This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

CHEMICAL
REVIEWS

AES AuthorCholcs

Review

pubs.acs.org/CR

Noncovalent Functionalization of Graphene and Graphene Oxide for
Energy Materials, Biosensing, Catalytic, and Biomedical Applications

Vasilios Georgakilas,_r Jitendra N. Tiwari,"* K. Christian Kemp,_“t’II Jason A. Perman,’
Athanasios B. Bourlinos,§ Kwang S. ij,*’;t and Radek Zboril**

"Material Science Department, University of Patras, 26504 Rio Patras, Greece

*Center for Superfunctional Materials, Department of Chemistry, Ulsan National Institute of Science and Technology (UNIST),

Ulsan 689-798, Korea

§Regional Centre of Advanced Technologies and Materials, Department of Physical Chemistry, Faculty of Science, Palacky University

in Olomouc, 17 Listopadu 1192/12, 771 46 Olomouc, Czech Republic

ABSTRACT: This Review focuses on noncovalent functionalization of graphene and
graphene oxide with various species involving biomolecules, polymers, drugs, metals and
metal oxide-based nanoparticles, quantum dots, magnetic nanostructures, other carbon
allotropes (fullerenes, nanodiamonds, and carbon nanotubes), and graphene analogues
(MoS,, WS,). A brief description of z—x interactions, van der Waals forces, ionic
interactions, and hydrogen bonding allowing noncovalent modification of graphene and
graphene oxide is first given. The main part of this Review is devoted to tailored
functionalization for applications in drug delivery, energy materials, solar cells, water
splitting, biosensing, bioimaging, environmental, catalytic, photocatalytic, and
biomedical technologies. A significant part of this Review explores the possibilities of
graphene/graphene oxide-based 3D superstructures and their use in lithium-ion
batteries. This Review ends with a look at challenges and future prospects of
noncovalently modified graphene and graphene oxide.
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1. INTRODUCTION

Graphene, a recent addition to carbon allotropes, is set to surpass
all other allotropes in utility for life and material sciences due to
its many intrinsic properties.' > Its abundance in the multi-
layered form known as graphite can be traced back to antiquity.
However, graphite in the form of individual sheets was not
technically considered until more recently. It was known in metal
workings as Kish and later identified as graphite with impurities
existing between the layers. The structure of graphite was
deciphered with the advent of single-crystal X-ray crystallog-
raphy, which revealed the honeycomb nature of individual layers
as shown in Figure 1. The single layer called “graphene” is
considered as the first two-dimensional (2D) crystal.’

Figure 1. A layer of graphene peeled away from the graphite found in a
common pencil.

With an early elucidation by Wallace,” who took to assuming
conduction in the layer and not between van der Waals spaced
interlayers, it was then envisioned as a 2D material. Later,
individual layers were experimentally observed by Boehm et al.
from the reduction of graphite oxide, and they showed that the
as-formed porous materials have applications such as in the
sorption of gases and small organic molecules.”” Interestingly,
Hoffman and Frenzel” described the reduction of graphite oxide
using hydrogen sulfide before the demonstration by Boehm et
al.”® that graphite oxide can be exfoliated. These methods of
production for single or few layer graphene materials, albeit
defective, are still applicable for large-scale production. The
ability to make high-quality single layer graphene is credited to
Novoselov and Geim who used Scotch tape to pull apart
individual layers." This breakthrough made it possible to observe
properties that previously were known only in theory. Prior to
this mechanical exfoliation, Van Bommel et al.'® came to the
conclusion that a monocrystalline graphite layer is formed over
the Si surface, by studying the transformation on the faces of SiC
after heating. A model depicting their observations is shown in
Figure 2. Upon heating, the silicon is evaporated, allowing the
upper carbon atoms to reposition in the next lower layer, and
upon longer thermal annealing these atomic carbon layers turn
into graphite.'"” A similar phenomenon was noted earlier by
Foster et al."' during the thermal treatment of Al,C; to grow
graphite crystals."’ Scanning tunneling microscopy images of
single layer graphene were presented in 1992 by Land et al."”
who decomposed either ethylene or naphthalene on a Pt(111)
surface. Forbeaux et al.'” in their 1998 article also used the word
graphene to describe the top layer of carbon formed during the
growth of graphitic layers on SiC.
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Figure 2. Model of the SiC structure in which three carbon layers of SiC
are collapsed under evaporation of Si to form one graphite layer:
(= = =) unit mesh of SiC (0001); (- - -) unit mesh of the graphite layer;
(O) C atoms from the collapse of three carbon layers of SiC; and (@) C
atoms of the monocrystalline graphite top layer. Reprinted with
permission from ref 10. Copyright 1975 Elsevier B.V.

‘When the atoms of carbon participate in robust covalent bonds
between sp” hybridized states forming an extended honeycomb
topology, it gives the structure formed a strength to weight ratio
that remarkably outperforms metals and metal composites.
Even with such strength, it is relatively flexible and thus can form
the different allotropes such as carbon nanotubes, nanohorns,
and fullerenes.'*~"” Furthermore, the zero band gap of graphene
gives it excellent electron mobility; the investigation and
modification of this mobility is important as a means to replace
current semiconductors in electronic devices.”””' Such changes
can come about by altering graphenes structural dimen-
sions.””** Ideally, a few C atoms thick electronic devices
could make such devices nearly invisible, as a single sheet of
graphene is ~97.7% transparent to white light, and represents a
new means of delivering information.*®

Prior to the focus on graphene (G), there was extensive
research on the preparations and properties of graphite oxide and
later graphene oxide ( GO).””7*! The obvious difference between
G and GO is the addition of oxygen atoms bound with the carbon
scaffold as shown in Figure 3. As a result, G is hydrophobic in

Figure 3. Oxidation of graphene sheet to form graphene oxide.

nature whereas GO is hydrophilic, that is, easily dispersible in
water. In addition, GO contains both aromatic (sp*) and aliphatic
(sp®) domains, which further expands the types of interactions
that can occur with the surface. GO is easily reduced to reduced
GO at high yields; however, the quality of the produced
graphenes is not suitable for electronic applications or
mechanical reinforcement of polymers due to structural defects
created during the synthesis of GO. Still this is a preferable route
for large-scale handling of graphenic materials with tailored
surface properties by functionalization.

DOI: 10.1021/acs.chemrev.5b00620
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Both G and GO described above play a central role in materials
science thanks to their unique structural and morphological
features, relatively easy chemical modification toward task-
specific materials, as well as excellent electrical, mechanical, and
thermal properties. Some niche applications include low-cost,
large-area, flexible and/or lightweight electronics, displays or e-
papers, polymer composites, catalysts, energy-related materials,
sensors, and bioderivatives. Particularly the moderate reactivity
of G at the interface provides a powerful tool in controlling its
structure and properties to meet the applications listed above.
Last, G/GO provides an excellent platform for the size-
controlled deposition of highly dispersed nanoparticles with
catalytic activity.

In most cases, functionalization is the best way to achieve the
best performance out of G or GO. In this respect, the literature is
massive for the growing applications of G and GO modified
through both noncovalent interactions and covalent bonds.
Generally, covalent functionalization compromises the sp>
structure of G lattices, thus resulting in defects and loss of the
electronic properties. In contrast, noncovalent functionalization
is largely preferred as it does not alter the structure and electronic
properties of G while it simultaneously introduces new chemical
groups on the surface. Common examples of noncovalent
functionalization include polymer wrapping, 7—7 interactions,
electron donor—acceptor complexes, hydrogen bonding, and van
der Waals forces (see examples in Figure 4). In all instances,
noncovalent functionalization leads to enhanced dispersibility,
biocompatibility, reactivity, binding capacity, or sensing proper-
ties.

This Review focuses on noncovalent interactions of G and
GO. First, a brief description regarding the nature of noncovalent
interactions with G/GO is given in section 2. A detailed survey of
various types of interactions and functionalization modes is
provided in subsequent sections covering also the interactions of
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Figure 4. Schematic representation of noncovalent interactions of G/
GO with selected application-important species involving MoS,,
aromatic polymers, proteins, core—shell nanoparticle, nanotube,
quantum dot, ellipticine (drug/photoluminescence probe), DNA
segment, and fullerenes (clockwise from top).
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G/GO with polymers, aromatic molecules, biomolecules, drugs,
and solvents (section 3). Later, the combination of G/GO with
other carbon nanoallotropes and different 2D graphene
analogues through noncovalent interactions and 3D super-
structures follows (section 4). A significant part of this Review is
devoted to the attachment of metal nanoparticles, metal oxide
nanoparticles, and semiconducting nanoparticles (quantum
dots) onto the surface of G/GO through simple, noninvasive
deposition techniques with emphasis on applications in catalysis
and lithium-ion batteries. Additionally, specific exploitations of
various noncovalently modified G/GO in environmental,
biomedical, sensoric, and catalytic applications, as well as in
energy materials and nanodevices, are discussed (section S). This
Review ends with a look at current and future prospects of
noncovalently modified G/GO (section 6).

2. NONCOVALENT INTERACTIONS OF GRAPHENE
AND GRAPHENE OXIDE

Noncovalent or supramolecular interactions are found in all
types of materials that experience attractive and/or repulsive
forces between them. These interactions are found in many
natural and synthetic systems for recognition or detection.””*>
For the sake of simplicity, this Review will consider pristine G
and avoid defects to the carbon honeycomb scaffold. The
allowance of defects or distortions caused by the transformation
of sp” carbon to sp® carbon, in the case of GO, for its involvement
with noncovalent interactions is potentially beneficial for
combining multiple interactions and will be discussed later.

To compare the relative strength of noncovalent interactions,
we consider (i) the energy range of covalent bonds and (ii) the
bond distances of single to multiple carbon bonds. The
dissociation energies are ~350 kJ mol™" for single, ~611 kJ
mol ™ for double, and ~835 kJ mol™" for triple bonds, while the
bonding distances range from 1.54, 1.34, and 1.20 A for ethane,
ethene, and ethyne, respectively.34’35 The energies of individual
noncovalent/supramolecular interactions are normally lower
than those mentioned for covalent bonds, but when combined
over large surfaces they can rival some covalent bonds. The
energy ranges for different interactions have been summarized by
Atkins and de Pula,*® Steed and Atwood,®” and Skinner and
Connor.”® Dissociation energies for ionic bonds range from 100
to 350 k] mol " and are similar to those of organometallic metal—
carbon bonds, which range from 150 to 400 kJ mol™'. The
dissociation energy begins to decrease for noncovalent
interactions; that is, ion-dipole or coordinate covalent bonds
range from 50 to 200 k] mol™" for coordination complexes or
metals bound in crown ethers. These dissociation energies allow
noncovalent/supramolecular systems to be reversible, or kineti-
cally labile, and thus self-correcting. With graphenic materials,
the 7—x or CH—7 interactions are prominent with dissociation
energies less than SO kJ mol™'. The weakest forces, that is,
London-dispersion forces or van der Waals interactions, affect all
atoms in close proximity. The solvation and hydrophobic effects
(caused by different interactions types) are a large component to
consider in G and GO systems as they influence not only its
dispersibilitgr but recognition interactions that can be used for
sensing.””*’ The focus on 7—7 and hydrogen bonds is to target
an accessible region at room-temperature conditions, thus
making it easier to investigate without specialized laboratory
equipment.

Interested readers can find additional detailed information
about aromatic interactions in relation to the 7—x interactions
(ie, m—m stacking interaction) from the review article by
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Hunters et al.*' In G, two types of 7—7 interactions occur
between the electron-rich and electron-poor regions, which
influence its interaction with other molecules or nanomaterials.
This is commonly seen in the face-to-face and edge-to-face
arrangement as shown in Figure S for C4R¢, where R is hydrogen

Figure S. 7—7 stacking face-to-face (left), slipped (middle), and C—
H--z (right) type from benzyl molecules where the gray atoms
represent carbon and orange represents hydrogen for benzene or other
atoms for different derivatives.

Figure 7. Schematic representation of both hydrogen bonds and/or
m—r stacking with GO.

for benzene and other substituents that alter the ring’s polarity.
These interactions are not limited to benzene but are also
observed in biologically relevant molecules such as DNA and
porphyrins. Similarly, these interactions found in small molecules
are carried over to GO and G systems where they can be
employed to functionalize them for processing and property
modification.

The general representation of 7— interaction types observed
in G can be seen in Figure 6. Along with this, there is also a small

Figure 6. Idealized 7—7 or C—H--7 interactions from benzene,
naphthalene, or pyrene molecules above and below the basal plane of
graphene.

possibility that CH:--z-like interactions occur around the edge of
G that may be terminated with a hydrogen atom or from phenyl
rings oriented perpendicular to the surface of G. Because G is
several magnitudes larger than the participating section of the
modifying molecule or polymer, there should be multiple
interactions on both sides of the G sheet.

For GO, or more so for reduced graphene oxide (rGO), the
basal plane is relatively similar to G except for defects by epoxides
or hydroxides bound to the carbon atoms. For this reason, similar
m-interactions will likely occur as shown with G, but there are
additions of both hydrogen-bond donors and acceptor moieties
from the epoxides, alcohols, ethers, carboxylic, and carboxylate
oxygen bearing moieties that can contribute an additional mode
for interactions. As shown in Figure 7, the oxygen moieties on
GO may predominantly situate near or on the edges and aide in
binding. Although it is still unclear the qualitative and
quantitative distribution of various oxygen bearing functional
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groups within the basal plane, the reduction of GO can remove
many of these groups, leaving an edge dominant oxygen moiety
starting material.

Supramolecular interactions with G and the undisturbed
regions of GO impart minimum structural impairment, and as
such many of the original properties of the starting materials are
retained.

The real time visualization of G, or graphite, with molecules
adsorbed on the surface via noncovalent interactions, is evident
from several scanning tunneling microscopy (STM) studies.
Theoretical studies show that molecules on the G surface at
either the solid—liquid, solid—atmosphere, or solid—vacuum
interface are possible and can manifest as a property modifier for
G.”~* Foster and Frommer’s first observation of single to
several monolayers of 4-n-octyl-4’-cyanobiphenyl onto the
surface of highly oriented pyrolytic graphite (HOPG) showed
that the orderin% lasted for several days during constant scanning
(see Figure 8).

Aromatic bodies with aliphatic chains are utilized well for
designing 2D crystals on different flat surfaces including G. The
favorable 7—r interaction allows the molecules to lie flat on the
surface while either hydrogen bonding or hydrophobic
interaction guides the molecules to form the 2D supramolecular

wugiz
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Figure 8. Molecules of 4-n-octyl-4’-cyanobiphenyl aligned on the
surface of HOPG. Reprinted with permission from ref 45. Copyright
1988 Nature Publishing Group.

DOI: 10.1021/acs.chemrev.5b00620
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systems. The classic example of hydrogen bonding, leading to 2D
supramolecular systems on graphite, is the organization of
trimesic acid, which shows the different honeycomb (see Figure
9a) or flower (see Figure 9b) motifs. Griessel et al.*® showed that
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Figure 9. Scanning tunneling microscopy (STM) images of trimesic
acid on the surface of HOPG in (a) honeycomb, (b) flower, and (c)
close packing motifs. Panels (a) and (b) reprinted with permission from
ref 46. Copyright 2002 Wiley-VCH. Panel (c) reprinted with permission
from ref 49. Copyright 2014 Royal Society of Chemistry.

the formation of these motifs is due to the formation of
carboxylic acid dimer or trimer hydrogen bonds, respectively.
This same group also demonstrated the adsorption of coronene,
considered the smallest piece of G, on the cleaved surface of
HOPG.*”” These two motifs, formed during trimesic acid
organization, have been modeled on G and found to influence
its electronic properties; this influence is based on the
polymorphism.”® The honeycomb motifs have also been
observed in multilayer G by Zhou et al,** who also identified a
close packing motif (see Figure 9c) on bilayer G supported on
SiC. Shortly afterward, the honeycomb arrangement on single
layer G was observed by MacLeod et al,*’ and they pointed out
that the different supports under the G affect the 2D network.
These authors also reported a lack of bandgap opening, using
ultraviolet photoelectron spectroscopy, resulting from mono-
layer adsorption of a trimesic acid network, suggesting a lack of
charge transfer.”

Adding tetrafluoro-tetracyanoquinodimethane (F4-TCQN)
to 1—3 layered epitaxial graphene (EG) grown on the 6H-
SiC(0001) crystal face was observed using low energy electron
diffraction (LEED) along with angle-resolved photoemission
spectroscopy (PES). Chen and colleagues demonstrated a p-type
doping effect due to electron transfer from EG to the F4-TCNQ
adsorbed layer.”" Interestingly, this layer was not observed on the
EG/SiC substrate from STM, but from the STM height data it
was considered to stand upright on the surface as shown in Figure
10a.”* On the other hand, Stradi et al.** showed that monolayer
coverage of F4-TCNQ_or TCNQEG on a Ru(0001) face (see
Figure 10b) tailored the magnetic ordering of EG.

5 3% 5 5 A
‘

.
|

Figure 10. (a) Upright arrangement of F4-TCNA on EG/SiC and (b)
parallel with the EG/Ru surface. Panel (a) reprinted with permission
from ref S2. Copyright 2010 American Physical Society. Panel (b)
reprinted with permission from ref 53. Copyright 2014 Royal Society of
Chemistry.
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Monolayer adsorption of 3,4,9,10-perylene tetracarboxylic-
dianhydride (PTCDA) arranging in an herringbone motif on
bilayer EG/SiC(0001) has been observed (see Figure 11).>*>

Figure 11. Monolayer of PTCDA adsorbed on EG/SiC(0001).
Reprinted with permission from ref 54. Copyright 2009 American
Chemical Society.

With scanning tunneling spectroscopy (STS), Lauffer et al.>
observed n-type doping due to charge transfer from PTCDA to
EG. In the same way, Huang et al.”* observed a weak charge
transfer from PTCDA to the EG layer using high-resolution PES.

Similar to PTCDA, perylenetetracarboxylicdiimide (PTCDI)
forms monolayers on EG/Rh(111) and EG/SiC(0001).°%*
PTCDI monolayers, which adopt a herringbone arrangement,
were thermally more stable by around 40 °C than PTCDA on the
EG/SiC surface.”” It was calculated by Kozlov et al.% that the
bandgap will increase from the physisorption of PTCDI on G.
Differences in the 2D arrangement of alkylated and nonalkylated
PTCDI on EG/Rh(111) were observed by Pollard and
coauthors. The hydrogen-bonding ability between the C=0
and N—H in nonalkylated PTCDI allows for linear-like
arrangement (see Figure 12a), while the alkylated PTCDI

Figure 12. (a) Supramolecular chains of PTCDI and (b) an alkyl
PTCDI derivative absorbed on EG/SiC. Reprinted with permission
from ref 58. Copyright 2010 Wiley-VCH.

molecules were observed to form hexagonal motifs (see Figure
12b).%® This type of hydrogen bonding is believed to be one of
the reasons behind the stability of the adlayers on EG.

The issue of the interface layer having a profound influence on
the G layer was not considered here, but is another challenge for
future devices, which needs to be considered. We have briefly
shown that many of the aromatic bodied molecules lie parallel
with the G basal plane and that there are still challenges to
explore in this research area. One of the challenges is to have free
floating G, G bridge, or one or both surfaces covered with
electron-donating or -withdrawing molecules. Also challenging
will be to prepare Janus like G,°" with two different 7—7 stacked
molecules on either side of G for physical property tailoring.
These small molecules that self-assemble onto G and other 2D
materials are emerging tools for tailoring the band structure of G.

DOI: 10.1021/acs.chemrev.5b00620
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Before noncovalent interactions can be applied to G, the ability
to prepare G dispersed in solution must be considered. A lot of
work to make G a viable option for applications has been focused
on improving its dispersibility in solvent without altering the
honeycomb structure and leaving the material intact. It was
revealed by Coleman and others that the surface tension of the
solvent should be similar to the surface energy of the material to
be exfoliated, that is, a crucial factor for preparing useable
quantities of 2D materials.*”*>~* It has been found that the
surface energy of G of approximately 68 mJ m™> is similar to
results from contact angle measurements by Wang et al.”’ who
reported surface free energies of 54.8 and 46.7 m] m™> for
graphite and G, respectively. This value is not necessarily best at
explaining the exfoliation for G from graphite, but the Hansen
and Hildebrand solubility parameters can shed insight for the
dispersion of nanomaterials.”'~> The Hansen parameters
describe the solvent’s mixing ability of dispersive (p), polar
(6p), and hydrogen-bonding (8y) interactions. With G, it was
approximated at dp g ~ 18 MPa'’?, Op~ 10 MPa'”?, and Oy R
7 MPa"2%” These parameters are found for common organic
solvents with a low vapor pressure such as NMP and DMF, and
also for solvents like isopropanol.°® This enhancement in our
understanding to prepare good dispersions of G or other 2D
nanomaterials has a small drawback with the commonly applied
sonication procedure. That is, with longer times in the sonication
bath, the size is generally reduced, but the quality remains intact.

Alternatively, 7—7 interactions can be experimentally studied
by single molecule force spectroscopy (see Figure 13a).”*”
Single molecule force spectroscopy is considered as a poweful
experimental tool providing a direct measurement of inter-
molecular force precisely at a single molecular level; it has been
successfully employed to monitor many intramolecular and
intermolecular interactions such as covalent bonding, ligand—
receptor pairing, host—guest complexation, hydrogen bonding,
coordination bonding, hydrophobic interactions, and charge-
transfer interactions. For instance, the 7—r interactions were
directly observed between pyrene and graphite surface in
aqueous solutions, manifested by single molecular ruptures
(see Figure 13b).”* The force curve fitting provided determi-
nation of the strength of the 7— interactions amounting to ~55
pN. Another experimental example involves measurement of the
force needed to peel the single-stranded DNA from the surface of
single crystal graphite; with single molecule force microscopy, it
was feasible to identify two types of force—displacement curves,
that is, steady-state peeling or polymer chain stretching,
depending on the type of the substrate.”” Effective binding
energy for interaction between polythymine and graphite was
then estimated to be 11.5 kg T per nucleotide, in accordance with
the theoretically predicted results.

3. DRIVING FORCES FOR NONCOVALENT
FUNCTIONALIZATION OF GRAPHENE AND
GRAPHENE OXIDE

The noncovalent functionalization of G and GO is mostly based
on van der Waals forces or 7—x interactions with organic
molecules or polymers that meet some basic criteria. Usually, van
der Waals forces are developed between G or GO and organic
molecules or polymers with high hydrophobic character, while
7—7 interactions are common between G or GO and molecules
with short to highly extended 7 system. Because of the regular
presence of oxygen groups on the surface and edges of GO, ionic
interactions and hydrogen bonds are often involved. This is in
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Figure 13. (a) Schematic setup used for measuring the 7—z interactions
between pyrene and graphite in aqueous medium by single molecule
force microscopy. (b) Force curves of pyrene-modified tips desorbed
from graphite substrate in aqueous medium under a retraction velocity

of 500 nm/s and at room temperature. Reprinted with permission from
ref 74. Copyright 2007 American Chemical Society.

contrast to pristine G, which has no oxygens that could
contribute to these kinds of interactions.

The noncovalent interactions are very important for most
applications because the extended 7 system of graphenic
nanostructures is not interrupted, which means that important
properties such as electric conductivity or mechanical strength
are not affected. In addition, the mild and nonpermanent
character of noncovalent interactions offers high flexibility with
regards to the treatment of the afforded products. Taking into
account that a comprehensive presentation of the noncovalent
interactions of graphenic nanostructures has been presented in
2012, that is, our review on G functionalization,”® this section is
focused on the most recent representative research that deals
with the noncovalent interactions of graphenic nanostructures
with aromatic species, organic molecules, other carbon
nanostructures, and inorganic species.

3.1. z—x Interactions

Depending on the basic properties of the aromatic molecules that
are concerned, 7—x interactions can be involved with the
exfoliation of graphite and the stabilization of graphenic
nanostructures in dispersion, the use of G as a platform for
drug delivery, and the formation of a great variety of hybrids or
composite functional materials with advanced properties. On the
other hand, basic properties of the organic-aromatic components
such as photoluminescence, light absorption, chemical stability,
hydrophilicity or hydrophobicity, and morphological and

DOI: 10.1021/acs.chemrev.5b00620
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structural characteristics are often influenced by their inter-
actions with G/GO nanostructures.

The 7—n interactions have two prevalent requirements. The
first is the existence of 7 systems, and the second has to do with
the geometry of the interacting species. It is necessary that an
overlap exists between the two components to have a noticeable
interaction, and usually this is strongly favored by the planarity of
the two components. A pristine G monolayer has a rich extended
aromatic system with almost planar geometry, which prefers to
interact strongly with small aromatic molecules. On the other
hand, rGO has decreased aromatic character, while GO can be
described as a nonaromatic surface with sp* carbon atoms with
isolated small aromatic areas, sp2 domains. Furthermore, the
existence of the sp® carbon atoms (bonded with oxygen groups)
introduces extended deviations from the planarity for GO. These
two important factors are intended to differentiate the behavior
of GO and rGO from that of G as regards the interaction with
aromatic species. On the other hand, the behavior of a G
nanostructure is not always similar to all aromatic molecules. The
7—7 interactions are influenced by several factors related to the
aromatic molecules, among them the electron-donating or
-withdrawing ability,”””® their substituents, size, and planarity.””

Su et al.”” used pyrene and perylenediimide derivatives to
study the 7— interactions between electron donor and acceptor
aromatic molecules with graphenic nanosheets. Both aromatic
derivatives have been shown to interact strongly with rGO
(symbolized as ReG in Figure 14), and the resulting hybrids were
highly dispersible in water due to the sulfonic groups that, as part
of the aromatic molecules, induce repulsive forces between the
hybrid nanostructures. The 7—x interactions of an electron
donor such as pyrene-1-sulfonic acid (PyS) or an electron
acceptor such as 3,4,9,10-perylenetetracarboxylic diimidebisben-
zenesulfonic acid (PDI) and rGO are characterized by a
remarkable charge-transfer effect that is confirmed by the
Raman spectra of the hybrids as a shift of the G-band to lower
or to higher frequencies, respectively (see Figure 14).

A similar change (upshift and downshift, respectively) was also
observed for the C 1s XPS peaks of the hybrids that correspond
to sp” carbon in the basal plane of graphenic sheets. The
characterization of the hybrids by atomic force microscopy
(AFM) revealed planar nanostructures with 1.7 nm thickness
that corresponds to a two-phase functionalized graphenic
monolayer or 3.4 nm thickness that corresponds to a tandem
sandwich structure (see Figure 15).7%

Using 1-naphthylamine, 1-naphthol, and naphthalene as
model aromatic molecules with different polarity, Li et al.*’
showed that polarity is connected to the adsorption ability on a
magnetically modified GO. Zhang et al®' have presented a
detailed study on the ability of different carbon nanostructures to
interact with 7—7 interactions (see Figure 16). They examined
the binding ability of GO, rGO (it is characterized as chemically
derived graphene, CDG), and single wall carbon nanotubes
(SWNTs) using sulfonated aluminum phthalocyanine (AIPcS,)
as the second aromatic planar component.

The n—r interactions of rGO with AIPcS, lead to the
formation of a ground-state complex between the two
components, which is characterized by a remarkable red shift
and decrease of the Q absorption band of phthalocyanine as
presented in Figure 16. It is also recorded that when the
concentration of rGO reaches 12 mg mL™', the free AIPcS,
almost disappears, while a similar concentration of GO (16.2 mg
mL™") decreased free AIPcS, by only 30%. The analogous
interaction with respect to SWNTSs appeared far weaker. The
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Figure 14. Aqueous dispersion of (a) rGO, (b) rGO-PD], and (c) rGO-
PyS after centrifugation. (d) G-bands of the Raman spectra of the rGO,
rGO-PD], and rGO-PyS hybrids. Reprinted with permission from ref 78.
Copyright 2009 Wiley VCH.
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Figure 15. AFM images and cross-section analysis of (a) rGO/PyS and
(b) rGO/PDI on mica. Reprinted with permission from ref 78.
Copyright 2009 Wiley VCH.

binding capability as expressed by the formation constant K, of
the complex was estimated to be 21.6 for rGO, 0.31 for GO, and
0.012 g~' L for SWNT. It was concluded that the binding ability
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Figure 16. UV—vis absorption change of AIPcS, (15 ym for rGO and 3
um for GO) by the interaction with increased amount of (a) rGO and
(b) GO. Reprinted with permission from ref 81. Copyright 2014
Elsevier B.V.

of carbon nanostructures is analogous to the planarity of the
structure, and to bind with the planar AlPcS,, rGO is by far more
favored while the most curved SWNTs are not. The interaction
of carbon nanostructures with the excited state was examined by
the photoluminescence spectrum of AIPcS,, in the presence of
carbon nanostructures. As presented in Figure 17, the character-
istic emission band at 685 nm of AIPcS, (15 yM) was decreased
by the addition of rGO and totally disappeared when the
concentration of rGO reached 12 mg L™". The plot of intensity
quenching as presented in Figure 17 showed that rGO (it is
referred to as graphene in Figure 17) is much more efficient than
GO, which means that rGO is also favored as regards the
interaction of the excited state of AIPcS,, with carbon
nanostructures, due to the enhanced electron-deficient character
in comparison with SWNTSs or GO.

The adsorption capability of GO and rGO has been also
studied by Chen et al.** using three simple aromatic hydro-
carbons, naphthalene, phenathrene, and pyrene, to compare their
affinity to GO and rGO. The authors showed that hydrophobic
character and the molecular size of the graphenic material affect
the adsorption capability, as GO has far less adsorption capability
than rGO.

Although pristine G was not a subject of the work by Zhang et
al.®! or Chen et al.*? presented in the previous section, it can be
easily concluded that G would be much more favored with 7—x
interactions than rGO or GO. G has a much more extended
aromatic system and planarity, which means that the free surface
that is offered to the aromatic molecules is much larger and so the
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Figure 17. (a) PL of AIPcS, (15 uM) in the presence of rGO with
excitation at 610 nm. (b) The plot of the intensity of quenching with the
concentration of rGO, GO, and SWNTs. Reprinted with permission
from ref 81. Copyright 2014 Elsevier B.V.

interactions are stronger. Because of these advantages, 7—7
interactions of G with small aromatic molecules such as pyridine
and fluorinated benzene derivatives,*”** quinoline,*> pyr-
ene,**™ anthracene,”"”* triphenylene,96 coronene, ’ ionic
liquids,”*~'*> and polymer ionic liquids'® or porphyrin
derivatives " can cause the exfoliation of graphite and/or
stabilization of the afforded G nanosheets in organic solvents or
water. In other words, 7— interactions can be the driving force
for the exfoliation of graphite and stabilization of G derivatives in
dispersion. The aromatic molecules act as wedges and penetrate
slowly between the graphenic layers usually by the assistant of
sonication. By this method, the graphenic layers are gradually
dissociated from each other, leading finally to a complete
separation. The aromatic core of these molecules is usually
decorated by hydrophilic or lipophilic chains or groups
providing, and through this the liberated graphenic layers are
stabilized in water or organic solvents, respectively. Pynidinium
tribromide is, among others, a characteristic aromatic molecule
that exfoliates graphite and stabilizes graphenic monolayers or
multilayers in water thanks to the electrostatic repulsions
between the charged pyridinium species that are attached.”
Lee et al.*® used a tetrapyrene derivative (1 in Figure 18)
decorated by a oligoetherdendron to exfoliate graphite and
stabilize graphenic layers. The tetrapyrene aromatic skeleton
interacted with G, while oligoether chains induce a high
hydrophilic character to the hybrid. The authors showed also
that the same tetrapyrene derivative is unable to disperse
SWNTs, indicating that the planarity of the carbon nanostructure
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Figure 18. (a) Structure of the tetrapyrene derivative. (b) The resulting
hybrid is highly dispersible in water (1.5 mg mL™"). (c) Schematic
representation of exfoliation process. (d) Absorption and (e) emission
spectra of 1 and 1-G in 0.2 wt % (MeOH/H,0); 4, = 340 nm.
Reprinted with permission from ref 86. Copyright 2011 Royal Society of
Chemistry.

is a crucial factor for the formation of an effective 7 stacking. The
m—n interactions are confirmed by the red-shifted absorption
band and the quenching of the fluorescence band of pyrene when
it interacts with G (product 1-G in Figure 18).%

Palermo et al.”” used a series of sulfonated pyrene derivatives
to study graphite exfoliation and G stabilization. The pyrene core
is functionalized with one, two, three, or four sulfonic groups,
which are electron acceptors, while two of them are also
functionalized with two and one hydroxyl groups, which are
electron donors as presented in Figure 19. The authors studied
the procedure in two steps. The first step was the absorption of
the pyrene molecules on graphite surfaces without sonication to
avoid changes in the initial free surface. Calculating the amount
of the unabsorbed pyrene derivative, it was estimated that their

a Ps1

Figure 19. Four pyrene derivatives with increasing number of sulfonic
groups used for the study of graphite exfoliation and G stabilization.
Reprinted with permission from ref 92. Copyright 2013 Royal Society of
Chemistry.

absorption on the graphite surface is inversely proportional to the
number of the polar sulfonic groups. The second stage was the
exfoliation and dispersion in water of the G/pyrene derivative
hybrids. In this stage, the favorite molecule for exfoliation is that
which has the highest dipole moment and the most asymmetric
functionalization (PS2 in Figure 19).”

Imidazolium salts have also been used to interact with rGO
monolayers.”®~'%> These molecules interact with rGO mono-
layers by cation—n and z—r interactions, while electrostatic
repulsions prevent aggregation between the rGO monolayers. In
these studies, the role of these interactions is limited to the
stabilization of G derivatives in polar solvents or water, because
the oxygen groups of GO strongly favor exfoliation. By
derivatization with phenyl vinyl groups, imidazolium ionic
liquids that are 7 stacked on G are then copolymerized with
vinyl monomers such as methyl methacrylate leading to a G-
based polymer composite with homogeneous dispersion of G
sheets and stron[g interaction between the components.'*’

Geng et al.'"> showed that a negatively charged porphyrin
derivative (TPP-SO;Na in Figure 20) is a better dispersant than a

TPP-SO3Na

TPP-ammonium

Figure 20. Porphyrin derivatives with sulfonate and ammonium groups.
Reprinted with permission from ref 104. Copyright 2010 American
Chemical Society.

positively charged one (TPP-ammonium in Figure 20).
Although both derivatives strongly interacted with rGO, only
the negatively charged porphyrin can keep the G sheets in
dispersion due to the repulsive forces that developed between the
negative charges after the noncovalent functionalization.

The role of the interaction between the 7 systems of the G
structure and aromatic molecules in the final hybrid is so
descisive that in some cases it can induce important changes in
the structure of the molecules. For example, the introduction of
methylpyridinium groups as substituents to the planar porphyrin
causes deviation from planarity because pyridinium groups are
aligned almost perpendicular to the porphyrin plane due to steric
hindrance (see Figure 21). Xu et al.'® showed that electrostatic
and mainly 7—7 interactions of this tetrapyridinium porphyrin
derivative with G forced pyridinium groups to be aligned in the
plane with the porphyrin, resulting in a further increase of the
71— interaction.

As regards the electronic properties of graphenic structures,
Arramel et al.'” showed that interaction with metallic
porphyrins can causes a band gap opening in G, which could
be further tuned depending on the metal cation of the porphyrin.
For example, 7 stacking of iron protoporphyrin on G yields a
band gap of 0.45 eV, while the zinc analogue gives a smaller band
gap of about 0.23 eV.

The 7 system of organic molecules that interact with graphenic
nanostructures is also responsible for the photophysical
properties of these compounds, and usually the noncovalent
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Figure 21. Schematic representation of pyridinium-functionalized
porphyrin interacting with G by 7 stacking. Reprinted with permission
from ref 10S. Copyright 2009 American Chemical Society.

interaction with G nanostructures causes important
changes.'*”'%

Phthalocyanine is a highly active chromophore, and its
tetrasulfonated derivative (TSCuPc) is totally soluble in water.
As a consequence of its aromaticity, it is easily attached onto G
nanosheets by 7 stacking forming highly hydrophilic hybrids (see
Figure 22).108
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Figure 22. 7—7 interaction of phthalocyanine TSCuPc with G (GR in
the image). Reprinted with permission from ref 108. Copyright 2014
Royal Society of Chemistry.

The effective 7—x interaction is revealed by the UV—vis
spectrum of the hybrid where the characteristic band of the
phthalocyanine dimer is not presented because interactions with
G prevent the dimerization of phthalocyanine; additionally the
Q-band of the monomer, which normally occurs at 663 nm, has
been shifted to 705 nm (see Figure 23)."%"

The use of the G/TSCuPc hybrid as an agent for photothermal
and photodynamic therapies has been further examined. As
presented in Figure 24, the hybrid irradiated at 650 nm in a water
solution can raise the temperature of the solution close to 55 °C
after 10 min of irradiation.'%"

In comparison with G, the noncovalent interactions of
aromatic chromophores with GO or rGO provide different
results. G does not exhibit any photoluminescence activity, and 7
stacking of aromatic molecules results in the quenching of their
fluorescence emission as described above. On the other hand,
GO, due to its chemical structure, exhibits a broad fluorescence
band with 4,, around 600—700 nm (attributed to z—zx*
transition), and in some cases a second more intense band has
been recorded near 450 nm (attributed to n—z* transition). The
quantum yield of the photoluminescence of GO is generally
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Figure 23. UV—vis spectra of TSCuPc and the hybrid G/TSCuPc.
Reprinted with permission from ref 108. Copyright 2014 Royal Society
of Chemistry.
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Figure 24. Time-dependent photothermal curves of G/TSCuPc and
TSCuPc solutions. Reprinted with permission from ref 108. Copyright
2014 Royal Society of Chemistry.

small, and during reduction to rGO it is further lowered while the
fluorescence bands are tuned to shorter wavelengths.'* """
The n—x interactions of rGO with chromophores seem to
enhance the fluorescence emission of rGO, while, at the same
time, quenching the fluorescence band of the chromophore. A
characteristic example of this behavior is recorded by examining
the interaction of riboflavin with rGO. Riboflavin (Rb) (vitamin
B12) is an amphiphilic organic molecule that consists of a
hydrophilic hydroxylated aliphatic chain and a hydrophobic
aromatic isoalloxazine part that causes the effective 7 stacking of
Rb on rGO. By excitation at 375 nm, the rGO/Rb hybrid showed
a strong emission band at 430 nm remarkably more intense than
that of rGO in the same region, while the fluorescence band of
Rb, which normally appears near 530 nm, is almost quenched
(see Figure 25).""*
3.2. van der Waals, lonic Interactions, and Hydrogen
Bonding

Apart from the aromaticity that is involved in the 7—n
interactions, G is also characterized by its hydrophobic character,
which promotes interactions of G with hydrophobic or partially
hydrophobic organic molecules such as surfactants, ionic liquids,
or macromolecules. These interactions are mostly used for the
dispersion of G nanosheets in both aqueous and organic media or
their incorporation in polymers. These hydrophobic interactions
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Figure 25. PL spectra of the rtGO/Rb hybrid and rGO. Reprinted with
permission from ref 112. Copyright 2013 Elsevier B.V.

are also found in rGO, which is closer to G as regards aromatic
character and hydrophobicity than GO, which has only a few
aromatic regions on its surface and is hydrophilic. GO and, to a
lesser degree, rGO also have a number of ionic groups, that is,
mainly carboxylate and hydroxylate, which can take part in ionic
interactions or hydrogen bonds with the analogous ionic parts of
molecules or macromolecules.

The hydrophobic interaction of G or rGO with the aliphatic
part of surfactants is often used to achieve an enhanced stability
of G or rGO in water. The hydrophilic part of the surfactant
responsible for this interaction could be an ionic, zwitterionic, or
highly polar group.'"” Cellulose derivatives,' '+ lignin,'"*
albumin,'* sodium cholate,'” and sodium dodecyl benzenesul-
fonate''® are just some of the amphiphilic organic molecules and
macromolecules that have been used successfully as G
dispersants and stabilizers."'” Bourlinos et al.''* have shown
the stable dispersion of pristine G nanosheets with albumin or
sodium carboxymethyl cellulose in water. Using liquid exfoliation
technique, Lotya et al."'” have achieved the stable dispersion of
0.3 mg mL™" of pristine G nanosheets, with an average thickness
of 4 layers, in water using sodium cholate as surfactant.

Stable aqueous suspensions of rGO have also been produced
by the assistance of several lignin and cellulose derivatives.
Sodium lignosulfonate (SLS) is an amphiphilic polymer, which is
attached on rGO by both hydrophobic and 7— interactions due
to the coexistence in the macromolecule of aromatic and
aliphatic parts. The sulfonic groups of this polymer are
responsible for the dispersion of the composite in water.
Similarly, sodium carboxymethyl cellulose, a natural polysac-
charide, can be attached to G, and stable water dispersions are
formed. It should be noted here that 7—7 stacking is not involved
because cellulose is totally aliphatic. Finally, hydroxypropyl
cellulose is able to disperse rGO, but the resulting composite is
not stable in water unless the cellulose is primarily functionalized
with pyrene groups. In this case, the polysaccharide is better
attached onto the G surfaces thanks to enhanced 7—n
interactions, and the resulting composite is stable in water."*’

On the other hand, when an amphiphilic molecule is attached
to the graphenic surface by ionic interactions, the hydrophobic
part enhances the stability of G in organic solvents. A
representative example is the work of Liang et al.'"> who showed
that GO and rGO can be functionalized with quaternary
ammonium salts such as tetradecyl-trimethylammonium bro-
mide. The positive “heads” of the surfactants interact with
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carboxylate and hydroxylate groups on GO or rGO through
electrostatic interactions, while the aliphatic chains of the
surfactants provide G with the necessary lipophilicity and
stability in organic solvents.""”

Ionic interactions also occur between end functionalized
polymers, such as amine terminated polystyrene, and rGO, which
lead to the transformation of the hydrophilic rGO into a
lipophilic rGO/polymer composite dispersible in organic
solvents (see Figure 26)."*"

A Amine terminated polystyrens

o A Graphene

Figure 26. Transformation of the hydrophilic rGO to an organophilic
rGO/polymer composite using an amine terminated polystyrene.
Reprinted with permission from ref 121. Copyright 2010 Royal Society
of Chemistry.

4. NONCOVALENTLY FUNCTIONALIZING AGENTS OF
GRAPHENE AND GRAPHENE OXIDE

4.1. Functionalization with Polymers

G derivatives usually have excellent mechanical, thermal, and
electrical properties. A simple way to utilize these properties is
their incorporation in polymer composites. A key factor for the
ideal incorporation of graphenic nanostructures into polymer
matrixes is the covalent or noncovalent interactions, which
determine the homogeneity of the composite and the extent of
the cooperation between the two components. The existence of
m—7n interactions between graphenic derivatives and polymers
that contain aromatic rings is an excellent example in this case. A
repeating aromatic polymer unit can strongly bind graphenic
monolayers leading to highly homogeneous polymer composites
with enhanced mechanical, electrical, and thermal proper-
ties.'”””'*> Kevlar is a characteristic polymer with aromatic
rings, which can interact strongly with G by # stacking as
presented in Figure 27. Lian et al.'** have used a Kevlar/
graphene nanoribbon (GNR) composite to reinforce polyvynil
chloride (PVC). The afforded Kevlar/GNR/PVC composite
(containing 1 wt % GNR) demonstrated an increase of about
72.3% and 106% in Young’s modulus and yield strength,
respectively.

The sulfonated derivative of polyaniline can also interact with
G through 7 stacking providing a water dispersible composite.'*®
Zhang et al.'>’ used a series of phenyl or pyrene terminated
functionalized polyethylene glycols (fPEG) to interact with rGO
via 7 stacking (see Figure 28). The pyrene groups were attached
onto the G surface, while the flexible ethylene glycol chains
allowed interconnection of the nanocomponents, thereby
affording a stiff composite with enhanced mechanical properties.
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Figure 27. Interaction of Kevlar with graphene nanoribbons. Reprinted
with permission from ref 122. Copyright 2014 Elsevier B.V.

The electrical conductivity of these polymer composites is a
result of the mixture of a nonconductive component such as the
polymer and a conductive part such as G. The authors also
studied the role of the aromatic end groups in the electrical
conductivity of the final product. As shown in Figure 29, apart
from the decrease of the conductivity as the amount of the
polymer increased, the aromatic end groups influence the
conductivity of the material with the terminal phenyl group
giving the most favored conductivity.'>*

Polymers without an aromatic part have been also reinforced
with G or rGO nanosheets. For example, cetyltrimethylammo-
nium bromide surfactant (CTAB) has been used to disperse GO
or rGO into natural rubber providing a polymer composite with
improved electrical, chemical, and mechanical properties."*’
Surfactant-assisted mixing has been also used to disperse
surfactant functionalized rGO into water-soluble polyurethane
(WPU, polyurethane functionalized by sulfonate groups). The
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Figure 29. Electrical conductivity of the PEG/rGO composites with
different polymer loadings. Reprinted with permission from ref 123.
Copyright 2015 Elsevier B.V.

ionic interaction between the sulfonate group of WPU and the
tertiary amine group of the surfactant is the driving force for the
homogeneous dispersion (see Figure 30)."**

4.2. Functionalization with Biomolecules

In a manner similar to polymer composites, G and rGO have
been combined successfully with biomolecules. For example,
heparin is a biomolecule, which consists of a relatively
hydrophobic cellulose backbone that is covered by a dense
hydrophilic net of negatively charged carboxylates and sulfonate
groups. The interaction of rGO and heparin is favored by the
hydrophobic character of the heparin backbone and the rGO
surface, while the repulsive forces between the charged surfaces
of the composite keep it stable in aqueous biological media
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dispersion.'*” Hydrophobic interactions are also responsible for
the immobilization of horseradish peroxidase on rGO."*’ When
GO is used instead of rGO, the immobilization of enzymes such
as horseradish peroxidase and lysozyme is dominated by strong
electrostatic and hydrogen-bond interactions between oxygen
groups of the GO and nitrogen groups of the enzymes (see
Figure 31). 131

On the other hand, biomolecules with aromatic parts can
interact with G through 7— interactions. A characteristic case is
the immobilization of glucose oxidase on G.'** Dopamine is a
biological substance with remarkable contributions in the central
nervous, renal, and hormonal systems, it acts as a neuro-
transmitter, and thus its detection and quantitative determi-
nation is very important for human health."*’ Usually, its
presence is accompanied by the presence of ascorbic acid in
much higher concentrations that cause interferences in the
detection of dopamine. Electroanalysis has been used to establish
effective methods for the determination of biological molecules
with electrochemical activity, such as dopamine and ascorbic
acid. The role of G here is very important because it has been
shown that electrodes covered with G can discriminate between
the presence of dopamine from that of ascorbic acid-based, due
to the selective 7— interactions of dopamine with the graphenic
surface. In this way, G modified electrodes can be used as
selective sensors of dopamine in the presence of ascorbic acid
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Figure 31. Tapping mode AFM images of horseradish peroxidase
(HRP) immobilized on GO at (a) small and (b) large enzyme loadings.
(c) Schematic model of the GO-bound HRP. (d) Initial reaction rates of
GO-bound HRP versus HRP concentration. Reprinted with permission
from ref 131. Copyright 2010 American Chemical Society.
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Figure 32. Deposition of tryptophane/G on a glassy carbon electrode (GCE) for the determination of dopamine. Reprinted with permission from ref

136. Copyright 2014 Elsevier B.V.

that does not interact with the G surface.'**'* The linear range
of these electrodes varies from 5—200 ym,"**'** and a detection
limit of close to 2.64 um has been reported.'** G has been further
modified to achieve better analytical results with regards to the
determination of dopamine in the presence of other biological
molecules."**~"** The role of 7—7 interactions in these materials
is also decisive. As shown in Figure 32, tryptophane can be
attached by = stacking onto the G surface, and then this
composite material is used to modify the electrode surface.'*° In
this way, the linearity for the determination of dopamine ranges
between 0.5 and 110 ym, and the detection limit is 0.29 gm."*°
Similar results have been achieved for an electrode coated with G
modified with 3,4,9,10-perylenetetracarboxylic acid (PTCA)."’

In another approach, water-soluble porphyrin and rGO have
been examined as an electrochemical detector for the
determination of dopamine. The electrode formed in this
study displays a detection limit of 9 X 107 M and a linear range
between 107¢ and 7 X 107> M. Importantly, the detection of
dopamine was not influenced by the presence of other interfering
compounds such as uric and ascorbic acid."*® Interesting results
have also been reported for a hemin modified G electrode.
Hemin is an iron-containing protoporph%rrin known by its
existence in the active site of heme protein, >”

A great development has been recorded the last years in the
area of hybrid nanomaterials based on the interactions of
graphenic nanostructures with DNA probes. Single-stranded
DNA (ss-DNA) macromolecules are easily immobilized on the
surface of graphenic layers through 7— interactions between the
hexagonal cells of G or GO and the aromatic bases.'*' Such G or
GO/ss-DNA hybrids have been used as biosensors for the
detection of DNA sequences that are linked to several diseases
and genetic disorders based on the strong interactions that
developed between the complementary DNA strands. G or GO/
DNA hybrids as biosensors have been presented in detail in
several significant review articles.'**~"**

In a characteristic example, Yang et al. showed that the
fluorescence quenching of a dye labeled ss-DNA after the
interaction with a GO surface was recovered in the presence of
the complementary target DNA due to the interaction of
complementary DNA strands, as presented in Figure 33. The
presence of a noncomplementary ss-DNA has no effect on the
situation of the hybrid."**

Pumera et al. have also developed G platforms for the
detection using as detection techniques the electrochemical
impedance spectroscopy (EIS)"**™'* or the redox properties of
GO."° Here, a very sensitive detection technique such as EIS
and hairpin shaped DNA probes, which offer high selectivity, are
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Figure 33. Schematic representation of the target-induced fluorescence
change of a dye labeled ssDNA/GO hybrid. FAM is the fluorescein-
based fluorescent dye. Reprinted with permission from ref 14S.
Copyright 2009 Wiley-VCH.

combined successfully in the detection of immunoglobulin (IgG)
and DNA single nucleotide polymorphism, which is correlated to
the development of Alzheimer’s disease.

A very simple electrochemical detection of a DNA sequence is
described in Figure 34. The surface of three electrodes was
covered by ssDNA through z—r interactions and then was
exposed to complementary, one-mismatch target, and non-
complementary target DNA, respectively. The three electrodes
then are exposed to a suspension of GO nanoplatelets. The
electrode with the complementary DNA strands has significantly
different behavior due to the interactions of the complementary
DNA strands. In fact, the interaction of the complementary DNA
strands favors the formation of double strands on the electrode
surface, which have much lower conjugation ability with the free
GO nanoplatelets in comparison with the electrode exposed to
the noncomplementary target that remains covered by single
strands. This different behavior in the electrochemical reduction
of GO was recorded by cyclic voltammetry."*

In a different approach as regards their interaction with
biomolecules, GO has been presented to work successfully as
modulators against protein misfolding and aggregations known
as amyloidosis which, are correlated with Alzheimer’s'>' and
other similar diseases.'””'>* GO has been shown to prevent in
vitro the amyloid fibril formation in peptide solution thanks to
noncovalent interactions between graphenic nanostructures and
peptides that overcome peptide interactions. Furthermore,
according to recent work, the modulation effect of GO seems
to be size dependent with the large GO nanostructures having a
better function on Afy;_44 ag%regation than GO with size of less
than 50 nm (see Figure 35).*

4.3. Functionalization with Drugs

An interesting application of graphenic nanostructures is their
utility as platforms for the stabilization and the delivery of organic
molecules that are used as drugs in therapeutic protocols. This
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Figure 34. Electrochemical behavior of GO nanoplatelets after the interaction with ssDNA modified electrodes exposed to (a) complementary, (b) one-
mismatch, and (c) noncomplementary targets. Reprinted with permission from ref 150. Copyright 2012 American Chemical Society.

Figure 35. AFM images showing (a) the formation of fibrils after
aggregation in a solution of Af};;_,, peptide and (b) the absence of fibrils
when in the peptide solution with GO nanoplatelets. Reprinted with
permission from ref 154. Copyright 2015 Wiley VCH.

specific role needs two important requirements from the
graphenic nanostructures: a covalent or a noncovalent
interaction with the organic molecules and the necessary
hydrophilicity that promotes the easy dispersion of the hybrid
in water or biological fluids. The hydrophilic character of GO is
ensured by its carboxylate and hydroxylate groups, while pristine
G or rGO has to be functionalized with hydrophilic groups or
polymers before their use as drug delivery platforms. As regards
the immobilization of the molecules, noncovalent interactions
such as 7—n stacking are preferable in most cases (ie.,
precondition of the aromatic character of the molecule) because
the release of the molecules is much easier to manipulate in
comparison with that of covalently bonded molecules on the
graphenic surface. Ramisol is an example of an aromatic organic
molecule with antimicrobial and antioxidant activity that can be
attached to G by z—x stacking.'”> The three carboxylates,
present at the ends of the molecule, offer the necessary water
solubility for the pristine G nanosheets (see Figure 36). >
Hypocrellins are naturally occurring perylenequinonoid
pigments that have been intensively studied as photosensitizers
in photodynamic therapy. They include two similar molecular
structures, hypocrellin A and B, and their major advantage is the
very high quantum yield in the production of singlet oxygen.
Although hypocrellins are highly active toward many kinds of
tumor cells, their use in vivo is almost prohibited by its poor
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Figure 36. (a) Molecular structure of Ramisol and the hybrid with a G
layer. (b) Dispersion of the hybrid in water with different ratios.
Reprinted with permission from ref 155. Copyright 2015 Elsevier B.V.

solubility in water. Zhou et al.'*® showed that hypocrellins can be
made more water-soluble by interaction with a GO surface
mainly by 7—7 interaction as well as hydrogen bonds between
the hydrogen and the oxygen groups of both components (see
Figure 37). In vitro experiments showed an effective uptake of
GO/HB into the tumor cells and the subsequent damage upon
irradiation.'**

Water dispersible PEGylated graphene nanoribbons have been
also used as platforms for the effective delivery of lucanthone (a
thioxanthone-based antitumor drug that targets base excision
repair enzyme APE-1 (Apurinic endonuclease-1)) into glio-
blastoma multiformae (GBM) cells. The aromatic character of
lucanthone favors the stabilization of large amounts of the drug
on the graphenic 7platform by 7 stacking (310 ym onto each mg
of G material)."?

Quercetin is a natural product of the family of bioflavonoids
found in fruits and vegetables. It is well-known for its antioxidant
and anticancer activity as well as for a broad range of health
benefits. Even though quercetin has hydroxyl groups, it has low
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Figure 37. (a) Molecular structure of hypocrellin A and B. (b)
Schematic representation of the GO/HB hybrid. Reprinted with
permission from ref 156. Copyright 2012 Elsevier B.V.

solubility in water and serious instability in the intestinal fluids.
Rahmanian et al.">® showed that quercetin can be immobilized
onto a GO surface by 7 stacking, and the formed hybrid showed
the necessary stability in physiological solutions and no toxicity
in vitro.

Enhanced hydrophilic character and biocompatibility can be
achieved with GO after its covalent functionalization by PEG
chains. The PEGylated GO was then modified with an insoluble
aromatic molecule SN38 (a captothesin analogue) with
anticancer activity, and water solubility was achieved."”” The
anticancer drug CPT has been also immobilized on pristine G
nanosheets functionalized by dihydroxy phenyl groups that
induce hydrophilicity.'°® Other drugs that have been attached by
n—n stacking on G or GO surfaces are doxorubicin'®' and
ellipticine.'**

Koninti et al.'®> have presented the effective loading of
ellipticine (an anticancer drug) on GO and its release to
intracellular biomolecules like DNA/RNA. Ellipticine (E) is an
aromatic alcaloid that is stable in two forms (i.e., neutral and
protonated), intercalates DNA, and acts as topoisomerase II
inhibitor (see Figure 38). E is characterized by a strong dual
photoluminescence while its A, moves between green and blue
or dark blue upon interaction of the molecule with GO, proteins,
DNA or RNA, and sugar. As presented schematically in Figure
38, when the green emoting protonated E (4, = 520 nm) is
immobilized on GO in the neutral form by 7—x interactions, it is
not fully quenched as expected but still emits blue light with 4.,
at 450 nm. The interaction of DNA or RNA with the GO/E
sample resulted in the return of the green fluorescence emission
(Amax = 520 nm) in the complex showing the progressive release
of E from GO surface and its strong interaction with these
biomolecules. The addition of serum albumin protein (HSA) in
the GO/E sample strengthened the luminescence of the
complex, which is not shifted in the presence of DNA, showing
that the protein can protect E from unwanted release (see Figure
38).1¢
4.4, Functionalization toward 3D Superstructures

Noncovalent interactions have been used for a special kind of
nanoarchitecture creating superstructures based on G or GO
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Figure 38. (a) Neutral and protonated forms of ellipticine. (b)
Photoluminescence of E free and after its 7— interaction with GO and
changes in the presence of HSA, DNA, RNA, or HSA and DNA.
Reprinted with permission from ref 162. Copyright 2014 Royal Society
of Chemistry.

nanosheets. In these structures, several aromatic molecules have
been used as bridges, linkers, and spacers between graphenic
sheets and other surfaces.

Noncovalent interaction has often been used to promote the
use of small aromatic molecules such as pyrene derivatives as
linkers for the connection of graphenic layers to other bodies.
Chia et al.'®® have presented a pyrene derivative as a linker
between G and glucose oxidase in a bioelectrochemical sensor of
glucose (see Figure 39).

In a similar approach, pyrene groups can form a bridge
between G layers and a gold electrode (see Figure 40). 164 1es

Porphyrin functionalized rGO has also been used as biosensor
for glucose in human serum thanks to its excellent electro-
catalytic activity toward the reduction of dissolved oxygen.'*®
Thanks to their aromatic part, cyclophanes can be entrapped
between graphenic layers forming a characteristic host—guest 3D
superstructure. The driving force here is the 7—7 interactions
between the aromatic system of cyclophane and that of
CBDAP*/GO. A cyclophane with diazapyrenium and benzene
units (see Figure 41) has been shown to interact effectively with
GO nanosheets forming a supramolecular organogel. The
position of cyclophane between the two GO nanosheets is
suggested by the arising distance of 13.3 A as estimated by the
powder X-ray diffraction analysis of the superstructure.'®’

4.5. Functionalization with Carbon Nanoallotropes

Carbon nanotubes have a strong aromatic character that
promotes 7—7 interactions, although their curved shape
deteriorates this trend. In general, there is a remarkable
noncovalent interaction between carbon nanotubes and G
nanostructures that leads to stable superstructures of these
carbon hybrids. Several nanoarchitectured aerogels, foams, thin
films, membranes, and paper-like sheets constructed by a
combination of graphenic nanostructures and carbon nanotubes
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Figure 39. Pyrene links graphene and glucose oxidase through 7—7 stacking. Reprinted with permission from ref 163. Copyright 2015 Elsevier B.V.
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Figure 40. Pyrene interconnection between G and gold electrode.
Reprinted with permission from ref 164. Copyright 2013 Elsevier B.V.

have been described in a recent review.'*® For example, the
presence of dispersed SWNTs in a suspension of GO in water
during hydrothermal reduction of the GO to rGO resulted in the
formation of an aerogel superstructure after solvent removal by a
freeze-drying procedure (see Figure 42).'%

Georgakilas et al. has recently developed a hybrid nanostruc-
ture by combining hydroxy functionalized multiwalled carbon
nanotubes (MWNTs) with pristine G through 7— interactions;
the as-formed material exhibited high dispersibility in water and
remarkable electrical conductivity (see Figure 43)."7° The
hydrophobic G nanosheets are covered by the hydrophilic
MWNTs affording a hydrophilic hybrid. Furthermore, the
MWNTSs act as conductive interconnectors between the G
layers, improving the conductivity of the final hybrid.'”

Hydrophilic GO has been also used for the creation of stable
dispersions of nonpolar pristine carbon nanotubes in water
through 7—x interactions.'”" The electron acceptor [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM) is the most
commonly used fullerene derivative in bulk heterojunction

polymer solar cells (BHJ-PSC)."”>"'”> G could be used in
combination with PCBM, offering an excellent road for charge
transportation during the solar cell function. Yang et al. 176 used a
pyrene derivative of PCBM for its better adhesion onto rGO
through 7—x stacking, although fullerene derivatives could be
also stacked onto the G surface (see Figure 44).

From the two possible configurations presented, microscopic
and spectroscopic data show that the proposed structure is that
where Cq is kept far from the G surface and pyrene is the
adhesion medium. The use of the hybrid in BHJ solar cell
increases the efficiency 15%, while the use of pyrene-PCBM or
rGO separately decreases the efficiency. However, as mentioned
above, C4, moieties can be grafted on graphenic surfaces by 7-
stacking without the use of other aromatic linkers. A simple
grinding of a mixture of GO and Cg, led to the formation of a
GO/Cy4y hybrid, which is stable in water at significant
concentrations due to the high hydrophilicity of GO that
dominates over the hydrophobic character of Cgy. The GO/Cq,
hybrid has been used as substrate for the immobilization of
phosphotungstic acid (PTA); this material is then electro-
deposited to form a thin film electrode of the PTA/GO/Cq,
composite. PTA is a highly active redox catalyst; therefore, the
use of the PTA/GO/Cg, composite showed enhanced catalytic
activity toward the electrochemical redox reactions of several
org:i%ic compounds such as dopamine, ascorbic acid, uric acid,
etc.

Recently, a few-layer G/nanodiamond (FLG/NDs) hybrid has
been prepared as a carbon-based catalyst for the steam-free
dehydrogenation of ethylbenzene to styrene. The enhanced
amount of nanodiamonds that are dispersed on FLG surface is
promoted by the large number of defects and vacancies of the
FLG. The specific surface area of the hybrid is 330 m* g™*, much
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Figure 41. (a) Structure of a cyclophane with diazapyrenium units (CBDAP*"), (b) photo of CBDAP* /GO gel, and (c) representation of the possible
position of cyclophane/CBDAP between GO layers. Reprinted with permission from ref 167. Copyright 2014 Wiley-VCH.
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Figure 43. (a) Formation of G/MWNTs-f-OH hybrid and (b) its
dispersion in water. (c) Graphene precipitate without MWNTs-f-OH
following the same procedure and (d) the hybrid in ethylene glycol at

high concentration. Reprinted with permission from ref 170. Copyright
2015 Wiley-VCH.

larger than that of pure FLG, which is about 30 m? g_l, because
NDs are inserted between the FLG layers and prevent restacking.
Acting as catalyst, the hybrid showed 4 times higher dehydrogen-
at10I117 8actwl'fy as compared to unsupported NDs (see Figure
45).

Finally, 7—x and hydrophobic interactions haven been shown
to be responsible for the strong attachment on GO of small
polyaromatic and oxygenated species, which are coproduced
during the ox1dat1ve procedure of graphite and usually called
oxidative debris.'”” Many researchers have studied the last years
the role of the oxidative debris in several properties of the as-
prepared GO, reveahng a s1gn1ﬁcant contribution such as in water
dlsper51b1ht¥ 9 fluorescence,'® electroactmty, % and chemical
reactivity. *~ In contrast with the early suggestions about the
structure of GO, recent studies have shown that the product of
the strong oxidation procedure that was applied on graphite
according to the known well-established methods such as
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Figure 44. Schematic representation of the two possible conformations
of the pyrene-PCBM/rGO hybrid: (a) Cq is attached on the graphenic
surface simultaneously with the pyrene stacking, and (b) Cy is kept far
from G and pyrene. Reprinted with permission from ref 176. Copyright
2013 American Chemical Society.

Staudenmaier, Hofmann, Hummers, and Tour oxidations
consisted mainly of poorly oxidized large G nanosheets and
highly oxidized relatively small aromatic species, which are
strongly attached on the surface of GO. It is concluded that most
of the oxygen functionalities on the product of graphite oxidation
are concentrated on these small polyaromatic species. The so-
called oxidative debris has a humic- or fulvic-like structure with
carboxy, hydroxyl, and epoxy functionalities anchored to the
edges. Because of their large number of hydrophilic oxygen
groups, they act as surfactant and contribute to the dispersibility
of GO in water. Consequently, pure GO nanosheets that arise
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Figure 45. SEM and TEM micrographs of (a,d) bulk nanodiamonds, (b,e) few-layer graphene (FLG), and (c,f) the FLG/NDs hybrid. Reprinted with

permission from ref 178. Copyright 2015 Elsevier B.V.

after removal of debris by ultrasonication are not so poorly
dispersible in water and more electrically conductive than before
debris removal.'” In addition, Coluci et al.'®* have shown that
pure GO is much more effective in noncovalent interactions.

Pumera et al.'® showed by using cyclic voltametry that a
stepwise decrement in the inherent electroactivity of GO is
observed by increasing the ultrasonication time from 2 to 24 h,
which is attributed to the analogous removal of oxidative debris,
concluding that inherent electroactivity came mostly from the
oxidation debris (see Figure 46).

2h 18 Potential (V) 07

Current (wA)

Figure 46. Schematic representation that shows how the removal of
oxidative debris is correlated with the reduced electroactivity of GO in
cyclic voltametry. Reprinted with permission from ref 182. Copyright
2014 American Chemical Society.

4.6. Functionalization with 2D Graphene Analogues

The tremendous interest in G inspired researchers to develop 2D
inorganic monolayers from transition metal oxides and
dichalcogenides that have a layered structure.””'**'®> The
atomic thin layers are constructed by covalent bonds between
transition metals such as Ni, V, W, Mo, Nb, Bi, Ta, and oxygens
or nonmetallic elements such as S, Te, and Se. The layers are held
together by van der Waals interactions. Although the layered
structure and the properties of these inorganic compounds were
known several decades ago, it was only recently confirmed that
the monolayered structures can be stable. Additionally, these
materials exhibit interesting electronic, magnetic, optical, and
mechanical properties different from their 3D analogues. For
example, bulk molybdenum sulfide (MoS,) is an indirect band
gap semiconductor, while a MoS, monolayered structure has a
direct band gap and strong photoluminescence.'®® This
observation gave the necessary motivation for the development
of inorganic 2D materials for potential application in
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optoelectronics devices, catalysis, photovoltaics, batteries, etc.
A recent review on 2D materials has been presented by Gupta et
al.'"®* where synthetic methods, characterization techniques,
properties, and applications are described.

Supporting the similarity with G, 2D inorganic materials can
be produced by methods such as mechanical cleavage,'®”~"*’
liquid phase exfoliation (see Figure 47 and Figure 48),%%'7%'%!
chemical vapor deposition (CVD),"”*'”* and molecular beam
epita.xy.194

The next step following the deconstruction of graphite and
inorganic layered materials down to G and inorganic monolayers,
respectively, was the reorganization of the different monolayers
into new 3D or few layered 2D heterostructured hybrids with
combined properties. The advantage of this research is that the
properties of the final hybrid can be predetermined by a careful
selection of the starting components and the way that they are
placed in the hybrid. Up to now, the most used methods for the
development of layered heterostructures are CVD growth, "%
and the mechanical transfer or deposition of chemically
exfoliated 2D crystals layer by layer."”” One of the simplest
ways to make a hybrid heterostructure is illustrated for the G/
MoS, hybrid material, which is produced by bringing in contact a
glass slide with micrometer-sized exfoliated G nanosheets and a
Si/SiO, substrate decorated by MoS, layers mechanically
deposited.”>"”” The G/MoS, hybrid combines the electrical
properties of G with the optical activity of semiconductor.
Interestingly, a persisted photoconductivity in G was induced,
which can be reverted back to the dark state by a voltage pulse
application; this results in an electrically controlled photo-
induced memory device (see Figure 49)."””

On the other hand, the MoS,/G heterostructure where MoS,
is covered by a layer of G has been applied for the ultrasensitive
detection of DNA hybridization,zoO as a nanobiosensor,”" and a
p—n junction.202

Tungsten sulfide (WS,) has been also deposited as few layered
nanosheet supported on rGO through a hydrothermal
procedure. The rGO/WS, hybrid heterostructure showed
enhanced electrochemical and rate capability performance as
an anode for lithium-ion batteries (LIBs). The characterization of
the hybrid is based on X-ray diffraction patterns and Raman
spectra, while the two components were also indicated by TEM
micrographs. X-ray diffraction mostly indicates the hexagonal
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Figure 47. (a—c) Low-resolution TEM images of BN, MoS,, and WS, layered flakes. (d—f) High-resolution TEM images of BN, MoS,, and WS,
monolayers. The insets show fast Fourier transforms of the images. (g—i) Butterworth-filtered images of sections of the images in panels (d), (e), and (f),
respectively. Reprinted with permission from ref 190. Copyright 2011 American Association for the Advancement of Science.
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Figure 48. Schematic representation of three similar liquid exfoliation processes based on (a) intercalation, (b) ion exchange, and (c) ultrasonic
exfoliation. Reprinted with permission from ref 69. Copyright 2013 American Association for the Advancement of Science.

structure of WS, monolayer, while the presence of the (002),
(100), and (110) reflections are due to the few layered structure
of WS, (see Figure 50). The decreased crystallinity of the hybrid
due to the presence of rGO in the hybrid is also observed. The
Raman spectrum of the hybrid showed the characteristic G and D
bands of graphene at 1585 and 1350 cm ™/, respectively, and the
characteristic band of WS, at 350 and 415 cm™ due to the Epg
and A,, modes, respectively.””®

The layered structure of these materials offers the opportunity
to combine more than two different nanostructures in a 3D
assembly. Recently, Roy et al.”’* have shown the construction of
a field-effect transistor combining G nanosheets with MoS, and
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h-BN monolayers. G has the role of source/drain and the top-
gate contacts, h-BN is the top-gate dielectric, and MoS, is the
active channel material (see Figure S1).

4.7. Functionalization with Nanostructures

It is well-known that the use of nanoparticles in various
applications depends on a multitude of factors such as size,
number of facets, facet order, shape, surface area, etc.”” These
factors are in turn dependent on a vast number of reaction
conditions such as temperature, concentration, time, precursors,
and many more. Additionally, in many applications, the use of
nanoparticles requires immobilization on a substrate surface. In
this regard, G and GO can act as a substrate for nanoparticles in
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Figure 49. Schematic representation of the device with G and MoS,.
Reprinted with permission from ref 198. Copyright 2013 Elsevier B.V.
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Figure 50. (a) X-ray diffraction patterns and (b) Raman spectra of bare
WS, and the hybrids WS,/rGO in two different ratios. Reprinted with
permission from ref 203. Copyright 2013 Elsevier B.V.
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Figure S1. Schematic representation of a field-effect transistor
constructed by graphene, MoS,, and h-BN layers. Reprinted with
permission from ref 204. Copyright 2014 American Chemical Society.

many applications where the inherent properties of G, such as
conductivity or anchoring sites, could be beneficial.”*® 207
Depending on the G substrate used, the nanoparticles can
either be deposited directly onto the surface or be grown on the
surface. For example, it may be easier to grow nanoparticles
directly onto the surface when using GO as a substrate, as it has
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multiple oxygen functionalities where seeding can take place.””*

On the other hand, it may be easier to deposit already grown
nanoparticles onto pristine G as it should lack vast numbers of
seeding sites.””” Obviously, these two examples are broad
generalizations, but they demonstrate the uniqueness of G as a
substrate for nanoparticle deposition.

It should be pointed out here that in many reports the
nanoparticle deposition claimed as noncovalent could in fact be
covalent bonding occurring between the G surface and the
nanoparticle. However, multiple groups have not offered detailed
confirmation of either covalent or noncovalent bonding between
the G surface and the nanoparticle. As such, we present here
materials that have been reported either as (i) noncovalent
interactions or as (ii) interactions that could be noncovalent
based on prior studies.

4.7.1. Synthetic Methods toward Graphene/Nano-
structure Hybrids. Multiple methods have been developed to
deposit nanoparticles onto G ranging from the traditionally
applied chemical solution deposition methods™'*™*' to electro-
chemical,*"? ultrasonication,”'* and laser synthesis*'> deposition
methods, among many others. In this section, a few of the novel
techniques toward G nanoparticle materials are described.

Liu et al.”'® have demonstrated the simultaneous reduction of
GO and deposition of Ag nanoparticles onto the rGO surface
using an electron beam method. The authors of this study
showed that the resistivity of the Ag/rGO material as well as the
Ag nanoparticle size decreased with an increase in electron beam
radiation dosage (167.96 and 27.52 nm at 70 and 350 kGy,
respectively). The benefits of this method are apparent with the
short time needed for synthesis as well as the ease of nanoparticle
rnampulatlon by dosage variation. In another study, Hui and co-
workers”'* have shown that Ag nanoparticles of varying sizes can
be uniformly deposited onto a GO substrate using ultra-
sonication in the presence of Vitamin C as a reducing agent.
The authors showed that, in general, the size of the Ag
nanoparticles is related to ultrasonication time with longer times
resulting in larger nanoparticles. This observation of increasing
size with ultrasonication time was attributed to the Ostwald
ripening process. However, it should be noted that at sonication
times above 20 min, both small and large nanoparticles are
obtained, and a decrease in uniformity is also observed. The size
of Ag nanoparticles deposited on rGO surfaces has been
elaborated on further by Haider et al.”'” who showed that by
using very dilute concentrations of AgNO; in sequential
reduction reactions, a nanoparticle size of 4—50 nm can be
obtained. This size modification was shown to be critical to the
antibacterial properties of the Ag nanoparticle-rGO material
against E. coli with an average size of 20 nm proving most
efficient.

In another study, Shi et al.”'® have shown that a CuS/rGO
composite can be prepared using a sonochemical method where
CuCl, and GO were dispersed in ethylene glycol with the use of
thioacetamide as a reducing agent. The as-prepared material
exhibited a large surface area of 993.5 m* ¢! and a much
improved methylene blue photocatalytic activity as compared to
bare CuS nanoparticles. It should be noted that these
sonochemical methods are probably beneficial toward industrial
scale synthesis as they can proceed on a large scale and at low
synthesis temperatures. GO has also proved to be a suitable
substrate for the challenging synthesis of single phase nano-
particles such as Cu,ZnSnS,, as demonstrated by Thangaraju and
colleagues.”™ In this study, they showed that Cu,ZnSnS,
nanoparticles can either be deposited on GO by sonication in
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oleylamine or grown in situ using a hot injection method under a
N,atmosphere. The benefit of these growth methods for the
Cu,ZnSnS, material is that it affords a relatively simple approach
whereby one is able to tune the absorption nature of the
optoelectronic material.

Multiple groups have coated nanoparticles with polymers or
other surfactants, which can then be attached to G-based
templates. For example, Bera et al.”** have shown that rGO can
be functionalized with 0D, 1D, and 2D CdS nanoparticles; in this
method, the nanoparticles are functionalized with 4-amino-
thiophenol before sonication with GO and subsequent hydrazine
reduction. It should be noted that surfactant use is not limited to
nanoparticle modification, with Wang and colleagues”*" showing
that Pt nanoparticle decorated 3D G assemblies can be obtained
when the amphoteric surfactant sodium lauryl aminopropionate
(SLA) is used. Initially, the 3D GO structure is formed by
sonicating GO with SLA. This formed 3D material was then
modified with Pt nanoparticles using a hydrothermal synthesis
method, which employs the added sodium lauryl amino-
propionate as a reducing agent. On the other hand, it is also
possible to modify the G surface with an organic functionality
that is then able to attach a nanoparticle through well-known
ionic interactions. In this way, Atar and colleagues”” have shown
that a GO modified using 2-aminoethanethiol can be successfully
used to attach Fe@Ag core—shell nanoparticles through
formation of an Ag—S ionic bond. Through functionalization
of GO nanoribbons with cysteamine, it has been shown that Ag
nanoparticles can not only be attached to the cysteamine chain
through Ag—S bonds, but also on the GO basal surface.””* These
Ag nanoparticle functionalized GO nanoribbons then assemble
into cube-like Ag nanoparticles agglomerates, which are believed
to form through the initial cubic shape formation of the
cysteamine functionalized GO nanoribbons.

The synthesis of CVD G with nanoparticles deposited on one
side (asymmetrically) or both sides (symmetrically) has been
reported by Toth et al.”** Remarkably, the authors showed that
in the symmetric deposition of nanoparticles, it is possible to
deposit either the same metal or different metals. To obtain the
single sided deposition, the authors used a redox reaction, which
relied on the simultaneous oxidative etching of the Cu foil on
which the G was grown and the reductive deposition of the
desired nanoparticles. To deposit the second metal on the
opposite side, the asymmetrically deposited G is floated on an
aqueous solution containing the desired metal salt; after this
flotation an organic layer containing a reducing agent is layered
over the G sheet. As such, the second deposition occurs at an
aqueous—organic liquid/liquid interface (see Figure 52).

The layer by layer self-assembly of negatively charged CdS
quantum dots onto GO modified with poly(allylamine hydro-
chloride), that is, positively charged, has been reported by Xiao et
al.*** toward forming nanofilms with photoelectrochemical and
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Figure 52. Schematic of the synthesis method used to prepare
symmetrically deposited CVD graphene sheets with different metals
on either side. Reprinted with permission from ref 224. Copyright 2015
Wiley-VCH.

5485

photocatalytic applications. This self-assembly method affords
the electrodes formed with a highly efficient charge separation
under photoelectrochemical conditions due to the stacked nature
of the material, which results in close interfacial contact between
the rGO and the CdS. The improved charge separation was also
noted in the photocatalytic reduction of aromatic nitro
compounds, with the CdS/rGO layered material showing almost
double efficiency as compared to the layered CdS sample. One of
the major challenges facing G materials in photoelectrochemical
water splitting applications is the creation of uniform films with
active sites for the catalytic oxygen and/or hydrogen reactions,
and as such this layer-by-layer method holds promise for future
applications.

The deposition of nanoparticles onto doped and/or function-
alized G is another important and growing field of research in G
nanoparticle systems. In this field of study, noble metal
nanoparticles have been deposited on various doped G materials.
Normally, nitrogen-doped G is used, see section 4.7.2,2"%%%% and
this is probably due to the ease with which N-doped G can be
synthesized.”””*** The deposition of Pt nanoparticles onto thiol
functionalized thermally reduced graphene oxide (TrGO) by the
thermal decomposition of the organometallic precursor
methylcyclopentadienyl-trimethylplatinum(IV) in ionic liquid
systems has been demonstrated by Marquardt et al.”*’ In this
synthesis procedure, thiol functionalized TrGO with varying
amounts of thiol functionality can be achieved using various
sulfur sources; it should be noted that the sulfur source used
determines the thermal stability of the prepared materials during
the high temperature Pt deposition process. The authors believe
these methods can be applied to produce catalysts toward fuel
cell technology, and as the materials display high thermal stability
during Pt deposition this seems a reasonable assumption. In
another high temperature process, Bi nanoparticle enriched
nanoporous carbon has been formed on TrGO through the
thermal decomposition of a Zn containing zeolitic imidazolate
framework-8/GO hybrid material, followed by infiltration and
chemical reduction of Bi(NO,);.**" This material was then
applied in the fabrication of a selective and sensitive heavy metal
electrochemical sensor.

A study by Wei and co-workers™*' has shown that electro-
chemically exfoliated G can be functionalized with Si, Fe;O,, and
Pt nanoparticles by use of the solution-processable polyaniline
emeraldine base (PANB), which provides functionalization sites.
The use of the PANB is interesting as it leads to uniform coating
of nanoparticles on the G surface, while the coating
concentration can be determined by adjusting the ratio of
PANB used in the synthesis step. An additional use of the PANB
is that it provides unique electrical properties to the G by acting
as a dopant. Because of these properties, the Si/PANB/G
material was successfully applied in LIBs as an anode, and these
properties are further discussed in section 4.7.2.

The growth of precisely aligned AuCN nanowires on CVD G
has been reported by Lee et al,**” who used a simple room-
temperature solution growth method where the graphene
substrate is floated on the surface of a precursor containing
solution. The nanowires formed have dimensions of approx-
imately 94 nm X 10 nm X 3 nm, and are aligned along the zigzag
lattice directions of the graphene. This result is of interest as the
precise control of nanoparticles in G-based materials is essential
toward novel applications of nanoparticles, as well as G-
nanoparticle systems. Additionally, they showed that the G—
AuCN nanowire system can be used to create precise G
nanoribbons by oxidizing the unprotected G using O, plasma
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and then removing the AuCN. The authors also noted that the
grain boundaries of G can be visualized using this nanowire
technique, with similar results reported by Yu et al.”** who
showed that the deposition of Au nanoparticles using thermal
evaporation can be used to visualize grain boundaries.
Importantly, in this study, the authors showed that different
types of grain boundaries and wrinkles on the G surface can be
differentiated; this is in contrast to previous G boundary
visualization studies, which have focused only on defects and
not the type of defect present.”**~>%

A novel method to obtain Ni;S,/rGO 3D frameworks using
bacteria has been presented by Zhang and colleagues.””” In this
study, Bacillus subtilis was mixed with an aqueous solution of
nickel acetate and GO, after which the solution was reduced and
spray deposited onto a Ni foam substrate (see Figure 53). This
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Figure 53. Schematic showing the synthesis of the Ni;S,/rGO 3D
framework. Reprinted with permission from ref 237. Copyright 2013
American Chemical Society.

porous Ni;S,/rGO material was then applied as a supercapacitor
with a specific capacitance of 1424 F g™' at a current density of
0.75 A g_l. Additionally, with cycling, that is, 3000 cycles at 15 A
g~!, 89.6% of the initial capacitance of 1242 F g~' was still
delivered.

Nanoparticles coated with a carbon layer are of importance to
Li-ion batteries as well as other applications.”**>*’ Sengar and
colleagues**” have shown that metal (Pd or Cu)/G core/shell
materials can be produced using a continuous flow gas-phase
synthesis setup. The use of a spark generator using Pd or Cu
electrodes was applied in this setup to form the metal core, and as
such it is possible that this method could be expanded to multiple
other metal/G core/shell materials. An additional benefit of this
setup is that it employs an electrostatic precipitator, which
allowed the authors to deposit the as-formed composite material
on any substrate desired. In a study by Moon and colleagues,”*" it
has been shown that Au nanorods coated with rGO, formed
using a Xe lamp irradiation process with ammonium hydroxide as
a reducing agent, are far more impressive photoacoustic
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bioimaging agents than uncoated Au nanorods. The authors
believe the photoacoustic signal in this material is amplified due
to (i) rGO being a very efficient heat transfer layer, and (ii) the
Au nanorods’ ability to enhance the light absorbing properties of
the rGO.

The use of Pt nanoparticles to combat restacking of G sheets
was reported early on by Si and Samulski.”** These authors
showed that the capacitance of this Pt—G material can be
increased 19 times as compared to stacked G sheets. In a similar
manner, Au nanoparticles deposited on ErGO** and Co;0,
nanoparticles deposited on G*** have been utilized as spacers to
prevent G sheet restacking, thereby increasing the capacitance of
the as-formed materials. Likewise, a report by Liu et al.”** has
shown that ultrasmall Ni(OH), nanoparticles can be used to
prevent restacking in rGO sheets when forming a Ni(OH),—
rGO material. Interestingly, in this report the authors showed
that the Ni(OH), nanoparticles can also be used as a recyclable
sacrificial spacer, with the rGO material formed using an acid
dissolution process of the Ni(OH),—rGO material maintaining
the nonstacked structure.

4.7.2. Decoration of Graphene and Graphene Oxide
with Nanostructures for Catalytic Applications. Besides
the novel techniques mentioned in the previous section,
traditional solution-based methods are being developed for G/
nanoparticle systems, and exciting developments are being
obtained when templates are used. For example, it has been
shown by Tiwari et al.”**** that ultrasmall Pt nanoclusters (~1
nm) and Pt nanodendrites can be deposited onto a GO scaffold
using ssDNA as a template. In these synthetic methods, the
authors showed that the Pt nanostructure formed was
determined by the Pt salt used in the synthesis (see Figure
54). Remarkably, these systems prove to be excellent catalysts for
the oxygen reduction reaction (ORR), with catalytic activities
higher than the 2015 U.S. Department of Energy targets.
Importantly, these catalysts also exhibited an impressive stability
(~95% after 10000 cycles) when compared to commercially
available ORR catalysts (~40% after 10000 cycles), thereby
showing their applicability in commercial systems.

One well-known benefit of using graphene-based materials as a
scaffold for nanoparticles in catalytic reactions is the enhanced
stability that this affords the nanoparticles. For example, this
phenomenon has been noted in the research conducted by
Huang et al.”*® who showed that Pd nanoparticles deposited on
chemically rGO (CrGO) show enhanced stability in electro-
catalytic activity toward the ORR in the presence of ethanol as
compared to commercially available catalysts, that is, a current
density of 0.055 versus 0.007 A mg™". This composite material
was formed through a citrate catalyzed redox reaction initiated by
irradiation using a 500 W mercury lamp, with the authors
showing that this synthesis procedure can be extended toward
Au—CrGO and Pt—CrGO composites. In another study, Yin and
co-workers”* have shown that Au, Pd, and Pt nanoclusters can
be deposited onto CrGO sheets without the use of surfactants by
simple sonication of dilute AuCl,*", PdCL>", and PtCls*"
solutions with CrGO dispersions. The Au/CrGO material was
tested as an ORR catalyst, and while the performance of this
catalyst was not comparable to commercial Pt/C ORR catalysts,
it displayed an enhanced tolerance to methanol as well as a higher
stability (16% versus 50% activity loss after 40 000 s).

The oxidation of CO over a rGO supported Pd nanozparticle
catalyst has been demonstrated by Liu and co-workers.”* The
catalyst was produced using an impregnation and hydrogen
reduction method, with the authors showing that the Pd surface
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Figure 54. Synthesis of (a) Pt nanodendrites and (b) Pt nanoclusters
deposited onto GO using DNA as a template. Panel (a) reprinted with
permission from ref 246. Copyright 2013 American Chemical Society.
Panel (b) reprinted with permission from ref 247. Copyright 2013
Nature Publishing Group.

is essential to the oxidation even though the catalyst presents
with alayer of PdO,. The as-produced catalysts were shown to be
very stable for CO oxidation at temperatures of 120 °C with no
observable decrease in catalytic activity even after 24 h time on
stream; in contrast, at 100 °C a decrease in activity was noted,
which was attributed to difficulty in dissociation of adsorbed O,
on the Pd nanoparticles. Similar studies have shown that Pt—
rGO™! and Pt—Ni—rGO>*? can be used in the oxidation of CO,
although these studies did not report long-term catalytic stability.

Most high activity ORR catalysts reported make use of
precious transition metals; however, high cost of these metals
limits their application, and as such the search for cheaper
transition metals is highly desired. In this regard, Guo et al.”*’
have shown that Co/CoO (8 nm core/1 nm shell) nanoparticles
deposited onto a TrGO substrate display an activity equivalent to
commercially available Pt/C ORR catalysts in alkaline media.
The catalytic activity is determined not only by favorable
interactions between the TrGO and the nanoparticles, but also
size tuning of the Co/CoO core/shell. Interestingly, the ideal
core/shell dimension could be obtained by simple exposure of
the as-formed Co nanoparticles to ambient conditions, thereby
avoiding costly and time-consuming tuning steps. Last, while
these catalysts did degrade with time, their stability was far
improved as compared to the commercial Pt/C catalyst and Co/
CoO nanoparticles deposited on Ketjen carbon.

The use of doped graphene materials has garnered wide
interest due to the intrinsic ORR catalytic activity of N-, S-, and
P-doped G.>7**° Doubt has been cast on this ORR activity
being due to the G material, with Wang and colleagues™***’
showing that this activity is instead caused by trace metal
impurities. Regardless, Zhou and co-workers**® have shown that
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Ag nanoparticles can be deposited onto N-doped rGO using a
simple solution method, and these materials outperform Ag
nanoparticles deposited onto rGO as ORR catalysts. The authors
of this study showed for the first time that there is a chemical
interaction between the Ag nanoparticles and the N-doped
CrGO. As this interaction is not present in the case of Ag/ CrGO,
Ag nanoparticles, and CrGO, the authors believe this Ag—N
interaction is the origin of the ORR activity. This material is
interesting as it is cheaper than traditional ORR catalysts and
shows methanol tolerance, which is in contrast to commercially
available Pt-based ORR catalysts that show negligible activity
when methanol is introduced into the test system. In a related
study, Jin et al.*" have shown that Ag nanoclusters (~2 nm) can
be electrochemically deposited onto a N-doped GO surface using
ssDNA as a template. These Ag—GO catalysts were then applied
as ORR catalysts, and while these systems do not exhibit activities
that can rival the Pt—GO-based systems, the authors did show
that these Ag-based ORR catalysts are tolerant toward methanol,
showing no decrease in catalytic activity.

A recent report by Duan and colleagues™” has shown that not
only is the doped graphene material important, but the catalytic
activity can be further tuned by altering the nanoparticle shape.
In this study, the authors utilized hydrothermal conditions with
the addition of either 1-butanol, ethanol, or 1-pentanol in the
presence of NH,OH to deposit sphere, cubic, or ellipsoid Mn;0,
nanoparticles onto N-doped CrGO, respectively. The ellipsoid
Mn;0, nanoparticle N-doped CrGO material exhibited an onset
potential of —0.13 V and a current density of 11.69 mA cm™> at
—0.6 V, as compared to the cubic material, which exhibited an
onset potential of —0.16 V and a current density of 9.38 mA
cm™ Additionally, as for the other N-doped G materials, the
Mn;0, containing catalyst displayed enhanced tolerance to
methanol as compared to a commercial Pt/C ORR catalyst.

The application of G materials as catalysts in the important
electrochemical hydrogen evolutlon reaction (EHER) has been
reported by various groups.”*™>°' The use of Pt metal as the
EHER catalyst is widely known; however, the cost of this metal
requires innovative methods to either reduce its usage or replace
it. In this vain, Bai and colleagues %62 have shown that Pd—DPt
core—shell nanocube structures deposited onto rGO can be used
as effective EHER catalysts. The authors showed that a 0.8 nm
thin layer of Pt deposited onto a Pd nanocube resulted in the
largest current density, and as such a large reduction in the Pt
metal affords improved activity, which is desirable for industrial
applications (see Figure 55).”°" The increased reactivity of this
core—shell nanocube design is attributed to the surface
polarization that occurs due to differences in the work functions
between the Pt and Pd, which then increases the EHER
performance of the Pt surface.

In attempts to replace Pt as the catalyst, Youn et al.**' showed
that Mo,C, Mo,N, and MoS, nanoparticles can be deposited
onto a CNT—GO support using a urea or thiourea-glass route.
The as-obtained material was dried and calcined at 750 °C to
afford Mo,C, Mo,N, or MoS,/CNT—TrGO catalysts, which
were applied toward the EHER, with the Mo,C/CNT—-TrGO
catalysts affording the best activity of the three newly synthesized
catalysts. It was further shown that the Mo,C/CNT-TrGO
materials’ onset potential (62 mV) was far improved as compared
to Mo,C deposited on CNT (120 mV), TrGO (150 mV), and
carbon black (135 mV). This improvement in activity is believed
to be due to the excellent conductivity of the CNT—-TrGO
support, as well as the three-dimensional stackmg structure of the
support. Building on this work, He and Tao** showed that MoC
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Figure 55. Polarization curves obtained for the Pt—Pd—rGO EHER
catalysts, with different Pt thickness and equal Pd loading amounts. Pt—
Pd—rGO I, Pt—Pd—rGO 1II, and Pt—Pd—rGO III show Pt layer
thicknesses of 0.8, 1.8, and 3.2 nm, respectively. Reprinted with
permission from ref 262. Copyright 2014 Wiley-VCH.

(~2.5 nm) and Mo,C (~5.0 nm) nanoparticles can be deposited
onto TrGO surfaces, and these catalysts were found to be highly
stable with a negligible decrease in current density after 20 h of
continuous EHER catalysis. Yan et al.**® have shown that a WN/
rGO (3 nm WN nanoparticles) material can be phosphorylized
post synthetically using NaH,PO, as a phosphorus source in a
furnace at 800 °C, and this resulting P=-WN/rGO (4 nm WN
nanoparticles) material can be used as an EHER catalyst. This
phosphorylation step is beneficial, as it affords the catalyst
enhanced stability upon recycling with only a 34 mV loss as
compared to a 111 mV loss for the WN/rGO material after 5000
cycles. Additionally, a lower onset overpotential for the EHER is
required for the P=WN/rGO material as compared to the WN/
rGO material, that is, 46 versus 114 mV, respectively.

G-based materials have additionally been tested as methanol
oxidation catalysts and hydrogen generation catalysts from
formic acid, for application in fuel cells.”***** Chen et al.”** have
shown that highly dispersed AgPd nanoparticles can be
deposited onto a rGO surface using a Co;(BOj;), coprecipitation
and subsequent etching method. The authors showed that the
coprecipitation and etching method prevents aggregation of the
AgPd nanoparticles on the rGO surface. The resulting
(Cog)Agy Pdyo/rGO catalyst exhibited an enhanced formic
acid dehydrogenation activity as compared to the Ag,Pdy,/
rGO catalyst prepared using a direct deposition method.
Interestingly, this catalyst exhibited the highest turnover
frequency, 2756 h™', reported for the formic acid dehydrogen-
ation reaction at 323 K as compared to the previous 2623 h™
reported for Pd/MSC-30. However, it should be noted that this
trend is reversed at an operation temperature of 298 K, 453
versus 750 h™". Yang et al.”*® have shown that preformed Pt
nanoparticles can be deposited onto a sulfonated G (sG) support
with a far greater density to give Pt/sG. The as-formed Pt/sG
material was subsequently adhered to a glassy carbon electrode
using poly(vinyl alcohol) and then applied as a methanol
oxidation catalyst. The authors showed that the use of this sG
support leads to an enhanced catalytic stability (9% activity loss)
as compared to the use of an rGO support (~20% activity loss).
Additionally, the Pt/sG catalyst exhibited an enhanced catalytic
activity as compared to Pt/C and Pt/rGO with mass activities
after 200 cycles of 2156.54, 294.09, and 1162.03 mA mg_1 Pt,
respectively. Utilizing a surfactant-less two-step solvothermal and
microwave synthetic method, Chen et al.”*® have shown that a
Pd@Pt core—shell nanoflower supported on rGO can be
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synthesized. Remarkably, the nanocrystals produced using this
method exhibit an extremely high lattice matching ratio, and as
such no grain boundary is observed and the material can be
considered as a pseudo Pd—Pt alloy. The as-synthesized material
was applied as a methanol oxidation catalyst and exhibited an
impressive mass activity of 923 A mg~' Pt with enhanced
stability upon recycling as compared to other tested catalysts.
The authors believe this enhanced activity is largely due to the
surface-clean multimetallic nanocrystals produced in the
surfactant free process.

The use of catalysts in organic reactions is very well-known,
and as G has been shown to improve catalytic ability due to
enhanced stability, there is an expanding field wherein G/
nanoparticle systems are being applied in organic catalysis. For
example, Moussa and colleagues”" have shown that Suzuki—
Miyaru, Heck, and Sonogashira cross-coupling can be achieved
using Pd nanoparticles deposited on partially CrGO. In this
study, the nanoparticles were deposited onto the GO surface,
which was simultaneously reduced, through a redox reaction that
was initiated by irradiation using a 532 nm laser source. It should
be noted that, while these catalysts displayed extremely high
activity, this activity dramatically decreased upon recycling with
an average activity loss of ~50% after 4 cycles. This loss in activity
can be attributed to an increase in average particle size due to
agglomeration, which in turn leads to a reduced catalytic surface
area. In a related study, Metin and colleagueszs7 have shown that
Suzuki—Miyaru cross-coupling reactions can be catalyzed using a
Ni/Pd core/shell nanoparticle system deposited on GO. These
catalysts proved to be not only very stable and eftective for the
catalysis reactions probed, but they could easily be recycled with
an efficiency of 98% conversion in the fifth reaction run. In
another study, Putta and co-workers”®® have shown that the
Suzuki—Miyaura and Heck—Mizoroki C—C cross-coupling
reactions can take place in water under atmospheric conditions,
when Pd nanoparticle catalysts are attached to rGO using
cyclodextrin. This result is remarkable as previous studies using
G-based materials have required the use of Schlenk apparatus
and/or elevated pressures for the coupling to proceed. Last, Heck
reactions have been catalyzed using catalysts consisting of Pd
nanoparticles deposited on G foams manufactured using a gas—
liquid interfacial plasma technique.”® The use of G foam holds
the benefit of an increased surface area as compared to Pd/rGO
materials synthesized using the traditional solvothermal
methods. Importantly, all of these C—C cross-coupling reactions
utilizing G-based materials mentioned here do not require the
use of phosphines, and as such are more environmentally benign.

The increased catalytic activity of G nanoparticle systems has
been applied in sensors where an enhanced catalytic activity can
lead to an improved limit of detection and/or sensitivity.””’ Duy-
Thach and Chung”'® have shown that Pd nanocubes deposited
onto a GO support with subsequent reduction can be utilized as a
fast, reproducible, and sensitive hydrogen sensor. The sensor
exhibited negligible response to O,, NO,, CO, CO,, and N,,
thereby showing a good selectivity for H, with a limit of detection
of 6 ppm at a working temperature of 50 °C. This sensing
mechanism is based on the well-known adsorption of H,
molecules on Pd, where this hydrogen adsorption in turn leads
to improved electron transfer between the nanoparticle and the
G surface.””" As more electrons flow from the nanocube, there is
a change in the rGO charge carrier density, which improves the
sensitivity for H, as the G material used in hydrogen detection is
normally p-doped (see Figure 56). In another study, Li et al.””*
have shown that a highly dispersed PtPd nanoparticle rGO
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Figure 56. Charge carrier density in a graphene sensor versus hydrogen
concentration. Reprinted with permission from ref 271. Copyright 2010
Elsevier B.V.

system synthesized using an ionic liquid functionalized GO can
be used in the enzyme-less detection of glucose. The use of the
ionic liquid functionalized GO is critical to the synthesis of the
highly dispersed and small bimetallic nanoparticles, 3.4 nm for
Pt(50)Pd(50)—IL(100)—rGO as compared to 6.3 nm for
Pt(50)Pd(50)—rGO (see Figure 57).27* At 0 V versus a Ag/
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Figure 57. Synthesis of rGO/Pt—Pd supported catalysts. Reprinted with
permission from ref 272. Copyright 2014 Elsevier B.V.

( PtPd nanoparticle

AgCl electrode, the Pt(S0)Pd(50)—IL(100)—rGO material
exhibited a limit of detection of 2 M for glucose, with negligible
response toward the competing analytes ascorbic acid, uric acid,
and dopamine.

The use of graphene materials in enhanced photoelectro-
chemical hydrogen evolution has been demonstrated by multiple
groups.'”7?”#?’* One method to improve the hydrogen
evolution of p-type MoS, catalysts is to deposit the MoS,
nanoparticles onto N-doped rGO, as Meng and colleagues””
have shown. The authors of this study showed that the MoS,/N-
doped rGO catalyst exhibited a 3-fold increase in activity as
compared to the MoS,/rGO catalyst. As the surface areas of the
catalysts are comparable, the authors concluded that this increase
in performance must be attributable to the N-doped G. Wang et
al”’® have shown that the Au—P25—rGO complex can be
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prepared using a simple one-pot microwave assisted hydro-
thermal synthesis. Interestingly, this material was then applied in
visible light hydrogen production, with the Au nanoparticles
shifting the visible light response of the TiO,, which is normally
only active in the UV region.””” In the Au—P25—rGO sample,
the rGO leads to an impressive improvement in the quantum
efficiency, that is, 4.1% as compared to 2.4% for the Au—P25
sample.

An interesting method to simultaneously deposit Pd nano-
particles and dope nitrogen into G has been developed by
Vinayan and colleagues.””® In this synthesis procedure, the
authors employed a simple solar exfoliation of a PdCl,/GO—
melamine composite material using an ordinary convex lens to
obtain Pd/N-doped solar rGO. This produced material was then
tested as a hydrogen storage material, governed by the hydrogen
spillover mechanism, and exhibited a hydrogen storage capacity
of 4.3 wt % at 25 °C and 4 MPa.

4.7.3. Decoration of Graphene and Graphene Oxide
with Nanostructures for Application in Lithium-lon
Batteries. Recent reviews by Tulek et al.””” as well as
others”*”**" have highlighted the importance of G materials in
LIBs. As such, this section should be considered as an update and
highlight of these excellent reviews.

TiO, is a cheap and environmentally friendly material with a
large cycling ability that can be applied as a cathode material in
LIBs, and as such Li and co-workers””" have developed a sol—gel
synthesis method to obtain highly dispersed and controllable 5
nm in size TiO, (anatase phase) nanoparticles deposited on
rGO.” This precise nanoparticle size control was obtained by
adding tetrabutyl titanate to an ethanol dispersion of GO, which
contained a small amount of ammonia as a reducing agent. The
synthesized material was then applied in an LIB setup, as an
anode, and exhibited a specific capacity of ~94 mAh g ™" at 59 °C,
which is in contrast to a mechanically mixed TiO,/rGO material
that exhibited a specific capacity of ~41 mA h g™'. This
improvement in performance as compared to the mechanically
mixed sample was attributed to an increase in surface area, G
conductivity, smaller nanoparticle size, as well as G layer
thickness, which was <3 layers. In a similar way, ultrasmall ~§
nm MoO, nanoparticles have been deposited onto TrGO to
improve the slow lithium insertion kinetics and volume
expansion that MoO, anode materials usually suffer in LIBs.***
In this study, the authors showed that not only decreasing the
size of the MoO,, but the presence of the G support, improves
the reversible capacity of the MoO, material (765.3 mA h g™ for
MoO,/TrGO versus 533.9 mA h g~' for MoO,). The one
problem facing TiO, use in LIBs is its low capacity; for this
reason, Pan et al. have shown that the capacity can be increased
when the TiO, is coupled to a high capacity material such as
Fe;0, through codeposition of the nanoparticles onto exfoliated
G sheets (EGS).”® This TiO,—Fe;0,/EGS material was then
applied as an anode in LIBs and delivered a reversible capacitance
of 524 mA h g™" at 1000 mA g™', which is remarkably larger as
compared to the value of 175 mA h g™" at 100 mA g~ reported by
Li et al.”* This work showed that the introduction of a high
capacitance material with TiO, is able to improve the overall
capacitance while retaining a high cycling ability.

The use of Si in LIBs is of interest due to its high theoretical
capacitance; however, this material expands rapidly on lithium
ion adsorption, and as such its capacitance drops rapidly on
cycling.”®" To prevent this expansion, Zhu and colleagues*®
have deposited 30 nm Si nanoparticles onto rGO using a
magnesiothermic reduction reaction of a SiO,/GO composite at
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700 °C. The ratio of magnesium to SiO,/GO composite material
is critical to obtaining the desired product, with a 1:1 ratio
providing the 30 nm Si nanoparticle/rGO material. This material
was then applied as an anode in LIBs and showed a minimal
decrease in capacitance of 1300 mA h g™' at 100 mA g~ after
cycling at various current densities (see Figure 58).”*° Another

1800
® Cha
16001° & Dischars
—_ 100mAg” '
o teneg . Teaed
21200, 200mag
41000 .li..
[E 10007 S00mAg'
8004 e
5 600 et
& 400- mnmg'
Q 200 [ 1]
0 : : . —
5 10 15 20 25 30

Cycle number

Figure 58. Capacity of the Si/rGO material at various current densities
upon cycling. Reprinted with permission from ref 285. Copyright 2013
Royal Society of Chemistry.

method employed to improve the cyclin% capacity of Si has been
demonstrated by Hassan and colleagues *® who showed that Si
nanowires can be deposited onto a Ni nanoparticle—TrGO
support using a novel high temperature thermal shock and
deposition method. Importantly, the material was coated with a 2
nm layer of amorphous carbon. When this material was then
applied as an anode in LIBs, the material exhibited an improved
cycling stability (SSOmA h g™" at 6.8 A g™ for the 100th cycle),
which is attributed to the synergy between the Si nanowires and
the Ni—TrGO support. It is interesting to note that in this study
the general morphology of the >100 nm long Si nanowires was
retained, although significant fragmentation and swelling
occurred, with this shape retention being attributed to the
amorphous carbon layer coating the surface. To improve the
stability of Si nanoparticles on electrochemically exfoliated G, a
polyaniline emeraldine base layer has been used as described by
Wei et al.”*' This material exhibited a reversible capacity of 1710
mAh g at0.42 A g”', and a capacity retention of 86% after 100
cycles. In a study by Zhou et al,”* it has been shown that G
sheets can be bridged and orientated using Si nanoparticles,
which act as hinges between the sheets. In this synthesis, the Si
nanoparticles coated with bovine serum albumin and GO are
dispersed together, and then electrostatic self-assembly takes
place during a vacuum filtration process. The benefit of using this
material is that it can be applied directly as a self-supporting
anode in LIBs with an excellent stability and impressive
gravimetric capacity of 1390 mAhg'at2 Ag™".

Similar to Si, Ge holds promise as an anode material in LIBs
due to its large theoretical capacity, although it suffers cycling
drawbacks due to expansion upon Li insertion. A study by Yuan
and Tuan*® has shown that a carbon-coated Ge nanoparticles/
rGO material can be applied as an anode material in LIBs with
large capacitance retention close to the Ge theoretical
capacitance value. The C/Ge/rGO material exhibited a discharge
capacity of ~1100 mA h g' at 0.2 C after 360 cycles with
discharge rates ranging from 0.2 to 20 C. This material was
additionally used to construct aluminum-pouch-type lithium-ion
commercial type batteries, which offered a capacity of over 20
mA h; these batteries were then used to power an electric fan, a
scrolling LED marquee, and LED arrays.

5490

As the Si and Ge examples have demonstrated, the use of a
carbon layer promotes recycling stability, and as such it would be
expected that G can also act as a coating layer to improve
recycling stability of materials in LIBs. In this vein, Shi and co-
workers™® have shown that hollow Li;VO, microboxes coated
with rGO can be applied as an anode material in LIBs. This
material exhibits improved capacitance at larger discharge rates
(223 versus 87 mA h g™" at 20 C), as well as recycling stability
(378 versus 345 mA h g~ after SO cycles at a current density of 20
mA g'), as compared to uncoated Li;VO, microboxes. In
another study, Hu and colleagues”*” applied a Kirkendall process
to fabricate a y-Fe,0,/G/amorphous carbon (hollow core—first
shell—second shell) material by air oxidation of a Fe core/G/
amorphous carbon material. The authors showed that the hollow
core and G layer shell are important factors in the stability of the
material upon recycling (833 mA h g™ at 1 C after 100 cycles)
when compared to uncoated a-Fe,O; nanoparticles as well as
other reported a-Fe,03/G and a-Fe,O,/carbon materials.”*”*"’

An alternative to LIBs are the sodium ion batteries (NIBs),
which have a lower cost. However, these batteries are plagued
with stability and performance issues, which are related to the
limited choices of anode materials.”’' For this reason, Yu and
colleagues™” have proposed the use of Sb,S; nanoparticles
coating rGO as an anode material due to its large theoretical
capacity of 946 mA h g™" as well as stability upon recycling. As
compared to commercially available Sb,S;, the Sb,S;/rGO
material shows negligible capacitance loss upon cycling, that is,
97.2% capacitance retention versus 50% after SO cycles. From
these results, we can see the critical role G can play in the future
of NIBs, which can operate with large charge densities at a lower
price.

G/nanoparticle materials have also been applied in lithium—
sulfur batteries, where Xiao and colleagues293 have shown that
the deposition of a TiO,/G layer on top of the porous CNT/S
cathode leads to improved stability. While the TiO,/G layer does
not contribute to the charge capacity, it does inhibit the
dissolution of the S cathode, which results in very low capacity
degradation rates upon cycling. For this reason, the battery made
with the TiO,/G is able to supply a specific capacity of 1040 mA
h g™" over 300 cycles at 0.5 C, while the S cathode coated only
with G supplied 750 mA h ¢! and the uncoated S cathode
supplied 430 mA h g~".

Lithium—oxygen and lithium—sulfur batteries have been
proposed as alternatives to LIBs due to their large specific
energy density; however, they suffer due to capacitance decrease
on recycling. To improve the capacity fading that occurs in these
proposed batteries, due to irreversible reactions, Ryu et al.***
have developed a Co;0, nanofiber/G material, which they
applied as the O, cathode in a Li—O, battery. The Co;0,
nanofibers were produced by an electrospinning process and
then deposited onto pristine G (noncovalently functionalized
using 1-pyrenebutyric acid) or rGO using sonication. The
pristine G material proved to be important for cycling stability of
the material with a discharge capacity of 10 500 mA h g™" after 80
cycles (see Figure 59).*”* This report shows that the use of G
materials still holds much promise for batteries, with applicability
in next generation energy devices.

4.7.4. Decoration of Graphene and Graphene Oxide
with Magnetic Nanostructures. A recent review by us has
highlighted the importance of magnetic G materials in
wastewater treatments, medical research, catalysis, etc., and as
such this section should be considered as an update to this
literature.”””
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Figure 59. Cycling performance of Co;0, NPs (nanoparticles), Co;0,
NFs (nanofibers), Co;0, NF/rGO composite, and Co;0, NFs/GNF
(graphene) materials under a specific capacity limit of 1000 mA h ¢! in
a voltage window between 4.35 and 2.0 V at a current density of 200 mA
g~". Reprinted with permission from ref 294. Copyright 2013 American
Chemical Society.

In an early study by Chandra et al,”” superparamagnetic
Fe;0,—rGO hybrids were synthesized via the hydrazine
reduction of a Fe;O,—GO precursor. These hybrid materials
were subsequently applied in the removal of As(III) and As(V)
from contaminated water samples. As the material showed near
complete (99.9%) arsenic removal and magnetic separation,
these types of material should be applicable in water purification.

The simple autoclave pyrolytic fabrication of Fey;C (iron
carbide) nanoparticles encapsulated by G has been reported by
Hu et al.”*® An advantage of using G encapsulated nanoparticles
is that they are separated from environments, which may
decompose them. This was demonstrated for the Fe;C
nanoparticles, which exhibited stability in acid solution that

normally degrades it. This G Fe;C encapsulated material was
subsequently applied as an ORR catalyst in basic media, with an
onset potential (1.05 V versus RHE) and half wave potential
(0.83 V) comparable to those of a commercially available Pt/C
ORR catalyst. Importantly, this material shows negligible
response to methanol introduction into the system as compared
to the commercial Pt/C catalyst. In another study, Moussa et
al.”” have shown that the Fe-based nanoparticles (Fe ;—rGO,
Fe K;—rGO, Fe,sMn—rGO, and Fe;K:Mn;—rGO) deposited
onto a rGO can be used in the highly stable and recyclable
Fischer—Tropsch synthesis of liquid hydrocarbons from C,H,
gas. The advantage of using the G-based systems is that most of
the systems tested tend to give minor formation of CH, and CO,
with a large activity toward higher hydrocarbons Cg*. Of the G-
based catalysts tested, the Fe;s—rGO exhibited the lowest CH,
production (1.5%), yet exhibited a large C,—C, hydrocarbon
ratio of 32.0%; in contrast, the Fe;K—rGO sample exhibited a
2.6% formation of CH, and the largest formation of Cg*
hydrocarbons (86.7%). These G-based materials exhibited an
improved performance as compared to similar CNT-based
materials, and the authors believe this is due to the accessibility of
the iron carbide FesC, active phase on the G support during
catalysis.

An interesting study by Xu and co-workers””® has shown that a
3D conductive Fe;0,/rGO aerogel can be fabricated through an
rGO self-assembly and simultaneous Fe;O, nanoparticle
deposition. Interestingly, the as-synthesized lightweight material
could be manipulated using an external magnetic field, while still
maintaining its inherent conductivity (see Figure 60).””* As the
material maintains its conductivity upon magnetic deformation,
the degree of strain along the axial and radial directions can then
be determined by measuring the change in conductivity. For
these reasons, the authors believe that this material holds
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promise in self—sensing soft actuators, microsensors, micro-
switches, as well as oil absorption and recycling.

Fe;0,/rGO composite materials as electromagnetic shield-
ing/interference materials have been reported by multiple
research groups.”””~**" The materials can be produced by either
solution precipitation of Fe;O, nanoparticles onto the rGO
surface,”” or the deposition of already formed Fe;O, nano-
particles onto the rGO surface.”” The mechanism of this
interference is attributed to the radiation being reflected by the
small G sheets compartments (which are kept separated by the
Fe;O, nanoparticles), and subsequently this radiation is then
able to interact with the Fe;O, nanoparticles, which dampens the
radiation. As such, a composite material consisting of
polystyrene/TrGO/Fe;O, is able to shield electromagnetic
radiation with an efficiency of more than 30 dB in the 9.8—12
GHz frequency range.””” In contrast, when the polymer support
was changed to polyvinyl chloride (PVC), an efficiency of only
13 dB in the 8—12 GHz range was observed.’”’ It should be
noted however that in the PVC example, the TrGO/Fe;O,
additive greatly decreased the flammability of the PVC as well as
afforded the PVC more tensile strength (20.8% increase) and
larger Young’s modulus (73.7% increase).

Kumar et al.**> have shown that glass beads coated with a
Fe;0,/rGO material can be used as simple multifunctional micro
robots (microbot). The authors showed that by varying the
external magnetic field between 40 and 110 mT, the average
velocity of the microbot can be varied linearly from 1.8 X 10™* to
1X 107> ms™ . Interestingly, as these microbots’ velocity can also
be varied using chemical reactions and electric fields, the authors
believe that the velocity can be increased or decreased even
further. Demonstrating the practical applications of this
microbot, the authors showed how it can be used to deliver
cargo (~1000 times heavier and ~13 times larger in size than the
microbot) inside a confined environment using a magnetically
directed “drop-off” and “pick-up” mechanism.

Jiang et al. have shown that a Fe,0;—rGO composite can be
produced using a supercritical CO, thermal reduction of a
Fe(NO;);:9H,0 and GO dispersion.‘w3 The authors then
showed that a vertically or horizontally aligned Fe,0;—rGO
paper can be obtained by filtration of a composite dispersion
under a controlled magnetic field. The as-formed papers were
then applied in H,S gas sensing, with the vertically aligned paper
showing more sensitivity than the horizontally aligned material.
This report demonstrates that the structural orientation of the
graphene sheets in any synthesized material plays a crucial role in
maximizing efficiency.

4.7.5. Decoration of Graphene Nanostructures with
Quantum Dots. The deposition of various quantum dots
(QDs) onto G proceeds (in most cases) via a facile solvothermal
process, and the application of these QD—G materials varying
from photocatalysis, supercapacitance, LIBs and NIBs, photo-
detectors, photosensitizers, water purification, etc., has been
demonstrated by multiple research groups.””*~>'" It should be
noted here that similar applications are being realized for
materials containing GQDs (graphene quantum dots). >3
Other methods toward QD—G materials have been developed by
Zhang and colleagues’'® who fabricated a UV photodetector by
the atomic layer deposition of ZnO QDs onto G. The authors
note that the ZnO nucleates at defect sites in the G, which leads
to the formation of QDs instead of thin film layers as is normally
found with atomic layer deposition methods.

Perhaps one of the more novel methods that could be
employed to deposit QDs onto a G surface was hinted at in a

5492

study by Zeng and colleagues®®® who showed that the

carcinoembryonic antigen could be detected using a novel CdS
QD—GO photoelectochemical biosensor. The mechanism of
detection relies on the horseradish peroxidase, which catalyzes
the reduction of sodium thiosulfate with H,O, to give H,S, and
this reacts with Cd** present in solution to form CdS QDs. As
such, this study shows that enzymes could potentially be used in
the deposition of QDs with a controllable size on a G substrate.

QD—G materials have been widely applied in the photo-
electrochemical and dye-sensitized solar cell fields, with this
largely being due to the transparency and conductivity of G
materials, which make it a viable replacement for traditionally
applied electrode materials.’****>*'® In these studies, the G
component of the solar cell is crucial in the separation of charge
carriers and as such preventing recombination, which leads to an
improved efficiency. Jung and Chu’'® have shown that the
binding mechanism between the quantum dot and graphene is
critical toward improved charge transfer efficiency between the
components. In this study, the authors deposited capped CdSe
QDs onto an rGO substrate using either covalent (aryl bond) or
noncovalent (7— interactions) attachment. Thin films of these
materials were fabricated electrophoretically, and it was shown
that the covalently attached CdSe QDs lead to an improved
quantum efficiency as well as photocurrent density. It should be
noted, however, that noncovalent attachment is beneficial toward
an enhanced phototransfer processes between the CdSe QD and
the G surface, as has been demonstrated by Guo and
colleagues.””” Interestingly, Hirose and co-workers’' have
shown that QD blinking can be suppressed in a CdTe QD-G
system by spin coating a layer of polyvinylpyrrolidone or
polyethylene glycol over the composite material. Photo-
luminescence blinking can lead to a decrease in efficiency, as it
is essentially the random switching between ON and OFF states;
as such this spin coating method holds promise toward the
development of improved solar cell systems incorporating QD—
G systems. Liu and colleagues®* have demonstrated using
fluorescence emission analysis that multiphoton emission in
CdTe/ZnS QDs can be greatly enhanced when the QDs are
deposited onto single layer CVD G. This enhanced multiphoton
emission is believed to be due to a decrease in fluorescence
lifetime, and hence fluorescence intensity, which results in a
lower single-photon emission probability due to the presence of
the G, which acts as a quencher.

The use of QD/G materials in energy materials that do not
take advantage of the photocatalytic properties of the QDs has
also generated interest. TiO—QD—-rGO, Ge—QD—N-doped
rGO, Co0;0,—QD—-rGO, and ZnO—QD—-rGO are among the
many materials that have been employed in LIBs.”'***~**> One
of the major reasons to employ QDs in LIBs is that with a
decrease in nanoparticle size, the volume expansion associated
with lithium insertion and extraction is minimized, and as such
the batteries are more stable than counterparts consisting of
larger particles. In the synthesis of the Co;0,—QD-rGO
material, Zhou et al.”® showed that a microwave synthetic
method can dramatically decrease the reaction time normally
required for solvothermal synthetic methods.

Carbon-coated Fe;O, QDs deposited on rGO have the
additional structural stabilization benefit, besides size reduction,
of avoiding detachment of the Fe;O, QDs throu%h an enhanced
strong adhesive force between QD and G.”° As such, a
synthesized Fe;O,@C—rGO material exhibited a specific
capacity of 940 mA h g™' at a current density of 150 mA g™,
which is similar to results obtained for Fe;O,—G coated
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Figure 61. (a) Charge—discharge voltage profiles of the T-200 hybrid cycled at 1.0—3.0 V at a current density of 0.1 A g™", (b) rate performances of T-
200, C1, and C2 at various current densities, and (c) cycling performance of T-150, T-200, T-240, C1, and C2 at a current density of 0.1 A g~'. Reprinted
with permission from ref 339. Copyright 2015 Royal Society of Chemistry.

nanoparticles cross-linked into 3D G foams.””” Xia and
colleagues310 have shown that an Fe,0;—QD—rGO material
can be applied as an anode material in an asymmetric
supercapacitor, with the cathode material being fabricated from
a MnO, nanoparticle/rGO material. The Fe,0;—QD—-rGO
anode material exhibited a maximum specific capacitance of 347
F g”' when cycled between —1 and 0 V versus an Ag/AgCl
reference electrode in a 1 M Na,SO, aqueous solution.
Additionally, the authors showed that the fabricated asymmetric
supercapacitor can deliver an energy density of 50.7 Whkg™" ata
power density of 100 W kg™, with this supercapacitor exhibiting
95% retention of its initial capacitance after 5000 cycles.

A novel method for the deposition of PbS QDs onto GO has
been presented by Tayyebi and co-workers’™® who used
supercritical ethanol, which acted as a solvent, reducing agent,
and surfactant in the reaction. Interestingly, the authors showed
that the PbS QDs bind to the G surface through residual oxygen
functionalities on the TrGO surface through Pb—O—C bonds;
this in turn results in a reduced band gap, which one would expect
to translate into an increased recombination rate. This
counterintuitive phenomenon is believed to be due to the
electron transfer from the conduction band of the PbS QDs into
the TrGO, thereby leading to a decrease in charge recombina-
tion.

TiO, QDs deposited onto exfoliated G have been shown to be
an effective precursor toward the formation of ultrathin TiO,
films deposited onto glass substrates.””” These G-containing
TiO, QD materials exhibit improved photocatalytic efficiency
when compared to G-containing TiO, nanoparticle materials, as
well as G free TiO, QD. This is attributed to the larger contact
area that occurs between the QD and the G surface as compared
to the nanoparticle and G surface. In another study by Cao and
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colleagues,” it has been demonstrated that MnO, QDs can be
deposited onto a rGO substrate uniformly coated with TiO,
nanoparticles using a UV and microwave synthesis method. The
material synthesized in this method displays an enhanced dye
degradation photocatalytic activity, as well as electrochemical
and photochemical energy storage. Interestingly, this material
can photochemically store energy, which can be utilized in
antimicrobial activity in the dark with efficiency similar to
penicillin, although UV irradiation leads to a far greater inhibition
effect.

5. APPLICATIONS OF NONCOVALENTLY
FUNCTIONALIZED GRAPHENE AND GRAPHENE
OXIDE

Noncovalent functionalization through electrostatic, 7-effects,
van der Waals forces, and hydrophobic effects, etc., is an effective
method for changing the physicochemical properties of nano-
fillers to improve their interfacial interactions in a material
matrix.>>' Noncovalent functionalized nanomaterials containing
G/GO exist in two forms: (i) nanospecies deposited onto the G
surface and (ii) nanospecies encapsulated with G/GO. These
materials have been applied in various advanced applications in
the fields of energy materials, green chemistry, environmental
science, nanodevices, catalysis, photocatalytic, biosensors,
bioimaging, and biomedicine. In these subsections, we will give
an overview of selected recent advanced applications wherein
variously functionalized G/GO nanomaterials have been applied.

5.1. Energy Materials

Monolayer or few-layer G/GO structures are extremely efficient
materials for adsorption of or encapsulation of nanoparticles. In
fact, these nanoparticles exhibit a beneficial impact on G or GO-
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based electrochemical energy conversion and storage devi-
ces.”* 7% Campbell et al.”®’ have evaluated the battery/
supercapacitor performance of large surface area G modified
with anthraquinone (AQ), where the AQ and G are bonded
through 7—x interactions. They reported that the gravimetric
energy storage capacity of G macro-assemblies (GMAs) can be
increased nearly 3 times (~23 Wh kg™') by AQ. They also
demonstrated that the AQ provides a battery-like redox charge
storage capacity (927 C g~'), while the inherent conductivity and
capacitance of the GMAs are maintained. Kong et al.”** have
developed a MoS,@G nanocable web composite, which was
applied as an advanced high performance electrode materials for
LIBs. The binder-free MoS,@G hybrid electrode not only
showed a large specific capacity (~1150 mA h ¢') and
remarkable recycling performance (~100% stability after 160
cycles at 0.5 A g™'), but also exhibited a high-rate capability of
700 mA h ™" at the sweep rate of 10 A g, It is believed that the
improvement in the performance of the hybrid is due to the
highly dispersed MoS, sheets, which accelerate the Li-ion
transport, and shorten the Li* ion diffusion paths. The authors
believe that this 2D /2D hybrid nanoarchitecture leads to more
active sites for Li* insertion/extraction and as such could be
applied as an electrode material in high performance batteries.
TiO, materials are desired as anode materials in LIBs due to
safety factors, low price, environmental benignity, and excellent
cycle durability. Conversely, TiO, materials have a poor
theoretical capacity and conductivity. To combat this, Yang et
al.*** employed a sandwich-like porous TiO,/rGO hybrid (T-
150, T-200, and T-240) as an anode electrode material for LIBs.
These hybrid materials with porous structures and high electrical
conductivity exhibited good stability (no decrease in capacity of
206 mA h g™" at a current density of 0.1 A g™" after 200 charge—
discharge cycles) and a remarkably large reversible capacity of
~128 mA h g™" at a current rate of 5 A g' (see Figure 61).**”
The efficiency of these hybrids is attributed to (i) the porous
TiO, nanocrystals whose small sizes reduced the diffusion length

5494

for Li insertion—extraction, as well as (ii) affording good contact
with the electrolyte and the RGO sheets, which enhanced the
conductivity of the hybrid.

Ali et al.**® have developed an iron fluoride hydrate/rGO
material as a promising cathode material for NIBs. These
materials displayed an impressive discharge capacity of 266 mA h
g”' under a current density of 0.05 C, and a stable cycle
performance (~86% retain after 100 cycles). These properties
suggest its applicability as a cathode material for NIBs. It should
be noted that due to polarization effects and the large size of the
Na* ion, the rate capability of this iron fluoride hydrate/rGO
material was lackluster. As such, further developments in the
preparation methods of G or GO nanostructures and nanoma-
terials are required for G materials to be applicable in NIBs.
MoS,/rGO flake hybrids have been recently identified as a
promising material for electrodes in NIBs.”*' The hybrids were
synthesized in the form of layered free-standing papers, which
were found to show a good cycling ability with stable charge
capacity of 230 mA h g~'. Moreover, these composite papers
possessed a high average strain, thus considering them as ideal
cantidates for exploitation in the field of large-area free-standing
binder-free flexible electrodes for rechargeable applications. Qu
and co-workers®** have shown that rGO can be assembled into
3D porous networks using a dual substrate-assisted reduction
and assembly (DSARA) method, which the authors believe can
be applied in energy-related applications such as LIBs, fuel cells,
photoelectric conversion devices, etc. In this study, the authors
showed that a 3D DSARA-produced rGO porous network
coated with NiO/Ni complexes exhibits a remarkable capacity
(1524 mA h g ') with a stable high charge—discharge rate (600
mA h g™! after 1000 cycles). Additionally, a PdPt alloy deposited
onto the 3D DSARA-produced rGO porous network displayed
efficient catalytic performance for the ORR in fuel cells.”** The
formation of these 3D G structures can increase the specific
capacity of a material through the introduction of porous
channels, which facilitate jon transportation, and as such
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optimized 3D G nanostructures are critically important not only
in ORR, but supercapacitor applications.”*’ In this sense, Jung et
al.*** have reported that controlled porous aerogel structures can
be formed from suspensions of electrochemically exfoliated G,
and that this material can be applied as a supercapacitor
electrode. Because of the 3D G aerogels’ large specific surface
area, low density, and superior electrical conductivity, it showed a
large specific capacitance (325 F g~ at 1 Ag™') and good energy
density (45 Wh kg™' in acid electrolyte) with high electro-
chemical durability. Jana and co-workers®* have shown that GO
can be noncovalently modified using sulfanilic acid azocromo-
trop (SAC), which is then reduced in a subsequent step using
hydrazine monohydrate to give SAC—rGO (see Figure 62). This
synthesized material was then applied as a supercapactitor
electrode material, which showed a large capacitance (366 F g™
at 1.2 A g™ "), high energy density (25.86 Whkg™"), and excellent
power density (980 W kg™") with good cycling stability (~72%
retain after 5000 charge—discharge cycles). These impressive
electrochemical properties are attributed to the redox reactions
between the SAC—rGO materials’ SO;H/OH functionalities and
the H* ions of H,S0O,.**

5.2. Solar Cells

Solar energy is considered a possible alternative to the traditional
fossil fuel energy sources due to the fact that the sun is essentially
a free and continuous energy supply. Additionally, the cost of
solar cells can be dramatically reduced when the efficiency of
solar cells is increased; for example, a solar module that exhibited
a 1% enhancement in its efficiency led to a 5% reduction in
price.**® G/GO exhibits potential as an optically conductive
window as they allow a wide range of light wavelengths to pass
through, that is, optical transmittance reaching ~989%.310347
Additionally, G/GO optical and electrical properties can be
modulated through noncovalent interactions with metal
complexes, which make it suitable for different types of solar
cell applications.***~*** Wang et al.’s>*' group have developed a
solution-based low-temperature deposition procedure to man-
ufacture the electron collection layer using a G/TiO, nano-
particle material as the electron collection layers in meso-
superstructured perovskite solar cells. They found that the solar
cells manufactured using this low-temperature process exhibit a
significant photovoltaic performance, that is, power conversion
efficiency up to 15.6%, which suggests that solar cells no longer
need a high-temperature sintering process when TiO, is
employed in the electron collection layer (see Figure 63). This
enhancement in efficiency was ascribed to the synergetic effects
between G and TiO, nanoparticles, where (i) G might reduce the
formation of energy barriers at the interface between TiO, and
fluorine doped tin oxide (FTO) and (ii) the superior charge
mobility of G may provide improved electrical conductivity in the
electron collection layer.”*" Kim and colleagues®*” have studied
the optoelectronic properties of G thin films (thickness between
2—30 nm) prepared using a Langmuir—Blodgett (LB) assembly
method. In this method, the G thin films are assembled by dip
coating a glass substrate in a N-methyl-2-pyrrolidone (NMP)
and water G dispersion. The authors found that the conductivity
of the as-formed films can be tuned by increasing the lateral size
and the density of the packing of the G platelets in the LB
assembly. Fukuzumi et al.>>® reported a rapid photoinduced
charge separation in ordered self-assembled layers of perylene-
diimide and GO (PDI—GO), where this self-assembly is believed
to proceed via 7—x and electrostatic interactions between the
components in water. The authors believe that the 7— stacking
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Copyright 2014 American Chemical Society.

between the components is necessary for efficient charge
separation as it promotes a “pull effect”. This in turn leads to
slow charge recombination due to holes being able to move easily
on the G surface. In contrast, when this hybrid stack material is
introduced into a polymer environment, the interlayer charge-
hopping mechanism is interrupted due to loss of the self-
assembly macrostructure, and this causes rapid back electron
transfer from PDI®” to oxidized GO, that is, faster recombina-
tion.”>” In another study, Dehsari and co-workers*>* developed a
polymer solar cell (PSC) hole transport layer (HTL) by spin
coating a thin layer of ultra large GO/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS/GO) material onto an indium—tin—oxide (ITO)
anode. They showed that the optimized PSC with a
PEDOT:PSS/GO HTL layer exhibits a power conversion
efficiency of 3.39%, an enhancement of ~12%, with respect to
a PSC, which contains only a PEDOT:PSS layer. The improved
power conversion efficiency is attributed to improved hole
mobility and reduced radiative exciton quenching at the interface
of the PEDOT:PSS/GO HTLs and the poly(2-methoxy-5(2-
ethyl)hexoxy-qphenylenevinylene) active layer.”>* Kymakis and
co-workers™> fabricated flexible organic photovoltaic devices
(OPD) with in situ nonthermal photoreduction of spin-
deposited GO electrodes. The GO films were reduced by the
laser system and then were utilized as transparent electrodes in
flexible, bulk heterojunction, OPDs, which open the possibility of
replacing the traditional ITO substrate. The GO-based OPDs
showed a power-conversion efficiency of 1.1% with 70%
transparency.”>> Many reports on the good optical transmittance
and excellent electrical conductivity of G layers have been
published,***™*** but studies are limited on the transparent
conducting property by coating the G layers onto fabricated solar
cells. Additionally, difficulties arise in the transfer of a uniform G/
GO layer onto highly textured surfaces, and this may limit its
possible large-scale production.

Dye-sensitized solar cells (DSSCs) are attractive as they are
environmentally friendly, economical, and exhibit high energy
conversion efficiency.”>***” In DSSCs, the electrons are injected
from photo-oxidized dyes into TiO, nanoparticles, and the
resulting oxidized dyes are regenerated by electrolytes. At a
counter electrode (CE), I” ions reduce the oxidized dyes,
yielding I;~, and the resulting I;” ions are finally reduced to I".
Thus, the CE plays an important role in enhancing DSSC
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performance by catalyzing reduction of the electrolyte. The
electron transport in disordered TiO, nanoparticles with a
random transit path increased the charge recombination, thereby
reducing the photocurrent and the efficiency of the DSSCs.
Fabrication of photoanodes with a fast transport pathway is still a
challenge for DSSCs. In this sense, Cheng et al.’”>® prepared
hybrid materials of anatase TiO, nanoparticles on rGO sheets
(TiO,@rGO) for application in DSSCs. These hybrid photo-
anode materials exhibited a better efficiency (7.68%) in DSSCs
than that of the pure TiO, (4.78%), suggesting that the
introduction of G accelerates the electron transfer and decreases
the charge recombination. Bi and co-workers’> developed a
quasi core—shell structure of N-doped G/cobalt sulfide (NDG/
CoS) as a CE for DSSCs, which exhibited a high short-circuit
current density (20.38 mA cm™) and an energy conversion
efficiency of 10.71% (see Figure 64). The remarkable perform-

21 4
o 184
E e, Y
=] 15‘*W " .‘. '._.
E 1 '.... »" “'5 _
=2 T
P 1 .'. ‘! -\.'-
@ 91 . NDG/CoS L
A& 6] —~—GiCes p AR
t=] y R
£ { + NDG | L 1
E °] Pt R B\
8 \ L
T T T . 1
0.0 0.2 04 0.6 0.8

Voltage |V ——

Figure 64. DSSCs performance with NDG/CoS, G/CoS, NDG, and Pt
as CEs. Reprinted with permission from ref 359. Copyright 2014 Royal
Society of Chemistry.

ance of these DSSCs is attributed to the core of CoS
nanoparticles coated with a shell of ultrathin NDG layers that
act as conductive paths to overcome the problem of low
conductivity caused by grain boundaries and defects between the
CoS nanoparticles.

Much effort is still required to either replace Pt in DSSCs with
less expensive alternative materials or to develop easier low-
temperature approaches, which employ reduced amounts of Pt;
in this vein, easy, cheap, and room-temperature processes are of
vital interest for DSSC commercialization. Additionally, the
DSSC energy conversion efficiency with various types of hybrid
materials is still lower than ~11%, which is much smaller than
commercial solar cells. Thus, further developments are required
to obtain a much larger DSSC efficiency to be comgatible with
the recent developments of perovskite solar cells,”*”**" which
shows ~20% efficiency, although these perovskite-based devices
are not yet stable enough for practical applications.

Noncovalent functionalization at the interface of G/GO by
doping, chemical/physical modification, and nanoparticle coat-
ing could be one of the best approaches to greatly tune the
nanostructure and chemophysical properties toward the
development of high performance electrode materials in energy
storage applications. Although several reports on noncovalent
functionalization of G/GO with different morphologies as
energy materials have been published, there is still a long way
to go before its wide use in industrial applications.

5.3. Water Splitting

The production of hydrogen from H,O would generate a new era
of cheap, clean, and renewable energy such as hydrogen fuel cells
and liquid fuels synthesized from syngas and CO,. The
electrocatalytic hydrogen evolution reaction (HER) from water
is a process that has attracted much attention due to its high
energy conversion efficiency. More recently, molybdenum
(Mo)-based materials as electrocatalysts have been shown as
the most effective HER, while their commercialization is
obstructed by durability. Recently, MoS,>°> MoSe,,***
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MOZC,364 MoB,*®° MoS, analo ues,>°¢ NiMoNx,‘%7
CopgMo, ,N,,**® Mo,N,** and MoO,"”° have been employed
as electrocatalysts for the HER in acidic/basic electrolytes;
however, the durability of Mo-based catalysts is still not
satisfactory in the presence of acidic or base electrolytes under
the long-term or accelerated test. Chang et al.*’" employed the
thermolysis of ammonium thiomolybdates in a CVD chamber to
grow MoS, on G-coated 3D Ni foams at various temperatures.
Subsequently, the MoS,/G/3D Ni foam electrode was used for
electrocatalytic HER. According to their results, the G sheets on
Ni foam gave the Ni protection against etching and increased the
stability of working electrode in strong acid media. Additionally,
these electrodes showed a large hydrogen production of ~302
mLg ' em™h™" (13.47 mmol g ' cm > h™") at an overpotential
of V'= 0.2V and an improved current density of ~45 mA cm™ at
0.2 V, due to the presence of bridging S, or apical $*~ in
amorphous states.”’' Among the various types of Mo-based
electrocatalysts, Mo,C/G materials display remarkable HER
activities and stability, including small overpotentials, large
cathodic current densities, and high exchange current density
under acidic and basic conditions. These properties are believed
to be due to their unique d-band electronic structures (electronic
structure like a noble metal).””” Pan et al.””* developed Mo,C
nanoparticles on GO sheets, and they found that the Mo,C
nanoparticles were stabilized by a carbon layer. The Mo,C—rGO
hybrid showed an overpotential voltage of ~70 mV, and the
cathodic current increased rapidly under more negative
potentials. Notably, Mo,C—rGO exhibited a large HER
performance (mass activity ~77 mA mg™"' at 150 mV), a low
Tafel slope (57.3 mV decade™), and good stability (stable after
1000 cycles (see Figure 65)).””* The improved activity and
stability were ascribed to the large surface area of the G support
and the improved conductivity of the Mo,C—RGO hybrid.

In a separate work, Xu et al.”’® employed the MoO,/rGO
hybrid as a highly efficient HER. They reported that the presence
of oxygen-containing groups limits the growth of MoO,
nanoparticles to a tiny size due to the space confinement effect
between GO layers. The MoO,/rGO hybrid display good HER
activity with a low onset overpotential of 190 mV, a high cathodic
current density, and a low Tafel slope (49 mV decade™") due to a
synergistic effect between metallic MoO, nanoparticles and G
with electronic communication promoted by an interface
interaction. More recently, Zhang and co-workers®”* reported
an amorphous MoS,Cl, as a high-performance electrocatalyst for
electrochemical hydrogen productions. These electrocatalysts
showed large cathodic current densities and small Tafel slopes
(~50 mV decade™), which are attributed to the synergistic
effects of a remarkable intrinsic activity of the MoS,Cl, catalyst
and a large active surface area. The recent work by Zhou et al.””
on HER activity using N-doped carbon-wrapped Co nano-
particles with a size of ~15 nm supported on N-doped G
nanosheets (Co@NC/NG) is very interesting. The Co@NC/
NG electrode exhibited a small overpotential (—49 mV) and
small Tafel slope (79.3 mV decade™) due to carbon atoms
promoted by the entrapped cobalt nanoparticles. It was found
that the strong synergetic interaction between the G/GO and
nanoparticles enhanced the charge separation and affected the
band structure of G/GO. However, the properties of G/GO
nanoparticle hybrids are usually ignored when G/GO is used as
the electron acceptor and transporter. Furthermore, the defects
in G/GO nanoparticles hybrids are essential for their electronic
properties, and play a key role in improvement of the HER
stability and activity of the supported catalysts. Accordingly, the
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structure defects of G/GO in G/GO—nanoparticle hybrids
should be further researched, because they might be the active
sites for hydrogen production. Moreover, the development of
nonprecious catalysts with activities better than commercial Pt/
C is still a big challenge for researchers who want to apply this
technology in large-scale applications.

5.4. Green Chemistry and Environments

Noncovalently functionalized G/GO materials hold promise in
the development of sustainable catalysts for green chemistry with
low emissions and high selectivity. Therefore, the use of these
materials in the growing field of “catalysis and environmental
green chemistry” has become important due to their unique
chemical properties, high mechanical resistance, and their
favorable charge generation and transportation in catalysis and
environmental processes. The G, GO, and its reduced oxide are
necessary to disperse the materials in water for their application
in the field of catalytic reaction and environmental pollution.*”®
Achari et al.””” developed highly aqueous dispersible aminoclay—
rGO (AC—rGO) hybrids by the in situ condensation of
aminoclay over GO followed by hydrazine reduction (see Figure

66). They found that these amphiphilic hybrid materials with

O Silicon

® Magnesium
© Oxygen
e

Figure 66. Synthesis of AC—GO and AC—rGO hybrids. The blue
platelets represent aminoclay, while the brown and gray sheets show GO
and rGO, respectively. Reprinted with permission from ref 377.
Copyright 2013 Royal Society of Chemistry.

high concentrations of 7.5 mg rGO/mL are stable in water
solution and display simultaneous adsorption of Cyt-C via
hydrophobic interaction and DNA via electrostatic interaction.
In a separate study, McCoy and co-workers’”® employed
noncovalent magnetic control to reversibly recover GO using
iron oxide (Fe,O;) in the presence of magnetic surfactants.
Because the GO is unchanged, there is no loss of its original
properties; thus, the GO and magnetic material can be reused
(see Figure 67a). Because of large differences in the isoelectric
point of GO (pH = 0) and Fe, 05 (pH =~ 7), a wide gap is present
in which the two materials show opposite surface charges (see
Figure 67b), and thus the separation could be attributed to
Coulombic attraction. The recyclable nature of this assembly and
the large adsorption capacity of GO indicate the materials’
potential use in applications for decontamination and water
treatment.””” Zubir and co-workers®®” achieved efficient Acid
Orange 7 (AO7) degradation using a GO—Fe;O, hybrid. These
enhancements were attributed to the synergistic effects between
both optimized GO amount and Fe;O, nanoparticles. This can
be explained by several factors: First, the large surface area of
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potentials of GO and Fe,O; nanoparticles. Reprinted with permission
from ref 378. Copyright 2015 American Chemical Society.

exfoliated GO provides a uniform dispersion of Fe;O, nano-
particles onto the surface of GO sheets, which is good for
increasing the mass transfer of reactants toward the active (=
Fe?*/=Fe*") sites during the decontamination.”*” Second, GO
has alarge aromatic ring structure on its basal plane that supports
AQ7 adsorption via 7—7 interactions, which allows enhanced
AQ7 concentration within the active sites to be oxidized faster by
the generated hydroxyl radicals (OH®).**” Third, the strong
interaction between Fe;O, NPs and GO through Fe—O—-C
bonds accelerates the electron transfer between the nanoparticles
and GO sheets.**” Finally, the synergistic effect between GO and
Fe;0, nanoparticles promotes the regeneration of ferrous irons
to quicken the redox cycle on active sites, consequently
enhancing the AO7 degradation and mineralization.”™ Liu et
al.**' synthesized halloysite nanotubes (HNTs) loaded on rGO
sheets (abbreviated as HGC) via an electrostatic self-assembly
process for removal of dyes from water. The electrostatic force
occurred between the negative rGO sheets (van der Waals forces
and hydrogen bonding) and HNTs positively charged by y-
aminopropyl triethoxysilane (APTES) functionalization. The
rthodamine B (RhB) adsorption on HGC was ~45.4 mg mg™"
after seven cycles due to the big pore volumes, large surface area,
the strong 7—7 stacking interactions, and its abundant functional
groups on the surface. Le and co-workers®”” also developed a 3D
microhydrogel of nanoparticle/G platelets by reversible self-
assembly and aqueous exfoliation. These 3D hydrogels showed
excellent methylene blue dye removal (adsorption capacity = 685
mg g~') and photocatalytic dye degradation due to the presence
of large surface area (1677 m* g™*), low band gap (1.8 €V), and
good charge separation and rapid electron transfer.””” Dong et
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al.*** developed bioinspired surface functionalization of GO for
dye and heavy metal ion adsorption. The poly dopamine (PD)
functionalized GO (PD/GO) had superior Eschenmoser-
containing dyes’ adsorption capacity up to 2.1 g g~'’%
Additionally, PD/GO also showed good adsorption capacity
for heavy metal ions (53.6 mg g~ for Pb**, 24.4 mg g™* for Cu*,
33.3mgg ' for Cd**,and 15.2 mg g~ for Hg*"), suggesting it is a
promising adsorbent for decontaminating wastewater.”*” Mon-
dal and co-workers®® developed a bifunctionalized G and
expanded graphite using n-butyl lithium, and this material was
then applied in efficient dye adsorption from dye contaminated
water by noncovalent interaction between the dye and the
COOH groups of the graphenic plane. In a recent report, Liang
and co-workers®** developed a facile and efficient electrostatic
self-assembly strategy for improving the interfacial contact
between rGO and MIL-53(Fe) (termed as M53—rGO). The
MS3—rGO hybrid displayed excellent photocatalytic activity
(reduction of Cr(VI) rapidly increased to 100% under visible
light illumination), which is attributed to a decrease in the
recombination of photogenerated electron—hole pairs. It is
believed that the good interfacial contact between MIL-53(Fe)
and rGO facilitates the transfer of photogenerated electrons.
These results open potential applications for the M53—rGO
hybrid in industrial wastewater treatment.

G sheets have many advantages such as availability, solubility,
high quality, environmentally friendly nature, and inexpensive,
large-scale production; these benefits open an opportunity for
exploring novel adsorption and degradation by synthesizing
noncovalently functionalized G/GO hybrids. The existence of
G/GO in the hybrid provides superior applications in different
kinds of dyes adsorption/degradation from water due to the
presence of large surface area, pore volume, and good active sites
for chemical reactions.

5.5. Nano-Devices

Self-assembly and grafting of G/GO onto carbon fibers have
been found to enhance the interfacial bonding with a shape
memory polymer (SMP) matrix via van der Waals forces and
covalent cross-link.”*> This effective approach remarkably
improved the electrical properties and recovery performance of
SMPs that are used for Joule heating triggered shape recovery at a
lower electrical voltage.*****” The electrical conductivity was
further upgraded when nanoparticles were introduced into SMP
composites because they reduce the gap between G/GO. With
these scenarios in mind, it is evident that G/GO holds great
promise for application in nanodevices. Basically, two mecha-
nisms are involved in self-assembly of stable monolayers of
alkane chain molecules on graphene:388 (i) bonds between the
G/GO and the molecular “anchor” group (many reports have
been given on interactions of ammonia molecules with the
surface of G/GO by monitoring charge transport in G field-effect
devices as a function of gas exposure), 13897392 5nd (ii) interchain
interactions, for instance, van der Waals forces and hydrogen
bonding.” Recently, Wang and co-workers™* synthesized a
polymer-functionalized rGO from a noncovalent functionalized
pyrene-terminal polymer in benzoyl alcohol. They reported that
these sheets exhibit organo-dispersibility, high grafting density,
high electrical conductivity (see Figure 68), and good
processability. Georgakilas et al.'’’ prepared hydrophilic
functionalized MWNT's and stabilized a large amount of pristine
G sheets in water without the use of surfactants, ionic liquids, and
hydrophilic polymers. The multidimensional (2D/1D) G/
MWNTs composite exhibited a stable water dispersion at
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Figure 68. Conductivity of various hybrid materials of G/rGO.
Reprinted with permission from ref 394. Copyright 2015 Royal Society
of Chemistry.

concentrations up to 15 mg mL ™" and also was dispersible in
other polar solvents.'” Interestingly, these composites exhibited
excellent conductivity (sheet resistance up to R, & 25 Q [J™* for
free hybrid material and R, &~ 1300 Q []™" for a polyvinilalcohol/
hybrid composite film) after coating on paper by drop casting a
dispersion of the water-soluble polymers.'”

In a separate study, Song et al.”* developed epoxy—G hybrids
with good thermal conductivity by using nonoxidized G flakes
(GFs) through noncovalent functionalization. The noncova-
lently functionalized GFs, with 1-pyrenebutyric acid, stimulate
dispersion of GFs in organic or aqueous solvents with high
solubility and stability. The interfacial bonding between GFs and
the polymer matrix was found to be responsible for the superior
thermal conductivity enhancement.”* Kozhemyakina and co-
workers®”® achieved electronic communication between G and
perylene bisimide via titration experiments, when both materials
are either coated on a surface or dispersed in a homogeneous
solution. This interaction is facilitated by the noncovalent
binding of their conjugated z-systems.”> The electronic
properties of G can be tuned by modification with organic
molecules; for example, dye molecules containing a conjugated
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7-system can be utilized to change the electronic structure of G.
In this vein, Parvez and co-workers*”® have fabricated organic
field-effect transistors on G sheets. The highly conductive (sheet
resistance ~4.8 kQ []™') G sheets were achieved in high quality
and high yield (>80%) by electrochemical exfoliation of graphite.
They also reported that the G had a large sheet size, low oxygen
content, and/or high C/O ratio as well as good electronic
properties.””® Noncovalent functionalization of G by van der
Waals forces provides another method for fabrication of
electronic devices as it does not induce severe changes into G.
For example, Woszczyna et al.’”’ and Nottbohm et al.**®
developed a simple approach to such functionalization by using
mechanical stacking of an amino-terminated carbon nano-
membrane (NH,-CNM) and single-layer G (SLG) sheets. The
electric transport performances of these bare G and hetero-
structure (H) electric field devices are displayed in Figure 69.
Raman mapping of D, G, and 2D peaks (see Figure 69b) exhibits
the materials’ excellent structural quality and homogeneity on a
large scale, which is further confirmed by electric transport
measurements (see Figure 69c—g). They found that the intrinsic
electronic quality of pristine SLG sheets is preserved in the
heterostructures, thereby opening many possibilities for the use
of G-based electronic in nanodevices. Halik et al.*”” reported a
simple approach to fabricate oxo-functionalized graphene/
polymer composite for low-voltage operating memory devi-
ces.These devices can be operated at 3 V. They also found that
the thin film coating (~5 nm) is mandatory to make the memory
device function at low voltage. Additionally, a self-assembled
monolayer of an imidazolium derivative further improves the
function of the memory device.

Various types of molecules have been connected to G/GO
through 7—n stacking, and interfacial interactions between
molecules and epoxy groups have been increased; this, in turn,
has led to improvements in electrical and thermal conductiv-
ity.7¥1703%579%5 However, this approach requires a further
investigation and progress because of some serious limitations in
industrial level application such as the high costs of organic/
inorganic derivatives and time-consuming, tedious synthesis.

5.6. Catalysis and Photocatalysis

Noncovalent functionalization of G/GO with nanoparticles may
lead to light harvesting and charge transfer features. In these
materials, the lattice structure of G/GO remains intact and
exhibits most of its intrinsic electronic properties. Thus, the
hybrid materials of G/GO with nanoparticles bear great potential
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for catalysis and large-scale energy storage conversion
applications, particularly when photo- and redox active
chromophores, such as porphyrins or phthalocyanines, are
involved in the graphite exfoliation and G stabilization. Recent
studies on zinc(Il) alkylsulfonylphthalocyanine—pyrene con-
jugate (ZPC) with highly exfoliated graphite and their photo-
physical properties reported by Roth et al.**® are intriguing. In
their report, the authors showed that ZPC stabilizes single layer
G during the ultrasonication of graphite by virtue of strong
electronic interactions of the hybrid in both the ground and the
excited states. The presence of the pyrene functional group in the
conjugate is crucial in respect of noncovalently immobilizing the
electron accepting phthalocyanines onto the basal plane of
graphite.*”” Wang et al.*”" developed a 3D mesoporous Fe;0,@
Cu,0—GO framework as an efficient and recyclable catalyst for
the synthesis of quinoxalines by using different substituents, that
is, electron-rich and electron-withdrawing groups o-phenylenedi-
amine and terminal alkyne, respectively. This 3D mesoporous
framework exhibited good catalytic activity, selectivity (>99%),
and recyclability after nine cycles, and this is believed to be due to
its large surface area, large pore volume, unique structure,
impressive mass transport, and application of an external
magnetic field.**" Further catalytic activity can be enhanced by
increasing the active surface area of hybrid catalysts, that is,
reducing the nanoparticle size (<2 nm). However, reducing the
size of particles to less than 2 nm is limited by the conventional
methods that utilize templates such as surfactants or dendrimers,
which unfortunately can form barriers that confine the catalytic
activity. Ren and co-workers**” created a new catalyst containing
1-2 nm Au nanoparticles (NPs) anchored to thiophenol
functionalized G sheets (Au/TGS). The Au/TGS catalysts
exhibited better catalytic activity for the reduction of 4-
nitrophenol because of the synergistic effects between the TGS
and Au NPs and the high utilization of the metal catalyst. Besides
catalytic reactions, many efforts have been made to enhance the
photocatalytic activity of G/GO and nanoparticle hybrid
materials. ">~ Joseph and co-workers*”’ fabricated a 7—7
stacked anchored by squaraine dye (V]-S) sensitized -NGOT
(hybridized r-NGO and TiO, in a self-assembled core/shell
structure (VJ-S/r-NGOT)) material and evaluated its photo-
catalytic activity and H, evolution performance. The direct
charge transfer and 7— interaction between VJ-S and r-NGOT
occurred due to the presence of an electron-deficient center in
the VJ-S. The VJ-S/r-NGOT displayed better photocatalytic
production of hydrogen (apparent photonic efficiency = 0.91%)
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under visible light because VJ-S dye absorbs visible and near IR
(NIR) wavelengths and gives a direct energy transfer to r-
NGOT."” Ma and co-workers**® enhanced the short circuit
current and energy conversion of an DSSC by 35.8% and 26.8%,
by incorporating activated G nanoplatelets (a-GNPs, 0.02 wt %)
into a TiO, film photoanode (see Figure 70). They also reported
that an appropriate a-GNPs amount and a 3D nanostructure act
as an efficient pathway for electrolyte ions and electrons,
facilitating the rapid electron transfer and charge separation and
suppressing the electron recombination and back transport
reaction in DSSCs.***

Xu et al.*”” reported in a theoretical study the effect of O atoms
on photocatalytic hydrogen evolution in g-C;N, and rGO sheets
hybrid materials. Interestingly, they showed that the O
concentration changes the direct-gap hybrid to an indirect-gap
one. Moreover, they showed that the interfaces in g-C;N,/rGO-
3 and g-C;N,/rGO-4 hybrids are type-II heterojunction, and
negatively charged O atoms in the rGO are active sites, which
lead to high-efficiency photocatalytic generation of hydrogen
(see Figure 71).*"” Another experiment reported that rGO does

Potential

~_g-CN/RGO-3

Figure 71. General mechanism for H, evolution from photocatalytic
water splitting by the g-C;N,/rGO-3 hybrid, in which g-C3N, acts as an
electron sink providing the separation of electron—hole pairs and
collects the electrons injected from the photoexcited rGO-3 for
subsequent H, production from reduction of H,O. Reprinted with
permission from ref 409. Copyright 2015 American Chemical Society.

not affect the charge separation process but drastically increases
the lifetime of photogenerated charge carriers."'" In a recent
study, Feifel and co-workers*'" developed a very simple way to
generate a high photocurrent by using the photosystem I (PSI)
on artificial interfaces of z-system-modified G electrodes. They
concluded that the improved photocatalytic activity of the z-
system-modified G electrodes could be attributed to the surface
property adaptation and the excellent conductivity of G. The
main benefit of coupling PSI to the modified G by covalent
binding is reflected by the light-power dependency study, which
shows a distinctly good current conversion under the light.*"!
Moon et al.*'"? systematically explored the interaction of rGO and
TiO, for efficient solar production of H,O,. They reported not
only an organic-electron-donor-free, but also a noble-metal-free
TiO,-based photocatalytic system for the production of H,O, up
to a millimolar level, and interestingly in situ formation of cobalt
phosphate was achieved on the rGO/TiO, hybrid. Lee et al.*"’
developed a 3D monolayer G and TiO, assembly for high-
efficiency electrochemical photovoltaic cells. A 3D nanostructure
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with high carrier mobility gives a direct pathway for electrons to
the current collector electrode for a photoanode in DSSCs. The
energy conversion efficiency of DSSC was increased by ~10%
under the optimized 3D hybrid structure, and this is due to
improved light harvesting and reduced electron recombination at
the photoanode.*'® Despite the excellent progress in higher
catalytic and photocatalytic activity, these materials usually
exhibit low selectivity to desired products or a high deactivation
rate due to the gradual migration and agglomeration of the active
phase during the reaction. In addition, most catalysts and/or
photocatalysts reported so far are recovered by tedious filtration
or centrifugation. Thus, methods toward the design and
synthesis of more efficient catalytic or photocatalytic systems
remain a challenge.

5.7. Biosensors and Bioimaging

Several studies have utilized noncovalently functionalized G/GO
in biological applications, ranging from biosensing (human
telomerase detection, disease-related diagnostics) to cell-
imaging."'*™"'* Gu and co-workers"'” developed a super-
paramagnetic functionalized G/Fe;0,@Au hybrid for a magneti-
cally controlled solid-state electrochemiluminescence biosens-
ing. They found that the hybrid exhibited high sensitivity for
HelLa cells with a linear range of 1—20 X 10* cells/mL, long-term
stability, high emission intensity, high reproducibility, excellent
electron transfer, and superparamagnetic behavior. To directly
sense atropine in complex matrixes, Bagheri and co-workers*”’
advanced the field by developing Co;0,—G-modified carbon
paste electrodes for selective detection of atropine in biological
fluids, that is, urine and human serum. They reported that the
recovery of spiked atropine in biological samples displayed
standard values in the range from 97.6% to 103.2%, indicating the
successive applicability of the proposed strategy for real clinical
applications. In a recent report, Yoon and co-workers**" utilized
a noncovalently functionalized GO sheet on a patterned Au
surface to isolate circulating tumor cells (CTCs) from blood
samples of pancreatic, breast, and lung cancer patients. The
noncovalently functionalized GO/Au showed excellent sensi-
tivity toward capture of CTC, even at very low concentrations of
target cells (see Figure 72); the principle of capture was explained
in terms of morphological features of Au surfaces.**'

In another study, a novel, all-electronic biosensor for the
identification and quantification of opioids was developed by
Lerner and co-workers.*” It consists of an engineered y-opioid
receptor protein, with high binding affinity for opioids, which is
chemically bonded to a G field-effect transistor to read out ligand
binding. These G-based field-effect transistors are able to sense
the opioid receptor antagonist naltrexone at ultralow concen-
trations (10 pg mL™"). Recently, Singh et al.*** developed a
noncovalently functionalized single layer G for sensitivity
enhancement of surface plasmon resonance (SPR) immuno-
sensors. There are two main goals for this approach: (i)
amplification of the SPR signal through G, and (ii) control of the
immobilization of biotinylated cholera toxin antigen on the
copper coordinated nitrilotriacetic acid (NTA) functionalized G
as a single layer (the NTA was attached on G via pyrene
derivatives through 7—7 interactions).**> With this experimental
setup, they reported the very low detection limit of 4 pg mL™" for
the anticholera toxin specific antibody.*** Because of the many
advantages (ie., label-free, real-time, and high-throughput) of
SPR imaging (SPRi) techniques for immunoassays, it is
frequently used in sensors, but this method suffers from
unfavorable detection limits. In this regard, Hu et al.*t
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Figure 72. Capture of circulating tumor cells (CTCs) from breast cancer: (a) patient no. 6 (Br6); (b) patient no. 2 (Br2); and (c) quantification of
CTCs. Capture of CTC from pancreatic cancer: (d) patient no. 2 (Pan2); (e) patient no. 9 (Pan9); and (f) quantification of CTCs. Capture of CTC
from lung cancer: (g) patient no. 3 (L3); (h) quantification of CTCs; and (i) gene expression of captured CTCs via qRT-PCR. Reprinted with

permission from ref 421. Copyright 2013 Nature Publishing Group.

developed a dual signal amplification strategy utilizing polydop-
amine (PDA) functionalization of rGO (PDA—rGO) sheets for
detection of biomarkers. The PDA—rGO-based devices
exhibited detection limits for model biomarker of 500 pg mL™
on an ultralow fouling SPRi chip over a wide range of conditions
(see Figure 73).** Moreover, if HAuCl, solution was allowed to
flow through the chip surface for the second signal amplification,
the SPRIi signals on sensing spots drastically increased due to the
growth of gold nanostructures on the captured PDA-rGO
sheets, while on the control spots where no PDA—rGO was
captured, the SPRi signal changes remained negligible (see
Figure 73e,f). This implies that flowing HAuCl, solution on the
polymer brush-modified SPRi gold chip without precaptured
PDA-rGO sheets does not lead to significant SPRi response; it is
hypothesized that the densely packed polymer chains are able to
efficiently prevent the HAuCl, from accessing the gold chip and,
hence, the deposit does not interfere with the signal
amplification. The observed behavior was explained in terms of

a high mass-density and dielectric constant of the gold
nanostructures and the electromagnetic coupling between the
gold nanostructures and the underlying gold thin film. Thus, as
the deposition of gold exclusively takes place on PDA-rGO
sheets, the SPRi signals stemming from the immunoassay were
further efficiently and specifically enhanced by the second signal
amplification, and the signal-to-noise ratio for the immunoassay
was remarkably increased, securing improved performance.***
In a separate study, Yi and co-workers* employed the
advanced aptamer-two-photon dye (TPdye)/GO TPE (two-
photon excitation) fluorescent nanosensing conjugate for in vitro
or in vivo molecular probing in biological fluids, living cells, and
zebrafish. They reported that the GO/aptamer—TPdye approach
was a robust, sensitive, and selective sensor for quantitative
detection of adenosine triphosphate (ATP) under the complex
biological system with fast delivery into live cells or tissues and
succeeded as a “signal-on” in vivo sensor for specific detection of

. 425 . 426
target biomolecules. Castrignano and co-workers™ ™ devel-
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Reprinted with permission from ref 424. Copyright 2014 American Chemical Society.

oped a drug screening based on human flavin-containing
monooxygenase 3 (hFMO3 is the isoform present in the adult
liver) immobilized on GO. The electrochemical property of
hFMO3 was improved by GO in terms of electron transfer rate,
current signal-to-noise ratio, and apparent surface coverage.
Thus, this electrode showed good drug screening by N-oxidation
of two therapeutic drugs, such as benzydamine and tamoxifen.**”
Koninti et al."®” developed a GO-based molecular switching of
ellipticine (E) to monitor the loading of anticancer drug onto
GO and its release to DNA/RNA through direct optical
detection. Formations of 3D assemblies involving GO and
biomolecules by noncovalent interactions are responsible for
biomolecule(s)-assisted fluorescence-switching of E. In another
study, Xu and co-workers*”” synthesized G/Cu nanoparticle
hybrids (G/CuNPs) as a surface-enhanced Raman scattering
(SERS) substrate for adenosine detection by means of chemical
vapor deposition in the presence of methane and hydrogen. This
hybrid exhibited a remarkable SERS improvement activity for
adenosine (detected concentration in serum ~5 nM). On the
basis of the above discussion, they found that the noncovalently
functionalized G/GO can be used in the detection and imaging
of biomolecules. These results open these materials to future
applications in medicine and biotechnology. Another example of
sensing application is the use of GO/CDs hybrid for the selective
labeling of cell cytoplasm.*** Here, GO would act as a substrate
for immobilization of quaternary ammonium modified carbon
dots, thus enabling the preferential labeling of the cell cytoplasm
while pristine carbon dots penetrate as fluorescent markers to the
cell nucleus (see Figure 74).""
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5.8. Biotherapeutics

There have been more concerns in medicine about fundamental
approaches to deliver small molecule drugs/nucleotides/
peptides to specific tissues.””” In this context, several studies
have utilized G/GO in the delivery of chemotherapeutics for the
treatment of cancer for a host of medical conditions, NIR
phototherapy, and even for the stem cells proliferation and
differentiation on G/GO surface.'>?*3°™*33 In this way, small-
size GO (small-GO) sheets show high NIR light absorbance and
biocompatibility for potential photothermal therapy.*** More-
over, GO displays excellent photothermal agent properties due
to its nanosize, high photothermal efficiency, and low price as
compared to other NIR photothermal agents such as gold
particles and carbon nanotubes, etc. Figure 75 shows the effect of
transdermal nano GO—hyaluronic acid (NGO—HA) conjugates
for photothermal ablation therapy of melanoma skin cancer
using a NIR laser.”** In this hybrid, HA works as a transdermal
delivery carrier of chemical drugs and biopharmaceuticals. Jung
et al.**® reported the photothermal ablation therapy of skin
cancer by using the NGO and NGO—-HA in SKH-1 mice
inoculated with B16F1 cells on both dorsal flanks. The treatment
NGO—HA showed that tumor tissues were completely ablated
by the photothermal therapy with NIR irradiation (see Figure
76¢). They also noticed that there was no recurrence of
tumorigenesis in comparison to gradual tumor regrowth after
photoablation applied to tumor tissues. On the other hand, PBS
and NGO displayed no significant tumor ablation effect
regardless of NIR irradiation (see Figure 76a,b).**> The better
transdermal delivery was observed for NGO—HA hybrid to
tumor tissues in the skin of mice. This may be due to highly
expressed HA receptors and relatively leaky structures around
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Figure 74. Fluorescence images of mouse fibroblast NIH/3T3 cells
containing (a) CDs and (b,c) GO/CDs hybrids, demonstrating selective
labeling of nuclei and cytoplasm. For pure carbon dots, a fast
endocytosis occurred, and carbon dots readily entered cell nuclei
(panel (a)). However, if GO/CDs hybrids were employed, penetration
into cells was gradually inhibited upon increasing GO concentration
(panels (b) and (c)). Reprinted with permission from ref 428. Copyright
2014 Royal Society of Chemistry.

tumor tissues, enabling the increased permeation and retention
of nanoparticles.

For gene delivery, many reduction-sensitive biodegradable
cationic po?fmers, which contain disulfide linkages, have been
designed.43 These materials degrade inside cells due to high
concentrations of glutathione in the cytosol, which may reduce
cytotoxicity and enhance transfection efliciency by avoiding
accumulation of high-molecular-weight polycations and facilitat-

ing rapid release of DNA into cells.”****” Recently, Yang et al."**

introduced atom transfer radical polymerization (ATRP)
initiation sites containing disulfide bonds onto surfaces of GO.
They then modified the GO by ATRP with (2-dimethyl amino)
ethyl methacrylate (DMAEMA) and synthesized a series of
organic—inorganic composites (abbreviated as SS—GPDs) for
efficient gene delivery (see Figure 77). They also showed that the
SS—GPD materials can attach and absorb aromatic, water-
insoluble drugs, such as CPT, for effective killing of cancer cells
due to the conjugated structure of the GO basal plane.*** In
summary, they were able to design a new class of gene/drug
delivery systems by tuning the attached polycation side chains on
GO surfaces in the presence of ATRP.

Noncovalently functionalized G/GO nanomaterials hold
potential applications in the field of drug delivery due to their
six-membered carbon ring structure, which can allow 77—z
interactions and hydrophobic interactions with aromatic rings of
drugs."*”"” Additionally, glutathione (GSH) can also induce
drug release caused by the disruption of noncovalent hydro-
phobic interactions and 7—7 stacking of GO aromatic rings.”** In
the case of nucleus drug delivery, a drug-loaded GO should be
able to escape from the endosome after endocytosis-mediated
cellular uptake followed by the discharge of the drug from the
carrier during the formation of the drug—proteasome hybrid.**'
The endosomal escape due to photothermally induced heat is
possible, and the drug can also be released by GSH in the
presence of NIR irradiation.*”” Kim and co-workers*"’
developed a nanosized PEG—BPEI-rGO composite consisting
of rGO sheets covalently conjugated with branched polyethyle-
nimine (BPEI) and polyethylene glycol (PEG). The water-stable
PEG—BPEI-rGO could deposit a larger amount of doxorubicin
(DOX) than unreduced PEG—BPEI-GO through 7—z and
hydrophobic interactions.**’ Subsequently, the PEG—BPEI—
rGO/DOX complex was tested for the photothermal effect by
NIR irradiation in both test tubes and cells. Interestingly, they
found that this hybrid could escape from endosomes after cellular
uptake by photothermally induced endosomal disruption and the
proton sponge effect, followed by GSH-induced DOX release
into the cytosol.*** Yan et al.*** developed a smart G hybrid with
singlet oxygen for the photodynamic treatment of cancer cells.
They reported that GO can act as a singlet oxygen generation
(SOG) controller, which can reversibly quench and recover SOG
again after introducing a target molecule. This recovery relies on
the interaction intensity between GO and a photosensitizer.
They also found that this complex worked as a carrier for larger
loading and delivery of the photosensitizers to cancer cells."**
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Figure 75. Schematic diagram for the transdermal delivery of nano GO—hyaluronic acid conjugates into melanoma skin cancer cells under a NIR laser.
Reprinted with permission from ref 435. Copyright 2014 American Chemical Society.
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Figure 77. Schematic diagram for fabrication of biocleavable PDMAEMA—GO sheets by ATRP for gene/drug delivery. Reprinted with permission from

ref 438. Copyright 2014 Royal Society of Chemistry.

More recently, Dong and co-workers*** conducted a specific-
gene-targeting agent delivery for improved therapeutics by
utilizing a multifunctional hybrid of poly(r-lactide) (PLA) and
polyethylene glycol (PEG)-grafted GQDs (fGQDs). PEG and
PLA in noncovalent functionalization of GQDs can enhance the
super physiological stability and durable photoluminescence
over a wide range of pH values, which is utilized for cell
imaging."*> These hybrids also showed improved biocompati-
bility and lower cytotoxicity. The targeting miRNA-21 agents
were adsorbed on the high surface area of GQDs. Combined
conjugation of miRNA-21-targeting and surviving-targeting
agents displayed excellent inhibition of cancer cell growth and
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more apoptosis of cancer cells; this suggests that noncovalent
functionalization of GQDs can be utilized in biomedical
application of intracellular molecular analysis and clinical gene
therapeutics. Although noncovalently functionalized G/GO
offers many possible applications in the biomedical field, it
demonstrated high toxicity, which is one of the biggest drawbacks
that limits its applications in humans.**® For this reason, further
research is required to overcome this limitation.

6. CONCLUSIONS AND CHALLENGES

Noncovalent functionalization involving mainly 7—z interac-
tions, van der Waals forces, hydrogen bonding, ionic interactions,
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or electron donor—acceptor complexes represents the strategic
way to control the properties and improve the performance of G
and GO in various advanced applications. In recent years, huge
progress was registered in terms of theoretical description and
experimental observation of interaction modes and morpho-
logical arrangements of various species onto G/GO surface also
due to the unique contributions of ultrahigh vacuum scanning
tunneling microscopy (STM). The STM description of the
molecule assembly onto the G/GO substrate is still limited by
the planarity and size of the studied molecules. From this point of
view, the possibility to observe the interactions, conformations,
and transformations of various larger molecules and biomole-
cules onto G/GO is still a big challenge with the possible
principal impact in many sensing and biomedical applications.
Another challenge is to increase the yield and quality of single-
layer G produced by the chemical exfoliation of graphite in
various organic solvents where 7—7 interactions constitute the
main driving force.

A challenging issue is also to create Janus-like G composed of
two different 7—7 stacked molecules on either side of the sheet
(e.g., electron-donating and -withdrawing molecules) to tailor its
electronic properties. Still, the noncovalent approaches possess
limited success in the band gap control of G as compared to
covalent routes starting from G, GO, or fluorographene and
resulting in many new derivatives with variously opened band
gaps. Similarly, neither G nor its derivatives exhibit self-
sustainable magnetism despite many reported attempts to
induce sp-based magnetism at room temperature. With this
respect, the noncovalent functionalization of G/GO with
magnetic nanoparticles (mainly iron oxides) provides an easy
way to create a magnetically controllable system for delivery and
separations in biomedicine or environmental applications. The
use of suitable molecular species (molecular magnets) would be,
in our opinion, another alternative with an advantage of the
preservation of a 2D character of the magnetic hybrid.

Among tens of possible functionalization species, polymers
play an important role mainly in noncovalent modification of G
enhancing its hydrophilicity and biocompatibility. In the case of
GO being hydrophilic due to the oxygen-bearing functional
groups, the polymer functionalization brings an enhanced
colloidal stability and suitable functional groups for further
advanced nanoarchitecture for applications, for example, in
targeted drug and gene delivery. Another interesting example of
noncovalent functionalization is the creation of hybrids
combining G/GO with other carbon nanoallotropes or G
analogues. For example, the modification of G with OH-
functionalized MWCTs resulted in a highly conductive and
hydrophilic hybrid with a huge potential in the fields of
conductive inks for inkjet printing or highly conductive
polymers. The hybrids of G with other 2D analogues (e.g.,
MoS, or WS,) create unique nanodevices acting as advanced
biosensors, photoinduced memory device, Li-ion batteries, or
field-effect transistors.

In the field of energy materials, the hybrids of G/GO with
TiO, also have a strong position with many reported applications
in LIBs and mainly in dye-sensitized solar cells. Such hybrid
photoanode materials would exhibit higher efficiency as
compared to pristine TiO, as G accelerates the electron transfer
and decreases the charge recombination. However, the energy
conversion improvement based on these hybrid materials is still a
challenge mainly in terms of recent developments of perovskite-
based solar cells.
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Quantum dots (QD) are another important group of the
nanomaterials discussed in this Review and commonly used for
noncovalent modification of G/GO. These hybrids exhibit an
excellent efficiency in many fields involving photocatalysis,
supercapacitance, LIBs and NIBs, photoelectrochemical splitting
of water, photosensitizers, water purification, biosensing, cell
labeling, and catalysis. For example, QD/G hybrids have been
extensively applied in photoelectrochemical solar cells with the
added values based on transparency and conductivity of G
materials as compared to traditionally applied electrodes.
Importantly, noncovalent attachment is beneficial to ensure
enhanced phototransfer processes between QD and G surface.
Despite many applications of QD/G(GO) hybrids in various
fields, there are still just a few reported applications in
biomedicine. Here, the hybrids of biocompatible carbon dots
with GO would play the principal role in the future as proved by
recent application of such a hybrid for selective labeling of cell
cytoplasm. Finally, metals and metal oxides noncovalently
attached onto G/GO surface are today very promising mainly
in the field of catalysis, separable catalysts, and electrochemical
applications. In these applications, the G/GO substrate helps to
control the homogeneous distribution and size of nanoparticles
with improved reaction yields, selectivity, or recyclability of the
catalyst. However, the aspects of the nanocatalyst release and
leaching into the environments should be carefully addressed.
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