP can be stabilized with
an acidic solution of the poly(isoprene-b-acrylic acid) (PI-b-PAA) or poly[styrene-b-(2-
vinylpyridine)] (PS-b-P2VP) block copolymers!'®7l (Figure 10). Unfortunately, the thickness
of graphitic flakes amounts to 44 nm and 2.5 nm respectively, implying that the PI-b-PAA-

and/or PS-b-P2VP-assisted UILPE protocol needs to be further optimized.
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4.2.1. Bi-component graphene/organic active layers

UILPE graphene in the presence of ad hoc molecules can be successfully exploited as
a bi-component graphene/organic hybrid active layer for tuning the charge transport in
OFETs.[260:2611 A viable method to address this approach consists in the use of a blend of
graphene and an organic/polymeric semiconductor by choosing a liquid media that can act as
good solvent for both.

We have recently demonstrated that graphene prepared by UILPE in o-DCB can be
used in thin-film devices once co-deposited with a polymeric semiconductor in order to boost
the ambipolar character of the latter.[*¢!) In particular, we have shown that the field-effect
mobility of holes can be enhanced by 45 folds at the blend ratio 150:1 in weight of poly [N, N-
9-bis(2-octyldodecyl)- naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59- (2,29-
bithiophene)], P(NDI20OD-T2), Polyera Activink N2200) to graphene, suggesting a
favourable pathway for the charge transport. This strategy combining the high performance of
a 2D material and the ideal film forming ability of a polymer provides a prospective pathway
for the application of graphene in electronics requiring ambipolar devices for complimentary
logic circuits.

It is however important to note that blends feature mayor drawbacks such as phase
segregation,?!! graphene random aggregation,>*?! cristallinity loss in the semiconductor
matrix?3l and very poor control over graphene deposition.[?*

In 2015 we have demonstrated(?5°! an alternative strategy to fabricate multifunctional
graphene-polymer hybrid thin-film transistors (PG-TFT) whose transport properties are
tunable by varying the deposition conditions of graphene dispersions prepared by the means
of UILPE of graphite in NMP. It is a multistep procedure characterized by the deposition of a
graphene ink on SiO> followed by a thermal annealing process in order to fully evaporate the
NMP solvent, and the successive deposition of the polymeric semiconductor via spin-coating.

In particular, we found out that the ionization energy (IE) of graphene films drop-cast on SiO>
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can be finely adjusted prior to polymer deposition via thermal annealing in air environment,
exhibiting values gradually changing from 4.8 up to 5.7 eV. Such a tunable graphene's IE
determines its dramatically different electronic interactions with the semiconducting polymer
(p- or n-type) sitting on its top, leading to devices where the output current of the PG-TFT can
be operated from being completely turned off up to modulable. Moreover, the PG-TFT based
on fine energy level engineering, represents a memory device operating without the need of a

dielectric layer separating a floating gate from the active channel.

S. Conclusion

In this review article we have shown that the non-covalent functionalization of graphene with
ordered supramolecular architectures is a viable approach to decorate surfaces and interfaces
with functional molecules and it also opens promising paths to tune the graphene properties.
Hitherto, the (supra)molecular approach to graphene is a rather unexplored realm. In order to
finely tune the electronic properties of graphene, and especially to modulate its doping, it is
crucial to design molecular building blocks that are capable to undergo controlled self-
assembly on graphene forming ordered nanopatterns. Depositing simple molecules or layers
of self-assembled species, suited for modifying interfacial electronic interactions, on graphene
surface cause the interstitial doping by charge transfer processes between supramolecular
architectures and graphene, which subsequently results in a modulation of the graphene’s
work function.

Moreover, when exploited in the liquid phase, this supramolecular approach can be used to
harness the performance of ultrasound-induced liquid-phase exfoliation of bulk graphite, a
method which is particularly mild, versatile and potentially up-scalable. UILPE in the
presence of a given solvent molecule with the aid of an additional molecule acting as an DSA
is a path not only to avoid graphene re-aggregation due to van der Waals attraction, but also to

increase exfoliation efficiency, thereby compromising the effort made during exfoliation.
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Moreover, the presence of the DSAs interacting with the graphene through non-covalent
forces can be used to modulate the properties of the graphene by imparting new functions to
the 2D material. UILPE approach is extremely interesting from technological point of view as
many applications rely on large-scale mass production using low-cost methods such as ink-jet
and screen-printing or R2R. UILPE is attractive for the preparation of stable graphene inks
that can be processed in thin conductive films and composites. Considerable effort has been
made to enhance the degree and the yield of UILPE of graphene. Yet, the yield of SLG sheets
is still moderately low and requires long treatment with ultrasound. Additionally, the
exfoliated material has quite an amount of graphitic waste, which adds another (purification)
step into the UILPE process. In order to leverage the yield and reduce the by-products,
various alternative methods are being intensively explored. Amongst the LPE approaches
electrochemical exfoliation (ELPE) emerged in the last years as the most promising tactic to
disperse graphene in liquid media.’? Differently from UILPE, ELPE may cause the edge-
oxidation of graphene flakes; however, the level of oxidation is still markedly lover than that
of rGO. Moreover, the concentration of dispersion produced by ELPE can be as high as 50
mg mL!, being two orders of magnitude greater than the average concentration of UILPE
dispersions.

Supramolecular approaches to graphene, and supramolecular chemistry itself relies on the use
of non-covalent forces to steer the self-assembly of molecular building blocks, with a sub-
nanometer precision, to generate materials with well-defined physical and chemical properties.
Nevertheless, the labile nature of non-covalent forces defines the stability of the self-
assembled structures, which in particular in liquid media is limited, and this thereby
jeopardizes the technological exploitation of non-covalently modified graphene. In this regard,
covalent attachment of organic molecules onto the basal plane of graphene, and in particular
graphene oxide, is being widely investigated, as it appears as relatively more robust than non-

covalent functionalization.[266. 267 268, 269,270, 271, 272, 273, 274] A chieving a higher control over the
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covalent functionalization of graphene and graphene oxide will be key, as it will allow
decorating this wonder 2D material with ad hoc functional groups ideally in pre-defined
positions to promote inter-sheet interactions via non-covalent forces. Design and manipulation
of advanced porous 3D graphene-based materials?’! is another, yet extremely important issue
to be consider as the implementation of graphene in 3D well-ordered nanostructures shows a
promise in various technologically relevant applications in membranes,276-277]
supercapacitators,1278 279, 280. 281, 282] fse] cells, 1283 2841 and drug delivery?%- 2861, To this end,
beside the extensive use of - interactions, two other non-covalent forces featuring greater
geometrical control such as H-bonding and metallo-ligand interactions will be precious tools
to improve the structural and functional complexity of graphene based materials. This will

allow extending the dimensionality from 2D to 3D to create, even under thermodynamic

control, highly ordered composites with tunable porosity for energy applications.
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Figure 1. Schematic representation of the ultrasound-induced liquid-phase exfoliation
(UILPE) process of graphite in the absence and presence of dispersion stabilizing agents
(DSAs).
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Figure 2. Chemical structure of the molecules used for non-covalent functionalization of
graphene, with their acronyms as used in the text.
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L N —

Figure 3. STM images of graphene non-covalently functionalized with PTCDA, Pc and Ceo
molecules. a-b) PTCDA herringbone structure self-assembled on EG/SiC(0001); c) Kagome
structure obtained after deposition of FePc on SLG/Ru(0001); d) Square lattice of CoPc self-
assembled in MEG/Ir(111); e-f) STM images of Cso molecules self-assembled on
SLG/Ru(0001) (e) and SLG/SiC (f). Images reproduced from Ref.l'?3! (a-b), Ref.[33] (¢),
Ref.[1381 (d) and Ref.[4] (f) with the permission from the American Chemical Society; €)
Reproduced from Ref.['**] with the permission from the American Institute of Physics.
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Figure 4. a) STM image of OA molecules self-assembled on HOPG; b) Schematic
representation of the G-FET device decorated with self-assembled OA molecules and an
optical micrograph of the G-FET; c) l4s—V, characteristics of a G-FET device before and after
several OA treatments and after OA removal taken at a source—drain bias (Vgs) of 5 mV under
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ambient conditions. Reproduced from Ref.['3% with the permission from the Royal Society of

Chemistry.
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Figure 5. a) AFM topography image of the OPA self-assembled architecture (yellow-green)
partially covering graphene surface (blue); b) Raman spectra obtained on graphene and on the
OPA-functionalized graphene showing p-type doping. Reproduced from Ref.['3! with the
permission from the American Chemical Society.
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Figure 6. Chemical structure of the solvent molecules used as liquid media in the UILPE
process, with their acronyms as used in the text
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Figure 7. Chemical structure of the ionic liquids (ILs) used as the solvents in the ULPE
process, with their acronyms as used in the text.
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Figure 9. The curve of the potential of mean force (PMF) of (Py(SO3)4). Snapshots of
equilibrium structures at different distances are also shown corresponding to the points on the

curve indicated by letters. Reproduced from Ref.[?!3] with the permissions from Royal

Chemical Society.
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Figure 10. Chemical structure of polymeric DSAs used in the UILPE process, with their
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Figure 11. a) Photographs of the compression and release process of aerogels prepared from
an aqueous dispersion of graphene/Py-PVA; b) Typical galvanostatic charge/discharge curves
(inset) of the solid-state supercapacitor cells recorded at a current density of 0.5 A g=! and
their long-term cycling performances. Reproduced from Ref.>!”! with the permissions from
the American Chemical Society.
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Figure 12. Chemical structure of small organic DSAs used in the UILPE process in water,
with their acronyms as used in the text.
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Figure 13. Schematic representation of the hole-transport process in an OLED from a
graphene hole transport layer as an alternative to a conventional NPB HTL. (b) Current
density-voltage, luminance-voltage, and (c) luminance efficiency-voltage characteristics of an
NPB-LED and graphene-LED. (red: graphene-LED; black: NPB-LED). Reproduced from
Ref.[27] with the permission of Nature publishing group.
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Figure 14. a) Optical microscope image of screen-printed graphene source and drain electrodes on a
polyimide substrate for EGTs (W/L = 900 um/90 um). b) Schematic illustration for the EGT
architecture fabricated on the graphene electrodes. ¢) Transfer and d) output characteristics of the
printed EGTs. The voltage sweep rate was 50 mV s™!. e) Stability of charge carrier mobility («) and
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corresponding to 1.0% strain. Reproduced from Ref.?*3 with the permissions from Wiley-VCH.
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Figure 15. Chemical structures of organic molecules used as DSAs in the process of UILPE
of graphite towards graphene in organic solvents, with their acronyms as used in the text.
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Figure 16. a) Photographs of graphene dispersions prepared by carboxylic acid assisted
UILPE of graphite in NMP, o-DCB, TCB, and DMF; b) average concentration of graphene
dispersions after the filtration process; c) Plot of the internal energy gain (AE), entropy cost (—
TAS), and free energy difference (AF) for the five investigated carboxylic acids. Reproduced
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Non-covalent functionalization of graphene relies on the use of principles of
supramolecular chemistry and can be use to finely tune graphene properties and enhance its
production by the means of molecule-assisted liquid-phase exfoliation.
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