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ABSTRACT Highly oriented pyrolytic graphite characterized by a
low misorientation of crystallites is fluorinated using a gaseous
mixture of BrF; with Br, at room temperature. The golden-colored
product, easily delaminating into micrometer-size transparent
flakes, is an intercalation compound where Br, molecules are hosted
between fluorinated graphene layers of approximate G;F composi-
tion. To unravel the chemical bonding in semifluorinated graphite,

we apply angle-resolved near-edge X-ray absorption fine structure
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(NEXAFS) spectroscopy and quantum-chemical modeling. The strong angular dependence of the CK and FK edge NEXAFS spectra on the incident radiation

indicates that room-temperature-produced graphite fluoride is a highly anisotropic material, where half of the carbon atoms are covalently bonded with

fluorine, while the rest of the carbon atoms preserve sz electrons. Comparison of the experimental CK edge spectrum with theoretical spectra plotted for G;F

models reveals that fluorine atoms are more likely to form chains. This conclusion agrees with the atomic force microscopy observation of a chain-like

pattern on the surface of graphite fluoride layers.
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mechanical detachment of one-atom-

thick layers from graphite crystal,’ the
layered compounds attract a lot of attention
as precursors of 2D materials.? The appear-
ance of other properties in 2D crystals as
compared with their 3D counterparts en-
courages scientists to look for new candi-
dates for exfoliation as well as to modify
chemically the obtained layers. Graphene
was shown to covalently attach oxygen,’
hydrogen,*® and fluorine,>” which opens an
energy gap of initially zero.® In graphene
oxide, the various oxygen-containing groups
are randomly distributed over the sheet,
while each carbon atom may be singly
bonded with a hydrogen or fluorine atom,
yielding stoichiometric derivatives of graphe-
ne—graphane (CH), and fluorographene
(CF),,. Varying the loading of foreign atoms,
one can tune the band gap in hydrogenated
and fluorinated graphene.®'° This property is

Since the successful attempt of micro-
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very important for the development of 2D
materials with desirable optical and trans-
port characteristics."’

Similar to graphite crystal, graphite fluo-
rides are characterized by strong covalent in-
plane bonding and weak van der Waals-like
coupling between the layers that make it
possible to obtain fluorinated graphene layers
that exfoliate the bulk materials mechan-
ically'? or in organic solution.'® Two stoichio-
metric forms, poly(carbon monofluoride)
(CF), and poly(dicarbon monofluoride)
(C5F),, are known presently.'* X-ray powder
diffraction study of microcrystals of (CF),
indicated that fluorine atoms are subse-
quently bonded with both sides of the
graphene sheet producing a chair confor-
mation of carbon hexagons.> Density func-
tional theory (DFT) calculation showed that
the 3D (CF), crystal should be a semicon-
ductor with a direct band gap of 3.5 eV.'®
Calculations of fluorographenes confirmed
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that the chair conformation is the most stable energe-
tically, and layer stacking should have no considerable
effect on the electronic and optical properties of the 3D
structure.'”'® The reason is a large interlayer spacing in
(CF),, equal to ~0.59 nm."® While direct fluorination of
graphite to the CF composition requires high tempera-
tures (from 600 to 640 °C),*° semifluorinated graphite
(C,F), is prepared at milder conditions. The structure
of this compound is unknown, and it is suggested
that (C;F), synthesized at elevated temperatures of
350—400 °C using elemental fluorine actually consists
of fluorinated bilayers with interior covalent bonds
between bare carbon atoms from the adjacent layers.?'
Since all carbon atoms are in the sp® hybridization, the
high-temperature-produced (C;F),, should be an insu-
lator similar to diamond.

Adding the anhydrous HF to F, or use of volatile
inorganic fluoride, for example, BrF; and CIF;, as a
fluorinating agent allows one to produce graphite
fluoride with approximate composition of C;F at room
temperature.”>=>* A part of the molecules is trapped
between fluorinated carbon layers, yielding an inter-
calated graphite fluoride compound.?® Semiempirical
quantum—chemical modeling of the X-ray fluorescent
C Ko spectrum of low-temperature semifluorinated
graphite synthesized using BrFs indicated that the
most preferable fluorine pattern is “up” and “down”
(1,2)-fluorine addition with formation of CF chains
alternating with bare carbon chains.?® Existence of 7
electrons in CF layers is likely responsible for magnetic
ordering in the intercalated semifluorinated graphite
compounds detected at low temperatures.?” Alterna-
tively, (C5F), can be considered as a mixture of gra-
phene and fluorographene (CF), layers and, if so, the
compound should possess metallic conductivity.?%2°

Near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy is a powerful tool for the examination of
the anisotropy of chemical bonding in a compound.*®
In this case, X-ray transitions involve the excitation of
electrons from a core level to partially filled or empty
states. Due to high localization of core electrons and
the dipole selection rules, the spectrum probes the
partial density of unoccupied states of an element,
which allows identifying the local chemical bonding in
the material. The bond orientation is detected from
changes in the intensity of corresponding resonances
with the incident-polarized X-ray radiation. Thus, mea-
suring the NEXAFS spectra near the CK and FK edge of
graphite fluorides (CF),, and (C,F), synthesized at high
temperatures, Seki et al. observed the angular depen-
dence of the peaks corresponding to o*(CF) excita-
tions.3" This dependence was ascribed to near vertical
orientation of C—F bonds relative to the carbon skele-
ton. However, the much stronger changes in the
spectra are characteristic for anisotropic materials
possessing a 77 system, such as graphite,>? hexagonal
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BN,*® aligned carbon nanotubes,* graphene and
graphene oxide films.3%3’

Here, we use angle-resolved NEXAFS spectroscopy
to reveal the chemical bonding in graphite fluoride
(C,F),, synthesized at room temperature using a gas-
eous mixture of BrF3 and Br,. In planning this work, we
have specifically taken the highly oriented pyrolytic
graphite (HOPG) to obtain fluorinated flakes of suitable
size for the measurements. The fluorine distribution in
layers was guessed by comparing the experimental CK
edge spectrum with theoretical profiles calculated for
three fluorinated graphene models. The excitonic na-
ture of the 7* and o* resonances®® was accounted
within the framework of so-called Z+1 approximation,
where a fictitious Z+1 compound with an additional
proton in its atomic nucleus is introduced instead of
the real Z compound containing a core level hole.*® In
the case of a carbon structure, one carbon atom should
be replaced by one nitrogen atom, while an increase in
the total number of electrons is compensated by
introduction of an additional positive charge. Efficiency
of the Z+1 approximation has been previously demon-
strated for fullerenes Cgo and Cyo,*® fluorinated and
chlorinated fullerenes CeoF36*" and CeoClsg,*® graphene,
and carbon nanotubes.**

RESULTS AND DISCUSSION

Structural and Composition Characterization. Fluorination
of graphite using the saturated vapors of a fluorinating
agent requires diffusion of molecules between the
layers. At room temperature, this process is a quite
slow, and it is why at least 1 month is needed to obtain
a sample with C,F composition. Starting from the
edges, the fluorinated area grows toward the central
part of a graphite plate. Since the attachment of
fluorine atoms to the basal graphene sheets increases
the interlayer spacing, the plate is gradually expanded
from a periphery. The structure imperfections (stacking
faults and dislocations) and large lateral size of the
used HOPG sample are likely to cause considerable
tension between the outer fluorinated surface region
and the inner nonfluorinated core region. As a result,
the plate is split into flakes with a characteristic thick-
ness of a few micrometers (Figure 1a). Probably the
structural defects that exist in the initial sample hold
the flakes together. Identical golden color of the flakes
in a stack evidence the fluorination across the whole
depth of the sample. Owing to the large space be-
tween the flakes, they are easily separated using a
knife. Optical microscopy examination shows that
detached flakes have multilayered structure and uni-
form coloring (Figure 1b). Transparence of the outer
and interior layers indicates the absence of nonfluori-
nated graphenes within a flake.

An X-ray diffractogram obtained for the fluorinated
HOPG sample kept under the Br, vapors revealed the
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Figure 1. Side view of the fluorinated HOPG plate consistng of golden-colored flakes (a) and transmission optical image of
multilayered flake (b). Tapping mode AFM topographic three-dimensional image (c) and filtrated image of the surface (d) of
fluorinated HOPG. XPS C 1s spectrum of the fluorinated HOPG with components corresponding to graphite, bare carbon
atoms linked with CF groups (C—CF), carbon atoms from CF groups (C—F), and CF,, CF; edge groups (e).

formation of a first-stage intercalation compound with
an interlayer distance of ~0.92 nm (Supporting Infor-
mation, Figure S1). In this compound, Br, molecules are
accommodated between each fluorinated graphene
layer. Drying the sample in nitrogen flow removes
the mobile intercalant molecules, yielding a mixed-stage
compound with an average distance between adja-
cent intercalated layers of ~0.78 nm. By weighing, the
approximate composition of the product is C;F(Bry)g.13.
The broadening of (00/) reflections as compared to
those of the initial HOPG could be ascribed to the
increase of disordering along the c-direction with the
graphitic layer fluorination. Actually, the AFM topo-
graphic study shows that the fluorinated layers are
highly rippled with a correlation length of ~500 nm
and a height of ~20 nm (Figure 1c). The image
obtained with a high resolution demonstrates struc-
tural disordering of the layer surface (Figure 1d). The
light regions can be attributed to fluorine atoms rising
above the graphitic surface. The atoms are essentially
arranged in parallel chains with a length varying from
~0.3 to 3 nm. Sometimes the neighboring chains are
linked by CF groups forming the hexagon-like dark
regions on the AFM image. Preservation of aromatic
carbon hexagons and polyene-like chains in the fluori-
nated graphite is supported by the appearance in the
Raman spectrum of a G mode at 1580 cm ™' and scattering
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within 1400—1520 cm ™' respectively (Supporting Infor-
mation, Figure S2).

The chemical state of carbon in the produced
graphite fluoride was evaluated from the XPS C 1s
spectrum (Figure 1e). A low-energy component around
284.5 eV corresponds to the sp? carbon atom* con-
stituted graphitic regions, which were likely to be
inaccessible for the fluorinating agent. A small intensity
of the component indicates a high structural quality of
the HOPG crystal used for the fluorination. Increase of
the binding energy of the main C 1s spectral compo-
nents relative to the graphitic one is due to the change
in electronic state of carbon atoms involved in the
fluorination process. Intense peak A located at 285.6 eV
corresponds to the bare carbon atoms located near the
CF groups. The carbon atoms directly bonded with
fluorine atoms contribute to the spectral peak B at
288.3 eV. A ratio of intensities of peaks A and B gives a
C,Fy g7 stoichiometry for the fluorinated regions. The
fluorine content estimated from the XPS data is lower
than that obtained from the sample weighting, and
one of the reasons for this result is the reduction of the
fluorinated graphite surface under the action of water
vapor present in the surrounding atmosphere.*® The
large size of crystallites in the initial HOPG is supported
by the negligible intensity of the components C and D
around 292 and 293.9 eV, which are ascribed to the CF,
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Figure 2. NEXAFS spectra measured near the CK edge of HOPG at an incidence angle 6 of radiation of 15° (a) and 90° (b). The
inset shows 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 FK edge at

grazing (e) and normal (f) incidence.

and CF3 groups. These groups are developed at the
graphene edges.

The XPS F 1s spectrum of the sample has a single
peak with a binding energy of ~687.2 eV (Supporting
Information, Figure S3a), indicating that all fluorine
atoms are covalently attached to the graphitic layers.*”
The previous XPS examination of a set of intercalated
compounds of semifluorinated graphite has shown
that the position of the F 1s line is independent of
the host molecule*® that could prove an absence of
chemical bonding between the intercalant and matrix.
The XPS Br 3d spectrum (Supporting Information,
Figure S3b) shows that the intercalant molecules are
mainly Br, with a negligible admixture of BrFs. Note
that binding energy of Br, molecules intercalated
between the layers of semifluorinated graphite is
markedly higher than that detected for the charge
transfer carbon black—Br, complexes,*® and this fact
supports the conclusion about weak interactions in the
Bro—C,F system.

Angular Dependence of the NEXAFS Spectra Measured for
HOPG and GF. First, we demonstrate the potential of
angle-resolved NEXAFS on the example of HOPG. The
CK edge spectra recorded at close grazing and normal
incidence of radiation are compared in Figure 2a,b. The
spectra were normalized on the intensity at 330 eV (not
shown in the figure). At the grazing angle 8 = 15°, the
electric field vector of synchrotron radiation is near
normal to the sample surface. In this geometry, elec-
tron transitions from the C 1s level to unoccupied
states of 7 symmetry have the largest probability that
results in the high intensity of 7* resonance appearing
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at 285.4 eV (Figure 2a). At the normal incident beam,
the electric vector lies in the basal plane of graphite,
and the dipole selection rules allow the 1s—¢* transi-
tions only.>® NEXAFS spectrum measured at 6 = 90° is
dominated by a sharp peak located at 291.6 eV and a
less intense peak around 292.5 eV (Figure 2b). The
peaks are attributed to the o, * and 0,* resonances,”'®
which became well-separated when the spectrum was
recorded with very high energy resolution.” The neg-
ligible intensity of the z7* resonance in the spectrum is
indicative of the high crystallinity of HOPG.>® The origin
of a broad feature W around 288 eV is a topic for
discussion, and it can be ascribed to the interlayer
states of graphite®**> and/or graphite functionaliza-
tion®® and defects.** The intensity and shape of this
feature are not changed with the radiation incidence,
specifying its isotropic character.

The CK edge NEXAFS spectra of the fluorinated
HOPG recorded at incidence angles of 20 and 90° are
compared in Figure 2¢,d. At the near grazing angle, the
spectrum has an intense peak A coinciding with the
graphite 7r* resonance in energy position (Figure 2c).
This fact unambiguously indicates preservation of the
7t system in the graphite fluoride (C,F), synthesized at
room temperature. In contrast to our results, the CK
edge spectrum of high-temperature-produced (C,F),
showed a very small intensity around 285 eV, confirm-
ing that almost all carbon atoms composing the layers
are in the sp>-hybridized state.>' The peak B at 288.5 eV
with a shoulder C around 290 eV should be related to
the 1s—¢* transitions within carbon atoms bonded
with fluorine. Actually, the peaks around 288.7 and
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290 eV have been observed in the NEXAFS spectra
measured near the CK edge of fluorinated activated
carbon fibers®” and fluorinated carbon nanotubes.*®
For the normal incidence, all three mentioned peaks
are strongly suppressed in the intensity (Figure 2d),
and this fact confirms that peaks A, B, and C are mainly
contributed by carbon electrons from orbitals perpen-
dicular to the basal plane. The higher relative intensity
of the peak A in the spectrum of (C;F),, compared to
the intensity at 285.4 eV in the spectrum of pristine
graphite (Figure 2b) is caused by the deformation of a
graphitic network induced by fluorination as it is
observed from the AFM examination of the sample
(Figure 1c). The peaks D’ and D are the most prominent
in the CK edge spectrum of graphite fluoride recorded
at the normal incident X-ray beam. Because intensity of
these peaks is independent of the beam direction, they
should be assigned to the o* states. The transitions to
the states of carbon atoms, which are nonbonded and
bonded with fluorine atoms, are likely responsible for
the resonances at 292 and 293.4 eV, respectively.

To directly determine the orbitals formed with both
fluorine and carbon contributions, the CK and FK edge
spectra were aligned using a spacing value of 398.5 eV
obtained as an energy difference in the F 1s level and
the middle position between two main components of
the C 1s spectrum. The peak H at 691.8 eV in the FK
edge spectrum coincides with the carbon o* states
(D peak), and hence it should be attributed to the absorp-
tion K edge of fluorine (Figure 2e/(f). Two pre-edge
peaks F and G located at 686.7 and 688.8 eV are
overlapped with the peaks B and C in the CK edge
spectrum. Recent NEXAFS examination of the fluori-
nated double-walled carbon nanotubes found a large
difference in the fluorine pre-edge structure of the
samples produced by different fluorination tech-
niques.>® Probably, the fluorine peaks F and G and,
respectively, the carbon peaks B and C correspond to
different local surrounding of CF groups. The strong
dependence of the intensity of peaks F and G on the
incidence of X-ray radiation shows that the C—F bonds
have predominantly perpendicular orientation to the
basal plane.

Quantum-Chemical Modeling. A few models of fluori-
nated graphite and graphene with a C,F stoichiometry
have been considered to date 5826961 se of mo-
lecular F, as a fluorinating agent was predicted to result
in formation of double-layered structures where all
carbon atoms are in the sp>-hybridized state (half of
the atoms are covalently linked with fluorine, and the
other half interacts with carbon atoms from the neigh-
boring layer).? In contrast, the fluorination by fluorine
atoms should cause alternation of fully fluorinated
graphene sheets with the noncovered graphenes. For
semifluorinated graphite (C,F), obtained at room tem-
perature, we discard the double-layer models because
the NEXAFS CK edge spectrum shows the existence of
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the sp>-hybridized carbon atoms in the material and
the model preserving intact graphene layers because
the XPS C 1s spectrum detects only a negligible portion
of this species in the sample. The C,F models with one
side of graphene fluorination® are also unsuitable in
our case as fluorine access is possible to both sides of
the graphite layer. Modeling of HF-catalyzed F, addi-
tion to graphene revealed that (1,2) and (1,4) addition
products have about the same energy®' that could
result in a mixture of different fluorine patterns. For the
stoichiometry close to C,F, these preferable fluorine
additions should produce at least three configurations
where the chains (armchair or zigzag) constituted from
bare carbon atoms alternate with chains from fluori-
nated carbon atoms and the double C=C bonds alter-
nate with CF—CF bonds (Figure 3a). Note that the
fluorine atoms are sequentially attached to both sides
of the sheet.

On the basis of these C;F models, three fluorinated
graphene fragments were constructed for the quan-
tum-chemical simulation of the NEXAFS CK edge spec-
tra. The initial graphene fragment was composed from
96 carbon atoms arranged in correspondence with the
G symmetry. This fragment size was shown to allow
obtaining a good agreement between the theoretical
X-ray fluorescent spectrum and the experimental spec-
trum of graphite fluoride (CF),..>* The dangling bound-
ary bonds were saturated with fluorine atoms. An
additional 16 fluorine atoms were deposited in the
central part of the graphene fragment (Figure 3b),
forming two parallel zigzag chains (model 1) or arm-
chair chains (model 2) and two strips from the CF—CF
bonds (model 3). The CF chains and stripes in the
models are separated by corresponding nonfluori-
nated carbon units. The calculations indicate that the
arrangement of fluorine atoms in the zigzag chains is
most thermodynamically preferable, while formation
of the armchair chains and isolated CF—CF bonds
requires additionally 0.11 and 0.28 eV per fluorine
atom.

In the considered models, there are two chemically
non-equivalent carbon atoms, namely, the carbon
atom bonded with a fluorine atom and the bare carbon
atom. Hence, two CosF4oN™ structures, where a nitro-
gen atom was substituted for a central carbon atom in
the fluorinated unit and in the nonfluorinated unit,
were calculated for each model to plot the CK edge
spectrum. The resultant spectrum was generated by
summing the spectra of the ionized structures with
equal weightings. To compare the simulated spectra
with experimental data, we took the spectrum re-
corded at the incidence angle of 45° because this
angle provides isotropic behavior of peak intensity at
the used geometry of the measurements.®® The theo-
retical spectra aligned to the experimental spectrum
by the position of the first peak are shown in Figure 3c.
The first and second spectral components correspond
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Figure 3. (a) Models of fluorinated graphene with C;F composition. Left: Alternating zigzag chains of fluorinated carbon and
bare carbon. Middle: Alternating armchair chains of fluorinated carbon and bare carbon. Right: Alternating double carbon
bonds and CF—CF bonds. White spheres represent the bare carbon atoms; the change in color within the fluorinated unit
indicates change of position (up or down) of fluorine atoms relative to the graphene sheet. (b) Fragments of fluorinated
graphene with zigzag chain (model 1), armchair chain (model 2), and double bond (model 3) fluorine pattern, calculated at the
B3LYP/6-31G level. The central atoms, which were replaced by nitrogen atoms to calculate the CosF4oN™ structures, are
marked. (c) Comparison of experimental NEXAFS CK edge spectrum of the fluorinated HOPG with theoretical spectra of the
models 1, 2, and 3. The components of the theoretical spectrum correspond to a contribution from a bare carbon atom

(orange line) and fluorinated carbon atom (violet line).

to the X-ray transitions within, respectively, sp>-hybri-
dized carbon and carbon bonded with fluorine. The
spectra of C,F models are different in the relative
intensity of 7* resonance (peak A) and intensities of
the features located between peaks A and D. Among
the considered fluorine patterns, formation of isolated
C=C bonds in a fluorographene matrix (model 3) is
most unlikely because, in this case, the 7* states are
strongly localized, giving high relative intensity of peak
A. Moreover, the spectrum of model 3 shows a low
intensity in the region corresponding to C—F bonds.
Intensity of the s* resonance relative to the o edge
(peak D) observed in the model 1 spectrum gives the
best fit to the experiment. However, the intensity of
peak C in this theoretical spectrum is underestimated.
On the basis of CK edge spectrum modeling, we sug-
gest that room-temperature fluorination of graphite
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results in preferable formation of zigzag CF chains with
probable admixture of armchair CF chains. We em-
phasize that the suggested C,F structure is rather
crude and additional models should be considered
to reveal actual fluorine pattern. Particularly, the
present spectra, plotted for the central atoms, corre-
spond to long CF chains and do not account for the
contribution from the terminal atoms. The different
mutual direction of neighboring C—F bonds can also
affect the relative position and intensity of the
NEXAFS peaks (Supporting Information, Figure S4).
Moreover, in the considered models, the fluorinated
graphene regions and nonfluorinated graphene re-
gions have a width of one atom, while in fact, it could
vary. For example, our predominant calculations
show that a structure, where the zigzag-like fluori-
nated chains are separated by a hexagonal ribbon
m 65-74 =
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Figure 4. NEXAFS spectra measured near CK edge (a) and FK edge (b) of fluorinated HOPG at different incidence angle of
radiation. (c) Angular dependence of the relative intensity of the 77* resonance calculated for different Gaussian distributions
of graphene layer orientation (thin lines) in a material compared with the experimental data (triangles and rings correspond
to peaks A and B in the CK edge spectrum, and squares correspond to peak F in the FK edge spectrum). (d) Schematic
representation of the interaction of a fluorine atom with a carbon atom of the graphene sheet.

(Supporting Information, Figure S5), is only ~0.15 eV
less stable than model 1.

Evaluation of Disordering in HOPG with Fluorination. The
procedure of vapor fluorination of graphite could
cause misorientaion of crystallites, which, as shown
by the NEXAFS measurements (Figure 2b), is close to
zero in the pristine HOPG. To check the fluorinated
sample distortion, we measured the angle-resolved CK
and FK edge spectra with a step of 10° (Figure 4a,b).
The two main peaks (labeled A and B in Figure 4a)
appearing before the CK edge and the first peak
(labeled F in Figure 4b) before the FK edge were taken
for the analysis. These peaks are well-resolved in the
spectra, which allows us to determine their intensity
accurately. The angular dependencies of the peak
intensity normalized on the spectral intensity at 330 eV
in the carbon region and at 750 eV in the fluorine
region are shown in Figure 4c. The experimental data
are superposed onto the theoretical curves corre-
sponding to the behavior of the relative intensity of
s* resonance on the incidence angle 6 of radiation for
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graphite with a different width of angular orientation
of crystallites.®* The calculation details are presented in
the Supporting Information. For ideal graphite, where
the basal planes of all crystallites are parallel, the
angular orientation width is equal to zero and the 7*
resonance intensity follows the cos® @ (the bottom
curve in Figure 4c). Experimentally, this dependence
has been previously observed for the HOPG, used here
for the fluorination.®® In the case of our semifluorinated
graphite, the dependence of peak A originating from
the * electrons corresponds to an angle of 18°, and
this value characterizes the average tilt angle of the
carbon network with respect to the holder surface.
AFM analysis of a fluorinated flake surface (Figure 1c)
indicates that rippling of the graphene network as a
result of fluorine bonding corresponds to the disorder-
ing of ~5—10°. Additional contribution can be related
to a disorientation of layers, caused by penetration of
Br, and BrFs gases through the crystallite boundaries.
The resultant cracks are very visible in the optical
images of the fluorinated sample surface (Figure 1b).
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Thus, we reveal that gas-phase fluorination of HOPG
introduces disorder on the microscopic level (graphene
rippling) as well as on the macroscopic level (crystallite
disorientation).

The similarity between the angular behaviors of
peak F of the FK edge spectrum and peak A of the CK
edge spectrum is due to the nearly perpendicular
orientation of the 2p, orbitals of fluorine atoms to
the graphene sheet (Figure 4d). This orientation is
possible only in the case of subsequent attachment
of fluorine atoms to both sides of graphene. From
energy alignment of the CK edge and FK edge spectra
(Figure 2), peak B in the CK edge spectrum was
assigned to the C—F bonds. However, the angular
dependence of the intensity of peak B shows the width
distribution of ~32° that is significantly larger than that
obtained for peak F. This fact shows the sp>-hybridized
state of carbon atoms bonded with fluorine atoms and,
hence, the covalent C—F interactions in the synthe-
sized semifluorinated graphite.

CONCLUSIONS

The room-temperature fluorination of highly ordered
graphite using a gaseous mixture of BrF3 and Br, allows
producing an optically transparent layered material with
a composition close to C,F. XPS spectroscopy detects
two main chemical states of carbon, namely, the carbon
atoms bonded with single fluorine atoms and the bare

METHODS

Synthesis. The HOPG sample was obtained from the Institute
“NII Grafit”, Moscow, Russian Federation. A5 x 5 x 0.1 mm?
plate was placed in a Teflon flask and held in the vapor over
liquid Br, for 2 days. The obtained sample, being a second-stage
intercalation compound CgBr, was transferred to another Teflon
flask and located over a 10 vol % solution of BrFs in Br,. The use
of Br, for preliminary graphite intercalation as well as for
dilution of the fluorinating agent BrFs results in a decrease of
the amount of energy released with the fluorination, making the
synthetic process safer. Fluorination by gaseous BrF; was
carried out during 1 month. Thereafter, the flask content was
dried by a flow of N, until no more Br, was released (~48 h).

Characterization and Spectroscopic Studies. Optical images of the
fluorinated sample pieces were obtained on an Olympus BX51
TRF microscope. Surface topography was examined using a
Solver-Pro NT MDT atomic force microscope (AFM). X-ray photo-
electron spectra (XPS) were measured with the excitation
energy of 1486 eV on a SPECS spectrometer. The NEXAFS
experiments were carried out at the Berliner Elektronenspei-
cherring fiir Synchrotronstrahlung (BESSY) using radiation from
the Russian—German beamline. The HOPG or fluorinated HOPG
plate was split using a knife, and a flake with a thickness of a few
micrometers was taken from the inner part of the sample. The
flake was fixed to a molybdenum holder in a manner that
the sample cleavage plane was parallel to the holder surface.
By rotating the holder along the vertical axis, the angle 6 of
incidence of the X-ray beam polarized in the horizontal plane
was varied from 15 to 90°. At the normal angle 0, the
irradiated area was ~0.5 mm. The NEXAFS spectra at
the K edge of carbon and fluorine atoms were acquired in the
total-electron yield mode. In this mode, the secondary elec-
trons escape from a depth of ~10 nm for conductive graphitic

OKOTRUB ET AL.

carbon atoms linked with CF groups. Analysis of the
angle-resolved NEXAFS data obviously indicates the
covalent bonding between carbon and fluorine. In
contrast to the high-temperature-produced semifluori-
nated graphite, in our material, the fluorine atoms are
attached on both sides of the graphene sheet and the
nonfluorinated carbon atoms preserve their 7 elec-
trons intact. On the basis of the X-ray spectroscopy
data, three models of the fluorinated graphene were
considered. The chains (armchair or zigzag) consti-
tuted from bare carbon atoms alternated with chains
from fluorinated carbon atoms and the double C=C
bonds alternated with CF—CF bonds. The theoretical
NEXAFS spectra for the models were calculated at the
B3LYP/6-31G level within the Z+1 approach account-
ing for the hole—electron interactions. Comparison
between the theory and experiment shows that
fluorine forms the most likely zigzag chains with an
admixture of armchair chains. This finding is sup-
ported by the high-resolution AFM image of the
fluorinated layer surface. Direction of the chains is
determined by the hexagonal graphene lattice, while
the chain length is kinetically controlled. The fluorine
pattern and hence the size and shape of the &
electron regions could be varied by changing the
synthesis conditions (duration, temperature, concen-
tration of BrFs in Br,) as well as choosing an appro-
priate initial graphite sample.

materials and ~20—100 nm for insulators such as graphite
fluorides, probing the bulk of the samples. The collected spectra
were normalized to the primary photon current from a gold-
covered grid recorded simultaneously. The monochromatiza-
tion of the incident radiation was ~80 meV in the carbon
absorption region and ~170 meV in the fluorine absorption
region, both full width at half-maximum (fwhm). The base
pressure in the chamber was ~10~° mbar.

Quantum-Chemical Calculations. The models of fluorinated gra-
phene fragments were calculated using a three-parametric
hybrid Becke functional®® and Lee—Yang—Parr correlation
functional® (B3LYP method) included in a quantum-chemical
package Jaguar.®® The atomic orbitals were described by a
6-31G basis set. Geometry of the models was optimized by an
analytical method to the gradient value of 5 x 10~* atomic
units. X-ray transition energies were determined as a difference
of the Kohn—Sham one-electron energy of virtual molecular
orbitals of a model calculated within the Z+1 approximation
and the energy of C 1s level taken from the ground-state
calculation of this model. Intensities of a spectral line were
calculated as a sum of the squared coefficients at N 2p atomic
orbitals in the relaxed models and broadened by a Lorentzian
function with a fwhm width increasing with energy of an
emitting photon.*!
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mutual orientation of four fluorine atoms in a hexagon,
details of calculations of dependences of NEXAFS spectral
intensity on the incidence angle of radiation. This material
is available free of charge via the Internet at http:/
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