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Abstract—Nanographites, the structural blocks of activated carbon fibers in which the predominant part of
edge carbon atoms forms covalent bonds with a chosen halogen (fluorine or chlorine), were synthesized and
studied using Xray photoelectron spectroscopy, Xray diffraction analysis, and electron paramagnetic reso
nance. It was found that the formation of these bonds leads to changes in the density of states at the Fermi
level and also in the values of some parameters of the spin system of current carriers of the boundary πelec
tron states of nanographites.
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Nanosized carbon systems (fullerenes, nanotubes,
nanohorns, etc.) and their compounds possess a set of
unusual physicochemical properties, and they are
promising materials for nanotechnologies [1–3]. The
generalization of experimental data on these systems
shows [3–6] that many of their most important elec
tronic properties are determined by the structure of an
sp2carbon network, which depends, in particular, on
the nature and distribution of structural defects,
including the edges of a nanosized carbon system. In
this approach to the interpretation of the nature of
electronic properties of nanosized carbon systems,
nanographene and a stack of several nanographenes
(nanographite) (Fig. 1), which have developed edges,
become the full members of the family of promising
nanosized carbon materials. On the other hand, the
presence of open edges in nanographene and nan
ographite is a fundamental difference from the infinite
network of graphene, ballshaped fullerenes, and
cylindrical carbon nanotubes with a negligibly small
effect of the open ends on their properties.

impossible to theoretically reveal the characteristic
details of its electronic structure near the Fermi level
because of the complexity of calculations. At the same
time, several independent research groups experimen

Calculations showed [4–6] that the electronic
structure of nanographene critically depends on the
shape of its edges. A specific boundary electronic state
occurs in nanographenes with zigzag edges [4, 5]. It is
not inherent to macroscopic graphite and not gener
ated by the dangling σ bonds of carbon, but it appears
because of the properties of π electrons at the zigzag
edges. The energy bands corresponding to this state
have a partially flat structure near the Fermi level;
because of this, the spectrum of the density of elec
tronic states contains a sharp maximum [4–6]. In the
calculations of the electronic structure of nan
ographenes with saddleshaped edges, a boundary
state of this kind does not appear [4, 5]. As for nan
ographene with the random structure of edges, it is
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Fig. 1. Schematic diagrams of (a) idealized nanographene
and (b) nanographite. The edge carbon atoms of nan
ographene are shown as solid circles. La and Lc are the
dimensions of nanographite, and dc is the distance
between nanographenes.
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tally demonstrated [7–9] that, indeed, the local den
sity of electronic states near the zigzag sections of
graphene edges exhibits a sharp peak near the Fermi
level. Recently, it was also found [10, 11] that the
nanosized islands of graphenes obtained on different
substrates have predominantly zigzag edges; that is, it
is likely that this shape of edges is energetically more
favorable than a saddlelike shape.
The calculations of the electronic structure and
magnetic properties of nanographenes showed [12–
14] that they can be changed by modifying the chemi
cal state of edge carbon atoms. In particular, the
ground state of a nanographene strip, whose carbon
atoms in the zigzag positions of opposite edges occur
in chemically nonequivalent states, can be magnetic
[13, 14]. Obviously, the development of methods for
the synthesis of nanographenes and/or nanographites,
in which the majority of edge carbon atoms forms
chemical bonds with the chosen element (functional
group), is an important stage on the way to prepare
compounds of this kind.
Here, we report the results of studies on the synthe
sis and characterization of nanographites, in which the
predominant portion of edge carbon atoms forms
covalent bonds with a chosen halogen (fluorine or
chlorine).
EXPERIMENTAL
Commercial polyacrylonitrile activated carbon fibers
(ACFs) with a specific surface area of ~2000 m2/g were
used as the initial system of nanographites; in terms of
structure, these ACFs consisted of a disordered three
dimensional network of nanographites [15]. Fluorine
and chlorine were chosen as oxidizing agents because
they have the smallest covalent radii among halogens.
The fluorination of ACFs was carried out by a one
zone gas transport method with the use of BrF3, which
was formed as a result of the decomposition of sodium
tetrafluorobromate. The weighed portions of the fibers
together with an excess amount of Na[BrF4] were
placed in an airtight nickel container. Fibers with dif
ferent degrees of fluorination were obtained by varying
the synthesis temperature (Tsynt) and the time of sam
ple exposure to fluorinating agent vapor. Experimental
data [16] on the fluorination of carbon materials were
taken into account in deciding on Tsynt. In the fluori
nation of ACFs at temperatures lower than the thermal
decomposition temperature of Na[BrF4] (≈150°С),
the container with the reagents was pumped out to
≈0.1 Torr before heating. At these temperatures, the
ACF reacts with the gaseous products of the partial
disintegration and hydrolysis of Na[BrF4]. Above
150°С, the gas of BrF3 molecules formed upon the
thermal decomposition of Na[BrF4] serves as a fluori
nating agent.
The samples of chlorinated ACFs for studying by
Xray photoelectron spectroscopy (XPS) and Xray
diffraction analysis were prepared at room tempera
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ture in a quartz vessel with the use of an excess amount
of an oxidizing agent. The interaction of ACFs with
gaseous chlorine was studied in situ by electron para
magnetic resonance (EPR) spectroscopy at room
temperature. In this case, gaseous chlorine was intro
duced in approximately equal portions into the quartz
reactor with the sample, which was placed into the res
onator of the spectrometer. The EPR spectrum was
measured after the addition of the next portion of
chlorine. In all of the syntheses, the vessels with the
fiber were evacuated to ≈10–3 Torr before introducing
gaseous chlorine into them.
The average values of the structural parameters of
graphite domains in ACFs were determined from the
Xray spectrum recorded on a D8 diffractometer
(Bruker, Germany) with a Goebel mirror (CuKα radi
ation; λ = 0.15417 nm). The EPR spectra of fibers
were measured on a standard EMX6.1 Xband instru
ment (Bruker, Germany). The intensities and gfactor
values of the EPR signals of fibers and their com
pounds with halogens were calibrated using the inten
sity and the value of g = 2.002293 ± 0.000003 of the
EPR signal of a LiF:Li reference sample, respectively.
The chemical bonds and element concentrations in
the test samples were determined by XPS from the
spectra measured on an ES2401 electron spectrome
ter (EZAN, Chernogolovka, Russia) with the use of
nonmonochromatic AlKα radiation. In the course of
the measurements, the vacuum in the energy analyzer
of the spectrometer was maintained at a level of ≈6 ×
10–8 Torr. The binding energies (Еb) of core electrons
were measured with reference to the Fermi level of the
spectrometer. The possible sample charging effect was
not considered; that is, the scale of Eb was not cor
rected on going from sample to sample. The concen
trations of the elements were calculated from the pho
toelectron spectra taking into account the photoion
ization cross sections and the asymmetry of the wave
functions of core electrons [17, 18], the exit directions
of detected photoelectrons, and the transmission
function of the analyzer. The concentrations of chem
ical elements in the samples were evaluated relative to
the total amount of carbon with an error of no higher
than 20% [18]. If necessary, the experimental spectra
were deconvoluted with the use of the XPSPEAK 4.1
freeware. When a sample was arranged in the spec
trometer, a dry box directly connected to the sample
introduction system was used to prevent it from con
tact with atmospheric moisture.
Activated carbon materials other than consolidated
nanographite particles can contain a small impurity
fraction of aliphatic carbon, which can also react with
the oxidizing agent. In special studies of the mass
spectra of residual gases in a highvacuum chamber,
we found that the prolonged heating of the initial ACF
at a temperature higher than 400°С with simultaneous
pumping to a high vacuum led to the almost complete
removal of the free aliphatic impurity fraction from the
fiber. On the heating of the fiber to 800–850°С, the
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Fig. 3. Xray diffraction spectrum of ACF and its deconvo
lution into three Lorentzians corresponding to the (002),
(100), and (101) reflections.
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Fig. 2. The О1s XPS spectra of (a) the initial ACF and (b)
the ACF annealed at 850°С: (1) the oxygen line of –OR
groups (R is a hydrocarbon radical or H) and (2) the oxy
gen line of the carbonyl group.

composition of oxygencontaining functional groups
also changed (Fig. 2) and the relative concentration of
oxygen in the sample decreased (from ≈10 to ≈3%).
With consideration for these data, only samples after
this preliminary purification were used in all of the
studies on the fluorination and chlorination of ACFs.
RESULTS AND DISCUSSION
The sizes of graphite particles—the structural
blocks (domains) of ACFs—were estimated from the
reflection parameters of the Xray diffraction spec
trum. After subtracting the contribution of back
ground scattering, the Xray diffraction spectrum of
ACF can be represented as the sum of three Loretzians
corresponding to the (002), (100), and (101) reflec
tions (Fig. 3). The average interlayer distance dс ≈
0.384 nm and the average domain size of graphite in
the direction perpendicular to the layers Lс ≈ 1 nm
were evaluated from the position and width of the
(002) reflection, respectively, with the use of standard
calculation methods. Analogously, the average domain

size of graphite in the plane of carbon layers La ≈ 1.61 nm
was evaluated from the width of the (100) reflection.
Thus, in the test ACFs, the domains of graphite have
nanometer sizes both along and perpendicular to car
bon layers. These data indicate that nanographites
consist of three or four nanographenes, the distance
between which is substantially greater than the dis
tance between the carbon layers in macroscopic
ordered graphite (0.335 nm).
The spectrum of the С1s electrons of the initial
ACF exhibited an intense asymmetric line with Еb =
284.3 ± 0.1 eV, which is characteristic of conducting
carbon materials (Fig. 4a). Along with π → π* excita
tions, the lowintensity signals of carbon atoms bound
to different residual oxygencontaining functional
groups participate in the formation of the carbon spec
trum profile on the side of high Eb with respect to the
main peak.
An analysis of chemical bonds and element con
centrations in the products of ACF reactions with oxi
dizing agent vapors at Tsynt < 150°C showed that, at
these temperatures, the reaction time is the main fac
tor responsible for the degree of fluorination/oxida
tion of the fiber. The amount of oxygen in the end
reaction product increased by a factor of 3–4, as com
pared with the oxygen content of the initial purified
fiber; this fact suggests its participation in the oxida
tion of nanographites. Obviously, the increase in the
oxygen content in the course of oxidation was due to
the presence of oxygen as a constituent of the fluori
nating/oxidizing gas mixture caused by the prehistory
of Na[BrF4]. In this case, the spectrum of O1s elec
trons became similar to the spectrum of oxygen in the
initial ACF, which did not undergo preliminary purifi
cation. The С1s spectrum of the product of the reac
tion of ACF with oxidant vapors also exhibited lines
that can be attributed to carbon atoms bound to fluo
rine and oxygencontaining functional groups on the
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Fig. 5. Xray diffraction spectra of (1) the initial ACF and
the ACFs fluorinated at (2) 100, (3) 155, and (4) >300°С.
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Fig. 4. Smoothed C1s XPS spectra of (a) the initial ACF
and the ACFs fluorinated at (b) 100, (c) 155, and (d)
300°С.

side of high binding energies relative to the main
asymmetric component (Fig. 4b).
At Tsynt > 150°C, the degree of ACF fluorination
mainly depends on temperature. At these synthesis
temperatures, the oxygen content of the sample
remained unchanged in the course of its fluorination.
A line with Eb greater than that of the main asymmet
ric component of the spectrum by ≈2.7 eV was present
in the С1s spectrum of ACF fluorinated at ≈155°C
(Fig. 4c); this makes it possible to attribute it to the
carbon atom that forms a bond with one fluorine atom.
The integrated intensity of this line is 25–30% of the
total integrated intensity of the C1s spectrum, and it
correlates with the percentage of edge carbon atoms in
idealized nanographite (Fig. 1).
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY

The characteristics of the XPS spectra of the fibers
fluorinated at ~300°C are substantially different from
those of the spectra of samples fluorinated at lower
temperatures. In particular, the lines of all elements in
them are shifted toward the side of high energies. This
fact suggests the charging of the samples as a result of
photoelectron emission, which can be explained by a
worsening of their conducting properties. This is also
evident from the symmetry of all of the C1s spectrum
components of the end reaction product, which is
characteristic of nonconducting carbon compounds.
Note that, in this sample, the C1s spectrum compo
nents that correspond to the carbon atoms not bound
to fluorine and bound to one fluorine atom are similar
in intensity (Fig. 4d). The above facts suggest that ACF
fluorination at ~300°C leads to the formation of non
conducting nanographite compounds, which are sim
ilar in composition to digraphite monofluoride
(C2F)n; according to Watanabe et al. [19], digraphite
monofluoride consists of corrugated pairwise
crosslinked layers of sp3hybridized carbon.
The Xray diffraction spectra of the initial fibers
and the fibers fluorinated at 100°С (Fig. 5, curves 1
and 2, respectively) are qualitatively similar, and they
contain the (002) reflection and the unresolved (10l)
reflection; that is, fluorination at the specified temper
ature does not lead to a substantial change in the struc
ture of nanographites. Nanographenes were present in
the samples fluorinated at ≈155°С (Fig. 5, curve 3);
however, the average distance and the spread of dis
tances between them were much greater than those in
the initial sample. Only trace laminar structures were
detected in the ACFs fluorinated at Tsynt ≈ 300°С,
whereas reflections characteristic of nanographites
were absent at temperatures much higher than 300°С
(Fig. 5, curve 4).
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Fig. 6. EPR spectra of (1) the initial ACF and (2) the ACF
fluorinated at room temperature (the narrow signal with
g = 2.002290 ± 0.000004 belongs to the conduction elec
trons of lithium nanoparticles in the LiF:Li reference sam
ple). Inset: EPR spectrum of the initial ACF with no refer
ence sample at –15°С (e and s refer to the signals of cur
rent carriers and localized spins, respectively).

The EPR spectra of both the initial ACF and the
fibers fluorinated at Tsynt ≈ 300°С contain a broad and
a narrow signal (Fig. 6). The broad and narrow signal
intensity does not depend on temperature and varies
with temperature according to the Curie law. These
data make it possible to interpret the wide signal as the
spin resonance of conduction electrons (CESR) and
to consider the narrow signal as a localized spin reso
nance. Ziatdinov [20] found that, in the test ACFs, the
current carriers of the edge πelectron states of nan
ographites make the main contribution to CESR. In
the samples fluorinated at temperatures of about
300°С or higher, only the localized spin resonance was
observed.
The integrated intensity and the width of the CESR
signal decrease with the degree of ACF fluorination.
Thus, in the fiber fluorinated at ≈155°С, they were
smaller than those in the initial samples by factors of
1.3 and ≈3, respectively. Because the integrated inten
sity and the width of the CESR signal are proportional
to the density of states at the Fermi level and the rate
of the spin relaxation of current carriers, respectively
[21], it is obvious that, from the decrease of these
parameters upon the fluorination of fibers, it follows
that the above two parameters of the system of current
carriers also decrease in this case. The gfactor value of
2.0027 ± 0.0001 for the CESR signal in the initial fiber
increased with the degree of its fluorination to reach
2.0032 ± 0.0002 in the samples fluorinated at ≈155°С.
The absence of the CESR signal from the samples flu
orinated at temperatures of about 300°С or higher is
indicative of a substantial change in their electronic
structure at the specified synthesis temperatures; this
is consistent with the above data on the studies of the
test samples by XPS and Xray diffraction analysis.

The EPR signal due to localized spins was present
in all of the fluorinated fibers. Its gfactor value of
2.0027 ± 0.0001 was independent of the degree of flu
orination of the sample; that is, it coincided with the
gfactor value of the CESR signal in the initial fiber
within the limits of experimental error. According to
EPRspectroscopic data, the concentration of local
ized spins in ACFs nonmonotonically depends on the
degree of fluorination: in the fibers fluorinated at ~155
or ≈300°С, it was ≈60% lower or several times higher
than that in the initial sample, respectively.
From the XPS and Xray diffraction data for ACFs
fluorinated at ≈155°С, it follows that fluorine predom
inantly forms covalent bonds with the edge carbon
atoms of nanographites at the above tsynt. Therefore, we
assume that this factor initiates changes in the density
of states at the Fermi level and some characteristics of
the spin system of the current carriers of the edge
πelectron states of nanographites, which were
detected by EPR spectroscopy. The decrease in the
concentration of localized spins observed in this case
can be explained by the formation of bonds between flu
orine and edge carbon atoms with dangling σ bonds.
Note that the conclusion on the onset of the fluorination
of nanographites at the peripheral atoms is also consistent
with the results of the theoretical calculations of the
phase sequence of nanographene fluorination [12].
It is likely that, in the samples fluorinated at
≈300°С or higher, the orbitals of carbon atoms in the
interior of nanographites are rearranged to sp3type
orbitals. Three of these orbitals in each carbon atom
participate in the formation of a corrugated carbon
network, and the fourth orbital participates in the for
mation of a covalent bond with the fluorine atom or
remains free; that is, this is a dangling σ bond. An
increase by several times in the concentration of local
ized spins at the fluorination temperatures under dis
cussion can be explained by the presence of such dan
gling bonds. The presence of dangling σ bonds in a
sample also indicates that, unlike (C2F)n [19], the cor
rugated layers of carbon are not completely
crosslinked with each other in this sample.
The С1s spectrum profile of chlorinated ACF has a
singularity shifted by 1.5–1.7 eV relative to the main
maximum on the scale of binding energies (indicated
by an arrow in Fig. 7). For explaining its nature, we
carried out a computer simulation of the С1s spectra
in accordance with a published procedure [22]. This
approach to the simulation of spectra is based on the
approximate equality of the line intensities of the
chemical elements (with consideration for corre
sponding corrections) that participate in the forma
tion of a chemical bond. The С1s spectrum of the ini
tial ACF was simulated in accordance with this proce
dure with the use of the shifts of the binding energies
(ΔЕb) of the C1s electrons of carbon bound to different
functional groups with respect to the Eb of these elec
trons in saturated hydrocarbons [18] and the inte
grated intensity of a single line due to O1s electrons in
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Fig. 8. The Cl2p XPS spectrum of chlorinated ACF.
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Fig. 7. The C1s XPS spectrum of ACF (a) before and (b)
after chlorination: (1) spectrum component caused by the
carbons of nanographites, the aliphatic fragments of the
fiber, surface hydrocarbon impurities, and lines due to the
π → π* excitation; (2) spectrum component correspond
ing to the carbon of C–OR groups, where R is a hydrocar
bon radical or H; and (3) spectrum component corre
sponding to the carbon bound to chlorine.

the spectrum of the fiber. On the assumption that oxy
gen completely belongs to functional groups chemi
cally bound to the ACF, the above analytical procedure
made it possible to separate a component due to carbon
bound to oxygen in groups like C–OR (ΔЕb = 1.6 eV),
where R is a hydrocarbon radical or H, in the C1s
spectrum (Fig. 7a). The experimental C1s spectrum of
chlorinated ACF is adequately simulated upon the
addition of a component corresponding to carbon
bound to chlorine (ΔЕb = 1.5 eV [18]) (Fig. 7b), whose
intensity is determined by the spectrum intensity of
chlorine 2p electrons in the fiber (Fig. 8). The maxi
mum of the Cl2p spectrum is characterized by Еb =
199.8 ± 0.1 eV, which is close to the binding energy of
the corresponding electrons of chlorine covalently
bound to carbon in a number of organic compounds
[18]. The position in the scale of energies and the
intensity of the chlorine signal were stable even upon
the heating of the sample in a vacuum to ≈150°С.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY

These facts suggest the covalent binding of chlorine
with carbon. The absence of the sample charging
effect from the chlorinated fiber indicates the reten
tion of its conducting properties. According to Xray
diffraction data, the chlorination of fibers at room
temperature does not substantially change the struc
ture of nanographites and the corrugation of the con
stituent nanographenes. Taking into account all of
these data and the almost complete removal of ali
phatic fragments from the sample in the course of its
preliminary highvacuum evacuation at a high tem
perature, we believe that, under the chosen synthesis
conditions, chlorine forms covalent bonds predomi
nantly with the peripheral atoms of nanographites.
As the number of chlorine portions admitted into
the reactor with ACF was increased, the CESR signal
monotonically narrowed to ≈0.8 mT (Fig. 9). In this
case, its gfactor value increased to 2.0032 ± 0.0002
and intensity decreased by ≈20%. Taking into account
the data of the XPS and Xray diffraction studies of
chlorinated ACFs, we consider that the reason for the
above changes in the CESR signal parameters, as well
as in the experiments on the fluorination of ACFs, is
the formation of covalent bonds between chlorine and
the edge carbon atoms of nanographites. As the ratio
between the chlorine and carbon contents was
increased, the concentration of localized spins, which
was determined by EPR spectroscopy, monotonically
decreased by ≈40%; this fact is indicative of the forma
tion of bonds between chlorine and edge carbon atoms
with dangling σ bonds.
Thus, we found conditions for the fluorination of
ACF under which fluorine forms covalent bonds pre
dominantly with the edge carbon atoms of nanograph
ites (the structural blocks of the fiber) even before the
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onset of the formation of these bonds with the carbon
atoms of the interior of nanographites. We found that
the treatment of ACFs with chlorine molecules at
room temperature also leads to the formation of cova
lent bonds between chlorine and the edge carbon
atoms of nanographites without the formation of such
bonds with carbon atoms in the interior of nanograph
ites. The formation of covalent bonds between a halo
gen and the edge carbon atoms of nanographite leads
to changes in the density of states of current carriers at
the Fermi level, the gfactor values, and the rate of spin
relaxation of the current carriers of edge πelectron
states. The result obtained is an important stage on the
way to the preparation of nanographenes and nan
ographites with different chemical states of opposite
edges; according to calculations [12–14], the ground
state of these species can be magnetic.
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