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Preface

Graphene is one of the most attractive carbon nanostructures of the past decade
with unique mechanical, electrical, and optical properties that have been attracted
tremendous interest in academics and industry. It is expected to play an important
role in nanotechnology in the near future.

Although graphene is under certain conditions a relatively chemically inert
material, it interacts with various organic and inorganic reactants affording a
great variety of derivatives. Following the isolation of graphene and mainly the
establishment of several procedures for its production in sufficient quantities,
several researchers — inspired from analogous successful chemical modification
of fullerene and carbon nanotubes — have performed a great number of chemical
functionalization of graphene with analogous success.

Chemical functionalization is an important tool for enriching graphene with
physicochemical and other properties particular to their potential use in various
applications. The aim of this book is to present a comprehensive description
of the several functionalization procedures applied on graphene. In the first
chapter, a brief description of graphene is presented. The second and third
chapters present a detailed compilation of the covalent organic functionalizations
of graphene. The reactions are separated in two chapters according to whether
or not oxygen groups of graphene are involved. The fourth and fifth chapters
are focused on the functionalized graphene derivatives that are planned to be
involved in bio applications. The sixth chapter is focused on the very interesting
hydrogen and halogen derivatives of graphene as well as its properties. The seventh
chapter describes noncovalent interactions of graphene with organic molecules
and other reactive species. The eighth chapter presents a great variety of graphene
derivatives with metallic nanoparticles and their potential applications especially
in catalytic processes. The ninth chapter presents interesting all the carbon hybrid
nanostructures that are formed by the combination of graphene with other carbon
nanostructures such as carbon nanotubes, fullerenes, and carbon nanoparticles.

X



XIv

Preface

The tenth chapter describes the formation of doped graphene with heteroatoms
such as nitrogen or boron as well as its interesting properties. Finally, the last
chapter presents the layer-by-layer assemblies of hybrid nanostructures that have
graphene monolayers as a major component.

I would like to thank Wiley — VCH for the kind acceptance to publish this book.
I dedicate this book to my wife for her continuous encouragement.

November 2013 Vasilios Georgakilas
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1
An Introduction to Graphene
Konstantinos Spyrou and Petra Rudolf

1.1
Brief History of Graphite

Carbon takes its name from the latin word carbo meaning charcoal. This element
is unique in that its unique electronic structure allows for hybridization to build
up sp?, sp?, and sp networks and, hence, to form more known stable allotropes
than any other element. The most common allotropic form of carbon is graphite
which is an abundant natural mineral and together with diamond has been known
since antiquity. Graphite consists of sp? hybridized carbon atomic layers which
are stacked together by weak van der Waals forces. The single layers of carbon
atoms tightly packed into a two-dimensional (2D) honeycomb crystal lattice is
called graphene. This name was introduced by Boehm, Setton, and Stumpp in 1994
[1]. Graphite exhibits a remarkable anisotropic behavior with respect to thermal
and electrical conductivity. It is highly conductive in the direction parallel to the
graphene layers because of the in-plane metallic character, whereas it exhibits poor
conductivity in the direction perpendicular to the layers because of the weak van
der Waals interactions between them [2]. The carbon atoms in the graphene layer
form three ¢ bonds with neighboring carbon atoms by overlapping of sp? orbitals
while the remaining p, orbitals overlap to form a band of filled n orbitals — the
valence band — and a band of empty 7* orbitals — the conduction band — which are
responsible for the high in-plane conductivity.

The interplanar spacing of graphite amounts to 0.34 nm and is not big enough
to host organic molecules/ions or other inorganic species. However several inter-
calation strategies have been applied to enlarge the interlayer galleries of graphite
from 0.34nm to higher values, which can reach more than 1nm in some cases,
depending on the size of the guest species. Since the first intercalation of potas-
sium in graphite, a plethora of chemical species have been tested to construct what
are known as graphite intercalation compounds (GICs). The inserted species are
stabilized between the graphene layers through ionic or polar interactions without
influencing the graphene structure. Such compounds can be formed not only with
lithium, potassium, sodium, and other alkali metals, but also with anions such as
nitrate, bisulfate, or halogens.

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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1 An Introduction to Graphene

In other cases the insertion of guest molecules may occur through covalent
bonding via chemical grafting reactions within the interlayer space of graphite; this
results in structural modifications of the graphene planes because the hybridization
of the reacting carbon atoms changes from sp? to sp®. A characteristic example is
the insertion of strong acids and oxidizing reagents that creates oxygen functional
groups on the surfaces and at the edges of the graphene layers giving rise to graphite
oxide. Schafheutl [3]first (1840) and Brodie [4] 19 years later (1859) were the pioneers
in the production of graphite oxide. The former prepared graphite oxide with a
mixture of sulfuric and nitric acid, while the latter treated natural graphite with
potassium chlorate and fuming nitric acid. Staudenmaier [5] proposed a variation of
the Brodie method where graphite is oxidized by addition of concentrated sulfuric
and nitric acid with potassium chlorate. A century later (1958) Hummers and
Offeman [6] reported the oxidation of graphite and the production of graphite oxide
on immersing natural graphite in a mixture of H,SO,, NaNO;, and KMnO, as a
result of the reaction of the anions intercalated between the graphitic layers with
carbon atoms, which breaks the aromatic character. The strong oxidative action of
these species leads to the formation of anionic groups on graphitic layers, mostly
hydroxylates, carboxylates, and epoxy groups. The out of planar C—O covalent
bonds increase the distance between the graphene layers from 0.35 nm in graphite
to about 0.68 nm in graphite oxide [7]. This increased spacing and the anionic
or polar character of the oxygen groups formed impart to graphene oxide (GO) a
strongly hydrophilic behavior, which allows water molecules to penetrate between
the graphene layers and thereby increase the interlayer distance even further.
Thus graphite oxide becomes highly dispersible in water. The formation of sp?
carbon atoms during oxidation disrupts the delocalized x system and consequently
electrical conductivity in graphite oxide deteriorates reaching between 10* and
107 Q cm depending on the amount of oxygen [2, 8].

1.2
Graphene and Graphene Oxide

For several decades the isolation of graphene monolayer seemed to be impossible
on the basis of, among other things, theoretical studies on the thermodynamic
stability of two-dimensional crystals [9]. An important step in this direction was
made by a research group in Manchester guided by Geim and Novoselov in
2004 [10] who reported a method for the creation of single layer graphene on
a silicon oxide substrate by peeling the graphite by micromechanical cleavage
(scotch tape method). Graphene exhibited outstanding structural [11], electrical
[12], and mechanical properties [13] and 6years later Novoselov and Geim were
honored with the Nobel Prize in Physics “for groundbreaking experiments regarding
the two-dimensional material graphene.” During this time a number of methods for
the production of graphene monolayers have been developed. These methods can
be divided into different categories depending on the chemical or physical process
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employed to obtain the single layer graphene. The next three sections describe the
three types of chemical methods.

1.2.1
Preparation of Graphene from Graphene Oxide

Although the report on single sheets of GO [14, 15] obtained by procedures estab-
lished by Staudenmaier and Hummers and Offeman [4-6] had been published,
the scientific community largely continued to consider graphite oxide a layered
graphitic material. It was not until after the isolation of pristine graphene by
micromechanical cleavage that the question was reexamined and it was ascertained
that the method developed by Hummers and Offeman produces exfoliated oxi-
dized single graphene layers by the dispersion of graphite oxide in water. These
chemically prepared monolayers of GO can be considered the precursors for the
production of graphene by the removal of the oxygen groups. The precise structure
of GO depends on the oxidation process and is still a subject of debate. The most
accepted models are the Lerf—Klinowski and the Dékany models [16, 17]. Recently
Ajayan et al. confirmed that for GO prepared with the protocol that resulted in
the Lerf—Klinowski model, ring lactols are present at the edges of the GO sheets
(Figure 1.1) [18].

Figure 1.1 Atomic force microscopy (b) A structural model of GO introduced by
(AFM) image and structural model of Ajayan et al. (Reproduced with permission
graphene oxide (GO) sheets. (a) An AFM from [18].)

image of GO sheets on a silicon substrate.

3
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Table 1.1 Summary of reduction agents for chemical reduction of graphene oxide [22].

Reduction agent Temperature Reduction Electrical References
(°C) during time (h) conductivity
reduction (Sm™7) after
reduction
Hydrazine 100 24 ~2x10? [20]
Hydroquinone 25 20 — [23]
Alkali 50-90 A few — [24]
minutes
Sodium borohydride 25 2 ~4.5x%x10! [25]
Ascorbic acid (vitamin C) 95 24 ~7.7x10° [26]
Hydroiodic acid 100 1 ~3x10* [27]
Hydroiodic acid (with acetic 40 40 ~3.0x10* [28]
acid)
Sulfur-containing 95 3 — [29]
compounds?®
Pyrogallol 95 1 ~4.9x10? [26]
Benzylamine 90 1.5 — [30]
Hydroxyl amine 90 1 ~1.1x10? [31]
Aluminum powder (with 25 0.5 ~2.1x10° [32]
hydrochloric acid)
Iron powder (with 25 6 ~2.3x10° [33]
hydrochloric acid)
Amino acid (L-cysteine) 25 12-72 — [34]
Sodium hydrosulfite 60 0.25 ~1.4x10° [35]
Alcohols 100 24 ~2.2%103 23]
Dimethylformamide 153 1 ~1.4x10° [36]

“Sulfur-containing compounds include NaHSO;,, Na, S, Na,S,0,, SOCI,, and SO, .

The first dispersion of single graphene layers was presented in 2006 by Ruoff’s
group, which used hydrazine hydrate for the reduction of GO prepared by Hummers
method [19, 20]. Although several reductive procedures have been applied by several
research groups (see Table 1.1 and references therein) in the following years, none
achieved full reduction of the GO monolayers into graphene. This agrees with the
theoretical finding that a reduction of GO from 75% to 6.25% (C:O ratio 16:1)
coverage is relatively easy but further reduction seems to be rather difficult [21]. For
this reason the final isolated carbon monolayers derived from the reduction of GO
are usually called partially reduced graphene oxide (rGO) or chemically converted
graphene (CCG). The results of the various reductive procedures that have been
developed are summarized in the following table.

Reduction of GO can be also be achieved via thermal annealing at tempera-
tures >1000 °C [36], photochemical reduction [37], and electrochemical reduction
[38, 39]. One of the biggest disadvantages of GO is the very low electrical conduc-
tivity. According to theory, GO becomes conducting when the functional groups
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reach 25% [21]. After the removal of the oxygen groups, rGO can be further
graphitized by annealing at elevated temperatures. In this process defects that
remain after reduction are rearranged and the aromatic character of the monolay-
ers increases. However, the presence of oxygen groups on the graphene surface is
not always undesirable. In fact, by exploiting the well-established carbon chemistry
the oxygen functional groups can be used for further functionalization of the
layers for applications in catalysis, gas sensors, energy storage, and environmental
remediation.

1.2.2
Isolation of Pristine Graphene Monolayers

Exfoliation of graphite into single graphene layers can also be achieved by ultra-
sonication in organic solvents. Acoustic cavitation provides unusual chemical
conditions because extremely high temperatures and pressures are reached for
short times in the liquid [40]. If the free energy of mixing is negative and the solvent
is able to stabilize colloidal graphene because its surface energy matches that of
graphene, the graphitic basal structure is broken and small graphite fragments
intercalated by solvent molecules are produced [41, 42]. Dimethylformamide (DMF)
[43], N-methyl pyrrolidone (NMP) [41], pyridine and other perfluorinated solvents
[44], and o-dichlorobenzene [45] were the first solvents successfully used for this
purpose (Figure 1.2).

Sonication methods usually provide a mixture of several derivatives where single
graphene represents a percentage of 1-15% and the rest consists of few-layer
graphene nanosheets, where the number of layers range from 2 to 10 [41, 44].
The final percentage of single graphene layers can be increased by selective
centrifugation. The advantage in these methods is that the graphitic character of
the exfoliated layers is less affected than in oxidation. However the implosion of
cavitation bubbles causes violent collisions between particles at very high speed

(b)

Figure 1.2 (a) Graphite precipitation in concentration 0.3 mgml~". (c) AFM image
benzene after sonication; and (b) partial of several pyridine-etched single graphenes
exfoliation of graphite in pyridine by sonica-  layers. (Reproduced with permission from
tion affords a dark colloidal dispersion with [44].)



6

1 An Introduction to Graphene

that, in air-saturated sonicated solutions, dissociate the solvent and form peroxyl
radicals [46]. The radical reactions are usually destructive and very effective in
breaking C—C bonds [47]. Consequently prolonged sonication treatments result in
a reduction of the sheet size and a higher number of defects [48] mostly consisting
in oxidized carbon atoms at graphene edges in the form of epoxy, carbonyl,
and carboxyl groups [49]. Such damage during exfoliation of graphite in DMF
can be considerably reduced by the addition of N-2-mercapto-propionyl glycine
(tiopronin), a molecule that inhibits reactions promoted by oxygen, peroxides, and
radicals [50]. An alternative route to sonication, which also has the advantage of
mitigating the development of defects, is the method developed by Ester Vazquez
et al. who have used mechanochemical activation by ball-milling to exfoliate
graphite through interactions with melamine (2,4,6-triamine-1,3,5-triazine) under
solid conditions [51].

1.2.3
Large Scale Production of GO by Langmuir-Blodgett Methods

A simple protocol to deposit large GO flakes (5-20 pm) makes use of the
Langmuir—Blodgett technique (LB) [52, 53] where a highly diluted and well
dispersed water solution of GO is employed as a subphase for the LB deposition.

By applying external pressure through the movable barriers of a LB trough
the packing of the GO layers floating at the air—water interface can be modified.
Different from molecular and hard colloidal particle monolayers, the GO single
layer flakes tend to fold and wrinkle to resist collapsing into multilayers. The first
report of large-flake production of GO by using the LB method and controllable
deposition was presented by Cote et al. [52]. As illustrated in Figure 1.3 by
controlling the surface pressure, a high coverage of the GO sheets can be achieved
and the method is suitable for large scale production. The injection of a long-chain
molecule (e.g., octadecylamine) at the air—water interface causes the GO sheets to
bind covalently and results in the formation of surfactant-GO layers [53]. This hybrid
Langmuir film can be transferred to an arbitrary support (higher hydrophobicity
of the substrate increases the transfer ratio and the quality of the deposited
layer) by horizontally lowering the desired substrate to contact the surfactant-
GO-water interface — this way of transferring is known as the Langmuir—Schaefer
method.

1.2.4
Other Methods of Graphene Production

Alternative ways for the production of single graphene layers via physical and
physicochemical routes are less relevant for the present monograph and are
therefore only briefly mentioned in this section for completeness. Single graphene
layers can be produced with very good results by thermal annealing of silicon
carbide (SiC) [54] and chemical vapor deposition (CVD) [55-61]. Although several
transition metals have been used as catalysts in graphene production, nickel
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200 um 2 200 um

(B)

Figure 1.3 (A) SEM (scanning electron controlling the water interface pressure:
microscope) images of highly covered (a) dilute monolayer of isolated flat sheets,
graphene oxide monolayers, scale bar of (b) monolayer of close-packed GO, (c) over-
100 pm. Langmuir—Blodgett assembly of packed monolayer with sheets folded at
graphene oxide layers. (B) (a—d) SEM interconnected edges, and (d) over packed
images of graphene oxide layers on a sili- monolayer with folded and partially overlap
con wafer for different surfaces pressures. sheets. (Reproduced with permission from

The packing density gradually increased by [52].)

and copper are the most promising, taking into account their low cost also. On
the other hand the thermal annealing of SiC at high temperatures that range
between 1000 and 1600 °C results in the sublimation of silicon atoms and the
graphitization of the remaining carbon atoms. Another interesting method for
the preparation of graphene sheets with predetermined size, also called graphene
nanoribbons, is the chemical unzipping of multiwalled carbon nanotubes [62]. More
precisely, the carbon nanotubes are cut along their axis by plasma etching or
strong oxidation. A scheme that presents several procedures for the preparation
of graphene nanoribbons as well as an atomic force microscopy (AFM) image of
these graphene structures are shown in Figure 1.4. Graphene nanoribbons have
the length of the nanotube and their width is equal to the circumference of the
nanotube. Their electronic properties are largely determined by the edge structure
(armchair or zigzag) and, for certain edge structures, exhibit an energy gap which
increases with decreasing width of the nanoribbon [63].
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Figure 1.4 (A) Schematic representation (B) Characteristic AFM images of graphene
of the several ways to unzip carbon nan- nanoribbons by unzipping carbon nanotubes.
otubes and produce graphene nanoribbons.  (Reproduced with permission from [64].)
(Reproduced with permission from [62].)
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13
Characterization of Graphene

The isolation of single graphene sheets offers opportunities for its investigation
by various spectroscopic and microscopic techniques; samples can be either in
the form of dispersion or graphene sheets deposited on the proper substrates. In
this section the most commonly used characterization tools are introduced. As for
most nanomaterials electronic microscopies and AFM are powerful tools for the
characterization of graphene and graphene derivatives. Raman spectroscopy and
spectromicroscopy can distinguish single layer graphene from double layer and
few-layer graphene and give clear indications on the number of defects present
in the material. Thermogravimetric analysis (TGA) diagrams are useful to trace
changes in the structure of graphitic materials before and after functionalization
of graphene sheets. Optical microscopy can visualize a single graphene layer that
is placed on the right substrate. X-ray diffraction (XRD) informs on the success
of exfoliation or intercalation of graphite and is particularly useful to demonstrate
functionalization.

1.3.1
Microscopic Observation

The characterization of a graphene material by AFM is often performed by drop
casting or spin coating a highly diluted graphene dispersion on a silicon wafer
since such deposits are flat enough to allow for recording of height differences
on the monoatomic level. Figure 1.5A shows representative AFM images of single
graphene sheets. One can clearly observe the height differences between the flat
and folded part of the graphene layer. The average height of annealed single
layer graphene flakes is typically in the range of 0.8—1.2 nm when decorated with
oxygen- and hydro-containing groups [65]. After graphitization treatments at high
temperature, the average height of the flakes drops to 0.3-0.5nm [55], showing
the “fingerprint” of a single atomic sheet as similar to the mechanically exfoliated
flakes [66].

Typical TEM (transmission electron microscope) images of single layer graphene
are presented in Figure 1.5B-a,b; the film is almost transparent. When recorded
with aberration-corrected instruments defect structures at grain boundaries can be
imaged with atomic resolution as shown in Figure 1.5B-c. The atomic structure of
graphene sheets is visualized by exit wave reconstruction, which is an advanced
TEM technique in which 10-30 HR-TEM images are acquired at different defocus
values and combined into the complex wave of electrons at the exit plane of the
sample. An example of a phase image of such an exit wave of electrons leaving
a graphene sheet is presented in Figure 1.5B-d [50]. In contrast to single high
resolution TEM images, phase images allow for a quantitative interpretation of the
contrast and permit to distinguish single and double graphene layers [69]. The inset
of Figure 1.5B-d shows a defect-free graphene lattice, in which the positions of the



10

(A)

1 An Introduction to Graphene

Height (nm) Height (hnm) Height (nm)
O=NWHh O=NWLA O=NWH
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Figure 1.5 (A) (a) AFM image of pristine (B) TEM images of (a,b) pristine single
single graphene sheet. The height which graphene sheets. (Reproduced with permis-
corresponds to the thickness of a single sion from [41].) (c) Aberration-corrected TEM
layer is 0.9nm while a folded sheet is mea-  image: grain boundary in a single graphene
sured at height of 1.3 nm. (Reproduced sheet. (Reproduced with permission from
with permission from [67].) (b) AFM image  [68].) (d) HR-TEM of a graphene mono-

and height profile of a single GO layer. layer produced by exfoliation of graphite in
(Reproduced with permission from [20].) the presence of tiopronin as radical trap.

(c) height profile collected along the lines (Reproduced with permission from [50].)

marked in black on the AFM micrograph.

individual carbon atoms can be distinguished. This image clearly indicates a single
graphene sheet, as the AB stacking of a double sheet would lead to the presence
of additional atoms in the center of the hexagons. The overview image shown in
Figure 1.5B-d also indicates that adsorbents are likely to be present at the surface
of the graphene layer giving rise to the ripple-like contrast present in this image.
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Figure 1.6 (a—c) The Raman spectra of pristine graphene in comparison with that of
graphite and the G’ band of several multilayered graphene nanosheets. (Reproduced with
permission from [70].)

1.3.2
Raman Spectroscopy

Raman spectroscopy is a widely used tool for the characterization of carbon
materials; it is particularly informative on the structure of graphene nanosheets
regarding the number of graphene layers, as well as the existence of defects and
the extent of functionalization. The pioneering study of the Raman spectrum of
pristine single graphene was by Ferrari et al. [70] which, as shown in Figure 1.6,
explained how for few-layer graphene consisting of — one to five layers, the precise
number of layers can be extracted from the spectrum. The Raman spectrum of
a pristine single graphene layer has two characteristic features at 1580 cm™!, and
at 2700cm™ called the G band and the G’ band, respectively [71]. The G band
is a result of the doubly degenerate zone center E,, mode [72]. The G band also
bears testimony to the number of layers. As the layer thickness increases, the band
position shifts to lower wavenumbers conforming to the calculated positions for
these band locations. The position of the G band is also sensitive to doping and
strain leads to splitting of this band [73]. The G’ band is the second order of zone
boundary phonons and very often referred to as 2D band. The first order of the zone
boundary phonons is only observed as a peak around 1350 cm™, called D band,
when graphene has a sufficient number of defect sites. In the case of a pristine
graphene monolayer produced by micromechanical cleavage such a band is not
detected because of the lack of defects [73].

As seen in Figure 1.6¢, the G’ peak changes with the number of layers: The G’
peak of a single layer of graphene is a sharp symmetrical peak below 2700 cm™.
For bilayer graphene this peak is shifted to slightly higher wave numbers and
becomes broader with a shoulder toward lower wavenumbers. As the number of
the layers increases the peak shifts to higher wave numbers and finally in a five
layer nanosheet it appears as a broad double peak where the two components have
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Figure 1.7 (A) Raman spectrum of
graphene as produced and after anneal-
ing at 500°C in comparison with that of
the starting graphite. (Reproduced with

permission from [74].) (B) The Raman spec-
tra of graphite (a), GO (b), and the reduced
GO (c). (Reproduced with permission from
[20])

a 1/, ratio (see Figure 1.6¢). For a nanosheet with more than five layers the G’ band
is similar to that of a sample with five layers.

Raman spectra without D band are rarely observed for large pristine single
graphene sheets prepared by micromechanical cleaving without defects. In most
cases pristine graphene sheets have a sufficient number of defects to result in some
D band intensity. The height of the D band directly depends on the number of the
sp® carbon atoms of graphene surface and thus, on the number of defects of the
graphene nanosheets. As regards the quality of graphene, D band is an indication
for the aromatic character and the “quality” of the graphene nanosheet and is related
to the production method and the starting material. As an example, Figure 1.7A
reports spectra relative to graphene sheets produced by the exfoliation of graphite in
water and stabilized with a surfactant which show an intense D band that remains
even after annealing at 500 °C [74]. A similarly intense D band is discerned in the
Raman spectra of GO sheets. Here the D band is a common characteristic of the
Raman spectra since the existence of sp® carbon atoms in the graphitic surface
goes along with the formation of oxygen groups (see Figure 1.7B) [20].

133
Thermogravimetric Analysis

Articles related to the characterization of graphene nanosheets and its derivatives
typically include TGA since the structural changes of graphitic materials before
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Figure 1.8 TGA curves of natural graphite, rGO (graphene nanosheets in the diagram) and
exfoliated GO. (Reproduced with permission from [75].)

and after procedures such as the oxidation and exfoliation of graphite or the
functionalization of graphene sheets give rise to marked differences in the mass
loss as a function of increasing temperature (with constant heating rate). As an
example, Figure 1.8 reports the TGA data for Graphite, GO, and rGO as presented
by Wang et al. [75]. The combustion of graphite starts at 650 °C when the sample is
heated in air, while GO loses 20% of its weight at 200 °C and is finally decomposed
at 550 °C. The first weight loss of GO is attributed to the removal of the oxygen
groups while the lower combustion temperature of GO in comparison with graphite
demonstrates the lower thermal stability of GO because of the presence of defects
created after elimination of oxygen functional moieties. An intermediate thermal
behavior is recorded in rGO which mirrors the lower number of oxygen groups
in this material. For both GO and rGO the lower combustion temperature is also
influenced by the exfoliation which makes the sheets more easily accessible to air
than when they are tightly packed in graphite.

134
Optical Properties of Graphene

Almost everyone has seen graphene nanosheets deposited on solid substrates. In
fact the gray trace left by the movement of a pencil on a white paper is nothing
else but overlaid graphene nanosheets. Likewise, if pristine graphene nanosheets
are dispersed in organic solvents the liquid shows a gray color and becomes darker
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(b) ()

Figure 1.9 (a) A laser beam passing of graphene in water (0.1 mgml™"); and (c)
through a dispersion of graphene in water. It schematic model of poly-vinyl pyrrolidone-
is visible due to the Tyndall scattering effect; coated graphene. (Reproduced with permis-
(b) the optical transparency of a dispersion  sion from [76].)

as the amount of graphene increases. A simple way to identify the presence of
nanoparticles in dispersion is based on the Tyndall effect as illustrated in Figurel.9.
A laser beam becomes visible passing through the liquid because of the scattering
of the light by the dispersed nanoparticles [76].

Graphene as an extended aromatic system has sufficient light absorption; even a
single sheet of graphene is visible through an optical microscope if deposited on
300 nm of silicon oxide on top of silicon as a result of an interference effect [10].
After this work several other groups visualized graphene on several other substrates
[43, 77, 78]. As shown in Figure 1.10 [79], graphene’s optical absorbance of white
light has been measured to amount to 2.3%, which means that a bilayer absorbs

100

98

Light transmittance (%)

96

Distance (um)

Figure 1.10 A single and a bilayer graphene on a porous membrane. (Reproduced with
permission from [80].)
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Figure 111  (a) The UV-vis absorption (b) UV—vis spectra of GO and graphene
spectra of monolayer graphene and bilayer in water solution functionalized both with
graphene; peaks are labeled with the wave-  heparin (unfractioned heparin). (Repro-
length of maximum absorption and the value duced with permission from [82].)(c): UV-vis
of maximum absorption. The UV trans- spectrum of graphene nanosheets in DMF.
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(Reproduced with permission from [81].)

4.6% and a five-layer-thick flake near 11.5% [80]. The maximum of the absorption is
at 268 nm (Figure 1.11a) [81]. UV—Vis spectrum of graphene/unfractioned heparin
production after reduction exhibits remarkable lower transmittance compared
to the initial graphite oxide/unfractioned heparin solution (Figure 1.11b). The
UV-vis spectrum of graphene flakes dispersed in DMF looks very similar with a
continuously rising curve from 700 to 300 nm (Figure 1.11c) [44].

Solid GO has a brownish color and dispersions of GO nanosheets also have
a brownish tint. The color becomes darker and grayer as GO is reduced to
rGO. Because of the different electronic structure, insulated GO has a much
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higher transmittance in comparison to pristine graphene or rGO as illustrated in
Figure 1.13, upper right panel [82].

The electronic properties of graphene can also be changed by reducing the
dimensions of the graphene layers. As illustrated in Figure 1.12, graphene quantum
dots (GQDs) consisting of one or few graphene layers with size less than 100 nm
show new optoelectronic properties, because of the quantum confinement and the
effect of the large percentage of edge atoms. GQDs have a band gap and exhibit
a strong photoluminesence, which can be tuned by controlling their size and
other morphological factors (Figure 1.12C) [83—88]. Finally the optical transitions
in graphene can also be changed by applying a gate voltage in a field-emitting
transistor configuration [89]. This is also the way to tune the band gap in bilayer
graphene [90].

1.35
X-Ray Diffraction Pattern

The different steps for the isolation of graphene from graphite are suitably
monitored by collecting XRD patterns of the starting material, intermediates, and
the final product. As shown in Figure 1.13, graphite exhibits a basal reflection (002)
peak at 20 = 26.6° which corresponds to a d spacing of 0.335 nm and represents the
interlayer distance.

After the oxidation of graphite and before exfoliation the graphite oxide interme-
diate basal (002) reflection peak is shifted to 11.2° which corresponds to a d spacing
of 0.79 nm. This increase in the interlayer space is attributed to the intercalation of

B Graphene
2
S r Graphite oxide
c

Pristine graphite
—

5 10 15 20 25 30 35
20 (°)

Figure 1.13 X-ray diffraction patterns of pristine graphite, graphite oxide, and graphene.
(Reproduced with permission from [91].)
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water molecules between the oxidized graphene layers. The width of the strongest
diffraction peak can also be used to verify the degree of exfoliation as it is linked
to the coherently diffracting domain size via the Debye—Scherrer equation. When

graphite oxide is completely exfoliated this diffraction peak disappears [91].
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2
Covalent Attachment of Organic Functional Groups
on Pristine Graphene

Vasilios Georgakilas

2.1
Introduction

Graphene is a carbon nanostructure with high chemical stability in general, which
is provided by the extended aromatic character of the graphitic lattice. In practice,
this stability is usually associated with the influence of chemical substances like
gases, acids, or bases under specific conditions determined by chemical processes
such as catalytic procedures. On the other hand, several organic reactions have
been applied on graphene up to now affording a large number of derivatives. In
general the reactions with graphene are divided in two main categories. The first
category includes the reactions of the carboxyl, hydroxyl, and epoxy groups that
are spread on a graphene oxide (GO) layer as a consequence of their preparation
procedure. The reactions of this category are described in the next chapter. The
second category includes the covalent attachment of organic functional groups
directly on sp? carbon atoms of pristine graphene or GO and they are described in
this chapter.

The chemical reactivity of sp? carbon atoms of graphene originates from various
sources that are described below. It is known that a number of carbon atoms at
the defect sites and at the edges have sp* hybridization. The existence of these
sp® carbon atoms decreases the aromatic character in the areas around the defects
and near the edges and consequently increases the reactivity of the neighboring
sp? carbon atoms or carbon-carbon double (C=C) bonds. In addition, because
the direct covalent addition to graphitic carbon atoms changes their hybridization
from sp” to sp?, as the reaction proceeds the number of sp® carbon atoms of the
graphene layer is increased. As a consequence, during the reaction the aromatic
character of graphene is decreased continuously and the chemical reactivity is
increased. Furthermore, although theoretically graphene has a planar structure,
the combination of the large 2D surface area with the minimal thickness creates
a number of anomalous — out of planar — curved domain-like folds and wrinkles
that induce local strain and hence chemical reactivity to the C=C bonds analogous
to the induced reactivity of carbon nanotubes as a result of the curvature of the
cylindrical shape.

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The organic modification of graphene through covalent bonds with graphitic
carbon atoms has advantages and disadvantages. The addition of organic groups
on the graphene surface, which is followed by the transformation of the hybridized
carbon atoms from sp? to sp?, disrupts the aromatic systems. This change has
an important influence on the electronic and the mechanical properties of the
organic graphene derivatives. Usually the extent of this influence depends on the
percentage of the carbon atoms that have reacted and the type of reaction as well.
The advantages of derivatization are related to the nature of the added organic
functionalities, which can enrich graphene with various novel physicochemical
properties. Thus graphene can be functionalized with organophilic or hydrophilic
organic groups, chromophores, drugs, biomolecules, or polymers acquiring anal-
ogous properties and characteristics. Making the graphene nanoplatelets highly
organophilic, its dispersion in organic solvents and subsequent dispersion or mix-
ing with analogous polymers is facilitated. In addition the organic character that is
gained after the modification increases the chemical affinity with polymers which
is a crucial factor for the enhancement of the mechanical strength in polymer
nanocomposites. In general carbon nanostructures — graphene, carbon nanotubes,
nanohorns — dispersed in organic solvents can be purified, characterized, and han-
dled much easier than in solid phase. In the case of graphene the absence of a
stabilizer in the liquid phase very often leads to the reorganization of graphene
monolayers into larger graphitic aggregates or in the absence of the liquid phase,
into graphite.

The characterization of the functionalized graphene is usually based on micro-
scopic techniques such as AFM (atomic force microscope), TEM (transmission
electron microscope), HRTEM (high-resolution transmission electron microscope)
for the identification of graphene and spectroscopic techniques such as UV-vis,
FTIR (Fourier transform infrared), Raman, XP§S (X-ray photoelectron spectroscopy),
photoluminescence spectroscopy, and thermogravimetric analysis (TGA) for its
morphology. Free radicals, dienophiles, and other reactive intermediates are the
most frequently used organic species in the direct organic functionalization of
graphene. The following sections include the description of the most widely used
reactions of this category through the presentation of representative examples.

2.2
Cycloaddition Reactions

2.2.1
1,3-Dipolar Cycloaddition of Azomethine Ylide

1,3-Dipolar cycloaddition is the name given to the reaction between a 1,3-dipole
and a double or triple carbon bond, which is a dipolarophile. The 1,3-dipole is
usually a triatomic molecule or a part of a molecule that shares four z electrons.
The result of the reaction is the formation of a five-membered ring. In 1,3-dipolar
cycloaddition with graphene, the latter has the role the of dipolarophile. One of the
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Through substituted oo amino acid pathway
Ry

Through substituted aldehyde pathway

Figure 2.1 The reaction mechanism formaldehyde and an alternative pathway

of 1,3-dipolar cycloaddition of azome- includes the combination of N-methyl

thine ylide with graphene. One reaction glycine and R, substituted aldehyde. In the
pathway includes the combination of right part the dipolar reactive intermediate is
an R, substituted N-methyl glycine and presented.

most attractive 1,3-dipole is azomethine ylide; a very reactive intermediate that is
formed by the condensation of an « glycine and an aldehyde under heating. The
addition of azomethine ylide on C=C bonds of graphene leads to the formation
of pyrrolidine rings perpendicular to the graphene surface. The mechanism of
the reaction is described in Figure 2.1. This reaction can be applied on pristine
graphene as well as on GO since the reactive sp? carbon atoms are present in
abundance in both graphene nanostructures.

One of the most attractive advantages of this functionalization originates from
the variety of the functional groups that can be part of N-methyl glycine or aldehyde
reactants. Thus designing the functionalization of graphene with a specific organic
group (R, or R, in the scheme of Figure 2.1), this could be added either as a part
of the aldehyde (-R,) or the & amino acid (—R;). As a consequence, there are two
different pathways that could be followed. In the first one, the reactive azomethine
ylide is formed by the combination of a substituted aldehyde (with the group —R,)
with the simplest a amino acid, the N-methyl glycine (through substituted aldehyde
pathway). In this case the organic functional group that is added on graphene (-R,)
is located in one of the carbon atoms of the pyrrolidine ring near nitrogen. In the
second pathway the reaction is performed by the condensation of — the simplest
aldehyde — paraformaldehyde and the functionalized o amino acid, which now
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bears the specific functional group (—R;) (through a substituted amino acid pathway).
Now the added functional group is attached to the nitrogen atom of pyrrolidine
ring. An obvious difference between the two pathways as regards the resulting
graphene derivative is the final position of the added group relative to the graphitic
surface. In the first pathway, the group is located close and more parallel to the
graphitic surface whereas in the second pathway the added group is placed almost
perpendicular to the graphene surface. Of course the reaction could be performed
even with both reactants as substituted amino acid and aldehyde.

2.2.1.1 Through a Substituted Aldehyde Pathway

After a successful application of 1,3-dipolar cycloaddition with a plethora of azome-
thine ylides on fullerenes [1-3] and carbon nanotubes [4-10), the reaction has been
applied successfully on graphene nanoplatelets. Starting from 1,4-dihydroxy ben-
zaldehyde and N-methyl glycine, pristine graphene is decorated with pyrrolidine
rings, which are substituted by dihydroxyphenyl groups (Figure 2.2A) [11]. The
covering of graphene surface with hydroxylated phenyl groups increases substan-
tially the dispersibility of the modified graphene nanoplatelets in polar solvents
such as ethanol or dimethylformamide (DMF) (Figure 2.2B). In addition hydroxyl
groups can be further functionalized leading to a plethora of graphene derivatives.
Such post functionalization has been shown in pyrrolidine functionalized carbon
nanotubes [5].

For every pyrrolidine ring that is formed perpendicular to the graphene surface
two sp? carbon atoms from the graphene sheet change their hybridization to sp?.
This change is clearly indicated in the Raman spectrum of the product by the ratio
I /I between the two characteristic bands (G and D) of graphene (see Figure 2.2C).

CH3NH,CH,COOH

Intensity (a.u)

0 T T T T
1000 1200 1400 1600 1800 2000
Raman shift (cm™)

(B) (©)

Figure 2.2 (A) 1,3-Dipolar cycloaddition pyrrolidine functionalized graphene in DMF.
of graphene nanoplatelets by azomethine (C) Raman spectra of (a) pristine graphene
ylide starting from a dihydroxy phenyl sub- and (b) pyrrolidine functionalized graphene.
stituted aldehyde and N-methyl glycine (Reprinted with permission from Ref. [11],

and (B) image showing the dispersion of Copyright 2010, Royal Society of Chemistry.)
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In fact the above I, /I ratio increases analogously with the degree of the covalent
functionalization. This change is attributed to the indirect influence of the number
of the sp? carbon atoms of graphene on the intensity of the D band. In the next
figure a highly functionalized graphene derivative is presented where the D band
is more than the half of G band in comparison with Raman spectrum of pristine
graphene where the D band is far less.

In another application of this reaction pathway, the covalent attachment on
graphene of a tetraphenylporphyrin (TPP) or a palladium tetraphenylporphyrin
(Pd-TPP) chromophoric groups through a pyrrolidine ring is performed by the
contribution to the reaction of an aldehyde substituted by (TPP) or (Pd-TPP) and
N-methyl glycine (see Figure 2.3) [12]. The I/l ratio in the Raman spectrum
increased from 0.22 before the functionalization to 0.4 in the porphyrin function-
alized graphene because of the sp? to sp? transformation of the reacting carbon
atoms of graphene.

TGA is a useful technique for the estimation of the total added groups on
graphene after a functionalization reaction. This is because of the heat that is
needed for the removal of the added organic groups on graphene is different from
the heat that is needed for other processes such as evaporation of solvent, removal
of physisorbed molecules, oxidation of graphene. In this example in the TGA
diagram of the TPP and Pd-TPP functionalized graphenes, a 20% mass loss is
recorded between 200 and 500 °C, which is not observed in the TGA diagram of the
pristine graphene (see Figure 2.4). This mass loss is attributed to the removal of the
added groups from graphene and as a consequence the percentage also indicates
the number of the added groups in the final product.

Finally a conjugated polyfluorenyl polymer substituted by benzaldehyde groups
as side chains has been also grafted on reduced GO using 1,3-dipolar cycloaddition.
As described in the next figure (Figure 2.5) the grafting of the polymer is achieved

| Graphene |+ CHyNHCH,CO,H + @ o OPCB. 160°C &’
Eomid—cHo = x

TPP-CHO PATPP-CHO

Figure 2.3 Immobilization of porphyrin on graphene through 1,3-dipolar cycloaddition.
(Reprinted with permission from Ref. [12], Copyright 2011, Wiley-VCH Verlag GmbH & Co
KGaA, Weinheim.)



26

2 Covalent Attachment of Organic Functional Groups on Pristine Graphene

100
95

90 A

85 4

Mass (%)

80 -

75

70 4

65 T —T— 7 T T T 1
300 400 500 600 700 800
Temperature (°C)

T T T
100 200

Figure 2.4 TGA curves of graphene (thick solid line), graphene-TPP (thin solid line), and
graphene-PdTPP (dotted line). (Reprinted with permission from Ref. [12], Copyright 2011,
Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.)

by an azomethine ylide intermediate that is formed by the condensation of the
benzaldehyde groups of the conjugated polymer with N-methyl glycine and C=C
bonds on rGO [13, 14]. The basic structural difference between pristine graphene
and GO, which is the presence of oxygen groups (epoxides, carboxyl, hydroxyl) on
the surface of GO does not influence the 1,3-dipolar cycloaddition directly. However
there are several factors that influence the final result of the functionalization and
have to do with the nature of the graphitic nanostructure, for example, GO is better
dispersible in organic solvents and it forms more stable and concentrated colloidal
solutions than pristine graphene. The I, /I ratio in the Raman spectrum of the
initial rGO nanoplatelets was about 0.5 (the I, /I ratio of GO before the reduction
was about 1.83).

In the polymer functionalized graphene the Iy /I ratio increased from 0.5 in
the rGO to 1.3 indicating a rather high degree of functionalization. The UV-vis
spectrum of the conjugated polymer was composed of two characteristic overlapped
absorption bands at 307 and 367 nm, which is attributable to a &,n* transition of the
polymer bone. After the grafting of the polymer on the rGO surface, which can be
seen as an intramolecular donor—acceptor system, the intensity of the absorption
band at 307 nm increased whereas that at 367 nm decreased and blueshifted at
357 nm as a consequence of the interaction with the graphitic surface. The conjugate
polymer/rGO composite has been examined for nonvolatile rewritable memory
application. For this study a device was fabricated with a structure consisting of
three layers from indium tin oxide (ITO), polymer composite, and aluminum. The
switch-on voltage of the device was around —1.2V and the ON/OFF state current
ratio exceeded 10* [14].
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CeH13 3 CoH1a CeH13._CeHis

PFCF-CHO CHO
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DMF, reflux, 96 h

PFCF-RGO

Figure 2.5 Covalent addition of a conjugated polymer on reduced GO through substituted
aldehyde pathway. (Reprinted with permission from Ref. [14], Copyright 2011, Wiley-VCH
Verlag GmbH & Co KGaA, Weinheim.)

2.2.1.2 Through Substituted &« Amino Acid Pathway

Substituted a amino acid with an NH, terminated organic functional group
combined with paraformaldehyde has been used by Prato et al. to form substituted
pyrrolidine rings on graphene through substituted a amino acid pathway [15].
During this reaction, NH, is protected by the Boc (tert-butoxycarbonyl) group,
which is removed easily by treatment of the product with hydrochloric acid. These
NH, groups bind selectively to gold (Au) nanorods, which are used as markers
revealing the positions of the pyrrolidine rings on the graphene surface [15]. As
shown in a characteristic TEM image of the Au decorated graphenes, the Au
nanorods, and consequently the pyrrolidine rings are spread over the total area of
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NHZ*CI-
NHz*CI~

Figure 2.6 Amino terminated pyrrolidine rings on graphene surface. (Reprinted with per-
mission from Ref. [15], Copyright 2010, American Chemical Society.)
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Figure 2.7 Carboxylate terminated pyrrolidine rings attached on graphene surface.
(Reprinted with permission from Ref. [16], Copyright 2011, Royal Society of Chemistry.)

the graphene layer implying that 1,3-dipolar cycloaddition is not dependent on the
position of the carbon atoms on the surface (see Figure 2.6).

In another characteristic example of 1,3-dipolar cycloaddition through the substi-
tuted o amino acid pathway, an ester terminated N-methyl glycine is used and finally
after hydrolysis of the product, graphene is functionalized with pyrrolidine rings
that bear carboxyl groups. At the last stage graphene is then easily post functional-
ized with alcohols, phenols, or amines as shown in the example in Figure 2.7 [16].

222
Cycloaddition by Zwitterionic Intermediate

A five-membered ring is also formed by the reaction of a zwitterionic intermediate
that results by the condensation of 4-dimethylaminopyridine with an acetylene
dicarboxylate as presented in Figure 2.8. The functionalized graphene nanoplatelets
are dispersible in organic solvents such as DMF, CHCl;, or water depending on
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Figure 2.8 Functionalization of graphene by a zwitterionic intermediate. The functionalized
graphenes are dispersible in DMF and CHCl; in case of reactant 1 and water in case of 2.
(Reprinted with permission from Ref. [17], Copyright 2012, Royal Society of Chemistry.)

the substituted functional groups [17]. The I,/I; ratio of the Raman spectrum
increased from 0.3 in pristine graphene to 0.4 and 0.54, respectively, for the
two products that are described in Figure 2.8, indicating a medium degree of
functionalization.

223
Diels—Alder Cycloaddition

Diels—Alder (DA) cycloaddition is a widely used organic reaction between conju-
gated dienes and dienophile alkenes and has been applied successfully in carbon
nanostructures [18—22]. Graphene, due to its polyaromatic character, can act as
diene or dienophile depending on the character of the added reactant. Haddon et al.
has studied the reactivity of several forms of graphene nanosheets as regards DA
cycloaddition [23]. In the reaction of tetracyanoethylene (TCNE) or maleic anhy-
dride, graphene acts as diene whereas in case of a 2,3-dimethoxy-1,3-butadiene
or 9-methyl anthracene addition, graphene behaves as dienophile. In both cases
a six membered ring is formed lying perpendicular to the graphene surface (see
Figure 2.9) [23]. The DA cycloaddition with TCNE, in general, is performed at room
temperature on graphene nanosheets suspended in dichloromethane. The reaction
has a reversible character, which means that under certain conditions graphene
returns to the pristine form by removal of the added groups and recovery of the
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NC CN
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1,4-dioxane/CH,Cl. rt

p-Xylene, 100 °C

Figure 2.9 Diels—Alder cycloaddition reaction between graphene and dienophile or diene.
(Reprinted with permission from Ref. [23], Copyright 2011, American Chemical Society.)

electronic properties. The reverse reaction of the TCNE functionalized graphene is
performed in a p-xylene dispersion by heating at 100 °C. According to the I, /I
ratio recorded in the Raman spectra, before and after the cycloaddition with TCNE
or maleic anhydride, single layer graphene is by far more reactive than the few-
layer graphene and highly oriented pyrolitic graphite (HOPG), which have similar
reactivity. In addition the maleic anhydride reaction is temperature sensitive. The
reactivity of graphene as dienophile was examined by the DA cycloaddition of 2,3-
dimethoxy-1,3-butadiene or 9-methyl anthracene. When the I, /I ratio recorded in
the Raman spectra of graphene before and after DA reaction exceed 1, the yield of
these DA reactions could be very high after optimization of parameters such as the
temperature, the solvent, the ratio of the reactants or the duration of the reaction.

A polyethylene glycol (PEG) monomethyl ether chain can be grafted on a
chemically reduced graphene oxide (rGO) surface when it is terminated by a
cyclopentadienyl group. The latter reacts as diene with a double bond of the
graphene surface in a DA cycloaddition (Figure 2.10). The product of the reaction is
rGO nanosheets functionalized with covalently grafted PEG chains [24]. The I, /I
ratio here is increased from 1.18 in rGO to 1.34—1.38 in the polymer functionalized
rGO showing a rather low yielding reaction.

2.2.4
Nitrene Addition

Nitrenes are reactive intermediates that originate from organic azides after the
thermal or photochemical removal of an N, molecule. They react easily with
C=C double bonds of graphene forming three-membered aziridine rings, which
connect the graphene surface with the organic part of the azides. Depending
on this organic part, graphene nanoplatelets are finally decorated by aromatic
species [25, 26], polymers [27], or aliphatic chains which can be further substituted
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Figure 2.10 Diels—Alder cycloaddition
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by functional groups such as carboxyl or hydroxyl groups, perfluoroalkyl chains
[28-30]. These functional groups can contribute in a post functionalization of the
modified graphene. As an example, gold nanoparticles dispersed in a suspension
of carboxy-alkyl aziridine functionalized graphene are captured selectively by the
carboxyl groups and thus immobilized on the surface of the functionalized graphene
(Figure 2.11a). The positions of the gold nanoparticles as revealed by TEM images
indicate the positions of the functional groups (Figure 2.11b). The organically
modified graphene is easily dispersible in organic solvents. The formation of
aziridine rings on the graphene surface is accompanied by analogous increase
of the sp?/sp? ratio of the carbon atoms of graphene which is then recorded as
an increase of the I /I ratio between the D and G bands of the functionalized
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Figure 2.11

(a) Addition of alkyl azide on sheets (1) and after functionalization by

graphene surface and the formation of aziri-
dine rings. (b) TEM image of gold nanopar-
ticles dispersed on the surface of graphene
functionalized by azido undecanoic acid

and (c) Raman spectra of pristine graphene

azido undecanoic acid in 1:1 ratio (2), and
1:10 ratio (3) where the excess is referred to
the azide. (Reprinted with permission from
Ref. [28]. Copyright 2011, Royal Society of
Chemistry.)
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graphene (Figure 2.11c, lines 1 and 2). A further increase of the I,/ ratio is
recorded when graphene reacts with a 1: 10 excess of the alkyl azide (Figure 2.11c,
line 3). This observation shows a direct relation between the ratio of the reactants
and the extension of the functionalization of graphene. In other words, the degree
of graphene functionalization could be controlled by the ratio of the reactants.
A broad 2D band shifted below 2700 cm™! indicates an increased percentage of
graphene monolayers and few layers graphene in the final product [28].

The successful aziridine ring formation after the azide reaction with graphene
is indicated by the FTIR spectrum of the product in comparison with that of the
added azide. The absence of the corresponding peak at 2100 cm™ that is assigned
to the stretching vibration of the azido group of tetraphenyl ethylene (TPE) [30] in
the FTIR spectrum of the TPE functionalized graphene, in combination with the
appearance of other peaks assigned to the organic part of the added TPE indicates
the efficient aziridine ring formation on graphene the surface (see Figure 2.12).
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Figure 2.12 (a) Addition of tetraphenyl emission spectra of TPE azide and TPE

azide on graphene surface by the formation  functionalized graphene. (Reprinted with per-
of aziridine rings. (b) FTIR spectra of the mission from Ref. [30]. Copyright 2012, Royal
reactants, graphene and TPE azide, and the  Society of Chemistry.)
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TPE azide is a member of the family of the aggregation-induced emission
molecules. These molecules appeared to be emissive only in the solid state or
when they are aggregated in clusters. For TPE azide this behavior is observed
by recording its fluorescence emission spectra in a water/tetrahydrofuran (THF)
solvent system. The fluorescence spectrum of TPE azide in THF has an emis-
sion band around 480 nm with maximum intensity. As the percentage of water
was increased the number and the size of the aggregates decreased and the flu-
orescence emission band decreased until it disappeared. This behavior was not
observed in the TPE functionalized graphene. The intensity of the fluorescence
emission peak at 480 nm is significantly quenched by the covalent grafting on
graphene because of the intramolecular electronic interaction between TPE and
graphene.

Nitrene addition can be also used for the grafting of polymers onto graphene
nanoplatelets [25]. These polymers should have azide groups in the polymer chain
in abundance. Polyacetylene functionalized in its side chain with alkyne azide
groups can be grafted covalently on a graphene surface through nitrene addi-
tion (Figure 2.13). The prepared polymer composite has enhanced dispersibility
in common organic solvents as a result of the chemical affinity to the func-
tionalized polyacetylene. The aziridine formation is indicated by the decreased

Graphene

Figure 2.13 Formation of a polyacetylene/graphene composite through an aziridine ring
linker [25].
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band at 2097 cm™! of azide in the final composite compared with the azide
substituted polyacetylene [25]. The same reaction has also been used for the func-
tionalization of graphene with phenylalanine. The reaction takes place between
N-protected azidophenylalanine with exfoliated graphene sheets dispersed in
o-dichlorobenzene [26].

2.2.5
Carbene Addition

Analogous to nitrenes, carbenes are electron deficient highly reactive organic
intermediates that can attack sp® carbon atoms of C-H bonds replacing hydrogen
or C=C bonds in a [1+2] cycloaddition reaction. As a consequence the interaction
of graphene with carbenes leads to the functionalization of graphene through
both possible reactions as graphene has plenty of C=C as well as C-H bonds
at the edges or the defect sites. The reaction of carbene with graphene is not
yet well exploited although there is enough experience by way of previews of
functionalization of carbon nanotubes, diamond, and fullerenes with carbene
derivatives [31-34]. Dichlorocarbene prepared from chloroform treated by sodium
hydroxide is added on graphene nanoplatelets by [1+2] reaction forming three-
membered rings.

A more sophisticated carbene functionalization of graphene has been presented
by Ismaili et al. in their effort to immobilize gold nanoparticles on a graphene
surface with organic linkers [35]. Carbene in this case is formed by the photochem-
ical treatment of a 3-aryl-3(trifluoromethyl)-diazirine derivative, which is equipped
with a gold nanoparticle attached at the end of the molecule through a Au—S bond.
Diazirines are three-membered heterocyclic rings where a sp* carbon atom is
bonded with the two nitrogen atoms of an azo group. Carbenes are produced by the
decomposition of diazirines and the removal of nitrogen atoms as N,, which can
be done by heating or irradiating diazirine molecules. 3-Aryl-3(trifluoromethyl)-
diazirine derivatives are often used in carbene production because of the advantage
of their not having possible intramolecular rearrangement pathways for the cor-
responding carbenes, that leads to by-products decreasing the yield of a carbene
addition reaction. Here, gold nanoparticles covered by alkane thiol chains are also
partly functionalized by 3-aryl-3-(trifluoromethyl)-diazirine molecules through a
thiol-alkyloxy linker where thiol is binded on gold and oxygen on the aryl ring as
presented in Figure 2.14A.

The final immobilization of gold nanoparticles on the graphene surface is
revealed by the comparison of characteristic TEM images of graphene before
and after the carbene addition (see Figure 2.14B). In a blank control experi-
ment graphene was also treated with the gold functionalized diazirine by the
same procedure without the irradiation step that is necessary for carbene pro-
duction. As depicted in the corresponding TEM images gold nanoparticles are
rarely immobilized on the graphene surface; in this case in contradiction to the
samples of the normally irradiated graphenes, these were fully covered by gold
nanoparticles. The control experiment supports the hypothesis that the carbene

35



36 | 2 Covalent Attachment of Organic Functional Groups on Pristine Graphene

SWO’QX"FS

Diaz-AuNP

3.9+ 0.9 nm Carbene addition

®) *foonm
Figure 2.14 (A) Addition of a 3-aryl- binded covalently through carbene addition
3(trifluoromethyl)-diazirine derivative on after irradiation, (c) graphene with rarely dis-

graphene surface through a [1+2] cycloaddi- persed gold nanoparticles that are deposited
tion as a link for gold nanoparticles immo-  without the carbene reaction, and (d) the

bilization. (B) Characteristic TEM images starting graphene material. (Reprinted with
of (a) and (b) with different resolution, permission from Ref. [35], Copyright 2011,
graphene with gold nanoparticles that are American Chemical Society.)

addition occurs mainly on C=C bond as well as on C-H or oxygen groups of
graphene.

2.2.6
Aryne Addition

Arynes are highly reactive organic intermediates that are produced from phenyl
derivatives by the removal of two ortho substituents. Because of their reactive
character, arynes interact easily with C=C bonds or dienes in a [242] or a DA
[4+2] cycloaddition, respectively. In the unique paradigm that graphene has been
functionalized through aryne cycloaddition, Ma et al. used 2-(trimethylsilyl) aryl
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Figure 2.15 Aryne addition on graphene surface. (Reprinted with permission from Ref. [36],
Copyright 2010, Royal Society of Chemistry.)

triate as starting material for the production of the aryne intermediate (see
Figure 2.15). After the connection of the modified arene on graphene by a four
membered ring, the dispersibility of the modified graphene increased remarkably
in solvents such as DMF, o-DCB (1,2-dichlorobenzene), ethanol, chloroform, and
water. Arene can be substituted by several different functional groups [36].

2.2.7
Bingel Type Cycloaddition

An interesting Bingel type functionalization of graphene with the assistance of
microwave power has been described by Tagmatarchis et al. [37] Bingel reaction
is a characteristic [2+1] cycloaddition that has been successfully applied before in
the previously invented carbon nanostructures; in fullerenes, carbon nanotubes,
and carbon nanohorns [38—40]. Usually diethyl dibromomalonate is used with
diazabicyclo[5.4.0lundec-7-ene (DBU) as catalyst in the present of the carbon
nanostructure in suspension. The cycloaddition is performed at room temperature
by simple stirring for 2h. The use of microwave irradiation here decreases the
reaction time remarkably and in general, reactions under microwaves have less
by-products. Initially graphene nanoplatelets dispersed in benzyl amine were
used as starting material for a Bingel type cycloaddition with diethyl malonate
and tetrathiafulvalene (TTF) monosubstituted diethyl malonate (see Figure 2.16).
The mixture of the two main reactants, DBU and carbon tetrabromide (CBr,)
was microwave irradiated for several minutes in one or two steps. The finally
isolated product diethyl malonated graphene is dispersible in several organic
solvents such as dichloromethane, toluene, DMF. Several conditions related to
the ratio of the reactants, the power of the microwave as well as the duration,
the concentration of the reactants, and their combination are described in this
work. The efficient graphene functionalization was indicated by the FTIR spectra
of the products with the appearance of peaks at 2920 and 2847 cm™! assigned to
C-H stretching vibrations and at 1705 and 1727 cm™ assigned to the vibration
of carbonyl groups both belonging to the malonate units. In the Raman spectra
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Figure 2.16 Bingel cyclopropanation on graphene nanoplatelets dispersed in benzyl amine
using microwave irradiation. (Reprinted with permission from Ref. [37], Copyright 2010,
American Chemical Society.)

the D band, which is almost not visible in the initial graphene became higher
than the G band after the functionalization (I, /I > 1) indicating a high degree of
functionalization. From the TGA and the estimation of graphene/malonate mass
ratio, the number of carbon atoms that correspond to one malonate unit was found
to be 44 for 1-diethyl malonate and 128 for the TTF substituted malonate. Finally,
the reaction is reversible by heating the malonate functionalized graphene in an
inert atmosphere. The reversed graphene recovers most of its aromatic character
and electronic properties.
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2.3
Addition of Free Radicals

Free radicals are very reactive organic intermediates that attack sp? carbon atoms
forming covalent bonds. Usually they are produced from organic molecules by the
selective removal of an easily leaving group dissociating an ¢ covalent bond.

2.3.1
Diazonium Salt Reaction

A characteristic procedure for the preparation of free radical is by heating the
diazonium salt of an organic molecule whereas the radical is produced by the
removal of an N, molecule (see Figure 2.17). The addition of an organic radical
to the graphene surface changes the hybridization of the reacted carbon atoms
from sp? to sp®. This change results in the disruption of the aromatic system
and consequently influences the electronic properties of graphene remarkably.
As presented in a characteristic experiment by Tour et al. [41] the conductivity
of graphene is decreased as a function of the duration of the radical addition
reaction and can be easily controlled. On the other hand, functionalization of
graphene introduces a band gap which can be predetermined, offering to graphene
interesting semiconducting properties [42].

Aryl diazonium salts substituted in para position by several functional groups
such as chlorine, bromo, iodine, nitro, methoxy, carboxy, cyano, have been also
added by this method on graphene surfaces showing the versatile character of

(@)
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Figure 217 (A) (a) Addition of nitro phenyl of | during the functionalization of graphene
radicals on graphene nanoribbons placed nanoribbons with nitrophenyl radicals. The
in a device to measure the conductivity inset represents the device of the experi-

of the functionalized graphene nanorib- ment. (Reprinted with permission from Ref.
bons. (b) TEM and (c) AFM images of a [41], Copyright 2010, American Chemical

graphene nanoribbon. (B) Time dependence  Society.)
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Figure 2.18 Addition of para substituted aryl groups on chemically converted graphene
through diazonium salt reaction. (Reprinted with permission from Ref. [44], Copyright 2008,
American Chemical Society.)

this method (see Figure 2.18). The initial carbon nanostructured materials here
are chemically or thermally reduced graphenes, which are rendered in dispersion
with the assistance of a surfactant [43]. The functionalized graphene products were
dispersible in polar aprotic solvents [44]. The diazonium salt reactions have been
applied in several type of graphenes such epitaxial graphene [45] and graphene
from micromechanical cleavage [46].

The addition of organic free radical through the diazonium salt decomposition
has the advantage that the organic addend can bear functional groups such as
carboxylate, which is not easily done with other reactions. In a characteristic
example carboxy phenyl groups are attached covalently on graphene and then
post functionalized through an esterification reaction with perfluoro-1-octanol
(see Figure 2.19). The functionalized graphene before esterification is dispersible
in water whereas after the esterification, the hydrophobic perfluoroalkyl chains
were dispersible in o-dichlorobenzene. Cyclic voltammetry measurements of the
perfluoroalkyl derivatized graphene (F-graphene) showed a band gap suitable for
an electron accepting function in organic photovoltaic systems. Actually the power
conversion efficiency of an organic photovoltaic cell with poly(3-hexylthiophene)
(P3HT) in combination with the F-graphene exceed 1% in the best P3HT/F-Gr
ratio [47].

Chlorophenyl groups has also been added on graphene nanoplatelets with the
diazonium salt reaction to investigate the antimicrobial activity of the prepared
graphene product. The advantage of the chlorophenyl functionalized graphene is
the broad biocide activity of chlorine [48]. The diazonium salt reaction has been
used by Tour et al. in an effort to selectively functionalize graphene nanoplatelets
in the edges leaving the graphitic surface unaffected. After the complete exfoliation
of the graphene monolayers it is not possible to control the addition of the free
radicals with regard to the reacted graphene area as the edges and the rest of
the surface are both exposed almost equally to the reactive radicals. However this
does not happen with the expanded graphite where the main graphene surface
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ization by esterification of carboxylate with a and o-dichlorobenzene. (Reprinted with per-
perfluoro-1-octanol. (b) The left bottle con- mission from Ref. [47], Copyright 2012, Royal
tains the functionalized graphene before Society of Chemistry.)

is protected by the small distance between the graphene sheets from the bulky
4-bromophenyl radicals while the edges are still exposed. As a consequence the
reaction of 4-bromophenyl diazonium salt with thermally expanded graphite lead
to the functionalization of the graphene nanosheets by bromophenyl groups
selectively at the edges. This observation was the result of elemental mapping of Br
using energy filtered transmission electron spectroscopy. The edge-functionalized
graphene nanoplatelets are easily dispersed in DMF after the reaction [49].

Apart from the band gap opening by nitro phenyl and antimicrobial activity of
chlorophenyl functionlized graphene, hydroxyethyl phenyl groups have been added
on graphene surface to act as linkers for the grafting of polystyrenic chains on
the graphene surface. The polymerization of styrene monomer via atom transfer
radical method (ATRP, atom transfer radical polymerization) in the presence of
hydroxylethyl functionalized graphene nanoplatelets leads to the formation of
a polystyrene/graphene nanocomposite where polystyrene chains are covalently
attached on graphene nanoplatelets (see Figure 2.20) [50—52]. The density of the
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Figure 2.20 Polymerization of styrene in the presence of hydroxyethyl functionalized
graphene through diazonium salt reaction. (Reprinted with permission from Ref. [50],
Copyright 2009, Royal Society of Chemistry.)

grafted polymer chains as well as their length can be controlled by adjusting the
concentration of the diazonium compound and styrenic monomer [51].

Aryl diazonium addition reaction has been used by Strano et al. in an effort to
study the reactivity of pristine graphene monolayer in comparison with graphitic
nanosheets with more than one layer. They also tried to find differences in the
reactivity between the areas of graphene monolayers near the edges and in the
core surface. The results of their study showed a remarkably higher reactivity as
regards graphene monolayer compared to that of a multilayer or even a bilayer
one. In addition the reactivity at the edges was at least two times higher than that
of the core of the graphene monolayer [46]. In another important application thiol
substituted aryl diazonium salt has been used as a n-conjugated molecular linker
that can connect gold nanoparticles with rGO nanoplatelets in nonvolatile memory
device applications. After the diazonium salt reaction 4-mercapto-phenyl rings are
directly bonded on the rGO surface and simultaneously trap gold nanoparticles
with the free thiol group (see Figure 2.21) [53].

2.3.2
Other Radical Additions

Organic free radicals are also produced by the photocatalytic dissociation of
benzoylperoxide derivatives and can react with sp? carbon atoms of graphene.
In a characteristic work, graphene monolayers mechanically isolated from Kish
graphite were deposited on a silicon substrate and immersed in a benzoyl peroxide
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Figure 2.21 Schematic representation of the mercapto phenyl groups, and (c) deposi-
preparation of a nonvolatile memory device  tion of gold nanoparticles. (Reprinted with
(a) deposition of graphene monolayer on a  permission from Ref. [53], Copyright 2011,
silicon dioxide substrate between two elec- American Chemical Society.)

trodes, (b) modification of graphene with

solution in toluene. Benzoyl peroxide was dissociated photochemically producing
the reactive phenyl radicals, by focusing with an Ar-ion laser beam in specific
places of the graphene sheet. The addition of phenyl radicals on graphene was
directly observed by the appearance of a D band in the Raman spectra of graphene
after the reaction, which is because of the transformation of the reacting carbon
atoms of the graphene surface from sp? to sp* hybridization (see Figure 2.22).
According to the author, the expected decrease in the conductivity of graphene after
the functionalization is accompanied by an increase in the hole doping, which is
attributed to the contribution of the unreacted benzoyl peroxide, which is presented
as physisorbed material on the graphene surface [54].

The involvement of free radicals addition is also present in polymer grafting on
graphene methods. Several known free radical polymerization procedures as well as
atom transfer radical polymerization (ATR) and reversible addition-fragmentation
chain transfer (RAFT) have been used to prepare polymer composites with chains
grafted on the graphene surface [50-52, 55]. Polystyrene—polyacrylamide copoly-
mer was grafted on the graphene surface by an in situ free radical polymerization
of the monomers in the presence of dispersed graphene nanoplatelets (see
Figure 2.23). The graphene/copolymer composite has an amphiphilic character
controllable by tuning the ratio of the monomers. Thus in general it is dispersible
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Figure 2.22 (A) Photochemical produc- the photochemical reaction with the arrows
tion of phenyl radicals and their addition indicating holes created by prolonged laser
on graphene. (B) (a) Raman spectra from exposure. (Reprinted with permission from
graphene before and after phenyl addition Ref. [54], Copyright 2009, American Chemical
and (b) optical image of graphene after Society.)
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Figure 2.23 Preparation of graphene nanoplatelets and in situ free radical polymerization of
styrene and acrylamide in the presence of graphene. (Reprinted with permission from Ref.
[55], Copyright 2010, Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.)

in water because of the hydrophilic character of the acrylamide monomer and in
xylene becuase of the organophilic character of the styrene monomer [55].

An alternative approach for the preparation of polystyrene/graphene polymer
composite includes the sonochemical polymerization of the styrene monomer
in the presence of graphite. The ultrasonication of a suspension of graphite in
styrene for 2h under Argon with a Titanium horn resulted in the exfoliation
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Figure 2.24 Ultrasonic preparation of a polymer composite by grafting PVA macroradicals
on graphene oxide nanoplatelets. (Reprinted with permission from Ref. [57], Copyright 2012,
Royal Society of Chemistry.)

of graphene flakes in the styrene and the polymerization of styrene entrap-
ping the dispersed graphene nanoplatelets. The existence in the Raman spectra
of the product, of a D band 4cm™' lower and a 2D band 8cm™' than that
the of graphite indicates that polymer composite contains single or few-layer
graphenes [56].

The ultrasonication has been also used for the construction of polymer/GO
nanocomposite starting from already prepared polymer in solution. The composite
is formed by ultrasonication of a suspension of GO powder in a polyvinyl alco-
hol (PVA) solution in water when PVA microradicals that are formed by the
ultrasonication procedure are grafted on GO nanoplatelets (see Figure 2.24).
The mechanical properties of the PVA/GO composite after the grafting pro-
cedure appeared fairly increased compared to a PVA/GO composite that is
prepared by the simple mixing of GO with the polymer. Actually the tensile
strength was increased by 12.6% whereas Young’s modulus was at 15.6% with
0.3wt% GO [57).

Microwave power can be also used for the preparation of the polymer/graphene
composite. The reduction of GO by sodium hydroxide applying a short time
microwave irradiation leads to a dark brown colored partly reduced GO suspension.
The last is functionalized by polyacrylamide chains which are formed via a free
radical polymerization and grafted on the graphene surface by a second short
time microwave treatment of a mixture of the acrylamide monomer, a radical
initiator, and suspended rGO in water [58]. Finally the prepared polymer composite
is treated furtherin a post-reduction step by a third microwave irradiation in
hydrazine hydrate to restore to a greater extent the aromatic character of the
graphitic layer. The UV-vis spectra of GO, rGO, and the finally post reduced
product showed that both reduction steps were effective as a redshift of the main
absorption band from 230 to 250 nm and then to 270 nm, which is observed in
the spectra of the three nanomaterials, is attributed to the partial restoration of the
aromatic character of graphene (see Figure 2.25).
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Figure 2.25 UV-vis spectra of (a) graphene Digital photos from the three nanostructures
oxide, (b) partly chemically reduced in suspension. (Reprinted with permission
graphene, and (c) post reduced poly(acryl from Ref. [58], Copyright 2011, Royal Society
amide) (PAM)/graphene composite. Insets:  of Chemistry.)

24
Nucleophilic Addition

The covalent grafting of a poly-9,9’-diheylfluorene carbazole on the graphene
surface has been achieved by the nucleophilic addition of nitrogen anions of
carbazole species. The nitrogen anions are produced by the reductive action of
sodium hydride (see Figure 2.26) [59]. In a similar approach poly(N-vinylcarbazole)
has been grafted on the graphene surface by the nucleophilic addition of a carbanion
intermediate of the polymer to the graphene surface [60].

2.5
Electrophilic Addition on Graphene

Graphene nanoplatelets can undergo an electrophilic substitution by halogenated
organic molecules with the assistance of n-butyl lithium (n-BulLi). By the addition
of an excess of n-Buli to a suspension of rGO, the latter is functionalized by
Li atoms by a deprotonation and/or a carbometalation process (see Figure 2.27).
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Figure 2.26 Addition of poly-9,9’-diheylfluorene carbazole on graphene through a nucle-
ophilic addition of a nitrogen anion intermediate. (Reprinted with permission from Ref. [59],
Copyright 2012, Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.)

Li
Br—CHchZ—N Et2

n-BuLi N~
Deprotonation
P N~

-
C X Y
=
N
n-BN Q N\
Li /
C( Br-CH,CH,—NEt,
Bu

Carbometalation

Figure 2.27 Covalent functionalization of graphene by aminoethyl functional groups by
electrophilic substitution. (Reprinted with permission from Ref. [61], Copyright 2012, Royal
Society of Chemistry.)
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The presence of Li atoms on the surface of graphene favors the electrophilic
attack of diethylamino-ethyl bromide producing amino-functionalized rGO. The
amino-functionalized rGO nanoplatelets can be used as solid basic catalyst in
heterogeneous catalytic systems [61].

2.6
Organometallic Chemistry of Graphene

Haddon et al. [62] has been used as chromium complexes in an effort to investi-
gate and explore the organometallic chemistry of graphene, graphite, and carbon
nanotubes. A zero-valent transition metal such as chromium (Cr) in the form
of Cr(CO)4 or (n°-benzene)Cr(CO), reacts with an hexagonal aromatic ring of
the graphene surface forming a covalent hexahapto (n°)-arene-metal complex
[62]. The covalent interaction between graphene and Cr metal is formed by an
efficient overlap of empty d, orbital of chromium with the occupied n-orbitals
of the hexagonal ring of graphene. Chromium can form a complex with one
graphene monolayer that substitutes the half carbon monoxide (CO) ligands
(n®-graphene-Cr(CO);) or with two, which substitute for all CO ligands (n°-
graphene,Cr). Using a selected competitive ligand, Cr complex can be removed
from the graphene surface, which then appears to restore the original pristine
character.

In contrast to the rest of the covalent functionalizations of graphene that are
followed by change of the hybridization of the reacted carbon atoms from sp? to sp?,
the hexahapto functionalization brings no serious changes in the aromatic character
of the hexagonal ring or the sp? character of the involved carbon atoms. Regarding
this observation, Haddon et al. [63] prepared hexahapto Cr complex with graphene
nanoplatelets deposited on a SiO, substrate between two gold electrodes, in order
to study the electronic properties of a single graphene monolayer functionalized
covalently by metal transition atoms. The complexation was performed by three
different combinations of Cr precursors, solvents, and reaction temperature as
presented in Figure 2.28, without noticeable differences in the quality of the
product or the yield of the complexation.

In general the device with the deposited SiO, on the graphene monolayer is
immersed in a solution of a zero-valent Cr complex and heated for several hours.
Another important observation is that single monolayer graphene is more reactive
than few-layer graphene nanosheet. As regards the electronic properties, the Cr
modified graphene showed a room-temperature field effect mobility in a range of
200-2000 cm? (V s)~! and an on/off ratio of 5-13. The Cr groups are easily removed
by exposing the functionalized graphene in an electron rich ligand such as anisole.
In the Raman spectrum of functionalized graphene a very low D band appeared
while the I/l is increased slightly from 0 to 0.13. After the decomplexation
the I,/I ratio decreased to 0.03 as D band almost disappeared like the pristine
graphene monolayer (see Figure 2.29).
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Figure 2.28 Schematic representation of Cr hexahapto covalent functionalization of single
graphene layer deposited on SiO,, with three different procedures. (Reprinted with permis-
sion from Ref. [63], Copyright 2013, Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.)
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2.7
Post Functionalization Reactions

The graphene nanoplatelets functionalized with organic species obtain among
other things two important characteristics: (i) they are usually highly dispersible
in a plethora of organic solvents depending on the nature of the added group and

4-fomylbenzoic acid
N-methylglycine
NNP, 170 °C

Graphene

Figure 2.30 Post functionalization of pyrrolidine modified graphene through esterification
[64].



2.7 Post Functionalization Reactions

(ii) these organic species that are added on graphene can bear functional groups
that could be used for a post functionalization of graphene. In other words the
functionalization of graphene makes them more organic, resembling a core—shell
structure with graphene as a core and the organics as a shell. A characteristic
example of a post functionalization reaction involves the covalent attachment of a
phthalocyanine molecule on a pyrollidine modified graphene with the assistance
of a carboxyphenyl group that is placed on the pyrrolidine ring. First the graphene
monolayer is functionalized by pyrrolidine rings by the reaction between N-methyl
glycine and 4-formylbenzoic acid. Then a phthalocyanine molecule which bears a
benzylic alcohol as active group is covalently bonded through esterification with
the carboxyl group of pyrrolidine ring (see Figure 2.30) [64].

The graphene nanoplatelets functionalized with aryl by the diazonium salt
reaction are also candidates for post functionalization reactions since the aryl
can be substituted by several organic functional groups such as halides, carboxy,
or hydroxylates. As an example a porphyrin boronic ester is covalently bonded
on para iodo phenyl functionalized graphene by a Suzuki coupling reaction (see
Figure 2.31) [65].

OOH COOH COOH
e

CLY

4

L4

28
»,

HOOC s ’ggz’

CCG-ZnP
Figure 2.31 Post functionalization of and (iii) Suzuki coupling between iodophenyl
chemically reduced graphene. (i) Par- modified graphene and porphyrin boronic
tial reduction of graphene oxide with ester. (Reprinted with permission from

hydrazine, (i) diazonium salt reaction with Ref. [65], Copyright 2012, Wiley-VCH Verlag
4-iodobenzenediazonium tetrafluoroborate, GmbH & Co KGaA, Weinheim.)
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Figure 2.32 Fluorination of graphene by plasma treatment and post functionalization by
nucleophilic substitution of butyl amine. (Reprinted with permission from Ref. [67], Copy-
right 2010, Royal Society of Chemistry.)

Post functionalization could also be characterized by the nucleophilic substitution
of fluorine by alkyl amines or other functional groups. The fluorination of graphene
nanoplatelets is performed by the plasma assisted decomposition of CF,. The
fluorinated graphene sheets are then dispersed in the liquid n-butyl amine and
post functionalized with the help of ultrasonication [66, 67] (Figure 2.32).

Diazonium salt reaction has been also used for the addition of para alkyne substi-
tuted phenyl species, which then act as dipolarophiles in a 1,3-dipolar cycloaddition
of an azide functionalized polyfluorene. Briefly, rGO is functionalized by para
alkyne substituted phenyl group. Then an alkyl azide substituted polyfluorene is
grafted by a 1,3-dipolar cycloaddition between the azide and alkyne group forming
a five-membered triazole ring. Actually the triazole ring is the link that connects
the polyfluorene chains and the graphene nanoplatelets (see Figure 2.33) [68].

Para alkyne substituted aryl graphene — prepared by the diazonium salt reac-
tion —has been also used for the 1,3-dipolar cycloaddition of azido phenyl
substituted zinc-porphyrin and ruthenium-phenanthroline photoactive molecules.
The procedure starts with the addition of the trimethylsilyl protected ethynyl-aryl
diazonium salt on the graphene surface. In the post functionalization reaction
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Figure 2.33 1,3-Dipolar cycloaddition of poly[(9,9-dihexylfluorene)-co-alt-(9,9-bis-(6-
azidohexyl)fluorene)] (PFA) with alkyne-modified graphene [68].

the azide substituted chromophoric molecules are covalently bonded on graphene
using the triazole ring that formed the 1,3-dipolar cycloaddition as a link (see
Figure 2.34) [69].

The last example of a post functionalization reaction referred to is an ionic
interaction between sulfonated phenyl substituted graphenes and oligomeric qua-
ternary ammonium salts. In the first step of the procedure GO nanosheets are
partially reduced and then reacted with sulfonated aryl diazonium salt. The pro-
duced graphene nanoplatelets are easily dispersed in water due to the repulsive
interaction between the charged graphitic surfaces. Then a post functionalization
of the ionically modified graphenes by an ammonium salt with an oligomeric
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Figure 2.34 (A) 1,3-Dipolar cycloaddition of graphene nanoplatelets. (Reprinted with per-
azide substituted chromophores on ethynyl ~ mission from Ref. [69], Copyright 2011, Royal
aryl functionalized graphene. (B) (a) TEM Society of Chemistry.)

and (b) AFM image of ethynyl aryl modified
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Figure 2.35 Post functionalization of ionically modified graphene nanoplatelets by
oligomeric alkyl—ethoxy mixed chains. (Reprinted with permission from Ref. [70], Copyright
2012, Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.)

chain follows (see Figure 2.35). The finally produced graphene nanoplatelets are
rendered unfolded and the bulk product behaves as a viscous liquid when it is
slightly heated [70].

2.8
Conclusion

The covalent functionalization of dienophiles, free radicals, and other reactive
organic species is performed directly on sp? carbon atoms of pristine graphene
or GO and has developed remarkably over the last year, offering a significant
number of organic graphene derivatives, which cover a wide range of applications.
Although the direct covalent addition increases the number of sp® carbon atoms of
graphene with analogous impact on the physicochemical properties of graphene,
the functionalized derivatives are among other things highly dispersible in several
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solvents, mix homogenously with polymers or other matrices and finally add

significant value to carbon nanomaterials.
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3
Addition of Organic Groups through Reactions with Oxygen
Species of Graphene Oxide

Vasilios Georgakilas

3.1
Introduction

One of the first organic functionalizations on carbon nanostructures was the cova-
lent attachment of an aliphatic amine through an amide bond that formed between
the amine and acyl chloride groups that are created on a carbon nanotube surface
by a strong oxidation process [1]. A great number of organic functionalizations
followed later based on the rich organic chemistry mainly of carboxyl, as well
as on hydroxyl and epoxy groups that normally are existed on oxidized carbon
nanotubes [2—4]. Inspired by the successful functionalization of carbon nanotubes,
amidation, esterification, and other organic reactions that involve oxygen species
such as carboxyl, hydroxyl, and epoxy groups have been successfully applied on
graphene surfaces and are presented in this chapter.

As described in Chapter 1, the strong oxidative treatment of graphite leads to its
exfoliation and the formation of the graphene oxide (GO) monolayers, which are
highly dispersible in water. The oxygen groups that remain on the graphene surface
after the oxidation process are carboxyl groups near the edges and hydroxyl and
epoxy groups at the core surface of the graphene layer. These groups are the reactive
centers of GO for the development of a number of organic derivatizations. GO can
be partly reduced affording the so-called chemically converted graphene (ccG) or
reduced graphene oxide (rGO) nanosheets. However, comparing the reactivity of
GO and rGO, the organic functionalizations of graphitic nanosheets that involve
oxygen groups perform better before the reduction as the number of the available
reactive oxygen sites is much higher and therefore the reaction yield is higher. After
the organic functionalization, the graphitic character of the modified graphene can
be partly restored by a reductive process, which removes the excess of the oxygen
groups, depending on the purpose of the functionalization. For example, if the
challenge is the electrical conductivity or the mechanical properties of the final
graphene derivative, the restoration of the graphitic character is necessary, whereas
it is better to keep the oxygen groups if the hydrophilic character of graphene is
needed.

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The functionalized GO in general are characterized by TEM (transmission elec-
tron microscope) and AFM (atomic force microscope) spectroscopy, UV-vis, FT-IR
(Fourier transform infrared spectroscopy), X-ray photoelectron spectroscopy (XPS),
and thermogravimetric analysis (TGA). The microscopic techniques are usually
used to verify the presence of monolayers or few-layer graphenes in the product,
as the organic functional groups are not visible under microscopy. The UV-vis
spectrum of a functionalized GO is different from that of GO as it consists of the
absorption bands of the functional groups that are superimposed on the absorption
band of GO and can be seen as an indication of the functionalization. In cases where
a chromophore is the added group on GO, UV-vis, and photoluminescence (PL)
are necessary tools for the characterization of the composite products. For example,
fluorescence emission of an active group is usually quenched by the interaction
of this group with the graphitic surface. The degree of this quenching indicates
the character and quality of this interaction. FT-IR spectroscopy is a powerful tool
for the characterization of the product since the involved groups (carboxyl, epoxy,
hydroxy) and the formed covalent bonds (amide, ester, ether, sililoxy bond, etc.)
have characteristic absorption bands in the infrared spectra. Similarly XPS is often
employed to evaluate the covalent bonds that are formed during functionalization.
Finally the Raman spectra of functionalized graphene are less important when the
functionalization does not include the sp?/sp® transformation of the hybridization
of carbon atoms of graphene such as in the reactions that involve oxygen groups.
However, very often Raman spectroscopy is used to indicate the degree of the
partial reduction of GO, which usually follows the functionalization through the
Iy /I ratio.

In this chapter, the organic functionalizations are organized in categories based
on the organic reaction involved. GO after functionalization by the oxygen groups
is seen as functionalized graphene rather than functionalized GO. For example,
the product that results by attaching alkyl groups on GO by an ether bond
can be characterized as alkyloxy functionalized graphene or alkyl functionalized
GO. However, a great number of oxygen groups remain unaffected after the
functionalization influencing the character of the final functionalized product.
Thus, in order to discriminate the reactions of this chapter from the direct
reactions of pristine graphene, it is better to keep the GO symbol or rGO (for the
partially rGO), extended with the symbol of the functional group.

3.1
Graphene/Polymer Nanocomposites

One of the most well studied issues regarding the role of carbon nanostructures
in applications is the formation of nanocomposites from polymers and carbon
nanostructures, mainly carbon nanotubes and graphene or graphitic nanosheets
in general. The advantages of these carbon nanostructures in composite mate-
rials are based on the remarkable mechanical properties and their optical and
electrical properties as well. Dispersion of graphene in a polymer matrix could
increase the mechanical strength of the polymer composite and the electrical
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conductivity. Usually thin films of graphene/polymer composites are also transpar-
ent which means that they can be used as transparent conductive film — electrodes
in optoelectronic applications.

Graphene/polymer composite can be formed by a simple mixing of a polymer
matrix with pristine or functionalized graphene or GO depending on the ability to
disperse both components in common solvents. A well studied technique for the
formation of polymer nanocomposites is the covalent grafting of the polymer chains
on the graphene or GO surface. This covalent attachment usually ensures more
homogeneous dispersion of the graphene nanoplatelets in the polymer matrix and
better results as regards the mechanical or electronic interactions between the two
components. As regards the procedures that have been established for this covalent
attachment, usually they are divided in two general types. The first type is referred
to as grafted from and includes the reactions where polymeric chains start and are
developed from the surface of graphene, which means that the polymerizations are
performed in the presence of graphene nanosheets. The second type is referred to
as grafied to and includes the reactions where the polymer is pre-synthesized and
is covalently bonded on the graphene surface with the aim of functional groups
that are located at side chains or at the ends of the polymer chains. Since the
graphene/polymer composites and their properties and application have been the
subject of several reviews [5-7] and book chapters, the scope of this chapter is to
include a number of characteristic polymer/graphene composites focusing on the
chemical bond that is formed between the two components.

3.2
The Role of Carboxylic Acids of GO

GO is decorated by a large number of carboxylic acid groups that are usually
located near the edges of the graphitic nanoplatelets. Carboxylic acids can react: (i)
with amines or organic molecules and polymers that bear amine groups through
the formation of amide bonds, (ii) alcohols, phenols, and epoxides forming ester
bonds, and (iii) several other miscellaneous organic reactive compounds resulting
in the organic functionalization of GO.

3.2.1
Organic Functionalization through Amide Bond Formation

3.2.1.1 Lipophilic Derivatives

One of the earliest examples of this reaction was introduced by Haddon et al. and
includes the attachment of octadecylamine (ODA) on GO through the formation
of amide bonds with its carboxylic groups [8]. GO was used as prepared from
the oxidation of graphite without further reduction and thus a great number of
oxygen species were available for covalent functionalization. The first step of the
functionalization included the transformation of the carboxylic acid groups of GO
to acyl chlorides by thionyl chloride and the second step the direct reaction between
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Figure 3.1 TGA curves of graphite starting material (a) GO (b) and GO-ODA (c) under air.
(Reprinted with permission from Ref. [8], Copyright 2006, American Chemical Society.)

the alkylamine and the acyl chloride of GO and the formation of an amide bond.
The octadecyl functionalized GO (GO-ODA) was dispersible in tetrachloromethane
(CCl,), 1,2 dichloroethane, and tetrahydrofuran (THF) (0.5 mgml™'). The TGA
diagram of graphite showed that the latter is stable under heating and is burnt only
over 700 °C in air. In contrast GO and GO-ODA are totally burnt below 600 °C (see
Figure 3.1). A low mass loss between 200 and 400 °C is attributed to the removal of
ODA groups.

Similarly prepared rGO-ODA has been homogeneously dispersed in lipophilic
polymers such as isotactic polypropylene by blending together in a common non-
polar solvent such as xylene. The raw GO in this reaction is partially reduced
by hydrazine and the amidation was performed by rGO, ODA, and N,N’-
dicyclohexylcarbodiimide (DCC) in dimethylformamide (DMF). The composite
showed enhanced thermal stability and strong adhesion of graphene nanosheets
with the polymer matrix [9]. GO-ODA derivative has also shown stable dispersibility
in hexadecane and enhanced lubricity [10]. Lipophilic behavior was also observed
in graphene functionalized by 4,4’'-diamino-diphenyl ether [11].

3.2.1.2  Hydrophilic — Biocompatible Derivatives

GO has been functionalized through amide bonds with several biocompatible
polymers such as polyethyleneglycole, dextran, and chitosan, in order to be used
in bioapplications. The biocompatible polyethylene glycol (PEG) is grafted on the



3.2 The Role of Carboxylic Acids of GO | 63

H,N NH,
HoN 7(0 ~
B e 5

NH,
NH,

Polyethylene glycol
(PEG)

Figure 3.2 Schematic representation of GO-PEG-SN38 complex and a photo of the same
complex in water solution (inset). (Reprinted with permission from Ref. [12], Copyright
2008, American Chemical Society.)

carboxylic groups of graphene through amide bonds using amine terminated PEG
chains [12]. Owing to the highly hydrophilic character of PEG, the PEGylated
graphene (GO-PEG) is highly dispersible in water as well as other biological
solutions such as serum and can be used as carrier for the transportation of
hydrophobic drugs in biological systems. For example, a highly hydrophobic com-
pound, the camptothecin analog called SN38 which is a potent topoisomerase
inhibitor was grafted on PEGylated graphene through n,x stacking (see Figure 3.2).
The complex PEGylated GO/SN38 system (GO-PEG/SN38) that occurred was
soluble in water at a concentration of up to 1mgml~!. The SN38 is released
from the complex slowly when the latter is dispersed in serum at 30% in 3 days
whereas in phosphate buffer saline (PBS) the complex was rather stable. The
close proximity of SN38 and GO-PEG in the complex is indicated by the strong
fluorescence quenching of the GO-PEG-SN38 complex after excitation in com-
parison with the stable fluorescence band that was recorded after the excitation
of SN38.

GO has been functionalized by dextran (Dex) polymer which is also biocom-
patible. Since dextran cannot react directly with carboxyl groups, it was primarily
modified by amine terminated groups at several places of the polymer chain (see
Figure 3.3). The as-prepared GO-Dex composite showed enhanced stability in
physiological solutions and remarkably reduced cell toxicity. In addition, in vivo
experiments in mice showed that GO-Dex intravenously inserted in an animal body
is almost totally removed after one week without causing noticeable short term
toxicity in the treated animals [13].

Chitosan can directly form amide bonds with carboxyl groups since its monomer
contains six membered rings substituted among others by amine groups. The
reaction is performed under microwave irradiation and the polymer modified GO
can then be partially reduced by hydrazine producing chitosan modified rGO,
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Figure 3.3 (a—c) The modification of dex-  for the tracking of the composite during
tran with amine terminated groups and the  their insertion into the cells. (Reprinted with
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labeled by Cy5-NHS (N-hydroxysuccinimide)

which is highly soluble in water [14] (Figure 3.4). Water soluble derivatives are
produced by the functionalization of GO by proteins such as bovine serum albumin
[15], 4-aminobenzene sulfonic acid [11], and so on.

3.2.1.3 Addition of Chromophores

Porphyrins and phthalocyanines are attractive chromophoric organic compounds
with extended n-conjugated structures that have been used as photoactive functional
groups in solar energy conversion systems. In addition they exhibit excellent
nonlinear optic (NLO) and optical limiting (OL) properties. The similar behavior that
has also been observed for graphene has resulted in superior NLO properties and
broadband OL performance that was exhibited by the combination of porphyrins
and phthalocyanines with graphene nanosheets. Analogous results have been
observed with Cg, [16, 17] and oligothiophene [18] molecules in combination with
graphene nanosheets. Such combinations are often performed by the covalent
attachment of the chromophoric molecules on graphene surface. When at least
one of the phenyl rings of porphyrin or phthalocyanine is substituted by an amine
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Figure 3.4 Functionalization of GO by chitosan. (Reprinted with permission from Ref. [14],
Copyright 2011, Elsevier B.V.)

group the latter can be amide bonded on GO [16, 19, 20]. Pyrrolidine functionalized
Cq, can be covalently bonded on graphene surface [16]. Oligothiophene should be
also amine terminated in order to be attached by the same reaction on graphene
surface [18].

GOs covalently functionalized by amine substituted tetraphenyl porphyrin (TPP)
have been studied further for their interesting photophysical properties and use in
energy conversion systems (see Figure 3.5). The porphyrin functionalized GO (GO-
H,P) is dispersible in DMF (about 1 mgml~!). The UV-vis spectrum of GO-H,P
shows a continuously increasing absorption band from 700 nm to the UV region,
which is attributed to the absorption of GO superimposed by a band at 420 nm that
is the characteristic Soret-band of porphyrins. The fluorescence emission band of
GO-H,P is remarkably reduced in comparison with pure porphyrin, indicating an
efficient fluorescence quenching that takes place during the excitation of the GO-
H, P composite. This behavior is attributed to the successful electron transfer from
the singlet excited state of H,P to GO. A photoelectrochemical cells constructed
based on GO-H, P hybrid showed incident photoconversion efficiency (IPCE) near
1.3% [21].

Oligo(phenylenevinylene) (OPV) is also a chromophoric electron donor molecule
thathas been used in donor—acceptor systems designed for photovoltaic application.
Amine substituted OPV have been covalently attached on GO through amide bonds
[22]. GO nanosheets with five graphitic layers on average that are used as starting
material, were prepared by thermal exfoliation. OPV-amine functionalized GO is
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highly dispersible in organic solvents because of the lipophilic character of OPV.
The amide bonds are indicated by the characteristic amide I and II bands at
1572 and 1639 cm™! respectively, in the FT-IR spectrum of the OPV-GO product.
As regards the Raman spectrum of the OPV-GO, a remarkable increase in the
relative intensity of the 2G band as well as a shift of this band to lower wavelength
is attributed to a significant decrease in the average number of layers of GO
nanosheets owing to the better exfoliation that is achieved after the reaction.
The efficiency of the combination of chromophores with carbon nanostructures in
donor—acceptor systems is usually examined by PL studies. The UV—vis absorption
spectrum of OPV-GO is the expected combination of the two independent spectra.
The PL emission band of the corresponding spectrum of OPV-GO is significantly
reduced in comparison with that of pure OPV molecule. This decrease in the
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Figure 3.6 (a) Synthesis of OPV function- interlayer distances across the white line and
alized graphene. (b) Proposed structure of  the graphic representation of the arrange-
OPV-GO with OPV molecules perpendicular  ment). (Reprinted with permission from
between two graphene layers as indicated by Ref. [22], Copyright 2012, Royal Society of
microscopic data and (c) TEM image of the  Chemistry.)

layered graphene structure (insets shows the

intensity of the emission band is attributed to a fluorescence quenching that is
promoted by a strong interaction between the GO layer and the chromophore.
Such interactions are observed in directly connected components. The TEM image
of the product showed the presence of bilayer and multilayer nanosheets with an
interlayer spacing that ranges between 2 and 2.4 nm. Such interlayer spacing fits to
a perpendicular configuration of the functional groups as presented in Figure 3.6.

Azobenzene chromophore covalently functionalized on GO (Azo-GO) can be
presented in the cis and trans isomers depending on the position of the aromatic
rings (see Figure 3.7) [23]. The reaction produces the thermodynamically stable
trans Azo-GO isomer although an equilibration with the cis isomer is established
only after UV irradiation of the product. This change in the conformation of
Az0-GO is followed by an increase in the conductivity of the composite because of
the formation of the cis isomer.

Az0-GO is prepared by covalent attachment of an amino substituted azobenzene
(see Figure 3.7) on GO through amide bond and presents high dispersibility
in organic solvents such as DMF and acetone. An estimation of the degree of
Azo functionalization based on XPS analysis is expressed as one Azo group per
87 carbon atoms of GO. The crystal structure of Azo-GO that occurs when the
hybrid is passed to the solid phase removing the solvent is studied by XRD
(X-ray diffraction) spectroscopy. An interesting feature that is observed comparing
XRD patterns of Azo-GO and GO is the characteristic decrease in the interlayer
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Figure 3.7 (A) Photoisomerization process of Azo-GO. (B) UV-vis spectra of (a) Azoben-
zene and (b) Azo-GO in DMF. (Reprinted with permission from Ref. [23], Copyright 2010,
Elsevier B.V.)

distance between the graphitic layers after the Azo functionalization. Usually
the intercalation of an organic molecule between graphitic layers results in the
opposite phenomenon — increase of the interlayer distance — becuse of the larger
size of the organic groups in comparison with the oxygen groups of GO. In this
case, in the XRD pattern of GO, a peak at 12.1° is recorded corresponding to an
interlayer distance of 0.73 nm, whereas in Azo-GO the XRD pattern consists of
a peak at 20 =25.3°, which corresponds to 0.35 nm interlayer spacing showing a
graphite like structure. The interlayer spacing in GO is attributed to the appearance
of oxygen groups at the graphitic surface; in the solid form of GO the oxygen
groups are intercalated between the graphitic layers. The peak that corresponds
to the Azo intercalated GO layers appears very weak and broad and thus is not
informative. This means that the appearance of the Azo groups did not help the GO
layers to stack easily whereas a percentage of the graphene nanosheets — possibly
because of a reductive removal of the oxygen groups — are stacked in the form of
graphite. The covalent attachment of the Azo group is showed by the appearance
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of the characteristic peak of the amide bond in FT-IR spectrum as well as
by the redshift of the absorption bands in the UV-vis spectra of Azo-GO in
comparison with the relative absorption bands of the separated components (see
Figure 3.7). The intense band of azobenzene has a maximum at 405 nm assigned
to the m,m* transition of the trans isomer. The same band in Azo-GO is red
shifted at 410nm. A further peak below 300nm in the spectrum of Azo-GO is
assigned to the n-plasmon transition of GO and is redshifted 9nm owing to the
interaction between GO and azobenzene groups. The intensity of the band at
410nm is decreased during irradiation because of the trans — cis transformation.
The metastable cis isomer is transformed back to trans isomer in the dark, showing
that photoisomerization is a reversible process. A simple device that constructed
a thin layer of Azo-GO between two indium tin oxide (ITO) electrodes showed
a gradual increase of the conductivity during UV irradiation that follows the
trans — cis transformation.

3.2.1.4 Polymer Graphene Composite

The amidation reaction has been further used for the grafting of several amine func-
tionalized polymers on graphene surface. Aryl amine terminated triphenylamine-
based polyazomethine (TPAPAM) conjugated polymer is grafted on GO through
amide bonds (see Figure 3.8). Although the fluorescence emission bands of
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chromophores that are connected to GO are usually partially quenched, here the
attachment of TPAPAM on GO has the opposite results as regards PL behavior
of the hybrid. In fact the PL intensity of TPAPAM-GO is highly increased in
comparison with that of the pure polymer, showing that the connection of the
two components improves remarkably the electronic interactions between them.
The composite was used to fabricate a TPAPAM-GO based nonvolatile memory
device using ITO and aluminum (Al) as electrodes according to the scheme:
ITO/TPAPAM-GO/Al [24]. The device showed successful performance with a typ-
ical bistable electrical switching and nonvolatile rewritable memory effect, with a
turn-on voltage at 1V and ON/OFF current ratio of more than 10°.

An interesting composite nanomaterial, which combines carbon and silicon
oxide, has been constructed by the covalent attachment — through amidation — of
polyhedral oligomeric silsesquioxane (POSS) on GO (see Figure 3.9) [25]. As
presented in the figure the covalent bonding occurred between amine terminated
chain of POSS and the carboxylic acid groups of GO in the presence of DCC. The
nucleophilic addition of amines to GO by epoxide ring opening is also a possible
addition pathway here.

. POSS-graphene
- in THF solution
(mg mI)

(d)

Figure 3.9 (a) The functionalization of GO  rGO-POSS in THF in several concentration
by amine terminated POSS. Dispersion of in milligrams per milliliter. (Reprinted with
GO (b) and rGO-POSS (c) in the biphasic permission from Ref. [25], Copyright 2012,
water/chloroform system. (d) Dispersion of ~ American Chemical Society.)
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microscope) images of (a) GO film, rGO- roughness (f). (B) The FT-IR spectrum of
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roughness (c). A water droplet and the with permission from Ref. [25], Copyright

air/water contact angle on a film of GO (d), 2012, American Chemical Society.)

In the FT-IR spectra of the POSS functionalized GO (rGO-POSS), a remark-
able decrease of the intensity of the characteristic bands assigned to hydroxyl,
(3400 cm™!) carboxyl (1731cm™), and epoxy (1228 cm™!) groups indicated the
successful functionalization of GO and its partial reduction as well. The presence
of POSS is further characterized by a strong band at 1110 cm™! assigned to the
Si—O-Si stretching vibration and a weak band at 2700-3000cm™! assigned to
the iso-butyl substituents of POSS (see Figure 3.10). The existence of POSS cages
at the surface of GO prevents the nanoplatelets from aggregation when they are
dispersed in a solvent; as a consequence rGO-POSS is highly dispersible in several
organic solvents such as THF, hexane, chloroform, acetone, and toluene. rGO-
POSS showed a hydrophobic character indicating that this property of butyl groups
of POSS cover the hydrophilic character of GO surface. In addition an increase
in the surface roughness can transform a rGO-POSS film superhydrophobic (see
Figure 3.10). Finally 1% dispersion of rGO-POSS in poly-methyl-methacrylate
(PMMA,) resulted in a 10 °C increase of the T, of the polymer indicating analogous
enhancement of the thermal stability of the polymer composite.

3.2.2
Esterification of GO

Alcohols or organic molecules and polymers that bear hydroxyl or phenolic groups
can react with carboxylic acids in esterification reactions. Thus GO can be involved
in esterification reactions by its carboxylic acid or hydroxyl groups with a variety of
organic species such as cyclodextrin [26], hydroxyl substituted polymers [27-29],
conjugated polymers [30], and carboxyl terminated fullerene [31].

Cyclodextrins are highly hydrophilic cyclic oligomers of glucose. Their structure
forms a hydrophobic cavity that can host organic molecules, biomolecules, or
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inorganic species with potential application in biosensors, drug delivery, elec-
tronics, and so on. Owing to the large number of hydroxyl groups, hydroxypropyl
B-cyclodextrin (HPCD) can be grafted by esterification on GO forming a composite
material (HPCD-GO), which disperses well in water and polar organic solvents [26].
The final HPCD-rGO product is produced after the partial reduction of HPCD-GO
by sodium borohydride and it showed similar dispersibility. The high hydrophilicity
of HPCD-rGO is attributed to the hydrophilic character of the external part of
p-cyclodextrin which is covered by hydroxyl groups. On the other hand, the cavity of
cyclodextrin is less hydrophilic and can host hydrophobic organic molecules, which
fit in the size of the cavity, acting as a carrier for these molecules in a nonfriendly
environment such as water. The guest molecules are held into the cavity by van
der Walls interactions or hydrogen bonds. TPP is an excellent candidate as a guest
molecule since it is a hydrophobic molecule that fits very well with the dimensions
of circular dichroism (CD) cavity. In addition it is a photo induced electron donor
that offers the opportunity for the study of the electron transfer between the donor
TPP and the acceptor GO or rGO in the frame of this host—guest system.

The insertion of TPP in the cavity of the HPCD-rGO is performed by a
simple addition of HPCD-rGO in a solution of TPP. The existence of the Soret
absorption band at 417 nm in the UV-vis spectrum of TPP modified HPCD-rGO
(TPP/HPCD-rGO) confirms the presence of the hydrophobic TPP in the cavity of
cyclodextrin dispersed in water. A strong indication for the electron transfer from
porphyrin to rGO comes from sufficient decrease of the fluorescence emission
band of TPP/HPCD-rGO at 417nm (see Figure 3.11). However the mixing of
TPP with HPCD-GO (the HPCD functionalized GO before reduction) does not
exhibit analogous fluorescence quenching. Because the host—guest interaction
is also effective between TPP and HPCD-GO it is indicated that electron transfer
is not available in this case because of the disability of GO to carry electrons.
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Figure 3.11 (a) UV-Vis spectra of GO, TPP, and TPP/HPCD-GO. (b) Fluorescence emis-
sion spectra of TPP before and after the addition of HPCD-GO in several concentrations.
(Reprinted with permission from Ref. [26], Copyright 2010, Elsevier B.V.)
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This indication is in agreement with the poor electrical conductivity of GO in
comparison with its reduced form or pristine graphene. Finally the interaction of
TPP/HPCD-rGO system with hemoglobin has been examined showing that such
systems can be used as a biosensor of hemoglobin with promising results.

Polymers rich in hydroxyl groups are also easily grafted on GO by esterification.
A characteristic paradigm is the reaction of polyvinyl alcohol (PVA) with GO. This
esterification has been performed directly or through the formation of the reactive
acyl chloride intermediate. The PVA functionalized GO (PVA-GO) is highly
dispersible in water and dimethylsulfoxide. This dispersibility is retained even
after the partial reduction of PVA-GO by hydrazine [27]. In addition, the product
(PVA-rGO) showed significant changes in crystallinity after the reduction. TGA
also indicated enhanced thermal stability of the nanocomposites (Figure 3.12).

In several cases polymers that are not hydroxyl functionalized can be modified
properly in order to be available for esterification. For example, poly(vinyl chloride)
is substituted by para-hydroxyl-phenylthio groups which then can act as reactive
sites in esterification with carboxyl groups of GO [28]. Hydroxymethyl terminated
of poly(3-hexylthiophene) (P3HT-CH,OH) has also been grafted on graphene
by esterification. PH3T and its derivatives are conjugated polymers that are
used in photovoltaic systems as photoactivated electron donors in combination
with electron acceptor molecules such as Cg, derivatives with the most well-
known [6, 6]-phenyl-C61-butyric acid methyl ester (PCBM). The P3HT-CH,O-
GO composite product showed much higher power conversion efficiency (about
0.6%) in comparison with pure (P3HT) or a simple mixture of P3HT and GO
(ranged between 0.18 and 0.20%) applied in a bilayer photovoltaic device [29, 30]
(Figure 3.13).

Apart from these methods where a pre-synthesized polymer is covalently bonded
on GO surface (“grafted to” procedure), a polymer/GO composite can be formed
by the atom transfer radical polymerization method (ATRP) when the initiator
is chemically bonded on the GO surface. In this “grafted from” method the
polymerization starts from the graphene surface and the polymer chains that are
developed are chemically bonded on GO at their ends. The ATRP method has
been used for the preparation of composites with the covalent attachment between
GO nanosheets and polymers such as polystyrene (PS), poly-butyl-acrylate, and
PMMA [32]. A characteristic example is the formation of a PMMA/GO composite
(see Figure 3.14) [33]. The first step of the procedure is the adaptation of an
ethyleneglycol molecule to carboxylic acids, which then in the second step is
substituted by the polymer initiator 2-bromo-2-methylpropionyl bromide. The
third step is the polymerization that starts by the addition of methyl methacrylate
monomer and the appropriate catalysts. The as-prepared GO-PMMA product was
further dispersed as a filler in a PMMA polymer matrix leading to a mechanical
reinforcement of the final PMMA composite. The higher concentration of GO-
PMMA in the polymer without the appearance of aggregates cannot exceed
1% w/w.
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Figure 3.12 (a) Esterification of GO by PVA with two different procedures. (b) Partial reduction of PVA functionalized GO by
hydrazine. (Reprinted with permission from Ref. [27], Copyright 2009, American Chemical Society.)
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Figure 3.13  Esterification of GO with —CH,OH terminated P3HT. (Reprinted with
permission from Ref. [30], Copyright 2010, American Chemical Society.)

Figure 3.14 Atom transfer radical (ATR) polymerization of PMMA starting from the
surface of GO. (Reprinted with permission from Ref. [33], Copyright 2010, Royal Society of
Chemistry.)

3.23
Functionalization of GO through Heterocyclic Ring Formation

The presence of carboxyl group at the graphitic surface in GO offers the opportunity
of performing miscellaneous organic reactions such as the formation of benzoxa-
zole and benzimidazole heterocyclic rings by the condensation of carboxylic acids
and an o-amino phenol or a o-phenyl diamine, respectively, in the presence of
polyphosphoric acid as catalyst (see Figure 3.15) [34]. The functionalization is then
followed by a reduction that removes the unreacted oxygen groups and restores the
aromatic character of graphene. The final benzoxazole reduced graphene oxide and
benzimidazole reduced graphene oxide derivatives (BO-rGO and BI-rGO, respec-
tively) were characterized among others by XRD spectroscopy. The XRD pattern of
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Figure 3.15 (A) The formation of hetero- (c) BI-rGO. (Reprinted with permission from
cyclic rings by the condensation of C=0 and Ref. [34], Copyright 2012, Royal Society of
o-aminophenol or o-diaminobenzene. (B) The Chemistry.)

XRD pattern of (a) GO, (b) BO-rGO, and

the row GO has a characteristic intense peak at 9.98°, which corresponds to an inter-
layer distance of 0.88 nm and it is attributed to the oxygen functionalities of GO.
The XRD pattern of the functionalized BO-rGO and BI-rGO have a peak at 13-16°
which corresponds to higher d-spacing and it is attributed to the intercalation of
the heterocyclic rings between the graphitic layers (see Figure 3.16). A second peak
around 26.3° indicates the existence of unreacted but reduced GO nanosheets that

AL

Figure 3.16 Oligothiophene functionalized GO by silanization of hydroxyl groups of GO.
(Reprinted with permission from Ref. [35], Copyright 2010, Royal Society of Chemistry.)
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have been restacked. Both products showed high specific capacitance (730 F g~! for
BO-rGO and 781 Fg~! for BI-rGO, respectively) and good stability when they are
used as electrodes in supercapacitors.

33
The Role of Hydroxyl Groups of GO

Apart from amidation and esterification reactions that are related to the carboxylic
groups of GO and nucleophilic addition to epoxide, other reactions originated by
the chemical reactivity of hydroxyl groups have been also developed. These groups
are spread mainly on the core surface of the graphitic layer [36]. A characteristic
reaction of hydroxyl groups of GO is the silylation — the reaction between a hydroxyl
group and an ethoxy substituted silane. For example, triethoxysilyl terminated
quaterthiophene has been attached on GO by silylation [37]. The reaction was
carried out with the assistance of microwave irradiation in order to achieve a better
yield in a shorter time.

Octadecane aliphatic chain has been also attached on GO by etherification [38].
1-Bromo-octadecane reacts with hydroxyl group of GO in the presence of pyridine
under reflux. The resulting octadecyl functionalised GO (OD-rGO) is partially
reduced possibly by the action of pyridine. The characterization of the product
was based on its FT-IR spectrum with the presence of the doublet bands at 2854
and 2923 cm™!, which are attributed to the antisymmetric and symmetric C-H
stretching vibrations of ~CH,— from OD groups and the band at 1200 cm™!
assigned to the C—O-C asymmetric stretch. The thickness of the functionalized
nanosheets was increased to 1.7 nm relative to 0.6nm, which is the thickness of
GO. The last observation is in agreement with the presence of the alkyl chains
between the GO layers when the latter is in solid phase (Figure 3.17).
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Figure 3.17 AFM image of OD-rGO, and the height profile of a separated nanosheet.
(Reprinted with permission from Ref. [38], Copyright 2010, Elsevier B.V.)
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34
Miscellaneous Additions

3.4.1
Reaction of Carboxylic Acid and Hydroxyl Groups with Isocyanate Derivatives

In several applications the hydrophobic character of a graphene derivative is
favored. The homogeneous mixing of GO with a hydrophobic compound is
not favored without an analogous modification of GO, which will induce in
GO a similar hydrophobic character. For example, in order to improve the per-
formance of photovoltaic systems, the blending of GO with the hydrophobic
P3HT is much more efficient when the hydrophilic GO has been modified
to a hydrophobic derivative. This transformation has been performed by the
functionalization of GO with phenylisocyanate (PhCON-GO). In general organic
isocyanate can react with both carboxyl and hydroxyl groups of GO forming
amide or carbamate esteric bonds [37, 39]. The phenyl functionalized GO is
then dispersible in dichlorobenzene and can be mixed with P3HT producing
a homogeneous blend that has been used successfully in photovoltaic devices.
Excitation of PhnCON-GO at 422 nm resulted in the appearance of a fluorescence
band centered near 580 nm which however is partly quenched in comparison with
pure P3HT, indicating the electronic interaction between the two components.
This interaction was then confirmed by the improvement of the performance
of a photovoltaic device where P3HT had been replaced by PhCON-GO/P3HT
composite [40].

The addition of isocyanate functionalized organic compounds has been used in
several GO derivatives. 1,4-Diisocyanato benzene or 4,4’ -diisocyanato-3,3’-dimethyl-
biphenyl are organic molecules that have a rigid core — phenyl or biphenyl — and
two reactive isocyanate groups at opposite places. The reaction of these molecules
with GO leads to a cross linking of the GO layers and the formation of a
pillared lamellar hybrid porous material (see Figure 3.18) [41]. However, the BET
(Brunauer—Emmett—Teller) surface area was not increased by the insertion of the
organic spacer between the graphitic layers in comparison with that of GO, mainly
because of the limited appearance of rigid spacers.

342
Reaction of Epoxides with Carboxylic Acids or Hydroxyl Groups

Epoxides can react with GO either by carboxyl groups forming a-hydroxyl esters
or by hydroxyls forming a-hydroxyl ethers. Methyl oleate epoxide addition is a
characteristic example of this procedure that produces oleate functionalized GO
(oleo-GO) by a simple heating of a mixture of the two components without solvents
or catalysts. The heating process helps further in the partial reduction of GO
during the action of the epoxide. The oleo-rGO product showed an amphiphilic
character as the functional groups consisted of long aliphatic chains and hydroxyl
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Figure 3.18 The cross linking reaction of diisocyanate organics with GO. (Reprinted with
permission from Ref. [41], Copyright 2009, Elsevier B.V.)

groups as well, and it was homogeneously mixed with poly-lactic acid affording
a polymer-graphene nanocomposite with improved mechanical properties [42]
(Figure 3.19).

Carboxylic acids of GO can be covalently attached on ferrocene through acylation
reaction [43]. In this reaction carboxylic acid groups of GO are involved in a Friedel
Crafts selective monoacylation using activated acidic alumina and trifluoroacetic
anhydride as catalyst (Figure 3.20).
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Figure 3.19 The reaction of GO with condensation of epoxides. (Reprinted with
methyl oleate epoxides and the possible permission from Ref. [42], Copyright 2012,
reaction paths. (a) esterification, (b) ether- Wiley-VCH Verlag GmbH & Co KGaA,
ification, and (c) byproducts of ether or Weinheim.)

ester derivatives that occurs by the possible

343
Interaction of Ammonia with Carboxylic Acids and Epoxides of GO

The treatment of GO with ammonia water (aqueous solution of ammonia) at high
temperature (180 °C, in a high boiling point solvent such as ethyleneglycol) resulted
in both the partial reduction of GO and the functionalization of graphene with
amide and amine groups [44]. The partial reduction of GO was directly observed
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Figure 3.20 Functionalization of GO by ferrocene through a Friedel Crafts acylation.
(Reprinted with permission from Ref. [43], Copyright 2010, Royal Society of Chemistry.)

by the characteristic change of color as the brownish GO dispersion changed to the
dark gray color of rGO. The amide groups (—~CONH,) produced by the reaction of
ammonia with carboxylic acids whereas the nucleophilic substitution of ammonia
to epoxide resulted in the ring opening and the formation of an amine and
hydroxyl group in place of an epoxide ring. The amine modified rGO (rGO-NH,)
showed improved dispersibility in water and polar organic solvents (DMF, THF)
and enhanced BET surface area in the solid form in comparison with GO. The
extent of the overall substitution of the oxygen of GO by nitrogen is indicated by
XPS spectroscopy. The carbon to oxygen ratio was increased from ~ 1.7 in GO to
~10.6 in the final product rGO-NH, showing a successful reduction procedure.
The subsequent carbon to nitrogen ratio depends on the amount of ammonia
during the reaction and ranges between ~ 10 and ~ 52 (Figure 3.21).

344
Enrichment of GO in Carboxylic Acids

In order to achieve better dispersion of GO in polyaniline, GO can be enriched
in carboxylic acid groups, which interact better than hydroxyl and epoxy groups
with polyaniline chains [45]. A simple way to achieve this enrichment is based
on the transformation of epoxy and hydroxyl groups to carboxyl terminated func-
tional groups. First the epoxide rings are opened by the reductive action of HBr
affording hydroxyls. Then the hydroxyls are functionalized by esterification with a
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Figure 3.21 (A) Schematic representa- the photographs of 0.3 mgml~' rGO-NH,
tion of the interaction of ammonia water and GO in deionized water, DMF, and THF,
with GO. (B) SEM images of GO (a) and respectively. (Reprinted with permission from
amine modified rGO (b) and in the inset: Ref. [44], Copyright 2011, Elsevier B.V.)

double carboxylic acid such as oxalic. By this procedure the overall GO surface is
functionalized by free carboxylic acid groups (GO-COOH). The carboxyl enriched
GO is easily dispersible in aniline without aggregate formation because of the
strong repulsive forces of the carboxylic groups. As a consequence GO-COOH will
be entrapped between the developed polymeric chains during the polymerization
of aniline and thus well dispersed in the finally formed polyaniline/GO-COOH
composite material where the graphitic layers and polymer chains are strongly held
together by H bonding and electrostatic interactions.

3.45
Addition of Gallium-Phthalocyanine (Ga-Pc) to GO through Ga—O Covalent Bond

Gallium substituted porphyrin (Ga—O—Pc) has been attached axially on GO by a
covalent Ga—O bond between the metal of the porphyrin and oxygen of hydroxyl
groups of GO (see Figure 3.22) [46]. The aryl rings of porphyrin are substituted by
tert-butyl groups. The formation of Ga—O covalent bond is confirmed by XPS spec-
troscopy where a characteristic peak at 20.8 eV assigned to Ga—Cl bond is shifted,
after the reaction with GO, to 17.2 eV assigned to Ga-O. The UV-vis spectrum of
Ga-porphyrin functionalized GO (Ga—O-Pc/GO) contains the characteristic bands
of the components. On the other hand, the fluorescence spectrum of the composite
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Figure 3.22 The functionalization of GO with Ga—Pc by an axial Ga—O covalent bond [46].

is highly influenced — the emission band at 700 nm is decreased — by a quenching
process that indicates sufficient electron transfer between Pc and GO. Finally, the
hybrid composite showed much better NLO response and OL performance than
GO [46).

3.5
The Role of Epoxide Groups of GO

3.5.1
Nucleophilic Addition of Amine to Epoxides

Apart from the carboxylic acid groups that are located at the edges of GO layers,
epoxides also exist and are located mainly at the core of GO layers. Amine
substituted organic compounds, from simple alkylamines [47] and arylamines
[48] to more specific organic molecules [49], chromophores [50] and polymers
[51-53], react with these epoxides and simultaneously attach covalently with the
ring opening of epoxy groups. 6-Amino-4-hydroxy-naphthalenesulfonic (ANS) acid
is an organic molecule that is attached by its amine group to GO. ANS has sulfonic
and hydroxyl groups that offer high hydrophilicity to this molecule as well as to
the ANS functionalized GO. After the reaction of ANS with GO and the formation
of the organically modified GO (ANS-GO), the latter was reduced by hydrazine
in order to restore to the product its graphitic character. Although the removal of
oxygen groups from functionalized graphene influences the hydrophilic character
negatively, ANS-rGO is highly hydrophilic (3 mgml~') owing to the presence of
hydroxyl and sulfonic groups of ANS [48] (Figure 3.23).

GO has been functionalized by aminopropyl triethoxysilane (APTS) by the same
reaction. The grafted silane groups were then slowly hydrolyzed in an excess of
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Figure 3.23 Functionalization of GO by ANS followed by reduction of GO by
hydrazine [48].

APTS forming a GO incorporated silica monolith, with enhanced mechanical prop-
erties [54]. Apart from amidation reaction of ODA that presented in Section 3.1,
the latter also react with epoxide groups of GO under certain conditions. Simul-
taneously with the nucleophilic addition to epoxides, ODA acts as a reductive
agent for GO. As a consequence a simple reflux heating of GO in excess of ODA
leads to the formation of partially reduced ODA functionalized GO (rGO-ODA).
During the reaction, the XRD pattern of the layered rGO-ODA product showed
a diffraction peak at 4.9° which corresponds to a spacing of 1.8 nm between the
graphitic layers after 10h of refluxing, which is further increased to 2.3nm (2h
Bragg angle of 3.7°) after 20 h of refluxing. The increased distance between the
layers is a further indication for the intercalation of the oleylamine chains. The
presence of ODA in the final product is characterized by the appearance of the
two peaks at 2919 and 2848 cm™! in the FT-IR spectrum resulting from the —CH,
stretching of the octadecyl chain together with the peak at 720 cm™!. In the XPS
spectrum of GO-ODA the peaks that correspond to C—O and C-O-C groups are
weakened in comparison with GO, indicating the simultaneous reduction of GO
during the alkylamine addition, while a new peak that corresponds to C—N bonds
appears [55] (Figure 3.24).

The final product showed a highly lipophilic character and is homogeneously
dispersible in PS owing to the presence of long aliphatic chains, and because of
the partial reduction of GO its color turns to black in contrast to the brownish
color of GO. The polymer composite that was produced (PS-GO-ODA) showed
a sharp transition from insulative to conductive character with a low percolation
threshold at 0.45 vol% and a final conductivity of 4.6 x 107! Sm~! in a concentration



3.5 The Role of Epoxide Groups of GO

GO-ODA 10 h

Intensity (a.u.)

GO-ODA 20 h

85

c—c
(284.8 8V)

- 3 C—N
s 2 (285.4 eV)
= =
2 a C—O0—H
& 8  (286.6 eV)
£ £

280 282 284 286 288 290 292 280 282 284 286 288
(b) Binding energy (eV) (C) Binding energy (eV)

Figure 3.24 (a) XRD spectra of GO and GO-ODA (b) and FT-IR spectra of GO, ODA, and
GO-ODA (c). XPS spectra of GO and GO-ODA. (Reprinted with permission from Ref. [55],
Copyright 2011, Elsevier B.V.)

of 0.92vol% [55] (Figure 3.25). A similar behavior as regards the additive and the
reductive character has been presented by ethylamine and diethylamine [56].

The nucleophilic addition of amines to epoxides can be also used for the
functionalization of GO by ionic liquids that offer to GO remarkable dispersibility
because of their ionic character [57].

3.5.2
Addition of Chromophores

Amine terminated zinc phthalocyanine (Zn-PC) can be grafted on GO by reaction
with epoxy groups under analogous conditions (see Figure 3.26) [50]. The electron-
donor hybrid material showed a characteristic fluorescence quenching behavior
that can be attributed to the strong interaction of the two covalently attached
components. Further, a photoelectrochemical cell, which has been produced by the
deposition of a thin film of ZnPc-GO onto a nanostructured SnO, and between two
optical transparent electrodes, showed an ISPE value of 2.2% which is one order
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Figure 3.25 (a) Dispersion of GO and GO- conductivity of PS-GO-ODA and PS-GO as a
ODA in a chloroform/water biphasic system. function of the filler content. (Reprinted with
The color of GO-ODA s indicative for the permission from Ref. [55], Copyright 2011,
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Figure 3.26 (a) Covalent bonded Zn—Pc on GO. (b) Fluorescence spectra of Zn—Pc (the
blue line) and the quenched fluorescence band of Zn—Pc/GO (red line). (Reprinted with
permission from Ref. [50], Copyright 2012, American Chemical Society.)

of magnitude larger than a similar cell prepared with pristine graphene instead of
ZnPc-GO.

3.5.3
Addition of Polymers

Polymers with a large number of amine groups can be grafted on GO through the

nucleophilic addition to epoxide groups. Polyallylamine (PAA) is a long aliphatic
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alkyl chain functionalized by short reactive methylamine side chains [52]. Similarly
poly-1-lysine (PLL) has been grafted covalently on GO offering high dispersibility
in water and biocompatibility [53].

3.6
Post Functionalization of GO

In several applications a specific functionalization of GO is needed that is not
always possible to produce from the organic chemistry of oxygen functional groups
that are available on graphene surfaces. In these cases a post functionalization
of the organically premodified graphene nanoplatelets is highly favorable. The
importance of post functionalizations of GO is of great importance as it offers
the opportunity to design the chemical procedure in order to achieve the best
results.

3.6.1
Post Functionalization of Organically Modified GO via Click Chemistry

A variety of organic reactions that have common characteristics are in general
described as “click chemistry.” Usually this term characterizes the covalent attach-
ment of different organic parts in one compound with a simple, easy, and high
yielding organic reaction. One of the most popular reactions of this category is
the copper catalyzed 1,3 Huisgen cycloaddition between azides and alkynes (see
Figure 3.27). The condensation of the two functionalities resulted in the forma-
tion of a 1,2,3-triazole heteroaromatic ring that serves as a link between the two
components. The application of this reaction in azide functionalized GO can lead
to the attachment of alkyne terminated polymers [58, 59] or organic compounds
[58] on graphitic surface as shown in the Figure 3.28. The azide functionalization
of GO has been performed by the amidation of carboxylic groups of GO with
3-azidopropyl-1-amine.

Another interesting application of a click reaction is used in the formation
of a water dispersible poly(N-isopropylacrylamide) (PNIPAM) /GO composite
[60]. The first step of the procedure is the attachment of propargylamine on
GO through amidation which leads to alkynyl functionalized GO nanoplatelets.
Azide substituted PNIPAM was then reacted with alkynyl-GO by 1,3 Huis-
gen cycloaddition that resulted in the connection of the polymer with GO
nanoplatelets with the triazole ring linkers. The PNIPAM/GO composite can
function as a potential carrier for the drug delivery of hydrophobic drugs such
as camptothecin, as PNIPAM is a highly hydrophilic and biocompatible polymer
(Figure 3.29).
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Figure 3.27 1,3 Huisgen cycloaddition of azide functionalized GO with several alkyne ter-
minated polymers and small organic molecules [58].
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Figure 3.28 Dispersion of PS functionalized GO by azide-alkyne 1,3 cycloaddition.
(Reprinted with permission from Ref. [59], Copyright 2010, Royal Society of Chemistry.)
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Figure 3.29 Click reaction between alkynyl functionalized GO and azide substituted PNI-
PAM polymer. (Reprinted with permission from Ref. [60], Copyright 2011, Wiley-VCH Verlag
GmbH & Co KGaA, Weinheim.)

3.6.2
Counter Anion Exchange

The attachment of organic functional groups as counter anions in GO that are pre-
functionalized by an ionic compound can be seen also as a post functionalization
reaction of GO. For example, the attachment of 1-(3-aminopropyl)imidazole on
GO carboxylic acids by amidation followed by the addition of 1-bromobutane on
the imidazole ring leads to an ionic imidazole derivative attached on GO, with
bromium anion (Br~) as counter ion. The hydrophilic [Br~] imidazolium GO
can be transformed to the lipophilic hexafluorophosphate anion [PF,~] analog
by the counter anion exchange of [Br~] by [PF,~] that followed the treatment of
GO derivative with NaPF,. Porphyrin functionalized by carboxylates can also be
exchanged [Br™] in a similar reaction [61] (Figure 3.30).

The post functionalization reaction has been also used for the addition of
ferrocene on GO nanoplatelets (see Figure 3.31). Ferrocene aldehyde has been
covalently attached on amine pre-functionalized GO by a C=N bond (Schiff base
type). The amine functionalization of GO was performed by the covalent addition
of diethylamine on carboxylic acids of GO by amidation [62].

Finally carboxylic acids of GO can be functionalized by polyglycerol chains by
the addition of glycidol (a hydroxymethyl-ethylene oxide) to GO and opening of
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Figure 3.30 Preparation of imidazolium modified GO and counter anion exchange
by [PF67] and a porphyrin anion derivative. (Reprinted with permission from Ref. [61],
Copyright 2010, Elsevier V.B.)

the epoxide ring [63]. The highly hydroxylated GO is then used as a substrate
for the immobilization of magnetic nanoparticles. The nanoparticles are made
from metallic iron (Fe) nanoparticles covered by a gold (Au) layer that protects Fe
from oxidation. Fe@Au nanoparticles are externally covered by 4-mercaptophenyl
boronic acid through a Au—S bonds. The boronic acid functionalized Fe@Au are
covalently bonded on the polyglycerol functionalized GO as presented in the next
Figure 3.32.

3.7
Conclusions

The several oxygen functional groups of GO offer to graphene a wide variety of
organic derivatives thanks to their rich organic chemistry. GO is used as graphene
precursor, which is produced easily in high yield; it is functionalized without further
decrease of its aromatic character and can finally be reduced restoring its aromatic
character in part. The organically functionalized GO are easily dispersible in organic
solvents or in water; a property that facilitates a further post functionalization of
graphene derivatives.
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Figure 3.31 (A) Post functionalization of amine modified GO by ferrocene aldehyde. (B) AFM (upper) and TEM (down) images of GO
(a,c) and ferrocene-GO (b,d). (Reprinted with permission from Ref. [62], Copyright 2012, Royal Society of Chemistry.)
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Figure 3.32 Immobilization of Fe@Au nanoparticles on polyglycerol functionalized GO [63].
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Chemical Functionalization of Graphene for Biomedical
Applications

Cinzia Spinato, Cécilia Ménard-Moyon, and Alberto Bianco

4.1
Introduction

The interest of the scientific community in graphene has been exponentially
increasing since its discovery in 2004, thanks to its unique chemical and physical
properties [1, 2]. Applications of graphene in the fields of nanoelectronics, photo-
voltaics, material science, and engineering have already been intensely explored and
consolidated [3—7], whereas the great potential of graphene and its oxidized form,
graphene oxide (GO), in the biological and biomedical fields has been revealed only
in the past few years [8]. Despite this recent attention, graphene nanomaterials
have already found numerous applications in biotechnology including biosensing
[9-11], disease diagnostics [12], antibacterial [13—-16] and antiviral materials [17],
cancer targeting [18], photothermal therapy (PTT) [19-21], drug delivery [22-24],
electrical stimulation of cells [25], and tissue engineering [26, 27]. The advantages
that prompted the rapid diffusion of graphene are its high specific surface area
because of the bidimensional flat shape of graphene sheets and the tunable surface
modification leading to enhanced biocompatibility. This constitutes a great added
value as molecules and functional groups can be attached or adsorbed on both sides
of graphene surface, thus allowing a high density of functionalization and drug
loading. All these properties make graphene nanomaterials even more promising
than carbon nanotubes (CNTs).

Graphene is the most important member of a bigger family, namely the family
of graphene nanomaterials, together with few-layer graphene (FLG), GO, reduced
graphene oxide (rGO), and nano graphene oxide (NGO) (Figure 4.1). We normally
name as graphene a monolayer graphene sheet, whereas FLG is constituted by
2-10 stacked graphene layers, originally obtained as a by-product of graphene
production [1]. GO is the oxidized form of graphene. It consists of monolayer
graphene presenting numerous oxygenated groups such as carboxyl, hydroxyl, and
epoxide groups on its surface and edges. Reduction of GO by thermal and chemical
treatment in reducing conditions produces rGO, which presents a reduced oxygen
content. NGO designates GO having a lateral dimension lower than 100 nm and it
is sometimes called graphene nanosheets (GNSs).

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 4.1 Structural models of members of the graphene nanomaterial family.

The family of graphene nanomaterials is characterized by substantially different
properties such as surface area, number of layers, lateral dimension, surface chem-
istry, defect density, composition, and purity. Some of these parameters are clearly
influential in the assessment of the biological potential of the graphenic material.

The lateral dimension of the graphene-family nanomaterials lies between a few
nanometers to several microns.

The surface area is critical for the biological response to nanomaterials because of
surface phenomena such as physical adsorption and catalytic chemical reaction. In
monolayer graphene every carbon atom is exposed to the surrounding medium on
two sides, thus graphene displays the highest surface area among sp?-hybridized
carbon sheets (2600 m? g~!), which is far above that of pristine single-walled CNTs
(1300m? g~1). The surface area and the adsorption capacity for biological molecules,
also depend on the number of layers and significantly decrease with higher layer
numbers [28].

One other fundamental property to be taken into account for the employment of
carbon nanomaterials in the biological field is their grade of purity, which depends
to a large extent on the production method. Graphene can be isolated from graphite
flakes by repeated mechanical exfoliation. Chemical vapor deposition (CVD) and
reduction of GO are mostly employed for the production of scalable amounts
of graphene [29-31]. However, exfoliation of GO and liquid phase exfoliation of
graphite are the most suitable methods for biological applications because they
easily provide large amounts of graphene with a high degree of purity. GO is
produced as monolayer by oxidation of graphite through scalable and inexpensive
methods [32-34].

The family of graphene nanomaterials shows high variability in terms of surface
chemistry, which is the determinant for the type of biofunctionalization that can be
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carried out, and in terms of stability in water or in typical biological media. Pristine
graphene is very hydrophobic because of its extended aromatic surface, and it is
more reactive at the edges and at the defects sites. Its high surface area and the
delocalization of m-electrons can be exploited to solubilize and bind aromatic organic
molecules, although the poor water dispersibility of nonfunctionalized graphene
might require the use of surfactants to allow its employment in the biological
medium. In contrast, GO is more hydrophilic than graphene and has a higher
water dispersibility. The oxygenated groups on its surface offer the possibility to
immobilize molecules through hydrogen bonding, electrostatic interactions, or
by further functionalization [35]. As a consequence, GO is often preferred over
graphene for biomedical investigations.

One drawback of graphene is the strong tendency of the exfoliated graphene
sheets to irreversibly aggregate or even to restack forming once again multilayers
similar to graphite, driven by strong n—x stacking interactions and van der Waals
forces [36]. Therefore, functionalization has to be carried out to decrease graphene
hydrophobicity, and to improve dispersibility and processability in organic and
aqueous solutions [36-38]. Furthermore, biological moieties can be introduced
on a graphene surface through chemical and/or physical functionalization, thus
allowing to combine graphene’s outstanding properties with biological activity [39,
40]. Both covalent and non-covalent functionalization have been used to modify
graphene properties, and combinations of covalent and non-covalent modifications
have also proved to be an interesting approach [35, 41-43]. Generally, covalent
modifications involve chemical derivatives of GO or rGO obtained by conjugation of
hydrophilic polymers or nucleic acids (NAs), amine coupling to carboxylic groups
or sulfonylation. Non-covalent modifications exploit hydrophobic forces or n—=
interactions on a graphene surface or rely on the stabilization effect of surfactants
that adsorb on the surface producing colloidal suspensions of graphene sheets
[12, 44, 45].

This chapter intends to give some examples of the chemical functionalization,
which goes beyond investigations on graphene nanomaterials for their applica-
tion in the biomedical and biotechnological fields. Rather than an exhaustive
coverage of its use, the most interesting studies from a chemical and biological
point of view will be presented and discussed. The chapter will be divided into
three main sections based on the type of chemical functionalization involved.
In Section 4.2 graphene conjugates obtained by covalent functionalization will
be described, whereas Section 4.3 will deal with non-covalently functionalized
graphene conjugates. Finally, Section 4.4 will report on the combination of covalent
and non-covalent functionalization of graphene for biomedical applications.

4.2
Covalent Functionalization of Graphene Nanomaterials

Numerous investigations have been pursued on covalent functionalization of
graphene, with the main focus on imparting aqueous solubility, processability,
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and biocompatibility to graphene [35, 41, 42]. Covalent addition of molecules to
graphene is associated with rehybridization of sp? carbon atoms of the n-network
into a sp® configuration, leading to a partial or total loss of m—n conjugation
and modifications of the intrinsic physical and chemical properties of graphene.
Functionalization of graphene can take place both at the edges or at the basal
surface, although with different energy requirements. In fact the terminal dangling
bonds undergo reaction with lower energy barriers as their rehybridization to the
sp® tetrahedral geometry does not imply additional strain for the inner carbon
atoms. There are essentially two main routes for the covalent functionalization
of graphene: (i) the formation of covalent bonds between highly reactive species,
including free radicals and dienophiles, and C=C bonds of pristine graphene and
(ii) the formation of covalent bonds between organic functional groups and the
oxygen groups of GO. The latter is the most exploited method for the connection
of solubilizing and bioactive moieties to graphene. Indeed, the various reactive
functional groups of GO (e.g., hydroxyl, epoxy, and carboxylic acid groups) provide
higher dispersibility, biocompatibility, and possibility of further functionalization,
which render GO a better candidate for biological applications, in comparison to
pristine graphene.

Different techniques have been explored for the covalent derivatization
of GO [35], but those related to the preparation of materials for biological
purposes mainly involve esterification, amidation of the carboxyl groups with
concomitant epoxy ring opening, or derivatization of hydroxyl groups. The
reaction between the carboxylic acids of GO and hydroxyl or amine derivatives
requires the use of coupling reagents such as N-hydroxysuccinimide (NHS),
1-hydroxybenzotriazole hydrate (HOBt), or 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) to activate the GO carboxylic groups (Scheme 4.1). The
coupling leads to the formation of ester and amide bonds, respectively, although
epoxy ring opening can also occur during amidation, leading to amino-linked
functionalities.

(i) Coupling reagent : H (i) Coupling reagent
(i) R-OH o OH (i) R-NH,
OH

Scheme 4.1 Derivatization of GO by esterification (left) and amidation (right).
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In the following part, a brief subsection is dedicated to the synthesis of GO and
its reduced form (rGO), and then some relevant examples of covalent conjugates
are presented, according to the type of functionality tethered on graphene.

4.2.1
Synthesis of GO and rGO

Graphene low solubility in organic solvents and water is a prime limitation because
it hampers its manipulation and limits the full exploitation of its properties.
However, these issues are overcome by oxidation of graphene to GO [46, 47].
The oxygenated groups of GO can be conjugated with various moieties such as
polymers, biomolecules (targeting ligands), DNA, proteins, quantum dots (QDs),
and nanoparticles to impart multiple functionalities to GO [8, 46, 48, 49].

4.2.1.1 Synthesis of Graphene Oxide

GO is generally synthesized by chemical oxidation of graphene through Hummers
method [32] or modified Hummers method [50]. These processes consist in the
treatment of graphite with potassium permanganate (KMnO,) and sulfuric acid
(H,SO,). The resulting oxidized graphite displays a homogeneous distribution
of oxygen-containing species whose negative charge induces the exfoliation of
graphene sheets to single-layer graphene by electrostatic repulsion. As-prepared
GO displays a variety of oxygenated groups, such as hydroxyl functions, carboxylic
acids, epoxides, carbonyl groups, phenols, and quinones on its surface and edges
[51] (Figure 4.2). However, there is still some ambiguity regarding the presence
or absence of carboxylic acids on the periphery of the basal plane [46, 47].
The chemical composition is strictly dependent on the synthetic conditions. The
oxidizing treatment and subsequent exfoliation afford monolayer-GO with size
range between ten and several hundreds of nanometers.

4.2.1.2 Reduction of Graphene Oxide

rGO is an attractive material, because the structure and properties of graphene can
be partially restored upon reduction. GO reduction can be achieved by thermal or
chemical methods, or by microwave irradiation [52, 53]. However the treatment of
GO with strong reducing agents such as hydrazine or NaBH, under mild heating

Figure 4.2 Structural model of graphene oxide. (Adapted from Ref. [47].)
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is the most common approach. Recently, reduction of GO has been carried out
through more green and biocompatible methods employing natural reductants
such as glucose [20], bovine serum albumin (BSA) [54], vitamin C [55], and bacteria
[56].

422
Functionalization of Graphene Oxide with Polymers

GO can be grafted to polymers bearing reactive species including hydroxyls
and amines, like poly(ethylene glycol) (PEG), poly-i-lysine (PLL), chitosan, thus
combining the peculiar properties of the functional moieties with those of graphene.
The attachment of polymers to GO is a widely used approach to endow it with better
dispersibility in specific solvents and enhanced biocompatibility. It is generally
followed by further functionalization with targeting ligands, drugs, imaging probes,
or other moieties. In many cases, GO is first treated under strong basic conditions,
to open the epoxide and to hydrolyze possible ester groups, and then reacted with
chloroacetic acid to convert hydroxyls into carboxylic acids [39]. This intermediate
product called GO-COOH displays an increased amount of carboxylic groups
available for derivatization.

4.2.2.1 PEGylated-GO Conjugates

PEG is so far the polymer that has been most employed for the preparation of
graphenic materials for biological purposes, going from drug delivery [23, 39] to
PTT [18] and imaging [39, 57]. PEG is a biocompatible and highly hydrophilic
polymer of variable length and once grafted onto GO it increases its aqueous
dispersibility and stability in several physiological solutions, such as serum and
cell medium. In addition to imparting high dispersibility and stability, PEG
also allows the blood circulation half-life of nanomaterials to increase by avoid-
ing opsonization. Indeed, the PEG coating prevents the adsorption of opsonins
present in the blood serum. Opsonization would result in the removal of the
nanomaterials from the blood stream by macrophages before they reach the
desired organ [58]. Thanks to these remarkable properties, PEGylated GO stood
out as an important candidate for the delivery of drugs, both by a covalent
approach and by non-covalent adsorption of the drug on PEG-GO, as is discussed
later on.

Inspired by these investigations on CNTs [59, 60], Dai and coworkers [39]
explored first the properties of PEGylated NGO for cell imaging. Amine-terminated
PEG stars (6-armed branched PEG molecules) were grafted onto NGO sheets via
carbodiimide activation chemistry by formation of amide bonds. The resulting
functionalized NGO exhibited intrinsic photoluminescence in the near-infrared
range (NIR), providing a NIR probe for cellular imaging. They further conjugated
PEG-NGO to a B-cell specific antibody, Rituximab, to selectively recognize and bind
B-cell lymphoma, proving selective targeting (Scheme 4.2).

Later on, Liu and coworkers [18] investigated the in vivo behavior of NGO
by labeling PEG-NGO with Cy7, a commonly used NIR fluorescent probe, via
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Scheme 4.2 PEGylation of NGO by PEG stars and further conjugation with anti-CD20 antibody; schematic illustration of the selective binding with
B-cell lymphoma. (Adapted from Ref. [39].)
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amide bond. In vivo fluorescence imaging revealed a remarkably high tumor
uptake of NGO, and PEGylated NGO showed efficient tumor passive targeting
and relatively low retention in the reticuloendothelial system (RES). Irradiation
of tumor-bearing mice with a low-power NIR laser led to complete ablation of
the tumor (Figure 4.3), showing the potential of graphene derivatives for in vivo
PTT [18].

o
e = ‘[‘02H4‘O‘|; HoN éN NH,

H,

No laser Laser irradiated

No PEG-NGO

PEG-NGO
injected

(b) - e

Figure 4.3 (a) Representation of PEG-NGO labeled with Cy7 (b) and photos of in vivo PTT
study on mice after various treatments. (Adapted and reproduced with permission from Ref.
[18]. Copyright 2010, American Chemical Society.)
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In a recent report, PEGylated GO was also labeled with I (t;, =60 days) to
assess its long-term biodistribution and potential toxicity in mice. Radiolabeled
GO was found to accumulate mainly in RES and did not cause hematological or
biochemical adverse effects [61].

Another graphene-based fluorescent probe for intracellular imaging was pre-
pared by covalently binding fluorescein to GO through a PEG spacer [57]. Instead
of star PEG, a linear PEG polymer (PEG 2000) was used as a bridge to covalently
tether the aromatic fluorophore and was essential to prevent physisorption and
fluorescence quenching by GO. PEG 2000 was covalently grafted to GO by deriva-
tization of carboxylic groups via activation with 1,1-carbonyldiimidazole (CDI).
Fluorescein also activated by CDI was then chemically connected to PEG hydrox-
ylic groups (Scheme 4.3). The as-prepared conjugate exhibited excellent pH-tunable
fluorescence properties and showed efficient cellular uptake by HeLa cells, a human
cervical cancer cell line.

PEG was used as a solubilizing moiety and also as a spacer in the preparation
of a GO-streptavidin conjugate used to capture biotinylated protein complexes via
streptavidin-biotin interaction [62]. An amine-terminated biotin (biotin-PEG4-NH,)
was coupled to the carboxylic groups of GO, and streptavidin was then tethered to the
system. The complex showed high streptavidin loading and excellent recognition
capability toward biotinylated DNA, fluorophores, and Au nanoparticles.

Cai and coworkers reported the preparation of radiolabeled antibody-PEG-GO
conjugate for in vivo targeting and positron emission tomography (PET) imag-
ing of tumor-bearing mice [63, 64]. Glycoprotein CD105 is a vascular target
in cancer and has a crucial marker role for tumor angiogenesis. NGO sheets
functionalized with six-arm branched PEG, were covalently coupled with NOTA
(1,4,7-triazacyclononane-1,4,7-triacetic acid), a very stable chelator for radiomet-
als, and TRC105, an antibody with high affinity for both human and murine
CD105. The covalent conjugate NOTA-GO-TRC105 was then labeled with three
radioisotopes having different half-lives: ®'Cu (t, , =3.4h), ®Ga (t,, =9.3h), and
Cu (t;,=12.7h) [63, 64]. In vitro experiments demonstrated that the covalent
conjugation of TRC105 onto GO did not compromise the antigen-binding affinity
and that the radiolabeled construct retained its stability in mouse serum. The
conjugates rapidly accumulated in xenografted murine breast cancer cells and were
able to specifically target CD105 in the tumor vasculature (Figure 4.4). Thanks to
poor extravasation, targeting the GO-nanocarrier toward the tumor vasculature was
achieved with high efficiency.

4.2.2.2 Covalent Linkage of Biopolymers

PLL has been attached to graphene sheets with the purpose of achieving a better
water solubility [40]. It is a biocompatible polymer rich in amino groups, which has
been used to promote cell adhesion, drug delivery, and biofouling. Grafting of PLL
occurred by cross-linking between the epoxy groups on GO and the amine groups
of PLL under basic conditions. In these conditions, GO was reduced to graphene.
The PLL/rGO conjugate was further used as a biosensor for hydrogen peroxide
detection showing amplified sensing ability.
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Scheme 4.3 Synthesis of fluorescein-labeled PEG-GO. (Adapted from Ref. [57].)



4.2 Covalent Functionalization of Graphene Nanomaterials

4Cu-NOTA-
GO-TRC105
5% ID/g
;
66Ga-NOTA- 0% ID/g
GO-TRC105
0.5h 3h 16 h 24 h
Figure 4.4 PET imaging of 4T1 tumor- indicate the tumors. (Reproduced with per-

bearing mice after intravenous injection of mission from Ref. [63, 64]. Copyright 2012,
NOTA-GO-TRC105, labeled with two differ- Elsevier and American Chemical Society.)
ent isotopes: ®®Ga and ®Cu. Arrowheads

Chitosan is a biocompatible and biodegradable polycationic biopolymer
which has been largely employed for tissue engineering. Gels of chitosan are
known to be osteoconductive and to enhance bone formation [65]. The group
of Misra reported the synthesis of GO-chitosan scaffolds and the biological
responses of osteoblast cells to this conjugate [66]. The GO-chitosan scaffold
was synthesized by covalent linkage of the carboxyl groups of GO with the
amine groups of chitosan. This conjugate was found to facilitate cell attachment
and proliferation, therefore constituting a promising platform for bone tissue
regeneration.

423
Tethering of Antibodies

Recently, the group of Park reported an immunosensing system based on GO
exploited for the detection of interleukin 5 (IL-5) through the quenching of
intrinsic GO fluorescence [67]. IL-5 is a cytokine able to stimulate B cell growth
and immunoglobulin secretion. GO was deposited on an amino-modified glass
surface by electrostatic interactions and anti-IL-5-capture antibodies (Abs) were then
covalently branched on GO-arrays by carbodiimide-assisted amidation reaction.
Introduction of IL-5 and anti-IL-5 antibody-horseradish peroxidase (HRP) conjugate
determined the formation of a sandwich immuno-complex on GO. Capturing of
IL-5 by the antibody was detected by quenching of the intrinsic fluorescence GO,
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induced by peroxidase-catalyzed polymerization of 3,3’-diaminobenzidine (DAB),
in the presence of H,0, (Scheme 4.4).

HRP-anti-IL-5 antibody Al

{J/> Fluorescence Fluorescence quenching
Scheme 4.4 Schematic representation of induces DAB polymerization in the pres-
GO-based immunosensing platform for the  ence of H,0,, resulting in the quenching
detection of IL-5: the formation of a sand- of GO intrinsic fluorescence. (Adapted from

wich immune-complex between HRP-anti-IL-5 Ref. [67].)
antibody, IL-5, and the antibodies on GO

The same group also designed a different immunosensing platform based on
chemiluminescence resonance energy transfer (CRET) between graphene and
chemiluminescent donors [68]. They employed a luminol/hydrogen peroxide
chemiluminescence reaction catalyzed by HRP for the biomolecular recognition
of CRP (C-reactive protein), a protein marker for human inflammation and
cardiovascular diseases. rGO was first functionalized with sulfonic acid groups
through reaction with aryl diazonium salts in order to prevent aggregation
and increase dispersibility [37]. An anti-CRP antibody was then coupled to
rGO by using both EDC and NHS. This graphene-based CRET platform was
applied to the immunoassay of CRP in human serum samples with successful
results.

By changing the capture antibodies, the application of this type of immunoassay
biosensors can be extended to the detection of other chemical or biological
molecules. For example, another Ab-GO conjugate was reported to detect rotavirus
with high sensitivity and selectivity [69].

424
Attachment of Nucleic Acids

Nowadays there is an increasing interest in DNA nanotechnologies because of the
remarkable properties of DNA, such as self-assembly and biorecognition capability,
which make it particularly suitable for the development of biosensors and functional
nano-architectures.
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Scheme 4.5 Representation of the synthetic route of DNA-graphene oxide. (Adapted from Ref. [71].)
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The group of Pumera [70] demonstrated the possibility to functionalize graphene
with single-stranded DNA (ssDNA) oligomers through carbodiimide chemistry.
The resulting DNA-graphene hybrid displayed strong biorecognition ability and
could be used for selective and sensitive detection of DNA. Simultaneously, Wang
et al. described a novel approach to functionalize graphene with DNA by copper-
catalyzed “click” chemistry [71]. The functional groups of GO were first derivatized
with 2-chloroethyl isocyanate, followed by nucleophilic substitution with sodium
azide (Scheme 4.5). The functionalized azide-graphene was coupled with alkyne-
terminated DNA strands in the presence of a catalytic amount of copper, obtaining
a stable polyvalent graphene hybrid with high DNA density. This hybrid was
further assembled via hybridization with DNA tetrahedron-structured probes, a
versatile scaffold used in biosensing, creating a nanocomplex with exceptional
electrochemiluminescence properties, potentially useful in the fields of biosensors
and DNA nanotechnology.

4.2.5
Grafting of Peptides and Enzymes

Wang et al. exploited GO affinity toward biomolecules and its quenching ability
toward fluorophores to build a GO-peptide conjugate for the intracellular sensing of
caspase-3, a protein-degrading enzyme directly involved in apoptosis phenomena
[72]. The authors designed a peptide probe featuring a caspase-3 cleavable site
constituted by a peptide fragment (DEVD), labeled with a fluorescein-amidite
(FAM) on one side, and linked on the other side to a peptide spacer stable to
protease. This peptide probe and a cell penetration TAT peptide were then grafted
on GO by amidation with EDC/NHS coupling method, yielding a nanoconjugate
with quenched fluorescence (Scheme 4.6).

In vitro assays revealed that the GO-peptide conjugate was efficiently delivered
into cells. The cleavage of the peptide by caspase-3 induced the release of the
fluorescent label from the GO surface leading to recovery of fluorescence and
the consequent detection of the DNA sequence. Therefore, GO-peptide conjugates
represent a sensitive and selective sensor for contrast imaging of apoptotic signaling
in live cells.

GO also proved to be an ideal substrate for the immobilization of enzymes. HRP
and lysozyme were immobilized on GO by amidation between the carboxylic acid
groups of GO and the amines of the enzyme [73]. In both cases, electrostatic forces
and hydrogen bonding also contribute to the interactions.

426
Attachment of Other Organic Molecules and Biomolecules

Chemically and electrochemically reduced graphene and GO have been largely
used in biosensing for the detection of biomolecules, for example, through the
preparation of graphene-based electrodes.
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Scheme 4.6 Synthesis of the GO-peptide conjugate and caspase-3 detection by peptide
cleavage and fluorescence recovery. (a) CICH,COONa, NaOH and (b) EDC, sulfo-NHS, TAT
peptide, caspase-3 peptide probe. (Adapted from Ref. [72].)

Poly(vinyl)pyrrolidone (PVP)-protected graphene was obtained by functional-
ization of GO with PVP followed by reduction with hydrazine and ammonia.
Subsequently the conjugate was modified with polyethylenimine-functionalized
(PEI) ionic liquid (IL). The graphene hybrid was dropped on a carbon elec-
trode and then soaked in a glucose oxidase solution to afford a nanocomposite
with high electrocatalytic activity toward the reduction of O, and H,0,, thus
with a good biosensing potential [74]. Shan et al. also used IL-functionalized
graphene and chitosan to construct an electrochemical biosensor for the detection
of NADH (B-nicotinamide adenine dinucleotide) and ethanol [75]. In this case,
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an imidazolium IL was grafted onto graphene by epoxide ring-opening reac-
tion between GO and 1-(3-aminopropyl)-3-methylimidazolium bromide in basic
conditions, leading also to the reduction of GO.

Recently, a multifunctional graphene-platform with interesting fluorescence and
magnetic properties was reported. GO was reduced by a microwave-assisted pro-
cess and simultaneously magnetized by decomposition of ferrocene and formation
of metallic iron nanoparticles on the graphene sheet. Water dispersibility and
fluorescence were then imparted through covalent functionalization with poly-
acrylic acid and fluorescein o-methacrylate via radical reaction with the double
bonds of rGO. It was demonstrated that this multifunctional graphene exhibited
an excellent biocompatibility in vitro and resulted in a useful in vitro and in vivo
probe for optical imaging in zebrafish [76].

4.3
Non-covalent Functionalization of Graphene

Non-covalent modification of graphene essentially involves n-stacking interactions,
hydrophobic effects, van der Waals forces, and electrostatic interactions. Differ-
ent from covalent functionalization, non-covalent modification does not involve
rehybridization of the carbon atoms and introduction of surface defects. Thus, the
n-system of graphene and its electronic properties are not altered. Adsorption of
molecules can occur on both sides of the graphene surface, thus allowing very high
loading, especially with aromatic molecules via n-stacking.

While the adsorption on bare graphene is mainly driven by =n-stacking and
hydrophobicity, the adsorption of molecules on the GO surface can also be
assisted by H-bonding and electrostatic interactions. Nonetheless, the basal plane
of GO displays sp*-hybridized regions interspersed with unmodified aromatic
graphenic domains which are hydrophobic and available for n—= interactions [77,
78]. GO surface is therefore a useful platform for the adsorption and delivery of
aromatic drugs insoluble in water. A large variety of graphene conjugates have
been prepared relying on non-covalent interactions, and they have been applied
in drug and gene delivery, imaging, tissue engineering, and biosensing, the last
one representing a major application of non-covalent graphene complexes [10, 11].
This is because non-covalent functionalization of graphene offers the possibility
to reversibly adsorb molecules onto the graphene surface without altering the
electronic network.

In the following section non-covalent conjugates of graphene and GO will be
presented, prepared via n-stacking, or based on other interactions.

4.3.1
Adsorption via zt-Stacking

Aromatic compounds with extended n-systems such as pyrene and perylene are
the most suitable candidates to interact with the graphene surface by n-stacking
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and hydrophobic forces. Indeed, aromatic hydrocarbons have also been used as
exfoliating agents to afford monolayer and FLG, as they can intercalate between the
graphene sheets. Graphene conjugates based on n-stacking or on a combination of
n— interactions and other non-covalent forces have been prepared with a variety
of compounds, such as pyrene derivatives, DNA, aptamers, aromatic drugs, dyes,
and other biomolecules.

4.3.1.1 Adsorption of Drugs
Complexation of GO with hydrophobic drug molecules has the great advantage of
increasing the solubility of the drugs, while preserving its structural integrity.

Inspired by the high loading capacity of CNTs, Yang et al. investigated the
possibility of loading doxorubicin (DOX) on GO by mixing both components in an
aqueous solution [79]. DOX strongly stacked onto GO by effect of n—= interactions
between the aromatic domains of the graphene plane and the condensed quinoid
rings of DOX (Figure 4.5). In addition, numerous H-bonding can be formed
between the hydroxyl and carboxyl groups of GO and the hydroxyls and amino
functions of DOX. Upon investigations of the pH-dependence of drug loading
onto GO, it was observed that the highest loading capacity occurred at neutral pH
(0.91mg of drug per mg of GO), whereas the highest drug release took place at
acid pH because of increased solubility of DOX.

A different GO-based carrier for DOX targeted delivery has been prepared by
complexation with chitosan modified with folic acid (FA) [80]. GO loaded with DOX
was then encapsulated with FA-chitosan by electrostatic interactions. FA was used
as the targeting ligand as the folate receptors are over expressed on cancer cells.
The release of DOX was pH-sensitive.

4.3.1.2 Adsorption of Pyrene Derivatives
Thanks to their extended aromaticity, pyrene derivatives strongly adsorb onto
CNTs, fullerene, but also graphene and GO via both n-stacking and hydrophobic

forces.

Figure 4.5 Representation of DOX adsorption on graphene oxide. (Adapted from Ref. [79].)

m
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Figure 4.6 Schematic representation of the RGD-pyrene-GO biosensor: fluorescence
quenching of RGD-pyrene by n—n stacking with GO and dissociation by integrin aVp3 intro-
duction. (Adapted from Ref. [81].)
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The pyrene fluorescence properties have been exploited by the group of Chen to
prepare a GO-based biosensor for integrin, a surface marker of cancer cells [81].
Pyrene was derivatized with cyclic Arg-Gly-Asp (RGD) peptide, an integrin ligand,
and adsorbed onto GO, resulting in the quenching of the fluorescence by energy
transfer to GO. The competitive binding of RGD-pyrene with integrin caused its
dissociation from the GO surface and restored the fluorescence again. In vitro
assays on breast cancer cells showed that the RGD-pyrene-GO probe was able to
work as a real-time and sensitive biomarker (Figure 4.6).

In another study, a tripodal pyrene structure bearing a terminal NHS ester was
adsorbed onto graphene by n-stacking. An anti Escherichia coli antibody was then
covalently conjugated to the NHS ester. A good recognition capacity toward bacterial
cells was observed, whereas adsorption of the antibody directly on bare graphene
caused the complete loss of its detection ability [82]. Multilayer enzyme electrodes
prepared by assembly of multi-pyrene architectures or polymer-modified-pyrene
molecules onto graphene were also exploited for the detection of glucose oxidase
or maltose activity [83, 84].

Pyrene functionalized with ssDNA has been used to exfoliate graphene
flakes into water-dispersible single- and bilayered graphene sheets. The
immobilized DNA was further hybridized with complementary DNA labeled
with gold nanoparticles, providing a nanocomposite for sensing bioapplication
[85].

An alternative sensor for DNA has been prepared by exploiting the fluorescent
properties of a positively charged pyrene derivative [86]. Pyrenyl-N-butylpyridinium
bromide (PNP*Br~) was tethered on negatively charged GO by ion-exchange pro-
cess combined with n—x interactions via the pyrene moiety, forming a fluorescence
quenching complex (PNP*GO™) (Scheme 4.7).

Studies on specificity of this complex toward different biomolecules present
in blood serum (DNA, RNA, proteins, etc.) revealed a high selectivity toward
double-strand DNA (dsDNA). The strong ionic interactions between dsDNA and
PNP*GO™ induced the release of PNP (pyrenyl-N-butylpyridinium) from the GO
surface and the recovery of fluorescence.

4.3.1.3 Non-covalent Interactions with Nucleic Acids and Aptamers
Both graphene and GO can strongly interact with NAs and aptamers through
n-stacking. On the contrary, dsDNA cannot be stably adsorbed onto graphene
because the internal position of the nucleobases prevents their interaction with
the graphene surface [87, 88]. This principle, combined with the optoelec-
tronic properties of graphene, greatly prompted the use of graphene for the
development of fluorescence resonance energy transfer (FRET)-based biosensors
(Figure 4.7) [10, 11, 89]. Aptamers are a novel class of functional ssDNA or
RNA that can bind target molecules with high specificity and strong binding
affinity.

They have been largely employed as a sensitive and selective platform for target
protein detection. Lu et al. first gave evidence that GO could bind and quench
dye-labeled ssDNA and then release the fluorescence upon unbinding of the probe
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Scheme 4.7 Preparation of PNPT™ GO™: representation of the ion-exchange process of GO with Na™ and with PNP*. (Adapted
from Ref. [86].)
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Figure 4.7 Principles of graphene-based desorption from the surface and the fluo-
FRET biosensors. Dye-labeled ssDNA and rescence is recovered. Conversely, dsDNA
aptamers are adsorbed onto the surface of  remains fluorescent until an enzyme (e.g.,
graphene or GO with consequent fluores- helicase) is introduced; ssDNA is then
cence quenching. In the presence of the released, and the fluorophore on the ssDNA
corresponding analyte, the binding between is quenched by graphene. (Adapted from Ref.
the probe and its target (e.g., complemen- [89].)

tary ssDNA and thrombin), determines the

induced by recombination with the complementary sequence [87]. GO complexed
with different dye-labeled probes was able to differentiate sequence-specific DNA
filaments, leading to a multicolor simultaneous sensor [90]. Moreover, DNA loaded
onto GO was found to be protected against enzymatic degradation in an intracellular
environment, thus furnishing an optimal platform for the delivery of genes inside
cells [91].

In another example, a dye-labeled aptamer adsorbed onto graphene was used
for the detection of thrombin, a protein fundamental in the regulation of tumor
growth and metastasis. Recognition of thrombin by the aptamer caused the
detachment of the conjugate from GO surface and turned on the fluorescence
[92].

Min and coworkers [88] exploited the greater affinity of ssDNA toward GO
to assess the unwinding activity of helicase, a class of enzymes able to unwind
double-strand NAs into single-strands. Helicase is implicated in virus replica-
tion and cellular processes. Viral helicase inhibitors are powerful drug can-
didates in the treatment of hepatitis C and other viral infections. In this
approach, introduction of helicase into a mixture of dye-labeled dsDNA and
GO induced the unwinding of the two strands, and fluorescence quenching was
observed because of the interaction of the fluorescently labeled ssDNA with GO
(Figure 4.8).

More recently, the same group relied on the same method to develop a multi-
plexed helicase assay for the screening of inhibitors of hepatitis C virus helicase,
discovering five highly selective inhibitor drugs [93].

GO-aptamer complexes have been used as sensors for proteins [92], hormones
[87], ATP (adenosine triphosphate) [94, 95], and for harmful metal ions such as
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Figure 4.8 Representation of the GO-based probe for the assay of helicase unwinding
activity. (Adapted from Ref. [88].)

Cu (II) [96], Ag (II) [97], and Pb (II) [98]. In addition, the combined adsorption of
ssDNA and hemin, an iron protoporphyrin, onto rGO led to a universal biosensing
platform for the colorimetric assay of a broad range of targets including metal ions,
DNA, and small molecules [99, 100].

4.3.1.4 Immobilization of Enzymes, Proteins, and Other Macromolecules
Enzymes and proteins can also interact with graphene and GO basal plane.
The aromatic residues can adsorb onto graphene by z-stacking, while charged
or polar residues can electrostatically interact with the oxygen-containing groups
of graphene. Platforms for sensing biomolecules based on FRET have been
designed by adsorbing proteins or peptides as probes onto GO. In a rep-
resentative study, the peptide hydrolysis induced by a protease induced the
release of the dye-labeled peptide segment, turning on the fluorescence [101].
Immobilization of proteins onto graphene has also been achieved by linking
a terminal lysine to pyrene butanoic acid derivatized with NHS adsorbed onto
GO [102).

A ssDNA-protein-graphene composite has been prepared by first co-assembling
ssDNA with graphene sheets and then tethering cytochrome ¢ (a redox protein) by
electrostatic interactions [103].

4.3.2
Electrostatic and Hydrophobic Interactions

Electrostatic and hydrophobic interactions have been exploited to non-covalently
bind polymers, surfactants, metal ions, QDs, or (bio) macromolecules devoid
of aromatic moieties. In many studies, coating of graphene or GO with poly-
mer is associated with the loading of drugs, DNA, or QDs to impart multiple
properties.

43.2.1 Coating with Polymers and Biopolymers
Several polymers and surfactants have been used to increase the dispersibility and
biocompatibility of graphene and GO [104, 105]. Negatively charged GO has been
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coated with polycationic polymers by electrostatic interactions [106, 107], and used
for gene delivery, for example. Biologically compatible and biodegradable natural
polymers such as lignin and cellulose derivatives have been used as dispersant to
prepare stable aqueous suspensions of GNSs [108].

Reduced-nano graphene oxide (rNGO) (average diameter 27 nm) has been non-
covalently functionalized with an amphiphilic polymer, PEG grafted poly(maleic
anhydride-alt-1-octadecene) (C;qPMH-PEGg,,), and the resulting hybrid was
found to be a powerful agent for PTT in cancer therapy [19]. r'NGO/C,;PMH-
PEGs,, was able to effectively target the tumor in vivo by the enhanced and
permeability retention (EPR) effect and to efficiently ablate cancer cells under
low laser power irradiation. Moreover, a comparative study of rNGO/C,;,PMH-
PEGs,, with bigger size rGO/C,;sPMH-PEGs,, and covalent NGO-PEG pointed
out that the conjugates featuring smaller size graphenes were more effective
in terms of photothermal heating under NIR laser irradiation [19]. Dai’s group
conjugated a peptide containing the RGD motif or a fluorescent probe (Cy5)
to PEG to target the integrin receptors over expressed on several cancer cell
lines and to image the intracellular localization of the complexes, respectively.
The so-formed rGO/RGD-Cy5 conjugate showed a selective cellular uptake in
cancer cells and highly effective photo ablation of cells in vitro (Figure 4.9)
21].

PEI is a cationic polymer widely used in gene transfection due to its strong
binding with NAs, good cellular uptake, and proton sponge effect that induces
endosomal escape and release in the cytosol. PEI has been anchored onto negatively
charged GO by electrostatic interactions, yielding a GO-PEI complex with enhanced
stability in physiological conditions and reduced in vitro toxicity toward HeLa cells,

Figure 4.9 Schematic representation of rGO loaded with PEG-RGD, PEG-Cy5, and the
surfactant C,g-PMH-PEGg,q,. (Adapted from Ref. [21].)
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Scheme 4.8 Schematic representation of GO-IONP-Au-PEG synthesis. (Adapted from Ref. [107].)
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compared to PEI alone. Plasmid DNA (pDNA) was then effectively loaded onto
GO-PEI and showed a good intracellular gene transfection efficiency [106].

Very recently Liu and coworkers reported the preparation of a graphene oxide-
iron oxide nanoparticle (GO-IONP) composite for applications in imaging and
PTT [107]. The iron oxide NPs were deposited on GO by a hydrothermal
reaction. The GO-IONP was then covered with PEI. Negatively charged gold
nanoparticles were deposited on positive GO-IONP composite, followed by func-
tionalization with lipoic acid-modified PEG (Scheme 4.8). The GO-IONP-Au-PEG
hybrid displayed a physiological stability and a negligible in vitro cytotoxic-
ity, together with intense NIR absorption and strong magnetic properties. In
vitro and in vivo animal tests evidenced that this hybrid was a remarkable
PTT agent for effective tumor ablation with magnetic and molecular targeting
abilities.

GO has been also coated with PVP and used as photothermal agent for cancer
therapy [109] and sensor for ochratoxin A, a potentially carcinogenic food mycotoxin
[110]. In the latter example, coating of GO with PVP was essential to prevent the
unspecific adsorption of ochratoxin A.

Liu et al. immobilized gelatin, a linear polypeptide, onto the GO surface through
hydrophobic interactions, with concomitant reduction of GO [111]. DOX was then
adsorbed onto the gelatin/rGO surface and the resulting construct was able to kill
cancer cells.

Heparin is a natural glycosaminoglycan with anticoagulant properties, which
has been largely employed in the coating of nanomaterials to improve their blood
biocompatibility [112—114]. Following the positive results obtained by hepariniza-
tion of CNTs [114], Lee et al. prepared a rGO/heparin conjugate assembled by
hydrophobic interactions. Besides, the high negative charge density of the sul-
fonate groups of heparin rendered the rGO/heparin conjugate dispersible and
stable in water. Assessment of the blood compatibility of the conjugate showed that
long heparin chains adsorbed on rGO retained significantly their anticoagulant
activity [115].

A non-covalent complex of GO with an enzyme-activable photosensitizer
has been synthesized by physical adsorption of a hyaluronic acid-chlorin e6
conjugate (HA-Ce6) on the GO surface [116]. Ce6 is a second generation
porphyrinic photosensitizer, whereas hyaluronic acid is a biocompatible
poly-disaccharide, which can be degraded by enzymatic cleavage. The HA-
Ce6-GO complex was efficient in killing in vitro cancer cells over expressing
a lysosomal enzyme and is a promising tool for NIR fluorescence imaging of
tumors.

4.3.2.2 Deposition of Nanopatrticles

The deposition and adsorption of metal particles on graphene nanomaterials has
already been thoroughly investigated and applied in the fields of optoelectronics
and technologies [35, 117-121]. In addition, it is very attractive for applica-
tions in targeting, imaging, and biomedicine. Metal ions such as Mg(II), Cu(II),
Re(V), Fe(II/III) can be adsorbed onto GO, NGO, and rGO by complexation
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with oxygenated functional groups [122, 123]. GO and graphene-based magnetic
nanoparticle hybrid materials have been successfully employed as anticancer drug
carriers and for magnetic resonance imaging [111, 124-127].

Yang et al. have prepared a superparamagnetic GO-Fe;O, hybrid by chem-
ical deposition of iron ions. The composite was used for controlled targeted
delivery of DOX [125]. Later on, the same group modified GO-Fe;0, with 3-
aminopropyl triethoxysilane linked to FA, thus obtaining multifunctionalized GO
with dual targeting properties [126]. Loading of DOX afforded a nanocarrier
with pH-sensitive drug release characteristics and high cytotoxicity toward HeLa
cells. In another study, a rGO-iron oxide composite non-covalently functional-
ized with PEG was used as a theranostic probe for multimodal imaging and
PTT. Accumulation of the composite in mice tumor was confirmed by optical,
photoacoustic, and magnetic resonance imaging (Figure 4.10). Moreover, the
PTT treatment led to a very efficient tumor ablation using a low laser power
density [127].
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In another report, a rhenium radiotracer was deposited on GO for biodistribution
studies in mice [128]. The labeling procedure consisted in the reduction of Re(VII)
to Re(V), which possesses empty electron orbitals that could be filled with electrons
donated by carboxyl and hydroxyl groups of GO, yielding a stable labeling complex
showing good compatibility with red blood cells. Radioactive measurements on
the distribution of 138Re-GO in mice evidenced high levels of accumulation in
the lungs, liver, and spleen, which could be exploited for targeted drug delivery.
Nevertheless long retention of ¥ Re-GO in the tissues and pathological changes at
high dosage were also reported [128].

4.3.2.3 Adsorption of Quantum Dots

QDs are nanostructures constituted by elements from period table groups III-V
or II-VI with interesting optical and electronic properties that make them very
attractive for applications in biological labeling, imaging, and biosensing. Indeed,
QDs can be an alternative to the traditional organic fluorophores as they allow an
increased signal-to-noise ratio with a higher photostability [129-132]. The direct
labeling of graphene or GO with fluorophores or QDs generally leads to a complete
quenching of the fluorescent signal by energy transfer with graphene or GO.
Therefore, the preliminary coating of either graphene or QDs with polymers or
biomolecules is essential to prevent this quenching effect. As an example, rGO was
conjugated with QDs using BSA as a linker between the two nanomaterials for
fluorescence imaging of live HeLa cells [133]. In another report, QDs protected by a
monolayer organic shell have been deposited on the rGO surface for the imaging of
different cancer cells [134]. To improve dispersibility, PLL has been adsorbed onto
rGO and FA was covalently linked to PLL. After adsorption of PLL, coating of both
QDs and rGO afforded a minimal fluorescence loss and mitigated the cytotoxicity
of the nanocomposite. The strong fluorescence of the construct was used for in
vivo imaging of internal tissues in small animals. The QD-rGO nanocomposite was
found to be an optimal platform for tumor imaging, PTT, and in situ monitoring
of the progress of treatment (Figure 4.11).

4.4
Graphene-Based Conjugates Prepared by a Combination of Covalent and
Non-covalent Functionalization

4.41
Polymer- and Biopolymer-Grafted Graphene Nanomaterials Used as Nanocarriers

The preliminary surface modification of graphene and GO followed by adsorption
of organic or biological molecules has been largely employed in the design of
delivery systems. Grafting of polymers on GO is so far the most exploited way to
achieve water-dispersible and biocompatible carriers for the delivery of drugs [22,
23, 39], NAs [135-138], or photosensitizers for photodynamic therapy (PDT) [139].
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Imaging

rGO-QD
Laser (quenching)

Photothermal

therapy
rGO-QD
(bright)
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Figure 4.11 Quantum-dot-tagged rGO cause simultaneous cell death and fluo-
nanocomposites (left) internalized into tar- rescence reduction (bottom). (Reproduced
geted tumor cells display bright fluorescence with permission from Ref. [134]. Copyright
(right). By the absorption of NIR radia- 2012, Wiley-VCH Verlag GmbH & Co. KGaA,

tion and its conversion into heat they also ~ Weinheim.)

Among organic polymers, PEG and PEI have been mostly used as they can be
easily anchored to GO through amidation or by adsorption.

4.41.1 Polymer-Functionalized GO for Drug Delivery

One of the first examples of drug loading on PEGylated GO was reported by Dai’s
group, who covalently used the aforementioned NGO-PEG-Rituximab conjugate
for the targeted delivery of DOX into lymphoma cells [39]. The antibody Rituximab
was covalently grafted to the PEG chains on NGO and DOX was then loaded
on the conjugate. Acidic intracellular conditions induced the release of DOX
from the GO surface, because of the higher solubility of DOX at acidic pH
[39]. In another study, a similar NGO-PEG/DOX construct was used for combined
chemotherapy and photothermal cancer treatment, with remarkable tumor ablation
in vivo [22].

The same group has exploited the NGO-PEG nanocarrier for the delivery of other
water-insoluble aromatic anticancer drugs, such as camptothecin (CPT) analogs and
Iressa, which are potent inhibitors of the DNA topoisomerase and the epidermal
growth factor receptor, respectively [23]. NGO conjugated with six-armed PEG
was complexed with CPT SN-38 via n-stacking and hydrophobic interactions. The
resulting material exhibited excellent aqueous dispersibility, while maintaining
high cancer cell killing potency, similar to that of the free SN-38 molecules
(Figure 4.12).
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Figure 412 Schematic representation of NGO-PEG loaded with camptothecin SN-38.
(Adapted from Ref. [23].)

4.4.1.2  Polymer-Functionalized GO for Gene Delivery

GO-based nanocarriers have been also explored for gene delivery [135-137]. For
instance, Kim and coworkers [135] prepared a cationic gene carrier by covalently
linking branched PEI to GO via EDC/NHS-mediated amidation. A pDNA was
complexed by electrostatic interactions between negatively charged pDNA and
positively charged PEI-GO (Figure 4.13). PEI-GO/pDNA showed a very efficient
gene delivery and excellent photoluminescence activity.

An analog PEI-GO conjugate able to efficiently deliver pDNA into cells by
migrating into the nucleus has been reported by Zhang’s group [136]. In another
report, they used PEI-GO conjugate to investigate the synergistic effect of delivering
short interfering RNA (siRNA) and anticancer drugs to overcome the multiple drug
resistance of cancer cells. Delivery of PEI-GO/siRNA followed by PEI-GO/DOX
into Hela cells led to a significantly enhanced chemotherapy efficacy, as the
PEI-GO/siRNA dramatically enhanced the cytotoxicity of the PEI-GO/DOX [137].

Kong et al. [138] have prepared a PEG-NGO platform for the diagnosis of caspase-
3, an enzyme directly involved in the activation of cell apoptosis. In this study, a
caspase-3 cleavable site constituted by the peptide sequence DEVD was labeled with
tetramethyl-6-carboxyrhodamine (TAMRA) and then coupled with a thiol-modified
oligonucleotide partial sequence of E. coli RNAI. The TAMRA-DEVD-ssDNA was
able to self-assemble onto PEG-NGO by n—r interactions, resulting in fluorescence
quenching by FRET (Figure 4.14).

Caspase-3 activity in live cells allowed the recovery of the fluorescence by
enzymatic cleavage at the level of DEVD sequence. In vivo experiments showed
a remarkable potential of the PEG-NGO/TAMRA-DEVD-ssDNA construct for
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Gene delivery

coon t OH COOH

PEI-GO PEI-GO/pDNA

Figure 413 Schematic representation of the coating of PEI-GO with pDNA by electrostatic interactions and gene delivery mechanism
inside the cell. Confocal fluorescence microscopic images of Hela cell lines treated with PEI-GO/pDNA (bright field, dark field, merged),
pDNA (red), nucleus (blue), PEI-GO (green) showing the efficient distribution of pDNA inside the cells. (Adapted and reproduced with
permission from Ref. [135]. Copyright 2011, American Chemical Society.)
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Figure 414 Preparation of PEG-NGO/TAMRA-DEVD-ssDNA probe and representation
of caspase-3 detection by peptide cleavage and fluorescence recovery. (Adapted from
Ref. [138].)

specific imaging and diagnosis of apoptosis-related diseases like hypoxic-ischemic
encephalopathy and liver cirrhosis [138].

4.4.1.3 Chitosan-Functionalized GO
Chitosan is a natural polymer widely employed in tissue engineering, cell adhesion,
and food delivery. It can be grafted onto GO through amidation (Scheme 4.9).
GO-chitosan can be loaded with pDNA or anticancer drugs via n—= and hydropho-
bic interactions for gene transfection and drug delivery, respectively [140, 141].
GO-chitosan loaded with CPT showed a significantly higher cytotoxicity toward
cancer cells, compared to free CPT, at the same chemotherapeutic dose [140].
Adsorption and controlled release of small-size drugs, ibuprofen (IBU) and 5-
fluorouracil (5-FU), has also been reported [141]. IBU is an anti-inflammatory drug
with an aromatic system and it was adsorbed onto GO by n—x interactions assisted
by H-bonding between the carboxylic groups of IBU and the glucopyranose rings
of chitosan. 5-FU is a hydrophilic anticancer drug with a poor n-system, leading to
a lower loading on GO-chitosan in comparison to IBU. Both GO-chitosan/IBU and
GO-chitosan/5-FU hybrids displayed a pH-sensitive release behavior of the drugs,
because of the polar interactions with GO-chitosan and to the drug protonation at
low pH.

4.4.2
GO Functionalized with Targeting Ligands and Antibodies

4.42.1 Folic Acid-Conjugated GO

Zhang and coworkers [24] reported the functionalization of GO with FA and the
loading of two drugs for targeted multiple drug delivery. As an alternative to the
typical PEG approach, NGO was sulfonated to impart stability in physiological
solutions [37]. For this purpose, hydroxyl, epoxides, and ester groups present on
the NGO surface were first converted into carboxylic groups by initial epoxide
opening followed by the reaction with chloroacetic acid [23]. Sulfonic acid groups
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Scheme 4.9 Synthesis of GO-chitosan conjugate. (Adapted from Ref. [140].)
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were subsequently attached to NGO by reaction with the diazonium salt of
p-aminobenzenesulfonic acid. FA was then covalently conjugated to NGO-SO;H
by formation of an amide bond between the amine of FA and the COOH of GO.
CPT and DOX were co-loaded onto FA-NGO by non-covalent interactions. Cellular
uptake experiments revealed the efficient and targeted delivery of the anticancer
drugs into cells overexpressing the folate receptor. Furthermore, the cytotoxic
effect of FA-NGO/DOX/CPT was higher than that of FA-NGO loaded with only
one drug [24].

Later, an FA-NGO construct was loaded with Ce6 for targeted PDT of tumor
cells [142]. Photosensitizers are porphyrin-based molecules used in PDT to induce
cell death through the generation of reactive oxygen species upon irradiation [143].
Significant reduction in cell viability was reported in a human stomach cancer cell
line positive for FA receptors, when exposed to FA-GO/Ce6 following irradiation
with the appropriate wavelength.

In another example, a FA-conjugated GO-hemin construct was prepared for
selective and colorimetric detection of cancer cells based on peroxidase-like activity.
GO was first modified with poly(allylamine hydrochloride) (PAH) by reaction
between the amino groups of PAH and the epoxy groups on GO in basic conditions.
FA was then conjugated to the terminal amines of PAH through amidation.
Hemin was then introduced via adsorption onto GO, affording a platform able to
quantitatively detect cancer cells with a peroxidase-like activity [144].

4.4.2.2 Antibody-Functionalized GO for Radioimaging and Biosensing

The versatile chemistry of GO has also been exploited for radiopharmaceutical
investigations. Indeed, the possibility to covalently functionalize the GO surface
with targeting moieties and loading of a radiolabel is interesting for imaging.

In this context, Cornelissen et al. have used a radiolabeled antibody-NGO conju-
gate for in vivo targeting and imaging of HER2-positive tumors with single-photon
emission computed tomography (SPECT) [145]. HER2 is a receptor overexpressed
by several breast cancers. The anti-HER2 antibody Trastuzumab was grafted
onto NGO via the amino groups of the lysine side chains by amidation in
the presence of EDC and sulfo-NHS. A metal ion chelator, 2-(4-aminobenzyl)-
diethylene-triaminepentaacetic acid (p-NH,-BnDTPA), was then adsorbed onto
NGO via n-stacking, followed by chelation of indium-111 (Scheme 4.10). Interest-
ingly, 1"n itself did not adsorb onto the GO surface. The as-prepared radiolabeled
NGO-Trastuzumab conjugate allowed a clear tumor visualization in vivo by SPECT
and showed specific tumor uptake with better pharmacokinetics compared to
radiolabeled Trastuzumab.

In another work, an antibody-NGO conjugate has been used for the detection of
a-fetoprotein (AFP), a potential diagnostic biomarker for hepatocellular carcinoma
[146]. The capture antibody was covalently connected to sulfonyl-modified GO via
EDC chemistry [37], whereas the reporter antibody was coupled to thioglycolic acid-
capped CdTe QDs used as fluorescence donor. Trace amounts of AFP biomarker
could be detected by fluorescence changes induced by the self-assembly of Ab-GO
nanoconjugate with Ab/CdTe QD, where AFP acted as a “bridge” between the

127



128 | 4 Chemical Functionalization of Graphene for Biomedical Applications

== ==y i EDC
HOOG &%‘_& sulfo-NHS HOO

NH,~BnDTPA

HO_ 0

o

Scheme 4.10  Synthesis of '"'In-p-NH,-BnDTPA/NGO-Trastuzumab. (Adapted from Ref. [145].)
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two. Interestingly, the fluorescence quenching efficiency is distance-independent,
breaking the 100 A distance limit of traditional biosensors.

4.5
Conclusions

Since the discovery of graphene a lot of effort has been devoted to its functional-
ization, with the aim of imparting desirable physical and chemical properties to
graphene. Graphene functionalization is furthermore crucial to its employment in
the biological field, because it is fundamental to improve graphene dispersibility
and processability in organic and aqueous solutions. Within the family of graphene
nanomaterials, GO is often preferred as starting material for the preparation of
graphene derivatives because of the rich chemistry of the oxygen-containing groups,
which can convey to GO multifunctionalities and multimodalities advantageous
for diverse biological applications. Besides, the polar groups of GO render it more
hydrophilic and dispersible than pristine graphene, giving easier access to further
modifications.

As outlined in the chapter, functionalization of graphene-based materials can
be accomplished through covalent or non-covalent approaches, or through the
combination of covalent and non-covalent modifications.

Covalent derivatization of graphene for biological applications is generally
achieved through esterification or amidation of the carboxyl groups of GO, assisted
by coupling reagents. Different polymers were covalently grafted to GO to con-
struct drug nanocarriers or agents for PTT and imaging, whereas several biosensing
platforms have been developed by grafting antibodies, NAs, peptides, or organic
molecules to graphene and GO.

The non-covalent modification of graphene occurs by adsorption of molecules
on the surface of the graphenic material, driven by n—= interactions, hydrophobic
effects, electrostatic interactions, or H-bonding in the case of GO. High payload
can be reached as the adsorption can take place on both sides of the planar
surface of graphene. z-Stacking and hydrophobic interactions are mainly involved
in the adsorption of pyrene, ssDNA, aptamers, and aromatic drugs. The coating of
graphene with molecules devoid of aromatic moieties such as QDs, nanoparticles,
polymers, and biopolymers is driven by electrostatic and hydrophobic interactions.
The applications of these graphene-based non-covalent conjugates span a wide
range of applications such as drug and gene delivery, imaging, tissue engineering,
and biosensing.

Covalent functionalization associated with non-covalent adsorption is an assess-
able way to impart good solubility and biocompatibility to graphene and it is mainly
employed in the construction of delivery systems. In fact, this strategy responds
well to the need to deliver insoluble therapeutics and to have a controlled release
from the carrier. Covalent modification of graphene with polymer has been so far
the most adopted approach. Graphene conjugates covalently and non-covalently
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functionalized have been reported for drug and gene delivery, enzyme activity
detection, radioimaging, and biosensing.

This chapter has highlighted the main chemical strategies underlying the prepa-
ration of graphene derivatives for biological and biomedical applications. The
scientific interest aroused in the biological exploitation of graphene-based materi-
als has already confirmed its great potential in these fields and definitely prompts
for further investigations.
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5
Immobilization of Enzymes and other Biomolecules
on Graphene

loannis V. Pavlidis, Michaela Patila, Angeliki C. Polydera, Dimitrios Gournis, and
Haralampos Stamatis

5.1
Introduction

Nanobiotechnology refers to the use of nanotechnology to further the goals
of biotechnology. The synergistic interactions between these two technologies
have resulted in innovative advances in two different ways, including the use of
biological systems and macromolecules (cells, nucleic acids, and proteins including
enzymes) for the production of functional nanosystems and the development of
biological nanosystems. Nanobiocatalysis, in which enzymes are incorporated into
nanostructured materials, is one typical example [1].

Enzymes are important biomacromolecules that are considered nature’s versatile
catalysts for chemical and biochemical reactions. Enzymes are able to perform and
regulate the complex chemical processes that are the basis of the metabolism
of all living organisms. The excellent functional properties of enzymes, such as
high catalytic efficiency, as well as chemo-, regio-, and stereo-specificity, are rightly
perceived as highly desirable properties for applications in various biotechnological
processes, including:

+ Biotransformation of natural and synthetic compounds and production of high
value products,

« analytics and diagnostics, mainly in medicine, and

« environmental protection and bioremediation.

A large number of enzymes that catalyze a vast array of reactions have been
identified and characterized and are in principle, available for use as biocatalysts.
However, the common perception is that, enzymes, as well as other biocatalytic
systems such as catalytic antibodies and whole cells, are sensitive, unstable, and
have to be used in water; features that are not ideal for a catalyst and undesirable in
most processes. In many cases, a way to avoid at least part of these drawbacks is to
immobilize enzymes [2]. The use of immobilized enzymes and other biomolecules,
instead of fully or partially soluble preparations, presents many advantages, such as
enhanced stability, repeated use, easy separation from the reaction mixture, possible
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modulation of the catalytic properties, prevention of protein contamination of the
product, and simple performance and design of the bioreactor [3].

Immobilization of biomolecules was achieved by their inclusion into polymeric
matrices or binding onto carrier materials via different types of interactions, includ-
ing physical adsorption and covalent binding [4]. Among various immobilization
supports used, nanostructured composite materials with large active surface area
and desirable pore sizes, including nanoporous media, nanofibers, nanoparticles,
and carbon-based nanomaterials (CBNs), are now the focus of intense fundamental
and applied research in a number of areas, including biocatalysis. Biomolecules,
enzymes included, are nanometer-scaled molecules, which benefit from the high
surface area-to-volume ratio of these nanostructures; this is because it is possible
to load higher amount of biocatalysts compared to conventional supports.

One of the particularly advantageous features of nanostructured materials is
their efficacy in manipulating the nanoscale environment of the biomolecules
and thus in their biological function and stability [5, 6]. The unique properties
of nanomaterials, as immobilization supports for biomolecules, together with
other desirable properties, such as conductivity and magnetism, offer particularly
exciting opportunities in biocatalysis, molecular imaging, therapy, and delivery of
biomolecules, as well as in construction of biosensors and biomedical devices [1,
7-9].

Recently, a new nanomaterial of high surface area-to-volume ratio, graphene,
has attracted increasing attention as a fundamental building block for fullerenes,
carbon nanotubes (CNTs), and graphite. Graphene is made of monolayers of two-
dimensional honeycomb graphite type carbon [10, 11]. This unique nanostructure
material has high surface area, excellent electrical conductivity and electron mobility
at room temperature, robust mechanical properties, and flexibility [12]. The unique
nanostructure and properties of graphene and its oxidized form, graphene oxide
(GO), provide potential nanocomposite applications, including the immobilization
of biomacromolecules.

The chemical functionalization of these carbon nanomaterials for grafting desir-
able functional groups (such as epoxide, carboxylic, and hydroxyl groups) onto
their surface is used to obtain nanomaterials with tailor-made properties [13,
14]. The surface chemistry of the functionalized nanomaterials can affect their
interactions with biomolecules and thus affect the structure and the biological
function of biomolecules, providing potential applications in nanotechnology and
biomedicine. Graphene nanomaterials have been used as immobilization support
to prepare nanobiocatalytic systems or as a drug delivery vehicle by adsorption of
the drug on its surface. Moreover, graphene nanomaterials have been exploited in
cellular imaging, as well as in the preparation of biosensors and biofuel cells.

In this chapter, we will focus on the most recent developments in the use of
graphene-based nanostructured materials for enzyme and other biomolecules
immobilization, together with their potential applications in various fields,
such as biocatalysis, biosensors, biofuel cells, intracellular biomolecules, and
transportation.
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Immobilization Approaches

Despite the fact that the graphite surface can be chemically functionalized to
dope any functional groups on its surface, most of the research in the field of
biomacromolecules immobilization focuses on GO as the immobilization matrix.
The reason for this can be the ease of production of GO from graphite. A coarse
categorization of the immobilization approaches could sort them into three groups:
(i) physical adsorption, (ii) covalent attachment, and (iii) affinity interactions. In
this paragraph, we discuss the protein/enzyme immobilization, but the approaches
described here could also apply to other biomacromolecules, such as DNA and
antibodies.

Physical adsorption is an easy approach for the immobilization of biomacro-
molecules onto graphene and graphene derivative surfaces, which seems to be
favored by most researchers [15-19]. The approach followed in most cases is
straight-forward [18, 20]; the nanomaterial is dispersed (or deposited on the surface
of an electrode) and then an amount of enzyme is added to this dispersion; the
mixture is incubated for a specific time interval and then the nanomaterial (or
biosensor) is recovered, as rinsing steps are crucial for the removal of the loosely
bound enzyme molecules. The physical adsorption is attributed mostly to hydropho-
bic and electrostatic interactions, although other factors, such as the geometry of
the nanomaterial, can play an important role [14, 21, 22]. Hydrophobic interactions
can be grown between the hydrophobic surface or any hydrophobic functional
group of the graphene and the hydrophobic areas on the surface of the protein [23].
On the other hand, electrostatic interactions can either be between charged groups
of the nanomaterial and the biomolecule, or by n—= stacking between the rings on
the surface of graphene derivatives and any aromatic amino acids exposed on the
surface of the protein. Until now, no adequate method has been proposed to predict
the quota of these forces during physical adsorption. An interesting work of Zhang
and coworkers [22] advocates that the electrostatic interactions are the driving force
of the non-covalent immobilization; immobilization of horseradish peroxidase
(HRP) and lysozyme, two enzymes of different pl, in variable pH revealed that the
highest immobilization yield was attained in the pH that was predicted to grant
the stronger electrostatic interactions. On the contrary, Azamian and coworkers
[24] showed that the adsorption of protein onto CNTSs is insensitive to protein pl,
and thus the electrostatic interactions are not predominant in this case. Another
interesting work compared the immobilization efficiency of GO and rGO (reduced
graphene oxide) [15]; contrary to the initial hypothesis of the authors, rGO showed
higher immobilization efficiency than the GO, which is more rich in chemical
groups. This underlined the fact that the electrostatic interactions do not play a
major role in this case. Moreover, using circular dichroism (CD) spectroscopy, they
observed that the structure of the enzymes is altered when immobilized on GO
and rGO and proposed that hydrophobic areas are exposed to the protein surface
[15]. In order to improve the immobilization efficiency, other factors were also
studied. Immobilization onto GO showed that there is no significant effect on
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the number of graphene layers, so that the total exfoliation is not mandatory for
efficient immobilization [16]. Decoration of graphene with calcium atoms [25] or
ionic liquid (IL) [26] enhances the immobilization efficiency without disrupting the
graphene surface. However, a major drawback of physical adsorption is that the
protein is in equilibrium between the nanomaterial and the solution, and thus can
be gradually detached [18, 23]. Surprisingly, there is no dedicated research on the
dynamics of protein leakage.

Covalent immobilization can address this drawback, by the formation of a
covalent bond between the nanomaterial and the protein; this leads to a more
robust biomaterial, suggesting higher stability and preventing enzyme leakage
[27]. Several approaches have been developed for the covalent immobilization of
proteins and other biomacromolecules onto graphene derivatives. Two approaches
are the most common; the use of carbodiimide as a “bridge molecule” between
carboxylated materials, such as GO, and proteins [23] and the cross linking of
amine groups on the protein and the nanomaterial surface with glutaraldehyde [20]
(Figure 5.1).

The use of the carbodiimide chemistry is most often applied, usually using the
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) or the more hydrophilic N-hydroxysulfo-succinimide (sulfo-NHS). As shown
in Figure 5.1, EDC attacks the carboxyl group of the nanomaterial to form an
unstable reactive o-acylisourea ester. This can directly be used to form a stable
amide bond with the free amine groups of the surface of the protein. However,
as the water molecule can disrupt the ester and regenerate the carboxyl group, the
use of NHS or sulfo-NHS is crucial to produce a semi-stable amine reactive ester
that can be later replaced from the protein. This approach was successfully applied
for the immobilization of various biomolecules such as nucleotides [28], RNA [29],
single-stranded DNA (ssDNA) [30], glucose oxidase (GOD) [31], and bovine serum
albumin [32]. In order to further improve the efficiency of this protocol, methods
have been developed for the enrichment of the GO surface with carboxyl groups
[29, 30]. Some researchers describe the use of non-functionalized graphene, for
instance, the use of poly-1-lysine hydrobromide for the immobilization of HRP [33],
the use of 10-perylene tetracarboxylic acid for the immobilization of ssDNA [34],
the use of Au nanoparticles and sodium citrate for the covalent immobilization
of GOD [35], or the more sophisticated use of 1-pyrenebutanoic acid succinimidyl
ester for the immobilization of GOD [36]; pyrene is used for n—=n stacking on
graphene and then the semi-stable NHS ester is exchanged with the enzyme to
form a covalent bond.

The alternative approach in covalent immobilization, which is not used as often,
is the cross linking of free amine groups that should be present on the nanomaterial
and the lysine residues on the surface of the proteins. In order to provide amine
groups on the graphene surface, researchers functionalize graphene with several
materials. For instance, bovine serum albumin was used to functionalize graphene,
in order to provide the free amine groups and cross link with cholesterol oxidase
and cholesterol esterase [37]. More sophisticated was the approach of Zue and
coworkers, where, in order to have free amine groups on the surface of the
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nanomaterial, they first covalently bound Fe; O, nanoparticles functionalized with
aminopropyl-triethoxysilane on the surface of GO through EDC/NHS chemistry
and then used glutaraldehyde to covalently immobilize hemoglobin on the silane
derivative [38].

However, if we want to be critical of the field of covalent immobilization,
there are some crucial gaps in most studies on this field. There is (i) no direct
certification that the covalent bond is present, (i) noor insufficienthindrance of
the physical adsorption, and (iii) no rational optimization of the immobilization
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process, regarding the incubation time, the amount of the cross-linker, and
so on. The use of EDC for the immobilization of protein on single wall CNTs
resulted in comparable levels of enzyme loading as without this coupling factor,
leading to the conclusion that the immobilization in both cases is predom-
inantly non-covalent [24]. A well-studied and detailed approach was on the
immobilization of p-galactosidase onto GO with the use of cysteamine and glu-
taraldehyde [39]. Cysteamine is chemisorbed to the surface of GO and its free
amine groups are used for cross linking to the enzyme with the use of glu-
taraldehyde. The researchers used the response surface methodology approach to
optimize the amount of GO, enzyme, glutaraldehyde, and cysteamine. Despite
the interesting approach to the problem, this group did not avoid the physi-
cal adsorption to monitor only the covalent immobilization. In an attempt to
rationalize the covalent immobilization procedure and compare it with the non-
covalent immobilization procedure, we have worked with GO functionalized with
hexamethylenediamine in order to have free amine groups covalently fixed on
the nanomaterial surface [20]. In order to hinder the nonspecific immobiliza-
tion we used Tween 20, as we have found that the hydrophobic interactions are
the predominant force for the nonspecific immobilization. Esterases and lipases
of different pI were immobilized onto CNT-NH, (amine carbon nanotube) and
GO-NH, (amine graphene oxide) using glutaraldehyde as a cross-linker and the
covalent bond was certified through X-ray photoelectron spectroscopy. In our
opinion, more detailed studies should be conducted on this perspective, in order
to rationalize the covalent immobilization and try to predict the behavior of
biomacromolecules.

The final immobilization approach is the affinity immobilization, which does
not differ much from the previous approaches, but stands out for its reversible
character. This method is usually based on the use of specific antibodies, in a
sandwich approach. For instance, functionalized graphene with Au nanoparticles
and 1-cysteine were used to immobilize rabbit antihuman IgG antibody, which
has affinity to human IgG [40]. In a more straight-forward approach, GO was
functionalized with avidin and biotin-modified aptamer was immobilized through
avidin—Dbiotin affinity, in order to prepare a thrombin detector [41]. These are
sophisticated techniques that involve a lot of steps and affinity interactions; how-
ever, with more intensive studies they could be used for the regeneration of the
immobilized enzyme and the nanomaterial. Loo and coworkers performed an
interesting comparative study of all three approaches [41]. This study revealed that
physical adsorption leads to leakage of the aptamer, whereas covalent immobi-
lization could counter this problem. The most interesting result, however, was
that although the affinity-based immobilization was more stable than the physical
absorption, itled to less selective biosensors, questioning the accuracy of the affinity
interactions.

All the aforementioned approaches are interesting and yielded significant results,
however, more extensive studies are needed, as they are expected to provide us with
a better insight of the immobilization process, thus facilitating the rational design
of more effective biomaterials and biosensors.
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Applications of Immobilized Biomolecules

5.3.1
Biosensors

A biosensor can be defined as a compact analytical device for transforming
biological signals into analytical ones. It combines a bio-component with a physical
element that is mainly used for converting the biologically derived message to
quantitative information [42, 43]. A biosensor device consists of a highly selective
and sensitive biological or biologically derived sensing element (e.g., microbial
cells, cell receptors, enzymes, antibodies, nucleic acids, etc.) intimately associated
with a physicochemical transducer that translates the biological recognition process
between the receptor and the analyte into a measurable signal [44]. The intensity of
the generated signal is directly or inversely proportional to the analyte concentration.
Although antibodies and nucleic acids are widely employed, enzymes are by far the
most commonly used bio-elements in biosensors [45].

Owing to the different signal detecting mechanisms, biosensors can be cate-
gorized into various types, including resonant, photometric, thermal detection,
ion-sensitive field-effect transistors, and electrochemical sensors. Electrochemical
sensors are often used to develop biosensors [46] because of their reproducibility,
low cost, simple design, and small dimensions [47].

Biosensors have a wide range of applications in the biomedical and drug
sensing field, for toxicity analysis in environmental monitoring, as well as in food
and quality control. Health care is the main area in the biosensor applications,
such as monitoring of glucose, cholesterol, and urea levels in biological fluids.
Industrial applications for biosensors include monitoring fermentation broths
or food processing procedures by detecting concentrations of glucose and other
fermentative end products. In addition, the sensitive detection of toxic compounds,
such as phenolic compounds in the industrial waste waters, is an important topic
for environmental monitoring.

Great effort has been made to develop new mediator-free biosensors based
on direct electron transfer by immobilizing enzymes on conducting substrates.
However, the electroactive centers of enzymes are usually embedded deeply into
the large 3D structure of protein molecules [48]. Hence various immobilizing
matrices, especially nanomaterials, have been applied to immobilize biomolecules
and optimize electron transfer of enzyme redox center on the surface of electrodes.
Among these materials, carbon-based materials such as highly ordered meso-
porous carbon [49], carbon nanofiber [50], and CNT [51, 52], have been studied to
immobilize redox enzymes and used in the bioanalytical area for electrode design
[53]. Recently, it has been found that graphene has the ability to promote electron
transfer of metalloproteins including GOD, cytochrome ¢ (cyt ¢), myoglobin, and
HRP [54-56]. Figure 5.2 presents a GO-supported heme protein on a glassy carbon
electrode (GCE) surface.
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Figure 5.2 Schematic representation of a GO-supported heme protein on electrode surface.
(Reprinted with permission from Ref. [54], Copyright 2010, American Chemical Society.)

Owing to their high surface area, unique heterogeneous electron transfer rate,
remarkable electrical conductivity, chemical and electrochemical stability, and good
biocompatibility, graphene and its derivatives have been used in several types of
biosensors to detect different kinds of analytes including important electroactive
compounds such as ethanol, glucose, nitrate, H,0,, and nitric oxide [57-59]. Var-
ious organic solvents such as N-methyl-2-pyrrolidone, N,N-dimethylformamide,
and ILs, and stabilizing reagents such as polymers (e.g., Nafion, sulfonated polyani-
line, poly(methyl methacrylate)), chitosan, ssDNA, were used to avoid aggregating
or facilitate the direct electron transfer reaction between protein and electrode.
Various redox enzymes such as GOD, HRP, tyrosinase, and other proteins have
been coupled with graphene to construct modified electrodes applicable in the
production of third-generation electrochemical biosensors.

5.3.1.1 Glucose Oxidase-Based Biosensors
GOD is the most widely used enzyme in the field of biosensors. GOD catalyzes
the oxidation of p-p-glucose to gluconic acid, by utilizing molecular oxygen as an
electron acceptor with simultaneous production of hydrogen peroxide.

The reduction of the flavin adenine dinucleotide (FAD) in the enzyme with
glucose results in the reduced form of the enzyme (FADH,).

GOD (FAD) + p-D-glucose — GOD(FADH,) + gluconolactonate (5.1)
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The reoxidation of the flavin with free oxygen generates the oxidized form of the
enzyme FAD:

GOD(FADH,) + O, — GOD (FAD) + H,0, (5.2)
H, O, produced during Equation 5.2 can be detected at the electrode surface:
H,0, — 2H* + 0, + 2e~

GOD can oxidize p-p-glucose using other oxidizing substrates besides molecular
oxygen, including quinones and one-electron acceptors. This enzyme has received
considerable importance in real-time glucose monitoring, because of'its high selec-
tivity to glucose. The quantification of glucose can be achieved via electrochemical
detection of H,0,. Based on the high electrocatalytic activity of graphene toward
H, 0, and the excellent performance of direct electrochemistry of GOD, graphene
has shown great promise in applications as electrode material for GOD immobi-
lization and improvement of its direct electron transfer on electrodes [53]. Several
methods and graphene-based materials have been employed to effectively immo-
bilize GOD on electrode surfaces, for the fabrication of electrochemical glucose
biosensors.

The use of exfoliated graphite nanoplatelets (diameter of 1 pm and thickness of
10 nm) for the development of a glucose biosensor was reported by Lu and cowork-
ers [60]. The biosensing interface was prepared by casting GOD and graphite
nanoplatelets in a Nafion water—isopropyl-alcohol solution with a high concen-
tration of organic solvent (85% alcohol). The resulting biosensor exhibits high
sensitivity of 14.17 pAmM ™! cm™2, a detection limit of 10 uM glucose and a linear
detection range up to 6 mM. The direct electrochemistry of GOD immobilized in a
modified electrode based on a composite film of exfoliated graphite nanoplatelets
(nanosheets) and Nafion was reported [60, 61]. Nafion acts as both an effective
solubilizing agent for graphite nanoplatelets and a biocompatible matrix for the
immobilization of the biomolecule.

Shan and coworkers [56] reported the first graphene-based glucose biosen-
sor. The biosensor was based on polyvinylpyrrolidone-protected graphene and
exhibited high electrocatalytic activity toward the reduction of O, and H,0, and
could be dispersed well in water. This research team has constructed a glucose
biosensor based on polyvinylpyrrolidone-protected graphene/polyethylenimine-
functionalized (PEI) IL nanocomposites, which facilitated the direct electron
transfer process between the immobilized GOD and electrode. The prepared
biosensor had good stability and reproducibility with linear glucose response from
2 to 14 mM.

The immobilization through covalent amide linkage of GOD on graphene
nanosheets was reported by Alwarappan et al. [62]. The conjugated graphene-GOD
was immobilized onto the GCE surface. The GCE surface was already modified
with polypyrrole (ppy) to form a stable matrix that facilitates the encapsulation
of graphene—GOD on the electrode surface (Figure 5.3). The entire electrode
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Figure 5.3 Representation of graphene—GOD entrapped within a porous polypyrrole matrix.
(Reprinted with permission from Ref. [62], Copyright 2010, American Chemical Society.)

was employed for glucose detection exhibiting good sensitivity and stability (15%
response decrease after three weeks storage).

Wang et al. [63] proposed the use of electrochemically rGO adsorbed on GCE and
modified with GOD as biosensor to detect glucose. The enzyme was immobilized
by covalent bonding via a polymer generated by electrografting N-succinimidyl
acrylate. The direct electron transfer between enzyme and the electrode was
realized, while the activity of GOD was maintained on the electrode.

The direct electron transfer reaction of GOD at a graphene—chitosan modified
electrode was demonstrated by Kang and coworkers [64]. Graphene can be dispersed
well in aqueous media with the help of natural biocompatible biopolymer chitosan,
which provides a good biocompatible microenvironment for proteins or enzymes.
It has been shown that the GOD-graphene—chitosan nanocomposite film can be
used for sensitive detection of glucose with high sensitivity, a wide linear range,
and low detection limit.

An efficient biosensing system for glucose detection, based on graphene sheets
integrated with GOD, was presented by Wu and coworkers [65]. In this case,
graphene was directly dispersed in water with the aid of ultrasonication. The
GOD-graphene hybrid prepared in this work exhibited good electrocatalytic activity
toward the reduction of oxygen. The response displayed linear range from 0.1 to
10mM with sensitivity of 110 pAmM~! cm™2 and a detection limit of 10 uM. The
values of the glucose concentration in human blood serum measured by the
GOD-graphene/GCE are in good agreement with the data from the commercial
monitor.

ILs have been widely used as an important material in enhancing performance
of the modified electrode as a binder for biosensors. Owing to their electrochemical
stability and biocompatibility, ILs are effective solubilizing agents for CBNs such
as CNTs and graphene nanosheets, exhibiting improved sensitive signal for the
detection of various analytes. A nanocomposite containing a typical IL (1-ethyl-
3-methyl immidazolium ethyl sulfate) and GO nanosheets at room temperature
has the ability to improve the direct electrochemistry and electrocatalytic activity
of GOD [66]. When the obtained modified GCE was applied as a biosensor for
glucose detection, a linear range of 2.5-45 nM with detection limit of 0.175 nM was
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obtained. The enzyme electrode kept 95% of its original response after 2 months.
In a similar manner, nanohybrids of chemically modified graphene and the
ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate were prepared by
sonication to modify the electrode [67]. The fabricated electrode can be used as
selective glucose biosensor with respect to short response time (< 5 s), a sensitivity
of 0.64 pA mM and detection limit of 0.376 mM.

A polymeric IL functionalized graphene, poly(1-vinyl-3-butylimidazolium
bromide)-graphene (poly(ViBulm*B~)-G) has been synthesized and utilized to
fabricate an enzyme electrode for the determination of glucose [58]. The polymeric
IL stabilizes graphene nanosheets well in an aqueous solution providing a positive
charge in the aqueous solution, thus facilitating the immobilization of GOD via
self-assembly under mild conditions. The negatively charged GOD was immobi-
lized onto the (poly(ViBulm*B~)-G) to form a GOD/(poly(ViBulm*B~)-G)/GCE.
The immobilized GOD exhibited fast direct electron transfer at the electrode and
performed well for the electrocatalytic oxidation of glucose with good sensitivity
and wide linear range of glucose from 0.8 to 20 mM.

The integration of graphene and metal nanoparticles showed potential applica-
tions in protein electrochemistry. The use of graphene—CdS nanocomposite as
a novel immobilization matrix for GOD was reported by Wang and coworkers
[68]. It was shown that the immobilized GOD on the modified electrode retains
its native structure and electrocatalytic activities. The obtained glucose biosensor
displays satisfactory analytical performance from 2 to 16 mM with a detection limit
of 0.7 mM.

Zeng and coworkers [69] proposed the use of palladium nanoparticle/chitosan-
grafted graphene nanocomposites for the construction of a glucose biosensor.
The biosensor formed facilitated a high loading of GOD and exhibited good
electrocatalytic activity toward H,O,.

Xu et al. [70] proposed an electrochemical platform based on NiO nanoparticles
and TiO,-graphene for the direct electrochemistry of GOD. A mediator-free
GOD-based glucose biosensor was constructed through a layer-by-layer assembly
approach. The biosensor exhibited specific and sensitive detection for glucose in
the range of 1-12mM, low detection limit (1.2x 107° M), and high sensitivity
(4.129 pPAmM1),

A novel nanocomposite of rGO and gold-palladium (1:1) bimetallic nanoparti-
cles, without the aid of any reducing reagent, was introduced by Yang et al. [71]. The
nanocomposite showed good biocompatibility, fast electron transfer kinetics, large
electroactive surface area, high sensitivity and stability against O, reduction. The
GOD-based glucose biosensor prepared had a detection limit of 6.9 pM, a linear
range up to 3.5mM and a sensitivity of 266.6 pAmM~! cm™2.

GOD was successfully covalently bound to the surface of the functionalized
graphene—gold nanoparticles hybrid [35]. The direct and reversible electron transfer
process between GOD and the hybrid electrode was realized without any supporting
film or electron mediator. The model of the glucose biosensor was successfully
used to determine the level of blood sugar concentration in a human serum sample.
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rGO/PAMAM (poly(amido amine)) dendrimer—silver nanoparticles nanocom-
posite was used as a novel immobilization matrix for GOD and exhibited excellent
direct electron transfer properties [72]. The fabricated glucose biosensor based on
GOD electrode modified with this nanocomposite displayed satisfactory analytical
performance with a wide linear range from 0.032 to 1.89mM, high sensitivity
(75.72 pAmM~! cm~2) and low detection limit (4.5 pM). Furthermore, the interfer-
ence created by ascorbic and uric acid, which usually coexists with glucose in blood
samples, is almost negligible to this biosensor.

The use of graphene quantum dots (GQD, graphene sheets smaller than
100nm) coated on carbon ceramic electrode surface was introduced by Razmi
and Mohammad-Rezaei [73] as a novel matrix for GOD immobilization for the
preparation of glucose biosensor. The developed biosensor responds efficiently
to glucose presence over a concentration range of 5-1270 pM, detection limit of
1.73 pM, and sensitivity of 0.085 pA mM~' cm™2. The biosensor has been examined
as a sensitive third-generation amperometric and voltametric glucose biosensor
in human serum analysis with satisfactory results. The good performance of the
biosensor is attributed to the porous nature of the electrode, high surface-to-volume
ratio of GQD and strong interaction between enzyme and GQD.

A graphene-based amperometric glucose biosensor was developed by the covalent
immobilization of GOD to graphene-functionalized GCE [74]. In this work, 3-
aminopropyltriethoxysilane was employed for the dispersion of graphene as well
as an amine surface modification agent for GCE and graphene. The developed
biosensor was used for detecting glucose in the diabetic pathophysiological range
0.5-32mM.

The direct immobilization of GOD on rGO without any cross-linking agents or
modifiers was presented by Unnikrishnan et al. [75]. A solution phase approach
was used to prepare exfoliated GO, followed by electrochemical reduction to
get rGO-GOD biocomposite. The developed biosensor exhibits high catalytic
activity toward glucose over a linear range of 0.1-27 mM, with a sensitivity of
1.85uAmM~! cm~2.

5.3.1.2 Horseradish Peroxidase-Based Biosensors
HRP is an important heme-containing protein that has been widely used for
the fabrication of amperometric biosensors based on its direct electrochemistry
to the detection of hydrogen peroxide. However, the direct electron transfer to
the redox center of HRP is generally difficult because the redox center is buried
within the three-dimensional structure of the enzyme [48]. Several works have
been done to enhance the direct transfer of electrons from the redox center
of the enzyme to the electrode, improving the sensitivity of the electrode with
immobilized HRP. Graphene-based material has attracted tremendous attention
for HRP immobilization because of its functional and electrochemical and electrical
properties.

The use of graphene-modified electrodes for fabrication of H,0O, biosensors
was demonstrated by several groups. Sun et al. [76] reported the preparation of
graphene and double-stranded DNA composite material that was used for the
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immobilization of HRP on the surface of a carbon IL electrode. The fabricated
HRP modified electrode showed excellent electrocatalytic activity to the reduction
of trichloroacetic acid over the concentration range of 1.0-21.0 mM with a detection
limit of 0.133 mM.

Zhou et al. [77] described the construction of a H,0O, biosensor based on the
co-immobilization of graphene and HRP onto biocompatible polymer chitosan.
A GCE was modified by the biocomposite, followed by electrodeposition of Au
nanoparticles on the surface. The biosensor showed high sensitivity and fast
response upon the addition of H,O,. The linear range to H,0O, was from 0.005 to
5.13 mM with a detection limit of 1.7 uM.

The direct electrochemistry-based hydrogen peroxide biosensor was created with
the utilization of the single-layer graphene nanoplatelet—enzyme composite film
[78]. HRP was selected as a model for analysis. The composite film enhanced the
direct electron transfer between the enzyme and the electrode surface, and can
offer a third-generation biosensor with good properties, such as fast response and
high sensitivity.

The direct electron transfer of HRP immobilized on GO—Nafion nanocomposite
film, as well as its application as a new biosensor were investigated by Zhang
et al. [79]. GO-based polymer composites provide a favorable microenvironment for
HRP to carry out its direct electron transfer, which allows it to be used for H,0,
and O, sensing with great sensitivity.

The immobilization of HRP on electrochemically rGO or partially rGO was also
demonstrated [80-82]. The electrochemically rGO-HRP modified screen printed
carbon electrode showed good electroanalytical properties toward the amperometric
determination of H,0, with a linear range of detection of 9-195uM [81]. In
addition, a GCE modified with immobilized HRP on partially rGO can promote
the electron transfer between enzyme and electrode. The modified electrodes have
good stability, reusability, and high catalytic activity for the decomposition of H,O,,
phenol, and p-chlorophenol and could find practical application as enzyme-based
amperometric sensors used for the detection of phenolic pollutants in water [82].

5.3.1.3 Tyrosinase-Based Biosensors

Tyrosinase is a catechol oxidase containing a dinuclear copper center that catalyzes
the oxidation of monophenols to o-diphenols and further to o-quinones in the
presence of oxygen as an electron-acceptor. Based on the inhibition of tyrosinase
activity from a molecule, tyrosinase biosensors have been developed for the
determination of various pollutants. The use of graphene as a modification material
on GCE and graphite electrodes in novel electrochemical tyrosinase biosensors was
investigated by several groups. An amperometric biosensor for the detection of
organophosphorus pesticides was prepared based on the tyrosinase immobilized
on platinum nanoparticles and the use of a GCE modified with graphene [83].
Hydrophilic nanographene was prepared by ball milling of graphite and was used
as support to construct a tyrosinase biosensor for the determination of bisphenol
[84]. The nanographene-based tyrosinase biosensor displayed high performance
over a linear range from 100nM to 2 uM with a sensitivity of 3.1 Acm™2 M1,
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5.3.1.4 Cytochrome c-Based Biosensors

Cyt ¢ is a heme protein found between the inner and outer membranes of
mitochondria. The direct electrochemistry of cyt ¢ has been studied at various
graphene-based electrode surfaces [54, 85].

Hua et al. [17] reported the greatly improved catalytic and electrochemical prop-
erties of cyt ¢ in a confined environment which has been achieved by assembling
the protein within covalently modified sulfonated graphene nanosheets.

Wu et al. [86] studied the direct electron transfer of cyt ¢ on GCE modified
with chitosan-dispersed graphene nano-flakes. Cyt ¢ immobilized on the surface
of the electrode maintains its bioactivity and shows an enzyme-like activity for the
reduction of nitric oxide.

Chen and Zhao [87] reported the preparation of a nanocomposite of polymerized
IL-modified graphene nanosheet and its use as a modifier to a basal plane graphite
electrode; this electrode was used for the immobilization of cyt ¢ for the construction
of graphene-based electrochemical biosensors.

5.3.1.5 Other Protein/Enzyme Biosensors

Graphene nanocomposite materials have also served as a basis for constructing
not only GOD, HRP, and tyrosinase biosensors, which were described before, but
several other types of biosensors based on the use of various proteins and enzymes
such as hemoglobin and myoglobin for the detection of nitrate, nitrite, hydrogen
peroxide, and so on, acetylcholine esterase for the detection of organophosphate
pesticides and alcohol dehydrogenase for the detection of f-nicotinamide adenine
dinucleotide (NADH). Moreover, various bienzymic biosensors based on the
co-immobilization of various enzymes onto graphene nanocomposite materials
have been investigated for the determination of cholesterol, maltose, or growth
factor protein in human platelets. Table 5.1 presents several selected biosensors,
designed by combining graphene nanocomposite materials with various proteins
and enzymes.

5.3.1.6 DNA Sensors

Sensitive, selective, and cost-effective analysis of DNA is important in many fields
such as clinical diagnostics and treatment, pathology, criminology, pharmaco-
genetics, food safety and so on. Several electrochemical sensing interface for
high-performance DNA biosensing applications, based on the assembly between
graphene and DNA molecules, were constructed. It was demonstrated that various
dye-labeled or fluorophore labeled ssDNA or hpDNA (hairpin DNA), which were
used as probes for DNA sensing, could be stably adsorbed or covalently attached on
graphene-based materials [97-101]. Figure 5.4 shows a schematic representation
of a detection graphene platform for the detection of DNA and proteins.

Lin et al. [102] demonstrated the preparation of an electrochemical DNA sensor
based on simple graphene sensing platform based on the n—= stacking interaction
between graphene and ssDNA probes. The biosensor was applied with high sen-
sitivity and selectivity for special DNA sequence analysis based on the sandwich
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Table 5.1  Graphene-based biosensors with various proteins and enzymes.

Protein/enzyme Graphene-based Compound References
material used detected
Hemoglobin Graphene—poly(dially- Nitrate [88]
Idimethylammonium
chloride)
Graphene—chitosan H,0, [89]
Graphene-TiO, Trichloroacetic acid [90]
Graphene—Pt H,0, [91]
Myoglobin Graphene-CTAB H,0, [92]
(cetyltrimethylammonium
bromide)-IL
Alcohol dehydrogenase  Graphene-IL NADH [93]
Acetyl-cholinesterase Graphene-IL Organophosphate [94]
pesticides
Cholesterol oxidase/ Functionalized graphene Cholesterol, H, 0, [37]
cholesterol esterase
Graphene—Pt Cholesterol, H, 0, [95]
GOD/glucoamylase Modified graphene sheets Maltose [96]

assembly between graphene target DNA and DNA-conjugated gold nanoparti-
cles. The immobilization based on physical adsorption of hpDNA probes on
graphene platforms comprising different numbers of same-sized graphene layers
was demonstrated by Bonanni and Pumera [100].

Dubuisson et al. [103] compared the results obtained by immobilizing DNA
probes based on physical adsorption by n—= stacking interactions or covalent
attachment on an anodized epitaxial graphene platform and found that covalently
bound DNA provided a more sensitive response and larger detection range than
physical adsorption.

For covalent binding, the DNA probe is attached to carboxylic group-
functionalized graphene platforms or to graphene surfaces modified with various
molecules [104]. The integration of oxidized graphene and polyaniline nanowires
layer-by-layer for the fabrication of an electrochemical biosensor for monitoring
DNA was reported by Bo et al. [105]. The oligonucleotide probe (ssDNA) was
immobilized through the formation of phosphoramidate bonds between the amino
group of the polyaniline and the phosphate group of the oligonucleotides. Sun
et al. [106] demonstrated the development of a carboxyl-functionalized graphene
oxide (GO-COOH) and electropolymerized poly-1-lysine modified GCE for the
electrochemical sensing of DNA. In this case, the amine modified probe ssDNA
sequences were immobilized on the surface of the electrode by covalent linking
with the formation of amide bonds.

Hu et al. [34] demonstrated a graphene platform fabrication for the covalent graft-
ing of ssDNA based on the decoration of GO sheets with perylene tetracarboxylic
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Figure 5.4 Schematic representation of Step (b) Target molecule interacts with the
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pletely uenches the fluorescence of the dye.

acid. A DNA impedance biosensing platform was constructed by the same group,
in which a positively charged perylene bisimide derivatives (PDI) is anchored
to graphene sheets [107]. In this platform, the electrostatic interaction between
the positively charged imidazole rings of PDI and negatively charged phosphate
backbones of ssDNA probes facilitates the latter’s immobilization. ssDNA grafting
on PDI/graphene occupied the phosphate backbones and left the bases available
for efficient hybridization. This electrostatic grafting manner was easier compared
to covalent grafting as no previous activation of graphene electrode was needed.

Bonanni et al. [30] demonstrated a strategy for covalent linking of ssDNA to
chemically modified graphenes and applied it for the detection of DNA hybridiza-
tion and DNA polymorphism by using impedimetric methods. Amino-modified
DNA probe was used to form an amide bond with the carboxylic moiety that is
present on the graphene surface using carbodiimide chemistry. The best sensitivity
and reproducibility was obtained when electrochemically rGO was used. On this
platform, a high amount of DNA probe was immobilized which is probably because
of the higher availability of carboxyl groups on this surface.

5.3.1.7 Immunosensors and Aptasensors

The use of graphene platforms for the development of highly sensitive and
selective immunoassays generates continual interest because it has become a
major analytical tool in clinical diagnosis, environmental evaluation, and food
analysis [99, 108, 109]. These immunoassays can be classified into two main
categories based on the sensing approach adopted:

1) immunosensors, in which the target analyte (antigen) binds specifically to an
antibody, which is immobilized on the surface of the electrode
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Table 5.2  Graphene-based immunosensors and aptasensors.

Graphene-based material Compound detected References

Immunosensors

Graphene-chitosan Microcystin [117]

GO Rotavirus [109]

Graphene sheet a-Fetoprotein [112]

Gold nanoparticles—graphene Human IgG [113]

Functionalized graphene Cancer biomarkers [114, 115]

rGO Mouse IgG [116]

GO initiated silver Platelet-derived growth factor BB [117]

enhancement

Gold nanoparticles—graphene IgG [40]

cross-linked with r-cysteine

Nanoporous gold Human serum chorionic [118]

foils—graphene sheets gonadotropin

Biofunctionalized magnetic Prostate specific antigen [119]

graphene nanosheets

Aptasensors

Colloidal graphene Microcystin-LR [120]

Multi-labeled rGO sheets Platelet-derived growth factor and [121]
thrombin

Gold nanoparticles—graphene 1-Histidine [122]

Graphene ATP [123]

2) aptasensors, in which the target molecule binds specifically to an aptamer
(artificial functional DNA or RNA) immobilized on the electrode surface

Graphene-based immunosensors and aptasensors have been developed to detect

various target molecules, including proteins, nucleic acids, peptides, amino acids,
cells, viruses, and small molecules [110]. Table 5.2 summarizes the applica-
tion of various immunosensors and aptasensors based on the use of graphene
nanomaterials, while Figure 5.5 shows a GO-based immunosensor system.

53.2
Biocatalysis

Nanobiocatalysis is a rapidly growing research field which refers to the development
of new nanobiocatalytic systems based on the use of enzymes immobilized on
nanostructured materials, using conventional approaches, such as covalent bonding
and physical adsorption [1]. The ideal immobilization support should prevent
enzyme aggregation or denaturation, but maintain the native conformation of
enzymes [18]. The use of nanostructured materials as immobilization supports
has been extensively reported [20, 124-126]. Among various nanomaterials used
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Figure 5.5 lllustration of a GO-based immunosensor. (Reprinted with permission from Ref.
[109], Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.)

for this purpose, graphene and GO derivatives have attracted considerable interest
as immobilization supports owing to their mechanical, thermal, and electrical
properties. Their unique surface properties, such as large surface area and layered
structure, as well as the ease of their functionalization render them ideal for use
with various methods for enzyme immobilization.

Various enzymes were successfully immobilized on graphene and GO deriva-
tives and were used to investigate their catalytic properties [19, 127]. Some of
them are presented here, while some other interesting studies are listed in
Table 5.3. In a previous work of our group [20] we have reported the immo-
bilization of lipases and esterases on amino-functionalized GO. The enzymes
were immobilized on the nanomaterial surface through physical adsorption and
covalent bonding. The catalytic activity of the immobilized enzymes was deter-
mined through the esterification of caprylic acid with 1-butanol and in most
cases was much higher than the activity of free enzymes. Covalently immobi-
lized enzymes exhibited comparable or even higher activity, as well as higher
operational stability compared to the physically adsorbed ones. Fourier trans-
formed infrared (FT-IR) spectroscopy analysis showed that, all hydrolases studied
underwent some conformational changes upon immobilization on functional-
ized GO, which could be related to specific interactions of enzymes with this
nanomaterial.

Hua et al. [17] investigated the catalytic and electrochemical behavior of cyt
c after its immobilization on sulfonated graphene nanosheets. The peroxidase
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Table 5.3  List of researches on the immobilization of enzymes onto graphene and its
derivatives for biocatalytic applications.

Enzymes Nanomaterial Immobilization References
HRP GO, rGO NCI [15, 18]
Graphene/sodium dodecyl benzene NCI [128]
sulfonate
GO doped CTAB reverse micelles NCI [127]
OxOx GO, GO NCI [15]
GOD GO NCI [129]
GO cI [130]
Cytc Sulfonated graphene sheets NCI [17]
Soybean peroxidase GO dopped CTAB reverse micelles NCI [127]
Laccase GO NCI [19]
Alkaline protease GO CI [131]
Esterase Amine-GO NCI and CI [20]
Lipase Amine-GO NCI and CI [20]
GO doped CTAB reverse micelles NCI [127]

CI, covalent immobilization; NCI, non-covalent immobilization.

activity of immobilized cyt ¢ was determined due to o-phenylenediamine oxi-
dation, and was almost eightfold higher than that of free cyt c¢. The V
of immobilized cyt ¢ was almost 5-fold higher than free protein, whereas the
Michaelis-Menten constant (K,,) was 7.5-fold lower than native cyt ¢, indicating
that the electrostatic interactions between functionalized GO and cyt ¢ may result
in structural changes around the heme moiety leading to higher catalytic activity.
These conformational changes were detected by CD measurements, where the
typical bands for a-helix content were altered after cyt ¢ immobilization on the
sulfonated GO.

Zhang et al. [15] reported the immobilization of HRP and oxalate oxidase (OxOx)
on rGO. Both enzymes were immobilized by physical adsorption on rGO and their
catalytic behavior was investigated and compared to GO-enzymes conjugations. In
the case of immobilized OxOx, the catalytic activity was higher compared to the
free enzyme and retained up to 90% of its activity after 10 cycles of use. Further,
the rGO—enzyme conjugates exhibited higher enzyme activity and stability than
the GO-enzyme conjugates, suggesting that the adsorption of enzymes on the
surface of graphene is governed by hydrophobic interactions instead of electrostatic
interactions, leading to better catalytic behavior.

The properties of GO-alkaline protease bio-composites were demonstrated by
Su et al. [131]. Alkaline protease was covalently immobilized on GO using glu-
taraldehyde as cross-linker. The optimum pH of alkaline protease shifted by
1 unit toward the alkaline compared to the free enzyme, suggesting an alter-
ation in the microenvironment of the enzyme because of the immobilization
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process or immobilization support. The thermostability and reusability of the
immobilized enzyme was significantly improved, as it retained almost 90% of
its initial activity after 20days storage, whereas free alkaline protease retained
75% of its initial activity, indicating that GO is a promising support for enzyme
immobilization.

Covalent immobilization of f-galactosidase on functionalized graphene has also
been reported [39]. The thermal stability of immobilized enzyme was significantly
higher than that of free enzyme solution. Immobilized p-galactosidase retains its
catalytic activity after 10 min incubation at 6 °C, whereas free enzyme loses 64%
of its initial activity after 4 min incubation at the same temperature. K, values for
the free enzyme were calculated 1.73 mM with o-nitrophenyl-p-p-galactopyranoside
and 10mM with lactose, whereas for immobilized enzyme they were changed
to 1.28 and 5.78 mM, respectively. The rate of whey and milk lactose hydrolysis
was determined and found to be 0.0413 and 0.0238 h™!, respectively. The storage
stability of immobilized enzyme was found to be more than 94% after 4 months
storage at 4 °C. Finally, the functionalized graphene—enzyme conjugates showed
great reusability, as more than 92% enzymatic activity was maintained after
10 cycles of repeated use.

The immobilization of HRP on GO and its applications in phenolic compound
removal was reported by Zhang et al. [18]. HRP was immobilized via physical
adsorption, mainly through electrostatic interactions. The immobilized enzyme
exhibited about 50% remaining activity, whereas the free enzyme solution exhibited
only 20% residual activity after 2 h incubation at 50 °C. In addition, storage stability
of immobilized HRP was much higher than that of the native enzyme (4.6-fold). The
catalytic efficiency for the phenolic compound removal of immobilized enzyme
was comparable and in some cases even higher than that of the free enzyme
solution.

Immobilized trypsin on functionalized GO has been used in proteolysis and
protein digestion [132, 133]. GO functionalized with amino-Fe;O, nanoparticles
was used as support for trypsin immobilization [134]. Trypsin was immobilized
via n—m stacking and hydrogen bonding interaction with an immobilization capac-
ity of 0.275 mg enzyme mg~! nanomaterial. As this nanomaterial is an excellent
irradiator absorber, the immobilized enzyme reactor developed was able to effi-
ciently digest standard proteins within 15s, while the conventional in-solution
digestion may occur for 12 h. During the digestion of bovine serum albumin and
myoglobin, no peptide residue was observed, a result correlated with the high
hydrophilicity of GO. The bioreactor was used for 5min to perform digestion of
proteins extracted from rat liver. A total of 456 protein groups were identified,
a result comparable to the 12h in-solution digestion, which indicated that the
bioreactor developed has a great potential for proteome studies. Another group
has used functionalized GO with poly-1-lysine and PEG-diglycolic acid (polyethy-
lene glycol) for the immobilization of trypsin and the use of the biocatalyst as
protein digestion reactor [135]. The microwave-assisted on-plate proteolysis with
the immobilized trypsin followed by matrix-assisted laser desorption-ionization
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time-of-flight (MALDI-TOF) mass spectrometry (MS) analysis resulted in high effi-
ciency, as hundreds of samples could be digested within a short time (about 155s),
indicating that the enzyme—GO conjugates are a promising strategy for protein
digestion and peptide mapping.

5.3.3
Biofuel Cells

Enzyme-based biofuel cells (EBFCs) are devices capable of directly transforming
chemical to electric energy via electrochemical reactions involving enzymatic
catalysis [136, 137]. EBFC use biomass-derived energy carriers, such as glucose,
fructose, ethanol, and oil for the generation of electricity. Various oxidoreductases,
such as GOD and alcohol dehydrogenase, are used for the oxidation of fuels at the
anode of a biofuel cell in order to generate protons and electrons. At the cathode,
oxidases, such as laccase or bilirubin oxidase, are used to catalyze the reaction of
an oxidant (usually oxygen) with these electrons and protons, generating water.
The two main application areas that are being considered for EBFC are in vivo
implantable power supplies for electronic medical devices such as pacemakers,
micro drug pumps, deep brain stimulators, and ex vivo power supplies for small
portable power devices [1, 138, 139].

However, EBFCs remain limited because of short lifetimes and low power
densities. CBNs, such as CNTs and graphene, are conductive materials that support
direct electron transfer of enzymes that are immobilized by either adsorption or
covalent attachment [138, 140, 141]. Among CBNs used so far, graphene has a rich
surface chemistry, which is different from that of other kinds of carbon structures
and exhibits an excellent conductivity that is approximately 60 times higher than
that of single wall CNTs [142, 143]. Further, the electrons on the very large surface
area of graphene move ballistically over the sheet without any collisions with
mobility as high as 10.000 cm? V=! s71 at room temperature [11, 144]. The distinct
properties of graphene have evoked great interest in the development of many
kinds of graphene-based electronic devices, including biofuel cells [145, 146].

The use of graphene sheets for the construction of membraneless biofuel cell
is reported by Liu et al. [147] (Figure 5.6). The anode consisted of a gold electrode
on which graphene—GOD from Aspergillus niger were co-immobilized using silica
sol-gel matrix. The cathode was constructed in a similar manner except for
the immobilized enzyme used, which was bilirubin oxidase from Mpyrothecium
verrucaria. This graphene-based EBFC yields a maximum power density of about
24 uW cm~2 with a lifetime of 7 days, which is two times larger than the maximum
power density generated by the single wall CNT-based EBFC.

A similar enzymatic glucose/oxygen biofuel cell system based on immobilized
enzyme on graphene sheets was prepared by the same group [145]. The biofuel cell
employs the gold plate electrodes modified by specific graphene—enzyme conju-
gations. The bioanode was prepared by co-immobilization of GOD and graphene
using electrogenerated polypyrrole film. The biocathode was fabricated using the
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Figure 5.6 Schematic representation of a graphene-based membraneless EBFC. (Reprinted
with permission from Ref. [147], Copyright 2010, Elsevier B.V.)

same procedure with bilirubin oxidase used as biocatalyst. The electrochemical
activity of these electrodes was superior to the electrodes immobilized with sol-gel.

The capability of graphene as a spacer to assemble electrochemically function-
alized nanostructures onto electrodes was demonstrated by Wang et al. [146]
(Figure 5.7). By using graphene as spacer, the multilayered nanostructures
of graphene/methylene green (MG) and graphene/multiwall carbon nanotubes
(MWCNTSs) were formed onto electrodes through layer-by-layer chemistry on
the basis of the electrostatic and/or n—x interactions between graphene and the
electrochemically useful components.

Using glucose dehydrogenase-based bioanode with graphene/MWCNT
nanostructure assembled on the GCE and a laccase-based biocathode, a
glucose/O, biofuel cell was prepared. The cell has an open-circuit voltage of
0.69V and a maximum power density of 22.50pWcm? at 0.48V in 10mM
phosphate buffer (pH 6.0) containing 10mM NAD?* and 30mM glucose. The
electrochemical and electrocatalytic properties of the assembled nanostructures
indicate that these graphene-based nanostructures could serve as electronic
transducers for molecular bioelectronic devices such as biosensors and biofuel
cells.

The use of the yeast surface display system of redox enzymes has demonstrated
several advantages in biofuel cells, such as the ability to regenerate the enzyme
on the surface once it becomes inactive, the use of both yeast metabolism and the
displayed enzyme for complete fuel oxidation, the possibility to digest a complex
fuel without the need for the fuel to cross the cellular membrane [148—150]. The
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Figure 5.7 Schematic illustration of the con- chloride). (Reprinted with permission from
trollable formation of electrochemically func-  Ref. [146], Copyright 2011, American Chemi-
tional electrodes with graphene as spacer. cal Society.)

PDDA: poly-(diallyldimethylammonium

encapsulation of a living microorganism, such as Saccharomyces cerevisiae yeast,
displaying GOD in electrochemically active GO hydrogels was reported [151]. In
this case, GO enabled direct communication between the displayed enzyme active
site and the surface of the electrode, which is very important for the use of this
system for biofuel cell applications [151].

534
Drug and Gene Delivery

Graphene-based nanomaterials have recently attracted much interest for their
potential applications in biomedicine fields such as cellular imaging, photothermal
therapy, biosensor-based disease markers and drug, as well as, gene delivery.
GO offers a lot of advantages against other vectors for drug and gene delivery,
such as the high content of oxygen groups on its surface that leads in oriented
functionalization for biological applications. This characteristic surface makes GO
biocompatible because of the hydrophilicity of the oxygen-containing groups. In
addition, the production of GO can be achieved easily and inexpensively. The
delocalized w-electrons on the graphene plane enable the binding of various
aromatic drug molecules via n—x stacking. The conjugations of targeting ligands
with graphene derivatives can result in selective drug delivery toward specific types
of cells. Since 2008, a lot of studies have been carried out using GO as carrier for
drug and gene delivery with very interesting results [152-156)].

Liu and coworkers [157] used for the first time GO functionalized with PEG
(PEG-GO) as a nanocarrier for anticancer drugs loading. In this work, SN38, a
camptothecin analog, was non-covalently immobilized on PEG-GO via van der
Waals interactions. SN38 is a water-insoluble topoisomerase I inhibitor produced
by the hydrolysis of camptothecin. After SN38 was conjugated with PEG-GO,
its solubility was increased at concentrations up to 1 mgml~!. Cell proliferation
assay showed that PEG-GO-SN38 afforded highly potent cancer cell killing in vitro
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against human colon cancer cell line HCT-116. The IC50 of the immobilized drug
was 6 nM for HTC-116 cells, 1000-fold higher than that of camptothecin and free
SN38, indicating that GO can be used as promising material for drug delivery and
biological applications.

Zhang et al. [158] investigated the controlled loading and targeted delivery of
doxorubicin and camptothecin, two anticancer drugs. Nanoscale GO covalently
functionalized with folic acid was used as the drug carrier. Doxorubicin and
camptothecin were physically adsorbed on folic acid-functionalized GO mainly
via m-m stacking and hydrophobic interactions. It was found that the loading of
doxorubicin was much higher than that of camptothecin, which is ascribed to the
difference in their structures and thus the difference in the interactions developed
between the drugs and GO. The drug loading was concentration-dependent, which
can result in controlled loading on the GO sheets. Furthermore, the loading of both
drugs on the GO was investigated. The doxorubicin loading in this case was 5.1-fold
higher, whereas the camptothecin loading remained constant. This result suggests
that the loading of the drugs depends mainly on the distribution coefficient of
the drug dissolved in solution and that adsorbed on the graphene carriers. The
cytotoxicity of the immobilized drugs was investigated using MCF-7 and A549
cells. The functionalized GO loaded with both drugs exhibited higher cytotoxicity
to MCF-7 cells than that observed with only one drug loaded, demonstrating the
utility of functionalized GO as a carrier for controlled drug loading and targeted
delivery of multiple drugs.

The same research group has also reported the use of GO in gene delivery
[159]. GO was first functionalized with PEI (PEI-GO) via electrostatic interactions
developed between the negatively charged GO and the positively charged PEI.
The cytotoxicity of PEI-GO was investigated as it is a crucial factor for vectors
used in gene delivery. Human cervical carcinoma cells (HeLa cells) retained their
viability up to 90% when they were incubated with 10 mgml~' PEI-GO, whereas
in the presence of the same concentration of PEI they retained only 40% of their
viability. The capability of PEI-GO to deliver foreign plasmid DNA into cells was
also investigated. PEI-GO showed an excellent transfection efficiency in HeLa cells,
which was comparable or even higher than free PEI, indicating that PEI-GO has
great potential as a novel vector for efficient gene delivery.

5.4
Interactions between Enzymes and Nanomaterials

The interactions between enzymes and nanomaterials is a crucial factor for the
function of biomolecules and therefore for the design of effective nanobiocata-
lytic systems. Nanomaterials can interact with biomolecules through electrostatic
and/or hydrophobic interactions, n—=n stacking interactions, van der Waals forces,
or hydrogen bond forming. These interactions depend on the structure, the
surface chemistry, the charge and the hydrophilicity of the nanomaterials [160]
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and may affect the conformational state of the biomolecules. Altering the struc-
ture of biomolecules may result in a change in their catalytic properties. The
influence of CBNs, such as graphene, GO, and their derivatives, on the cata-
lytic properties and structure of proteins, especially enzymes, has been reported
[134, 161].

Our group has investigated the interactions developed between GO-derivatives
and cyt ¢ [162]. GO-derivatives (reduced and nonreduced) functionalized with
carboxyl, amine, and alkyl groups were used. These nanomaterials enhance the
peroxidase activity of cyt c. This activation can be attributed to hydrophobic, as
well as electrostatic interactions. It has been shown that the functionalization of
GO with different alkyl chains enhance the peroxidase activity of cyt ¢, as well as
its stability. The presence of the alkyl chains on the surface of GO makes these
materials more hydrophobic and results in a decrease of the peroxidase activity
of cyt ¢. This result seems to be governed by hydrophobic interactions developed
between the nanomaterials and the proteins. In addition, the different functional
groups seem to interact through electrostatic interactions with the protein, as the
negatively charged functional groups seem to interact better with the positively
charged cyt c. CD studies were used to investigate the influence of functionalized
GO on the secondary structure of cyt c, as well as on the heme microenvironment.
The far-UV CD results showed that the secondary structure of cyt ¢ in the presence
of these nanomaterials is retained. Instead, changes in the Soret region of cyt c were
observed, indicating the reorientation of heme active center to a more accessible
conformation, which leads to higher protein activity.

Zuo and colleagues [54] have also reported the electrostatic and hydrophobic
interactions developed between GO and cyt c. Cyt ¢ was used in a GCE in order to
investigate the electron transfer potential. It was shown that the presence of GO
facilitates cyt ¢ electron transfer, as a result of the electrostatic and hydrophobic
interactions developed between the nanomaterial and the protein. UV-vis and
fluorescence studies showed that cyt ¢ retains its active site conformation upon
interaction with GO.

In a previous study of our group [163], we have reported the influence of
functionalized GO on the structure of lipases and esterases. The interaction of
functionalized GO was studied by steady-state fluorescence spectroscopy and CD.
The fluorescence study showed that in the case of esterase Bs2, the highest
quenching was observed in the presence of GO, which led to full deactivation
of the enzyme, whereas the lowest quenching was observed in the presence of
amine-functionalized GO, which did not significantly affect the enzyme activity.
The conformational changes of the secondary structure of hydrolases were further
investigated through CD studies. The far-UV CD results showed a slight decrease
of the a-helix content and an increase of the p-sheet content in the presence of GO
in case of lipases, whereas the biggest conformational changes were observed in the
case of esterase Bs2 in the presence of GO and amine-functionalized GO, where
the o-helix content was significantly decreased with the simultaneous increase of
the B-sheet content.
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The conformational changes of GOD upon non-covalent conjugation with GO
have been reported by Shao et al. [129]. The UV-vis studies of the GO-GOD
conjugates in the FAD moiety showed a slight blueshift of the FAD band and an
increase in the absorbance, which suggests that the FAD moiety of the conjugation
becomes more exposed than in the case of free enzyme. Fluorescence spectroscopic
studies of the bioconjugates demonstrated that tryptophan fluorescence of GOD
is significantly quenched upon immobilization onto GO. A blueshift was observed
as the concentration of GO increased, which indicates conformational changes on
the tertiary structure.

GO has been used for non-covalent immobilization of HRP by Zhang et al.
[22]. The interactions developed upon immobilization were studied. Changing
the pH of the immobilization media, the interactions between HRP and GO
were also changed. At pH 4.8-7.2 where the HRP is positively charged, the
immobilization was much higher as a result of the electrostatic interactions
developed with the negatively charged GO, whereas at pH higher than 7.2, the
enzyme is negatively charged, leading to the repelling of GO, thus lowering
immobilization efficiency. Atomic force microscopy experiments showed that the
average diameter of immobilized HRP was larger and its height was shorter
compared to the free enzyme, which reveals that immobilization induces some
conformational changes on the enzyme molecule.

The same group investigated the nature of the interactions developed between
rGO and HRP and OxOx [15]. The enzyme loading on chemically rGO was
insensitive to pH changes, leading to the conclusion that the interactions between
the enzymes and the nanomaterials are not electrostatic. To further reinforce their
theory, the contact angle of water of the rGO was evaluated. The contact water
angle was increased with increase in the reduction agent, confirming the high
hydrophobic area of rGO, which leads to enzyme adsorption through hydrophobic
interactions rather than electrostatic. However, HRP and OxOx are both soluble
proteins, thus the most hydrophobic residues should be located in the interior of
the enzymes. The high immobilization yield observed suggests that the chemically
rGO induces conformational changes on the enzyme molecules, resulting in
interruption of the hydrophobic interior balance. CD studies confirm the changes
in the protein structure. The secondary structure of HRP was partially lost, leading
to the lowest peroxidase activity observed.

The oriented covalent immobilization of GOD on concanavalin A-functionalized
GO was investigated and compared with nonspecific binding of the enzyme on GO
by Zhou et al. [130]. The immobilized GOD showed better thermal stability at the
temperature range of 25-70°C than the free enzyme. It was proposed that upon
immobilization the enzyme can restrict unfolding and nonspecific aggregation
resulting in more improved thermal stability. The storage stability of immobilized
GOD was higher compared to that of the free enzyme, indicating probably a
conformational change as a result of interactions developed between the enzyme
and GO during immobilization process.



5.5 Conclusions

5.5
Conclusions

Graphene has rapidly become one of the most widely studied carbon-based mate-
rials because of its unique structural features and exceptional chemical, electrical,
and mechanical properties that lead to many potential applications. Graphenes
obtained with various procedures were successfully employed in different applica-
tions in various fields, including biotechnology and biomedicine. In this chapter,
we presented an overview of the recent advances of the use of graphene and its
derivatives for a wide variety of practical applications based on the immobilization
of enzymes and other biomolecules. We have selectively reviewed the rapid and
exciting advances in the applications of graphene and its water-soluble derivative,
GO, with focus on biosensors and biofuel cell construction, the preparation of
nanobiocatalytic systems as well as in biomedicine with focus on gene and drug
delivery. We believe that this trend will continue and even speed up in the years to
come. However, while other CBNs, such as CNTs, have been studied for the past
two decades, graphene-based materials have been developed only recently, and still
much has to be done in terms of producing graphene-based chemical structures
suitably functionalized for the specific tasks required in the search for practi-
cal purposes. For further exploration and better optimization of the application of
graphene-based materials on biomedicine and nano-biotechnology, one critical and
fundamental question still needs to be addressed, that is, the effect of graphene-
based materials on structure and function of various biomolecules and biological
systems. It is, therefore, very important to gain more insight into the interactions
between graphene-based materials and active biomolecules, such as enzymes and
other proteins, as well as to understand their regulating factors in order to expand
the biotechnological and biomedical applications of graphene-based materials.

Abbreviations

CBNs Carbon-based nanomaterials
CD Circular dichroism

CI Covalent immobilization
CNT Carbon nanotubes

CNT-NH, Amine carbon nanotubes
Cytc Cytochrome ¢

EBFC Enzyme-based biofuel cells
EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
FAD Flavin adenine dinucleotide
FT-IR Fourier transformed infrared
GCE Glassy carbon electrode

GO Graphene oxide

GO-COOH Carboxyl-functionalized graphene oxide
GO-NH, Amine graphene oxide
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GOD Glucose oxidase
GQD Graphene quantum dots
HelLa cells Immortal cell line derived from cervical cancer cell from
Henrietta Lacks (HeLa)
Henrietta Lacks (HeLa)
hpDNA Hairpin DNA
HRP Horseradish peroxidase
IL Tonic liquid
MALDI-TOF = Matrix-assisted laser desorption-ionization time-of-flight
MG Methylene green
MWCNT Multiwall carbon nanotubes
MS Mass spectrometry
NCI Non-covalent immobilization
NHS N-Hydroxysuccinimide
OxOx Oxalate oxidase
PDI Perylene bisimide derivative
pDNA Plasmidic DNA
PEG Polyethylene glycol
PEI Polyethylenimine
PPY Polypyrrole
PDDA Poly(diallyldimethylammonium chloride)
rGO Reduced graphene oxide
ssDNA Single strand DNA
Sulfo-NHS N-Hydroxysulfosuccinimide
SWCNT Single wall carbon nanotubes
UV-vis Ultraviolet—visible
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Halogenated Graphenes: Emerging Family of Two-Dimensional
Materials

Kasibhatta Kumara Ramanatha Datta and Radek Zbofil

6.1
Introduction

Graphene, the first two-dimensional crystal to enjoy supremacy, is undoubtedly the
most studied and sought after material in interdisciplinary science and technology
in the last decade [1-3]. The extraordinary properties of this sp? bonded carbon
hexagonal crystal include high surface area, transparency, electrical conductivity,
carrier mobility, surface reactivity, strength, flexibility, and so on, making it an
emerging, forefront candidate for diverse applications [2—7]. Because of its vast
potential, material scientists, physicists, and chemists are interested in engineering
graphene’s electronic properties, that is, in the opening up the bandgap for various
optoelectronic-related applications [2, 8—10]. Significant attention is also being
devoted to the exploration of surface reactivity of graphene, which is a direct
consequence of its unique atomic structure [11, 12]. The high surface reactivity of
graphene is utilized in designing novel functional derivatives either by covalent or
noncovalent approaches [9, 10, 13].

There are several ways to tailor the functionalities of graphene depending on the
choice and type of reaction or application. Graphene oxide (GO), fluorographene
(FG, C;F,), and graphane are some prime examples of functionalized graphenes
in which the added atom such as oxygen, fluorine, and hydrogen, respectively,
are covalently bonded to graphene [9, 13-19]. During covalent modification of
graphene, carbon atoms are converted from sp? to sp?, which prefer to establish
tetrahedral geometry with longer bond lengths. GO has a complicated chemical
structure with carboxyl groups at the edges and hydroxyl and epoxide groups at the
basal plane, along with topological defects [14]. These oxygen-containing functional
groups make GO an easily water-dispersible material that would be advantageous
for various catalytic, biological, and green chemistry applications. Graphane can
be prepared by exposing graphene to cold hydrogen plasma yielding 1:1 carbon-
to-hydrogen ratio [18]. Graphane behaves as an insulator with charge carrier
mobility that is three orders less as compared to graphene. FG can be prepared
by fluorinating graphene by using fluorine precursors [15, 16] or mechanical
or chemical exfoliation of bulk graphite fluoride (GrF) [15, 17]. Fluorination of

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 6.1 Diverse applications of halogenated graphenes.

graphene is similar to hydrogenation as fluorine forms a single bond with carbon,
however, with a reversed dipole and increased binding strength. In the case of
graphane, the bonding (C—H) is essentially only of covalent character, while in
the case of other carbon materials and FG (C-F), the bonding type can vary from
covalent, through semicovalent to ionic and van der Waal’s interactions [20].

There has been a lot of experimental and theoretical progress achieved in the
field of stoichiometric FG, fluorinated, and other halogenated graphenes [21]. The
halogen content in graphene dictates electronic, optical, thermal, electrocatalytic,
magnetic, rheological, biological, and chemical properties of the resultant mate-
rials (Figure 6.1). Furthermore, there are a few reports on patterned halogenated
graphenes and fabricated devices with fluorinated graphene or in combination with
graphene nanostructures. In this chapter, we focus on the synthesis, characteriza-
tion, properties, and applications of FG, other halogenated graphenes, and their
hybrid derivatives.

6.2
Synthesis of Halogenated Graphenes

There are two important ways to prepare mono- or few-layered halogenated
graphenes either by halogenating graphene or chemical/mechanical exfoliation of
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bulk halogenated graphite. The two approaches are complementary to each other.
The former methods involve halogenating graphene by appropriate gas [22, 23],
polymers [24, 25], halogen precursor [16, 26], and interhalogen compounds [27].
The other approach utilizes the isolation of single- or few-layered halogenated
graphene from bulk halogenated graphite (containing variable halogen content)
by either solvents or by mechanical exfoliation [15, 17, 28, 29]. Detailed synthetic
procedures of FG and various other halogenated graphenes are discussed below.

6.2.1
Fluorographene

6.2.1.1 Mechanical or Chemical Exfoliation — from Graphite Fluoride to
Fluorographene

GrF is used as a starting material for the preparation of FG by the top-down
approach either by mechanical [15, 30] or chemical exfoliation [17, 31]. Owing to
the harsh experimental conditions involved in the synthesis of GrF, its monolayers
were found to be very fragile and prone to rupture, resulting in low-quality FG
during mechanical cleavage [30]. Single- and few-layered FG in the form of colloidal
suspensions can be isolated by chemical etching from bulk GrF under sonication
in the presence of sulfolane [17], dimethylformamide (DMF) [32], N-methyl-2-
pyrrolidone (NMP) (Figure 6.2a—d) [31], or isopropyl alcohol [22]. Owing to the
intercalation of solvent molecules within the interlayers of GrF, a weakening of
the van der Waal’s interactions between neighboring layers is observed, resulting
in the isolation of colloidal FG. Chemical exfoliation facilitates the isolation of FG
in large yields having polydispersive systems containing one- and few-layered FG.
However, solution processability of FG suspensions is beneficial in the fields of
coatings, polymer hybrids, and inks.

6.2.1.2  Fluorination of Graphene — from Graphene to Fluorographene

Till date, several methods have been reported to prepare FG by fluorination of
graphene. Atvarious temperatures under an inert environment (Figure 6.2¢) [15, 33]
or at room temperature (30 °C) [16], FG can be prepared using XeF, as a fluorinat-
ing agent. The room-temperature preparation of FG involves fluorinating graphene
supported on silicon-on-insulator (SiO,/Si) substrate using XeF, gas, which selec-
tively etches the Siunderlayer, consequently fluorinating both sides of the graphene
to form stoichiometric C, ,F; , [16]. Furthermore, fluorination of highly oriented
pyrolitic graphite (HOPG) by F, gas at a temperature of 600°C, followed by
chemical exfoliation, yields a nonstoichiometric FG (C,,F,) of a low quality [22].

6.2.2
Nonstoichiometric Fluorinated Graphene and Fluorinated Graphene Oxide

Fluorinated graphene with different fluorine coverage can be prepared by flu-
orinating graphene or by chemical or mechanical etching of nonstoichiometric
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Figure 6.2 (a—d) Schematic representation  (e) Various steps involved in the fluorination
of the NMP intercalation and exfoliation of graphene (PMMA-—poly(methyl methacry-
fabrication processes used to prepare CF late)). (Reproduced from Ref. [15].)
dispersions. (Reproduced from Ref. [31].)

GrF. Fluorination of single- or few-layered graphene is usually carried out in
plasmas containing CF, [34], SF, [35], XeF, [16, 36], fluoropolymers [25], or Ar/F,
[37] as fluorinating agents. To minimize ion bombardments and to improve the
reaction with fluorine radicals on graphene, the substrate can be placed face
down in the Ar/F, plasma chamber [37]. The extent of fluorine loading in the
resultant fluorinated graphenes can be controlled by the plasma treatment time
or by changing the precursor. Interhalogen compounds such as CIF; and BrF,
can simultaneously intercalate and fluorinate graphite, followed by subsequent
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exfoliation or heat treatment, resulting in semifluorinated graphenes with the
composition C,F [27, 38—40]. Polymers containing fluorine in their structure also
serve as fluorinating precursors. The fluorination of graphene with a composi-

tion of C,F can be carried out using fluoropolymer CYTOP ™~ on graphene by
laser irradiation (Figure 6.3a). In this approach, direct contact between CYTOP
and the graphene surface is secured by transferring graphene films on Cu foil
onto a SiO,/Si substrate coated with CYTOP. After laser irradiation, photon-
induced decomposition of CYTOP generates many active intermediates, such as
CF, and F radicals, which react with graphene yielding single-side fluorination
as the active fluorine species are impermeable through the substrate (SiO,/Si
substrate) [25]. Similar to the isolation of graphene from bulk graphite and FG
from bulk GrF, mono- or few-layered fluorinated graphenes can be obtained by
mechanical or chemical exfoliation of bulk GrF with variable fluorine contents in

« & . ;F,.CFX(RadicaI)
CF, Cle- S e
\ / n bt
CF =CF » >
J o\
\CF’CFZ hv (laser) Fluorination
2

Figure 6.3 Scheme showing (a) the mecha-

nism of fluorination using CYTOP and laser
irradiation. (Reproduced from Ref. [25].) (b)
Chlorination and bromination processes.
The halogen was first intercalated between
the graphite layers. With the assistance of

MiW-S, the halogen then reacted with the
graphite directly. In the solution-phase son-
ication step, the graphite halide was exfoli-
ated to single-layer G—X. (Reproduced from
Ref. [29].) (c) I-doped graphene preparation.
(Reproduced from Ref. [44].)
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a variety of solvents with/without surfactants assisted via sonication [41, 42]. Ionic
liquids such as 1-butyl-3-methylimidazolium bromide ([bmim]Br) and 1-methyl-3-
octyl-imidazolium tetrafluoroborate (jomim|BF,) were used to obtain mono- and
few-layered fluorinated graphenes with compositions of CF ,; and CF 5 [28]. High
temperatures generated in the arc discharge process are utilized in the preparation
of multilayered fluorine-doped graphene (6.6 at. %) [43].

All the methods discussed above employ pure graphene or bulk GrF for the
preparation of fluorinated graphenes. However, there are a few reports on the
preparation of reduced fluorinated graphene oxide (FGO). FGO can be synthesized
by fluorinating GO using hydrofluoric acid (HF) as a fluorine precursor by heat
treatment [45, 46], photochemical treatment [47], by CF, plasma [48], or by oxidizing
bulk semifluorinated GrF [49, 50]. By changing the reaction parameters such as
temperature, HF concentration, and so on, the fluorine content of the resulting
FGOs can be varied.

6.2.3
Other Halogenated Graphenes

To date, there have been no reports on the preparation of stoichiometric chloro-,
bromo-, and iodographenes as compared to FG; the highest achieved loadings
of halogen in graphene are in the order of 45, 5, and 3at.% for Cl, Br, and
I, respectively. Single- and few-layered chlorinated graphenes were prepared by
the reaction between graphene and chlorine gas either by photochemical/plasma
treatment at room temperature [23, 51, 52] or by ultraviolet (UV) irradiation in
a liquid chlorine medium at 250 °C [26]. Dresselhaus and coworkers [52] used
plasma-based chlorination to achieve single-side chlorinated graphene with a
chlorine content of 45.3 at.% (close to C,Cl). The C:Cl ratio can be tuned by altering
the DC bias and treatment time in the plasma chamber [52]. Rao and coworkers
reported brominated graphenes (5 at.%) by allowing graphene to react with liquid
Br, in carbon tetrabromide at 250 °C by simultaneous UV irradiation [26]. Zheng
et al. [29] reported microwave-spark (MiW-S)-assisted reaction that allows the direct
production of halogenated graphite, which, on subsequent exfoliation in organic
solvents, resulted in monolayer halogen-derived graphene with Cl (21 at.%) and
Br (4at.%) compositions, respectively. Owing to its strong microwave absorption,
graphite expands its original volume (~200 times) with a rise in temperature
accompanied by luminous sparks (Figure 6.3b). The hot graphite flakes directly
react with moderately ionized halogens (X*) resulting in the halogenation of
graphite via electrophilic substitution. Chlorination of graphene was found to be
more effective than bromination as liquid Cl, is more reactive than Br, [26, 29].
Iodine-functionalized (3 at.%) graphenes have been prepared by direct annealing
of camphor and I, [53]. Further, direct heating of GO with iodine (Figure 6.3c)
at 500-1100°C in inert conditions results in iodine-doped graphene (~0.1 at.%).
The content of iodine can be varied by changing the carbonization temperature
or mass ratio of GO and iodine [44]. A series of halogenated graphenes [54]
have been prepared by thermal treatment of bulk graphite oxide under different
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gaseous halogen atmospheres (chlorine, bromine, or iodine) yielding halogenated
graphenes with doping levels of 2.1, 1.6, and 0.2 at.% for Cl, Br, and I, respectively.
Edge-selective halogenated graphenes with the Cl, Br, and I contents of 5.89,
2.78, and 0.95 at. %, respectively, was demonstrated by ball milling graphite flakes
in the presence of various halogen gases [55] except fluorine (owing to its high
reactivity). In addition to mechanochemical cleaving of graphitic C—C bonds
and edge-selective halogen functionalization of graphitic layers, ball milling also
involves delamination of graphite into graphene nanoplatelets (GnPs). This results
in high Brunauer—Emmett-Teller (BET) surface areas of 471, 579, and 662 m? g~
for CIGnP, BrGnP, and IGnP, respectively.

6.3
Characterization of Halogenated Graphenes

The structural characteristics, composition, bonding environment, morphology,
and thermal stability of various halogenated graphenes are commonly evaluated by
various characterization techniques along with strong theoretical support.

6.3.1
Fluorographene

Transmission electron microscope (TEM) images of FG obtained by exfoliation of
GrF with sulfolane exhibited transparent nature with lateral dimensions ranging
between 0.2 and 2pm with a few sheets being twisted (Figure 6.4a—c). The
structural characteristics of FG, obtained from selected area electron diffraction
(SAED) analysis, confirmed the existence of a hexagonal crystalline structure [15,
17, 22] and stoichiometry equivalent to that of bulk GrF (Figure 6.4d,e). It has been
shown that the retention of hexagonal crystalline order for FG is similar to that of
graphene with 1% expansion of the unit cell (Figure 6.4f) [15, 22]. The experimental
lattice constant (a) of C,F, is 2.48 A while for graphene, this is 2.46 A.

This is in contrast to the case of graphane, which showed a compressed lattice
with a=2.42 A [18]. The increase in unit cell and in-plane lattice constant of FG
is expected as carbon atoms forming C—C bonds are converted from a sp? to sp
configuration during the fluorination process accompanied by an increase in the
C-C bond length. The thickness of FG layers can be directly investigated from
atomic force microscopy (AFM) measurements. Chemical exfoliation of GrF using
sulfolane showed the presence of FG monolayers with a thickness ranging from
6.7 to 8.7 A (Figure 6.5).

The changes in composition, bonding, and electronic properties of graphene
upon fluorine exposure can be clearly monitored by X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared spectroscopy (FTIR), high-resolution
electron energy loss spectroscopy (HREELS), and Raman spectroscopy (Figure 6.6)
[56]. Fluorination of graphene leads to remarkable changes in Raman spectra,
that is, upon increasing the fluorination rate (using XeF,), there is an increase
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Figure 6.5 Two independent AFM images of FG monolayers (a,b) and their height profiles
(c,d), providing evidencing for the layers being <0.9 nm thick. (Reproduced from Ref. [17].)

in the appearance of a D-peak at 1350 cm™! and broadening of the G (1587 cm™})
and D’-peaks (1618 cm™), along with a decrease in the 2D band intensity. Also,
when the exposure time is increased to 1h where the formation of FG occurs, the
characteristic Raman signals of pristine graphene fully disappear as a result of the
destruction of aromatic n-conjugation (Figure 6.6a). UV-vis spectra of graphene
showed a steady blueshift (~43 nm) upon an increase in fluorine concentration
(Figure 6.6b). The high electronegativity of fluorine induces strong chemical shifts
in the C 1s binding energy (BE) allowing the use of XPS to quantify composition
and bonding type. XPS analysis performed on FG, obtained by the fluorination of
graphene on SiO,/Si using XeF,, showed the major bonding of essentially C—F
(86%) type, with smaller fractions of C-F, and C-F; species (owing to defects
at the free edges) [16]. The carbon peak, observed at 284.6 eV for pure graphene,
shifts to 287.5eV, which can be assigned to a C-F binding state (Figure 6.6¢).
The change of C-F bonding type occurs from semi-ionic (685.5eV) to covalent
(687.5 eV), which is observed from the F 1s spectra with an increase in fluorination
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time (Figure 6.6d). Moreover, with the increase in fluorine content, the stretching
vibration of the C—F semi-ionic (1112 cm™!) bonds progressively changes to cova-
lent (1211 cm™!) C-F bonds (Figure 6.6€). In order to observe the stability of C—F
bonds, annealing of fluorinated graphene was done in vacuum and the changes
were monitored using HREELS. The retention of loss peaks at around 154 meV
(attributed to the C—F bond) even after the samples were annealed at 300°C for
1h (107 Torr) in vacuum, suggesting the good thermal stability of fluorinated
graphenes (Figure 6.6f). In addition, Robinson and coworkers observed that the
chemical reduction of FGs by hydrazine vapor is more efficient for defluorination
than via thermal annealing [16].

6.3.2
Partially Fluorinated and Halogenated Graphenes

To evaluate the structure and quality of the partially halogenated graphene, Raman
spectroscopy is used as an important tool. To get detailed information regarding
the bonding environment, structure, and composition, NMR, XPS, and FTIR
spectroscopy were used. '°F NMR spectra recorded for room-temperature GrF
compounds (with different fluorine coverage ratios) revealed a minimum of six
different environments for each sample [57]. The effect of fluorination on a number
of graphene layers were evaluated by Yang et al. using SF, plasma treatment [35].
Owing to their high surface reactivity, single-layered graphenes can easily be
fluorinated in contrast to the multilayered graphenes. This is due to the larger
corrugations of the single-layered graphenes that reduce for thicker or multilayered
graphenes. Further, the lattice defects and p-doping of graphene can be controlled
by plasma treatment. For example, fluorination of graphene by CF, plasma induces
a lower quantity of lattice defects and higher degree of p-doping to graphene than
CHF; plasma treatment [34].

For chlorinated (~8at.%) graphene, the characteristic D-peak appears at
1330cm™!, the G-peak at 1587 cm™!, and the 2D-peak at 2654cm™' [23]. On
increasing the loading of chlorine content in graphene, the D-peak redshifts to
higher wavenumber owing to the formation of large quantity of covalent C-Cl
bonds, thus creating a high degree of disorder [29]. Chlorinated graphene with
a chlorine coverage of ~30at.% showed a band at 790 cm™!, which was assigned
to the C—Cl stretching vibration [26]. FTIR spectra for chlorinated graphenes
(~30at.%), recorded at lower frequencies, show a peak near 790 cm~!, which was
assigned to the C—ClI stretching vibration. Brominated (4 at.%) graphenes exhibit
a weaker D-peak (~1350 cm™?) than chlorinated graphene, possibly due to a lower
degree of modification of graphene. The 2D-peak of G-Br was blueshifted (8 cm™?)
and became broader as compared with pristine graphene, consistent with the
small extent of modification by Br on graphene lattice [29]. The IR spectrum of the
brominated graphene (1.6 at.%) obtained from thermal reduction of graphene oxide
(TRGO) showed a vibration at 600 cm™!, indicative of a C—Br bond in TRGO-Br [54].

The variations in electronic properties of few-layered graphene doped by adsorp-
tion and intercalation of Br, and I, vapors have been systematically investigated by
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Raman spectroscopy [58]. The aromatic network of graphene remained unaffected
after halogen doping. Adsorption of bromine on single-layered graphene (SLG)
promoted a high hole-doped density. The bilayer spectra indicated that doping by
adsorbed I, and Br, was symmetrical on the top and bottom layers. The combina-
tion of surface as well as inside doping with Br, in three and four layers created a
relatively constant doping level per layer. Also, the 2D Raman band of these systems
was completely quenched. The presence of elemental iodine in the form of triiodide
(I,~, peak at 117 cm™!) and pentaiodide (I5~, peak at 154 cm™1) has been confirmed
by Raman and XPS spectroscopy for iodine-doped graphene samples [44, 53],
which is not surprising as iodographene (graphene iodide) has been identified as
an unstable intermediate and spontaneously decomposing compound [17].

6.4
Chemistry, Properties, and Applications of Fluorographene and Fluorinated
Graphenes

The chemical stability of FG is similar to that of GrF and Teflon, making it
extremely hydrophobic [15]. Thus, with the help of surfactants, FG nanosheets
can be easily dispersible in various solvents [17, 31, 42]. Conversely, Wang and
coworkers reported FG to be hydrophilic [56] with a water contact angle of ~1°. It
is believed that the reduced water contact angle of FG can be a result of a high
coverage of fluorine atoms on monolayered carbon giving rise to an ordered array
of oriented dipoles that can interact with molecular dipoles of water along with
H-bonding (C—F- - -H-O0) interactions.

The introduction of fluorine into the graphene lattice significantly alters the
electronic properties of graphene by reducing the charge in the conducting =-
orbitals [16, 22]. Fluorination has been shown to cause a significant increase in
the resistance in the electroneutral region due to the creation of a mobility gap
in the electronic spectrum where electron transport occurs through the localized
states. The resistance of the fluorinated graphene can be tuned by the extent of
fluorine amount. For example, fluorinated graphene with a composition of CF s
has been shown to have a sixfold higher resistance than graphene, while completely
fluorinated graphene (C, F,) is a high-quality insulator (with resistivity of >10'2 Q at
room temperature) suggesting the presence of a bandgap. For applications related
to device fabrication, single-side fluorination of graphene would be sufficient as it
opens a significant bandgap [25]. Furthermore, the electronic transport properties
of fluorinated graphene can be tuned by adjusting the fluorine content [59].

The effect of incorporation of fluorine into graphene has a profound impact on
its optical properties. The high electronegativity of fluorine atoms enables efficient
doping or bandgap opening of graphene (bandgap engineering). The absorption
spectra of pure, partially fluorinated, or fully fluorinated graphene are shown in
Figure 6.7. Graphene exhibits an absorption spectrum that is relatively flat for light
energies of <2.5 eV, which strongly increases in the blue region and has an absorp-
tion peak in the UV range (4.6 eV). In comparison, partially fluorinated graphene
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and after fluorination (left and right insets,

shows a higher transparency, whereas FG appears to be transparent at visible
frequencies and starts absorbing light only in the violet range (Figure 6.7) [15].
The absence of Raman signals for FG also corroborates the complete optical trans-
parency. This proves that FG is a wide-gap semiconductor or insulator with bandgap
of >3.0eV. The optical photographs of graphene and FG laminates of macroscopic
size are shown in Figure 6.7. FG was found to be optically transparent with a yellow-
ish color corresponding to absorption in the violet light region. This also provides
the direct visual evidence of FG being a wide-gap material. The light transmission
spectra exhibited an onset at ~3.1eV, in agreement with the gap value obtained
from the absorption spectra of individual FG crystals [15]. Further, the bandgaps
of fluorinated graphenes (obtained by exfoliating GrF by ionic liquids) having com-
positions of CF,,s and CF, 5, measured by diffuse reflectance spectroscopy (DRS),
were found to be 1.8 and 2.2 eV, respectively [28]. A bandgap of 2.9 eV was reported
from dI/dV measurements on CF,; obtained by fluorinating graphene by XeF,.
Photoluminescence measurements of FG dispersion in acetone carried out at
room temperature showed emission peaks at 3.80 and 3.65 eV (Figure 6.8) [33]. The
peak at 3.8 eV is associated with the band-to-band recombination of free electrons
and holes as the same energy was measured for the bandgap of FG by near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy. The 3.645eV peak
(156 meV below the bandgap emission) is attributed to phonon-assisted radiative
recombination across the bandgap, for which the C-F vibration mode is excited
when the electron—hole pair recombines. With a lower degree of fluorination,
an additional emission peak appearing at 2.88 eV was observed, which was also
accompanied by a second peak located 157 meV lower in energy (Figure 6.8). The
optical bandgap of FG is close to 3.8 eV, adequate for optoelectronic applications
in the blue/UV region [33]. NEXAFS is also a powerful technique for assessing
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Figure 6.8 Bandgap opening of FG. (a) using 290 nm (4.275eV) excitation. The dot-
NEXAFS spectra of pristine graphene and ted lines are used for guiding the eye. The
fluorographene with two different contents intervals of the dotted line is ~156 meV

of fluorine. The dashed lines at 284.1 and wide. Optical images (top view) of the blue
287.9eV mark the leading edges of the n* emission observed after the PL (photolithog-

resonance for the pristine and fluorinated raphy) emission was recorded with the sam-
samples, respectively. (b) Room-temperature ples in 3.5 ml quartz cuvettes. The blue light
photoluminescence emission of the pris- persists ~30s after the excitation laser is
tine graphene/FG dispersed in acetone turned off. (Reproduced from Ref. [33].)

the anisotropy in the chemical bonding of semifluorinated graphite (CF, ), which
confirmed that half the carbon atoms are covalently bonded with fluorine, while
the rest of the carbon atoms preserve n-electrons [40].

Fluorinated reduced graphene oxide (rGO) obtained by CF, plasma treatment was
found to be a better substrate for surface-enhanced Raman spectroscopy (SERS) of
molecules than pure rGO [48]. The chemical enhancement factor of fluorinated rGO
can be tuned by changing the fluorine/carbon content (17-27%) due to the presence
of a strong local electric field induced by the local dipoles of F-containing groups on
the rGO surface [48]. In addition, fluorinated GO has a high nonlinear absorption
and nonlinear scattering and its optical limiting threshold is about an order of
magnitude better than that of GO. Furthermore, water-dispersible fluorinated
graphene (CFs) was isolated with the aid of a fluorosurfactant via aqueous phase
exfoliation of GrF, which displayed third-order nonlinear optical response [42].

Defluorination of FG and fluorinated graphenes either by annealing in inert atmo-
sphere in the presence of H, gas or by exposure to hydrazine vapors restored the
conductivity and ambipolar nature analogous to graphene. Thermal defluorination
(400-600 °C) of FG results in the removal of carbons and evolution of C—F prod-
ucts (e.g., CF,, C,F,, C,F() similar to that of bulk GrF [16, 60, 61]. Addition of
KI to colloidal FG dispersion resulting in the formation of graphene is also an
interesting approach to defluorination [17]. In this reaction, FG transforms into
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unstable graphene iodine that quickly disproportionates into graphene and iodine
following the equation

GF+1<1—>G+1<F+%12

Interestingly, acetone was used to restore the conducting property of semi-ionic
fluorinated graphene (s-FG). Multilayered s-FG with high insulating properties, on
reduction with acetone (for a week), showed an increase of 10° times in the current
from 107" to 107* A, indicating an insulator-to-graphene (semimetal) like transi-
tion. This is due to selective elimination of ionic C—F bonds from the as prepared
s-FG. The reduction of s-FG happens only with acetone, while solvents like methanol
and water failed to show any change in electrical properties. The bond dissociation
energy of ionic C-F is 54 k] mol~! and that of covalent C-F is <460k] mol~!, and
the probable reduction mechanism of s-FG in acetone is given below.

2CF emi-ionicy + CH3C(O)CH;y — HF + 2C) + G F (gyg1enyy + CH3C(O)CH,

The reduced multilayered C,F film displayed p-type doping with holes as
majority carriers. The reduction process of multilayered s-FG film with acetone
is systematically characterized by Raman spectroscopy, XPS, and transport
measurement analysis [27].

Fluorination of graphene with increasing fluorine coverage ratios results in
a strong paramagnetism, that is, in CF, samples with x increasing from 0.1
to 1 (FG), an increase of more than an order of magnitude in the low-T
saturation magnetization is observed (Figure 6.9a) [62]. For the stoichiometric
FG, a considerable decrease in the magnetization was observed compared to CF,, ;5
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ground) as a function of the parallel field number of moments N, assuming that each
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main panel: number of spins N extracted gram of fluorinated graphene). Error bars
from the fits in panel (a) as a function of indicate the accuracy of determination of the
the F/C ratio. The solid curve is for guid- fluorine concentrations. (Reproduced from

ance only. Inset: the same N normalized to  Ref. [62].)
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or CF,, even though the material showed strong paramagnetism. The number of
spins, N, increased monotonically with an increase in fluorine coverage, x, up to
x~0.9, and then decreased slightly for the FG (Figure 6.9b). A plot of the number
of Bohr magnetons, up, per attached F atom (inset in Figure 6.9b) clearly showed
that the initial increase (up to x~ 0.5) in the number of paramagnetic centers was
proportional to x, but a more complicated relation between the number of atoms
and N applied at higher x.

FG is three times less stiff than pure graphene, owing to the longer sp*-type
bonding. Nair et al. have conducted nano-indentation experiments on FG by
recording the bending of an AFM cantilever as a function of its displacement,
and calculated the force acting on the membrane giving a value of 100+ 30 Nm™!
or 0.3 TPa for the 2D Young’s modulus. The experimental Young’s modulus was
approximately half of that of the theoretical value (226 Nm™!) [63]. Friction force
microscopy measurements on fluorinated graphene having a composition of C,F
exhibited a sixfold enhanced nanoscale friction on its surface in comparison to
pristine graphene for applied normal forces up to 150 nN [64]. The adhesion force
between the AFM tip and graphene was reduced (by about 25%) upon fluorination
[65]. Furthermore, density functional theory (DFT) calculations confirmed that the
reduction of adhesive properties was mainly governed by out-of-plane bending
[64]. On the contrary, low interlayer friction was observed for multilayer FG from
dispersion-corrected DFT calculations [66].

Owing to the high electronegativity of fluorine atoms, C—F bonds have high
polarity and low surface free energy that stimulates interesting biological responses
[56]. Human bone marrow derived mesenchymal stem cells (MSCs) cultured on
FG proliferated faster and were more confluent after 7 days than cells cultured on
partially fluorinated graphene and graphene (Figure 6.10a—d). FG was associated
with a nearly threefold increase in cell density, showing that the introduction of
C-F bonds on the surface of graphene facilitates cell adhesion and proliferation.
Owing to their high density and close packing, the MSCs on FG are more spindly
and elongated than those on partially fluorinated graphene (PFG) and graphene.
To understand the effect of surface texture of the cell growth, water contact angle
measurements were carried out on these materials. The water contact angle of
graphene reduces from 83 to ~1° with increasing fluorine content. The distribution

Figure 6.10 (a—c) Fluorescence images of
actin cytoskeleton of MSCs cultured on
graphene, partially fluorinated graphene (PFG),
and FG stained with rhodamine-phalloidin
at day 7 (scale bar=100pm); (d) prolifer-
ation of MSCs cultured on the graphene
films, showing the controlled growth of MSCs
on fluorinated graphene with different cov-
erage of fluorine; (e) schematic drawing of
patterning MSCs by printing PDMS barriers
on graphene films directly; (f) optical micro-
scope image of printed PDMS on fluorinated
graphene film (scale bar=50pm); (g—i) the

aligned growth of stem cell on graphene, PFG,
and FG with printed PDMS pattern, respec-
tively (scale bar=100pum); (jk) MSCs prefer-
entially attached on the FG strips and their
F-actin aligned (red) and expressed neural spe-
cific markers — Tuj1 and MAP2 (green) (scale
bar=50pm); and (I) percentage of immunore-
active cells for Tuj1 and MAP2 on unpatterned
and patterned FG strips. Note that the pat-
terned FG strips induce higher expression of
Tuj1 and MAP2 in the absence of retinoic acid
(n=6, p<0.05). (Reproduced from Ref. [56].)
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of fluorine, H-bonding interactions, and the surface roughness contribute to the
reduction in the contact angle of fluorinated graphenes. Furthermore, selective
attachment of MSCs over microchannels of FG (Figure 6.10e—k) was achieved
via patterning FG with poly-dimethylsiloxane (PDMS). The density of the aligned
MSCs is associated with the amount of fluorine on the graphene. In comparison
with the cells cultured under nonpatterned FG, those cultured in patterned FG
microchannels displayed improved expression of Tujl and MAP2 even in the
absence of a neuron-inductive agent (Figure 6.101).

6.5
Chemistry and Properties of Chlorinated and Brominated Graphenes

Partially chlorinated graphene (8 at.%) exhibited a nonzero bandgap that displayed
four orders of magnitude higher sheet resistance than graphene [23]. This is due to
the disruption of the conjugated system, reduction of the conducting n-orbital, and
opening up of the bandgap. However, chlorinated graphene obtained by chlorine
plasma treatment with a composition of C,Cl displayed decrease in sheet resistance
from 678 to 342 Q/square, as a result of chlorination along with high mobility of
1535 cm? (Vs)7! [52]. Furthermore the dielectric constant () of the chlorinated
rGO composite film (e = 169) was found to be much higher than that for untreated
reduced GO composite film (e =24) [24]. The interfacial polarization between the
chlorinated rGO platelets and the polymer, along with the polar and polarizable
C-Cl bonds, was suggested to be the reason for the increase. Also, these materials
displayed a 93% increase in conductivity due to p-type doping effect [51] induced
by Cl atoms. Interestingly, either by thermal annealing or by laser irradiation,
the covalently bonded chlorine can be easily removed for the recovery of reduced
graphene derivatives [26, 29, 51].

The Br atom in graphene bromide (G-Br) can be substituted by various organic
functional groups under conventional organic reaction environments [29, 67].
G-Br was found to be more reactive than G-Cl and the halide group can be
almost completely substituted [29]. These organically modified new functional
graphene derivatives can have attractive properties with promising applications.
Iodine-modified graphene samples show fine electrocatalytic activity, long-term
stability, and better methanol tolerance for the oxygen reduction reaction (ORR)
[53, 44]. The high electrocatalytic activity of these samples is due to the formation
of I;~ within the structure and plays an important role in the enhancement of the
ORR activity of graphene.

6.6
Other Interesting Properties of Halogenated Graphenes and Their Applications

Zhang et al. reported nonsymmetrically modified SLG —Janus graphene — that
includes two types of functional groups separated by the single-mediated carbon
layer (Figure 6.11A) [68]. The important step in the preparation of Janus graphene
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to fabricate Janus graphene. Spin coat-

ing a PMMA film on the single-sided
functionalized graphene layer, peeling off
PMMA/graphene from the substrate, turn-
ing over to nonsymmetrically modify the
other side of graphene with the protection of
PMMA as the substrate, and finally remov-
ing the PMMA to obtain Janus graphene.

(B) The functional graphene derivative with

contact angle measurements in the fabri-
cation procedures of Janus graphene: (a)
single-sided photochlorination, (b) expo-
sure of graphene fresh side, (c) single-

sided phenylation, and (d) release of Janus
graphene. The insets exhibit images of water
droplets and schematic illustrations of the
related surfaces. (Reproduced from Ref. [68].)
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is to expose the clean side that was protected by the substrate in the first
modification process. Four different types of Janus graphene have been fabricated
by co-grafting halogen or aryl or oxygen-containing functional groups on each side
by photochlorination, fluorination, phenylation, diazotization, and oxygenation
reactions (Figure 6.11A). Interestingly, the functionalities on one side influence
the chemical reactivity and surface wettability (water contact angle) of the opposite
side because of the influence of the chemical groups and communication between
them (Figure 6.11B). These materials are potential candidates for applications in
sensors, actuators, and also in designing new functional derivatives of graphene.

Cheng et al. have carried out ab initio molecular dynamics (AIMD) simulations
at room temperature on hydrogen adsorption on graphite-intercalated compounds
(GICs) with fluoride anions [69]. Their calculations, along with experimental
results, showed that these compounds exhibited significantly higher isosteric heats
of adsorption for H, than porous carbon-based materials. In these materials, the
strong interaction with hydrogen arises from the semi-ionic nature of C—F bonds.
Furthermore, superior storage prospects of GIC can be envisaged by heteroatom
doping to promote a higher level of charge transfer from graphene to fluoride
anions.

Dilute fluorinated graphene sheets with a F/C ratio of 1:2000 carried out by
CF, plasma in a reactive ion-etching system exhibits anisotropic, colossal negative
magnetoresistance, and unusual “staircase” behavior at low temperatures (<5 K)
[70]. At the charge neutrality point, the resistance improved by three orders of
magnitude from 25kQ at 200K to 2.5MQ at 5K, displaying a strong insulating
behavior at dilute F concentration [70]. In addition, the presence of adatom-induced
local magnetic moments has been reported in dilute fluorinated graphene as
a result of observed spin-flip scattering [71]. The spin-flip rate was tunable via
fluorine coverage and carrier density. The surface chemistry associated with CF,
and chlorine-based inductively coupled plasma-reactive ion etching (ICP-RIE) of
the 6H-SiC (0001) surface followed by thermal annealing results in the growth of
large area graphene-on-insulator films [72].

(a) (b) (©)

Figure 6.12 Highly fluorinated graphene (pink), (b) a fabric is innately amphiphilic
oxide (HFGO) inks were spray-painted onto  but upon spray-painting, shows self-cleaning
a variety of porous substrates to induce characteristics as solvents and (c) water do
amphiphobicity. (a) Painted paper towels not penetrate the fabric. (Reproduced from

repel both deionized water and 30wt% MEA Ref. [49].)
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A multistep approach was used to prepare fluorinated (15 at.%) graphene quan-
tum dots (F-GQDs) that exhibited blue photoluminescence with a quantum yield
of 6% comparable to GQDs. These F-GQDs display up-conversion photolumines-
cence properties [73]. FGO (23 at.%) obtained by oxidizing bulk GrF displayed a
hydrophobic nature with a contact angle of 151°. The low surface free energy of the
C-F bonds and the solution processability of these materials were advantageous
in creating amphiphobic inks that can be sprayed on various substrates (both
porous and nonporous substrates). Water and mono ethanolamine (MEA, pink)
droplets were repelled from an amphiphobic paper towel (Figure 6.12) [49]. Such
self-cleaning materials have important applicability in textiles and coatings.

6.7
Halogenated Graphene—Graphene Heterostructures — Patterned Halogenation

The fabrication of graphene-based electronic devices or designing halogenated
graphene heterostructures requires patterned or selective halogenation. A lot of
progress has been made in the direction of patterned fluorinated or chlorinated
graphenes [15, 16, 25, 48]. By placing suitable masks or metal grids over graphene,
patterned halogenation can be accomplished. The grids or masks that are placed
over graphene protect it from being halogenated, while the rest gets halogenated
resulting in patterned halogenation. The masked regions of graphene can be used
as conductive pathways for various device applications.

A device comprising of a graphene nanoribbon (GNR) surrounded by fluorinated
graphene with a composition of C,F was shown to have an electron mobility of
~2700 cm? (Vs)~! [74]. By using scanning probe lithography, GNRs as narrow as
35 nm were fabricated using a polystyrene mask, followed by fluorination to isolate
the masked graphene from the surrounding wide bandgap fluorinated graphene
(Figure 6.13a). The fluorinated regions of the device retained the starting carrier
mobility and exhibited p-doping of 0.17 eV, while the polymer mask contain-
ing GNR showed stable performance. The same group utilized thermochemical
nanolithography (TCNL) to locally reduce fluorinated graphene (C,F) resulting
in chemically isolated GNRs enclosed by fluorinated graphene [75]. For TCNL
reduction, fluorinated graphene is a better substrate as it possesses majority of
C-F bonds and the fluorine cannot incorporate into the lattice as compared to GO
(which shows remains of residual oxygen even after annealing at high tempera-
tures). TCNL uses hot AFM probe to locally convert highly insulating fluorinated
graphene to conductive GNR. The sheet resistance of GNR of width 40 nm was
close to 23kQ/square under ambient conditions. These methods open up pos-
sibilities of engineering conducting and semiconducting nano/micro-structured
graphene-based transparent and flexible electronic devices. In addition, patterned
channels with different conductivities may lead to the design of novel resistive
memory and data storage devices.

Interestingly, the resistivity of insulating fluorinated graphenes can be progres-
sively decreased by several orders of magnitude by electron beam irradiation due
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Figure 6.13 (a) Schematic diagram of the electron microscope) image of a typical C,F

masking and isolation process. (Left) Ther-
mal dip-pen nanolithography (tDPN) of
polystyrene on SLG across the electrodes.
(Right) Chemical isolation of GNR struc-
ture by XeF, fluorination. (Reproduced from
Ref. [74].) (b) Scheme showing the nanopat-
terning of fluorinated graphene by electron
beam irradiation; and (c) /-V characteristics
for the C,F graphene device reported in the
inset after different electron beam irradia-

graphene device, the white bar corresponds
to 1pm. The green area corresponds to the
C,F graphene flake, whereas the yellow parts
are the Au/Cr electrodes. (d) The measured
sample resistance per square plotted against
the electron irradiation dose (the dashed
black line is a guideline for the eye). The
inset shows an illustration of the device con-
figuration under irradiation with a beam of
electrons. (Reproduced from Ref. [76].)

tion doses. Inset: false color SEM (scanning

to the fragmentation of C—F bonds (Figure 6.13b) [76]. The improvement of the
DC source—drain current versus voltage characteristics for a fluorinated graphene
device after a uniform electron beam irradiation of the entire flake area up to a
dose of 1 Ccm™2 is shown in Figure 6.13c. For low doses, the source—drain -V
characteristics are mainly nonlinear with decreasing nonlinearity for higher doses.
Upon electron beam irradiation dosing, the resistance decreases up to seven orders
of magnitude from 1 TQ down to 100 kQ (Figure 6.13d). The properties of graphene
nanoroads and GQDs within FG, semifluorinated graphene [77] and in FG ribbons
[78] have been theoretically studied by ab initio and first-principles DFT calculations.

DFT calculations showed the existence of significant C-H---F-C bonding
between graphane and a FG bilayer with a small energy gap (of 0.5eV at
PBE, Perdew—Burke—Ernzerhof, GGA, generalized gradient approximation, level),
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much lower than those of individual graphane and FG. The binding strength of this
bilayer can be enhanced by applying an external electrical field. The energy gap of
the graphene/FG bilayer (0—3.0 eV) can be modulated by changing the polarity and
strength of the electric field, resulting in the semiconductor-metal transition [79].

6.8
Conclusion and Future Prospects

There are several interesting properties and emerging applications exhibited by
halogenated graphenes. Halogenation of graphene opens the bandgap that can be
tuned depending on the halogen coverage. Among various halogenated graphenes,
stoichiometric FG has been isolated by several chemical and physical approaches.
FG is already, with graphane and GO, a well-established member of the family
of graphene derivatives. More importantly, the composition, structure, and homo-
geneity of FG are well defined compared to oxygenated and hydrogenated graphene
counterparts.

The future prospects in the field of halogenated graphenes related to pat-
terned halogenation enabling the preparation of graphene derivatives are highly
promising in various electronic and sensing applications. Similarly, the controlled
design of mixed graphene halides and simpler routes for the synthesis of par-
tially halogenated graphenes would result in the development of two-dimensional
semiconductors suitable for the commercial practice. In addition, interesting
electronic and transport properties may arise due to stacking of FG/graphene
or graphene/fluorographene/graphene (G/FG/G) layers. Future directions in the
area of halogenated graphenes would be also in storage, biology, electrochemistry,
coatings, and optics. Furthermore, the intrinsic functional groups associated with
the halogenated graphenes could also be exploited for the stabilization of various
inorganic nanoparticles. Hybrids of halogenated graphenes decorated with mag-
netic, metal, and semiconducting nanoparticles would be applicable in advanced
catalytic, magnetic, and optical technologies.
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7
Noncovalent Functionalization of Graphene
Kingsley Christian Kemp, Yeonchoo Cho, Vimlesh Chandra, and Kwang Soo Kim

Noncovalent functionalization of graphene has been discussed in our recent review
[1]. Here, we present the discussion in a more concise and updated theoretical and
experimental form.

7.1
Noncovalent Functionalization of Graphene — Theoretical Background

Pristine graphene has attractive properties such as high electron mobility and
mechanical flexibility [2, 3]. From the perspective of electronics, the zero bandgap
of graphene prevents its application to transistors [4]. To overcome this problem,
noncovalent functionalization of graphene is carried out. Noncovalent function-
alization is a powerful means to minimize loss of desired properties while
inducing desired properties. Graphene offers exposed m-electrons that can be
exploited to form noncovalent bonding. Noncovalent intermolecular interactions
are very important in understanding molecular clusters, supramolecular assembly,
ionophores, biomolecular structures, crystal packing, and nanomaterial engineer-
ing [5-10]. Pristine graphene sheets are hydrophobic in nature, so they cannot
be dissolved in polar solvents. However, functionalization of graphene sheets can
make graphene dispersible and even soluble in aqueous solution as well as organic
solvents [11]. Since it is necessary to avoid stacking for this purpose, noncovalent
functionalization with organic compounds using n-interactions would be highly
desirable, as noted in water-soluble fullerenes [12]. In this regard, the compe-
tition and cooperation between specific interactions are important in designing
new nanomaterials and fabricating novel nanodevices. Even small differences
in electronic properties of n-electron molecular systems may cause significant
changes of geometries and molecular properties of the nanosystems. We begin
with a brief discussion of the theoretical background. Graphene is adsorbed to gas
molecules, aromatic molecules, and metals. Before discussing graphene, however,
we start from benzene, the simplest graphitic system, where decades of extensive
studies provide insights into the characteristics of noncovalent interactions of
n-electrons.

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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7.1.1
Insight into the m-Interaction of Benzene

Noncovalent interaction with a benzene moiety has been intensively studied in
the quantum chemistry community. This type of molecular systems encompasses
rare gas—=n, H—x, n—7, cation—nx, and anion—= systems [13—15]. One of the reasons
for the interest in this field is that the smallness of the complex makes high-level
computations, such as coupled cluster theory with singles, doubles, and perturbative
triples excitations (CCSD(T)) and symmetry-adapted perturbation theory (SAPT),
affordable. In SAPT, the total interaction energy of a duplex can be decomposed into
electrostatic, dispersion, induction, and exchange repulsion terms. Such analysis
provides a lot of insights into interacting systems. In some cases, the formation of
complexes is driven by electrostatic forces, while in other cases the interaction is
mostly governed by dispersion forces. These methods give accurate energetics and
insights into these aspects, but are only applicable to clusters at the current stage.

The benzene dimer is a model system used to investigate the n-interactions in
aromatic complexes. It has been extensively studied both experimentally and theo-
retically. The experimental binding energy of the benzene dimer is 2—3 kcal mol~!
[16]. The theoretical calculations show that the benzene dimer can form two stable
structures: T-shaped (H—= interaction [17-22]) and parallel-displaced stacked (t—n
interaction [13, 14, 22, 23]). Both conformers are nearly isoenergetic. Their forma-
tion is driven by dispersion forces. According to the experimental data obtained for
the isolated benzene dimer, the edge-to-face conformer is slightly more stable than
the parallel-displaced structure. However, it is important to note that the benzene
dimer is a very flexible system, thus both forms can coexist.

However, as the aromatic systems become larger, the dispersion energy com-
ponents dominate because the magnitude of the dispersion energies tends to be
proportional to the number of electrons participating in the interaction. In this
regard, as the n-systems are bigger, the H—= interaction is less important than the
n—7 interactions, which have larger dispersion energies due to larger contact area
between the two n-systems. Therefore, in graphene systems, the n—=n interaction
becomes much more important.

The noncovalent n—n interactions play a crucial role in the investigation of
the aromatic complexes. In the case of such systems, there are two significantly
different situations. In the first case, both aromatic moieties have very similar
or identical electron density distributions. The aromatic systems are character-
ized by negative and highly delocalized n-electron clouds. According to chemical
intuition, the interaction between such molecular systems should be repulsive.
However, n—n interactions are not driven by electrostatic forces but by dis-
persion forces, as the electrostatic energy contribution is significantly smaller
than that of the dispersion energy. The detailed analysis of energy components
in n—=n interactions is helpful in the design of novel nanostructures and new
nanomaterials.

As already discussed, in large aromatic systems such as graphene, the n-=
interactions are much more important than the H-n interaction. Thus, most
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n-conjugated molecules such as aromatic compounds and nucleobases tend to
have n—n stacking conformations.

The cation—n interactions between metal cations and highly delocalized
n-electron clouds of aromatic systems are driven by electrostatic and induction
forces [24-26]. The role of dispersion energy is rather small as compared to that of
n—n interactions. The strength of the interaction is determined by polarizabilities
and dispersion interactions of the counter molecule (cation) and w-electron
systems. The interactions of alkali metal and transition metal (TM) cations with
aromatic systems are substantially different. The alkali metal cations prefer
interactions where the metal is located above the centroid of the aromatic ring
(Cg, symmetry). In the case of TM cations such as Au*, Pd?*, Pt**, and Hg?*, the
off-center n-coordination is favored. The different behavior of TM cations is caused
by TM™ « n donation phenomenon [27-29]. In the case when a counterion is
a positively charged aromatic compound, the n*—n stacking interaction [15, 30,
31] is significantly smaller than the cation—= interaction (such as in alkali metal
cations) but much larger than the n—x interaction.

The m—anion systems are important in anion recognition, structures of
host—guest complexes, and supramolecular chemistry [32—36]. The =n-electron
cloud and anion are negatively charged, thus the electrostatic interaction is
repulsive in the case of n—anion molecular systems. The total binding energies
of anion—= systems are close to that of cation—n complexes. However, while the
cation—x formation is driven by large contributions of electrostatic and induction
energy terms, the formation of anion—=n systems tends to be driven by dispersion
forces.

7.1.2
Adsorption on Graphene

Studies of adsorption on graphene can be classified into two types: adsorption
of an isolated molecule and that of many molecules forming an interfacial layer.
The former usually focuses on bonding character and strength, whereas the latter
aims at tuning of the graphene electronic structure. Hydrogen on graphene has
been studied for hydrogen storage or graphene functionalization. The affinity of
graphene to hydrogen is smaller than that of carbon nanotubes [37]. However, when
hydrogen is chemisorbed to graphene, that is, when graphene is hydrogenated,
interesting electronic properties appear. For example, when graphene is half-
hydrogenated, it becomes a ferromagnetic semiconductor with a small indirect
bandgap [38].

Aromatic molecules interact with graphene via the n—x interaction unless
the H-n interaction is not strong [39]. The electrostatic interaction due to
charge transfer often strengthens bonding between graphene and the adsorbed
molecule. It is also charge transfer that shifts the Dirac cone and dopes graphene.
Nucleobases on graphene received special attention because of possible application
in supramolecular chemistry and DNA sequencing [40-42]. The predicted
binding energy order is G >A>T> C. The binding energy is ~18-22 kcal mol~!
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and the distances between graphene and nucleobases are predicted to be
~3.2A.

Metal—graphene interactions are of particular importance in applications. The
hydrogen storage capacity of graphene is significantly increased when light TM
atoms are adsorbed onto it [43]. The graphene-metal interface deserves special
attention because transport properties of graphene including the Dirac cone
position can be significantly modified. Such modifications of electronic structure
can as well be applied to bilayer graphene. For example, FeCl; and K sandwich
bilayer graphene to open a bandgap without significant shifting of the Dirac point
[44]. A recent report illustrates that Rashba splitting, an important character for
spintronics, can be induced by metal, specifically Au [45]. Other interfaces were
also considered. A graphene layer directly interfaced with SiC completely loses
the Dirac cone [46]. A graphene bilayer on SiC acts as a freestanding single-layer
graphene, and a graphene trilayer on SiC as a freestanding bilayer graphene. On the
other hand, the interface with hexagonal boron nitride does not induce significant
changes [47]. The bandgap is opened (about 0.1 eV) only when graphene is aligned
with respect to hexagonal boron nitride.

We conclude this section with remarks on van der Waals corrections. The
graphene surface has become a test bed for van der Waals correction methods.
The surface is strongly anisotropic, so anisotropy of polarizability and nonadditive
many-atom interactions should be accounted for [48—49]. This poses a challenge
for future van der Waals correction methods.

7.2
Graphene-Ligand Noncovalent Interactions — Experiment

7.2.1
Polycyclic Molecules

Owing to the aromaticity afforded to graphene by its n-conjugation, we are able to
functionalize graphene noncovalently with aromatic molecules. These molecules
then lie along the basal surface of graphene and interact through n—=n stacking
interactions. A graphite surface could be functionalized by the strong affinity of
pyrene toward the basal plane of graphite. This result has lead to the functional-
ization of graphene using pyrene derivatives being explored by multiple research
groups [50—60]. These functionalizations have led to water-soluble graphene [50,
52, 58, 59, 61], increased power conversion in solar cells [51, 60], and n/p-type
doped graphene [55, 57] among many other properties.
Graphene/reduced-graphene-oxide (rGO) can be made water soluble [50, 52, 58,
59, 61, 62]. This water stability is obtained by sonication of graphite/or rGO in
the presence of the pyrene stabilizer. Interestingly, these types of materials have
been shown not to aggregate even when destabilized by extreme pH conditions or
freeze drying [58]. This effect is believed to be due to the pyrene stabilizer moieties
still being attached to the surface, which does not allow the material to aggregate.
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Graphene can also be stabilized in aqueous medium using coronene carboxylate
molecules [61]. In this study, the authors noted that there was strong molecular
charge transfer taking place between the coronene moiety and the graphene sheet
in solution, which shows the potential for these kinds of materials to be applied in
nanoelectronics.

The flexibility and transparency of graphene materials make them desirable for
application in electronics and solar cells. The transparency of a graphene electrode
modified with pyrenebutanoic acid-succinimidyl ester is negligibly altered in the
visible region [51]. However, by inclusion of this modified graphene in an organic
solar cell, the solar efficiency could be improved by 88% compared to the use of
graphene alone. It should be noted that even though this is an impressive result,
this material still only affords 55% of the efficiency compared to a indium tin oxide
(ITO)-based solar cell. By functionalizing graphene using pyrenene-1-sulfonic acid
sodium salt (electronic donor) or a disodium salt of 3,4,9,10-perylenetetracarboxylic
diimide bis-benzenesulfonic acid (electronic acceptor), the power efficiency in solar
cells can be greatly improved [50].

Graphene can be functionalized using 1-pyrenecarboxylic acid and this water-
stable solution can be used to create sensitive and selective sensors for gaseous
ethanol, as well as ultracapacitors with a specific capacitance of ~120 Fg~! [52]. In
a similar manner, graphene functionalized with pyrenebutanoic acid-succinimidyl
ester can then be used as a platform to create micropatterned biosensors. This
can be achieved by the covalent interactions between the amine groups of pro-
teins and the reactive succinimide ester group on the graphene surface [53].
The use of graphene as an excellent sensing template has been shown by
an enhanced Raman signal for terbium single-molecule magnets when non-
covalently attached to a graphene surface through pyrene moieties [54]. This
attachment allows analysis of a few isolated molecules on the surface of the
graphene, which shows that the graphene and the molecule attached through
van der Waals forces essentially retain the electronic properties of the pristine
samples.

The electronic modulation of graphene is of high importance for graphene
application. Using noncovalent functionalization, the carrier type in graphene can
be changed. Graphene n—p junctions can be obtained by partial modification of a
graphene surface using 1,5-diaminonaphthalene or polyethylenimine as an n-type
dopant and 1-nitropyrene as a p-type dopant [55]. When spiropyran is used to
n-dope graphene, the Dirac point of the graphene could be modulated using light
[57]. Graphene and perylene bis-imide can communicate not only in the solid state
but also in aqueous solution through noncovalent interactions [63].

Functionalization with 1-pyrenebutyric acid allows graphene to be evenly dis-
persed in polymer matrices [56]. These composite materials were then shown to
have improved thermal conductance and mechanical properties compared to the
pure conductive polymers. Metal oxides can only be coated on 3,4,9,10-perylene
tetracarboxylic acid-functionalized graphene using atomic layer deposition [64]. In
contrast, in pristine graphene, the metal oxide deposition only occurs on defect and
edge sites. It is important to note that this method of atomic layer deposition is not
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destructive to the graphene layer. Monolayers of perylene-3,4,9,10-tetracarboxylic
dianhydride on a graphene sheet can be obtained by utilizing self-assembly
[65].

Graphene can also be noncovalently functionalized using aromatic macrocy-
cles such as porphyrins and phthalocyanines [62, 66—74]. Water solubility can
be afforded to graphene using noncovalent functionalization with water-soluble
porphyrins [67]. These solutions are then used to form highly conductive and
transparent graphene films (sheet resistance ~5KQ/[J7!) using a vacuum filtra-
tion method followed by thermal annealing. Light harvesting graphene sheets can
be obtained by functionalization using phthalocyanine or porphyrin, which act
as photosensitizers [72]. The charge separation between the photosensitizer and
the graphene sheet acceptor was in the order of 10'-10'2s~!, which could be
applied in light energy harvesting. Graphene functionalized with water-soluble
picket fence iron containing porphyrin [68] or metal-free 5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphyrin [70] have been used to electrochemically detect chlorite and
nitro aromatic compounds, respectively. Both these materials displayed extremely
low detection limits (0—1 ppb range) for the respective analytes, which makes them
extremely useful in the detection of explosive compounds. This enhanced detection
limit is believed to be due to the synergy between the fast electron conductance of
the graphene and the molecular adsorptive properties of the porphyrin.

Graphene/porphyrin materials can also be used to detect a wide range
of biomolecules [62, 71, 73, 74]. Using a simple wet-chemical strategy, a
hemin—graphene hybrid material can be synthesized through n—= interactions
[62]. This new nanomaterial exhibits peroxidase-like activity, high solubility,
and stability in water and was used to differentiate between single-stranded
(ss)- and double-stranded (ds)- DNA. On the basis of this information, an assay
for sensitive single-nucleotide polymorphism detection using visual detection
at room temperature was developed. DNA could be electrochemically detected
at the molar level when the hemin--graphene material was functionalized
with streptavidin and combined with a biotinylated molecular beacon [71].
By utilizing a similar wet-chemistry approach, a highly selective and sensitive
electrochemical sensor was synthesized for dopamine [74]. A glassy carbon
electrode coated with the graphene/meso-tetra (4-carboxyphenyl) porphyrin
composite material was able to avoid the ascorbic acid and uric acid interference
usually associated with dopamine sensing. This is believed to be due to preferable
n—n interactions between the positively charged dopamine and the negatively
charged porphyrin. A selective and sensitive label-free adenosine triphosphate
electrochemical sensor has been produced through the noncovalent interaction
between meso-tetrakis(4-methoxyl-3-sulfonatophenyl) porphyrin and graphene
[73]. This material could be used to selectively determine between adenosine
triphosphate and cytidine/guanosine/uridine triphosphate nucleosides with a
detection limit of 0.7 nM.

Glucose can be detected at very low levels when graphene is functionalized
with iron(III) meso-tetrakis(N-methylpyridinum-4-yl) porphyrin [68]. In addition,
this material shows catalytic activity toward the oxygen reduction reaction (ORR),
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which is believed to be due to efficient electron communication between the
porphyrin and graphene. By using a pyridine-functionalized graphene, a graphene-
metalloporphyrin metal organic framework could be synthesized [69]. These
materials were then applied as Pt-free ORR catalysts that showed slow degradation
after an initial loss in activity of 39%.

7.2.2
Biomolecules

Graphene can be functionalized using thiolated DNA, which binds noncovalently
to both graphene/graphene oxides surfaces [75]. This water-soluble DNA/graphene
material can then be used to anchor gold nanoparticles that could allow these
types of materials to be applied in catalysis, field effect devices, and biodetection
platforms. Graphene oxide/DNA material can be used to create a 3D hydrogel
through a self-assembly process [76]. This self-assembly proceeds through the
heating of the material in solution to 90°C, which leads to unwinding of the
DNA strands that are then able to bridge separate graphene oxide sheets as
ss-DNA. This material was shown to exhibit self-healing upon heating, a large
dye-adsorption capacity, environmental stability, and a large mechanical strength.
DNA-functionalized graphene has also been used to direct the uniform growth of
<2nm Pt nanoclusters on the graphene surface [77]. In particular, this method
affords an electrochemically active surface area that is several times that of the
non—DNA-functionalized Pt-graphene sample. When this material was applied in
the oxygen reduction reaction (ORR), it was shown to exhibit a larger ORR half wave
potential and current density in comparison with the Pt-graphene and commercial
Pt/C catalyst.

A phospholipid monolayer can be easily assembled on a graphene sheet by
noncovalent interactions between the graphene sheet and the lipid tail, affording a
unique planar mimic of the cellular membrane [78] (Figure 7.1). By incorporating
a fluorescein-labeled phospholipid into the monolayer, a novel biosensor for the
phospholipase D enzyme activity can be achieved by reactivation of the fluorescence
of the fluorescein label. Lipid monolayer-coated graphene can also be used to
immobilize enzymes and these types of material can subsequently be used as
electrochemical biosensor [79]. The enzyme Microperoxidase-11 when entrapped
in the lipid/graphene system exhibits very sensitive and reproducible hydrogen
peroxide detection with a detection limit of 7.2 X 1077 M. The benefit of using these
types of lipid/graphene systems is that they are biocompatible, thereby creating a
desirable environment for the entrapment of enzymes that are able to retain their
structure and bioactivity.

Graphene monolayers can also be functionalized directly with enzymes [80].
In their study, Lu et al. showed that rGO sheets noncovalently functionalized
with f-lactoglobulin make the graphene pH-dependent and soluble in water.
Interestingly, the attached f-lactoglobulin helps in the reduction of the graphene
oxide sheets besides offering anchoring sulfthydryl groups that can be used to anchor
gold nanoparticles. The Au-functionalized f-lactoglobulin/graphene material was
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Figure 7.1  Phospholipid self-assembled monolayers on a graphene surface. (Reprinted with
permission from Ref. [78]. Copyright 2012 American Chemical Society.)

additionally shown to exhibit a surface-enhanced Raman spectroscopy effect.
Negatively charged sodium dodecyl benzene sulfonate-functionalized graphene can
self-assemble with positively charged horseradish peroxidase through electrostatic
interactions [81]. This material was shown to be sensitive and stable in the detection
of hydrogen peroxide, as its structure was not compromised by the noncovalent
bonding with the graphene surface [79].

In the complexation study of graphene-binding peptide and dodecameric
carbon nanotube-binding peptide to graphene, the graphene-binding peptide
binds to the edges of graphene, while the carbon nanotube-binding peptide
binds to the basal surface of graphene [82]. These peptide/graphene materi-
als can then be used to direct selective nanoparticle growth on the graphene
sheet. The graphene-binding peptide shows a different conformation to its
native form when bound with graphene [83]. This insight allows the func-
tionalization of graphene using different peptides to create specific structures
that should display interesting sensing selectivity and sensitivity among other
applications.

The anticoagulant heparin was used to functionalize a graphene surface,
allowing the graphene to become water soluble and biocompatible [84]. The
herapin/graphene material showed a decreased anticoagulation antifactor Xa activ-
ity of 29.6 U ml™! compared to the pure herapin, which used 85.6 IUml™". This
is promising for biomedical applications as the herapin is able to retain its activity
when functionalized to graphene. Graphene can be functionalized with herapin,
where the herapin acts as a reducing agent for the graphene oxide substrate
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[85]. Graphene that is noncovalently functionalized using pyrene-based glycocon-
jugates can be used for selective lectin detection [86]. These graphene devices
were compared to similarly manufactured single-wall nanotube devices, owing to
the dimensional structural differences between the carbon materials that effect
electron conduction.

7.2.3
Polymers

Noncovalent polymer functionalization of graphene affords materials that can be
applied in green chemistry, electronics, capacitors, and so on. Graphene could be
made water stable using sulfonated polyaniline owing to the n—x stacking between
the aromatic backbone of sulfonated polyaniline and the graphene basal plane [87].
This material was also shown to display high electrocatalytic activity, conductivity,
and stability. In a similar manner, an electrode formed from a polyaniline/graphene
composite was shown to have flexibility and high conductivity [88]. The gravimetric
capacitance of this material was calculated to be 233 Fg~!, which is much larger
than that of pure graphene paper (145Fg™!) and other carbon-based flexible
materials. A polypyrrole-functionalized graphene material can be applied in water
remediation as well as gas adsorption [89, 90]. The polypyrrole/graphene material
was shown to selectively adsorb Hg(II) ions in an aqueous solution containing
a mixture of Hg(II), Cu(II), Cd(Il), Pb(Il), and Zn(II) ions [89] (Figure 7.2).
The chemically activated polypyrrole/graphene material was used for the selective

adsorption of CO,, with a maximum adsorption capacity of 4.3 mmolg~! at 25°C
and 1atm [90].

_-ry
[ PPy-rGO composite

H92+ Cu2+ Cd2+ Pb2+ Zn2+

M2+ jons

Figure 7.2 (a) Transmission electron micro- solution using the polypyrrole/graphene
scope (TEM) image of the polypyrrole/rGO  composite. (Reproduced from Ref. [89]
composite. (b) Bar graph showing the selec- with permission from The Royal Society of
tive adsorption of mercury from aqueous Chemistry.)
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A polystyrene/graphene composite material can be manufactured by in situ
peeling of graphite nanoplates in the presence of a polystyrene solution [91]. The
composite formed was shown to be electrically conductive as a result of even dis-
persion of graphene in the matrix; interestingly, the polystyrene backbones stopped
the graphene nanoplates from aggregating owing to strong n—= interactions. In
a similar manner, the backbone of Nafion® allows it to functionalize graphene
sheets [92]. This material was used to create a thin film that could be used in
the sensitive electrochemical sensing of organophosphates. The conductivity of the
material can be increased by the presence of Nafion™ nanochannels in the material
[93]. This material has also been used as a sensitive Cd(II) ion sensor when it is
applied as an electrode during anodic stripping voltammetry with a detection limit
of 0.005 pg ml~! [94].

In a transparent polyimide/graphene composite film that displays enhanced
mechanical strength, no phase separation occurs during thermal imidization
owing to the strong noncovalent bonds between the graphene carboxylic acid and
the polyimide precursor [95]. The increased mechanical strength in these samples
is believed to be due to the 2D orientation of the graphene sheets parallel to
the polyimide films, as well as the even dispersion of graphene in the polymer
matrix. The polyimide/graphene material displays shape memory above the glass
transition temperature (~250°C) where the addition of graphene improved the
recovery rate [96].

Poly(3,4-ethylenedioxythiophene) (PEDOT) can be embedded with graphene-
based electrolytes used in the polymerization process [97]. The electrolytes used
were rGO and ionic liquid-functionalized graphene. It was shown that in the
case of the ionic liquid-functionalized graphene electrolyte, the material dis-
played increased conductivity and faster switching kinetics compared to the rGO
sample. Graphene can be stabilized in aqueous solution using a PEDOT/poly-
(styrene sulfonate) conducting polymer dispersant [98]. A transparent thin film
of this material displayed a large conductance that could be increased by simple
Cl doping using SOCI,. The thermoelectric properties of PEDOT /poly-(styrene
sulfonate) could be increased by the addition of a small amount of graphene
(2wt%), whereas a higher weight percent leads to a decrease in thermal con-
ductivity [99]. The thermoelectric performance of this material is lower than that
of PEDOT/poly-(styrene sulfonate) thin films containing 35 wt% single-wall nan-
otubes. This behavior is believed to be due to graphene multilayers that act as
phonon-scattering centers.

By reducing graphene oxide in the presence of chitosan, an rGO/chitosan mate-
rial could be synthesized [100]. This material displayed pH-driven water solubility,
which is believed to be due to ionic interactions and hydrogen bonds between the
graphene and the chitosan functional groups. In a related study, it was shown
that this material can be used as a pH sensor owing to its reversible pH switch
between dispersion and agglomerate (Figure 7.3) [101]. In a similar manner,
cellulose and lignin derivatives can be used to stabilize graphene in aqueous
solutions [102].
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Figure 7.3 Pictures showing the reversible pH-response of a chitosan/graphene suspension
between pH 7.0 and 4.0 (a,b) and between 7.0 and 10.0 (c,d). (Reprinted with permission
from Ref. [101], Copyright (2012), with permission from Elsevier.)

A thermosensitive graphene/poly-(N-isopropylacrylamide) has been synthesized
by simple sonication of the precursors [103]. This material could be dispersed in
aqueous solution below the lower critical solution temperature of the material,
which was determined to be 24°C. The n—n stacking that occurs between
poly-(2,5-bis(3-sulfonatopropoxy)-1,4-ethynyl-phenylene-alt-1,4-ethynylphenylene)
sodium salt (PPE-SO;~Na*) and graphene was used to disperse graphene in water
[104]. The excess negative charges afforded to the material through the (PPE-SO;™)
sodium salt offers a novel way to further functionalize the graphene-based
material. Graphene can be stabilized in aqueous solution using poly oxy-ethylene
sorbitan laurate [105]. From this solution, a film could be made, which displayed
stability in water as well as nontoxicity to mammalian cell lines; therefore, this
material could be used in biomedical applications where high mechanical strength
is desired.

The formation of a pluronic copolymer/graphene material has been shown
to be highly stable in aqueous solution [106]. Interestingly, a mixture of this
material with a cyclodextrin solution gives a hydrogel that displays a gel-sol
transition at45 °C. Poly-[(2-ethyldimethylammonioethyl methacrylate ethyl sulfate)-
co-(1-vinylpyrrolidone)] (PQ11) could be used to functionalize graphene, thereby
making it dispersible and stable [107]. The PQ11 polyelectrolyte displays reducing
abilities, and as such it can be used to reduce Ag(Il) ion in solution, thereby
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decorating the graphene surface with Ag nanoparticles. This Ag-functionalized
graphene/PQ11 material could then be used to detect hydrogen peroxide in
solution. This is in contrast to normal methods, which utilize enzymes.

Besides the water-soluble graphene materials, it is also possible to produce
amphiphilic graphene materials [108]. The rGO can be functionalized using a
polyethylene glycol (PEG) polyethylene oxide (OPE) triblock copolymer, thereby
making this material soluble in a large number of polar and nonpolar organic
solvents. Graphene can be made to undergo phase transfer between immiscible
solvents by functionalization using ionic liquid polymers (Figure 7.4) [109].

By functionalizing a graphene surface with sulfonated poly-(ether—ether—ketone),
a water-stable dispersion of graphene could be obtained [110]. An electrode
manufactured using this material was tested as a supercapacitor electrode,
and a high specific capacitance of 476Fg™! was obtained. This observed
capacitance was stable over 10 charge/discharge cycles. The biofunctional polymer
poly-(2-methoxystyrene) can be noncovalently bonded to a graphene surface [111].
This material was shown to maintain its bioactivity on binding with the graphene
and this is attributed to the polymer maintaining a space between the graphene
and the solution, in effect isolating the graphene.

7.2.4
Other Molecules

A variety of other organic and inorganic molecules can be noncovalently bonded
onto graphene surfaces through n—n stacking, electrostatic interactions, hydrogen
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bonds, and so on. The functionalization of graphene sheets using 4-bromobenzene
diazonium tetrafluoroborate allows the graphene material to be doped, without
the need for high temperatures [112]. In particular, in this study, the amount
of doping in the sample was shown to correlate to the change in the intensity
ratio between the G and 2D Raman bands characteristic of single-layer graphene
(Figure 7.5). Functionalization of graphene using pentacene self-assembled mono-
layers allows for graphene being doped using molecular engineering (Figure 7.6)
[113].

A conductive thionine/graphene material displays a high degree of dispersability
in aqueous solution [114]. This material offers further modification opportuni-
ties, as the thionine molecules can be further modified. Bidirectional conductive
thin films produced from the thionine/graphene material show a nonvolatile
resistive switching behavior [115]. The films produced display ON/OFF ratios
of 10* as well as an excellent endurance over 350cycles. This result shows
that various low-temperature methods can be used to employ graphene in
future electronics. The thionine/graphene material can be functionalized with
Au nanoparticles by the solution reduction of HAuCl, in the presence of the
graphene oxide/thionine precursor [116]. This material was then applied as
an enzymeless electrochemical biosensor for glucose with a detection limit of
0.05 pmol 171,
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possible molecular packing orientations near

The functionalization of graphene using organic dyes has yielded some inter-
esting properties. Graphene could be functionalized using Congo red dye, and
the resulting conductive composite material was dispersible in the polar solvents
dimethylformamide, methanol, dimethyl sulfoxide, ethanol, and water [117]. This
material can be used to direct even Au nanoparticle growth on the graphene surface,
due to the multiple —SO;Na groups introduced on the surface by the Congo red
dye. Functionalized graphene using the electroactive methylene green dye becomes
a water-stable composite [118]. A glassy carbon electrode coated with the methy-
lene green/graphene composite material was shown to increase the electrocatalytic
activity of the methylene green toward nicotinamide adenine dinucleotide.

Graphene can be stabilized in aqueous medium by noncovalent n—n stacking
with an imidazolium-modified hexa-peri-hexabenzocoronene derivative [119]. This
composite material could be used as a graphene organic/aqueous phase-transfer
agent by simple anion exchange. Graphene nanoribbons are stable in solution
when functionalized with poly-(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylene-
vinylene) [120]. It should be noted that this polymeric stabilization is a factor in
the synthesis of these high-quality semiconducting nanoribbons from graphite. By
using green tea phenols as reducing agents, the graphene oxide could be reduced
while making the reduced graphene water stable by n—= interactions between the
green tea phenol aromatic groups and the graphene [121].

To prepare a chemiluminescent graphene material, N-(aminobutyl)-N-
(ethylisoluminol) was mixed with graphene oxide and self-reduction was
allowed to take place to afford the N-(aminobutyl)-N-(ethylisoluminol)/graphene
chemiluminescent material. In addition, this material was applied as a sensor
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for hydrogen peroxide based on its chemiluminescence intensity [122]. The
self-assembly of amine layers on a graphene surface can dope the graphene, as
well as offering anchoring groups for further functionalization of the material
[123]. The further functionalization of the material was shown for the evenly
dispersed Au nanoparticle decoration of the diaminodecane/graphene material, as
well as the atomic layer deposition of alumina onto these self-assembled amine
layer/graphene sheets.

7.3
Conclusions

We have discussed noncovalent functionalization of graphene in terms of
n-interactions, and reviewed these applications using polycyclic molecules,
biomolecules, polymers, and other molecules. In the future, we expect that the
functionalization of graphene would have more useful applications for molecular
sensors, electronic materials, water remediation, light harvesting, and ORR
catalysts.
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8
Immobilization of Metal and Metal Oxide Nanopatrticles on
Graphene

German Y. Vélez, Armando Encinas, and Mildred Quintana

8.1
Introduction

Graphene is a two-dimensional sheet of sp?-hybridized carbon atoms in a hon-
eycomb lattice. The long-range n-conjugation in the graphene structure yields
extraordinary thermal, mechanical, and electrical properties predicted by theoreti-
cal calculations. Recently, the isolation of a single-layer graphene made possible the
observation of a large amount of these interesting physical properties, for example,
graphene’s ambipolar field effect [1], the quantum Hall effect at room temperature
[2], extremely high carrier mobility [3], and the first ever detection of single-molecule
adsorption event [4]. Besides, graphene is the thinnest known material and the
strongest ever measured, it shows record thermal conductivity and stiffness, it is
impermeable to gases, and it has the right proportion between brittleness and
ductility [1-4]. These extraordinary properties have generated a huge interest in
the possible application of graphene in a myriad of devices. To this end, one of the
many strategies implemented for the use of graphene as a platform to develop new
materials, is the immobilization of metal and metal oxide nanoparticles (NPs) on its
surface [5]. The physical and chemical properties of NPs, such as large surface area
and their interaction with the electromagnetic field, are of great interest in catalysis,
optoelectronic devices, biotechnology, biomedicine, magnetic resonance imaging
(MRI), environmental remediation, and so on [6]. It is generally accepted that the
amazing properties of graphene might enhance the effects of NPs in the composite
material. In this chapter, we describe the most representative approaches for the
immobilization of metal and metal oxide NPs on graphene sheets (GSs) and some
of the applications of the ensuing composite nanomaterials.

8.2
Graphene Production

There are a number of methods for generating graphene and chemically modi-
fied graphene [7]. Until now, most procedures have remained as demonstration

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
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techniques, mainly for basic research and for providing proof of concept devices.
However, a prerequisite for exploiting the proposed applications for graphene is
the availability of processable GSs in large quantities [8]. Next, we briefly refer to
the most commonly used procedures for graphene production.

8.2.1
Graphene Oxide (GO)

In the production of graphene-NP composites, the most common source for
graphene is graphene oxide (GO) [9]. This material is produced through graphite
exfoliation using strong oxidizing agents. The exact structure of GO is difficult
to determine, but it is clear that the aromatic lattice of graphene is disrupted
by the presence of epoxides, alcohols, ketone, carbonyls, and carboxylic groups.
The existence of these moieties covalently attached to the graphene hexagonal
lattice is reflected in its conductivity properties, making GO an isolator rather than
conductor material.

8.2.2
Functionalized Graphene (f-Graphene)

The ultrasonication of graphite in different organic solvents such as N,N-
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), benzyl benzoate, iso-
propyl alcohol, acetone, and mixtures of water surfactants has led to the production
of stabilized graphene layers in dispersions [10]. This approach provides graphene
on a more preparative scale, opening the way to solution/dispersion chemistry.
With this, it is expected that many problems in graphene processing could be at
least partially solved, for example, scalability, dispersibility, stability, and the control
of the electronic structure by introducing chemical changes locally. In particular,
graphene prepared as colloidal suspensions is especially prone to further chemical
processing, for example, functionalization with molecules and NPs, which is advan-
tageous for the synthesis of hybrid structures and composite materials. Colloidal
graphene suspensions, before their transfer to solid substrates or their integration
with other materials, have to be stabilized by means of molecular chemical deriva-
tization or by supramolecular interactions, resulting in functionalized graphene

(f-graphene) [5].

8.2.3
Graphene Growth on Metal Surfaces

Graphene films can be produced by chemical vapor deposition (CVD) or epitaxial
growth on different metal surfaces. However, achieving large graphene domains
with uniform thickness still remains a challenge. In addition, surface bonding may
strongly affect the electronic properties of GSs [11].
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8.24
Micromechanical Cleavage of Graphite

Micromechanical cleavage was the first method used for the isolation of graphene.
The procedure involves rubbing the surface of a graphite crystal against another
surface. This process results in a variety of flakes getting attached to the latter
surface. From the resulting flakes, it is always possible to find single layers.
Despite its simplicity, this technique results in graphene layers with a very
low density and defects, keeping intact the main intrinsic properties of the
single GS [12, 13]. However, this procedure is still considered a model technique
for basic research. The laborious and time-consuming process of layer-by-layer
cleavage is considered a major hurdle for scaling up this method to large-scale
production.

A large number of publications have been produced in recent years that
are related to the assembly and fabrication of graphene-NP nanohybrids that
use one of the above techniques for the production of GSs. Next, we collate
this information to discuss what we consider to be the most representative
strategies for the immobilization of metal and metal oxide NPs on graphene
layers.

83
Graphene Functionalized with Metal Nanoparticles (M-NPs)

Owing to the rich spectrum of physical properties added by different graphene-metal
nanoparticles (M-NPs) such as Au, Pd, Pt, Ag, among others, M-NP composites can
be designed for several important applications [6]. For example, graphene-Au NPs
are used in the fabrication of optoelectronic devices, while composites of graphene
functionalized with Pt are used as a catalytic system in the elaboration of fuel cells
[14]. Most of the numerous methods that have been developed for immobilizing
M-NPs on graphene layers are mainly based on three different strategies:
(i) reducing a metal salt in the presence of GO [15, 16], (ii) anchoring the M-NPs on
previously formed f-graphene [17-20], and (iii) the growth of M-NPs on graphene
supported on diverse metal surfaces [21].

8.3.1
GO-Reducing Approach

There is no single route to immobilize M-NPs on GO. However, a general way
to synthesize these composites can be seen in Figure 8.1. All procedures involve
the reduction of a metal salt and GO. During the reduction process, the NPs grow
and normally adhere to the GO surface [22]. Sodium borohydride (NaBH,) and
hydrazine hydrate (HH) are commonly used as reducing agents. The reduction
process normally takes place rapidly with both solutions. However, it has been
shown that reduced graphene oxide (rGO) exhibits higher conductivity when the
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- Graphene-
Reduction
Graphene :> nanoparticles

Graphite

Reduced : Reduced
graphene Reduction’y| graphene oxide
oxide - nanoparticles
Reduced - -
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R - nanoparticles reduction reduction

Graphene Reduced
oxide Reduction >| graphene oxide
- nanoparticles - nanoparticles

Figure 8.1 Experimental diagram for immobilizing M-NPs on the graphene layers.

reduction process is assisted by HH solution [23, 24]. In addition, reduction
can be conducted in the presence of GO or rGO. The final product can be
varied according to the required needs. For example, if the conductivity of the
composite is important, then oxide content should be avoided in the final product
25].

8.3.1.1 Reduction Assisted by Sonication

Another method used for the immobilization of M-NPs on GO is reduction assisted
by sonication. The advantage of this method lies in the stability achieved in the
GO layers when reduced [26]. Several studies have demonstrated that sonication
of metal salts in the presence of surfactants leads to the formation of M-NPs
[27]. The sonication frequency used for this purpose normally ranges from 20 to
1000 kHz. However, it was found that the optimal reduction frequency, at least
for Au salts, is approximately 200kHz [28]. Another advantage of using high-
frequency ultrasound is that the reduction of the GO and the metal salt can be
carried out in two ways - sequential and simultaneous reduction [14]. Figure 8.2
shows transmission electron microscopy (TEM) images of GO-Au NP composites
for sequential (a) and simultaneous reduction (b), respectively. The reduction was
activated by ultrasound at a frequency of 211kHz. For the sequential method,
GO was reduced in a 2% aqueous solution of polyethylene glycol (PEG) for 3h,
then was mixed with a HAuCl, solution and the sonication was continued for a
further 2 h. For simultaneous reduction, the solution containing GO and HAuCl,
was sonicated for 4h. As is seen in Figure 8.2, the morphology of GO-Au NP
composites depends strongly on the route of oxidation. When the reduction is
sequential, Au NPs are small and stick to the graphene surface in the form of small
clusters; however, when the reduction is simultaneous, the particles are large and
evenly and individually dispersed on the graphene surface [14].
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(b)

Figure 8.2 TEM micrograph of the rGO-Au  HAuCl, concentration used was 0.1 mM in
NP composite at low resolution on a holey  both cases. (Reprinted with permission from
carbon grid; (a) corresponds to the sequen-  Ref. [14]. Copyright 2010 American Chemical
tially reduced sample, while (b) corresponds  Society.)

to the simultaneous reduction. The initial

8.3.2
Anchoring NPs on f-Graphene

Chemical organic reactions are mainly performed on graphene for the produc-
tion of stable dispersions. To this end, a successful approach is the reaction of
dienophiles with the sp? carbon lattice of graphene. For example, azomethine
ylides reacts through a 1,3-dipolar cycloaddition, a reaction performed for the
functionalization of different carbon nanostructures such as fullerenes, nanotubes,
onions, and nanohorns [29]. The reaction affords a variety of organic derivatives
that display interesting applications in several areas including polymer composites,
biotechnology, nanoelectronic devices, drug delivery, and solar cells. Thus, after the
production of GSs dispersed in organic solvents by the ultrasonication of graphite,
1,3-dipolar cycloaddition was applied to the GSs by employing paraformaldehyde
and a specifically designed NH,-terminated a-amino acid as precursors [17, 18].
The protonated terminal amino groups were shown to selectively bind Au nanorods
(NRs), Figure 8.3. The presence of the particles reduced the aggregation of the final
functionalized graphene-Au NP composites, as shown in Figure 8.3.

Later, the functionalization of exfoliated graphene in DMF using dendrons
in two different reactions was completed with the 1,3-dipolar cycloaddition and
amide-bond condensation reaction on the preexisting carboxylic groups [19]. The
free amino groups at the tips of the dendrons act as ligands in the complexation
of Au NPs, which were then introduced as contrast markers for the identification
of the reactive sites. With this strategy, it was demonstrated that GSs could be
selectively functionalized on the edges or in the entire lattice, Figure 8.4. For the
1,3-dipolar cycloaddition reaction, TEM images show Au NPs distributed all over
the graphene surface. However, for the amidation reaction, the NPs seem to be
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Figure 8.3 Anchoring of Au NPs on f-graphene sheets.

1,3-dipolar cycloaddition
reaction

Amide-condensation

reaction
N
D-GA oSHL o
INH HNI
HN NH
Figure 8.4 Selective functionalization of reaction; D-GA, graphene functionalized by
bulk graphene or graphene edges. p-G, an amide condensation reaction (Reprinted
pristine graphene; D-GC, graphene func- with permission from Ref. [19]. Copyright

tionalized by a 1,3-dipolar cycloaddition 2010 Royal Society of Chemistry.)
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Figure 8.5 Photograph (A) and absorption spectra (B) of TmM Au NPs in THF contain-
ing different concentrations of graphene-ODA. (Reprinted with permission from Ref. [20].
Copyright 2008 American Chemical Society.)

deposited mainly at the edges of the exfoliated material. In the last material, the
lack of functional groups and consequently of Au NPs in the central part of the
sheets induced fast aggregation. Thus, an advantage of using f-graphene is the pos-
sibility of tuning the graphene properties for specifically desired applications.

In addition, the functionalization of graphene allows the controlled growth of
the NPs. For example, Au NPs were obtained by AuCl,~ chemical reduction in a
NaBH, solution. Before the reduction process, the NaBH, solution was mixed with
a suspension of graphene that had first been functionalized with octadecylamine
(graphene-ODA) and dispersed in tetrahydrofuran (THF) [20]. This process was
performed for five different concentrations of f-graphene in THF, 0, 0.08, 0.16, 0.32,
and 0.48 g1~1. A photograph of these five samples is presented in Figure 8.5A, while
Figure 8.5B shows their corresponding absorption spectra. From the last graph, it
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was possible to establish that the NP size depends on the concentration of graphene-
ODA in THF. In this work, the authors observed that in the absence of f-graphene,
Au NPs remain aggregated and deposited at the bottom of the THF solution. For
higher concentrations of graphene-ODA, Au NP aggregates disappear and yielded
individual NPs, this was reflected in the pronounced sharp surface plasmon
absorption that corresponded to NPs with diameters between 10 and 20 nm.

8.3.2.1 Controlling Size of NPs

Evidently, in all nanosystems, the size of the NP is very important; an illustration
focused on the study of the size of the NPs deposited on the graphene films is
described next [21]. Graphene films were produced on an oxidized substrate by the
method of micromechanical cleavage. Then, a 0.3 nm layer of goldwas deposited
on its surface using a thermal evaporation method. Finally, Au NPs were formed
on the graphene surface after a heating treatment that consisted of annealing
the samples at 400°C for 3h in a controlled atmosphere. Using this procedure,
Luo et al. demonstrated that the mean diameter of the Au NPs depends on the
number of layers of GSs. This fact was observed in high-resolution scanning
transmission microscopy (HR-SEM) images for films with one-, two-, and three-
layer thickness (Figure 8.6a). By plotting the mean Au NP diameter, D, as a function
of film thickness, m, the authors adjusted their observations to a theoretical model
(Figure 8.6b). The model is based on the long-range electrostatic interactions that
are a consequence of charge exchange between the graphene and the Au NPs.
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Figure 8.6 (a) HR-SEM images of Au NPs by theory. The inset is the corresponding
prepared on graphene with few layers on a  dependence of the variance of the diameter
SiO, /Si substrate. The numbers and arrow  distribution; the curve shows the theoreti-
indicate the number of graphene layers. The cally predicated linear dependence. The data
inset is the atomic force microscope (AFM)  points for nine layers are shown in the graph
image of the same region before nanoparti-  but omitted from the fit. (Reprinted with

cle growth. (b) Average diameter of Au NPs  permission from Ref. [21]. Copyright 2010

as a function of the number of graphene lay- American Chemical Society.)

ers. The red line is a power law fit suggested
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These interactions limit the growth of NPs and predict that the dependence of the
particle diameter with respect to the film thickness is of the form:

D=Am® (8.1)

where, in this case, A=5.9 nm and v =1/3. A polynomial fit of the experimental data
shown in the inset of Figure 8.6b leads to A=6.46+0.67 nm and v=0.33 +0.06,
in agreement with the theoretical prediction. Experimentally, HR-SEM images
established that the surface morphology of graphene depends considerably on
its thickness. When the thickness of the graphene film was about 700 lines, the
diameter of the Au NPs was between 100 and 300 nm and their faces were oriented
preferentially. For graphene films with few lines, the situation was completely
different. The NP density on the surface of graphene was increased while the
diameter of the NPs was observed to range between 5 and 20 nm, with the particle
shape spherical, and so no preferential orientation was observed.

8.3.3
Applications of M-NPs/Graphene Nanohybrids

8.3.3.1 Optoelectronic Devices

The high transparency and good conductivity of graphene, make it an excellent
candidate for the development of optoelectronic devices [15, 30]. However, besides
these qualities, semiconductor optoelectronic devices must have a high charge
carrier flow between the electrodes and the semiconductor layer; this is achieved
by controlling the work function of the electrode [31]. The immobilization of Au
NPs on the surface of graphene allows this. Experiments have shown that the
work function depends on the time of deposition of the Au NPs [32]. To this end,
graphene was obtained by the CVD method and then it was placed in an aqueous
solution of AuCl,~ for inducing reduction of the metal salt and obtaining decorated
graphene (graphene-Au NPs). The reduction process (or doping) is performed
for times ranging between 0 and 1200s. By means of scanning Kelvin probe
microscopy (SKPM) measurements, it was established that the work function of
the graphene-Au NP films can be modified with time doping; specifically, it was
observed that the surface potential of the Au NPs is larger than that of graphene.
This observation suggested that doping in the GSs is p-type and indicates that the
work function changes with doping. Thus, photodetector diodes can be fabricated
using graphene-Au NP composites. Building electrodes with tunable work function
significantly improves the performance of these devices. Figure 8.7a shows the cur-
rent density as a function of voltage applied for photodetector diodes fabricated with
electrodes of pristine graphene and graphene-Au NPs produced by doping for 20s.
Measurements were performed with and without the AM (air mass coefficient, solar
energy) at 1.5 illumination. Before the AM 1.5 illumination, both devices exhibit the
characteristic curve of a diode. However, in the device elaborated with graphene-Au
NPs, the open-circuit voltage is greater than that in the device elaborated with
pristine graphene. When the devices were illuminated, the differences between
them were more drastic. In graphene-Au NPs, both the short-circuit current and
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Figure 8.7 (a) Typical electrical measure- V., and PCE for different doping times;
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the open-circuit voltage were much higher than in the device produced with the
pristine graphene film. The behavior of the current density as a function of voltage
for the dispositive elaborated with different Au NPs doping is shown in Figure 8.7b.
It can be clearly seen that 20 s doping yields the highest short-circuit current and
open-circuit voltage. From Figure 8.7c, it can be observed that the evolution with
respect to doping time of three quantities that characterize the performance of a
photovoltaic diode, namely, the short-circuit current (red line), the open-circuit volt-
age (blue line), and the power converter efficiency (PCE, black line), evidently shows
that the best performance was obtained when the electrodes of photovoltaic diode
have been doped for 20s. This result is in agreement with results obtained by the
SKPM where the largest shift was obtained in the surface potential for 20 s doping.
The authors also found that the doping time affects the amount and size of the Au
NPs deposited on the graphene surface. The graphene-Au NP electrodes depend
on the surface morphology, hence controlling the size of the Au NPs deposited on
the graphene surface will optimize the performance of optoelectronic devices.
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8.3.3.2 Applications in Catalysis

Important technological applications arise when it is possible to obtain materials
with high specific surface area [1-4]. Among the most important is the
development of catalyst materials that are used in the production of fuel cells.
In recent years, Pt and other precious metals have been used as catalysts in fuel
cells; however, with the arrival of graphene, new materials with indisputable
advantages have been developed. Besides, these new materials have high catalytic
surface, they reduce the use of costly metals, and present higher catalytic activity
[33—35]. Usually, catalytic activity depends directly on the specific surface area of
the composite, which is related to the dispersion, the size of the deposited NPs,
and so on. For example, the optimal size of Pt NPs for electrocatalysts used in fuel
cells has been determined to in range 3-5nm [34].

One way to determine whether a material is a good or bad catalyst is to measure
its electrochemically active surface area (ECSA); this is easily achieved through
cyclic voltammetry (CV) measurements. Electrodes made from graphene-Pt are the
most used to develop proton exchange membrane (PEMs) fuel cells [25] and direct
methanol fuel cells (DMFCs) [34, 36]. In the PEM fuel cell, electricity is produced
through oxidation of hydrogen on the catalyst system, while methanol is the fuel
used in the DMFC. We illustrate each case with an example.

The PEM fuel cell was prepared by the simultaneous addition of H, PtCl, and GO
in a NaBH, reduction [25]. This resulted in Pt NPs adhering partially to the surface
of the rGO. The material obtained was used to cover a glassy carbon electrode for
which the ECSA was measured. These measurements were compared with two
other electrodes that differed only in their coating. One electrode was coated with Pt,
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Figure 8.8 Cyclic voltammetry graphs of electrode. 0.1M H,SO, was used as the

Pt, 50-50 (by weight) carbon black-Pt, and electrolyte and the scan rate was 20mVs™'.
50-50 (by weight) partially reduced graphene (Reprinted with permission from Ref. [25].
oxide-Pt. Twenty micrograms per square Copyright 2009 American Chemical Society.)
centimeter of Pt was deposited on each
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while the other was coated with a carbon black film decorated with Pt NPs. Figure 8.8
shows the voltammetry cycles for the three electrodes. The values of ECSA were
obtained from these curves. The GO-Pt NP electrodes exhibit higher ECSA than Pt
NP electrodes but less than the carbon black-Pt NP electrodes. A further reduction
assisted by HH was performed in order to completely reduce the GO. This process
was followed by a heat treatment that considerably improved the conductive
properties of the GO-Pt NP composite. To optimize the heat treatment time, rGO
samples were annealed at 300 °C for different time intervals (2, 4, 8, and 16 h). New
electrodes were prepared with these samples in a substrate of Toray™ carbon paper
instead of a glassy carbon substrate. Figure 8.9 shows the cyclic voltammogram of
these new electrodes. The inset in the figure shows the relative increase in ECSA asa
function of annealing time. Before the heat treatment, these electrodes exhibited an
ECSA of 11.5m? gL. Later it was observed that ECSA decreases during the first few
hours of annealing; however, when 8 h of annealing was reached, the highest relative
increase (80%) was achieved, equivalent to an ECSA of approximately 20 m? g=1.
For the DMFC [37], the NPs adhered to the graphene layers by the simultaneous
electrochemical reduction of GO and H, PtCl,. The SEM images, not presented here,
confirmed the high dispersion of NPs in the electrodes, as well as a mean diameter of
approximately 10 nm. The authors also used GO and metal salt sequential reduction,
but the dispersion of the NPs was poor and their mean size greater than 200 nm.
Thus, only those electrodes that were produced by simultaneous reduction were use-
ful in the preparation of DMFC. Electrocatalytic activity of the GO-Pt NP electrodes
was studied in comparison with conventional Vulcan-Pt electrodes using oxidation
of methanol as a model. In Figure 8.10a, the cyclic voltammogram for both catalysts
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Figure 8.9 Cyclic voltammograms of shows the relative increase of ECSA in these
hydrazine-treated GO-Pt in 0.1M H,SO, samples. (Reprinted with permission from

and annealed at 300°C for different periods  Ref. [25]. Copyright 2009 American Chemical
of time (scan rate=20mVs~' and catalyst Society.)
concentration =10 pgcm=2 of Pt). The inset
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Figure 8.10 (a) CVs of Pt NPs@G/GCE (glassy carbon electrode) and Pt NPs@Vulcan/GCE in a N,-saturated
solution of 0.5M H,SO, solution containing 1M CH;OH at a scan rate of 10mVs™". The inset shows the
zoom-in CV in the potential range from 0.05 to 0.80V and (b) current-time profiles of these electrodes at 0.6V
(vs reversible hydrogen electrode, RHE) in a N,-saturated solution of 0.5M H,SO, solution containing 1M
CH;OH. (Reprinted with permission from Ref. [37]. Copyright 2010 Royal Society of Chemistry.)
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are shown. The peak current for electrooxidation of methanol was approximately
three times larger in the GO-Pt NP electrode (197 mA mg Pt™!) than in the Vulcan-
Pt electrode (67 mA mg Pt™!). The inset in the figure shows that the onset potential
for the electrooxidation of methanol was lower in GO-Pt NP electrodes (0.35V)
than in Vulcan-Pt electrodes (0.60 V). From the current versus time graph (for an
operating voltage of 0.6 V) shown in Figure 8.10b, it is observed that GO-Pt NP
electrodes exhibit higher current flow and good stability over time. The findings
clearly demonstrated that GO-Pt NP composites exhibit superior electrocatalytic
activity toward the electrooxidation of methanol rather than Vulcan-Pt composites.

8.3.3.3 Applications in Biology

Raman spectroscopy is a widely used technique for the identification of materials,
in particular, for large molecules. When the molecule has a small cross section,
normally, the Raman signal is weak. Surface-enhanced Raman spectroscopy (SERS)
can improve the sensitivity in the detection of molecules. The SERS concept dates
from 1977 [38], however 3years before that the first enhancement media [39],
commonly known as the SERS substrate, had already been obtained.

Recently, Huang et al. [40] have used the SERS technique to study the cellular
uptake of GO-Au nanocomposites. Au NPs and GO were used as SERS proof and
SERS substrate, respectively. Au NPs were prepared according to Frens’ approach
[33] and then covered with meso-2,3-dimercapto-succinic acid (DMSA). On the
other hand, GO was functionalized with PEG to ensure stability of the GO-Au
NP structure inside the cell. The GO-Au NP hybrid was consolidated after stirring
a solution that contained Au NPs, GO-PEG, and N-ethyl-N’-[-(dimethylamino)-
propyljcarbodiimide hydrochloride (EDC) for 48 h.

=
8
P
‘@
C
9
£
3 Pt
41 _N
[ — 2 el
- L - L) - Ll - L] . L . Ll
500 1000 1500 2000 2500 3000
(c) Raman shift (cm™)

Figure 8.11 (a) Bright- and dark-field microscopic images of Ca Ski cells incubated with
Au-GO for 4 h. (c) Raman spectra of the different spots marked in (b) in the Ca Ski cell.
(Reprinted with permission from Ref. [40]. Copyright 2012 Wiley-VCH.)
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Ca Ski cells (Human Caucasian cervical carcinoma) were incubated with GO
and bright- and dark-field microscopy images confirmed the presence of GO inside
the cell; but in the Raman spectra performed in places where the GO appeared,
the peaks corresponding to the D- and G-bands of graphene were not detected.
Instead, when Ca Ski cells were incubated with GO-Au NPs the presence of GO-Au
NP hybrids inside the cell was also noted (Figure 8.11a,b). Figure 8.11c shows the
Raman spectra taken at different points marked in the dark-field microscope image
(Figure 8.11b). Peaks at 1330 and 1600cm™! (peaks D and G), characteristic of
graphene are clearly observed in the spectra, which confirms that the Au NPs act as
SERS substrate. The variation in the intensity of the peaks D and G are evidence of
the inhomogeneous distribution of graphene within the cell. The results obtained
by Huang et al. allow the use of SERS technique in the study of intracellular events
owing its high spatial resolution.

8.4
Graphene Functionalized with Metal Oxide Nanoparticles

The present technological revolution requires the elaboration of rechargeable
electric batteries with good features. For example, cell phones, electronic agendas,
photocameras, lap tops, and cars require these devices. A high ability to store charge,
discharge resistance, and long shelflife are some of the essential features for a good
rechargeable electric battery. At present, these needs are supplemented by lithium
ion batteries. Nevertheless, efforts are constantly being made to improve their
properties, specifically by working on ways to improve the physical properties of the
cathodes and anodes that are responsible for storing electric charge. Recent progress
in graphene/metal oxide composites highlights the importance of synergistic effects
between these nanomaterials for the development of new batteries [41, 42].

8.4.1
Lithium Batteries

Recent studies have shown that the performance of lithium ion batteries can be
improved when the anodes are made with graphene-SnO, NP composites as the
excellent physical properties of graphene along with the high capacity of SnO,
make the resulting material highly efficient [43]. Although replacing carbon-based
materials by graphene leads to better results, the deposition of metal oxides on
GSs is not easy owing to the poor interaction between them; hence, there is a
need to design efficient methods for synthesizing these materials. Usually, it is
desired to obtain a significant number of particles attached to GSs as well as high
dispersion of the particles.

Recently, a very efficient method was developed to attach SnO, NPs to graphene
monolayers. In this method, the amount of SnO, in the anode was close to 65%,
almost three times greater than that obtained in carbon nanotube material (CNT-
Sn0,)-based anodes, leading to improved stability of the anode during charge and
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discharge cycles [44]. Graphene-SnO, composites were obtained by two simple
steps: initially, GO was produced by the modified Hummer method [9]. GO was
then mixed with water, producing GO monolayers highly dispersed in the solution
owing to the presence of oxygenated groups. By the addition of SnCl, solution,
Sn*? ions bonded to oxygen groups. This was followed by washing with deionized
water and SnO, NPs were formed that were attached on both sides of the GO
monolayer. In order to increase the conductivity of the composite, it was necessary
to reduce the presence of oxygenated groups. Reduction was carried out by a
heat treatment. After chemical reduction, oxygenated groups still existed in a small
proportion, however, the presence of these favored the high dispersion of SnO, NPs
on the graphene surface as confirmed by the high-resolution transmission electron
microscopy (HR-TEM) images that showed NPs with an average size of 3nm.
Li ion batteries with graphene-SnO, anodes exhibited improved electrochemical
properties compared to the batteries made from other materials. For example, in
graphene-SnO, (60% SnO,) and CNT-SnO, (25% SnO,) anodes the initial capacity
was 786 and 720 mAh g=!, and after 50 cycles, approximately 71% and 61% of the
initial charge was retained, respectively (Figure 8.12).

A very interesting approach for the elaboration of anodes for Li ion batteries is
based on the use of Mn; 0, as precursor material [42]. Although this oxide has low
conductivity, it is an attractive material mainly due to its elevated natural abundance
and consequentially, low cost. Anodes made with Mn, O, have little ability to store
electric charge; it has been experimentally determined that about 300 mAh g~!
decays to 38% of its initial value after 10 cycles of operation. The advantages of
using Mn;O, appear when it is functionalized with few layers graphene. Anodes
prepared under these conditions exhibit superior performance, that is, the storage
capacity doubles in values and the anodes showed stable performance during the
charge and discharge cycles. For the production of this material, GO was obtain
by the modified method of Hummer [9]. Graphene-Mn;0, anodes were then
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Figure 8.12 (a) A charge/discharge profile of the SnO,-G composite and (b) the cycle per-
formance of SnO,-G, commercial SnO,, and as-prepared G at a rate of C/5. (Reprinted
with permission from Ref. [44]. Copyright 2010 Royal Society of Chemistry.)
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curves of Mn;0,/rGO for the first cycle at a  (Reprinted with permission from Ref. [42].
current density of 40mAg™"; (b) representa- Copyright 2010 American Chemical Society.)
tive charge (red) and discharge (blue) curves

produced, with the first step consisting in the hydrolysis of GO and Mn(CH;CO0),
assisted by a solution of DMF and water. Mn;0O, NPs adhering to the GO layers
were thus obtained [41]. The reduction of GO was conducted by a hydrothermal
treatment in which the solution obtained in the first step was mixed with deionized
water and heated to 180 °C for 10h. The final product consisted of Mn;O, NPs
highly dispersed on the graphene layers. Through SEM and TEM images, the size
of the Mn;0, NPs was determined to range between 10 and 20 nm.

Figure 8.13 shows some electrochemical measurements performed in Li ion
battery anodes made from graphene-Mn,;0,. Some interactions between the
materials making up the battery can be observed through the profiles of the
first charge and discharge cycle (Figure 8.13a). The behavior between 1.2 and
0.4V during the first charge cycle was due to the irreversible reaction between
Lit jons and rGO as well as to the decomposition of the electrolyte solvent. The
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plateau observed close to 0.4V reflects the interactions between Li* and Mn,0,.
During the first discharge cycle a plateau due to the reverse reaction also appeared
close to 1.2V. After several cycles of operation, the charge-discharge profiles
were measured for different current densities (Figure 8.13b). From Figure 8.13,
it can be observed that, during the charging process, the potential of the anodes
decreases as current density increases, while during the discharge process, the
potential increases with current density. Figure 8.13c shows the behavior of the
specific storage capacity as a function of the number of operating cycles. The
storage capacities reported in Figure 8.13 were calculated relative to the mass of
Mn, O, and not with respect to the total mass of the hybrid. Figure 8.13 also shows
that the initial storage capacity of the anode is 900 mAh g! for a current density of
40mA g~!. An important fact to be noted is that storage capacity remained stable
with the number of cycles and decreased to 390 mAh g~! when the current density
was increased to 1600mA g=!. Then 50cycles of operation the measurement
was performed with a current density of 400mA g™ and the anode retained
approximately 81% of the initial charge. Through Figure 8.13d the performance
of graphene-Mn; 0O, anode can be compared with that of Mn;0, anode, where the
storage capacity decreased from 300 to 115 mAh g~! in only 10 cycles of operation.

Other materials based on graphene and metal oxides such as CuO, Co;0,, CoO,
Fe;0,, TiO,, and Li,TisO,, have also shown interesting electrochemical properties
for the development of lithium ion batteries [45—49]. The current goal in this field
is to obtain anodes with larger storage capacity as well as a good performance of the
device for long operating cycles. In some cases, the aim is to optimize the process
variables, such as the size of the metal oxide NPs and graphene concentration,
whereas in other cases, the objective is simply to find a new material.

8.4.2
Optical Properties

TiO, and ZnO are currently considered to be excellent photocatalytic materials.
This is due to their easy electric response when they are subjected to UV irradiation.
In addition, these semiconductor materials offer other interesting features such as
thermal stability and nontoxicity. Under UV illumination, electrons of the valence
band are excited to the conduction band, creating electron-hole pairs. The energy
required to produce such excitement in TiO, and ZnO is approximately 3.1-3.6
and 3.4 eV, respectively [50-52].

Several applications have arisen from these optical properties; however, there are
two limitations when these oxides are used as photocatalysts. The first is the rapid
recombination between the electrons and holes, while the second has to do with
the small amount (approximately 5%) of UV radiation contained in sunlight. Both
aspects reduce the efficiency of the photocatalyst and therefore preventing recom-
bination of electrons and holes as well as expanding the range of light absorption
to the visible region are two objectives to take into account in the development of
new photocatalytic materials. With this aim, TiO, has been doped with different
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elements, including precious metals such as Pt, Au, and Ag [53-55], nonmetallic
elements such as S, N, and C [56-58], and even carbon-based composites [59, 60].
Since the photocatalytic behavior of carbon-semiconductor-based composites was
good, it was expected that graphene could also serve as a support for the semicon-
ductor particles. In these structures, graphene acts as an efficient means to transport
electrons, thus preventing electron-hole recombination. Applications of graphene-
based photocatalysts are innumerable, for example, graphene-TiO, and graphene-
ZnO nanostructures are used in the production of hydrogen by water splitting [61],
degradation of organic solvents [62], and optoelectronic devices [63]; they are even
used as photocatalytic reducers [51, 64, 65]. Herein, we discuss some examples.

8.4.2.1 Water Splitting

TiO, thin films have been used as materials for the photocatalytic water splitting
[66] as in this material the photoelectrons generated through UV irradiation have
sufficient energy (~2eV) to split water and produce oxygen and hydrogen. The
efficiency of the TiO, photocatalyst is affected by the rapid photogenerated recom-
bination of electrons and holes. However, this limitation was overcome when
graphene was added as precursor material. Figure 8.14 shows that the amount of
hydrogen produced is dependent on the concentration of graphene in the photo-
catalyst. With the TiO, photocatalyst, hydrogen is produced at a constant rate of
4.5molh~!, photocatalyst efficiency increases to a maximum (8.6 molh™!) when
the concentration of graphene is 5wt%. For higher concentrations of graphene,
the hydrogen production is less efficient, probably because an excess of graphene
favors collisions between the charge carriers, which leads to recombination between
electron-hole pairs. Graphene-TiO, NPs composites were synthesized by the hydrol-
ysis of tetra-butyl orthotitanate (TBOT) in a dispersion of rGO followed by a short
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Figure 8.14 Reaction time profiles of H, TiO,/5wt% GSs (c), and TiO,/10wt%

evolution under UV-vis illumination over GSs (d). (Reprinted with permission from
the photocatalysts using 200 ml 0.1 mol I~ Ref. [61]. Copyright 2010 Royal Society of
Na,$S to 0.04 molI~! Na,SO; as a sacrifi- Chemistry.)
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heat treatment (450 °C for 2h). GO was obtained by the method of Hummer [9]
and the chemical reduction was assisted by NaBH, [61].

8.4.2.2 f-Graphene-POM

In a completely different approach, inorganic components are synthesized in
advance and then attached to the surface of graphene via linking agents that
utilize covalent or noncovalent interactions (van der Waals interactions, hydrogen
bonding, n—= stacking, or electrostatic interactions). In this approach, either the
inorganic components or graphene (or both) require modification with functional
groups, as we have previously described. The type of functionalization and thus, the
strength of interaction, determine the loading of the inorganic nanomaterials on the
graphene surface. This self-assembly-based method is excellent at overcoming any
incompatibilities between nanomaterials syntheses and the formation of nanocom-
posites. Compared to in situ growth, a better distribution, size, and feeding amount
control of the second components on graphene could be obtained by the self-
assembly of NPs on f-graphene. Using this method, we have produced f-graphene
with a tailored distribution of polycationic, quaternized, ammonium pendants that
provided an sp? carbon nanoplatform to anchor a totally inorganic tetraruthenate
catalyst, mimicking the oxygen-evolving center of natural PSII in photosynthetic
systems, Figure 8.15 [67]. The resulting hybrid material displayed oxygen evolution
at overpotential as low as 300 mV at neutral pH with negligible loss of performance
after 4 h testing. This multilayer electroactive asset enhances the turnover frequency
by 1 order of magnitude with respect to the isolated catalyst, and provides a definite
upgrade of the carbon nanotube material, with a similar surface functionalization.

843
Photocatalytic Reduction of GO

Photocatalytic reduction of GO was possible by UV irradiation of both TiO, [50]
and ZnO NPs [63]. When the semiconductor was irradiated in the presence of
methanol, the holes are scavenged to produce ethoxy radicals, while electrons were
accumulated within semiconductor NPs. Subsequently, the electrons reacted with
certain functional groups of GO and caused its reduction. The above reactions for
the TiO, and ZnO can be expressed as follows:

. . CZHSOH .
TiO, + hv — TiO,(h 4+ ¢) ———— TiO,(¢) + C,H,OH (8.2a)
C,H;OH
ZnO + hv — ZnO(h + e) — ZnO(e) + C,H,OH (8.2b)
TiO,(e) + GO — TiO, + rGO (8.3a)

ZnO(e) + GO — ZnO + rGO (8.3b)
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Figure 8.15 Synthesis of graphene
nanoplatform supporting Ru,POM (poly-
oxometalate). Reagents and conditions:
Step A: (1) paraformaldehyde, N,N-
dimethylformamide (DMF), 72h, 130°C; (2)
trifluoroacetic acid/N,N-dimethylformamide,
12 h, room temperature. Step B: (1)

Ru,POM
No /
H | H,0,pH=5, 16 h, 1t
|

NH \ Ru,POM@d-G
=

H

H @
N-”"NH,4
Ru,POM
Step B O /NHBoc
N
H
(1) Hsz
EDC, DMAP, HOBt j_ H
DMF anh, Ar, 48 h o
NHBoc

(2) HCVDioxane, 12 h
Step A
>( \ﬂ/\/ \)k OH

Paraformaldehyde, DMF, 72 h, 130 °C

(2) TFA/DMF, 12 h

dendron d, N-(3-dimethylaminopropyl)-N,-
ethylcarbodiimide, 4-(dimethylamino)pyridine,
1-hydroxybenzotriazole, anhydrous N,N-
dimethylformamide, 48 h, room temperature,
inert atmosphere. (Reprinted with permis-
sion from Ref. [67]. Copyright 2013 American
Chemical Society.)

In addition to the reduction of the GO, it was possible to estimate the number of
electrons transferred to the GO through measures of UV-absorption and UV-decay,
both per unit mass of GO [63] as well as per unit time [42], respectively. In essence,
the procedure to reduce the GO did not differ with the semiconductor employed: in
both cases, a suspension of ethanol that contained the semiconductor NPs and GO
was irradiated. The suspension was stirred constantly through nitrogen bubbles
to ensure uniform irradiation. Semiconductor NPs were obtained by hydrolysis
using titanium isopropoxide (Ti(OCH(CH,),),) and zinc acetate (Zn(O,CCHs;),),

respectively, as precursor materials.
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Figure 8.16 (A) Suspensions of ZnO, ZnO- ethanol at different UV irradiation times of
GO, and ZnO-rGO. The color changes from  (a) Os, (b) 60s, (c) 180s, and (d) 420s. The

brown (middle vial) to dark brown (right inset shows the growth of absorption with
vial) as we irradiate the ZnO-GO sample UV irradiation time. (Reprinted with permis-
with UV light. (B) Absorption spectra of sion from Ref. [50]. Copyright 2009 American

0.5mg/ml GO and 1Mm ZnO in deaerated = Chemical Society.)

Figure 8.16a illustrates the color change when the GO-ZnO composite suspended
in ethanol was irradiated. This color change from light brown to black indicates par-
tial restoration of the n-network in the GSs, which occurs in the chemical reduction
of GO. In the absence of ZnO, the ethanol-GO solution remained unchanged in
color, indicating that the reduction of GO was assisted by semiconductor NPs.
As shown in Figure 8.16b, UV light absorption of the GO-ZnO nanocomposite
increased when the irradiation time increased from 0 to 420s. In the inset to the
figure, the variation of the absorption with respect to time of exposure to irradiation
for a wavelength of 460nm is shown. The absorption increased during the first
2005 of exposure and from there on remained approximately constant. GO-TiO,
nanocomposites exhibited a change in color behavior similar to that observed in
Figure 8.16.

According to Equation 8.2a, TiO, accumulates electrons when irradiated in the
presence of ethanol. If the composite is irradiated to trap a maximum number of
photoelectrons and then GO is added to the suspension, photocatalytic reduction
process starts and the number of electrons trapped in the TiO, decreases with
GO concentration. This behavior was clearly seen in the absorption spectrum of
the TiO, composite that had previously been irradiated until absorption saturation
(Figure 8.17A). Monitoring the behavior of the intensity of this peak with respect
to the GO content and using the molar absorbance of electrons trapped in TiO, at
650 nm (760 M~ cm™1), it was possible to establish that there is a linear relationship
between the number of electrons involved in the reduction and the amount of rGO.
Through a linear fit, it is estimated that about 0.01 mol of electrons are required to
reduce 1g of GO (Figure 8.17B).
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Figure 8.17 (A) Absorption spectra of UV-  prior to UV irradiation); (B) the dependence
irradiated 10 mM TiO, suspension in ethanol of electrons extracted from TiO, on the
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GO (a, corresponds to TiO, suspension

The charge transfer between the semiconductor particles and the GO was also
evident through the emission spectrum. In the absence of GO, the emission peak
was intense and could be located around the wavelength characteristic of the semi-
conductor NPs; for ZnO, the wavelength is approximately 530 nm (Figure 8.18).
Figure 8.18 shows that as GO is added, the fluorescence decreases because the
electrons are transferred to the GO and this initiates the chemical reduction
process (Equation 8.3b). Measures of emission at 530 nm as a function of time for
different GO concentrations (not shown in this chapter) reveal that the emission
exhibits a multiexponential decay; specifically, the decay has two components - one
associated with fast decay and other with slow decay. The charge transfer between
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Figure 8.18 Emission spectra of a 1mM 0.20mgml~", and (f) 0.24 mgml~".

ZnO suspension at different GO concen- (Reprinted with permission from Ref. [52].
trations: (a) Omgml~', (b) 0.035mgml~", Copyright 2009 American Chemical Society.)
(c) 0.09mgml~", (d) 0.14mgml™, (e)



242

8 Immobilization of Metal and Metal Oxide Nanoparticles on Graphene

ZnO and GO relates to the fast decay component, therefore it was possible to
obtain information about the dynamics of the transfer through the development
of the rapid decay constant with respect to the GO concentration. For the system
under discussion, it was determined that when the GO concentration in ethanol
is 0.025 mg ml~!, the electrons are transferred at a constant rate of 1.2 x 10? s71.

8.5
Graphene Functionalized with Magnetic NPs

GO and rGO functionalized with magnetic NPs (GO-Mag NPs) have also
received considerable attention as they provides a platform to combine the
electronic and physicochemical properties of GO with the magnetic response of
the NPs.

A key property of these materials is their sensibility to externally applied
magnetic fields that can be used to remotely move and guide the material as
required for a wide range of applications. In this sense, these materials are
susceptible for use as magnetic carriers that can be separated from mixtures using
low field magnetic-separation techniques that make them potentially attractive
in applications that range from the biomedical and physicochemical domains to
water treatment, metal, and pollutant removal.

A wider application potential for these materials appears on adding other
materials to the composite where one can functionalize either the GO or the
magnetic NPs to gain chemical or biological specificity, while the material maintains
its magnetic response.

By far, the most commonly used magnetic NPs are made of magnetite, Fe;O,
[68]. However, NPs of other materials that have been successfully anchored to GO
or rGO include Ni Co,,_,, Co [69], Ni [70], NiB [71], Co;0, [72], MFe, O, ferrites
(with M=Mn, Co, Ni, and Zn) [73, 74], Fe-core/Au-shell [75], and NiFe [76].
However, not all these materials have been used to exploit the magnetic properties
of the GO-Mag NPs, but rather as electrodes for sensors as well as for Li ion
batteries, which have been discussed in the previous section. In this section, only
those applications that exploit the magnetic response of the system are discussed.

As recently reviewed by Liu et al. [77], there are mainly three different strategies
for the synthesis of graphene—magnetite composites. The first one involves a two-
step process that starts with GO that is chemically reduced and functionalized with
a surfactant or a polymer that allows binding of the NPs. The second strategy also
involves a two-step process where the magnetic NPs are reduced in the presence of
GO. In this case, the iron ions are captured by carboxylate anions via coordination
and precipitation by the addition of an alkaline solution, leading to magnetite—GO
composites. These composites can be further treated thermally or in the presence
of chemical agents, to remove the oxygen-containing groups of GO leading to
magnetic NPs and rGO composites. The third approach is a single-step procedure,
in which the chemical reduction of GO and the deposition of Fe;O, NPs on the
carbon basal plane are combined in one step.
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8.5.1
Magnetic Properties

Applications that are based on the interaction between the material and the exter-
nally applied magnetic field require certain characteristic magnetic properties, and
much of the success of a given magnetic material is determined by these properties.
From a very general standpoint, there are two properties that are fundamental, a
zero or very low magnetic remanence and a reasonably high value of the saturation
magnetization. A zero, or very low, remanence material is ideal for the implemen-
tation of any magnetic-separation process, as it would have a strong response to
the applied field and no magnetic response when the field is switched off. This will
reduce or eliminate the aggregation of the magnetic carriers in the absence of the
applied field, which facilitates the dispersion and reuse of the material. On the other
hand, the total or effective saturation magnetization of the material is the other key
parameter as it determines the magnetic field intensity required in the separation
process, which plays a major role in the complexity and cost of the process.

Zero or very low remanence can be achieved with superparamagnetic (SPM) or
very soft ferromagnetic materials. GO-Mag NPs exhibit very different magnetic
responses depending on the type of material, average particle size, and its con-
centration on the GO. The existing experimental results suggest that, in fact, the
optimal GO-Mag NPs are obtained from the trade-off between the specific func-
tion or property required for a given application and the adequate magnetization
strength required to magnetically separate the compound.

Magnetite NPs with average diameter below 20—30 nm are known to be SPM at
room temperature and several groups have reported SPM GO-Mag NPs. Figure 8.19
illustrates the hysteresis loop measured in an SPM Fe;0,/GO composite, where

Magnetization (emu g~')

-1000 -5000 0 5000 10000
Applied magnetic field (1073 Oe)

Figure 8.19 Magnetization loops of GO—Fe; O, —PEG. The absence of a hysteresis loop indicates
the superparamagnetic properties. (Reprinted with permission from Ref. [78]. Copyright 2012

Spinger.)
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one can see that the system has zero remanence at 300 K [78]. Moreover, despite
the fact that the magnetization continues increasing even at 10kOe (1 T), about
60-70% of the saturation magnetization is reached at low field values (1-2kOe).
This is very important as it shows that magnetic separation can be done using low
field strengths.

The effective magnetization of the material can be further tailored without loss
of the SPM properties by changing either the particle size, keeping it below the
critical SPM diameter, or the particle coverage on the GO, which can be controlled
during synthesis of the NPs. This is exemplified in Figure 8.20a,b where the
dependence on the average diameter of the Fe,O, particles, their coverage density,
and the saturation magnetization are plotted as a function of the feed ratio of
NaOH and in Figure 8.20b, the corresponding hysteresis loops [80]. As seen in
these figures, the magnetic response in all cases is consistent with an SPM material
and the total saturation magnetization shows a clear variation with particle size
and coverage.

These variations simply reflect that the total saturation magnetization of the GO-
Mag NPs is proportional to the total volume of magnetic material contained in the
composite. In this sense, it worth noting that when other materials are added to the
GO-Mag NPs to gain chemical or biological functionality, the volume of magnetic
material in the final composite changes [70, 80]. This is illustrated in the hysteresis
loops shown in Figure 8.21 that compares the magnetization loops measured on
the Fe;O, NPs, the GO-Mag NPs, and the carbon-coated Fe;O, NP/GO composite
(labeled GFC 190) [80]. This example shows that the composite has less magnetic
material per mass unit and the magnetization mass density decreases.

Introducing magnetic NPs made of alloys allows changing and controlling both
the remanence and the saturation magnetization of the material [69, 73, 74, 76].
For example, this has been done using Ni, Co,,_, alloy NPs. Figure 8.22 shows
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Figure 8.20 (a,b) Dependence of the aver-  on R 4-NaOH (at fixed R, 4-FeCl; =2 and
age diameter (D) of Fe;O, nanoparticles, the t=1h). (Reprinted with permission from
coverage density (C) of Fe;O, nanoparticles  Ref. [79]. Copyright 2010 American Chemical
on graphene nanosheets, and the saturated  Society.)

magnetization (M,) of graphene@Fe;0,
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Figure 8.21 Magnetization curves of Fe;O, nanoparticles, Fe;O,/GO, and carbon-coated
Fe;0,/GO composite (named GFC190). (Reprinted with permission from Ref. [80]. Copy-
right 2012 Royal Society of Chemistry.)
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Figure 8.22 Magnetic hysteresis loops of rGO-Ni,Co,g,_,nanocomposites at 1.8 and 300K:
(a) pure Co and Ni (300K) and (b) Ni,sCo,s. (Reprinted with permission from Ref. [69].
Copyright 2012 American Chemical Society.)

the hysteresis loop measured in GO-Mag NPs with (a) pure Ni and Co NPs and
(b) Ni,sCo,s alloy NPs [69]. As seen from the results obtained at 300K, there is a
noticeable difference in the hysteresis loops between pure Ni, Co, and their alloy. In
particular, for all cases, the material exhibits a finite remanence and, as expected,
the saturation magnetization is different for each material.

In general, the particle shape is practically spherical, so the particles have no
magnetic shape anisotropy. However, the packing of magnetic NPs on the GO
surface produces a two-dimensional array of nearly spherical particles, which, at
moderate and high concentrations, as a consequence of the dipolar interaction
between particles, can result in the modification of the hysteresis loops when
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Figure 8.23 Magnetization curve for a rGO/iron oxide freestanding film measured with the
field applied parallel and perpendicular to the film. (Reprinted with permission form Ref.
[81]. Copyright 2012 Elsevier.)

the field is applied parallel to the plane of the sample [81], as illustrated in
Figure 8.23.

In this figure, there is a clear difference between the hysteresis loops measured
with the magnetic field applied parallel and perpendicular to the plane of the
sample. Although in both directions, the remanence vanishes, consistent with an
SPM material, it is clear that it is easier to magnetize the material when the field is
applied parallel to the plane as compared to the perpendicular direction.

The examples mentioned above underline the fact that these composites have
magnetic properties that can be widely modified and provide evidence that there
is a very large margin to fine-tune these properties according to the specific needs
and applications envisaged.

85.2
Applications of GO-Mag NPs

Applications of GO-Mag NPs include removal of metals and pollutants from
water [88—90], catalysis, hydrogen storage, drug and gene transport and delivery,
photothermal treatment, immobilization of molecules, MRI, and magnetically
controlled actuators.
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8.5.2.1 Magpnetic Separation of Metals and Pollutants with GO-Mag NPs

Recovery and removal of metals and pollutants from wastes and wastewater
is increasingly important both from the perspective of materials recovery and
recycling and as pollutant removal. This is due to several factors such as material
scarcity, energy saving, and environmental control that figure among the most
important. Magnetic-field-based separation and elimination of diverse substances
and compounds is very attractive, as it enables fast, cost effective, and easy removal
of these substances from complex heterogeneous mixtures at small or large scale.
For example, magnetic-separation techniques have been applied for wastewater
treatment since the early 1940s [82]. On the other hand, carbon nanomaterials,
such as activated carbons, carbon nanotube composites, and graphene possess
high sorption capacities. The surface of GO contains functional groups such as
carboxyl, hydroxyl, and epoxy that have strong complexation capacities and thus
are attractive as a platform for the removal of metals and pollutants.

GO-Mag NPs have been shown to combine attractive physicochemical and
magnetic properties that make them suitable for their use as a platform for mag-
netic separation of organic dyes, metal ions, and aromatic compounds. Specific
examples include removal of metal ions such as U(VI) [91], Co(II) [83], arsenic
[84] (arsenate) [85], and chromium(VI) [86, 87], organic dyes such as methylene
blue (MB) [73, 80, 88], rhodamine B (RhB) [89], malachite green [89], pararosani-
line [89], and aromatic compounds such as benzene, toluene, and dimethyl-
benzene [70].

The results presented in Figure 8.24 exemplify the removal by magnetic separa-
tion of organic dyes from water using an iron oxide/rGO composite [89]. The figure
shows the UV-vis absorption spectra of rhodamine B at 554 nm and malachite
green at 625 nm as a function of the Mag—GO concentration (Figure 8.24a,b). The
results show that the absorbance decreases as the concentration of GO-Mag NPs is
increased. Furthermore, from these measurements the percentage of dye removed
has been determined and this is shown in Figure 8.24d for rhodamine B and mala-
chite green, respectively. As seen from these results, for the maximal concentration
of GO-Mag NPs used (0.7 gI~!) a removal percentage of 90% is attained for both
substances. Finally, the insets in Figure 8.24a,c show the photographs of the dye
solutions before and after using 0.7 g1~ of GO-Mag NPs.

From the examples found in the literature, GO-Mag NPs are also attractive as
there is little or no need to add other materials to the composites in order to improve
their sorption properties. This simplifies material synthesis and its optimization
is limited to finding the best compromise between the sorption capacity and the
quantity of magnetic material required to facilitate the magnetic separation of the
material.

As mentioned in the previous section, increasing the concentration of magnetic
NPs on the graphene increases the total magnetization, making the material more
susceptible to magnetic separation. However, the effective surface area of the
graphene decreases as the concentration of the magnetic NPs increases, which
reduces the sorption capacity of the composite, so the performance of the GO-Mag
NPs will be a trade-off between sorption capacity and magnetic response.
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Figure 8.24 Removal of rhodamine B (a,b)  and after using GO-Mag NPs (0.7gl™").
and malachite green (c,d) at different con- (Reprinted with permission of Ref. [89].
centrations of GO-MagNPs. Insets in (a,c) Copyright 2011 Springer.)

show the photos of dye solutions before

This has been shown by Zong et al. [91] while studying the removal of U(IV) from
aqueous solutions using GO-Mag NPs. In their experiments, they tried to determine
the optimal proportion of GO and iron oxide on U(IV) sorption performance using
GO-Mag Fe;O, NP contents of 0%, 20%, 40%, 60%, 80%, and 100%. The results
shown in Figure 8.25 clearly show that as the content of Fe; O, increases, sorption
performance decreases. Without doubt, GO alone has excellent sorption properties,
however, in order to magnetically remove the material from solution, it is necessary
to sacrifice the high performance values of GO by using some fraction of its surface
to anchor the magnetic NPs. As these authors conclude, the best compromise was
the 20% iron oxide content, as it allows having good sorption while possessing a
magnetic response high enough to make the material separable with an external
magnetic field.

8.5.2.2 Biomedical Applications of GO-Mag NPs
Many reports have demonstrated the potential of carbon nanostructures and their
hybrid structures for a variety of biomedical applications ranging from biosensing,
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Figure 8.25 Influence of the percentage of iron oxide on GO on the sorption of U(IV).
(Reprinted with permission of Ref. [91]. Copyright 2013 American Chemical Society.)

drug delivery, and diagnostics, to cancer treatment and tissue engineering. On
the other hand, magnetic NPs have been extensively studied for biomedical
applications. As for carbon nanostructures, an appropriate physicochemistry and
controllable surface properties represent the biggest hurdle that needs to be
surpassed in order to produce biomedical materials. For magnetic NPs, however,
there has been significant progress in this regard and they have been extensively
investigated for various applications such as drug delivery, hyperthermia, MRI,
tissue engineering and repair, biosensing, biochemical separations, and bioanalysis
82, 92].

Drug Delivery A very promising application of magnetic-responsive nanomaterials
is in the field of drug and reagent delivery and release. Here again, the magnetic
response of the material to an externally applied magnetic field allows guiding and
immobilizing the material to the targeted tissue.

While magnetic NPs have been extensively studied for drug delivery, it is well
known that the integration of heterostructures combining magnetic NPs and other
materials offer distinct surfaces and properties that can confer them with multiple
functions. In this sense, carbon-based nanomaterials have been shown to have
excellent uptake qualities for aromatic molecules including many chemotherapy
drugs that may be easily loaded on the surface of sp?-carbon nanomaterials
such as carbon nanotubes and graphene by n-n stacking. So the combination of
magnetic NPs and GO open the possibility of envisaging a new and vast range of
possibilities to develop magnetically guided heterostructures for drug delivery and
theranostics.
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Figure 8.26 Loading capacity of DXR on GO (a) and GO-Mag NPs (b) with different initial
DXR concentrations. (Reprinted with permission of Ref. [93]. Copyright 2009 Royal Society of
Chemistry.)

To date, only a few examples of GO-Mag NPs for drug delivery have been
reported. These tests were based on common anticancer drugs such as doxoru-
bicin (DOX) [93], doxorubicin hydrochloride (DXR) [78], and 5-fluorouracil (5-FU)
93].

The strategy for loading of the drug into the GO-Mag NP carriers can vary.
For example, DOX [93] and 5-FU [94] were directly conjugated on the GO,
while Ma et al. [78] conjugated DXR on PEG-functionalized GO-Mag NPs. In all
cases, the complexes demonstrated being SPM and showed high drug-loading
capacity. However, as shown by Yang et al., the loading capacity is lower in the
Mag—-GO when compared with pristine GO. Figure 8.27 compares the loading
capacity of DXR on both GO (a) and GO-Mag NPs (b) with different initial
DXR concentrations [93], where one can note the loading saturation in GO-Mag
NPs, which is attributed to the reduced effective surface area of GO due to the
magnetic NPs.

The drug-release tests were done by triggering their release by adjusting the pH of
the dispersion. Figure 8.26 shows the measured release of 5-FU from the GO-Mag
NPs at different pH values [94]. For these experiments, the authors investigated
the release kinetics at 37 °C using a Na,HPO,—KH,PO, buffer solution with pH
4.0 and 6.9, respectively. These pH values were chosen in order to mimic the
acidic environment of tumors. As shown in Figure 8.27, the release rate of 5-FU
is much faster in acidic conditions than in neutral conditions. Specifically, 54.72%
and 14.74% of the total amount of 5-FU were released over 8h at pH 4.0 and 6.9,
respectively. These results are analogous to those obtained with DRX [78] and DOX
[93], which clearly suggests that this is a viable mechanism for drug release.

GO-Mag NPs Applied in Magnetic Resonance Imaging Magnetic NPs have been
extensively studied as an MRI T, contrast agent for contrast enhancement and
signal amplification as they are much more efficient promoters of relaxation than
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Figure 8.27 Release of 5-FU on GO-Mag NPs at different pH values. (Reprinted with per-
mission of Ref. [94]. Copyright 2013 Wiley.)

the MRI T, contrast agent gadolinium-diethylenetriamine pentaacetic acid, and
their magnetic properties can be managed by controlling their size and surface
coatings [82]. However, as already mentioned, there is an enormous potential for
heterostructures made of two or more materials with different physicochemical
properties that can show multifunctional characteristics. For example, the imaging
enhancement property of magnetic NPs can be used in conjunction with drug
delivery applications for real-time monitoring of drug distribution to the target
tissue, as well as to follow the effect of therapeutics on the progression of disease.
Recently, several authors have tested in vitro the effectiveness of GO-Mag NPs as
MRI contrast agents.

Cong et al. [95], have produced poly(sodium 4-styrenesulfonate) (PSS) to produce
a stable PSS-coated rGO sheet aqueous dispersion that was subsequently decorated
with Fe;O, NPs. Cong et al. [95] have used carboxymethyldextran (CMD) and
aminodextran (AMD)-coated Fe;0,/GO. More recently, Ma et al. [78] have used
PEG-functionalized GO-Mag NPs.

Evaluation of the effectiveness of the GO-Mag NPs as a contrast agent is evaluated
by analyzing the T,-weighted MR imaging with varying either the GO-Mag NPs
or simply the magnetic material concentration. Figure 8.28 shows the results
obtained with the GO-Mag PSS as a function of the concentration [95]. From the
T,-weighted MR imaging shown in the Figure 8.28, it is concluded that magnetic
NPs are responsible for the contrast enhancement; as seen here, pure graphene
provides no contrast enhancement. The contrast enhancement with GO-Mag NP
concentration has been confirmed by these three studies [78, 95, 96].

The results found to date show that GO-Mag NPs are a suitable platform for
applications in biomedicine. GO-Mag NPs are an exciting class of novel materials
that have large potential in this field and further efforts are expected in order to
combine more functionality.
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Figure 8.28 T,-weighted MR imaging of the magnetic-functionalized graphene (a) and
pure graphene (b). No enhancement of contrast was observed at different concentrations
of graphene. (Reprinted with permission of Ref. [95]. Copyright 2010 Wiley.)

8.6
Conclusions

As we have shown, a number of novel composite materials have been prepared
using graphene and metal or metal oxide NPs. Many authors have demonstrated
that graphene-based composite materials present better properties than polymer
matrices or other carbon-based composites. Normally, the improved materials
are obtained at very low graphene contents, which makes them easier to be
commercialized and cheaper to be produced. However, until now, most of the
procedures used for the synthesis of these composites involve the production of
GO followed by its reduction. These processes diminish the main properties of
graphene, that is, chemical stability and conductivity. Thus, it is expected that
improved production of graphene might enhance the performance of metal or

metal oxide graphene composites.
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9
Functionalization of Graphene by other Carbon Nanostructures

Vasilios Georgakilas

9.1
Introduction

An interesting class of graphene derivatives has been developed over the past few
years as a result of the combination of pristine graphene or graphene oxide (GO)
and other carbon nanostructures especially Cy,, carbon nanotubes (CNTs) and
nanospheres. These derivatives can all be seen as carbon hybrid nanocomposites
or superstructures and are usually studied with respect to their use in several
applications such as supercapacitors, lithium-ion batteries, photocatalytic cells,
polymer enhancement, as a result of the advanced characteristics and properties that
occurs by the combination of the components. The most frequently used, carbon
nanohybrids, are prepared by a combination of GO and CNTs. In most cases the
analogous combination of the physicochemical properties of the two characteristic
carbon nanostructures such as electrical conductivity, active surface area, and
mechanical strength are remarkably enhanced in the hybrid nanocomposite owing
to a synergistic effect that is often observed.

9.2
Graphene-C,, Nanocomposites

Graphene or GO and Cg, are two of the most well studied carbon nanostructures
that have remarkable differences with respect to their structure, their chemical
reactivity, and their physical, optical, and electronic properties. Their common
characteristic is that are constructed by sp? carbon atoms arranged in hexagonal
rings; however C is the smallest carbon nanostructure with spherical shape that
induces a high strain and consequently high reactivity to the C-C bonds of Cg,
instead of graphene, which is ideally a 2D layer extended by several microme-
ters. In addition, the aromatic character of graphene is usually interrupted locally
in several areas of the surface by defect sites and at the edges of the layer.
The large surface area of graphene is offered as substrate for the dispersion
of Cy, molecules or Cy, small aggregates, avoiding accumulation of larger C,
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crystals that usually limit the activity of C,. The combination of C, with pristine
graphene or GO has shown better nonlinear optical properties than the separated
components [1], improved photovoltaic (PV) performance [2, 3], and photocon-
ductivity [4]. Funtionalization of graphene or GO by C, can be performed either
by the covalent binding of a C, derivative or by a simple deposition of Cy, on
graphene.

9.2.1
Covalent Bonding of C,; on GO

The structures of graphene and C, do not allow a direct connection between the two
components even if GO, which is enriched with oxygen groups, is used in the place
of pristine graphene.There is only a weak interaction, which is not always enough
to guarantee the stability of a hybrid material because of the different character
(size, solubility of Cg, etc.) of the two components. However, C, derivatives
with reactive amines or other nitrogen groups such as pyrrolidine rings can bind
covalently through amide bond formation with carboxyl groups of GO [5, 1]. The
nature of Cy, functionalized GO is described by Fourier transform infrared (FTIR)
and Raman spectroscopy and high-resolution transmission electron microscopy
(HRTEM) microscopy and thermogravimetric analysis (TGA) measurements. The
Raman spectrum consists of the two characteristic peaks of D and G bands of GO
at 1354 and 1600 cm™' and a third intense peak that is located between these two
at 1469 cm™! assigned to the A,(2) mode of C,. A relative shift of the Cg, band
by 13 cm™! related to pyrrolidine functionalized Cy, indicates a strong interaction
between the two species, which is explained by the covalent attachment of the two
species. HRTEM images of GO-C, showed spherical species, with a diameter of
about 0.8 nm that is very close to the diameter of Cy, molecule, attached to GO
edges [5]. The appearance of Cg, at the edges is in agreement with the fact that
most carboxylic groups of GO are also located also at the edges. GO—C, has shown
enhanced nonlinear optical performance superior to those of the two separate
materials [1] (Figure 9.1).

9.2.2
Deposition of C,, on Graphene

Cq is a well studied 0D carbon nanostructure and subsequently a reactive
organic molecule. Because of its electron acceptor character and other inter-
esting physicochemical properties, Cg, and its organic derivatives are considered
as attractive nanomaterials for several optoelectronic applications, especially in
organic PV cells [2]. On the other hand, the graphene surface can be seen as
a conductive substrate where C,, can be easily dispersed, helping in the suc-
cessful electron transfer, which is the central action in PV systems, from an
electron donor to Cy,. As a result the decoration of graphene nanoplatelets by
finely dispersed Cg, could be used for the improvement of the yield of PV
cells.
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Pyrrolidine fullerene  Graphene oxide

Figure 9.1 (A) Covalent attachment of C¢y on GO. (B) HRTEM images of GO (a) and
GO-Cy (b) hybrid. (Reprinted with permission from Ref. [5], Copyright 2009, Elsevier B.V.)

Graphene nanoplatelets are activated through lithiation by the nucleophilic
addition of butyl lithium (n-Buli) and then decorated by C,, molecules (see
Figure 9.2.A). The use of C, decorated graphene (C,,/Graphene) hybrid in
bulk heterojunction solar cells as electron acceptor in combination with poly(3-
hexylthiophene) (P3HT) as electron donor resulted in a remarkable increase of the
power conversion efficiency [3]. The graphitic material here is chemically reduced
graphene oxide (rGO) while Cy, molecules are aggregated in larger clusters as
presented in Figure 9.2B.

The appearance of Cy, on graphitic surface is indicated by the FTIR and Raman
spectra of the hybrid, which are presented as a combination of the analogous spectra
of the two separated components (Figure 9.3). More characteristic is the Raman
spectrum of the hybrid, which apart from the two characteristic D and G bands
at 1354 and 1601 cm™, respectively, contains a single sharp band between those
two at 1476 cm™! assigned to the Ag(2) mode of Cg, shifted up slightly compared
to the band that appears in the spectrum of pure Cg,. The hybrid composite
Cyo/rGO is combined with P3HT and applied in PV cells as this combination is
among others favored by the enlargement of the range of absorbed energy and the
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Figure 9.2 (A) Deposition of Cyy on graphene produced by chemical reduction of
graphene activated by BulLi. (B) (a) atomic ~ GO. (c,d) TEM images of rGO. (e,fy TEM
force microscope (AFM) image of GO images of Cg,/rGO. (Reprinted with permis-

nanoplatelets. (b) High-resolution XPS (X- sion from Ref. [3], Copyright 2011, American
ray photoelectron spectroscopy) spectrum of Chemical Society.)

facilitation of the energy transfer. The broadening of the absorbed UV-vis energy
range is attributed to the better ordering of the P3HT polymer on the graphene
substrate.

The deposition of alkylated C¢, derivatives on a graphene monolayer has been
used to study the photoconductivity and the enhanced memory effect of the as-
prepared material because of the electron acceptor properties of Cg, molecules.
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Figure 9.3 (a) FTIR spectra and (b) Raman spectra of C¢,/rGO and the separated com-
ponents. (Reprinted with permission from Ref. [3], Copyright 2011, American Chemical

Society.)

The graphene monolayer was grown by low-pressure chemical vapor deposition
(LPCVD) on a copper foil and then transferred to a Si wafer with a thick SiO,
layer. Cg, molecules functionalized by long alkyl chains dissolved in an aprotic
solvent were deposited on the graphene layer and self organized in flake-like
nanostructures [4] (Figure 9.4).

The monolayer character of the chemical vapor deposition (CVD) growth of
graphene is indicated by the Raman spectrum of the related structure where the
single graphene monolayer is characterized by a strong sharp peak near 2700 cm™!
which is usually two times higher than G band. After the absorption of Cg,
molecules the Raman spectrum is enriched by the characteristic band at 1462 cm™!
assigned to Cy,. The device showed high reproducible electrical conductivity upon

o/(CHZ)‘IQCHS

O/(CH2)1QCH3

o/(CHz)190Hs

Figure 9.4 The structure of the alkylated Cq; [4].
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visible light illumination, which is attributed to the generation of holes in C, and
their transfer to graphene.

Another interesting all carbon nanocomposite is formed between rGO and C,
when rGO is wrapped around Cg, aggregates forming long C,/rGO nanowires
[6]. The driving force of this aggregation is the n—=n interactions between rGO
and Cg,. C4, wires are formed in a solution of Cg, by a simple evaporation of
the solvent or in the interface between two immiscible solvents by liquid—liquid
interfacial precipitation (LLIP). C4, nanowires prepared by the last method have
higher strength and electrical conductivity because of the shorter intermolecular
distance between Cy, molecules. The wrapping of C, wires by rGO is performed
when a solution of rGO in isopropyl alcohol is added in a dispersion of C, in
m-xylene. The C,/rGO nanowires are formed in the interface between isopropanol
and m-xylene and isolated by centrifugation (Figure 9.5).

The as-prepared nanowires have a diameter range of 200-800 nm and a length
that exceed 10pum. The composition of the product is confirmed by Raman
spectroscopy by the characteristic peaks of GO and Cg, that are present in
the product also —the D and G bands assigned to GO at 1350 and 1600 cm™,
respectively, as well as a peak at 1469 cm™! from Cg,. Interesting information
about the properties of nanowires is provided by the UV-vis spectroscopy of
Cg/rGO in comparison with that of the two components. The 3!T,, — 1'Ag
transition of Cy, at 340nm is shifted to 380nm in Cy,/rGO. This 40nm shift

GO iny () /
& ‘ z

Ce, soultion

>

rGO-wrapped Cg Wires

Figure 9.5 The LLIP preparation of Cy)/rGO nanowires. (i) Dropping slowly rGO solution
into Cg solution and (i) keeping the mixed solution at 4°C. (Reprinted with permission
from Ref. [6], Copyright 2011, American Chemical Society.)
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Figure 9.6 SEM images of (a) C¢, wires, (d) shows rGO layers. The inset in (d)

(b) Cgo/rGO wires, (c) rGO after dissolv- shows the Raman spectra of Cg,/rGO wires.
ing Cg, in xylene, and (d) TEM image of (Reprinted with permission from Ref. [6],
Cgo/rGO wires. The magnified image of Copyright 2011, American Chemical Society.)

is attributed to the strong delocalization of the = electron system of rGO in the
vicinity of Cy, wires. This is an indication of the strong n—= interaction between
the two components. The C,/rGO wires showed p-type semiconducting behaviors
indicating charge transfer between rGO and Cg, and hole transport through rGO
(Figure 9.6).

Analogous composites by the further involvement of CNTs are also promising
nanostructured materials in solar cells [7]. The employment of CNTs together
with Cy, and GO in one complex combination leads to all carbon nanocompos-
ites that exhibit interesting physicochemical properties that are produced by the
combination of the different roles of the three components in such a complex
product. First of all the role of GO is determined by its amphiphilic character and
its dispersibility in water because of the number of carboxylates that are located
in the areas near the edges of the graphitic surface. A significant number of
these carboxylates remain in the graphene layer even after the reduction of GO
to rGO.
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The dispersibility of GO in water, in combination with the existence of aromatic
parts that exist on the graphitic surface, make it a suitable surfactant for the
dispersion of single-wall nanotube (SWNT) in water but it is not enough for
the dispersion of Cg,. In fact, SWNTs suspended by sonication in a dispersion
of GO in water are attached onto GO through van der Waals interactions with
the graphitic parts of GO and the as-produced GO/SWNTs composite remains
dispersed in water. The suspension of Cg, in a dispersion of GO in water did
not end with the dispersion of Cg,, but the last is dispersed in water by the
presence of SWNTs upon sonication although SWNTs are not dispersible in water.
However the C,,/SWNTs composite that is formed by the attachment of C, on
SWNT surface is not solution processable since it is not stable in water and is
precipitated slowly after the end of the sonication process. These obstacles are
eliminated by the use of GO as surfactant for the stable dispersion of C,/SWNTs.
In fact Cy,/SWNT is well dispersed in GO dispersion in water by sonication
without precipitation as presented in Figure 9.10. The final complex structure
is a ternary all carbon composite C¢,/SWNTs/GO that was studied in solar cell
devices in this form as well as with C,, in the place of Cy, and rGO in place
of GO. The use of C,;/SWNTs/rGO as active layer in solar cell increases the
power conversion by 0.85%. The most promising idea that is related to this
ternary nanocomposite is the development of an all carbon solar cell that could be
constructed by the combination of carbon nanostructures in different combinations
(Figure 9.7).

9.3
Graphene—CNT Hybrid Nanostructures

The common graphitic structure of pristine graphene or GO and CNT is the driving
force of their interaction. The combination of a 2D carbon nanomaterial such as
graphene with a 1D wire-like carbon nanostructure such as SWNTs or multiwall
nanotubes (MWNTSs), leads to interesting nanoarchitectures, which could be seen
as 3D hybrids with combined properties. Among other things the combination
of graphene or GO with CNTs offers to the produced hybrids increased electrical
conductivity, enhanced mechanical properties, and high active surface area. Such
hybrids have been used in the form of transparent conductive films for the
improvement of organic light-emitting diodes (OLEDs), solar cells, field emission
transistors, and other optoelectronic applications or as electrodes in sensors, and
so on.

In the case of graphene or GO and CNTs, thanks to the large size and surface
of both components, the non-covalent interactions are strong enough to keep
them tightly aggregated ensuring the stability of the hybrid. In general these two
components can usually be combined in three different ways. The easiest and most
often used procedure is by mixing together pristine graphene or GO and CNTs or
their organic derivatives dispersed in a common solvent or in miscible solvents.
The way that the composite is isolated from the liquid phase depends on its use.
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Figure 9.7 (a) The structures of carbon mixtures. AFM (c) and SEM (d) images of
nanoallotropes that involved in these com-  a spin-coated thin film of C¢,/SWNTs/GO.
posites. (b) Dispersion of carbon nanos- (e) High-resolution TEM of Cgo/SWNTs.

tructures (GO and SWNTs: Tmgml~' and (Reprinted with permission from Ref. [7],
Cgo: 0.5mgml~") in water and the compos- ~ Copyright 2012, Royal Chemical Society.)
ites that are formed by sonication in several

For example, when a transparent thin film of the hybrid nanocomposite is needed,
the later can be isolated by vacuum filtration on a membrane or by spraying on a
substrate.

The next method is the direct development of CNTs on graphene surfaces by CVD
or other technique. In this case CNTs are grown perpendicular to the graphene
surface forming a more characteristic 3D nanostructure. The last method is the
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Figure 9.8 The three different types of graphene/CNT composites. (Reprinted with permis-
sion from Ref. [8], Copyright 2012, Springer.)

wrapping of CNTs by graphene or GO nanosheets that can cover partly or totally
the CNT surface (Figure 9.8).

9.3.1
Graphene—CNT Composites by Simple Mixing

The amphiphilic character of GO originates from by the combination of strong
hydrophilic areas, because of the presence of oxygen groups, with strong hydropho-
bic areas where the graphitic structure is dominant. The hydrophilic character of
GO is expressed by its high dispersibility in water. CNTs on the other hand are not
dispersible in water; however in the presence of GO, they become dispersible. GO
here has the role of the surfactant that covers, by its hydrophobic areas, the external
surface of CNTs after their debundling and stabilizes them in water because of its
high hydrophilicity.

The interactions between the two components are usually t—x or van der Waals
type and rarely are they covalently bonded by the intervention of an organic
linker. Usually in these GO/CNTs composites that are prepared by mixing of
pre-synthesized components, CNTs are lying on the GO surface and ideally
could function as interconnectors between the separated GO nanosheets and as a
conductive bridge increasing effectively the electrical conductivity of the composite
[9-26]. In addition, such conformation offers the largest interface between them
which means also the largest potential interaction between the two nanostructures.
In most cases, GO is preferred as starting material because it is easily prepared in
high yield from the abundant graphite. In a further step, after the formation of the
GO/CNT hybrid, GO can be transformed to rGO by a chemical reduction, restoring
its aromatic character partially. As a consequence the electrical conductivity, the
thermal stability, and the mechanical strength of rGO are enhanced remarkably
compared to GO (Figure 9.9).

In a characteristic example GO nanosheets and oxidized CNTs are suspended in
anhydrous hydrazine where GO is partly reduced to rGO and simultaneously the
composite formation is followed affording a dark gray stable dispersion [10]. The
rGO/CNTs hybrid can be deposited in several substrates by spin coating leaving
a thin conductive film after the solvent evaporates. Depending on the spin speed,
the thickness of the film can be controlled in order to achieve the preferable optical
transmittance. A thin film prepared this way showed very low sheet resistance of
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Figure 9.9 (A) Functionalization of GO by  the schematic description of the MWNT-GO
CNTs by mixing and sonication of two sep-  complexes. (Reprinted with permission from
arated suspension of the two components. Ref. [9], Copyright 2010, American Chemical
(B) TEM images of GO/MWNT composites  Society.)

with different ratios. The inset in (b,d) is

636Qsq~! with optical transmittance of 92%. For comparison, similar films of
the CNTs and rGO components showed sheet resistance of 22 and 490kQsq~?,
respectively. The high decrease in the resistivity of rGO/CNTs is promoted by the
morphology of the film where rGO is spread homogeneously on the total area of
the film and CNTs are deposited on the graphitic surfaces and interconnect the
separated rGO nanosheets like wires. The conductivity can be further increased by
a chemical anion doping of the composite film that is achieved by exposing it to
thionyl chloride (SOCL,) vapor. Actually, the sheet resistance of a film is decreased
by this anion doping from 636 to 240 Q sq~! whereas the optical transmittance is
changed only slightly [10] (Figure 9.10).
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Figure 9.10 The formation of rGO/CNTs in to analogous film thickness. (Reprinted with
hydrazine. The influence of SOCI, doping on permission from Ref. [10], Copyright 2009,
the sheet resistance of rGO/CNTs compos-  American Chemical Society.)

ites. The different spin speeds correspond

In a similar procedure SWNT and GO have been dispersed in water with the
assistant of RNA molecules that act as surfactants. The transparent conductive
GO/SWNTs film formed by filtration is reduced by sodium boron hydride to
rGO/SWNTs and showed slightly better results than the previews work with a
conductivity of 655 Qs71q and transparency at 95.6% [11] (Figure 9.10).

Similar rGO/CNTs can be prepared, among other ways, by the vacuum filtration
of a suspension of the two components through a polytetrafluoroethylene (PTFE)
membrane, which can then be dissolved leaving a thin film of the composite with
different morphology depending on the method of the filtration. When the two
components are filtered consecutively from two different suspensions a double
layered thin film is formed. On the other hand, after the filtration of a suspension
of both components, the morphology of the formed film can be described as an
interconnected network. The filtered mixture is prepared by the dispersion of GO
and oxidized MWNTs in water with the assistance of sodium dodecyl sulfate (SDS)
surfactant. The filtration is followed by the dissolving of polyethylene terephthalate
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(PET) membrane in acetone, the reduction of GO/CNTs film to rGO/CNTs by
hydrogen iodide (HI) and finally a p-type doping of the rGO/CNTs film by HNO,
treatment with simultaneous removal of the surfactant. The HNO, treatment has a
significant contribution to the increase in the conductivity because of the induced
p-doping and the transparency by the removal of metal impurities, amorphous
carbon, and surfactant.

The thickness of the film can be tuned by the volume of the filtered suspension.
The conductivity of the film is increased as the thickness increases whereas
the transparency is decreased. Both characteristics are also dependent on the
ratio of the two components. An important advantage of the rGO/CNTs film
against indium tin oxide (ITO) is the ability to function even after repeated
flexures without serious changes in the conductivity. The two different films
showed similar sheet resistance (R, =240Qsq! for the interconnected network
and R;=180Qsq! for the double layered film) and optical transparency (about
80%) [12] (Figure 9.11).

GO and acid treated MWNTs dispersed in ethanol by sonication can be combined
in a hybrid composite through n—x interactions and then incorporated in TiO, based
photoanode for application in dye sensitized solar cells (DSSCs). The ratio of the
two components is not predetermined and it depends on the surface morphology
of graphene and MWNTSs surfaces. A ratio of GO/MWNTs at 2: 1 has been shown
to produce the optimal dispersion in a solution. The incorporation of carbon
hybrid in TiO, matrix resulted in the highest adsorption of dye in comparison with
pure TiO, or mixed with the separated components. The advantage of the hybrid
modified TiO, is attributed to the higher active surface area and the more uniform
distribution of pores (Figure 9.12).

The photogeneration of electron/hole pairs in dye sensitized TiO,, which
is the first step of the energy conversion in DSSCs, is significantly reduced

IN-MWNT/graphene DL-MWNT/graphene

Figure 9.11 Two different ways to prepare  as double layered film. (Reprinted with per-
thin films of the rGO/CNTs composites. The mission from Ref. [12], Copyright 2012,
IN-MWNT /graphene described as intercon- ~ American Chemical Society.)

nected network and DL-MWNT/graphene
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Figure 9.12 GO/MWNTs hybrid composite formation by sonication of a mixture of GO
and acid treated MWNTSs. (Reprinted with permission from Ref. [13], Copyright 2017,
American Chemical Society.)

by charge recombination. This effect is suppressed by the insertion of a
conductive carbon nanostructure between TiO, and the conductive glass.
Here the use of the highly conductive GO/MWNTs hybrid showed the lowest
recombination effect as indicated by the lowest photoluminescence emission band
assigned to the electron/holes recombination. Finally the use of GO/MWNTs
hybrid as photoanode in DSSC device showed the highest photocurrent
density and conversion efficiency increase, 35% and 31%, respectively [13]
(Figure 9.13).

In several cases GO/CNTs hybrids have been used in sensor devices for the
voltammetric determination of organic compounds, such as hydrogen peroxide
(H,0,), p-nicotinamide adenine dinucleotide (NADH) [14], tyrosine and parac-
etamol [15] which have a pharmaceutical interest, or are used as pesticides like
carbendazim [16]. The voltammetric sensor is a three electrode system; glassy car-
bon, saturated calomel, and Pt, which are working sensors, references, and counter
electrodes, respectively. The role of the hybrid GO/MWNTs in the voltammetric
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Figure 9.13  (a) UV-vis spectra of a dye solution and dye desorbed from composite working electrodes. The
electrodes are made by pure TiO, (electrode 4) or TiO, and MWNTs (electrode 1), GO (electrode 3), and
GO/MWNTs hybrid (electrode 2); (b) photolithography (PL) spectra and the incident photoconversion effi-
ciency (IPCE) spectra; and (c) of DSSCs with the prepared electrodes. (Reprinted with permission from Ref.
[13], Copyright 2011, American Chemical Society.)
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measurements is examined with the use of a modified working electrode of glassy
carbon that is surface covered by GO/MWNTSs composite [15, 16]. The contribution
of the hybrid in the voltammetric sensor is based on its high electrical conductiv-
ity, high surface area, which also means significant increase of the electroactive
interaction sites, and finally high porosity of the modified glassy carbon electrode,
all of which make the active sites more accessible and facilitate the transport of the
detected molecules. As a consequence the modification of the voltammetric sensor
by GO/MWNTs hybrid leads to the great improvement of the electrochemical
response [15]. A GO/MWNTs modified voltammetric device for the determination
of carbendazim showed a wider linear range from 10 nM to 4 pM with a detection
limit at 5nM [16].

A rGO/SWNT hybrid modified glassy carbon electrode has been used in a
biosensor for the detection of H,0, and NADH. The modified electrode showed
remarkable improvement in the performance of the biosensor that is attributed to
the high conductivity of the hybrid and the better coverage of the electrode by the
hybrid composite in comparison to the relative coverage that is offered by the single
components. The linear detection range of H,0, and NADH was ranged between
0.5 and 5M and 20 and 400 pM, while the limit of detection was 1.3 and 0.078 pM,
respectively [14].

The voltammetric technique has been also used for the detection of trinitrotoluene
(TNT) with the assistance of a rGO/MWNT hybrid modified electrochemical
system. A screen printed electrode in this system is covered by the hybrid formed
by GO and MWNT in a water suspension and reduced electrochemically. The
graphitic surface is further functionalized by ethylenediamine (EDA) through
amidation with carboxylic acids of GO. The electron rich free primary amine
groups are then responsible for the capture of the electron deficient TNT through
the formation of a charge transfer system known as Jackson—Meisenheimer (JM)
complex. The optical and electrochemical traces of this complex are used for the
detection and the monitoring of trace levels of TNT [17] (Figure 9.14).

The use of the modified electrode in the electrochemical detection of TNT
showed promising results such as the detection limit of TNT, which is decreased
to 0.01 ppb. The colorimetric determination of TNT is based on the absorption
JM complex formed and showed a linear detection range from 1ppt to 1pm
(Figure 9.15).

In a different approach GO can be used as a protective surface to a CNT-based
field effect transistor (FET), which is used as biosensor for the detection and
determination of biomolecules such as proteins and DNA molecules. The role of
GO here is to protect the SWNT surface from the physisorbed or chemisorbed
biomolecules that cause degradation of the performance of the biosensor during
the measurement. A thin film of GO is deposited on the SWNT/Au electrode
and the biosensor device is completed by the deposition of Au nanoparticles
and the immobilization of the 2-aminoethanethiol/biotin N-hydroxysuccinimide
(NHS) probe [14] on it. The result of this SWNT passivation with GO layers is the
improvement of the biosensor device sensitivity through the increase of the on/off
ratio of the FET (Figure 9.16).
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Figure 9.14 Schematic representation of the JM complex between TNT and amine mod-
ified rGO/MWNT hybrid. (Reprinted with permission from Ref. [17], Copyright 2011, Else-
vier V.B.)
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Figure 9.15 UV-vis calibration curve from several concentrations of TNT solutions.
The inset photo of several samples with increased TNT concentration from left to right.
(Reprinted with permission from Ref. [17], Copyright 2011, Elsevier V.B.)
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Figure 9.16 Schematic illustration of the SWNT/GO FET biosensor fabrication process.
(Reprinted with permission from Ref. [18], Copyright 2013, Elsevier V.B.)

9.3.2
Graphene—CNTs Hybrid Nanostructures by Direct Development of CNTs on
Graphene Surface

The role of graphene here is to be the substrate where CNTs are developed
perpendicular to the surface and forming a 3D all carbon nanostructure. The
most important advantage of this type lies in the extremely high active area,
which is highly preferable in catalytic applications. The most suitable way for the
perpendicular development of CNTs on the graphene surface is the catalytic growth
by CVD technique [27-31]. In a characteristic procedure the growth of CNTs is
performed by the decomposition of methane over Fe catalytic nanoparticles at high
temperature [27] (Figure 9.17).

The iron catalytic centers are provided in situ by the reduction of a layered
double hydroxide (LDH) FeMgAl lamellar substrate by the hydrogen that is
generated from the decomposition of hydrocarbons at high temperature. Few-layer
graphene nanosheets and SWNTs are then grown with the latter being developed
perpendicular to the graphene surface. The SWNTSs functionalized graphene hybrid
(Graphene/SWNT) is obtained after the removal of the calcined LDH flakes. The
high temperature — over 950 °C —is responsible for the appearance of graphene
nanosheets in the product. CVD growth at temperatures lower that 900 °C produced
only SWNTs (Figure 9.18).
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Figure 9.17 Schematic representation of the growth of graphene/SWNT hybrid on LDH
flakes by catalytic CVD. (Reprinted with permission from Ref. [27], Copyright 2012, American
Chemical Society.)

(d)

Figure 9.18 (a) SEM and (b) TEM images  graphene/SWNT hybrid and (e,f) HRTEM
of graphene/SWNT/LDO hybrids. LDO is images of graphene/CNTs nanostructure.
the layered double oxide by-product that has (Reprinted with permission from Ref. [27],
not yet been removed. (c,d) TEM images of = Copyright 2011, American Chemical Society.)
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The Raman spectra of the hybrid product composed of the D and G bands that
are common for both nanostructures and a group of radial breathing mode (RBM)
peaks that revealed the existence of SWNTs in the composite. The I, /I ratio is
increased to 0.28 from 0.12 in SWNTSs as a result of the increased number of defects
that are observed in the graphene surface and at the graphene/SWNT junctions
as well. The TGA diagram of the hybrid product reveals a sharp weight loss near
500 °C in a very short temperature range. The absence of weight loss below 500 °C
is attributed to the low percentage of amorphous carbon impurities whereas the
sharp weight loss is explained by the similar thermal stability of the as-prepared
graphene and SWNT.

Although the way of the connection of SWNT on graphene is not directly
indicated, it seems that C—C covalent bonds are formed at the junction between
the two parts. The graphene/SWNT product have excellent properties such as
large specific surface area, high electrical conductivity, structural stability, and high
porosity, that can be valuable for the use of this hybrid in fabricating electrodes
for energy storage. For example graphene/SWNT hybrid can host effectively large
quantities of sulfur improving the capacity of a Li—S battery. Sulfur can be
incorporated homogeneously into graphene/SWNT in a ratio of 60%, where it is
stabilized thermally as shown by the relative TGA diagram (see Figure 9.23). A
Li-S battery with S enriched graphene/SWNT as a cathode showed a high charge
capacity of 650 mAh g~!, which is almost stable after 100 cycles at a high current
rate of 5 C (Figure 9.19).

A different approach to prepare graphene/CNT hybrid materials includes the
CVD growth of CNTs on graphene substrates by the catalytic action of Ni nanopar-
ticles that are dispersed on the graphene surface. The first step of this procedure is
the formation of Ni nanoparticles on exfoliated rGO nanosheets. Then using CVD
method with acetonitrile as carbon feed, CNTs are grown perpendicular to the rGO
surface as pillars between the graphitic layers [28]. The CNT pillared graphene has
a robust 3D porous structure with high specific surface area as high as 352m? g~}
(Figure 9.20).

9.4
Graphene—Carbon Nanospheres

GO has been functionalized by carbon nanospheres (CNSs) in a 3D all carbon
pillared nanostructure with high surface area and electrical conductivity, where
metallic nanoparticles can be deposited creating an efficient catalytic system
for proton exchange membrane (PEM) fuel cells [32]. The low cost commercially
available CNSs are conductive spherical nanoparticles with a diameter of 35 nm and
a Brunauer—Emmett-Teller (BET) surface area of 232m? g~!. The incorporation
of CNS between the GO layers is performed by mixing separate suspensions of
both GO nanosheets and CNSs in water followed by the removal of the solvent by
evaporation and lyophilization. The hybrid nanostructure was then heated under
H, in order to remove oxygen groups from GO layers. The as-prepared partly
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Figure 9.19 (a) Raman spectra of SWNT and graphene/SWNT-S nanostructures.
and graphene/SWNT prepared by CVD (Reprinted with permission from Ref.
method. (b) TGA curve of graphene/SWNT  [27], Copyright 2012, American Chemical
hybrid under O,. (c) TGA curves of sulfur Society.)

reduced nanocomposite (rGO—CNS)is finally decorated by platinum nanoparticles
through the reduction of Pt cations by ethylene glycol, leading to a 3D rGO-CNS
nanoassembly enriched with Pt catalytic nanoparticles finely dispersed in its
interlayer space (see Figures 9.21).

The subsequent dispersion of CNSs and GO nanosheets in water leads to stable
aqueous colloids even though CNSs are not hydrophilic and water-dispersible by
themselves. This result indicates the strong interaction between the two nanos-
tructures in the liquid phase and before the removal of the water. It is not clear
if this interaction leads to the formation of 3D nanoassembly already in the water
phase or CNSs are just immobilized on the hydrophilic GO single layers which are
dispersed in water, which is the most possible situation.

DTG (%/°C)



276 | 9 Functionalization of Graphene by other Carbon Nanostructures

3 vaporation and
Impregnation g restack of GO or
rGO sheets

of Ni catalyst
. R

(A) .
Exfoliated GO or rtGO

Figure 9.20 (A) CVD growth of CNTs on hybrid material. (Reprinted with permission
reduced GO layers; (B) Field emission scan- from Ref. [28], Copyright 2010, American
ning electron microscope (FESEM) images Chemical Society.)

of the as prepared reduced graphene/CNTs

The hybrid nanocomposite showed an increased BET area because of the
increased distance between the graphitic layers that is induced by the insertion and
stabilization of CNSs into the interlayer space of rGO—CNSs nanoassembly. On the
other hand the presence of GO nanosheets between the CNSs prevent them from
overlapping and coalescence during the high temperature treatments. The porous
structure of the all carbon rGO-CNS nanoassembly facilitates the dispersion of
the water soluble Pt cation precursor into the interlayer space leading to the fine
dispersion of Pt nanoparticles after the reduction step. A careful examination
of TEM image shows that Pt nanoparticles are better dispersed in rGO-CNS
nanoassemblies than in GO or commercial Carbon (see Figure 9.22).

In addition the porous structure of the final product improve the catalytic
processes by facilitating the diffusion of the reaction gases and their access to
the catalytic centers and the transportation of the products at high rates. The
final Pt functionalized rGO—CNS showed much better stability and higher activity
compared to Pt/CNS or Pt/C during electrochemical tests that supports the use of
Pt/GCG (graphene—carbon—graphene) in PEM fuel cells (Figure 9.23).
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Figure 9.21 The formation of rGO—CNS nanoarchitecture (here symbolized as GCG by the
authors) and its decoration with Pt catalytic nanoparticles. (Reprinted with permission from
Ref. [32], Copyright 2013, Royal Society of Chemistry.)

9.5
Graphene—Carbon Nitride Dots Hybrid Nanocomposite

Carbon nitride dots (CNDs) have been recently developed as a new class of car-
bon nanomaterials [33—35]. They consist of carbon and nitrogen atoms organized
in dots with diameters of several nanometers, interesting photoluminescence
emission, and high dispersibility in water. An interesting hybrid material has
been constructed by the deposition of CNDs on GO nanosheets and used as
a substrate for the immobilization of glucose oxidase (GOD) for the prepara-
tion of a glucose biosensor. The CNDs are formed by polymerization of carbon
tetrachloride (CCl,) and EDA under reflux heating. CNDs and GO nanosheets
are both suspended in water where they are organized into a composite mate-
rial by the deposition of CNDs on GO surfaces. After the reduction of GO by
hydrazine the final product is produced as rGO/CNDs hybrid composite [36].
Although rGO loses its hydrophilicity after the reduction, the presence of the
highly hydrophilic CNDs offer excellent stability to the hybrid in water. The last
step in the construction of the glucose biosensor is the immobilization of the
negatively charged GOD on the graphitic surface with the assistance of the nega-
tively charged CNDs and the electrostatic forces that are developed between them.
The as-prepared GOD modified *rGO/CNDs (GOD/rGO/CNDs) are deposited



278

9 Functionalization of Graphene by other Carbon Nanostructures

(e) M)
Figure 9.22 TEM images of Pt decorated rGO—CNS nanoassembly (a,b), GO (c,d), and

commercial carbon (e,f). (Reprinted with permission from Ref. [32], Copyright 2013, Royal
Society of Chemistry.)

B
e s TP

Figure 9.23 Schematic illustration of the nanoassembly and its catalytic activity for the oxy-
gen reduction reaction. (Reprinted with permission from Ref. [32], Copyright 2013, Royal
Society of Chemistry.)
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i~

'*- Oxidation . / .:O . .
* Exfoliation r\‘;vf):s\’ 6:6
-

GOD-CNDs-rGO CNDs-rGO

Figure 9.24 The schematic representation of the preparation of glucose biosensor by the
immobilization of GOD on rGO/CNDs. (Reprinted with permission from Ref. [36], Copyright
2013, Elsevier V.B.)

on a glassy carbon electrode. The detection limit of glucose by this method is
recorded at 40 uM and the linear detection range is between 40 uM and 20 mM
(Figure 9.24).

9.6
Conclusions

All carbon composites are represented by a new category of carbon nanomate-
rials that are formed either as a nanocomposite by the combination of already
prepared simple carbon nanostructures or are constructed directly as happens
when CNT are developed on graphene surfaces. All carbon composites are suit-
able for a variety of applications and in most cases their properties are superior
to those of the single carbon nanostructures. The role of graphene in these
nanocomposites is crucial and as a consequence a large number of carbon nanos-
tructures are based on graphene or GO nanosheets. The main advantages that
necessitate the presence of graphene in these nanostructures are that it has
the largest active surface among carbon nanostructures, higher conductivity,
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and it is provided easily from an abundant and cheap precursor. The further
chemical functionalization is expected to lend a dominant role to all carbon

nanostructures.
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Doping of Graphene by Nitrogen, Boron, and Other Elements
Achutharao Govindaraj and C.N.R. Rao

10.1
Introduction

Graphene can be doped with boron and nitrogen as well as with other het-
eroatoms. B,H, is generally used as the boron source, whereas NH, or pyridine
is employed as the nitrogen source for doping graphene by chemical vapor depo-
sition (CVD) and arc-discharge techniques. Urea as a nitrogen source is also
found to be very effective. Substitutional doping of graphene with boron and
nitrogen brings about significant changes in their electronic structure and prop-
erties. Doping with boron and nitrogen causes marked changes in the Raman
spectra of the carbon nanostructures. Such doping not only results in desirable
properties but allows manipulation of properties for specific purposes. In this
article, we present the synthesis, characterization, and properties of graphene
doped with boron, nitrogen, and other elements and also discuss their important
applications.

The discovery of graphene has opened a new era in the science of two-
dimensional (2D) materials [1-3]. As the mother of all graphitic forms, graphene
is the building block for carbon materials of all dimensionalities. One atom-
thick graphene sheets with a 2D planar geometry exhibit novel electron trans-
port properties [4]. Several procedures for the preparation of graphenes have
been described in the literature [5, 6]. By doping, one can alter the elec-
tronic and quantum transport properties of graphene. We have recently pre-
sented the highlights of some of the research on the synthesis and selected
properties of graphene and graphene mimics [7]. Doping of graphenes can
be classified into the following categories [8]: electrical doping, such as gate-
controlled doping [9, 10], metallic cluster-induced doping [11] or substrate-
induced doping [12], chemical doping, occurring when the lattice structures of
graphene are changed by chemical routes, such as substitutional doping with
heteroatoms [13], and molecular doping [14]. These modifications strongly depend
on the type of dopants, their concentrations, and location within the graphene
structure.

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
(© 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co. KGaA.
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10.2
Nitrogen-Doped Graphene

Nitrogen doping has been an effective way to modify the properties of graphene
and render its potential use for various applications. Three common C-N bonding
configurations are normally obtained when doping nitrogen into the graphene
lattice; pyridinic N, pyrrolic N, and graphitic N. Attempts have also been made
to introduce nitrogen and boron into graphene sheets in order to modify their
electronic properties [15-19].

10.2.1
DC Arcing

Nitrogen-doped graphene (NG) composed of two to three layers is prepared by
carrying out DC arc discharge experiments in the presence of H, + pyridine or
H, + ammonia [16]. The method makes use of the fact that in the presence of
hydrogen, graphene sheets do not readily roll into nanotubes. Transformation of
nanodiamond in the presence of pyridine also yields a nitrogen-doped graphene.
One set of nitrogen doped graphene samples (NG1) was prepared by carrying out
DC arc discharge (38'V, 75 A) of graphite electrodes in the presence of H,, He, and
pyridine vapor. In a typical experiment, pyridine vapor is carried to the arc chamber
by passing hydrogen (200 Torr) through a pyridine bubbler and subsequently
by passing He (500 Torr). A second set of nitrogen doped samples (NG2) was
prepared by carrying out arc discharge of graphite electrodes in the presence of H,
(200 Torr), He (200 Torr), and NH; (300 Torr). Transformation of nanodiamond
was also carried out in the presence of He and pyridine vapor at 1650°C to
obtain N-doped graphene (NG3). All the doped samples were characterized by
a variety of physical methods along with an undoped sample prepared by arc-
discharge in hydrogen (HG) for comparison. Figure 10.1 shows TEM (transmission
electron microscope) images of pure and N-doped graphene prepared by the arc-
discharge method, as well as calculated scanning tunneling microscopy (STM)
image of N-doped graphene bilayer. X-ray photoelectron spectroscopic (XPS)
analysis show NG1, NG2, and NG3 to contain 0.6, 0.9, and 1.4 at.% of nitrogen,
respectively.

In Figure 10.2a, we show XPS data of the NG2 sample along with electron
energy loss spectroscopy (EELS) elemental mapping. The asymmetric shape of
the N 1s peak indicates the existence of at least two components. On deconvo-
lution, we find peaks at 398.3 and 400eV, the first one being characteristic of
pyridinic nitrogen (sp? hybridization) and the second of nitrogen in the graphene
sheets.

Raman spectroscopy is ideally suited for the characterization of graphene and
doped graphene. Pure graphene shows three main features in the 10003000 cm ™!
region in the Raman spectrum (with 632.8 nm excitation): G-band characteristic
of the sp?-network (~1570cm™'), defect-related D-band (~1320cm™!), and 2D-
band (~2640 cm™'). Raman spectra of pure and doped graphenes are shown in
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, V' Y Y

Figure 10.1 TEM images of (a) undoped electronic charge on carbon atoms on the
(HG), (b) nitrogen-doped (NG) graphenes,  sublattice of the substituted dopant, as evi-
and (c) calculated scanning tunneling dent in weaker blue color (N). (Reproduced
microscopy (STM) image of N-doped from Ref. [16].)

bilayers. N doping results in addition of

Figure 10.3. The G-band stiffens both with nitrogen doping. This is similar to
what happens with electrochemical doping [9], but differs from what occurs when
the doping is through molecular charge-transfer [20, 21]. Stiffening of the G-band
arises from the nonadiabatic removal of the Kohn anomaly at the G-point, and
its broadening is because of the absence of blockage of the decay channels of
the phonons into electron—hole pairs [22]. The intensity of the D-band is higher
with respect to that of the G-band in doped samples. On doping, the relative
intensity of the 2D-band generally decreases with respect to that of the G-band.
N and B-doped graphenes exhibit higher electrical conductivity than undoped
graphene.

Gopalakrishnan et al. [23] studied the effect of interaction of tetracyanoethylene
(TCNE) and tetrathiafulvalene (TTF) with boron- and nitrogen-doped graphene
prepared by employing Raman spectroscopy. The G and 2D bands of boron-
and nitrogen-doped graphenes in the Raman spectra show significantly differ-
ent changes on interaction with electron-donor and electron-acceptor molecules.
Thus, TCNE and TTF have different effects on the Raman spectra of boron-
and nitrogen-doped graphenes. The changes in the Raman spectra brought
about by electron-donor and electron -acceptor molecules can be understood
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Figure 10.2 (a) C 1s and N 1s XPS signals of N-doped graphene (NG2), EELS elemental
mapping of C and N of NG2. (b) C 1s and B 1s XPS signals of B-doped graphene (BG2),
EELS elemental mapping of C and B of BG2. (Reproduced from Ref. [16].)
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Figure 10.3 Raman spectra of undoped (HG) and doped (BG and NG) graphene samples.
(Reproduced from Ref. [16].)
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on the basis of molecular charge transfer. Guan et al. synthesized few-layer
nitrogen-doped graphene nanosheets (N-GNSs) by a DC arc discharge under a
nitrogen atmosphere at high temperature [24]. The cathode was a pure graphite
rod and the anode was a composite graphite rod (6 mm diameter) filled with
a mixture of Fe,05, Co,05, NiO, and graphite powder, wherein each of the
Fe, Co, and Ni elements was 1.5wt% in the mixture. The nitrogen (purity
>99.9vol%, 50sccm flow rate) was first heated to 800°C before flowing into
the arc discharge chamber. The gap between the graphite electrodes was kept
constant in the range of 0.5-1 mm by manually advancing the consumed anode
and the discharge voltage and current varied between 30-32V and 25-30A,
respectively. N-doped graphene sheets formed inside the inner core of the column-
shaped deposits on the top of the cathode. The content of few-layer N-GNSs
in the column-shaped deposits formed on the top of the cathode is larger than
50 wt%.

10.2.2
Heating with Ammonia, Hydrazine, and Other Reagents

The formation of the C—N bond occurs mostly at the edges of graphene where
chemical reactivity is high. Li et al. developed a simultaneous doping and reduction
technique to obtain bulk quantities of N-doped (up to 5% doping), reduced graphene
oxide (RGO) sheets through thermal annealing of graphene oxide (GO) in ammonia
[18]. XPS study of GO sheets annealed at various reaction temperatures reveals that
N-doping occurs at a temperature as low as 300 °C, whereas the highest doping
level of ~5% N is achieved at 500 °C. N-doping is accompanied by the reduction
of GO which decreases the oxygen level from ~28% in as-made GO down to
~2% in 1100°C NH;-reacted GO. XPS analysis of the N binding configurations
of doped GO finds pyridinic N in the doped samples, with increased quaternary
N (N that replaces the carbon atoms in the graphene plane) in GO annealed at
higher temperatures (>900 °C). Oxygen groups in GO are generally responsible for
reactions with NH; and C—N bond formation. Pre-reduced GO with fewer oxygen
groups by thermal annealing in H, reduces the reactivity of NH; and gives lower N-
doping level. Electrical measurements of individual GO sheet devices demonstrate
that GO annealed in NH; exhibits higher conductivity than those annealed in
H,, suggesting more effective reduction of GO by annealing in NH, rather
than in H,, consistent with the XPS data. Wang et al. covalently functionalized
individual graphene nanoribbons with nitrogen by high-power electrical Joule
heating/annealing in NH; gas, leading to n-type electronic doping consistent
with theory [19]. Li et al. prepared N-doped graphene (NG) by annealing reduced
graphene oxide (RGO) in an ammonia atmosphere and in vacuum respectively
and examined the photoluminescence properties of RGO and NG [25]. The results
show that doping RGO with N can quench its fluorescence and the fluorescence
quenching of NG obtained in vacuum being more efficient than that prepared in
atmosphere.
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Huan et al. have demonstrated a simple and efficient method to enhance
the quaternary nitrogen doping (N-doping) of graphene oxide via chemical
reduction prior to thermal annealing [26]. The strategy employed was to
modify graphene oxide (GO) prior to thermal annealing so as to provide a
more efficient structure for quaternary N doping. GO was first chemically
reduced with hydrazine to substantially increase the formation of C=C bonds
and simultaneously decrease the atomic oxygen concentration. The reduced
graphene oxide (RGO) was then annealed in the presence of NH,. Although
N-doping via the replacement of oxygen is preferred, the probability of
carbon being substituted with N dopants in the graphitic structure of RGO
could increase because of the higher content of C=C. Park et al. performed
experiments to investigate the chemical structures evolved from hydrazine-treated
graphene oxide [27]. The chemical structures of *N-labeled hydrazine-treated
13C-labeled graphite oxide (produced by the modified Hummer’s method) and
unlabeled hydrazine-treated graphene oxide studied by different spectroscopic
techniques confirm the insertion of an aromatic nitrogen in a five-membered
ring at the platelet edges, restoring the graphitic network in the basal
planes.

10.2.3
Chemical Functionalization Route

Jeon et al. prepared large-area nitrogen-doped graphene films from simple solu-
tion casting of edge-selectively functionalized graphite [28]. In the first step,
graphite is edge-selectively functionalized with 4-aminobenzoic acid by a “direct”
Friedel-Crafts acylation reaction in a polyphosphoric acid/phosphorus pentox-
ide medium to produce 4-aminobenzoyl edge-functionalized graphite (EFG).
In the second step, EFG is dispersed in N-methyl-2-pyrrolidone (NMP), fol-
lowed by solution casting to yield large-area graphene films on silicon wafers.
Upon heat treatment, the EFG film becomes an N-doped graphene (N-graphene)
film to display outstanding electrocatalytic activity for oxygen reduction reaction
(ORR). Chang et al. report an efficient method for preparing nitrogen-doped
graphene nanoplatelets via wet-chemical reactions from simple solution edge-
functionalization of graphene [29]. The reaction between the monoketone (C=0)
in graphene oxide (GO) and monoamine containing compound produces imine
functionalized GO (iGO) (Figure 10.4). The reaction between a-diketone in GO
and 1,2-diamine (ortho-diamine)-containing compound gives stable pyrazine ring
functionalized GO (pGO). Subsequent heat-treatment of iGO and pGO results
in high-quality nitrogen-doped graphene nanoplatelets to be designated as hiGO
and hpGO, respectively. Interestingly hpGO displays n-type field-effect transistor
(FET) behavior with a charge neutral point (Dirac point) located at ~—16V.
hpGO also showed hole and electron mobilities ~11.5 and 12.4cm?V-!s71,
respectively.
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@) (b) O N —2H o
3.0 30 P = B

Zigzag Imine Armchair Pyrazine

Figure 10.4 Schematic representations: (a) GO and 4-fluoroaniline or 1,2-diamino-4-

the formation of imine (Schiff base) from fluorobenzene to yield iGO or pGO, respec-
the condensation reaction between monoke- tively. Subsequent heat treatment of iGO and
tone (C=0) and aniline (monoamine); (b) pGO under nitrogen atmosphere produced
the formation of aromatic pyrazine rings hiGO and hpGO, respectively. (Reproduced
from the double-condensation reaction with permission from [29]. Copyright © 2013

between a-diketone and 1,2-diaminobenzene  American Chemical Society.)
(ortho-diamine); and (c) the reaction between

10.2.4
Solvothermal Synthesis

Deng et al. [30] developed a solvothermal method for one-pot direct synthesis
of N-doped graphene via the reaction of tetrachloromethane with lithium nitride
under mild conditions at 250 °C for 10h in a stainless steel autoclave in nitrogen,
which renders fabrication in gram scale. The product was washed sequentially with
18 wt% HCI aqueous solution, water, and ethanol, followed by drying at 120°C
for 12 h. Alternatively, cyanuric chloride was mixed with lithium nitride instead of
tetrachloromethane and the reaction carried out at 350 °C for 6 h and the product
washed and dried. The distinct electronic structure perturbation induced by the
incorporation of nitrogen (4.5-16.4%) in the graphene network was observed
by STM (Figure 10.5). The enhanced catalytic activity of N-doped graphene was
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(d)

Figure 10.5 STM images of NG-2. (a) Iso-  Simulated STM image for (c). The inserted

lated bilayer N-doped graphene and the schematic structures represent N-doping
black curve on top showing the height mea- graphene, with the hexagons in gray balls
surement across this bilayer. (b,c) High highlighting the atomic network of graphene
resolution images with defects arranged and deep blue balls labeling N atoms.

in different configurations, measured at (Reproduced with permission from [30].

a Bias=0.5V, current I=53.4pA, and Copyright (© 2011 American Chemical
Bias=0.9V, /=104 pA, respectively. (d) Society)

demonstrated in a fuel cell cathode ORR with respect to pure graphene and
commercial carbon black XC-72.

Nitrogen-doped graphene sheets are prepared through a combined chemical
and hydrothermal reduction of colloidal dispersions of graphene oxide in the
presence of hydrazine and ammonia at pH of 10 [31]. Oxygen reduction and
nitrogen doping were achieved simultaneously under hydrothermal conditions.
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Up to 5wt% nitrogen-doped graphene sheets with slightly wrinkled and folded
features were obtained at a relatively low hydrothermal temperature. With increase
in hydrothermal temperature, the nitrogen content decreased slightly and more
pyridinic N was incorporated into the graphene network. A jellyfish-like graphene
structure was formed by self-organization of graphene sheets at a hydrother-
mal temperature of 160°C. On further increase of the temperature to 200°C,
graphene sheets self-aggregate into agglomerate particles but still contained a dop-
ing level of 4 wt% N. Hassan et al. [32] report the preparation of pyrrolic-structure
enriched N-doped graphene by hydrothermal synthesis at varied temperatures.
Initially the pH of the aqueous solution of graphitic oxide was adjusted to
10-11 using ammonia before adding 1.75ml of aqueous hydrazine. The mix-
ture was transferred to a Teflon-lined autoclave and subjected to hydrothermal
treatment for 3h at three different temperatures including 80, 130, and 180°C.
Doping graphene with N increased the electrical double layer supercapacitance
to ~194F g~ and density functional theory (DFT) calculation showed the proper
level of binding energy found between the pyrrolic-N structure and the electrolyte
ions, thus explaining the highest contribution of the pyrrolic-structure to the
capacitance.

N-GNSs with a nitrogen level as high as 10.13 at.% has been synthesized via a
simple hydrothermal reaction of graphene oxide (GO) and urea [33]. An aqueous
dispersion of GO with urea (prepared under sonication for 3 h) was sealed in a 50 ml
Teflon-lined autoclave and maintained at 180 °C for 12 h. The solid products (N-
doped graphene sheets) were filtered and washed with distilled water several times
and dried at 80 °C. N-doping and reduction of GO were achieved simultaneously by
the hydrothermal reaction. During the hydrothermal process, urea releases NH; in
a sustained manner, which reacts with the oxygen functional groups of the GO and
the nitrogen atoms then doping into graphene skeleton, leading to the formation of
nitrogen doped graphene sheets. In 6 M KOH electrolyte, the synthesized N-GNSs
with both high nitrogen (10.13 at.%) and large surface area (593 m? g~!) exhibits
excellent capacitive behavior (326 Fg™!, 0.2 A g™!), superior cycling stability, and
coulombic efficiency (99.58%) after 2000 cycles. An energy density of 25.02 Whkg~!
could be achieved at a power density of 7980 W kg~! by a two-electrode symmetric
capacitor test.

Wu et al. report the preparation of NG materials by hydrothermal reaction of
graphene oxide (GO) with urea, and their electrocatalytic properties toward oxygen
reduction in 0.1 M KOH [34]. The introduction of urea leads to successful nitrogen
insertion in the form of pyridinic, pyrrolic, and graphitic bonding configurations
with enhanced reduction of GO, and an increase in the mass ratio between urea
and GO gives higher nitrogen contents, which is accompanied by more defects
in the microstructure. Reduction of O, to OH™ at lower overpotentials is favored
by the incorporation of nitrogen, and the activity of NG is closely associated with
the nitrogen content and the microstructure. NG with about 7% nitrogen and
moderate defect density prepared from mass ratios of 1:200 and 1: 300 (GO/urea)
showed the best performance. Guo et al. synthesized nitrogen-doped graphene
hydrogels (NGHs) through a one-pot hydrothermal route with graphene oxide
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(GO) as raw material and urea as the reducing-doping agent [35]. The results
demonstrate that nitrogen was doped into the graphene plane at the same time
as the GO sheets were reduced, and the nitrogen content incorporated into the
graphene lattice to be in the range of 3.95-6.61 at.% with pyrrolic N as the main
component. The NGHs contained about 97.6 wt% water and have a large specific
surface area (SSA) of >1300m? g~! in the wet state. The sample NGH-4 with a
nitrogen content of 5.86 at.% and SSA of 1521 + 60 m? g~! in the wet state showed
excellent capacitive behavior (308 Fg™' at 3Ag™') and superior cycling stability
(i.e., 92% retention after 1200 cycles) in 6mol 17! KOH. Zhang et al. prepared
ORR active N-doped carbon catalysts via a wet chemical reaction between a reactive
graphitic carbon template (e.g., graphene oxide) and N-containing molecules (e.g.,
dicyandiamide) at temperatures as low as 180 °C[36]. Without any high-temperature
treatments, the as-prepared Nitrogen-doped reduced graphene oxide (NrGO) with
additional Fe-containing nanoparticles (NPs) showed an impressive ORR catalytic
activity, comparable to N-doped carbon from high-temperature pyrolysis. N-doped
graphene sheets were obtained using a hydrothermal reaction of graphene oxide
and hexamethylenetetramine (HMT) in a Teflon-lined autoclave at 180°C for 12h
[37]. HMT plays important roles in both reducing the graphene oxide and doping N
(8.62 at.%) into the graphene sheets. Geng et al. [38] have obtained nanoflower-like
nitrogen-doped graphene sheets having about 6—10 layers by a low temperature
solvothermal process using pentachloropyridine and metallic potassium reactants.
Qian et al. have obtained nitrogen-doped (N-doped) few-layer graphene sheets by
reaction in supercritical (SC) acetonitrile at >310°C for various time intervals
from 2 to 24h, using expanded graphite as the starting material (Figure 10.6)
[39]. XPS analysis revealed that the level of nitrogen-doping (N-doping) increased
from 1.57 to 4.56 at.% when the reaction time was tuned from 2 to 24h. Cao
et al. report a relatively low-temperature preparation method for the synthesis of
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Figure 10.6 Schematic illustration of N- (b) N-doped graphene sheets were formed
doped graphene sheets prepared via SC after SC reaction with ACN at 310°C for
reaction with ACN at 310°C: (a) Few- designated time. (c) Electrical properties of
layer graphene sheets were obtained by N-doped graphene FET. (Reproduced with
solvothermal-assisted exfoliation process permission from [39]. Copyright © 2011
and centrifugation, and then were mixed American Chemical Society)

with ACN in corundum-lined autoclave
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N-doped graphene (NG) with >10% N by heating graphene oxide and NH,HCO,
in a sealed autoclave at a temperature ~150 °C [40]. The product exhibits a specific
capacitance of 170 F g~ at 0.5 A g~! in 5 M KOH, and a high retention rate of 96.4%
of its initial capacitance after 10 000 charge—discharge cycles at a charge density
(c.d)of 10Ag™L.

10.2.5
Chemical Vapor Deposition and Pyrolysis

Wei et al. [17] synthesized the N-doped graphene with few layers (up to 9 at.%
N) by a CVD process over a Cu/Si substrate using CH, and NH; as the C and
N sources, respectively. The substrate was placed in a quartz tube with a flow
of hydrogen (20sccm) and argon (100sccm). When the center of the furnace
reached 800°C, 60sccm CH,, and 60sccm NH; were introduced into the flow
as the C source and N source, respectively, and then the substrate was rapidly
moved to the high temperature region. After 10min of growth, the sample was
cooled to room temperature under H, ambience. As doping accompanies the
recombination of carbon atoms into graphene in the CVD process (Figure 10.7),
N atoms can be substitutionally doped into the graphene lattice and the electrical
measurements show that the N-doped graphene exhibits an n-type behavior,
indicating substitutional doping modulates the electrical properties of graphene
(Figure 10.8).

Qu et al. synthesized nitrogen-doped graphene (N-graphene) by CVD of methane
in the presence of ammonia [41]. A Ni-coated SiO, /Si wafer was heated up to 1000 °C
in a quartz tube furnace in high-purity argon atmosphere and thereafter, a nitrogen-
containing reaction gas mixture (NH;:CH,:H,:Ar=10:50:65: 200 standard cubic
centimeters per minute) was introduced into the quartz tube and kept flowing for
5min. The resultant N-graphene film could be etched off from the substrate by
dissolving the residual Ni catalyst layer in an aqueous solution of HCI, allowing the
freestanding N-graphene sheets to be transferred onto substrates for subsequent
investigation. The resultant N-graphene could act as a metal-free electrode with good
electrocatalytic activity, long-term operation stability, and tolerance to crossover
effect beng better than platinum for oxygen reduction via a four-electron pathway
in alkaline fuel cells. Dai et al. deposited single- and multilayer N-doped graphene
on TEM copper grids by CVD from NH, and CH, [42]. The reactor temperature
was first increased to 1000 °C under hydrogen gas flow, and CH, (30—150 sccm)
and NH; (6—20 sccm) were then introduced into the reactor system. By controlling
the gas mixture ratio, the N atomic percentage in the graphene could be regulated
in the 0.7-2.9% range. Zhao et al. has grown nitrogen-doped graphene monolayers
on pre-cleaned copper substrates by heating a mixture of CH,, H,, and NH;,
at a pressure of 1.9Torr and a temperature of 1000°C for 18 min [13]. While
all the samples were grown with CH, and H, flow rates of 170 and 10sccm
respectively, different doping concentrations were achieved using different NH,
partial pressures (0 Torr (pristine graphene, PG), 0.04 Torr (NG4), 0.07 Torr (NG7),
0.10 Torr (NG10), and 0.13 Torr (NG13)). A close-up topography has revealed
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Figure 10.7 (a) XPS spectra of the pris- 398.2 eV, which are labeled by red, green,

tine graphene and the N-doped graphene.
(b) XPS C 1s spectrum and (c) XPS N 1s
spectrum of the N-doped graphene. The

C 1s peak can be split to three Lorentzian
peaks at 284.8, 285.8, and 287.5eV, which
are labeled by red, green, and blue dashed
lines. The N Ts peak can be split to three

and blue dashed lines. (d) Schematic rep-
resentation of the N-doped graphene. The
blue, red, green, and yellow spheres rep-
resent the C, “graphitic” N, “pyridinic’’ N,
and “pyrrolic” N atoms in the N-doped
graphene, respectively. (Reproduced with
permission from [17]. Copyright (© 2009

Lorentzian peaks at 401.7, 400.1, and American Chemical Society)

three bright spots forming a triangle (Figure 10.9), the distance between the
bright spots being equal to the graphene lattice constant (2.5A). An STM line
scan through the dopant (inset in Figure 10.9a) shows an apparent out-of-plane
height of 0.6 +0.2 A, consistent with the N atom substitution in the plane of the
graphene.

Luo et al. [43] report the synthesis of single-layer graphene (SLG) doped with
pyridinic N by thermal CVD of hydrogen and ethylene on Cu foils in the presence
of ammonia at 900 °C for 30 min. The Cu foil was heated at 900 °C for 30 min in
flowing 10 sccm H, at 1 Torr. The gas mixture of H, and C,H, was then flowed at
4.6 Torr with a rate of 30 and 10 sccm for 30 min, respectively. After the growth,
the samples were cooled down to room temperature (~20 °C min~!) with flowing
H, under the pressure of 1 Torr. For the growth of CN -graphene, NH; diluted in
He (NH,/He, v/v 10%) with the flow rate of 3—12 sccm was introduced into the
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Figure 10.8 Electrical properties of the
N-doped graphene. (a) SEM image of an

example of the N-doped graphene device. (b)
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uration. (c,d) Iy,/Vy, characteristics at vari-

ous V, for the pristine graphene and the N-
doped graphene FET device, respectively. The

insets are the presumed band structures.
(e) Transfer characteristics of the pristine
graphene (V4 at —0.5V) and the N-doped
graphene (V4 at 0.5 and 1.0V). (Repro-
duced with permission from [17]. Copyright
(© 2009 American Chemical Society)

reactor during the graphene growth process without changing the flow rates of H,
and C,H,. By adjusting the flow rate of ammonia, the atomic ratio of N and C
can be modulated from 0 to 16%. The domain-like distribution of N incorporated
in graphene was revealed by Raman spectroscopy and time-of-flight secondary
ion mass spectrometry. UV photoemission spectroscopy demonstrated that the
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Figure 10.9 Visualizing individual nitrogen
dopants in monolayer graphene, STM imag-
ing of nitrogen dopants. (a) STM image of
the most common doping form observed
on N-doped graphene on copper foil, cor-
responding to a single graphitic N dopant.
(Inset) Line profile across the dopant shows
atomic corrugation and apparent height

of the dopant (V,,.=0.8V, I, =0.8nA).
(b) Simulated STM image of graphitic N
dopant (V,;,,=0.5V), based on DFT cal-
culations. Also superposed is a ball-and-
stick model of the graphene lattice with a
single N impurity. (c) STM image of N-
doped graphene on copper foil showing 14
graphitic dopants and strong intervalley scat-
tering tails. (Inset) FFT of topography shows
atomic peaks (outer hexagon) and intervalley
scattering peaks (inner hexagon, indicated

by red arrow) (V,,,=0.8V, I, =0.8nA). (d)
Spatial distribution of N—N distances from
eight samples on copper foils with different
N concentrations. The distributions are all
fit well by a quadratic power law (expected
error bands in gray) overall length scales
indicating that N dopants incorporate ran-
domly into the graphene lattice. (e) dl/dV
curves taken on a N atom (bottom) and

on the bright topographic features near the
nitrogen atom on N-doped graphene on
copper, offset vertically for clarity. The top
curve is the dl/dV spectrum taken ~2nm
away from the dopant. (Inset) Positions
where the spectra were taken (V;. =08V,
|t =1.0nA). (Reproduced with permission
from [13]. Copyright (© 2011 American Asso-
ciation for the Advancement of Science)

pyridinic N efficiently changed the valence band structure of graphene, including
raising the density of n states near the Fermi level and the reduction of work
function. Gao et al. [44] have grown large area, nitrogen-doped single atomic layer
graphene films on copper foils by CVD, which can be easily transferred to a variety
of substrates with N atoms present mainly as pyrrolic-nitrogens. The doping level of
N was ~3.4 at.%. Reddy et al. [45] carried out a controlled growth of nitrogen-doped
graphene layers on Cu substrate using acetonitrile based CVD. Initially the Cu foil
was loaded in a quartz tube of a CVD furnace and evacuated to a base pressure
of 1072 Torr and the furnace was then heated to 950°C, while flowing Ar/H,
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and maintaining a pressure of 5 Torr. Once the desired temperature was reached,
Ar/H, flow was stopped and acetonitrile vapors passed while maintaining the tube
pressure at 500 mTorr. Around 3-15 min of vapor flow typically resulted in one or
few-layer graphene. The NG was thus grown directly on Cu current collectors and
studied for reversible Li-ion intercalation properties. Reversible discharge capacity
of NG is almost double compared to PG due to the large number of surface defects
induced due to N-doping. Cui et al. [46] also investigated the production of NG from
liquid acetonitrile and demonstrated the need for a critical feed rate of acetonitrile.
Lv et al. describe the synthesis of large-area, crystalline monolayer NG sheets on
Cu foils using methane (CH,) and ammonia (NH;) as precursors via atmospheric-
pressure chemical vapor deposition (AP-CVD) (Figure 10.10), yielding a N-doping
site composed of two quasi-adjacent substitutional nitrogen atoms within the same
graphene sub-lattice (N,%) [47].

Figure 10.10a shows a photograph of the as-synthesized NG on Cu foil. Owing
to the high transparency of single graphene layers, the NG-covered Cu foil exhibits
the intrinsic appearance of copper. In addition, the underneath Cu foil could

L eniEnE

Figure 10.10 Morphology of as-synthesized was only part of the prepared NG sample
N-doped graphene (NG) sheets. (a) Photo-  shown in (a). It could be any size depend-

graph of as-synthesized NG sample on Cu ing on the dimension of original NG-covered
foil. (b) PMMA-coated NG with Cu residues  Cu foil for transfer. (d,e) Typical HRTEM
floating on FeCl;/HCl aqueous solution, images of as-synthesized monolayer NG. The

which is used as Cu etchant. Cu foil can be inset of (e) is the corresponding fast Fourier
completely etched away within ~20min. (c)  transform (FFT) depicting the hexagonal pat-
NG sheet (1cmx1cm) on silicon wafer with tern characteristic of the graphene framework
300 nm-thick SiO, coating. This NG sheet [47].
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be easily etched away in an aqueous FeCl;/HCI solution (Figure 10.10b). NG
samples were then transferred onto other substrates (e.g., SiO,/Si wafers) using
a polymethylmethacrylate (PMMA)-assisted method in order to keep large-area
NG sheets from breaking during the transfer process. Figure 10.10c shows a
transferred NG sheet with a 1cm X 1 cm area. It is noteworthy that the size of the
NG sample could be much larger depending only on the size of the original Cu
foil used for the transfer. STM and scanning tunneling spectroscopy (STS) of NG
(Figure 10.11) revealed the presence of localized states in the conduction band
induced by N,A%-doping, which was confirmed by ab initio calculations.

Jin et al. have demonstrated the growth of monolayer of NG in centimeter-scale
sheets on copper foils, using CVD with pyridine as the sole source of both carbon
and nitrogen [48]. These workers evacuated the reactor furnace tube and then
heated it to 1000 °C in 400 sccm H, flow under a H, gas pressure of ~6 Torr. After
annealing for 20 min, pyridine vapor was introduced into the reactor by passing a
40 sccm Ar gas flow through a bubbler containing liquid pyridine. The temperature
and gas flows were maintained in the furnace tube for 10 min with a total pressure
of ~7 Torr. After the growth period, the Ar gas flow was stopped and the sample
cooled to room temperature under H, gas flow. NG was fabricated on a Pt(111)
surface through CVD [49]. The heated substrate was exposed to N-containing
organic molecules such as pyridine and acrylonitrile. Analysis by XPS and Raman
spectroscopy revealed that NG was formed on a Pt(111) surface from pyridine at the
substrate temperature (T,) > 500 °C, while nitrogen was not doped at T, > 700 °C.
Exposing the heated substrate to acrylonitrile also led to formation of graphene
but nitrogen was not incorporated at any T. Koch et al. obtained nitrogen-doped
graphene on Ni(111) by CVD using pyridine as the precursor [50], by exposing
the substrate to 1x 10~ Torr pyridine at substrate temperatures of 400, 580, or
800 °C for 2 min. The so-obtained NG layers were investigated using photoelectron
spectroscopy. The nitrogen content was found to be influenced by the growth
temperature and determined the atomic arrangement of the nitrogen atoms. The
graphene produced with pyridine ata substrate temperature of T, =800 °C contains
no nitrogen, and this may be owing to temperature-induced decomposition of the
pyridine precursor followed by the recombination and desorption of molecular
nitrogen. Corresponding measurements on graphene grown by pyridine CVD at a
substrate temperature of T, =580 °C indicate nitrogen content of 0.02 monolayers,
that is, 1% also at T, =400°C yields nitrogen concentration of 0.05 monolayers.
Valence-band photoelectron spectra showed that the incorporation of nitrogen
leads to a broadening of the photoemission lines and a shift of the = band.
Density functional calculations for two possible geometric arrangements, the
substitution of carbon atoms by nitrogen and vacancies in the graphene sheet
with pyridinic nitrogen at the edges, reveal that the two arrangements have
opposite effects on the band structure. Xue et al. [51] demonstrate a self-assembly
approach that gave single-layer, single crystal, and highly NG domain arrays by
self-organization of pyridine molecules on Cu surface at >300°C. These NG
domains have a tetragonal-shape, reflecting the single crystal nature confirmed by
electron-diffraction measurements. Lin et al. [52] report a synthetic method for the



Figure 10.11 Experimental and simulated
STM images of as-synthesized NG sheets.
(a) Large-area STM image of the NG illus-
trating the presence of numerous N-dopants
with similar peapod-like configuration (high-
lighted by white arrows), Vi;.. 5275mV, I,
5100 pA. The upper and lower squares are
used to indicate the undoped region and N,
dopants. (Inset) FFT of topography presents
reciprocal lattice (outer hexagon) and inter-
valley scattering (inner hexagon). The STM
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.= Simulated

image shown here is obtained in flatten-
ing mode to remove the overall roughness
of the substrate and enhance the atomic
contrast of dopants. (b) Highly resolved
STM image of a N,** dopant. (c) Ball-stick
structural model of the N,** dopant and
simulated STM image obtained using first-
principles calculations. The bias is 21.0eV.
The carbon and nitrogen atoms are illus-
trated using gray and cyan balls, respectively
[47].
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preparation of NG via pyrolysis of GO with polypyrrole (PPy). Oehzelt et al. [53]
developed a strategy for efficient growth of NG on a large scale in situ by CVD of
s-triazine on a Ni(111) surface. The synthesis was carried out by exposing triazine
vapor (~1x 107) in the 540-635 °C range for ~30 min. In the incipient reaction of
s-triazine molecules with the Ni(111) surface, a graphene monolayer, containing a
variety of nitrogen atom environments, is formed. A band gap of 300 meV and a
charge-carrier concentration of ~8 x 10'2 electrons per cm?, induced by 0.4 at.% of
graphitic nitrogen are reported.

10.2.6
Pyrolysis Methods

Xu et al. [54] synthesized NG by pyrolysis of metal (Fe, Ni) tetrapyridinopor-
phyrazine, a nitrogen-rich metal phthalocyanine derivative with four pyridine
substituents above 850°C. The NG analog is nitrogen-rich with atomic ratio of
N/C about 20.5% and has uniform distribution of C and N atoms with a major-
ity of N atoms present in a pyridine type environment. The material exhibits a
one-step, four-electron pathway for ORR, and shows almost identical voltammetric
responses before and after about 100000 cycles, indicating that it has high and
stable electrocatalytic activity for oxygen reduction.

Sheng et al. [55] report a catalyst-free thermal annealing approach for the large-
scale synthesis of NG via thermal annealing of graphite oxide with a low-cost
industrial material melamine as the N source at a temperature of 700—1000 °C in
a tubular furnace. In a typical procedure, graphite oxide (prepared by the modified
Hummers’ method) and melamine were mixed together with a mass ratio of 1:5
by griding, forming a uniform gray mixture. This mixture in a crucible was then
placed into a corundum tube with a flow of argon atmosphere and heated to 800 °C
at a rate of 5°Cmin~!. After the temperature was maintained for 1h, the furnace
was cooled to room temperature and the product was collected from the crucible.
The possible doping process is illustrated in scheme in Figure 10.12.

Nitrogen atoms or other nitrogen species formed by decomposition of carbon
nitride can attack these active sites and form NGs. To a certain extent, NGs with
different nitrogen atomic percent can be achieved by controlling the mass ratio of
graphite oxide and melamine, the annealing temperature, and time. The resultant
product shows that the atomic percentage of N in doped graphene samples can
be adjusted up to 10.1% which mainly contains pyridine-like N atoms. It exhibits
excellent electrocatalytic activity of NG toward the ORR in alkaline electrolytes,
which is independent of N doping level. Lin et al. [56] also report the preparation
of NG via pyrolysis of graphene oxide with melamine. The resulting NG shows
high electrocatalytic activity toward ORR in an alkaline solution with an onset
potential of —0.10V versus Ag/AgCl reference electrode. Li et al. [57] report
preparation of NG with large surface area by combining the ultrafast thermal
exfoliation and covalent transformation from the melamine—graphene oxide (GO)
mixture at different temperatures. As shown in Figure 10.13a, preparation at 300 °C
(NG300) shows a high percentage of pyridinic-N and pyrrolic-N structures but a
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Figure 10.12 |: Schematic illustration of (a), graphene/GCE (b), and NG5/GCE

the nitrogen doping process of melamine (N%=7.1%) (c) in O, saturated 0.1 M KOH
into GO layers. (1) Melamine adsorbed aqueous solution. (B) CVs for ORR at NGs,
on the surfaces of GO when temperature synthesized with different mass ratio of

is <300°C. (2) Melamine condensed and GO and melamine (1:1, 1:2, 1:5, 1:10,
formed carbon nitride when temperature is 1:50) at 800°C, modified GCE in O, sat-

<600°C. (3) Carbon nitride decomposed urated 0.1 M KOH aqueous solution. Scan

and doped into graphene layers when tem-  rate: 100mVs~'. (Reproduced with permis-
perature is >600°C. II: (A) Typical cyclic sion from [55]. Copyright (© 2011 American
voltammograms (CVs) for ORR obtained Chemical Society)

at a bare glassy carbon electrode (GCE)

low percentage of graphitic-N. When the temperature was increased to 600 °C,
a decrease in the percentage of pyrrolic-N and an increase in the percentage
of graphitic-N is observed (Figure 10.13b). At 900 °C, the major components of
NG900 are pyridinic-N and graphitic-N (Figure 10.13c). When GO alone (i.e.,
in the absence of melamine) was thermally exfoliated/reduced at 900 °C by this
procedure, yields only un-doped graphene, showing no obvious peaks in the N1s
spectrum of graphene (Figure 10.13d). The above results for the XPS N1s spectra
confirm that by this procedure the nitrogen atoms can be doped into graphene and
transformed into four nitrogen-doped structures in the graphene layers.

Parvez et al. [58] have developed a cost-effective synthesis of NG by using
cyanamide and graphene oxide leading to high and controllable nitrogen content
(4.0-12.0%) after pyrolysis. NG thermally treated at 900 °C shows a stable methanol
crossover effect, high c.d (6.67 mA cm™2), and durability (~87% after 10 000 cycles)
when catalyzing ORR in alkaline solution. Iron NPs could be incorporated into
NG with the aid of Fe(IlI) chloride in the synthetic process. This allows one to
examine the influence of non-noble metals on the electrocatalytic performance.
NG supported with 5wt% Fe NPs displayed an excellent methanol crossover effect
and high c.d (8.20 mA cm™2) in an alkaline solution. Moreover, Fe-incorporated NG
showed good stability in both alkaline (~94%) and acidic (~85%) solutions, which
out-performed the platinum and NG-based catalysts.
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Figure 10.13 XPS N 1s core level spectra of (a) NG300, (b) NG600, (c) NG900, and (d)
graphene. (Reproduced with permission from [57]. Copyright (© 2013 Elsevier)

Gopalakrishnan et al. [59] have prepared heavily nitrogenated graphene oxide
containing ~18 wt% nitrogen by microwave synthesis with urea as the nitrogen
source. In a typical procedure, graphene oxide was ground with different propor-
tions of urea and the pelletized mixture heated in a microwave reactor (900 W) for
30s. The graphene oxide gets simultaneously reduced and doped with nitrogen.
The products obtained with graphene:urea mass ratios of 1:0.5,1:1, and 1:2, des-
ignated as NGO-1, NGO-2, and NGO-3, respectively, possess nitrogen contents of
14.7,18.2, and 17.5 wt%, respectively. This nitrogen content is considerably higher
than those found in earlier reports. Typical TEM and atomic force microscopy
(AFM) images in Figure 10.14a,b show that the graphene sheets appear somewhat
like scrolls due to microwave treatment. These materials show outstanding perfor-
mance as a supercapacitor electrode material (see for details; Section 10.6), with the
specific capacitance going up to 461 Fg~L.

Li et al. [60] report the synthesis of NG from glucose by adding dicyandiamide
to form layered graphitic carbon nitride (g-C;N,), which serves as a sacrificial
template. In a typical synthesis, the two-step heating of a mixture of dicyandiamide
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Figure 10.14 (a) TEM and (b) AFM images of N-doped graphene (NGO-3) [59].

and glucose under a protective flow of N, directly results in freestanding graphene
with a yield of 28-60% (calculated based on added C from glucose). During
the process, the thermal condensation of dicyandiamide creates a layered g-
C;N, template, which binds the as-formed aromatic carbon intermediates to
its surface by means of donor—acceptor interactions and finally confines their
condensation in a cooperative process to the interlayer gaps of g-C;N, at 600°C.
The stacking heights of the two phases are controlled by the relative amounts
of the two monomers, glucose and dicyandiamide. Because the g-C;N, template
undergoes complete thermolysis at >750 °C, graphene-like sheets are liberated and
the observed nitrogen content was 4.3 at.% (at 1000°C). This approach allows
for gradually tuning the concentration of the nitrogen dopant in a broader range
without disturbing the morphology of graphene. There has been some effort to
develop routes for obtaining large sheets of monolayer or bilayer graphene. Sun et al.
[61] report that large area, high-quality graphene with controllable thickness can
be grown from different solid carbon sources such as polymer films or small
molecules-deposited on a metal catalyst substrate at temperatures >800°C. The
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growth of monolayers of NG was carried out from solid carbon sources atop metal
catalysts by a one-step process (Figure 10.15).

Melamine was mixed with PMMA and spin-coated onto the Cu substrate. At
a temperature as low as 800°C or as high as 1000°C (tested limit) for 10 min,
with a reductive gas flow (H,/Ar) and a atmospheric pressure conditions, a

>800 °C
Ho/Ar, 10 min
(a) PMMA/Cu/SiO,/Si Graphene/Cu/SiO,/Si
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Figure 10.15 Synthetic protocol, spectro- (bottom) to 240V (top). Bottom inset, SEM
scopic analysis, and electrical properties (JEOL-6500 microscope) image of this device
of PMMA-derived graphene. (a) Mono- where the PMMA-derived graphene is per-
layer graphene is derived from solid PMMA  pendicular to the Pt leads. I, drain—source
films on Cu substrates by heating in an current; V,, gate voltage; Vg, drain—source

H,/Ar atmosphere at 800°C or higher (up voltage. (d) Selected-area electron diffraction
to 1000°C). (b) Raman spectrum (514 nm (SAED) pattern of PMMA-derived graphene.

excitation) of monolayer PMMA-derived (e—g) HRTEM images of PMMA-derived
graphene obtained at 1000°C. (c) Room graphene films at increasing magnifica-
temperature Iy -V, curve from a PMMA- tion. In (g) black arrows indicate Cu atoms.
derived graphene-based back-gated FET (Reproduced with permission from [61].
device. Top inset, I, -V, characteristics Copyright (© 2010 Nature Publishing Group)

as a function of Vg; Vg changes from 0V
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single uniform layer of graphene was formed on the substrate. The prepared
polymer films were successfully converted into NG, with an N content of 2-3.5%
(Figure 10.16). The graphene material thus produced can be easily transferred to
different substrates. Lin et al. synthesized NG via pyrolysis of graphene oxide with
urea and studied its electrocatalytic activity toward the ORR [62]. The total nitrogen
content in the graphene was as high as 7.86%, with a high proportion of N + G. The
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Figure 10.16 (a) XPS analysis from the C
1s peak of PMMA-derived graphene (black)
and N-doped PMMA-derived graphene (red);
the shoulder can be assigned to the C—N
bond. (b) XPS analysis, showing the N 1s
peak (black line) and its fitting (squares),
of N-doped PMMA-derived graphene. The
atomic concentration of N for this sample
is about 2% (C is 98%). No N 1s peak

(d) Vg (V)

was observed for pristine PMMA-derived
graphene. (c) Raman spectra of pristine and
N-doped PMMA-derived graphene. (d) Room
temperature Iy —V, curves (V4 =500mV)
showing n-type behavior obtained from three
different N-doped graphene-based back-gated
FET devices. (Reproduced with permission
from [61]. Copyright (© 2010 Nature Publish-
ing Group)
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scale quantities with a denotation process Nature Publishing Group)

and NG was applied as the cathode catalyst

resulting graphene exhibited high catalytic activity toward the ORR and preferred
a four-electron pathway.

Feng et al. [63] report an easy-to-operate and low-temperature method to syn-
thesize NG in gram-scale quantities with a denotation process (Figure 10.17). In
a typical procedure, the detonation reaction of cyanuric chloride (2 g) and trinitro-
phenol (3 g) was carried out at 320 °C with a momentary pressure of 60 MPa and an
equilibrium pressure of 30 MPa in a 20 ml stainless steel autoclave (Figure 10.17).
After the autoclave was cooled to room temperature, the gaseous products were
discharged and black solid NG was collected. In the graphene sheets the existence
of the nitrogen substitute with an atomic ratio of N/C 12.5% was greater than
those reported in the literature. In the neutral phosphate buffer solution, NG was
demonstrated to act as a metal-free electrode with excellent electrocatalytic activity
and long-term operation stability for oxygen reduction via a combination of two-
electron and four-electron pathways. When NG was used as the cathode catalyst of
microbial fuel cells, the obtained maximum power density was comparable to that
of conventional platinum catalyst.

10.2.7
Other Methods

Zhang et al. [64] report a method for growing NG using embedded C and N source
with the aid of a boron mediator during the electron beam deposition process,
wherein boron atoms prefer to stay in the bulk of nickel and nitrogen atoms tend
to segregate out onto the nickel surface. As shown schematically in Figure 10.18,
NG is obtained through vacuum annealing of a sandwiched Ni(C)/B(N)/SiO,/Si
substrate at high temperature. With the utilization of the segregation phenomenon,
the trace amount of C species involved in the Ni film as well as the B-trapped N
species are simultaneously squeezed out via thermal annealing, forming uniform
NG film (scheme in Figure 10.18).
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concurrent segregation technique for grow-  Nitrogen-doped graphene was formed on
ing nitrogen-doped graphene. The electron nickel surface after vacuum annealing at high
beam evaporated boron layer was used as temperature. (Reproduced with permission

the nitrogen trap and the top nickel layer from [64]. Copyright (© 2011 Wiley-VCH)
containing a trace amount of carbon as the

Compared with PG, such NG exhibits a remarkable n-type behavior with an
effective bandgap of 0.16 eV, suggesting that the N-doping could tune the electrical
properties of graphene (Figure 10.19).

Zheng et al. have demonstrated a general transfer-free method to directly
grow large areas of uniform bilayer graphene on insulating substrates such
as SiO,, h-BN, Si;N,, and Al,O, from solid carbon sources such as polymer
films of poly(2-phenylpropyl)methylsiloxane (PPMS), PMMA, polystyrene (PS),
and poly(acrylonitrile-co-butadiene-co-styrene) (ABS). The polymer polyABS leads
to N-doped bilayer graphene due to its inherent nitrogen content [65]. Alterna-
tively, the carbon feeds can be prepared from a self-assembled monolayer of
butyltriethoxysilane atop a SiO, layer. The carbon feedstocks were deposited on
the insulating substrates and then capped with a layer of nickel. At 1000 °C, under
low pressure and a reducing atmosphere, the carbon source was transformed into
a bilayer graphene film on the insulating substrates. The Ni layer is removed by
dissolution, producing the bilayer graphene directly on the insulator with no traces
of polymer left from a transfer step.

Vinayan et al. [66] devised a synthesis procedure to obtain nitrogen-doping in
hydrogen-exfoliated graphene (HEG) sheets. An anionic polyelectrolyte-conducting
polymer duo is used to form a uniform coating of the polymer over graphene sheets
(scheme in Figure 10.20). Pyrolysis of graphene coated with PPy, at 800°C in an
inertargon atmosphere leads to the incorporation of nitrogen atoms in the graphene
network with the simultaneous removal of the polymer yielding nitrogen-doped
hydrogen-exfoliated graphene (N-HEG). These N-HEG sheets are used as cata-
lyst support for dispersing platinum and platinum-—cobalt alloy NPs synthesized
by the modified-polyol reduction method, yielding a uniform dispersion of the
catalyst NPs. Compared to commercial Pt/C electrocatalyst, Pt—Co/N-HEG cath-
ode electrocatalyst exhibits four times higher power density in proton exchange
membrane fuel cells (PEMFCs), which is attributed to the excellent dispersion of
Pt—Co alloy NPs on the N-HEG support, the alloying effect of Pt—Co, and the
high electrocatalytic activity of the N-HEG support. A stability study shows that
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Figure 10.20 Schematic illustration of the synthesis procedure of Pt/N-HEG or Pt3Co/
N-HEG. (Reproduced with permission from [66]. Copyright (© 2012 Wiley-VCH)

Pt/N-HEG and Pt—Co/N-HEG cathode electrocatalysts are highly stable in acidic
media.

Chandra et al. produced N-doped porous carbon via chemical activation of PPy
functionalized graphene sheets at 400°C (a-NDC4), 500°C (a-NDC5), 600°C (a-
NDC6), and 700°C (a-NDC7) in N, flow (100 sccm), using a 7M KOH solution,
which shows selective adsorption of CO, (4.3 mmolg™!) over N, (0.27 mmolg™!)
at 298 K [67]. The PPy functionalized graphene sheets (with different graphene
oxide loadings (weight% =25, 50, and 75) in pyrrole) were synthesized via chemical
polymerization of pyrrole in graphene oxide using ammonium persulfate and
subsequent reduction using hydrazine. Sun et al. [68] used nanoporous nitrogen
doped carbon to modify the surfaces of graphene sheets by carbonizing a mixture
of graphene oxide and phenol-melamine-formaldehyde (PMF) pre-polymer in the
presence of a soft template (Pluronic F127). For fabricating graphene sheets
sandwiched by nanoporous N-doped carbon layers, a simple soft template method
was adapted, by using a triblock copolymer, Pluronic F127, as the template for
guiding the growth of nanoporous structures of PMF pre-polymer on graphene
sheets. After carbonization at 700 °C, graphene-based catalysts with a sandwich
structure (G-PMFs) were obtained. The resulting graphene based composite sheets
(G-PMFs) have a sandwich structure with one graphene layer and two nanoporous
N-doped C layers. G-PMFs have large SSAs of 190-630m? g~! and exhibit high
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electrocatalytic activity, good durability, and high selectivity for the ORR. The
performance of the Zn-air fuel cell with a G-PMF anode was tested and is
comparable to that of the Zn-air cell with a com. Pt/C anode. Lin et al. [69]
prepared NG by the pyrolysis of GO—PANI (polyaniline) composite at 1000 °C
for 30 min in an Ar atmosphere. The reaction was carried out for 24 h, and the
resulting NG contained 2.4at.% N, of which as high as 1.2at.% is quaternary
N. Electrochemical characterization reveals that the NG has excellent catalytic
activity toward ORR in an alkaline electrolyte, including a desirable four-electron
pathway for the formation of water, large kinetic-limiting current density, long-
term stability, and good tolerance to methanol crossover. In addition, NG also
had high catalytic activity toward oxygen evolution reaction (OER), rendering its
potential application as a bifunctional catalyst for both ORR and OER. Lai et al.
[70] produced NG by annealing of GO under ammonia or by annealing of a
N-containing polymer/reduced graphene oxide (RGO) composite (PANI/RGO or
PPy/RGO) at different temperatures. The active center structure resulting from
the bonding state of the N atom of NG-based catalysts was found to have a
significant effect on the selectivity and catalytic activity for ORR. Annealing of
GO with ammonia preferentially formed graphitic N and pyridinic N centers,
while annealing of PANI/RGO and PPy/RGO tended to generate pyridinic and
pyrrolic N moieties, respectively. Most significantly, the electrocatalytic activity
of the catalyst was dependent on the graphitic N content which determined
the limiting c.d, while the pyridinic N content improved the onset potential
for ORR.

Wen et al. [71] synthesized crumpled NG nanosheets (C-NGNSs) with ultrahigh
pore volume, by heating a solution of cyanamide (NH,CN) and GO under stirring at
90 °C (until completely dry), followed by heating of the product at 400 °C and finally
calcined at 750 or 900 °C to obtain the products C-NGNSs-750 or C-NGNSs-900,
respectively (Figure 10.21). The GO-NH,CN product heated at 400 °C induces the
polymerization of cyanamide and thus forms a thin C;N, polymer layer on the
surface of the GO (GO@p-C;N,).

Hwang et al. [72] demonstrate a controlled, systematic method to tune the
charge transport in graphene FETs based on alternating layer-by-layer assembly of
positive and negative charged GO followed by thermal reduction (Figures 10.22 and
10.23). Nitrogen atoms from the functional groups of positively charged GO are
incorporated into the reduced graphene oxide films and substitute carbon atoms
during the thermal reduction. The nitrogen-doping process occurs to different
degrees in graphene multilayers with varying numbers of bilayers and thereby
resulting in the interesting transition in the electronic behavior in graphene
multilayer transistors.

Palaniselvam et al. [73] developed a simple way to simultaneously create pores
and N-doped active sites on graphene for performing electrochemical ORR. The
main aspect of the process is the in situ generation of Fe,O; NPs and their
concomitant dispersion on graphene by pyrolyzing GO with the Fe phenanthroline
complex. The deposited Fe,O; NPs thus act as seeds for pore generation by etching
the carbon layer along the graphene—Fe, O, interface (Figure 10.24). Detection of
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Figure 10.21 Schematic illustration for fabricating crumpled nitrogen-doped graphene (a);
TEM images of the GO (b); GO@p-C3N4 (c); and C-NGNSs-900 (d). (Reproduced with per-
mission from [71]. copyright (© 2012 Wiley-VCH)
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Figure 10.22 Schematic representation of LbL-assembled graphene-based FETs. (Repro-
duced with permission from [72]. Copyright (© 2012 American Chemical Society)

Fe,C along with Fe,O; confirms C spill-over from graphene as a plausible step
involved in the pore engraving process. Since the process offers a good control
on the size and dispersion of the Fe,O; NPs, the pore size and distribution also
could be managed very effectively in this process. As the phenanthroline complex
decomposes and gives Fe,O; NPs and subsequently the pores on graphene, the
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unsaturated carbons along the pore openings simultaneously capture N of the
phenanthroline complex and provide very efficient active sites for ORR under
alkaline conditions. The degree of N doping and hence the ORR activity could be
improved by subjecting the porous material for a second round of N doping using
Fe-free phenanthroline.

Unni et al. [74] report a template-free synthetic route for the preparation of
mesoporous NG containing a high weight percentage of pyrrolic nitrogen, large
SSA, and comparable electrochemical oxygen reduction activity as that of the state-
of-the-art 40 wt% Pt/C catalyst. In a typical synthesis, initially GO was functionalized
with pyrrole by dispersing GO in deionized water, followed by the addition
of pyrrole monomer and refluxing for 15h at 95°C. After completion of the
reaction, the resulting black solution was filtered using polytetrafluoroethylene
(PTFE) filter paper and the wet cake was washed with solvents and was dried
in a vacuum oven. This composite GPPy obtained at this stage was used for
preparing various NG samples. In the next step, NG was prepared by simple
heat treatment of reduced graphene oxide, which has oxidized products of pyrrole
anchored on the surface, in an argon atmosphere at different heating temperatures
such as 700, 800, 900, and 1000°C. The desired coordination of nitrogen in
the carbon framework of graphene has been conceived by a mutually assisted
redox reaction between GO and pyrrole, followed by thermal treatment at elevated
temperatures. The heat treatment plays an important role in establishing the
desired pyrrolic coordination of nitrogen in graphene for the electrochemical ORR.
The NG sample obtained after heat treatment at 1000°C (NG-1000) has 53%
pyrrolic nitrogen content compared to similar samples prepared by treating at low
temperatures. Because the oxygen reduction activity is strongly a function of the
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Figure 10.24 Schematic representation of the process involved in the creation of pores and
the nitrogen and iron nitride doped active sites on graphene. (Reproduced with permission
from [73]. Copyright (© 2012 Royal Society of Chemistry)

heat treatment temperature, the electrochemical ORR activities of the different
heat treated catalysts were individually evaluated. Saleh et al. [75] have synthesized
N-doped microporous carbon consisting of NG sheets via chemical activation of
polyindole-modified graphene oxide (PIG) hybrids at temperatures of 400-800°C
(Figure 10.25, schematic illustration). The NG sheets are microporous with an
adsorption pore size of 0.6nm for CO, and show a maximum surface area of
936m? g~! (Figure 10.26). The polyindole-modified graphene oxide hybrid activated
at 600 °C (PIGG6) possesses a surface area of 534 m? g~! and a micropore volume of
0.29 cm? g~1. PIG6 shows a maximum CO, adsorption capacity of 3.0 mmol g~! at
25°C and 1atm. This high CO, uptake is due to the highly microporous character
of the material and its N content.

Three-dimensional N-doped graphene-carbon nanotube networks (NGCs) are
obtained by hydrothermal treatment, freeze-drying, and subsequent carbonization
of graphene oxide-dispersed pristine carbon nanotubes (CNTSs) in the presence
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Figure 10.26 Pore size distribution for Polyindole (PIn) and PIG samples. (Reproduced
from Ref. [75].)

of pyrrole (Figure 10.27) [76]. The overall synthetic procedure is illustrated in
Figure 10.27. GO is used as the surfactant to directly disperse pristine CNTs
without any additives and the CNTSs prevent the aggregation of graphene as well as
improve the whole conductivity of NGCs. Figure 10.28 (a) and (b) shows SEM and
TEM images of the GO-dispersed pristine CNTs respectively. After hydrothermal
self-assembly with pyrrole, freeze-drying, and subsequent carbonization process,
the resulting NGCs-0.5 possesses 3D interconnected frameworks with randomly
opened macropores (Figure 10.28¢c,d) due to the effective cross linking of suffi-
cient PPy polymerization during the hydrothermal treatment. The TEM image in
Figure 10.28e reveals that the NGCs-0.5 also possesses numerous mesopores and
micropores, which is possibly caused by the addition of pristine CNTs. The inserted
CNTs not only prevent the aggregation of NG, but also improve its conductivity. The
intensity ratio of the G band at 1350 cm™! relative to the D band at 1587 cm~! in the
Raman spectra (IG/ID) reliably increases (Figure 28(f)), indicating the integration
of pristine CNTs. The resulting NGCs used as a supercapacitor show high specific
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images of NGCs-0.5. (f) Raman spectra of Chemistry)

capacitance, good rate capability, and still retain ~96% of the initial capacitance
even after 3000 cycles.

Chen et al. [77] report a hydrothermal process for the synthesis and structural
adjustment of the NGH, which can be readily scaled-up for mass production of NGH
by using an organic amine and GO as precursors (see scheme in Figure 10.29).
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Figure 10.29 Schematic illustration of the controlled assembly of the 3DGN-GH, (a) illustration of the enhancement of the distance between
graphene layers by ethylene diamine and (b) the possible reaction pathways for nitrogen doping. (Reproduced with permission from [77]. Copy-
right (© 2013 Elsevier)
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The structure of the hydrogel and the content of nitrogen in the graphene are
easily adjusted by organic amine. The supercapacitor performance was found to be
remarkably enhanced. At an ultrafast charge—discharge rate of 185.0 Ag~!, a high
power density of 205.0kW kg~! was obtained. The c.d of 100.0 A g~1, 95.2% of its
capacitance was retained for 4000 cycles.

Wu et al. [78] reported three-dimensional nitrogen-doped graphene aerogel (N-
GA)-supported Fe;O, NPs (Fe;0,/N-GAs) and utilized it as catalysts for the ORR.
The fabrication process for 3D Fe;O,/N-GAs is demonstrated in Figure 10.30.
Fe;O, NPs nucleated and grew on the graphene surface with simultaneous incor-
poration of nitrogen species into the graphene lattice. The as-prepared hydrogel
was directly dehydrated via a freeze-drying process to maintain the 3D monolithic
architecture and then heated at 600 °C for 3 h under nitrogen (Figure 10.30c). The
final product from this process was a black monolithic hybrid aerogel composed of
NG networks and Fe;O, NPs. These graphene hybrids exhibit an interconnected
macroporous framework of graphene sheets with uniform dispersion of Fe;O,
NPs (Figure 10.31).

In studying the effects of the carbon support on the Fe,O, NPs for the ORR, they
found that Fe;O0,/N-GAs show a more positive onset potential, higher cathodic
density, lower H,O, yield, and higher electron transfer number for the ORR
in alkaline media than Fe;O, NPs supported on N-doped carbon black or NG
sheets, highlighting the importance of the 3D macropores and high SSA of the
GA support for improving the ORR performance. Furthermore, Fe;O,/N-GAs
showed better durability than the commercial Pt/C catalyst. He et al. demonstrate
a novel resin-based methodology for large-scale self-assembly of the NG obtained
by using a precursor containing N and metal ions (Figure 10.32) [79]. In a

317



318 | 10 Doping of Graphene by Nitrogen, Boron, and Other Elements

500 4

400 1

w
=}
S

N
=]
=]

Intensity (a.u.)

100 4

10 20 30 40 50 60 70
26(°)

(@)

(d)

Figure 10.31 Structure and morphology of Fe;0,/N-GAs catalysts. (a) XRD pattern and (b—d) typical SEM images
of Fe;0,/N-GAs revealing the 3D macroporous structure and uniform distribution of Fe;O, NPs in the GAs. The
red rings in (d) indicate Fe;O, NPs encapsulated in thin graphene layers. Representative (e) TEM and (f) HRTEM
images of Fe;O,/N-GAs revealing an Fe;O, NP wrapped by graphene layers. (Reproduced with permission from
[78]. Copyright © 2012 American Chemical Society)
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Figure 10.32 SEM micrographs of N- as-synthesized N-doped graphene after sim-
doped graphene. (a) SEM image of the ple sonication in ethanol for several min-
as synthesized N-doped graphene struc- utes and (d) a close-up of the red square
tures before sonication, (b) high magnifica-  in (c). (Reproduced with permission from
tion SEM image of the N-doped graphene [79]. Copyright © 2012 Royal Society of
before sonication, (c) SEM image of the Chemistry)

typical procedure, 20 g of nitrogen-containing resin (N-resin), poly-(acrylonitrile-
divinylbenzene-triallyl isocyanurate), was immersed in 200ml of 1moll~' HCI
solution to remove impurities. The solution of CoCl,.6H,0 (4.72 g) dissolved in
100 ml of deionized (DI) water and 20 g of the purified N-resin was then mixed
under magnetic stirring at 80 °C until the mixture was dried. The cobalt containing
N-resin was further heated in a tube furnace at 1100 °C under flowing argon at
a rate of 30mlmin~! for 1 h. The product was finally post-treated with 3.0 M HCl
solution for more than 12h with magnetic stirring to completely remove cobalt.
The electrochemical performance of the NG catalyst was studied by a rotating ring-
disk electrode (RRDE) system and showed an outstanding electrocatalytic activity,
long-term stability, and good MeOH and CO tolerance for ORR.

Zhao et al. have reported the hydrothermal preparation of N-doped, ultralight,
3D graphene framework (GF), by hydrothermally treating a mixture of a low
concentration (0.35-0.4 mgml~!) of aqueous GO suspension with 5vol% pyrrole
in a Teflon-lined autoclave at 180°C for 12h [80]. The so formed N-containing
gel was then freeze-dried and annealed at 1050 °C for 3h under Ar atmosphere.
Because of the conjugated structure of pyrrole with its electron-rich N atom, it
can attach to the surfaces and galleries of GO sheets through hydrogen-bonding
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or m—m interactions, thus providing an N source. The pyrrole also works as
swelling agent to effectively prevent GO from self-stacking during the hydrother-
mal process, thus leading to the formation of the large volume GF. A low
concentration (e.g., 0.35 mgml~!) of GO dispersion with pyrrole allows the assem-
bly of 3D porous graphene networks; this does not occur in the absence of
pyrrole.

10.3
Boron Doping

Luo et al. [81], adopting a global optimization method, performed particle-swarm
optimization (PSO) simulations, to predict new stable nanostructures of 2D
boron—carbon (B—C) compounds for a wide range of boron concentrations. The
calculations show that (i) all 2D B-C compounds are metallic except for BC;, which
is a magic case where the isolation of carbon six-membered ring by boron atoms
results in a semiconducting behavior, (ii) for C-rich B—-C compounds, the most
stable 2D structures can be viewed as boron doped graphene (BG) structures, where
boron atoms typically form 1D zigzag chains except for BC; in which boron atoms
are uniformly distributed, (iii) the most stable 2D structure of BC has alternative
carbon and boron ribbons with strong in-between B—C bonds, which possesses a
high thermal stability above 2000 K, and (iv) for B-rich 2D B—C compounds, there
is a novel planar-tetracoordinate carbon motif with an approximate C,, symmetry.

Panchakarla et al. carried out DC arc discharge experiments using graphite
electrodes in the presence of H, + B, H, or using boron-stuffed graphite electrodes
yielding BG of two to four layers [16]. First set of BG samples (BG1) was prepared
by carrying out arc discharge of graphite electrodes in the presence of hydrogen,
helium, and diborane (B,Hg). B,H, vapor was carried to the arc chamber by
passing hydrogen (200 Torr) through B,H, generator and subsequently by passing
He (500 Torr). A second set of boron doped samples (BG2) was prepared by carrying
out arc discharge using a boron-stuffed graphite electrode (3 at.% boron) in the
presence of H, (200 Torr) and He (500 Torr). Also all doped graphene samples
were characterized by a variety of physical methods along with an undoped sample
prepared by arc discharge in hydrogen (HG) for comparison. Figure 10.33 shows
TEM image of BG prepared by the arc discharge method along with a calculated
STM image.

XPS analysis showed that the BG1 and BG2 contained 1.2 and 3.1 at.% of boron,
respectively, while the EELS data showed the content of boron in these samples
to be 1.0 and 2.4at.% respectively. In Figure 10.2b, we show typical core-level
XPS data of BG2 along with the elemental mapping by EELS. Analysis of the (002)
reflections in the X-ray diffraction (XRD) patterns showed that the B-doped samples
contained two to three layers on an average, which is also confirmed by the TEM
images (see Figure 10.33 for typical TEM images). AFM images also showed the
presence of two to three layers in the BG and NG samples, with occasional presence
of single layers. Raman spectra of all the BG and NG samples in comparison with
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(b)

Figure 10.33 TEM images of (a) B-doped in depletion of electronic charge on carbon
graphene (BG2), (b) calculated scanning atoms on the sublattice of the substituted
tunneling microscopy (STM) image of B- dopant, as evident in weaker green (B) color.
doped graphene bilayers; B doping results (Reproduced from Ref. [16].)

the spectrum of the pure graphene sample (HG), prepared by the H,-discharge
method is shown in Figure 10.3. It is noteworthy that the G band stiffens both with
boron and nitrogen doping. The shift in the case of BG2, with a higher B-content,
is larger than with BG1. The intensity of the D band is higher with respect to that
of the G band in all the doped samples. On doping, the relative intensity of the 2D
band generally decreases with respect to the G band.

10.3.1
Mechanical Exfoliation

Kim et al. [82] reported SLG, substitutionally doped with boron by the mechan-
ical exfoliation of boron-doped graphite. Boron-doped graphite was prepared by
thermally treating graphite with a boron compound at 2450 °C using a graphite
furnace (Figure 10.34a). The amount of substitutional boron in graphite was
~0.22 at.% and the boron atoms were spaced 4.76 nm apart in SLG. The sevenfold
higher intensity of the D-band when compared to the G-band was explained by
the elastically scattered photoexcited electrons by boron atoms before emitting a
phonon (Figure 10.34b). The frequency of the G-band in single-layer substituted
BG was unchanged, which could be explained by the p-type boron doping (stiffen-
ing) counteracting the tensile strain effect of the larger carbon-boron bond length
(softening).

10.3.2
Thermal Annealing

Sheng et al. doped boron atoms into GFs via a catalyst-free thermal annealing
approach in the presence of boron oxide [83]. In a typical procedure, graphite
oxide (synthesized by the modified Hummers’ method) powder was put onto
the surface of B,O; in a corundum crucible, which was then placed in the
center of a corundum tube with a continuous flow of argon to guarantee an
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Figure 10.34 (a) Optical microscope image
of the boron-doped single-layer graphene

(indicated by the arrow) on an SiO,/Si sub-
strate; (b) Raman spectrum obtained using
a 633 nm laser line, and spatial maps of (c)

G+ D-band, and (f) G’-band. The integrated
intensity of the D-band is sevenfold that

of the G-band. (Reproduced with permis-
sion from [82]. Copyright (© 2012 American
Chemical Society)
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inert atmosphere in the tube furnace. The center temperature of the furnace
was heated to 1200°C at a heating rate of 5°Cmin~!. After maintaining at
this temperature for 4h, the sample was cooled to room temperature slowly
under an Ar atmosphere. The obtained product was then refluxed in 3M NaOH
aqueous solution for 2h to remove any of the unreacted boron oxide. After
filtration and water washing, the product was dried in a vacuum at 60°C. The
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as-prepared BG has a flake-like structure with an average thickness of about
2nm and 3.2% atomic percentage of boron. Due to its particular structure and
unique electronic properties, the resultant BG exhibits excellent electrocatalytic
activity toward ORR in alkaline electrolytes, similar to the performance of Pt
catalysts.

10.3.3
Chemical Vapor Deposition

Li et al. [84] synthesized BG directly by CVD using ethanol and boron powder
as the precursors. First, boron powder was uniformly dispersed in ethanol by
ultrasonication for 30 min, and the suspension mixture was then evenly spray-
coated on the copper surface. After natural drying, the copper substrate was placed
in the middle of a quartz tube located in a thermal CVD furnace. When the furnace
was heated up to 950 °C, ethanol was introduced into the quartz tube as the carbon
source at 10 pl min~!. After 10 min reaction, the sample was cooled down to room
temperature under argon flow. A mixed solution of FeCl;/HCl was used to etch the
copper away to obtain the free-standing BG film. The process schematic is shown
in Figure 10.35. The BG so obtained shows p-type semiconductor features. Doped
graphene films can form p-n junctions with n-Si to deliver power-conversion
efficiencies of up to 3.4% under AM 1.5.

Cattelan et al. [85] employed a two-step procedure for the optimization growth
of single layer BG nanostructures on polycrystalline copper foils by CVD using
methane and diborane as carbon and boron source, respectively. BG films were
deposited on electro-polished Cu foils in a homemade low-pressure cold-wall CVD
system. The growth temperature was reached using a resistive heating system
directly in contact with the Cu foils. The Cu foil surface was activated according
to the following procedure: the system was evacuated by a scroll pump and a
liquid nitrogen cold trap obtaining a base pressure of 5 x 1072 mbar, and 200 sccm
of Ar were introduced into the chamber for 20 min to replace air. The argon
flux was then replaced by a 25 sccm flux of hydrogen during the annealing stage
(950°C) for 25 min. For BG, the growth was in two steps: 1min of 25sccm of
methane dosing and 30s of codosing of 25sccm of methane and 10sccm of
diborane (1% in helium). Immediately after the growth, the resistive heating
was shut down to rapidly decrease the substrate temperature (from 1000 to
200°C in less than 30s, and all the fluxes were stopped. In the first step, the
copper surface is seeded with pure graphene islands, whereas the boron source
is activated only in a second stage. In this case, the nonstoichiometric boron
carbides formed on the bare copper areas between preseeded graphene patches
can be exploited to easily release boron, which diffuses from the peripheral
areas inward of graphene islands leading to the effective substitutional doping
of the order of ~1%. Attempts to deposit doped layers in one-step were not
successful since the formation of the reactive boron species as a consequence of
diborane decomposition on the Cu surface leading to disordered nonstoichiometric
carbides.
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Figure 10.35 Schematic of BG preparation and solar cell assembly. (Reproduced with per-
mission from [84]. Copyright © 2012 Wiley-VCH)

Gebhardt et al. report the synthesis of BG on Ni (111) in a CVD process of
triethylborane (TEB), by segregating of boron from the bulk of the substrate crystal
[86]. BG produced by CVD using TEB as precursor at temperatures between 600
and 950K, leads to boron concentrations of typically 0.15 up to 0.35 ML after an
exposure of 1800 L. Concentrations below 0.15 ML (monolayer) were prepared by
segregating boron from the bulk, while exposing the nickel crystal to propene
at 10~® mbar at 900 K until saturation of the carbon signal. Boron is dissolved
in the bulk by exposure to TEB and subsequent annealing to temperatures of
1100 K. Doping with boron leads to graphene preferentially adsorbed in the top-fcc
geometry, since the boron atoms in the graphene lattice are then adsorbed at
substrate fcc-hollow sites. The smaller distance of boron atoms incorporated into
graphene compared to graphene carbon atoms leads to a bending of the doped
graphene sheet in the vicinity of the boron atoms.

Wang et al. [87] synthesized wafer-scale BG monolayers using phenylboronic
acid as a sole precursor in CVD. Typically B-doped graphene films were grown
inside a horizontal tube furnace equipped with a 1-in.-diameter quartz tube, where
a copper foil was loaded in the hot center of the furnace, whereas phenylboronic
acid powder, was placed upstream at a location ~35cm away from the center. A
schematic representation of B-doped graphene growth is illustrated in Figure 10.36.
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Figure 10.36 (a) Schematic diagram of z-scale of 20nm. (e) Histogram of thick-

CVD growth of boron-doped graphene on
Cu surface with phenylboronic acid as the
carbon and boron sources. The red, gray,
yellow, and green spheres represent boron,
carbon, oxygen, and hydrogen atoms, respec-
tively. (b) Optical micrograph of a mono-
layer boron-doped graphene transferred
onto SiO,/Si substrate. The arrow points to
blank SiO,/Si substrate. (c) SEM image of
the boron-doped graphene film transferred
onto SiO,/Si substrates. The inset shows
the low-magnification SEM image of the
same sample. (d) AFM image of the region

ness distribution from AFM height images.
(f) Contrast enhanced photograph of the
B-doped graphene sample on 4-in. Si/SiO,
substrate. (g) UV-vis transmittance spectra
of the boron-doped graphene and the refer-
ence intrinsic graphene on quartz substrate.
The intrinsic graphene monolayer was CVD
grown on copper using methane and then
transferred on the quartz substrate. Inset:
the photograph of boron-doped graphene
monolayer on a quartz substrate. (Repro-
duced with permission from [87]. Copyright
© 2013 Wiley-VCH)

pointed by black arrow in panel (b) with a

After the copper foil was annealed at 1030 °C under 10 sccm H, with a pressure of
120 mbar for 30 min, the furnace was cooled down to 950 °C. Phenylboronic acid
powder was heated with a heating tape to 130 °C for the gradual sublimation. H,
(10 sccm) was used as the carrier gas to transport the vapor of phenylboronic acid
downstream to the copper foil. After a 20-min growth, the furnace was cooled to
room temperature under 10 sccm H,.

B-doped graphene films grown on copper were then transferred onto SiO,/Si
with a dry transfer procedure to avoid the p-type doping caused by the adsorbed
H,0 and O,. Briefly, the graphene samples with PMMA films detached from the
copper foil were cleaned by DI water, isopropyl alcohol, and then dried in air for
6h before the graphene/PMMA films were placed onto the target substrates. The
B-doped graphene film was transferred under dry conditions onto a SiO, substrate
for Raman measurements (Figure 10.37). Both the G (1592cm™!) and 2D bands
(2695 cm™!) of the B-doped graphene show upshifts of 6 and 9 cm™, respectively.
Meanwhile, the intensity ratio of the 2D and G bands (I,5/I;) decreases. The
emergence of D and D’ bands, the observed shifts in G and 2D band position as
well as the decrease in I, /I ratios are consistent with the expected p-type doping
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Figure 10.37 (a) Typical Raman spectra of
the boron-doped (red) and intrinsic (black)
graphene transferred on SiO,/Si substrate by
a dry transfer procedure. (b) Optical micro-
graph of a boron-doped graphene device.

(c) Raman map of D band intensity the
channel region of the boron-doped graphene

device shown in (b). (d) Source—drain cur-
rent (ly) versus back gate voltage (Vg) with
V4 =0.1V of the boron-doped (red) and
intrinsic (black) graphene device, respec-
tively. (Reproduced with permission from
[87]. Copyright © 2013 Wiley-VCH)

effect in B-doped graphene films. The uniform B-doped graphene exhibits a p-type
doping behavior with a considerably high carrier mobility of about 800 cm? V=157,
confirmed by electric transport measurements. This method of B-doping may
enable modulation-doped growth of mosaic graphene with p—i or p—n junctions.

10.3.4
Other Methods

Lue et al. prepared boron-doped graphene nanosheets (GNSs) via a rapid Wurtz-
type reductive coupling (WRC) reaction without the assistance of any transition
metal catalysts [88]. This method involves a nearly stoichiometric reaction of
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Figure 10.38 Schematic representation of stepwise boron doping of an extended polyaro-
matic hydrocarbon. (Reproduced with permission from [91]. Copyright © 2012 Wiley-VCH)

CCl,, and potassium (K) in the presence of an appropriate amount of BBr; at
150-210°C for as short as 10 min, which possesses great advantages compared
with the solvothermal method. The number of layers in the as-prepared graphene
is <5. Khai et al. [89] prepared BG oxide by annealing films obtained from
suspensions of GO and H;BO; in N,N-dimethylformamide. First-order Raman
spectra revealed that the intensity ratio of the D and G bands of B-doped GO was
significantly lower than those of as-synthesized and annealed GOs, suggesting
more graphitization of the B-doped GO as a result of the doping effect. The C
1s XPS of B-doped GO films not only indicated that a considerable amount of
functional groups has been removed but also exhibited the peak of C-B band
at around 283.7 eV. Additionally, the Bls XPS spectrum of B-doped GOs could
be deconvoluted into several peaks centered at 187.2, 188.9, 190.3, 192.0, and
193.7 eV, attributed to the presence of B atom in B,C, B-sub-C, BC,0, BCO,,
and B, 0, respectively. Comparison of the photoluminescence spectra of B-doped
GO with that of 1100°C-annealed GO indicated that the overall intensity was
decreased, presumably because of the B-induced graphitization. An additional
band at around 600-700 nm from B-doped GO is attributed to the boron carbide
phases.

Han et al. [90] produced B-doped nanoplatelets (borane-reduced graphene oxide,
B-rGO) on a large scale using the solution process, via the reduction of GO by a
boranetetrahydrofuran adduct under reflux, and studied their use for supercapacitor
electrodes. The B-rGO had a high SSA of 466m?g™! and showed excellent
supercapacitor performance including a high specific capacitance of 200F g~!
in aqueous electrolyte as well as superior surface area-normalized capacitance to
typical carbon-based supercapacitor materials and good stability after 4500 cycles.
Two- and three-electrode cell measurements showed that energy storage in the
B-rGO supercapacitors was by ion adsorption on the surface of the nanoplatelets
in addition to electrochemical redox reactions.
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Figure 10.39 Synthesis of B-doped CH;NO,, and CH,Cl,. (Reproduced with

nanographene 1a. Reagents and conditions:  permission from [91]. Copyright (© 2012
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Dou et al. [91] showed boron-containing polycyclic aromatic hydrocarbon as a
substructure of BG, and achieved stable B-doped nanographene as a single closed-
shell compound by a bottom-up organic synthesis (Figure 10.38). Because the
replacement of a C atom by a B atom corresponds to a one-electron oxidation,
namely hole doping, the doping of a single B atom into the skeleton will result in
the formation of an unstable open-shell compound (Figure 10.38, schematic). Two
boron atoms need to be introduced at the same time to produce a stable closed-shell
structure. In compound 1, two B atoms are placed in the central hexagon, and its
closed-shell structure should produce unique properties that are totally different
from those of the undoped congener 2 (Figure 10.39, schematic). The structure
deviates from planarity because of steric overcrowding in the cove regions. The
most important effect of B doping is the significant contribution of the p orbitals
of the B atoms to both the relevant unoccupied and occupied orbitals, which play
important roles in the broad absorption over the entire visible region as well as the
fluorescence in the near-IR region.

Tang et al. [92] synthesized B-doped graphenes with tunable band gap and trans-
port properties via controllable doping through reaction with the ion atmosphere
of trimethylboron decomposed by reactive microwave plasma. The B content could
be adjusted over the 0-13.85 at.% range by controlling the ion reaction time, from
which the doping effects on transport properties were quantitatively evaluated.
Electrical measurements from graphene FETs show that B-doped graphenes have
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a distinct p-type conduction with a current on/off ratio higher than 102. The band
gap of graphene is changed from 0.0 to ~0.54 eV with increasing B content, leading
to modulated transport properties.

10.4
BN Doping in Graphene

Pham et al. have shown ammonia borane is a highly efficient reducing agent instead
of hydrazine for the reduction of GO in both aqueous and organic solvents, which
is nontoxic and more effective than hydrazine [93]. More interestingly, ammonia
borane reduction of GO in THF produced higher NG and BG, which exhibited
high supercapacitor performance.

Wu et al. prepared N- and B-doped monolayer graphene by CVD using PS, urea,
and boric acid as solid precursors [94]. The solid-state PS and dopant elemental
precursors were subsequently heated to the setting value by a heating lamp under
a mixture of H, and Ar gas, while the Cu foil substrate was kept at 1000°C
for a growth time of ~30 min. It was found that monolayer graphene could be
synthesized by regulating the weight of the solid carbon precursor with the H, /Ar
gas flow rate. After the growth process, the furnace and heating lamp were cooled
down to room temperature. By adjusting the elemental precursors, the nitrogen
content could be modulated from 0.9 to 4.8% for N-doped graphene and the B
content from 0.7 to 4.3% for B-doped graphene, respectively, as estimated by
XPS. The mobilities of the N- and B-doped graphene-based back-gate FETs are
about 350-550 and 450—650 cm? V~! s, respectively. Bepete et al. [95] developed
a method for growing a large area of graphene doped with small BN domains on
copper foils using a single step CVD (at a temperature of 995 °C) with methane,
boric acid powder, and nitrogen gas as the carbon, boron, and nitrogen sources,
respectively. This process avoids the use of boranes and ammonia and both B
and N can be substituted into the graphene structure in the form of small BN
domains to give a B-N-C system. Lin et al. [96] demonstrates the conversion of
graphene oxide nanosheets into borocarbonitride (BCN) nanosheets by reacting
them with B,0; and ammonia at 900-1100°C, by which both the boron and
nitrogen atoms are incorporated into the graphene lattice in randomly distributed
BN nanodomains (Figure 10.40). The content of BN in BN-doped GNSs can be
tuned by changing the reaction temperature, which in turn affects the optical
bandgap of these nanosheets. Electrical measurements show that the BN-doped
GNS exhibits an ambipolar semiconductor behavior and the electric bandgap is
~25.8 meV.

Levendorf report a process, which they call patterned regrowth, that allows for
spatially controlled synthesis of lateral junctions between electrically conductive
graphene and insulating h-BN, as well as between intrinsic and substitutionally
doped graphene (Figure 10.41) [97]. The films form mechanically continuous
sheets across the heterojunctions. Conductance measurements confirm later-
ally insulating behavior for h-BN regions, whereas the electrical behavior of
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Figure 10.40 (a) EELS elemental maps
acquired from the BCN nanosheets pre-
pared at 900°C. (i) bright-field image; (ii)
boron mapping; (iii) nitrogen mapping; and
(iv) carbon mapping. (b) EELS spectrum
recorded from a single BCN nanosheet (the
measured point was taken from the star
marked in (a-i)). It shows the three distinct
K-edges of the boron, carbon, and nitrogen

at 188, 284, and 398 eV, respectively. (c)
HRTEM image of the BCN sheet prepared
at 900°C; the enclosed regime shows the
BN lattice domain. (d) HRTEM image of the
BCN sheet prepared at 1000 °C; the inset
shows the selected-area electron diffraction
pattern of the BN lattice domain. (Repro-
duced with permission from [96]. Copyright
© 2012 Wiley-VCH)

both doped and undoped graphene sheets maintain excellent properties, with
low sheet resistances and high carrier mobilities. Atomic sheets containing
hybridized bonds involving elements B, N, and C over wide compositional
ranges could result in new materials with properties complementary to those
of graphene and h-BN, enabling a rich variety of electronic structures, properties,

and applications.

Ci et al. [98] report the synthesis and characterization of large-area atomic layers
of h-BN and C material, consisting of hybridized, randomly distributed domains
of h-BN and C phases with compositions ranging from pure BN to pure graphene.
Their studies reveal that their structural features and bandgap are distinct from
those of graphene, doped graphene, and h-BN. Fan et al. [99] using first-principles
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Figure 10.41 Process schematic and DF (c) False-color DF-TEM image of an i-G'/i-
(dark field)-TEM characterization of graphene G2 patterned area (schematic in inset).
heterostructures. (a) Schematic for forma- (d) Zoomed-in image of the junction region.
tion of atomically thin lateral heterojunctions (e) Plot of grain size versus position in the
using photolithography (PL) and reactive box outlined in (c). Dotted lines indicate
ion etching (RIE). (b) The left panel shows  average grain size away from (blue line) and
an optical image of a patterned Cu/G’ near (highlighted region and orange line)
foil oxidized to enhance contrast (the dark  the junction. Shading indicates the width of
areas are Cu). The right panel shows an the region with smaller grains. (Reproduced
optical image after reduction of CuO, and with permission from [97]. Copyright (©) 2012
subsequent growth of intrinsic-G? (i-G2). Nature Publishing Group)

calculations, show that the band gap of graphene can be opened effectively around
K (or K') points by introducing small boron nitride (BN) domains. BN domains
are easily formed in the basal plane of graphene because of phase separation. It
is also found that by random doping with boron or nitrogen it is possible to open
a small gap in the Dirac points, except for the modulation of the Fermi level.
The surface charges, which belong to the & states near Dirac points, are found to
be redistributed locally. The charge redistribution is attributed to the change of
localized potential owing to doping effects and the band opening induced by the
doped BN domain is found to be because of the breaking of localized symmetry
of the potential. Chang et al. [100] report on the opening and scaling of band
gap in in situ BN doped graphene (BNG) films grown by low-pressure CVD
method. A significant band gap ~600meV is observed for low BN concentrations

Grain size (um)
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and is attributed to the opening of the n—n* band gap of graphene as a result
of the isoelectronic BN doping. As-grown films exhibit structural evolution from
homogeneously dispersed small BN clusters to large sized BN domains with
embedded diminutive graphene domains. The evolution is described in terms
of competitive growth among h-BN and graphene domains with increasing BN
concentration.

Xue et al. used a modified CVD to prepare a class of new graphene foams
(GFs) doped with nitrogen, boron, or both [101]. Nitrogen-doped graphene
foams (N-GFs) with a nitrogen doping level of 3.1at.% were prepared by
CVD of CH, in the presence of NH; while boron-doped graphene foams
(B-GFs) with a boron doping level of 2.1at.% were produced by using toluene
and triethyl borate as a carbon and a boron source. On the other hand,
GFs co-doped with nitrogen (4.5at.%) and boron (3at.%) (BN-GFs) were
prepared by CVD using melamine diborate as the precursor. In all the cases,
scanning electron microscope (SEM) images revealed well-defined foam-like
microstructures, whereas electrochemical measurements showed higher
electrocatalytic activities toward ORR for the doped GFs than their undoped
counterparts.

Zheng et al. incorporated N and B sequentially into selected sites of the graphene
domain to induce an enhanced synergistic coupling effect that facilitates the
electrocatalytic ORR [102]. B,N-graphene was synthesized from solution-exfoliated
GO Dby a two-step doping strategy: first, N was incorporated by annealing with
NH, at an intermediate temperature (e.g., 500°C), and then B was intro-
duced by pyrolysis of the intermediate material (N-graphene) with H;BO; at
a higher temperature (e.g., 900°C) (Figure 10.42). The resultant two-step N,B-
doping in graphene showed improved electrochemical performance as compared
to that of singly doped graphene and the hybrid electrodes synthesized in
one step.

Wu et al. [103] demonstrate a simplified prototype device of high-performance
all-solid-state supercapacitors based on three-dimensional nitrogen and boron
co-doped monolithic graphene aerogels. The device possesses an electrode-
separator-electrolyte integrated structure, in which the aerogel serves as an
additive/binder-free electrode and a polyvinyl alcohol (PVA)/H,SO, gel as the
solid-state electrolyte and thinner separator. As a consequence, the supercapac-
itor exhibits minimized device thickness and high specific capacitance as well
as good rate capability and power density. Li and Antonietti [104] carried out
the copolymerization/polycondensation of biomass (glucose) and boric acid as
templated by dicyandiamide to fabricate high-quality boron- and nitrogen-codoped
holey graphene monoliths with through-plane nanopores. The holey graphene
monoliths had a high surface area and showed excellent performance as metal-free
carbocatalysts for selective oxidation. Various aspects of BCNs, BxCYNZ, have been
discussed in detail recently [105]. These materials can possess BCN type rings or
domains of BN or graphene.



10.4 BN Doping in Graphene | 333

Carbon 1 Nitrogen

180 240 300 360 420
Energy loss (eV)

(d) (e) ®

C=C

Pyridinic N N 1s

Pyrrolic N

T 1 A
s A\

! 465 402 399 396 206 292 288 284 196 192 188 184
C

B: 2.17%
N: 4.42%
C: 86.98% (0] N
| A 5
A
1200 1000 1800 600 400 200
(9) Binding energy (eV)

Figure 10.42 (a—d) Elemental mapping and and high-resolution spectra of N, C, and B
(e) EELS spectrum of B,N-graphene (the 1s core levels in B,N-graphene. (Reproduced
scale bar is 100nm). (f) Low-magnification  with permission from [102]. Copyright

TEM image of B,N-graphene. (g) XPS survey (© 2013 Wiley-VCH)
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10.5
Doping with Other Elements

Chemical doping involving the presence of chemical species other than B and
N, such as sulfur [106], silicon [107], and adsorbed inorganic molecules (e.g.,
NO, [108]), HNO, [109] has been reported. Heteroatom (N or S)-doped graphene
with high surface area has been prepared via thermal reaction between GO
and guest gases (NH; or H,S) from ultrathin graphene oxide-porous SiO,
sheets at high temperatures (see schematic in Figure 10.43) [110]. Both N
and S-doping can occur at annealing temperatures from 500 to 1000°C to
form the different binding configurations at the edges or on the planes of the
graphene, such as pyridinic-N, pyrrolic-N, and graphitic-N for N-doped graphene,
thiophene-like S, and oxidized S for S-doped graphene (Figure 10.44). Also, the
resulting N and S-doped graphene sheets exhibit good electrocatalytic activity, long
durability, and high selectivity when they are employed as metal-free catalysts
for ORRs.

S-doped porous carbon hybridized with graphene (SPC@G) was prepared by
choosing an ionic liquid (IL) as both the stabilizer for graphene and the medium
to synthesize porous carbon doped with heteroatoms via a facile ionothermal
method [111]. The synthesis route of the SPC@G nanocomposite is illustrated
in Figure 10.45 with the p-glucose and GO as the starting materials and 1-butyl-
3-methylimidazolium hydrosulfate [Bmim] [HSO,] as the solvent (Figure 10.46).
G-free SPC and reduced GO were prepared by the same ionothermal route
as the control materials. Particularly, the as-obtained SPC@G nanocomposite
shows ultrahigh reversible capacity (1400 mAh g=!, much larger than commercial
graphite), a long cycle life and excellent rate performances when being used as an
anode material for lithium-ion batteries.

Choi et al. doped S and Se onto the N-doped graphene-CNT self-assembly (NGCA)
by heat-treatment with diphenyldisulfide and/or diphenyldiselenide resulting in the
dominant phases of —-C—S—C- and —C-Se—C—, respectively, in the carbon lattice
[112]. In the ORRSs, the prepared materials exhibit similar onset potentials at ~0.85 V
(vs RHE, reversible hydrogen electrode) regardless of chalcogenation. However, the
additional doping of S and/or Se in the NGCA increases the current from ORRs in
acid media. Specifically, additional Se-doping demonstrates significantly improved
ORR activity with a high methanol tolerance and long-term stability in acid media
compared to Pt/C. Poh et al. describe a scalable method of doping graphene lattice
with sulfur atoms during the thermal exfoliation process of graphite oxides in the
presence of gases/vapors such as H,S, SO,, or CS, [113]. The graphite oxides were
first prepared by Staudenmaier, Hofmann, and Hummers methods followed by
treatments in hydrogen sulfide, sulfur dioxide, or carbon disulfide. The level of
doping is dramatically influenced by the type of graphite oxide used rather than
by the type of sulfur-containing gas used during exfoliation. Yang et al. doped
graphenes with the elements, which have the similar electronegativity with C
such as S and Se, exhibit better catalytic activity (i.e., metal-free cathode catalyst
for oxygen reduction), than the commercial Pt/C in alkaline media, indicating
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that these doped graphenes hold great potential as a substitute for Pt-based
catalysts in fuel cells [114]. Liang et al. report one-step preparation of nitrogen
and sulfur co-doped mesoporous graphene as metal-free electrocatalyst for ORR
with synergistically enhanced performance [115]. This material shows excellent
catalytic activity including a highly positive onset potential and very high kinetic
limiting current, which makes it closely comparable to the com. Pt/C catalyst.
DFT calculations have revealed that the synergistic performance enhancement
results from the redistribution of spin and charge densities brought about by
the dual doping of sulfur and nitrogen atoms, which leads to a large number of
carbon atom active sites. This catalyst also shows a full fuel tolerance and much
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Figure 10.44 (a) High resolution C Ts XPS spectra of GO and NG with C1 (sp? carbon in graphene) and C2 (sp* carbon
with C—O bonds, carbonyls (C=0), and carboxylates (O—C=0), originating from harsh oxidation). (b) High resolution N 1s
XPS spectra of NG. The peaks are fitted to three energy components centered at around 398.0, 400.0, and 401.3 eV, corre-
sponding to pyridinic-N (N1), pyrrolic-N (N2), and graphitic-N (N3), respectively. (c) The content of three nitrogen species
(N1, N2, and N3) in NG sheets. (d) High resolution C 1s XPS spectra of GO and SG (sulfonated graphene) with C1 and
C2. (e) High resolution S2p XPS spectra of SG. The peaks are fitted to three energy components centered at around 163.9,
165.1, and 168.5eV, corresponding to Sp3/2(S1), SPy2(S2), and S-O(S3), respectively. (f) The content of sulfur species (ST,
S2, and S3) in SG sheets. (Reproduced with permission from [110]. copyright (©) 2012 Wiley-VCH)
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mixture, and (c) as-obtained SPC@G after

better long-term stability than Pt/C in alkaline environment. Lin et al. fabricated
sulfur-doped graphene and demonstrated its influence on the discharge product
formation in lithium—oxygen batteries [116]. The growth and distribution of the
discharge products were studied and a mechanism was proposed. This will have
significant implication for cathode catalysts and rechargeable battery performance.
Li et al. by employing a mild phosphorus source for in situ doping the thermally
reduced graphene oxide (TRG), have synthesized metal-free phosphorus-doped
graphene nanosheets (P-TRG) with large surface area (496.67 m? g~!) and relatively
high P-doping level (1.16at.%) by thermal annealing a homogeneous mixture of
graphene oxide and 1-butyl-3-methlyimidazolium hexafluorophosphate in an argon
atmosphere [117]. The P atoms were substitutionally incorporated into the carbon
framework and were partially oxidized, which created new active sites for the
ORR. The ORR catalytic performance of the P-doped graphene is better or at least
comparable to that of the benchmark Pt/C catalyst.

Liu et al. [118] have demonstrated a thermolysis approach for the synthesis of
P-doped graphite layers with high electrocatalytic activity for the O, reduction in
an alkaline medium. In this approach toluene was used as carbon precursor and
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Figure 10.46 (a,b) SEM images and (c) The inset shows the corresponding pore-size
TEM image of the SPC@G nanocompos- distribution. (Reproduced with permission
ite and (d) nitrogen adsorption—desorption  from [111]. Copyright (© 2012 Royal Society
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triphenylphosphine as phosphorus source. After a successful incorporation of phos-
phorus into the network of graphene sheets, the resulting P-doped graphite showed
high electrocatalytic activity, long-thermal stability, and excellent tolerance to cross-
over effects of methanol in ORR in alkaline media. Yao et al. [119] synthesized
iodine-doped graphene via a facile, catalyst-free thermal annealing process and
used it for the electrocatalytic oxygen reduction in an alkaline medium. The new
metal-free catalyst can exhibit a high catalytic activity, long-term stability, and an
excellent methanol tolerance for the ORR. Nitrogen and silica co-doped graphene
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nanosheets (NSi-GNSs) have been prepared via high-temperature annealing of N
and Si-containing graphene oxide-IL (GO-IL) composite [120]. As a p-type semicon-
ductor, the as-synthesized NSi-GNS shows excellent NO, gas sensing ability with
high response value. Denis [121] investigated the chemical doping of monolayer
and bilayer graphene with Al, Si, P, and S and observed band gap opening. Si-doped
graphene has the lowest formation energy although it is semimetallic. P-doped
graphene has a magnetic moment of 1 y5 and for 3at.% of doping the band gap
is 0.67eV. Al-doped graphene is unstable but is an attractive material because
it is metallic. To reduce the formation energies of the substitutional defects we
investigated the formation of interlayer bonds in bilayer graphene. P forms the
strongest bonds between layers giving particular stability to this material. P-doped
bilayer graphene has a gap of 0.43 eV but it is has no magnetic moment.

10.6
Properties and Applications

SLG is an ambipolar material with both hole and electron transport perpendicular
to the surface. Late et al. [122] observed p-type or n-type behavior on doping
graphene with boron or nitrogen. Figures 10.47 and 10.48 show the output
characteristics (Ig, vs V) and transfer characteristics (Ig vs V) of the FETs
based on B-doped and N-doped graphenes, respectively, with p-type and n-type
characteristics. The increase in the charge carrier concentration induced by gas
molecules adsorbed on the surface of graphene can be used to fabricate sensitive
gas sensors. On the basis of theoretical investigations, it has been predicted that
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doped graphene can be a good detector for gas molecules [123]. NG shows enhanced
sensitivity for electron-withdrawing molecules such as NO, [124]. It appears that
n-type graphene is a better sensor for NO, as it is an electron-withdrawing
molecule.

NG or BG can be used as a promising anode for high-power and high-energy
Li ion batteries under high-rate charge and discharge conditions [125]. The doped
graphene shows a high reversible capacity of >1040mAhg=' at a low rate of
50mA g~!. More importantly, it can be quickly charged and discharged in a short
time of 1 h to several tens of seconds together with high-rate capability and excellent
long-term cyclability. For example, a high capacity of ~199 and 235 mAh g~! was
obtained for the NG and BG at 25 Ag~! (~30s to full charge). Probably the unique
two-dimensional structure, disordered surface morphology, heteroatom defects,
better electrode/electrolyte wettability, increased inter-sheet distance, improved
electrical conduction, and thermal stability of the doped graphene are beneficial to
rapid surface Li* absorption and ultrafast Lit diffusion and electron transport. The
doped materials are accordingly superior to pristine chemically derived graphene
and other carbonaceous materials.

Wu et al. [126] present a synthesis approach for nitrogen-doped graphene-sheet-
like nanostructures via the graphitization of a heteroatom polymer, in particular,
PANTI, under the catalysis of a cobalt species using multiwalled carbon nanotubes
(MWCNTSs) as a supporting template. The graphene-rich composite catalysts
(Co-N-MWCNTs) exhibit substantially improved activity for oxygen reduction in
nonaqueous lithium-ion electrolyte as compared to those of currently used car-
bon blacks and Pt/carbon catalysts, evidenced by both rotating disk electrode
and Li-O, battery experiments. In particular, an optimal temperature for heat
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treatment during synthesis is critical to creating a high-surface-area catalyst with
favorable nitrogen doping. Li et al [127]. showed that nonaqueous lithium—oxygen
battery fabricated with N-GNSs as cathode material, delivered a discharge capac-
ity of 11660 mAhg!, which is about 40% higher than that with the pristine
GNSs. The electrocatalytic activity of N-GNSs for oxygen reduction in the non-
aqueous electrolyte is 2.5 times as that of GNSs. Zhang et al. [128] synthesized
N-doped MnO/GNSs (N-MnO) hybrid material by a hydrothermal method fol-
lowed by NH; annealing and used them as high capacity anode material for
Li-ion batteries. N-doped MnO (N-MnO) NPs were homogeneously anchored on
the thin layers of N-doped GNS (N-GNS) to form an efficient electronic/ionic
mixed conducting network. This nanostructured hybrid exhibits a reversible elec-
trochemical Li storage capacity <772mAhg™! at 100mA g~! after 90 cycles, and
an excellent rate capability of 202mAhg™! at a high c.d of 5Ag™!. Cai et al.
[129] synthesized NG sheets with the nitrogen-doping level as high as 7.04 at.%
by thermal annealing PG sheets and melamine and used them as anode mate-
rials for lithium-ion batteries. The high-level NG sheets exhibit a superhigh
initial reversible capacity of 1123mAhg™' at a c.d of 50mAg~!. More signifi-
cantly, even at an extremely high c.d. of 20A g™}, highly stable capacity of about
241mAh g~! could still be obtained. This electrochemical performance is superior
to that reported earlier for NG sheets. Their results indicate that the high-level
NG sheets could be a promising anode material for high-performance lithium-ion
batteries.

Xu et al [130]. synthesized monodisperse ultrathin SnO, nanorods on NG by
a one-step hydrothermal strategy and studied its lithium storage properties. The
uniform composites with high nitrogen content and ultrathin SnO, nanorods
(2.5-4.0nm in diameter and 10-15nm in length) show high reversible specific
capacity, superior rate capability, and outstanding cycling stability (803 mAhg™!)
as anode materials for lithium-ion batteries, owing to the synergistic effect
between GS and SnO, and nitrogen-doping, which can greatly decrease the
energy barrier for Li penetrating the pyridinic defects and improve the electronic
structures.

Jeong et al. [131] developed ultracapacitors based on N-doped graphene pro-
duced by a plasma process, whose capacitance (~280 F gu.cpode ) iS about four
times larger than that of PG based counterparts and exhibits excellent cycle-life
(>200000), high power capability, and compatibility with flexible substrates. Qiu
et al. [132] showed that thermal nitridation of reduced graphene oxide sheets
yields highly conductive (~1000-3000Sm™!) NG sheets, as a result of the
restoration of the graphene network by the formation of C—N bonded groups
and N-doping. Even without carbon additives, supercapacitors made of the NG
electrodes can deliver remarkable energy and power when operated at higher
voltages, at 0—4 V.

Gopalakrishnan et al. [59] have studied the electrochemical performance of heav-
ily nitrogenated GO containing upto ~18 wt% nitrogen, prepared by microwave
synthesis with urea as the nitrogen source by means of cyclic voltammetry
(CV), galvanostatic charge—discharge curves, and electrochemical impedance
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Figure 10.49 (a) Cyclic voltammograms of NGOs at a scan rate of 20mVs™', (b) galvanostatic
charge—discharge curves for NGO electrodes (at 0.5mAg™"), and (c) specific capacitance as a function of
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spectroscopy (EIS) in a 6M KOH aqueous electrolyte without any binder or
carbon additive. Cyclic voltammograms of the NGO samples measured at a scan
rate of 20mVs~! for a sample loading of ~2mg per electrode are shown in
Figure 10.49a.

The CV curves remain rectangular even at high scan rates indicating excel-
lent charge storage characteristics, resembling those of an ideal supercapacitor.
We have found a maximum capacitance of 461 Fg~! at 5SmVs~! in the case of
NGO-3 (for synthesis details of GO, NGO-1 and NGO-2, NGO-3, refer [59] from
earlier section). The values of specific capacitance of the NGO-3 electrode under
scan rates of 100, 80, 40, 20, and 10mV s™! are 338, 349, 380, 401, and 434F g1,
respectively. The specific capacitance values of GO, NGO-1, and NGO-2 are 10,
438, and 442 F g71, respectively, at 5mVs~!. The galvanostatic charge—discharge
curves of the NGO samples were measured in a potential window of 0-1V at a
current density of 0.5Ag™! and are shown in Figure 10.49b. The discharge time
of NGO-3 was longer compared to the other two materials at both high and low
current densities. The galvanostatic charge—discharge curves of all the electrodes
look nearly symmetric, indicating that these materials have good electrochemical
capacitive characteristics. The specific capacitance values derived from the dis-
charging curves at different current densities are shown in Figure 10.49c. We
clearly see that the specific capacitance decreases with increase in current den-
sity for all the three materials. The specific capacitance of NGO-3 is 320F g~! at
0.3 Ag ! and for NGO-1 and NGO-2 the values are 272 and 293 F g~!, respectively.
EIS is an important measurement to determine the performances of superca-
pacitors. Figure 10.50a shows Nyquist plots in the frequency range 100kHz to
0.01 Hz.

These plots show excellent capacitive behavior, as indicated by the near vertical
line over the low frequency ranges. It is well known that the higher the slope value,
the faster the formation of the electrical double layer. We clearly see that the slope
of NGO-3 is greater than those of NGO-1 or NGO-2. The high frequency region is
shown in the inset of Figure 10.50a. We observe small charge transfer resistance
(Ct) in these materials. Equivalent series resistances (ESRs) of the samples are
almost similar and the values are 0.35, 0.36, and 0.33 Q for NGO-1, NGO-2, and
NGO-3, respectively. The ESR value follows the same trend as the graphitic nitrogen
content. Cycling life is an important requirement for supercapacitor applications.
Thus, we studied the cycling life tests for NGO-3 by repeating the galvanostatic
charge—discharge between 0 and 1V ata current density of 0.5 A g~! for 1000 cycles.
NGO-3 showed a loss of only 2.7% from the initial specific capacitance and showed
good capacitance retention. The last few charge—discharge cycles looked almost
similar when compared to the initial cycles (see Figure 10.50b, inset) illustrating
long-term cyclic stability. Energy and power densities are important factors for
evaluating power applications of electrochemical supercapacitors. Figure 10.50c
shows the Ragone plots of all the NGO electrodes. The energy densities were
calculated at various discharge current densities ranging from 0.3 to 5Ag™!. The
energy densities of the NGOs are remarkable, with NGO-3 showing the highest
value of 44.4 Whkg™' at a current density of 0.3Ag™!. NGO-1 and NGO-3 show
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energy densities of 40.7 and 36.9 Whkg!, respectively, at a current density of
0.3Ag™!. The power densities are in the range of 852-10524 Wkg™! for the
NGO-3 electrode.

Nitrogen doped reduced graphene oxide (NRGO) samples with different nitrogen
contents were prepared by two different methods and these samples are investigated
as supercapacitor electrodes [133]. The NG samples are prepared by dispersing
reduced graphene oxide (RGO) or HG (30 mg) in 50 ml absolute ethanol and urea
(300 mg), followed by evaporation of ethanol at 50 °C resulting in a gray powder
and further heating this pelletized powder to different temperatures (ranging from
600 to 900 °C for 90 min) in a nitrogen atmosphere yields the final NrGO product.
The mass ratio between the graphene sample and urea was 1:10. NrGO samples
prepared from RGO I (sodium borohydride reduced GO) and RGO II (hydrazine
hydrate reduced GO) are designated as NrGO I and NrGO II, respectively. The
temperature of the reaction is indicated in the sample as NrGO I-600, NrGO (I/1I)-
700, NrGO (I/II)-800, and NrGO (I/II)-900. The electrochemical performance
of the nitrogen-doped graphene and reduced graphene oxides (NHG, NrGO I,
and NrGO II) have been investigated in detail by means of CV, galvanostatic
charge—discharge curves, and EIS, incomparison with measurements on the
undoped graphene and RGO samples. Two electrode measurements have been
carried out both in aqueous (6 M KOH) and in IL media. In Figure 10.51a, we
show typical CV curves of rGO I and NrGO I (scan rate of 100mVs~!) for a
sample loading of ~8 mg per electrode. The CV curve of rGO I shows Faradaic
pseudo capacitance owing to the oxygen functionalities, but RGO I heated at
900 °C shows non-faradaic behavior because of the removal of most of the oxygen
functionalities.

There is a significant increase in the capacitance of the nitrogen-doped sample
with increase in nitrogen content. We have got maximum capacitance of 85 F g~!
at a scan rate of 100mV s~! for NrGO 1-600 with a nitrogen content of 8.5 wt%.
The specific capacitance values of the NrGO 1-600 electrode under scan rates of 80,
40, 20, and 10mV s™! are 89, 98, 110, and 126 F g1, respectively. The galvanostatic
charge—discharge curves of rGO I and NrGO I samples were measured at a
potential window of 0-1V at a current density of 60mA g™ and the results
are shown in Figure 10.51b. The discharge time increases with the increase in
nitrogen content. The charge—discharge curves of the NG samples are nearly
symmetrical similar to those of ideal electrochemical double-layer capacitors. The
specific capacitance values (at 60mA g=!) for ¥rGO 1 and rGO 1-900 are 24 and
30 F g~! while those of NrGO 1-900, NrGO 1-800, NrGO 1-700, and NrGO 1-600 are
48,59, 71, and 84 F g1, respectively. Figure 10.51c shows the relationship between
specific capacitance and discharge current. The specific capacitance decreases with
increase in discharge current. In Figure 10.51d, we present Nyquist plots where
rGO I shows a charge transfer resistance at the electrode/electrolyte interface
while nitrogen-doped rGO I shows a vertical line in the low frequency region
and the slope increases with increase in nitrogen content. The more vertical the
curve, the more closely the electrochemical cell performs as an ideal capacitor.
Magnified data of high frequency region shown in the inset of Figure 10.51d reveal
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that NrGO electrodes associated with less resistance than undoped graphene. The
high frequency region of the Nyquist plots shows small ESR, the value for rGOI
being 0.70 O. The values for NrGO 1-900, NrGO 1-700, and NrGO 1-600 are 0.67,
0.37, and 0.29 O, respectively. The specific capacitance of rGO II also increases
with nitrogen doping, the values being 37 and 58 Fg=! for rGO II and NrGO
11-900, respectively, at a scan rate of 100 mV s~!. NrGO I1-800 and NrGO 1I-700
samples showed capacitance values of 49 and 46 F g~!, respectively, at a scan rate of
100 mV s~1. Figure 10.52a shows the relationship between the specific capacitance
and the discharge current. Specific capacitance decreases with increase in discharge
current.



10.6 Properties and Applications | 347

400
60 - 6
‘.:; —=—RGO Il 5 J
i —+—NRGO 11-900) .
w 50 300 |, :
[0} .
€ 40- 17
% < ; _/ RGOl
%30- ;\Ilzoo' o 1 5 5 & s e e NRGO I1-900
o
O
g 207 100 -
Q.
» S
10 A
0 5 10 15 20 0 T T T T T T T
Discharge current (mA) 0 50 100 150 200 250 300 350 400
(a) (b) Z(Q)

Figure 10.52 (a) Specific capacitance as a function of discharge current in aqueous media.
(b) Nyquist curves for RGO and NrGO 11-900 electrodes. (Reproduced with permission from
[133]. Copyright (© 2013 Elsevier)

The electrochemical impedance spectra are shown in Figure 10.52b. NrGO
11-900 has less charge transfer resistance compared to rGO II. Magnified EIS
data of high frequency region are shown in the inset of Figure 10.52b, the ESR
value being 0.35 and 0.21 O for rGO I and NrGO I1-900, respectively. We thus
see that NrGO I-600 with the highest nitrogen content and surface area gives
the best supercapacitor performance. Amongst the NrGO II samples, the one
prepared at 900°C with the highest nitrogen content and surface area gives
the best results. NrGO 1-600 and NrGO I1-900 show a capacitance of 14.1 and
11.0mF cm™2, respectively. We studied the long-term cyclic stability of NrGO
1-600 by repeating the galvanostatic charge—discharge test between 0 and 1V at
a current density of 0.5A g™ for 1000 cycles. After 1000 cycles, the capacitance
decreased by 13% of initial capacitance and exhibited excellent cycle stability.
We obtained a maximum energy density of 11.8 Whkg™! for NrGO I1-600 at a
current density of 60 mA g=!. The specific capacitances of HG and NHG-900 are
4 and 15F g7!, respectively, at a current density of 100mA g~! from galvanostatic
charge—discharge curves. The ESR values of HG and NHG are 0.27 and 0.15
O, respectively. Thus NrGOs exhibit satisfactory specific capacitance, the values
reaching 126 Fg™! at a scan rate of 10mVs™! in aqueous medium. Besides
providing supercapacitor characteristics, the study has shown the nitrogen content
and surface area to be important factors. In an IL medium, NrGO exhibit specific
capacitance values of 258 and 240 F g~! at a scan rate of 5mV s™'. The IL enables
a larger operating voltage range of 0.0-2.5V compared to 0.0-1V in aqueous
medium.

Chen et al. [134] have reviewed development in synthesizing graphene materials
for electrochemical capacitors (ECs) and discuss the strategies of fabricating
graphene-based macroscopic electrodes. They highlighted the importance
of SSA, conductivity, and heteroatom-doping of graphene sheets and the
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micro/nanostructures of their electrodes for controlling the performances of
graphene-based ECs. NG has great potential as a high-performance catalyst
support for fuel cell electrocatalysis. Platinum-based catalysts represent a
state of the art in the electrocatalysis of ORR from the point of view of
their activity and durability in harnessing the chemical energy via direct
electrochemical conversion. However, because platinum is both expensive
and scarce, its widespread implementation in such clean energy applications
is limited. Recent breakthroughs in the synthesis of high-performance
nonprecious metal catalysts (NPMCs) make replacement of Pt in ORR
electrocatalysts with earth-abundant elements, such as Fe, Co, N, and C, a realistic
possibility.

Liang et al. [135] have reported a hybrid material consisting of Co,;O, nanocrystals
grown on reduced graphene oxide and on N-doped graphene as a high-performance
bifunctional catalyst for the ORR and OER in alkaline solutions. These hybrid
materials exhibit high ORR activities in alkaline solutions, comparable to fresh
commercial Pt/C catalyst but far exceeding Pt/C in stability and durability. The
Co,0,/N-doped graphene hybrid exhibits catalytic activity with superior stability to
Pt (20 wt% Pt on Vulcan XC-72, Pt/C) in alkaline solutions, and is active for OER.
Co,0, /nitrogen doped reduced mildly oxidized graphene oxide (N-rmGO) hybrid
with Co;0, content of ~70wt% exhibited a more positive ORR peak potential
and higher peak current (Figure 10.53a) than Co;0,/reduced graphene oxide
(rmGO).

Rotating-disk electrode measurements reveal the ORR kinetics of Co;0,/rmGO
hybrid in 0.1 M KOH (Figure 10.53b). The kinetics follow first-order law toward
the concentration of dissolved oxygen and show similar electron transfer numbers
for ORR at different potentials (Figure 10.53b inset). The electron transfer number
(n) was calculated to be ~3:9 at 0:60—0:75V from the slopes of Koutecky—Levich
plots, suggesting Co;0,/rmGO hybrid favors a 4e oxygen reduction process,
similar to ORR catalyzed by a high-quality commercial Pt/C catalyst measured in
the same 0.1 M KOH electrolyte (n~4:0 for Pt/C). RDE measurement revealed
an electron transfer number of 4: 0 at 0.60—-0.75V (Figure 10.53c). The half-wave
potential at 1600 rpm was 0.83 V (Figure 10.53c), similar to that of Pt/C (0.86V)
and more positive than that of Co;0,/rmGO (0.79V; Figure 10.53b). N-doped
graphene (N-rmGO) alone, without Co; 0, exhibits low ORR activity with electron
transfer.

Wu and Zelenay [136] obtained M-N-C (M: Fe and/or Co) catalysts by simul-
taneously heat-treating precursors of nitrogen, carbon, and transition metals at
800—-1000°C. The activity and durability of resulting catalysts depend greatly on
the selection of precursors and synthesis chemicals. In addition, they correlate
quite well with the catalyst nanostructure. While chemists have presented no
conclusive description of the active catalytic site for this class of NPMCs, they
have developed a designed approach to making active and durable materials,
focusing on the catalyst nanostructure. The approach consists of nitrogen doping,
in situ carbon graphitization, and the usage of graphitic structures (possibly
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graphene and graphene oxides) as carbon precursors. Various forms of nitro-
gen, particularly pyridinic and quaternary, can act as n-type carbon dopants in
the M-N-C catalysts, assisting in the formation of disordered carbon nanostruc-
tures and donating electrons to the carbon. The CN, structures are likely a
crucial part of the ORR active site(s). It is worth noting that the ORR activ-
ity is not necessarily governed by the amount of nitrogen, but by how the
nitrogen is incorporated into the nanostructures. Apart from the possibility of
a direct participation in the active site, the transition metal often plays an
important role in the in situ formation of various carbon nanostructures by
catalyzing the decomposition of the nitrogen/carbon precursor. We can control
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the formation of different nanostructures during the synthesis of M-N-C cat-
alysts. For example, in situ formed nitrogen-doped graphene sheets can only
be derived from PANI, probably due to structural similarities between the aro-
matic structures of PANI and graphene. Highly graphitized carbon nanostructures
may serve as a matrix for the formation of ORR-active groups with improved
catalytic activity and durability, containing nitrogen and most probably metal
atoms also.

NG films were synthesized by CVD of methane in the presence of ammonia
showing good oxygen reduction characteristics in alkaline fuel cells [41]. The
steady-state catalytic current at the N-graphene electrode is found to be around
three times higher than that at the Pt/C electrode over a large potential range. The
long-term stability, tolerance to crossover, and poison effect are also better than
Pt/C for oxygen reduction in alkaline electrolyte. NG as a metal-free catalyst for
oxygen reduction was synthesized by heat-treatment of graphene using ammonia
and showed high oxygen reduction activity and durability [137]. It was found that
at the optimum temperature of 900°C, the resulting catalyst had a very high
ORR activity through a four-electron transfer process in oxygen-saturated 0.1 M
KOH. The electrocatalytic activity and durability of this material are comparable
or better than the com. Pt/C (loading: 4.85 pg Ptcm~2). Chung et al. demonstrate
a new type of nitrogen-doped CNT/NP composite ORR electrocatalyst obtained
from iron acetate as an iron precursor and from cyanamide as a nitrogen and
CNT precursor in a simple, scalable, and single-step method [138]. The composite
has the highest ORR activity in alkaline media of any NPMCs. When used at a
sufficiently high loading, this catalyst outperforms the most active platinum-based
catalysts.

Choi et al. [139] developed graphene-derived catalysts by restacking of N-doped
single graphene layers for application in enhanced electrochemical ORRs in acidic
media via heat-treatment with dicyandiamide and a small amount <1wt% of
transition metal. In ORRs, bare graphene exhibits 0.58V versus RHE of the
onset potential; however, it increases to ~0.9V through modification steps and
records a mass activity of 1.28 mA mg™! at 0.75V. Through the correlation curve
between the ORR activity and the number of restacked graphene layers, it is
proposed that the stacking of a few layers is desirable in the ORRs rather than
a single layer catalyst. The graphene-derived catalysts exhibit graphite properties
of facile electron transfer as the restacking of graphene layers increases, without
degradation of the pyridinic-N on the graphene edge. Choi et al. [140] developed
NG for its application in ORRs in acidic media, and additional doping of B or
P into the NGr is attempted to enhance the ORR performance. NG exhibits an
onset potential of 0.84V and a mass activity of 0.45 mAmg~" at 0.75V; however,
the B, N-(BNG), and P, N-doped graphene (PNG) show onset potentials of 0.86
and 0.87V, and mass activities of 0.53 and 0.80mAmg~!, respectively, which
are correspondingly 1.2 and 1.8 times higher than those of the NG. Additional
doping of B or P reduces the production of H,0, in the ORRs, and shows higher
stability than that of Pt/C in acidic media. It is proposed that the improvement
in the ORR activity results from the enhanced asymmetry of the spin density
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or electron transfer on the basal plane of the graphene, and the decrease in the
energy gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the graphene through additional doping
of Bor P.

Xue et al. [141] prepared a three-dimensional N-GF and demonstrated its appli-
cation as a metal-free electrocatalyst for the reduction of triiodide to replace the Pt
cathode in dye-sensitized solar cells, leading to a power conversion efficiency up to
7.07%. This value of efficiency is among the highest efficiencies reported for dye-
sensitized solar cells with carbon-based metal-free counter electrodes, comparable
to that of a dye-sensitized solar cell with a Pt counter electrode constructed under
the same conditions. Wang et al. [142] prepared nitrogen-doped graphene (NDG)
sheets by a hydrothermal reduction of graphite oxide (prepared from graphite
powder by the Hummer’s method) using ammonia as the nitrogen source and as
the catalyst for triiodide reduction to fabricate counter electrodes in dye-sensitized
solar cells. Under one sun illumination (air-mass, AM, 1.5), the dye-sensitized
solar cell with NDG electrode shows an energy conversion efficiency of 7.01%,
which is comparable to that of the cell with Pt electrode. Field emission studies
have been carried out on undoped as well as NG and BG samples prepared by
arc-discharge method in a hydrogen atmosphere [143]. These graphene samples
exhibit low turn-on voltages. NG shows the lowest turn-on voltage of 0.6 Vum™!,
corresponding to emission c.d of 10 pA cm~2. These characteristics are superior to
the other types of nanomaterials reported in the literature. Furthermore, emission
currents are stable over the period of more than 3h for the graphene samples.
The observed emission behavior has been explained on the basis of nanometric
features of graphene and resonance tunneling phenomenon. Vertically aligned
few-layered graphene (FLG) nanoflakes have been synthesized on bare Si sub-
strates by a microwave plasma enhanced CVD method showed enhanced and
stable field emission [144]. In situ N, plasma treatment was carried out using
electron cyclotron resonance plasma, resulting in various N, functionalities being
grafted to the FLG surface. Compared with pristine FLGs, the N, plasma-treated
FLGs showed significant improvement in field emission characteristics by lowering
the turn-on field (defined at 10 pA cm™2) from 1.94 to 1.0 V pm~!. Accordingly, the
field emission current increased from 17 pA cm=2 at 2.16 V pm™! for pristine FLGs
to about 103 pAcm™2 at 1.45Vpum™' for N-doped FLGs. Furthermore, N-doped
FLG samples retained 94% of the starting current over a period of 10000s, dur-
ing which the fluctuations were of the order of +10.7% only. Long et al. [145]
found that the NGNSs prepared by a high-temperature nitridation procedure rep-
resent a metal-free catalyst for aerobic selective oxidation of benzylic alcohols.
The graphitic sp> N species are found to be catalytically active for the aerobic
oxidation reaction based on good linear correlation with the activity results. Kinetic
analysis showed that the N-doped graphene-catalyzed aerobic alcohol oxidation pro-
ceeds via a Langmuir—Hinshelwood pathway and has moderate activation energy
(56.1+3.5k] mol™! for the benzyl alcohol oxidation) close to that (51.4 k] mol™?)
proceeding on the catalyst Ru/Al, O, reported in literature.
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Xin et al. [146] prepared NG via microwave heating in NH, atmosphere.
Graphene, as an allotrope of C, is a good microwave-absorbing material and
can reach a high temperature in minutes, facilitating N incorporation (5.04%)
into the structure under NH;. For comparison, both plain graphene (G) and the
NG were used as supporting materials for Pt to study their potential applica-
tion in fuel cells. Also, Pt/NG catalysts exhibited higher electrochemical active
surface area, MeOH catalytic activity and tolerance to CO poisoning than those
of the Pt/G under fuel cell conditions. Some et al. [147] prepared highly air-
stable phosphorus-doped n-type graphene field-effect transistors (PDG-FETs) and
have demonstrated the relationship between the lone pair electron donating abil-
ity of the phosphorus atom, which is stronger than that of nitrogen due its
higher nucleophilicity. The main inspiration of this study was to prove that the
PDG-FET could create much stronger air-stable n-type behavior than NG FET.
Kwon et al. [148] grown polypyrrole-converted nitrogen-doped few-layer graphene
(PPy-NDFLG) on Cu substrate by CVD combined with vapor deposition polymer-
ization and then transferred onto a flexible substrate. Furthermore, antivascular
endothelial growth factor (anti-VEGF) RNA aptamer conjugated PPy-NDFLG was
integrated into a liquid-ion gated FET geometry to fabricate a high-performance
VEGF aptamer-based sensor. Field-induced high sensitivity was observed for the
analyte-binding events, eventually leading to the recognition of the target molecules
at an unprecedentedly low concentration (100fM). Additionally, the aptasensor
had excellent reusability, mechanical bendability, and durability in the flexible
process.

Gopalakrishnan et al. [149] prepared the composites of TiO, NPs with pure
graphene as well as BGs and NGs and studied the photodegradation of two dyes,
methylene blue (MB), and rhodamine B (RB), adsorbed on them. MB which
is a good electron donor and has a low ionization energy interacts strongly
with electron-deficient BG resulting in fast degradation of the dye. However,
RB which is not such a good electron donor and has a higher ionization
energy, interacts strongly with electron-rich NG causing a faster degradation

of the dye.
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Layer-by-Layer Assembly of Graphene-Based Hybrid Materials

Antonios Kouloumpis, Panagiota Zygouri, Konstantinos Dimos, and Dimitrios Gournis

11.1
Introduction

Layer-by-layer (LbL) assembly is an easy and inexpensive technique for the devel-
opment of multilayer films [1-6]. Nevertheless, simplicity and low cost are not
the only reasons why LbL has attracted so much of attention over the past two
decades. The versatility of the process; the capability of using diverse types of
materials; the tailoring of the final nanostructures with controlled architecture,
thickness, and functionality; and lastly the potential of tuned, well defined, and
desired properties determined by the multilayer number of the films produced are
briefly the main advantages of LbL method [7-11]. Consequently, LbL assembly is
considered to be a significant and unlimited bottom-up nanofabrication technique
today [6].

Graphene, being a single-layered material, is an amazing and promising can-
didate for LbL assembly. Its superior electronic and mechanical properties can
be modified, tuned, or enhanced by LbL assembly as has been reported in many
studies over the last 3—4 years. The resulting LbL graphene-based hybrid films
commonly attain extended and composite properties as various substances can be
used for the intermediate layer, and are applicable mainly in electronic circuits and
supercapacitors, and as sensors and so on.

The Langmuir—Blodgett (LB) technique is one of the most promising LbL
methods for preparing monolayer and multilayer graphene-based thin films. This
bottom-up approach enables the precise control of the monolayer thickness and
allows homogeneous deposition over large areas and on almost any kind of
solid substrate [12]. Although this emerging field of graphene nanoscience remains
largely unexplored, several studies have demonstrated either the successful creation
of high-quality graphene monolayers or the development of multilayer films of
novel graphene hybrids by integrating a variety of guest species with the graphene
matrix.

This chapter attempts to provide a comprehensive and critical overview of the
most recent developments on the use of LbL and LB techniques for the design and
construction of novel graphene-based hybrids. The structural, physicochemical,

Functionalization of Graphene, First Edition. Edited by Vasilios Georgakilas.
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electronic, mechanical, and tribological properties of these hybrid systems are
discussed, while emphasis is placed on their potential applications in various fields
such as electronics, sensors, and ion batteries.

11.2
LbL Graphene-Based Hybrid Films

LbL technique is generally based on the electrostatic interactions between the
molecules/structures that form successive layers on a substrate. However, over the
years, a variety of flexible synthetic approaches and processes have been reported
that grant novelty to LbL assembly [10, 11, 13, 14]. In a typical LbL synthetic
procedure, a substrate is immersed consecutively into two solutions of rather high
concentrations of the substances that form the successive layers, with intermediate
rinsing and stabilization of the layers. The whole process is repeated as many
times as desired; the sequence of the layers can be modified with additional
building blocks to acquire complex multicomponent nanostructures with novel
properties [6].

Various LbL techniques have been developed recently in order to fabricate
graphene-based hybrid films. Most of these techniques rely on modification of
graphene sheets with polyelectrolytes (PEs) to acquire positively or negatively
charged layers so that they are soluble in aqueous media for the production of
multilayered films by subsequent immersion and adsorption from relevant solu-
tions. In addition, other LbL procedures involve spin coating techniques, thermal
evaporation, sputtering, electrodeposition, molecular beam epitaxy, chemical vapor
deposition (CVD), and so on [15].

11.2.1
Hybrid Thin Films for Electronics

Since graphene’s high importance lies in its electronic and transparency properties,
most of the LbL graphene-based films reported in the literature report hybrid
nanostructures with advanced relevant properties. In fact, the main aim of all
related studies reported is to produce LbL-assembled graphene-based films with
high uniformity, as low as possible sheet resistance for higher conductivity, and
at least 80% optical transparency to meet the minimum requirement criteria for
technological applicability. Graphene sheet is emerging as a potential substitute
for conventional indium tin oxide (ITO) in flexible displays, touch screens, and
solar cells. However, its sheet resistance is controlled by the number of the
layers, and since the intrinsic sheet resistance of a single graphene layer is
calculated to be ~6kQ sq~! while ITO exhibits significantly lower sheet resistance
(~10-20Qsq™'), functionalization is required to decrease this value drastically
in final applicable materials. So, LbL assembling is a promising methodology
for developing doped graphene multilayers in order to achieve higher extrinsic
conductivity [16].



11.2 LbL Graphene-Based Hybrid Films

In this direction, Shen et al. [13] reported in 2009 one of the first successful
uses of PEs for the modification of graphene sheets for subsequent LbL self-
assembling procedure. Graphene surface was functionalized with poly(acrylic acid)
(PAA) and poly(acryl amide) (PAM), which were covalently grafted on the graphene
sheets by in situ living free radical polymerization. The functionalization allowed
the development of negative charge in the case of PAA and positive charge for
PAM on the surface of the graphene sheets. The two modified graphene mate-
rials formed stable dispersions in aqueous media, permitting their later use for
LbL self-assembling through electrostatic interactions to produce a multilayer
graphene-based structure. Various characterization techniques such as scanning
electron microscopy (SEM), atomic force microscopy (AFM), and UV-vis spec-
troscopy proved not only the successful fabrication of the films but also their
uniformity and tailoring capability. That way, the versatile LbL technique could
be used for exploiting graphene’s extraordinary properties by modification with a
variety of agents that could be employed in such films, giving birth to applicable
nanostructures.

Just a year later, Bae and his coworkers [17] reported the preparation and wet-
chemical doping of large-area monolayered graphene sheets by CVD onto flexible
copper substrates and their subsequent use via LbL assembly to fabricate doped
graphene-based films with exceptional optoelectronic properties. The original
films demonstrated sheet resistances as low as ~125Qsq~! with 97.4% optical
transmittance and exhibited the half-integer quantum Hall effect, indicating their
high quality. Later, the monolayers could be stacked with LbL assembling to
fabricate a doped four-layer film on various substrates such as silicon wafer,
polyethylene terephthalate (PET), and quartz. The sheetresistance of the doped four-
layer film was measured and found to be ~30Qsq~! at ~90% transparency, which
was superior to that of commercial transparent electrodes such as ITO. Moreover,
the produced films displayed real application capabilities, as the constructed
graphene-based electrodes were incorporated into a fully functional touch-screen
panel device capable of withstanding high strain. For implementation of the
applicable device, a transparent large-area graphene film was transferred on a
35in. PET sheet and silver paste electrodes were patterned on the graphene/PET
film, giving birth to a fully functional assembled graphene/PET touch panel
with outstanding flexibility, which was connected to a computer with control
software.

Li et al. [18] prepared advanced multilayered films via electrostatic LbL co-
assembling of graphene oxide (GO) nanosheets and Keggin-type polyoxometalate
clusters, H,PW,;,0,, (phosphotungstate). Films were formed on various substrates
such as quartz glass, silicon wafer, and flexible polymer supports. The substrates
were pre-functionalized with a PEI (poly(ethyleneimine))/PW double layer as
precursor films, and later different numbers of PAH/GO/PAH/PW layers were
deposited on the modified substrates to construct GO-PW multilayer films, in which
GO nanosheets and PW clusters were linked by poly(allylamine hydrochloride)
(PAH) layers (Figure 11.1), where cationic PEs PEI and PAH were used as
electrostatic linkers.
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Figure 11.1 Schematic illustration of the fabrication procedure of rGO-PW multilayer films, which involves the LbL
assembly of GO nanosheets and PW clusters using cationic polyelectrolytes PEl and PAH as electrostatic linkers,
and a subsequent in situ photoreduction to convert GO to rGO. (Reproduced with permission from Ref. [18].)
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In these films, the PW layers existed on both sides of the GO layers, aim-
ing to realize an effective interaction between GO oxygen-containing groups and
PW clusters, which would be favorable for electron transfer from photo-excited
PW to GO. Hence, under UV irradiation, efficient in situ reduction of GO to
reduced graphene oxide (rGO) occurred, assisted by the photocatalytic activity
of the PW clusters. Thus, a mild and environmentally friendly photoreduction
approach was followed to produce rGO sheets and large-area graphene-based
hybrid films with high morphological uniformity and controlled thickness. More-
over, thin film field effect transistors (FETs) were fabricated using the composite
films, which demonstrated typical ambipolar characteristics and good transport
properties for both holes and electrons. The on/off ratios and the charge car-
rier mobilities of the transistors depended on the number of deposited layers
and could be tuned easily. It is noteworthy that if photomasks were used to
produce conductive patterns of *GO domains on the films, the rGO patterns
could serve as efficient microelectrodes for photodetector devices. In this way,
it is foreseen that the integration of various functional polyoxometalates could
lead to novel multifunctional graphene-based devices. Finally, on the basis of
this procedure of electrostatic LbL co-assembling of graphene sheets and poly-
oxometalate clusters presented by Li et al., logic-gate devices with dual optical
and electrical output functions could be fabricated by combining the luminescent
property of polyoxometalate clusters with the electric response of the graphene
sheets.

In contrast, while Li et al. used polyoxometalate clusters, Giineg and his coworkers
[19] fabricated advanced doped graphene-based films according to a novel proposed
LbL approach by using CVD and subsequent casting with a salt solution. Large-area
graphene monolayers were synthesized on a Cu foil with CVD and later on, each
layer was transferred on a PET substrate. An AuCl; solution was then spin-casted
on it and the procedure was repeated several times to get LbL-doped thin layers
(Figure 11.2).

For comparison, films with only the top layer of the film functionalized by
doping were also prepared, and they exhibited significantly poorer environmental
stability compared to the fully doped/modified films that additionally exhibited
high uniformity. Doping of the graphene layers with Au particles or Au** cations
resulted in enhanced conductivity with a relevant significant decrease up to
~80% of the sheet resistance, while transmittance was not noticeably affected.
Specifically, a large-area (11x 11 cm?) LbL-doped four-layer graphene-based film
demonstrated a 54Qsq~! sheet resistance with a relatively high transmittance
(85%) at 550nm, when the pristine single graphene sheet showed a large sheet
resistance of 725Qsq™! at a transmittance of 97.6% at the same wavelength.
The combination of these characteristics of the fabricated films — low sheet
resistance and high transparency — meets the technical requirements for industrial
applications such as LCDs, thin film solar cells, flexible touch-screen panels, and
electronic papers. Moreover, the graphene-based films produced display excellent
bending stability showing superior performance in flexibility and stretchability
compared to conventional ITO-based transparent conducting films. Considering
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Figure 11.2 The schematic of the LbL-doping strategy. The top steps indicate LbL doping
and the bottom steps indicate the topmost layer doping. Au atoms or ions are indicated by
different colors. (Reproduced with permission from Ref. [19].)

the data above, an improvement in the synthesis and transfer procedures proposed
by Giines et al., could result in even higher quality films with reduced defects
leading to enhanced performance, thereby validating this methodology as a potential
candidate for large-scale production of uniform large-area graphene-based films
suitable for large-size displays.

As opposed to Giines and his coworkers who used the CVD technique and spin-
casting, Kong et al. [14] fabricated graphene-based films with gold nanoparticle
(NP) layers by using vacuum filtration and simple immersion of the films in a
gold salt solution. Sequential n-repetition of the two processes could be employed
to form n-bilayer films. With the vacuum filtration process thin graphene films
were deposited on a quartz glass substrate. Later, the films were immersed in
a HAuCl,-3H, 0 solution where in situ spontaneous reduction of gold ions took
place, forming Au NPs. The mechanism of the spontaneous reduction process that
generated gold NPs on the graphene sheets likely involved galvanic displacement
and redox reaction by the relative potential difference between gold ions and
graphene while it was also promoted by the electrons present and donated by
the negatively charged graphene sheets. As a consequence, the proposed LbL
assembling process for hybrid graphene/gold NP films was not only simple but
also inexpensive and environmentally friendly as no reducing agents or linkers
were required or used, resulting in impurity-free transparent platforms that could
potentially be employed to a variety of sensing applications, including probes for
DNA microarrays and gold NP-oligonucleotide complexes for intracellular gene
regulation.
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On the contrary, Wang et al. [16] fulfilled a comprehensive study of varied
modification methods for graphene sheets with the aim of optimizing its role as
an anode for solar cells. In this context, a direct LbL transfer method of graphene
sheets was developed that resulted in (poly(methyl methacrylate), PMMA) films
that were free from residual impurity. According to the proposed methodology,
a single layer by PMMA was spin-coated onto the first graphene sheet and
these two layers were transferred onto another graphene layer (second) on a
copper foil where the two graphene sheets bonded with a n—=n interaction after
annealing at 120°C for 10 min. Subsequent etching of the copper foil allowed
the direct transfer of the multilayers onto a third graphene sheet and thereby,
pure graphene multilayers were produced without impurities between the layers
as the top and only PMMA layer was removed in acetone. Prior to the PMMA
removal, the multilayers could be transferred onto other substrates such as quartz
glass. Individual layers were doped with HCl during the transfer process, while
the top layer was doped with HNO; after PMMA elimination. The resulting LbL-
assembled doped graphene multilayers remarkably exhibited a sheet resistance
value as low as ~80Qsq™! with a transmittance of ~90% at 550nm, whereas
conventional ITO has in general comparable sheet resistance for 80% optical
transmittance and flexible PET demonstrates a higher sheet resistance of about
100-300Qsq~".

Furthermore, in order to get high-performance organic solar cells, additional
modification of the films was realized with molybdenum oxide (M0oOj;). Graphene
films were coated with a thin MoOj layer of about 20 A as it was evaporated on the
graphene films and the films were tested as solar cell anodes after the spreading of
a poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) film on
the MoO;-coated graphene. A photovoltaic (PV) device based on that anode was
constructed (Figure 11.3). The aforementioned graphene based PV device exhibited
a 2.5% power conversion efficiency while a control device based on ITO had a 3%
efficiency. This implies that compared to a control ITO based PV device, a ~83.3%
of the power conversion efficiency could be attained. In fact, all key PV parameters
for solar devices fabricated using the graphene anode were quite similar to those
of the ITO anode.

Hong et al. [10] designed graphene-based films, studied their optoelectronic
properties, and used them in a foldable printed circuit board. Films were formed
by the successive layering of poly(allylamine)-(PAA) and poly(styrenesulfonate)-
(PSS) on a quartz substrate. During the carbonization process, the PSS layers
were transformed into graphene nanosheets (GNs) because of their inherent
aromatic and highly ordered structure, while the PAA layers prevented the agglom-
eration of the GNs produced. Thus, PSS layers provided the carbon source
and PAA layers acted as sacrificial layers for the stabilization of the structure.
Furthermore, a metallic dopant (transition metal) was used during the LbL
assembly that not only assisted the carbonization process but also formed an
ionic crosslinking with neighboring sulfonate groups (—SO;H) in the PSS lay-
ers, which acted as a pillaring agent that prevented agglomeration and shrinkage
of the graphene-based films. The optical transmittance of the produced films at
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Figure 11.3 (a) Schematic diagram of photovoltaic device structure; (b) ultraviolet photoelectron spectroscopy
(UPS) spectrum showing the secondary cut-off of four layers of graphene before (black line) and after mod-
ification with MoO; (blue line); (c) energy level diagram at the anode side of the photovoltaic cells without
(top) and with (bottom) the MoO; + PEDOT:PSS layer; (d) current density—voltage (/-V) characteristics of
devices under light illumination. Anode/P3HT:PCBM/LiF/Al (anode =four layers as-grown graphene and the
same coated by PEDOT:PSS only, MoO; only, or MoO, + PEDOT:PSS); (e) three to five layers of acid-doped
graphene/MoQ; + PEDOT:PSS/P3HT:PCBM/LiF/Al; and (f) anode/PEDOT:PSS/P3HT:PCBM/LiF/Al (anode is ITO
or MoO;-coated graphene). (Reproduced with permission from Ref. [16].)
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A=550nm was controllable by the thickness (i.e., the number of the layers) and
varied from 92% to 71% as the film thickness increased from 10 to 100 nm.
In addition, the sheet resistance of the films decreased as the film thickness
increased, obtaining its lowest value at ~1.2kQsq™!, coupled with transmittance
of ~71% for the most thick films (100nm). All nanostructured films displayed
linearity of the I-V curves over a voltage range from —0.1 to +0.1V confirming
their ohmic behavior. Moreover, the dV/dI values demonstrated dependence
by the film thickness, as films of less than ~10 nm exhibited one to two
orders of magnitude higher dV/dI values compared to those of relatively thick
films.

The above characteristics of the prepared films render them as potential candi-
dates for transparent electrodes and can display practical applicability in foldable
printed circuit boards such as the one presented in Figure 11.4. For the production
of the circuit board, an electrically conductive wire of 100% graphene-based films
with thickness of 300 nm and width of 5 mm was patterned on a polyimide film. The
pattern was designed on computer software (Figure 11.4a) and was inkjet-printed

Water-dispersed
graphene
suspension

Nozzle —

Ink droplet —+ ®
P Front Back

Substrate
a & aaa

(a) Direction ———

(©)

Figure 11.4 Graphene-based electronic circuit: (a) designed pattern for inkjet printing and
(b,c) digital photographs of graphene-based electronic circuit turned off (b) and turned on
(c). (Reproduced with permission from Ref. [10].)
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repeatedly for 30 passes. The LEDs were connected in series and applied by a 27.0V
DC power supply. The electrically connected LEDs could be turned on by applying
voltage, demonstrating the electrically conductive pathway of the graphene-based
printed circuit.

A more complex, three-dimensional graphene-based nanostructure with elec-
trocatalytic properties and possible electrochemical applications in nanodevices
was prepared by Zhu and his coworkers [8]. Graphene sheets were functionalized
with an imidazolium salt-based ionic liquid (IS-IL) and by using the LbL assem-
bly, platinum NPs were attached through electrostatic interaction. The IL agent
(1-(3-aminopropyl)-3-methylimidazoliumbromide) was covalently bonded on the
surface of the GNs, modifying and providing them with positive charge. On the
contrary, platinum NPs were stabilized and negatively charged with citrate allowing
electrostatic interaction with the modified graphene sheets for the formation of the
hybrid films. Nanostructures were developed on negatively charged substrates as
ITO electrode, quartz slide, and freshly cleaved mica. The final films showed high
electrocatalytic activity toward oxygen reduction, which could be further tuned by
altering the number of the cycles in the LbL process. More specifically, for the
determination of the electrocatalytic properties, cyclic voltammetry (CV) measure-
ments were performed in a 0.5 M H,SO, electrolyte saturated with oxygen solution
at various millivolt per second scan rates. While in control experiments no catalytic
reduction current was obtained, indicating that graphene was almost inert for
the electrocatalytic oxygen reduction, the hybrid graphene-based nanostructured
films exhibited remarkable catalytic reduction current in the range of 0.2-0.4 V.
Furthermore, the catalytic oxygen reduction current varied with increasing millivolt
per second scan rate. In fact, it demonstrated a linear function of the square root
with the scan rate, indicating that the oxygen reduction was a diffusion control
process.

Li et al. [20] managed to produce a relatively different class of multilayer films
with the LbL assembly, once more for electrochemical properties and supercapacity.
Three different building blocks were used to form the multicomponent graphene-
based nanostructure — poly(sodium 4-styrenesulfonate)-mediated graphene sheets
(PSS-GS), manganese dioxide (MnO,) sheets, and poly(diallyldimethylammonium)
(PDDA). Films were formed on an ITO electrode, and a full LbL assembly cycle
contained one PSS-GS layer, one of MnO,, and two intermediate layers of PDDA,
in a way producing an ITO/(PDDA/PSS-GS/PDDA/MnO,), electrode where n
corresponds to the number of the LbL cycles. Electrochemical tests that were
performed for the prepared multilayer film electrodes in a 0.1 M Na,SO, solution
demonstrated that the capacity increased with the number of bilayers. Specifically,
for the ITO/(PDDA/PSS-GS/PDDA/MnO,), electrode, the larger the number n, the
higher the capacity. In addition, ~90% of the specific capacitance for the 10-bilayer
film electrode (263 F g~! ata discharge current density of 0.283 A g1) still remained
after 1000 times of cycling compared to the first cycle exhibiting very good cycling
stability, while a high Coulombic efficiency of nearly 100% was also achieved. The
exceptional characteristics of these multicomponent graphene-based films qualify
them as potential candidates for novel electrode materials in supercapacitors.
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Just a year before, Yu and Dai [21] achieved an average specific capacitance
of 120Fg~! and an almost rectangular cyclic voltammogram even at high scan
rates of 1Vs~! for a diverse graphene-based film. GO sheets were chemically
reduced with hydrazine in the presence of PEI in aqueous solution. The water-
soluble cationic PEI chains were attached on the surface of the resulting GNs
(PEI-GNs), providing the necessary positive charge for the following LbL assembly
procedure. Silicon or ITO glass were used as substrates for the formation of the
hybrid films, and multiwalled nanotubes (MWNTs) that were negatively charged
by acid oxidation (MWNT-COOH) were used as the intermediate building block
of the film. LbL self-assembly process was executed until the desired thickness
and architecture of the films was reached. Subsequently, the substrate-supported
self-assembled hybrid films were heated at 150°C for 12h in a vacuum oven,
resulting in the formation of amide bonds between the amine groups of the PEI-
modified graphene sheets and carboxylic acids on the acid-oxidized MWNT surface
that farther stabilized the structure and provided uniform films. The obtained
hybrid films having interconnected network of carbon structures with well-defined
nanopores, ideal for fast ion diffusion, are promising as supercapacitor electrodes.
CV measurements were performed in a 1.0 M H,SO, electrolyte solution, at room
temperature and various scan rates, for heat-treated [PEI-GN/MWNT-COOH],
films with varied bilayer number n (3, 9, and 15). The electrochemical tests showed
that an average specific capacitance of 120 F g~! could be achieved, while it is
worth noting that the CVs were still rectangular in shape even at high scan rates,
indicating rapid charging and discharging with a low equivalent series resistance
of the electrodes.

Another promising nanostructure for electrochromic devices was prepared by
using GO as precursor for graphene-based LbL-assembled films by Sheng and his
coworkers [22]. Graphene/polyaniline (PANI) multilayer films were successfully
fabricated via sequential deposition of negatively charged GO and positively charged
PANI upon electrostatic interaction, followed by the chemical reduction of GO
with hydroiodic acid. PANT was selected for the LbL process, being a promising
conductive polymer because of its environmental stability, low cost, controllable
electrical conductivity, and interesting redox properties as it has four redox states
with distinct colors. The thickness of the multilayer film increased linearly with
the number of its bilayers, whereas each bilayer was measured to be ~3nm,
yielding smooth and compact composite films with roughness less than 6 nm.
CV studies indicated that these thin composite films were electroactive, and
their redox reactions were related to the insertion—extraction of counter ions
in PANI layers as anodic peak current density exhibited a linear relationship
with the scan rate in the region of 0-30mVs~!. In addition, the thickness,
conductivity, and transmittance of the multilayer film could be easily tuned by
changing the alternate deposition steps. Moreover, the composite films were
tested to be promising electrode materials for electrochromic devices even without
using conductive transparent supporting electrodes such as the conventional
ITO. An electrochomic device based on a 15 bilayer film showed improved
electrochemical stability compared to a similar device with an ITO electrode.
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Furthermore, after 300 cycles of potential switching, the optical contrast value
decreased by 20% while the switching time was kept unchanged. Throughout
this procedure, the (graphene/PANI),s film maintained good homogeneity and
reliability.

In contrast, Lee et al. [23] developed a novel approach for constructing rGO
films. According to their methodology, positively and negatively charged rGO
sheets were LbL assembled with a spin-coating technique. Films were formed
on silicon wafer or quartz slide substrates that were prior treated with oxygen
plasma to introduce a hydrophilic surface. Negatively charged rGO was formed
from GO that possessed carboxylic acid groups by hydrazine chemical reduction in
the presence of ammonia to prevent the aggregation of the resulting rGO suspen-
sion (rGO-COO™). Positively charged rGO sheets were prepared by introducing
amine groups (-NH,) on the surface of negatively charged GO sheets through
the N-ethyl-N’-(3-dimethyl aminopropyl)carbodiimidemethiodide (EDC) mediated
reaction between carboxylic acids (and/or epoxides) and ethylenediamine excess,
which led to a positively charged stable rGO suspension after hydrazine reduc-
tion (rGO-NH;™). The LbL assembly provided highly controllable nanostructured
films in terms of thickness, transmittance, and sheet resistance. Specifically, each
rGO layer thickness could be controlled exactly in the sub-nanometer scale by
simply varying the number of stacking sheets, which enabled tailoring of the opti-
cal and electrical properties in an outstanding manner. The final LbL-assembled
rGO films exhibited sheet resistance of 8.6 and 32kQsq~' at 86% and 91%
transmittance respectively. In addition, a real application for the implementation
of these films as transparent electrodes in organic light-emitting diode (OLED)
devices was tested. ITO-coated glass (10 Q2sq™') as reference and rGO-coated glass
(3kQsq!) substrates were prepared and their electroluminescence properties
were studied. The current density—voltage—luminance (J—V-L) characteristics of
the two fabricated devices demonstrated that compared to the ITO electrode device,
which showed the maximum luminance of ~7800cd m~2 at 6V; the maximum
luminance of the rGO electrode device was ~70cdm™ at 18V and increased
with applied bias voltage. Furthermore, the maximum luminous efficiency of the
rGO electrode device was ~0.10cd A~!, while that with the ITO electrode was
~0.38 cd A1,

A similar approach has been followed by Park et al. [24] GO was again used as
starting material for the preparation of positively and negatively charged sheets, that
were LbL self-assembled on the basis of electrostatic interactions to produce finally
graphene-based films with thermal reduction of the assembled functionalized GO
layers. The negatively charged GO was based on the carboxyl groups present while
the positively charged GO sheets were synthesized in two steps: an intermediate
acyl-chlorination reaction by thionyl chloride introduced chloride onto the GO
sheets and a subsequent amidation reaction by ethylenediamine in pyridine
modified the layers with amine groups. The final positively charged amine-
functionalized GO sheets exhibited stable dispersibility within the polar organic
solvent used for the reaction as well as in aqueous environment. By adjusting the
LbL assembling cycles, controllable thickness, and tailored optical transparency
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of the films was achieved while their electrical property was enhanced through a
thermal treatment process apart from the p-doping effect by the adopted midstep
acyl-chlorination reaction. Final films demonstrated sheet resistance of 1.4 kQsq™!
with a light transmittance of 80% at 550 nm, meeting the minimum requirements
for a practical transparent electrode application, validating this procedure as a
potential route for developing LbL graphene-based films for transparent electrodes,
flexible displays, or highly sensitive biosensors.

Yao et al. [25] made an effort to develop photoconductive patterns on
GO/PDDA/Ti0, hybrid films, which were constructed through LbL self-assembly.
The aim of this study supported the photothermal and photocatalytic reduction
of GO (rGO). In the first step, the fabrication of (PDDA/GO/PDDA/TiO,),,
films on a glass substrate was concluded. It was observed that the hybrid
composite presented a relation between UV-vis absorption and layer numbers,
revealing that the absorbance increased linearly as a function of deposition
layer numbers. SEM images showed that the surface of the film was fluctuant.
The procedure for the photothermal/photocatalytic reduction of GO (rGO) is
based on the photocatalytic activity of TiO nanosheets. UV-vis measurements
of the obtained film proved that the reduction of GO was successful and
SEM images showed that the surface became smoother and changes were
not observed in the lamellar structures. The rGO was used as an electronic
transportation medium that presented high photocurrent generation and good
reversibility in the generation of photoconductive pattern. The fabrication of the
photoconductive pattern was realized by the illumination of the film. The results
demonstrated that the hybrid films tested could be used in many microelectronic
applications.

An effort to develop polymer-coated graphene nanoplatelets was overwhelmed
by Rani and his coworkers [26]. In particular, they used two types of PEs, the
positively charged PAH and the negatively charged poly sodium 4-styrenesulfonate
(PSS). Consequently, they constructed the (PSS-G/PAH-G), through LbL assem-
bly. In the first step, reduced graphene (rG) nanoplatelets were synthesized and
afterwards they were coated with PSS and PAH. The attachment of PAH and
PSS on the graphene sheets was a result of the electrostatic and the edge-to-
face interactions, respectively. The procedure was realized by using two different
substrates, more specifically a glass and a quartz substrate. In the experimental
process the PDDA was used in order to provide positive charge to the sub-
strate while four different concentrations of PSS and PAH solutions, 0.1, 0.2,
0.4, and 0.8 mgml~! were tested. Electrical tests were performed to determinate
the properties of each composite. Measurements showed that the conductiv-
ity between 0.1 and 0.2mgml~! was significantly increased, while between 0.4
and 0.8 mgml~! a considerable reduction was observed. At the concentration of
0.2mgml~!, the hybrid nanocomposite film presented the highest conductive
behavior and after annealing for 2h at 250 °C in nitrogen atmosphere, the mate-
rial presented conductivity of around 0.2Scm™" and 30kQ sheet resistance, in
comparison with the pre-annealing film. AFM measurements showed that the
coverage of surface is increased by altering the number of the deposition cycles
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while the surface roughness was raised by increasing the concentration from 0.1
to 0.4 mgml~l.

Furthermore, Wang et al. [27] attempted to develop via the LbL approach
well-ordered functional graphene-based nanostructures for application in
bioelectronic field. More specifically, graphene/methylene green (MG) and
graphene/multiwalled carbon nanotubes (MWCNTSs) films were constructed in
which graphene was used as a spacer. The synthetic process was performed by
the usage of a glassy carbon electrode (GCE) as substrate which was modified
five times for both nanocomposites, as the researchers considered that the five
layers have the optimal electrocatalytic activity toward p-nicotinamide adenine
dinucleotide (NADH). The choice of MG and carbon nanotubes (CNTs) was based
on their exceptional electrochemical properties. The excellent electrocatalytic
activity, the increased conductivity, and the high surface area that characterize
these nanocomposites occurred by both the components and the graphene as a
spacer; thus, these systems can be used in a variety of devices such as biosensors
and biofuel cells.

Ishikawa et al. made an effort to develop a novel deposition’s route based on
the LbL method in order to construct graphene-based transparent conductive films
(TCFs) [28]. They studied for the first time, the possible usage of (GO/GO-EDA),
films as electrodes in silicon thin film solar cells. The LbL-assembled films suffered
reduction by hydrazine vapor and thermal annealing at 600 °C in vacuum and were
deposited on ZnO layers, which were produced by the metal organic chemical vapor
deposition (MOCVD). In addition, on the three-layered graphene was fabricated
a p-i-n single junction of solar cells, such as the amorphous silicon carbide
(a-SiC,:H), the hydrogenated amorphous silicon (a-Si:H), and the hydrogenated
microcrystalline silicon oxide (pc-SiO,:H) (Figure 11.5).

The research group studied the optical and the electrical properties of the tested
film. Table 11.1 presents comparatively the physical parameters of the LbL-
assembled film and a sprayed graphene film. It was proved that increasing the
number of LbL cycles, the film presented lowest values of optical transmittance
and sheet resistance. However, the sheet resistance presented an improvement by

a-Si:H cell

: >
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Figure 11.5 Illustration of silicon thin film solar cell using graphene-based window elec-
trodes. (Reproduced with permission from Ref. [28].)
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Table 11.1  Physical parameters of LbL-assembled and sprayed graphene films [28].

Transmittance at  Sheet resistance Sheet carrier Hall mobility

550 nm (%) (@sq7) concentration (cm~2)  (cm? (Vs)™!)
Spray 83.8 1.1x10° 1.4x10" 2.2
LbL assembly 84.0 5.8x10* 3.8x 10! 57.5

an order of magnitude at the same optical transparency, originating from the good
uniformity and stacking of graphene sheets.

The research of Seok et al. made an effort to improve the properties of PEDOT
[29]. They constructed two-layered and three-layered PEDOT/graphene composite
films via LbL assembly with a spin-coating technique (Figure 11.6).

PEDOT (3,4-ethylenedioxythiopene) is a conductive polymer that can be used
in a variety of applications. On the other hand, single-layer graphene exhibits
significantly electronic properties, mobility, transparency, and better mechani-
cal properties than steel. Films were deposited on a glass wafer; however, the
researchers succeeded also in generating a free-standing film by isolating it from
the substrate by the usage of sodium hydroxide. The two-layered G/P nanocom-
posite showed increased conductivity (13 Scm™') compared to pristine PEDOT
(6 Scm™!) (Figure 11.7). The presence of graphene enhances the conductive prop-
erties of the PEDOT film and makes it possible for it to be used in electronic
applications.

An ultrathin graphene supercapacitor based on “in plane” design was fabricated
by Yoo and his coworkers [30]. The in-plane geometry provides the graphene
sheets the ability to be used in energy storage devices. The combination of open
architecture and the effect of graphene sheets attributes high capability values
to the devices that consist of graphene electrodes. The specific capacity of one
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G film
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PEDOT layer

G/P/G film G/P film

Figure 11.6 Fabrication process for the PEDOT and graphene composite film. (Reproduced
with permission from Ref. [29].)
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Figure 11.7 Conductivity data for graphene, PEDOT, G/P, and G/P/G composite films.
While the graphene layer was spin-coated at 3000 rpm, PEDOT layer was deposited with
4000 rpm spin rate in a layer-by-layer manner. (Reproduced with permission from Ref. [29].)

to two layered graphene can be increased up to 80 pF cm™', while in the case of
multilayered graphene the value is higher than 394 pF cm™!. The studies are based
on the development of rGO through LbL assembly. For comparison, graphene
obtained via CVD was used. The internal resistance values of rGO and G were
calculated to be 77 and 747kQ, respectively. From AFM measurements, it was
proved that the rGO film had a thickness of ~10nm. On the basis of theoretical
estimates, 10 nm of thickness corresponds to 21 layers of graphene. The fact that
the specific capacitance of the rGO device for a geometric area (394 uF cm~2) was
five times higher than the value of G (80 pF cm™2) led to the conclusion that the
new device with the “in plane” geometry can store more charge per unit area
by increasing the number of layers. The researchers constructed stacked devices
(conventional geometry) from the rGO electrode with the same area of the electrode
containing similar amount of the polymer gel. The results of the comparison of
the in plane and stacked device geometries are presented in Table 11.2. The
new device geometry could be used with other thin-film-based supercapacitors
and modulated in a variety of structural and hybrid designs for energy storage
devices.

Table 11.2  Comparison of the specific capacity for the stacked
versus in-plane device geometry for the rGO electrodes with
~10 nm thickness [30].

Geometry Stacked (uF cm~2) In-plane (pF cm™)

rGO 140 394
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11.2.2
Hybrid Thin Films as Sensors

Besides optoelectronic and electrode-related applications, LbL-assembled graphene-
based films were also tested for gas or molecular sensing in recent years. It has
been widely accepted that sensitivity and selectivity of sensors crucially depends on
the host structure of the sensor. Graphene gathers some very important features
that validate it as an ideal candidate for a sensing substrate. First of all, it is
a 2D layered monoatomic structure with high uniformity that can be packed
at will - with desirable and tailored functionalization groups, interlayer space,
and cavities — in final films depending on the application. Secondly, it exhibits
advanced electron conductivity as it contains extended systems of conjugated n-
bonds that are vital for electron transfer phenomena and are also essential in
sensing, and finally, it has inherent low electrical noise, which is important for
achieving very low detection limits [31, 32]. For all these reasons, graphene-based
electrodes have been recently reported to display superb electrocatalytic activity for
H,0,, 0,, NADH, and other vital species as well as superior enzyme biosensing
ability [33].

A related application has been reported by Zhang and Cui [31] who developed an
ultrasensitive, low-cost, and label-free graphene-based cancer marker biosensor for
the real-time detection of prostate-specific antigen (PSA) in a large detection range
from 4 fg ml~! to 4 pg ml~1. A PET flexible wafer was used as a substrate onto which
a50/200 nm thick chromium/gold layer was deposited with sputtering. Gold sensor
electrodes were patterned photolithographically, whereas an additional lithography
step was used to fabricate a window area on which the graphene film was LbL
self-assembled while it protected the testing pads from the adsorption of graphene
solutions. Poly(diallyldiamine chloride) (PDDA) and poly(styrene sulfonate) (PSS)
were the two PEs used for the LbL assembly process of the graphene sheets on the
window area of the chromium/gold layer (Figure 11.8).

Finally, the biosensor was immunized by immobilization of anti-PSA on
the surface with label-free technique. For comparison, a horseradish peroxi-
dase (HRP)-labeled PSA sensor and a CNT-based sensor were manufactured
according to the same method. A five bilayer self-assembled graphene film dis-
played a 45+5nm thickness and a 0.9+0.01kQ resistance. By varying PSA
concentration in testing solutions, a shift in the film conductivity was observed,
indicating that label-free and labeled graphene sensors were capable of detect-
ing very low concentrations of PSA down to 4fgml~' (0.11 fM) and 0.4 pgml™!
(11 fM) respectively, which were at least three orders of magnitude lower than
achievable using CNT sensors (4ngml~!) under the same conditions of design,
fabrication, and measurement. The label-free sensor allowed the direct immu-
nization reaction and therefore exhibited lower detection limit compared to the
labeled sensor, at which a 300nm thick PMMA passivation layer resulted in
reduced PSA absorption. Moreover, both sensors do not require signal sampling
amplification, which might easily induce a secondary electrical noise as in the
case of sensors with higher detection limits. Furthermore, the low 1/f noise of
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Figure 11.8 (a) Schematic illustration of (scanning area is 1x1pm?); and (d) SEM
LbL self-assembled graphene nanocom- image of LbL self-assembled graphene dis-
posite before immunization; (b) optical playing its porous defoliation surface profile.
image of LbL self-assembled graphene can-  The average graphene nanoplatelet is about
cer sensor on a flexible PET substrate; (c) 100x 100 nm?. (Reproduced with permission

AFM image of LbL self-assembled graphene  from Ref. [31].)

graphene sensors due to the high quality of its crystal lattice and two-dimensional
structure compared to the one-dimensional system of CNTs interpreted their
higher performance. Conductance versus time measurements were also per-
formed recording real-time trends, indicating that this methodology was capable
of detecting real-time antigen concentrations, whereas with the appropriate mod-
ifications it could be used for the recognition of other antigens or complex
diseases.

On the other hand, Ji et al. in 2010 [32] focused on fabricating LbL-assembled
graphene-based films by functionalizing GO with nonvolatile ILs, in situ reduction
of GO to graphene, and following electrostatic LbL assembly on quartz crystal
microbalances (QCMs) (Figure 11.9). Subsequently, films were tested for selective
gas sensing and found to possess higher affinity for toxic aromatic hydrocarbons
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Figure 11.9 Schematic illustration of the preparation of graphene/ionic liquid (G-IL) com-
posites and their LbL assembly on a quartz crystal microbalance (QCM). (Reproduced with
permission from Ref. [32].)

than for their aliphatic analogs. This enhanced detection ability of aromatic
molecules in contrast to aliphatic molecules was due to the well-defined n-electron-
rich nanospace in the films. In addition, there was clear evidence of improved
aromatic hydrocarbon gas adsorption with increasing interlayer spacing between
the graphene sheets. More specifically, films exhibited high selectivity for benzene
vapor as its adsorption was at least one order of magnitude higher compared
to cyclohexane vapor adsorption despite their similar molecular sizes, molecular
weights, and vapor pressures. Moreover, films with a 0.41 nm interlayer spacing
also demonstrated higher benzene vapor adsorption compared to films with a
0.35nm interlayer spacing.

Detection of vapors could be repeated through alternate exposure and removal
of the guest solvents; a gradual degradation of the on/off response was noted
for benzene detection, which was attributed to the strong interactions between
aromatic compounds and the graphene layer, whereas the response to cyclohexane
was fully reversible. Furthermore, the electric properties of the films depended
on the gas adsorption since it was found that an original, unused film possessed
a resistance of 178Qsq~! while after benzene adsorption it was decreased to
163 Qsq!. The latter significantly indicated that gas detection could be converted
into electrical signal and that these films were of vast practical applicability.

Another biosensor was fabricated by Zeng and his coworkers [33]. While most
reports were based on covalent functionalization of graphene or GO sheets as pre-
cursor to yield oppositely charged sheets for sequential electrostatic LbL assembly,
Zeng et al. followed a relatively different approach and developed a noncovalent
modification. In fact, this methodology seemed to have a basic advantage as the
intrinsic electronic properties of graphene sheets could be maintained or even
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enhanced. The reported LbL assembly technique was based on a two-step proce-
dure. At first, chemically rGO sheets were noncovalently modified by pyrene-grafted
PAA in aqueous media based on intermolecular interactions, such as electrostatic
interactions, hydrophobic forces, hydrogen bonds, and more specifically in this
case, n—7 stacking as well as van der Waals interactions. Secondly, the formed
supramolecular assemblies were used as building blocks for LbL alternating deposi-
tion with PEI. Fabricated films were tested and found to display enhanced electron
transfer for the redox reactions of Fe(CN)*~ and excellent electrocatalytic activity
of H,0,. Moreover, a bienzyme biosensing system for the detection of glucose and
maltose was fabricated by successive LbL assembly of graphene, glucose oxidase
(GOx), and glucoamylase (GA). Taking advantage of the electrocatalytic activity
over H,0,, the fabricated amperometric biosensor functioned as follows. GA cat-
alyzed maltose hydrolysis to glucose, which was then oxidized by GOx producing
H,0, with the latter being detected by the graphene-based electrode. The bien-
zyme biosensor demonstrated detection limits for glucose and maltose of 0.168
and 1.37 mM respectively, while sensitivity was 0.261 and 0.00715 pA-mM~'.cm~2,
respectively.

Chang et al. [34] investigated a simple method to detect the oxidative stress which
occurred by hydrogen peroxide (H,O,) in tumor cells. For this purpose, an in vitro
amperometric current—time technique was used, relying on an electrochemical
sensor. A GCE (carbon glass electrode), which was modified via LbL electrochemical
deposition technique, was used as the electrode. An rGO film covered the GCE
and the Au NPs and poly(toluidine blue O) films were immobilized upon the
graphene (rGO-Au-PTBO) (Figure 11.10). rGO, gold NPs, and poly(toluidine blue

Ascorbic acid ~ AA

Cellular flux of HyO, (- .%

GO -
Au [ ]
PTBO @

.

rGO/GCE rGO-Au/GCE rGO-Au-PTBO/GCE

Figure 11.10 Schematic of the LbL assembly of rGO-Au-PTBO modified GCE used for
detected H,0, efflux from cells stimulated with ascorbic acid. (Reproduced with permission
from Ref. [34].)
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O) provide convenient properties to the composite. rGO displays excellent electrical
conductivity at room and cryogenic temperatures. Au NPs provide exceptional
catalytic ability to H,0, and mediate the electron transfer between the analyte
and the electrode. PTBO films play the role of the matrix that encases the
Au NPs and obstruct some opposite-charged interference from penetrating into
the surface of the electrode. It was observed that each layer of the graphene-
based nanocomposite films presented enhanced catalytic effect toward electro-
reduction of H,O,. The presence of PTBO films as well the low potential (—0.3 V)
enabled high selectivity of the sensor for the detection of H,0, efflux from tumor
cells.

Qin et al. [35] studied the construction of a label-free aptasensor with extremely
unique properties such as selectivity and sensitivity to different molecules, espe-
cially to peptides. For this reason, their research focused on graphene multilayer
via LbL assembly. This sensor presents much more advantages compared with
previous electrochemical aptasensors: high accumulation levels of methylene blue
(MB), large surface area for target absorption, as well as high electrical conductivity.
Furthermore, the detection of the target is independent of environmental factors.
In this study, the main target is vasopressin (VP), a peptide hormone that plays
an important role in the kidney’s function. Using pulse voltammetry, it is possible
to detect the lowest concentration of the target at a wide detection range from
1 to 265ngml~!. Another advantage of the method is the use of aptamer, an
oligonucleotide that has the ability to immobilize the peptide onto the electrode
interface that inhibits electron transfer, resulting in a concentration-dependent
decrease of voltage at differential pulse voltammetry (DPV). MB and the pos-
itively charged poly(diallyldimethylammonium chloride) (PDDA) were attached
in the negative surface of the ITO electrode formatting the first layer. Then,
the graphene layer coated with negatively charged PSS were connected with
PDDA. After several steps, the multilayer graphene intercalated with MB. Aptamer
as a negatively charged oligonucleotide attached in PDDA outer surface and
after that the substrate connected on this (Figure 11.11). These LbL multilayers
could bring more probes and aptamers that could improve the sensitivity of the
biosensors.

On the other hand, the research of Shan et al. [36] was focused on graphene-based
nanocomposite films and their possible applications. They prepared (Prussian
blue/PEI-graphene), multilayers via the LbL method using an ITO electrode
as a substrate. The procedure of the LbL method consisted of three parts.
Firstly, the ITO substrate was immersed in PDDA in order to obtain posi-
tively charged surface. Secondly, the PDDA-modified substrate was immersed
in Prussian blue (PB) solution and finally, the substrate was soaked in a PEI-
graphene solution. After each immersion, the tested sample was rinsed three
times with water. The multilayer film was taken by repeating the second and
third steps. The presence of PEI-graphene, because of its good dispersibil-
ity and the existence of active amino groups, leads to the excellent properties
of the composite and renders this suitable for many applications such as in
medicine, catalysis, and energy. Study on its electrocatalytic ability toward H,O, was
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Figure 11.11  Schematic diagram of building electrochemical aptasensor for D-VP detection. (Reproduced with
permission from Ref. [35].)
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Substrate /

Figure 11.12 Schematic representa- poly(diallyldimethylammonium chloride)

tion of the assembling process of (PAA- protective Prussian blue NPs (positively
graphene/PDDA-PB), multilayer films. PAA-  charged). (Reproduced with permission from
graphene: polyacrylic acid functionalized Ref. [37].)

graphene (negatively charged), PDDA-PB:

performed, revealing that the [PB/PEI-graphene], presents good electrochromic
and electrocatalytical properties and for this reason could be promising in elec-
trosensing applications.

In addition, Ma et al. [37] also studied the use of graphene-based nanocomposite
films in biosensing applications. More specifically, they constructed a (PAA-
graphene/PDDA-PB), multilayer film via electrostatic LbL assembly. PAA modified
the surface of graphene, which acted as a building block for the assembly and
interacted electrostatically with the positively charged PDDA/PB. A GCE was
used as a substrate (Figure 11.12). The group tried to study the performance
of the tested system in electrocatalysis. Their results confirmed that the (PAA-
graphene/PDDA-PB), film shows catalytic activity toward the reduction of H,O,.
They also verified that the number of the bilayers and the electroactive species are
important factors in studies that focus on the development of advanced biosensing
devices.

In another study, Mao et al. investigated the role of the LbL-assembled film
(PFIL-GS/PB),, as a substrate to detect hydrogen peroxide by electrochemical sur-
face plasmon resonance (EC-SPR) spectroscopy [38]. Decorated graphene sheets
were initially synthesized with a cationic polyelectrolyte-functionalized ionic lig-
uid (PFIL-GS), which presented high conductivity and a very stable aqueous
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dispersion because of the electrostatic repulsion between the modified sheets.
The bonds between the PFIL and the graphene sheets were not only because
of their opposite charge but also of the n—=n interactions between the imidazole
ring of PFIL and the aromatic rings of graphene sheets. The usage of PB gave
a significant advantage to the composite because of its excellent electrocatalytic
activity toward H,O, reduction. The experiment was facilitated by strong elec-
trostatic interactions between positively charged PFIL-GS and negatively charged
PB. An important observation was that the PFIL-GS/PB multilayer film presented
the highest electrocatalytic activity toward reduction of H,O, between PB and
PFIL-GS.

Liu et al. [39] made an effort to construct an electrochemical immunosensor in
order to detect the human IgC. For this purpose, in the first step they fabricated
a three-dimensional composite film on a GCE via LbL assembly. More specifi-
cally, they synthesized rG and functionalized MWCNTSs. The fabrication of the
composite was realized by the electrostatic absorption of the positively charged
poly(diallyldimethylammonium chloride) (PDDA) and the negatively charged car-
bon nanomaterials, rG, and MWCNTs. The multilayered composite film was
characterized by electrochemical impedance spectroscopy (EIS) and CV. It was
proved that the tested material presents a notably improvement in the interfacial
electron transfer rate in comparison with chemically reduced graphene or MWC-
NTs modified electrode. A sandwich-type-electrochemical immunosensor, which
is based on the rG-MWCNTs assembled interface, was constructed using human
IgG as a model target. Experiments on the operation of the sensor showed that
it exhibits exceptional selectivity, stability, and reproducibility with the detection
limit of 0.2ngml~'. Moreover, it displays good accuracy for the determination
of the human IgG in serum samples. This modified electrode interface could be
helpful in a variety of medical applications such as in the point-of-care diagnostics
application of clinical screening of cancer biomarkers.

Furthermore, Liu and his coworkers [40] tried to develop an electrochemi-
cal sensor in order to detect dopamine. For this reason, they modified a GCE
with a graphene-based composite through LbL assembly. The researchers syn-
thesized rGO, which was functionalized with PSS and stabilized poly(amido
amine) (PAMAM) on gold NPs. The LbL method was realized by the electro-
static interactions between the negatively charged rGO and positively charged
solution of AuNPs. The electrode obtained positive charge by the immersions
in PDDA solution. (AuNPs/rGO),/GCE was characterized by three different
techniques — CV, EIS, and DPV. The assembled modified electrode presented
good reproducibility, high stability, and a splendid sensing performance for
the detection of dopamine. The improvement of the electrocatalytic activity
toward the oxidation of dopamine was due to the synergistic effect of the
rGO and the gold NPs. In addition, the electrochemical sensor proved that it
can detect dopamine and uric acid simultaneously by using DPV, exhibiting
high sensitivity and selectivity. This kind of sensors with the aforementioned
properties could be used in many applications of medical and biotechnological
fields.
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11.2.3
Hybrid Films for Other Applications

While most of the research studies focused on the electro-optical properties of
LbL-assembled graphene-based films, Zhao et al. [41] constructed poly(vinyl alco-
hol) (PVA) modified GO films and reported on their mechanical properties. Since
individual graphene sheets exhibit extraordinary mechanical properties, it has been
used as filler for the fabrication of polymeric films with enhanced mechanical
properties. In that way, by a simple LbL self-assembly, thin multilayer (PVA/GO),,
films with high homogeneity and well-defined layered architecture were success-
fully fabricated, where the bilayer thickness was ~3 nm. Assembling was based on
hydrogen bonding interactions between the oxygen functional groups of GO and
the hydroxyl groups of the PVA chains. Final films possessed high degree of planar
GO orientation in the lamella structure, resulting in a significant enhancement
of the mechanical properties of the LbL nanocomposites compared to a parallel
pure PVA film. In fact, the elastic modulus of the hybrid films (17.64 GPa) was
improved by 98.7% compared to the pure PVA film whereas hardness (1.15 GPa)
was increased by 240.4%. These values qualify LbL self-assembling technique
as a potential method for the production of polymer/graphene hybrid films for
mechanical applications.

Studies of the tribological properties of multilayer graphene-based LbL-assembled
films were carried out from the research group of Liu et al. [42]. For the
preparation of the hybrid composite, the negatively charged poly(sodium 4-
styrenesulfonate) (PSS), which played the role of the mediator of graphene
sheets (PSS-GS), and the PEI, which possesses positive charge, were used and
deposited on a silicon wafer. Through AFM characterization it was observed
that the monolayer PEI/PSS-GS film appeared to have small uncovered areas
and some overlapped platelets which did not occur in the case of three and
five-layered hybrid films (Figure 11.13). The surface of (PEI/PSS-GS); and
(PEI/PSS-GS); were completely covered, making the materials more compact.
Macrotribological measurements showed that by increasing the numbers of
the layers, the tribological behavior of the (PEI/PSS-GS), hybrid film can be
improved significantly. The exceptional tribological properties of the film, which
were demonstrated using a universal material tester tribometer, allow it to oper-
ate as a low-friction and anti-wear coating in micro- and nanoelectromechanical
systems. Generally, the material is expected to be ideal in plenty of applications
such as nanoelectronics, sensors, batteries, supercapacitors, and hydrogen storage
devices.

Xia and his coworkers [43] studied the possibility of improving the function of
lithium-ion batteries. In this way, thin films of MoO, NPs and graphene sheets
were formed by LbL assembly and were evaluated as binder-free anodes. The hybrid
nanocomposite was created between the anionic polyoxometalate clusters and the
oxygen functional group of the GO, in presence of a cationic PE. The researchers
managed to compose, after consecutive treatment in an Ar—H, atmosphere, a
hybrid material with three-dimensional interlocked nanopores, where ultrafine
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Figure 11.13 AFM images for different PEI/PSS-GS film samples ((a—c) represent the
(PEI/PSS-GS),,, (n=1, 3, 5), respectively). (Reproduced with permission from Ref. [42].)

MoO, NPs were homogeneously deposited in the porous network of GNs. It was
proved that the tested material, if used as an anode for lithium-ion batteries,
would exhibit extraordinary electrochemical behavior with high specific capacity
and fine cyclability. More specifically, the MoO,—graphene thin film electrode
after 100 cycles of discharge—charge had specific capacity of around 675 mAh g™,
rendering it extremely hopeful for lithium storage applications.

Finally, Jalili et al. made an effort to develop ultra-stiff and ultra-strong 3D
architectures which could facilitate high elongation-at-break through LbL self-
assembly [44]. They studied the usage of organic solvents as building blocks
in order to construct self-assembled composites. More specifically, they tried
to comprehend the solvophobic effect and the parameters of liquid crystalline
graphene oxide (LC GO) dispersions in organic solvents, which directly affect
the self-assembly technique. Toward this aim, they constructed GO-SWCNTs
hybrid materials where the presence of N-cyclohexyl-2-pyrrolidone (CHP) in the
dispersion of LC GO plays the role of a mediator between the LC GO and the
SWCNTs. The attachment was realized through hydrophobic and n—x interactions.
Moreover, the solvent of LC GO and CHP can debundle CNTs and might promote
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the fabrication of fully ordered self-assembled CNTs-GO composites. This research
could overcome many obstacles, such as solubility issues and water sensitivity, in
the processability of a wide range of materials which require organic solvents.

11.3
Graphene-Based Hybrids through the Langmuir-Blodgett Approach

Thin films of thickness of a few nanometers (a monolayer) are the source of high
expectations as being useful components in many practical and commercial appli-
cations such as sensors, detectors, displays, and electronic circuit components. The
possibility to synthesize hybrid materials, almost without limitations, with desired
structure and functionality in conjunction with a sophisticated thin film deposition
technology enables the production of electrically, optically, and biologically active
components on a nanometer scale. The LB technique is one of the most promising
techniques for preparing such thin films as it enables

« the precise control of the monolayer thickness,

+ homogeneous deposition of the monolayer over large areas, and

« the possibility of making multilayer structures with varying layer composition.
An additional advantage of the LB technique is that monolayers can be deposited
on almost any kind of solid substrate.

Many possible applications (optical, electrical, and biological) have been sug-
gested over the years for LB films. Their characteristics include extremely thin
films with high degree of structural order [45]. Among other layered materials,
such as aluminosilicate nanoclays or layered double hydroxides, graphene has been
widely used in the LB approach. High-quality graphene monolayers or multilayer
films of novel graphene hybrids have been developed by integrating graphene
matrices with a variety of guest species.

11.3.1
Monolayers of Graphene Oxide

Water-supported monolayers of graphene oxide single layers (GOSLs) can be
made without any surfactant or stabilizing agent. Laura Cote et al. [46] in 2008
demonstrated LB assembly of GOSLs. The single layers formed stable dispersion
against flocculation or coagulation when confined at the 2D air—water interface. The
edge-to-edge repulsion between the single layers prevented them from overlapping
during monolayer compression. The layers folded and wrinkled at their interacting
edges at high surface pressure, leaving the interior flat. GOSL monolayers can
be readily transferred to a solid substrate with density continuously tunable from
dilute to closely packed and to overpacked monolayers of interlocking sheets.
When single layers of very different sizes are brought together face to face, they
can irreversibly stack to form double layers [46]. The geometry-dependent GOSL
interaction revealed here should provide insight into the thin film processing
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Figure 11.14 Langmuir—Blodgett assembly of graphite oxide single layers. (a—d) SEM images showing the collected
graphite oxide monolayers on a silicon wafer at different regions of the isotherm. The packing density was continu-
ously tuned: (a) dilute monolayer of isolated flat sheets, (b) monolayer of closely packed GO, (c) overpacked mono-
layer with sheets folded at interconnecting edges, and (d) overpacked monolayer with folded and partially overlapped
sheets interlocking with each other. (e) Isothermal surface pressure—area plot showing the corresponding regions
(a—d) at which the monolayers were collected. Scale bars in (a—d) represent 20 um. (Reproduced with permission from
Ref. [47].)
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of GO materials since the packing of GOSLs affects surface roughness, film
porosity, packing density, and so on. In addition, LB assembly readily creates a
large-area monolayer of GOSL, which is a precursor for graphene-based electronic
applications [46].

Amphiphilicity is a fundamental solution property of materials. The insight that
GO is amphiphilic should lead to a better understanding of the processing and
assembly of GO sheets. GO can be solution processed to form thin films by many
techniques such as spin coating, drop casting, spraying, and dip coating. In 2009,
Cote et al. [47] took advantage of GO surface activity and employed the classical
molecular assembly methods such as the LB technique to create monolayers. In
the classical LB technique, a surfactant monolayer is spread on the water surface
and confined between two movable barriers (Figure 11.14a). As the barriers are
closed, the surface density of molecules increases, leading to an increase in surface
pressure or reduction in surface tension that can be continuously monitored by a
tensiometer. The floating monolayers can then be transferred to a solid support by
vertical dip coating.

Since GO is amphiphilic, it can be spread from alcohols that are even miscible
with water, such as methanol. When methanol droplets are gently dropped on
water surface, it can first spread rapidly on the surface before mixing with water.
In this way, the GO surfactant sheets can be effectively trapped at the air—water
interface [47]. The density of sheets can then be continuously tuned by moving the
barriers. Upon compression, the monolayer exhibits a gradual increase in surface
pressure, as shown in the surface pressure—area isotherm plot (Figure 11.14D). At
the initial stage where the surface pressure is near zero, the collected film consists of
dilute, well-isolated flat sheets (Figure 11.14c). As compression continues, a gradual
increase in surface pressure begins to occur and the sheets start to close pack into
a broken tile mosaic pattern over the entire surface (Figure 11.14d). Upon further
compression, the soft sheets are forced to fold and wrinkle at their touching points
in order to accommodate the increased pressure (Figure 11.14e). This is in stark
contrast to traditional molecular or colloidal monolayers, which would collapse
into double layers resulting in a constant or decreasing surface pressure when
compressed beyond the close-packed regime. Even further compression resulted in
interlocked sheets with nearly complete surface coverage (Figure 11.14f) [47]. The
LB assembly produces flat GO thin films with uniform and continuously tunable
coverage.

The LB technique was used by Xi Ling and Jin Zhang [48] the same year to
construct mono- and multilayer ordered aggregates of protoporphyrin IX (PPP) as
shown in Figure 11.15.

The Raman enhancement was dependent on the molecular configuration in
contact with graphene, in which the functional group of PPP in direct contact
with graphene has a stronger enhancement than other groups [48]. These results
reveal that graphene-enhanced Raman scattering (GERS) is strongly dependent on
the distance between graphene and the molecule, which is convincing evidence
that the Raman enhancement effect based on graphene belongs to the chemical
enhanced mechanism. This discovery provides a convenient system for the study
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Figure 11.15 Schematic representation of the sample preparation. (Reproduced with per-
mission from Ref. [48].)

of the chemical enhanced mechanism and will benefit further understanding of
surface-enhanced Raman scattering (SERS).

Szabo et al. [49] observed a negligible amount of imperfections in LB films such
as GO sheets folded back at interconnecting edges or face-to-face aggregates that
were deposited in a hydrophilic substrate. These highly ordered monolayers are
very promising for advanced electronic applications because very large areas can be
covered by densely tiled GO nanosheets, which can provide continuous electrical
pathways after reduction to conductive graphene [49]. LB films of chemically
derived graphene may be especially beneficial for the fabrication of optically
transparent flexible circuits, where the use of ITO is limited because of its rigidity
and fragility.

Wang et al. [50] in 2011 developed a universal technique for size fractionation of
GO sheets by just adjusting the pH value of GO dispersion. The hydrazine-reduced
LB films of large lateral dimensions showed much higher conductivities than those
of small lateral dimensions. Furthermore, the thin film of large lateral dimensions
prepared by filtration exhibited a smaller d-space and much higher tensile strength
and modulus than those of small lateral dimension films. The lateral dimensions of
GO sheets have strong effects on the structures and properties of the self-assembled
GO films. Larger GO sheets favor the formation of paper-like films with more
tight and perfect structures, which greatly improved their mechanical properties.
Furthermore, LB films of larger GO sheets also showed higher conductivities after
chemical reduction because of their more compact morphology, fewer structural
defects, and lower contact resistances [50].

A year later, Imperiali et al. [51] investigated the structure and properties of the
GO interfacial layer and evaluated the conditions for the formation of freestanding
films. The rheological properties have been shown to be responsible for the
efficiency of such layers in stabilizing water—oil emulsions. Moreover, because of
the mechanical integrity, large-area monolayers can be deposited by, for example,
LB techniques using aqueous subphases. These films can be turned into TCFs
upon subsequent chemical reduction.
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Spectroscopic studies of large sheets of GO and rGO monolayers, which were
prepared by LB technique, were investigated in the same year by Sutar et al.
[52]. The GO monolayers were reduced by hydrazine exposure followed by heat
treatment in vacuum and argon atmosphere to obtain rGO monolayers, without
affecting the morphological stability of the sheets. Fourier transform infrared
(FTIR) data have revealed that the reduction process results in a significant
decrease in oxygen functionalities. The X-ray photoelectron spectroscopy (XPS)
data showed that during the reduction process, I,/I; ratio decreases, which
is also indicative of decrease in the fraction of non-graphitic carbon in the
monolayers.

11.3.2
Nanocomposite Films

An LB approach for highly efficient fabrication of nanoscrolls from functionalized
GO single sheets was reported by Yan Gao et al. [53] Transmission electron
microscope study revealed that the scroll has a tubular structure without caps at
its ends. The scrolls align parallel to the moving barriers of the LB equipment
and exhibit a loose—dense pattern during the LB compression process. They also
realized that specific solvents can unwind the scrolled structures. This method
opened up a new avenue for high-yield fabrication of carbon nanoscrolls using
functionalized GO as the building block.

Two years later, in 2012 Ramesha et al. [54] initiated the possibility of 2D
in situ electrochemical polymerization in a Langmuir trough. They spread exfo-
liated graphene oxide (EGO) on water surface to bring the anilinium cations
present in the subphase to air—water interface through electrostatic interactions
(Figure 11.16).

Subsequent electrochemical polymerization of aniline under applied surface
pressure results in the EGO/PANI composite with PANI in planar polaronic
form. For the deposition in a grassy carbon substrate, a Langmuir—Schaefer mode
(horizontal deposition) was applied.

The same year, Narayanam and his coworkers [55] worked on GO-Cd com-
posite LB monolayers by introducing Cd?* ions into the subphase. The changes
in the behavior of the Langmuir monolayer isotherm in the presence of Cd**
ions are attributed to changes in the microstructure and density of the GO
sheets on the subphase surface. The incorporation of Cd ions into the GO
monolayers causes some overlapping of sheets and extensive formation of wrin-
kles. Sulphidation of the GO-Cd sheets results in the formation of uniformly
distributed CdS nanocrystallites on the entire basal plane of the GO mono-
layers [55]. The de-bonding of Cd with oxygen functional groups results in
a reduction of the wrinkles. The GO sheets act primarily as a platform for
the interaction of metal ions with oxygen functionalities, and their structure
and characteristic features are not affected by either uptake of Cd or formation
of Cds.
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EGO Glassy
monolayer carbon

Anilinium chloride

Figure 11.16 Experimental LB setup for in situ polymerization (R.E, Reference Electrodes;
W.E, Working Electrodes; and C.E, Counter Electrodes). (Reproduced with permission from
Ref. [54].)

11.3.3
Applications and Properties of LB Thin Films

Li and his coworkers [56] in 2008 reported that the exfoliation—re-
intercalation—expansion of graphite can produce high-quality single-layer
graphene sheets stably suspended in organic solvents. The graphene sheets
exhibit high electrical conductance at room and cryogenic temperatures. Large
amounts of graphene sheets in organic solvents are made into large transparent
conducting films by LB assembly in a layer by layer manner. The chemically
derived, high-quality graphene sheets could lead to future scalable graphene
devices.

Cao and his coworkers [57] in 2010, presented a new class of high-performance
photoresponsive molecular FETs formed from LB monolayers of copper phthalo-
cyanine (CuPc), using two-dimensional (2D) ballistically conductive single-layer
graphene as planar contacts. The unique feature is the integration of LB tech-
nique with the fabrication of nanogap electrodes to build functional molecu-
lar electronic devices. LB technique offers a promising and reliable method
to prepare large-area ordered ultrathin films with well-defined architectures
(Figure 11.17).

The integration of LB technique with sophisticated micro/nanofabrication
affords efficacious molecular FETs with bulk-like carrier mobility (as high as
0.04 cm? (Vs)71), high on/off current ratios (over 10°), high yields (almost 100%),
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Figure 11.17 The structure of the CuPc monolayer transistor device with metal electrodes pro-
tected by a 50 nm layer of silicon dioxide. Inset: the molecular structure of copper phthalocyanine
(CuPc). (Reproduced with permission from Ref. [57].)

and high reproducibility. These transistors are formed from self-assembled uniform
monolayers of p-type CuPc semiconductors using single-layer graphene as planar
contacts. Another important result is that these transistors are ultrasensitive to
light, although their active channel consists of only a single 1.3 nm thick layer,
forming the basis for new types of environmental sensors and tunable photode-
tectors. This method of incorporating molecular functionalities into molecular
electronic devices by combining bottom-up self-assembly and top-down device
fabrication should speed up the development of nanometer/molecular electronics
in the future.

Negatively charged functionalized GO layers were incorporated into polyelec-
trolyte multilayers (PEMs) fabricated in an LbL assembly via LB deposition by
Kulkarni et al. [58] (Figure 11.18) in the same year. These LbL-LB GO nanocom-
posite films were released as robust freely standing membranes with large lateral
dimensions (centimeters) and a thickness of around 50 nm.

Micromechanical measurements showed enhancement of the elastic modulus
by an order of magnitude, from 1.5 GPa for pure LbL membranes to about 20 GPa
for only 8.0vol% GO encapsulated LbL membranes. These tough nanocomposite
PEMs can be freely suspended over large (few millimeters) apertures and sustain
large mechanical deformations.

At the same time, Gengler and his coworkers [12] developed a straightforward
method to deposit uniform single-layer graphene films on arbitrary substrates
without size limitation and under ambient conditions. The fast high-yield method
allows control of graphene coverage by simple adjustment of the applied surface
pressure in an LB trough. The prepared films could sustain all physical and chemical
treatments associated with the lithography process without any loss of material.
Additionally, among all chemically exfoliated graphite, the flakes obtained show one
of the lowest resistivities at the Dirac charge neutrality point (~65kV) and provide
evidence for switching from a hole-conduction regime to an electron-conduction
regime. The deposition method illustrated could also be applied to other types
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Figure 11.18 Schematic representation of fabrication and assembly of freestanding GO-LbL
membrane. (Reproduced with permission from Ref. [58].)

of exfoliated graphene/graphite produced without passing through the graphite
oxidation step.

A few-layer rGO thin film on a Si/SiO, wafer using the LB method, followed
by thermal reduction, was fabricated by Yin et al. [59] in 2012 (Figure 11.19).
After photochemical reduction of Pt NPs (Pt NPs) on rGO, the obtained Pt
NPs/rGO composite is employed as the conductive channel in a solution-gated
FET, which is then used for real-time detection of hybridization of single-
stranded deoxyribonucleic acid (ssDNA) with high sensitivity (2.4nM). Such
a simple, but effective method for the fabrication of rGO-based transistors
shows great potential for the mass production of graphene-based electronic
biosensors.

In the same period, Sutar et al. [60] investigated the electronic structure of
GO and rGO monolayers using photoelectron spectroscopy. The GO monolayers
was obtained by the LB route and suitably treated to obtain rGO monolayers. In
comparison with GO, rGO monolayers showed steeper Fermi edge, decrease in
work function (WF), and increase in p electron density of states (DOS) because of
the removal of oxygen functional groups or increase in graphitic carbon species. The
rGO, as compared to GO, also exhibited Auger features attributable to the increase
in p electron DOS. The effective number of valence electrons as obtained from
plasmon loss features showed 28% increase upon reduction, associated with the
increase in graphitic carbon content. Thus, by controlled reduction of GO, it should
be possible to tune its electronic structure and hence electronic/optoelectronic
properties.
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Figure 11.19 Schematic illustration of fabrication of a solution-gated FET device based on
PtNPs/rGO films for DNA detection. (Reproduced with permission from Ref. [59].)

A study on composite electrode materials based on GO and transition metal
oxide nanostructures for supercapacitor applications was presented by Lake et al.
[61] in 2012. Electrophoretic deposition of GO on a conductive substrate was used
to form rGO films through chemical reduction. The strong interaction of GO
with Co;0, and MnO, nanostructures was demonstrated in the self-assembled
LB monolayer composite, showing the potential to fabricate thin film superca-
pacitor electrodes without using binder materials. They demonstrated a facile,
two-step process of metal oxide and graphene nanocomposite to fabricate binder-
free supercapacitor electrodes [61]. The potential high conductive pathways and
high surface areas provided by the graphene layer interfaced with the electrolyte
and the high electrochemical capacitive charge storage from Co;0, and MnO,
nanocomposites can be tuned to exhibit optimal energy and power densities. The
initial hybrid electrode comprising of a Co;0, and MnO, nanocomposite with
a top rGO layer provides more efficient contact of electrolyte ions, electroactive
sites, and shorter transport and diffusion path lengths, leading to high specific
capacitances compared with traditional double layer supercapacitors [61]. The fea-
sibility of such an electrode material is supported by the favorable interactions
between the metal oxides as well as with rGO. This two-step composite nanos-
tructure thin film process is nontoxic and scalable for binder-free supercapacitor
processing.

Fragile organic LB films of C,, fatty acid cadmium salts (cadmium (II) behenate)
were covered by a compressed monolayer LB film of GO flakes by Petersen et al. [62].
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The structure of the mGO-protected LB films was found to be perfectly preserved.
The metal deposition completely destroys the first two LB layers of unprotected
films. This study provides clear evidence of the efficient protection offered by a
single atomic layer of GO.

TCFs were produced by Zheng et al. [63] in 2011 using the ultra-large graphene
oxide (UL-GO) sheets that were deposited layer by layer on a substrate using
the LB assembly technique. The density and degree of wrinkling of the UL-
GO monolayers are turned from dilute, closely packed flat UL-GO to graphene
oxide wrinkles (GOWSs) and concentrated graphene oxide wrinkles (CGOWs) by
varying the LB processing conditions [63]. The method demonstrated opens the
way for high-yield fabrication of GOWs or CGOWSs that are considered promising
materials for hydrogen storage, supercapacitors, and nanomechanical devices.
The films produced from UL-GO sheets with a closely packed flat structure
exhibit exceptionally high electrical conductivity and transparency after thermal
reduction and chemical doping treatments. A remarkable sheet resistance of
~500Qsq~! at 90% transparency was obtained, which outperformed the graphene
films grown on a Ni substrate by CVD [63]. The technique used to produce
transparent conductive UL-GO thin films is facile, inexpensive, and tunable for
mass production.

Continuing his research, Zheng et al. [64] composed large-area hybrid transparent
films of UL-GO and functionalized single walled carbon nanotubes (SWCNTs)
via a LbL-LB assembly process. The optoelectrical properties are much better
than the corresponding of GO films prepared by the same technique, and the
highest among all graphene, GO and/or CNT thin films reported in the literature
(Figure 11.20).

The LB assembly technique developed is capable of controlling the film com-
position, structure, and thickness, while it is highly suitable for fabrication of
transparent conducting optoelectronic devices on a large scale without extra post-
transfer processes. With further refinement of the synthesis technique, this versatile
material could offer the properties required for next generation optoelectronic
devices.

Another work from Zheng and his coworkers [65] was presented in the same
period. They synthesized monolayer UL-GO sheets with diameter up to about
100 nm based on a chemical method. TCFs were produced using the UL-GO sheets
that were deposited layer by layer on a substrate by the LB assembly technique.
The films produced from UL-GO sheets with a closely packed flat structure exhibit
exceptionally high electrical conductivity and transparency after thermal reduction.
A remarkable sheet resistance of 605Qsq™" at 86% transparency was obtained.
Authors claimed that the proposed technique for the production of TCFs is facile,
inexpensive, and tunable for mass production.

A novel eutectic-based method for fabrication of high-quality graphene flakes
was introduced by Park et al. [66] in 2012. They confirmed that the alkali metal
(potassium) between graphite interlayers is successfully inserted at the optimized
operation condition. The resulting graphene flakes preserve the unique properties
of graphene. These high-quality graphene flakes were stably dispersed (>6 months)
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Figure 11.20 Flow chart for the synthesis of UL-GO/SWCNT hybrid films. (Reproduced
with permission from Ref. [64].)

in pyridine solution without additional functionalization and surfactant stabiliza-
tion. Transparent conducting graphene films from well-dispersed graphene flakes
with high yield (~60%) were produced by the modified LB assembly [66]. The
resulting graphene film exhibits a sheet resistance of ~930 Qsq~! at a transparency
of ~75% and a high conductivity (~91.000 S m~!). The overall results suggest that
the eutectic-based method to graphene production is a scalable and low-cost route
that brings graphene-based electronics and composite fields closer to practical
applications.

Other applications of graphene-based films were reported by Seo et al. [67].
The authors fabricated a p—n diode junction of p-type rGO/n-doping Si substrate.
Electric field-induced (EFI) reduction of GO was performed by conductive atomic
force microscopy (C-AFM) in order to create an rGO p—n nanopattern diode in
a dry and nondestructive single-pot process. Single GO sheets were deposited
by the LB method onto semiconducting (n- and p-doping Si) substrates that
control charge transfer at the rGO interface. EFI nanolithography resulted in
locally reduced GO nanopatterns on GO sheets corresponding to the application
of a negative bias voltage on an n-doping Si substrate. EFI nanolithography
performed as a function of applied voltage, and the rGO nanopatterned at —10.0 V
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Oxygen groups ﬂ

Figure 11.21 EFI reduction nanopatterning for the formation of rGO p—n diode junctions.
(Reproduced with permission from Ref. [67].)

sub showed high conductivity, comparable with that of the chemically rGO [67]
(Figure 11.21).

In addition, transport of rGO sheets, which were efficiently reduced under a local
electric field, showed a uniform conductivity at sheet edges and the basal plane.
Current—voltage (I-V) characteristics of rGO on n- and p-doping Si substrates
indicated that EFI reduction nanolithography produced p-type rGO nanopatterns
on the Si substrates. This junction is an indispensable electronic component that
rectifies charge transport and prevents interference between neighboring electronic
components in a high-density integrated crossbar devices.

Li and his coworkers [68] used GO as a novel substrate for dip-pen nano-
lithography (DPN). After the GO was transferred onto a SiO, substrate using
the LB technique, CoCl, was patterned on both GO and exposed SiO, sub-
strates simultaneously by DPN, which was used for growth of different struc-
tured CNTs as presented in Figure 11.22. This novel graphene/CNT composite
might have potential applications in sensing, solar cells, electrode materials, and

SO on.

=
=

@) @)

Figure 11.22 Schematic illustration of simultaneously patterned on GO and SiO,
the experimental procedure. (1) Single- by DPN. (3) CNTs grow on patterned cata-
layer GO sheets are transferred onto SiO, lyst dots on GO and SiO, after CVD. (Repro-
by using the LB technique. (2) CoCl, is duced with permission from Ref. [68].)
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11.4
Conclusions

LbL assembly has attracted the attention of materials scientific community recently
as it is a simple, low-cost, and importantly flexible technique for fabricating
multilayered hybrid films. The versatility of this method allows the development
of various procedures for the growth of the films by using diverse synthetic or
deposition techniques such as sputtering or CVD. Among them, the LB technique
is one of the most promising LbL processes as it enables the precise control
of the monolayer thickness while allowing homogeneous deposition over large
areas and on almost any kind of solid substrate. On the other hand, graphene
being a 2D single-layered material exhibits great optoelectronic and mechanical
properties, which could be further tailored or enhanced with LbL assembling. In this
direction, numerous studies have been reported during the past years concerning
the modification of graphene sheets by LbL assembly to produce hybrid films.
Owing to their exceptional properties, these multilayered systems are employed in
avariety of different application areas from electronics to tribologic fields. However,
there are still many challenges in designing and fabricating even better and higher
quality graphene-based hybrid films.
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