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Chemical functionalisation is one of the most active areas of graphene research, motivated by fundamental science, the opportunities to adjust or supplement intrinsic properties, and the need to assemble
materials for a broad array of applications. Historically, the primary consideration has been the degree of
functionalisation but there is growing interest in understanding how and where modiﬁcation occurs.
Reactions may proceed preferentially at edges, defects, or on graphitic faces; they may be correlated,
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uncorrelated, or anti-correlated with previously grafted sites. A detailed collation of existing literature data
indicates that steric eﬀects play a strong role in limiting the extent of reaction. However, the pattern of
functionalisation may have important eﬀects on the resulting properties. This article addresses the unifying principles of current graphene functionalisation technologies, with emphasis on understanding and
controlling the locus of functionalisation.

Introduction
Graphene, a framework of sp2 hybridised carbons arranged as
a 2D hexagonal lattice, is widely considered as one of the most
important materials of the current generation. Ideal, perfect
samples exhibit excellent mechanical properties1–3 (tensile
strength of >100 GPa, Young’s modulus 1 TPa, toughness of
3.9 MPa m1/2), thermal conductivity4,5 (5000 W mK−1) and electron mobility6–8 (>200 000 cm2 V−1 s−1). Whilst it lacks a true
bandgap, the linear dispersion relation, and vanishing density
of states at the undoped Fermi level, give rise to a range of
important ambipolar optoelectronic phenomena. Graphenederived materials have been applied to a vast range of applications, as diverse as structural composites, photonics, transistors, drug delivery, superconductors, sensors, nanofiltration,
and isotopic enrichment.9–12 To adapt graphene to these
opportunities, the intrinsic properties are often manipulated
using chemical functionalisation, for example, to open a band
gap, or increase solubility, electronic conductivity, biocompatibility, or wetting/interfacial adhesion. In addition, a range of
specific functions may be introduced, for example, by grafting
a biomarker, a fluorophore, an (electro)catalyst, or sorbent.
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While the desired outcomes vary significantly, much of the
underlying graphene functionalisation chemistry is shared.
Real graphene samples vary enormously in quality and
eﬀective properties, depending on the synthetic strategy; typically, mechanically exfoliated samples are most crystalline,
and chemically exfoliated the least.13,14 Whilst concentrations
vary by many orders of magnitude, all samples contain a
variety of possible defects (Fig. 1), including carbon vacancies,
heteroatom substitutions, in-plane rearrangements, and sp3

Fig. 1 Schematic structure of typical graphene defects. [Red] sp3 functionality, [green] Stone–Wales rotation, [ purple] vacancy, [light blue]
heteroatom substitution, [dark blue] zig-zag edge, [orange] armchair
edge.
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point defects where another species is covalently bound to a
basal plane carbon. These basal plane defects are known to
diminish the mechanical properties of graphene,15–17 and
alter the optoelectronic properties, even at low concentrations.18 Graphene edges may also be described as a defect,
with a variety of characteristic properties depending on orientation. They are particularly prevalent in bulk graphene-related
powders/dispersions and laterally-confined graphene nanoribbons and nanoplatelets.
In part due to the well-established diﬃculty in creating
high quality graphene in large quantities, there has been a tendency to describe a host of high aspect ratio graphitic
materials as “graphene”, irrespective of crystalline quality, or
indeed number of layers. Thicker materials with >1 layer are
bi-/tri/few-layered graphenes, graphite nanoplatelets, or
indeed, simply graphite. Strong oxidation produces exfoliated
graphene oxide (GO) which can be treated to form reduced-GO
(rGO), but not to regenerate graphene. While each of these
species have distinct applications and interesting properties,
they are not graphene. Here, we attempt to use the nomenclature set out by the editorial board of Carbon,19 and encourage
other researchers to do the same.
The properties of graphene may be modified non-covalently
by materials adsorbed on the basal plane, for example, doping
with oxygen, coating with a polymer, or deposition on a
substrate.20–22 Alternatively, graphene may be functionalised
through covalently bonding a moiety to the carbon
framework.23,24 Covalent modification is a more robust and
typically irreversible approach to modifying the graphene, and
is both of practical importance and fundamental scientific
interest. This review summarises the typical reaction types and
focuses on the increasing eﬀorts to control the locus of
functionalisation.

Functionalisation reactions
The functionalisation chemistry of graphene is similar to that
of other sp2 hybridised carbon allotropes: carbon nanotubes
and fullerenes.6,25,26 However, the curvature of the 1D/0D analogues creates strain in the sp2 carbon bonds which is alleviated by introduction of sp3 sites. The relaxation of the
strained nanocarbons lowers the energy barrier for functionalisation, causing higher reactivity than for (ideally) non-curved/
non-strained graphene.27–29 The overall reactivity of graphene
is a function of the type, particularly the degree of perfection
and number of layers; single layer graphene is significantly
more reactive than bilayer and higher layer graphenes.30–33
The simplest reactions occur at a pre-existing defect within
the graphene layer. Whilst avoiding the introduction of any
new defects and associated property degradation, this
approach oﬀers only very limited control of the degree of functionalisation which may be very low for high quality graphene.
Adventitious defect groups (usually oxygen-based) remaining
from graphene synthesis or exfoliation may be desorbed thermally, generating radicals that can trap an alternative
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functionality.34,35 Alternatively, specific defect groups may be
coupled to further reagents. Most commonly, carboxylic acids,
which may be adventitious or deliberate by-products of oxidation (see below), are subjected to esterification or amidification reactions with alcohols and amines, respectively.36
The edges of graphene flakes, or the grain boundaries
within polycrystalline layers, which may be viewed as 1D
defects within the 2D material, provide many correlated sites
for reaction. The carbon framework of the core of the flake
retains its sp2 hybridisation, so properties are not compromised, although doping and spin eﬀects are under investigation.37 For large diameter graphene flakes, the proportion of
carbons at edge sites is low, limiting the extent and influence
of grafting. Edge functionalisation is particularly pertinent for
graphitic species with lateral confinement, such as graphene
nanoribbons or graphene nanoplatelets. They have a large
quantity of edge sites and display bulk optoelectronic properties that can be tuned via the edge chemistry.38 The functionalisation options are broadly dependent on the existing
chemistry of the edge termination site; for example, carboxylic
acid terminations may be transformed into anhydrides, which
subsequently may be transformed into amides or metal-ion
complexes.39
A variety of direct reactions on the graphene basal plane are
possible, although relatively reactive species are required to
attack the π-bonded network. The most simple approach uses
plasmas (e.g. H, F, Cl) for activation, although this approach
can etch away the graphene framework.40 In the absence of
plasma enhancement, perhalogenated graphene can be prepared using molecular F2 (or other strong fluorinating agents)
via a radical mechanism,41 or using photochemically-generated chlorine radicals.40
In the liquid phase, graphene may be functionalised
through chemical oxidation, usually with nitric acid, introducing oxygen-containing groups which may subsequently be
used for the defect modifications mentioned above, and discussed in more detail elsewhere.42 With extreme oxidation, in
the case of GO, the intrinsic properties are irreversibly
aﬀected,43 although damage may be moderated by use of lower
temperatures or milder oxidants44 (e.g. S2O82−). rGO still contains a significant fraction of oxygen atoms, and the
‘reduction’ process typically removes some framework carbon
atoms, for example due to the evolution of CO or CO2 on
heating, leaving holes or pores in the layers. Graphene which
is mildly oxidised to give only hydroxyls on the basal plane has
been termed ‘oxo-graphene’ to distinguish it from typical GO,
as it may be reduced without significant carbon loss.44
By far the most common non-oxidative functionalisations
rely on reactions with organo radicals, typically using aryl diazonium salts. Here, the graphene reduces the aryl through
transfer of a π-electron to the diazonium cation to form an
ArN2• radical, which decomposes to release N2. The resultant
aryl radical may react directly with the graphene carbon framework forming a covalent bond. Other radical sources are
known (including nitrenes14 and aliphatic carbenes11), but aryl
diazoniums are the most well established due to their relative
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stability, flexibility of substituents, and availability (either of
the diazonium salt itself, or the parent aromatic amine which
may be trivially converted).
The unsaturated nature of graphene has also been exploited
by co-opting several classic alkene reactions. All the graphitic
nanomaterials are susceptible to 1,3-dipolar cycloadditions,
using azomethine ylides45 (the Prato reaction), ozone, or oxazolones.46 Graphene may also undergo Diels–Alder (DA) cycloadditions;47 interestingly, these reactions show the classic reversibility of DA reactions, and the graphene may react as either
diene or dienophile.48
As an alternative to these neutral-graphene reactions,
anionic graphene sheets can be prepared by doping with
group 1 metals, either directly or via charge transfer agents.
These ‘graphenides’ can initiate reductive functionalisation
reactions with a host of functional groups, most commonly
organohalides, but also disulphides, peroxides, silyl halides,
and protons.6 The charge may also be used to initiate anionic
polymerisation to graft polymers ‘from’ the surface of the graphene.25 Reductive functionalisation oﬀers a greater variety of
potential graphene-addend bonds than the C/N/O bonds typically formed in other reactions, including with bromine,32
hydrogen,33 and silicon.24

Dalton Transactions
The greatest benefit of anionic functionalisation, however,
lies in the properties of the initial graphenide itself, which
forms thermodynamically-stable solutions of monolayers.6 In
principle, the dissolution provides access to the entire graphene surface for homogeneous functionalisation, without the
steric occlusion associated with incomplete exfoliation49 and/
or adsorbed surfactants common in other shear-based exfoliation processes (e.g. bath sonication, shear mixing, etc.). The
intrinsic damage associated with GO formation or intense
sonication is also avoided.6 Historically, reductive functionalisation has been assumed to proceed via single electron transfer (SET) from the graphenide to reduce the reagent to a
radical anion, which degrades to an anionic leaving group and
a radical (e.g. RBr to R• and Br−). The resulting radical subsequently grafts to the graphene similarly to other radical
routes such as aryl diazoniums. However, the analogous reaction on anionic carbon nanotubes was recently found to
proceed via complexation between nanocarbon anion and
reagent, followed by a two-electron transfer.50 Further studies
of the mechanism of graphenide reactions are needed.
In addition to chemical doping methods, graphene may be
charged electrochemically. This approach may be used to
facilitate the exfoliation of graphite, through both Coulombic

Fig. 2 Degree of functionalisation for reactions with the graphene carbon framework: summary of available literature. (a) Comparison of
grafting stoichiometries between XPS and TGA, based on reports in which both techniques are used on the same sample,7,8,14,16,25,32,56 (red
line, linear ﬁt; black dashed line, equivalence of TGA and XPS measurements). (b) Molecular weight of grafted moiety versus degree of functionalisation (R/C, left) and grafting stoichiometry (C/R, right) and, categorised by reaction type: organo-radical additions5,7,8,11,12,14,16,17,57,58
(black, diazonium/carbene/nitrene), halogenation40,59–62 (green), plasma-hydrogenation63 ( puce), cycloadditions45,46,56,64–66 (red), reductive
functionalisation21,22,24–26,28,29,32,33,35,67 (blue), thermochemical functionalisation34 (magenta), and oxidation (orange). Limits for oxidation estimated
from typical maximum limiting stoichiometry of C8O4H5 from Pei et al.68 between 16 Da (epoxide) and 33 Da (carboxyl), with the lower limit for
degree of oxidation from hydroxylation via oxo-graphene.44 Dashed lines illustrate steric grafting limits69 for a freely jointed –CH2– chain treated
with de Gennes model70 for 1, 2, 5, 20 and 50-layer graphene stacks. The underlying literature data is tabulated in the ESI,† for reference. (c)
Schematic showing classic examples of the diﬀerent classes of functionalisation reactions on graphene (same colour scheme as (b)).
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repulsion and chemical modification reactions. At the potentials required for exfoliation, accidental or deliberate reactions
with the electrolyte or other additives are to be expected,
although not always discussed. More modest potentials can be
used to accelerate SET reactions, such as the diazonium chemistry, by providing higher energy electrons to accelerate aryl
formation.51
While covalent modification of graphene is typically an
addition to the hexagonal 2D framework (summarised in
Fig. 2c), it is possible to modify the carbon lattice itself
through heteroatom substitutions (often referred to as ‘heteroatom doping’). Introducing nitrogen or boron during chemical
vapour deposition synthesis of graphene is by far the most
common approach,52 although post-synthetic substitution
through ion implantation has been used for phosphorus,53
germanium,54 and silicon.55 Diﬃculties in scalability and
control makes this approach currently more suitable for fundamental studies than devices.

Degree of functionalisation
The extent of grafting reactions is variously reported as ‘grafting ratio’, the mass of grafted moieties relative to the graphitic
framework, ‘grafting stoichiometry’ (C/R), the number of graphitic carbons per grafted group, or degree of functionalisation (R/C), the proportion of reacted framework carbons. The
values are usually determined either through thermogravimetric analysis (TGA) or X-ray photoelectron spectroscopy
(XPS). TGA measures the weight loss as the more volatile
grafted groups decompose, typically between 200–400 °C;
ideally, the grafted species is identified by mass spectroscopy
to avoid confounding eﬀects of adsorbed/intercalated solvent.71
XPS measures the ratio of carbon to a distinctive non-carbon
element in the grafted species. In general, the agreement
between the two methods, where both are reported, is excellent
(the correlation from the available literature in summarised in
Fig. 2a). There is a possible weak tendency, overall, for XPS to
give a lower estimate of functionalisation degree (i.e. higher
grafting stoichiometry) than TGA (∼95% of TGA values,
Fig. 2a), but values are within error. An overestimation in TGA
measurements for lighter grafted species might relate to the
sacrificial loss of graphene framework carbons during thermal
decomposition. However, a number of factors may play a role
in diﬀerent circumstances, including the identity of the atom
tracked by XPS, its location in the grafted layer, and the possibility of addend or excess solvent intercalation.71 Since XPS is
a surface sensitive technique, results for thicker, multilayer
flakes may diverge.
The overall degree of graphene functionalisation may be
limited by the reaction conditions chosen, the reaction type, or
the steric bulk of the grafted species. A summary of the available data (Fig. 2b) on the functionalisation of graphitic layers
(excluding defect-modifying functionalisations such as via GO
esterification) shows that the size of the addend is a fundamental limiting factor. As the attached species become larger,
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they occlude the graphene region adjacent to the existing functionalisation, on the same side of the graphene sheet, decreasing the degree of functionalisation (R/C).67 For (bulky) polymeric species, two regimes exist due to steric eﬀects: at low
grafting densities, the polymer will act as a random coil and is
described as a de Gennes ‘mushroom’ conformation,70 while
at higher densities, the polymer is extended away from the
surface as a ‘brush’. To achieve the brush conformation, and
the associated high grafting stoichiometry, the polymer must
be grown from the surface of the graphene, for example by
in situ anionic polymerisation. Pre-synthesised polymers,
“grafted-to” graphene are limited to the mushroom regime.25
The majority of graphene functionalisations can be considered
as “graft-to” reactions. As a guide, a prediction of the
maximum degree of functionalisation allowed, as a function of
molecular weight, can be made by considering the area of the
surface occluded by a freely-jointed (CH2)n chain. This model
has been used to plot limits on the summary of available data
(Fig. 2b); the slope of the limit arises from de Gennes’
expression69,70 relating degree of functionalisation to the
chain length to the power −6/5. The exact position depends on
assumptions about packing, the molecular weight of the
repeat unit, and the chain stiﬀness. However, since the eﬀects
of increasing monomer weight and increasing chain stiﬀness
tend to counteract each other, the sensitivity to the specific
identity of the grafted species is relatively weak on the log–log
plot. A stronger eﬀect arises depending on the nature of the
graphitic material: true graphene in solution oﬀers two surfaces for reaction, but as the number of stacked layers
increases, the available specific area and hence the maximum
degree of functionalisation falls. The set of trendlines in
Fig. 2b illustrate that diﬀerences in the extent of exfoliation
could account for most of the observed range in grafting stoichiometry. Unfortunately, relatively few papers report the stack
height after functionalisation, so the strength of this hypothesis is currently hard to assess. The degree of functionalisation
for some reagents, especially diazonium species, and other
organo-radical additions, may be complicated by the tendency
for self-condensation, leading to the deposition of gradually
thicker oligomer layers, in principle exceeding the steric
limit.72 However, for most radical reactions (including aryl diazoniums) performed in the liquid phase, the most common
limiting feature is the degree of exfoliation, as poor exfoliation
leads to inaccessible carbons in the non-surface layers of the
suspended, few-layer graphite flakes.6
Of course, the chain approximation becomes increasingly
unreliable at lower molecular weights, most obviously in the
limit of single atom additions. Indeed, plasma-based reactions
may eventually proceed to completion, giving a purely sp3
structure with 1 : 1 stoichiometry, courtesy of the small size of
the atomic grafting species, combined with their high intrinsic
reactivity.41 In reality, lower stoichiometry is more typical, with
the extent of reaction determined by exposure time and conditions. For example, for hydrogenation,63 C/R ∼ 10 is most
common, reaching ∼2 in some cases; even greater hydrogenation is possible through reductive processing.33 In contrast,
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the degree of fluorination can exceed 1 due to formation
of CF2/CF3 from etching eﬀects.73 Both sides of graphene
must be reacted to attain stoichiometric graphene analogues;
interestingly, despite the possibly limited access, plasma reactions have been shown to react between layers in non-monolayer stacks.74 Graphenide reactions may fundamentally be
limited by the stoichiometry of the added charge. As the reaction proceeds, the anionic charge is consumed, lowering the
Fermi level of the graphene and consequently the reactivity,
towards the unreactive neutral state.75 At most, the grafting
stoichiometry is limited to the initial carbon/metal stoichiometry. In reality, significantly lower stoichiometries are seen,
particularly for poorly reacting species29,67 and unoptimized
metal stoichiometries/concentrations.67

Locus of functionalisation
Most graphene functionalisations focus on the degree of functionalisation, as measured directly by TGA and XPS, or
indirectly via Raman spectroscopy. Deducing the spatial distribution of functional groups is more challenging, though it has
been explored using high resolution electron and probe microscopies, as well as by optical and Raman techniques at lower
resolutions. It should be noted that the distribution of defects/
functionalisations will alter the Raman spectra, even for an
unchanged total degree of functionalisation; the classic
Tuinstra–Koenig relation for the D/G band intensities was
derived with a stochastic distribution of defects and may be
unreliable for other functionalisation patterns.25,32,76 Most
fundamentally, it is necessary to understand the sequence of
addition to the graphene basal plane, which is dictated by the
mechanism of the given reaction, the steric bulk of the
reagent, and importantly, the changes in the local electronic
structure of the graphene. Possible distributions of the grafted
moieties on the basal plane (Fig. 3) include entirely random,
stochastic arrangements of individual groups,25,67 pairwise
additions across a graphene bond,48,77 additions on one of the
two graphene sub lattices,78 or progressive bands of functionalisation spreading from some initiation site.79 Additions may
also occur on one, both, or alternating sides of the graphene
sheet, or in regions with specific curvature, or in contact with
other phases.
Pre-formed radical and plasma species have high reactivity
and add irreversibly, typically forming homogeneous stochastic distributions, although in some systems, there may be
higher selectivity towards edge sites.79 Most other reactions on
graphene involve electron transfer from the graphene to the
reagent; thus, the graphene carbons with higher local electron
density and/or higher electron energies are more susceptible
to reaction. For an infinite sheet of pristine graphene, all
carbons have identical local electronic structure, however perturbations will bias the locus of functionalisation. Most
simply, deposition of single layer graphene on a substrate will
lead to fluctuations in the adjacent graphene, forming electron–hole puddles which can bias the reactivity towards the
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Fig. 3 Schematic showing possible functionalisation patterns on graphene initially containing one defect (black). Clockwise from top left:
stochastic random (red); pairwise addition (green); sub-lattice controlled
(same as existing basal defect, maroon); substrate patterning ( purple);
basal-defect propagation (blue); edge propagation (orange).

electron rich regions.30 Such fluctuations vary with the nature
of the substrate and are dampened by additional layers in bi-/
multi-layered stacks, leading to dramatically decreased reactivity of the top layer. Alternatively, the spontaneous wrinkles of
the graphene may break the symmetry of the plane, providing
sites of higher reactivity.80 In principle, the functionalisation
of graphene could be manipulated using established methods
of wrinkle engineering.81 Defects break the symmetry and
local electronic structure of graphene, and therefore bias the
locus of functionalisation. Edge sites are found in all real graphene samples, and have higher reactivities than sp2 carbons
in the basal plane.30,82 The presence of sp3 or other in-plane
defects (Fig. 1) leads to local fluctuations in electron density
(Fig. 4) and buckling of the sheet, with both local strain and
higher electron density increasing reactivity.77,83 This preference for reaction near an existing point defect can lead to
ordering at greater length scales, as each new functionalisation
introduces a new sp3 defect. As reactions proceed iteratively,
the thermodynamic preference is for radial growth of functionalised islands, with subsequent addition preferred at the perimeter. This defect propagation process has been reported previously on CNTs.84 On 2D systems, the propagation may
initiate at graphitic edges, with growth proceeding preferentially initially parallel to the edge, forming a row of sp3 defects,
subsequently progressing inwards towards the flake centre85
(Fig. 5). This hypothesis has been explored using monodispersed molecular analogues of graphene (large aromatics)
which can be explored by conventional chemical characterisation techniques (HPLC/NMR).86 The presence of an existing
grafted species also tends to direct subsequent additions to
the opposite face of the graphene (if accessible) to limit steric
eﬀects, and minimise strain.87
These coordinated sequential processes may be suppressed
in real systems, due to both kinetic and steric eﬀects. However,
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Fig. 4 The disruption of local electronic structure adjacent to a grafted
species may inﬂuence subsequent reactions. Scanning tunnelling
microscopy of graphene Diels–Alder functionalised with 3,5-bis(triﬂuoromethyl)phenyl maleimide shows standing waves forming in the surrounding region. Insert shows the Fourier transform of the image.
Adapted with permission from Daukiya et al.77 Copyright 2017 American
Chemical Society.

Frontier
of functionalisation depends only on the quality of the graphene, not the size of the grafted species34 (Fig. 2b).
For reactions initiated by donation of a π electron from the
graphene (ultimately to form a radical), the loss of an electron
leads to a localised unpaired electron on a carbon of the opposite sublattice to the sp3 aryl addend,88 which may direct an
alternating pattern of functionalisation.78 Given the electron
mobility in the plane, the fate of these unpaired electrons is
unclear, and may depend on reaction density. The influence of
functionalisation on the nature of the remaining conjugated π
cloud is hard to predict, and it is indeed diﬃcult to draw conventional resonance structures (Fig. 2c). While less studied
than sp3 defects, in-plane vacancies, heteroatom substitutions,89 and Stone–Wales rotations will significantly aﬀect
the local electronic character. Carbons local to the in-plane
defects with higher energy/modified electron density, or
higher local strain, may preferentially functionalise over a nondefect-adjacent basal plane carbon.90,91 In principle, the electron-donating or withdrawing character of substituent atoms
(such as boron or nitrogen) should direct the nature of the
local reactions; however, current evidence is limited or even
contradictory.92,93

Directed site functionalisation

Fig. 5 Evidence for progressive functionalisation from graphene sheet
edges. Optical micrographs (a and c) and Raman spectra (b and d) of
graphitic steps before (a and b) and after (c and d) reductive functionalisation illustrate higher degrees of functionalisation at edge sites.
Adapted with permission from Feng et al.85 Copyright 2013 American
Chemical Society.

the limiting influence of steric occlusion is observed across a
broad range of functionalising species, as noted above
(Fig. 2b).67 The first grafted species occlude the local, electronically-preferable, defect-adjacent sites from subsequent functionalisation, likely preventing ordered additions, particularly
at higher molecular weights.25 In the case of reactions that
occur at a low concentration of intrinsic defects, without
propagation (such as the thermochemical method), the degree

This journal is © The Royal Society of Chemistry 2020

As graphene chemistry matures, there are increasing eﬀorts to
dictate the location of additions. As a most simple example,
one side of a graphene sheet can be functionalised selectively
by masking the other face, as naturally occurs on a substrate.94
By ‘flipping’ the graphene onto a new substrate to expose the
unfunctionalized side, a second reaction is possible,94,95
leading to separate functionalities on each side, creating a socalled Janus graphene. Reagents may also be embedded in
photolithographically-patterned trenches to functionalise the
underside of a graphene sheet locally while the topside is functionalised with more classic fluid-based reactions96 (Fig. 6). In
principle, solid–liquid interface reactions may be scaled up by
performing the reactions at liquid–liquid interfaces, as seen
for other non-graphene Janus materials.97 The interfacial route
has been applied to pre-functionalised graphene98 and GO99 to
synthesise Janus species, but this approach has yet to be
applied to pristine graphene, even though graphene can be
assembled at liquid–liquid interfaces.100
Patterns in the substrate may also influence the chemistry
on the upper surface through electronic eﬀects,30 particularly
for materials with large fluctuations in dipole.101
Lithographically altering the substrate allows manipulation of
reactivity on the same scale as the lithographic patterning,
typically tens of microns using optical methods. Lithographic
patterning may also be performed on top of the graphene
itself, through either patterning of a removable mask to
prevent functionalisations at covered sites102,103 or deliberate
introduction of defects to increase local reactivities of irradiated regions.82 Control using substrate patterning/masking
down to the nanometre scale is likely possible with more
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Fig. 6 Process of Janus functionalisation of graphene using AgF
embedded in substrate trenches for bottom-side ﬂuorination.
Reproduced with permission from Bao et al.96 Licenced under CC
BY-NC-ND 4.0.

advanced lithography; other direct write and self-assembly
strategies are discussed below.104
Asymmetric lateral bands of functionalisation may be
initiated by bipolar electrochemistry.105 When held in a static
electric field, the electron density of a graphene sheet may be
biased towards the edge closest to the cathode (complemented
by an electron-poor edge near the anode). The cathodic edge is
a better electron donor, accelerating functionalisation with
aryl diazoniums. To balance charge, the graphene is reduced
at the anodic side using a non-functionalising reaction. As
functionalisation proceeds, the modified area is no longer conductive, and the polarised ‘edge’ of conjugated carbons moves
inwards, with these graphitic carbons becoming more reactive.
The result is a band of functionalisation which proceeds away
from the graphene edge. Notably, this eﬀect depends on the
strength of the electric field and the distance from the graphene edges, not the distance from the field-generating electrode, allowing multiple graphene sheets in an array to be
banded simultaneously (Fig. 7).
The functionalisation can be patterned at the nanoscale
through probe microscopy. Scanning electrochemical cell
microscopy allows for electrochemical reactions to be performed within sub-micron droplets on the graphene
surface.106 At even higher resolution, the probe tip can drive
local hydrogenation/oxidation by decomposing water with
negative/positive tip bias, respectively.107 Higher oxidative voltages lead to local degradation of the graphene, facilitating
cutting of the graphene for example into nanoribbons.108
Single-molecule control over functionalisation is also possible
using the electron beam in a transmission electron microscope
to decompose organochlorides to radicals which covalently
adhere to the graphene layer.109 In principle, patterns of
defects introduced by top-down methods, might be functionalised and expanded with sequential chemical reactions.
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Fig. 7 Progressive grafting of graphene using a bipolar electrochemical
method. (Top) Schematic of setup. (Bottom) Raman D/G mode intensity
ratio maps of graphene sheets before and after functionalisation for
(left) single 10 mm2 sheet (right) 5 × 4 array of 1 mm2 graphene sheets.
Adapted with permission from Koefoed et al.105 Copyright 2016
American Chemical Society.

Fig. 8 AFM micrographs of graphene functionalised in the presence of
self-assembled molecular masks. (a) Graphene functionalised after
masking with C40H82, inset image Fourier transforms (b) schematic of
masking and subsequently banded functionalisaiton. Reproduced from
Tahara et al.110,58 Copyright 2018 American Chemical Society. (c and d)
Graphene electrochemically functionalised with 1 : 1 TBD/4-nitrobenzenediazonium at diﬀerent voltages (vs. Ag/AgCl) leading to formation of
functionalisation-occluding
nitrogen
bubbles
from
diazonium
decomposition. Higher magniﬁcation insets. Adapted with permission
from Phan et al.111 Copyright 2019 American Chemical Society.

Fine nanoscale control may be achieved over larger areas of
graphene through molecular self-assembly. Patterns of inert
adsorbed molecules, such as linear alkanes, may be used as a
mask to permit (radical) reactions only at the unmasked sites
(Fig. 8a–b).110 Alternatively, the adsorbed species may be the
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reagent (typically a self-organising moiety terminated with diazonium),72 or even a side product from the reaction; as an
example, surface-adhered bubbles of nitrogen from diazonium
decomposition lead to circular patterns at the ∼100 nm scale
(Fig. 8c–d).111
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Conclusions and perspective
Graphene functionalisation is essential for a range of practical
processes and applications. However, as an archetypical nanomaterial, graphene is poised between molecular and continuum behaviour, and a range of fundamental chemistry questions remain to be addressed. The extent of charge delocalisation may be expected to vary as reactions proceed, and the
π-bonded network becomes disrupted in ways that depend on
the locus of functionalisation, the influence of substrates, and
the presence of wrinkles and other defect features. The emergence of conjugated domains will eﬀect properties (as already
observed in the fluorescence of GO112) and subsequent reactivity. The nature of the radicals formed by SET and other radical
additions to graphene remains to be clarified and is likely to
vary with concentration and the remaining degree of conjugation; spin eﬀects may also be generated by selective sublattice reactions or edge specific chemistries; in situ EPR
experiments would be very insightful. Although SET mechanisms are widely invoked, complex formation50 and coordinated reaction paths may prove to have a larger role.
Whilst many chemistries are considered to be irreversible, at
least under the reaction conditions applied, the eﬀects of backward reactions, and the stability of intermediates, deserve
more attention. Currently, the evidence for propagation of
functionalisation reactions from defects is limited, circumstantial, or indirect (i.e. based on graphene-like molecules or
poorly exfoliated materials, rather the single layer graphene).
That steric eﬀects are so often dominant (Fig. 2b) suggests
that any propagation eﬀects tend not to limit the extent of
reactions. However, further study of the development of functionalisation reactions at the atomic scale, on well-defined
systems, is needed.
Despite these fundamental issues, there are now a wide
range of established practical chemistries for grafting useful
moieties to single layer graphenes and other graphene-related
materials. Their eﬃcacy may be as much a function of graphene quality and type as the reaction conditions. The emphasis has largely been to show that a particular approach is ‘successful’, preferably with a high degree of functionalisation.
Further work is needed to control the degree of functionalisation more appropriately for a range of diﬀerent starting
materials, particularly on more exfoliated/fewer layer feedstocks. The extent of functionalisation should be routinely
reported relative to the degree of exfoliation. In general, there
is an optimum extent of functionalisation balancing the
benefits of the grafted groups with the loss of intrinsic properties; the use of macromolecular or branched addends can
oﬀer greater benefits for fewer disrupted graphene lattice sites.
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For systems with lower degrees of functionalisation (e.g. graphenide/DA), increasing degree of functionalisation may still
be needed. More aggressive plasma/oxidation chemistry may
require a lower degree of more controlled addition. In either
case, whilst absolute grafting stoichiometry is important, the
locus of functionalisation will alter the resulting graphene properties, influencing both final application and characterisation
of the material. Further improvements in methods to characterise or observe the locus of functionalisation are needed.
Pure edge functionalisation whilst retaining undamaged
basal plane properties, is attractive if suﬃcient. Most
obviously, this approach applies to graphene-based ‘carbondots’ and graphene nanoribbons, which have optoelectronic
properties modulated by the edge eﬀects. For larger flakes,
progressive functionalisation radially inwards allows a higher
grafting stoichiometry without loss of core performance.
However, avoiding parasitic islands forming in the core region
will require a low concentration of initial basal plane defects.
Still larger flakes, even wafer scale monolayers, could be compartmentalised into parallel ribbons or other confined architectures with patterned functionalisation, using lithography or
leveraging more bottom-up processes such as wrinkle engineering, to access shorter length-scales across large areas.
Further, full control over the locus of functionalisation will not
only improve existing processing and tune properties, but
open new avenues of research. For example, full functionalisation of a single sublattice is expected to generate magnetic
carbon materials.113 Regular arrays of functional group sites
will modulate optoelectronic properties, potentially introducing band gaps and useful plasmonic114 and magnetic115,116
features.
To realise these opportunities will require a significant
expansion of our understanding of graphene chemistry, and
the methods to control and characterise it. The knowledge
acquired will extend beyond graphene, since many of the
underpinning chemistries, challenges and opportunities are
shared with other 2D nanomaterials including carbon nitrides,
transition metal dichalcogenides, and other 2D allotropes
( phosphorene, silicene, germanene, stanene). Many of these
nanomaterials also have 1D embodiments, either as nanotubes6 or nanoribbons of the 2D species.117
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