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Current and future directions in electron transfer
chemistry of graphene

Amir Kaplan, a Zhe Yuan, a Jesse D. Benck,a Ananth Govind Rajan, a

Ximo S. Chu, b Qing Hua Wang *b and Michael S. Strano *a

The participation of graphene in electron transfer chemistry, where an electron is transferred between

graphene and other species, encompasses many important processes that have shown versatility and

potential for use in important applications. Examples of these processes range from covalent

functionalization of graphene to modify its properties and incorporate different functional groups, to

electrochemical reactions and selective etching. In this paper, we review recent developments in these

areas of the electron transfer chemistry of graphene. We address recent progress on controlling

covalent functionalization through chemical and physical methods, and how carefully functionalized

graphene can be incorporated into composite materials with enhanced properties. We review the

selective etching of graphene to form edges and nanopores, which have unique chemical and physical

properties. Nanoporous graphene is promising for new membrane and filtration applications. We also

discuss the electrochemistry of graphene grown by chemical vapour deposition in two-dimensional and

three-dimensional geometries, which enables large surface areas and control over the distribution and

concentration of edge and basal plane sites. We discuss the potential for each of these areas to have an

impact in future applications such as filtration membranes, electronic devices, electrochemical

electrodes, composite materials, and chemical sensors.

Introduction

Graphene is a single layer of carbon atoms in a hexagonal
lattice with extraordinary physical properties that has been
established as the archetypal two-dimensional (2D) material.1–3

Some of its most important properties include high carrier
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mobilities, high mechanical strength, and high thermal
conductivity. Graphene has been applied in a wide range of
electronic, optical, chemical, and biological uses.4–6 An important
route to the fundamental understanding, manipulation, and
application of graphene is via electron transfer (ET) chemistry.
Here, we define electron transfer chemistry broadly as chemical
reactions and processes that involve the relocation of an electron
between graphene and other chemical species or structures. The
transfer may involve chemical reagents that can act as donors or
acceptors, or it may involve electrodes in heterogeneous electron
transfer, with the graphene layer itself potentially playing different
roles in the ET reactions. Over the past several years of intense
research on graphene, ET chemistries have resulted in an enor-
mous number of fundamental and applied studies. Because of its
unique electronic structure, not only frontier orbital electrons in
graphene but also free electrons can participate during chemical
reactions. For example, free-electron transfer occurs during

methods such as aryl diazonium functionalization and selective
oxidation of graphene. On the other hand, frontier orbital
electrons are involved in edge and nanopore formation and
edge functionalization.

In this review, we present a focused look at some current
and future directions in the electron transfer chemistry of
graphene. We emphasize recent results that expand our under-
standing of reaction mechanisms and introduce new concepts
in how to use the chemistry for useful and interesting applications,
particularly in electrochemical and membrane applications.
We focus on four main topic areas as outlined below; we have
chosen these areas among the numerous possible topics
involving ET chemistry of graphene because they are particular
areas where fundamental understanding and applications have
come together in particularly interesting ways. We also describe
what we see as the main challenges that remain to be solved in
each area.
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In Section 1, we review new methods to covalently functionalize
graphene via electron transfer chemistry. Among covalent reaction
schemes,7–12 electron transfer plays an important role in deter-
mining reaction mechanisms and rates. Aryl diazonium
chemistry is one of the main routes on which we focus. The
spatial control over reaction sites has been improved by several
bottom-up and top-down methods that enable control and
spatial patterning of the functionalization. New ways to use
functionalization to interface graphene with other materials in
composite structures with enhanced mechanical and electronic
properties are also reviewed. We focus on new results that have
come since our group’s previous 2012 review of electron transfer
chemistry in graphene.10

In Section 2, we review methods for forming nanopores in
graphene for applications in filtration and purification of water
and gases. Recently, there has been tremendous interest in
using graphene as a barrier material in membranes to enable
gaseous and liquid-phase separations. We outline the potential
applications of nanoporous graphene, followed by a review of
the methods to create nanopores in graphene that involve
ET chemistries such as reactions of etchant media with the
frontier orbital electrons in graphene. Specifically, we discuss
the oxidation of graphene using molecular oxygen and ozone,
liquid-phase oxidative etching, plasma-based etching, and
nanoparticle-catalyzed etching. The major experimental develop-
ments in these areas are juxtaposed with mechanistic under-
standing obtained from modeling and simulation studies.

In Section 3, we review the electron transfer chemistry of
graphene edges, which are treated separately from the basal
plane. When edges are introduced into a perfect graphene
lattice, they break the intrinsic symmetry and alter the electronic
structure such as opening of the band gap. In graphene nano-
structures with a high density of edges such as graphene
nanoribbons (one-dimensional) and graphene quantum dots
(zero-dimensional), quantum confinement effects induce intri-
guing electronic and optical properties. Moreover, the chemical
structure of edges can significantly affect these properties,
including carrier mobility, electronic band gap, photolumines-
cence, and even spin-correlated states. These unique properties
make graphene nanoribbons and quantum dots promising
candidate for electronic, optical, and magnetic applications
such as field-effect transistors, photovoltaics, photoluminescent
devices, and even spintronics. The properties mentioned above
highly depend on the electronic structure, which can be tuned
and designed by performing electron transfer chemistry at
graphene edges. However, the chemical structure at graphene
edges and the effects of electron transfer chemistry on the edge
properties have not been clearly understood. In Section 3, we
highlight some important work in this direction.

In Section 4, we review progress in the electron transfer
chemistry of graphene as an electrode material. Studying gra-
phene as an electrode material can help explain its electronic
properties under applied external electric fields, with the goal
of driving chemical reactions. The use of conventional electro-
chemical systems can explain basic electron transfer properties
and can also be used to study several applications. We review the

fundamental electrochemistry of graphene grown by chemical
vapor deposition (CVD) in large areas and in three-dimensional
(3D) structures, which have important applications in electro-
chemistry. The reviewed results highlight how we can better
understand the role of edge and basal plane sites by using well-
known redox probe reactions to estimate the heterogeneous
electron transfer (HET) rates, which are used to characterize
and compare electrode materials. Scanning electrochemical
microscopy (SECM) is emerging as a powerful tool to study and
even modify nanoscale graphene electrodes; we review how
SECM has been used to study CVD graphene as an electrode
material, finding that edge and nanopore sites have increased
electrochemical activity over basal plane sites. Furthermore, 3D
graphene foams are a relatively new and promising material
that have attracted a lot of attention in many electrochemical
applications due to their high surface area, low density, and high
number of active sites. The synthesis and fundamental electro-
chemistry of these 3D structures is discussed along with experi-
mental challenges, future opportunities, and their promising
applications such as supercapacitor electrodes and electro-
chemical sensors.

Thus, in this review we present a focused look at some
current and future directions in the electron transfer chemistry
of graphene. We discuss new developments in free-electron
transfer chemistry for chemical functionalization, including
reaction mechanisms, effects on graphene properties, spatial
patterning of reactions, and applications to graphene compo-
sites, heterostructures, and materials interfaces. We also high-
light new directions in the field where we see great potential for
graphene, particularly in the formation and functionalization
of edges, holes, and nanopores for applications in filtration and
purification of water and gases, and in the electrochemistry of
large-area graphene. We provide a brief review of important
results where electron transfer is used in applications in energy,
electronics, biology, and membranes. This review will not be an
exhaustive survey, but will rather serve to highlight what we see
as the most intriguing new work that will lead to new oppor-
tunities. Through all these sections, we highlight new direc-
tions in the field where we see great potential for graphene, and
emphasize work that we believe make the most important
advances in both fundamental mechanistic understanding
and practical applications.

1. New developments in electron
transfer for covalent chemical
functionalization

The chemical functionalization of graphene has been actively
pursued for many years by researchers around the world in
order to expand the properties and capabilities of graphene.13

In general, chemical functionalization schemes can be divided
into covalent7,9 and noncovalent14 approaches. Among the
covalent reaction schemes,7–12 which result in more robust
linkages to the graphene lattice, electron transfer plays an
important role in methods like aryl diazonium functionalization
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and selective oxidation of graphene. Other covalent functionali-
zation schemes include halogenation, cycloaddition, Diels–Alder
reaction, silylation reaction, etc.7,9 In this section, we focus on
the functionalization schemes that involve electron transfer such
as aryl diazonium salts, iodonium salts, sodides and organic
halides, and Grignard reagents. Chemical functionalization tech-
niques have enabled the development of new electronic and
optical devices, chemical and biological sensing, and hybrid
and composite materials. In this section, we review recent devel-
opments in covalent chemical functionalization involving elec-
tron transfer reactions, and focus in particular on new insights to
reaction mechanisms, new ways to control the geometry and
extent of reactions, and new understanding of the effect of strain
and layer stacking in graphene on chemical reactivity. Moving
forward, future work will need to address even finer control of
these reactions so that specific groups can be attached at specific
sites on the graphene lattice to.

1.1 Reaction mechanisms and controls

In this section, we review some recent developments in the
covalent functionalization of graphene via electron transfer
approaches. A commonly used approach for the electron transfer
chemistry for the functionalization of graphene is via aryl diazo-
nium salts. The generally understood reaction mechanism under
conditions of low diazonium concentration or low conversion
rate (see Fig. 1A) involves electron transfer from graphene to the
aryl diazonium salt, which causes the bond between the benzene
ring and the diazonium group to be broken, resulting in an aryl
radical group and the release of a nitrogen molecule, followed by
the formation of a covalent C–C bond between the graphene
surface and the aryl group.10 At the covalent attachment site, the
carbon atom in graphene changes from sp2 to sp3 hybridization,

and activates the defect-related D peak in the Raman spectrum.
The rate-limiting step in this process is the electron transfer step
between the graphene substrate and the aryl diazonium mole-
cule, which depends on the overlap of states between the filled
states of the graphene and empty states of the molecule.10,15,16

The functionalization reaction can be done actively by applying
an electrochemical bias, or passively without it. By applying an
electrochemical bias, we have also shown in our previous work
that the presence of electron–hole puddles in graphene induced
by charged impurities in the underlying substrate17–21 influences
the reactivity by introducing electron-rich areas where the elec-
tron transfer step is accelerated.15 By changing the substrate to
one with fewer charged impurities or shielding the graphene
from charged impurities, the reactivity of graphene can be
decreased (see Fig. 1B). The role of the substrate is also to provide
van der Waals (vdW) interaction with the graphene layer to affect
the degree of lattice distortion upon sp3 hybridization, which also
strongly affects the reactivity of graphene.22 The effect of the
substrate can be discerned in reactions with and without electro-
chemical bias. Graphene edges are also more reactive than the
basal plane due to dangling bonds and increased density of
states.23 The R-group on the diazonium salt can be customized
via organic synthesis to be a wide variety of functional groups
to tune the morphology of covalently grafted layers and to
change the resulting properties of functionalized graphene.
In the following subsections, we will highlight some new
developments in aryl diazonium functionalization of graphene,
in particular the effect of substituent groups, mechanical
strain, and layer number, functionalization methods, and spatial
patterning.

Other prominent and recent developments in covalent
functionalization of graphene involve starting with halogenated

Fig. 1 Diazonium functionalization mechanisms. (A) Schematic of overall reaction mechanism at low conversion or low concentration: electron transfer
from graphene substrate generates aryl radical, which forms covalent bond with graphene lattice. The transfer of electrons from the graphene to the aryl
diazonium molecule is the rate-limiting step. (B) Schematic of the influence of electron–hole puddles in graphene: regions of higher electron density are
more reactive, so substrates that induce more electron–hole puddles result in more reactive graphene. Panel (A) reprinted with permission from Paulus
et al.10 Copyright 2013 American Chemical Society. Panel (B) reprinted with permission from Wang et al.15 Copyright 2012 Nature Publishing Group.
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graphene, such as fluorinated and chlorinated graphene, fol-
lowed by additional chemical treatments that dehalogenate the
graphene and add covalently bound groups. By starting with a
different initial chemical derivative, the availability of subse-
quent reaction steps is increased.24 The use of Grignard
reagents with halogenated graphene has been shown to result
in alkene, alkane, and aryl attachment.25–29 Cyanographene
was converted to graphene acid (COOH-terminated graphene)
with good uniformity and reasonably high coverage (13–15%).24

Another development is the use of alkalide reductants, in
particular sodide compounds, followed by treatment with
electrophilic aryl and alkyl halides.30

1.1.1 Control of functionalization location and oligomeri-
zation via molecular substituent effects. The degree to which a
chemical functionalization scheme can influence the properties
of graphene is often directly related to the spatial distribution
of attachment sites. Thus, there are many research efforts devoted
to controlling the spatial locations on the graphene sheet where
functionalization occurs. Controlling functionalization sites is
also related to controlling the density and degree of spatial order
of functionalization sites. Furthermore, some functionalization
reactions result in side reactions, where chemical groups attach
onto other existing chemical groups rather than onto the
graphene lattice, resulting in the formation of oligomers rather
than directly modifying the graphene itself so that the effect on
graphene properties is lessened. In this section, we review
recent progress on using different molecules and molecular
substituents to control the spatial locations of functionaliza-
tion and the formation of oligomers.

The locations on the graphene sheet where covalent func-
tionalization occurs has been controlled by Xia et al.31 using
diazonium salts synthesized with long aliphatic chains (see
Fig. 2A–C). These molecules self-assemble from organic solvent
(Fig. 2A) onto the graphene surface in an ordered monolayer
(Fig. 2B) due to the aliphatic chains, are exposed to an aqueous
electrolyte to prevent reorganization, and an electrochemical
impulse is applied to trigger the formation of radicals and the
covalent attachment onto the graphene surface. As a result, the
covalent functionalization is organized into well-defined rows
(Fig. 2C).

Another way to control the spatial locations of covalent
functionalization uses an alternative to diazonium salts
as presented by Gearba et al.,32,33 who used dinitrophenyl
iodonium salts (see Fig. 2D–F). Similar to diazonium salt
functionalization, the electrochemical reduction of the dinitro-
phenyl salt produces a nitrophenyl radical that covalently
attaches to graphene (Fig. 2D). The resulting functionalization
is controllable, tends to occur in pairs on the same graphene
sublattice as shown by atomic scale scanning tunneling micro-
scopy (STM) imaging, which has implications for ferromagnetic
properties. The calculated density of states (DOS) and STM
images of single and double nitrophenyl groups are shown in Fig. 2E
and F, respectively. The degree of covalent functionalization
for the reductive covalent functionalization was recently shown
by Abellán et al.34 to depend on the type of reagent, with iodides
resulting in more uniform coverage than diazonium salts.

The growth of covalently attached groups on graphene via
aryl diazonium functionalization has been observed by STM
imaging to be partly in the form of oligomers, which are
covalently anchored at one end to the graphene sheet.35–37

Recently, Greenwood et al.36 have synthesized diazonium salts
with tert-butyl groups (Fig. 2G), which prevent the growth of
oligomers or polyaryl groups that would otherwise occur
(Fig. 2H), thus limiting the growth to monolayers in an electro-
chemical procedure with high reaction conversion (Fig. 2I).
A greater number of the molecules are then attached to the
graphene surface than to pre-existing attached groups, resulting
in a higher density of covalent bonds and thinner grafted
layers. The grafted layers are also thinner than those of other
diazonium salts where oligomer growth is still possible. Other
substituents on the diazonium salt have been demonstrated by
Menanteau et al. for functionalization under electrochemical
conditions.37 The degree of electron withdrawing of the sub-
stituent group was shown to affect the mechanisms of forming
oligomers.

1.1.2 Mechanical strain. Mechanical strain of the graphene
lattice has been recently shown to influence the reactivity
toward diazonium functionalization. Bissett et al.38 uniaxially
strained graphene supported on an elastomeric sheet while
applying the diazonium functionalization without an electro-
chemical bias. The graphene was highly deformed, with strain
values of 15%, resulting in increased reactivity for the strained
graphene that the authors attribute to the formation of an
extended p-orbital with extra electron availability for covalent
bonding (see Fig. 3A–D). A schematic illustration and photo-
graph of strained graphene undergoing functionalization are
shown in Fig. 3A and B. The progress of the D/G ratio with
reaction time for graphened strained at 15% is shown in
Fig. 3C, and typical Raman spectra for strained and unstrained
graphene are shown in Fig. 3D. In a related paper, Bissett
et al.38 also showed that the Raman peaks for functionalized
graphene behave differently under mechanical strain. The
effect of strain and curvature was also demonstrated using
50 nm diameter SiO2 nanoparticles underneath graphene by
Wu et al.39 There was an increase in reactivity toward aryl
diazonium salts in the graphene regions directly over the
nanoparticles, which was attributed to a combination of strain
and changes in the pyramidalization angles in graphene that
also lead to increased reactivity. However, in Wu et al. the
degree of strain due to the SiO2 nanoparticles has not been
quantified, and are not separated from the effect of electronic
structure changes due to pyramidalization angle changes and
charges from the SiO2 particles. These papers suggest that
strain can contribute to the functionalization of graphene by
electron transfer to aryl diazonium salts, but more work is
needed to fully quantify the effects and to deconvolve the effect
of external charges and electronic structure, since clear changes
in the electronic structure of graphene even at smaller amounts
of strain (B1%) have been shown.40,41

1.1.3 Bilayer graphene. The functionalization behavior of
bilayer graphene has also been recently been demonstrated
recently, and has some key differences from that of monolayer
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graphene. Typically, bilayer graphene is much less reactive than
monolayer graphene,16,23 and additional efforts are used to
functionalize it. We have shown in Sharma et al.16 and Wang
et al.42 that conventionally AB-stacked bilayer graphene is less
reactive than monolayer graphene for diazonium functionaliza-
tion, and that additional peaks in the D and 2D peaks become
apparent after functionalization by electrochemical means.42

Fig. 3E shows the transitions that lead to the 2D Raman peak
components in bilayer graphene, and Fig. 3F shows typical
Raman spectra for pristine and functionalized bilayer graphene.
Differences in reactivity with layer number were also demonstrated

by Sharma et al. without electrochemical bias.16 Explanations for
the decreased reactivity of bilayer graphene include the screening
of charged impurities by the first layer to reduce electron–hole
pairs, the van der Waals forces between graphene layers and with
the substrate.22,43 The work of Ding et al.44 revealed that twisted
bilayer graphene, in which the angle of rotation between
two stacked graphene sheets is different from that of normal
AB-stacked graphene, has a higher reaction rate due to differ-
ences in its density of states that allow for more reaction when
no electrochemical bias is applied. Fig. 3G shows a schematic
of AB-stacked and twisted bilayer graphene, while Fig. 3H

Fig. 2 Morphology control of functionalization via molecular substituent effects. (A) Schematic of 4-docosyloxy-benzenediazonium (DBT) molecules in
organic solvent for deposition onto graphene. (B) Schematic of DBT molecules self-assembling on graphene surface in rows prior to electrochemical
covalent grafting to graphene. (C) STM current image of DBT molecules self-assembled on graphene. (D) Schematic of dinitrophenyl iodonium salt
functionalization of graphene. (E) Calculated structure and isosurface of the integrated local density of states within 0.5 eV of the Fermi level for single
nitrophenyl group (left), and corresponding STM image (right). (F) Calculated structure and isosurface of the integrated local density of states within
0.5 eV of the Fermi level for double nitrophenyl group (left), and corresponding STM image (right). (G) Schematic illustration of oligomer formation from
4-nitrobenzenediazonium (4-NBD) salt, and monomer formation from 3,5-bis-tert-butylbenzenediazonium (3,5-TBD) salt. (H) STM image of 4-NBD
functionalized graphene, with B1.5 nm tall oligomer features. (I) STM image of 3,5-TBD functionalized graphene, with B0.5 nm tall monomer features.
Panels (A–C) reprinted with permission from Xia et al.31 Copyright 2016 American Chemical Society. Panels (D–F) reprinted with permission from Gearba
et al.32 Copyright 2016 John Wiley and Sons. Panels (G–I) reprinted with permission from Greenwood et al.36 Copyright 2015 American Chemical Society.
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Fig. 3 Strain and layer number control of diazonium functionalization. (A) Schematic illustration and photograph of graphene supported on PDMS sheet
undergoing mechanical strain while droplets of diazonium solution are on top. (B) Schematic of covalently attached groups after functionalization.
(C) Increase in D/G ratio indicating increasing covalent functionalization with 4-methoxybenzenediazonium (4-MBD) salt for strained (15% strain) and
unstrained graphene, showing much higher reaction rate for the strained graphene. (D) Raman spectra for strained (15% strain) and unstrained graphene
with 4-MBD functionalization. (E) Schematic of transitions in bilayer graphene resulting in four sub-peaks in 2D Raman peak. (F) Raman spectra of
(i) unfunctionalized, (ii) noncovalently functionalized, and (iii) covalently functionalized AB-bilayer graphene. (G) Schematic illustration of functionalization of
AB-stacked bilayer graphene and twisted bilayer graphene (tBLG). (H) Raman spectra of AB-graphene and tBLG before and after diazonium functionaliza-
tion, showing much reactivity for tBLG. Panels (A–D) reprinted with permission from Bissett et al.38 Copyright 2013 American Chemical Society. Panels
(E and F) reprinted with permission from Wang et al.42 Copyright 2013 American Chemical Society. Panels (G and H) reprinted with permission from
Ding et al.44 Copyright 2016 American Chemical Society.
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shows typical Raman spectra of functionalized AB-stacked and
twisted bilayer graphene. The electronic structure of twisted
bilayer graphene depends on the twist angle between the two
layers, and differs from that of normal AB-stacked bilayer
graphene. In these reports, the AB-stacked and twisted bilayer
graphene samples were supported on solid substrates, so the
roles of substrate character, charges, and strain were not
independently explored. These results emphasize the impor-
tance of electronic and physical structure in the reactivity
mechanism, and demonstrate that further work will be needed
to deconvolve the effects of layer number, electronic structure,
and strain. Biswal et al.30 have recently used a sodide reductant
to treat graphene, followed by treatment with alkalides, resulting
in organic groups covalently attached to the graphene lattice.
This approach was shown to functionalize both layers of bilayer
graphene, perhaps due to intercalation or diffusion of reactants
between layers.

1.2 Functionalization methods

Diazonium functionalization has been achieved both passively
by exposing graphene to diazonium solutions at mild condi-
tions and by application of an electrochemical bias.35,42,45–47

In electrochemical methods, the applied voltage accelerates the
reaction by either bringing more of the diazonium ions toward
the surface of graphene and locally increasing the molecular
concentration, or by shifting the Fermi level of graphene to
increase the degree of orbital overlap for electron transfer.15

In passive methods, the graphene is exposed to the reagents in
aqueous or organic solvent solution at defined concentrations.
Typically, these two main approaches are used for distinct
sheets of graphene supported on substrates. Both approaches
result in the formation of covalent attachment of groups on the
surface of graphene, but the electrochemical method is much
faster and reaches a much higher density of functionalized
sites. However, the passive method is simpler to implement
and offers more precise control over the degree of reaction due
to its slower kinetics.

Beyond functionalizing graphene supported on surfaces,
it is important to be able to functionalize graphene in larger
quantities. Wet chemical methods8 to generate large bulk
volumes of functionalized material are useful for scaled up
production of materials for many applications. Englert et al.48

demonstrated the functionalization of bulk graphene flakes in
a liquid dispersion. Ossonon et al.49 have demonstrated simul-
taneous exfoliation from bulk graphite and functionalization
of the exfoliated graphene sheets using an anthraquinone
diazonium ion. The resulting covalently functionalized material
has increased surface area and dispersibility because the sheets
do not reaggregate. Similarly, Leroux et al.50 electrochemically
exfoliate graphite, and then introduce a diazonium salt into the
solution for electrochemical functionalization in a second step.
Ejigu et al.51 combine the electrochemical exfoliation and func-
tionalization in one step.

The covalent functionalization of graphene via the formation
of graphite intercalation compounds (GICs) followed by arylation
or alkylation by aryl diazonium salts and iodonium salts has also

been shown.8,34,48 The degree and homogeneity of functionaliza-
tion in this approach is influenced by the type of reagent in the
second step, with the iodide salts being milder and thus more
regioselective in its functionalization of graphene.34

1.3 Changing graphene properties

Covalent functionalization of graphene by aryl diazonium salts
can change the physical properties of graphene. Here, we
review recent progress on changing the electronic and magnetic
properties of graphene by functionalization with a variety of
diazonium salts.12

1.3.1 Electronic properties. The formation of covalent
bonds with the graphene lattice changes the sp2 hybridization
of the carbon atoms to sp3 hybridization. One of the early goals
of functionalization was to open a bandgap in the otherwise
zero-gap graphene. With covalent functionalization, a decrease
in carrier mobility is often observed. We showed for monolayer
and bilayer graphene in Shih et al.45 that conductivity remained
relatively high even at high degrees of functionalization because
while mobility decreases the carrier concentration increases.
We found that the bandgap opening for monolayer graphene is
only on the order of meV, but that bilayer graphene retains a dual-
gated bandgap when an electric field is applied (see Fig. 4A and B
for resistivity curves as a function of back and top gate voltages,
respectively). We used an electrochemical approach to achieve
high conversion rates (i.e. high areal densities of covalent func-
tionalization). The small magnitude of the measured transport
bandgap compared to 1–2 eV predicted by theory,52 has contribu-
tions from disorder in the graphene due to the SiO2 substrate and
due to spatial heterogeneity of the functionalization, leading to
many midgap states. Similarly, Huang et al.53 found that graphene
covalently functionalized by nitrophenyl diazonium has overall
increased conductivity because the charge transfer from p-doping
of the nitrophenyl groups is dominant over charge scattering
from covalent bonds (see Fig. 4C and D for resistivity and Hall
effect measurements, respectively). Koehler et al.54 also observed
p-doping with nitrophenyl diazonium functionalization and a
small decrease in mobility. Bromophenyl diazonium functionalized
graphene also showed some similar trends.55 We also found that
the presence of molecular impurities such as surfactants used in
processing affects the transport properties.56

The selection of substituent groups on the diazonium salts
can also affect the resulting electronic and transport properties
of graphene. Bousa et al.57 studied various halogenated diazo-
nium salts, and found that increases in resistivity were corre-
lated with electronegativities of the substituents. Tang et al.58

calculated the effect of covalent attachment of phenyl groups
on one or both sides of graphene on the conductivity, and
found that single-side functionalized graphene behaves as a
semiconductor while double-side functionalized graphene is
metallic.

1.3.2 Magnetic and spin properties. The magnetic properties
of graphene can be changed by covalent functionalization.
Santos et al.59 found by density functional calculations that
covalent functionalization with a broad range of substituents
on the same graphene sublattice leads to ferromagnetic behavior.
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Other arrangements lead to nonmagnetic or antiferromagnetic
configurations (see Fig. 4E). Periodic superlattice arrangements of
covalent functionalization calculated by Jing et al.60 showed spin-
polarized effects and bandgap opening. In these computational
studies, the graphene is assumed to be unstrained and any effects
of external charges are not taken into consideration.

1.4 Spatial patterning of reactions

The spatial patterning of these covalent functionalization reac-
tions is another mode of control over the chemistry of graphene
that will enable further advances in the application areas
we review below (edges, nanopores, sensing, etc.). The main
approaches can be categorized as bottom-up or top-down.
In bottom-up approaches, we have shown in Wang et al.15 that
the substrate underneath graphene controls the presence of
electron–hole puddles, which in turn direct the diazonium
reactivity. Thus, by forming a microscale pattern of initial
surface treatments on the substrate supporting graphene, we
can direct the location of diazonium reaction on graphene.
A schematic illustration of the substrate patterning procedure
is shown in Fig. 5A, an AFM image of the substrate patterned
with an organic molecule is shown in Fig. 5B, and the resulting
Raman D/G ratio map indicating patterned reactivity is shown
in Fig. 5C. Another instance of the supporting substrate pat-
terning the reactivity of graphene was shown by Navarro et al.61

Epitaxial graphene grown on Ru(0001) has a Moiré pattern due
to lattice mismatch, resulting in periodic nanopatterning of the
charge transfer from substrate to graphene that in turn that
directs the covalent functionalization via cyanomethyl radicals
generated from the homolytic breaking of acetonitrile (CH3CN).

The benefit of these substrate-based, bottom-up approaches is
that the top surface of graphene is free to undergo other
reactions without further processing. The intentional patterning
of Wang et al.15 has more versatility in geometry, while the Moiré
pattern in the graphene on Ru(0001) case is limited by the
naturally occurring lattice mismatch.

Another bottom-up approach is demonstrated by Xia et al.31

as described above. By synthesizing diazonium salts with a long
aliphatic chain that help the molecules self-assemble in rows
on the graphene surface prior to covalent functionalization
with an electrochemical pulse, the covalent functionalization
is thus ordered in nanoscale patterns (see Fig. 4A–C above).

In top-down approaches, scanning probes are used to control
the locations of covalent functionalization. Hossain et al.35 and
Greenwood et al.36 used scanning tunneling microscope (STM)
tips to desorb molecules in nanoscale regions of diazonium
functionalized epitaxial graphene. Fig. 5D shows an STM image
of covalently functionalized epitaxial graphene, and Fig. 5E–G each
show STM images of graphene patterned by the STM tip desorbing
the attached molecules in lines and shapes. The defunctionalized
regions of graphene recover their original electronic properties.35

Wang et al.42 also used an atomic force microscope (AFM) tip in
contact mode to physically remove the attached organic groups,
but the resulting sp3 bond was still present in the form of a D-peak
in the Raman spectra.

An electrochemical functionalization method has been
demonstrated by Cui et al.62 to induce etching of graphite to
form a porous structure that can be used for electrochem-
iluminescence sensing. Kirkman et al.63 used scanning electro-
chemical cell microscopy (SECCM) to create micron-scale patterns

Fig. 4 Electronic and magnetic properties from functionalization. (A) Resistivity vs. back gate voltage curves measured for monolayer graphene at
different degrees of nitrophenyl diazonium functionalization. (B) Resistivity vs. top gate voltage for dual-gated bilayer graphene devices for different
degrees of functionalization. (C) Experimentally measured current–voltage curves for pristine and nitrophenyl diazonium functionalized graphene.
(D) Hall effect measurements showing higher hole concentration in functionalized graphene. (E) Calculated spin-polarized density of states for one
covalently bound molecule per graphene supercell, with Fermi level at zero and green shaded regions indicating pristine graphene density of states.
Panels (A and B) reprinted with permission from Shih et al.45 Copyright 2013 American Chemical Society. Panels (C and D) reprinted with permission from
Huang et al.53 Copyright 2011 American Chemical Society. Panel (E) reprinted with permission from Santos et al.59 r IOP Publishing & Deutsche
Physikalische Gesellschaft. CC BY-NC-SA.
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Fig. 5 Spatial patterning of functionalization. (A) Schematic illustration of patterning the underlying SiO2/Si substrate with a PDMS stamp and
octadecyltrichlorosilane (OTS), followed by transfer of CVD graphene and formation of pattern in diazonium functionalization. (B) AFM image of OTS
patterns. (C) Raman map of D/G ratio showing patterned diazonium functionalization. (D–G) STM images of diazonium oligomers on epitaxial graphene,
with lines patterned via STM desorption. (G) STM image of pattern formed by using STM tip to desorb diazonium monomers. (H) Schematic of diazonium
functionalization. (I) Schematic of scanning electrochemical cell microscopy (SECCM) setup for patterning. (J) Cyclic voltammogram (CV) recorded using
SECCM setup with 4-carboxybenzenediazonium tetrafluoroborate (4-CBD). (K) AFM image of patterned regions of diazonium functionalization at
different settings. (L) Height of patterned regions as function of hold time and voltage. (M) Current vs. time traces during deposition for different voltages.
Panels (A–C) reprinted with permission from Wang et al.15 Copyright 2012 Nature Publishing Group. Panels (D–I) from Kirkman et al.63 Copyright 2014
American Chemical Society. Panels (D–F) reprinted with permission from Hossain et al.35 Copyright 2010 American Chemical Society. Panel (G) reprinted
with permission from Greenwood et al.36 Copyright 2015 American Chemical Society. Panels (H–M) reprinted with permission from Kirkman et al.63

Copyright 2014 American Chemical Society.
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of functionalization. By varying the voltages and hold times during
electrochemical patterning, the height and degree of functionali-
zation of the patterned regions were controlled. A schematic of the
reaction is shown in Fig. 5H, while a schematic of the SECCM
setup is shown in Fig. 5I. Cyclic voltammetry traces are shown in
Fig. 5J. A resulting pattern of dots on the graphene surface are
shown in Fig. 5K, and the heights of the dots as a function of
SECCM hold time are shown in Fig. 5L. The currents measured in
the system as a function of reaction time are plotted in Fig. 5M.
In a similar work, Zhou et al.64 used an electrochemical nano-
pipette filled with a diazonium salt solution ink to locally deliver
the diazonium salt to the surface of graphite, forming micron-
scaled regions of functionalization.

1.5 Graphene composites, heterostructures, and materials
interfaces

The covalent functionalization of graphene including via aryl
diazonium salts has been exploited to form robust interfaces
between graphene and a variety of other materials and structures,
resulting in interesting hybrid and composite materials with useful
properties. In contrast to noncovalent chemistries, or merely a
physical combination of graphene with other materials, the cova-
lent linkage is more robust, and results in a closer coupling of
physical, chemical, mechanical and electronic properties. Here, we
review recent progress on covalent electron transfer chemistry
used to link graphene with inorganic nanoparticles, other graphene
sheets, and polymers. In the papers reviewed here, there are
improvements in various properties due to the covalent linkage
between graphene and other materials. The covalent bonding is
important in heterostructures to gain a closer coupling between the
heterogeneous components, beyond what can be achieved by
physical combinations or noncovalent combinations. In the future,
the initial approaches reviewed here will need to be generalized to
other types of 2D materials in a systematic way to expand the
possibilities for strongly coupled heterostructures.

1.5.1 Nanoparticles. Inorganic nanoparticles such as metals
and semiconductors have been decorated onto graphene and
graphene oxide sheets with implications for energy generation,
energy storage, electronics, and biological applications.65–67

Covalent interactions often involve the linking of inorganic
nanoparticles to graphene, which has been used for advanced
Li-ion battery anodes.68–71 Enhanced capacity retention is seen
over electrostatically coupled Si/graphene systems for Li ion
batteries.72 Li et al.73 use diazonium functionalization to attach
a polymer layer around Si nanoparticles, which is then wrapped
in graphene and pyrolyzed for a tight connection. This compo-
site material has better performance than a physical mixture of
graphene and Si nanoparticles. Yang et al.74 also use covalent
coupling of graphene and Si nanoparticles to improve the
electrical conductivity between them for Li ion batteries. Semi-
conducting CdSe nanoparticles covalently coupled to graphene
by Jung et al.75 showed improved carrier transport in a flexible
photovoltaic device over a similar noncovalently coupled system.
The covalently coupled system had higher photocurrents and
quantum efficiencies than the CdSe nanoparticles alone.
Fig. 6A shows a schematic of the coupling between graphene

and CdSe nanoparticles. Time-resolved fluorescence spectra of
noncovalent and covalently coupled graphene/CdSe are shown in
Fig. 6B and C.

1.5.2 Graphene sheets. Graphene sheets have been formed
into paper-like bulk film structures by many groups,76,77 but
recently the use of graphene covalently functionalized by
benzenesulfonic acid groups by Huang et al.78 has led to
improved mechanical performance as measured by the Young’s
modulus and tensile strength and conductivity, with marked
improvements over those seen in nanopapers based on graphene
oxide. Fig. 6D shows a schematic of benzenesulfonic acid
functionalization of graphene, which resulted in the graphene
paper composite shown in the SEM image of Fig. 6E. The tensile
strength and Young’s modulus of this composite as a function of
annealing temperature are plotted in Fig. 6F. In a graphene paper
where many sheets of graphene are stacked together, the con-
ductivity can be increased via bifunctional linker molecules, as
shown by Liu et al.79 A double covalent connector between two
graphene sheets improves over the conductivity of unmodified
graphene sheets, but is not as conductive as a bipyridine mole-
cular wire connector.

1.5.3 Polymers. Composite materials from graphene and
polymers have been extensively studied for many years,80 and
are well covered in several earlier reviews.81,82 Many approaches
to covalent attachment of polymers to graphene require using
graphene oxide (GO) or reduced GO, which have more func-
tional groups for functionalization.83 Some recent advances in
the area include using an aryl diazonium covalent functionali-
zation to attach functional groups to graphene without oxidation
to undergo RAFT polymerization.84 The resulting graphene/hydrogel
composite (see SEM image of morphology in Fig. 6H) had improved
pH sensitivity and mechanical properties (see Fig. 6I), and was used
for drug delivery. Xiong et al.85 demonstrated the use of a
polystyrene-based diazonium salt to functionalize graphene and
form cross-linking activated with UV light. A layer-by-layer deposi-
tion method was used in conjunction with the cross-linking to form
multilayer composites with very high capacitance retention as
electrodes in supercapacitors. Li et al.86 also prepared electrodes
for Li ion batteries by the diazonium treatment of rGO followed by
radical polymerization.

1.6 Future directions

The covalent functionalization of graphene has seen important
new advances in the past few years, but we still need better
control over reaction sites at the atomic scale and spatial
geometries in order to achieve advances in band gap engineering,
magnetic and spin properties, and selective functionalization.
Promising recent advancements are the work by Greenwood
et al.36 to limit the functionalization to monolayer thickness by
appropriate design of the molecular components, and the work
by Gearba et al.32,33 on dinitrophenyl iodonium salt function-
alization that has a preference for attachment in pairs in the
same sublattice. Careful design of the molecular building
blocks to control these aspects of functionalization will be
important for future developments. Other fundamental questions
that need to be answered include clear mechanistic understanding
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of the role of strain, layer number, substrates, applied fields,
and concentrations. The use of scanning electrochemical
probes to define the locations of functionalization like in the
work of Kirkman et al.63 will enable further control of spatial
geometry. Combining detailed atomic- and nanoscale charac-
terization with careful design of molecular substituents,
coupled with first principles calculations, will enable further
control over chemical functionalization and resulting properties.
Better understanding of the fundamentals of the functionaliza-
tion reactions as described above will then enable directed
engineering of resulting properties and engineering of the

interfaces between graphene and other structures. Recent
work has shown that covalent linkages between graphene
and polymers, nanoparticles, and other graphene sheets
have distinct advantages in stability and properties over non-
covalent or electrostatic interactions. An important future
direction will be expanding these linkages to other types of
2D materials for making engineered heterostructures with
more clearly defined properties and robust performance. For
example, the diazonium functionalization of phosphorene87

and chemically exfoliated molybdenum disulfide88 have recently
been demonstrated.

Fig. 6 Composite materials and heterostructures from graphene. (A) Schematic illustration of covalent and noncovalent coupling of CdSe nano-
particles. (B and C) Time-resolved fluorescence spectra of CdSe (red), noncovalent CdSe/graphene (blue), and covalent CdSe/graphene (green).
(D) Schematic of benzenesulfonic functionalization of graphene. (E) SEM image of benzenesulfonic functionalized graphene nanopaper. (F and G) Tensile
strength and Young’s modulus of benzenesulfonic functionalized graphene paper annealed at different temperatures, compared to graphene oxide (GO)
and steel. (H) SEM image of graphene hydrogel. (I) Graphene hydrogel after compressive testing. Panels (A–C) reprinted with permission from Jung
et al.75 Copyright 2014 Royal Society of Chemistry. Panels (D–G) reprinted with permission from Huang et al.78 Copyright 2012 American Chemical
Society. Panels (H and I) from Liu et al.84 Copyright 2014 Elsevier Ltd.
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2. Chemistry to create graphene
nanopores
2.1 Potential applications of nanoporous graphene

The many exciting potential applications of nanoporous
graphene,89–121 or graphene containing pores with diameters
on the order 100 nm or less, provide a motivation for the
development of techniques to fabricate graphene nanopores.
One class of potential applications of nanoporous graphene
materials involves processes in which atomic or molecular
species translocate through the pores in a graphene membrane.
For example, in nanopore sequencing, DNA or RNA molecules
in an electrolyte solution can be driven through a nanopore
under the influence of an applied voltage, and fluctuations
in the ionic current during the translocation can be used to
deduce the nucleotide sequence.89–93 This technique has been
demonstrated using biological nanopores, but graphene’s
excellent mechanical strength and electrical conductivity may
enable new approaches to rapid, low-cost, amplification-free
sequencing.90,91,121 Another example is chemical separations.94–99

Pores of controlled shape and size may permit some molecules
to cross a graphene membrane while blocking others.94–99 Nano-
porous graphene has the potential to achieve extremely high flux
and selectivity for gas mixture separations, which could substan-
tially reduce energy requirements and costs compared to other
separation technologies.94–99 This material also demonstrates
great promise in other separation processes like water
desalination105,108,115–118 and filtration.104,107

2.2 Overview of techniques for graphene nanopore fabrication

The key to enabling all of these applications lies in the develop-
ment of techniques for fabricating graphene nanopores with
controlled shape, size, and spatial distribution. Though a wide
range of nanopore fabrication techniques has been investigated,
this remains a significant synthetic challenge, and the devel-
opment of new methods capable of synthesizing nanopores
with precise atomic-scale control is an active area of investigation.
Some studies have focused on bottom-up synthesis techniques
to synthesize graphene with preexisting pores.96 However, most
techniques focus on top-down synthesis, starting with pristine
graphene and introducing pores through etching. One class of
top-down techniques involves physical processes, wherein carbon
atoms are knocked out of the graphene lattice by irradiation
with high energy electrons or ions.94–96,122,123 Another class of
techniques relies on chemical reactions involving electron transfer
between the graphene and other atomic or molecular species to
remove carbon atoms from the lattice.94–96,123–130 Many of these
top-down techniques can also be used in conjunction with a mask
or a template to control the pore shape, size, and distribution.96

In this section, we review several of the most important
chemical etching techniques for graphene nanopore formation
with a focus on the relationship between etching process
conditions and resulting graphene nanopore morphology.
One etching technique consists of graphene losing electrons
from its lattice by chemical oxidation with molecular oxygen or
ozone.124–127,131–136 Reactions between graphene and oxygen- or

hydrogen-containing plasmas may also introduce nanopores.
Liquid phase oxidative etching reactions similar to the pro-
cesses typically used to synthesize graphene oxide may also
be used to create nanopores.123,128–130 Finally, nanoparticle-
catalyzed reactions represent a final chemical technique for
nanopore fabrication.

2.3 Graphene nanopore nucleation and growth

Several features of the graphene nanopore formation process
are universal among all the pore formation techniques considered
here. Logically, nanopore formation must always occur through
two steps: nucleation and growth.123,137 Nucleation occurs when
the first carbon atom is removed from the graphene lattice.123,137

This step may occur at a pristine basal plane site or at a defective
lattice site such as a Stone–Wales defect. Once the initial vacancy is
formed, growth proceeds via the removal of unsaturated carbon
atoms around the initial site.123,137 These processes may involve
identical chemical reactions, but due to differences in the
chemical properties of carbon atoms in different bonding con-
figurations, the rates may be substantially different.126,138,139

In general, nucleation at pristine basal plane sites tends to occur
more slowly than reactions occurring at defect or edge sites.126 The
sp2-hybridization of carbon atoms in graphene’s basal plane make
these sites very stable.126 Intuitively, fewer graphene lattice bonds
must be broken to remove a carbon atom from the edge of a
growing pore than to remove the first carbon atom from the lattice.
Through all these etching processes, the relative rates of pore
nucleation and growth at different surface sites under different
process conditions play a critical role in determining the number,
size, and distribution of pores that are formed.126,139,140

2.4 Oxidation with molecular oxygen

Oxidation with molecular O2 is an important approach for
creating pores in graphene films.124–127,139,140 While graphite
and graphene are resistant to oxidation under normal atmo-
spheric conditions,126 many studies have shown that O2 can
etch pits in graphite at temperatures above 600 1C via the
overall reactions C + 1

2O2 - CO and/or C + O2 - CO2, where the
dominant reaction depends on the process conditions.141–147

To date, fewer experimental studies have examined single or
few layer graphene etching with molecular O2 and charac-
terized the morphology of the nanopores resulting from this
process.124,125,127

Liu and coworkers studied the oxidation of mechanically
exfoliated graphene on SiO2/Si substrates.125 The authors oxidized
these samples for 2 h in a mixture of Ar and O2 gas at tempera-
tures ranging from 200–600 1C and used atomic force microscopy
(AFM) to observe the formation of etch pits. The authors’ samples
possessed adjacent regions of single, double, triple, and multi-
(43) layer graphene, enabling them to study the etching reactions
as a function of layer number. The authors observed that etch
pits were formed in these samples under some conditions due
to the oxidation of graphene by O2. In general, the etch rate
increased at higher temperatures, but the etching kinetics and
pit morphology varied substantially with the sample layer
number. No etching was observed at temperatures of 400 1C

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 A
SU

 L
ib

ra
ry

 o
n 

31
/0

7/
20

17
 2

3:
47

:5
0.

 
View Article Online

http://dx.doi.org/10.1039/C7CS00181A


This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 4530--4571 | 4543

or lower on any graphene samples. After oxidation at 450 1C
and 500 1C, circular etch pits with a broad distribution of
diameters around B20 nm were observed on the single layer
graphene samples (Fig. 7A), while no etching was observed on
the double or triple layer samples at this temperature. The
broad diameter distribution suggests continuous stochastic
nucleation of etch pits. Etching was observed in the multilayer
samples only at temperatures of 600 1C. In this case, the
distribution of etch pit diameters was much narrower, sug-
gesting that the etching process began at preexisting defects
rather than the defect-free basal plane sites. These significant
differences in etching behavior as a function of graphene layer
number may arise due to structural deformation of the single
layer graphene on the SiO2 support, which could increase
reactivity of these surface sites towards oxidation. The authors
also report that basal plane oxygen species also strongly hole
dope graphene, inducing a Fermi level shift of B0.5 eV, but
these changes can be partially reversed by driving oxygen
desorption under Ar gas flow or UV light.

Jones, et al. also studied mechanically exfoliated single, dou-
ble, and triple layer samples on SiO2 substrates.124 The authors
oxidized these samples in O2 for 30 min at temperatures ranging
from 450–700 1C, and using AFM, they found that the pristine
single layer graphene formed etch pits beginning at 570 1C. The
discrepancy in etching conditions between the Jones and Liu
studies may arise from differences in graphene quality, process
conditions, or the technique used to identify the pores. Jones and
coworkers found that after pre-heating the single layer graphene
in vacuum prior to oxidation, the concentration of pit defects
was substantially reduced. The authors attribute this change to
increased adhesion between the graphene and the substrate. This
result emphasizes the role of the support in modifying the
reactivity of graphene; different supports may result in different
etching kinetics and pit morphology. The authors also found that
hydrogenating graphene using H2 plasma increased oxidation of
the single layer samples, decreasing the onset of oxidation to
500 1C. This is likely due to hydrogen-related defects such as
frustrated domains or vacancies, which are expected to have
higher reactivity than pristine basal plane sites.

Yamada, et al. provided the first demonstration of
sub-nanometer pore formation via molecular O2 etching of
graphene.127 The authors grew single layer graphene on copper
substrates using chemical vapor deposition (CVD), transferred
these films to transmission electron microscopy (TEM) grids,
and oxidized them in air for 5 h at temperatures ranging from
220–300 1C. Using aberration-corrected high resolution trans-
mission electron microscopy (HRTEM), the authors observed
sub-nanometer vacancies in the single layer graphene sheets
oxidized at temperatures of 260 1C and above (Fig. 7B). The
samples oxidized at 260 1C had a defect density on the order
of 1 defect per 100 nm2, while samples oxidized at higher
temperatures had larger defect densities. This study shows that
oxidation by molecular O2 has the ability to form very samples
nanopores with diameters on the order of B1 nm or less, which
may be critical for certain applications such as gas mixture
separation.

Various theoretical and computational studies employing
techniques including density functional theory (DFT) and
ab initio atomistic thermodynamic methods have revealed
insights about the mechanism of the O2 graphene etching
process.126,138–140,148–151 The oxidation process is predicted to
begin with O2 adsorption at the graphene surface. Molecular
oxygen can physisorb onto graphene basal plane sites and
diffuse on the surface, but this physisorbed does not lead to
chemical reaction.126,138,150 Oxygen molecules can also disso-
ciatively chemisorb at graphene basal plane sites, forming
epoxy groups. This process is energetically unfavorable with a
calculated adsorption energy of approximately 2 eV per O2,138

which makes the basal plane inert to oxidation below a critical
temperature, in accordance with experimental findings.126,138

Fig. 7 (A) AFM images showing single layer (1L) and double layer (2L)
graphene oxidized at 500 1C for 2 h under O2 partial pressure 350 Torr
with histogram of the etch pit diameter in the 1L region. Reprinted with
permission from ref. 125. Copyright 2008 American Chemical Society.
(B) Subnanometer pores introduced by O2 etching at 260 1C. (a1 and b1)
Phase images calculated via HRTEM exit wave reconstruction, scale bars
0.5 nm. (a2 and b2) Estimated atomic structures. (a3 and b3) Perspective
views of estimated atomic structures. (a4 and b4) Simulated HRTEM phase
images. Reprinted with permission from ref. 127. Copyright 2014 American
Chemical Society. (C) AFM images illustrating nanopore morphology in
graphene and graphite treated with ozone. (a) Single layer (1L), double
layer (2L), and triple layer (3L) graphene regions. (b) Graphite. Scale bars
500 nm. Reprinted with permission from ref. 134. Copyright 2011
American Chemical Society.
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In contrast, O2 dissociative adsorption at edges or vacancy
defects is strongly favorable and proceeds with no activation
barriers.126,138 For a four-atom vacancy site, simulations show
that the oxygen adsorption energy is approximately �8 eV per
O2.138 In this case, the O2 forms ether and carbonyl functional
groups on the carbon atoms around the defects. At high
temperatures, these groups may directly desorb as CO.126,138

At lower temperatures, these groups can facilitate the dissocia-
tive adsorption of additional O2 molecules, forming larger
oxygen-containing functional groups such as lactones and
anhydrides, which can then desorb as CO2.126,138 Kinetic Monte
Carlo simulations have suggested that the oxidation rate may
be higher for curved graphene.140 Overall, these simulations
reinforce several key results from the experimental studies: the
chemical nature of different surface sites leads to substantially
different reactivity, and oxidation rates are highly dependent on
process conditions.126,138,139

2.5 Oxidation with ozone

Ozone (O3) is a relatively unstable molecule that readily decays
to form O2. This process may proceed through atomic O as an
intermediate. Studies have demonstrated that ozone has the
ability to oxidize graphite, including forming vacancy defects
on the basal plane.152,153 Ozone can also oxidize single and
few layer graphene.131–135,154–160 Some works have provided
indirect evidence that ozone exposure can lead to the formation
of graphene nanopores.135,155 Some studies investigate
chemical etching through O3 exposure only, while others use
ultraviolet (UV) light irradiation as a technique for the for-
mation of O3.154,156,160,161 These UV-ozone processes could
proceed via a combination of chemical and photochemical
reaction pathways if the UV photons excite reactions at the
graphene surface.152,162 Among all these studies, so far only a
few studies have directly examined the morphology of the
resulting pores.134,136

Xu, et al. studied the effect of ozone on graphene nanosheets
prepared by thermal exfoliation and reduction of graphite
oxide.136 This starting material likely possessed have a more
disordered structure than graphene synthesized by CVD or
mechanical exfoliation.163 The authors found that after exposing
these graphene nanosheets to ozone at temperatures ranging
from 25–80 1C, a variety of oxygen-containing functional groups
including hydroxide, ether, and carbonyl groups, were formed
on the graphene surface, as determined via Fourier-transform
infrared spectroscopy (FTIR) and X-ray photoelectron spectro-
scopy (XPS). The authors used AFM to examine the morphology
of the ozone-treated material and found that the sheet thickness
was uniformly increased compared to the graphene starting
material, indicating that the oxygen functional groups were
introduced uniformly across the graphene. The AFM images
revealed that the graphene sheets were etched from the edges,
and pores on the order of 10–100 nm diameter were formed in
some regions, but the pore morphology and size distribution was
not studied in detail.

Tao and coworkers studied the ozone-induced oxidation of
mechanically exfoliated single, double, triple, and multi-layer

graphene on SiO2/Si substrates.134 After exposing the graphene
samples to ozone for periods of approximately 6–9 min, the
authors used AFM to image the sample morphology (Fig. 7C).
These images revealed that pores with a broad distribution of
diameters on the order of B10–100 nm were formed on all the
graphene sheets. The authors observed that qualitatively, the
pore diameter tended to increase with the sample thickness,
but quantitative diameter distributions were not determined.
The authors suggest that the single layer graphene may have
increased reactivity due to substrate-induced roughness,
similar to the findings of Liu, et al. discussed in the previous
section.125 The authors also propose that the pore diameter in
the thicker samples because the reaction may proceed more
quickly due to their increased flatness.

While they did not directly image pore morphology, Walker
and coworkers provide interesting evidence that ozone treatment
has the ability to form subnanometer – diameter nanopores in
graphene membranes.135 These authors examined ion transport
through graphene suspended over glass nanopores, and mea-
sured increased ionic current after exposing the membranes to
ozone, which suggests that this treatment created pores large
enough to enable the translocation of ionic species. The authors
used the magnitude of current increase to estimate that the
average pore diameter created by their ozone treatment process
was approximately 0.4 nm.

Several computational studies have examined the mechanism
and energetics of the ozone etching process.131–133,157,158 The
steps involved in ozone etching are similar to the steps in
O2 processing described previously: the reaction begins with
oxidant adsorption and ends with desorption of CO or CO2.131

However, since O3 can degenerate to form O2 and atomic O,
the ozone etching process has the added complexity of the
potential participation of all three of these oxygen species.131

One study by Lee and coworkers showed that O3 can physisorb
at the graphene basal plane with a binding energy of 0.25 eV,
and then chemically react to create O2 and an epoxy group.133

The energy barrier to the chemisorbed state was predicted to be
0.72 eV, and the chemisorbed state binding energy was 0.33 eV.
Cheng, et al. found that while O3 physisorption is possible,
the chemisorption of atomic O is much more energetically
favorable.131 This study predicted that graphene oxidation
proceeds via the sequential adsorption of several O atoms,
which leads to the formation of functional groups including
ethers and ketone on the graphene surface. Depending on the
binding configuration of the surface oxygens, either CO or CO2

can desorb as products. Cheng and coworkers also note that the
adsorption of atomic oxygen at surface defects is favored over
pristine basal plane sites,131 so pore nucleation at defects is
also likely in ozone etching processes.

2.6 Liquid phase oxidative etching

Liquid phase oxidative etching processes represent another
class of chemical process for the formation of graphene nano-
pores. Many techniques for graphene oxide synthesis involve
liquid phase oxidation of graphene or graphite with oxidizers such
as KClO3 and HNO3, as in the Staudenmaier method, or KMnO4,
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NaNO3, and H2SO4, as in the Hummers method.128–130,164 This
techniques produce graphene oxide with a highly disordered,
complex structure that can vary considerably depending on the
preparation conditions.128,130 This makes it difficult to determine
the morphology of nanopores that may be created by these
oxidative treatments. However, some experimental studies of
molecular permeation through graphene oxide provide evidence
that these materials do contain nanopores.94,99,100,165

One notable example of liquid phase oxidative etching for
the fabrication of controlled nanopores was provided by
O’Hern and coworkers.123 The authors synthesized single layer
graphene via CVD and transferred the material to TEM grids.
To nucleate pores, they introduced reactive defects in the
graphene via gallium ion bombardment. Then, to grow the pores,
they etched the material in a solution of 1.875 mM KMnO4

in 6.25% H2SO4. Finally, they imaged the pore structure using
aberration-corrected scanning transmission electron microscopy.
The authors found that the pore size and density increased with
etching time (Fig. 8A). At the longest etching time investigated,
120 min, the pore density reached approximately 80% of the
ion bombardment density, B5 � 1012 pores per cm2 (Fig. 8B).

The average pore diameter stabilized at 0.40� 0.24 nm at etching
times of 60 minutes and greater (Fig. 8C). In addition to direct
evidence of pore formation via the STEM images, the authors also
found evidence of oxygen-containing functional groups in the
etched graphene samples via XPS (Fig. 8D). This study illustrates
an exciting strategy of combining a physical process for pore
nucleation with a chemical process for pore growth, enabling fine
control of the pore diameter in the subnanometer size regime.

2.7 Plasma-based etching

2.7.1 Oxygen plasma. Plasmas are often used to treat
surfaces, in order to clean them. It is well known that exposure
of graphene to oxygen plasma can modify several important
properties of graphene such as its (lack of) photoluminescence,166

surface energy,167 electron mobility,168 and doping level,169 apart
from the creation of extended defects in the graphene basal plane.
As opposed to etching using molecular oxygen, oxygen plasma
enables the use of lower temperatures.170 Oxygen plasma is
essentially a soup of oxygen radicals and ions, at a low pressure,
and is extremely reactive. Accordingly, when graphene is exposed
to oxygen plasma, the carbon atoms react with the oxygen radicals

Fig. 8 Imaging and analysis of graphene nanopores created by ion bombardment followed by liquid phase oxidative etching in acidic potassium
permanganate. (A) Pore diameter distribution after 0, 5, 25, 60, and 120 minute etch times. (B) Pore density as a function of etch time. (C) Mean pore
diameter as a function of etch time. (D) Aberration-corrected STEM images of example pores observed in the graphene lattice along with X-ray
photoelectron spectra of the C 1s peak of pristine graphene and graphene etched for 120 min. Reprinted with permission from ref. 123. Copyright 2014
American Chemical Society.
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and ions to form carbon monoxide and carbon dioxide gases,
thereby being removed from the solid lattice. Typically, thermal
plasmas, in which the electrons, ions, and neutral species are in
thermal equilibrium, are used for the etching process.170 These
plasmas exist at comparatively higher pressures (above 0.1 atm).

Before the isolation of single layer graphene in 2004, several
authors had studied the effects of oxygen plasma exposure on
the graphite lattice. The earlier studies focused on using
scanning tunneling microscopy (STM) as the characterization
method. You et al. studied the effect of exposure of highly
ordered pyrolytic graphite (HOPG) to radio frequency (RF)
oxygen plasma for long times (410 min).171 Because of the
high power of RF plasma, the graphite was etched rapidly, and
the samples lacked any long-range features after exposure.
In contrast, Bourelle et al. studied the creation of defects in
the graphite basal plane using slight oxygen plasma treatment
(about 2–10 s), under an STM.172 They found that at room
temperature, mostly single vacancies were introduced in the
graphite lattice, and at higher temperatures of 400 1C, the
defects agglomerated into larger, extended defects. The authors
also studied the effect of irradiation time and power on the
nature of defects formed in the lattice.

More recent studies use a variety of techniques such as
Raman spectroscopy, transmission electron microscopy (TEM),
atomic force microscopy (AFM), and scanning tunneling
electron microscopy (STEM) to characterize the nanopores
and extended defects in graphene. A controlled use of oxygen
plasma can be used to form nanometer-sized pores in graphene,
as was shown by Surwade et al.,108 for use as a desalination
membrane. In this study, the exposure time of the plasma
(operated at 20 W) was tuned from 1–6 s to achieve the desired
size and density of the nanopores in graphene. The resulting
graphene membranes had 10 000 nanopores per mm2, with sizes
in the range of 0.5–1 nm. Fig. 9A depicts the aberration-corrected
STEM images of graphene after 1.5 s of exposure to the oxygen
plasma, wherein pores with a characteristic dimension of
around 1 nm can be clearly seen. The corresponding Raman
spectra characterizing the sample, showing an ID/IG ratio of
close to 1 is shown in Fig. 9B. Using these carefully created
pores, the membranes synthesized were able to demonstrate
nearly 100% salt rejection, coupled with rapid water transport.
In another study, Xie et al. used oxygen plasma (30 W, for 5 s) to
nucleate defects in graphene with a controllable density of up
to 1000 pores per mm2.173 They observed that the graphene
layers were severely etched at temperatures of 200 1C, and
therefore used lower temperatures of 30 1C and 50 1C for
nucleating defects. Fig. 9C depicts an AFM image of the defects
resulting from a 1 s exposure to the oxygen plasma. The authors
found that the defect density, obtained by counting the number
of defects in the image, increases linearly with time (Fig. 9D).
Subsequently, hydrogen plasma (15 W) at 400 1C, resulting in
an etching rate of 12 nm min�1, was used to widen the pores to
sizes ranging from 2 nm to 100 nm in size. This process of
nanopore enlargement is depicted in Fig. 9E and F, wherein
pores with a characteristic size of about 50 nm are seen after
hydrogen plasma treatment, as in Fig. 9F. Finally, it is also

important to understand the mechanical properties of
graphene exposed to oxygen plasma, because these properties
would limit the usage of defect-engineered graphene in various
applications. In this regard, Zandiatashbar et al. performed
atomic force microscopy (AFM) nanoindentation experiments
on a graphene sample containing nanopores several nm in
diameter, formed by exposing it to a 100 W oxygen plasma.174

As expected, they found that the elastic stiffness and the
breaking load of graphene dropped with an increase in the
density of the nanopores.

Computational studies have tried to shed light on the
mechanism behind the interaction of oxygen plasma with
graphene. Koizumi et al. used first-principles molecular dynamics
simulations to indicate that etching by oxygen plasma proceeds
according to a two-step mechanism: formation of precursor
lactone structures at vacancies, and the subsequent desorption
of carbon dioxide.175 Accordingly, atomic oxygen was found to be
the most effective component in the plasma, in terms of etching
capability. In a combined experimental and modeling study,
Paci et al. studied collision between atomic oxygen (O(3P)) and
highly ordered pyrolytic graphene using density functional theory-
based molecular dynamics simulations and beam-scattering
approaches.176 They found that epoxide and semiquinones func-
tional groups are present at defect sites, and get converted into CO
and CO2 through several mechanisms. It is expected that nano-
pores formed using oxygen plasma treatment will be possibly
terminated with epoxy or hydroxyl functional groups.

2.7.2 Hydrogen plasma. Similar to oxygen plasma, hydrogen
plasma has been used for etching of the graphene lattice. Both
experimental and simulation studies have shown that the condi-
tions of the hydrogen plasma can be tweaked to achieve either
hydrogenation of the edges177 or their etching.178

Yang et al. studied the etching dynamics of graphene using
hydrogen plasma at 50–100 W power. They found that the
etching dynamics was consistent with that of methane for-
mation, and predominantly resulted in the formation of zigzag
edges.179 Felten et al. measured the energy distribution of H+,
H2

+, and H3
+ ions in the hydrogen plasma using energy-filtered

mass spectroscopy for various plasma conditions.178 By studying
the energy distribution of the various components, they con-
cluded that treatment outside the plasma discharge, which
involves low energy species such as hydrogen radicals, mainly
involves etching of the edges and substrated-induced puddle
regions, whereas direct treatment in the discharge involves
high-energy species such as H+, H2

+, and H3
+ ions. In another

study, Xie et al. found that the hydrogen plasma etched the
edges of graphene (with an etching rate of up to 0.27 nm min�1

for single-layer graphene).180 Further, they found that while at
room temperature or at higher temperature (500 1C), the
plasma (20 W power) hydrogenated the basal plane and intro-
duced defects, at intermediate temperatures (300 1C), it etched
the edges, leading to the formation of graphene nanoribbons.

With respect to the creation of extended defects, Diankov
et al. observed isotropic hole formation in the graphene
lattice.181 The areal density of etch pits in single-layer graphene
(mostly circular in shape) was found to be about 100 times

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 A
SU

 L
ib

ra
ry

 o
n 

31
/0

7/
20

17
 2

3:
47

:5
0.

 
View Article Online

http://dx.doi.org/10.1039/C7CS00181A


This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 4530--4571 | 4547

higher than on thicker graphene (where the etch pits were
mostly hexagonal in shape). They further found that the etching
of circular pits and monolayer edges proceed at similar rates,
indicating similar mechanisms at play. These observations
indicate that hydrogen plasma can be used to widen nano-
pores, once defects have been nucleated in the basal plane.
Finally, the authors also observed a temperature dependence of
the etching, as above: the etching was suppressed at higher
temperatures of 700 1C, and peaked at a temperature of around
400 1C.

In order to rationalize these observations, Harpale et al.
conducted large-scale molecular dynamics (MD) simulations
to understand the interaction of hydrogen plasma with the

graphene lattice, at an elevated temperature of 300 1C.182 They
found that the plasma condition, characterized by the hydrogen
ion energy, can be tuned to either: (i) etch graphene edges
without causing damage to the basal plane (around 1 eV), or
(ii) produce circular or hexagonal holes in the graphene lattice
(around 2 eV), or (iii) etch the basal plane (up to 30 eV). These
simulation findings plausibly indicate that the change in
temperature in experimental studies resulted in an effective
change in the hydrogen ion energies, leading to the different
behavior observed at different temperatures. Fig. 9H–J depict
molecular models of possible mechanisms for the etching of
zigzag and armchair edges, respectively, in graphene. In the
case of a zigzag edge (Fig. 9H), it is seen that an edge atom is

Fig. 9 (A and B) Creation of nanopores in the graphene lattice using oxygen plasma treatment in the study by Surwade et al.108 Reprinted with
permission. Copyright 2015, Nature Publishing Group. (A) Aberration-corrected STEM images of graphene after 1.5 s exposure to oxygen plasma. Pores
with characteristic dimensions of B1 nm are clearly seen. (B) Raman spectra of the graphene sample used for STEM imaging in (A), which shows ID/IG E 1.
(C–G) Creation and enlargement of nanopores in graphene using a combined oxygen plasma-hydrogen plasma approach, in the study by Xie et al.173

Reprinted with permission. Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) AFM images of enlarged nanopores in monolayer
graphene resulting from oxygen-plasma treatment at a temperature of 30 1C, under a power of 30 W, for an exposure time of 1 s. (D) Pore density as a
function of time for the sample shown in (A), is measured by counting the number of nanopores. (E) AFM image of a typical monolayer graphene after
oxygen-plasma irradiation. (F) Corresponding image of the sample after 4 min of hydrogen-plasma etching. (G) Size distribution of 100 nanopores from the
sample depicted in (F). Scale bar: 200 nm; color scale bar: 20 nm. (H–J) Mechanisms of edge etching of graphene nanoribbons using hydrogen plasma,
from the study by Harpale et al.182 Reprinted with permission. Copyright 2016, American Physical Society. (H and I) Zigzag edge etching: (H) formation and
detachment of CH3 by direct hydrogenation of the edge atoms, and (I) unzipping of the double-bonded edge C atoms by breaking of the inner C–C bonds.
(J) Armchair edge etching: breaking of the inner C–C bonds attached to triple-bonded edge atoms. (K) Creation of nanopores using nanoparticle-catalyzed
etching in the study by Wang et al.192 Reprinted with permission. Copyright 2014, American Chemical Society. TEM images of molecular-scale graphene
pores of various sizes, with mobile catalyst Si atoms on the edges, are shown. The lower panel images illustrate the corresponding atomic configurations.
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hydrogenated, followed by the removal of a CH3 moiety,
thus removing a carbon atom from the lattice. In another
mechanism at the zigzag edge (Fig. 9I), the inner atoms are
attacked by hydrogen, leading to the unzipping of the zigzag
edge. Finally, in the case of an armchair edge, the inner C–C
bonds attached to the triply-bonded edge atoms are broken due
to hydrogenation of the inner atoms. Due to the prevalence of
hydrogen species in the system, it is expected that nanopores
formed using hydrogen plasma treatment will be possibly
terminated with hydrogen atoms.

To summarize, in terms of plasma-based etching, optimization
of plasma etching conditions, such as exposure time, temperature,
and plasma power should enable the creation of extended defects
of the desired size and density. Developing a fundamental under-
standing of how different plasma components interact with
various features in the graphene lattice (edges, vacancies, and
the basal plane) would certainly help in this regard.

2.8 Nanoparticle-catalyzed etching

Nanoparticle-catalyzed etching of graphene is a novel method,
which has re-gained prominence in recent years, in which
transition metal atoms and their clusters are able to lower
the energy required for formation of extended vacancies in
graphene.183 The etching process has been postulated to be
a catalytic hydrogenation mechanism.184 That graphite can
be catalytically hydrogenated has been known for several
decades.185–188 Several studies have shown that the etching of
graphene can be effected along certain crystallographic orien-
tations in graphene, leading to the formation of armchair and
zigzag nanoribbons using, e.g., Ni,189 Fe,190 and SiOx

191 nano-
particles. In terms of nanopore creation, the use of smaller
diameter metallic clusters are more favorable, as they etch out
smaller portions of the lattice. For example, Wang et al. used
single Si atoms as etching catalysts to form nanopores ranging
from 6 Å to 21 Å in diameter, and used high resolution
transmission electron microscopy (TEM) to image the pores
as they were being formed.192 The TEM images of the resulting
nanopores and their corresponding molecular models are seen
in Fig. 9K. One can also see that the etchant silicon atoms get
incorporated into the graphene lattice, thereby stabilizing the
pore.193 The authors observed etching of the graphene lattice at
an electron beam energy of 80 eV, which is below the threshold
for removal of single carbon atoms from the lattice.194 These
observations were supported by ab initio calculations, which
demonstrated a reduction in the binding energy of a carbon
atom by about 1.19 eV, as compared to about 16 eV without
Si atoms.

It is noteworthy that most of the nanoparticle-catalyzed
etching studies are carried out at higher temperatures.195

Indeed, the prevalence of hydrocarbon contamination at room
temperature causes metal atoms to adsorb onto the hydro-
carbon layer, rather than on the graphene lattice, thereby
reducing the efficacy of etching. Moreover, Ramasse et al. found
that metal clusters were found to nucleate on areas with
hydrocarbon contamination.183 Therefore, if formation of small
nanopores, rather than etching of large swathes of graphene is

the goal, it seems that hydrocarbon contamination would best
be avoided, so that the metal atoms do not cluster.

Some experimental studies have estimated the energy
barriers involved in the metal-catalyzed etching process. Booth
et al. studied the stepwise oxidation of mono- and few-layered
suspended graphene using silver nanoparticles in an oxygen
atmosphere.196 They found an etching rate ranging from 0.01–
1 nm s�1, with an activation barrier of 0.557 eV, possibly
determined by the diffusion rates of nanoparticles. This finding
is corroborated by that of Pizzocchero et al., who found that
predominantly zigzag edges are observed during the silver
nanoparticle-catalyzed etching of mono-, bi-, and few-layered
graphene, with an activation barrier of 0.56 eV for the removal
of a carbon atom from the zigzag edge.197

Ma et al.198 and Qiu et al.199 rationalized the observations of
experimental studies using density functional theory calculations.
Calculated interfacial formation energies of transition metal–
graphene edges showed that the lower-index armchair and zigzag
edges are able to achieve good alignment with the faces of the
nanoparticle, and therefore strongly-binding nanoparticles (e.g.,
Fe, Co, Ni) are guided along those directions, leading to preferred
etching. On the other hand, weakly binding atoms such as Cu and
Ag tend to etch graphene in more random directions,198 whereas
Au atoms do not aid the etching process by a lot.200 Calculations
also indicated that the etching of zigzag edges is slower than
that of armchair edges, thereby explaining why zigzag edges are
more prevalent in the etched graphene samples. These findings
throw light on the kind of edge structures one can expect while
forming nanopores in graphene using transition metal-catalyzed
etching. Finally, it is plausible that nanopores formed using
nanoparticle-catalyzed etching will be possibly terminated with
hydrogen atoms.

2.9 Future directions

The above review of the literature indicates that the research
community is making progress towards the controlled manipu-
lation of graphene etching conditions to fabricate nanopores
of the desired size, shape, and spatial distribution. With
an outlook towards the future, there are several remaining
challenges that must be addressed to enable even more precise
nanopore synthesis techniques. The key challenge for all
chemical etching techniques is understanding how different
treatment conditions affect the rates of nucleation and growth
processes at different types of graphene surface sites as basal
plane sites, vacancy defects, and edges. Improved fundamental,
atomic-level understanding of these processes will enable the
design of etching conditions to tune the rates of nucleation and
growth as necessary to achieve the desired pore morphology.

One promising strategy for controlled pore growth is using
different conditions or etching techniques to separate the
nucleation and growth steps, as demonstrated by O’Hern and
coworkers.107,123,201 This could enable the fabrication of pores
with narrower size distributions than etching methods that rely
on stochastic nucleation simultaneous with growth. The devel-
opment of more sophisticated and precise oxidants than those
that are currently employed would also represent a significant
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advancement. For example, oxidizing agents that are designed
to recognize and react with only certain types of graphene
surface sites such as single atom vacancies or armchair
edges, for example, could provide a new level of control of
these etching processes. To this end, the development of new
liquid phase oxidative etching and nanoparticle-catalyzed
etching procedures are promising, underexplored research
directions.

3. Chemistry on graphene edges
3.1 Properties of graphene edges

Aside from graphene nanopores, other graphene-based structures
with high edge density include graphene nanoribbons and
graphene quantum dots.202 Graphene nanoribbons are quasi-
one-dimensional structures with nanometer-sized widths, and
graphene quantum dots are quasi-zero-dimensional nano-
flakes. These graphene edge-abundant materials possess intri-
guing electronic203,204 and optical properties205–207 due to edge
effects and quantum confinement effects.208 This subsection
reviews the chemical and electronic properties of different
types of graphene edges.

3.1.1 Stability of zigzag and armchair edges. Two main
types of graphene edges have been investigated theoretically
and experimentally: zigzag edges and armchair edges. The two
types of edges can be derived from a perfect graphene honey-
comb lattice by slicing it in two different crystallographic
orientations (Fig. 10A).209 Dangling s and p bonds with unsatu-
rated sp2 and pz orbitals exist at unterminated graphene edges.210

Although zigzag edges have a lower number of dangling bonds per
unit edge length, they are energetically less favorable than arm-
chair edges.209 This can be interpreted from several perspectives.
Firstly, triple bonds are formed at armchair edges, which reduce
their energy,211 while this does not happen at zigzag edges.
Secondly, Clar’s representation is used by chemists to explain
the reactivity of polycyclic aromatic hydrocarbons (PAH).212,213

A Clar sextet can be assigned to a carbon hexagon if it allows
two complementary Kekulé resonant configurations.214 A benzene
molecule is the simplest example of a Clar sextet. For large PAH
molecules, the most stable structure is the one maximizing the
number of Clar sextets, which is called the Clar formula.213

Graphene has threefold equivalent Clar formulas with no isolated
carbon–carbon double bonds, indicating that graphene is a fully
benzenoid structure with high stability (Fig. 10B).214 Graphene
edges break the perfect Clar formula, introducing localized CQC

Fig. 10 Graphene edges. (A) Formation of graphene edges by cutting along two different crystallographic directions: zigzag edges (blue) and armchair
edges (red). Reprinted with permission from ref. 209. Copyright 2016 John Wiley and Sons. (B) Resonance structures of graphene. Two sets of arrows
indicate two other equivalent Clar formulas. Reprinted with permission from ref. 214. Copyright 2013 American Chemical Society. (C) Clar representation
of a zigzag-edged graphene nanoribbon with a width of three hexagons. Only a finite number of Clar sextets are allowed to form on the edge. Reprinted
with permission from ref. 213. Copyright 2010 American Chemical Society. (D) Clar representation of an armchair-edged graphene nanoribbon with fully
benzenoid structure. Reprinted with permission from ref. 215. Copyright 2008 Elsevier. (E) Transitions of the wavevector in reciprocal space due to
intravalley and intervalley scatterings at zigzag and armchair edges, respectively. Reprinted with permission from ref. 214. Copyright 2013 American
Chemical Society. (F) Atomically resolved STM image (upper) and simulated STM image from first-principles calculation (lower) of a zigzag graphene
edge. Reprinted with permission from ref. 219. Copyright 2013 American Chemical Society. (G) Band gap measured by tunneling spectroscopy as a
function of ribbon width in (a) armchair and (b) zigzag nanoribbons. Reprinted with permission from ref. 220. Copyright 2014 Nature Publishing Group.
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bonds to different extents depending on the type of the edge.
Zigzag-edged graphene molecules cannot be represented by a fully
benzenoid structure and are bound to contain localized double
bonds.209 For example, a zigzag-edged graphene nanoribbon with
a width of three hexagons exhibit a limited number of Clar sextets
and a large number of CQC bonds at the edge (Fig. 10C).213

Similarly, a zigzag-terminated nanographene molecule (C96H24)
unavoidably shows localized CQC bonds at its edge.214 In con-
trast, armchair edges may allow a lower number of isolated CQC
bonds and even a fully benzenoid structure (Fig. 10D).215 Thirdly,
from an electronic structure point of view, armchair edges are
more stable than zigzag edges because of the difference in
scattering of electrons at the edges. Specifically, a p state electron
changes its wavevector upon scattering at the graphene edge. For
armchair edges, the wavevector change from the K point to the K0

point (K - K0 intervalley transition, see Fig. 10E).216 The incident
and reflected wave functions interfere with each other and form a
superlattice besides the conventional (O3 � O3)R301 superlattice,
leading to an evenly distributed electron density in a standing wave
state, near the armchair edge.217 This phenomenon has been
captured by scanning tunneling microscopy (STM).216,217 However,
at a zigzag edge, the wavevector has a K - K intravalley transition
(Fig. 10E), which does not result in electronic interference. Instead,
electron density becomes localized at the zigzag edge, leading to
a higher energy and a sharp density of states (DOS) peak at the
Fermi level.218 The zigzag edge state has been experimentally
observed using STM, with an increased image brightness at the
edge corresponding to a higher DOS (Fig. 10F).219

Besides armchair and zigzag edges, more complex edge
structures exist. Alternating zigzag and armchair segments
comprise chiral edges, which are observed in graphene nano-
ribbons and have to exist along circular edges such as graphene
pores and graphene quantum dots.204,221–223 Hydrogenated
Klein edges with five-member rings at the edge are predicted
to be stable.224 A Klein edge is similar to a zigzag edge in terms
of cutting direction (both h2%1%10i), and can be regarded as a
zigzag edge with additional singly-bonded carbon atoms at the
edge. Moreover, zigzag edges can reconstruct into pentagons,
heptagons, and pentagon–heptagon pairs to minimize their
energy.225

3.1.2 Electronic properties of graphene edges. A perfect
graphene structure with a honeycomb lattice is a semiconductor
with zero band gap.1 The conduction band and the valence band
meet at the Dirac point on the Fermi energy level. Graphene edges
break the pristine symmetry of graphene and lead to changes in its
electronic structure.

Theoretical calculations have been carried out to predict
the electronic structure of graphene in the presence of edges.
The existence of band gaps for certain armchair-edged non-
terminated graphene nanoribbons has been predicted by first
principle calculations.203,204 For zigzag-edged graphene nano-
ribbons, the valence band and the conduction band turn flat
near the Fermi level, corresponding to a high density of
states.218 Son and coworkers further suggest that band gaps
for armchair-edged graphene nanoribbons originate from
both quantum confinement and edge effects, while zigzag-edged

graphene nanoribbons possess a direct band gap because of
the opposite electronic spin states on opposite edges (antiferro-
magnetic state).226 For armchair edges, the quantum confinement
effect can be characterized by the inverse proportionality between
the band gap and the nanoribbon width, and edge-terminating
hydrogen atoms further open up the band gap due to edge effects.
For zigzag edges, the spin-dependent band gap behavior allows
them to become half-metallic under an external electric field.227

Similar electronic band structure characteristics have been pre-
dicted for graphene quantum dots, where zigzag-edged quantum
dots exhibit edge states and generally show lower band gaps than
armchair-edged ones.228

Experimentally, the electronic properties of graphene nano-
ribbons were mainly probed by measuring current–voltage (I–V)
profiles at different gate voltages. The I–V curves for several
semiconducting graphene nanoribbons were measured, showing
high on–off ratios and negative correlations between the ribbon
width and the band gap.208,229,230 Chen et al. fabricated
armchair-edged graphene nanoribbon using bottom-up synthesis,
and captured a band gap of 1.4 eV and a localized electronic state
near the zigzag termini. Magda et al. fabricated armchair- and
zigzag-edged graphene nanoribbons with various widths using
STM lithography.220 The band gap of armchair-edged graphene
nanoribbons displays an inverse proportionality to the ribbon
width, except for ribbons with widths of 3n + 2 (n = 1, 2, 3,. . .)
rows of carbon dimers, which is predicted by first-principle studies
(Fig. 10G-a).220,226 In contrast, for zigzag-edged graphene nano-
ribbons, a band gap of 0.2–0.3 eV could be observed when their
widths are less than 7 nm, corresponding to the antiferromagnetic
state (Fig. 10G-b). However, for nanoribbons wider than 8 nm, the
band gap vanished and a semiconductor-to-metal transition was
observed, revealing the switch from the antiferromagnetic state to
the ferromagnetic state. Ruffieux et al. synthesized zigzag-edged
graphene nanoribbons by a bottom-up approach from molecular
precursors, and observed the splitting of spin-polarized edge states
at the zigzag edge.231

3.2 Formation of graphene edges

This subsection discusses the formation of edge-rich graphene
nanostructures, such as graphene nanoribbons and graphene
quantum dots. Among the methods for graphene edge for-
mation, electron transfer chemistry may or may not play a
major role. For example, graphene nanoribbons can be fabri-
cated from graphene sheets by scanning tunneling microscope
(STM) lithography.220,232 In STM lithography, a high bias
potential was applied between the sample and the STM tip
while the STM tip was moved with constant velocity following to
a certain pattern. The C–C bonds were broken due to field-
emitted electrons and did not involve any electron transfer
from one molecular segment to another. However, graphene
nanoribbons can also be produced from unzipping carbon
nanotube precursors by chemical treatment such as KMnO4/
H2SO4 oxidation, which involves electron transfer.233 Both
categories will be discussed in this subsection. Generally,
non-chemical methods (mostly directly high energy input such
as high electric potential) produce graphene edges with higher
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consistency and controllability. In contrast, chemical methods
(oxidation or reduction) have the advantage of high yield and
scalability, despite lacking control of edge morphology and
termination.

3.2.1 Graphene nanoribbons. Graphene nanoribbons have
been fabricated by various strategies, which can be categorized
into top-down approaches, bottom-up approaches, and carbon
nanotube unzipping.

Top-down approaches use graphene sheets or graphite as
precursors, and cut them into graphene nanoribbons using
external energy sources (mechanical or chemical). Electron-
beam (e-beam) lithography was initially used to fabricate
graphene nanoribbons of B20 mm in width (Fig. 11A).208,229

Hydrogen silsesquioxane (HSQ) was used as the e-beam resist,
and the unprotected graphene was removed by oxygen plasma.
The oxidation of the unprotected graphene involved electron
transfer, and may have affected the edge termination of the
derived graphene nanoribbons. In order to further reduce the
ribbon width, STM lithography was used to cut graphene under
a high potential bias (Fig. 11B).232 Graphene nanoribbons with
width as small as 2.5 nm were fabricated, giving a band gap
of 0.5 eV. STM lithography was further employed to create
precisely defined armchair and zigzag edges.220 Meanwhile,
a chemical approach was applied by Li et al. to fabricate
graphene nanoribbons from expandable graphite by heating
to 1000 1C in forming gas followed by suspension and
centrifugation.230 The authors state that the sonication is the
dominating external energy source responsible for the nano-
ribbon formation.

Bottom-up approaches use molecular precursors to synthesize
graphene nanoribbons. Chemical vapor deposition methods have
been applied to fabricate graphitic nanoribbons, giving higher
yield compared to lithographic methods.235,236 Polymerization
reactions have also been used to synthesize graphene nano-
ribbons since 1990s.237,238 Nanoribbons fabricated by polymeriza-
tion in solution have a high tendency to aggregate, making
characterization difficult. Surface-assisted synthesizing methods
allow the fabrication of structured graphene nanoribbons and
more precise characterization (Fig. 11C).231,237,239,240 The
polymerization reactions are driven thermally and proceed via
biradical intermediates. These bottom-up methods are promising
in terms of width controllability.

A final technique for graphene nanoribbon fabrication con-
sists of unzipping carbon nanotubes along their longitudinal
direction using chemical or electrical energy input (Fig. 11D).234

Acid and oxidation treatment (H2SO4/KMnO4) has been reported
to unzip carbon nanotubes into graphene nanoribbons.233

Jiao and coworkers reported plasma etching241 and mild oxygen
etching methods242 for carbon nanotube unzipping. Birch
reduction reaction was used by Wang et al. and Cano-Márquez
et al. to unzip carbon nanotubes and to obtain nanoribbons.243,244

Kim et al. showed that carbon nanotubes could also be unzipped
by applying an electric current through the nanotube.245 Electron
transfer chemistry contributes to all the chemical unzipping
methods mentioned above, using oxidative or reductive potential
to break C–C bonds. Because the nanoribbon structure is con-
trolled by the nanotube precursor, the lack of synthetic precision
of chemical unzipping methods is mitigated.

Fig. 11 Formation of graphene edges. (A) SEM image of graphene nanoribbons devices fabricated on a SiO2 substrate by electron beam lithography.
Reprinted with permission from ref. 208. Copyright 2007 Elsevier. (B) 3D STM image of a 10 nm-wide and 120 nm-long graphene nanoribbon patterned
by STM lithography. Reprinted with permission from ref. 232. Copyright 2008 Nature Publishing Group. (C) Bottom-up synthesis route of a zigzag-edged
graphene nanoribbon. Reprinted with permission from ref. 231. Copyright 2016 Nature Publishing Group. (D) Different ways carbon nanotubes could be
unzipped to yield graphene nanoribbons. Reprinted with permission from ref. 232 and 234. Copyright 2010 American Chemical Society.
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3.2.2 Graphene quantum dots. By definition, graphene
quantum dots should have confined electronic states and
opened band gaps. Similar to graphene nanoribbons, graphene
quantum dot fabrication can be categorized into top-down
approaches, bottom-up approaches, and fullerene opening.246

Top-down approaches take bulk graphite247 or nanostructured
graphene layers248 as raw materials, and slice them into graphene
quantum dots by introducing external energies, such as hydro-
thermal treatment,247 solvothermal treatment,249 chemical
exfoliation by acid,248 and electrochemical exfoliation.250 These
chemical methods involves electron transfer from the graphene
precursors to oxidants, solvents, and external electric circuits.
Electron beam lithography methods were also used to fabricate
graphene quantum dots from graphene sheets, but they suffered
from low product yields.251,252 Bottom-up approaches utilize the
stacking of molecular precursors253 or stepwise organic reactions254

to form graphene quantum dots. Fullerenes have also been used as
precursors for graphene quantum dot fabrication.255

3.3 Electron transfer chemistry on graphene edges

3.3.1 Graphene edge oxidation. Graphene edges are prone
to oxidation because of their chemical reactivity.256 Oxygen
atoms or oxygen-containing functional groups such as ketones,

hydroxyls, ethers, and lactones (Fig. 12A)257 can be introduced
during the oxidative formation of graphene edges,233,242

or through post-treatment of as-synthesized graphene nano-
structures, in the presence of O2 or other oxidative agents (e.g.,
KMnO4).256,258 The stable configurations depend on the edge
structure and reactant concentration, especially oxygen and
carbon dioxide.257,259 Typically, oxygen radicals attack the
carbon atoms at the graphene edge and CO2 is released.209

The oxidization state of graphene edges could be speculated by
matching the local density of states profiles obtained by STM
and first-principle calculations,260 but the structure of the
oxidized graphene edge can be complex, and better charac-
terization methods should be developed.

3.3.2 Nitrogen doping and amination. Wang et al. N-doped
graphene nanoribbons with ammonia in an electrothermal
environment.261 The �20 V shift in Dirac point position
(Fig. 12B) suggested that nitrogen atoms could be doped onto
the graphene edge or could exist in NH2 groups terminating
imperfect graphene edges. NH3 can also functionalize graphene
edges with primary amine group (�NH2) in plasma265,266 or in
hydrothermal environment.205,207 Similar to graphene edge
oxidation, multiple amination or N-doping states can be formed
depending on edge configuration and reaction environment.259

Fig. 12 (A) Optimized unit cell geometries of different edge oxidation states. Color code: red, oxygen atoms; gray, carbon atoms; white, hydrogen
atoms. Reprinted with permission from ref. 257. Copyright 2007 American Chemical Society. (B) Current–gate voltage curves of the as-made graphene
nanoribbon field-effect transistors in vacuum (p-type, red) and after electrothermal treatment in NH3 (n-type, blue). Reprinted with permission from
ref. 261. Copyright 2009 the American Association for the Advancement of Science. (C) Normalized XPS carbon 1s spectra of the oxidized nanoribbons
(red) and the N2H4-reduced nanoribbons (blue). Reprinted with permission from ref. 233. Copyright 2009 Nature Publishing Group. (D) Schematic
representation of the sulfur doping process on graphene edges. Reprinted with permission from ref. 262. Copyright 2014 American Chemical Society.
(E) Friedel–Crafts reaction on graphene by using 4-aminobenzoic acid with PPA/P2O5. Reprinted with permission from ref. 263. Copyright 2012 John
Wiley and Sons. (F) Band structure (left) and spin density (right) of zigzag-edged graphene nanoribbon with modified CH3–NO2 pair. Red and blue
represent spin-up and spin-down channel, respectively. Reprinted with permission from ref. 264. Copyright 2008 American Chemical Society.
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3.3.3 Hydrogenation and reduction. Graphene edge reduction
techniques are useful because the p-conjugated electronic network
of graphene is disrupted by oxygen-containing groups, which
reduces electrical conductivity. Oxidized graphene can be reduced
using hydrogen, hydrazine (N2H4), or other reducing agents.267,268

Kosynkin et al. showed that oxidized graphene nanoribbons treated
with N2H4 had significantly reduced concentrations of C–O
and CQO groups, with carboxyl groups remaining at the edge
(Fig. 12C).233 The electrical conductivity was partially restored and
could be further improved by annealing in H2 atmosphere.

3.3.4 Other chemistries. Ball milling processes have been
used to dope or functionalize graphene edges with sulfur,
carboxylic acid, and sulfphonic acid functional groups
(Fig. 12D).262,267,269,270 Graphite was grinded by steel balls in
a ball-mill machine and mechanochemically cleaved to generate
active graphene edges. Sulfur decoration at the graphene edges
improved the performance of graphene sheets as electrocatalysts
and electrode materials. A chlorination reaction was carried out
on nanographene sheets and graphene nanoribbons by electro-
philic substitution using ICl as reactant and AlCl3 as catalyst.271

Hydrogen atoms at the nanographene edge were substituted by
Cl atoms, reducing the optical band gaps.

Organic reactions can also be carried out to modify graphene
edges, since graphene can be regarded as a polycyclic aromatic
hydrocarbon molecule.272,273 For example, a Friedel–Crafts acyla-
tion reaction has been performed on graphene edges (Fig. 12E).263

Hydro-lithium exchange and subsequent electrophilic
substitution,274 and 1,3 dipolar-cycloaddition275 have also been
carried out to functionalize graphene edges.

3.3.5 Effect of edge chemistry on electronic properties. The
properties of graphene nanoribbons and graphene quantum
dots are highly dependent on the chemistry condition of their
edges, and therefore can be tuned by edge functionalization,
edge doping, or atomic adsorption.276

As most as-fabricated graphene nanoribbons are semi-
conductors, simulations have been carried out in search of
possible chemical modification strategies on edges to make
graphene nanoribbons half-metallic.257,277–279 Kan et al. and
Wu et al. predicted that the zigzag-edged graphene nano-
ribbons can be turned half-metallic by asymmetrical function-
alization, for example with an acceptor group and a donor
group (e.g., NO2–CH3 pair) on either graphene edge.280 An
effective potential gradient is therefore introduced and the
two edge states turn ferromagnetic (Fig. 12F).

Graphene edges are generally less stable and more reactive
than the basal plane, and can serve as doping sites for replacing
atoms, typically boron and nitrogen, which tune the graphene
electronic structure. Similar to edge functionalization, B
doping,281,282 N doping,283,284 and B–N codoping285–287 are predicted
to alter the electronic structure of graphene, including causing a
semiconducting-metallic transition. Cervantes-Sodi carried out a
comprehensive study about the effect of edge functionalization
and doping, and discovered that zigzag- and armchair-edged nano-
ribbons respond differently upon these modifications.288 Transition
metal or main-group adatoms adsorbed at the graphene edges have
also been predicted to induce novel electronic properties.289–291

3.4 Future directions

The most important properties of edge-rich graphene nano-
structures (graphene nanoribbons and graphene quantum
dots) are their electronic, optical, and photoelectric properties.
Compared to graphene with zero band gap, graphene nano-
ribbons and graphene quantum dots have the potential to
possess tunable electronic band gap and optoelectronic properties.
These unique features originate from quantum confinement effect
and edge effect of these edge-rich nanostructures.220 Therefore, by
manipulating the size, edge morphology, and edge termination, a
wide variety of graphene nanoribbons and graphene quantum dots
can be designed for certain applications. For example, graphene
nanoribbons have been considered promising candidates for next-
generation field-effect transistors because of their high on–off ratio
and high carrier mobility.208 The spin-polarization effect predicted
and observed in graphene nanoribbons makes them also
promising for spintronic devices.220,227 Graphene quantum
dots have been considered as great materials for photovoltaics,
light-emitting diodes, photoluminescence, and biosensing
applications, due to their unique and tunable electronic structure,
high electron mobility, and low toxicity.246

As mentioned above, researchers have made progress in
graphene edge formation and graphene edge modification,
as well as in theoretically understanding the effect of edge
chemistry on graphene nanostructures. However, in order to
fully demonstrate the potential of graphene nanoribbons and
graphene quantum dots, the key challenge is to control the
chemical structure at the graphene edge. The properties of
graphene nanoribbons and graphene quantum dots highly
depend on the edge structure and the terminating atoms.
Precise control over these factors during fabrication and
chemical functionalization is crucial. STM lithography and
bottom-up polymerization synthesis are demonstrated to exhibit
certain control over the edge morphology and the terminating
atoms. Moving forward, the form of graphene edge termination
should be carefully studied. This would close the gap between
experiment observations and theoretical predictions, and provide
us with more insight into the electron transfer chemistry at
graphene edges.

4. Electrochemical properties of CVD
graphene

Studying graphene as an electrode material can help to explain
its electronic properties under applied external electric field.
Using conventional electrochemical systems can explain basic
electron transfer properties and can also be used for several
application as will be discussed in this section. Fundamental
electrochemistry allows to better understand the role of edge
and basal plane sites using well-known redox probe reactions
to estimate the heterogeneous electron transfer rates. The
scientific benefits of studying CVD graphene as an electrode
material (compare to other graphene synthesis methods such
as mechanical exfoliation292 or wet synthesis through graphene
oxide293) are the ability to correlate and control the number of
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layers, the defect density (normally calculated from Raman
and/or XPS characteristic curves294) and the flakes size distri-
bution (nanometer to millimeter in range295) to its electron
transfer rates properties. Other methods lack the ability to
fabricate pristine graphene due to their synthesis conditions/
procedure which allow impurities in the structure and therefore
miss the opportunity of studying the fundamental science
of simple and pristine carbon atoms sheet operating as an
electrode material.

In this section, we review the basic results in heterogeneous
electron transfer chemistry with graphene grown by chemical
vapor deposition (CVD) and the role of edge and basal plane
sites; the characterization of graphene for electrochemical
applications using scanning electrochemical microscopy (SECM),
and the development of three-dimensional (3D) graphene foam
architectures for electrodes with improved performance over two-
dimensional (2D) graphene sheets. Synthesis and fundamental
electrochemistry of these 3D structures will be discussed as well
as their experimental challenges, future opportunities and their
promising applications such as supercapacitor electrodes and
electrochemical sensors are reviewed.

4.1 Heterogeneous electron transfer (HET) with CVD
graphene

The unique properties of graphene make it suitable as a new
electrode material for electrochemical applications. Here, we
will focus on both fundamental and technological electro-
chemical studies of graphene grown by chemical vapor deposi-
tion (CVD). Other recent reviews have covered graphene oxide
as an electrode material.14,130,293,296–298 The synthesis of CVD
graphene are reviewed elsewhere.6,295 Studies of electrochemical
reactions of pristine and functionalized CVD graphene can be
roughly divided into three categories: (a) fundamental hetero-
geneous electron transfer (HET) electrochemistry with well-known
redox probe reactions such as ferrocyanide and ruthenium
hexamine;294,299 (b) sensor applications such as the detection
of uric acid,300 dopamine,301,302 glucose,303 and hydrogen per-
oxide;304 and (c) energy and environmental applications such as
supercapacitors,305–309 fuel cells,310 batteries,306,311,312 and water
splitting.313–315

The most studied electrochemical probe reactions for CVD
graphene-based electrodes are the well-known redox probes
ruthenium hexamine and ferrocyanide in aqueous solutions.
These two redox probes, also known as outer-sphere and inner-
sphere electron transfer (ET) probe reactions, allow fundamental
understanding of ET between the graphene-based electrode and
the redox active species. The outer-sphere ET reactions are where
both reactant and product are located at the outer Helmholtz
plane so that the ET between the electrode and the redox active
species occur through a solvent layer. The inner-sphere ET
reactions (e.g., the oxygen reduction reaction), require a direct
interaction of a reactant (or a product) with an electrode surface
specific adsorption site.316,317 Because the inner-sphere redox
system involves a combination of electronic factors and specific
surface interactions which are not easily de-convolved, they are
considered to be more complex to study HET with a carbon

substrate, and thus outer-sphere redox systems are considered to
be better probe reactions to study HET responses.

A comprehensive series of papers of the fundamentals
electrochemistry of pristine CVD monolayer graphene and few
layered graphene (also termed quasi-graphene294) and their
comparison with other well-known carbon electrodes with both
inner- and outer-sphere HET reactions are recently published
by Banks et al.110,294,317,318 Briefly, the main conclusion of these
papers is that the basal plane has lower electron transfer
activity compare to the edge plane. This was confirmed by
DFT calculations indicating that the HOMO and LUMO energies
are concentrated around the edge plane sites of the graphene
sheet, rather than the central basal plane region.318 Brownson
and Banks et al. showed consistency with experimental
observations.294,318,319 These results suggest that pristine
graphene may not be such a beneficial electrode material as
widely reported in the literature.318 To evaluate the effective
HET rate constant, ko

eff, the main electrochemical parameter is
the peak-to-peak separation between the reduced and oxidized
species, which can be easily calculated from the voltammetric
response and also known as DEp. Nicholson320 calculated ko

eff

to have strong dependency on DEp, where large DEp values
indicate slow HET kinetics.294 The method developed by
Nicholson is given by the following equation:319–321

c = ko
eff[pDnnF/(RT)]�1/2

where c is the kinetic parameter, D is the diffusion coefficient,
n is the scan rate, n is the number of electrons involved in
the process, F is the Faraday constant, R is the gas constant and
T is the temperature. The kinetic parameter, c, is tabulated in
Nicholson’s work as a function of DEp at a set temperature
(298 K) for a one-step, one electron process. The function of
c(DEp), which fits Nicholson’s data, for practical usage is given
by following equation:319,321

c = (�0.6288 + 0.0021X)/(1 � 0.017X)

where X = DEp is used to determine c as a function of DEp from
the experimentally recorded voltammetry. A plot of c against
[pDnnF/(RT)]�1/2 allows ko

eff to be determined.319

The roles of edges, basal planes, and layer numbers of
CVD graphene were studied using cyclic voltammetry (CV) by
Brownson et al. on a conductive substrate. There are two kinetic
regions as a function of graphene coverage level as shown in
Fig. 13D. In Zone I, increasing areas of graphene does not result
in complete coating of the underlying electrode, so the increasing
basal contribution from graphene modification leads to low
electron transfer rates. In ‘Zone II’, once complete single-layer
coverage is achieved, the addition of graphene forms thicker
graphite islands with increased edge plane content and thus an
increase in HET. This effect is illustrated in Fig. 13A–C where
Fig. 13A illustrates the voltammetric performance for pure highly
ordered pyrolytic graphite (HOPG) with fast HET response,
complete coverage of single layer graphene with excess of basal
plane sites, and thus low HET response (Fig. 13B), and multi-
layered graphene with increased edge plane sites available for
fast HET response (Fig. 13C).318 Fig. 13E shows experimental
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voltammetric profiles with similar Zone I and II explanations
not only for probe redox species but also for electrochemical
detection of the non-reversible L-ascorbic acid (1 mM, PBS pH 7).
It is clearly shown that with the increasing addition of nanogram
amounts of graphene the redox peak current is decreasing and
the peak is shifted towards more positive potentials compared to
the increasing addition of milligram amounts of graphene which
shows increased current response and lower over-potential for
the reaction to occur due to increasing edge plane sites available
for the HET.318

Brownson et al. recently reported an internal standard
protocol to simultaneously characterize and utilize electrode
materials during their electrochemical implementation.319

The protocol involves an electrochemical study of a solution
containing both the analyte of interest with a common electro-
chemical redox probe (such as hexaammine-ruthenium(III)
chloride), which consequently allows information on the electro-
chemical properties of the electrode being used to be obtained
and monitored throughout its application.319 The electrochemical

in situ characterization approach has particular implications
within graphene research area, where graphene electrodes are
variable in structural quality and stability (particularly between
batches) and require time-consuming surface characterization
both prior to and after use in order to confirm the specific quality,
geometry and surface state of the particular graphene electrode
utilized. Brownson et al. scan rate studies, using 0.5 mM ruthe-
nium hexamine in 0.1 m KCl/PBS buffer/pH = 7 as an internal
standard, enabling the determination of ko

eff, using the Nicholson
method, corresponding to the estimated HET kinetics of 2.05 �
10�3, 13.4 � 10�3 and 6.50 � 10�3 cm s�1 at the monolayer,
double-layered (defect-abundant graphene) and few-layered
(B4 layers) graphene electrodes respectively.319 Analysis of the
HET kinetics reveals a trend that corresponds to that previously
reported by Brownson294 which is that slow and unfavorable
HET rates are evident at the monolayer graphene electrode,
where it is apparent that increasing the number of graphene
layers to B4 results in improved HET properties, which
has previously been attributed to the respective coverage and

Fig. 13 Schematic representations of the effect of graphene coverage on voltammetric performance using a simple outer-sphere electron transfer
redox probe. (A) Unmodified HOPG electrode surface where fast electron transfer kinetics are observable. (B) Complete single layer coverage with poor
electrochemical activity and effectively blocked electron transfer where due to mainly basal plane graphene. (C) Graphene with a variety of layer numbers
and increased edge plane sites for fast electron transfer and thus an improvement in the electrochemical response. (D) HET rate/kinetics as a function of
global graphene coverage y, indicating two distinctive regions that are commonly encountered versus peak-to-peak separation, DEp, in this case to
simulate a simple outer-sphere redox probe where large DEp values are indicative of slow electron transfer (note that in this case the underlying
electrode substrate is assumed to possess fast electron transfer rate kinetics). (E) Cyclic voltammetric profiles recorded for 1 mM L-ascorbic acid in PBS
(pH 7) at 100 mV s�1 with the addition of increasing nanograms (ng) of graphene compared to micrograms (mg) graphene addition. Reprinted with
permission from ref. 318 Copyright 2011 The Royal Society of Chemistry.
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accessibility of reactive edge plane sites on these graphitic
materials; with increased edge plane content resulting in an
improved density of electronic states, DOS, and thus increased
HET rates and a beneficial electrochemical response. The
response of the double-layer graphene, which by its nature
possesses a high level of edge plane like structural defects,
confirm this trend, clearly exhibiting the most favorable HET
properties of the graphene electrodes given that it possesses
the highest global coverage of ‘reactive’ edge plane sites (see
experimental details in the paper319). However, it is worth
mentioned that the performance of these graphene electrodes
does not surpass that of the observed HOPG electrodes.317–319

Reported ko
eff values for the same experimental system but with

pyrolytic graphite electrodes estimated HET kinetics of 4.08 �
10�2 and 1.39 � 10�2 cm s�1 for edge plane pyrolytic graphite
(EPPG) and basal plane pyrolytic graphite (BPPG), respectively.319

Banks and Brownson’s work thus offer insight on how to design
an electrode from pristine CVD graphene for electrochemical
sensing applications as an example.318,319 These insights are
all consistence and coherent with other functionalized CVD
graphene based electrode applications.14,301,304,315,322

4.2 Scanning electrochemical microscopy (SECM) with CVD
graphene

Scanning electrochemical microscopy (SECM) was introduced
in 1989 by the Allen Bard323 and Royce Engstrom324 research
groups. SECM is a powerful tool combining both scanning
probe microscopy and electrochemical capabilities to study
substrate topography and local reactivity. A comprehensive
review paper of all of the experimental parameters (e.g.,
solvents, probes, and mediators) used in all SECM publications
from 1989 to 2015 was recently published by Polcari et al.325

A review of advances in SECM methodology by Zoski326 clearly
demonstrates how it can be used to characterize interfaces at
the nanoscale regime and to obtain molecular-level chemical
information. Probe fabrication and miniaturization of SECM
are reviewed by Takahashi et al.,327 and Molina et al.328

reviewed SECM for the analysis and patterning of a variety of
graphene-based materials. The different operational modes of
SECM are summarized in Fig. 14A and further discussed
elsewhere.325,326 The two most common types of experiments
are the feedback mode329 (negative or positive for inert or
conductive substrates, respectively) and substrate-generation/
tip-collection (SG/TC) mode or tip-generation/substrate-collection
(TG/SC).330

SECM is a powerful tool to study the lattice and defect
density of CVD graphene due to its unique combination of
topography and electron transfer properties. Here we will focus
on the recent development of the electron transfer properties of
CVD graphene using SECM instrumentation. Other recent
publications show the capabilities of SECM for studying other
types of nanoscale sp2 carbon materials,316,331 graphene from
mechanical exfoliation,332 and reduced graphene oxide.333

The role of defects in monolayer graphene was reported by
Tan et al. using SECM in the feedback mode with ferrocyanide
as the redox couple.329 It was found that graphene with more

defects are about an order of magnitude more electrochemi-
cally reactive than pristine graphene (B4.5 � 10�5 cm s�1 for
bulk graphene and B2.6 � 10�4 cm s�1 for defect sites). It was
also demonstrated that a thin film of organic material formed
by in situ electropolymerization could selectively passivate
the defects and reduce the effect on reactivity, as shown in
Fig. 14B.329 With further electropolymerization, a thin film
of the polymer was formed, which was insulating toward
heterogeneous electron transfer processes. This use of spatially
resolved scanning electrochemical microscopy for detecting the
presence and the ‘‘healing’’ of defects on graphene provides a
strategy for in situ characterization and control of surface
defects, enabling optimization of its properties for different
electronic applications. These results are aligned with the
conclusions of Banks et al. about the high electrochemical
activity of the edge plane vs. the basal plane110,294 of monolayer
CVD graphene.

A follow-up work by Ritzert et al. showed the heterogeneous
electron transfer kinetics of monolayer CVD graphene using
SECM techniques with a catalog of 10 redox mediators in
aqueous and non-aqueous solvents.334 Several of the redox
mediators analyzed in this work exhibited quasi-reversible
electron transfer behavior, with approach curves that changed
with the applied potential to the electrode, and negative feedback
at open circuit potential and broad peaks in cyclic voltammetry.
For most redox mediators, an applied overpotential was necessary
to achieve diffusion-controlled positive feedback, so the kinetics
of these redox mediators was not completely reversible on the
surface of graphene. However, for some other redox mediators,
the approach curves always show positive feedback, which was not
potential-dependent, suggesting reversible kinetics at graphene
surface for these redox mediators. The authors also modified
the graphene surface with a partial monolayer of a complex
[Os(bpy)2(dipy)Cl]PF6, (where bpy is 2,20-bipyridine and dipy is
4,40-trimethylenedipyridine, also known as Osdipy complex)
through simple adsorption as a way to increase the electroactivity
of the electrode without affecting the conductivity of graphene.
The electron transfer kinetics of quasi-reversible mediators,
iron(III) ethylenediaminetetraacetic acid (FeEDTA), and potassium
hexacyanoruthenate(II) (Ru(CN)6), was enhanced due to the
presence of Osdipy thin layer. This method can be used to detect
small amounts of adsorbed species on graphene.334 The different
rate constants measured across the graphene electrode surface
due to defects is similar to the role of pinholes in self-assembled
monolayers in increasing electron transfer kinetics. Furthermore,
a collection of conductive sites on an insulator can produce
apparent finite heterogeneous kinetics at a substrate electrode,
suggesting that the kinetics of the single-layer graphene could be
dominated by its active and well-dispersed defects.

Coupled electrochemical and spectroscopic experiments in
non-aqueous media were studied by Cristarella et al. for CVD
single layer graphene electrodes for an electrogenerated
chemiluminescence (ECL) application.330 SECM was used in
the generation/collection mode and a sample of graphene was
covered by a layer of (PTFE) and with a microfabricated window
to expose an active graphene microelectrode of hundreds of
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microns in dimension. A biased gold tip approached the PTFE-
coated region of the substrate in feedback mode, and was then
scanned across the sample in TG/SC mode to find a graphene
microelectrode. When a spot of exposed SLG was found, the tip
approached with the substrate biased at 0 V to collect the
radical anion from the tip. TG/SC experiments were performed
where a radical ion is produced at the tip and then converted to
its original oxidation state by the substrate, and a TG/SC CV was
obtained to calculate collection efficiency. For this study,
classical ECL luminophores rubrene and 9,10-diphenyl-
anthracene were used in an inert environment to generate
stable electrochemical responses and measure light emission
through graphene. Although the peak splitting between forward
and reverse sweeps in voltammetry was larger in comparison to
metal electrodes due to in-plane resistance, the graphene dis-
played sufficiently facile electron transfer properties to yield stable
voltammetric cycling and ECL. Feedback SECM images of the
micro-graphene spot demonstrate that graphene is active as an

electrode material in non-aqueous systems and that PTFE acts as a
suitable protective layer. No evidence of a decrease in activity of
the graphene electrode was observed even after imaging and
measurements for hours of operation.

The correlation between defect density and heterogeneous
electron transfer rate of monolayer CVD graphene was studied
by Zhong et al. using Raman spectroscopy and SECM.335 They
showed that precise control of the density of vacancy defects,
introduced by low power Ar+ plasma irradiation, can improve
and finely tune the HET rate. Regions of different concentra-
tions of defects were created (see Fig. 14C). They used SECM in
the feedback mode with Pt as the tip to calculate the HET rate.
The tip–substrate distance was determined by the positive
approach curves obtained with an aqueous solution containing
1 mM hydroxymethylferrocene (FcMeOH) and 0.1 M KCl. After
each imaging operation, an approaching curve was recorded on
each defective pattern. The results clearly showed correlation
between defects density and electron transfer rate, and that a

Fig. 14 Schematics of SECM operational modes. (A-a) Steady-state behavior (diffusion-limited) in bulk solution. (A-b) Feedback mode over an inert
substrate (negative feedback). (A-c) Feedback mode over a conducting substrate (positive feedback). (A-d) Substrate-generation/tip-collection (SG/TC)
mode. (A-e) Tip-generation/substrate-collection (TG/SC) mode. (A-f) Redox competition (RC) mode. (A-g) Direct mode, where ‘‘M’’ is a metal precursor
in solution with charge n (n = integer) and M is a solid metal. (A-h) Potentiometric mode with an ion selective electrode, where ‘‘X’’ is an ion in solution
with charge n (n = integer). Panel (A) reprinted with permission from ref. 325. Copyright 2016 American Chemical Society. (B-a) Schematic of a
mechanically induced defect (not to scale) on the graphene electrode. (B-b) SECM image of graphene with mechanically induced defect. (B-c)
Mechanically induced defect after selective passivation of defect reactivity by electropolymerization of o-phenylenediamine. Panel (B) reprinted with
permission from ref. 329. Copyright 2012 American Chemical Society. (C) Schematic illustration of different defect density ranges: (C-a) low, moderate
(C-b) and high (C-c). (C-d) HET rate of graphene as a function of defect density and (C-e) as a function of distance between defects. (C-f) Raman
mapping of the D band and (C-g), corresponding SECM images for regions of graphene with different defect concentrations. (C-h) Corresponding
Raman spectra and (C-i) SECM approach curves for the same defective graphene pattern areas. Panel (C) reprinted with permission from ref. 335.
Copyright 2014 American Chemical Society.
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moderate defect density range is necessary for optimal electro-
chemical activity. By balancing the defect induced in the
sample, increase of DOS and decrease of conductivity of single
layer graphene, the optimal HET rate constant of k0 = (5.0� 1.0)�
10�1 cm s�1 is achieved at a defect density of (7.39 � 0.58) �
1012 cm�2, corresponding to a mean distance between defects (LD)
of 2.10 � 0.10 nm. That is about 50-fold faster than that of the
pristine graphene (k0 = (1.0 � 0.2) � 10�2 cm s�1). This defect
density is a critical value, at which the whole single layer graphene
sheet becomes electronically activated while maintaining the sp2

network.335 The improved electrochemical activity can be under-
stood by a high DOS near the Fermi level of graphene in the
vicinity of a point defect, so that there is a larger overlap between
the electronic states of graphene and the redox couple, as revealed
by ab initio simulation of this work.335 These results suggest that
rational control of the defect density can tune the electrochemical
activity of graphene, and will lead to better performance of
graphene-based electrochemical devices.

Metal deposited underneath the graphene surface are another
pathway to increase the HET rates of a graphene electrode, as
shown by Hui et al. using SECM in the feedback mode. An
enhancement of about 5-fold in the electron transfer activity of
bilayer CVD graphene electrodes is seen when metal electrodes
are buried below the graphene.336 These electrodes were
formed by transferring CVD graphene on top of a 100 nm layer
of Au on a Si wafer substrates. Redox mediators such as
ferrocyanide, ferricyanide, and ferrocene were studied and the
results strongly suggest that the electron transfer kinetics to
these redox species across the graphene/electrolyte interface is
significantly enhanced by those pre-patterned subsurface
metals. For example, with the [Fe(CN)6]3�/[Fe(CN)6]4� redox
probe the HET ko constants for Au, graphene/Au, and graphene
were 1.4 � 10�4 m s�1, 2.4 � 10�5 m s�1, and 4.0 � 10�6 m s�1,
respectively.336

Local carboxylation of CVD multilayer graphene on Ni
substrates was demonstrated by Torbensen et al. by controlling
the SECM tip distance and potential. The redox active species is
carbon dioxide, which serves as the carboxylation agent under
reductive conditions in N,N-dimethylformamide solution.337

The main reaction occurring upon reduction of CO2 to CO2
��

in aprotic media is a fast dimerization of the radical anion to
mostly generate oxalate, C2O4

2�. However, as shown in this
work for Ni–graphene, a small fraction of the reduction current
may go to electro-grafting of CO2 onto graphene. The two-electrode
electrolysis carried out at DE = �2.6 V in a CO2-saturated
electrolyte solution for 5 or 10 or 30 seconds. In between the
three experiments, the SECM tip was moved in lateral steps of
300 mm to generate three modified samples on the same
graphene sheet. Because the SECM tip anode is placed very
close (13 mm) to the Ni–graphene cathode, a substantial part of
the formed oxalate will diffuse to the anode and be oxidized
back to CO2, and therefore, the current does not go to zero
even after 30 seconds but reaches an almost steady-state level
after 10–15 seconds. This is attributed to the coupling of
the two reverse cathodic and anodic electrode processes that
‘‘feed’’ each other and allows for the surface modification

(carboxylation-grafting) to continue throughout the electrolysis
process. Raman and XPS mapping clearly show distinct three
regions of carboxylated-graphene with size enhancement as a
function of electrolysis time. This work clearly showed for the
first time the feasibility of the SECM technique to introduce a
local covalent bond on graphene.337 The process of using CO2 as
the chemical functionalizing agent to attach carboxylate groups
onto graphene can be carried out with great spatial control.
SECM allows to control the degree of carboxylation through the
electrolysis time, the cell potential, and/or the concentration of
CO2. Future work can be built on this study to form patterned
with carboxylic acid groups as first synthetic step for further
chemical array functionalization.

As discussed here, the powerful SECM method can be used
to study the HET rate from CVD-SLG and can also be used to
modify the surface. The SECM tool allows better understanding
through quantitative correlation between defect density and
electrochemical activity which can provides new insights into
the optimization of graphene-based electrochemical devices
from electrocatalysis to energy conversion and storage applica-
tions. The introduction of point defects in the basal plane of
single layer graphene also allows the full activation of carbon
atoms in graphene.335 The patterned graphene with various
defect densities may be useful to spatially control various multi-
electron chemical reactions on the same electrode material to
form a variety of controlled selective products.

4.3 Three-dimensional CVD graphene

CVD fabrication of 3D graphene foams (GFs) on sacrificial
templates was first shown by Chen et al.338 The resulting
material had an extremely low density of B5 mg cm�3 (which
is close to that of the lightest aerogel at 2–3 mg cm�3),
a high porosity of B99.7%, a very high specific surface area
up to B850 m2 g�1, and high electrical conductivity of
B10–17 S cm�1 339 for GF loading as low as 0.5 wt% in
GF/poly(dimethyl siloxane) composites, which is about 5–6
orders of magnitude higher than chemically derived graphene-
based composites.338 This result attracted the attention of the
electrochemical community to develop new electrodes based on
modification of high surface area 3D GF for various applications
such as supercapacitors,305,322,340–350 Li-ion batteries,351–353

electrochemical-sensors,344,345,354–359 and electro-catalysis.61,360

A recent review by Cao et al. on 3D graphene highlights its
preparation, structure and its application as supercapacitor
electrodes.361

The main CVD fabrication process involves a 3D sacrificial
template, and the most common in the literature is the nickel
3D interconnected scaffold. Following an annealing treatment
at 1000 1C with a mixture of hydrogen and argon gasses, carbon
is introduced by decomposing methane at 1000 1C under
ambient pressure, and dissolves into the nickel structure.
When the furnace is rapidly cooled, carbon atoms diffuse
towards the surface of the nickel substrate and precipitate to
form single and few layers of graphene.6,321,361 A thin layer of
poly(methyl methacrylate) (PMMA) is deposited on the surface
of the graphene films as a support, the nickel template is
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etched away by hot hydrochloride solution, and the PMMA is
carefully removed by washing with hot acetone to obtain the
pristine 3D GF. Some mild shrinkage of the graphene skeleton
typically occurs, while the treatment without the PMMA
support layer results in a severely distorted and deformed
GF.338 Fig. 15A shows typical photographs of nickel foam before
and after the growth of graphene and SEM of Ni/Gr foam before
and after Ni removal.342 Non-CVD methods to prepare 3D
graphene, such as hydrothermal synthesis of graphene oxide
on a 3D template343,350,352 are also possible, and are well
summarized in a recent review.361

4.3.1 Fundamental HET properties of 3D-CVD GF based
electrodes. Brownson et al. studied fundamental electron transfer
using cyclic voltammetry of free standing 3D GF structures and
compared it to the well-known 3D reticulated vitreous carbon
(RVC) foam alternative both in aqueous and non-aqueous
solutions.321 The same group also recently fabricated and
studied 3D graphene nano-ribbon foam.362 Brownson reports
the 3D graphene foam to be pristine and in the range of
monolayer to a few layers of graphene based on EDX, XPS,
SEM and Raman spectroscopic characterization.321 Multi-layer
pristine graphene has also reported in other 3D graphene foam
papers that used nickel foam as a scaffold.341,342,344,361

In aqueous solutions, the 3D graphene foam exhibits voltam-
metric responses which are poor or similar to the alternative
carbon foam.321 This result can be explained with contact angle
measurements, which reveal that the 3D graphene exhibit quasi-
super-hydrophobicity with a contact angle value of 1201. The
quasi-super-hydrophobicity is evident as a combination of the
surface roughness and a mixed wetting state where the water
penetrates to some extent into the pores of the 3D graphene

structure, leaving air pockets below.321 That is, most of the 3D
graphene surface is not active. This is also evidenced by the
ability of freestanding 3D GF to float on water. On the other
hand, in non-aqueous media (e.g. ionic liquids), where hydro-
phobicity in not a problem, the freestanding 3D graphene foam
is found to give rise to significantly improved voltammetric
signatures over that of a freestanding 3D RVC alternative as
shown in Fig. 15B. In Fig. 15D the voltammetric process of
N,N,N0,N0-tetramethyl-para-phenylenediamine (TMPD) in ionic
liquid is shown. The electrochemical process at TMPD is due
to two reversible one-electron redox systems which can be
described as:

TMPD�e� - TMPD+

TMPD+�e� - TMPD2+

The CV profiles in Fig. 15B are shown in terms of HET
kinetics, as calculated from the DEp values for the first and
second redox peak-couples (134.3 and 119.6 mV for graphene
compare to 302.7 and 312.5 mV for RVC respectively, at 100 mV s).
Firstly, the graphene foam exhibits a large improvement in its
electrochemical reversibility over that of the alternative. The ko

(with respect to the first redox couple over the scan rate range
employed) was found to correspond to 31.7 � 10�5 and 9.17 �
10�5 cm2 s�1 for the 3D graphene and carbon foams,
respectively.321 Secondly, in the CVs presented in Fig. 15D there
is a significant improvement in the magnitude of the voltam-
metric peak height observed from the freestanding 3D graphene
foam over that of the 3D carbon electrode. These characteristics
indicates that 3D graphene foam has enhanced HET kinetics and

Fig. 15 Three-dimensional graphene foams. (A) Photographs of Ni foam before and after the growth of graphene, and SEM of Ni/graphene foam before
and after Ni removal. Panel (A) reprinted with permission from ref. 342. Copyright 2011 John Wiley and Sons. Typical cyclic voltammetric profiles
recorded towards 1 mM TMPD a scan rate of 100 mV s�1 vs. Ag wire obtained at the freestanding 3D graphene foam (solid line) and carbon (dashed line)
foam electrodes (RVC), respectively. Panel (B) reprinted with permission from ref. 321. Copyright 2013 Royal Society of Chemistry. (C) TEM image of the
few-layer freestanding 3D GNR foam. Cyclic voltammetric profiles recorded in 1 mM hexaammineruthenium(III) chloride in pH 7 PBS (with 0.1 M KCl),
utilising the freestanding 3D GNR (D), 3D GF (E) and 3D RVC (F) foam electrodes. Panels C–F reprinted with permission from ref. 362. Copyright 2016
Royal Society of Chemistry.
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a beneficial electrochemical response compared to the 3D carbon
alternative.

For further enhancement of HET with 3D graphene, B
rownson et al. recently reported the fabrication of a freestanding
3D graphene nano-ribbon (GNR) open cell foam electrode based
upon a high temperature (1700 1C) and low vacuum (50 Torr)
process using a silicon carbide substrate.362 Raman, XPS, TEM
and SEM characterization showed that this 3D GNR comprises
on average 4 graphene layers, high intensity D band (ID/IG = 0.71)
which is attributed to the narrow width of the graphene sheet
and consequential large edge plane contribution to its structure,
and O/C ratio of 0.14362 which is higher in oxygen content than
the pristine 3D GF reported before.321 Fig. 15C shows TEM image
of few layers 3D GNR. Electrochemical characterization was
performed via cyclic voltammetry in aqueous solutions using a
range of electro-active redox probes and biologically relevant
analytes, such as potassium ferrocyanide(II), hexaammine-
ruthenium(III) chloride, uric acid (UA), acetaminophen (AP)
and dopamine hydrochloride (DA).

For inner-sphere redox systems such as potassium ferro-
cyanide(II), the recorded DEp at 100 mV s�1 for 3D GF, 3D GNR,
and RVC were shown to be 83.0, 62.2 and 420.0 mV,
respectively.362 Thus HET is favorable for the pristine 3D GF
compared to the alternatives. However, inner-sphere redox
probes are known to be complexed on carbon surfaces, due
to the two differing contributions of electronic factors and
specific surface interactions that are not easily de-convolved.
Therefore, in order to better understand the HET properties of
these foams, further work is needed, for example with outer-
sphere redox probe (e.g. hexaammineruthenium(III)) which
does not have any surface sensitivity and depends exclusively
on electronic factors. The DEp values recorded at 100 mV s�1

with 1 mM hexaammineruthenium(III) for the 3D GNR, 3D GF
and RVC, are shown to be 94.2, 160.0 and 402.4 mV,
respectively.362 Fig. 15D–F show the characteristic CV curves
of 3D GNR, 3D GF and RVC, respectively. Given the outer-
sphere nature of this redox probe, this result indicates that the
HET rates are distinct for each of the 3D foam electrodes, with
the 3D GNR foam possessing the most favorable (fastest)
HET properties/kinetics.362 The HET properties of 3D GNR
are improved probably due to the higher coverage of reactive
edge-plane-like sites and defects on its structure. However, in
certain cases of biologically relevant analytes, the alternative
carbon based 3D foams out-performed the GNR foam in terms
of sensitivity.362 The improved response observed at the GNR
foam occurs where the electrochemical response is predomi-
nantly dictated by the HET properties and the electronic states
of the electrode material. The poor performance for some
analytes is likely due to influences of the oxygenated species
present on the 3D GNR foam in comparison to the other foams,
which may possess more favorable functionalization. These
findings question the need for ‘only’ fast HET kinetics and
suggest that a compromise is needed between electron transfer
speeds, the presence/absence of oxygenated species and the
accessibility of the electrode’s active surface area for improved
sensing capabilities.362

4.3.2 Electrochemical applications of 3D-CVD GF based
electrodes. The most promising electrochemical application
of 3D GF is a supercapacitor due to its unique structure
containing micro-, meso- and macro-interconnected pores,
high surface areas, low density and fast ion/electron transport
channels, are highly desirable for exploring ultrasensitive
detection, energy device, and overall supercapacitance perfor-
mance. Even better performance can be achieved with different
functionalization or coating treatments to produce active
nanostructures such as GF/NiO to give specific capacity of
B800 F g�1.340,342,347 The unique porosity of 3D GF allow to
better utilize the surface area with well-known active super-
capacitor nano-materials such as NiO,340,342 MnO2,341 Co3O4

344

and ZnO.345

One example is shown in Fig. 16A from the recent work of
Masikhwa et al. Here they showed hydrothermal synthesis of
mesoporous nanosheets of cobalt oxyhydroxide (CoOOH) on
nickel foam graphene (Ni-FG) substrate, obtained via atmo-
spheric pressure-CVD. The produced composite were closely
interlinked with Ni-FG, which enhances the synergistic effect
between the nickel–graphene substrate and the coated metal
hydroxide, CoOOH as shown by the cyclic voltammetry curves.
The electrochemical properties of the material as electrode
showed a maximum specific capacity of 199 mA h g�1 with a
capacity retention of 98% after 1000 cycling in a three electrode
measurements as shown in Fig. 16A.

Moreover, free standing 3D GF is promising electrode
material for flexible supercapacitors. The resultant 3D graphene
foam displayed excellent electrical conductivity, compare to
graphene oxide foams, due to the absence of defects and
inter-layer junction contact resistance. After further coating
with silver nanowires (Ag NWs), the obtained Ag NWs/graphene
composite exhibited extremely high electrical conductivity (up
to 3189 S cm�1).347 Fig. 16B demonstrated a flexible super-
capacitor based on ordered mesoporous carbon/GF/Ag nano-
wires to give B200 F g�1 capacity. Different designs of 3D GF
supercapacitor and their activities are briefly summarized in
Table 1. Other 1D, 2D and 3D graphene-based materials for
supercapacitor electrodes are summarized in a recent review by
Ke et al.305 Ji et al. recently reported that the capacitances are
anomalously enhanced for thicknesses below a few layers when
the graphene sheets are charged. This study has been done for
one to five-layer 2D graphene, and we anticipate that this kind
of study can help in the future to better understand the unique
high capacitance of 3D GF.363 Another promising application of
the unique structure of 3D GF is as ultrasensitive electro-
chemical sensors.355–359 One example is shown in Fig. 16C
shows SEM image of 3DGF surface with and without 3DGF/
CuO nanoflower composite coatings. The electrochemical activity
and selectivity towards ascorbic acid sensing in 0.1 M PBS
(pH 7.4) of this structure showed ultrasensitive detection of
2.06 mA mM�1 cm�2 at 3 seconds response time.347

To summarize, 3D GF, and the recently fabricated 3D GNR,
are promising electrode materials that can go through further
functionalization towards efficient electrochemical applications
such as supercapacitors and electrochemical sensors. However,
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the HET kinetics, surface oxygenated sites, wettability and acces-
sibility of the active surface need to be balanced for optimal
electrode design in particular target applications.

4.4 Future directions

As discussed here, pristine graphene lattice is not a beneficial
electrode material because the majority of basal plane sites
does not transfer electrons fast enough to a redox species
compared to other carbon-based electrodes. However, edges
and defects in pristine graphene lattice are highly reactive and
do transfer electrons very fast to a redox species. Therefore,
controlled nanopores and defect structures within the graphene
lattice have the potential to tune electrochemical reactions to
a desired electron transfer rate, and even to have a selective
reactant or product to react on the surface out of multi-
component reaction due to a size exclude redox species and a
surface nanopore/edge site. SECM is emerging to be a powerful
tool in this field, due to the ability of both characterize nanopores
and even to modify those active sites. We believe, SECM will be a
major technique going forward, with better understanding the
HET and surface nanoporosity in graphene, as well as other
functionalization reactions. For energy and sensor applications,
but not only, high surface area of active sites is very important,

thus 3D CVD graphene is looking even more promising than a 2D
active graphene electrode as mentioned here. Manipulating the 3D
graphene surface to form even higher number of active nanopores
structure density, has the potential in the future, to decrease the
need for further surface decoration with active and expensive
metallic catalysts. However, the HET kinetics, surface oxygenated
sites, wettability and accessibility of the active 3D GF surface need
to be balanced for optimal electrode design in particular target
applications. Moreover, study graphene as an electrode material
involve some experimental limitations. One of the main issues is
how to electrically wire and connect with graphene without inter-
fere with its electrical properties due to impurities or underlying
surface properties. We therefore suggest that a benchmark stan-
dard or protocol need to be emerge to better compare experi-
mental results between world-wide laboratories (similar to what
have been done in other research fields (e.g. photoelectrochemical
water splitting364) to standardize experimental protocols).

5. Summary and future outlook

In summary, we have presented a focused update on some key
areas of development in the electron transfer chemistry of

Fig. 16 (A) SEM image of the CoOOH on Ni foam graphene (CoOOH/Ni-FG), cyclic voltammetry curves of Ni-F, Ni–FG and CoOOH/Ni-FG at a scan
rate of 50 mV s�1 and specific capacity vs. cycle number at current density of 10 A g�1. Panel (A) reprinted with permission from ref. 348. Copyright 2016
Elsevier. (B) Schematic illustration of flexible supercapacitor based on Ag-GF-OMC and its high specific capacitance values at different scan rates. Panel
(B) reprinted with permission from ref. 347. Copyright 2013 John Wiley and Sons. (C) (upper row) SEM images of 3DGF surface with and without CuO
nanoflowers composite coatings from low to highmagnification; (lower row) ascorbic acid sensing of 3DGF/CuO in 0.1 M PBS (pH 7.4), dose response
curve with a linear fitting at lower concentration range. The inset shows the amperometric responses of CuO, 3DGF, and 3DGF/CuO composite toward
successive addition of 20 mM AA per time at 0.2 V, and selectivity response to the addition of different analytes showing selectivity to ascorbic acid
detection. Panel (C) reprinted with permission from ref. 347. Copyright 2014 Elsevier.
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graphene (Table 2). There have been new developments in
understanding the covalent functionalization of graphene via
aryl diazonium salts, which give rise to changes in the properties of
graphene and how graphene can be covalently tethered to various
inorganic structures to form functional composite materials. The
controlled formation of edges, holes, and nanopores in graphene

are achieved using a variety of etching methods. The covalent
functionalization of these edge and pore structures are crucial for
their effective use in membrane technologies. Moving forward,
more practical applications will be possible in nanopores,
membranes, and composites, and will take advantage of electron
transfer chemistry.

Table 1 Summary of supercapacitor properties for a variety of functionalized 3D GF electrode designs

Electrode design Specific capacitance, energy, power and stability Ref.

Nickel foam/graphene/NiO 783 F g�1 calculated from the CV curve at 2 mV s�1

813 F g�1 obtained at a low current of 3 mA from the discharge curve
Cycling stability: 84% retention of the initial capacitance after 1000 cycles
Electrolyte: 2 M KOH

340

GF/pyrene carboxylic 133.3 F g�1 at a current density of 0.25 A g�1. Power density = 145.3 kW kg�1.
Energy density = 4.7 W h kg�1

Cycling stability: 91% retention of the initial capacitance after 1000 cycles
Electrolyte: 6 M KOH

322

GF/MnO2 240 F g�1 at a current density of 0.1 A g�1. Power density = 20 kW kg�1.
Energy density of 8.3 W h kg�1

Cycling stability: retained its initial specific capacitance after 1000 cycles at current density
of 0.5 A g�1

Electrolyte: 1 M Na2SO4

341

GF/NiO 816 F g�1 calculated from the CV curve at 5 mV s�1

745 F g�1 obtained at a low current of 1.4 A g�1 from the discharge curve
Cycling stability: increasing of about 15% during the first 200 cycles, and there is no obvious
capacitance drop over 2000 cycles
Electrolyte: 3 M KOH

342

Positive electrode: Ni/GF/H-CoMoO4

Negative electrode: Ni/GF/H-Fe2O3

1472 F g�1 at 1 mA cm�2 for positive electrode
177 F g�1 at 1 mA cm�2 at 1 mA cm�2 for negative electrode
power density of total device = 150 kW cm�3

energy density of total device = 1.13 mW h cm�3

Cycling stability: 93.1% capacitance retention after 5000 cycling
Electrolyte: 3 M KOH

343

GF/Co3O4 1100 F g�1 at a current density of 10 A g�1

Cycling stability: increases in the first 500 cycles and stays stable afterward to 1000 cycles
Electrolyte: 2 M KOH

344

GF/ZnO nanorods 316 F g�1 at a current density of 6.7 A g�1

Cycling stability: increases in the first 200 cycles and stays stable afterward to 1000 cycles
Electrolyte: 2 M KOH

345

Positive electrode: GF/carbon nano-
tube/MnO2

Negative electrode: GF/carbon nano-
tube/polypyrrole

215 F g�1 calculated from the CV curve at 10 mV s�1 for positive electrode
Power density of total device = 10.3 kW kg�1

Energy density of total device = 10.9 W h kg�1

Cycling stability: retention of 90.2–83.5%
After 10 000 cycles
Electrolyte: 0.5 M Na2SO4

346

Nickel foam/graphene/CoOOH 199 mA h g�1 at 0.5 A g�1

Cycling stability: retention of 98% after 1000 cycling
Electrolyte: 6 M KOH

348

GF/graphite paper 260 F g�1 with 3 electrode configuration and 80 F g�1 at full cell configuration calculated from
cyclic voltammetry at 5 mV s�1

Power density of total device = 178.5 W kg�1

Energy density of total device = 8.8 W h kg�1

Cycling stability: increases in the first 2000 cycles and stays stable afterward to 10 000 cycles
Electrolyte: 1 M H2SO4

349

Ordered mesoporous carbon
(OMC)/GF/silver nanowires

213 F g�1 calculated from the CV curve at 30 mV s�1 for two electrodes configuration
Power density of total device = 5040 W kg�1

Energy density of total device = 4.5 W h kg�1

Cycling stability: 90% retention over
10 000 cycles

347
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For covalent graphene functionalization, the careful design
of molecular species will be needed to control the reaction
rates, resulting morphologies (i.e. oligomers vs. monomers),
and lattice site specificity. The ability to control these results
from the reactions will be needed for careful tuning of the
electronic and magnetic properties of graphene. The chemical
functionalization of graphene will also be important for tuning
the properties and behaviours of the nanopores, edges, and 3D
graphenes discussed in the rest of the review. The spatial
control over reactions via scanning probe techniques, which
can also be combined with the SECM technique used for charac-
terization electrochemical reactions, will also be increasingly
important.

For membrane applications, there are several remaining
challenges that must be addressed to enable even more precise
nanopore synthesis techniques as reviewed here. The key
challenge for all chemical etching techniques is understanding
how different treatment conditions affect the rates of nucleation
and growth processes at different types of graphene surface sites
as basal plane sites, vacancy defects, and edges. In order to use
graphene for membrane applications, we believe that new
strategies will emerge to better understand the fundamental
of graphene electronic properties during etching processes.
Better understanding will help researchers to tune the rates
of nucleation and growth for a desired separation. Sophisticated
and precise oxidants than those that are currently employed

Table 2 Summary of the different electron transfer platforms discussed in this paper, challenges, progress and future opportunities

Electron transfer
platform Challenges Demonstrated progress Opportunities

Covalent functionaliza-
tion of graphene

� Control over reaction sites with
atomic precision over
macroscopic areas
� Control over degree of reaction
and morphology of reacted groups

� Using particular functional groups to
template functionalization sites by
self-assembly
� Bottom-up and top-down spatial
templating of reaction sites

� Precise control over changes in
properties due to functionalization
based on site-specific reactions
� Combining different functional
groups in spatial geometries for
heterofunctional structures

Heterostructures of gra-
phene and other
materials

� Finding appropriate functionali-
zation chemistry for different types
of materials and linkages with
graphene
� Expanding chemistry to other 2D
materials

� Composites of graphene with
polymers and nanoparticles
� Early results on functionalization of
other 2D materials

� General framework for functionali-
zation graphene to link it with
arbitrary materials
� Systematic expansion of functionali-
zation chemistries to other 2D materials
to make heterostructures

Formation of nanopores
in graphene

� Control of sizes and spatial dis-
tributions of nanopores
� Functionalization of
nanopore edges

� Recent investigations of creation of
nanopores in few-layered graphene
using oxygen, ozone, plasmas, liquid-
phase etching, and nanoparticle-
catalyzed etching
� Decoupling of nucleation and
etching steps

� Establishing link between process
conditions and nanopore sizes and
edge termination
� Detailed characterization of
nanopores formed using imaging
techniques
� Understanding mechanisms
controlling nanopore etching

Graphene nanoribbons
and quantum dots for
electronic, optical, and
magnetic applications

� Complex edge termination
� Edge morphology control

� Unique electronic, optical, and mag-
netic properties observed experimen-
tally
� Control over edge structure by STM
lithography and bottom-up synthesis

� Highly customizable properties by
performing electron transfer chemistry
at the edge
� Graphene nanoribbons for transistor
and spintronic applications, while
graphene quantum dots for optical and
optoelectronic devices

CVD 2D graphene as
electrode material –
electrochemistry

� Electronic properties Influenced
by substrate
� Controlling the size and distri-
bution of nanopore and edge sites.
Which are known to be more active
than the basal plane sites

� Transferring technique to a known
substrate properties (such as glassy
carbon or SiO2) and basic comparison
� SECM technique has shown to be
good technique to study and modify
those sites as discussed in Section 4.2

� Making a free-standing electrode is
almost difficult, but probably sus-
pended electrode over micron size hole
is a future opportunity to this avoid
underneath substrate influence on
electronic properties of graphene
� SECM is a small scale technique
(typically micron size electrode), prob-
ably screening multiple (high
throughput) electrodes on the surface
can be used for scalable applications

CVD 3D graphene foam
as electrode material –
electrochemistry

� Wettability
� Free standing electrodes

� Surface activation, moving from
hydrophobic sites to more hydrophilic
sites, with a compromise on electronic
properties
� After etching the metallic frame the
free-standing 3D GF is very fragile and
tend to break easily

� Very high surface area electrode
material. Mostly promising for super-
capacitor applications
� Probably compromise of etching the
metallic frame but not all the way, will
leave a frame structure that 3D GF can
be both beneficial and applicability

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 A
SU

 L
ib

ra
ry

 o
n 

31
/0

7/
20

17
 2

3:
47

:5
0.

 
View Article Online

http://dx.doi.org/10.1039/C7CS00181A


4564 | Chem. Soc. Rev., 2017, 46, 4530--4571 This journal is©The Royal Society of Chemistry 2017

would also represent a significant advancement. The combination
of both simulation and experimental approaches will eventually
help to shine light on this fundamental challenge of forming and
manipulating nanopores to a specific and desired separation. In
the future, a possible in situ technique to control the nanopores
size and distribution can make graphene the one membrane that
fits multiple separation processes.

For graphene nanoribbons and graphene quantum dots, the
edge breaks the symmetry in graphene and opens up a band
gap. As a result, these edge-rich graphene nanostructures are
endowed with unique electronic, optical, and magnetic proper-
ties. These properties heavily depend on the chemical structure
at the edge, and therefore, can be tuned by performing electron
transfer chemistry at the graphene edge. Adjusting the edge
formation process or chemically modifying the edge afterwards
using electron transfer chemistry can redistribute the electro-
nic structure, and lead to customizable features for desirable
applications. The key challenge is to understand the edge
structure and edge chemistry to an atomic level, so that we
can manipulate the properties of graphene nanostructures with
precision.

For electrochemical applications, pristine graphene lattice
is not a beneficial electrode material because the majority
of basal plane sites does not transfer electrons fast enough to
a redox species compared to other carbon-based electrodes.
However, edges and defects in graphene are highly reactive
and do transfer electrons very fast to a redox species.
Therefore, controlled nanopores and defect structures within
the graphene lattice have the potential to tune electrochemical
reactions to a desired electron transfer rate, and even to have
a selective reactant or product to react on the surface out
of multi-component reaction due to a size exclude redox
species and a surface nanopore/edge site. SECM is emerging
to be a powerful tool in this field, due to the ability of
both characterize nanopores and even to modify those as
mentioned here in this review. We believe, SECM will be a
major technique going forward, with better understanding the
HET and surface nanoporosity in graphene, as well as other
functionalization reactions as described in this review. For
energy and sensor applications, but not only, high surface
area of active sites is very important, thus 3D CVD graphene is
looking even more promising than a 2D active graphene
electrode as mentioned here. Manipulating the 3D graphene
surface to form even higher number of active nanopores
structure density, has the potential in the future, to decrease
the need for further surface decoration with active and expen-
sive metallic catalysts.
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and M. Drndić, Nano Lett., 2010, 10, 2915–2921.

122 A. W. Robertson, G.-D. Lee, K. He, C. Gong, Q. Chen,
E. Yoon, A. I. Kirkland and J. H. Warner, ACS Nano,
2015, 9, 11599–11607.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 A
SU

 L
ib

ra
ry

 o
n 

31
/0

7/
20

17
 2

3:
47

:5
0.

 
View Article Online

http://dx.doi.org/10.1039/C7CS00181A


This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 4530--4571 | 4567

123 S. C. O’Hern, M. S. H. Boutilier, J.-C. Idrobo, Y. Song,
J. Kong, T. Laoui, M. Atieh and R. Karnik, Nano Lett., 2014,
14, 1234–1241.

124 J. D. Jones, C. F. Morris, G. F. Verbeck and J. M. Perez, Appl.
Surf. Sci., 2013, 264, 853–863.

125 L. Liu, S. Ryu, M. R. Tomasik, E. Stolyarova, N. Jung,
M. S. Hybertsen, M. L. Steigerwald, L. E. Brus and
G. W. Flynn, Nano Lett., 2008, 8, 1965–1970.

126 G. Wang, R. Pandey and S. P. Karna, Wiley Interdiscip. Rev.:
Comput. Mol. Sci., 2017, 7, e1280.

127 Y. Yamada, K. Murota, R. Fujita, J. Kim, A. Watanabe,
M. Nakamura, S. Sato, K. Hata, P. Ercius, J. Ciston,
C. Y. Song, K. Kim, W. Regan, W. Gannett and A. Zettl,
J. Am. Chem. Soc., 2014, 136, 2232–2235.

128 D. R. Dreyer, S. Park, C. W. Bielawski and R. S. Ruoff,
Chem. Soc. Rev., 2010, 39, 228–240.

129 G. Shao, Y. Lu, F. Wu, C. Yang, F. Zeng and Q. Wu, J. Mater.
Sci., 2012, 47, 4400–4409.

130 Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts and
R. S. Ruoff, Adv. Mater., 2010, 22, 3906–3924.

131 Y. C. Cheng, T. P. Kaloni, Z. Y. Zhu and U. Schwingenschlogl,
Appl. Phys. Lett., 2012, 101, 4.

132 N. Leconte, J. Moser, P. Ordejon, H. H. Tao, A. Lherbier,
A. Bachtold, F. Alsina, C. M. S. Torres, J. C. Charlier and
S. Roche, ACS Nano, 2010, 4, 4033–4038.

133 G. Lee, B. Lee, J. Kim and K. Cho, J. Phys. Chem. C, 2009,
113, 14225–14229.

134 H. H. Tao, J. Moser, F. Alzina, Q. Wang and C. M.
Sotomayor-Torres, J. Phys. Chem. C, 2011, 115, 18257–18260.

135 M. I. Walker, R. S. Weatherup, N. A. W. Bell, S. Hofmann
and U. F. Keyser, Appl. Phys. Lett., 2015, 106, 023119.

136 Z. Xu, M. Yue, L. Chen, B. Zhou, M. Shan, J. Niu, B. Li and
X. Qian, Chem. Eng. J., 2014, 240, 187–194.

137 C. J. Russo and J. A. Golovchenko, Proc. Natl. Acad. Sci. U. S. A.,
2012, 109, 5953–5957.

138 J. M. Carlsson, F. Hanke, S. Linic and M. Scheffler, Phys.
Rev. Lett., 2009, 102, 166104.

139 L. R. Radovic, J. Am. Chem. Soc., 2009, 131, 17166–17175.
140 R. Singh and M. Frenklach, Carbon, 2016, 101, 203–212.
141 H. Chang and A. J. Bard, J. Am. Chem. Soc., 1991, 113,

5588–5596.
142 X. Chu and L. D. Schmidt, Carbon, 1991, 29, 1251–1255.
143 X. Chu and L. D. Schmidt, Surf. Sci., 1992, 268, 325–332.
144 J. R. Hahn, Carbon, 2005, 43, 1506–1511.
145 S. M. Lee, Y. H. Lee, Y. G. Hwang, J. R. Hahn and H. Kang,

Phys. Rev. Lett., 1999, 82, 217–220.
146 D. Nasiedkin, Y. Plyuto and A. Grebenyuk, in Nanophysics,

Nanophotonics, Surface Studies, and Applications: Selected
Proceedings of the 3rd International Conference Nanotechnol-
ogy and Nanomaterials (NANO2015), August 26–30, 2015,
Lviv, Ukraine, ed. O. Fesenko and L. Yatsenko, Springer
International Publishing, Cham, 2016, pp. 221–229, DOI:
10.1007/978-3-319-30737-4_19.

147 R. T. Yang and C. Wong, J. Chem. Phys., 1981, 75, 4471–4476.
148 J.-L. Li, K. N. Kudin, M. J. McAllister, R. K. Prud’homme,

I. A. Aksay and R. Car, Phys. Rev. Lett., 2006, 96, 176101.

149 J. F. Orrego, F. Zapata, T. N. Truong and F. Mondragon,
J. Phys. Chem. A, 2009, 113, 8415–8420.

150 L. R. Radovic, A. Suarez, F. Vallejos-Burgos and J. O. Sofo,
Carbon, 2011, 49, 4226–4238.

151 S. S. Yu, W. T. Zheng and Q. Jiang, IEEE Trans. Nanotechnol.,
2008, 7, 628–635.

152 S.-E. Ozeki, T. Ito, K. Uozumi and I. Nishio, Jpn. J. Appl.
Phys., 1996, 35, 3772–3774.

153 A. Tracz, G. Wegner and J. P. Rabe, Langmuir, 2003, 19,
6807–6812.

154 S. T. Dinh, T. H. N. Pham, T. T. H. Nguyen, N. T. N. Dinh,
V. Q. Vu, T. K. D. Hoang and D. L. Duong, J. Nanosci.
Nanotechnol., 2016, 16, 7968–7972.

155 J. P. Froning, P. Lazar, M. Pykal, Q. Li, M. Dong, R. Zboril
and M. Otyepka, Nanoscale, 2017, 9, 119–127.

156 S. Huh, J. Park, Y. S. Kim, K. S. Kim, B. H. Hong and
J.-M. Nam, ACS Nano, 2011, 5, 9799–9806.

157 S. Jandhyala, G. Mordi, B. Lee, G. Lee, C. Floresca, P.-R.
Cha, J. Ahn, R. M. Wallace, Y. J. Chabal, M. J. Kim, L. Colombo,
K. Cho and J. Kim, ACS Nano, 2012, 6, 2722–2730.

158 K. Xu and P. D. D. Ye, J. Phys. Chem. C, 2014, 118,
10400–10407.

159 E. X. Zhang, A. K. M. Newaz, B. Wang, S. Bhandaru, C. X.
Zhang, D. M. Fleetwood, K. I. Bolotin, S. T. Pantelides,
M. L. Alles, R. D. Schrimpf, S. M. Weiss, R. A. Reed and
R. A. Weller, IEEE Trans. Nucl. Sci., 2011, 58, 2961–2967.

160 E. X. Zhang, A. K. M. Newaz, B. Wang, C. X. Zhang,
D. M. Fleetwood, K. I. Bolotin, R. D. Schrimpf, S. T.
Pantelides and M. L. Alles, Appl. Phys. Lett., 2012, 101, 3.

161 D.-P. Yang, X. Wang, X. Guo, X. Zhi, K. Wang, C. Li,
G. Huang, G. Shen, Y. Mei and D. Cui, J. Phys. Chem. C,
2014, 118, 725–731.

162 A. Gao, E. Zoethout, J. M. Sturm, C. J. Lee and F. Bijkerk,
Appl. Surf. Sci., 2014, 317, 745–751.

163 C. Gomez-Navarro, J. C. Meyer, R. S. Sundaram, A. Chuvilin,
S. Kurasch, M. Burghard, K. Kern and U. Kaiser, Nano Lett.,
2010, 10, 1144–1148.

164 D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii,
Z. Sun, A. Slesarev, L. B. Alemany, W. Lu and J. M. Tour,
ACS Nano, 2010, 4, 4806–4814.

165 Q. Xu, H. Xu, J. Chen, Y. Lv, C. Dong and T. S. Sreeprasad,
Inorg. Chem. Front., 2015, 2, 417–424.

166 T. Gokus, R. R. Nair, A. Bonetti, M. Böhmler, A. Lombardo,
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Nanotechnol., 2008, 3, 397–401.

233 D. V. Kosynkin, A. L. Higginbotham, A. Sinitskii, J. R.
Lomeda, A. Dimiev, B. K. Price and J. M. Tour, Nature,
2009, 458, 872–876.

234 M. Terrones, ACS Nano, 2010, 4, 1775–1781.
235 P. Mahanandia, K. K. Nanda, V. Prasad and S. V.

Subramanyam, Mater. Res. Bull., 2008, 43, 3252–3262.
236 J. Campos-Delgado, J. M. Romo-Herrera, X. Jia, D. A.

Cullen, H. Muramatsu, Y. A. Kim, T. Hayashi, Z. Ren,
D. J. Smith, Y. Okuno, T. Ohba, H. Kanoh, K. Kaneko,
M. Endo, H. Terrones, M. S. Dresselhaus and M. Terrones,
Nano Lett., 2008, 8, 2773–2778.

237 A. Narita, X.-Y. Wang, X. Feng and K. Müllen, Chem. Soc.
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