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CONS P EC TU S

A lthough graphene's physical structure is a single atom thick, two-dimensional, hexagonal crystal of sp2 bonded carbon, this
simple description belies the myriad interesting and complex physical properties attributed to this fascinating material.

Because of its unusual electronic structure and superlative properties, graphene serves as a leading candidate for many next
generation technologies including high frequency electronics, broadband photodetectors, biological and gas sensors, and
transparent conductive coatings. Despite this promise, researchers could apply graphene more routinely in real-world
technologies if they could chemically adjust graphene's electronic properties. For example, the covalent modification of graphene
to create a band gap comparable to silicon (∼1 eV) would enable its use in digital electronics, and larger band gaps would provide
new opportunities for graphene-based photonics. Toward this end, researchers have focused considerable effort on the chemical
functionalization of graphene. Due to its high thermodynamic stability and chemical inertness, new methods and techniques
are required to create covalent bonds without promoting undesirable side reactions or irreversible damage to the underlying
carbon lattice.

In this Account, we review and discuss recent theoretical and experimental work studying covalent modifications to graphene
using gas phase atomic radicals. Atomic radicals have sufficient energy to overcome the kinetic and thermodynamic barriers
associated with covalent reactions on the basal plane of graphene but lack the energy required to break the C�C sigma bonds that
would destroy the carbon lattice. Furthermore, because they are atomic species, radicals substantially reduce the likelihood of
unwanted side reactions that confound other covalent chemistries. Overall, these methods based on atomic radicals show promise
for the homogeneous functionalization of graphene and the production of new classes of two-dimensional materials with
fundamentally different electronic and physical properties.

Specifically, we focus on recent studies of the addition of atomic hydrogen, fluorine, and oxygen to the basal plane of graphene.
In each of these reactions, a high energy, activating step initiates the process, breaking the local π structure and distorting the
surrounding lattice. Scanning tunneling microscopy experiments reveal that substrate mediated interactions often dominate when
the initial binding event occurs. We then compare these substrate effects with the results of theoretical studies that typically
assume a vacuum environment. As the surface coverage increases, clusters often form around the initial distortion, and the
stoichiometric composition of the saturated end product depends strongly on both the substrate and reactant species. In addition to
these chemical and structural observations, we review how covalent modification can extend the range of physical properties that
are achievable in two-dimensional materials.

1. Introduction
Graphene, a single layer of sp2-bonded carbon atoms ar-

ranged in a honeycomb lattice, is the first two-dimensional

material shown to exist in a suspended form, defying

previously held notions that suspended 2D materials were

thermodynamically unstable.1 Since its initial isolation,

graphene has demonstrated a plethora of remarkable

physical properties, many of which stem from its unusual
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electronic structure near the Fermi level.2 In particular,

electrons and holes in graphene respond rapidly to applied

electric fields due to exceptionally high charge carrier mo-

bilities in excess of 200000 cm2/(V s).3 This superlative

mobility has recently been exploited in high frequency

transistorswith operating frequencies in excess of 100GHz,4

suggesting that graphene has the potential to become the

foundation for next generation electronics.

Despite its many outstanding electronic attributes, sev-

eral issues must be overcome before the full promise of

graphene can be realized. For example, in contrast to con-

ventional semiconductors, graphene does not possess a

band gap, which implies that it cannot be directly employed

in digital electronics where high transistor on/off ratios are

imperative.5 Furthermore, imperfectmethods for integrating

graphene with other materials, including dielectrics, metals,

and dopants, compromises performance in fully fabricated

devices and circuits.6 Underlying these challenges is the

chemical inertness of the basal plane of graphene, which

confounds efforts to tailor its properties and limits the

formation of well-defined interfaces with other materials.

The lack of chemical reactivity in graphene can be traced to

its homogeneity and highly delocalized electronic structure.

Typically, chemical reactions occur at locations that have weak

or labile bonds, highly localized orbitals, dangling bonds, or

localizedcharges,noneofwhicharepresent ingraphene.Onthe

other hand, in the honeycomb lattice of graphene, each carbon

atom possesses a 3-fold symmetric sp2 electronic hybridization

inwhich theπorbitals extendout of the atomic plane, forminga

self-passivating, highly delocalized network. Disrupting this che-

mical structure is not only thermodynamically unfavorable, but

also requires the formation of high energy radicals localized on

adjacent carbons that are difficult to support.

Covalent chemistry on the basal plane of graphene is

further hindered by a high kinetic barrier associated with

rearrangements of the carbon lattice. The equilibrium geo-

metry for aromatic carbons is planar, which is a direct result

of the symmetry of the sp2 hybridization. Covalent modifi-

cation of graphene, however, converts sp2 carbons to sp3,

which prefer to be in a tetrahedral geometry with longer

bonds as shown in Figure 1. This transformation affects not

only the sp3 carbon directly affected by the reaction, but also

creates a geometric distortion that extends over multiple

lattice positions. The resulting energetic penalty for this

lattice deformation significantly increases the transition state

energy associated with covalent chemistry on graphene.

As a consequence of the absence of reactive sites and a

substantial kinetic barrier to reaction, covalent modification

of the basal plane of graphene requires the presence of high

energy reactants such as strong acids or radicals. However,

high energy reactants often induce unintended side reac-

tions or a lack of homogeneity in the resulting chemical

functionalization. For instance, reduction of aryl diazonium

cations leads to organic radicals that covalently react with

graphene,7 but also are susceptible to self-polymerization

that results in spatially inhomogeneous attachment and a

disordered energy landscape.8 Similarly, acidic oxidation of

graphene results in a complicated chemical structure includ-

ing hydroxides, epoxides, topological defects, and nanometer-

sized holes.9 While inhomogeneously functionalized graph-

ene may be acceptable in some applications, it remains sub-

optimal for high performance electronics that are invariably

based on well-defined, crystalline materials.

In this Account, we highlight recent work concerning the

chemistry and emergent properties of covalent atomic ad-

sorbates on the basal plane of graphene. Compared to

organic free radicals, atomic species (e.g., H, F, and O)

minimize the possibility of side reactions and thus hold

promise for covalently functionalizing graphene in a chemi-

cally uniform and homogeneous manner. Furthermore, the

relative simplicity of atomic adsorbates allows them to be

well described by theoretical calculations, thereby facilitat-

ing further elucidation of the stable chemical compositions

and structures that result from these reactions. In addition to

providing a snapshot of the current understanding and

achievements for covalently modified graphene, this Ac-

count also provides perspective on the remaining chal-

lenges and future research directions for this field.

2. Atomic Hydrogen on Graphene
2.1. Theoretical Studies of Hydrogenated Graphene.

Hydrogen is the most thoroughly studied atomic adsorbate

on graphene. From a theoretical standpoint, covalent

FIGURE 1. Typical lattice distortion resulting from a single covalent
adsorbate on graphene. Atoms are colored according to their out of
plane height to better visualize the surrounding distortion.
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addition of hydrogen to graphene has been studied at a

variety of coverages including single atomic adsorbates,10�12

dimers,11,13 clusters,11 and saturation coverage.14,15 In the

low coverage limit, hydrogen binds preferentially as a dimer.

Specifically, the reaction of graphene with hydrogen has a

substantial barrier that results from the reorganization of the

carbon lattice to accommodate an sp3 defect and the creation

of a radical. Following the first atomic hydrogen adsorption

event, the deformed lattice can more easily accommodate a

second carbon�hydrogen bond, resulting in a dimer struc-

ture. Additional hydrogen atoms are expected to cluster, and

the most stable conformation, known as graphane, has been

theoretically established as the chair conformation shown in

Figure 2A, in which each carbon atom is covalently bound to

hydrogen with alternating C�H bonds pointing in the same

direction.

The addition of hydrogen to graphene has been pre-

dicted to radically change its electronic, elastic, optical, and

even magnetic properties. Fully hydrogenated graphane is

expected to be awide band gapmaterial, with a direct gap at

the center of the bouillon zone. In particular, high-level GW

approximation electronic structure calculations predict a

band gap of 5.4 eV.15 If hydrogen adsorption at lower

coverage occurs in a spatially periodic fashion, then a

controlled smaller band gap has been predicted. However,

spatially random hydrogen dimers preclude the opening of

a band gap until the coverage has reached ∼66%, thus

highlighting the advantages of chemically homogeneous

and spatially periodic hydrogen adsorption.11 The expected

direct gap of hydrogenated graphene also suggests the

possibility for realizing novel optical properties. For exam-

ple, Samarakoon et al. have calculated the optical absorp-

tion spectrum of graphane and shown that, despite the

presence of strong excitonic peaks in the dielectric function,

the absorption onset occurs in the ultraviolet, thus making

graphane completely transparent.16

2.2. Experimental Studies of Hydrogenated Graphene.

Hydrogenated graphene has been produced primarily using

atomic hydrogen beams, in which molecular hydrogen

is cracked on a hot filament,17�19 or via exposure to hydro-

gen-based plasmas.20,21 Typically, atomic hydrogen beams

have been employed for low coverage studies with scan-

ning tunneling microscopy (STM), while hydrogen plasmas

provide sufficient hydrogen flux to approach the 1:1 carbon

to hydrogen ratio of graphane. The detailed conditions for

hydrogenation determine the level of irreversible damage

to the graphene lattice. In particular, hot, high-power plas-

mas result in hydrogenated graphene with significant irre-

versible defect density, while low temperature plasmas and

atomic hydrogen beams add hydrogen in a manner that is

thermally reversible to pristine graphene as measured by

Raman spectroscopy, electrical transport measurements,

and STM.18,19

The structure of atomic hydrogen bound to a single side

of graphene has been resolved by STM for epitaxial gra-

phene (EG) on silicon carbide17,18,22 and graphene on single

crystal transition metals grown by chemical vapor deposi-

tion (CVD).23 In agreement with theoretical predictions,

hydrogen atoms adsorb on graphene primarily as dimer

species, although monomers have been reported as a

minority component on EG in contrast to graphite.24 The

adsorption of atomic hydrogen on EG and CVD graphene is

shown in Figure 3. On both EG and CVD graphene, lattice

mismatch between graphene and the substrate produces

long-range corrugations in the physical and electronic struc-

ture known as a Moir�e pattern. This graphene�substrate

interaction templates the hydrogen adsorption in registry

with the Moir�e pattern as shown in Figure 3B and E. On CVD

graphene, the attachment of hydrogen has been predicted

to displace the carbon atoms down toward the metallic

FIGURE 2. (A) Structure of graphane (i.e., the high coverage limit of
hydrogenated graphene). White atoms are hydrogen, and gray atoms
are carbon. Reproduced from Sofo et al.14 Copyright 2007 American
Physical Society. (B) Electronic band structure for graphane. Solid lines
are with the GGA approximation, while red dots represent the more
accurate GWband structure. Reproduced fromLebegue et al.15 Copyright
2009 American Physical Society. (C) Evolution of the band gap as a
function of hydrogen coverage. Reproduced from Gao et al.11

Copyright 2011 American Chemical Society.
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substrate, resulting in the formation of covalent metal

carbide bonds. Consequently, hydrogen adsorption is more

favorable in areas in which the graphene ring is situated

directly atop a metal substrate atom. The relatively strong

metal carbide interaction results in the Moir�e pattern being

preserved even at high hydrogen coverage on CVD gra-

phene on Ir(111). The importance of themetal carbide bond

has been further confirmed by studying the hydrogenation

of CVD graphene grown on multiple metals with varying

graphene substrate interaction strengths.25 In contrast, the

Moir�e pattern is not observed on EG at high coverage;

instead, the hydrogen adsorption appears randomly

clustered.

Electronically, hydrogenation reduces the local conduc-

tivity, with differential tunneling conductance STM imaging

revealing a ring of depressed local density of states with a

diameter of up to 5 nm surrounding a single hydrogen dimer

pair on EG.18 At saturated hydrogen coverage on EG,

scanning tunneling spectroscopy reveals the loss of the

Dirac point associated with graphene and the presence of

a small band gap. Hydrogenated CVD graphene on Ir(111)

also possesses a band gap of 400 meV as measured by

angle-resolved photoemission.23

For suspended graphene, hydrogen adsorption can occur

on both sides of the graphene membrane. By exposing

exfoliated graphene to a low temperature plasma of hydro-

gen, Elias et al. created large areas of hydrogenated gra-

phene, reaching a fully saturated graphane structure in the

suspended regions.19 Because these graphene samples

were not mounted on conductive substrates, they were

not imaged with STM. However, the structure was inferred

by transmission electron microscopy (TEM) diffraction,

which shows sharp diffraction spots and a characteristic

contraction of the lattice from graphene to graphane. The

degree of hydrogenation has also been monitored by the

evolution of the Raman D band, which is associated with

symmetry breaking defects in the sp2 lattice such as sp3

carbons.19,21 For hydrogenated graphene on SiO2, Raman

measurements show that aromatic carbons remain even

after extensive exposure, indicating that hydrogen adsorption

is clustered and saturates well below a 1:1 ratio. This observa-

tion was confirmed by charge transport measurements, which

reveal a decrease in mobility and p-type doping, but no

significant band gap for hydrogenated graphene on SiO2.
19

3. Fluorographene
3.1. Theoretical Studies of Fluorinated Graphene. The

reaction of fluorine with graphene has been modeled as addi-

tion reactions for both its acidic and radical components.26�34

Fluorination of graphene is similar to hydrogenation in that

fluorine forms a single bond to carbon but with a reversed

dipole and increased binding strength. Furthermore, unlike

hydrogenation, the binding of a single fluorine atom is

exothermic, and nucleation is not required for film growth.32

Since fluorination does not require nucleation, it should be

easier to produce saturated coverages of fluorographene

compared to graphane. When fluorine covalently reacts with

graphene, the carbon lattice is distorted upward around the

resulting sp3 carbon, and the binding energy of additional

fluorineatoms is increased. Forgraphene inwhichonlya single

side is exposed to fluorine, fluorination is expected to saturate

at 25% coverage (C4F).
30 This structure proposed by Robinson

et al. is shown in Figure 4A. For double-sided fluorine exposure,

the binding energy decreases monotonically until a fully

saturated coverage is reached.32 The most stable calculated

structure of saturated fluorographene is an alternating

FIGURE 3. (A) 100 nm � 100 nm STM image of clean epitaxial
graphene on SiC. (B) STM image of epitaxial graphene after a low
exposure to atomic hydrogen, showing two types of hydrogen dimers.
(C) Atomic resolution of a single hydrogen dimer showing two adatoms.
(D) 100 nm � 100 nm STM image of epitaxial graphene exposed to a
saturation coverage of atomic hydrogen. (E,F) STM images of graphene
on Ir(111) after exposure to low (E) and saturation (F) doses of atomic
hydrogen. (A) and (D) are reproduced from Guisinger et al.17 Copyright
2009 American Chemical Society. (B) and (C) are reproduced from Sessi
et al.18 Copyright 2009 American Chemical Society. (E) and (F) are
reproduced from Balog et al.23 Copyright 2010 Nature Publishing
Group.
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conformation analogous to graphane as shown in

Figure 4C.29,32,35

Once graphene has been fully fluorinated, its electronic

properties are predicted to change substantially. Fluorogra-

phene is expected to be electrically insulating with a band

gap of 3.1 eV, as calculated within the local density approx-

imation (LDA).16 When dynamic screening is taken into

account within the GW approximation, the calculated band

gap further increases to 7.4 eV.29,36 The calculated LDA and

GWband structure for C4F and fluorographene are shown in

Figure 4B and D. Similar to graphane, fluorographene is a

direct band gap insulator at the Γ point, suggesting the

possibility for strong excitonic effects in the optical absorp-

tion spectrum. For example, Samarakoon et al. calculated

the absorption spectrum for isolated fluorographene and

graphane, and found that the higher polarity of the C�F bond

significantly increases the electron�hole interactions.16 This

enhanced Coulombic interaction results in an absorption

onset that is significantly red-shifted for fluorographene, and

increases the potential utility of fluorographene in electro-

optical and excitonic devices.

3.2. Experimental Studies of Fluorinated Graphene.

Although bulk graphite fluoride has been used as a lubricant

for nearly 100 years, graphene fluoride was not experimen-

tally realized until 2010. Three prominent methods for

creating fluorographene exist: (1) exposure to the com-

pound XeF2;
30,37 (2) plasma etching using a fluorinated

compound;38 (3) liquid phase exfoliation of bulk graphite

fluoride.34 Among these methods, plasma etching and XeF2
exposure yield similar results as will be outlined below. In

contrast, graphite fluoride is often a nonstoichiometric

compound39 with a fluorine to carbon ratio between 0.5 and

1.3, which indicates the presence of CF2 and CF3 functional

groups that are incompatible with pristine graphene surfaces.

Robinson et al. first reported single-sided fluorination of

CVD graphene on copper foil in which they concluded that

the fluorine coverage saturated at a composition of C4F

based on X-ray photoemission spectroscopy (XPS) character-

ization.30 On the other hand, for graphene on SiO2 or silicon-

on-insulator substrates, they found that fluorination produces

a carbon to fluorine ratio approaching 1:1. The resulting XPS

data are shown in Figure 5A. In an independent study, Nair

et al. fluorinated exfoliated graphene flakes and epitaxial

graphene on SiC with XeF2.
37 Interestingly, while saturated

fluorination of CVD graphene and graphene on SiO2 can be

achieved within minutes or hours, fluorination of epitaxial

graphene proceeds slowly, and ultimately requires approxi-

mately 2 months of exposure at elevated temperatures to

reach saturation. TEM diffraction measurements of sus-

pended samples confirm that fluorinated graphene is a

hexagonal crystal with an expanded unit cell due to the

longer sp3 bonds as shown in Figure 5.37

Fluorographene is highly insulating at room temperature,

which indicates the opening of a band gap. Furthermore,

fluorographene is transparent in the visible, providing

further evidence of a band gap (Figure 5B).30,37 During the

early stages of fluorination, Raman measurements show

rises in the D peak, which indicates the creation of defects

and sp3 carbons. As more fluorine is added, the band gap

extends into the ultraviolet, and without resonance en-

hancement Nair et al. report no detectable Raman signal

from fully fluorinated graphene under visible excitation.37

In addition, Jeon et al. were able to detect fluorescence

from both excitonic and direct emission states from dis-

persed layers of graphite fluoride.40 An optical band gap of

3.8 eV was measured, which is close to that predicted by

Samarakoon et al.16 The observation of fluorescence, com-

bined with the change in the optical absorption spectrum

FIGURE 4. (A) Geometric structure of stable single-sided fluorinated graphene, C4F. (B) Calculated electronic band structure for C4F. Gray atoms are
carbon, and cyan atoms are fluorine. Blue lines represent the LDA band structure, and red dots are the more accurate GW0 corrected valence bands.
The yellow bar highlights the LDA band gap along the Brillouin zone. (C) The most stable geometric structure of fully fluorinated graphene, CF.
(D) Electronic band structure of CF within the LDA and GW0 approximations. Images are reproduced from S-ahin et al.36 Copyright 2011 American
Physical Society.
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and high electrical resistivity, confirms the direct band gap

nature of fluorographene.

4. Atomic Oxygen on Graphene
The addition of atomic oxygen to graphene is a more

complex and rich reaction than fluorine or hydrogen since

oxygen is expected to form two covalent bonds rather than

one. The potential complexity of oxygen chemistry on

graphene is most clearly seen for the case of Hummers

method graphite oxide (GO), which is a solution-based

oxidation method for graphite using nitric acid and other

strong oxidizing reagents.41 While this is the most common

method for covalently functionalizing graphene, the result-

ing GO material is highly inhomogeneous. In particular, GO

contains a plethora of functional groups including epoxides

and alcohols on the basal plane, and ketones, carboxylic

acid, ether, and enol functional groups on the edges. For a

systematic review of GO and its chemistry, we recommend

the work of Dreyer et al. and the references therein.42 Here,

we focus on recent theoretical and experimental studies for

graphene functionalized by atomic oxygen that result in

homogeneous epoxidation.

4.1. Theoretical Studies of Graphene Epoxide. The

complexity of the structure of GO has led to a large body

of computational and theoretical work attempting to model

and understand the interaction between oxygen and gra-

phene. Attachment of atomic oxygen to defect-free regions

of the honeycomb lattice is expected to occur as an epoxide,

in which one oxygen atom bridges two adjacent carbon

atoms with a binding energy of 1.9 eV.43,44 The structure of

an isolated epoxide on graphene is shown in Figure 6A.

Solís-Fern�andez et al. calculated that the Mulliken charge

associated with each epoxide is �.29e,45 which suggests

that epoxide groups should p-type dope graphene in the

dilute limit. Because the epoxide always binds to two ad-

jacent carbons, no radicals are created, and the ground state

is always nonmagnetic, regardless of coverage.43

As the carbon lattice becomes distorted due to the pre-

sence of sp3carbons, the binding energy for additional

oxygen increases.46 If atomic oxygen has access to both

FIGURE 5. (A) XPS spectra of the carbon peak for CVD graphene as it is exposed to XeF2, confirming the binding of fluorine to the carbon lattice.
(B) Optical image of a patterned fluorinated graphene film, showing that fluorination of graphene induces transparency. (C) Raman spectra of fully
fluorinated graphene and graphite fluoride. (D) TEMdiffraction image of fluorographene. (E) An expansion of the in-plane lattice constant verifies that
the fluorine is creating elongated sp3 bonds. (A) and (B) are reproduced fromRobinson et al.30 Copyright 2010American Chemical Society. (C), (D), and
(E) are reproduced from Nair et al.37 Copyright 2010 Wiley Publishers.
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sides of suspended graphene, then themost stable coverage

occurs at a stoichiometry of C2O, with epoxides forming

stripes on alternating sides of the carbon membrane as

shown in Figure 6B.46 Stable high coverage structures have

also been predicted for oxygenbound to only a single sideof

graphene such as alternating stripes of carbon rings and

epoxides.47 As the coverage in both single-sided47 and

double-sided exposure46 approaches saturation, a band

gap of greater than 3 eV is expected to open. Interestingly,

when the top layer of bilayer graphene is decorated with

epoxide groups, the semimetallic electronic structure of

monolayer graphene is expected to be recovered.48

4.2. Experimental Studies of Graphene Epoxide. Experi-

mentally, the formation of epoxide groups on graphene has

been achieved by exposure to oxygen plasmas49 and atom-

ic oxygen beams created by crackingmolecular oxygen on a

hot filament.50 As in the case of hydrogen plasmas, the

processing conditions for exposure of graphene to an oxy-

gen plasmamust be carefully controlled to avoid damage to

the carbon lattice. In fact, attempts tomeasure the oxidation

of graphite by an oxygen plasma have found that plasmas

can etch graphite even at low exposure levels, creating

single-atom vacancies and nanometer-sized pits,51,52 while

additional exposure induces the formation of micropores.53

This potential for irreversible lattice damage in plasma-

based oxidation is enhanced by the presence of higher

energy ions such as O2
þ that can sputter carbonaceous

material. In addition to the plasma conditions, the substrate

temperature during oxidation must also be carefully con-

trolled as high temperatures promote etching and loss of

carbon.
Recentwork has shown that etching can be suppressed in

the dilute limit by performing oxidation in ultrahigh vacuum

(UHV) conditions with thermally cracked atomic oxygen

instead of plasmas.50,54 Hossain et al. exposed epitaxial

graphene on SiC(0001) to atomic oxygen produced with a

hot tungsten filament in UHV, and imaged the resulting

surface with STM as shown in Figure 7A. Unlike the adsorp-

tion of hydrogen on epitaxial graphene,17 only a single

shape is observed for the oxygen protrusions, which sug-

gests a highly homogeneous chemical functionalization.

Raman spectra show an increase in the D band of the

graphene, indicating that the oxygen adsorbates are creat-

ing sp3 carbon through covalent attachment. This result is

consistent with changes to the Raman spectrum observed in

the wet chemical oxidation of graphene and epitaxial

graphene.55,56 No depressions as a result of pitting or etch-

ing are observed. Furthermore, core level XPS confirms that

the oxygen atoms are bound only as epoxide groups.

The dilute epoxidation of epitaxial graphene is comple-

tely reversible by thermal annealing as shown in Figure 7B.

Following annealing at 260 �C, the epoxide features in the

STM image disappear, and pristine graphene is recovered

with no evidence of substrate damage or defects. The

thermal reversibilityof thisUHVexpoxidationprocess is further

confirmed via Raman spectroscopy, ultraviolet photoelectron

FIGURE 6. (A) Structure of a graphene epoxide bond. (B) Structure proposed by Boukhvalov et al. for double-sided graphene epoxide. (C) Structure of
single-sided graphene epoxide. (D) Electronic band structure of (C) within the LDA. (A) is reproduced from Hossain et al.50 Copyright 2012 Nature
Publishing Group. (C) and (D) are reproduced from Nourbakhsh et al.47 Copyright 2011 Institute of Physics Publishing.
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spectroscopy, and core level XPS.Overall, this study shows that

chemically homogeneous and thermally reversible epoxida-

tion of graphene can be achieved via UHV atomic oxygen

exposure.

Vinogradov et al. found similar results for the addition of

atomic oxygen on graphene on transition metals.54 STM

images reveal that oxygen atoms preferentially bind to

locations on the graphene/Ir(111) Moir�e pattern, which

correspond to carbon atoms closer to the metal substrate.

After extended oxidation, the Moir�e pattern becomes dis-

ordered and is no longer observed in the STM images,

although the autocorrelation of the STM data shows that

the symmetry underlying the Moir�e pattern remains. This

result suggests that the epoxide is not etching the graphene

even at saturated coverages. In addition, a low energy

shoulder in the oxygen peak appears as well as multiple

peaks for the transition metals in the XPS measurements.

The presence of the epoxide bond pushes the carbon down

toward the metal surface, similar to the effect of atomic

hydrogen on graphene on Ir(111).23 Even at saturated

coverage, the linear structure predicted by DFT (and ob-

served in STM images of exfoliated GO flakes)57 is not

observed for graphene epoxide prepared in UHV. Unlike

the epoxide functionality on epitaxial graphene on SiC, the

epoxide groups on graphene/Ir(111) suffer from thermal

irreversibility with strong evidence for carbon removal follo-

wing annealing above 500 �C in both STM and XPS

measurements.

5. Conclusion
In this Account, we have reviewed recent work focused on

the covalent functionalization of graphene. In particular,

reactions with atomic species (e.g., H, F, and O) represent a

promising path to creating new classes of chemically tun-

able two-dimensional materials. While theoretical calcula-

tions have predicted a suite of distinct structures with

desirable electronic and optical properties, experimental

realization of fully saturated graphene-based materials re-

mains a challenge in most cases. Consequently, additional

research is needed to better characterize and understand

these covalentmodification strategies, especially atomically

resolved structural studies that reveal the detailed nature of

these chemical reactions. In addition, the chemistry of

covalently modified graphene should be explored. Specifi-

cally, since all of the aforementioned reactions alter the

delocalized π network of graphene into highly localized and

directional bonds, covalently functionalized graphene is

likely to be amenable to subsequent chemical attack. In this

manner, the atomically modified graphene structures de-

scribed here can serve as chemical intermediates for addi-

tional classes of chemically active two-dimensionalmaterials.
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reproduced from Vinogradov et al.54 Copyright 2011 American
Chemical Society.
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