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ABSTRACT Graphene derivatives containing covalently bound halogens
(graphene halides) represent promising two-dimensional systems having inter-
esting physical and chemical properties. The attachment of halogen atoms to sp”
carbons changes the hybridization state to sp*, which has a principal impact on
electronic properties and local structure of the material. The fully fluorinated
graphene derivative, fluorographene (graphene fluoride, (;F;), is the thinnest
insulator and the only stable stoichiometric graphene halide ((;X;). In this

review, we discuss structural properties, syntheses, chemistry, stabilities, and

electronic properties of fluorographene and other partially fluorinated, chlorinated, and brominated graphenes. Remarkable optical, mechanical,

vibrational, thermodynamic, and conductivity properties of graphene halides are also explored as well as the properties of rare structures including

multilayered fluorinated graphenes, iodine-doped graphene, and mixed graphene halides. Finally, patterned halogenation is presented as an interesting

approach for generating materials with applications in the field of graphene-based electronic devices.
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raphene, comprising a single layer

of sp”-bonded carbon atoms ar-

ranged in a honeycomb lattice,
was the first two-dimensional atomic crys-
tal to be identified. Since its initial isola-
tion in 2004, many studies have shown
that this one-atom-thick material of carbon
uniquely combines superior mechanical
strength, remarkably high electronic and
thermal conductivities, high surface area, and
impermeability to gases, in addition to many
other desirable properties, all of which make it
highly attractive for numerous applications.'
Many of the unique physical properties of
graphene stem from its unusual electronic
structure near the Fermi level? The ability
to tailor its properties, especially the opening
of a band gap, is critical for its potential use in
several (opto)electronic applications.’

In the past few years, covalently modi-
fied graphene derivatives prepared by at-
tachment of hydrogen, halogens, or other
atoms have attracted considerable interest
for their potential applications (e.g., in elec-
tronic devices).””® The relative simplicity of
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atomic adsorbates allows them to be also
well described by theoretical calculations.”
The idea to fully hydrogenate graphene was
put forward in 2003 ahead of graphene's
isolation, and several possible geometrical
structures were considered,2 even though
at that stage it was clearly a hypothetic
material. In 2007, fully hydrogenated gra-
phene was named graphane by Sofo et al.’
who also discussed its electronic properties
and its fluorinated counterpart. Two years
later, graphane was synthesized as a stable
material under ambient conditions by expo-
sure of graphene to cold hydrogen plasma.'®"’

The fully fluorinated graphene counterpart,
fluorographene (graphene fluoride, C;F;),
was prepared experimentally in 2010
(refs 12—14) by chemical and mechanical
exfoliation of graphite fluoride, that is, by
approaches that had been successfully ap-
plied to prepare graphene from graphite.
Graphite fluoride is a well-known graphite
derivative (fluorine-intercalated compound)'”
with covalent C—F bonds. Although bulk
graphite fluoride has been used as a lubricant
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for nearly 100 years and has also been exploited as an
excellent electrode material in primary lithium batteries,
graphene fluoride was not experimentally realized
until 2010. Alternative ways of preparing fluorinated
graphene'?'® or graphite'”'® by cold plasma were
developed simultaneously. However, this approach
often generates nonstoichiometric fluorinated graphenes
(CiF, a < 1). The attachment of fluorine atoms to sp?
carbons changes the hybridization state to sp> (Figure 1a
and Figure 1b), which significantly affects the electronic
properties and local structure of the material but preserves
the 2D hexagonal symmetry. Such structural changes
induce opening of the zero band gap of graphene at
the K point and lead to loss of the s-conjugated electron
cloud above and below the graphene plane. The charge
carrier mobility has been shown to be 3 orders of magni-
tude smaller for fluorographene in comparison to gra-
phene, and fluorographene behaves like an insulator with
a minimal direct band gap at the I" point (Figure 1c,d).
To date, dozens of experimental and theoretical
papers on halogenated graphenes have been pub-
lished. Besides the stoichiometric fluorographene, nu-
merous partially fluorinated graphenes have also been
synthesized,'® ?* where the degree of fluorination
enables control over the electronic properties, which
might be utilized in band gap engineering of 2D
carbon-based materials. Contrary to fluorographene,
the fully chlorinated counterpart has not been yet pre-
pared, while partially chlorinated®* 2 or brominated"?®
graphene derivatives have been reported very recently.
Halogenated graphenes exhibit a plethora of remarkable
and interesting electronic, optical, thermal, electrocataly-
tic, magnetic, mechanical, biological, and chemical prop-
erties in comparison with their graphene counterparts.

Here, we classify the graphene halides and review
preparation approaches, properties, and applications of
halogenated graphenes. The review provides a complex
overview as it considers both experimental and theore-
tical aspects of graphene halogenation. First, the synthe-
sis of graphene halides is discussed. Next, properties of
fluorographene and partially fluorinated graphenes are
summarized including insightful theoretical studies.
These sections focus on structural and vibrational proper-
ties, which can be used as fingerprints of the considered
materials, as well as electronic, optical, and mechanical
properties of graphene halides, which are important from
an application perspective. Next, we summarize recent
progress on chlorinated and brominated graphenes from
both theoretical and experimental standpoints. Finally,
we discuss patterned structures on graphene.

Synthesis of Graphene Halides. Synthesis of Fluorogra-
phene and Fluorinated Graphenes. There are two
main methods to prepare fluorographenes.'?31¢
One approach involves transformation of graphenes
to fluorographenes by fluorination using an appro-
priate fluorinating agent (see below).'*'® The other
procedure utilizes chemical or mechanical exfoliation
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VOCABULARY:: graphene derivatives — a class of
materials having two-dimensional scaffold, which are de-
rived from graphene by covalent attachment of atoms,
functional groups or molecular moieties. Graphane, gra-
phene oxide, and fluorographene represent the typical
examples of graphene derivatives;fluorographene —
stoichiometric C,F, derivative of graphene with the fluor-
ine atom attached to each carbon atom thus having sp>
hybridization. Fluorographene can be prepared by gra-
phene fluorination or exfoliation of graphite fluoride.
Fluorographene represents still the only stoichiometric
graphene halide stable at ambient conditions; haloge-
nated graphenes — graphene derivatives, in which some
carbon atoms are covalently linked with halogen atoms.
The carbon atoms linked with halogens have sp* hybridi-
zation and others have sp? hybridization. The physico-
chemical properties of graphene halides are strongly
dependent on a degree of halogenation; patterned halo-
genation — the outcome of placing masks or metal grids
over graphene during halogenation process is known as
patterned halogenation. Uncovered regions of the gra-
phene become halogenated and the masked regions
remain intact and can be used as conductive pathways
for device fabrication or construction of graphene super-
structures; band gap engineering — graphene lacks a band
gap because its valence and conduction bands touch each
other, and itis labeled as a semimetal. The lacking band gap
limits usage of graphene in contemporary electronic de-
vices. The band structure of graphene can be modified to
open the band gap by many strategies, e.g., halogenation,
oxidation, hydrogenation or noncovalent attachment of
various molecules and species. A complex way how to open
and tune the band gap in graphene and its derivatives is
termed as band gap engineering;

of pristine graphite fluoride, i.e., the same techniques
that have been successfully applied for the preparation
of graphene from graphite.>**°

Fluorographene can be prepared by fluorinating
graphene using XeF, at various temperatures under an
inert atmosphere (Figure 2a)"%*" or at room temperature
(30 °C)."® The room temperature preparation of fluoro-
graphene involves fluorinating graphene supported on
a silicon-on-insulator substrate using XeF, gas, which
selectively etches the Si underlayer and fluorinates both
sides of the graphene to form fully fluorinated graphene
with a dominant stoichiometry of C; oF;.'® In addition,
fluorination of highly oriented pyrolitic graphite (HOPG)
by fluorine gas under high temperature (600 °C) and
subsequent chemical exfoliation has been shown to yield
a nonstoichiometric fluorographene (C;F ) of low qual-
ity owing to numerous structural defects caused by
the harsh preparation conditions.'” It should be noted,
that fluorination of graphene grown by chemical vapor
deposition (CVD) on copper has been reported to yield a
single side partially fluorinated graphene with dominant
stoichiometry of CFys.'°
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Figure 1. (a) Hexagonal structure of sp? carbons in graphene. (b) Transformation to sp> carbons by fluorination in the chair
conformation of fluorographene. Electronic band structures of (c) graphene and (d) fluorographene. The original graphene
zero band gap at the K point is opened to a band gap with minimal value of several eV at the I point (red circles).

Stoichiometric fluorographene can also be prepared
by a top-down approach employing mechanical'*>'* or
chemical'*?*32 exfoliation of graphite fluoride. Gra-
phene fluoride in the form of colloidal suspensions
can be obtained by chemically etching bulk graphite
fluoride via sonication in the presence of sulfolane,'®
dimethylformamide (DMF),*? or N-methyl-2-pyrrolidone
(NMP)? (Figure 2b). In this process, the solvent mol-
ecules intercalate within the interlayers, weakening the
van der Waal's interactions between neighboring layers
and facilitating the exfoliation of graphite fluoride into
colloidal fluorographenes. In the case of mechanical
exfoliation, the as prepared fluorographene mono-
layers are of high quality and are suitable for physical
experiments. However, such an approach is difficult
to scale-up for potential applications. On the other
hand, chemical exfoliation enables preparation of large
amounts of graphene fluoride. However, polydispersive
systems are formed containing one- and few-layer
fluorographenes. Nonetheless, the solution processabil-
ity of fluorographene colloids could be advantageous in
the field of coatings, polymer nanocomposites, etc.

Fluorinated graphene with different fluorine
loadings can be achieved by fluorinating graphene
or chemically etching nonstoichiometric graphene fluo-
ride. Briefly, fluorination of graphene or reduced gra-
phene oxide sheets (mono- and multilayered) is usually
carried out in plasmas containing CF, (refs 33, 34) and
SFe,>> XeF,,***’ fluoropolymers® or Ar/F, (ref 38) as
fluorinating agents. The fluorine content of the result-
ing fluorinated graphenes can be varied by changing
the plasma treatment time as well as the fluorinating
agent.33’36'39
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Recently, Ruoff and co-workers*® have developed
a versatile and environmentally friendly approach for
selective or patterned fluorination of graphene (on a
SiO,/Si substrate) using the fluoropolymer CYTOP
combined with laser irradiation. In this method, direct
contact between CYTOP and the graphene surface is
achieved by transferring graphene films on Cu foil
onto a SiO,/Si substrate coated with CYTOP. After laser
irradiation, photon-induced decomposition of CYTOP
generates many active intermediates, such as CF,and F
radicals, which react with sp? hybridized graphene
forming C—F sp® bonds (Figure 2c). This process yields
single side fluorination (25% coverage) as the active
fluorine species cannot penetrate through the SiO,/Si
substrate.

Similar to the isolation of fluorographenes from
bulk graphite fluoride via chemical etching, fluorinated
graphenes can be exfoliated from graphite fluoride with
different fluorine contents in various solvents with/
without surfactants via sonication'>***° or mechanical
exfoliation.*" Fluorinated graphenes with compositions
CFy,5 and CFys have been obtained by exfoliating
graphite fluoride with fluorinated ionic liquids, as
described by Zheng et al.'® Very recently, multilayer
semi-ionically fluorinated graphene was prepared using
a one-pot synthesis employing liquid CIF; and graphite
(5 h). The obtained sample was subsequently mechani-
cally exfoliated to single and bilayer films.***

Fluorine-doped multilayered graphene (10 wt %,
ie, 6.6 atom %) has been synthesized using an arc
discharge process in which a hollow graphite rod is
filled with powdery graphite fluoride.*> The fluorine
content of the graphene matrix can also be tuned
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Figure 2. (a) Various steps involved in the fluorination of graphene (PMMA — poly(methyl methacrylate)). Reprinted with
permission from ref 12. Copyright 2010 Wiley. (b) Schematic of the NMP intercalation and exfoliation fabrication processes used to
prepare CF dispersions. Reprinted with permission from ref 23. Copyright 2012 Royal Society of Chemistry. (c) Scheme showing the
mechanism of fluorination using CYTOP and laser irradiation. Reprinted from ref 20. Copyright 2012 American Chemical Society.

by the chemical reaction of graphene oxide with
hydrofluoric acid.?' Fluorination of graphene oxide
can be done by exposing graphene oxide to anhydrous
HF vapors at various temperatures** or photochemi-
cally at room temperature using HF solution.*?
Synthesis of Other Halogenated Graphenes. Re-
cently, a nondestructive and patternable photochemi-
cal chlorination treatment of single- and few-layer
graphene has been used to produce a material with
stoichiometry CClyos.2®> The chemical patterning was
achieved using a chlorine-resistant Al/Ti mask to pro-
tect selected regions of graphene from photochlorina-
tion. In this approach, chlorine radicals covalently
attach to the basal carbon atoms of the graphene
(C—dl), transforming from a sp? to sp® configuration
and creating high structural disorder. The chlorine
plasma technique allows controlled p-type doping
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of graphene sheets and graphene nanoribbons.?®
The chlorination of graphene occurs in two stages: in
the first stage, chlorination occurs rather nondestruc-
tively and reversibly, whereas in the second stage
at longer exposure times (>2 min), larger-area defects
begin to form irreversibly. Graphene nanoribbons
(GNR) supported on SiO,/Si and exposed to Cl plasma
(1 min) showed a 1.3—2.2 fold increase in conductance
(in ambient air). Similarly, after Cl plasma treatment for
10 s, graphene sheets showed a slight increase (with
respect to GNR) in conductance, whereas longer exposure
resulted in reduced conductivity. Compared to fluorina-
tion and hydrogenation, the chlorine plasma reaction with
graphene exhibits the slowest kinetics, showing only a
slow increase in disorder with reaction time.

Recently, Rao and co-workers?® prepared few-layer
chlorinated and brominated graphenes up to 30 atom %
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(CClog3) and 5 atom % (CBrggs), respectively, using
ultraviolet (UV) irradiation in liquid chlorine or liquid
bromine media. A microwave-spark (MiW-S) assisted
reaction has also been developed that allows the
direct production of Cl and Br-functionalized monolayer
graphene sheets from graphite.?” During microwave
irradiation, graphite was shown to expand to 200 times
its original volume accompanied by luminous sparks
and moderate ionization of the halogens (X*). The
ionized halogen atoms readily attacked the sz-ring of
graphene, resulting in halogenation, probably via an
electrophilic substitution mechanism. The amount of Cl
atoms on the graphene sheets was up to 21 atom %
(CCly.»7), whereas Brwas 4 atom % (CBrg o4), as measured
by XPS analysis.?” Chlorination was shown to be more
effective than bromination as liquid Cl, is more reactive
than Br,.”?® Thermal annealing or laser irradiation of
the prepared chlorinated graphene samples completely
removed the chlorine to obtain pristine graphene.?”%
Interestingly, the halogen atoms in the resulting CX
could be substituted/modified by other organic func-
tional groups under conventional organic reaction con-
ditions, which opens up other possibilities for preparing
graphene derivatives.?’

lodine-doped graphenes with an iodine loading
of 3 atom % have been prepared by direct heating of
camphor and 1,. In addition, exfoliation of graphene
oxide and |, under ultrasonic treatment followed
by thermal annealing at various temperatures (500—
1100 °C) has been shown to generate iodine-doped
graphenes (1.2—0.8 wt %, i.e, ~0.1 atom %).*’ Very
recently, halogenated graphenes have been prepared
by the thermal exfoliation of graphite oxide under
different gaseous halogen atmospheres (chlorine, bro-
mine, or iodine),*® generating halogenated graphenes
with doping levels of 5.9, 9.93, and 2.3 wt % (2.1, 1.6,
and 0.2 atom %) for Cl, Br, and |, respectively.

Fluorographene (Graphene Fluoride, C;oF0). Structural
Properties of CF. The structure of graphene can be
derived from the structure of the 3D pristine material
bulk graphite, which comprises stacks of graphene
layers that are weakly coupled by van der Waals forces.
Similarly, the geometrical structure of fully fluorinated
graphene (fluorographene, graphene fluoride, CF) can
be deduced from the structure of bulk graphite mono-
fluoride (CF),. Graphite fluoride has been shown to
consist of weakly bound stacked fluorographene layers,
and its most stable conformation (predicted for the
monocrystal) contains an infinite array of trans-linked
cyclohexane chairs with covalent C—F bonds in an AB
stacking sequence®®*° (Figure 3a), in agreement with
the model proposed from X-ray powder diffraction ex-
periments by Touhara et al. (Figure 3b, AA’ stacking).”’
However, for many years, it was also believed to contain
stacked structures with cis—trans-linked cyclohexane
boats, as predicted from NMR second moment measure-
ments (Figure 3c,d).>* Various stacking sequences of (CF),,
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Figure 3. Structural models of graphite fluoride optimized
by GGA DFT calculations (gray and cyan colors indicate
carbon and fluorine atoms, respectively). The numbers
underneath each structure show the calculated heats of
formation (in kcal/mol). Reprinted from ref 49. Copyright
2010 American Chemical Society.

are very close on the energy scale, suggesting that in the
structure of (CF),, prepared, for example, by fluorination,
a statistical distribution of various sequences can occur.

To gain a better understanding of the struc-
tural properties of fluorographene, prototype stoichio-
metric configurations for fluorographene, for example,
chair, boat, zigzag (stirrup), and armchair (Figure 4),
have been studied theoretically. On the basis of first-
principles density functional theory (DFT) calculations,
the chair conformation was predicted to be most
stable,*>** analogous to fully hydrogenated graphene
(graphane). The zigzag (stirrup) configuration was
found to be more stable than the boat and armchair
configurations, and its formation energy was predicted
to be only slightly higher than that of the chair config-
uration. The energy differences between the various
configurations were more pronounced for fluoro-
graphene than for fully hydrogenated graphene, but
they were of the same order of magnitude. The results
suggested that the experimentally observed fluorogra-
phene is unlikely to be in a single crystal form of chair,
boat, or stirrup because each of those structures has
only one or two distinctive in-plane lattice spacings,
in contrast to the wide range of distributions observed
experimentally. Wide distributions of lattice parameters
for both fluorographene®* and graphane® have been
predicted by simulations with large supercells contain-
ing randomly distributed adsorbates, suggesting other
locally stable configurations (e.g., twist-boat-chair or
epoxy-pair conformations) are possible.

Nonetheless, in calculations of electronic, optical,
and other properties of fluorographene (see below),
the chair conformation is usually considered the
most stable (Figure 4), taking advantage of the high
symmetry. It corresponds to a unit cell of two fluorine
and two carbon atoms (P-3M1 (164) space group or Dzq4
point group) with translation vectors a; = d(+/3/2,1/2,0),
and a, = d(+/3/2,—1/2, 0), and lattice parameter pre-
dicted from standard generalized gradient approxi-
mation (GGA) DFT calculations of d = 261 A; the
corresponding C—C and C—F bond lengths are 1.58 A
and 1.38 A, respectively.>3*°~>° The fluorographene lat-
tice structure and the real and reciprocal space elements
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Figure 4. Four different configurations of fluorographene: (a) chair, (b) boat, (c) zigzag (stirrup), and (d) armchair
configurations. The different colors (shades) represent fluorine atoms above and below the graphene plane. The supercell
used to calculate the elastic constants is indicated by the dashed box (see sections below). Reprinted with permission from ref

53. Copyright 2010 American Physical Society.

are shown Figure 5. The calculated structural parameters
are not very sensitive to density functional choice (e.g.,
the C—C and C—F bond lengths are predicted to be
1.57 A and 1.36 A, respectively, using the hybrid
HSE06 functional).’® However, DFT calculations are
generally sensitive to the choice of exchange-correla-
tion functional, and therefore it is highly desirable to
cross-check the calculated data.

Electron diffraction analysis of fluorographene has
confirmed the existence of a hexagonal crystalline
structure'>'*'7 and stoichiometry'® equivalent to
that of graphite fluoride (Figure 6). It has been shown
that the retention of hexagonal crystalline order for
fluorographene is similar to that of graphene with 1%
expansion of the unit cell (Figure 7):'*'” compare the
C,F, experimental lattice constant of 2.48 A versus 2.46
A for graphene. The increased unit cell and in-plane
lattice constant of CF is expected as the carbon atoms
making C—C bonds are converted from a sp? to sp>
configuration during the fluorination process accom-
panied by an increase in the C—C bond length.
The bonding and composition of fluorographenes has
also been characterized by X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy. XPS analysis
showed the majority of bonding in this material is C—F
(86%), with smaller fractions of C—F, and C—F; species
(owing to defects at the free edges).'® These defects
are believed to originate during the graphene transfer
process and vary from one support to another; for
example, larger quantities of C—F, (n > 1) species
were observed for fluorinated graphene samples on
a silicon-on-insulator substrate compared to those on
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Figure 5. (a) Honeycomb lattice structure of fluorogra-
phene, made out of two interpenetrating triangular lattices
(a, and a; are the lattice unit vectors,and 6; i=1, 2, 3 are the
nearest-neighbor vectors) (b) corresponding to the Brillouin
zone, the reciprocal basis vectors and high-symmetry
points I', M, and K. Reprinted with permission from ref 2.
Copyright 2009 American Physical Society.

copper.'® Notably, the support also seems to affect the
fluorine content. Early experiments suggested that the
lateral dimensions of fluorographene sheets typically
range from 200 nm to 2 um (see Figure 6).'>"3
Definitive proof of the presence of fluorographene
monolayers has been obtained by atomic force micro-
scopy (AFM) experiment (Figure 8), which revealed that
the monolayer is 0.67—0.87 nm thick, although multi-
layered sheets ca. 2—4 nm thick were also detected.'>'”
The experimental values (allowing for the effects of signal
noise and the presence of solvent impurities on the
surface or support), were in agreement with theoretical
estimates of the thickness of a single CF layer of 0.62 nm
and were certainly less than the predicted thickness of
a two-layer graphene fluoride system of 1.24 nm."®
Electronic Properties of CF. The |-V characteristics
of fully fluorinated graphene are strongly nonlinear
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Figure 6. (a,c) Transmission electron microscopy (TEM) images of CF sheets obtained after graphite fluoride exfoliation in
sulfolane. (b) Arrows in the HRTEM image indicate highly transparent graphene fluoride monolayers. (d) The selected area
electron diffraction (SAED) pattern confirms the stoichiometry and structure of the layers corresponding to the original
graphite fluoride. Reprinted with permission from ref 13. Copyright 2010 Wiley.

(@

8
|

)

S
graphene
suaydeiboion)y

-
(=]

—

246 2.50 254
lattice constant(A)

# measurements

Figure 7. Transmission electron microscopy of CF sheets
obtained from graphene exposed to atomicF. (a) Diffraction
pattern from a CF membrane. (b) Lattice constant d measured
using microscopy images, such as that shown in panel a. For
comparison, similar measurements were taken for membranes
before fluorination (left histogram). The dotted line indicates d
for graphite. Reprinted with permission from ref 12. Copyright
2010 Wiley.

with a nearly gate-independent resistance greater than 1
GQ, suggesting the presence of a band gap (which is also
expected because of the sp® carbon net, Figure 1).'>'*"
Devices fabricated from fully fluorinated graphene
showed no leakage current at biases up to 10 V.
The possibility of fabricating a transistor structure
using fluorinated monolayer graphene has also been
demonstrated. Fluorination has been shown to cause
a considerable increase in the resistance in the electro-
neutrality region owing to the creation of a mobility gap
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in the electronic spectrum where electron transport
occurs through localized states.

The density of states of fluorographene has been
investigated by near edge X-ray absorption spectros-
copy (NEXAFS).3' Pure graphene showed peaks at
285.5 and 291.5 eV, corresponding to transitions to
the r* and o* conduction states, respectively. The 7*
feature (characteristic of sp? bonding) gradually de-
creased with increasing fluorination, providing direct
evidence of the formation of sp® bonds in fluorogra-
phene (Figure 9). A broader hump at 288.4 eV was
interpreted as the fluorographene conduction band
edge and a much sharper peak at 287.4 eV was
attributed to an exciton absorption line. The change
in energy difference between the leading edges of
the NEXAFS spectra (dashed lines in Figure 9) and
the corresponding C 1s core level binding energies
of pure graphene and fluorographene, a lower limit
of 3.8 eV was estimated for the fluorographene band
gap.3! We note that for partially fluorinated graphene
(CFg.5) a band gap of 2.9 eV was obtained from di/dV
measurement.*°

Theoretical predictions of the electronic properties
of fluorographene have mainly focused on the band
structure, namely band gap. Despite extensive re-
search efforts, questions remain regarding the band
structure of fluorographene.® The band gap is usually
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Figure 9. NEXAFS spectra of pristine graphene and fluoro-
graphene with two different fluorine contents. The dashed
lines at 284.1 and 287.9 eV mark the leading edges of the 7*
resonance for the pristine and fluorinated sample, respec-
tively. Reprinted from ref 31. Copyright 2011 American
Chemical Society.

considered for the chair conformation of fluorogra-
phene with a unit cell containing four atoms (see
Figure 5 showing the unit cell and Brillouin zone).
Traditional local density approximation (LDA) or gen-
eralized gradient approximation (GGA) to DFT predicts
that fluorographene is a direct band gap material: the
bottom of the conduction band and top of the valence
band are located at the I point in the first Brillouin zone
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(Figure 10). The top of the valence band is doubly
degenerate and the maximum band gap is located at
the K points. The minimal direct band gap of fluoro-
graphene of about 3.1 eV>3°673961763 pradicted from
GGA DFT indicates that fluorographene possesses
insulating properties, in agreement with early cal-
culations on graphite fluoride.>®®* Band gap values
of other fluorographene conformations (Figure 4) are
rather similar or slightly higher up to 4.2 eV for the
armchair conﬁguration.53'54 However, one main limita-
tion of the DFT approach is it is an inherently ground-
state theory. LDA and GGA functionals systematically
underestimate Kohn—Sham band gaps (compared
to experimentally determined values), whereas the
Hartree—Fock method systematically overestimates
them. Hybrid functionals contain a fraction of Hartree—
Fock exchange, and their computationally accessible
short-range variants (as by Heyd, Scuseria, and Ernzerhof
(HSE)®®) are often effective for predicting band gaps
of solids and low-dimensional carbon materials:%®
the HSE06 functional®” predicts a band gap of about
5 eV for fluorographene.®® The high-level many-body
GW approximation (GWA), which includes electron—
electron interactions beyond DFT, predicts a band gap
of 7.0—8.3 eV°>3°#565968=70 (dapanding on GW level
and orbitals used),>® that is, around two times larger
than the value obtained with GGA DFT (Figure 10).
Any agreement between GGA DFT and experimental
“optical band gap” values (>3.0 or >3.8 eV, see below)
is coincidental. On the other hand, accurate GW
electronic band gaps and the energies of electron
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Figure 10. Band structure of CF, together with the orbital PDOS and total DOS. The LDA band gap is shaded and zero energy is
set to the Fermi level, Er. Valence and conduction band edges after GW, correction are indicated by filled (red) circles.
Reprinted with permission from ref 69. Copyright 2011 American Physical Society.

transitions derived from optical spectra do not exactly
match each other, because the electron transitions
observed in optical spectra involve formation of an
exciton. Therefore DFT and GW band gaps should
not be directly compared with absorption peaks in
optical spectra and reasonable agreement with optical
measurement can be achieved only after inclusion
of electron—hole correlations into calculations (see
below for BSE-GWA spectra).>®’° Effect of various
defects on discussed electronic properties is probably
rather small.>® GWA predicts that the band gap of fluoro-
graphene is greater than that of graphane, whereas GGA
functionals suggest the opposite trend. Recent calcula-
tions have shown that it is possible to obtain the same
order of band gaps with DFT as from GW if the screened
hybrid functional HSE06 is used.>®>°

Recently, spin—orbit couplings (SOCs) of fluorogra-
phene have been calculated by DFT®' The results
suggested that SOC-induced band splittings near their
Fermi energies in fluorographene are significantly
higher (of the order of 1072 eV) than for pure graphene
(of the order of 107 eV) and are comparable to values
for diamond and archetypal semiconductors.®'

Optical Properties of CF. Studies of the absorption
spectra of pristine, partially fluorinated or fully fluori-
nated graphene have revealed that they exhibit
dramatically different optical properties (Figure 11).
Graphene shows an absorption spectrum that is rela-
tively flat for light energies <2.5 eV but which strongly
increases in the blue light region and has an absorption
peak in the ultraviolet range (4.6 V). In comparison,
partially fluorinated graphene shows higher transpar-
ency, whereas fluorographene appears to be transpar-
ent at visible frequencies and only starts absorbing
light in the blue region (Figure 11).'> This proves
that fluorographene is a wide-gap semiconductor or
insulator with band gap >3.0 eV. Further, the absence
of Raman signatures confirms (virtually no sp? coordi-
nated carbon remains; see section 3.4. below) the
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Figure 11. (a) Changes in optical transparency of graphene
due to fluorination. The solid curve is the absorption
behavior expected for a 2D semiconductor with band gap
of 3 eV. (b) Graphene paper before and after fluorination
(left and right insets, respectively). The plot shows the
optical transparency of fluorographene paper as a function
of energy for a sample of 1 cm size and 5 um thick in the
photograph. Reprinted with permission from ref 12. Copy-
right 2010 Wiley.

complete optical transparency of fully fluorinated
graphene.'? Nair et al.'? have also studied fluorinated
graphene laminates of macroscopic size (Figure 11). This
material was found to be optically transparent with a
yellowish color that corresponds to absorption in the
violet region. This provides direct visual evidence that
fluorographene is a wide-gap material. The light trans-
mission spectra exhibited an onset at ~3.1 eV, in agree-
ment with the gap value obtained from the absorption
spectra of individual fluorographene crystals.'?
Photoluminescence measurements of fluorogra-
phene dispersion in acetone have shown emission
peaks at 3.8 and 3.65 eV (Figure 12).3! The former peak
has been assigned to band-to-band recombination of
free electrons and holes because the same energy was
measured for the band gap of fluorographene by NEX-
AFS. The 3.645 eV peak was 156 meV (1260 cm™ ') below
the band gap emission, corresponding to the C—F
vibration mode. This feature was attributed to phonon-
assisted radiative recombination across the band gap, for
which the C—F vibration mode is excited when the
electron—hole pair recombines. With a lower degree of
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Figure 12. Photoluminescence emission spectra recorded
at room temperature (excitation at 290 nm, 4.275 eV) of
graphene (blue) and fluorographene (green, 1 day fluorina-
tion; red, 5 days). Reprinted from ref 31. Copyright 2011
American Chemical Society.

fluorination (1 day of fluorination), an additional emission
peak at 2.88 eV was observed, which was also accom-
panied by a second peak located 157 meV (Figure 12).
The optical band gap of fluorographene is nearly 3.8 eV,
wide enough for optoelectronic applications in the blue/
UV region®'

The first exciton peaks in the fluorographene ab-
sorption spectrum have been predicted theoretically
using Bethe-Salpeter equation (BSE) on top of GWA,
which accounts for electron—electron (e—e) and electron—
hole (e—h) correlations, and compared with spectra
from the random-phase approximation (RPA) on top of
GWA (without e—h).>**95870 For the single-particle
result (Figure 13a, the blue curve, without e—h) the
onset of the spectrum was located at the GWA band
gap and the absorption profile increased very slowly
until near 10 eV. This was interpreted as small spatial
overlapping of the wave functions of the valence band
maximum (VBM) and the conduction band minimum
(CBM), implying that the lowest optical transition from
VBM to the CBM (Figure 13b, transition v1—c1) is weak.
The notable optical absorption starting from 10 eV was
mainly attributed to transitions from high energy
valence bands to the second conduction bands with
energies varying from 8 to 11 eV (Figure 13b, transi-
tion v1—c2). When e—h interactions were taken into
account, a prominent peak was observed, which origi-
nated from a few strong resonant excitonic states that
appeared at 9—10 eV***2¢87° (Figure 13a). The major
contribution to this feature was related to transitions
from the top two valence bands and the lowest four
conduction bands (Figure 13b, two dominant transi-
tions v1—c2 and v2—c1). In the low-frequency optical
absorption spectrum, a bound exciton at 3.8 eV
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Figure 13. (a) Optical absorption spectra of fluorographene
with (red line, BSE-GWA) or without e—h interactions (blue
line, RPA-GWA). (b) GW band structure of fluorographene.
Reprinted with permission from ref 68. Copyright 2011 The
Materials Research Society.

(or alternatively 5.4 eV>* and 5.1 eV>?7% was identified
with a huge binding energy of 3.5 eV (or alternatively
2 eV) and comparatively weak optical activity (inset of
Figure 13a). The large occupation probability associated
with the low energy of this excitonic state suggests it
might play a vital role in the photoluminescence of this
material and explains the prominent ultraviolet lumi-
nescence peak reported experimentally by Jeon et al.®'

Vibrational Properties of CF. Theoretical analysis
of vibrational modes can provide valuable insights
into the experimental Raman and infrared spectra of
fluorographene CF. In particular, since Raman spectra
convey information on a particular structure, and
hence can be viewed as its signature, observed peaks
are compared to the calculated Raman-active modes.
Theoretical analysis has revealed that the phonon
spectra and density of states (DOS) of the most stable
chair conformation do not show clearly separated
groups of phonons (Figure 14). The dominant contri-
bution to the acoustic modes has been attributed to
the fluorine atoms, whereas the high-frequency modes
around 1200 cm™' have a clear carbon character.”’
Twelve phonon modes of the chair conformation of
fluorographene, which has P3m1 symmetry (D54 point
group), have been shown to belong to four irreducible
representations: Eq and A4 are Raman active modes,
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Figure 14. (a) Phonon dispersion of CF in the chair conformation and the corresponding phonon DOS. Reprinted with
permission from ref 71. Copyright 2011 American Institute of Physics. (b) Symmetries, frequencies, and descriptions of
Raman-active modes of CF. Reprinted with permission from ref 69. Copyright 2011 American Physical Society.

while E, and A,, are infrared active modes (Table 1).
Some of the phonon branches of the CF boat con-
formation have imaginary frequencies, and hence it is
predicted to be unstable in spite of the fact that such a
structure can be optimized.®® However, the possibility
that this unstable structure can occur at finite and small
sizes cannot be excluded.

Because Raman spectroscopy provides a wealth of
useful information, it has been actively used during the
fluorination process of graphene (Figure 15).'%'41617
However, because the energies of the lasers used
were lower than the band gap (fluorographene is
wide band gap material), no signature Raman activity
from fully fluorinated regions was observed in those
experiments'?'*1® and the only Raman peaks were
associated with graphene. The main features in the
Raman spectra of pristine graphene are the G- and 2D-
bands, which occur around 1580 and 2680 cm ',
respectively (Figure 15). The G-band is associated with
the doubly degenerate E,4 phonon mode of graphene,
whereas the 2D mode (also called G') originates from
a second-order process, involving two phonons near
the K point without the presence of any kind of
disorders or defects. Conversely, the presence of de-
fects in the sample activates additional peaks in the
Raman spectra of graphene. The D, D/, and D+D’ peaks
involve phonon modes from graphene, and hence
occur at the same frequencies in partially fluorinated
samples (at 1350, 1620, and 2950 cm™, respectively;
Figure 15a).'%'*1® These Raman peaks originate from
double resonance processes at the K point in the
presence of defects. The D and G peaks of graphene
provide valuable information on the density of defects.
These peaks disappear for almost fully covered sam-
ples, which has been found for fluorographene'*'*'¢
but not in previous experiments on graphane or
graphite fluorides.

KARLICKY ET AL.

TABLE 1. List of Symmetries and Phonon Frequencies at
Different k-points for Fluorographene. R and | Indicate
Raman and Infrared Active Modes, Respectively’

symmetry (activity) T M K
A (R) 0 ANl 260
E, (1) 0 260 260
E, (1) 0 291 298
Es (R) 250 318 356
E; (R) 250 459 510
E, (1) 294 580 510
E, (1) 294 633 961
Ayg R) 686 1039 962
E; (R) 1244 1106 962
Ey (R) 1244 116 114
Ay (1) 1219 m7 M4
Ag R) 1312 1188 1150

The first report on Raman signatures of CF in the
low-frequency region by using a UV laser (with energy
of 5.08 eV) was by Wang et al.'® Two Raman active
modes were detected at 1270 and 1345 cm™', which
are absent under lower laser energies. Even though
the CF samples also contained multilayer regions, the
experimental values correlated with the aforemen-
tioned DFT phonon frequencies (Figure 14): the higher-
frequency mode as A4 mode with out-of-plane
motions of F against C (at 1312 or 1305 cm')®%7"
and the lower-frequency mode as a 2-fold degenerate
in-plane Eg vibration (at 1244 or 1264 cm™').%%""

FTIR spectra obtained in transmission mode
(Figure 16a) have shown that fluorographene exhibits
much stronger IR bands than graphene due to the
greater transparency of the former.' Furthermore, a
prominent feature at 1260 cm ™' characteristic of cova-
lent C—F bond stretching’? has been observed. For
fluorographene exfoliated by N-methyl-2-pyrrolidone
(NMP), peaks at 1212 and 1084 cm™' were observed
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Figure 15. Raman signatures of CF. (a) Evolution of the spectra for a graphene membrane exposed to atomic F and measured
as a function of time under the same Raman conditions. The curves are shifted for clarity. (b) Intensities of the D and 2D peaks
(normalized with respect to the G peak intensity) as a function of fluorination time. The solid curves are for guidance only.
(c) Comparison of CF membranes with graphite fluoride and its monolayer. Reprinted with permission from ref 12. Copyright
2010 Wiley.
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Figure 16. (a) FTIR spectra of CF prepared by fluorinating graphene, pristine graphene, and graphite fluoride. Reprinted from
ref 31. Copyright 2011 American Chemical Society. (b) FTIR spectra of CF obtained at different sonication times for graphite
fluoride exfoliated by NMP. Reprinted with permission from ref 23. Copyright 2012 Royal Society of Chemistry. (c) Evolution of
CF phases on graphene with increasing exposure time to XeF, characterized by FTIR spectra. Reprinted with permission from
ref 31. Copyright 2012 Wiley.

corresponding to the stretching vibration of the C—F
covalent bonds and the semi-ionic stretching vibration
of C—F bonds, respectively (Figure 16b).2* Studies of FTIR
spectra with increasing fluorination time (Figure 16¢)
have revealed an absorption band at 1112 cm ™' related
to the 'semi-ionic' C—F, which gradually changes into
a strong band at 1211 cm™' attributable to covalent
C—F bonding.”® An experimental infrared active mode
at 1204 cm ™" has also been reported.'® The aforemen-
tioned frequencies of the experimental infrared active
mode corresponding to C—F stretching agree with the

KARLICKY ET AL.

calculated infrared active mode A, at the I' point
(at 1219 cm™ ', Table 1).”

The experimental determination of the phonon
dispersion relations of fluorographene can be very
useful in the characterization of this material. As fluoro-
graphene is a wide band gap material, this allows
discrimination of the Raman activity originating from
the fully fluorinated regions during synthesis by using a
laser with appropriate energies.”’

Mechanical, Thermodynamical Properties and Stabi-
lity of CF. Graphene and its derivatives graphane and
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Figure 17. Mechanical properties of CF. (a) Examples of the loading curves for graphene (blue) and CF (red) membranes.
Fracture loads are marked by the circled crosses. Up until these breaking points, the curves were nonhysteretic. Top and
bottom insets: AFM images of a CF membrane before and after its fracture, respectively. (b) Histogram of the breaking force
for graphene (hashed) and CF (solid color). All the membranes (15 of each type) were mounted on identical Quantifoils and
contacted with the same AFM tip. Reprinted with permission from ref 12. Copyright 2010 Wiley.

fluorographene can be isolated and made into free-
hanging membranes. This makes it possible to mea-
sure the elastic constants of these materials from
nanoindentation experiments by an atomic force mi-
croscope. The experimental elastic constants can be
compared to first-principles calculations, giving infor-
mation about the purity and structural crystallinity
of the experimental samples. Nair et al.'?> have con-
ducted a nanoindentation experiment on fluorogra-
phene by recording the bending of an AFM cantilever
as a function of its displacement, and hence calculated
the force acting on the membrane (typical loading
curves and breaking forces are shown in Figure 17),
giving a value of 100 + 30 N m'~ or 0.3 TPa for the 2D
Young's modulus, (three times less stiff than graphene
due to the longer sp® type bonds in CF). However, the
experimental Young's modulus was approximately half
the theoretical value (226 N m~").>3 This was attributed
to an appreciable number of defects in the experi-
mental samples. Large scale atomistic simulations
using the reactive force field approach have shown”
that fluorographene remains a flat sheet (unrippled)
similar to graphane even at high temperature, that is,
up to 900 K, in contrast to the thermal rippling behavior
of graphene.

The variation of the strain energy, E;, and its
derivative with respect to the applied uniform strain,
dE./de, have been predicted theoretically (Figure 18a;
comparison with CH and CCl).”> The results showed
that the derivative was linear for small € in the harmo-
nic range. Elastic deformation continued until the
maximum of dE¢/de, whereupon the structure reverted
to its initial state when the applied strain was lifted.
Beyond the maximum the structural instability sets in
with irreversible deformations. The region beyond
the maximum is called the plastic region. The effect
of elastic strain on the band gap of CCl, CF, and CH
was also calculated, and the results are presented in
Figure 18b. CH and CCl were predicted to have similar

KARLICKY ET AL.

response to elastic strain: their band gaps increased
for small strain followed by a rapid decrease for large
strain. In contrast, the band gap of CF did not initially
show any significant increase with increasing strain: for
small strain it was almost unaltered, but decreased
rapidly for large strain.

Superior nanoscale friction on fluorinated graphene
has been reported by Park et al.?®”® using ultrahigh
vacuum friction force microscopy. The measured fric-
tion on fluorinated graphene with C4F composition
was ~6 times larger than on pure graphene for applied
normal forces up to 150 nN, whereas fluorination
slightly reduced (by about 25%) the adhesion force
between the AFM tip and graphene.®® DFT calculations
confirmed reduction of the adhesive properties and
showed friction force on graphene mainly governed
by out-of-plane bending.”® In contrast, low interlayer
friction was reported for multilayer CF from dispersion
corrected DFT calculations.””

Electrical measurements (Figure 19) have been
utilized to study the thermal stability of CF in more
detail than possible with Raman spectroscopy.'? The
thermal stability of CF was observed to be higher than
that of graphene, graphene oxide, and even graphite
fluoride. Under similar conditions, graphite fluoride
began decomposing at 300 °C. The higher stability
of CF can be due to the absence of structural defects
and strain. The thermal stability and chemical inertness
of CF was comparable to that of the fully fluorinated 1D
carbon chain of Teflon.'*?* CF underwent slow decom-
position at T > 260 °C and rapidly decomposed only
above 400 °C. These properties in principle make
colloidal CF derived from graphite fluoride a favorable
candidate to replace Teflon in various protective coat-
ings. CF has also been shown to be resistant to various
solvents under ambient conditions.

Chemistry of CF and Applications. Hydrophobic gra-
phene fluoride (CFys) nanosheets can be made water
dispersible by stabilizing them with fluoro-surfactants.
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Figure 18. (a) Variation of the strain energy E; (curves on the righthand side) and its derivative with respect to applied uniform
strain ¢, i.e., dEs/d¢ (curves on the left-hand side) calculated for CCl, CH, and CF. After the maxima, these structures become
unstable and undergo plastic deformation. (b) Variation of the band gap with uniform strain. Reprinted from ref 75. Copyright

2012 American Chemical Society.

Recently, our group reported nonlinear optical response
of graphene fluoride via aqueous phase exfoliation of
graphite fluoride with the aid of a fluorosurfactant.”®

The fluorination process is reversible as fluorine
can be easily removed from CF by thermally annealing
the sample (defluorination) in the presence of hydro-
gen gas or anhydrous hydrazine vapor. Robinson
and co-workers have shown that chemical reduction
of fluorographenes by means of hydrazine vapor is
more effective for defluorination than thermal anneal-
ing via Raman spectroscopy.'® Thermal defluorination
(400—600 °C) of graphene fluoride has been shown to
result in the removal of carbons and evolution of C—F
products (e.g., CF,, CoF4, CoFg).'%7°

The addition of Kl to a colloidal CF dispersion
forming graphene is also an interesting approach for
defluorination.’ In this reaction CF transforms into
unstable graphene iodine (iodographene), which ra-
pidly disproportionates into graphene and iodine:

1
CF+KI—>KF+CI—>C+KF+§|2 (1)

The structure and electronic properties of fluorogra-
phene doped with metals such as K, Li, Au atoms and
Cq2N4F4 (FA-TCNQ) have been investigated by density
functional theory. It was shown that adsorption of K or
Li atoms results in the electron doping of fluorogra-
phene, whereas Au atoms and F4-TCNQ introduce
deep levels inside the band gap.®°

Furthermore, the strong polarity of the C—F bonds
stimulates interesting biological responses. Wang
and co-workers”® observed that bone marrow derived
mesenchymal stem cells (MSCs) cultured on fully
fluorinated graphene proliferated faster and were
more confluent after a week than cells cultured
on partially fluorinated graphene and graphene
(Figure 20a—c and Figure 20d). The fully fluorinated
graphene was associated with a nearly 3-fold increase in
cell density, showing that the introduction of C—F bonds
on the surface of graphene facilitates cell adhesion and
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Figure 19. Characteristics of highly stable 2D insulator. (a)
Changes in fluorographene's resistivity p induced by an-
nealing. No changes were detected at T, below 200 °C. At
higher Ty, p decreased below 1 TQ2 and was experimentally
measurable. Owing to nonlinear /—V characteristics, the
plotted p values were recorded for a fixed bias Vsp of 1 V
(circles). For any given T,, approximately 1 h was required to
reach a saturated state. The solid line shows the exponential
dependence yielding Eg4es ~ 0.65 eV. (b) I-V characteristics
for partially fluorinated graphene obtained by reduction at
350 °C. The curves from flattest to steepest were measured
at T=100, 150, 200, 250, and 300 K, respectively. The scaling
factor I' is plotted in the inset. The solid line shows the best
fit to the function exp(E,,/T). Reprinted with permission from

ref 12. Copyright 2010 Wiley.

proliferation. To understand the effect of texture and
wettability on the controlled growth of MSCs on the
surface fluorinated graphenes, water contact angle mea-
surements were performed. The surface roughness of the
graphene increased with increasing fluorine content,
thereby reducing the water contact angle from 83 to
~1° (graphene to fully fluorinated graphene; the insets in
Figure 20e—g). In addition, selective attachment of MSCs
over microchannels of CF was achieved via patterning
CF with PDMS. This work opens up interesting avenues
for partially and fully fluorinated graphenes in tissue
engineering related applications.

Quantum Monte Carlo simulations predicted quali-
tative different behavior of helium films on fluoro-
graphene and graphane with respect to behavior on
graphite because of the different surface composition,
symmetry, and spacing of the adsorption sites.?' The
commensurate state analogous to the +/3 x /3 R30°
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Figure 20. (a—c) Fluorescent images of the actin cytoskeleton of MSCs cultured on graphene, partially fluorinated graphene or
fluorographene stained with rhodamine—phalloidin on day 7 (scale bar = 100 um). (d) Proliferation of MSCs cultured on the
graphene films, showing the controlled growth of MSCs on fluorinated graphene with different coverage of fluorine. (e—g) AFM
images of graphene, partially fluorinated graphene, and fluorographene, respectively, showing the surface of fluorinated
graphene (scale bar =5 um). The insets show data for the water contact angle. Reprinted with permission from ref 73. Copyright

2012 Wiley.

on graphite was unstable, while a superfluid ground
state for “He and a fluid ground state for *He were
found on fluorographene and graphane.

Fluorinated Graphenes. Basic Properties of Partially
Fluorinated Graphenes (C;F,, n < 1). The introduction
of fluorine modifies the electronic properties of gra-
phene by reducing the charge in the conducting =«
orbitals.'®'” The resistance of the fluorinated gra-
phenes can be tuned by the extent of fluorine content.
For example, fluorinated graphene with a composition
of CFy55 has been shown to have a 6-fold higher
resistance than pristine graphene; in addition, CF s
has been shown to be a wide band gap material that
exhibits optical transparency.'® Furthermore, defluor-
ination of these samples either by heating or exposing
to hydrazine vapors restored the conductivity and
the ambipolar nature similar to that of graphenes.
For various applications related to the fabrication of
devices, single-side fluorination of graphene would be
sufficient as it opens a significant band gap.%° Single-
side fluorination can easily lead to a random surface
coverage of up to CFys.82 Band gaps of fluorinated
graphenes (obtained by exfoliating graphite fluoride
via fluorinated ionic liquids) with compositions CFg s
and CF 5 have been measured by diffuse reflectance
spectroscopy as nearly 1.8 and 2.2 eV, respectively;'®
however, a band gap of 2.9 eV was obtained from di/dV
measurement on CFg,5 (XeF, fluorination of CVD
graphene as grown on a copper foil).%°

KARLICKY ET AL.

From the theory, the most stable single-side confor-
mation of C;F,, where a < 1, is predicted to be CFgs.'®
Density of states calculations for graphene with in-
creasing F coverage showed widening of the band gap
and lowering of the Fermi level in the valence band.®
Tuning the band gap (ca. 0—3 eV at DFT level) can
be achieved by precise adsorption of fluorine as well
as a transformation from nonmagnetic semimetal
(graphene) to either a nonmagnetic/magnetic metal
or a magnetic/nonmagnetic semiconductor/insulator
with a direct band gap.®® Band gaps of 2.93 eV
(LDA) or 5.99 eV (GW,) for CFy 55 and 1.57 eV (LDA) or
5.68 eV (GW,) for boat CFy5 have been predicted
(Figure 21a—¢).%° In theoretical studies, the total en-
ergies and/or binding energies have often been used
as criteria for whether a given CF, structure exists. Even
if a CF, structure seems to be in a minimum on the
potential energy surface, its stability should be meti-
culously examined by calculating frequencies of all
phonon modes in the Brillouin zone (BZ). Sahin et al.®®
found that the CFy »5, the CFg 5 boat, and the CF 5 chair
structures have positive frequencies throughout the
BZ, indicating their stability. Optical absorption spectra
of CFy »5 calculated from Bethe-Salpeter equation (BSE)
have shown strong excitonic effects (analogically with
CF, see subsection “Optical properties of CF” above).”®
The first exciton peak locates at 4.21 eV (Figure 21d,
black line); that is, the onset of absorption spectra is
significantly shifted to lower energies with respect to
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electronic GW band gap (6 eV®® from GW,, 5.5 eV”°
from GoW,). It is worth noting that large scale molecular
dynamics simulations have shown a rolling of graphene
as a consequence of strain when graphene is fluori-
nated/hydrogenated from a single side.®* Therefore, in
the absence of a substrate, free-standing single-sided
halogenated graphene will not be a flat atomic layer.
Recently, fluorinated graphene obtained by coop-
erative exfoliation of graphite fluoride using cetyl-
trimethyl-ammonium bromide (CTAB) and dopamine
have been shown to exhibit a full-color emission from
violet to red light (3.10—1.65 eV) when excited at
365 nm.?* Band gap energies of fluorinated graphene
(however, containing also oxygen) for several fluorine
coverages have been measured (Figure 22).2' Thereisa
blue shift observed for the fluorinated graphene sheets
as compared to that of graphene sheets (ie, from
269 nm of graphene to 251 and 247 nm in Figure 22a)
indicating the opening of the band gap. Moreover, the
higher coverage of fluorine in graphene sheets de-
creases the electrical conductivity (Figure 22b) and
band gap widening (from 1.8 to 2.9 eV for CFg ;0 and
CFy .48, respectively) was observed (Figure 22¢,d).
Fluorine-doped reduced graphene oxide (RGO)
is reportedly a better substrate for surface enhanced
Raman spectroscopy of molecules than unmodified
RGO.* In addition, it has been shown that the chemical
enhancement factor can be tuned by changing the
fluorine/carbon ratio (17—27 atom %) due to the pre-
sence of a strong local electric field induced by the local
dipoles of F-containing groups on the RGO surface
Thomas et al®> have reported that fluorinated graphene
oxide has high nonlinear absorption and nonlinear scat-
tering, and its optical limiting threshold is about an order
of magnitude better than that of graphene oxide (GO).
Raman spectroscopy of fluorinated graphenes has
been mainly discussed in the fluorographene sec-
tion. Single side fluorination leads to the appearance
of a D peak at 1350 cm™' and broadening of the
G (1580 cm™') and D’ peaks (1620 cm™'), as well as a
decrease in the 2D Raman peaks which is similar
to that of graphene oxide.'® Sun and co-workers>?
have studied layer-dependent fluorination of n-layer
graphenes by SF¢ plasma treatment. They observed
that fluorination of monolayer graphenes is easier and
faster than multilayer graphenes because of the form-
er's high surface reactivity due to corrugations which
become notably smaller for bilayers and disappear
for thicker graphenes. During fluorination of mono-
layer graphene, three new peaks at 1350, 1620, and
2920 cm ™' were observed in the Raman spectra, which
were ascribed to D, D/, and D+G bands, respectively.
The presence of D, D/, and D+G bands indicates that
defects were introduced into the graphene lattice
during the plasma treatment, which occurs more easily
for single-layer graphene than thicker graphenes.
The same group also observed that fluorination by
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Figure 21. Energy band structures of various stable CF,
structures, together with the orbital partial densities of
states (DOS) and total DOS. The LDA band gaps are shaded
and zero energy is set to the Fermi level, E¢. The total DOS is
scaled to 45%. Valence and conduction-band edges after
GW,, correction are indicated by filled (red) circles. (a) CFq s
chair structure. (b) CFy 5 boat structure. (c) CFq 55 structure.
Reprinted with permission from ref 69. Copyright 2011
American Physical Society. (d) Absorption spectra of C4F
for light parallel to the surface plane (along x direction,
see panel e) calculated with and without the consideration
of electron—hole Coulomb interaction, that is, GW+BSE
and GW+RPA, respectively. The inset is the absorption
spectrum of C4F for light polarization perpendicular to
the surface plane. Reprinted with permission from ref 70.
Copyright 2013 American Physical Society.

CF,4 plasma treatment induces a lower number of lattice
defects and higher magnitude of p-doping to graphene
than CHF; plasma treatment*

Other Unusual Properties of Fluorinated Graphenes
and Applications. Dilute fluorinated graphene sheets
(F/C ratio of 1 to 2000 or 0.05%) produced by CF, plasma
in a reactive ion etching system have been shown to
exhibit anisotropic, colossal negative magnetoresis-
tance and unusual “staircase” behavior at low tempera-
tures (<5 K).2® The concentration and distribution of
F-adatoms on graphene was measured by Raman
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Figure 22. (a) UV—Visible absorption spectra of graphene oxide (GO), hydrothermally reduced graphene sheets (HGS), and
two typical fluorinated graphene sheets (FGS) samples (FGS-150 and FGS-180). (b) Electrical conductivities of FGS samples
accompanying the variation in C/F ratio. The inset shows a schematic model of the four-probe instrument used. (c) Arrhenius
plot for the logarithm of conductivities of fluorinated graphenes series versus the inverse of temperature. (d) Experimental
band gap energies of fluorinated graphene (obtained from slopes of lines in panel c subplot) for several F coverages.
Reprinted with permission from ref 21. Copyright 2012 Elsevier.

spectroscopy and scanning tunneling microscopy (STM).
The resistance at the charge neutrality point increased by
3 orders of magnitude from 25 kQ at 200 K to 2.5 MQ
at 5 K, displaying a strong insulating behavior at dilute F
concentration®® Moreover, the presence of adatom-
induced local magnetic moments has been reported in
dilute fluorinated graphene due to observed spin-flip
scattering.®” The spin-flip rate was tunable via fluorine
coverage and carrier density. Modification of graphene
with fluorine may offer a platform for studying magnet-
ism in this unusual two-dimensional electron gas and
a gate-controllable, lithography-compatible, approach
to control spins in graphene spintronics devices.

Diluted F atoms chemisorbed on graphene have
also been investigated theoretically.®® It was shown
that the nature of the chemical bonding of an F atom
adsorbed on top of a C atom in graphene strongly
depends on carrier doping. In neutral samples, the F
impurities make a sp>-like bonding of the C atom
below, generating a local deformation of the hexago-
nal lattice. As the graphene is electron-doped, the C
atom withdraws back to the graphene plane and for
high doping its electronic structure corresponds to a
nearly pure sp> configuration. This sp>—sp? doping-
induced crossover provides a new facility for control-
ling graphene's electronic properties.

KARLICKY ET AL.

Fluorination of graphene has been shown to result
in the development of strong paramagnetism with
increasing fluorine coverages, that is, in CF, samples
with xincreasing from 0.1 to 1 (fluorographene), as well
as more than an order of magnitude increase in low-T
saturation magnetization (Figure 23a).2° For the stoi-
chiometric fluorographene C;F;, a significant decrease
in the magnetization was observed compared to CFg 75
or CFyo, even though the material showed strong
paramagnetism. The number of spins N increased
monotonically with x up to x ~ 0.9, then decreased
slightly for the fully fluorinated samples (Figure 23b).
A plot of the number of Bohr magnetons, ug, per
attached F atom (inset in Figure 23b) clearly showed
that the initial increase (up to x & 0.5) in the number
of paramagnetic centers was proportional to x, but
a more complicated relation between the number of
atoms and N applied at higher x.

Recently, a method to obtain ultrathin, uniform,
high-«, and top-gate dielectrics required to realize
the full potential of graphene-based device technolo-
gies was developed.’” A 15 nm atomic layer deposi-
tion (ALS) Al,O5 was uniformly deposited on epitaxial
graphene functionalized by fluorine atoms. The under-
lying graphene properties were not degraded, and 6.7%
of the surface of epitaxial graphene was converted to
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Figure 23. (a) Magnetic moment AM (after subtracting
linear diamagnetic background) as a function of the parallel
field strength H for different F/C ratios. (b) Main panel:
number of spins N extracted from the fits in panel a as a
function of the F/Cratio. The solid curve is for guidance only.
Inset: the same N normalized to the concentration of
adatoms in each sample (ug/F atom is obtained by dividing
the number of moments N, assuming that each carries 1 ug,
by the number of F atoms per g of fluorinated graphene).
Error bars indicate the accuracy of determination of the
fluorine concentrations. Reprinted with permission from ref
89. Copyright 2012 Nature Publishing Group.

C—F bonds which provided enough ALD nucleation
sites to obtain conformal films without pinholes.
NEXAFS spectroscopy has been demonstrated to
be a powerful technique for evaluating the anisotropy
in the chemical bonding of semifluorinated graphite
(using a gaseous mixture of BrF; and Br,).>° The CK
edge NEXAFS spectra of fluorinated HOPG measured
at incidence angles of 20° and 90° are compared in
Figure 24. This figure shows that the 7zz-system of C;F
is retained after fluorination, as seen from the intense
peak near 285 eV. The peak B at 288.5 eV with a
shoulder C around 290 eV is related to 1s — o* transi-
tions within carbon atoms bonded with fluorine.
All three peaks are significantly reduced in intensity
when the spectra are recorded at normal incidence
(Figure 24d), implying that these peaks (A, B, and C) are

KARLICKY ET AL.

largely due to carbon electrons from orbitals perpen-
dicular to the basal plane. The intensity of D' and D
are independent of the beam direction and are asso-
ciated with transitions involving states of carbon atoms
(o* states) that are nonbonded or bonded with fluorine
atoms. The strong dependence of the intensity of
peaks F and G (measured by FK edge spectra) on the
incidence of X-ray radiation (Figure 24e and Figure 24f)
shows that the C—F bonds have a predominantly per-
pendicular orientation to the basal plane. This spectro-
scopic technique helps to shed light on the anisotropic
structure of semifluorinated graphite, in which half the
carbon atoms are covalently bonded with fluorine, while
the rest of the carbon atoms preserve 7t electrons.

The thermal conductivity of fluorinated graphene
has also been studied theoretically by classical none-
quilibrium molecular dynamics.®’ The thermal conduc-
tivity was found to depend strongly on the coverage
and distribution of fluorine atoms. For random fluorina-
tion, the thermal conductivity decreased rapidly with
increasing fluorine coverage from 0 to 20%, stabilized
between 20 and 70%, and then increased rapidly as the
coverage approached 100%. The thermal conductivity
of graphene fluoride was much less sensitive to tensile
strain than that of pristine graphene.

Monte Carlo calculations have suggested that fluoro-
graphenes reduce the binding energies of adsorbates
(such as CH4,CO,, Ny, Oy, H,S, SO,) with respect to pure
graphene.®? In most cases, the adsorption selectivity
was greatest for unmodified graphene surfaces and was
reduced by fluorination.’?

The surface chemistry associated with CF4- and
Cl,-based inductively coupled plasma—reactive ion
etching (ICP—RIE) of the 6H-SiC (0001) surface followed
by thermal annealing at 970 °C has the potential to
yield large area graphene-on-insulator films.”

On the basis of the partially fluorinated graphene
with composition CFj,s, a novel class of “acceptor
type” fluoride intercalated graphite compounds has
been proposed.®* According to theoretical predictions
and experimental evidence, these types of compounds
exhibit significantly higher isosteric heats of adsorption
for H, than previously demonstrated for commonly
available, porous carbon-based materials. The unusually
strong interaction with H, arises from the semi-ionic
nature of the C—F bonds. Although high H, storage
capacity (>4 wt %) at near-ambient temperatures may
not be feasible due to diminished heats of adsorption at
very high H, densities, enhanced storage properties can
be envisaged by doping the graphitic host with appro-
priate species (e.g., nitrogen) to promote more extensive
charge transfer from graphene to F~ anions.

Multilayered Fluorinated Graphenes (C,Fy, a < b). Yan
et al?? have shown that fluorine-doped multilayered
graphene (10 wt %, ~6.6 atom %, synthesized by arc
discharge process) sheets exhibit superhydrophobic
properties (CA = 150°) comparable to that of graphene
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Figure 24. NEXAFS spectra measured near the CK edge of HOPG at an incidence angle 0 of radiation of 15° (a) and 90° (b). The
inset shows the orientation of the electric field vector of synchrotron radiation relative to the basal plane of graphite. NEXAFS
spectra of the fluorinated HOPG measured near the CK edge at grazing (c) and normal (d) incidence, and near the FK edge at
grazing (e) and normal (f) incidence. Reprinted from ref 90. Copyright 2012 American Chemical Society.

sheets. The sliding angle of an F-doped graphene sheet
film was about 13° compared to about 38° for a pure GS
film, indicating that rolling of the droplet on the F-doped
GS film was easier than on pure graphene. In addition,
the fluorine content in the graphene matrix can be
tuned by chemical reaction of graphene oxide with
hydrofluoric acid.”'

Lee et al.*? have prepared multilayer semi-ionically
fluorinated graphene with high insulating prop-
erties, which upon reduction with acetone showed
a 10° times increase in current from 10 '3 to 107 A,
indicating a transition from insulator- to graphene-like
behavior (Figure 25a). The current increase of the
reduced fluorinated graphene was much higher with
respect to reduced graphene oxide (GO). The reduced
multilayered C,F film showed p-type doped electrical
characteristics (Figure 25b). The reduction in acetone
proceeds as 2C,Fsemizionicp + CH3C(O)CH3() — HF +
2C) + GF(covaleny + CH3C(O)CHy() at low tempera-
tures. The reduction of multilayered semi-ionically
fluorinated graphene film using acetone is well proven
by Raman, XPS, and transport measurement analysis
(Figure 25¢,d).** It should be noted that the XeF,
treatment is an effective way for high quality fluorina-
tion of suspended graphene. However, it is insufficient
for multilayered and even bilayered fluorographene.'?
The synthesis proposed by Lee et al.*? provided several
grams of multilayer semi-ionically fluorinated gra-
phene via a single step fluorination process for 5 h,
which not only generates highly insulating fluorinated
graphene (Figure 25a) but could also be used to mass
produce fluorinated graphenes for industrial applica-
tions. The wetting characteristics of GO changes upon

KARLICKY ET AL.

fluorination due to the low surface free energy of
the C—F bonds.”> The extent of oxygen coverage on
graphene fluoride can be controlled by different reac-
tion conditions to oxidize fluorinated graphite. The
material with high fluorine content (23 atom %) in
GO was used to create amphiphobic inks for coating on
steel, porous substrates.

Bilayer fluorographene C,F (Figure 26) has been
found to be a much more stable material than bilayer
graphane.®® This is evident by comparison of the for-
mation energies of the final structures and is accentu-
ated by the fact that the formation energy of partially
fluorinated bilayer graphane is always negative, in
contrast to partially hydrogenated bilayer graphene.
The creation of interlayer chemical bonds occurs
at higher amounts of fluorination compared with
hydrogenation. The electronic band structure of C;F
has been shown to be similar to that of monolayer
fluorographene, but its band gap is significantly
larger (about 1 eV).”® Furthermore, it has been found
that bilayer fluorographene is almost as strong as
graphene, as its 2D Young's modulus is approximately
300 N m~'.% Structural stability and electronic and
magnetic properties of fluorinated bilayer graphene
were studied also for various fluorine coverages.”®®’
Infrared spectral signatures of bilayered surface-
fluorinated graphene have been studied by molecular
dynamics.%®°

Density functional theory (DFT) computations have
revealed the existence of considerable C—H---F—C
bonding between graphane and a fluorinated gra-
phene bilayer with a small energy gap (of 0.5 eV at
PBE GGA level), much lower than those of individual
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Figure 25. (a) I-V characteristics of multilayered semi-ionically fluorinated graphene films before and after reduction.
(b) I-V4 characteristics of a corresponding FET device before (inset) and after the reduction process. (c) Plot showing variation
of current on the reduction time. (d) Raman spectroscopy results according to the reduction time. Reprinted with permission

from ref 42. Copyright 2013 Wiley.

Figure 26. (a) Top and (b) side views of bilayer fluorographene. The carbon atoms in the two layers are shown in different
colors for clarity, and the fluorine atoms are indicated by light green (open circles with the smallest diameter). Reprinted from

ref 96. Copyright 2012 American Chemical Society.

graphane and fluorographene. The binding strength
of this bilayer can be significantly enhanced by an
appropriate external electrical field. Changing the di-
rection and strength of the electric field can effectively
modulate the energy gap of the G/CF bilayer (0—3.0 eV)
and correspondingly causes a semiconductor—metal
transition.'® In sharp contrast, the electronic properties
of separated graphane or fluorographene monolayer
are rather robust in response to an electric field with
corresponding negligible modulation of the band
structures.

Halogenated Graphenes (C.X,, X = d, Br, I; a < b).
Chlorographene. The fully chlorinated graphene
(chlorographene, graphene chloride, or CCl) has been
broadly theoretically discussed,’>*°7>%7> but not yet

KARLICKY ET AL.

prepared. The pristine parent material, graphite chloride,
is unstable at temperatures >0 °C, but stable at lower
temperatures;'* therefore it is reasonable to assume that
CCl is unstable under ambient conditions. On the other
hand, its instability has not yet been proven experimen-
tally. Moreover, partially chlorinated graphene deriva-
tives have been reported recently.>>~2% However, the
coverage of chlorine atoms was maximally up to 30 atom
% (CClo43). The stability of such compounds has been
confirmed from room temperatures to 500 °C.%% There-
fore, the existence of chlorographene is still uncertain
and further experiments are needed to verify whether
CCl is stable at room temperature.

The lattice constant and C—C distance in the chair
conformation of chlorographene (2.91 A and 1.76 A)
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Figure 27. (a) Electronic band structure of chlorographene CCl. The LDA band gap is shaded yellow. The GW, corrected
valence and conduction bands are shown by a dashed line and red balls. The zero of energy is set to the Fermi level, E.
(b) Density of states projected to various orbitals (PDOS). Reprinted from ref 75. Copyright 2012 American Chemical Society.
(c) Comparison of CCl band structures calculated using the PBE functional (black line), HSE06 functional (blue line), GW over
PBE (red circles), and GW over HSE06 (green dots). The Fermi level was set at zero energy. Reprinted from ref 59. Copyright

2013 American Chemical Society.

have been predicted at the GGA DFT level to be
notably larger than the equivalent parameters for
fluorographene (2.61 A and 1.58 A) and graphane
(254 A and 1.54 A)>’ 7> and the C—C distance is
significantly deviated from typical values for a single
C(sp®)—C(sp®) bond (~1.54 A). This is because chlorine
atoms attached to the perturbed graphene sp® lattice
partially overlap with each other and the whole lattice
must balance C—C bonding with Cl—Cl repulsion.>®
Consequently, CCl is less stable then CH and CF.

Surprisingly, initial theoretical calculations of the
electronic structure of CCl (ref 56) suggested metallic
behavior. This was probably due to “nonbonded” struc-
tures (composed of carbon sp? net and adsorbed
chlorine atoms) reported later’” and confirmed recently
by consideration of the reaction mechanisms of Cl
atoms and graphene'' or Cl atom adsorption.?%'%2
The reported chlorographene GGA DFT band gap of
14 eV?" > corresponding to an sp° “bonded” chair
structure indicates semiconducting or insulating prop-
erties. However, the GGA band gap values may be
seriously underestimated. More realistic is the value of
2.8 eV°®>? obtained using the hybrid (HSE06) functional.
The bottom of the conduction-band and top of the
valence-band are located at the T" point in the first
Brillouin zone, the top of the valence band is doubly
degenerate, and the maximum band gap is located
at the K point (Figure 27). Similar to fluorographene, the
high-level many-body GW approximation which in-
cludes electron—electron interactions beyond DFT, pre-
dicted a dramatically increased band gap of 4.3—5.2 eV
(depending on the GW level and orbitals used).>*”>

It has been reported”” that all the phonon modes of
chairlike CCl have positive frequencies (Figure 28a),
and hence the predicted structure of chlorographene
is stable at T = 0 K. Although chlorographene belongs
to the same space group, Ds4, as CH and CF, the
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phonon frequencies are lowered (softened) due to
saturation of the C atoms with heavy Cl atoms
(cf. Figure 28a versus Figure 14a for CF). Group theory
analysis has shown that the decomposition of the
vibration representation at the I'-point is I' = 2A,4 +
2A,, + 4E4 + 4E,. Among these, the modes at 105, 398,
751, and 1042 cm™" (Figure 28a) are bond stretching
modes and are Raman-active. The Raman mode A4 at
1042 (398) is entirely due to the out-of-plane vibration
of C and Cl atoms moving in the same (opposite)
direction with respect to each other (cf. Figure 14b).
Further observation of these Raman active modes is
expected to shed light on the Cl coverage and the
structure of chlorinated graphene.

Comparison of the optical absorption spectrum of
CCl obtained at the DFT+RPA and GyW,+RPA levels
shows (Figure 28b) that inclusion of electron—electron
interaction leads to blue shift of the absorption due
to quasi-particle corrections; however, spectra shape
is preserved.”® On the other hand, the inclusion of
the electron—hole correlations yields a significant red
shift of the absorption spectrum (insets in Figure 28b)
similar to fluorographene (Figure 13). A prominent
physical effect of the electron—hole interactions is
apparent for some bound excitons below the GoW,
gap (see insets in Figure 28b), which are completely
missing in the GoW,+RPA. The first exciton peak of the
CCl spectra is located at 2.82 eV with a corresponding
binding energy of 1.25 eV.>°

Properties of Chlorinated Graphenes. Adsorption of
the Cl atom on graphene has been mainly studied
theoretically.?6”>'°192 The adsorption of a single Cl
atom was shown to be significantly different from that
of Hand F. A charge-transfer complex (where C orbitals
maintain a planar sp? net) was predicted. The C—Cl
distance was notably larger than that of CF and CH
(covalent bond), suggesting that the carbon net is not
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Figure 28. (a) Phonon bands of chlorographene calculated
using the SDM (small displacement method) and DFPT
(density functional perturbation theory) methods. Inset: struc-
ture of chair CCl. Reprinted from ref 75. Copyright 2012
American Chemical Society. (b) Absorption spectra of chloro-
graphene for light polarization parallel to the surface plane. The
insets contain amplified absorption spectra in the vicinity of the
first exciton peak and GoW,(PBE) gap (dashed line). Reprinted
from ref 59. Copyright 2013 American Chemical Society.

as buckled (Figure 29).'®' Various adsorption configura-
tions were possible during the adsorption of other
chlorine molecules (Figure 30), However, not all possible
configurations or patterns obtained by the chlorina-
tion of one surface of graphene were stable.”> When
both sides of the graphene sheet were exposed, the Cl
atoms preferred to form homogeneous patterns, and
the optimal coverage was 25%, in contrast to the value
of 100% in hydrogenation and fluorination.'" Interest-
ingly, DFT calculations have shown that chlorine binds
to the graphene edges more easily than adsorbing
on the graphene plane and graphene could be broken
into edges by chlorine.'® Those results could serve as
an alternative explanation of the photochemical chlor-
ination experiment.?®

The presence of the characteristic D-peak at
1330 cm ™', the G-peak at 1587 cm ™', and the 2D-peak
at 2654 cm ™' (Figure 31a; ¢f. 1580 and 2680 cm ™' for
graphene) from chlorinated graphene indicates a
low coverage of Cl (expected ~8 atom %).2> For higher
coverage (~21 atom %), the obvious D peak located
at 1359 cm™' in the Raman spectrum of CClgs;
(Figure 31b) indicates that during the chlorination
process, larger quantities of covalent C—Cl bonds were
formed in graphene sheets, and thus a high degree of
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Figure 29. Adsorption of a single (a) Cl, (b) F, or (c) H atom
on graphene from LDA. Structures with partial parameters
are shown in the upper panels, and electron localization
function (ELF) plots with an isosurface value of 0.70 are
depicted in the bottom panels. Reprinted from ref 101.
Copyright 2012 American Chemical Society.

Charge-transfer
complex

Covalent-bonding

Figure 30. Schematic representation of how various adsorp-
tion configurations evolve during chlorination of graphene.
Reprinted from ref 101. Copyright 2012 American Chemical
Society.

crystalline disorder was generated by the transformation
from sp? to sp° configuration.” The covalent attach-
ment of Cl atoms on the graphene sheets (C—Cl
bonding) has been confirmed by XPS and IR spectro-
scopic analysis. Since the Raman measurements were
performed in the range from 1000 or 1250 cm™'
to higher frequencies, possible low-frequency Raman-
active peaks originating from chlorine atoms could
not be observed (vibrational modes up to 1050 cm™'
are theoretically predicted for CCl (Figure 28)). However,
lower frequencies were recorded in the infrared spectra
of chlorinated samples (Figure 31c). A band at 790 cm ™'
(930 cm™") was reported for ~30 atom %2 (~5.9 wt %%)
coverage of chlorine atoms, which was assigned to
the C—Cl stretching vibration.?® Only one vibrational
mode was suggested by theoretical calculations of
CCl which may correspond to this band: the A,, mode
at ~850 cm™ ', which is infrared active (Figure 28).”°

The chlorinated graphene samples were shown
to be stable under ambient conditions, and therefore
can be stored for long periods. The thermal stability
of CClp43 Was examined in detail by IR and energy
dispersive X-ray analysis (EDAX) spectra.’® A decrease
in the C—Cl band intensity was observed upon heating
progressively, and it completely disappeared above
500 °C (Figure 31¢).
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Figure 31. (a) Raman spectra (wavelength 1., = 632.8 nm) evolution with time for single-layer graphene reacted with chlorine
under xenon lamp irradiation. Reprinted from ref 25. Copyright 2011 American Chemical Society. (b) Raman spectra of
chlorinated graphene prepared by microwave-spark (MiW-S) assisted reaction. Reprinted with permission from ref 27.
Copyright 2012 Nature Publishing Group. (c) IR spectra of CCl, heated for 4 h at various temperatures. Reprinted with
permission from ref 28. Copyright 2012 Royal Society of Chemistry.

The Cl coverage can be used to tune the graphene
band gap. Typically, the partially chlorinated graphene
exhibited a nonzero band gap and displayed a 4 orders
of magnitude higher sheet resistance than graphene
(8% coverage of chlorine atoms).?> The higher resis-
tance can be explained by perturbation of the gra-
phene m-conjugated systems upon the chlorination
process. Furthermore, the dielectric constant (¢) of the
chlorinated reduced graphene oxide composite film
(e =169) was found to be much higher than untreated
reduced graphene oxide composite film (¢ = 24).'%
The large enrichment in the dielectric constant is
attributed to the interfacial polarization between the
chlorinated reduced graphene oxide platelets and the
polymer, along with the polar and polarizable C—Cl
bonds. These chlorinated reduced graphene oxide
platelets also displayed a 93% increase in conductivity,
due to p-type doping effect created by Cl atoms.

Properties of Brominated Graphenes. Fully bromi-
nated graphene (graphene bromide) is unstable, and
metallic behavior is predicted from calculations
(Figure 32).57°8 The predicted lattice constant, C—C,
and C—Br distances are 3.11, 1.86, and 1.92 A, respec-
tively, at the GGA DFT level.>” However, preparations
of a few-layer graphene brominated up to 4.8 atom %
by UV irradiation in liquid-bromine medium? and
graphene brominated up to 4 atom % using microwave-
spark assisted reaction?’ have been reported. The
D peak (~1350 cm™") of brominated graphene
(Figure 33a) has been shown to be weaker than that
of chlorinated graphene, possibly due to the lower
degree of modification. Compared with the band
for pristine graphene, the strong and symmetric 2D
peak of CBrg 4 Was blue-shifted (8 cm ™) and became
broader, consistent with the small extent of modi-
fication by Br?” The infrared spectrum of the bromi-
nated graphene (9.9 wt %, 1.6 atom %) obtained from
thermally reduced graphene oxide (TRGO) showed a
vibration at 600 cm ™' (Figure 33b), which is indicative
of a C—Br bond in TRGO-Br.*®

E-E. (eV)

P e g J20
K12345678910

20

K r M

DOS
(number of states/unit cell/eV)

Figure 32. Graphene bromide: band structure along the
directions joining some high symmetry points of the Brillouin
zone and density of states. Reprinted with permission from
ref 57. Copyright 2010 Institute of Physics.

Changes in the electronic properties of few-layer
graphenes doped by adsorption and intercalation of Br,
vapors have been studied by Raman spectroscopy.'®
The & conjugation network of graphene remained
unaffected after halogen doping. Adsorption of bro-
mine on single-layer graphene created a high doped
hole density, well beyond that achieved by electrical
gating with an ionic polymer electrolyte. In addition, the
2D Raman band was completely quenched. The bilayer
spectra indicated that doping by adsorbed Br, was
symmetrical on the top and bottom layers. Br, inter-
calated into 3-layer and 4-layer graphenes. The combi-
nation of both surface and interior doping with Br, in
three and four layers created a relatively constant
doping level per layer. For graphene with three or more
layers, a resonant Raman signal was observed for Br, at
around 238 cm™'; for monolayer and bilayer graphene,
no bromine signal was observed (Figure 33c).'® This
could be an orientation effect, since, if the Br, sits
perpendicular to the surface as LDA DFT calcula-
tions suggest'® and orthogonal Raman is used, the
molecules would be aligned with the beam and there
would be no interaction, and hence no signal. It has
been shown that the halogen molecule forms a Br™ 4
Br™ pair, rendering it infrared active, and has an empty
p, orbital located in the graphene electronic 7 cloud.'®
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Figure 33. (a) Raman spectra of brominated graphene prepared by microwave-spark (MiW-S)-assisted reaction. Reprinted
with permission from ref 27. Copyright 2012 Nature Publishing Group. (b) FTIR spectra of brominated graphene showing
C—Br peak at 600 cm". Reprinted with permission from ref 48. Copyright 2013 Wiley. (c) Br, stretching region of Raman
spectra for few-layer (L) graphenes exposed to bromine. The weak 303 cm™' peak labeled Si is due to the underlying
crystalline silicon substrate. The Br—Br peak near 240 cm ™' is due to intercalated bromine (see also scheme of Figure 34c).
Reprinted from ref 104. Copyright 2009 American Chemical Society.

Bromination opens a small band gap (~86 meV at LDA
level) and strongly dopes the graphene. The described
molecule was identified as a new form of Br, previously
only considered as an unstable intermediate of bro-
mine-induced carbon-bond saturation.'%

lodine-Doped Graphene. lodine-doped graphenes
can be prepared by direct heating of camphor and
I, with an iodine loading of 3 atom %.%® In addition,
exfoliation of graphene oxide and I, under ultrasonic
treatment followed by thermal annealing at various
temperatures (500—1100 °C) generates iodine-doped
graphenes (1.2—0.8 wt %; ~0.1 atom %).*” These
samples showed good electrocatalytic activity and
methanol tolerance for the oxygen reduction reac-
tion.*” X-ray photoelectron and Raman spectroscopic
analyses have confirmed the presence of elemental
iodine in the form of triiodide (15, peak at 117 cm™")
and pentaiodide (Is~, peak at 154 cm™") in these doped
samples (Figure 34a),***” which is not surprising
as iodographene (fully iodinated graphene, graphene
iodide, Cl) has been identified as an unstable and
spontaneously decomposing compound.’ It is worth
noting that iodographene was identified as a meta-
stable intermediate in the exchange reaction of eq 1
in DMF as the solvent (in sulfolane, the considerably
faster kinetics pass). The reaction occurs at just 150 °C
and the IR peak corresponding to the C—I unit
(745 cm™") was observed."®

lodine doped graphene obtained from TRGO has
been shown to exhibit two additional peaks at approxi-
mately 90 and 167 cm™' that are absent in the
Raman spectra of TRGO-Cl and TRGO-Br.*® The peak
at 90 cm ™' was attributed to the presence of ;™ in the
material, whereas the presence of |5~ gave rise to the
peak at 167 cm™". The emergence of these peaks
indicates the successful incorporation of iodine atoms
into the TRGO during the exfoliation procedure.

Jung and co-workers'®* have studied changes in the
electronic properties of few-layer graphenes doped by
adsorption and intercalation of I, vapors by Raman
spectroscopy. The 7 conjugation network of graphene
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remained unaffected after the halogen doping. In con-
trast to Br; (see above), the Raman G peak of three or
four layers with surface adsorbed I, indicated that the
hole doping density was larger on the surface layers
than on the interior layers and that |, does not inter-
calate into three or four layers. This adsorption-induced
difference between surface and interior layers implied
thata band gap opens in the bilayer-type bands of three
or four layers (Figure 34b). A comparison of possible
graphene doping by adsorption and intercalation of
I, with respect to Br, is shown in the schematic diagram
of Figure 34c.'*

The interaction of various halogen molecules,
such as ICl, Bry, IBr, and I, with few-layer graphene
has been studied by Ghosh et al.'®® Halogen molecules,
being electron withdrawing in nature, induce dis-
tinct changes in the electronic states of graphene,
as evident by changes in the Raman and electronic
absorption spectroscopy. The magnitude of the mo-
lecular charge-transfer between the halogens and the
graphenes varied in the order ICl > Br, > IBr > I,.

Mixed Graphene Halides and Hybrids. In early calcu-
lations on hydrogenated and halogenated graphenes,
hypothetical mixed structures C,HX (X=F, Cl, Br, I) were
also tested.”®>”1%7 Structures with H and X on different
sides of graphene were predicted to have a nonzero
band gap in the case of X = F, Cl (3.1 eV for C;HF and
0.8 eV for C,HCI at GGA DFT level or 6.4 and 2.9 eV at
GoW level, respectively),56 whereas metallic behavior
was predicted for heavier halogens (C;HBr and CyHI).
Hybrid compounds C,LiF and C,LiH were reported as
weak metal and semimetal, respectively. Very recently,
a piezoelectric effect was predicted for six conforma-
tions of different-side C,HF and C4HF compounds.'®®

Recently, hypothetic homogeneous-side mixed ha-
lides have been suggested.®® All of the optimized
CaXpYe X =H, F; Y =F,Cl, Br, | for Y # X) compounds
were considered and shown to be direct band gap
materials. The results showed that the bottom of
the conduction band and top of the valence band
are located at the I" point in the first Brillouin zone for
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Figure 34. (a) Raman spectra at low wave numbers showing formation of triiodide and pentaiodide in the graphene structure.
Reprinted with permission from ref 46. Copyright 2011 Royal Society of Chemistry. (b) G peak Raman spectra of few-layer
graphenes and graphite exposed to iodine vapor. The curves are vertically displaced. The relative intensity change from
1 layer to graphite is shown. The G-peak of doped few-layer graphene samples is smaller than that of the 1580 cm™" undoped
graphite G peak, as expected for doped samples. In graphite, a small peak at 1601 cm ™~ may correspond to surface graphene
layers with adsorbed I,. (c) Schematic diagram of few-layer graphenes exposed to Br, (left) and I, (right). On the left side,
the 3-layer and 4-layer structures have both intercalated (dark pink) and adsorbed (light pink) Br, layers. On the right side, the
three-layer and four-layer structures have surface adsorbed (light blue) iodine anion layers without intercalation. Reprinted

from ref 104. Copyright 2009 American Chemical Society.

all CXpY. species. The top of the valence band is
doubly degenerate and the maximum band gaps
are located at the K points in CH, CF, CCl, and CBr.
The band gap depends on the stoichiometry (chemical
composition) and can be relatively smoothly tuned
from the maximal value in graphane to almost zero in
graphene bromide (Figure 35a). Even finer tuning
could in principle be achieved by adjusting the ratio
of more than two substituents. Most of the considered
species appeared to have band gaps typical of in-
sulators. Two species had band gaps comparable to
those of conventional semiconductors. Specifically, the
band gaps of C;FBr and C,HBr were 1.32 and 1.55 eV
(at HSEO6 level), respectively. However, the latter is
probably unstable.

Stability of Halogenated Graphenes. The stability of
graphene derivatives is usually assessed by consider-
ing quantities such as the binding energy, energy of
formation, or vibrational modes. All of the considered
materials are of similar type and stoichiometry, and
therefore it is possible to evaluate their stability
through the following exchange reaction (for single

supercells):'>>8

GCsz + sz +cY, + AE - 2CaXbYc + aH, (2)

Here, the product C,XpY. (a=b+ ¢ X=H,F;,Y=F, C,
Br, | for Y # X) is the target material and AE’ is the
difference between the sums of the total energies of
the products and the reactants. To compare the stabi-
lity of different materials, it is better to consider the
normalized energy difference AE = AE'/(2a), where a is
the number of C atoms in a computational supercell.
The choice of a reference material assigned with zero
AE (and reactant in eq 2) is rather arbitrary, but a stable
and experimentally prepared material is preferred. Of
the two such available 2D graphene-based materials,
graphane (CH) and fluorographene (CF), the former
with lower stability is the better choice since it is
possible to obtain a simple indication of the stability
from the AE value. If a C;X Y. compound is more
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Figure 35. Electronic band gaps (a) and stabilities (b) of
graphene derivates C,X,Y,, (a = b + ¢) as a function of the
stoichiometric ratio b:c for selected substituents X=H, F and
Y = F, Cl, Br, | calculated using the HSE06 functional. The
limits of b:c — 0 [~] correspond to CF, CCl, and CBr [CH and
CF]. Reprinted with permission from ref 58. Copyright 2012
American Institute of Physics.

stable than CH, AE would be negative. A positive value
of AE indicates that the species is less stable than CH
but not necessarily thermodynamically unstable. Com-
parison of AE values (Figure 35b) shows that the most
stable of the graphene halide derivatives is fluorogra-
phene. The decrease in stability on going from CF to
CCl to CBr and finally to Cl (which spontaneously
decomposes to iodine and graphene'®) is a conse-
quence of the halogen atoms being forced into exces-
sively close proximity by the graphene halide scaffold
(Figure 36). The lower bound of stability is considered
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to be AE for CCl because the pristine parent material,
graphite chloride, is unstable at temperatures >0 °C
but stable at lower temperatures.'® On the other hand,
nonstoichiometric graphene chloride with lower con-
centrations of Cl has recently been prepared.”>~2
Moreover, some samples (few-layer graphene chlori-
nated up to 30 atom %) have been shown to be stable
at room temperature and the chlorine can be removed
by heating to around 500 °C or by laser irradiation. Very
recently,’” theoretical analysis using finite temperature
ab initio MD calculations have suggested that a perfect
CClis stable at T=0 K and can remain stable possibly at
room temperature. The creation of a single vacancy
at one site imposes the formation of a second vacancy
at the opposite side. This pair of vacancies can survive
at room temperature. However, the presence of vacan-
cies or holes would make CCl vulnerable to dissociation
through the formation of Cl, molecules.”

Patterned Halogenation. Selective fluorination or chlori-
nation of graphenes is an interesting approach for gene-
rating materials with applications in graphene-based
electronic  devices.'*'%2%*3  patterned halogenation
of graphene can be achieved using appropriate masks
or grids. During this process, only exposed regions are
fluorinated or chlorinated, whereas those protected by
the mask remain unaltered. These masked regions could
be used as conductive pathways in graphene-based
devices. Cheng et al.'” have suggested that graphene
nanochannels surrounded by insulating fluorographene
via patterned fluorination could provide an alternative
to nanoribbon structures. Lee et al.*® have developed
a device comprising graphene nanoribbon (GNR) sur-
rounded by fluorinated graphene with a composition
of C4,F and shown it has an electron mobility of
~2700 cm?/(V-s). First, GNRs as narrow as 35 nm were
fabricated by using scanning probe lithography to
deposit a polystyrene mask and then fluorinating
the sample to isolate the masked graphene from the
surrounding wide band gap fluorinated graphene.
In this case, the fluorinated regions retained the start-
ing carrier mobility and exhibited stable p-doping of
0.17 eV, while the polymer mask containing GNR also
showed stable performance.

The properties of graphene nanorods and hexago-
nal nanodots inside fluorographene®® and in fluoro-
graphene ribbons'® have been studied theoretically.
It has been shown that the orientation (zigzag (Z2)
or armchair (AC)), width of graphene nanorods,
and F coverage affects its properties, e.g., band gap
(Figure 37). Fluorinated graphene nanoroads with AC
orientation are semiconducting with large band gaps,
following a nonmonotonic variation. Nanoroads with a
Z7Z edge are semiconducting or semimetallic according
to their spin orientation, that is, antiferromagnetic or
ferromagnetic, respectively. The band gaps in ZZ roads
vary as ~1/N,,.%* Thus, graphene nanoroads behave
like graphene ribbons. In contrast, the hexagonal and
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Figure 36. Total electron densities of (a) graphane (CH),
(b) fluorographene (CF), (c) graphene chloride (CCl), and
(d) graphene bromide (CBr) in a 2 x 2 supercell for isovalues
of 0.1 au The distances shown correspond to optimized
geometries: the C—C distances are (a) 1.53 A, (b) 1.57 A,
(c) 1.74 A, and (d) 1.84 A. Notice the decreasing electron
density in the middle of the C—X bond and the C—C bond
with increasing size of the halogen atom. Reprinted with

permission from ref 58. Copyright 2012 American Institute
of Physics.

E,(eV)

77 n=384

E,(eV)

Figure 37. Schematic illustrations of (a) armchair (AC)
(N,c is the number of sp? C dimer lines), and (b) zigzag
(ZZ) (N, is the number of sp? C chains) roads. (c) For AC
nanoroads, the band gap E; energy varies with the
road width N,. (d) Plots showing how the energy of the
band gap for dots with AC and ZZ edges decreases with
their size. Inset: configurations of the largest optimized
quantum dots. Reprinted with permission from ref 63.
Copyright 2011 Springer.
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Figure 38. (a) Partially covered graphene derivative C(CN)o 5. (b) Fully covered graphene derivative COCN.

triangular patterned vacancies in the fluorographene
structure have been shown to behave like quantum
dots.%*'1° Nonetheless, the presented properties are
not an unique feature for halogenated graphene
structures because similar behavior was reported
for graphene nanorods''" or nanoribbons''*'"® and
hexagonal nanodots inside graphane.''* Graphene
nanoribbons with various degree of fluorination up
to full fluorination (i.e., rather an inverse system to
the previously mentioned graphene nanoroads inside
fluorographene, however, with the same interfaces
graphene/fluorographene) were also studied. Both
fully fluorinated ZZ and AC graphene nanoribbons
were predicted to be semiconductors with width-
dependent energy gaps.''®> ZZ hybrid nanoribbons
with an F-terminated edge in the antiferromagnetic
state were shown to be half-semiconductors, in which
the spin degeneracy near the Fermi level was comple-
tely broken. In contrast, hybrid armchair nanoribbons
were suggested to be nonmagnetic semiconductors.
Interestingly, the results suggested that the electronic
properties of partially fluorinated ZZ graphene nano-
ribbons could be finely tuned by edge chemical

KARLICKY ET AL.

modification and control of the width of fluorinated
graphene.'””

Later, it was shown that the resistivity of insulating
fluorinated graphenes can be progressively decreased
by several orders of magnitude simply by elec-
tron beam irradiation.''® The electron-irradiated fluori-
nated graphene ultimately exhibited a similar resis-
tance per square to that of pristine graphene. The
decrease in resistivity was attributed to fragmentation
of C—F bonds induced by electron irradiation. Results
showed that standard electron beam patterning
processes can be used to engineer conductive and
semiconductive structures with sizes ranging from a
few micrometers down to a few tens of nanometers.
This opens up new avenues for the fabrication of
graphene-based transparent and flexible electronic
devices, with defluorinated graphene channels that
can be used as metallic interconnects or elements of
device structures. Furthermore, patterning channels
with different conductivities may lead to the devel-
opment of novel resistive memory and data storage
devices, with multiple byte levels associated with
different resistivities.
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Conclusion and Future Challenges. This review shows
that stoichiometric fluorographene is already, together
with graphane and graphene oxide, a well-established
member of the family of graphene derivatives with broad
application potential. Nevertheless, there are still some
discrepancies related to hydrophobicity/hydrophilicity of
fluorographene or to its exact band gap value. Despite of
a huge progress in research of other partially halogenated
and mixed graphene halides, there are many challenges
related to the controlled synthesis, properties, and band
gap engineering of these structures. No doubt, new
straightforward methods for the preparation of various
halogenated and mixed halogenated graphenes are likely
to be developed in the near future.

One of important challenges include the synthesis
and complex analysis of “pseudohalides”, at least
C—CN (Figure 38a) and C—OCN (Figure 38b). Similarly,
substitution of halogen atoms by suitable functional
groups would bring a high additional value for chemi-
cal and sensing application; the same situation is
expected in the case of functionalization through
organometallics, R—Mg—X. Concerning challenges in
the field of applications of graphene halides, colloidal
fluorographenes are promising materials for the de-
sign of novel polymer nanocomposites and protective
coatings. Moreover, interesting electronic and trans-
port properties may arise due to stacking of fluoro-
graphenes/graphene or graphene/fluorographene/
graphene (G/CF/G), which would act as nanocapacita-
tors analogous to G/BN/G. Halogenated and stacked
graphenes can also be utilized for storing/adsorption
of important gases, for example, hydrogen storage.
We envisage a great potential for the halogenated
graphenes also in the fields of optics, biology, or
electrochemistry. This large scale of applications would
be even enlarged in the future also with respect to the
expected new kinds of graphene halides. This is, for
example, the case of recently developed fluorinated
graphene quantum dots (F-GQDs) exhibiting bright
blue photoluminescence and a clear upconversion
photoluminescence.''” Similarly, Janus-like asym-
metric graphenes produced by cografting of halo-
gens would find applications as novel sensors,
actuators, and surfactants because of their interest-

ing surface properties.''®
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